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RESUMEN

Durante procesos de calcificacion los foraminiferos planctonicos incorporan Mg/Ca y
fraccionan los isotopos de oxigeno (8'°0) en sus cascaras dependiendo de la
temperatura, y de la temperatura—élgO de la masa de agua (8" 0sw) donde calcifican,
respectivamente. Medidas de Mg/Ca-8'"0 en foraminiferos planctonicos han sido
ampliamente utilizadas para reconstruir cambios de temperatura y derivar 8'*Ogw
(corregido por el volumen de hielo; BlgOsw_Ivc) como proxy de salinidad. Esta tesis
utiliza nuevas reconstrucciones de Mg/Ca-temperatura y 8'*Osw.ivc para entender
cambios en la estructura de la columna de agua durante la Transicion del Pleistoceno
Medio (MPT; 1250-700 ka) y la Terminacion 1 (T1)-Holoceno temprano (20-3 ka) en el
Océano Austral y Océano Pacifico, respectivamente. Aunque escalas de tiempos
diferentes, ambos fueron periodos de cambios climaticos importantes y entender sus
causas es importante para establecer factores que originan la variabilidad natural del

clima.

La combinacion de procesos fisicos y biogeoquimicos en el Océano Austral regulan el
intercambio de CO, entre el océano y la atmoésfera durante ciclos glaciales-
interglaciales. Reconstrucciones de Mg/Ca-temperatura y 8'°Osw.vc basados en
Neogloquadrina pachyderma (sinistral) en la Zona Subantarctica (ODP Site 1090)
muestran que al comienzo del MPT (~1250 ka), la expansion de los frentes polares
Antarcticos origin6 el enfriamiento glacial y reduccion de salinidad de la superficie del
Océano Austral. Se propone que estos cambios conllevaron a la estratificacion de la
superficie de este océano durante glaciaciones, evitando el intercambio de CO; con la
atmosfera y por lo tanto incrementando el almacenamiento de carbono (C) en
profundidad en las glaciaciones siguientes. Adicionalmente se estudio la influencia de la
expansion de los frentes polares en la estructura de la columna de agua de la Zona
Subantarctica mediante la comparacion de registros de Mg/Ca-temperatura y (SISOSW_IVC
de foraminiferas planctonicos con profundidades de habitat distintos; Globigerina
bulloides (superficie), N. pachyderma (subsuperficie), and Globorotalii crassaformis
(thermoclina). Estos resultados sugieren que la termoclina/haloclina de esa zona se hizo

mas somera entre 1500-1300 ka probablemente incrementando la disponibilidad de
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macro-nutrientes en la superficie de la zona. Esto, aunado a la fertilizacion por Fe
durante las glaciaciones del MPT, eventualmente permitié el aumento de productividad
observado en la zona, lo cual junto con la estratificacion del Océano Austral
posiblemente, pudo ocasionar la reduccién glacial de pCO, (~30 ppm) a ~1250 ka. Las
condiciones hidrograficas de la parte superficial de la columna de agua fueron también
estudiadas Corriente de California (CC, MD02-2505) durante la T1. Se ha sugerido que
la formacion de aguas profundas en el Atlantico Norte durante el Younger Dryas (YD) y
stadial-H1 menguo, incrementando el transporte de calor y salinidad al Océano Austral.
Sin embargo sus consecuencias en el Océano Pacifico atin no estdn bien establecidas.
Aqui, reconstrucciones de Mg/Ca-temperatura y 880gw.ve utilizando los morfotipos de
Globigerinoides ruber white en el MD02-2505 muestran el calentamiento relativo de la
zona debido al debilitamiento de la CC durante la T1 concordando el perfil de 61805W_
ve que sugiere condiciones menos salinas hacia el Holoceno. Incrementos pronunciados
de 8" Ogw.rve (~0.7%o) durante YD vy stadial-H1 aparentemente son consecuencia de un
efecto combinado del debilitamiento de la CC y la adveccidon de aguas relativamente
mas salinas en el Pacifico durante YD y stadial-HI1 en respuesta a los cambios en el

Atlantico Norte.

Este trabajo enfatiza la respuesta e importancia de las condiciones superficiales de la
columna de agua en el sistema climatico. En base a reconstrucciones de temperatura y
salinidad superficiales se han sugerido mecanismos plausibles de la influencia de las
condiciones hidrograficas del Océano Austral en el intercambio de C con la atmdsfera
durante el MPT y en la respuesta del Océano Pacifico a cambios en el Atlantico Norte

durante la T1.



ABSTRACT

During the calcification process planktonic foraminifera incorporate Mg/Ca and
fractionate oxygen isotopes (8°0) in their shells depending on the water mass’
temperature and temperature-seawater 820 composition (5'®Osw), respectively, where
they calcified. Paired Mg/Ca-8'®0 measurements in planktonic foraminifera have been
widely used as a powerful tool to reconstruct ocean temperature and salinity changes,
the latter by deconvolving ice volume corrected 5" Osw (6"Osw.ivc). This thesis builds
on new planktonic foraminiferal Mg/Ca-temperature and 8®Osw.ivc records as proxies
to understand past changes in the structure of the water column during the Middle
Pleistocene Transition (MPT; 1250-700 ka) and Termination 1 (T1)-early Holocene (20
to 3 ka) focusing on two regions, the Southern Ocean and North-East Pacific Ocean
respectively. Although very different timescales, the MPT and T1 were two periods of
important climatic changes, the causes and internal feedbacks surrounding’s which are

of special interest to assess the drivers of the natural climate variability.

A combination of physical and biogeochemical processes in the Southern Ocean
regulates the partitioning of CO, between the ocean and the atmosphere on glacial-
interglacial timescales. Neogloquadrina pachyderma (sinistral) Mg/Ca-temperature and
8" 0sw.ivc records from a core located in the Subantarctic Zone (ODP Site 1090) have
shown that at ~1250 ka, the onset of the MPT, the seaward expansion of the Antarctic
ice sheets promoted glacial cooling and freshening of the surface Southern Ocean. We
suggest that the glacial freshening could have induced Southern Ocean upper water
column stratification and hence hindered the outgassing of respired CO, to the
atmosphere, increasing the storage of C at depth during glacial periods. We further
explored changes in the water column structure induced by the expansion of the
Antarctic polar fronts by exploiting the different depth habitat preferences of
Globigerina bulloides (surface), N. pachyderma (subsurface), and Globorotalii
crassaformis (thermocline). Their Mg/Ca-temperature and §"®Osw.ivc reconstructions
suggested that the thermocline and halocline of the Subantarctic Zone shoaled from

1500-1300 ka, and persisted as such across the MPT, likely improving macro-nutrient
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availability in the surface waters. This, in combination with glacial Fe-fertilization,
probably allowed the spike in productivity observed during glacial stages in and after
the transition. This together with Southern Ocean stratification contributed to the glacial
30 ppm MPT drop in pCO,. The influence of past upper ocean hydrographical changes
in the climate system was further studied in a core located in the southern California
Current (CC, MDO02-2505) across T1. Declining deep water formation in the North
Atlantic during Younger Dryas (YD) and stadial-H1 resulted in an increase of heat and
salinity transport to the Southern Ocean; however the response of the Pacific Ocean to
those changes remains elusive. Mg/Ca-temperature reconstructions inferred from
Globigerinoides ruber white morphotypes suggest that the CC weakened across T1,
allowing a relative warming of the CC at ~25°N compared to northern positions. This is
further supported by 8"®Osw.ivc changes toward fresher conditions into the Holocene.
Increases of &®0sw.ivc (~0.7%0) in tandem with YD and stadial-H1 are suggested to
reflect the combined effect of the weakening of the fresh CC and advection of relatively
salty water masses to the core in response to the North Atlantic freshening and oceanic

reorganization.

Overall, this work highlights the role of the upper ocean’s physical properties in the
Earth’s climate. Based on temperature and salinity proxy reconstructions we provide
plausible mechanisms to explain the role of the Southern Ocean hydrographical
conditions in the storage/release of carbon at/from depth during the MPT as well as new
insights on the response of the Pacific Ocean to decreases of heat and salinity transport

to the North Atlantic within the last period of natural global warming.

