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ABSTRACT

This work focuses on reconstructing changes in atmospheric and bottom water circulation
in the Central Equatorial Pacific (CEP) through the last 150 000 years, to examine how
atmospheric and oceanic system respond to changes in global temperature in glacial-interglacial
timescales. This work is part of a larger conversation in paleoclimate and paleoceanography that
investigates the link between changes in northern hemisphere insolation and ocean-atmosphere
interactions in the Southern Ocean. These focus in these relationship from two different
perspectives. Section 2 and 3 examine dust provenance to reconstruct changes in tropical
hydroclimate, in particular the changes in the position of the Intertropical Convergence Zone
(ITCZ) the zone of maximum precipitation.

I study a 7° north-south transect in the CEP at 160° W, across the annual latitudinal range
of the modern ITCZ. This dust provenance work relies on measuring the changes in lead (Pb)
and neodymium (Nd) isotopes in the chemically isolated dust fraction of marine sediments. First,
I look at ITCZ changes from the last 30 kyr to the mid-Holocene, in order to examine the
difference between glacial and interglacial conditions. | suggest that the ITCZ reached its
southernmost position during glacial times. | identify this shift in the ITCZ by noting an increase
in dust of Asian provenance in the more southern cores. During warmer global climate periods,
the ITCZ migrates farther north. I also examine the changes in the ITCZ across the penultimate
deglaciations by examining samples from 110 to 150 kyr. I found that the southernmost position
of the ITCZ occurred during the peak deglaciation (between 136 and 131 kyr), with a subsequent

interglacial movement of more than 7° north.



I also investigate the changes in deep-water circulation in the CEP over the last two
glacial cycles (from the mid-Holocene to 150 kyr ago) using the Nd isotopic composition of
fossil fish debris as a water mass tracer. | discovered an interesting response of Nd in fish debris
to low oxygen conditions, a critical contribution to the field, as it complicates the
paleoceanographic reconstructions that have been published using Nd isotopes as a conservative
tracer. By taking a holistic multi-proxy approach, | was able to constrain the sources that affect
Nd in fish debris and improve our current understanding of the respired carbon pool that is

argued to be ventilated by the Southern Ocean during deglaciations.
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1. INTRODUCTION

1.1 Rationale and Background

The purpose of this research is to investigate some of the changes in atmospheric and
ocean circulation that affect the Central Equatorial Pacific (CEP), in particular as archived in
marine sediments near the Line Islands. This work includes changes in the Late Pleistocene and
the Holocene extending to the past 150 000 years. Through that time period we focus on times of
rapid climate change with the aim to gain a better understanding of the mechanism that affect
global climate change.

The past 150 000 years encompass the last two climate transitions from full glacial to
interglacial conditions, known as climate terminations. These critical moments include
Termination Il, the coldest termination during the Quaternary (Lisiecki and Raymo, 2005), the
last Glacial Maximum, the deglacial to Holocene transition, and the Holocene thermal
maximum.

This research is primary concern with how the CEP reflects the links between northern
hemisphere cooling and the Southern Ocean. In section 2 and 3 we will expand on whether the
Intertropical Convergence Zone (ITCZ) migrates in response to global temperature variations,
and in particular whether during periods of strong northern hemisphere cooling there is a
southward shift in the ITCZ which is responsible for agitating the surface waters in the Southern
Ocean and plays a role in triggering peak interglacial conditions. (e.g. Chiang and Bitz, 2005).
Section 4 will continue to look at the role of the Southern Ocean in global climate transitions by

examining changes in deep-water conditions throughout the last two glacial cycles.



1.2 The role of the Intertropical Convergence Zone

The Intertropical Convergence Zone (ITCZ) is a key component of the atmospheric
circulation; it lies just north of the equator and is a zone of permanent low atmospheric pressure.
As part of the wider circulation system it corresponds to the ascending arm of the Hadley
circulation, which controls the spatial distribution of tropical precipitation as well as the
atmospheric meridional heat transport (Waliser and Gautier, 1993). Otherwise known as the
thermal equator or the meteorological equator, the ITCZ represents the zone of convergence of
the trade winds leading to increased convection, cloudiness, and precipitation (Waliser and

Gautier, 1993, Philander et al., 1996).
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Figure 1.1 Position of the ITCZ over the eastern Pacific. The position of the ITCZ as a
function of time of year in the Pacific Ocean is marked by the red line, which reflect the precipitation
maximum. Mean precipitation is shown in the color scale surface winds in vectors. Reprinted from
Schneider et al. (2014).

The zonal average position of the ITCZ over the eastern Pacific (Fig. 1.1) is at 9°N during
the boreal summer and 2°N during the boreal winter (Fig, 1,1) (Schneider et al., 2014). But
locally at 160°W, the ITCZ is more narrowly defined, with an annual variability between 7°N
and 5°N (Adler et al., 2003). In this study (sections 2 and 3), the location of the most northern
core (MGL1208-37BB) coincides with the northern extent of the ITCZ in boreal summer (at
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7°N) and our most southern core (MGL1208-17PC) is below the boreal winter position of the
ITCZ (at 0.5°N). The ITCZ behaves quite differently over land surfaces and adjacent oceans.
Over the Indian Ocean, the migration of the ITCZ causes the rainfall variation of the South Asian
monsoon and the total range of the position of the ITCZ varies annually over 28 degrees
(between 20°N and 8°S) (Gadgil, 2003). The meridional overturning circulation of the Hadley
cells straddles half of the area of the globe (Lu et al., 2007), including some of the most populous
places on Earth. Climate variability within the Hadley system can affect the lives of billions of
people by changing the amount and location of precipitation (Diaz and Bradley, 2004). The
migration of the ITCZ is correlated with changes in atmospheric heat distribution, which can
trigger global changes in surface winds and precipitation acting like a catalyst to global
atmospheric circulation changes (Seager et al., 2005). As the ITCZ is an expression of the global
thermal balance (Schneider et al., 2014), the paleo position of the ITCZ can be used to monitor
the changes in the interhemispheric thermal gradient (Chiang and Friedman, 2012).

Convection associated with the ITCZ can also impact regional climate. The ITCZ is a
region of increased cloudiness and precipitation that follows the relatively warmer location of the
sea surface temperatures (Tomas and Holton, 1999). Thus, the location of the ITCZ is associated
with a region of high water vapor. A contraction in the meridional extent in tropical convection
(i.e. a diminished ITCZ) can cool the tropics as a whole through a simple reduction of humidity
in the non-convective regions. Similarly an expansion in the convective region associated with
the ITCZ can cause a regional increase in tropical temperature by increasing the overall tropical

humidity (Ivanochko et al., 2005).



1.2.1 The ITCZ and Paleoclimate

Paleo-ITCZ reconstructions can provide insights into the degree of asymmetry in past
climate changes. ITCZ position, and thus the position of maximum tropical precipitation,
influences the hydrological cycle and global wind fields. The location of the ITCZ can have
overarching ramifications throughout Earth’s atmospheric circulation system including
influencing a) greenhouse gas concentrations, b) poleward heat and moisture transport, c) the
strength of ENSO, d) thermohaline circulation sensitivity, €) marine productivity, and f)
terrestrial aridity (Koutavas and Lynch-Stieglitz, 2004). However, current general circulation
models often have large degrees of uncertainty associated with atmospheric changes due to
asymmetric climate forcings (Li and Xie, 2014), and uncertainties in the mechanism that cause
ITCZ shifts (Clark et al., 2018). Studying paleo-1TCZ as it responds to rapid climate change can
lead to a better understanding about the mechanism that cause 1TCZ migrations.

Independent lines of evidence — modelling (Chiang and Bitz, 2005, Broccoli et al., 2006)
and paleoclimate observations (Peterson et al., 2000, Koutavas and Lynch-Stieglitz, 2004) - have
shown a link between northern hemisphere cooling and a southward shift of the ITCZ. However,
the mechanism of this connection is not properly understood.

Paleo-records indicate that the annual mean position of the ITCZ migrates towards the
hemisphere experiencing relative warming, which is consistent with the migration of the ITCZ
seasonally (Schneider et al., 2014). The migration towards the relatively warming hemisphere is
a feature of the ITCZ which seems relatively consistent in both models (Broccoli et al., 2006,
Donohoe et al., 2013) and paleodata (McGee et al., 2014, Haug et al., 2001, Sachs et al., 2009,

Koutavas and Lynch-Stieglitz, 2004) .



Most studies of the paleo position of the ITCZ are based on proxy records that either
reflect changes in the location of maximum precipitation (Wang et al., 2001, Peterson and Haug,
2006, Fleitmann et al., 2003) or sea surface temperature (Koutavas and Lynch-Stieglitz, 2004).
Paleo precipitation records are often land based. For example, Wang et al.’s (2001) outstanding
record from the Hulu Cave speleothems, in eastern China, correlates the predicted changes in
precipitation with a migration of the ITCZ. Off the coast of Venezuela, Huag et al. (2001) used
changes titanium concentrations in the Cariaco Basin sediments in the Pleistocene as a proxy for
increased riverine discharge, itself a symptom of an ITCZ migration. However, measured
changes in precipitation can be due to a shift in the position of the ITCZ or to a change in its
rainfall intensity within the ITCZ (Schneider et al., 2014). Furthermore, land-based proxies are
subpar analogues for mean-annual changes in the position of the ITCZ, as the ITCZ shows a
larger range of variability closer to continental masses (Schneider et al., 2014). In contrast, the
ITCZ near the Line Islands exhibits a narrow range as described above.

Studies of the past 30000 years from different regions tend to agree with a more southern
ITCZ during glacial periods, showing reduced precipitation, weakened summer monsoon and
increased winter trade winds in the Northern hemisphere, and increased precipitation in central
South America and Northern Australia (McGee et al., 2014 and references therein). However,
the magnitude of the shift of the ITCZ tends to be poorly constrained and proxy based estimates
vary widely —from a 7° N change between the LGM and the Holocene in the Atlantic Ocean
(Arbuszewski et al., 2013) to estimates of a 5° change in the position of the ITCZ during the past
400 years (Sachs et al., 2009). McGee et al. (2014), however, modeled the position of the ITCZ
based on SST gradient, and suggested only a very small change (less than 1°) in the ITCZ

position globally between the LGM and the Holocene. They attributed this discrepancy to a



decoupling of precipitation records from the ITCZ position or to zonal heterogeneity. The latter
allows for very large local changes in the ITCZ along some longitudes, as long as changes at
other longitudes are near zero.

Few studies have looked at the changes in the mean position of the ITCZ in the Pacific
Ocean. And within the Pacific, most studies have focused on the variability over the Eastern
Equatorial Pacific, based on changes in the sea surface temperature gradient. These studies, as
summarized by Koutavas and Lynch-Stieglitz (2004), have found that there is a link between
increased Northern Hemisphere cooling and a southward displacement of the ITCZ at the EEP
during the Last Glacial Maximum.

More Pacific Ocean records of paleo-1TCZ position are needed in order to solve the
discrepancy between models and observations. Ideal records would depend solely in atmospheric
conditions, unlike SST records which are also affected by surface currents.

1.2.1 Using Dust as a Proxy for Wind

Given the challenges in reconstructing paleo-atmospheric conditions using SST, we must
explore the use of more direct surface wind proxies. The only archive of paleo-winds is dust
(Prospero, 1981, Rea, 1994). Hence, atmospheric circulation reconstructions must look at which
characteristics of dust change through time and space that reflect changes in atmospheric
circulation. Eolian dust accumulated in pelagic sediments provides direct information about
paleoatmospheric circulation, and both the intensity of wind and the availability of dust in past
climates (Rea et al., 1985).

Atmospheric dust plays a dual role as both a driver and a recorder of climate change.
Dust concentrations impact the Earth’s radiative balance by affecting the scattering and

absorption of radiation, both incoming and outgoing (Tegen and Schepanski, 2009, Mahowald et



al., 2006). Increases in dust may cause either cooling or warming depending on dust
concentration, vertical distribution and mineralogy, and other independent variables such as
albedo and temperature of the underlying surface (Harrison et al., 2001). Atmospheric dust is
also linked to the increased removal of carbon dioxide from the atmospheric system in episodes
of large oceanic productivity and export that can be caused by atmospheric dust iron seeding
(Jickells et al., 2005).

Atmospheric dust is mostly sourced from the world’s deserts and arid areas, mostly
located around the tropics, in the high pressure regions in the Hadley cell system (Prospero,
1981). The geochemical composition of atmospheric dust depends on the geochemical
composition of the original source area, as eolian deposits are the result of the weathering of
rocks and soils. However, finding an adequate tracer of dust requires finding a tracer that is
always transported with dust and is characteristic of a specific source area, thus allowing
differentiation between sources (Grousset and Biscaye, 2005).

Traditional methods of tracing dust provenance involved using differences in grain-size
distributions, but this can be affected by transport dynamics, i.e., variable distance, altitude, and
wind strength (Rea, 1994). Many elemental tracers, remain relatively unaltered through
transport, but are often not very useful in adequately distinguishing source areas, or experience
large-scale fractionation either through transport of during post depositional dissolution
(Sholkovitz et al., 1993). Similarly, the mineralogical composition of dust particles can be used
as a tracer, but these are often not substantially different globally, or the differences cannot be
measured accurately enough to distinguish source regions (Biscaye, 1965).

Changes in the lead and neodymium isotopic signature of the dust fraction of marine

sediments reflect the original heterogeneity of the source rocks from where the dust was eroded



(Grousset and Biscaye, 2005). These signatures are not impacted by transport and are relatively
constant in the fine fraction of dust (Grousset and Biscaye, 2005). If dust provenance changes
through time indicate changes in the hemispheric origin of dust, we can interpret these changes
as a change in the position of the ITCZ (Xie and Marcantonio, 2012), see section 2 and 3.
1.3 Changes in deep-water conditions

Another way to look at the teleconnection between northern hemisphere cooling and the
changes in the conditions at the CEP is through the changes in deep-water conditions in glacial-
interglacial scales. Section 4 examines the changes in the fossil fish debris neodymium (Nd)
isotope record at the CEP over the last 150 000 years. It explores the deep-water mechanism that
affect the Nd isotope record and how this reflects back to global climate, as well as local effects
on the authigenic Nd isotope record.

In modern seawater, the Nd isotope composition of deep-water reflects changes in deep-
water mixing and the heterogenous inputs of Nd into the ocean (van de Flierdt et al., 2016).
Modern overturning ocean circulation is driven by the sinking of cold saline water masses at
high latitudes. This thermohaline circulation causes the ocean to act as a “great ocean conveyor”
Broecker (1991). Most of the world’s deepwater formation occurs in the north Atlantic (as North
Atlantic Deep Water, NADW) and in the Southern Ocean (Antarctic Bottom Water, AABW).
NADW and AABW mix in the circumpolar system and flow northward in the Pacific in the form
of Circumpolar Deepwater (CDW) (Ganachaud and Wunsch, 2000). CDW splits into an upper
and lower portion which flow equatorward in the Pacific eventually advecting in the form of
North Pacific Deep Water (NPDW) (Kawabe and Fujio, 2010).

NPDW is the dominant bottom water at 3000 m in the Line Islands archipelago,

characterize by lower salinity than CDW but a lower dissolved oxygen (Garcia et al., 2014,



Zweng et al., 2013). Section 4 explores whether the Nd isotope of fossil fish debris reflect
changes in the CDW to NPDW mixing due to changes in climate or whether there are other
effects that alter the NPDW signal recorded in Nd fossil fish debris and how this related to
Southern Ocean ventilation changes and the triggering of climate terminations.

1.3.1 Southern Ocean ventilation and Climate Terminations

The CO2 changes recorded in ice cores have shown that there is a rapid release of CO2 in
the transitions between glacial and interglacial climate, with cyclical drawdown and release of
CO2 in orbital timescale (Barnola et al., 1987, Augustin et al., 2004). Changes in Southern Ocean
ventilation have been long hypothesized to be key drivers of this cycle, since the Southern Ocean
is the largest reservoir of carbon readily available to exchange with the atmosphere (Sigman and
Boyle, 2001, Sigman et al., 2010).

During glacial times, Antarctic water stratification lead to a limited supply of CO; and
nutrients from the Southern Ocean to the rest of the Pacific (Sigman and Boyle, 2001). This
isolation meant that CO- is increasingly sequestered in the Southern Ocean until a shock to the
stratification leads to increase ventilation and triggers a climate termination (Broecker and
Denton, 1989). Changes in the equatorial Pacific have been suggested as a major component of
carbon drawdown and release, with the implication that the ITCZ plays a role in agitating the
Sothern ocean surface waters (Anderson et al., 2009).

More recent work has suggest that the equatorial Pacific also plays a role in the storage of
respired carbon during glacial stages, as changes in authigenic uranium have been reasons to
occur when increased Southern Ocean CO> changes the oxygenation levels in the equatorial
Pacific (Jacobel et al., 2017, Loveley et al., 2017). By investigating the Nd isotopic composition

in fossil fish debris in the central equatorial pacific, we hope to better understand the degree of



ocean stratification during the deglacial and shed light on the mechanisms that are in play during
a climate termination.
1.4 Radiogenic Isotopes
1.4.1 Nd, Pb isotope systems

Samarium and Neodymium are both rare-earth elements (REES) that occur in many rock-
forming silicates, phosphate, and carbonate minerals. 147Sm is a long-lived radioactive isotope
that decays to 143Nd via alpha decay, with a constant of 6.54x10-12 yr1, a 106 Gyr half-life
(Lugmair, 1974). The abundances of Sm/Nd are often reported solely based on the isotopic
composition of Nd, using the radiogenic 143Nd to the non-radiogenic 144Nd ratio (**3Nd/144Nd).
This ratio slowly increases as a function of time because of the decay of 147Sm into 43Nd, but
based on the half-life of 147Sm this increase is negligible in modern timescales.

As light REEsS, the chemistry of Smand Nd is very similar, both have a charge of +3 and
similar ionic radii. The concentration of Sm and Nd in igneous rocks ranges from less than 1-8
ppm Sm and 45 ppm Nd in granitic rocks. Even though the ionic radii difference between Nd and
Sm is small (Nd*3 = 1.08 A; Sm*3 = 1.04 A), Nd is preferentially concentrated in the liquid phase
during partial melting of silicates, whereas Sm remains in the residual solids. Therefore basalt
magmas have lower Sm/Nd ratios than their source rock, and continental rocks are enriched in
Nd relative to Sm (Jacobsen and Wasserburg, 1980).

During nebula condensation, Sm and Nd rapidly partition into solids at high
temperatures. Thus, Whole Earth Sm/Nd and the isotopic composition of Nd can be obtained
from that of chondritic meteorites. Specifically, the mantle evolution of Nd isotopes can be
described using CHUR evolution, “chondritic uniform reservoir” (DePaolo and Wasserburg,

1976a). The accepted values for the present day ratio of 147Sm/143Nd is 0.1966, the 143Nd/1*4Nd is
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0.512638 (Jacobsen and Wasserburg, 1980). Nd isotopic values are expressed in deviations on
the order of parts per 10* from bulk Earth values or eng values. The mathematical expression that

defines eng With respect to Bulk Earth (CHUR) is:

143 N4
< /144Nd>

ENd = 43y q
< /144Nd>

(Equation 1)

Sample _ 1 % 104

Bulk Earth

Igneous materials have varying eng ratios based on their age and composition -degree of
differentiation from the mantle (Figure 1.2). An undifferentiated mantle rock would have Bulk
Earth Nd-isotope ratios and its end = 0. An old continental crust rock has negative eng values;
while a depleted-mantle rock (like Mid-Ocean Ridge Basalts) would have evolved from a higher
Sm/Nd ratio and has positive eng Values.

Like in the Nd isotope system, variations in Pb isotope ratios reflect heterogeneity in
crustal rocks, due to the different behavior of the parent isotopes and daughter products in
melt/solid and the age of the sediment. However, the Pb isotope system relies in three different
isotope ratios. Radiogenic lead (Pb) isotopes —2%8Ph, 207Ph, 205Ph— are the final product of the
decay series of long-lived uranium (U) and thorium (Th) isotopes. 2%Pb is a product of the decay
of 238U, with a half-life of 4.47 Ga, while 207Pb is a daughter of 235U with a half-life of 704 M,
and 2%8Ph is the product of the decay of 22Th with a half-life of 14.05 Ga (Faure and Mensing,
2005). In this work Pb isotopes are expressed in ratios of radiogenic Pb over the non-radiogenic
Pb isotope 2%4Ph. Higher values are thus more enriched in radiogenic Pb and lower values are

less radiogenic.
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Figure 1.2 Systematics of Nd evolution from Bulk Earth (CHUR). Nd is more incompatible
during mantle melting (more likely to go into a partial melt of mantle rocks) than Sm, As a result the
continental crust has a lower Sm/Nd ratio and thus more negative eNd values. Young continental crust
has isotope ratios similar to the mantle, and the older the continental terrain the more negative the eNd.
Modified from Faure and Mensing (2005).

In short timescales, Pb isotopes acquire an “industrial contamination” signature. As there
is an increased in environmental lead with a unique Pb-ore isotope signature which causes
modern anthropogenic disturbances of radiogenic signatures (Grousset and Biscaye, 2005).
However, even the youngest sample used in the work (mid-Holocene age) is much older than the
post-industrial area, and we do not expect any significant anthropogenic Pb contamination.

