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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

Thegeographidocation of the Sulu Sea in the far westequatoriaPacificresults inthe
basirts oceanographisensitivityto: 1.) the East Asian Monsoon strength) the Kuroshio
Current andpenwestern Pacific condition8,) Indonesian Strait geometr,) pastsea level,
and5.)thelndonesian Thraghflow (ITF). Due t o the seads unique bat
(~5,000 m maximum depth) surrounded by shallow sills with maximum depths of 440 m, Sulu
Sea bottom water is relaély warm with minimum temperature of ~10°C, lovgsolved
oxygen, highcarbonateoncentrations, excellent Cagf@reservationand low bioturbation
which combine to produce a remarkable sedimentological reBahd.Sea sedimenksve
previouslybeenutili zed to generateigh-resolution paleoclimate records of past variability of
surface ocean conditions using the planktonic foramin@obigerinoidesuber. However, past
changes in the Sulu Seabsurface and thermoclihave been largely unexplored uimipw.
Here | will show that reconstructing subsurface upper ocean conditions in the Sulu Sea reveals a rich
archive of paleoclimatimformationrelating to past upper ocean dynamloghisdissertation seek
to understand Ind®acific and global glaciahterglacialvariability over the last four glacial cycles
by gener at i nfO, MgiCatmsead tanipératureadseavider O (iH¥0y) records
usingthe thermocline calcifying foraminifei@loborotalia tumidafrom high-resolution sediment
core MD97%2141 from the Sulu SeAdditionally, | extend existings. ruberMg/Ca-based
temperature ani-®Oy paleoclimatic resultto now sparintervals of the last four glacial cycleSulu

Sea thermocline reconsttians monitorregional paleoclimate on their owvhile also providing



insight intosurfacevariability when thesurface and thermocline depth paleoclimaticordsare
compared.

In Chapter 1 of this dissertation, | use Sulu Gedumidareconstructions to investigate the
North Equatorial Current (NEC) bifurcation latituddter flowing east to west across the Equatorial
Pacific, the NEC bifurcates into the northward flowing Kalmo Current and the southward flowing
Mindanao Current. Thiatitudeof bifurcation migrates seasonally and interannually, controlling the
partitioning of water between the two currents and the transfer of energy to the North Baific.
modern instrurantal datal showthat by controlling the strength of the Kuroskiarrent the NEC
bifurcation latitudealsocontrols the leakage of relatively salty western Pacific water into the South
China and Sulu Sea thermoclines, thus playing a major rtte iglinity of thethermocline in both
basinslthenus e Sul u S e X0, yeheratedusiog the fomminife@a tumidafrom core
MD97-2141to show that the NEC bifurcation latitude was north during Heinrich Stadial$15
ka), the Younger DryasChronozong€12.9-11.6 ka) and from ~9.8.5 ka and south during the
Bgalling-Allergd and early Holocene.

Understanding the calcification depth of foraminifera is crucial for interpreting paleoclimate
records. h Chapter 2 of this dissertation, | pres&fi© records fronsix foraminiferal species and
size fraction combinations from core MD@141 spanning12.7510.75 ka. | calculate th&8O
difference between those records and previously publGhedberdata from the same core and
use modern instruméad temperature and salinity data from the Sulu Sea to estimate calcification
depths for each species and size fraction combindtestimate thaBulu Se&s. tumidain the
400-600 um size fraction calcify @ mean depth df15mwith the middle 95% oforaminifera
geochemically analyzed yieldirgglcification depthdetweerf9-131 m G. tumidawith no size
constraint and in the >600 pm size fraction calcifynean depths df12 m and 107 rnwith the

middle 95% of individual samples at-920 m and 8817 m respectivelyGloborotalia



menardiiwas found tacalcify ata mean depth df06 mand the middle 95% of samplestween
92-117 m Neogloboquadrinalutertreicalcifiesat a mean depth df12m (middle 95%between
102-120 n). Lastly, Pulleniatinaobliquiloculatacalcifies ata mean depth &3 m(middle 95%
betweer68-108 n). Estimated calcification deptiangedor theall six species and size fraction
combinations overlagMy results suggest that largér tumidacalcify shallower irnthe Sulu Sea.
| alsoshow evidencéhat calcification depthis the Sulu Sedid not change for angf these
species through time.

Chapter 3 focuses on Marine Isotope Stage 3 (MI&B26 ka) | present results which
demonstrate that thgpening andtlosing of the ~36 m deep Karimata Stedithe southern terminus
of the South China Seith rising and falling sea level plays a substantial role in Sulu Sea surface
salinity. | generatés ur f ac e a n d®Odrdcads spanmihgi~h2E kaiin ordeto
determine when the Karimata Strait was open and closed. | then use the depth history of the Karimata
Strait to constrain maximum sea level during MIS 2@+6m relative tomodern sea level and
minimum possible sea level during MIS 5a and 5c {12Ka) to-12+7 m relative tomodern. 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 theYounger Dryagaleoclimatic event~12.911.6 ka) there was aeturn to near
glacial conditions during the transition from the Last Glacial Maximum to the early Holocene
(Termination 1)(~18-11 ka) Thiswas the most significant climate evehitring Termination I, but it
is still unknown if it was a oneff event orif suchmillennialscaleevents are intrinsic to glacial
terminationsln Chapter 4 of this dissertationpresenSu | u Se a t%9 and M@Qadased e U
temperatureecords and a surfaceeanMg/Ca recordo investigatemillennialscaleevents during

Terminations 1I(~135125 ka) lll (~252240 ka), andV (~341-330 ka)in order to determine if



the Termination HIV events in the Sulu Sea demonstrate the same steumsithe event during the
Younger Dryas Chronozon®ly results show that thaillennialscaleeventin the Sulu Sea
thermoclineduring Termination lllwvasmost similarto the Younger Drya€hronozone evenivhile
the Termination Il and IV events were lahg similar to the Younger Dryas Chronozone with some
differencesMy reconstructions of these events are very consistent with the Termination Il event in
the Sulu Sea and somewhat consistent with the Termination Il 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 mitscaial
climatic events by combining surface and thermocforaminiferaliit®0 and Mg/Carecastructions
and attributing mechanistic drivers to eachdoing so, | am able to draw the most possible
information from a coreSuch an approach that utilizesth the surface and the subsurface of the
water columralsoallows interpretation of the differences betwdemsurface and thermoclirend
these differences can improve our interpretations of previously existing surface récottistmore,
my dissertation develops a new approach to constraining sea levefarsiminiferaliit®O resultsby
tying them to physical structures such as the Karimata Strait that have a direct relationship to sea
level. The conclusions | reach in my dissertation shed light on North Equatorial Current bifurcation
latitude variability sige the Last Glacial Maximum, furthering our understandiniipe controlof
Indo-Pacific and western Pacific climate variability and the Indonesian Throughflosy also
improve our understanding of foraminiferal calcification depth in the Sulu Searaugh 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

Thelndo-Pacific is the most densely populatedion of the world,with more than half
of global population living in tharea(Dewey, 20B). Furthermore, the IndBacificis critical to
both regional and global climate for a multitude of reasons. FirsindoePacificis home to the
highest sea surface temperatures on the p(R®estolds et al., 2002T hese elevated sea surface
temperatres produce atmospheric convection and moisturénétps feed multiple monsoon
systems and leads to some of the highest rates of precipijdtually (Adler et al., 2003)
Second, the regiomfluences the strength amithe source of the warmth dfet Kuroshio
Current which plays a large role Morth Pacific climate by carryingnergynorthward and
fueling storms [mawaki et al., 2013; Hu et al., 2019 hird, the Indonesian Throughflo\TF),
an important limb of global thermohalie@culation a strongnfluence onindian and Pacific
Ocean temperature and salinigyd the only low latitude connection between ocean hasins
flows through the Indonesian seas and has its temperature, salinity, and velocity profile
controlled by the o@nographic and bathymetric conditions of the re@imanes et al., 2002;
Gordon et al., 2012)Giventhe population densitpf the regiorandwide-scaleclimatic
significanceit is important that we understand the evolution of Hr@ific paleoclimate

Due to its unusual bathymetry and locatidre $ulu Sea isiniquely positioned to
monitor IndePacific paleoclimateThe Sulu Sea is a relatively deep basin with a maximum
depth of 5,000m, but it is surrounded by islands and narrow shallow sills wakimum
depths that range from 1320 m(Gordon et al., 2011As a resultrelatively few variables
impact Sulu Seaubsurfac@ceanographic conditions, meaning paleoceanographic records
potentially have fewer confounding variables (Weiss et al., 202flgw into the Sulu Sea

primarily comes from the South China Sea (SCS) to the nfith.a surface salinity of 33, SCS



surface water is relatively frestue to high runoff of the East Asian and Southeast Asian
Monsoons (Miao et al., 1994). Advection oistielatively 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 monsoonahrean$f large
changes ireast Asian Monsoon strength are recorded in Sulis@éacesalinity (Rosenthal et

al., 2003) Volume of fow 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)hvidia turn strongly
influenced by the strength of the Kuroshio Curr@®ng et al., 2016).uzon Strait throughflow
plays a major role in SCS and Sulu Sea subsurface salinity (Zeng et al.,S€d 8vel can also
play an important role in the strengthSulu 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
Strat where strong outflow acts as a plug, deepening and cooling maximum velocity ITF flow
(Gordon et al., 2012). By monitorirgulu Sea paleoceanographic conditiins possible tayain
insight into East Asian Monsoon strength, the Kuroshio Current anénvd3acificconditions
Indonesiarstrait geometry, sea level, and the ITF.

Not only does the unigue bathymetry of the Sulu Sea make oceanographic conditions
ideal for monitoring regional oceanographyalgopromotes ideal conditions for Sulu Sea
sediments as a paleoclimate archi&ry water that ventilates Sulu Sea bottaate 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 bottaatter deeper thmal,250 m is ventilated through the Sibutu

Passagérom depths in the Sulawesi Sea of ~BE m.Because Sulu Sea bottamateris



sourced from such shallow deptlts,characteristics are unusual for water so d8eju Sea
bottomwater temperature is rarkably high at ~10°C (Gordon and Villanoy, 20abyd
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 @ampensation 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., 1988)ited ventilation of Sulu Sea
bottomwater also leads to low dissolved oxygen of L@ mL/L (Linsley et al., 985).
Additionally, apparent oxygen utilization is higher at each depth below the subsurface than in the
open North Atlantic and west Pacific (Linsley et al., 198%armbottomwater temperatures
and a shallow lysocline lead to excellent Ca@@servatia 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 ¢fyear below 3,000 m water depth) (Kuehl et al.,
1993). High sedimentation ratecellent CaC@preservation, and low bioturbation make the
Sulu Sea an ideal sediment archive for paleoclimate reconstructions.

A multitude of importansurfacecalcifying foraminiferd-basedpaleoclimate studies
have leveraged the significance of IAgacific climate, the unique ability of Sulu Sea
oceanography to track that climate, and the excellence of the sedimentary lrgxsbeg. (1996)
showed tha6. ruberiit®O from ODP core 769A waslower than expected during Marine Isotope
Stage 3 (66 ka)based on the SPECMAP bentiit€O stack (mbrie et al., 198pand proposed
that sea level was higher during this interval than previously thought, an interpretation that soon
fell out of favor.More recent worKDannenmann et al., 2003; Oppo et al., 2003; Rosenthal et al.,
2003)has utilized IMAGES core MD92141 08°78\W, 121°28M¥), a 36 m giant piston core that

was collected at 3,633 m water depth during the IPNMISGES Il cruise of the R/V Mrion



Dufresne in May 1997. Due to the high sedimentation rate in the Sulu Sea, the core was slab
sampled at 1 cm intervaddlowing for very highresolution paleoclimate record®osenthal et
al. (2003) generateiit®0, Mg/Cabased temperature, asdawatei®O (i%0w) records
spanning the Last Glacial Maximum to the rildlocene (~224 ka) usingG. ruberfrom core
MD97-2141. Their results showed the Sulu Sea was A3€0colder during the last glacial and
that there was a millenniakaleincrease in surface salinity during the Younger Dryas
Chronozong~12.911.6 ka)in response to a weak East Asian Monsdemnenmann et al.
(2003) extended MD92141G. ruberiit®O and Mg/Cabased temperature through Marine
Isotope Stage 3 and found eviderof millenniaiscale surface salinity variability in sync with
variability in the strength of the East Asian Monsoon and North Atlantic stadials and
interstadialsMD97-2141G. ruberii®O was further extended to 400 ka by Oppo et al. (2003)
who found thathe amplitude oii*®0 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 variatidh$Gaka frequencies were
strongly correlated to East Asian Monsoon and suborbital North Atlantic variabilitiye G.
ruber (80, Mg/Cabased temperature, aitfO, have been used extensively to understand Sulu
Sea surface ocean variability over the 180 ka ands. ruberi*®0 over the last ~400 ka,
subsurface and thermocline calcifying foraminifera from the Sulu Sea have been underutilized.
In this dissertation present neviit®0, Mg/Cabased temperature, atitfOy, resultsusing
the thermocline calcifyig foraminiferaGloborotalia tumidafrom Sulu Sea core MD92Z141 to
investigate paleoclimate variability over the last four glacial cycles. Additionally, | extend
MD97-2141G. ruberMg/Cabased temperature aitfOy to cover important intervals of the

last four glacial cycles in order to deconvolve temperature, salinity, and ice volume signals



contained irG. ruberiit®O records. Sulu Sea thermocline reconstructions provide value in two
ways. First, Sulu Sea thermawi conditions can be utilized to monitor a variety of local and
regional paleoclimate variability. Second, becais#ace 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 lof this dissertation focuses on the transition from the Last Glacial Maximum to
the earlyHolocene (Termination I).use modern insimental salinity and sea surface height
data to tie Sulu Sea thermocline salinity variability to the bifurcation latitude dfdhé
Equatorial CurrentNEC). | then presen®. tumidai*®0, Mg/Cabased temperature, aitfO,
from MD97-2141spanninghe Last Glacial Maximum to the midolocene in order to
investigateNEC variability over that interval.