Vi



CHAPTER 1

Introduction

1.1. What is the driver of climate change on glacial-interglacial timescales?

The seminal work of Hays et al., 1976 highlighted the occurrence of the 100, 41, and 23
ky cyclicities in the ice volume changes of the past 450 ky, thereby supporting the
Milankovitch theory (Milankovitch, 1930) of the ice ages. Accordingly, variations in the
eccentricity of the orbit (100 and 400 ky), obliquity (41 ky), and precession (23 ky) of
the Earth acted as pacemaker of the climate variability on glacial-interglacial timescales

by controlling the amount of incoming solar radiation (insolation) at the top of the

atmosphere (Paillard, 1998).

* Eccentricity of the Earth’s orbit: It refers to the change in the shape of the orbit
of the Earth as result of the interaction with other planets. It varies with a periodicity of

~100 ky and ~400 ky, and it also shows a weak cycle of ~2100 ky (Fig. 1.1a)

* Obliquity of the Earth’s axis: It refers to the variations in the angle tilt of the
Earth, i.e., the angle between the rotational axis and the equatorial plane. This angle

varies between 22.2° to 24.5° with a periodicity of ~41 ky (Fig. 1.1b).

* Precession of the equinoxes: It can be divided into two movements, which
together vary with a periodicity of ~23 ky and ~19 ky (weaker signal). The axial
precession it is related to a change in the position of the rotational earth axis around the
pole elliptic in which the resultant movements form a cone (Fig. 1.1c). The other
movement called the precession of the ellipse is the rotation of the earth around its orbit,

which makes it closer (perihelion) or further (aphelion) from the sun.

According to the orbital theory of the ice ages, the Earth enters into a glacial stage when
summer insolation is weak in the northern hemisphere (highly controlled by
precession), that is high precession and low obliquity; such that the snow and ice are

able to persist and accumulate in the ice sheets (Raymo and Huybers, 2008). Although
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Milankovitch’s hypothesis explains fairly well the glacial-interglacial oscillations of the
Earth climate system it is insufficient to provide a sensible explanation for the origin of
the saw-tooth glacial-interglacial 100 ky cycles of the late Quaternary (e.g. Paillard,
1998; Gildor and Tziperman, 2000; Tziperman et al., 2006).

Earth

High eccentricity

(more elliptical)
Earth
Low eccentricity
{more circular)
Eccentricity Tilt of the axis
(dominant period = (period = 41,000 years)
100,000 years)

Figure 1.1. Schematic representation of the Milankovitch cycles: (a) eccentricity of the orbit, (d)
obliquity or tilt of the axis, (c) precession of the equinoxes. Copyright: 2011 Nature Education, All rights
reserved (http://www.nature.com/scitable/knowledge/library/factors-affecting-global-climate-17079163).

Therefore, it was brought into play the role of the internal climatic processes as
important feedbacks that modulated the glacial-interglacial cycles (Broecker and
Denton, 1989; Sigman et al., 2000, 2010 and references therein). Changes in oceanic
processes, that in the modern ocean are the responsible of redistributing heat and
moisture around the globe, and in the atmospheric composition have probably play a
key role in the climate system. Many paleoceanographic studies have indeed provided
evidence changes in the strength of Atlantic meridional overturning circulation
(AMOC) and atmospheric carbon dioxide concentrations (pCQO,) as an important factor
in the glacial-interglacial changes (Lea et al., 2000; McManus et al., 2004; Anderson et
al., 2009; Barker et al., 2009, 2010, 2011; Toggweiler and Lea, 2010). Remarkably,



Chapter 1: Introduction

despite its large size and oceanic-atmospheric teleconnections with remote areas of the
globe (e.g. Alexander et al., 2002; Chiang and Vimot 2004; Chiang and Lanter, 2005),
the Pacific Ocean changes and role during glacial-interglacial timescales are not as well

constrained as in the Atlantic Ocean.

The chemical composition of the atmosphere, especially the greenhouse gas (GHG)
concentration, is considered another important feedback of the climate system. GHGs
have the ability of absorbing and emitting infrared radiation hence affecting the
temperature of the earth depending on their concentration in the atmosphere.
Measurements of atmospheric carbon dioxide concentration (pCOy; Luthi et al., 2008;
Petit et al., 1999; Siegenthaler et al., 2005), methane (CHa; Loulergue et al., 2008; Petit
et al., 1999; Spahni et al., 2005), and nitrous oxyde (N,O) in the European Project for
Ice Coring in Antarctica (EPICA) have shown that the concentrations of these gases in
the atmosphere were tightly linked to glacial-interglacial temperature and ice volume
changes over the past 800 ky (Fig. 1.2). However the role of the GHGs on glacial-
interglacial oscillations is yet not well understood and it is a matter of current special
interest due to the continuous release of anthropogenic CO, to the atmosphere

(IPCC2007).

The ocean is thought to have been key in regulating pCO, variations in glacial-
interglacial timescales since it holds 50 times more inorganic carbon than the
atmosphere (Jaccard et al., 2005). Because of this, most of the paleoceanographic
studies that attempt to shed light on understanding the response of the climate system to
pCO;, increases have focused on understanding changes in ocean circulation and
atmospheric-oceanic dynamics across glacial-interglacial timescales. In this sense, this
research exploits well-established inorganic geochemical proxies from planktonic
foraminifera to reconstruct upper water column temperature and salinity changes from
key oceanic regions at 2 separate and important timescales: The Middle Pleistocene
Transition (MPT) and the Termination 1 (T1)-early Holocene, in the Southern Ocean

and Pacific Ocean, respectively.
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Figure 1.2. Comparison between the 8'®0 global benthic stack (LR04; (Lisiecki and Raymo. 2005),
which represents a mixed signal between ice volume changes and deep ocean temperatures, (b) Antarctic
temperature gradient with respect to present temperatures (Jouzel et al., 2007) and variations in the
atmospheric (¢) CHy (Loulergue et al., 2008; Petit et al., 1999; Spahni et al., 2005) and (d) CO, (Luthi et
al., 2008; Petit et al., 1999, Siegenthaler et al., 2005) concentrations measured in the EPICA Dome C
core over the last 800 ky.

1.2. The MPT (1250-700 ka) in the Southern Ocean

1.2.1. The MPT and earth’s climate changes across the transition

The MPT was a major reorganization of Earth’s climate that occurred between 1250 and
700 ka (Clark, et al. 2006). The dominant periodicity of the glacial-interglacial cycles
changed from a 41 ky rhythm, possibly triggered by insolation changes coupled with
obliquity variations (Huybers and Wunsch, 2005) to a less frequent, more intense, and
asymmetric 100 ky rhythm, for which causal mechanisms remain debated (Clark et al.,
2006, Park and Maasch, 1993; Mudelsee and Schulz, 1997; Schmieder et al., 2000).
The emergence of the 100-kyr cycle was paralleled by an increase in the severity of
glaciations starting at 1250 ka, with maximum glaciations being established at 700 ka

(Clark et al. 2006; Fig. 1.3).
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Most of our knowledge of the environmental changes occurred during the MPT
predominantly derives from long and continuous marine records retrieved from the
main basins of the world’s ocean. In the following some of the main contributions from

these paleoceanographic studies are summarized.

s | e 1000 it 1400 1780 000 TRa 2600
| i Agma)
S S T . R T S R R R e
a 250 500 TS0 1000 1250 1500 1750 2000 2250 2500 2750 3000
Age (ka)

Figure 1.3. LR04 benthic 8'*0 stack (Lisiecki and Raymo, 2005) and its evolutionary spectral analyses
are shown to highlight major deep ocean temperature and 8'*0 (ice volume) changes across the MPT. The
evolutionary spectrum displays the emergence of the 100 ky band at 1250 ka and its further
intensification at 900 ka, in parallel to the onset of heavier 8'*0 in the LR04 stack during glacials. The
MPT interval is indicated by the green box area. The evolutionary spectral analysis was performed with
MATLAB (Annex II) package using a 600 ky Hamming window with an 80% overlap. The LR04 series
was resampled to a 2 ky time step resolution, detrended and prewhitened using Analyseries 1.1.1 before

performing the spectral analysis.