1.5 Nd and Pb isotopes as paleoclimate tools in the CEP
Using a combination of different isotopic systems has been shown to be useful in
differentiating between different dust source areas, because the heterogeneities in exposed rocks
within drainage basins are magnified in eolian dust (Grousset and Biscaye, 2005). The isotopic
composition of the radiogenic isotopes of Nd (143Nd/*#4Nd isotope ratio) and Pb (2°6Ph/2%4Pb,
207pp/204Ph, and 298Ph/204Ph isotope ratios) vary significantly across the globe, based on both
lithology (crustal- versus mantle-derived rocks) and age of sediments (DePaolo and Wasserburg,

1976b). As a consequence, the Nd and Pb isotopic composition of dust reflects the continental
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heterogeneity of the rocks from where it is weathered, and many studies have investigated the
sources of eolian fluxes to the oceans, and the North Pacific in particular (e.g. Grousset et al.,
1988, Biscaye et al., 1997, Jones et al., 2000, Nakai et al., 1993).

Studies using dust provenance in the EEP Pacific have found conflicting information
regarding the magnitude of the migration of the ITCZ. A Nd isotope study of dust provenance by
Xie and Marcantonio (2012) did not find evidence for a significant displacement of the ITCZ
between the LGM and the Holocene, contradicting the SST data for a similar location (e.g.
Koutavas and Lynch-Stieglitz, 2003). However, a similar study in the EEP using both Pb and Nd
isotope ratios by Pichat et al. (2014) did associate changes in the dust provenance in the EEP to a
latitudinal displacement of the South Westerlies — with a southward retreat of the South
Westerlies during southern hemisphere warming. This might be concurrent with a southward
migration of the ITCZ.

For this study marine sediment samples were collected from several core sites in the Line
Islands ridge. They represent a 7° north-south transect across the modern position of the ITCZ
near 160° W. In section 2 we reconstruct the changes across three sites and in section 3 we used
two additional cores between 3° N and 0° N for a total of five cores. We show that relying on
both Nd and Pb isotopes can successfully differentiate the dust sources to the CEP over the last
two deglaciations. Additionally, in section 3 we show a simple mixing model which can be used
to quantify the relative sources of dust to the CEP or the absolute sources when combined with
dust fluxes proxies. We also evaluate how the changes in dust flux over time and space can
reflect changes in the paleo-position of the ITCZ.

As the ITCZ acts as a strong barrier to inter-hemispheric dust transport, we can interpret

changes in hemispheric provenance as displacement of the ITCZ. Near the Line Islands region,
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the ITCZ is well defined (Tomas and Webster, 1997, Philander et al., 1996) far from possible
continental influences (Tomas and Holton, 1999) and outside of the main region affected by El
Nifio-Southern Oscillation (ENSO) (Dai and Wigley, 2000), therefore dust provenance changes
reflect annual mean changes and not changes in the strength of seasonality or ENSO.

In section 4, we use Nd isotope ratios in fossil fish debris to investigate the role of deep
water circulation changes associated with changing bottom water oxygen conditions in the CEP
over the past 125 kyrs. We find that through most of the study period the bottom water Nd
isotope signal is consistent with that for modern-day North Pacific Deep Water. However,
several points across the record show a high level of radiogenic Nd enrichment. This enrichment
is not consistent with changes in water mass mixing nor with a particle-driven mechanism related
to increased dust fluxes or ocean productivity. We conclude that the Nd enrichment is caused by
increased dissolution of ambient volcanic ash at times consistent with the timing of low oxygen
in the bottom waters, as suggested by high authigenic uranium concentrations at various sites
throughout the Equatorial Pacific. These times during which low-oxygen waters persist, are
linked to the timing of reduced Southern Ocean ventilation, and a more isolated deep ocean.
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2. CONSTRAINTS ON THE MAGNITUDE OF THE DEGLACIAL MIGRATION OF

THE ITCZ IN THE CENTRAL EQUATORIAL PACIFIC OCEAN!

2.1 Introduction

The Intertropical Convergence Zone (ITCZ) is a key component of the Hadley Cell
circulation; in the Pacific Ocean it lies north of the Equator. The ITCZ is a zone of low
atmospheric pressure dominated by convective storm systems where trade winds converge
(Philander et al., 1996). Given that dust is effectively scavenged by precipitation, the
precipitation maximum associated with the ITCZ acts as a strong barrier to inter-hemispheric
dust transport (Rea, 1994). ITCZ paleo-latitude can be used to monitor the extent of the
interhemispheric thermal gradient (Chiang and Friedman, 2012), and provides insights into the
degree of inter-hemispheric thermal asymmetry in the past. Studying ITCZ paleo-latitude and the
sensitivity of the ITCZ to global temperature changes is critical since half the global population
resides in tropical hydroclimates which are dominated by the Hadley cell circulation and
impacted by changes in tropical precipitation (Schneider et al., 2014).

Paleo-records indicate that the paleo-1TCZ migrates towards the hemisphere experiencing
relative warming (Schneider et al., 2014). The development of an interhemispheric thermal
gradient is part of a teleconnection of extra-tropical cooling in the tropical rainfall climate
(Chiang and Friedman, 2012). Independent lines of evidence — modelling (Chiang and Bitz,

2005, Broccoli et al., 2006) and paleoclimate observations (Koutavas and Lynch-Stieglitz, 2004)

! Reprinted from Earth and Planetary Science Letters, 453, Maria A. Reimi and Franco Marcantonio,
Constraints on the magnitude of the deglacial migration of the ITCZ in the Central Equatorial Pacific
Ocean, 1-8, 2016, with permission from Elsevier.
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— have shown a link between northern hemisphere cooling and a global southward shift of the
ITCZ. However, the mechanism of this connection is not properly understood.

Over the Pacific Ocean the location of the ITCZ varies seasonally between 9°N during
the boreal summer and 2°N during the boreal winter (Schneider et al., 2014). Locally, at 160°W,
the ITCZ is more narrowly defined, with an annual range between 8°N and 5°N (Adler et al.,
2003). The modern location of the zonally averaged annual maximum precipitation more closely
follows the maximum precipitation during July-August-September (Adler et al., 2003), when the
ITCZ is near its northernmost position. Only a few studies have looked at the changes in the
mean position of the ITCZ in the Pacific Ocean, with most focused on the Eastern Equatorial
Pacific (EEP). These studies, as summarized by Koutavas and Lynch-Stieglitz (2004), have
found that there is a link between increased Northern Hemisphere cooling and a southward
displacement of the ITCZ at the EEP during the Last Glacial Maximum.

The direction of migration of the average position of the ITCZ, i.e., a southward shift
during Northern hemisphere cooling, seems relatively consistent in both models (Broccoli et al.,
2006, Donohoe et al., 2013) and paleodata (McGee et al., 2014, Haug et al., 2001, Koutavas and
Lynch-Stieglitz, 2004). The magnitude of the variations, however, can vary substantially. McGee
et al. (2014) calculated a less than 1° shift in ITCZ position over glacial-interglacial transitions,
while a more recent study using 23°Th fluxes, found as much as a 7° shift at Heinrich stage 11
during the penultimate deglaciation within the Central Equatorial Pacific (CEP) (Jacobel et al.,
2016).

Continental mineral dust which accumulates in pelagic sediments provides the only
direct information about paleo-atmospheric circulation (Rea, 1994). This dust is mostly sourced

from the world’s deserts and arid areas, which are located at lower latitudes in the descending
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branch of the Hadley circulation (Grousset and Biscaye, 2005). In addition to being a recorder of
climate change, atmospheric dust directly impacts the Earth’s radiative balance by affecting the
scattering and absorption of solar radiation (Mahowald et al., 2006).

A combination of different radiogenic isotopic signatures can be used to differentiate
between dust source areas because the heterogeneities in exposed rocks can be highlighted in
eolian material (Grousset and Biscaye, 2005). Radiogenic isotopic compositions of dust may
vary with particle size, but are not altered during transport. Specifically, although Sr isotope
ratios can be biased within varying grain size fractions of dust, the isotope ratios of Nd and Pb do
not seem to be sensitive to grain size fractionation processes (Grousset and Biscaye, 2005). The
143N d/144Nd and 205Pb/204Ph, 207Ph/294Ph, and 208Ph/204Ph isotope ratios vary significantly in dust
source areas based on crustal lithology and age (see summary in Grousset and Biscaye, 2005).

The purpose of this research is to investigate the possible changes in the position of the
Intertropical Convergence Zone (ITCZ) in response to climate during the past 30 kyr. This time
period includes critical moments in Earth’s recent climate history including the Last Glacial
Maximum (LGM), the deglacial to Holocene transition, and the Holocene thermal maximum.
Here, we combine Nd and Pb isotope ratios in an attempt to robustly interpret changes in dust
provenance through time in sediment cores retrieved across a central equatorial Pacific transect
that covers the modern extent of the ITCZ. Given that dust is effectively scavenged by
precipitation, we interpret changes in hemispheric provenance as displacement of the ITCZ
through time. Samples were collected from three piston cores recovered from near the Line
Islands ridge. They represent a seven-degree-Ilatitude north-south transect across the modern
position of the ITCZ near 160°W. The Line Islands are an ideal location for this study because at

this longitude the ITCZ is well defined and has little deflection due to continental masses.
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2.2 Methodology
2.2.1 Site and sampling

In May 2012, cruise MGL 1208 aboard the R/V Marcus Langseth investigated a portion
of the Line Islands dominated by a relatively broad volcanic ridge (100-300 km in length;
Lynch-Stieglitz et al., 2015) . Here, we have selected sediment samples retrieved during that
cruise from three piston cores along a North-South Transect, ML1208-37BB (37BB) at 7.04°N,
161.63°W, ML1208-31BB (31BB) at 4.68°N, 160.05°W, ML1208-18GC at 0.59°N, 156.66°W,
and ML1208-17PC (17PC) at 0.48°N, 156.45°W, and (Fig. 2.1). Detailed descriptions of the
core sites are available in Lynch-Stieglitz et al. (2015), as well as in a cruise report (Lynch
Stieglitz et al., 2012). The most northern core (MGL1208-37BB) coincides with the northern
extent of the ITCZ in boreal summer (at 7°N) and our most southern core (MGL1208-17PC) is
below the boreal winter position of the ITCZ (at 0.5°N).

The cores record low sedimentation rates, but these cores were chosen because they had
some of the highest sedimentation rates from the Line Island transect cores collected. MGL1208-
17PC (0.48°N, 2926 m water depth) has an estimated sedimentation rate at the MIS 3/4 boundary
of about 3.0 cm/kyr (Lynch-Stieglitz et al., 2015). MGL1208-31BB (4.68°N, 2857 m water
depth) has an average sedimentation rate of about 3.7 cm/kyr (Lynch-Stieglitz et al., 2015).
Lastly, the northernmost core MGL1208-37BB (7.04°N, 2798 m water depth) has the lowest
sedimentation rate of 1.54 cm/kyr (Lynch-Stieglitz et al., 2015).

The cores were sampled at 4-cm and 5-cm intervals, allowing for a maximum temporal
resolution of approximately one sample every 1000 years for the two southern cores, and one

sample every 2500 years for the northernmost core. The identification of the age-depth
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relationships was developed based on planktonic foraminifera oxygen isotope stratigraphy, as

well as carbon-14 dated samples (Lynch-Stieglitz et al., 2015).
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Figure 2.1 Bathymetric map with the location sediment cores from cruise MGL-1208. The
yellow stars are the cores used in this study: 17PC--0.5° N, 18GC--0.6°N, 31BB--4.5° N, and 37BB--7°
N. The red dots mark cores with oxygen isotope data discussed in Lynch-Stieglitz et al. (2015) while the
white dots are cores with multi-sensor track (MST) data only. Modified from Lynch-Stieglitz et al.
(2015).

2.2.2 Radiogenic isotope analysis
All work was performed in the clean laboratory of the Williams Radiogenic Isotope
Geosciences Facility at Texas A&M University. In order to analyze Pb and Nd isotopes, we first
isolated the operationally-defined detrital fraction of the sediment. The first step was to wet-sieve

the sediments and isolate the <63um size fraction. The sieved sediments were then treated to
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chemically separate the detrital portion based on a sequential extraction procedure presented in
(Xie and Marcantonio, 2012) and outlined as follows. The carbonate fraction was digested with
buffered acetic acid to avoid leaching the clay. Ten percent acetic acid buffered with sodium
acetate was added to the sample until no more visible fizzing occurred upon addition of acid.
After this step, we leached the authigenic Fe-Mn oxyhydroxide portion of the samples using 0.02
M hydroxylamine hydrochloride with 25% acetic acid. Finally, the samples were placed
overnight in a water bath at 80°C with 2M KOH to remove biogenic opal. Once the
operationally-defined aluminosilicate fraction was isolated, the samples were dried at 60°C and
weighed before being fully digested.

Detrital fractions of the sediment were digested with high-purity concentrated acids. First
the samples were placed in a mixture of HF-HNOs (5:2) at 120°C for two days. This step was
repeated once. Then, the samples were digested with aqua regia at 80°C until dry.

The dissolved samples were first run through an anion exchange (AG1X8, 200-400
mesh), hydrobromic acid column to separate Pb. The Rare Earth Elements (REEs) were collected
during the rinse step of the Pb columns and additionally passed through RE Spec (Eichrom)
columns to purify the REE fraction. The REE fraction was then loaded onto Ln Spec (Eichrom)
columns to purify and separate the Nd from the rest of the REEs. Finally, the isotopic
composition of the samples was analyzed for Nd and Pb by Thermal lonization Mass
Spectrometry (TIMS) at Texas A&M University.

Pb was loaded onto rhenium filaments with silica gel and was measured in static mode.
Pb isotopes, expressed as the ratio of the radiogenic isotope (206207 or208pp) to the non-radiogenic

isotope (2%4Pb), were corrected for mass fractionation (0.1%/amu) based on multiple runs of the
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NIST981 Pb standard. The procedural Pb blank, analyzed with a 205Ph spike, was found to be
less than 50 pg, and no blank corrections on the measured ratios were necessary.

Nd was loaded onto rhenium filaments and measured in static mode as the Nd* ion.
143N d/144Nd ratios were corrected for any Sm interference on mass 144 by monitoring mass 147.
143Nd/*44Nd ratios were normalized to 46Nd/1#4Nd = 0.7219. Standard JNdi-1 was run
throughout this study and gave a mean value of 143Nd/*4Nd = 0.512101 + 4 ppm (1o, n= 34). No
further corrections were made to the Nd data in this study. 143Nd/1#4Nd ratios in this study are
expressed as eng values (Equation 1), where (143Nd/**Nd)crur = 0.512638 is the 143Nd/*44Nd
ratio of the Chondritic Uniform Reservoir (i.e. Bulk Earth).

2.3 Results
2.3.1 Isotope results

The overall range in the 208Pb/204PD ratio for all of the samples analyzed is between 37.8 a
39.2, while that for the 2%Pb/2%4Pb ratio is between 17.8 and 18.9 (Fig. 2.2; Table S1,
supplementary information). The widest range in Pb isotope values is seen at site 31BB (4.5°N).
At 31BB, the greatest difference in Pb isotope values is found between the glacial samples at
MIS2 (Marine Oxygen Isotope Stage 2) and the Holocene samples. Samples from sites 17PC and
37BB have narrower ranges of Pb isotope values as well as smaller differences between the
Holocene and Glacial samples. There is a difference in the amplitude of the 20Ph/204Ph and the
208pp/204Ph ranges; however, the trends with time are similar (Fig. 2). 207Pb/204Ph ratios have the
smallest range (Table S1) and, yet, mimic the temporal trend in both 296Pb/204Ph and the
208pp/204Ph ratios. Due to the strong consistency of the Pb isotope ratios between samples from
site 18GC and 17PC, figures 2 and 3 present the equatorial Pb data as a single composite

(Supplemental section S2).
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Nd isotope ratios, expressed throughout this study as end, range from -0.2 to -13.3 (Fig. 2,
Table S1, APPENDIX A). Most of the variation is related to location of the core. 17PC, the
equatorial core, has the most positive Nd isotope ratios (end = -7.4 to end = -0.2), while the
northern cores, 31BB (end = -12.1 to eng -5.1) and 37BB (end = -13.3 to eng -8.3) have Nd isotope
ratios that are more negative. We do not include the three data points closest to the top of core
31BB, because there is evidence that this part of the core is reworked (Lynch-Stieglitz et al.)
Table S1, Appendix A). We, therefore, only include points from 15 cm and below for this core.

2.4 Discussion
2.4.1 Dust sources to the CEP

In order to trace ITCZ migration we differentiated between possible southern and
northern hemisphere sources, based on published Nd and Pb isotope ranges in regional studies
(potential source ranges shown in Figures 2.2 and 2.3). We can sort our data into four different
dominant dust source regions, three southern hemisphere South American regions and one
northern hemisphere East Asian end member. How delivery of material from these sources varies
through time is explored in section 4.3.

Recent work has signaled western South America, through circulation of the SE trade
winds, as a main source of dust to the Eastern Equatorial Pacific (e.g. Xie and Marcantonio,
2012, Pichat et al., 2014). The detailed characterization of sources within South America is based
on the composition of volcanic and basement rocks on the western part of the continent as
characterized and compiled by Mamani et al. (2008) and Mamani et al. (2010), as well as
analysis of some suspended riverine sediments in Patagonia (Gaeiro et al., 2007). 29Ph/204Ph

ratios range from 17.5 — 19.0; and eng ranges from 4 to — 12. This approach is appropriate since
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Figure 2.2 CEP Pb ad Nd radiogenic isotope record. a) 2®Pb/2%Pb, b) 2°Pb/?**Pb, and c) Nd
isotope ratios plotted against time for all cores (17PC*, blue; 31BB--4.5° N, red; and 37BB--7° N, green).
MIS 1 (Holocene) and MIS 2 (shaded) time periods are based on planktonic foraminifera 50 (shown
only for core 17PC in panel d) and radiocarbon analyses (Lynch-Stieglitz, 2015). 17PC* is a composite
equatorial core consisting of samples from core 17PC at 0.5° N and 18GC at 0.6 ° N (see section S1). The
error bars represent standard errors. Possible dust source interpretations are marked by dashed lines. The
South Central Volcanic Zone (S-CVZ, yellow) and the North Central VVolcanic Zone (N-CVZ, orange) Pb
and Nd ranges are from Mamani et al. (2010), and references therein. For the South Volcanic Zone (SVZ,
pink) the Pb isotope range is based on Pichat et al. (2014) and references therein, and the Nd isotope
range is from Gaiero et al. (2007). The Pb isotope ranges for Asian loess (dark green) are from Sun and
Zhu. (2010), while the Nd values for Asian Loess from Zhang et al. (2015).
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chemical or physical weathering does not further fractionate the Pb and Nd isotope signatures of
detrital sediment (Grousset and Biscaye, 2005). Furthermore, in South America, Nd isotope work
conducted on detrital-rich margin sediments shows that the Nd signal is dominated by the
crystalline rocks of the continent (Jeandel et al., 2007).

In our data we can see the dominant isotopic signature of two sections of the Andes
Cordillera, ranging from 16°S to 43°S, the Central Volcanic Zone and the South Volcanic Zone.
The Central Volcanic Zone (CVZ), lying between 16° Sand 27° S, can be subdivided into two
critical regions, north and south. The Northern Central Volcanic Zone (N-CVZ), also known as

the Arequipa Domain extends from 16° Sto 21° Sand is characterized by the least
radiogenic Pb isotope ratios and medium to low eng values (?°6Pb/2%4Pb ratios of 17.50 to 18.45;
208Pph/204Pp ratios of 37.63 to 38.66; eng Values between -5.5 and -8; Mamani et al., 2008,
Mamani et al., 2010). We suggest that the northern CVZ is the dominant source of dust to 4.5° N
(core 31BB) during MIS2, and to 7° N (core 37BB) during the mid-Holocene (Fig. 2).

The Southern Central Volcanic Zone (S-CVZ), also known as the Antofalla domain,
ranges from 22° Sto 27.5° Sand is dominated by more radiogenic Pb isotopes ratios and higher
end values (2°Pb/204Pb ratios of 18.50 to 19.00; 298Ph/294Pb ratios of 38.86 and 39.00; eng isotope
values between -3 and -6; Mamani et al., 2008, Mamani et al., 2010). The southern CVZ is likely
the dominant source of dust to the equator (cores 17PC and 18GC) during MIS2 and until the
mid-Holocene (Fig. 2).

In contrast the Southern Volcanic Zone (SVZ), which was estimated by Pichat et al.
(2014) to be the main source of dust to the EEP through the deglacial, lies further south and
extends from 33° Sto 43° S. The SVZ is characterized by 2°6Pb/204Pb ratios of 18.5 to 18.7 and

208pp/204ph of 38.3 to 38.6 (Pichat et al., 2014), and relatively radiogenic neodymium isotope
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values from -2 to +2 (Gaiero et al., 2007). We suggest that the SVZ is the dominant source of
dust to the equatorial site (17PC) during the mid-Holocene (Fig. 2).

Our northern hemisphere end member is dominated by an Asian Loess signal, most
closely identified with the fine-grained fraction of sediments from the Chinese Loess Plateau
(2%6Ph/204Ph ratios between 18.82 and 18.98, and 208Pb/204Ph ratios between 39.04 and 39.20; Sun
and Zhu, 2010; eng values that range between -10 and -11.5; Rao et al. 2008, Wang et al. 2007,
Zhang et al. 2015). Our Asian end-member is consistent with the findings of Pb isotope ratios in
the detrital component of North Pacific sediments (Jones et al., 1994, 2000). Asian Loess is the
main source of dust to7° N (37BB) through MIS2 until the mid-Holocene, and to 4.5° N (31BB)
during MIS2 (Fig. 2).