In Chapter 2 presenti*®O dataspanning ~12.780.75 ka fromcore MD972141 for six
foraminiferal species and size fractiomntbinationslargeG. tumida(>600 um),G. tumidawith
no size constraint, th®loborotalia menardi(>600 um) endmember of its morphotype
intergrade withG. tumida Pulleniatina obliquiloculatg350-500 pum) andNeogloboquadrina
dutertrei(250-500 pum). | ompare thos&0 records to instrumental temperature and salinity
profiles and the already publish€d ruberii*®O data in order to estimate calcification depths for
each species and size fraction combination.

In Chapter 3 extend existings. ruberMg/Cabased temperature atitfO, to Marine
Isotope Stage 6 (~145 ka) and present Gewumidali*®0, Mg/Cabased temperature, atgtfO
that span Marine Isotope Stage 3 through Marine Isotope Stage 5e30-k@) | compare these

surface and thermocliné®Oy recordsin orderto investigate whys. ruberit®0 was lower than



expected during Marine Isotope Stage 3 based on both the SPEGMBYie (et al., 198¢and
LRO4 (Lisiecki and Raymo, 2005) benthif€O stacks. | tieG. ruberti®O during this interval to
opening and closing of the Karimata Strait due to rising and falling sea level and use the
elevation histonpof the Karimata Strait along with this new record of inundation of the strait to
constrain sea level.

In chapter 4 | inveagyate millennialscale events during Terminationg-HL35125 ka)
[l (~252-240 ka) and 1V (~341330 ka)contained in the previously published MD2141G.
ruber (itfOrecords. | generat®. ruberMg/Cabased temperature aiitfO,, data ands. tumida
{80 data to determine whether the structure of these events in the Sulu Sea was similar to the
structure of the millenniadcale event during the Younger Dryas Chronozone contair@d in
ruberandG. tumidaiit®0 andii*®Ow records) then speculate if the niénniatscale events in the
Sulu Sea during Terminations Il, Ill, and 1V were driven by the same mechanisms and the

millennialscale event in the Sulu Sea during the Younger Dryas Chronozone.



Chapter 1:
Pacific North Equatorial Current bifurcation latitude and Kuroshio
Current shifts since the Last Glacial Maximum inferred from a Sulu

Sea thermocline reconstruction
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Abstract
The meridional migration of the bifurcation latitude of the Pacific North Equatorial Current
(NEC) in thewestern boundary of the tropicald#fa&c modulates the strength of the Kuroshio
Current. Using salinityeanalysis data, we show the NEC bifurcation latitude also acts as the
dominant control on thermoclirsalinity of the Sulu Sea, just west of the Philippine archipelago,
by regulating inlux of western Pacifithermocline water via the Luzon Strait. We used oxygen
isotopes {*80) and Mg/Ca in théhermoclinedwelling foraminiferaGloborotalia tumidafrom
Sulu Sea sediment core MD@141 to determine pasitermoclinelit®Ow and salinityvariability
spanning ~2¢b ka with an average sampling interval of y&@rs and infer past changes in the
NEC bifurcation latitude. Our Sulu Sea thermocline reconstruotiegals high salinity from
~18.815.5 ka, ~12.211.5 ka, and from ~9-B.5 kaindicating the NEifurcation latitude was

shifted north and the Kuroshio was weak at those times. Low Sulu Sea therraalthitg from
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~13.012.4 ka, ~11.8.0.9 ka, and from ~8.5 ka until the end of the record atkéebifdicates

the NEC bifurcationdtitude was shifted south and the Kuroshio Current was relastrelyg.
Comparison to other paleoclimate records suggests the observed northward (southward) shifts of
the NEC bifurcation latitude were driven by southward (northward) shifts of thePlauiioc

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

The NEChbifurcation latitude shifts likely modulated northward energy transport via the

Kuroshio Current and thmean temperature and salinity of the Indaere$ hroughflow.

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
westernboundary of the Pacific Basithe NEC bifurcates, diverting a fractiohits waters
southward to form the Mindanao Current andrégreaining water northward to form the
Kuroshio Current (Figl.1). Trade wind driven changes in western Pacific wind stress curl force
seasonal and iatannual meridional migrations of the NEC bifurcatiaitude that have a
substantial impact on local and regionknate by regulating partitioning of the NEC between
the Kuroshicand Mindanao currents (Hu et al., 2015) (see Talile For example,
a more southerly position of the NEC bifurcation latitude diveterger proportion of NEC
flow into the Kuroshio over the Mindanadhich tends to strengthen North Pacific typhoons and
enhancesummer convection leading to a stronger East Asian Monsooet @ 2015). The
opposite occurs when the NEC bifurcation latitgtéts northwards. The NEC bifurcation also

influences the strengénd temperature of the Indonesian Throughflow (ITF), the only low



latitude connection between ocean basins, by modgl#tgstrength of flowthrough the Sulu
Sea and thereby the developmeha freshwater cap in the Makassar Strait (Gordon et al.,

2012).
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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 rfodepth
March 2000 during a strong La i event (a) and March 2016 during a very strong BbNi

event (b). These months are representative of the salinity pattestnoiog low andhigh salinity

years. Blue arrows represent current strengths when NEC bifurcation latitude is shifted south
such as during La Ra events or when the IndRacific ITCZ is nortHpanel a) and when NEC
bifurcation latitude is shifted north duas during El Nio events and when the IndRacific

ITCZ is shifted south (panel b). Arrow thicknesses arejoantitative and only represent

relative differences in current volume and velocity between the same current in the two different
panels. Overtte period of 2002011, Luzon Straithroughflow 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 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 shiffSEC: North Equatorial Current BL: NEC bifurcation
latitude MC: Mindanao Current KC: Kuroshio Current LTF: Luzon Stradughflow SCSTF:

SCS throughflow. The approximdtecations of core MD92141 (white triangle with orange
border) andMD98-2188 (white circle with black border) are shown in panel a. c: Average annual
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NEC bifurcation latitude calculated from GODAS seaatefheight anomalies (Behringer and
Xue, 2004) using equation two from Qiu and Chen (2010) (blue). Average annual salinity from
the Sulu Sea box a and b (7-10° N 118-122° E) at 135 m depth (orange). d: Average annual
NEC bifurcation latitude (blue) copared to average annual NINO3.4 anomaly (Rayner, 2003;
Smith,2018) (black), and average annual daily precipitation in Bed00N 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.

NEC Bifurcation Latitude South

NEC Bifurcation Latitude North

Effect on the NEC:
Greater Proportion is Directed North

How Do Currents Change:
Strong Kuroshio
Weak Luzon Strait Throughflow
Weak South China Sea Throughflow

Potential Drivers:
[.a Nifia
ITCZ North
PDO Negative

Sulu Sea Thermocline Response:

Relatively Fresh

Effect on the NEC:
Greater Proportion is Directed South

How Do Currents Change:
Weak Kuroshio
Strong Luzon Strait Throughflow
Strong South China Sea Throughflow

Potential Drivers:
El Nifio
ITCZ South
PDO Positive

Sulu Sea Thermocline Response:

Relatively Salty

Table 1.1: Oceanographic and climatic changes associated with migrations of the NEC
bifurcationlatitude (Qu 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 bufrcation latitude can be tracked using sea surface height anomalies in the

region 12214° N and 127130° E (Qiu and Chen, 2010). Sea surface height anomaly records

show the NEC bifurcation latitude shifts by a couple degrees of latitude southward augal b

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

Interannually, the NEC bifurcation latitude migrates through a larger latitudinal range between
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~8° and 17N and has been shown to be controlled by a coatinin of EI Niio-Southern
Oscillation (ENSO), the Ind®acific Intertropical Convergence Zone (ITCZ), and the Pacific
Decadal Oscillation (PDO) (Table2) (Kim et al., 2004; Qiu and Lukas, 1996; Wu, 2013; Wu et
al., 2019). The bifurcation shifts northwladluring El Niio events and when the ITCZ is south
and southward during La Ra events and when the ITCZ is north (Qiu and Lukas, 1996; Wu et

al., 2019) (Figl.1 and Tablel.1).

ITCZ Index (15-mth

NINO3.4 Index  ITCZ Index ) . PDO Index
running mean)
NECBL (Monthly) 0.60 (p<0.01)  -0.17 (p<0.01) 0.40 (p<0.01)
NECBL (Annual Avg) 0.72 (p<0.01)  -0.29 (p=0.069) -0.48 (p<0.01) 0.48 (p<0.01)

"From Wu et al. (2019)

Table 1.2: NEC bifurcation latitude correlations. Correlaticoefficients R-valueg from 1980
to 2019 between the annual average North Equatorial Current bifurcation latitualenamad
averages of various climate indices. ITCZ Index is calculated as average annual daily
precipitation in box 8-10° N and 130-160° E (Adler et al.2003; Wuet 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 climatéases and whether the bifurcation latitude is capable of millennial
scale variability. Previously, Dang et al. (2012) generated a Mg/Ca based thermocline water
temperatur@econstructiorusing the foraminifer®ulleniatina obliquiloculatan IMAGES core
MD98-2188 from the Pacific margin of the Philippines spannin® k& 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 captumNigC variability during
climate states different from those observed in the instrumental record is limited. Several other

paleareconstructions extending as far back as ~180 ka, use sediment provenance or

foraminiferal species assemblages to monitor tteagth 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, thesuffer from low temporal resolution (Uiet al., 2016), masking of the
KuroshioCurrentsignal 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 théniduCasrent
(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 Seg7@0-#h deep basin
bounded entirely by islands and shallow sills with maximundsitith of ~570 m provides a
unique opportunity to generate an extended record of the NEC bifurcation |&Etgde2). It
hasbeen shown that as a result of its geographic setting, a relatively limitechsetldnisms
control Sulu Sethermoclinevariability (Linsley and Thunell, 1990; Gordon et 2011) and, as
we discuss below, Sulu Sea thermocline salinity variability appedrs driven by the NEC
bifurcation latitude. When the NEC bifurcatitatitude is north and the Kuroshigeak, strong
flow through the Luzon Strait and South China Sea (SCS) carry relatalglyopen western
Pacific water into the SCS and Sulu Sea thermoc(ifiakle1.1). Conversely, when the NEC
bifurcation latitude isouth, greatly reduced Luzon Strand SCS throughflow increase
residence times of surface and thermocline waters in the SCRuan&ea and reduces the input
of west Pacific water (Qu et aQ04; Gordon et al., 2012). Zeng et al. (2016) show that strong
modern Luzon Strathroughflow, also known as the Kuroshidrusion, results in a strong
salinity maximum in the northern S@&tween 120 and 150 m, while the salinity maximum is
mutedwhen Luzon Strait throughflow is weak. Luzon Strait throughfllmws through the SCS
andSulu Sea as the SCS throughflow amoldern data show the strength of flow through the

Luzon Straitand Sulu Sea are highly correlated (Gordon et al., 2012). As a xesidbility in
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the SCS thermocline salinity maximum should propamstethe Sulu S& thermocline leading
to a strong correlationetween Sulu Sea thermocline salinity and the NEC bifurchgtdnde,

the primary control on the strength of these currents.

100°E 105°E 110°E 115°E 120°E 125°E 130°E

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

indicate the location and depth of the shallowest points of the deepest routes waperss tst
ventilate Sulu Sea deepwatard the Karimata Strait. Approximate coring locations are shown

for core MD9%2141 (white triangle with orange border) and MEEEBS8(white circle with

black border). A: Sibutu Passage B: Balabac Strait C: Mindoro Strait D: Panay Strait. Figure was
made sing the GeoMapAphttp://www.geomapapp.ordRyan et al., 2009). Bathymetric

shading is from the Global MulResolution Topography synthesis (GMRT) (Ryan et al., 2009)
and are consistent between panels. Sulustbad depths are from Gordon et al. (2011) and
Karimata Strait depth is from Wang et al. (2019).
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In this study, we take advantage of this direct relationship bet®glenSea thermocline
salinity and the NEC bifurcation latitu@e well as the highesoluton sediment archive in the
Sulu Sedo generate a highesolution record of NEC bifurcation latitugariability that captures
a wider range of climate states thangpresented by existing instrumental and patords.
The 36 mgiant piston core IMAGE MD97-2141 (0878\W, 121°28%, 3633 ndepth) was
retrieved during the IPHEBVIAGES 1l cruise of the R/\MMarion Dufresne in May 1997. We
generated highesolutionii*®0, Mg/Ca, and trace metal records from the thermocline dwelling
foraminiferaGloborotaliatumidaandNeogloboquadrina dutertrgpnly ii*20) from this core
spanning ~26 ka. In addition, weompare these records to previously publisit€® and
Mg/Carecords from the surfaedwelling foraminiferaGlobigerinoides rubefrom the same
core and samples spanning the same intéR@denthal et al., 2003). Modern core top studies
suggest that in thimdo-Pacific,G. tumidacalcify between 100 and 260 water depti{Mohtadi
et al., 2011; Hollstein et al., 2017) aNddutertei at 90-160 m (Hollstein et al., 2017). As a
result,variations in thermoclinealinity and temperature are recorded initf® of theirtests
and salinity variability can be decoupled from temperaiumuations using the sensitivity of
the Mg/Ca of hose tests twater temperature. Because the NEC bifurcation latitude directly
controls the salinity of the Sulu Sea thermocline, this sedimentecoed provides a unique
opportunity to monitor past NEC bifurcatitatitude migrations using a relativelyell

understood set gdroxies.