In the Pacific Ocean, the MPT featured increases of the west to east sea surface

temperature (SST) gradients (de Garidel-Thoron et al., 2005) and intensification of the
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Walker atmospheric circulation (McClymont and Rosell-Mele, 2005; Li et al., 2011).
These changes in the ocean-atmosphere system are thought to have played also a role in
the onset to the major Northern Hemisphere glaciations (NHG) by enhancing the
poleward transport of moisture (McClymont and Rosell-Mele, 2005). The Pacific cold
tongue also developed during the MPT (Martinez-Garcia et al., 2010), leading to a
westward restriction of the Pacific warm pool, which during the Pliocene was covering
the entire tropical Pacific Ocean (Brierley et al., 2009). This promoted a profound
hydrographic reorganization in the upper water column (by shoaling the thermocline) of
the eastern sector of the basin, enhancing primary productivity in the west coasts of the
American continents (Lawrence et al., 2006, Liu et al., 2005). In the west Pacific warm
pool, the shift from 41 to 100 ky cyclicity of the glacial-interglacial SST changes were
likely modulated by variations in the periodicity of the radiative forcing by CO,
(Medina-Elizalde and Lea, 2005; Russon et al, 2011). The winter Asian Monsoon
intensified during the MPT (Sun et al., 2006).

In the Southern Ocean, reconstructions based on organic biomarkers suggest that the
establishment of a sea ice configuration comparable to the Last Glacial Maximum
(LGM) took place at ~1250 ka and coincided with the enhanced northward advection of
polar waters to the Subantarctic Atlantic Ocean (Martinez-Garcia et al., 2010). At the
same time, the West Antarctic ice sheet expanded seaward and ice shelves developed
(Naish et al., 2009). These changes at the high southern latitudes were paralleled by a
shift from precession dominated cyclicity (Subtropical-like conditions) to a progressive
intensification of the obliquity signal (Subantarctic-like conditions) in the alkenone-
based SST reconstructions from ~42°S in the Atlantic Ocean (Martinez-Garcia et al.,
2010). Studies based on coccolithofore and diatom assemblages point to meridional
variations in the position of the Antarctic polar frontal system across the MPT
(Martinez-Garcia, et al., 2010; Becquey and Gersonde, 2002, Flores and Sierro, 2007,
Kemp et al., 2010). Glacial increases in eolian supply of iron (Fe) to the Southern Ocean
took place at the onset of the MPT and it has been shown as a recurrent factor that
operated for all the glaciations of the late Quaternary (Martinez-Garcia et al., 2011).

Regarding the Atlantic Ocean, it has been suggested that changes in the upwelling
activity along the coast of Africa (Marlow et al., 2000; Etourneau et al., 2009) and
variations in the surface ocean hydrology of the Caribbean Sea (likely) stem from a shift

of the mean position of the Intertropical Convergence Zone (ITCZ) during the MPT
6
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(Sepulcre et al., 2010). The first appearance of ice rafted detritus (IRD) in the subpolar
North Atlantic occurred by the end of the MPT (~640 ka), suggestive of increasing size
and/or instability of the Laurentide Ice Sheet (Hodell et al., 2008).

The evolution across the MPT of deep ocean temperature and global ice volume
recorded in the benthic 5'°0 records remains debated. A study from the deep North
Atlantic shows deep ocean cooling by ~1.3°C at ~900 ka marked the internsification of
the Northern Hemisphere glaciations (Sosdian and Rosenthal, 2009). Another record
from the deep Pacific instead shows no change in the glacial deep ocean temperatures
throughout the last 1500 ka, implying that the benthic foraminiferal §'°O increase
during the MPT was primarily controlled by sea level fall (Elderfield et al., 2012) due
an abrupt expansion of the West Antarctic ice sheet (Pollard and DeConto, 2009).
Major changes in the deep ocean ventilation were documented in North Atlantic 8°C
and other sedimentary proxies from the Southwest Pacific, alluding to the suppression
of the North Atlantic Deep Water (NADW) formation during glacial stages after 1500
ka (Hall et al., 2001; Raymo et al., 1990). Furthermore, based on benthic foraminiferal
8!*C some authors (Schmieder et al., 2000; Venz and Hodell, 2002) have inferred a
decrease in Southern Ocean deep water ventilation across the MPT. Inter-ocean benthic
8"3C gradients suggest that deep water masses in the Southern Ocean during the MPT
were considerably depleted in °C, reaching isotopic values lighter than the in the
Pacific (Hodell and Venz-Curtis, 2006). This implies that the deep Southern Ocean was
well isolated from the ocean surface system. A major reorganization of the global
carbon cycle coincided with the abrupt increase in glacial ice volume at 900 ka, likely
in response to the transfer of 300 Pg of isotopically depleted marine organic carbon to
the deep ocean (Elderfield et al., 2012). An alternative mechanism for this change
involves an enhanced in the input of terrestrial carbon to the ocean as consequence of a

shift to more arid conditions globally during the MPT (Raymo et al., 1997).

1.2.2. Causes of the MPT

The pattern of profound climate change that featured the MPT occurred without any
variation in orbital forcing (Clark et al., 2006, Park and Maasch, 1993; Mudelsee and
Schulz, 1997; Schmieder et al., 2000). Thus, most of the theories that attempt to explain
the MPT suggest a major reorganization of feedback processes internal to the climate
system that amplified the response of the Earth’s climate to orbital parameters (Paillard
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etal., 1998; Clark and Pollard, 1998, Berger et al., 1999; Tziperman and Gildor, 2001,
Clark et al., 2006). Nevertheless, none theories put forward to date has accounted in full

for the changes observed in the paleocenographic record (e.g. Clark, et al. 2006).

Clark et al., 1999 proposed that the exposure of Precambrian Shield bedrock during the
MPT, in combination with the long-term cooling across the Plio-Pleistocene, allowed
the accumulation of a large ice sheets in the Northern Hemisphere, hence amplifying the
response of the climate system to the orbital parameters. Other theories that try to
explain the emergence of the saw-tooth pattern in the benthic 8'*O point to the
stabilizing effect of the long-term cooling deep water temperatures on the water column,
which weakened the AMOC (and its associated heat transport) and favored ice sheet
growth (7ziperman and Gildor, 2001). The “water column stabilization” helped the
climate system to switch into a “glacial mode” that was highly influenced by the sea ice
albedo feedback and by the reduced moisture transport to high latitudes (Gildor and
Tziperman, 2001). Berger (1999) considered that the long-term cooling across the Plio-
Pleistocene (Fig. 1.3; Lisiecki and Raymo, 2005), and concomitant pCO, drawdown,
increased the stability of the ice sheets allowing them to persist under moderate
Northern Hemisphere summer insolation. Then, only when insolation was maximal, that
is at high obliquity, minimum precession (summer northern hemisphere in the
perihelion), and high eccentricity, the ice sheets melted (interglacial stages), making the
eccentricity cycle an important feature across and after the MPT. Recent pCO,
reconstructions using the planktonic foraminiferal 8''B proxy across the MPT have
shown a decrease of glacial pCO, after the MPT by 30 ppmv (Honisch et al., 2009).
This evidence lends some support to the theory postulated by Berger (1999) and it
highlights the role of pCO, concentrations and enhanced climate sensitivity under
glacial boundary conditions as important aspects of the MPT (van de Wal and Bintanja,
2009).

1.2.3. The modern Southern Ocean and feedbacks that potentially contributed to
glacial-interglacial pCO; changes

The Southern Ocean is a critical sector of the global ocean because it involves surface
and deep processes that allow the exchange, mixing, and redistribution of water masses
from three different ocean basins (e.g. Schmitz, 1996). The general overview of the

surface circulation patterns of the Southern Ocean is shown in Figure 1.4, with the
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Antarctic Circumpolar Current (ACC) connecting the Atlantic, Indian, and Pacific
Oceans. The ACC flows eastward around the Antarctic, transporting large volumes of
water (~1344+34Sv) and largely controlling Southern Ocean circulation (crf. Rintoul et

al., 2001).

Figurel.4. Schematic view of the main surface circulation patterns in the Southern Ocean: Antarctic

Circumpolar Current (ACC), Ross Gyre, Weddell Gyre.

Almost aligned with the ACC is the westerly wind belt. This allows the upwelling of
deep waters, laden with nutrients and respired CO,, south of the ACC. The upwelled
water mass, which then sinks at depth in the ocean interior, flows back to the north as
the Upper Circumpolar Deep Water (UCDW,; Fig. 1.5). South of the ACC the Low
Circumpolar Deep Water (LCDW) is mixed with NADW and forms the Antarctic
Bottom Water (AABW), which then flows northward to the deep Atlantic Ocean (Fig.
1.5). The formation of the AABW constitutes the major sinking of unused (pre-formed)
nutrients in the Southern Ocean, which then ventilates the deep ocean (Marinov et al.,
2006) and it is responsible for restricting the efficiency of the biological pump in the

modern ocean (crf. Sigman et al., 2010).