Much of the geochemical variation in dust from East Asia is captured in the signature
provided by 87Sr/86Sr isotope ratios (Zhang et al., 2015). Unfortunately, we could not analyze our
samples for 87Sr/8Sr isotope ratios because research shows that within 5° of the equator
separated detrital material is easily contaminated with detrital barite (Xie and Marcantonio,
2012). This barite, characteristic of high-productivity areas (Paytan et al., 1996), is enriched in
seawater Sr, which overwhelms the total detrital Sr isotope signature. In contrast, Xie and
Marcantonio (2012) demonstrated that the eng Values of detrital material in the EEP was free of
barite influence, most likely due to the low relative concentration of neodymium in barite
relative to dust (Martin et al., 1995). Similarly, leaching experiments by Pichat et al. (2014)
concluded that there is little variation in the isotopes of Pb between different leached phases of
the sediment, and that the bulk sediment record of Pb isotopes closely matches that of the eolian
input, showing that barite contamination is not a major concern for the isotopic composition of

residual Pb. Therefore, the Pb and Nd isotope ratios of our operationally-defined detrital
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components are sufficient to differentiate between the two main sources of dust (Asian Loess and
South American volcanics) delivered to the CEP (Fig. 3).
2.4.2 Particulate matter from the Pacific Equatorial Undercurrent

Material from Papua New Guinea (PNG) can be carried to the CEP by the Equatorial
Undercurrent (EUC). Particulate and dissolved traces have been found as far east as 140°W
(Ziegler et al., 2008). The EUC flows eastward along the equator within a narrow latitudinal
band of £2°, weakening dramatically outside of this range (Lukas and Firing, 1984). In this
study, the only core that can be potentially influenced by particulate material from the EUC is
17PC (at 0.5°N). PNG materials are very radiogenic with respect to Nd and less radiogenic with
respect to Pb (eng= +8 to +9; 206Pb/204Ph = 17.5-18.5; 208Ph/204Ph = 37.25-38.50; Kennedy et al.,
1990, Part et al., 2010) . Work by Costa et al. (2016) on these Line Islands cores, spanning the
same time frame studied here, suggests a very limited influence of the EUC in the detrital
fraction of sediment from these cores. They base this suggestion on their estimated levels of
productivity during the LGM that are low, despite dust fluxes that are 2-3 time higher during the
same time period. Costa et al. (2016) suggest that a limited EUC influence, might be attributed to
a decreased riverine discharge associated with regionally dry conditions in PNG (Reeves et al.,
2013). Here, we offer further evidence for limited influence of EUC particulates on the detrital
component of sediments of the CEP, as both our Pb and Nd isotope ratios are consistent with a
South American provenance and show no evidence for PNG material. More specifically, we
attribute the higher eng values in core 17PC during the mid-Holocene, to an increased influenced
of dust from the Southern Volcanic Zone (Gaiero et al., 2007). Moreover, for a given 206Ph/204Ph
isotope ratio, the 298Pb/204Ph ratio in our samples is far too radiogenic, and thus inconsistent with

a PNG provenance.
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2.4.3 Provenance changes over time

Based on both the Pb and the Nd isotope values, the provenance of the dust in the
northernmost core (37BB) at 7.04° N is consistent with Asian Loess from the early Holocene
throughout MIS2 (Fig. 2.2). While there is some overlap in the Pb isotope range of Asian Loess
and the S-CVZ, the eng values in our samples (endg = -8.3 to -11.8) have a clear Asian loess
dominance (Zhang et al., 2015). The most recent sample from 37BB, at 6.6 kyr BP has a more
radiogenic Nd isotope value (eng = -6.6) suggesting a provenance change to a southern
hemisphere source, either the N-CVZ or the S-CVZ (Fig. 2.2).

The core at 4.5° N (31BB) records the most change through time with respect to Pb
isotope ratios (Fig. 2.2). Values before the Holocene are consistent with a Northern Hemisphere
provenance, interpreted here as derived from Asian Loess (Sun and Zhu, 2010). The Nd isotope
values during this period are mostly in the upper range of Asian Loess (Zhang et al., 2015), but
are very distinct from either the S-CVVZ (Mamani et al., 2008) or the SVZ (Gaiero et al., 2007)
(Fig. 2.2). During the Holocene the provenance of the dust has a signature consistent with the
Southern Hemisphere, specifically dominated by the N-CVZ in South America (Mamani et al.,
2010) (Fig. 2.2).

The provenance of the dust in the equatorial core (17PC) is more consistent with a S-
CVZ source through most of the study period. For the same core, during the latter half of the
Holocene there is a progressive increase in the neodymium isotope ratios from eng = -3.9 at 8.9
kyr BP to eng = -1.1 at 3.7 kyr BP, and little change in the Pb isotope ratios over the same time
period. We suggest this variation is due to an increase in dust that is sourced from the SVZ (Fig.

2.2).
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Figure 2.3 Pb vs Nd record in the CEP. 2°Pb/2%Pb versus eng for all three sites (17PC--0.5° N, blue
circles; 31BB--4.5° N, red squares; and 37BB--7° N, green triangles). The error bars represent standard
errors. Filled shapes are Holocene samples, and open shapes are glacial samples. Possible dust source
interpretations are marked by dashed lines and the shaded areas. Note that the largest temporal shift
occurs between Holocene and glacial samples in 31BB. The South Central Volcanic Zone (S-CVZ,
yellow) and the North Central Volcanic Zone (N-CVZ, orange) Pb and Nd ranges are from Mamani et al.
(2010), and references therein. For the South Volcanic Zone (SVZ, pink) the Pb isotope range is based on
Pichat et al. (2014) and references therein, and the Nd isotope range is from Gaiero et al. (2007). The Pb
isotope ranges for Asian loess (dark green) are from Sun and Zhu. (2010), while the Nd values for Asian
Loess from Zhang et al. (2015).

Taking into account both the Pb and Nd isotope ratios, it is possible to group the
provenance of the dust at these study sites into four groups (Fig. 2.3). Three are Southern
Hemisphere sources in South America (the S-CVZ, the N-CVZ, and the SVZ) and one is a
Northern Hemisphere source (Asian Loess). Figure 3 more clearly illustrates the shift in the

provenance of dust in core 31BB (4.5° N) between the glacial and the deglacial. More
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importantly, our radiogenic isotope data identify changes in source provenance regardless of
whether or not there are changes in dust flux. Indeed, along the same 7-degree transect, Costa et
al. (2016) found that the variability of dust flux within the Holocene, or the glacial, period across
the transect is negligible when compared to the more than doubling of dust fluxes between the
same time periods (Costa et al., 2016). One might expect that a transition between northern and
southern hemisphere dust delivery would be associated with a sharp decrease in dust flux at
varying times and positions within the transect, but these fluxes remain constant across the entire
7-degree transect during the same time slices. On the other hand, in the equator core studied
here, Jacobel et al. (2016) argued for displacement of the ITCZ using evidence for changes in
dust flux at the penultimate termination, during which differences between northern and southern
hemisphere dust fluxes are greater than within the Holocene or the glacial periods.
2.4.4 ITCZ migration

Studies of the past 30 kyr from different regions tend to agree with a southern
displacement of the ITCZ at the LGM, providing evidence for reduced precipitation, a weakened
summer monsoon and increased winter trade winds in the Northern hemisphere, and increased
precipitation in central South America and Northern Australia (McGee et al., 2014and references
therein). In the Atlantic Ocean, researchers studying shifts in past sea-surface salinities and
temperatures have estimated a 7° meridional southward shift of the ITCZ during the LGM
compared to its modern mean position (Arbuszewski et al., 2013).

As the ITCZ acts as a barrier for inter-hemispheric dust deposition, meridional changes in
dust provenance help us to locate the paleo-position of ITCZ (Fig. 2.4). Samples from 17PC
consistently have a South American provenance throughout the Holocene and the Glacial

(mostly S-CVZ, but a hint of SVZ in latest Holocene; Figures 2 and 3). Site 31BB shows the
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most heterogeneity in the provenance of dust, with glacial samples having provenance dominated
by Asian Loess, and Holocene samples showing dust provenance consistent with the N-CVZ.
For site 37BB at 7.04°N there are only nine data points in the studied time period (i.e., past 30
kyr), and this is mostly due to the very low sedimentation rate (1.54 cm/kyr, Lynch-Stieglitz et
al., 2015). Between 10 kyr BP and 28.4 kyr BP, the Nd and Pb isotope systematics suggest an
Asian Loess provenance (Figures 2 and 4). However, the Nd isotope ratio measured at site 37BB
for the most recently deposited sediment (6 kyr BP) suggests a Southern Hemisphere source (end
= -6.6 £ 0.3), consistent with published work hypothesizing that the ITCZ migrated further north
during the mid-Holocene, and then migrated south to its modern position (McGee et al., 2014,
Arbuszewski et al., 2013, Donohoe et al., 2013). We do not have data for locations between
4.5°N and 0.5°N and, hence, cannot further constrain the ITCZ shift to better than between 2.5°
and 7° in the CEP (Fig. 2.4).

Work by Xie and Marcantonio (2012) did not find evidence of Asian Loess dust in the
EEP, but these authors did suggest that the ITCZ shifted further north during the deglacial, in
agreement with our data. Models suggest that the greatest displacement of the ITCZ happens
during Heinrich stadials (Chiang and Bitz, 2005). This interpretation has support from Jacobel et
al. (2016) based on 232Th dust fluxes that indicate a displacement of the ITCZ south of the
equator during Heinrich 11 at the termination of the penultimate glacial. Unfortunately, we do
not have the spatial, nor the temporal, resolution to determine whether the position of the ITCZ
was further south during Heinrich 1 (~17 kyr) than that during the Last Glacial Maximum (21
kyr). Nevertheless, we suggest that the ITCZ did not migrate south of 17PC during the past 30
kyr, as we do not see a substantial excursion in the Nd isotope record that would be associated

with an influx of dust of Asian provenance if the ITCZ had migrated below 17PC. Given the
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robustness of the Nd and Pb isotope tracing capabilities in the CEP, we will focus future work on
Heinrich stadial 11, to address and test the intriguing hypothesis put forward by Jacobel et al.
(2016) which suggests a southward displacement of the ITCZ during a stadial event of the
penultimate deglaciation.

2.4.5 Changes to the Southern Hemisphere Branch of the Hadley Cell

As with the position and changes to the ITCZ, the scientific community has been equally
puzzled by the behavior of the Southern Hemisphere westerly winds (SWW) during glacial and
interglacial stages (Kohfeld et al., 2013). Like the ITCZ the SWW are an important driver of
climate change, and large-scale ocean circulation (Toggweiler and Samuels, 1995). Moreover,
changes in the position and strength of the SWW might affect the ventilation of the Southern
Ocean and, consequently, have a role in triggering glacial terminations through changes in the
global carbon cycle (e.g. Anderson and Carr, 2010, Anderson et al., 2009). Deciphering the
relationship between the ITCZ and the SWW could lead to clues that are crucial in determining
changes to the southern hemisphere branch of the Hadley Cell through time. There is
disagreement among scientists about the behavior of global SWW on glacial-interglacial
timescales (Kohfeld et al., 2013), but we believe that contrasting our findings with recent work in
the EEP (Pichat et al. 2014) can bring new light to these discussions.

Pichat et al. (2014) interpreted changes in the Pb isotope ratios of the detrital component
through time in core ODP849 (at 110° W, 0.1° N) as reflecting changes in the contribution of
dust to the EEP by the S-CVZ and the SVZ, with material from the SVZ dominating the
Holocene dust flux. These changes suggest that during MIS2 the SWW were further north, thus
allowing dust loading from further North in South America, and then migrated further south

during the last termination. Our equatorial record from site 17PC similarly shows a S-CVZ
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source of South American dust during MIS2. Although there is a migration toward a more
southerly provenance for dust from the SVZ later in record, the shift does not occur until the
mid-Holocene (Fig. 2.2).

To summarize, during the LGM, the more northerly South American provenance of dust
(i.e., S-CVZ) delivered to the equator in the CEP (our work here) and the EEP (Pichat et al.,
2014) suggest a scenario in which the SE trade winds are shifted equatorward. In tandem with
the northward shift in South American dust sources at equator core during MIS2, there is a
southward shift in ITCZ as documented by the Asian dust signals at site 31BB. Taken together,
these shifts imply a constriction of the southern hemisphere trade wind belt (and Hadley Cell)
towards the equator (from the N and the S).

A poleward migration of trade winds is suggested by the more southerly sources of South
American dust (i.e., SVZ) determined during the deglacial in the EEP (Pichat et al., 2014) and
the mid-Holocene in the CEP (our work here). In addition, during the Holocene, South American
dust is delivered further north to site core 31BB (4.5° N) implying a northward displacement of
the ITCZ. Later, during the mid-Holocene, South American dust is implicated even further north
at site 37BB (7° N; Fig. 2.4). Taken together, the data for the equatorial Pacific suggest that
during the Holocene, there is a northward migration of the ITCZ that is contemporaneous with an
expansion of the trade wind belt toward the pole. A contraction (MI1S2) and expansion
(Holocene) of the Hadley Cell likely coincide with a northward and southward migration,
respectively, of the SWW. Researchers studying Holocene sediments from the Atlantic Ocean
have also shown a simultaneous poleward displacement of the SWW (Voigt et al., 2015), and a
northward shift in the ITCZ (Arbuszewski et al., 2013) from the early to the mid-Holocene.

These findings are not in agreement with model results, which suggest that during the LGM, due
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to the smaller inter-hemisphere temperature contrast, the Hadley Cell should, in fact, expand, and

then contract during the Holocene (Rind and Perlwitz, 2004).
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Figure 2.4 ITCZ migration over time. All data points are marked along the dashed lines
representing the core latitude. The arrows show the minimum ITCZ displacement (solid line) and the
maximum ITCZ displacement (dashed line) for each time period. The blue arrows indicate a southern
shift and the red arrow a northern shift (without an upper constraint). The color of each data point
indicates the provenance interpretation: Asian Loess (dark green), North Central Volcanic Zone (N-CVZ;
orange), South Central Volcanic Zone (S-CVZ; yellow), South Volcanic Zone (SVZ; pink). The pink area
shows the boreal summer ITCZ position over the CEP, as recorded by the local annual maximum
precipitation, in the global precipitation climatology product (GCP) version 2.2 from NOAA (Adler et al.,
2003).
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2.4.6 Large meridional displacements of the ITCZ: models versus observations

McGee et al. (2014) estimated that displacements of ITCZ migration larger than 1° can
only happen in limited regional settings. Our work suggests that the ITCZ at the CEP was at least
2.5° degrees further south during MIS2 than during the early Holocene— south of core 31BB
(4.5° N), but north of core 17PC (0.5° N) during the glacial, and north of core 31BB but south of
37BB (7° N) during the Holocene (Fig. 2.4). Such displacements are significant, although less
than those estimated in the Atlantic (range of £ 7°) between the LGM and the Holocene
(Arbuszewski et al., 2013).

Most paleo-records that document changes in the position of the ITCZ base their
interpretations on proxy records that either reflect changes in the location of maximum
precipitation (e. g. Wang et al., 2001) or sea surface temperature (e. g. Koutavas and Lynch-
Stieglitz, 2003). These records are often land based. For example, Wang et al.’s (2001) record
from Hulu Cave speleothems correlates the predicted changes in precipitation with a migration
of the ITCZ. Haug et al. (2001) used titanium concentrations in Cariaco Basin sediments as a
proxy for increased riverine discharge, itself a symptom of an ITCZ migration. Importantly, it is
not possible to discount the possibility that measured changes in precipitation can be due to a
shift in the position of the ITCZ or to a change in its rainfall intensity (Schneider et al., 2014).
Our estimates, however, are not based on, or altered by, precipitation amount, and we can
therefore decouple the location of the mean ITCZ with potential changes in ITCZ intensity (and
thus precipitation amount) between the LGM and the Holocene.

McGee et al. (2014) estimated the position of the ITCZ based on estimates of tropical
SST gradients and the modelled relationship between the paleo ITCZ position and SST changes.

Their models generally were in agreement with a migration of the ITCZ toward the warmer

39



hemisphere. However, the model was not consistent with the large ITCZ displacements
interpreted by the paleo-record observations (e.g. Arbuszweski et al. 2013). They attributed the
discrepancy between their estimates and larger published shifts to a decoupling of precipitation
records from the ITCZ position, or to zonal heterogeneity. The latter allows for very large local
changes in the ITCZ along some longitudes, as long as changes at other longitudes are near zero.
Previous models have argued that changes to the ITCZ position must be zonally homogenous
(Frierson and Hwang, 2012), but we suggest that there is indeed some heterogeneity, at least
between different oceans, as our estimates of migration at the CEP are smaller than previous
observations in the Atlantic during the same time period (~ 7°; Arbuszweski et al., 2013) .

Other studies using dust provenance in the Pacific, but in the EEP, have found conflicting
information regarding the magnitude of the migration of the ITCZ. A Nd isotope study of dust
provenance by Xie and Marcantonio (2012) did not find evidence for a significant displacement
of the ITCZ between the LGM and the Holocene, contradicting the SST data for a similar
location (e.g. Koutavas and Lynch-Stieglitz, 2003). However, a similar study in the EEP using
Pb isotope ratios by Pichat et al. (2014) did associate changes in the dust provenance in the EEP
to a southward retreat of the SWW during the Holocene, which might be concurrent with a
northward migration of the ITCZ as suggested in this study.

Work by Donohoe et al. (2013) demonstrates that the relationship between the cross-
equatorial heat transport and the position of the ITCZ is robust, as reflected by both models and
observations. However, the relationship between the location of maximum precipitation, and the
change in the SST gradient is more variable. Modeled work has shown that different climate
states have varying relationships between the latitudinal change in the ITCZ position and the

change in the tropical SST gradient (Donohoe et al., 2013, McGee et al., 2014). We suggest that
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dust provenance records can be used as an independent constraint for ITCZ paleo-position, and
together with SST observations, a more precise quantitative relationship between changes in
tropical SST gradients and the location of the ITCZ can be calculated for each climate state. This
would allow researchers to use SST gradients, for which there is more abundant information, to
more accurately calculate the position of the ITCZ. Unfortunately, there are no current estimates
for the change in the SST gradient in the CEP between the Holocene and the LGM.
2.5 Conclusion

The ITCZ is an important hydroclimate element that affects the lives of billions of people
and understanding its sensitivity to hemispheric temperature gradients is critical to accurately
predicting its behavior in the future. This work has shown that it is possible to successfully use
radiogenic isotopes (Pb and Nd) to fingerprint the potential sources of dust, and trace ITCZ
migration in the CEP during the past 30 kyr. The radiogenic isotope evidence, combined with
other literature data (Jones et al., 2000, Jones et al., 1994), as well as robust atmospheric
circulation models (e.g., Mahowald et al., 2011), has allowed us to narrow potential dust sources
to the CEP as being either from Asia or South America. The most northern core (37BB) reflects
a dust signal dominated by Asian loess, as most starkly reflected in the Nd isotope data. The
equatorial core (17PC) has a dust provenance dominated by South American sources (S-CVZ
and SVZ), while the middle core (31BB) at 4.5°N incorporates dust sources from both Asian and
South America (N-CVZ).

These changes in dust provenance that the ITCZ has shifted south of its modern position
by least 2.5 °, but less than 7 °, during the last glacial cycle. The direction of this shift is
consistent with previous work, both in modelling (Broccoli et al., 2006, Chiang and Bitz, 2005)

and observations (Koutavas and Lynch-Stieglitz, 2003, Arbuszewski et al., 2013, McGee et al.,
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2014). The magnitude of the shift, however, is much larger than the global estimated change of

less than 1° (McGee et al., 2014), and further work is needed to explain the discrepancy between

modelled estimates of ITCZ position and observations.
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3. THE PENULTIMATE GLACIAL TERMINATION AND LARGE MIGRATIONS OF

THE PACIFIC INTERTROPICAL CONVERGENCE ZONE

3.1 Introduction

The Intertropical Convergence Zone (ITCZ) is a key component of tropical hydroclimate.
It is associated with a zonally heterogeneous tropical precipitation maximum that affects the
lives of billions across the globe. Knowing how the ITCZ responds to abrupt climate change is
essential for reconstructing atmospheric circulation across climate transitions, as well as the role
of the atmosphere in Southern Ocean ventilation. Here, we track the changes in the position of
the ITCZ during the penultimate deglaciation by examining the Pb and Nd radiogenic isotope
records of dust deposited in the central equatorial Pacific (CEP). Additionally, we quantify the
relative contribution of potential dust source endmembers. We also extend the geographic
sensitivity of previous work in CEP, using 5 cores across a seven-degree north-south transect.
We find the southernmost position of the ITCZ during Termination Il (between 136 and 131
kyr), with a subsequent interglacial movement of more than 7° north.

The annual mean position of the ITCZ changes depending on the location of maximum
insolation and the thermal equator (McGee et al., 2014, Schneider et al., 2014). Both models and
paleoclimate reconstructions (Reimi and Marcantonio, 2016, Arbuszewski et al., 2013, Jacobel et
al., 2016) agree that the ITCZ migrates on climate timescales, but without much agreement about
the magnitude of the migration. This model-observation disparity could be due to proxies that
have varying sensitivities to different aspects of the ITCZ system (McGee et al., 2018). The
response of the ITCZ to changes in latitudinal thermal gradient, either due to insolation changes

or anthropogenic climate change, is critical to our understanding of atmosphere-ocean couplings
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and tropical hydrosphere dynamics. A southern ITCZ shift is part of the hypothesized
mechanism that translates the collapse of the northern hemisphere ice sheets into a global climate
termination (Chiang and Bitz, 2005, Chiang and Friedman, 2012). The ITCZ is connected to the
southern hemisphere subtropical jets and westerly winds, which may exert control on Southern
Ocean upwelling and ventilation during the deglaciation (Anderson and Carr, 2010).