1.1.1Environmental setting
Analysis of Global Ocean Data Assimilation System (GOD@&®hringer and Xue,

2004) salinity data (Fig512) shows that annualverage Sulu Sea thermocline salinity was
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significantly correlatedo the annual average NEC bifurcation latitude from 1980 to gaifj9

1.1), with a maximum correlation coefficient of 0.62y@lue<0.01) at 135 m water depth and
correlation coefficientabove 0.53 (fwvalues<0.01) between 85 m and 165 m (T&de).

GODAS SCS thermocline salinity is also significantly correlated thithNEC bifurcation
latitude, but the depth of maximum correlatisrslightly shallower (= 0.65 from 95 to 105 m)
(Table S12). WhileSulu Sea salinity at 135 m does have a moderately strong corrétation
precipitation in the Sulu Sea region (B’ N, 117.5-122.5 E) (R-value=0.39, pvalue=

0.01), there is noorrelation between Sulu Sea surface salinity and rabmecipitation
(R-value=0.06, pvalue= 0.73). Limitations on verticahixing and the lack of a correlation
between surface salinity apdecipitation indicate the correlation between thermocline salinity
and precipitation is not a result of the prétafion signal mixingrom the surface to the
thermocline. Furthermore, surface @hdrmocline salinity in the Sulu Sea are out of phase, with
peakthermocline salinity occurring at the same time as the NEC bifurdatitude reaches its
northernmost kitude in November anBecember (Qiu and Chen., 2010) and ~10 months after
peak surfacealinity which occurs in March (Fig12). As modern local precipitaticand the
NEC bifurcation latitude are highly correlated&bSO, it is likely Sulu Sethermocline salinity

is correlated to locgdrecipitation due to their shared correlation to ENSO via different
mechanisms.

The Sulu Sea is an ideal location for capturing the NEC bifurckgtidade signal in the
sediment archive. Low dissolved oxygeml elevated temperatures in Sulu Sea deep water lead
to reducedates of bioturbation (mixing coefficient <0.04 @year belon3000 m water depth)
(Kuehl et al., 1993) and excellent CaglfPeservation coupled with relatively high average

sedimentatiomatesof >15 cm/ka (Oppo et al., 2003) which have resulted iptbservation of a
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high-resolution sediment archive. Core MD2141 was originally slab sampled at 1 cm
intervals and the previougbublished age model indicates the core contains ceataig
resolution that would be unavailable in the open oceaGédielet Thoron et al., 2001; Beaufort
et al., 2003; Dannenmasehal., 2003; Oppo et al., 2003; Rosenthal et al., 2003). Due to its
isolation and the sensitivity of Sulu Sea thermocline salinithémges in the NEC bifurcation
latitude, high sedimentation ratecafre MD9%2141, and general reduced bioturbation of Sulu
Seasediments, our pale@cord of changing Sulu Sea thermocloeditions is a novel approach

to understanding past NEC bifuricatlatitude variability.

1.2. Materials and methods

1.2.1. Modern indices

The NEC bifurcation latitude (Yp(tfi)) was calculated usingguation 2 from Qiu and
Chen (2010):

Yo(t)=11.9i0. 13 x ho(t)

where ho(t) i s t he aveanangleincmmiao thd boxXbgundeels?- sur f ac
14° N and 12713C° E. Monthly seaurface height anomalies were taken from the NOAA NCEP
EMS CMB GODAS: Global Ocean Data Assimilation System (Behrirgel Xue, 2004) and
have 2 E-W resolution and 1/3N-S resolutiorprior to being averaged over the box of interest.
Modern precipitatiorata come from the GPCP version 2.3 combpredipitation data set
(Adler et al., 1997) provided by the NOAA/OAR/ESRL PSD, Boulder, Coloradd,, fi&m
their Web site ahttps://www.esrl.noaa.gov/psd/. Spatial resolution isx2%° before being
averaged over the area of interest. Modern correlaf®ivalues) and their significance-(p

values) were calculatads i ng t he HAcorrtl@boef 6 function i n Ma
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1.2.2. Age model

The age model for core MD7141 was originally published ote GaridelThoron et al.
(2001)and subsequently used in Rosen#tall. (2003). We update the age model using the
original uncalibrated radiocarbon dates (TaBlkl) and the Marinel3 calibration curve from
CALIB 7.04 (Stuvier et al., 2020). The updated age meaed generated using linear
interpolation between the sarh® AMSradiocarbon dates used in the original age model. The
default CALIB 7.04 timedependent reservoir correction of ~400 yearsaygdied to the
calibration. Tie point calibration errors range fromt& 245 years. Once interpolated to cm
resolution the updated agmodel ranges from ~460 years older than the original age model at
~19.7 ka to ~100 years younger than the original age model &ta-T4he topmost sample-@0
cm) from core MD972141 dates td.29 ka indicating a disturbance of the tdghe sediment
columnduring the coring process. Below the core top, the core wasatapled at 1 cm
intervals (average temporal resolution of 48 y@arssample) for the results previously

published in de Garidélhoron et al. (2001), Rosenthal et(@003) and Oppo et al. (2003).

1.2.3. Stable isotopes

ElevenG. tumidain the 406600 mm size fraction and L dutertreiin the 256400 mm
size fraction were picked from eat¥em interval sample for stable oxyger®0) and carbon
(Uit3C) isotope analsis. To ensure that only foraminifera of a spedifimrphotype and narrow
size range, with no secondary calcificatiwere analyzed, we used a Keyence V6000
Digital Microscope toview and sort all foraminifera. Minimum and maximum diametezse

measurd on all foraminifera utilizing the maximwareameasuremerdpplication and all were
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viewedunder high magnificatio(il00x200x) to select only the most pristine foraminifersts.
Specimens that did not meet the narrow selection critesia not geochmically analyzed.
Becausés. tumidawere discoloredh the top 33 cm of the core (<5.63 ka), those samples were
excluded from analysis. To minimize the selective loss of findragginents that would bias the
geochemical results, specimens weoécleaned prior to stable isotope analysis. For each
sample, thescanned set of 11 foraminifera was finely crushed and homogeaizm8080 mg
of mixed fragments were randomly selectedstable isotopic analysis.

Samples were analyzéor G*%0 andii'C at the LamonDohertyEarth Observatory
(LDEO) Stable Isotope Lab using a TherdeltaV + mass spectrometer with a Kiel IV
autosampler devic&amples were dissolved in ~105% dewateregl® at 70°C, andthe
resulting gas was cryogenically stripped efHand the purifiedCO; analyzed. Results are
reported i n per imeratiofaBsjandard NBERvBsBanalyZed every ~
tenthsamplend had a standard devi at i osampbef (440totad 7 a. A
replicates) were analyzed iiaplicate and wersourced from the same homogenized fragments.
The mean difference et ween repl i cates was O0.(10P4l1.26Sampl e s
ka) were picked and analyzed in duplicate in ordeletermine the validity of the decrease in
%0 that begins at ~11J&. Mean values of replicates and duplicates in the 1D1926 ka

interval are plotted in all figures.

1.2.4. Trace metals
For trace metal analysis, the Keyence \VBB00 Digital Microscop&vas again used to
select eleven clea@. tumidain the400-600 mm size fraction from samples at 1 cm intervals

from 34to 282 cm (5.6417.59 ka) and 2 cm intervals from 285 to 333(@mM 719.52 ka). The
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11 selected individual foraminifera te$t600 mg)were gently cracked open and washed using
the method®sf Yu et al. (2005) and a combination of Barker et al. (2003)Rosknthal et al.
(1997). This method involves a reductive clearstep using a solution of hydrazine, citric acid,
and ammonium hydrodeto remove metal oxides, followed by an oxidative cleasieg using
sodium hydroxide and hydrogen peroxide to remargnics. The cleaned fragments were then
dissolved in trace metalean 0.065N HN@(OPTIMA®). Trace metal analyses were performed
atthe LamortDoherty Earth Observatory (LDEO) Trabketal Lab using a ThermoScientific
ICAPQ QICP-MS in conjunctiorwith a HEPAfiltered enclosed autosampler. An aliquot of
eachsample was first analyzed to determine its Ca concentratiofinBbanalysessamples

were then diluted to ~50 ppm Ca wiild65N HNO3 (OPTIMA®) to avoid matrix effects within
the plasmahat would result from variable Ca concentrations (Rosenthal £08D).

Eight standards with a range of trace metal ratios were anglyioedo each sample run
to calibrate the sample analyses. Resuéige also linearly corrected for drift using quality
control standarderacketing every 10 samples. Two process blanks were anayeed
instrument run in order to correct for instrument a@sdcontamination. Three standards with
different trace metal ratiosere analyzed every ~9 samples to determine precision. Average
analytical precision (RSD) for the three standards@e55% forMg/Ca. Furthermore, ~10% of
samples were run ireplicate and roahean squared deviation (RMSD) was 4% for Mg/Ca.
Following the methods of Schmidt et al. (2004&shing efficacywas determined by monitoring
Fe/Ca and Al/Ca ratios and alhmples with anomalously high values (>40 mm/mol for Al/Ca
and>18 mm/mol for Fe/Ca) of either trace metal ratio were discafi®aimalous Mg/Ca values

> 0.4 mmol/mol different from nearlgata points were also discarded. Mg/Ca shows no
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correlation to FeCa or Al/Ca (FigS11), suggesting mineral phases includingsdeements do

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

125.Mg/lCabased temper at ufOecalalatdnss eawat er U
Estimates of past changesmater temperature were calculafeasin G. tumidaMg/Ca
using the Anand et al. (2003) mu#fpeciesalibraion. Although the Hollstein et a12017)
calibration wagyenerated using modern cdogp sediments from the Philippinesd Papua New
Guinea coasts and is species specific, they deepott species specific errestimates, resulting
in error estimatesf ~ +2°C for ourG. tumidaMg/Ca data. We favor the Anand et@003)
calibration because it produces temperature estimates-0r8yC colder than the Hollstein et
al. (2017)G. tumidaspecificcalibration, while producing substantially smaller error .96
°C. Seawateiit®O (1*%0y) was calculated from foraminifer&t®O (i*80r) and Mg/Cabased
temperature using the Bemis et(@998) low lightOrbulina universacalibration. We add
0 . 2 fram the calibration output to mevhe data from the PDB scalethe SMOW scale. In
combination with the colder temperatumeduced by the Anand et al. (2003) temperature
calibration, theBemis et al. (1998)'0, calibration based on a surfadeelling species
produces values that are clearly too low as@Gh&umidarecord overlaps with th&. ruber
record. We however still use tBemis et al. (1998) calibration over a spespscific
calibration ast reduces the error and produces similar relatasability to speciesspecific
calibrations (exponential term ef.8 comparedo -4.95 for the Farmer et al. (200@) tumida
specific calibratiorwhich has an error ~ twice as large). Standard errors forifa and
temperature were calculated followgi the methods d¥lohtadi et al. (2014) using average

reproducibility fori**0andRMSD f or Mg/ Ca aamdl0.9&G respestiyedy. 0 . 2 3 &
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0w was corrected for changes in ice volume following the metho@shifons et al. (2014),

which assumes a chg@ in sea level from theGM to the Holocened(SL) of-130 m £ 7.5 m

and a change iglobal d180Ow @*®0y)of 12 NO. 1&. The correction is
timeusingcorabased sea | evel r e c orlDs/ gaSnLd tahsrsouungihn gt i am
Error for the ice volume correction was also calculated following the methods of Gibbons et al.

(2014). Propagated error f@&. tumidaice volume correctedf®O, ( Ow-vc) aver ages 0. 3
T h é%0uHve gradient wasalculated by subtracting. ruberd*Oy.vc interpolated to a 50

year time step fror®s. tumidali*®Ow-ivc calculated from lowpassf i | t er ed Mypg Ca. One

added tdG. tumidali*®0w-ivc sothe two records don't overlap.