A distinctive feature of the ACC is its associated polar frontal that features abrupt
temperature and salinity gradients at surface that are observed equatorward around the
Antarctic (Belkin 2002; Fig. Fig. 1.4). There are three fronts of the ACC, from pole to
the equator: Antarctic Polar Front, Subantarctic Polar Front, and Subtropical Polar

Front. They define the boundaries of the Polar Zone, Antarctic Zone, and Subtropical
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Zone of the ACC. Antarctic Intermediate Waters (AAIW) and Subantarctic Mode Water
are formed in the Subantarctic Zone (Fig. 1.5). They flow northward into the Atlantic
and Pacific Ocean, and are responsible for supplying pre-formed nutrients to the low

latitude thermocline (Sarmiento, et al. 2004); Ribbe 2010).

Figurel.5. Schematic view of the overturning circulation in the Southern Ocean in which the main deep,
intermediate, and surface currents are shown: Low Circumpolar Deep Water (LCDW), North Atlantic
Deep Water (NADW), Upper Circumpolar Deep Water (UCDW), Antarctic Intermediate Water (AAIW),
Antartic Bottom Water (AABW), and Subantarctic Mode Water (SAMW). The positions of the Polar
Front (PF), Subantarctic Front (SAF), and Subtropical Front (STF) are also shown. Thick arrows indicate
the flow direction of the main currents and thin arrows the changes in buoyancy of the water masses. The

figure was taken from Speer et al., 2002.

The Southern Ocean has been proposed as the main modulator of pCO, concentrations
on glacial-interglacial timescales (Anderson and Carr, 2010; Skinner et al., 2010;
Sigman, et al. 2010). In general, the role of the Southern Ocean in storing respired CO,
is twofold: a) biological mechanism and b) physical mechanisms which are linked to
different areas of the Southern Ocean (Marinov et al., 2006). They are all summarized
in Figure 1.6, which also considers whole ocean circulation changes during glacial-
interglacial cycles. That is, the formation of the Glacial North Atlantic Intermediate
Water (GNAIW) that further isolated deep water masses from the surface ocean
(Sigman et al., 2010).

The first mechanism involves the Subantarctic Zone, which is known to be one of the
areas of the global ocean areas that featuring high nutrients and low chlorophyll

(HNLC) concentrations, with the marine productivity limited by the scarcity of
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micronutrients such as Fe (e.g. Edwards et al., 2004). Martin (1980) proposed that an
increase in the eolian transport of Fe to HNLC regions would increase primary
productivity, therefore increasing atmospheric CO, uptake and storage in the deep ocean
(biological pump) and leading to glacial conditions. Fe-supply increases to the Southern
Ocean during glacials were recurrent mechanisms across the last 1100 ky (Martinez-
Garcia et al., 2009), possibly contributing to a major utilization of pre-formed
Antarctic Ocean nutrients in the Subantarctic Zone (Sigman et al., 2010; Sigman and
Boyle, 2000; Sigman and Haug, 2003). However, modeling studies and
paleoceanographic data suggest that ocean Fe fertilization can only explain a 40 ppmv
of the full glacial-interglacial pCO, amplitude change (80-90ppmv; Fig. 1.1.3; Kohfeld
et al. 2005), suggesting that other mechanisms may have contributed to the glacial pCO,
drawdown (e.g. Sigman and Boyle, 2000). Changes in marine primary productivity in
the Subantartic Zone also have important implications in global export production
(Marinov et al., 2006) due to the impact of newly formed water masses within the
Subantartic Zone in supplying nutrients to low latitudes throughout the thermocline
(Sarmiento et al., 2004), further affecting the uptake and release of carbon from the

ocean.

The second mechanism is related to the ability of the ocean to release to the
atmosphere the respired CO, stored at depth. It is mainly controlled by changes in the
efficiency of the biological pump and oceanic and atmospheric circulation in the
Antarctic Zone (Marinov et al., 2006). For example, the northward expansion of the
Antarctic polar fronts triggered by sea ice expansion during glacial stages would have
positioned the westerly wind belt closer to the equator. This could have decreased the
upwelling offshore Antarctica of water masses that are enriched in pre-formed nutrients
and respired CO, (Toggweiler, 1999; Toggweiler et al., 2006; Toggweiler and Russell,
2008). This could have also promoted the build up of a fresh surface water layer in the
Southern Ocean (Toggweiler et al., 2006), promoting upper water column stratification
during glacial times. A stratified Southern Ocean further enhances the uptake of CO, by
increasing the residence time of nutrients in surface waters (Francois, 1998) and its
storage. It also aided the storage by physically inhibiting the outgassing of respired CO,
(Keeling and Stephens, 2001, Archer et al., 2003).
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Figure 1.6. (a) Modern Southern Ocean circulation patterns (solid and dashed blue, green and yellow
lines) and processes (orange dots in the top of the panels represent the positions of the westerly wind belt;
red line shows the steady position of the lysocline while dashed red lines indicate the transient shoaling of
the lysocline before reaching the steady state) compared to a proposed Southern Ocean during (b)
intermediate-glacial and (c) full glacial state. Modern ocean circulation (a) is more vigorous than it was
during cold stages (b and c; indicated by the intensity of blue color). The upwelling in the Antarctic
Circumpolar Current (ACC), which in the modern ocean is almost aligned with the westerly wind belt,
promotes the release of respired CO, back to the atmosphere (a). It also brings pre-formed or unused
nutrients to the Southern Ocean surface waters, which are partially transported equatorward and then
downwelled in the Antarctic Zone to the ocean interior during the production of Subantarctic Mode Water
(SAMW) and Antarctic Intermediate Water (AAIW). The rest of the pre-formed nutrients upwelled in the
ACC goes back to the deep ocean when the Antarctic Bottom Water (AABW) is formed (contributing to
inefficiency of the biological pump in the modern ocean). SAMW and AAIW transport pre-formed
nutrients to low latitudes where they are totally consumed by calcarcous organisms (activating the
carbonate pump). This reduces the content of pre-formed nutrients in the tropical and north Atlantic
waters which are then downwelled in the North Atlantic as North Atlantic Deep Water (NADW) that then
flows back to the southern Hemisphere throughout the deep Atlantic Ocean. During cold stages (b and c),
the Southern Ocean circulation was reduced because the westerly wind belt migrated equatorward,
triggered by sea ice expansion. The Glacial North Atlantic Intermediate Water (GNAIW) was developed,
further isolating deep water masses from the surface. The new position of the westerly wind belt
promoted the build up of a fresh layer in the surface, increasing ocean stratification and sea ice extension

(purple and white boxes in the left side of panel b and c¢) which collectively inhibited the outgassing of
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respired CO,. Furthermore, an increased of eolian transport of Fe to the Southern Ocean favored primary
productivity in the Subantarctic Zone, increasing the uptake of pCO, and storage at depth, also modifying
deep ocean alkalinity (by increasing it). Consumption of pre-formed micronutrients in this region
decreases nutrient availability in low latitudes and therefore primary productivity (decreasing the
efficiency of the carbonate pump). Isolation of the deep ocean (by the forming the GNAIW), increases in
the biological pump in high latitudes (Fe fertilization and stratification) and decreases of the carbonate
pump (decrease in low latitudes nutrients availability) all contribute to increasing the storage of CO, in
the deep ocean, making deep water masses more corrosive. This transiently increased the dissolution of
the CaCO; in the deep ocean and therefore shoaled the depth of the lysocline, hence increasing the whole
ocean alkalinity and further sequestering more pCO,. The steady lysocline was set when the accumulation
of dissolved carbonate at depth deepened the CCD and increased the CaCOs; burial. Figure from Sigman
etal., 2010.

Ocean alkalinity changes also have to be taken into account when considering processes
that sequestered CO, at depth on glacial-interglacial timescales. The biological pump
and carbonate pump are the two main processes that controlled the ocean chemistry
during glacial-interglacial cycles, with important implications for the pCO, variations
(Ridgwell and Zeebe, 2005, Sigman, et al., 2010; Hain et al., 2010). The biological
pump not only increases the uptake of pCO, throughout photosynthesis and storage at
depth but also by increasing the export of alkalinity to the deep ocean (Figure 1.2.4.3).
Opposite to this, the carbonate pump increases the CaCOs burial in the deep ocean
which is instead decreases alkalinity and in turn decreases the capacity of the ocean to

buffer CO; (Fig. 1.7).