Traditionally, the paleo-1TCZ migration has been tracked by looking at precipitation
reconstructions in the speleothem record (Wang et al., 2001), changes in river discharge
(Peterson and Haug, 2006), or changing oceanic salinity and temperature gradients (Koutavas
and Lynch-Stieglitz, 2004). Tracking the ITCZ by constraining dust provenance changes allows
us to isolate the unique effect of atmospheric circulation. We can track the changes in ITCZ
position by looking at spatial variations in the dust provenance over time. Here, we rely on the
Pb and Nd isotope ratios of the dust-containing-fraction of the sediments (Fig. S1), which
capture the heterogeneity of northern and southern hemisphere derived dust (Mamani et al.,
2008, Wang et al., 2007, Gaiero et al., 2007). This approach was previously successfully applied
to ITCZ migration changes in the CEP during the last 30kyr BP (Reimi and Marcantonio, 2016)
at Termination I, but this study is the first to be able to resolve the provenance changes during a
stadial event at Termination II.

Other studies have looked at latitudinal changes in dust provenance (Xie and
Marcantonio, 2012, Pichat et al., 2014) or flux (McGee et al., 2014) in the Pacific Ocean, but
little work has focused on the CEP, with the current literature centered around the LGM (Reimi
and Marcantonio, 2016) or only the dust flux (Jacobel et al., 2017). Here, we attempt to extend

our understanding of ITCZ behavior to the penultimate deglaciation. We find that these changes
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in provenance are linked to shifts in the ITCZ that are coincident with changes in global climate
at Termination Il and, likely, northern hemisphere Heinrich Stadial event 11 (HS11).
3.2 Abrupt changes in dust provenance and I TCZ shifts

Boreal summer insolation changes do not account for the full range of temperatures
across glacial/interglacial boundaries during late Pleistocene climate transitions. Rather, orbital
changes in precession lead to enhanced Northern Hemisphere summer insolation which, under
the right conditions, start a series of positive feedbacks that culminate in a climate termination
(Denton et al., 2010). The migration of the ITCZ is a potentially strong mechanism for
translating high-latitude climate change into the tropics. Thus, reconstructing paleo-ITCZ shifts
can provide significant information about changes in hemispheric symmetry, and the strength of
the thermal gradient (Schneider et al., 2014).

The Sanbao cave record from ~110 to 160 kyr BP shows that the strength of the Asian
Monsoon tracks northern hemisphere summer insolation (Cheng et al., 2009). However, around
termination 11, the northern hemisphere summer insolation begins to rise and the Asian Monsoon
weakens abruptly during the so-called Weak Monson Interval (WMI-11) (Cheng et al., 2006)
(Fig. 3.1a). The WMI-1I (~136 to 129 kyr) is consistent with the timing of North Atlantic cooling
during HS11. During the WMI-I1, the Nd isotope ratios of the dust component of sediments in
core 17PC (at 0.48°N) show a pronounced change of more than 2 eng UNits to a more negative Nd
isotopic composition (more unradiogenic), which we interpret as a significant increase in
northern hemisphere dust sources. Specifically, this -2.5 eng unit shift suggests a shift of the
ITCZ to its southernmost position (i.e., south of 0.48°N) between 136 and 131 kyr, consistent

with the timing of HS11 (Fig. 3.1d). In the North Atlantic, during HS11 (~136 to 129 kyr),
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Figure 3.1 Dust provenance, flux and precipitation. The oxygen isotope data for cores 17PC,
31BB and 37BB are from ref. 31, while the dust flux for those same cores are from ref. 5. a. Sanbao cave
5180 time series (light purple)(Wang et al., 2008, Cheng et al., 2009) b. G. ruber §*0 stratigraphy (17PC-
-0.5° N, blue circles; 20BB--1.3° N, pink pentagons; 28BB--3.0 ° N, orange crosses; 31BB--4.5° N, red
squares; and 37BB--7° N, green triangles). c. 2°Th-normalized-*2Th flux, a proxy for dust flux. Symbols
as in panel b. d. Nd isotope ratios, expressed as eng. Symbols as in panel b. Green shading represents
Weak Monsoon Interval 11 (WMI-I1)(Denton et al., 2010) correlated with HS11 in the North Atlantic.
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a freshwater pulse from the initial breakup of the Laurentide Ice Sheet (McManus et al., 2004,
Broecker et al., 1992) may have caused the Atlantic Overturning Meridional Circulation
(AMOC) to slow down which, in turn, reduces the heat flux into the Northern Hemisphere. At
the same time, there is evidence from Antarctica’s Epica Dome C (Lambert et al., 2008) core that
the SH experienced a temperature rise.

The anti-phasing of NH-SH temperature during glacial and deglacial periods is a also
knows as the bipolar seesaw (Marino et al., 2015). Our interpretation of the Nd isotope record of
dust in equatorial core 17PC suggests that an abrupt stadial climate change event during the
penultimate termination (i.e., HS11), which is linked to changes in global ocean circulation (i.e.,
AMOC reduction), is also connected to changes in atmospheric circulation (i.e., migration of the
ITCZ southwards by at least 7°).

Despite its tropical location, the CEP also experiences large glacial-interglacial
temperature differences, as indicated by the G. ruber 180 record which shows steadily lower
3180 values beginning during MIS 6 and more pronounced in all cores across HS11 (Fig. 3.1b).
Dust flux to all sites almost halved between glacial and interglacial periods (Fig. 3.1c), with the
site closest to the equator (17PC) experiencing the largest increase in dust flux during HS11
(Jacobel et al., 2016). This dust flux increase is distinct from the EPICA Dome C dust flux
(Lambert et al., 2008), which suggests a decoupling between dust fluxes to Antarctica (i.e.,
southern hemisphere sources) and those to the CEP at this time (Jacobel et al., 2016).

3.3 Possible dust sources to the CEP

The combined Pb and Nd isotope data provide an opportunity to quantify the changes in

dust provenance and assigning possible endmembers associated with northern hemisphere (Asian

Loess; Nakai et al., 1993) or southern hemisphere sources (i.e. South American volcanics; Pichat
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et al., 2014) (Fig. 2). At the CEP sites, around Termination Il, we can see a clear meridional
gradient in the Nd isotopes (Fig. 3.1d, Fig. 3.2): the most northern core, 37BB (at 7.04° N), has
the most radiogenic Nd values with an average eNd value of -9.5. The three middle cores (31BB,
4.5°N; 28BB, 3.0°N; and 20BB, 1.3°N) all reflect intermediate ¢Nd (average values of -7.7, -5.7,
and 5.6, respectively). The southernmost core, 17PC (at 0.48° N), has an average ¢Nd value of -
4.4. At a first approximation, this reflects a consistent latitudinal change in dust provenance
between the northern hemisphere source (Asian loess, end from ~-10 to -12 value) (Zhang et al.,
Wang et al., 2007) and the southern hemisphere source (South American volcanics, end range
from ~ 0 to -8) (Mamani et al., 2008, Gaiero et al., 2007). However, there is some ambiguity in
deciphering dust source using only Nd isotopes because the N CVZ source has relatively
negative Nd isotope ratios that approach those of Asian Loess (Fig. 3.1d). A two isotope plot
(Nd in conjunction with Pb isotope ratios) reduces the ambiguity and allows us to account for the
relative contribution of dust from variable southern hemisphere sources (Gaiero et al., 2007) and
the Asian source (Fig. 3.2).

We have built a semi-quantitative mixing model to determine the percentages of dust
contributions from different sources. We have created two independent ternary diagrams based
on four assumed endmember (EM) sources (EM 1 to EM 4). (For a discussion of these
endmembers, please see methods section). These endmembers are helpful in parsing the temporal
and spatial variations within our data, and they were selected to maximize the number of data
points inside the ternary system. EM 1-3 are within the range of the three most likely South
American sources, SVZ, S CVZ and N CVZ, respectively (Mamani et al., 2008, Mamani et al.,

2010, Pichat et al., 2014, Gaiero et al., 2007). EM 4 is closely linked to Asian Loess, more
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radiogenic with respect to Pb than the average Asian Loess values (Fig. 3), but within the range

of published Asian Loess data (Wang et al., 2007, Zhang et al., 2015)(Fig. 3).

19.00 [— A h
scvz o A
E ¥, O fisizn
B O ] O A
18.80 |- + ¢ = o &
o A
[ L PN
svz < e 0
# O =
18.60| 3k "y & 4
O i )
(el \
<t
& 2 0
= 1840
Y s}
<
o~ -
N CVZ
18.20 | —
| @ 17PC:0.5°N o
| @ 20BB:1.3°N kK
- 4k 28BB:3.0°N EM3
18.00 |— Bl 31BB:4.5°N
A 37BB:7.0°N
17.80 L | [ | | | [ |
0 -2.5 -5 -7.5 -10 -12.5 -15
ENd

Figure 3.2 Pb vs Nd record at MIS 6 and MIS 5. 26Pb/?%Pb versus eNd for all sites (17PC--
0.5° N, blue circles; 20BB--1.3° N, pink pentagons; 28BB--3.0 ° N, orange crosses; 31BB--4.5° N, red
squares; and 37BB--7° N, green triangles). The error bars represent standard errors. Filled symbols are
interglacial samples (MIS 5), and open symbols are glacial samples (MIS 6). Relevant possible dust
sources are marked by shaded grey areas. The S-CVZ and N-CVZ Pb and Nd isotope ranges are from ref.
28, the SVZ Pb isotope range is based on ref. 17, SVZ Nd range is from ref. 15; the Pb isotope range for
Asian loess is from ref. 27, Nd isotope range for Asian Loess is from ref. 14. Endmembers 1-4 are shown
with colored stars, E.M 1 (light blue) is most like SVZ, E.M 2 is most like S CVZ (dark blue), E.M 3 is
most like N CVZ (blue), E.M (red) is most like Asian Loess.
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The more southern cores (28BB, 3.0°N; 20BB, 1.3°N; and 17PC, 0.48°N) have variable
Nd and Pb isotope ratios that are consistent with a mostly South American dust provenance (Fig.
3.2). The range of Nd and Pb isotope values can be largely explained by a three-component
mixing system of dust from different South American sources, ranging from Northern Peru to
Patagonia (northern central volcanic zone, N CVZ; southern central volcanic zone, S CVZ; and
southern volcanic zone, SVZ (Mamani et al., 2008, Mamani et al., 2010, Pichat et al., 2014)).
The isotope ratios of the northernmost core (37BB, 7.0°N) and the glacial component of 31BB,
on the other hand, seem to be dominated by a dust fraction with an Asian loess provenance.
Furthermore, it appears that during interglacial MIS 5, a significant fraction of dust from
southern hemisphere sources also reaches site 31BB (4.5°N).

3.4 Beyond provenance: Quantifying dust fluxes

Glacial times are globally more dusty than interglacial times, but this increased dustiness
is not distributed homogenously around the globe (Mahowald et al., 2006). It is therefore not
possible to make inferences about dust provenance using dust flux proxies alone without
independently constraining the dust flux within each hemisphere (Jacobel et al., 2016). However,
this requires the assumption of a relatively uniform transport within each hemisphere. In
particular, ice-core-derived dust fluxes do not necessarily translate directly to low latitude sites,
because there is sub-continental heterogeneity in dust sources, even on continental scales (Pichat
et al., 2014). Using dust provenance, however, it is possible to quantify the contributions of
different regions, while also decoupling dust flux from dust provenance. The importance of this
decoupling is clear once we combine our dust provenance interpretations with the dust flux

record (Jacobel et al., 2016) (Fig. 3.3).
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Figure 3.3 End-member contributions to dust flux. ?°Th-normalized-?*Th flux over time, as
shaded by the percentage endmember characterization for each sample containing both Pb and Nd isotope
data (see supplementary table 1). E.M 1 (light blue) is most like SVZ, E.M 2 is most like S CVZ (dark
blue), E.M 3 is most like N CVZ (blue), E.M (red) is most like Asian Loess (see also Fig. 3.2).
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Our 230Th-derived 232Th fluxes (232Th is a proxy for dust flux in the CEP17) for 5 CEP
cores are shown in Fig. 3.1c. In addition to the high-resolution dust flux profiles already
published for 17PC, 31BB, 37BB (Reimi and Marcantonio, 2016), we present new dust flux data
for 20BB and 28BB (Fig. 3.1c). By combining measured dust flux with the quantitative estimates
of each endmember, we can determine the dust flux contribution of each endmember (Fig. 3.3).
This allows us to isolate and examine both changes in dust flux and dust provenance. There is a
remarkable similarity in the dust fluxes across all five cores, where MIS 6 is nearly two times
dustier than MIS 5 (Fig. 3.1c), which agrees with model estimates (Mahowald et al., 2011).

However, the increase in dust flux during MIS 6 is not a consequence, exclusively, of
northern-sourced dust. The three most southern sites (17PC-28BB), show that most of the
increase in dust flux is linked to an increase in southern hemisphere endmembers. In addition,
site 37BB shows an increase in the relative proportion of southern hemisphere dust sources
shortly before TII (Fig. 3.3). Attributing the increased dust flux solely to an increase in dust
delivered from a northern source to the southern cores would overestimate the northern
hemisphere contribution, and risks overestimating the southern migration of the ITCZ.

3.5 Tracking the changes in ITCZ position over time

Analysis of Nd and Pb isotopes, 239Thys o-normalized 232Th fluxes, planktonic oxygen
isotope data (Fig. 3.1, Fig. S1), and previously published work on these sites (Jacobel et al.,
2016, Lynch-Stieglitz et al., 2015) allow us to interpret ITCZ movements during the penultimate
transition from full glacial to interglacial conditions. We suggest a total ITCZ migration of 3°
south during HS11, with the total glacial-interglacial range between 5-7° between MIS 6 and
MIS 5. This exceeds the modeled estimates (McGee et al., 2014, Donohoe et al., 2013), but

agrees with similar data-driven estimates for the glacial/interglacial changes observed during
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termination | and shorter timescales (Reimi and Marcantonio, 2016, Arbuszewski et al., 2013,
Sachs et al., 2009).

A close examination of the spatial and temporal changes in radiogenic isotopes at all sites
between 110 and 160 kyrs shows that the ITCZ is migrating actively at glacial-interglacial
timescales, but also responds to shorter stadial events such as HS11 (Fig. 3.4). During MIS6
(~155 kyr) we attribute the radiogenic Pb and the non-radiogenic Nd signal at site 37BB as being
dominated by dust derived from an Asian loess source (Zhang et al., 2015), suggestingan ITCZ
position south of 7.04 °N (Fig. 3.4). At ~146 kyr the planktonic foram oxygen isotope data
suggest possible lower salinity conditions north of 17PC. Core 28BB shows the lowest 6180
signal, potentially narrowing down the position of the ITCZ to near 2.97 °N, as the ITCZ is
associated with increased precipitation (though it is difficult to separate oxygen-isotope salinity
from temperature effects; Fig. 3.1b). Between ~146 and 136 kyr, site 28BB shows an increase to
more radiogenic Pb isotope ratios and a decrease in eng Values, which we interpret as an increase
in the amount of Asian dust at this time. Quantitatively, EM 4 (Asian source) can explain only
about 26% of this signal (Fig. 3), but in light of an increase in dust flux across all cores, we
interpret this as a southern migration of the ITCZ to between 2.97 and 1.27 °N (Fig. 3.4).

At the onset of HS11 (between ~136 and 135 kyr), a pronounced increased in dust flux to
site 17PC, as well as the lack of similar dust increases in the EDC core (Fig. 3.1d-f), was
interpreted as an increase in northern hemisphere dust to site 17PC (Jacobel et al., 2016). Our
radiogenic isotope data concur with this interpretation, such that during the same time interval,
the detrital material at 17PC (at 0.48 °N) shows more nonradiogenic Nd and radiogenic Pb

isotope ratios (eng = -6.34, 296Ph/208Ph = 18.810 at 131 kyr). The eng values are 2.5 eng Units more
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non-radiogenic than the interglacial average for 17PC, suggesting that there is a significant

increase in northern-sourced (Asian loess) dust.
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Figure 3.4 Interpretation of ITCZ migration over time. Interpretation of ITCZ location over
time. All data points are marked along the dashed lines representing the core latitude. Samples for which
there are only Nd data are represented by triangles. Samples for which there are only Pb data are
represented by circles. Samples for which there is both Pb and Nd data is represented by squares. Each
square is shaded on a gradient depending on the percentage contribution of E.M. 4 (Asian-like
provenance) as seen in the figure “Provenance” legend. When only one isotope system is available (either
Nd or Pb), data has been shaded according to the most likely provenance as follows: Asian Loess (green),
N-CVZ (pink), S-CVZ (blue), SVZ (black). If the most likely provenance could not be determined (due to
overlapping signals of potential source areas), the data was marked as undefined (shaded graded grey).
The top pink line indicates the modern annual mean location of modern ITCZ over the CEP, as recorded
by the local annual maximum precipitation in the global precipitation climatology product (GCP) version
2.2 from NOAA. Shaded grey rectangles are schematic representations of the location of the ITCZ
through time. Arrows represent relative displacement of the ITCZ during various climatic periods.

57



This southern migration represents a 5° shift in the position of the ITCZ from glacial to
interglacial times, and nearly 8° relative to its modern boreal summer position (Adler et al.,
2003). This ITCZ shift is also coincident with a southern migration of southern hemisphere
westerlies seen in the EEP (Pichat et al., 2014). Indeed, based on our radiogenic isotope data, we
see an increase in northern-sourced (EM 4) dust to the equator (17PC), suggesting that at times at
least 18% of the dust at the equator was sourced from Asia. In core 20BB the increase in EM 4
dust happens earlier than in 17PC. This offset could be due to an increase in the influence of
bioturbation in core 20BB, due to its slower sedimentation rate(Lynch-Stieglitz et al., 2015). Not
all of the increase dust flux in 17PC can be attributed to northern hemisphere sources, and we
suggest that during HS11 dust from South American sources was also supplied to this site in
significantly higher amounts than during the preceding glacial or proceeding interglacial (Fig.
3.3). This agrees with work done farther east at the equator at site ODP849, in which Pichat et
al.’6 argued that the large increase in dust flux at the equator during HS11 was evidence for an
increased delivery of dust from a southern hemisphere source.

By 123 kyr, the ITCZ migrated rapidly to north of site 31BB (4.68 °N) (Fig. 3.4). During
the interglacial period, the Nd signal for all cores is more radiogenic. However, the samples at
core 37BB still carry a more dominant Asian loess signal (average eng= -8.74, 26Pb/?%4Ph =
18.84), in agreement with published records that suggest a more northerly ITCZ position during
interglacials (Reimi and Marcantonio, 2016, Arbuszewski et al., 2013, Yarincik et al., 2000). We
suggest that the ITCZ remained between 7.04 and 4.68 °N from ~123 to 118 kyr, coinciding with
the end of MIS 5e(Shackleton et al., 2003). At the start of MIS 5d (between ~118 and 114kyr),

the ITCZ migrated further south to between 4.68 and 2.97 °N, as suggested by an increase in the
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relative contribution of EM 4 seen in core 28BB (Fig. 3.3, Fig. 3.4). The ITCZ remains north of
site 28BB (at 1.27 °N) until at least 110 kyr.
3.6 Methods

Stable isotopes. Stable isotope analyses of oxygen in G. ruber (white) specimens (250-
355um) were performed using a Thermo MAT253 with a Kiel 1V individual acid bath device,
housed at the Georgia Institute of Technology. Values were converted to Vienna Peedee
belemnite (VPDB) via NBS-19 and an in-house standard, and NBS-18 values were monitored in
each run. Replicate analyses of the in-house standard mixed in the sample runs yielded a 1 sigma
standard deviation of 0.09%. for 580.

Radiogenic isotope analysis. All work was performed in the clean laboratory of the
Williams Radiogenic Isotope Geosciences Facility at Texas A&M University. The operationally-
defined detrital fraction of the sediment was isolated by sequential leaching (Reimi and
Marcantonio, 2016, Xie and Marcantonio, 2012). Sediments (<63um) were dried down, then
sequentially leached with 10% buffered acetic acid to a pH of 5 (carbonate removal), 0.02 M
hydroxylamine hydrochloride with 25% acetic acid (authigenic mineral removal), and at 80°C in
a water bath with 2M KOH (opal removal). The detrital fraction was digested twice in a mixture
of concentrated HF:HNO3 (5:2) at 120°C for two days, and dried down with aqua regia at 80°C
once.

Pb was eluted on anion exchange (AG1X8, 200-400 mesh) columns. Nd was eluted, after
being washed off of the Pb columns, through additional RE Spec (Eichrom) and Ln Spec
(Eichrom) columns. Pb and Nd isotopes were analyzed by Thermal lonization Mass

Spectrometry (TIMS) at Texas A&M University.
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Pb was loaded onto rhenium filaments with silica gel and was measured in static mode.
The data has been corrected with a 0.1%/amu linear fractionation correction based on multiple
runs of NIST981 Pb standard. The procedural Pb blank, analyzed with a 2°5Pb spike, was found
to be less than 50 pg, and no blank corrections on the measured ratios were necessary.