1.2.6. Lowpass filtering and differences in means

In order to isolaterad interpret low frequency variability thatasherwise obscured by
high frequency variability and nois&, tumidali*®Ow-vc was lowpass filtered an. tumida
U0w-vc was calculated from loyass filtered Mg/Ca. Prior to lopassiltering, G. tumida
U0w-vc and Mg/Ca were interpolated usingline to an even 5@ear time step, slightly
larger than the averagampling interval for the core during the studied interval ofyet8s per
sample. Frequencies greater than 1/100(eqyer yeasve r e t hen removed using
Matlab filter.G. tumidaii®0 and the Gibbons et al. (2014) sea level correction were
subsequenthjnterpolated following the same methods in ordesaizulateG. tumidait®Ow-iv/c
from the filtered Mg/Cared unfilteredi*®0. Statistical significance was determined by selecting
age cutoffdor the intervals that provide the greatest contrast betweenttieissere compared.
A z-score for the difference of meéh tumidati*®Ow-ivc betweertwo intervals of interest was

calculated using:

21



where Lis the mear. tumidali*®Ow-ivc for the intervalof intereste is the mean error, and n is
the number of data points in the inter@br i*®Ow.ivc calculated from lowpass filtered
interpolatedVig/Ca and unfiltered interpolated®O, e and n were determineding the

unfilteredi*®0w-ivc data from the same intervals of interéstzalues were then calculated using

a onetailed significanceest. Pldted errors fothese intervals werealculated as=.

1.3. Results

1.3.1.G. tumidadepth habitat

Our % and Mg/Ca based temperature results from analysis of thermocline
dwelling G. tumidain core MD9%2141 are compared to the similar data from the surface
dwelling foraminiferaG. ruberextracted from the same samples (from Rosethall, 2003) in
Figuresl.3 and 3.4. In order to utilize our Sulu S& tumidaiit®Oy results as a recowf past
NEC bifurcation latitudevariability, it is necessary to show that the depth habit&. aéimidain
the Sulu Sea can be constrained to the depth wheNB@ebifurcation latitude has the greatest
influence on salinity. Westimate depth habitatsr Sulu Seds. tumidaby comparingaverage
Mg/Ca andi'®O from the youngest ~1.4 ka of 0Gr. tumidarecords (7.0%5.63 ka) to six
modern temperature and salinftsofiles from the Sulu Sea (Gordon and Villanoy, 2011). When
compared to modern temperatprefiles, average Mg/Ca bastmperature from the youngest
~1.4 ka of our record df8.91 + 1.12C suggest§. tumidain the Sulu Sea calcify at a mean

depth of ~135 m (12048 m 11), in the center of the depth randpat shows the strongest
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radiocarbon tie points withllerror b:G. ruberandG. tumidaMg/Cabased temperature and
1,00 year lowpass filtereds. tumidatemperature (black) 6. ruberandG. tumidabased
it®0w. All G. ruberdata was initially published in Rosenthal et al. (2003). Error bars f&. all
tumidarecords are based on averagglicate reproducibility and represenaximum error as
errors vary by datum.
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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 samplé8/68.1/

Station 88 was sampled 1/20/08. Approximate depth habi@t tnfmidabased on our Mg/Ca

based temperature record is highl i%mwithahd i n gr
mean in blue. Th&-value plot shows the correlatitvetween annual average Sulu Sea salinity

ateach depth and the annual average NEC bifurcation latitude.

correlation to the NEC bifurcation latitudeig.14 ) . To esti mat e ®@waepth h
assumeés. ruberlive at the shallowest depth for egmiofile (0-2 m) and assigaverages. ruber

80 from 7.015.63 ka as the expected foraminifgiigiO for that depth. Assuming slopes-of

0 . 2 2C3ahd thesurface and subsurfag®Ov s sal inity slopeas of 0. 33
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0. 374/ sal i nHoltstgin a al. (2017)(whorusedodern instrumental salinity antfO
data from the Philippinesnd New Guinea margins), we calculate expected foraminiféial
profiles for both the surface and subsurface salinity sldes. the surface and subsurfacéo

vs salinity relationshipmdicateG. tumidacalcify at ~107m (102113 m 1) in the Sulu Sea.
Similar G0 values of Sulu Se@. tumidaand shallow dwellind\. dutertrei(reported depth

range of 96160 m (Fig.1.3a) (Hbllsteinet al., 2017)) further support our estimated depth range.
While ourestimated calcification depths for Sulu $S2aumidabased on Mg/Ca ant®0 do not
overlap, both clearly fall into the depth rangleere Sulu Sea salinity is strongly correlatedhe
NEC bifurcationlatitude and we therefore conclude that Sulu Getumidaare ideafor

capturing millennial scale NEC bifurcation latitude variability.

1.3.2. MD9%2141 paleedata
Similar toG. ruberii*®O, G. tumidaii®O shows a clear glaciahterglacialcycle with
smaller magnitude millennial scale variabil{ig. 1.3a).G. tumidaii®O shows a larger glacial
interglaciala mp | i t ude d&f rubertvhich Bas d ghaaiahterglaciala mpl i t ude of ~
(Rosenthal etlg 2003) (Fig.1.3a). We interpreG. tumidaMg/Ca (Fig.S14)) to primarily be a
record of water temperatuamd to be minimally impacted by salinity and dissolu(ssee
appendix A). In contrast t@*80, the glacialinterglacial thermoclinéemperatursignal derived
from G. tumidaof <2 °C issmaller than the ~2.3C amplitude derived fror®. ruber(Rosenthal
et al., 2003) (Figl.3b). Minimal millennial scale variability in ous. tumidaMg/Ca (Fig.1.3b)
based temperature record (adriability is smaller than the propagated error), indicates Sulu Sea

thermocline*80 variability was primarily driven by changesitfOy (Fig. 1.3a). ThougiG.
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represent the time step for which aver&yaéumidaii*®Ow-ivc was calculated for the respective
data sets. c¢. Sul u Sed0Oysgradielt calcidatedas 8@ataomidao t her m
iH®0w-ive from low-pass filtered Mg/Ca an@. ruberi*®Ow.ivc difference. Vertical colored bars
represent the timing of significant climatic events discussed in the text. HS1: Heinrich Stadial 1
B/A: Bglling-Alleragd YD: Younger Dryas Chronozone. Note that the tgrindicated for
Heinrich Stadial 1, the Younger Dryas, and the Baiigrad reflects the generally accepted
age of these events, not necessarily in timing reflected in the Sulu Sea. For example, the Bglling
Allergd and Younger Dryas Chronozone eventsunrecord are delayed relative to the
corresponding chronozones.
tumidabasedi'®Oy incorporates the Mg/Caased temperature record, it still shows similar
variability to G. tumidaiit®0x (Fig. 1.3c).
We apply an ice volume correction (IVC)docount for changes global seawater
80w due to deglacial ice melt (Fig.5a).Becausdi'®Oy is linearly related to salinity (Craig
and Gordon, 196F4olistein et al., 2017), we attribute millennial scale shift§inumida
derivedi*®Ow-ivc to changs in local salinity. Lowpassfiltered G. tumidali*®Ow-ivc is shown in
Fig. 15 a and b an. tumidaii®Ow.ivc calculatedrom low-pass filtered Mg/Ca anahfiltered
U0 is shown in Fig1.5b. Both records display a minimunom the beginning of theecords at
~19.6 ka until they rapidly n c r e a s e at+l18.8 ka@®0O.4vad remains elevated until 15.5
ka when it abruptly i ncr enamsneus thltwe intddpreBada r e s ul
thermocline salinity maximum ithe Sulu Sea. Followinthe abrupt decrease ~15.5 ka, Sulu Sea
low-passfiltered G. tumidali*®Ow.ivc andG. tumidai*®Ow-ivc calculatedrom low-pass filtered
Mg/Ca decrease to a minimum frori3-12.4ka. Consistently elevatéd®Ow.ncv al ues ~0. 3 &
greaterthose during therevious intervabccur from 12.211.3 ka. This imccompanied bg.
ruberi®Ownvet hat i s ~ 0. 5 frevious mtereal (Figl.bbamd c)t At €11.5 kaG.
tumidati*®Ownvcd ecr eases by ~0. 44, aG.cubemP@uigotatboutby a d

0 . 5 /After 10.9 ka, Sulu Sea thermoclitifOw.vc increased gradually until abruptly

increasingby- 0 . 3 & a tand+ethairbng délewvated until ~8.5 ka. This increase in Sulu Sea
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thermoclinel®w.vc indicates an increase in thermocline salitiitgt was substantially larger

than themuted response inthe mixeday er whi ch s how6. ruberit®Ovivd &8 i ncr
~9.1-8.9ka (Fig.1.3c). Following this period of relatively elevated Sulu 8eamocline

salinity, G. tumidalit®Ow.vc d € ¢ 1 e a s e Isegirming ab~8.6 Ka, indicating a freshening in

the Sulu Sea thermocline the midHolocene that continued to tigeungesinterval 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 Seaumidaii*®Ow.ivc record
suggests that the Pacific NEC bifurcation latitdeeeindeed undergo millennial scale
migrations. Elevated loywassG. tumidali'®Ow-ivc andG. tumidaii®Ow-vc calculated from
lowpassMg/Ca indicate that Sulu Sea thermocline salinity experieagedximum from ~18-8
15.5 ka (Fig1.5c). This maximum isiot mirrored inG. ruberiit®Ow-vc Which instead steadily
increasesluring this interval from aninimum at ~20 ka (Figl.5a), supportingur conclusion
thatprecipitation signals are unable to mix to thermocline and therefore, precipitation
variability was not drivinghe increase i%. tumidaii*®Ow-ivc during the ~18.8.5.5 ka interval.
An argument could be made that lower sea level duringinbesval affected Sulu Sea
thermocline salinity as it nearly clos#te Balbac Strait which has a maximum depth of ~131 m
(Fig. 1.2) (Sathiamurthy and Voris, 2006; Gordon et al., 2012). Howeveddbgst modern
passage through the Mindoro Strait is ~44Gmaaning even with a maximum potential LGM
sea level changamplitude of ~118.35 m (Clark and Mix, 2002; Yokoyama et &018), the

passage was still deeper than the depth habitat tafmida The same can be said about the far
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deeper and widdruzon Strait. Rosenthal et al. (2003) do attribute relatively ftesklitions in
the Sulu Sea surface during the LGM to low sea ldiretting a larger proportion of relatively
fresh SCS outflow intthe Sulu Sea by closing the Karimata Strait which is currently ~36 m
deep. As thenodern depth habitat @. tumidais already substantiallpwer than the depth of
the Karimata Strait, it is unlikelglosing the strait would have any influence@ntumidh (8O-
ive. Having ruled out precipitation and sea level as drivers, we atttibeiiecrease in Sulu Sea
thermocline salinity from ~18:85.5 ka toa prolonged northward shift of the NEC bifurcation
latitude weakeninghe Kuroshio and strengthening LuzS8trait and SC8roughflow,
confirming thatthe NEC bifurcation latitude caexperience prolonged millennial scale shifts
during colder climatstates. Foraminiferal species assemblage and Mg/Ca data from two
sediment cores south of Japan (&t al.,2016) and sedimemprrovenance studies from the
Okinawa Trough (Chen et al., 2011;dtial., 2015; Zheng et al., 2016) are consistent with our
interpretationshowing evidence of a weaker Kuroshio current fordim@ation of the LGM.
Elevated average urntiredG. tumidaii*®*Ow-ivc andi*®Ow.vc calculated from lowpass
Mg/Ca during ~12.221.5 ka are significantlglifferent from the prior minimum from ~1312.4
ka andthe following minimum after ~11.5 ka at0.051 (Fig.1.5b) (TableS123), indicating
thatSulu Sea thermocline salinity was higiring that period. Given that the Luzon Strait and
all the passagdsetween the SCS and Sulu Sea would have been open and tatithata
Strait was closed for the duration of these inter(@hamurthy and Voris, 2006; Gordon et al.,
2012), we do nathink sea level played any role in modulating Sulu Sea thermoBlosenthal

et al.(2003) attribute the concurrent much larger pedkulu Sea surface salinity from ~13.8
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and 1000 year lowpass filtereds. tumidali*®Ow.ivc (black). Red horizontal bars indicate the
interval over which averag®. tumidaii*®Ow-ivc was calculated b: composite Chinese
speleothenii*®0 record (Cheng et al., 2016) (dark green), Borneo speleaitfén{Partin et al.,
2007) (light green) and polldoased 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 surfad®Ow.ivc records from the equatorial Pacific (Gibbons et
al., 2014) (light purple) d: northern Australia speleoth#f® from Ball Gown Cave (Denniston
et al ., 2013) ( br own® framBdtuv&a Gaxei(Wangehal., 28| eot he
(green).

ka to a reduction in precipitatiaturing the Younger Dryas Chronozone. They attrilbo¢e
minima insalinity before and after the Younger Dryas Chronozoredevated precipitation
during the BgllingAllergd and early Holocen&@hese inferred changes in precipitation are all
evident inChinese speleothem monsoon paleoclimate records (Cheng2éi#), Any
precipitation/runoff related salinity anomalies woalkily have been advected at the surface
from the SCS to the Sulbea with a closed Karimata Strait (Figob). As stated earlier

however limitations of vertical mixing and modern instrumental datggest the precipitation
signalobserved in the Sulu Sea surfacelld not have mixed to the thermocline to be captured
by ourG. tumidali*®Ow-ivc records. Instead, we attribute the nmanim inthermocline salinity
from ~12.211.5 ka to a prolonged northwashift of the NEC bifurcation latitude and the
minima in salinity from~13.012.4 ka and after ~11.5 ka to southward migrations oNt&&
bifurcation latitude. These shifts in the NB@urcation latitudevould be accompanied by a
weakened Kuroshio Current froni2.211.5 ka and a strengthened current from ~12.@ ka
andafter ~11.5 ka. Based on modern precipitation driven Sulu Sea ssdiaagy variability
being larger than modeMNEC bifurcationatitude driven thermocline variability, a reduction in

the surface téhermoclinel*®Ow-ivc gradient when salinity was high frori2.211.5 ka and

increases in the gradient when conditions welatively fresh from ~13:02.4 ka and after
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~11.5 ka support oumterpretation that precipitation controlled surface salinity andNtB€
controlled thermocline variability (Fid..5c).