During glacial stages, increases in the storage of respired CO, at depth made deep water
masses more corrosive, increasing the dissolution of the CaCO; and then increasing
deep ocean alkalinity. This process shoaled transiently the depth of the carbonate
compensation depth (CCD) and lysocline (Fig. 1.2.3.4), resulting in an important
dissolution event that further favored the uptake of pCO,. This transient period then
produced high accumulation of dissolved carbonate at depth, therefore deepening the
CCD, which in turn increased the area of CaCO; burial (carbonate pump), decreased
alkalinity and the ocean’s ability of buffering CO, (Toggweiler, 1999; Sigman and
Haug 2003; Sigman et al., 2010; Sigman and Boyle 2000; Hain, et al. 2010).
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Figure 1.7. Schematic view of the ocean chemistry (Sigman et al., 2010). The biological pump (green
arrows and letters) exports dissolve inorganic carbon (DIC) as organic carbon (C,,,) from the surface to
the deep ocean (increasing the uptake pCO, in the surface). Remineralization of the C,, increases CO,
concentration at depth. This stimulates carbonate dissolution and in turns shoals the carbonate
compensation depth (CCD, the depth at which the seawater is undersaturated in carbonate) and lysocline
(the transitional depth between calcite preservation and dissolution), enhancing alkalinity and further
uptaking pCO,. On the other hand, the carbonate pump decreases the uptake of pCO; in the surface when
the CaCO; is precipitated. The burial of CaCOj is the way that the ocean loses alkalinity. So, an increase

in the preservation of the CaCO; would decrease the ability of the ocean to dissolve pCO,.

Hain ef al., 2010 have further demonstrated the importance of ocean alkalinity when
considering that coupled biological and physical mechanisms may have played a role in
the glacial pCO, drawdown. They suggest that increases in ocean stratification and sea
ice extent not only trapped respired CO, at depth but also deep ocean alkalinity,
therefore decreasing the ability of the ocean to dissolved pCO; and counteracting the
uptake of pCO, by the biological pump. They have quantified that the biological and
physical mechanisms can account for ~58 ppmv and ~36 ppmv of the glacial pCO,
drawdown, respectively, when they are considered separately. However, when these
mechanisms work in tandem the uptake of pCO, is restricted by the physical

mechanisms, thereby only accounting for a 36 ppmv pCO, change.

1.3. North-East Pacific during the glacial Termination I (T1)

1.3.1. Glacial T1 and interhemispheric climate change on a millennial timescale

Although a comprehensive understanding of the actual causes of the “saw-tooth”
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structure of the glacial-interglacial variability (e.g. Broecker and van Dock, 1970)
remains elusive, recent studies highlighted the ubiquitous associations of orbital- and
millennial-scale climate changes across glacial terminations (Barker et al., 2009; 2010,
2011; Cheng et al., 2009, Denton et al., 2010; Toggweiler and Lea, 2010). For each of
the last 8 glacial cycles Earth’s global temperature decreases and ice volume growth
lasted ~90-100 ky, while terminations featured rapid global temperature increases and
ice sheet melting on timescale of ~10 ky (e.g. Denton et al., 2010; arrows in Figure
1.3.1.1b upper panel). Thereby the nature of the Terminations has become one of the
most intriguing questions of the glacial-interglacial cycles and has caught the attention
of many paleoceanographic studies Anderson 2009 (e.g. Skinner et al., 2010, Barker et
al., 2009; Anderson et al., 2009).

Termination 1 (T1; Fig. 1.3.1.1b) is the most recent period of sustained global warming
and pCO, rise (Denton et al., 2010) that led to the present Holocene interglacial
(Mayewski et al., 2004, Wanner et al., 2008). The millennial scale patterns of the last
deglaciation have been expressed differently in each hemisphere (Fig. 1.3.1.1a-b bottom
panel), in that any cooling (warming) in the Northern Hemisphere (NH) is accompanied
by a warming (cooling) of its Southern Hemisphere (SH) counterpart. These features led
to the notion of the “bipolar seesaw” (Crowly, 1992; Broecker, 1998), which can be
seen as an earth climate system buffering mechanism that maintains heat distribution
around the globe when the system is perturbed (e.g., by circulation, abrupt temperature
changes, etc.). In the NH the deglacial warming (Figure 1.3.1.1b bottom panel) began at
~20 ka and finished at ~7 ka (e.g., Denton et al., 2010). 1t is characterized by two
cooling stages defined as the Heinrich stadial 1 (H1; Barker et al., 2009) or Mystery
Interval (Denton et al., 2006) and the Younger Dryas (YD), which were separated by a
warm interstadial known as the Bolling-Allered (B-A). In the Southern Hemisphere,
however, T1 was shorter; the warming started at ~18 ka and finished at ~11 ka. It was
characterized by a gradual warming that stopped (or slightly cooled) during the
Antarctic Cold Reversal (ACR), coinciding with the B-A in the Northern Hemisphere
(Figure 1.8a bottom panel).

15



Chapter 1: Introduction

jo2}
<
£
©
=
]
Qo
<
)
e
|_
<
(&]
g — 300
g )F
g L >
= 280 =
< -8 [ Q
10 260 &
12 L 240
: 3
—220
:—2008
L 180
e R L L S R0 RN AN ERNA EAAR AR RO
d 25 50 75 100-125 150 175 200 225 250 275 300 325 350
! Agetka). _ _
[ S~
TS —e
4
8 2
— 0
< 2
Q |
5 4 . =7
5 -6 Southern Hemisphere deglaciation |
c -8 |
< 1o : F 32
, (b 34 8
| — -36
8.2 E s O
= Northern Hemispher: laciation F w©
ESOO—_ orthe emisphere deglaciatio =40 o
s Ac) E 4
S 280 = 3
O 260 = Eae 9
Q 3
£ 3 E .46
8240 = I |
220 - |
Oﬁzoo—: |
180 — [
© I L I I B B R Rl Rt RN AN RN R AR Al
0123456 7 8 9 10111213 14 15 16 17 18 19

Age (ka BP)
Figure 1.8. Upper panel shows the saw-tooth shape of the glacial-interglacial cycles over the last 350 ky.
(a) LR04 80 (Lisiecki and Raymo, 2005), (b) Antarctic temperature gradient with respect to present
temperatures (Jouzel et al., 2007), and (c) variations in the atmospheric CO, concentrations (Luthi et al.,
2008; Petit et al., 1999; Siegenthaler et al., 2005); the last two were measured in the EPICA Dome C ice
core over the last 350 ky. Bottom panel displays (a) the Antarctic AT, (b) 8'*0 measurements from the
North Greenland Ice Core Project (NGRIP), and (c) atmospheric CO, concentrations. Red and blue box
areas define the Heinrich Stadial 1 (H1 stadial), Belling-Allerad (B-A) and Younger Dryas (YD). The 8.2
ka event is also shown in the figure. Notice that when the Northern Hemisphere (NH) is in the H1 stadial
the Southern Hemisphere (SH) is gradually warmed. Then the NH warmed (B-A) and the SH warming
was stopped and then resumed when the NH entered into the YD stadial. This is known as the “bipolar

seesaw”’.
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Given the known sensitivity of the climate system to variations in pCO, concentrations
(Fig. 1.8), most of the theories that aim to explain the mechanisms that triggered the last
deglaciation have focused on understanding the processes that might have modulated
the concentrations of this GHG (e.g. Toggweiler, 2009; Anderson et al, 2010).
Similarities between pCO, variations and the pattern of the SH deglacial warming
(Figurel.3.1.1, bottom panel) have led to the notion that Southern Ocean processes
triggered most of the observed increases in pCO, concentrations across T1 (Barker et
al., 2009; Anderson et al, 2009; Skinner et al., 2010). However, the proposed
mechanisms to explain T1 (based on proxy data and models) are far more complex and
not only involve SH processes but also global oceanic-atmospheric teleconnections

and/or circulation changes (Anderson et al., 2010; Denton et al., 2010).