Nd was loaded onto rhenium filaments and measured in static mode as the Nd* ion.
143N d/**4Nd ratios were corrected for any Sm interference on mass 144 by monitoring mass 147.
143N d/*44Nd ratios were normalized to 46Nd/1#4Nd = 0.7219. Standard JNdi-1 was run
throughout this study and gave a mean value of 13Nd/*44Nd = 0.5121009 + 6.6 ppm (16, n= 67).
No further corrections were made to the Nd data in this study. 1*3Nd/'*4Nd ratios in this study are
expressed as eng values by normalizing to (143Nd/***Nd)cHur = 0.512638.

Age models. Age-depth relationships for cores MGL1208-20BB and 20BB were
developed on the basis of planktonic oxygen isotope stratigraphy, with a linear interpolation
between MIS boundary tie points based on the dates in the LR04 stack (Lisiecki and Raymo,
2005). The MGL1208-17PC, 31BB, 37BB age model followed previous work (Jacobel et al.,
2016). Though they have independent time constraints, the timing for the increases in 232Th flux
for all the Line Island cores is coincidental, which suggests reasonably accurate age models.

Thorium analysis. Sediment samples from ML1208-20BB and 28BB were analyzed for
uranium and thorium isotopes by isotope dilution and inductively coupled plasma mass
spectrometry (ICP-MS) at Texas A&M University. We added a 236U and 22°Th spike to each
sediment sample (between 300 and 400 mg) prior to sediment dissolution and digestion with
HNO3, HCIO4 and HF. Anion-exchange column chemistry was also used to isolate the U and Th

fractions.
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Reproducibilities of uranium, 239Th, and 232Th analyses were 6% during the course of this
study. We ran procedural blanks in each batch and yielding 238U blanks (0.3 ng), 239Th blanks
(0.08 ng) and 232Th blanks (3.6 ng), and no blank corrections were made. Our U and Th
concentrations data are in agreement with respect to those produced for cores 17PC, 31BB, and
37BB previously (Jacobel et al., 2016) from another laboratory, and suggest accuracy of our
results.

230Th normalization. 232Th fluxes were determined by normalizing to excess 230Th
concentrations(Francois et al., 2004, Anderson et al., 2006, Loveley et al., 2017, McGee et al.,
2007). 2%2Th is contained in terrestrial sediments at concentrations between 10-15 ppm over a
wide range of provenance (McGee et al., 2007). Due to the isolation of our sites, we expect the
detrital 232Th to be entirely eolian in origin.

Quantitative Analysis of Potential Dust Sources. In order to represent the relative
temporal variability of the dust provenance within our dataset we used multiple mixing lines
between theorized potential end members. Each endmember is defined by their 206Pb/204Ph vs.
end values, as follows: Endmember 1, 29Pb/294Pb = 18.59 and eng = -0.63; endmember 2,
206pp/204ph = 18.91 and eng = -4.18; endmember 3, 206Pp/204Ph = 18.08=9 and eng = -7.13;
endmember 4, 20Pb/294Pb = 19.07 and eng = -12.08. We created two separate tertiary mixing
systems: one system included EM 1, EM 2, and EM 3, while the other included EM 2, EM 3, and
EM 4. Each endmember is most closely associated with one of the four potential dust sources
previously determined as the most likely contributors to CEP dust (Reimi and Marcantonio,
2016). The most relevant South American volcanic zones (Pichat et al., 2014) are the Central
Volcanic Zone (CVZ), and the South Volcanic Zone (SVZ). Endmember 1 is most closely linked

to the SVZ. The SVZ, which ranges in latitude from 33° S to 43° S, contains volcanics with the
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following isotope systematics: 206Ph/204Ph = 18.5-18.7, 208Ph/204Ph = 38.3-38.6 (Mamani et al.,
2008, Mamani et al., 2010), and eng -2—+2 (Gaiero et al., 2007). Endmember 2 is most closely
linked to the S-CVZ, also known as the Antofalla domain. It lies between 22° Sand 27.5° S, and
has 296Pb/204Ph = 18.5-19.0, 2%8Pb/204Ph = 38.9-39.0, and end -8—2 (Mamani et al., 2008,
Mamani et al., 2010). Endmember 3 is most linked to the N-CVZ and ranges in latitude from 16°
Sto 21 °S, with volcanics that have the following isotope characteristics: 29Pb/204Ph = 17.5—
18.5, 208ph/204ph = 37.6-38.7, and eng -8.0—5.5 (Mamani et al., 2008, Mamani et al., 2010).
Endmember 4 is the only northern hemisphere endmember and linked to a radiogenic variant of
Asian Loess that has 2%6Pb/204Ph = 18.8-19.1, 298Pp/204Pph = 39-39.2 (Sun and Zhu, 2010), and
end=-12 to -8 (Wang et al., 2007, Rao et al., 2008, Zhang et al., 2015).
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4. NEODYMIUM ISOTOPE RADIOGENIC ENRICHMENT IN AUTHIGENIC
PHASES AS A FUNCTION OF BOTTOM WATER VENTILATION STRENGTH IN

THE CENTRAL EQUATORIAL PACIFIC OCEAN

4.1 Introduction

The Nd isotopic composition of modern seawater reflects the quasi-conservative behavior
of Nd during the mixing of large water masses (Tachikawa et al., 2017, van de Flierdt et al.,
2016, Lacan et al., 2012). Heterogenous inputs of Nd into the ocean and the relatively short
residence time of Nd in water (500-700 years; Tachikawa et al. 2017, Tachikawa et al., 2003),
relative to the ocean mixing time (1500 years; Broecker and Peng 1982), have supported the use
of Nd isotopes as a water mass tracer (Frank, 2002, Goldstein and Hemming, 2003, Lacan et al.,
2012). The ocean’s Nd isotope signature is generally derived from the heterogenous weathering
inputs of the surrounding continents, transferred via rivers and wind (Tachikawa et al., 2017,
Lacan et al., 2012), which can be subsequently modified by non-conservative behaviors (Lacan
and Jeandel, 2005, Haley et al., 2017, Johannesson and Burdige, 2007). The 43Nd/1*4Nd
signature of continental material depends on its crystallization history and age. Essentially older
crystalline rocks have the lowest 1*3Nd/1#4Nd ratios (unradiogenic values), and younger volcanic
rocks have higher, more radiogenic, 43Nd/1#4Nd ratios (Jacobsen and Wasserburg, 1980).
Neodymium isotopes are expressed as end (parts per ten thousand deviations from the bulk Earth
values 3Nd/**4Nd = 0.512638; (Jacobsen and Wasserburg, 1980).

end ratios in modern ocean water appear to behave quasi-conservatively (Tachikawa et
al., 2003), even though Nd concentrations increase with depth in water column, exhibiting a

“nutrient-like” profile. This decoupling between the behavior of Nd isotope composition and
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concentration is known as the “Nd paradox” (Goldstein and Hemming, 2003, Arsouze et al.,
2009, Jones et al., 2008). Modelled reconstructions of the oceanic Nd cycle, cannot reproduce
modern distributions of oceanic eng ratios without additional inputs of Nd to the ocean, and
suggest that as much as 95% of the ocean Nd is unaccounted for (Arsouze et al., 2009, Jones et
al., 2008). A possible Nd source is particle dissolution in the water column, as the particulate Nd
flux to the ocean is much larger than the dissolved Nd inputs (Oelkers et al., 2011). Indeed, only
a small percentage of this particulate load is needed to account for the “missing” Nd in the ocean
(Jeandel and Oelkers, 2015). Some of the mechanisms that have been proposed to account for the
disparities between eng ratios and dissolved Nd concentrations are: boundary exchange of Nd at
the continental margins (Lacan and Jeandel, 2005, Jeandel, 2016), submarine groundwater
discharge of Nd at the continental margins (Johannesson and Burdige, 2007), or a benthic Nd
flux to ocean bottom waters (Abbott et al., 2015a). These mechanisms, though different in
delivery, reflect the modification of the signature of bottom water through sediment-water
processes at boundaries, without changes in water mass mixing (Haley et al., 2017).

For accurate paleoceanographic reconstructions, eng ratios have to behave quasi-
conservatively at a minimum, and proxy archives need to reflect the eng values of bottom water.
Traditionally, the eng ratios of past bottom waters have been reconstructed using various
sedimentary archives: fish teeth/debris (Martin and Scher, 2004), oxic coatings of foraminifera
(Piotrowski et al., 2005), leaching of the Fe-Mn authigenic coatings of sediments (Frank, 2002),
or corals (van de Flierdt et al., 2010). The variations in eng in these archives over time have been
used successfully to trace changes in paleoceanographic circulation (Goldstein and Hemming,
2003, Piotrowski et al., 2012, Frank, 2002, Thomas et al., 2014). Unfortunately, several studies

have recorded an offset between the eng ratios measured in modern bottom waters and those
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recorded in two archives, Fe-Mn coatings (Du et al., 2016) and biogenic apatite (Horikawa et al.,
2011). This feature is global, but Pacific basin studies tend to show the greatest bottom water to
core-top eng offsets (Tachikawa et al., 2017, Haley et al., 2017). Additionally, recent work
suggests that in locations with a high terrigenous input the recorded seawater signal in fish debris
can be modified under varying redox conditions (Huck et al., 2016).

While only trace amounts of Nd are incorporated into living fish teeth (Shaw and
Wasserburg, 1985), post-mortem uptake increases the concentrations from 100 to 1000 ppm
(Elderfield and Pagett, 1986, Martin and Haley, 2000, Wright et al., 1984, Shaw and
Wasserburg, 1985). Early work highlighted that the rare earth elements (REES) in biogenic
phosphates are derived from pore waters (Toyoda and Tokonami, 1990), and that diagenetic
alteration of (REES) in fossil biogenic apatites is common (Zhang et al., 2016). While fish debris
have been shown to acquire their enhanced Nd concentrations during early diagenesis (Reynard
et al., 1999, Staudigel et al., 1985), porewater alteration of the Nd isotope signal after burial is
unlikely due to the extremely low concentration of Nd3* in pore fluids (Martin and Haley, 2000,
Martin and Scher, 2004). However, some sources of dissolved Nd to bottom waters and
consequently porewaters may not reflect changes in water mass (Abbott et al., 2015a, Du et al.,
2016, Jeandel, 2016), While this diagenetic alteration is complex, there are consistent rules that
can aid in the interpretation of eng Values as water mass tracers. Furthermore, the discrepancy
between archival and expected bottom water eng ratios can be used to obtain new information
about paleoceanographic conditions, such as exposure ages and current velocities (Haley et al.,
2017).

Here, we compare reconstructions of the eng value of fossil fish debris and biogenic

particle flux (Baxs flux) in the Central Equatorial Pacific (CEP) to a suite of other paleoclimate
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proxy reconstructions determined in equatorial Line Islands cores (Jacobel et al., 2016, Jacobel et
al., 2017a, Jacobel et al., 2017b, Costa et al., 2017, Reimi and Marcantonio, 2016, Reimi et al., in
prep, Lynch-Stieglitz et al., 2015) over the past 125 kyrs. Our aim is to isolate the causes of the
changes in eng ratios on glacial/interglacial scales to gain a better understanding of the
geochemical cycling of Nd in the oceans which, in turn, is necessary for improved interpretations
of past global climate and ocean circulation changes.
4.2 Distribution of Nd isotopes in the modern ocean

Globally, the Nd isotopic composition of ocean basins acts as a semi-quantitative tracer.
The main cause for the distinct Nd isotope signal of each water mass is the global thermohaline
overturning circulation. There is a general increase of deep-water eng along global circulation
pathways that is caused by the mixing between young North Atlantic water with low €Nd values
(eNd=-10t0 -14) and old Pacific water with more radiogenic eNd values (eNd = 0 to -5)
(Tachikawa et al., 2017). The Indian and Southern Ocean reflect intermediate values as a result
of the mixing of these two main sources (end = -7 to -10) (Goldstein and Hemming, 2003). More
locally, the lowest observed isotopic values are eng = -26.6 in Baffin Bay (Stordal and
Wasserburg, 1986). The most radiogenic values have been measured in the Eastern Equatorial
Pacific eng = + 2.7 (Grasse et al., 2012), due to its abundant and young volcanic material. These
regional offsets are due to local or regional detrital inputs, which can complicate global Nd
isotope interpretations, but can provide valuable information about local processes.

In the Pacific Ocean, deep-water eng trends can be broken down further, i.e., the South
Pacific is less radiogenic than the North Pacific. The average eng ratio in the South Pacific is
about -8 (between 60° S and 20° S), while the average of values in the North Pacific is about -4

(between 0 and 70° N). This reflects a mixing envelope between two endmembers, colder and
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more oxygen-rich Southern Ocean water with an eng Of -8, and an older and more oxygen-poor
northern- and equatorial-sourced waters with an eng of -4. In the Central Equatorial Pacific,
waters near Hawaii have been identified as a radiogenic outlier from the wider Pacific basin

(Tachikawa et al., 2017).
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Figure 4.1 Dissolved oxygen and salinity at 160 °W. Distribution of modern dissolved oxygen
in ml/L (Garcia et al., 2014) and salinity (Zweng et al., 2013) vs. depth along a meridional transect at
160° W (red dashed line). Basemap made with Ocean Data View (Schlitzer, 2015). Inset map made with
GeoMapApp (Ryan et al., 2009), showing the location of sites in this study. Black star: ML1208-17PC
(this study). Green circle: TT013-PC72 (green circle -- Winckler et al., 2016, Murray et al., 2000). Dark
purple star: MV1014-1MC and 6MC (This study). Purple star: 09MC, 16MC (this study), and MV1014-
02-17JC (Loveley et al., 2017). Light purple star: MVV1014-20MC (this study). Sites ML1208-13BB and
ML1208-20BB (Costa et al., 2017), also mentioned in this study, are near the black star. See Table 4.1
and appendix C for location and water depth details of all sites mentioned here.

At site ML1208-17PC (Fig. 4.1, Table 4.1), the main source of bottom water at 2900 m is
the oxygen-poor North Pacific Deep Water (NPDW). NPDW is a modified Lower Circumpolar
Deep Water (LCDW) diffusively upwelled in the North Pacific and modified by an admixture of
Upper Circumpolar Water (UCDW) near the Hawaiian Islands. NPDW can be readily
recognized from LCDW because of its lower oxygen concentrations (Kawabe and Fujio, 2010).

The average eng value of NPDW is -4.3 + 1.2 (n=82) (Tachikawa et al., 2017). Circumpolar
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Deep Water (CDW), which is younger and more oxygenated, flows to the central Pacific from
the south (Kawabe and Fujio, 2010), and has an average eng 0f -7.8 + 1.2 and a salinity of 34.7%o
(Tachikawa et al., 2017).
4.3 Materials and Methods
4.3.1 Site and sampling
This study uses samples from cores collected in May 2012 during cruise MGL1208
aboard the R/V Margus G. Langseth. Sediment cores were collected from the central section of
the Line Islands volcanic archipelago of the central equatorial Pacific Ocean, located south of the
Hawaiian Islands (Lynch-Stieglitz et al., 2015). We focused on sediment samples for core
ML1208-17PC (0.48 °M, 156° W; 2960m; hereafter 17PC). The estimated sedimentation rate at
this site at the MIS 3/4 boundary is 3.0 cm/kyr. The core was sampled at 4-cm intervals allowing
for a maximum temporal resolution of approximately one sample every 1000 years for Ba flux,
and a varying temporal resolution between 1000 and 5000 years for fish debris eng ratios.
Sediments consisted of foraminiferal oozes with low quantities of organic and terrigenous
material. The age model used in this study is from Jacobel et al (2017). It was tuned to the LR04
benthic stack (Lisiecki and Raymo, 2005).
4.3.2 Nd isotopes measurements
Fish debris (bones and teeth) fragments were hand-picked from the >63 um sediment
fraction. Between ~20 and 30 fragments per sample were picked depending on sample size and
availability. Fish debris samples were then sonicated in ethanol and cleaned using Milli-Q water
three times before being digested. A reductive cleaning step was not used as oxide coatings
record the same Nd isotopic as biogenic apatite (Huck et al., 2016, Thomas et al., 2014, Hague et

al., 2012, Martin et al., 2010). The dissolved samples were run through RE Spec cation exchange
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columns to separate the rare earth elements, followed by LN-Spec columns to isolate the
neodymium (e.g. Reimi and Marcantonio, 2015, Xie et al. 2014).

Fifteen sequentially leached bulk sediments samples (<63um fraction) were analyzed for
their Nd isotope ratios. This leaching method followed the method outlined in Reimi and
Marcantonio (2016), Reimi et al. (in prep) and Xie and Marcantonio (2012). In short, the <63um
of sediment was sieved with MQ water. The sediments were then subjected to sequential acetic
acid, hydroxylamine hydroxide, and potassium hydroxide leaches. The residual material was
fully digested in a mix of HNOs:HF (2:5 v/v). The dissolved samples were run through Eichrom
Pb spec columns, followed by RE spec and Ln Spec to isolate the Nd fraction.

Neodymium isotope ratios were analyzed as Nd* on a Triton Thermal lonization Mass
Spec (TIMS) in the R. Ken Williams Radiogenic Isotope Geosciences Laboratory at Texas A& M
University. 143Nd/*#4Nd ratios were corrected for Sm interference and normalized to 146Nd/**Nd
= 0.7219 to correct for fractionation. Reproducibility of the Nd standard, JNd-1, during the
course of this study gave mean values of 143Nd/*4Nd = 0.52121009 + 6.6ppm (20, n = 67),
within error of accepted values, so that no corrections were made to the data. Our analytical
procedural blanks were always less than 0.20 pg of Nd, making blank corrections unnecessary.

4.3.3 Barium measurements

For core ML1208-17PC, Ba concentrations were measured on 40 bulk sediment samples
at Texas A&M. Approximately 50 mg of homogenized bulk sample were digested with HF,
HNOs, and HCIO4 acids. After evaporation to a soluble salt, the samples were re-dissolved and
diluted in 2% HNOa. Ba concentrations were measured via Inductively-Coupled Plasma Mass

Spec (ICP-MS), and replicate measurements of the NIST 2702 standard yielded accurate results

72



within 5% accuracy. Procedural blanks of less than 1% were measured, and the average
reproducibility of Ba concentrations in the samples was <7%.
4.4 Results
4.4.1 Fish debris data

The eng signatures of fish debris (eng-rp) at 17PC are presented in Fig. 4.1 and in Table
4.2. The average end-rp ratio measured at this site is -3.28 + 1.1, about 1 eng Unit more
radiogenic than the average composition of modern NPDW (Tachikawa et al., 2017). The eng-rp
ratio of most of the samples through time fall within the NPDW envelope (Tachikawa et al.,
2017), but lie on the higher side of the envelope. The most radiogenic sample has a Nd isotopic
composition of -1.2 at 60 kyr. There is no dominant long-term trend differentiating glacial from
interglacial periods (Marine oxygen Isotope Stages, MIS 1- 5). The MIS periods with the least
end-rp variability are MIS 1 and MIS 3 with average eng-rp values of -3.2 £ 0.5 and -3.5 + 0.2
respectively. The most variability is seen at MIS 5 with an average end-rp = -3.3 = 1.7. Several
samples show a remarkable degree of Nd radiogenic enrichment at 26.6 kyr, 60 kyr, and 79 kyr.
The least radiogenic eng value is recorded at the MIS 6/MIS 5 boundary (end-Fo = -7.2 £ 0.1) at
about 130 kyr.

The core-top samples from the eastern equatorial Pacific (EEP) (Fig. 4.2) are presented in
Table 4.3. There is a clear trend to less radiogenic values with depth in the water column. The
shallowest and most radiogenic sample has a value eng-ro = 0.3; while the deepest and least
radiogenic sample has a end-Fp = -3.4.

4.4.2 Barium data
Biogenic Ba, or excess Ba (Baxs), was calculated by subtracting the lithogenic fraction of

Ba (estimated using 232Th concentrations) from the total Ba (Bauwt). The lithogenic fraction of Ba
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is calculated from the assumed Ba/232Th ratio in the continental crust multiplied by the measured
232Th concentrations. We used 51.4 as the average Ba/Th ratio of the continental crust ratio
(Taylor and McLennan, 1985) and the 232Th concentrations as measured by Jacobel et al. (2016),
Jacobel et al. (2017a). The biogenic Ba flux (Baxs flux) was subsequently calculated using the
mass accumulation rate derived from the 239Th-derived mass accumulation rate (Jacobel et al.,

2017b, Jacobel et al., 2016).
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Figure 4.2 Neodymium isotopic record for ML1208-17PC. Nd isotopic record for core
MI1208-17PC, showing the eng value ranges for the modern composition of North Pacific Deep Water
(NPDW - pink) and Circumpolar Deep Water (CDW — teal) (Tachikawa et al., 2017). Light green bars
show the glacial MIS. Errors are 2-c standard error. The black stars are core-top eng Values (This study),
core top ages (Marcantonio et al., 2014), core-top for 20MC (at 4407m) estimated from Horikawa et al.
(2006). The black dashed line reflects the average NPDW value calculated by Frollje et al. (2016) for the
central North Pacific below 2000m depth (see section 5.1).