In agreement with our Sulu Sea thermocline record, Philippergin thermocline
temperature gggests the NEC bifurcatidatitude was shifted north from ~12124.5 ka (Dang et
al., 2012)Fig. 1.7) and some Okinawa Trough sediment provenance pr(&iesg et al., 2016)
are consistent with a weakened Kuroshio curdeming that interval. Low temppal resolution
likely precludeghe Ujiié et al. (2016) Kuroshio strength reconstruction frcapturing this event
while the event may be obscured by ott@ntrols on sediment provenance in other records (Dou
et al., 2010Chen et al., 2011; Li et al.025).

The |l argest excursions in ourlOyaethenstructi
i ncr ed ianffow danditions from ~9.8.5 ka indicating relatively salty conditions in
the Sulu Sea thermocl i ne f%0)adndfreshedingdrgm~85kar ol o n
to the end of the record (Fifj.5c). The difference in mean value for the-8.5 ka interval and
the intervals bef or ¥O.adratorda(Figlsa)a n dOukche unf i | t e
calculated from lowpass filtered Mg/Ca (Fidl..5b) represented by horizontal red bars are
statistically different at a-palueof (.05 (TableS13). Linsley et al. (2010) argued that at ~9.5
ka, rising sea level open the Karimata Strait, which thentégsyphon relatively freshwater
through the strait and away from t8alu Sea, freshening the Sulu Sea surface. We agree with
thisinterpretation and attribute steadily increasing Sulu Sea swgédioéy beginning at ~9.7 ka
to the opening of the Kariata Straitput as previously stated, it is unclear how the ~36 m deep
KarimataStrait could affecG. tumidawith its substantially deeper degthbitat. As it is clear
precipitation doesn't mix to the thermoclizwed furthermorgproximal speleotherbasel

precipitationrecords from China and Borneo don't show minima from-8%%a or increase
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Figure 1.7: Comparison of Sulu Sea. tumidaii'®0w.ivc to Philippine margin conditions. &.
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water temperature from Dang et al. (2012). The record is plotted wj@®@ fea 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 maximuntha Sulu Sea thermocline from ~8% ka to

a northward shift ithe NEC bifurcation latitude and a weakened Kuroshio Currenthend

proceeding freshening in the thermocline to a southwardishiie NEC bifurcation latitude and

a weakening Kuroshio. Becausely the thermocline respondealthese events, opposite to the

salinity variability that occurred from ~1311.5 ka, the increase thermocline salinity from

~9.58.5 ka increased the thermocligeadient and the decrease in salinity reduced the gradient.
To our knowledge, similar imeases in thermocline salinithuring the ~9.8.5 ka

interval have not been identified in aother IndePacific thermocline palesalinity records (Xu

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

would be consistent with our interpretatithrat strengthened SCS throughflow due to a

northwardshift in the NEC bifurcation latitude decreased Sulu Sea thermaezlliméty.

Philippine margirthermocline water cooled at ~9.8 (&g. 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 MR2988has only three tie points

between 13 and 3 ka (Fif).7b) (Danget al., 2012), while our age model for core MD2¥41

has no tigooints between 10 and 7.5 ka (Figra). Warming is observed in tRdilippine

margincore, suggesting a southward shift of the N&i@rcation latitude from ~& ka, again a

small age offsefrom ourrecord considering age model uncertainties.

1.4.2. Controls on the NEC bifurcation latitude through time
1.4.2.1. The IndePacific ITCZ
Having shown that several millennial scale shifts in the ME@cation latitude have

occurred since the LGMve seek taletermine whether those shifts can be attributed to similar
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driversas shifts in the NEC bifurcation identified in instrumental recardsif so, whether there
was a dominant driver. The timing of timéerred northerly position of the NECfbrcation
during~18.515.5 ka corresponds approximately to that of Heinrich StadidlS1) (17.515 ka
(McManus et al., 2004)). While HS1tiseorized as a cooling of the North Atlantic in response
to aweakening of the Atlantic Meridional Overturningr@ilation(AMOC) (McManus et al.,
2004), several records suggest thaesponse to Northern Hemisphere cooling, the-Rdoific
ITCZ shifted in concert with the global southerly shift of the ITSEdiment core temperature
and SSS compilations show thilaé Northern Hemisphere cooled on average relative to the
SoutherrHemisphere (Shakun et al., 2012) and suggest the ITCZ shiftedward as a result
(Gibbons et al., 2014) (Fig.6¢). In agreemengpeleothems from China contain evidence of
reduced NahernHemisphee Monsoonal precipitation during HS1 (Cheng et2016), while
speleothems from southern hemisphere sitéaistralia and Brazil show increased precipitation
(Wang et al.2007; Dennison et al., 2013) (Fig6b and d). The prolonged southwatdft of

the ITCZ during HS1 is reminiscent of the modsouthward shifts of the ITCZ that have been
shown by instrumentakcords to drive northward migrations of the NEC bifurcakiitude
through their modulations of the IndRacific wind field (Wuet al., 2019). We therefore
hypothesize that it was this shift in timelo-Pacific ITCZ that drove the northward migration of
the NECbifurcation latitude at ~18-35.5 ka.

Similar Indb-Pacific and global ITCZ variability is observddring the ~13.4.1.5 ka
interval. During the Younger Dry442.911.6 ka), aveakened AMOC is hypothesized to have
cooledthe North Atlantic relative to warmer conditions during the preceBwlang-Allerad
(14.612.9 ka) and after the end of tiieungerDryas when AMOC was stronger (McManus et

al., 2004) Northern and Southern Hemisphere averages of globally distripatedtemperature
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records (Figl.6¢) show that the Northektemisphere cooled relagvo the Southern
Hemisphere (Shakuet al., 2012) during Younger Dryas and the many records suggdside
Pacific and global ITCZ and Ind®acific rainbelts shiftedouth in response. For example,
Chinese speleothems, north€hinese Pollen recordsi@f-1.6b), and Cariaco Basin dowaore
percent titanium show decreased precipitation in the NortHemisphere during the Younger
Dryas Chronozone, while Australiamd Brazilian speleothems show increased precipitation in
the Southern Hemisphere (Haugatt, 2001; Wang et al., 2004, 20@enniston et al., 2013;
Chen et al., 2015; Cheng et al., 2016) (Eigd). Equatorial Pacific SSS compilations (Figoc)
show a similar pattermlemonstrating increased salinity in the Northern Hemispiedave to

the Southern Hemisphere during the Younger D(Glbons et al., 2014). We hypothesize that
this southward shift ahe IndePacific ITCZ during the Younger Dryas drove a northward
migration of the NEC bifurcation latitude and freshened the Seathermocline from ~12:2

11.5 ka. Relatively fresh conditions atte apparent southerly position of the NEC bifurcation
latitudeduring the preceding and following intervals can thereforattvdouted to the relatively
northerly position of the Ind@acific ITCZ.

There is also evidence that a southward migration of the W&@<responsible for the
northward migration of the NEC bifurcatidetitude, weakening of the Kuroshio, and increase in
Sulu Seahermocline salinity from ~9:B8.5 ka. Several centwscale NorthAtlantic cooling
events have been observed in Greenland icereooeds at 8.2 ka, 9.3 ka, and 9.95 ka
(Rasmussen et al., 2007). Mgpglecprecipitation reconstructions have been interpreted to
showshort term shifts of the global and In@acfic ITCZ and monsoongrecipitation during
these cold intervals observed in Greenlandécerds. For example, speleoth&fO

precipitation records fror€hina, Oman, and Brazil show century scale reductions in Northern
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Hemisphere monsoonal precipitatiand an increase in Southdflemisphere precipitation
during the 8.2 ka event (Cheng et 2D09). Chinese speleothems also show a reduction in
precipitationat ~9.2 ka (Cheng et al., 2016) (Figsb). Several other recordsggest longer
southward shif of the ITCZ during this intervahlthough the authors argue that any Holocene
variability isn'tstatistically significant, equatorial Pacific SSS compilations (ERg) indicate
decreased precipitation in the Northern Hemispheledive to the Soutlme Hemisphere from
~10-8 ka (Fig.1.6c). Chinesdake core pollen, and a reduction of paleosol formation in the
Chinese Loess Plateau indicate a precipitation minimum iNdn#hern Hemisphere from ~9.5
8.5 ka and ~1®@ ka respectivelyWang et al., 2014Chen et al., 2015) (Fid..6¢c). Thesgaleo
precipitationreconstructions show clear evidence that the-Rdaific ITCZ was shifted south

for at least part of the ~3&5 kainterval.

1.4.2.2. ENSO

ENSO is considered the dominant controhoodern interannudEC bifurcation
latitude and as such, millennial scale charngdkse mean state of ENSO or the frequency or
intensity of ElI Nfio orLa Nifia events would likely produce changes in the wind felificient
to shift the NEC bifurcation taude. However, whil¢here is general consensus on the timing
and direction of meridionahifts of the global and IndBacific ITCZ since the LGM, theiig
less consensus on the behavior of ENSO (for example Kowttahs 2002; Rein et al., 2005;
Koutavas and Joanides., 2012; Fetdl., 2015; Partin et al., 2015; White et al., 2018). As such,
whether ENSO appears to be driving the NEC bifurcation latghdts we observe or the two

appear to vary asynchronouslydspendent on our choice of paledlSO records and it is
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difficult to identify ENSO as a major driver of NEC bifurcation latitude variabgityce the

LGM.

1.5. Conclusions

Our analysis of instrumental salinity and sea surface heaggd\NEC bifurcation
latitude records shows that modeé&SuluSea thermocline salinity is strongly correlated to the
NEC bifurcationlatitude, increasing when the bifurcation is north and freshemiven the
bifurcation latitude is south. O@. tumidaii*®Ow-vc based record of Sulu Sea thermocline
salinity shows that NE®Gifurcation latitude migrations have occurred on a millennial stale
least since the LGM. Our Sulu Sea results indicate that thelExCation latitude was
positioned further north aroundethimeof HS1 from ~18.8L5.5 ka, during the Younger Dryas
Chronozondrom ~12.211.5 ka, and during the early Holocene from -®5ka. The
bifurcation latitude was shifted south during the BgHilterad from ~13.012.4 ka, during the
early Holocene tim~11.510.9 ka and during the midolocene from ~8.5 ka until trend of
the record at ~5.6 ka. Comparison of our paleoreconstruatithe NEC bifurcation latitude to
other paleoclimatescords suggests that the observed millersgale NEbifurcation latitude
variability may have been driven by the samechanisms that resulted in the interannual
bifurcation latitudevariability observed in instrumental records. The most likely diofe¢he
millennialscale shifts in the NEC bifurcation latitudethe Indo-Pacific ITCZ which was shifted
south during HS1, the YoungBryas, and the 8.2 ka event all when our record suggests the
NEC bifurcation latitude was shifted north. The InHacific ITCZ wasshifted north during the
Bgalling-Allergd and early Holcene wherour record indicates the NEC bifurcation latitude was

shifted southSuch variability of the NEC bifurcation latitude has the potentiabtzstantially
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affect the strength of the Kuroshio Current, northvirestific climate, and the charactemgstiof

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 dependeraten
temperatured.g.,Nurnberg et al., 1995; Rosenthal et 8097; Lea eal., 1999; Anand et al.,
2003; Hollstein et al., 201 7hut there is evidence that salinity and test preservation can have an
impact on foraminiferal Mg/Ca as well (Kisakurek et al., 20@8thienBlard and Bassinot,
2009). The modern range of annaskrage Sulu Sea thermocline salinity since 1980 was 34.4
34.6psu (Fig.1.1c). As large changes in salinity of 1 salinity unit @guired to generate
relatively small changes in apparent temperavfi@5-1.6 °C (Kisakurek et al., 2008; Mathien
Blard and Bassinot, 2009), we do not believe millennial scale shifts in Seé&uthermocline
salinity would have been large enough to meaningfallyactG. tumidaMg/Ca. To account for
preservationRosenthal et al. (2003) used a size normalized shell weigieictedMg/Ca
temperature calibration to calculate temperattom the Sulu Se&. ruberMg/Ca record.
When the calibration iapplied, there is no change in millennial scale variability relativleeo
uncorrected Mg/Ca record, suggesting that foramimiéérellpostdeposition alteration had little
effect on Sulu Sea millenniatale Mg/Ca variability through Termination | (Fig4c and d).
CoreMD97-2141 is located ~170 m above the modern Sulu Sea lysdciimsdey et al., 1985)
anddoes not show evidee of changes ioarbonate content or foraminiferal preservation since
the LGM (Miao et al., 1994), further suggesting preservation didn't aBettmidaMg/Ca

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

record of thermocline temperature variations.
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Figure S1.1: Cross plot comparison @. tumidaMg/Ca toG. tumidaAl/Ca and Fe/Ca of the

same samples.
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tumidadata sets are also plotted with a 1,000 yearpass filter (black). Error bars show

maximum error as error varies by datugi.ruberdata were initially published in Rosenthal et
al. (2003).