Before the last deglaciation began in the NH, i.e. during the LGM, the NH was covered
by the Laurentide Ice Sheet (LIS), the demise of which substantially contributed to the
~120 m drop of sea level observed during T1 (Clark et al., 2002). The great size of the
LIS at the end the LGM made it unstable (Raymo et al., 1980), such that during some
periods it collapsed and discharged icebergs into the North Atlantic. Evidence for the
collapse of the LIS is provided by increases in the Ice Rafted Dedritus (IRD) deposition
in sediments ~50°N, known as Heinrich events (Heinrich 1988). These Heinrich events
imposed pulses of fresh and cold water discharge to the North Atlantic. During the last
stadial HI increases of cold and fresh water discharge, together with sea ice melting
(Touconne et al., 2009) and surges (Liu et al., 2009), increased the sea level by 30 m
(Siddall et al., 2003), reduced the formation of the North Atlantic Deep Water (NADW;
McManus et al. 2004), and in turn diminished the heat transport from the tropics to the
NH. This allowed the accumulation of warm and salty conditions in the SH and it has
been evidenced in some temperature records in the Southern Ocean that also span the
Dansgaard—Oeschger oscillations (Barker et al., 2009). This response of the climate
system to the weakening of the Atlantic Meridional Overturning Circulation (AMOC)
has led to two plausible mechanisms to explained the observed changes in the SH, pCO,

and hence the T1.

First, it has been suggested that the accumulation of heat in the SH probably triggered
the melting of the Antarctic ice sheet during the last deglaciation, increasing the

ventilation of the Southern Ocean, and in turn reducing its capacity to store respired
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CO, at depth (section 1.2.3). The second mechanism involves atmospheric
teleconnections, which considers that cold conditions in the NH due to the presence of
the great LIS and concomitant discharge of cold and fresh water masses not only
weakened the AMOC but also increased the atmospheric temperature gradient between
the NH and the tropics. This pushed the Intertropical Convergence Zone (ITCZ) toward
the SH and in turn positioned the westerly wind belt closer to the ACC (Toggweiler et
al., 2006, Toggweiler, 2009) where the upwelling of deep water masses was intensified.
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Figure 1.9. Proposed mechanisms for the ocean response to the fresh and cold water pulses in the North
Atlantic during the Heinrich stadial, and possibly the Younger Dryas. Scenario A, in the left panel it is
schematically represented modern oceanic circulation patterns, in which heat is transported to the
Northern Hemisphere (NH) where deep waters are formed and flow southward to the Antarctic Ocean in
the ocean interior. In the hypothetical stadial case, the fresh water discharge imposed some stability to the
water column avoiding the formation of deep water masses, therefore diminishing the heat transport to the
NH. In turn, heat it is accumulated in the SH and allowing the melting of the Antarctic Ice Sheet,
strengthening Southern Ocean overturning circulation, the upwelling of deep water masses and then pCO,
concentrations. In scenario B the cooling in the NH pushed the Intertropical Convergence Zone (ITCZ)
southward and then the westerly wind belt also moved poleward, encouraging the upwelling of deep
water masses enriched with respired CO, to be in contact with the atmosphere. Figure from Anderson and

Carr 2009.

Lending support to the two mechanisms described above, Anderson et al., (2009) have
shown that opal accumulation rates in the Southern Ocean increased in tandem with the
observed pulses of enhanced pCO; concentrations in EPICA Dome C (Figure 1.3.1.1c
bottom panel), suggestive of an intensification of the upwelling around the Antarctic.
Further support to the concept of increasing ventilation in the Southern Ocean in

response to the collapse of the AMOC is provided by radiocarbon measurements in
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planktonic and benthic foraminifera from the Subantarctic Zone (Skinner et al., 2010).
Skinner et al., (2010) have provided evidence that the supply of old water masses
(~3000 yr old) from the Southern Ocean to Subantarctic Zone occurred in tandem with
increases in the upwelling around Antarctic (Anderson et al., 2009). The presence of
very old water masses at intermediate depths of the Eastern Pacific (Marchitto et al.,
2007; Stott et al., 2009) has been also attributed to the strengthening of the Southern
Hemisphere ventilation, which increased the supply of old water masses to the
thermocline that are then transported by the SAMW toward the Eastern Pacific
(Sarmiento et al., 2008). This interpretation has been highly questioned by other
radiocarbon and modelling studies (Rose et al., 2010, De Pol-Holz et al., 2010, Hain et
al., 2011), which have not found such old water masses in the Southern Ocean Pacific
pathway of the SAMW. On the other hand, planktonic foraminiferal 8'°C measurements
in a core site located in the Eastern Equatorial Pacific (EEP) suggest the presence of
very light 8"°C water masses in the subsurface and surface (Pena et al., 2008) water
column during T1, which has been interpreted as an increased in the Southern Ocean
water mass supply to intermediate water masses in the Pacific Ocean (Spero and Lea,
2000). Color reflectance analyses in sediment cores retrieved from the Cariaco Basin
offshore Venezuela have been used as a proxy to track past changes in the position of
the ITCZ (Haug et al., 2001; Peterson et al., 2002). This record clearly shows evidence
of the response of the ITCZ to millennial scale variations in the NH, in that cold (warm)
NH events are accompanied by a southward (northward) shift of the ITCZ, providing
support to the atmospheric teleconnection mechanism (7Toggweiler, 2009) to explain

upwelling changes around Antarctica during T1 (Anderson et al., 2009).

The ocean circulation response in the Pacific Ocean to the collapse of the AMOC, as
well as its role during the deglaciation, is not well understood yet. Modelling studies
have suggested that the Pacific Overturning Circulation was strengthened when deep
water formation was stopped in the North Atlantic (Saenko et al., 2004, Timmerman et
al., 2005; Okazaki et al., 2010), i.e. Pacific Ocean warmed when the North Atlantic
cooled (“Atlantic-Pacific seesaw”). On the other hand, other studies suggest that
changes in the North Atlantic and North Pacific were rather aligned (Okumura et al.,
2009, Chikamoto et al., 2012; Mix et al., 2012). Radiocarbon studies do not provide
much help to solve the conundrum since it features the presence of young water masses

in the Northwest Pacific (Sagawa and Ikehara, 2008, Okazaki et al., 2005, Okazaki et
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al., 2010) while very old water masses occur in the eastern counterpart (Marchitto et al.,
2007, Stott et al., 2009). Temperature reconstructions in the equatorial and North
Pacific are very sparse and depending on the approach they can result misleading.
Overall, most of the temperature reconstructions based on the alkenone proxy show
deglaciation patterns that resemble the NH warming (Kienast and McKay, 2001, Pisias
et al., 2001; Herbert et al., 2001; Seki et al., 2002; Barron et al., 2003; Yamamoto et
al., 2007), whereas temperature reconstruction based on the Mg/Ca proxies show more
gradual warming development (Lea et al., 2000, Koutavas et al., 2002, Rosenthal et al.,
2003; Benway et al., 2006, Pena et al., 2008, Marchitto et al., 2010), although with
some exceptions (McClymont et al, 2012). This led to the idea that seasonality
differences between signal carriers affect the temperature reconstructions therefore
making difficult their comparison (Kiefer and Kennet et al., 2005; Hendy et al., 2010)
and then restricting the information that they can collectively provide to improve our
knowledge on the Pacific hydrological changes across T1. Available reconstructions of
8804w are more consistent in the ocean basin, with oscillation patterns that follow NH
deglaciation, i.e. cold (warm) events are characterized by increases in surface salinity in
the Pacific Ocean especially in latitudes between 0°N and 8°N (Rosenthal et al., 2003;
Benway et al., 2006, Pena et al., 2008, Leduc et al; 2007, Mohatadi et al., 2010). These
changes have been attributed to variations in the position of the ITCZ and to the reduced
transport of moisture from the Atlantic to the Pacific in the eastern part of the basin
(Leduc et al., 2007), as well as to changes in the characteristics of the thermocline
waters that are outcropping in the EEP (Pena et al., 2008). However, more complex
mechanisms that involve the Choco jet atmospheric current have been also proposed
(Prangue et al., 2010). El Nifio- and La Nifa-like conditions have been also called upon
as analogs to explain hydrographical changes (temperature and salinity changes) in the
Pacific Ocean during the LGM and T1 (Lea et al., 2000; Koutavas et al., 2002, Pena et
al., 2008). However, a recent study has argued that the use of El Nifio or La Nifia as an
analogue to explain the changes observed in the Pacific Ocean is insuficient, and that
other processes and feedbacks (that are not related to the modern ocean) might have
been activated in the Pacific during deglaciation (McClymont et al., 2012). Difficulties
in reconciling the observed changes in temperature, salinity and 8'*C during T1 in the
Eastern Pacific, and in the North Pacific in general, demand the urgent increase of

paleo-temperature and salinity reconstructions in the area.
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1.3.2. North-East (NE) Pacific Ocean and its ocean-atmosphere teleconnections