74



The Ba concentrations range from 305 to 670 ppm (Appendix C) Biogenic Ba makes up

greater than 97% of the total Ba. Baxs flux accumulation rates range from 0.5 to 1.1 mg cm-2 kyr-

L (Fig. 4.2).
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Figure 4.3 Excess barium over time. Baxs flux for core ML1208-17PC (red-this study). For core
TT013-PC72 (green line) Bays flux was calculated from published Ba concentration data (Murray et al.,
2000) and 22Th thorium flux (Winckler et al., 2016, Marcantonio et al., 2001).

4.5 Discussion
4.5.1 Holocene fish debris and modern seawater
At 2960 m, Site 17PC is bathed in the lower part of south-flowing NPDW (Fig. 4.1).

NPDW is not homogenous vertically or horizontally with respect to eNd (Amakawa et al., 2009).
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Surface waters are generally more radiogenic than deeper waters, but show a large degree of
heterogeneity (eNd = -5.4 to -1.8, Piepgras and Jacobsen, 1988, Amakawa et al., 2009, Pahnke et
al., 2012, Zimmermann et al., 2009), with values as high as eng = -1.4 to 0.8 reported for surface
water near Hawaii (Frollje et al., 2016, Vance et al., 2004). Given the dependency of eng On
water depth, it is critical to have values with which to compare at 3km. Unfortunately, such
studies are absent in the CEP. Indeed, only a few studies have described the distribution of Nd
isotopes at depth in the Pacific Ocean (Piepgras and Jacobsen, 1992, Piepgras and Wasserburg,
1982, Shimizu et al., 1994, Lacan and Jeandel, 2001, Amakawa et al., 2004, Vance et al., 2004,
Grasse et al., 2012, Carter et al., 2012, Amakawa et al., 2009, Fréllje et al., 2016).

There are no modern deepwater eng measurements from the Line Islands or nearby sites
(Tachikawa et al., 2017). Meridionally, the nearest deepwater eng measurements have been made
near Hawaii (eng Of NPDW = -3.0 + 0.4 at 3km, at 22.75° N, 158.00° W; (Frollje et al., 2016),
but concerns about the Nd isotopic enrichment of intermediate waters near Hawaii might not
make this the best analog (Vance et al., 2004, Frollje et al., 2016). Zonally, the nearest equatorial
NPDW measurements at 3 km depth are closer to continents (Grasse et al., 2012), and may,
therefore, experience a greater degree of boundary effects (Lacan and Jeandel, 2005), discussed
further below. The calculated average of the eng ratio of NPDW below 1900m for sites in the
central North Pacific (between 20°N and 30°N) is -3.5 £ 0.5 (n = 15) (Fréllje et al., 2016).
Though this value is more radiogenic than the one defined by Tachikawa et al. (2017) of -4.3 =
1.2 (n=82), estimated for waters below 1500m, it better reflects the bottom waters bathing our
site (17PC).

The Holocene average at our site (eng = -3.2 £ 0.5) is in general agreement with the eng

ratio of NPDW, although there is a 1.3 enq difference between the most radiogenic values during
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the late Holocene and the least radiogenic values recorded at the top of the core (Fig. 4.2.). This
radiogenic enrichment and the other larger enrichments we observe in sediment intervals
deposited earlier cannot be explained through simple mixing between the two bottom water
sources in the Pacific, as the eng for LCDW is even less radiogenic than NPDW (eng = -8.5;
(Stichel et al., 2012a).

4.5.2 Differences between archival and bottom water eng.

Globally, archival eng has been observed to have a radiogenic offset relative to measured
seawater neodymium (Tachikawa et al., 2017, Haley et al., 2017). Throughout the Pacific, there
is a consistent difference between the eng values extracted from both foraminifera and fish debris
in core-top studies and the measured eng ratios in seawater (Vance et al., 2004, Horikawa et al.,
2011, Ehlert et al., 2013, Du et al., 2016). This difference is consistent enough to be more than a
laboratory artifact. A direct comparison of core-top values and seawater profiles has been
difficult in the Eastern Equatorial Pacific (EEP) due to the sparse nature of seawater profiles.
Often these comparisons are done in sites that are too geographically distinct to draw precise
contrasts (Horikawa et al., 2011).

Here, we compare our fish debris core-top record for the EEP at 85 °W with nearby
seawater profiles measured by Grasse et al. (2012) at similar water depths (Fig. 4.4). The offset
between our core-top and measured eng measurements is greater at higher water depths (1500-
1700m) and less so at lower depths (4000m) (Fig. 4.4a). However, we show a consistent
enrichment of core-top eng Values relative to seawater eng (Fig. 4.4b), which suggests that
archival eng values in the eastern equatorial Pacific does not faithfully record modern bottom
water signals. This disagrees with previous comparisons in the EEP which showed only small

offsets within uncertainty ranges (Horikawa et al., 2011, Hu et al., 2016b).
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Figure 4.4 Comparison of &ng values from core-top fossil fish debris and ambient seawater
in the EEP. a. eNd changes with depth in seawater samples (dark blue -- Grasse et al. (2012)) and core-
top fish debris (dark red — this study), error bars are 26. b. éNd in core-top fish debris against the eNd in
seawater at a given depth (averaged for 400m sections), error bars are standard deviation, colors reflect
the water depth of each core-top. 1:1 line in blue.

This interpretation agrees with other Pacific locations, where comparisons of ambient
seawater and Holocene archives have shown that there is a consistent radiogenic enrichment in
the archival measurements (Molina-Kescher et al., 2014, Horikawa et al., 2011, Hu et al., 2016b,
Haley et al., 2017). One explanation for this variability could be the comparison of sites at
slightly different depths and locations (Horikawa et al., 2011). However, our EEP offsets happen
at sites in relatively close proximity (Fig. 4.1) and across similar depths (Fig. 4.4). In order to
compare the eng of the seawater profiles, we averaged the signal for sites within a 300m window,
so that the average water depth matched the water depth of the core-top. This follows the method
for comparing eng in seawater and eng in core-tops from Horikawa et al. (2011). We also believe
that the eng offset apparent in our EEP profile is not due to an integration of bottom water signals
because of slow sedimentation rates and prolonged periods of deposition (Molina-Kescher et al.,

2014). Here, the site with the slowest sedimentation rate MV104-20MC, at 8°S and 4200m depth
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shows the best agreement with the seawater profile (Grasse et al., 2012), while more northern
sites with faster sedimentation rates (Marcantonio et al., 2014) show more disagreement (Fig. 4).

The differences between archival and bottom water eng ratios do not seem to be
uniformly distributed (Tachikawa et al., 2017), both at the basin (Horikawa et al., 2011) and
global (van de Flierdt et al., 2016) scales. If the eng ratio in authigenic archives reflects the
composition of pore waters instead of bottom waters (Du et al., 2016, Abbott et al., 2015b) then
the difference between core-top and bottom-water eng Will be affected by the magnitude of the
benthic flux in the area (Haley et al., 2017), the exposure time of the bottom water to this flux
(which depends on current velocities), and the reactivity and composition of detrital sediments
(Du et al., 2016). This does not challenge the application of eng as a paleoceanography tool, but
does require constraints on the non-conservative inputs to the eng sSignature. Pacific
paleoceanographic studies have shown that when the radiogenic enrichment is small, it is
possible to differentiate between southern- and northern-sourced water at depth, such that
archival eng has been used throughout the Pacific to reconstruct late Pleistocene bottom water
changes (Hu et al., 2016a, Hu et al., 2016b, Ehlert et al., 2013, Noble et al., 2013, Basak et al.,
2010).

4.5.3 Water mass changes and the radiogenic enrichment of 17PC

Throughout the past 125 kyrs there are several periods of radiogenic enrichment at site
17PC, which at a first order do not seem to be connected to global cooling or warming, as they
occur throughout the record in both glacial and interglacial climates (Fig. 4.1). The first and
largest eng radiogenic enrichment event occurs during MIS 5 at 79 kyr, although the MIS 5
interval presented here is poorly sampled. There is also a slight enrichment event (relative to the

NPDW eng ratio) at 100 kyr during MIS 5. Given the lack of resolution it is currently unclear if
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the data demonstrate the persistence of a high eng signal at 17PC during MIS 5 or briefer end
incursions. All of the eng radiogenic enrichment events are outside of the range of modern values
for both NPDW and LCDW and, therefore, do not represent a change in admixing between these
two water masses. Below we will explore whether these changes are a product of changes in the
composition of endmembers over the past 125 kyr.

In the Pacific, in particular, there remain unanswered questions about how NPDW
acquires its distinct eng signal, and functions as an end-member in global eng based circulation
models (Goldstein and Hemming, 2003), given that there is no deep-water formation in the north
Pacific in modern times (Kawabe and Fujio, 2010). It is clear that NPDW develops an engd
signature that is independent of traditional conservative water tracers (Haley et al., 2017).

The composition of LCDW reflects a mixing of NADW and NPDW in the Southern
Ocean (Frank, 2002). Studies focusing in the North Atlantic basin have found a nearly constant
end signature of NADW through the mid-Pleistocene (van de Flierdt et al., 2006, Foster et al.,
2007). Comparisons of eng values at depth in SW Pacific suggested an increase in the eng of
LCDW by nearly 2 gng units at the LGM, while NPDW remained mostly unchanged (Hu et al.,
2016a). Records from the South Pacific have suggested that LCDW experienced small changes
in eng-ro due to a reduced admixture from NADW in the central South Pacific (Molina-Kescher
et al., 2016), and a reduced flux of NADW into the Southern Ocean in the SW Pacific during
glacial times (Hu et al., 2016a, Elderfield et al., 2012, Noble et al., 2013). One potential caveat to
these findings is that potential exchange with volcanogenic material was not addressed (Noble et
al., 2013), despite the fact that the SW Pacific is a volcanically active location. This assertion
was supported by a broader Pacific Ocean study in which it was determined that the enq Signature

of NPDW remained largely unchanged from the LGM to the Holocene (end = -3 to -4; Hu et al.,
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2016b). Although there are no archival records of the eng ratios for NPDW extending over 125
kyrs, we suggest that the bottom water signature of NPDW at site 17PC did not experience
significant changes (Section 5.1).

Given that there is no evidence for a significant change to the composition of Pacific
bottom-water endmembers throughout the last two glacial cycles, the enrichment events we
observe likely reflect times during which Nd isotopes are recording a non-conservative behavior
preserved in the eng-ro. In the following sections, we will examine the potential non-conservative
influences on the radiogenic enrichment at 17PC, with emphasis on the particle-water
interactions in the sediments (Abbott et al., 2016, Abbott et al., 2015a).

A “bottoms up” explanation to the Nd cycle explains why Nd concentrations and eng
ratios can behave conservatively below the permanent thermocline in some situations, but act
non-conservatively when exposed to a benthic flux (Abbott et al., 2015a). A benthic flux, which
exchanges porewater eng With bottom water eng, will impact overlying bottom water, and may be
carried laterally along isopycnals (Grasse et al., 2012, Singh et al., 2012, Abbott et al., 2015b). In
the absence of a positive benthic flux (of either enriched or depleted Nd isotopes), both Nd and
end Will behave conservatively (Haley et al., 2017). This would resolve model and observation
inconsistencies of REE distributions in the Pacific Ocean (Jones et al., 2008, Arsouze et al.,
2009). Abbott et al. (2015a) claim that the prominent radiogenic depletion of Nd with water
depth in the Pacific Ocean (Lacan et al., 2012) can be explained by prolonged contact between
bottom waters and a positive benthic flux.

4.5.4 Matters of particulate importance
In order to interpret variations in eng ratios in 17PC in the context of paleoclimate and

paleoceanography, we first need to evaluate causes for the non-conservative behavior observed
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in the CEP (Fig. 4.2). An important element to consider is the effect of water-particle interactions
on the dissolved Nd isotopic signal (Arsouze et al., 2009, Jeandel, 2016). Aside from dust and
riverine inputs, recent modelling work suggested that a major fraction of Nd enters the ocean
through the sediment-seawater interface (Tachikawa et al., 2003, Arsouze et al., 2009, Rempfer
et al., 2011). There, the potential for isotopic changes in bottom waters depends on the behavior
of Nd isotopes in sediments. Non-conservative behaviors have been widely observed at the
continental margins (Jeandel, 2016, Lacan and Jeandel, 2005), in waters with long residence
times (Osborne et al., 2014), and in areas with large riverine inputs (Rousseau et al., 2015, Bayon
et al., 2015, Stewart et al., 2016). Furthermore, reconstructions of water mass circulation
changes using eng in a variety of marine sediment records show exceptional disparities at sites
close to each other, which is difficult to justify if one assumes conservative behavior of Nd
(Stumpf et al., 2010, Roberts and Piotrowski, 2015, Howe et al., 2016, Hu et al., 2016b).
Additionally, basin-level studies have shown the potential for disparities between Holocene eng
signatures in core-tops and those in present-day bottom waters (Horikawa et al., 2011).

Particle flux can impact the eng Of bottom water, and therefore porewaters, if there is a lot
of reversible particle scavenging. Through this mechanism, particles acquired the eng value of
surface water but once deposited in sediments, Nd is desorbed leading to the isotopic enrichment
of bottom water (Siddall et al., 2008), and subsequently pore waters through a benthic
connection (Haley et al., 2017). In areas where the eng ratios in surface water are similar to the
end Of bottom waters, like the Southern Ocean (Stichel et al., 2012b), particle flux has a lot
potential to affect the eng Of deep-waters. In the central Pacific, however, where the surface water

end IS much more enriched than in the deep waters (Amakawa et al., 2009), an increase in the
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particle flux that sinks through the water column and reaches the seafloor has the potential to
affect the bottom water eng ratio (Abbott et al., 2015a).

In the following sections we examine the factors that account for the differences between
end-Fp and eng in bottom waters (see section 5.3), and try to explain the radiogenic enrichment
events recorded at 17PC. We constrain changes in particle flux by examining both the lithogenic
and biogenic fluxes, normalized using the 22°Th methodology (Section 5.4.1). We will also
examine whether changes in the chemical composition of detrital inputs to the CEP have affected
the end-rp Values by looking at the changes in the provenance of detrital materials in the CEP
(Section 5.4.2). Finally, we will present our eng-rp data in relation to authigenic uranium records
(aUV) previously generated in the central and eastern Pacific (Jacobel et al., 2017b, Loveley et al.,
2017, Winckler et al., 2016), which has been used as a proxy for the oxic conditions of pore
waters. In so doing, we will address how bottom water exposure time to a benthic flux might
affect end-ro (Section 5.5).
4.5.4.1 Biogenic and lithogenic particle fluxes in the CEP and their effect on eNd

Biogenic particles have been shown to adsorbed the eng of surface water (Akagi et al.,
2014), and increases in biogenic flux in areas of high productivity have been hypothesized to
affect the eng composition of bottom waters in the EEP (Grasse et al., 2012). In the CEP we will
look at changes in biogenic flux as represented in excess Ba concentrations.

Organic matter can induce the precipitation of the mineral barite in the water column
such that high barite concentrations are correlated with high organic matter content, such that
barite is used as proxy of past productivity (Griffith and Paytan, 2012). We constrained the
marine barite flux using Ba concentration measurements and correcting for detrital barium using

a Ba/Th ratio of 51.4 (Taylor and McLennan, 1985) and the 232Th concentrations measured at the

83



same depths (Jacobel et al., 2017a). The non-detrital Ba (Baxs) flux is assumed to be biogenic in
nature and can be used for paleoceanographic reconstructions of past export production
(Dymond et al., 1992), as has been applied previously in the equatorial Pacific as a productivity
proxy (Costa et al., 2016, Murray et al., 1995). To calculate the flux of Baxs, we multiplied the
Bays data by the 23°Th-derived MARs for the same samples (Jacobel et al., 2017a). There is no
issue with hydrodynamic biasing of the 22°Th MARs since deep-sea lateral advection at 17PC is
virtually non-existent (Costa et al., 2016; Jacobel et al., 2016).

Our Bays flux record (Fig. 4.3 & Fig. 4.5b) is compared to three other equatorial records
of past productivity: a Baxs flux record from TT013-72PC (0.1°N, 139.4 °W, at 4300m depth,
(Winckler et al., 2016), hereafter referred to as 72PC; Fig. 3), and two 23'Pa/2®Th records that
cover the last 30 kyr at the Line Islands, one from ML1208 site 20BB (1.27° N and 157.26° W,
2850m water depth, Costa et al., 2017) and the other from ML1208 site 13BB (0.22° S and
155.96° W, 3049m water depth, Costa et al., 2017) (Fig. 4.5¢). Previous work has shown that in
the CEP Bays flux and 231Pa/230Th are well correlated with each other and with changes in ocean
productivity (Costa et al., 2016). As there are no other Bays profiles in the CE, we present the
231pa/230Th as a higher resolution comparison to our productivity record, allowing us to address
carefully whether there is any correlation between changes in productivity (biogenic flux) and
end enrichment since the LGM.

Though the two Bays fluxes (Fig. 4.3) (PC72 and 17PC) show slightly different high-
frequency variations, the overall trends are similar, with higher productivity during warm
interglacial times, and lower productivity during glacial times. Interestingly, site 72PC has
consistently higher Bays fluxes throughout the study periods. At a first glance this is incongruous,

as nutrient supply for sites in the Equatorial Pacific is very homogenous (Winckler et al., 2008),
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Figure 4.5 Local constrains on the Nd isotopic enrichment at site ML1208-17PC. a
Neodymium isotopic record (blue circles). b. Bay flux over time (red squares) c. Pa/?*°Th over the last
30 kyr for core ML1208-20BB (dark blue circles) at 1.27° N and 0.3 °S ML1208-13BB (teal circles)
(Costa et al., 2017). d Z°Th-normalized-*2Th dust flux (dark green diamonds) (Jacobel et al., 2016,
Jacobel et al., 2017a), see reference for errors. e authigenic Nd (pink line) (Jacobel et al., 2017b) f.
oxygen isotope data for core ML1208-17PC (light green line) (Lynch-Stieglitz et al., 2015), see reference
for analytical errors.
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with both sites fed by the Equatorial Undercurrent, which is dominant in the equatorial surface
water (Lacan and Jeandel, 2001). However, the likely explanation is that the magnitude
difference is a product of water depth (Schenau et al., 2001, Von Breymann et al., 1992, Prakash
Babu et al., 2002).

In the EEP, Grasse et al. (2012) suggested that the radiogenic enrichment seen in
seawater samples at 2000 m depth was a consequence of reversible scavenging and a large flux
of biogenic particles. In our records, an enrichment in eng-ro Which does occur during the
Holocene (less than 2eng units) coincides with an Baxs flux peak, and a general increase in
231pa/230Th (Fig. 4.5c). But, the other three eng-ro enrichment events do not coincide with
increases in Bays flux. In addition, the peak in Baxs flux which coincides with MIS 5e —a
pronounced 680 feature in the CEP (Fig. 4.5e)— is not related to any feature in the eng.rp record
(Fig. 4.5). Therefore, at site 17PC the non-conservative behavior of Nd, as recorded in end-rp
ratios, is not likely caused by increases in productivity and the subsequent transfer of an enriched
surface water signal (contained in an enhanced biogenic flux) to the bottom waters.

Nevertheless, it is still possible than in the EEP the radiogenic enrichment observed by
Grasse et al. (2012) is indeed a consequence of the high particle flux, since sedimentation rates
and productivity at 85 °W are 5-10 higher than in the Line Islands (Loveley et al., 2017).
Enhanced reversible scavenging due to high particle fluxes could also explain the high
discrepancies between core-top end-ro and eng ratios in bottom waters in the EEP (Fig. 4.2b).
This discrepancy between the mechanisms controlling the radiogenic enrichment of fish debris in
the EEP versus the CEP fits within the framework established by Haley et al. (2017) and
suggests that there are additional water column processes (unrelated to enhanced biogenic fluxes)

that may act as secondary controls on the eng ratios of seawater.
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We can examine the lithogenic particle flux by looking at the 23°Th normalized-232Th dust
flux (Jacobel et al., 2017a) (Fig. 4.5d). Dust flux at site 17PC peaks during glacial times and is
the lowest during the warm MIS 1 and MIS 5 intervals (Jacobel et al., 2017a, Jacobel et al.,
2016). There is moderate agreement between increases in dust flux and peaks in eng ratios. The
dust flux peaks at MIS 2 and MIS 4 are contemporaneous with the two glacial radiogenic
enrichment events (Fig. 4.5). However, during MIS 1 and MIS 5, eng ratios peak, while dust
fluxes are depressed. Critically, the sustained elevated dust fluxes during MIS 3 do not appear to
have any impact on the eng-Fp ratios.
4.5.4.2 The radiogenic enrichment of the lithogenic fraction through time

The relationship between the Nd isotopes in authigenic and detrital phases is a critical
component of evaluating the mechanism behind the non-conservative behavior of eng ratios in
various records (Du et al., 2016). Changes in sediment distribution and composition can alter the
end Signature of the authigenic phases without a change in water mass (Scher and Martin, 2004,
Fagel and Hillaire-Marcel, 2006, Franzese et al., 2006). Small changes in particle dissolution can
alter the eng signal of seawater (Jeandel and Oelkers, 2015, Oelkers et al., 2011, Pearce et al.,
2013). In the CEP, we can compare our archival ena-ro record to previous determinations of the
operationally-defined detrital fraction (Reimi and Marcantonio, 2016, Reimi et al., in prep) to
estimate how potential particle composition may alter eng-rp ratios.