42



Depth in AMS 14C Age 1o Analytical Calibrated Age(yrs bp) Calibrated Age 1o Minimum Calibrated Age (yrs) 1o Maximum Calibrated Age (yrs)

Core(cm) (yrs bp) Error (yrs) (de Garidal Thoron (yrs bp) (This Study) (This Study)
et al, 2001) (This Study)

1 4560 +50 4798 4765 4701 4833
10.5 4210 +40 4286 4307 4247 4376
14a 4740 +40 4962 4977 4892 5036
29 4700 +55 4873 4933 4844 4991
59a 6020 +40 6416 6434 6383 6487
73a 6810 +55 7274 7335 7284 7394
85 6830 +90 7295 7347 7263 7422
94 8850 +55 9455 9503 9451 9541
99 10,700 +90 12,152 12,104 11,917 12,305
120a 9380 +160 10,001 10,212 10,013 10,457
150a 10,200 +80 11,045 11,198 11,108 11,275
158a 10,250 +120 11,153 11,294 11,098 11,474
162 10,750 +50 12,228 12,194 12,051 12,309
205.5a 11,750 +130 13,258 13,221 13,101 13,355
212a 12,350 +65 13,931 13,826 13,736 13,914
226.5a 13,000 +95 14,796 14,903 14,726 15,141
244a 14,100 +70 16,422 16,525 16,362 16,650
269a 14,750 +70 17,200 17,482 17,375 17,599
282a 15,100 +90 17,591 17,882 17,755 18,002
339a 17,150 +140 19,749 20,207 20,030 20,392
368a 17,650 +85 20,430 20,796 20,664 20917
400a 18,850 +140 21,847 22,303 22,151 22472

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

Water Depth (m) Sulu Sea South China Sea
R p-value R p-value

5 0.04 0.80 0.20 022
15 0.04 0.81 0.21 0.20
25 —0.03 0.84 0.24 0.14
35 0.00 1.00 0.30 0.06
45 0.10 0.52 0.46 <0.01
55 025 0.11 0.55 <0.01
65 0.39 0.01 0.59 <0.01
75 0.47 <0.01 0.61 <0.01
85 053 <0.01 0.62 <0.01
95 0.57 <0.01 0.65 <0.01
105 0.59 <0.01 0.65 <0.01
115 0.61 <0.01 0.64 <0.01
125 0.61 <0.01 0.60 <0.01
135 0.62 <0.01 0.53 <0.01
145 0.61 <0.01 047 <0.01
155 0.59 <0.01 0.40 <0.01
165 0.55 <0.01 0.35 0.03
175 047 <0.01 0.31 0.06
185 0.37 0.02 0.26 0.10
195 0.25 0.01 0.22 0.16
205 0.14 0.39 0.18 0.26
215 0.07 0.67 0.14 039
225 0.02 0.88 0.09 0.58
238 0.01 0.96 0.01 0.97
262 0.06 0.73 -0.19 0.24
303 0.18 0.26 -039 0.12

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 wascalculated 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 FidL.1 (7-10° N 118122° E) and South China Sea salinisyfrom
16-21° N and 114119 E.
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High Salinity Interval Fresh Interval z-score p-value

Unfiltered 5180w-IVC

Younger Dryas (11.62-11.29 ka) Bolling-Allerad (13.16—12.43 ka) 1.94 0.026
Younger Dryas (11.62—11.29 ka) Early Holocene (11.13—10.90 ka) 2.06 0.020
9.5-8.5 ka event (9.29-8.6 ka) Pre-8.5-9.5 ka event (10.70-9.72 ka) 2.3 0.011
9.5—-8.5 ka event (9.29-8.6 ka) Post-8.5-9.5 ka event (8.31-7.5 ka) 2.36 0.009
65180w-IVC from Low Pass Mg/Ca
Younger Dryas (12.00—11.30 ka) Boelling-Allerad (12.9—-12.4 ka) 1.81 0.035
Younger Dryas (12.00—11.30 ka) Early Holocene (11.05—-10.90 ka) 1.63 0.051
9.5-8.5 ka event (9.2-8.5 ka) Pre-8.5-9.5 ka event (10.20-9.70 ka) 1.87 0.031
9.5-8.5 ka event (9.2—8.5 ka) Post-8.5-9.5 ka event (8.30—7.60 ka) 2.21 0.014
Table S1.3: z-scores and-palues for differences in means from intervals inGheumida
iOwncr ecords. Age ranges r e p¥scavere calcutateceto v al s

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 Subu Sea
tumidaMg/Ca using four dferent 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 relativ?0,, variability calculated using these four
temperature calibrations and the Bemis e{18198){i'®0y, calibration are compared in figures
S17 and S18 and similarly show minimal differences in relative variability. We are confident in
our choice of the Anand et al. (2003) calibrationtahows similar relative Mg/Ca aitfOy
variability to the Hollstein et al. (2017) and Mohtadi et al. (2011) calibrations, both of which are
based on nearby cetep data (Hollstein et al. (2017) on Philippine and New Guinea margin

cores, Mohtadi et al2011) on eastern Indian Ocean cores).
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Figure S1.5: Absolute temperature variability calculated from Sulu SetumidaMg/Ca using
four different calibrations
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Figure S1.6: Relative temperature variability calculated from Sulu GetumidaMg/Ca using
four different calibrations and normalized to the youngest data point.
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Figure S1.7: Absolutet*®0y, variability calculated from Sulu S&a tumidaMg/Ca andi*®0O
using four different calibrations and the Bemis et al. (198%)., calibration.
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Figure S1.8: Relativeli'®Oy variability calculated from Sulu S& tumidaMg/Ca andi'®O
using four different calibrations and normalized to the youngest data point
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Chapter 2:

Calcification Depths of Different Thermocline Dwelling
Foraminifera Speci ed®OiESuuiSemat ed

Sediments

Abstract

Accurately constraining planktonic foraminiferal calcification depths of species that live in the
subsurface is crucial to interpreting their geochemical rederds ti*®0, Mg/Ca)in a
paleoclimatic context. In the Sulu Sea, elevated and constant 1@8Chgkow the thermocline,
coupled withlow dissolved oxygeandrelatively high average sedimentati@tes of >15 cm/ka
have resultedn excellent CaC®@preservatiorandreducedates of bioturbatiornrhese factors
have combined to preservéigh-resoluion sediment archiv& his setting has resulted in more
limited number of processes effecting thermocline temperature and salinity andnfibwesices
on foraminiferali*®0. Thus, the Sulu Sea is an ideal location to investigate foraminifera
calcification depths. We generat&€O data from sixcombinations oforaminiferal species and
size fraction Globorotaliatumida >600um, G. tumida 40B00um and G. tumidavith no size
constraintGloborotalia menardiin the >600 pm size fractio®ulleniatina obliquiloculatan

the 350500 um size fraction, andeogloboquadrina dutertren the 256500 um size fraction)
spanning-12.7510.75kafrom Sulu Sea sediment core MDQI41. We estimate average
calcification aépths for each species and size fraction by calculating the difference from
previously publishe¢. ruberii®O data from the same core and comparing that difference to
modern instrumental temperature and salinity profiles from the Sulu Sea. We estin@te tha
tumidain the 400600 um size fraction calcify @ mean depth df15m in the Sulu Sewith the
middle 95% of our individual samples calcifying2131 m G. tumidawith no size constraint
and in the >600 um size fraction calcifyraéan depths df12 m and 10 with the middle

95% of samples calcifying 83120 m and 8817 m respectivelyG. menardiicalcifies ata

mean depth 0106 mand the middle 95% of our sample®2at117m, N. dutertreicalcifiesat a

a7
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mean depth 0112 m with the middle 95% at02-120m, andP. obliquiloculatacalcifies ata
mean depth 083 mand the middle 95% d102-120 m G. tumidaappear to calcify at a
shallower depth with increasing size. We attribute any changé®mlifference through time
between the studied species dadruberto changes in oceanographic conditions rather than

changes in calcification depth.

2.1. Introduction

Foraminiferal test chemistryi{O, Mg/Ca, %0 and Mg/Ca based®0,,) is widely used
in paleoceanographic studias a proxy for a multitude of variables including ocean temperature,
salinity, andi*®0, as well as global ice volume (e.g., Anand et al., 2003; Bemis et al., 1998;
Craig and Gordon, 196%ga et al., 2000Rosenthal et al., 1997). Studies such as these, utilize a
range of planktonic foraminiferal species and size fractions to understandgaaiegraphic
variables from throughout the water column, rangnognfthe 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.underreview). In order to intgret 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 canigaioddienve
tied to oceanographic processes that are limited to specific depths in the water column and only
then can climatic significance be interpreted. Previous studiesshaeavored to constrain
species and size fraction calcification depths bymanng core topi'®0, Mg/Ca based
temperature, and-0, 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 treubsurface and thermocline (e.g.: Cleroux et al. 2013; Farmer et al.,
2007; Hollstein et al., 2A; Lahkani et al., 2022; Mohtadi et al., 2011). As such, any

paleoceanographic study will be greatly benefited by a local calcification depth study.
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Figure 2.1:Map of the Sulu Sea with the location of core MEBBIIA1 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 timescates(inann 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)Globorotaliatumidais a species commonly used to reconstruct thermocline
conditions, but it haswaide rangeof reportedcalcification depths that vary spatially (Cleroux et

al. 2013; Farmer et al., 2007; Hollstein et al120.ahkani et al., 2022; Mohtadi et al., 2011).

By comparingG. tumidaii'®0 and Mg/Ca based temperature from ~75083 (the youngest ~1.4

ka of the record) to instrumental temperature and salinity records, Weiss et al. (2021) estimate
thatG. tumidain the 400600 um size fraction calcify at ~1248 m in the Sulu Sea. That
caldfication depth was then used by Weiss et al. (2021) to generate a record of the North
EquatorialCurrentbifurcation latitude since the Last Glacial Maximum (LGM) (~20 ka) using

G. tumidaii®0, Mg/Ca based temperature, aitéO, data from Sulu Sea core NB-2141.
PreliminaryG. tumidali*®0 data with no size constraints from Weiss et al. (2021) showed a
much larger amplitude decrease (-0)/beginning at ~11.5 ka than the updated record
generated fron. tumidafrom the 400600 um size fraction (~0a88 amplitude) (Fig. 2.2),
suggesting the600 umG. tumidaincluded 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 depthlarge and smat. tumida Weiss et al.
(Under Review) usethe difference in response itfO, Mg/Ca based temperature, antOw

data fromG. tumidain the 400600 um size fraction an@. ruberin the 212250 um size

fraction from Sulu Sea core MD27141 to constrain sea level during Marine Isotope Stages 3
and 5. Given that the North Equator@lrrentbifurcation latitude only impacts a narrow depth
range in the Sulu Sea and this is cruciahconclusions drawn by Weiss et al. (2021) and

Weiss et al. (Under Review), it is important that the calcification dep8 aimidain the Sulu
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Sea is well constrained. It is further insightful to understand Gotumidasize fraction affects

calcification depth in the Sulu Sea and how those calcification depths compare to other species.
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Figure 2.2: Time series of Sulu Sé. tumidati*®O with no size constraint and in the 4600
pm size fraction. The gray bar highlights the interval beginning at5 ka wheré&. tumida
Ut80 in both size fractions decrease.

Her e we p @ damfram ~h2e780.78 ka from Sulu Sea sediment core
MD97-2141 for larges. tumida(>600 um),G. tumidawith no size constraint, th@loborotalia
menardii(>600 um) endmember of its morphotype intergrade Bittumida Pulleniatina
obliquiloculata(350-500 um) andNeogloboquadrina dutertréP50-500 pum) 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,
CaCQ preservation in the Sulu Sea is exceptional and primary calcifid#fioris likely

preserved, limitingonfoundingfactors related to preservation and makimg 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. tumidain the 400600 um size fractiomandG. tumidawith 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

2.21 Stable Isotope Analyses

For each speciemnd size fraction combination (Table 2.1} individual specimen tests
were selected for each sample analyzediféd. Three size fractions were analyzed Gr
tumida 400600 um (analyzetly Weiss et al. (202Xpllowing the same methods this study)
>600 pm, and a random distribution of all size fracti@gsmenardiiin the >600 um size
fraction,N. dutertreiin the 256400 um size fraction, an. obliquiloculat in the 350500 pm
size fraction were also analyzed t6fO. All picked foraminifera were viewed under a Keyence
VHX-5000 Digital Microscope under high magnification (4ZXDx) to ensure they conformed
to the specific species morphotype and that theeenwsaevidence of secondary calcification.
Any specimens that did not fit these strict
maximumareameasurement tool twonfirm each test was in the correct size fractiareduce
selective loss of fineest 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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analysisFor each sample, the 11 specimens that passed screening were finely crushed and

honogenized and 580 pg of mixed fragments were randomly selected for stable isotopic

analyses.