The Pacific Ocean is the largest ocean basin in the earth and it is connected to remote
regions of the globe via atmospheric teleconnection (such as ENSO, Altlantic-Pacific
moisture bridge, ITCZ position; Alexander et al., 2002; Yuan 2004) and oceanic
circulation (e.g. with the Southern Ocean throughout the SAMW formation and
advection processes; Spero and Lea, 2002; Liu and Yang, 2003) allowing the climatic
signal transference between ocean basins. The best-known atmospheric teleconnection
of the Pacific Ocean is ENSO (2-7 years oscillation). During El Nifio events, the trade
winds weaken, allowing warm waters from the Western Equatorial Pacific (WEP) to
flow toward the EEP. This Pacific Ocean configuration shifts rainfall patterns from west
to east, deepens the thermocline and decreases primary productivity along the western
margins of the American continents (Cane, 2005), having important implications for
both the local and global climate via ocean-atmosphere teleconnections, as well as
human health and economy of the affected areas (e.g. Grimm, 2002; Kovats et al., 2003;
Brénnimann, 2007). Beyond the eastern Pacific, an El Nifio event has also implication
the Asian (decreases) and American (increases) Monsoon due to its effect in the
position of the ITCZ (southward; Deser and Wallace 1990). Overall the ITCZ position
highly influences the annual hydrological cycle in the tropical areas of the globe, so its
Equatoward/Northward further migration during El Nifio/La Nifa events clearly
modifies the precipitation patterns in those areas (e.g. Koutavas and Lynch-Stieglitz
2005). The Pacific Decadal Oscillation has similar characteristics than an El Nifio
anomaly in the Pacific Ocean, but it is mainly restricted to the North Pacific. In addition

El Nifio only last 6 to 10 months while the PDO and 20-30 years (Desert et al., 2004).

Surface oceanic circulation patterns of the Pacific Ocean are shown in Figure 1.3.2.1. It
features two main tropical gyre circulation patterns that flow clockwise in the NH and
anticlockwise in the SH due to the Coriolis Effect. The gyre located north of the equator
is formed by the Kuroshio current, Oyashio current, California Current (CC) and North
Equatorial Current (NEC), from west to east across the gyre. In the south, the gyre is
formed by the Peruvian Current, South Equatorial Current (SEC), East Australian
Current and ACC, from east to west in the direction of the gyre. In the Northern Pacific
the Alaska Current, Kamchatka Current and Oyashio Current form a third gyre that
flows opposite to the North Pacific gyre.
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Salinity (psu)

Figure 1.10. Surface salinity and schematic view of the main circulation patterns in the Pacific Ocean.
North Equatorial Current (NEC), North Equatorial Countercurrent (NECC), South Equatorial
Countercurrent (SEC), Antarctic Circumpolar Current (ACC), South Californian Countercurrent (SCC, in

blue) and California Current (CC, in red).

In the vicinity of the equator, the Equatorial Countercurrent (ECC) flows eastward and
then northward feeding the Southern California Countercurrent (SCC) that moves
poleward and supplies warm and salty waters to the northwest coast of Northern
America, especially during winter and fall (Lynn and Simpson, 1987). It is one of the
currents that constitute the California Current System (CCS), which is one of the
biggest upwelling areas of the ocean. The California Current (CC) is a fresh, cold, high
nutrients and oxygen contents water mass, which flows equatorward in the eastern
boundary of the North Pacific Gyre (Lynn et al., 1982). It is especially intensified
during boreal spring and summer when the North Pacific High (NPH) is also intensified
and the Aleutian Low is weakened (Figurel.3.2.1). During winter and fall seasons the
opposite situation develops, i.e. NPH weakens and the Aleutian Low intensifies, the
SCC is intensified and the CC is relatively weakened. The third component of the CCS
is the California Undercurrent (CU). The CU flows beneath the SCC and it transports
warm, salty and high nutrients and low content of oxygen (probably fed by the
Equatorial Undercurrent (EUC), SAMW and AAIW) water masses to the pole
(Figurel.3.2.2).
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Figure 1.11. Latitudinal salinity transects profile of the North Equatorial Pacific showing deep water
masses of the California Current System. Antarctic Intermediate Water (AAIW), Equatorial Intermediate
Water (EqIW), North Pacific Intermediate Water (NPIW), Equatorial Undercurrent (EUC), Californian
Undercurrent (CU), California Current (CC). Figure modified from Basak et al., 2010.

Besides the interplay between the CC and the SCC during intensification or weakening
of the NPH, the CCS is highly susceptible to ENSO variations. El Nifio events are
characterized by warming, salinity increases, upwelling decreases and thermal
expansion in the CCS due to the intensification of the SCC and EUC (Durazo and
Baumgartner 2002). The susceptibility of the CCS to different oceanic and atmospheric
processes makes it appealing for paleoceanographic studies that on one hand attempt to
understand the response of El Nifio/La Nifia events to changes in the background
environment (e.g. global warming during T1). Secondly, they aim to understand the role
of the North Pacific Ocean in glacial-interglacial timescale as well as the development
and/or intensification of atmospheric-oceanic teleconnections with other ocean basins

during key climatic changes.

1.4 Objectives and outlines

Understanding the causes of the natural variability of the climate system, and internal
feedbacks involved, is of special interest today due to the well-known sensitivity of the
climate to atmospheric CO; and the constant release of this gas to the atmosphere. A
better knowledge of the long-term trends of the climate can be only achieved through
paleoceanographic/paleoclimatic studies. In this sense, the main objective of this thesis
is to understand past surface ocean hydrographical changes and their influence on the

climate system by means of a set of temperature and salinity change reconstructions
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based on the well-established planktonic foraminiferal Mg/Ca and 80 proxies,
respectively.
The specific objectives are:

* Understanding upper Southern Ocean hydrographical changes across the
Middle-Pleistocene Transition (MPT; 1250-700 ka) and their effect on the
exchange of carbon (C) between the deep ocean and the atmosphere during this
key climatic transition (chapter 3).

* Evaluating changes in the physical structure of the Subantarctic Zone water
column as a consequence of the northward expansion of the Antarctic Polar
Frontal system at the onset of the MPT, and its effect on the utilization of sharp
increases in micro-nutrient availability at 1250 ka (chapter 4).

* Understanding temperature and salinity changes in the North-East Pacific Ocean
during periods of enhanced freshwater inputs in the North Atlantic and
weakening of the Atlantic Meridional Overturning Circulation between 19 to 3

ka BP, the Termination I-early Holocene (chapter 5).
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CHAPTER 2

Analytical Methodologies

2.1. Proxies background

2.1.1. Mg/Ca ratio in planktonic foraminifera: a sea surface temperature proxy

As a result of the similar ionic radius and charge of Mg"* and Ca™* ions, Mg can
substitute for Ca™ during calcite precipitation. In planktonic foraminifera, this
incorporation is influenced by the temperature of the water in which the foraminiferal
calcite precipitates. Namely, the Mg/Ca ratios of foraminiferal shells increase as the
temperature of sea water in which they calcify increases (e.g., Lea et al., 1999; Anand,

et al., 2003; Barker et al., 2005).

Several studies have demonstrated that the relationship between temperature and
planktonic foraminiferal Mg/Ca ratio is exponential (equation 1) and species-specific
(e.g., Mashiotta, et al. 1999; Elderfield and Ganssen. 2000; Regenberg, et al. 2009),
although in some cases multispecies calibration can also yield good results (e.g. 49

Elderfield,H. 2000; Fig 2.1.1) .

Mg/Ca (mmol mol™) = b* ! (1)

where b is the pre-exponential constant, a the exponential constant (consistently found
to be around 0.09-0.1 which reflects a temperature sensitivity in Mg/Ca of ~10% per

1°C increase in temperature), and T the calcification temperature.