At site 17PC the fish debris enq ratios are consistently more radiogenic than the detrital
end ratios (end-pet) (Fig. 4.6). There is no coherent temporal trend in the degree of end-rp
radiogenic enrichment relative to end-pet. Across the last 150 kyrs, there is little change in the
provenance of the dust delivered to this site, as measured by Pb and Nd isotopes (Reimi and

Marcantonio, 2016, Reimi et al., in prep). Therefore, it is unlikely that the difference in end
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enrichment in the authigenic phase is due to changes in the reactivity of the terrigenous
component (Wilson et al., 2013, Abbott et al., 2016). The one significant change in provenance
occurs at the MIS 6/ MIS 5 boundary, where the dust at 17PC has a significantly more Asian

provenance (Reimi et al., in prep), which could explain the decrease in the eng Signal at this time.
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Figure 4.6 Difference between detrital eng and fish debris eng (€nd-DET-En-FD) at Site ML1208-
17PC. The detrital residue is the operationally defined detrital value as isolated in Reimi et al. (2016) and
Reimi et al. (in prep), as well as this study (see supplemental). The baseline was generating by using a
five-point average of all detrital eng Values in the record over time

One important caveat for this argument is that the eng-pet values are measurements of the
operationally-defined aluminosilicate fraction, a fraction which is subjected to sequential
leaching (Reimi and Marcantonio, 2016, Reimi et al., in prep, Xie and Marcantonio, 2012).
Studies of sequential leaching often focus on the contamination of the authigenic phases by
detrital material (Martin et al., 2010, Bayon et al., 2002, Gutjahr et al., 2008, Blaser et al., 2016),
or the correct recovery of the authigenic phase from bulk sediment (Piotrowski et al., 2012,
Roberts et al., 2012). But it is also true that sequential leaching can attack vulnerable

aluminosilicate fractions, like fine grained ash, which is more reactive than weathered crustal
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materials (Elderfield and Gieskes, 1982, Jones et al., 2012, Jeandel and Oelkers, 2015, Wilson et
al., 2013, Bayon et al., 2015).

A detrital volcanic component can affect the eng ratios of leachates (Vance et al., 2004,
Roberts et al., 2010, Elmore et al., 2011), which implies the loss of volcanic material during the
chemical abrasion of bulk sediments. The overprinting of the eng-rp ratios is not a concern.
Rather, the concern is whether we are underestimating the impact of chemical alteration of the
end-DeT ratio during early diagenesis because we have leached the most labile volcanic ash, which
might exhibit a different eng signature (Wilson et al., 2013). In the North Pacific, the volcanic
component is radiogenically enriched, with an average enq signature of +4 (Jones et al., 1994). If
sequential leaching preferentially leaches away a distinct volcanic component, then the Nd
isotope of the measured residual component is not a true representative of the bulk detrital (i.e
sedimentary eolian fraction plus volcanogenic fraction) composition.

Dispersed ash is a significant component of the residual operationally-defined
aluminosilicate fraction (Ziegler et al., 2007, Scudder et al., 2014) in sediment samples from the
Pacific Ocean. However, it is not possible to completely chemically separate volcanic ash from
pelagic clay (Dunlea et al., 2015, Scudder et al., 2016). Moreover, laboratory sequential leaching
can have varying effective recovery rates depending on lithology (Kryc et al., 2003). This
suggest that our sequential leaching residuals might misrepresent the full detrital inputs —
preserving the sedimentary eolian fraction, but possibly leaching the volcanogenic fraction. This
missing ash could have an outsized effect on the eng radiogenic enrichment. Ash dissolution in
pore waters has been shown to affect the REE distribution during early diagenesis (Schacht et al.,
2010). This radiogenic enrichment can happen even when more inert detrital (i.e. clays) material

is the dominant source of the Nd budget (Wilson et al., 2012). In the NE Atlantic a comparison
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of volcanic IRD and eng on glacial-interglacial cycles, also found a substantial effect of isotope
relabeling of the NADW during MIS 2 (Roberts and Piotrowski, 2015).

Simply stated, it seems like the measured enq-per ratios are less radiogenic than the end.rp
values (Fig. 4.6), however as these measures are performed on the sequential leaching residue
(i.e. detrital fraction minus volcanogenic fraction), we are possibly underestimating the impact of
changes in detrital composition to pore water eng (Abbott et al., 2015a). Therefore, we do not
think it is appropriate to examine the enq ratios of sequential leaching residues to assess the
diagenic contamination of authigenic phases, as previously suggested by Wilson et al. (2013).
This does not challenge the use of Nd isotopes as dust provenance tracer, since the eolian inputs
are preserved in leaching residuals. However, we suggest that the eng Of leached potential dust
source samples should be examined for more accurate dust source to residual eng comparisons
(Nakai et al., 1993).

We support the previous eolian dust provenance estimates calculated for 17PC (Reimi
and Marcantonio, 2016, Reimi et al., in prep). As further evidence from the Pb isotopic
composition of 17PC shows variations that are consistent with mixing of South American
sources (Reimi and Marcantonio, 2016, Reimi et al., in prep). Moreover, work by Pichat et al.
(2014) suggest that there is very little separation of Pb isotopes among different phases of
sediment, as bulk leachates reflect detrital Pb values, suggesting that the composition of the
detrital material in CEP has changed very little over the past 125 kyr.

Instead of changes in the composition of detrital sediment through time, we argue that the
changes in the modification of eng-rp ratios over time are due to the increased reactivity of the
detrital component supply during exposure to oxic bottom waters, as determined using aU

records (Fig. 4.5, Fig. 4.7) (Section 4.5.5).
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4.5.5 Oxic pore water and end-rFp

Archives of Nd isotope composition such as fish debris inherit the eng signal of pore
waters during early diagenesis, but are subjected to alteration from the reactive elements of
detritus (Du et al., 2016). Here, we examine the impact of oxic pore water conditions on the
reactivity of detrital sediment. We suggest that such reactivity, which plays the largest role in
affecting eng-rp at site 17PC, is a consequence of the reduced ventilation of the Southern Ocean
during glacial times (Anderson et al., 2009).

In order to explore the onset of reducing conditions at site ML1208-17PC in light of aU
burndown, we compared the 17PC aU record (Jacobel et al., 2017b), with aU at two equatorial
sites further east, PC72 (Winckler et al., 2016, Anderson et al., 2006), and MV1014-02-17JC
(hereafter referred to as 17JC; 0.18° S, 85.57° W, at 2846 m, (Loveley et al., 2017), Fig. 4.7).
The 5-10 times higher sedimentation rate of site 17JC improves the preservation of aU and its
timing in the equatorial Pacific. This record agrees with the near-equatorial aU records at sites
west of the Line Islands (Bradtmiller et al., 2010), which show a similar high-amplitude increase
in aU during the last 30 kyrs. At 17JC, the lack of coincidence between Bays flux and aU peaks,
suggests that aU reflect bottom-water conditions, and that EEP bottom waters were likely
continuously suboxic during the glacial period —-MIS 2, 3 and 4 (Loveley et al., 2017). Low-
oxygen bottom waters during the last glacial period that occurred across a wide swath of the
equatorial Pacific from the east (Loveley et al., 2017; Bradtmiller et al., 2010) to the central
Pacific (Jacobel et al., 2017) correlate with times of similar low-bottom-water oxygen levels in
the Southern Ocean (Jaccard et al., 2016). These times of suboxic bottom waters are thought to
reflect increased storage of respired carbon and reduced global ocean ventilation rates (Jacobel et

al., 2017b, Loveley et al., 2017).
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Figure 4.7 Pore water oxygen and gng trend in ML1208-17PC. a Neodymium isotopic record
(blue circles). b. authigenic U for core ML1208-17PC (blue line) and authigenic Uranium in TT013-
PC72 (green line) (WincKler et al., 2016) c. Authigenic Uranium for core MVV1014-02-17JC (Loveley et
al., 2017).

We can compare the timing of our CEP anomalous eng-rp fish debris signatures to the
timing of reduced ventilation (low bottom water oxygen values), as determined by Loveley et al.
(2017) to potentially cover a wide swath of the Southern and Pacific Oceans (Fig. 4.7c). Here,
we can see that the peaks in eng-Fp ratios happen close to the three major reductions in bottom-

water oxygen.
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If reduced ventilation rates in the Southern and Pacific Oceans, result in older less
oxygenated NPDW, then the radiogenic eng pulses seen in our data may be a consequence of
more sluggish and more stratified deep-waters. This fits the framework developed by Abbott et
al. (2016), to explain the difference in the conservative behavior of the Atlantic and the Pacific.
In the Atlantic faster moving waters (Kawabe and Fujio, 2010) behave more conservatively,
while in the Pacific sluggish waters —therefore increasing exposure times to the benthic flux—
lead to the enrichment of deep-waters. Assuming that the benthic flux remains relatively constant
through the late Pleistocene, then pronounced eng-ro enrichment of the Pacific could be aided by
increased exposure to benthic flux as a response to decrease ventilation, combined with the
effects of increased eng-pet inputs during more reducing conditions (Du et al., 2016).

The non-conservative effects on the end-rp at site 17PC are dominated by the effects of
low pore-water oxygen as seen in the aU record (Fig. 4.7), with alterations due to changes in
particle flux and composition (Table 4.4). The eng-rp enrichments during glacial time are due to
increased reactions of reactive detrital material and lower pore water oxygen conditions.

4.6 Conclusions

In the CEP at site 17PC, eng-rp ratios throughout most of the last 125 kyr are identical,
within error, to those determined for modern-day NPDW. However, there are several periods of
enriched eng-rp Values which cannot be explained by conservative water-mass mixing or water
mass endmember changes through the last 125 kyrs. These enrichment events represent changes
in the geochemical behavior Nd, suggesting a non-conservative behavior during certain intervals
of the record. The punctuated non-conservative behavior is further supported by core-top end
signatures from a transect in the EEP, showing varying degrees of eng enrichment at different

water depths.

93



We postulate that the eng record in 17PC signals changes in the exposure time to benthic

flux and increased ash leaching during low oxygenation events, determined by comparing the

timing of these events to previously published authigenic U records from the Pacific (Fig. 4.5e).

If suboxic conditions in the equatorial Pacific are produced by reduced oceanic ventilation rates,

then eng-ro records may be used as support for changes in such rates. Changes in particle flux and

chemical composition only present minor influences on the non-conservative behavior of Nd.

4.7 Tables

Table 4.1 Location and water depth of all cores in section 4.

Core Latitude (° N) Longitude (° W) Water Depth (m)
ML1208-13BB 0.22 155.96 Sl
ML1208-17PC 0.48 156.45 2926
ML1208-20BB 1.27 157.26 2850
TT013-PC72 0.1 139.4 4300
MV1014-02-17JC 0.18 85.57 2846

Core tops (Appendix C)

Table 4.2 Nd isotopic composition of fish debris in ML1208-17PC.

Depth (cm) Age Fish debris

Top Bottom (ka) ENnd 1SE
0 1 5.0 -4.0 0.4
4 5 5.8 -3.2 0.3
20 21 9.2 -2.7 0.4
32 33 12.8 -2.91 0.08
44 45 17.8 -3.1 0.7
56 57 21.8 -3.9 0.4
64 65 26.6 -2.0 0.7
80 81 344 -3.37 0.09
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Table 4.2 Continued

Top Bottom (ka) ENnd +SE

112 113 48.0 -3.45 0.07

140 141 52.3 -3.1 0.1

140 141 52.3 -3.1 0.1

168 169 60.0 -1.23 0.07

184 185 66.1 -4.37 0.08

200 201 79.0 -0.6 0.4

280 281 108.0 -3.6 0.2

304 305 119.8 -3.2 0.1

332 333 130.0 -7.2 0.1



Table 4.3 Nd isotopic composition of fish debris in core-tops at site MVV1014-03

Core Latitude Longitude Water Age (Ka) . +SE
(°N) (cW) Depth (m) Ne-FD
MV1014-1MC 5.82 85.73 1760 4899 0.4 0.1
MV1014-6MC 6.17 86.15 1257 1328 0.3 0.2
MV1014-9MC 0.69 85.31 2452 2585 -1.4 0.1
MV1014-16MC 0.17 85.87 2846 1000 -1.3 0.1
MV1014-20MC  -8.5 87.03 4407 1000° -3.6 0.1
20MC_rerun -8.5 87.03 4407 1000° -3.5 0.1

* errors are standard error. Ages from Marcantonio et al. (2014). a. Age for 20MC is an
estimate based 14C ages on core HY08B at 5.95 °S, 95.44° E (Horikawa et al., 2006).

Table 4.4 List of non-conservative influence on the eng radiogenic highs at 17PC.

Holocene 27 ka (MIS 2) 59 ka (MIS 4) 79 ka (MIS 5)
Biogenic flux ™ < J PN
Dust flux © ™ ™~ &
Detrital ™ N2 % N
Composition
aU (CEP) N RN ™ PN
auU (EEP) ™~ ™~ N T

11 (peak value) 1 (high value) < (baseline value) | (low value) || (lowest value).
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5. CONCLUSIONS

This work has demonstrated that Nd and Pb isotopes in the operationally defined detrital
fraction of marine sediments in the CEP are sensitive to changes in the ITCZ position. The Line
Islands sites studied over the prescribed time interval (Section 2 and 3) received their dust
signature from either the Chinese loess or South American volcanic regions. The South
American sources show considerable heterogeneity divided into at least three regions (South
Central Volcanic Zone, North Central Volcanic Zone, South Volcanic Zone). We do not find an
Australian or North African signal at these sites across the last two glacial terminations.

During both of the last two deglaciations (0-30 kyr and 110-150kyrs), the dominant dust
source to site 37BB is Asian loess. The equatorial core (17PC) predominantly received dust from
South American sources, with the exception of the deglacial migration of the ITCZ to south of
the equator, when 17PC receives Asian loess dust. The three middle cores (31BB, 28BB and
20BB) receive a mixed South American and Asian loess signal. We have found that during the
last deglacial period the ITCZ migrated by between 2.5° and 7° southward from its LGM
position to its modern position. During the penultimate deglaciation, the ITCZ moved by at least
7°, migrating farthest south during Heinrich Stadial 11.

In our examination of the neodymium isotope ratios of fish debris throughout the last 125
kyr, we found several periods of rapid radiogenic Nd enrichment, which we attributed to changes
in the non-conservative behavior of Nd in the pore waters. We examined other possible
explanations for the enrichment event, and we concluded that there had not been significant
changes in water mass endmembers or endmember mixing and that particulate flux and

reversible particle scavenging were not satisfying explanations for all events observed. We found
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the most correlation between high authigenic uranium in EEP pore waters and enriched fish
debris Nd. Therefore, we argue that under certain conditions the eng changes in authigenic Nd
archives reflect changes in pore water oxygenation, and they can be used as a record of reduced

ventilation rates in the Southern Ocean.
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APPENDIX A

Supplementary information for section 2: Constraints on the Magnitude of the Deglacial
Migration of the ITCZ in the Central Equatorial Pacific Ocean.
Table Al: Radiogenic Isotope data for Cores MGL1208-17PC, MGL1208-31BB, and

MGL1208-37BB.

Core Depth (cm) lat (N) long (E)  Age (years) NdIC Std error ENd 206/204 Std error  207/204 Std error  208/204  Std error
MGL1208-17PC 0 0.48 -161.63 3734 0.51258312 4.23E-05 -1.07 18.71 0.006 15.61 0.005 38.74 0.014
MGL1208-17PC 4 0.48 -161.63 5017 0.5125 4.21E-05 -3.09

MGL1208-17PC 8 0.48 -161.63 6301 18.80 0.012 15.69 0.010 38.79 0.026
MGL1208-17PC 12 0.48 -161.63 7584 0.5124 2.33E-05 -4.34 18.65 0.015 15.54 0.013 38.54 0.031
MGL1208-17PC 16 0.48 -161.63 8867 0.5124 2.98E-06 -3.88

MGL1208-17PC 20 0.48 -161.63 10150 18.73 0.017 15.64 0.015 38.82 0.038
MGL1208-17PC 24 0.48 -161.63 11434 0.5123 3.23E-05 -6.78

MGL1208-17PC 28 0.48 -161.63 12717 0.5124 4.80E-06 -4.90

MGL1208-17PC 32 0.48 -161.63 14000 0.5124 4.98E-06 -4.52

MGL1208-17PC 36 0.48 -161.63 16727 0.5124 2.98E-06 -4.90 18.65 0.023 15.58 0.019 38.62 0.048
MGL1208-17PC 40 0.48 -161.63 18091 0.5123 3.00E-06 -5.89

MGL1208-17PC 44 0.48 -161.63 19455 0.5123 4.45E-06 -5.77

MGL1208-17PC 48 0.48 -161.63 20818 0.51235123 2.20E-06 -5.59 18.79 0.002 15.65 0.002 38.83 0.005
MGL1208-17PC 52 0.48 -161.63 22182 0.512441987 3.10E-06 -3.82 18.76 0.001 38.70 0.004
MGL1208-17PC 56 0.48 -161.63 23545 0.51238066 4.31E-06 -5.02

MGL1208-17PC 60 0.48 -161.63 24909 0.512384541 1.62E-05 -4.94 18.83 0.001 15.66 0.001 38.96 0.004
MGL1208-17PC 64 0.48 -161.63 26273 0.51238812 2.75E-06 -4.87

MGL1208-17PC 68 0.48 -161.63 27636 0.51240382 2.28E-06 -4.57

MGL1208-17PC 72 0.48 -161.63 29000 0.51233883 1.55E-05 -5.84

MGL1208-17PC 76 0.48 -161.63 29000 0.512399401 3.09E-05 -4.65

MGL1208-17PC 80 0.48 -161.63 30273 0.51250172 1.17E-05 -2.66

MGL1208-18GC 0 0.59 -156.66 3167 18.69 0.003 15.69 0.002 38.80 0.012
MGL1208-18GC 20 0.59 -156.66 6825 18.69 0.002 15.65 0.001 38.72 0.009
MGL1208-18GC 30 0.59 -156.66 9098 18.69 0.011 15.68 0.008 38.94 0.048
MGL1208-18GC 35 0.59 -156.66 9770 18.71 0.003 15.64 0.002 38.71 0.011
MGL1208-18GC 50 0.59 -156.66 11603 18.80 0.003 15.69 0.002 38.89 0.013
MGL1208-18GC 55 0.59 -156.66 13828 18.83 0.001 15.65 0.001 38.86 0.003
MGL1208-31BB 0 4.68 -160.05 12689 0.5124 1.62E-05 -5.45 18.86 0.014 15.67 0.011 39.04 0.028
MGL1208-31BB 5 4.68 -160.05 7231 0.5123 2.14E-05 -7.14 18.73 0.010 15.66 0.008 38.81 0.021
MGL1208-31BB 10 4.68 -160.05 5613 0.5123 1.26E-05 -5.91 18.80 0.017 15.65 0.015 38.91 0.036
MGL1208-31BB 15 4.68 -160.05 7409 0.5123 1.61E-05 -5.71 18.04 0.004 15.59 0.003 37.87 0.008
MGL1208-31BB 20 4.68 -160.05 8534 0.5123 1.55E-05 -5.81 18.27 0.014 15.50 0.012 38.11 0.029
MGL1208-31BB 25 4.68 -160.05 9658 18.53 0.003 15.61 0.003 38.51 0.009
MGL1208-31BB 30 4.68 -160.05 10782 0.5123 1.03E-05 -7.52

MGL1208-31BB 35 4.68 -160.05 11906 0.5123 1.71E-05 -7.09 18.05 0.001 15.59 0.001 37.86 0.002
MGL1208-31BB 40 4.68 -160.05 13030 17.99 0.001 15.60 0.001 37.81 0.002
MGL1208-31BB 45 4.68 -160.05 14207 18.53 0.009 15.49 0.007 38.46 0.017
MGL1208-31BB 50 4.68 -160.05 15383 18.73 0.002 15.65 0.002 38.85 0.005
MGL1208-31BB 55 4.68 -160.05 16560 0.5122 1.82E-05 -9.13

MGL1208-31BB 60 4.68 -160.05 17736 0.5122 7.87E-06 -7.95 18.89 0.019 15.69 0.016 39.08 0.040
MGL1208-31BB 65 4.68 -160.05 18913 0.5122 1.69E-05 -8.58

MGL1208-31BB 70 4.68 -160.05 20089 0.5120 9.34E-06 -11.93

MGL1208-31BB 75 4.68 -160.05 21464 0.5122 2.66E-05 -8.37

MGL1208-31BB 80 4.68 -160.05 22971 0.5122 9.07E-06 -7.90 18.91 0.004 15.70 0.003 39.11 0.009
MGL1208-31BB 85 4.68 -160.05 24479 0.5122 3.31E-06 -8.63

MGL1208-31BB 90 4.68 -160.05 25986 0.5123 9.82E-05 -7.07 18.92 0.005 15.71 0.004 39.16 0.010
MGL1208-31BB 95 4.68 -160.05 27493 0.5122 2.65E-05 -8.29

MGL1208-37BB 0 7.04 -161.63 6619 0.5123 1.55E-05 -6.59

MGL1208-37BB 4 7.04 -161.63 8464 0.512267 6.30E-06 -7.23

MGL1208-37BB 8 7.04 -161.63 10310 0.5122 7.81E-05 -11.76 18.77 0.006 15.68 0.005 38.99 0.014
MGL1208-37BB 12 7.04 -161.63 12155 0.512167 5.72E-06 -9.20

MGL1208-37BB 16 7.04 -161.63 14000 0.5122 2.20E-06 -8.89 18.81 0.003 15.66 0.002 39.03 0.006
MGL1208-37BB 20 7.04 -161.63 16400 0.512117 4.36E-06 -10.16 18.83 0.003 15.69 0.002 39.09 0.006
MGL1208-37BB 23.5 7.04 -161.63 18500 0.512142 2.50E-06 -9.68 18.80 0.018 15.73 0.014 39.17 0.037
MGL1208-378B 32 7.04 -161.63 23600 0.5121 3.17E-06 -8.73