Species Size Fraction

G. tumida 400-600 um
No Size Constraint
>600 um

G. menardii >600 um

N. dutertrei 250-400 pm

P. obliquiloculata 350-500 pm

Table 2.1:Foraminifera species and size fraction combinations analyzed for this study.

Stable isotopic analyses were performed in the LarDohierty Earth Obsrvatory
(LDEO) Stable Isotope Lab using a Thermo DeltaV + mass spectrometer with a Kiel 1V
autosampler device. Samples were dissolved in ~105% dewatg?€d &1 70 °C and the
resulting gas was cryogenically stripped ef0Hand the purified C@analyzedResults are
reported in per mild ) vs VPDP. The international standard NBS$was analyzed every ~10
sample and th&'®0 standard deviation was ~026 Additionally, ~10% of samples for each
species each species was run in replicateéumidain the 400600 um size fraction had an
average difference between replicates of &.16G. menardiiandG. tumidain the >600 um size
fraction had a combined avegedifference between replicates of @14P. obliquiloculatahad
an average difference between replicates ai 0. dutertreifrom this section of the core were
not analyzed in replicate, however replicates from samples deeper in the core analyzatfollo

the same methods had an average difference o Q.16
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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 (fassghaphic
stations measured twice each over two cruises) (Gordon and Villanoy, 2011) to generate an
expected foraminiferai'®O profile that we could then compare to our measured foraminiferal
it®0 (Fig. 2.3). Because 1) we do not have seawi#ter (i*0.) measurements to calculate
absolute expected foraminifei@fO and 2) we are estimating calcification depths in the past
when temperatures were colder and salinity was likely higher, we anchor our expected
foraminiferalG*®0 profiles by assumin. ruber(senso stricto) calcify at the shallowest depth in
the TS profiles (2 m) and setting. rubers.sii*®0 as the expected foraminifer@fO for that
depth. For each depth in the TS profiles, we then use temperature arig satalculate
expectedi®O differences from that shalloweSt rubervalue by using &0 vs temperature
relationship 0£0.224 /°C (Hollstein et al., 2017) and two differaitfO vs salinity relationships
derived by comparing measurg@0,, and saliniy 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
80 vs salhity relationship was calculated using surface water and i$i 0@ and the second
was calculated using thermocline water and is®.§%u. Due to the small amplitude of salinity
variability in the Sulu Sea water column (Gordon and Villanoy, 2011) utiace and
thermocline*®0 vs salinity relationships produce the same salinity profiles to the nearest 0.01
& . Because we are calculating the expe&téd difference fromG. ruber, our profile is

applicable to any time step for which we h&eruberi*®O measurements.
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Figure 2.3: Sulu Sea TS profiles compared to expected foraminitéfal difference fromG.

ruber. Horizontal errors represent the apparent calcification d#pgh tumidain the Sulu Sea

from Weiss et al. (2021) based on Mg/Ca based temperature-#t@#15.63 (red) and based on
80 from ~7.015.63 (blue). Grey error windows for those estimates are based on the average
difference betweei*®0 and Mg/Ca replica analyses.

Our methodor 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 estinfaagiication
depths and their variability through time. The second is that we vital effects on the temperature
and salinity relationship t9'80 are constant between speci¢gal effects such as symbiont
photosynthesis, incorporation of 1a#¥O metabolic CQ, calcification rate variability between
species, gametogenic calcite, and seawaten@fability have been shown to result in
calcification out of equilibrium with seaater (Ravelo and iHaire-Marcel, 2007)If these vital
effects were constant between species, they would be canceled out when we caldiiffide the

difference between each species @xduber However, they have been shownary by

species andre reresented by constant decreasesiaminiferaliit®o of 0.0-1.03 (Hollstein et
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al., 2017) Advantageously for our study, because we are differencing foramirtité@afrom G.
ruber it0, only the difference between the vital effect for each speciesoa@ fuberimpacts
our calcification depth estimates, limiting the importance of vital effégtgen 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 estimatatgification depths using Philippine and
New Guinea margin cores. We take a sim@pproach.

For each sample and species and size fraction combination we selected the depth from
each of the six expectetfO difference profiles that best matched the measiifildifference
from G. ruber, then averaged those six depths to calculaspparent 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 calcificatioiepth of all the samples in the entire time sekés.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 Oittideswe
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*®0 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 f@\a least
1a greater thai®. ruberwhich has an average ¢fa from 5.6320.21 ka. Of those species and
size fraction combination®. obliquiloculatahas the closest®0 to G. ruber, averaging 1.1¥

greater thart. ruber G. menardiiandG. tumida>600 um share approximately the same values
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and are the next lowest, averaging A.58nd 1.5@ greater thai®. ruberrespectivelyG.
tumidawith no size constraint average3@ greater thais. ruberandN. dutertreil.7%
greaterG. tumidain the 4008600 pum size fraction have the greatest aveidd®, averaging
1.87a greater thaG. ruber.
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Figure 2.4: Sulu Sea foraminiferal'®O time seriesG. ruberdata were initiallypublished in
Rosenthal et al. (2003k. tumidafrom the 400600 um size fraction and. dutertreidata 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 consBaitnimidali*®0 decrease. See Figure

2.5 for detail of data from 10 to 13 ka.
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Figure 2.5: Sulu Sea foraminiferal*®0 time series focused on the-18 ka intervalG. ruber
data were initially published in Rosenthal et al. (20@3)tumidafrom the 400600 um size
fraction and\. dutertreidata were initially published in Weiss et al. (2D2The gray bar
represents the same interval beginning at ~11.5 ka as Figure 2.2 where small and no size
constraintG. tumidai*®0 decrease.

2.4. Discussion
2.4.1 Calcification Depth Estimates

Wi t h t h &0 df therdeepdr dwilling planktonic forinifera analyzegthe
apparent calcification depth Bf obliquiloculatais the shallowest of the studied specigth a
mean estimated calcification depth~-&3m 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

substantiallyG. menardiiandG. tumidain the >600 um size fraction have the shallowest
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apparent calcification déps of this groupvith mean calcification depths 6fL06 m and ~107 m
and the middle 95% of individuals calcifying at 227 m and 8817 mrespectivelyG. tumida
with no size constraint and. dutertreishare approximately the sammeanapparent
calcification depth at ~112 nThe two species have the narrowastidle 95%estimated
calcification depth ranges witif G. tumidawith no size constraint calgiing at99-120 m and
N. dutertreiat 102120 m.The deepesneanapparent calcification depth of ~1hbbelongs to
G. tumidain the 400600 um size fractiomith a middle 95% calcification range of 431 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 comtnotalcification depth is seawater
density, however aiix speciegnd 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 calcdtion depth estimates are based on modern TS and density
profiles while our foraminiferali*®O data are from ~12.7%0.75 ka, so the late Pleistocene to
early Holocene TS and density profiles may tell a different story. Weiss et al. (2021) estimated
G. tumida (400600 um size fraction) calcification depth using the youngest ~1.4 ka (5763}
of 80 (102113 m) and their calcification depth estimates is approximately the same as those
we find using the whole record and are still well above the bottahregiycnocline. Conversely,
they also estimat&. tumida(400-600 um size fraction) calcification depth using the youngest
~1.4 ka of Mg/Ca based temperature data and do find an apparent calcification deptth48 120
m that is approximately the bottom of the pycnocline meaifi#@ 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 panélsidngles
represent the estimatedicification depth for each individual sample. Error bars represent the
mean ananiddle 95%of the distribution of individual samples for each species and size fraction
combination.

We note that an important assumption we make when calculating apgelogintation
depths is thaG. rubercalcify 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

80 profile would affectively be shifted deeperdaour apparent calcification depths would be
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deeper. However, given the minimal temperature and salinity variability within the mixed layer,
a deepefs. rubercalcification depth would have little effect on the calcification depths of the
other species pwidedG. ruberstill calcified within the mixed layer. Lahkani et al. (2022)
estimate &. rubermean calcification depth of 17 m with a 95% confidence interval@8 th
and well withing the mixed layer. Hollste@t al., (2017kstimate a mean calcificah depth of
~26 m with a range equivalent to th&0 m depth of the mixed layer. Based on these two
studies, it is unlikely that the mean calcification deptsofuberin the Sulu Sea is exactly at
the surface, but both studies indic&erubercalcify 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 tBatubercalcify in the mixed layers reasonable and
does not affect our estineal calcification depths.

G. tumidain the 400600 um size fraction clearly calcify within the depth range in which
Sulu Sea salinity is strongly correlated to the North Equatorial bifurcation latitwadéu@>0.55
from 95165 m) supporting the conclusions of Weiss et al. (2021)itf@tof the species tracks
the bifurcation latitudelN. dutertreialso calcify predominantly in that depth range and are likely
a reliable recorder of the bifurcation latituée.obliquiloculatacalcify at too shallow a depth to
be consider a reliable indicatof the North Equatorial bifurcation latitude. The two larGer
tumidasize fractions an. menardiiprimarily calcify withing the depth range where they could
capture North Equatorial Current bifurcation latitude variability, however because thdy aglci
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. tumidaandG. menardiia less relble proxy for those purposes.
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2.4.2 Comparison of Calcification Depths to Other Estimates

Our middle 95% oéstimated calcification depths of alk speciesand size fraction
combinations overlaps with the two standard deviation or 95% confidenceairdént least one
other study (Fig. 2.7), suggesting all of our estimates are reasonable. O@.thuseda
calcification depth estimates fall in the shallow range of estimates, plotting above three other
calcification depth estimates (Farmer et 8002, 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 Moht adi
our estimate is giilar 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 thatods baseitissonmewrat gl obal
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 transesG Atumidahas 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 db. tumidais spatially heterogeneous. As a result, we advocate caution
and argue it imecessary for a local calcification depth estimate and strong understanding of the
processes that control the water column when uSingmidato create records of
paleoceanographic conditions.

Our P. obliguiloculataandN. dutertreicalcification 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

indicatesP. obiquiloculataandN. dutertreiare ideal species for paleoceanographic
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reconstructions. Ou®. menardiicalcification depth estimate overlaps with that of Farmer et al.

(2007), but it is difficult to draw many conclusions from only two estimates.
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Figure 2.7: Comparison of calcification depths between studies. Colored estimates arandean
the middle 95% of individual samplé&®m this study. The Farmer et al. (2007) and Lakhani et
al. (2022) estimates are the mean and the 95% confidence interval. Té$teirlet 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 th80 decease irG. tumidawith no size constraint
80 at ~11.5 ka was larger than@ tumidain the 400600 um and resulted in lower average
Ut80 for the no size constraint fraction, we expedgedumidain the 406600 pum to have the
deepest calcification ddptG. tumidain the >600 um size fraction to have the shallowest
calcification depth, an®. tumidawith 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 40600 um size fraction that calcified deeplean any samples in the other

two size fractions and a clear population in the >600 um 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 dbpf each size fraction are also significantly different at
114116 mfor the smallest fractior},10-113m for the mixed size fraction, ad@®5109m for

the largest size fraction.

The shallower calcification depth for largér tumidaindividuals withina given location
appears to be consistent with other studies that analyzed the relationship between foraminiferal
size and calcification depth usi@ tumidaand usi ng ot her species (DO
Hollstein et al., 2017), but such studies ardtbioh As a species that hosts photosynthetic
symbionts (Gastrich, 1987), it is possible that a shallower calcification depth would increase
photosynthetic rates and h&Bp tumidagrow larger. The relationship betwe@ntumida
apparent calcification deptind their sizeauld also be driven by their life cycle. Erez et al.

(1991) observed that fully grow@lobigerinoides sacculifesink below the photic zone2days

before releasing their gametes. The newly formed juveniles then rose back into theqietic

If no new calcification occurs below the photic zone, then large @dsHcculiferwould retain

aut®o signature dominated by their most recent and largest chambers calcified at the surface. In
contrast, théi*®0 signature of smalle®. sacculiferwould be dominated by their deeper juvenile
chambers. A similar balance could occuGintumida

It is impossible to make quantitative conclusions regarding the relationship of

foraminiferal size and calcification depth when we incorporate other studes D 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 wstieidy trend in either th@. tumidaor theN. dutertrei

data. LargeP. obliquiloculatado appear to have a shallower calcification depth. We cannot
draw any conclusions f@. menardiiwith 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, foraminiféi@lcification depth could actually be changing over time.
Second, changes in oceanodnapconditions could affect water at tBe rubercalcification
depth and the calcification depth of the other species differently such that the differ&fice in
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 foramii@ra
suggest eithe®. tumidain the 406600 um size fraction anl. dutertreicaldfied much deeper
andG. tumidain the >600 um 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 foraminiferalit®0 andG. ruberii*®O increased. Weiss et al. (2021) interpret the
decrease in smaB. tumidaiit®O 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 Sul@&aaning the vertical
temperature and salinity structure in the thermocline remain unchanged ovérheggray bar
represents the same interval beginning at ~11.5 ka as Figure 2.2 wheranshmalsize

constraintG. tumidati*®0 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 sate and thermocling®0 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 simil&@lytumida in the

400600 um size fractionN. dutertre) and showing the largest increase in calcification depth,

the next shallowest species and size fraction combinations showing intermediate increases in

calcification depth (larg&. tumidaandG. tumidawith no size constrainjsand shallower
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species showing little change in calcification depth becausei#fi@imirrors that ofG. ruber

(G. menardiiandP. obliquiloculatg. We therefore conclude that changes in apparent
calcification depth during this interivare 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 reshiftoin the
temperature or salinity gradients and resulting shifts in the exp@é@dradient in the Sulu
Sea contradicts our assumption for calculating estimated calcification depths that the temperature
and salinity gradients remained constant through tBeeause it is likely that the early
Holocene temperature and salinity gradientge closely resemble the modern gradients than
the prell.5 ka gradients do, it is probable that ouriteb ka calcification depth estimates are
too shallowHowever, as the largest change in expected calcification deptanur@ostl1.5 ka
event is aly ~10 mfor G. tumidain the 400600 um size fractiofiTable 2.2), the impact of a
changing gradierduring that evenis substantially smaller than the range of the middle 95% of
calcification depths of any of the six species and size fraction contrisativestigated here.
Furthermore, when we compare the mean calcification depthmidain the400-600 um size
fraction andP. obliquiloculata the two longest records, between the whole record and the
youngest ~1.5 ka (5.68.01 ka) of the records, meaalcification depth foG. tumidain the
400-600 um size fraction is only ~8 m shallower during the youngest interva?.and
obliquiloculataonly ~3 m shallowerUltimately, we do believe that potential changes in the
temperature and salinity gradientsidtroduce some uncertainty to awalcification depth
estimatesparticularly 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 apparerdicification depths in the Sulu Sea focused on thé Ra
interval. The gray bar represents the same interval beginning at ~11.5 ka as Figure 2.2 where
small and no size constraiBt tumidaii®O decrease.

With only G. tumidain the 400600 pm size fraction anid. obliquiloculataextending
much beyond the ~12.78).75 ka interval there is less evidence to determine whether changes in
the apparent calcification depth are the result of changes in oceanographic conditiora or actu

changes in calcification depth, but based on our interpretation of the 12 7&ka interval,

we think other changes in apparent calcification depth are also oceanographic in nature.
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13-11.5 ka mean 11.1-10 ka mean Difference in

Species Size Fraction depth (m) depth (m) Mean (m) p-value

G. tumida 400-600 um 110 121 11 <0.01

No Size Constraint 105 110 5 0.37

>600 um 106 110 4 0.04

G. menardii >600 pm 105 106 1 0.42

N. dutertrei 250-400 pm 107 114 7 <0.01

P. obliquiloculata 350-500 um 95 94 -1 0.78

Table 2.2:Difference inexpectedalcification depth before aradter the 11.511.1 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 cdculated apparent mean calcification depths in the Sulu Sesxtéoraminiferal
speciessize fraction combinations by assumi@grubercalcify at the surface then using TS
profiles to calculate expecté&ffO differences fronG. ruberat each depth in the wateolumn
which we then compared to oii®O records spanning ~12.789.75 kaG. tumidain the 400
600 um size fraction have an average apparent calcification depth of (hisldhe 95% of our
samples at 3931 m)in the Sulu Seds. menardiicalcifies at~106 m(middle 95% at 92417
m), N. dutertreicalcifies 112m (middle 95% at 10220 m) andP. obliquiloculatacalcifies at
~93m (middle 95% at 10220 m) The calcification depth d&. tumidain the 400600 um size
fraction supports the conclusions of Weiss et al. (2021) who intégptemidaii'®O to be
strongly influenced by shifts in the North Equatorial bifurcation latitude which is highly
correlated with Sulu Sea thermocline salinity28-165 m water depth}s. tumidawith no size
constraint and in the >600 um size fraction have average calcification defth(afiddle
95% of samples at 9920 m)m and 107 nfmiddle 95% at 8817 m)respectively OurG.

tumidacalcification depth eshates indicate that larg&. tumidacalcify shallower in the water
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column. This trend does not continue when comparing calcification depth estimates from other
studies, however that may be the result of geographical heterogeneity. Comatirigrtrei

calcification depth estimates with other studies also shows no clear trend with test $¥ze, but
obliquiloculatamay i ndi cate a shall ower calcification
any obvious evidence for shifts in calcification depths wittetand instead attribute any

changes in apparent calcification depth to changes in oceanographic conditions that affected the

surface and thermocline unequalbut not to such a degree that our estimates are invalidated.
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Chapter 3:

Constraints on Marine Isotope Stage 3 and 5 Sea Level from the

Flooding History of the Karimata Strait in Indonesia

Citation:
Weiss, T. L.,Linsley, B. K., Gordon, A. L., Rosenthal, Y., & DannenmdirPalma, S. (Under
Review). Constraints on Marine Isotope Stage 3 and 5 Sea Level from the Flooding History

of the Karimata Strait in Indonesigevision submitteth Paleoceanography and
Paleocimatology

Abstract

Global mean sea level (GMSHuring intermediate interglacial Marine Isotope Stage 3 (MIS 3)
(60-26 ka) has proven difficult to constrain. Paksa level estimates based on ice margin
modelling,and paleeshoreline reconstructions indicate that MISBISL was substantially
higher than reconstructed from desgean benthic foraminifera oxygen isotof€Q@) and coral
recordsimplying muchsmaller ice sheets during MIS 3 than previously thougbetehkve use

t h O aind Mg/Ca chemistry of surface and thermocline dwelling foraminifera in the Sulu Sea
in the westerdPacificmargins to estimate relative changes of the influx of South China Sea
surface and thermocline flow through the Sulu Sea ovdaghd40 ka. We show that thisi&h
ChinaSeathroughflow is controlled ispart byGMSL effects on the depth of the 36 m deep
Karimata Strait at the southern end of tloeith ChinaSea We constrain maximum allowable
GMSL at the beginning and end BiS 3 to-22+6 m and-29+5 m respectivelgnd minimum
allowableGMSL during interglacial stages MIand & (117-72ka) torange from-3+8 to-

88 mand-11+7 to-12+7 m respectivelyOur results indicate the Sunda Shelf was subaerially
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exposed during mosft MIS 3, do not support theighestMIS 3 GMSL estimatesavailable,and
favor the shallowes¥llS 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 iarrived

Borneo.

3.1. Introduction

Marine IsotopeStage3 (MIS 3), considered a relatively warm transitional interglacial
stage that lasted from @&@to the beginning of the Last Glacial Maximum (LGM; 26 ka), is
characterized by highly variable climapeinctiated by repeated millenniatale warming
episodes, called Dansgadbdschger events, during which the North Atlantic warmé&&38C
(Blunier et al., 1998 The extentind variabilityof continental ice sheetsxdglobal mean sea
level (GMSL)during MIS 3relative to the LGM and to the preceding interglacial (MIShaj
been implicated in causing this climate variabilByddall et al., 2008nd references therein)
and remainsontroversialConstraining MIS 3 GMSL is crucidbr: (1.) evaluating how qukly
ice sheets grew and sea level fell as global climate transitioned into the &tdr( et al.,
2019; Pico et al., 20)7(2.) understanding ice sheet stability in the past,(&drojecting
future ice sheet meltinigecause it precedes the LGM aBsdtharacterized by substantial climatic
instability. It has proven difficult however, to constrain sea level during this intépiddlall et
al., 2008; Pico et al., 20L™Many studies haveséimatel global ice volumdrom foraminiferal
%0 either by ugig paleereconstructions from regions where foraminifer&D is thought to
be strongly correlated to ice volur{feRohling et al., 2008; Siddall et al., 2003; Siddall et al.,
2008) or by accounting for temperature using Mg/Ca based temperature comp{Bpi@isand

Lisiecki, 201§. These estimategenerally suggest that peak MIS 3 sea level 8860 m
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relative to todayRohling et al., 2008; Siddall et al., 2003; Siddall et al., 2008; Spratt and
Lisiecki, 201§. More direct coral and ice margased econstructions are rare because
shorelines are generally below modern sea level and glacial features were destroyed by
subsequent ice sheet advance during the I(Gilfdall et al., 2008 Those that do existo not
show strong agreemeistiggeshg a wide ange of maximunMIS 3 sea levebf -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.,)2@{Hile direct geological and
indirect marine sedimén ¢ 8@ records of GMSL describe a range of maximum MIS 3
GMSL, most tend toward lower GMSES0-80 m) Cutler et al., 2003; Siddall et al., 2008;
Thompson and Goldstein, 2006

More recent sea level and ice sheet extent studies have argued foMiligi8sea level,
suggesting substantially more rapid ice sheet growth from MIS 3 to the LGM. Pic(2eta).
used ice sheet modelling in concert watdeashoreline indicators from the Albemarle
Embayment in Virginia and North Carolit@argue that pak MIS3 GMSL was only40 m. A
similar conclusion was reached by Pico ef2016 who argue for peak MIS3 global mean sea
level of-38+7 mrelative to todayn the basisf modelling and analysis &ellow Sea sediment
cores. Batchelor et 2019 estimate a similar MIS 3 GMSL range based on their global
compilation of Pleistocene ice sheet margin indicatmssio Gowan et al. (2021) using a
combination of ice sheet margin indicators and modellogurate understanding of MIS 3 sea
leveliscrucalg v e n: (1.) the importance of understanoco
climate transitioned into the LGM, (2.) how rapid climatic variability during MIS 3 impacted sea
l evel, and (3.) the ubi qui t%¥uwaenpositeseas mdicatsst a ¢ k e d

of ice volume and sea levdd is therefore cleathat more research is needed to determine
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whether MIS3sal e v e | is better representl®dasedy deeper
estimategChappell, 2002; Cutler et al., 20@3anebuth et al., 2006; Siddall et al., 2008; Spratt
and Lisiecki, 2016; Thompson et al., 2005; Thompson and Goldstein), @00®re recent
shallowemodelling,shoreling and ice sheet margin indicatbased estimate®ico et al., 2017;
Pico et al., 2016Batchelor et al., 2039

Whil e cor al a'fOdasedestimates of MIS 8 sea level ary widely, they
almost universally agree that MIS 3 sea level was substantially lower (generally >40 m) than
MIS 5a5d (72117 ka), the previous warm peri@@iddall et al., 2008; Dalton et al., 2019; Spratt
and Lisiecki, 2016; Thompson et al., 2005; Thompson and Goldstein). 20@6ntrastmore
recentmodelling,shoreling and ice sheet margin indicatbased estimates suggest MIS 3 and
MIS 5a5d sea levMewere much more similar, with MIS 3 sea level only ~20 m below MISdba
(Batchelor et al., 2019; Pico et al., 2016; Pico etal., 2®t7e vi ou s | y®Opeasuits i s h e d
from Sulu Sea sediment caergenerated using the surfadeelling foraminiferaG. ruber have
been proposed to accurately reflect variations in sealb@geld on their near identical scaling of
glaciakinterglacial variability with benthic foraminifei#®0 stackg{Dannenmann et al., 2003;
Linsley et al., 1996; Oppo et al., 2003; Roseht¢hal., 2003. The most obvious departure from
this trend however occurs during MIS 3, when SuluGeauberiit®O in MD97-2141 and Ocean
Drilling Program Site 769A is nearly equivalentMdS 5a5d (Dannenmann et al., 2003; Linsley
et al., 1996; Oppo et al., 2003; Rosenthal et al., PF§. 3.1 and3.2). Thesurface mixedayer
foraminiferaii®O record from the Su Sea appeato support more recentodellingand ice
marginbased reconstructions of MIS3 sea lebetf o r a mi HQ i$ econtralled byia
combination of temperature and losalwateti*®O (1i*0.) which isa function ofglobalice

volume/sealevad f f ect s o n @, laml beal salioitg. Bexause dhe Sulu
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100°E 105°E : 125°E 130°E
Figure 3.1: The Sulu Sea and marginal Indonesian S&aSibutu Passage B: Balabac Strait C:
Mindoro Strait D: Panay Strait. Figure was made using the GeoMapApp:
http://www.geomapapp.oiRyan et al., 2009Black 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 Karimataaftirom Linsley et al(2010) are marked in yellow and
cores south (downstream) of the strait are marked in red. N2D97 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($zdr et al.,

2019). Bathymetry in the white box is shown in the inset map. Bathymetry in the red dashed box
is shown in Figur&31.

Sea is a marginal basin located in teaterof the IndeAustralian Monsoon Region, any surface
oceanbasedoraminiferal shelli*®O record is susceptible to changes in local temperature and

salinity potentially obscuring the akevel signal (Fig3.1).
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Figure 3.2 A: Lisiecki and Raym@2005) benthidi'®0 stack (LR04 Stack) (black), Sulu S8a

ruber (%0 (Dannenmann et al., 2003; Oppo et al., 2003; Rosenthal et al., 2003) (red), Sulu Sea
G. tumidai*®0 (blue). B: Lisiecki and Raym@005) benthidi*®0 stack (black), Sulu Sea.

ruber Mg/Ca based temperatyii@annenmann et al., 2003; Oppo et al., 2003; Rosenthal et al.,
2003) (red), Sulu Se@. tumidaMg/Ca based temperature (blue).L&siecki and Raym@2005)
benthict*®0 stack (black), Sulu Se@. ruberiit®0y (Dannenmann et al., 2800ppo et al.,

2003a; Rosenthal et al., 2003) (red), Sulu Getumidali*®Oy, (blue). Light red and blue data

were previously published while dark red and blue are published by this study.
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