MGL1208-378B 36 7.04 -161.63 26000 18.93 0.008 15.70 0.007 39.17 0.017
MGL1208-37BB 40 7.04 -161.63 28400 0.5122 7.52E-05 -11.35 18.92 0.004 15.64 0.003 39.11 0.008

a. Depth age relationship from Lynch-Stieglitz et al. (2015).
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Section S2. The Equatorial Composite Core

Samples from core MGL1208-18GC (Fig. 1) at 0.59° N, were also analyzed for Pb
isotope ratios. A comparison of the 206Ph/204Ph ratios for Holocene samples from 18GC and
17PC, both equatorial cores, shows that both cores record virtually identical dust Pb isotope
characteristics (Figure S1). Additionally, Pb isotopes for both equatorial cores record Pb isotope
ratios that are distinctly different from either core 37BB or 31BB (Fig. 2). Moreover, this
comparison gives us an idea of the reproducibility of the analyses. The small detrital contents of
CEP sediments (0.02-0.5% of the total sample) meant that we required large sample sizes (at
least 6 grams of dried bulk sediment) to process for isotope analysis by TIMS, which limited our
ability to duplicate sample analyses. Importantly, however, due to the strong consistency
between the Pb isotope analyses for the two equator cores analyzed (Fig. S1), Figures 2 and 3

present the equatorial Pb data as a single composite.
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Figure A2. 208Pb/206Pb versus 206Pb/204Pb all three sites (17PC--0.5° N, blue
circles; 31BB--4.5° N, red squares; and 37BB--7° N, green triangles). The error bars represent
standard errors. Filled shapes are Holocene samples, and open shapes are glacial samples.
Possible dust sources are marked by the shaded areas. The South Central Volcanic Zone (S-
CVZ) and the North Central Volcanic Zone (N-CVZ) Pb ranges are from Mamani et al.
(2008), and references therein. For the South Volcanic Zone (SVZ) the Pb isotope range is
based on Pichat et al. (2014) and references therein. The Pb isotope ranges for Asian loess are
from Sun and Zhu (2010).
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APPENDIX B

Supplementary information for section 3: The Penultimate Glacial Termination and Large

Migrations of the Pacific Intertropical Convergence Zone
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and 37BB--7° N, green triangles). The error bars represent standard errors. Filled symbols are
end values, and open symbols are 20Ph/294Pb ratios.
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Figure B2. 208Pp/206Pp versus 2%6Ph/204Ph all five sites (17PC--0.5° N, blue circles;
20BB--1.3° N, pink pentagons; 28BB--3.0 ° N, orange crosses; 31BB--4.5° N, red squares;
and 37BB--7° N, green triangles). The error bars represent standard errors. Filled symbols are
interglacial samples (MIS 5), and open symbols are glacial samples (MIS 6). Possible dust
sources are marked by the shaded areas. The South Central Volcanic Zone (S-CVZ) and North
Central Volcanic Zone (N-CVZ) Pb and Nd ranges from Mamani et al. (2010), and references
therein; the South Volcanic Zone (SVZ) Pb isotope range is based on Pichat et al. (2014) and
references therein; Pb isotope ranges for Asian loess from (Sun and Zhu, 2010), and references
therein.
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Table B1. Radiogenic isotopes for core 17PC

Cruise Water Depth (i Latitude (N)  Longitude (W)

ML1208 2926 0.48 -156.45

Depth (cm) Age (ka) Nd IC Std error ENd 206/204 Std error 207/204 Std error 208/204 Std error
288 110491 18.4713 0.0008 15.6586 0.0007 38.631 0.002
292 113138 0.51245509 1.83E-06 -3.57 18.4875 0.0004 15.6628 0.0003 38.655 0.001
296 115586 18.516 0.002 15.700 0.001 38.781 0.004
300 117681 0.51242173 7.87E-06 -4.22
302 118725 0.51245355 1.99E-06 -3.60 18.7857 0.06 15.68 0.05 38.939 0.120
304 119815 0.51243464 4.44E-06 -3.97 18.53 0.01 15.63 0.01 38.53 0.024
312 124394 0.51244014 2.40E-06 -3.86
316 125632 0.51243763 6.90E-06 -3.91
324 127795 0.51245310 2.11E-06 -3.61 18.77 0.02 15.66 0.02 38.72 0.037
328 128856 0.51244402 5.87E-06 -3.78 18.705 0.001 15.6623 0.0009 38.795 0.002
336 131234 0.51235193 1.64E-06 -5.58 18.810 0.002 15.614 0.002 38.792 0.004
340 133105 0.51231261 3.81E-06 -6.35 18.706 0.003 15.684 0.002 38.795 0.006
344 135583 0.51235554 7.43E-06 -5.51 18.82 0.02 15.70 0.02 38.95 0.039
348 137263 0.51240625 3.64E-06 -4.52
356 140343 0.51238206 5.98E-06 -4.99 18.667 0.001 15.667 0.001 38.760 0.003
364 144771 0.51241323 5.17E-06 -4.38 18.719 0.002 15.665 0.002 38.794 0.005
368 146807 0.51242297 2.49E-06 -4.19 18.426 0.001 15.668 0.002 38.614 0.005
372 148474 0.51240156 7.51E-06 -4.61
376 150082 18.4354 0.0008 15.6635 0.0008 38.616 0.002
380 151691 0.51239019 3.51E-06 -4.83 18.607 0.001 15.662 0.001 38.699 0.003
384 153300 0.51239818 4.95E-06 -4.68 18.704 0.005 15.707 0.004 38.91 0.012
388 154909 0.51242585 7.13E-06 -4.14 18.88 0.01 15.704 0.009 39.039 0.024
392 156518 0.51238895 6.10E-06 -4.86 18.3230 0.0008 15.6057 0.0009 38.270 0.003
396 158126 0.51242445 1.96E-06 -4.17 18.511 0.001 15.737 0.001 38.877 0.004

117



Table B2. Radiogenic isotopes for core 20BB.

Cruise Core Water Depth (i Latitude (N)  Longitude (W)
ML1208 2088 2850 1.27 -157.26)

“Th-derived  *Th-derived

MAR (gcm?  #Th MAR
Depth (cm)  Age (ka) NdIC Std error 206Pb/204Pb  Std error 207Pb/204Pb  Std error 208Pb/204Pb  Std error kyr?) (ng cm? kyr?)
290 119878 18.442 0.001 15.688 0.001 38.693 0.003 1.23 0.36
295 122279 0.5124251  3.96E-06 -5.33 18.399 0.001 15.6429 0.0009 38.529 0.002
300 124043  0.5124495  4.30E-06 -4.15 18.5269 0.0006 15.6796 0.0007 38.716 0.002 1.26 0.40
305 125532 0.5124458  2.62E-06 -3.68 18.519 0.001 15.6992 0.001 38.756 0.005 1.29 0.36
310 127021 0.5124358  3.32E-06 -3.75 18.456 0.001 15.6728 0.0009 38.652 0.003 1.12 0.27
315 128511 0.5124379 3.69E-06 -3.94 18.484 0.001 15.688 0.001 38.698 0.004
320 130000 0.5123967  8.30E-06 -3.90 18.471 0.001 15.659 0.001 38.616 0.003 1.55 0.41
325 131489  0.5123848 2.22E-06 -4.94 18.5003 0.0005 15.6693 0.0005 38.671 0.002 1.92 0.48
330 132979 0.5123441  3.28E-06 -5.73 18.5286 0.0007 15.6409 0.0007 38.639 0.002 1.79 0.41
335 134468 0.5122856 1.22E-05 -6.87 18.5738 0.0008 15.6910 0.0008 38.805 0.002 2.15 0.59
340 135957 0.5122753  2.33E-06 -7.08 18.6405 0.0007 15.6834 0.0007 38.839 0.002 1.76 0.53
345 137447  0.5123168 5.65E-06 -6.27 18.531 0.002 15.708 0.002 38.818 0.005 1.83 0.62
350 138936 18.126 0.001 15.7091 0.0009 38.323 0.002 3.65 1.01
355 140426  0.5123059 8.16E-06 -6.48 18.513 0.003 15.697 0.002 38.750 0.006 1.21 0.41
360 141915 0.5123135  2.35E-06 -6.33 18.26 0.01 15.72 0.01 38.48 0.03 1.47 0.58
365 143404 0.5123411  1.87E-06 -5.79 18.494 0.001 15.705 0.001 38.771 0.003 1.25 0.44
370 144894 0.5123466  5.86E-06 -5.68 18.3462 0.0009 15.662 0.001 38.485 0.003 1.32 031
375 146383 0.5123116 4.77€-06 -6.37 18.7317 0.0007 15.6842 0.0006 38.951 0.002 1.90 0.52
380 147872 0.5123431  2.44E-06 -5.75 18.090 0.004 15.654 0.003 38.146 0.009 1.65 0.24
385 149362 0.5123241  3.21E-06 -6.12 18.4547 0.0006 15.6761 0.0006 38.667 0.002 1.95 0.02
390 150851 0.5123230  3.90E-06 -6.14 1.80 0.23
395 152340 1.80 -0.39
400 153830 0.5123416  4.55E-06 -5.78 172 -0.54
405 155319 0.5122867  4.80E-06 -6.85 18.4212 0.0006 15.65 0.0006 38.58 0.00141
410 156809 0.5123154  4.66E-06 -6.29 1.87 0.43
415 158298 0.5123054  2.63E-06 -6.49 18.5125 0.0006 15.65 0.0007 38.66 0.00194 1.80 -0.67
420 159787 18.772 0.005 15.68 0.004 38.93 0.00970 1.43 -0.12
430 162766 1.69 1.07
435 164255 3.32 2.32
440 165745 7.56 3.04

Table B3. Radiogenic isotopes for core 28BB.

Cruise Water Depth (i Latitude (N)  Longitude (W)
ML1208 3153 2.97 -159.20
*Th-derived MAR  **Th-derived **Th

Depth (cm) Age (ka) NdIC Std error ENd 206Pb/204Pb Std error 207Pb/204Pb Std error 208Pb/204Pb Std error (g cm? kyr) MAR (ng cm? kyr?)
285 115470  0.5124215 3.47E-06 -4.22 18.660 0.001 15.680 0.001 38.784 0.002 0.234 0.29
290 117672 0.5123649 2.11E-06 -5.33 18.737 0.004 15.652 0.003 38.836 0.008 0.209 0.32
295 119873 0.5122860  2.55E-06 -6.87 18.5217 0.0008 15.6436 0.0008 38.620 0.002 0.178 0.32
300 122075  0.5124397 2.79E-06 -3.87 18.731 0.003 15.687 0.002 38.885 0.006 0.203 0.46
305 124800 0.5124213 3.10E-06 -4.23 18.5268 0.0007 15.6947 0.0007 38.760 0.002 0.166 0.32
310 126800 0.5123905 3.34E-06 -4.83 18.485 0.006 15.678 0.005 38.69 0.013
315 128800 0.5124668  3.36E-06 -3.34 18.5215 0.0008 15.6547 0.0008 38.610 0.002 0.166 0.36
320 130800 0.5122789 1.8E-05 -7.01 18.4679 0.0009 15.6567 0.0010 38.629 0.003 0.142 0.27
325 132800 0.5124329 2.90E-06 -4.00 0.237 0.36
330 134800  0.5123013 2.39E-05 -6.57 18.561 0.001 15.701 0.001 38.835 0.004
335 136800 0.5122625 2.07E-06 -7.32
340 138800  0.5123403 3.44E-06 -5.81 18.6010 0.0006 15.6715 0.0007 38.787 0.002 0.370 0.31
345 140800 0.5122731 2.47E-06 -7.12 18.558 0.003 15.677 0.002 38.770 0.005 0.350 0.41
350 142800 18.5228 0.0006 15.6885 0.0006 38.764 0.002 0.328 0.65
355 144800 0.5123196  4.46E-06 -6.21 18.5480 0.0008 15.7283 0.0008 38.895 0.003
360 146800 0.5123022 2.67E-06 -6.55 0.137 0.36
365 148800  0.5123029 2.31E-06 -6.54 18.4863 0.0005 15.6702 0.0004 38.676 0.001 0.338 1.10
370 150800 -4.60 18.4648 0.0007 15.6771 0.0007 38.682 0.002 0.363 123
375 152800  0.5123045 3.24E-06 -6.51 18.5490 0.0008 15.6925 0.0009 38.803 0.003
380 154800  0.5122859 2.17E-06 -6.87 18.628 0.001 15.6914 0.0008 38.855 0.002 0.348 0.73
385 156800 18.844 0.007 15.729 0.006 39.13 0.016 0.363 0.65
390 158800 18.554 0.001 15.671 0.001 38.723 0.004 0.370 0.50
395 160800 0.5123057 3.12E-06 -6.48 18.809 0.002 15.664 0.002 38.845 0.005 0.384 0.43
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Table B4. Radiogenic isotopes for core 31BB

Cruise Core Water Depth ( Latitude (N)  Longitude (W)

ML1208 31BB 2857 4.68 -160.05

Depth (cm) Age (ka) Nd IC Std error ENd 206Pb/204Pb Std error 207Pb/204Pb Std error 208Pb/204Pb Std error
350 112766 18.5711 0.0007 15.6668 0.0007 38.754 0.002
360 114981 0.5122245 4.71E-06 -8.07 18.58 0.02 15.73 0.02 38.87 0.04
365 116015 0.5122886 3.46E-06 -6.82 18.598 0.007 15.677 0.004 38.79 0.01
370 117069 0.5122955 7.24E-06 -6.68 18.532 0.001 15.713 0.001 38.841 0.003
375 118415 0.5123080 4.05E-06 -6.44 18.5194 0.0008 15.6592 0.0008 38.661 0.002
380 120324  0.5123537 7.46E-06 -5.55 18.5856 0.0007 15.6872 0.0006 38.790 0.002
385 122183 0.5123155 4.98E-06 -6.29 18.783 0.002 15.672 0.002 38.973 0.005
390 124121 -4.77 18.610 0.002 15.671 0.002 38.764 0.004
395 125817 0.5123260 4.06E-06 -6.09 18.771 0.004 15.682 0.003 38.935 0.007
400 127477 0.5122424 4.31E-06 -7.72 18.869 0.009 15.701 0.007 39.10 0.02
405 129154  0.5123154 2.62E-06 -6.29 18.824 0.002 15.713 0.002 39.038 0.006
410 130492 0.5122203 4.56E-06 -8.15 18.683 0.002 15.654 0.001 38.735 0.004
415 131692 0.5121700 5.00E-06 -9.13 18.7535 0.0005 15.6650 0.0005 38.917 0.001
420 132884 0.5121497 3.60E-06 -9.52 18.417 0.002 15.664 0.001 38.590 0.003
425 134123 0.5121654 4.65E-06 -9.22 18.7741 0.0004 15.6722 0.0003 38.9938 0.0008
430 135234 18.7948 0.0009 15.6661 0.0008 38.993 0.002
435 136086 0.5121694 3.36E-06 -9.14 18.7102 0.0006 15.7065 0.0006 39.018 0.002
440 136906 0.5121696 6.63E-06 -9.14 18.972 0.001 15.716 0.001 39.225 0.003
445 137719 0.5121714 5.02E-06 -9.10 18.857 0.001 15.673 0.001 39.048 0.004
450 138539 0.5122200 5.36E-06 -8.15 18.90 0.01 15.69 0.01 39.14 0.03
455 139398 0.5121939 2.75E-06 -8.66 18.807 0.001 15.676 0.001 38.989 0.003
460 140310 0.5122879 1.57E-05 -6.83 18.6048 0.0009 15.6772 0.0008 38.796 0.002
465 140831 0.5121362 3.09E-05 -9.79
470 141256 0.5122276 3.02E-05 -8.01
475 141626 0.5122260 7.93E-06 -8.04 18.607 0.002 15.673 0.002 38.773 0.005

Table B5. Radiogenic isotopes for core 37BB.

Cruise Core Water Depth (m)  Latitude (N)  Longitude (W)

ML1208 37BB 2798 7.04 -161.63

Depth (cm) Age (ka) Nd IC Std error ENd 206Pb/204Pb Std error 207Pb/204Pb Std error 208Pb/204Pb Std error
133 110409 18.7999 0.0009 15.6807 0.0008 39.038 0.002
137 116276 0.5121689 3.49E-05 -9.15 18.7668 0.0009 15.672 0.001 38.965 0.003
141 120784 0.5122112 3.63E-06 -8.33 18.780 0.001 15.6812 0.0009 38.988 0.003
143 123357 18.7354 0.0009 15.6802 0.0008 38.933 0.002
149 128084 18.9303 0.0028 15.704 0.002 39.141 0.006
153 130639 19.0132 0.0015 15.708 0.001 39.278 0.003
157 133770 0.5121118 3.76E-06 -10.35 18.52 0.03 15.73 0.02 38.76 0.06
161 136610 0.5121284 1.70E-06 -10.26 18.9663 0.0007 15.6915 0.0007 39.265 0.002
165 138544 0.5120644 2.58E-05 -9.94

169.5 140653 0.5120386 2.58E-05 -11.19 19.0344 0.0008 15.7728 0.0007 39.430 0.002

172 141824 0.5121403 1.94E-06 -9.71
176 143720 0.5121235 2.29E-06 -10.04 18.8349 0.0006 15.6709 0.0007 39.073 0.002
180 145620 0.5121467 3.67E-06 -9.58 18.999 0.004 15.715 0.003 39.332 0.007
184 147520 18.7941 0.0004 15.7161 0.0004 39.0994 0.0009
188 149421 0.5121210 4.68E-06 -10.09 18.852 0.002 15.6567 0.0021 39.058 0.005
192 151321 0.5121355 1.80E-06 -9.80 18.8158 0.0005 15.6978 0.0005 39.117 0.002
196 153221 18.707 0.001 15.669 0.001 38.908 0.004

119



References

MAMANI, M., WORNER, G. & SEMPERE, T. 2010. Geochemical variations in igneous rocks
of the Central Andean orocline (13 Sto 18 S): tracing crustal thickening and magma
generation through time and space. Geological Society of America Bulletin, 122.

PICHAT, S.,, ABOUCHAMI, W. & GALER, S. 2014. Lead isotopes in the Eastern Equatorial
Pacific record Quaternary migration of the South Westerlies. Earth and Planetary
Science Letters, 388.

SUN, J. & ZHU, X. 2010. Temporal variations in Pb isotopes and trace element concentrations
within Chinese eolian deposits during the past 8Ma: Implications for provenance change.
Earth and Planetary Science Letters.

120



APPENDIX C

Supplementary information for section 4: Neodymium isotope radiogenic enrichment in
authigenic phases as a function of bottom water ventilation strength in the central equatorial

Pacific Ocean.

Table C1. Barium and Barium flux through time. a. Age model based on Jacobel et al. (2017). b.
Thorium data from Jacobel et al. (2016, 2017a).

Depth Age? Ba xsBa xsBa +-
(ppm) (ppm)® flux
0 5.0 546 541 0.80 0.06
8 6.5 558 554 0.81 0.06
16 8.1 532 528 0.84 0.06
24 10.7 571 565 0.86 0.06
32 12.8 492 480 0.46 0.03
40 16.4 317 310 0.59 0.04
48 19.0 448 439 0.73 0.05
56 21.8 403 394 0.66 0.05
64 26.6 405 396 0.70 0.05
72 30.1 396 388 0.71 0.05
80 344 305 298 0.61 0.04
88 38.8 329 322 0.66 0.05
96 42.3 376 368 0.65 0.05
104 46.4 311 304 0.64 0.04
112 48.0 311 305 0.63 0.04
120 49.3 330 324 0.66 0.05
128 50.5 344 338 0.68 0.05
136 51.7 354 347 0.65 0.05
144 53.0 392 386 0.79 0.05
152 54.3 416 410 0.86 0.06
160 56.3 381 370 0.45 0.03
168 60.0 360 351 0.68 0.05
176 62.5 444 435 0.76 0.05
184 65.2 381 371 0.53 0.04
192 71.1 355 349 0.57 0.04
200 77.5 434 428 0.67 0.05
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Table C1. (continued)

Depth Age? Ba xsBa xsBa +-
(ppm) (ppm)® flux
208 81.7 507 502 0.87 0.06
216 84.1 487 480 0.73 0.05
224 86.8 442 436 0.74 0.05
232 90.0 421 414 0.66 0.05
240 93.6 394 388 0.59 0.04
248 96.1 536 531 0.84 0.06
256 98.5 496 491 0.82 0.06
264 102.5 326 321 0.50 0.04
272 105.3 474 469 0.78 0.05
280 107.0 233 227 0.37 0.03
288 110.0 418 412 0.69 0.05
296 115.6 416 410 0.58 0.04
316 125.6 667 662 1.07 0.07
372 148.5 384 376 0.68 0.05
400 180.0 364 364
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Figure C1. Barium versus Thorium dust flux.
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Table C2. Core tops locations and water depths

Core Latitude (°N) Longitude (° E) Water Depth (m)
MV1014-MCO1F 5.82 274.27 1760
MV1014-MCO6F 6.17 273.85 1257
MV1014-MCO9F 0.69 274.69 2452
MV1014-MC16F 0.17 274.13 2846
MV1014-MC20F -8.5 272.97 4407
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