There are different advantages of this proxy over other temperature proxies:

1)  Mg/Ca and oxygen isotope (5'°O.) measurements can be carried out on the exact
same signal carrier (i.e., foraminiferal calcite), which precipitated under the exact
same environmental conditions (depth habitat, season, etc.). Paired Mg/Ca and
880, measurements allow reconstruction of past oxygen isotopic composition of

sea water (8'Oyy) (Lea et al., 1999; Mashiotta et al.,1999; Karas et al., 2009).
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2)  The residence times of Mg*" and Ca®" are both relatively long. The Mg/Ca ratios
in seawater can be considered constant throughout the last ~2000 ka (Medina-
Elizalde et al., 2008), thereby enabling seawater temperature reconstructions
throughout the Quaternary;

3) It allows reconstructions of vertical water column temperature gradients, as
different foraminiferal species dwell in different depths of the upper ocean (e.g.

(Steph et al., 2009; Steinke et al., 2010).

R

Figure 2.1. Typical Mg/Ca-temperature calibration (taken from Elderfield and Ganssen, 2000). It shows
a multispecies calibration as well as the species specific influence on the pre-exponential which can be

attributed to vital effects.

Although there are many advantages in using foraminiferal Mg/Ca measurements to
estimate past ocean temperatures, there are some aspects that must be carefully taken
into consideration while interpreting the data. Here we discuss the most relevant issues
that can affect this widely-employed proxy, focusing respectively on: (1) specimen
selection and sample preparation; (2) Mg/Ca to temperature conversion; and (3) data

interpretation.

2.1.1.1 Specimens selection and sample preparation
- Foraminiferal species and morphotypes
As pointed out above, foraminiferal species have different depth habitats depending on

their ecological preferences (salinity, temperature, nutrient availability, etc.) (e.g.
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(Anand et al, 2003; Regenberg et al., 2009). Consequently, the temperature
reconstructed using specific foraminifera species is an integrated temperature signal of
the depth range (and season) in which that particular species grew and calcified.
Accordingly, species selection should be done with great care according to the specific

goal of the study.

Morphotypes of the same species can also show different preferences in terms of depth
habitat. For instance, different morphotypes of Globogirenoides ruber (white) calcify at
different depths (Wang, 2000, Steinke et al, 2005). Similar to G. ruber,
Neogloboquadrina pachyderma morphotypes also show different ecological preferences
depending on the coiling direction, such that the left coiling morphotype prefers colder
environments than the right coiling one, to the extent that the latter morphotype, in
some studies, has been ranked as a different species, Neogloboquadrina incompta

(Darling et al., 2006).

- Size fraction and foraminifera preservation
Elderfield et al., (2002) have shown that in most of the planktonic foraminiferal species,
higher Mg/Ca ratios are found when the size of the shell increases. Therefore, ideally
foraminifera should be picked from a size fraction window as narrow as possible in
order to minimize size-related biases. Furthermore, the picked foraminifera should
appear well-preserved under the light microscope to avoid that partially dissolved

specimens are measured.

- Cleaning protocol (reductive vs. non-reductive step)
Generally speaking, two different cleaning protocols can be used to clean the samples
prior to analysis. They are extremely similar to one another with the exception of one
step, which can be added or not depending on the bottom/pore-water chemistry of the
study area. Under suboxic conditions, Manganese Oxides (MnQO;) can be reduced to
Mn*". This Mn*" can diffuse upward in the sediment where can be re-oxidized to form
again MnQO, or it can move downward to precipitate as Mn-Ca-Mg and/or Fe-Mn
(ferromanganese) coatings on the foraminiferal shells (K/inkhammer, 1980; Pedersen
and Price 1982; Thomson et al., 1986). The aim of including this so-called reductive
step is to remove those coatings, which can be enriched with Mg, thereby increasing the

foraminiferal Mg/Ca ratio and positively biasing temperatures values derived from them
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(Boyle, 1983; Pena et al., 2005). On the other hand, the inclusion of this step in the
cleaning protocol can cause foraminiferal dissolution, removing up to 8-10% of the
original Mg/Ca in the shells and providing anomalously low temperatures values (Pena

et al., 2005; Barker et al., 2003)

2.1.1.2. Mg/Ca ratios convertion
There are three approaches to determine the Mg/Ca—calcification temperature
relationships in the foraminiferal calcite: a) culture experiments (e.g. Lea et al., 1999;
Niirnberg et al., 1996); b) sediment-trap and water-column studies (e.g., Anand et al.,
2003; Martinez-Boti et al., 2011); and c) core-top studies (e.g., Elderfield and Ganssen,
2000). Advantages and disadvantages of the different calibrations are summarized in
table 1 (summarized from Barker et al., 2005; Lea, 2003; Mortyn and Martinez-Boti.
2007). It has been demonstrated that results attained by using the 3 approaches are

overall in good agreement.

2.1.1.3. Data interpretation

- Dissolution
During transit to the sea floor, foraminifers undergo different processes that can affect
the Mg/Ca ratio of their shells. One of these processes is dissolution, which
preferentially removes Mg-enriched calcite from the shells and thus lowers their Mg/Ca
ratio (lower temperature; Lea et al., 1999; Dekens et al., 2002). Different studies have
focused on developing a correction that accounts for the dissolution effect in
foraminifera (Dekens et al., 2002, Rosenthal and Lohmann, 2002; Sadekov et al., 2010),

but a conclusive approach has yet to be provided.

- Salinity
It has been shown that the uptake of Mg/Ca in planktonic foraminifera can increase
when seawater salinity increases above 35 psu. Although this effect on Mg/Ca uptake in
foraminifera is not yet fully understood, it should be considered when this proxy is
applied in sites located in areas characterized by high salinity gradients, such as the
Mediterranean Sea (Hoogakker et al., 2009, Boussetta et al., 2011; van Raden et al.,
2011).

34



Chapter 2: Analytical Methodologies

- Digenetic overprint
Recent work from similar environments (Boussetta et al., 2011; van Raden et al., 2011)
has revealed another potentially complicating factor, which is the diagenetic Mg-rich
calcite “overprints” to positively bias Mg/Ca ratios. In the Mediterranean Sea, this
effect has been revealed beyond a salinity-related Mg/Ca increase to explain
exceptionally high values in this region. This lends particular caution to the use of the
planktonic foraminiferal Mg/Ca proxy in other regions characterized by restricted
circulation, high evaporation, and comparable potential for carbonate overgrowth

phases related to diagenesis in sediments.

Table 2.1. Advantages and disadvantages of the different calibration approach.

Approach Advantages Disadvantage
Culture (i) only a limited number of
experiments A full suite of environmental factors Species (and specimens) can be studied,

(e.g., Temperature, salinity, nutrients,
light, pH) affecting Mg uptake can be
constrained during

the experiment

(ii) foraminiferal reproduction cannot
be always achieved under laboratory
conditions, and (iii) laboratory
conditions may not realistically
reproduce the natural environment
sufficiently to ensure natural chamber

growth

Sediment traps

Season , temperature, and salinity
conditions in which foraminifera calcify
can be known, so direct comparison
between the geochemical signal
and the in-situ instrumental data is

possible

(i) Relatively small amount of
foraminifera for analyses, (ii) sample
has not gone throughout gametogenic

and sedimentary processes, (iii) life

cycle stage is not known

Core-tops

Integrates all the processes that take
place from the initial
foraminiferal chamber formation to
residence at the sea floor

(e.g., gametogenic calcite)

Complications in
calibrating the results may arise if the
samples used have

undergone post-depositional alteration

35




Chapter 2: Analytical Methodologies

2.1.2. Oxygen stable isotope (8:0O) composition of planktonic foraminifera: a

combined temperature and salinity signal.

2.1.2.1. Sea water 6O composition
Oxygen is present in the nature in the form of three different stable isotopes: '°0, "0,
and 18O, which relative abundances are 99.76%, 0.037%, and 0.19% respectively. Due
to their higher abundances compared to '’O (which is known as cumpled isotopes) the
0 and 'O isotopes are the most common forms used in geology. However, the
abundance of the '*O isotope is still relatively too small to be accurate measured when
using the available analytical techniques. To overcome this limitation, the isotopic
composition of a given unknown sample (S) is measured against an external standard
(std) with a known isotopic composition (crf. Rohling and Cooke, 1999). This approach

is defined as 0 (equation 2), and it is reported in parts per thousand (%o):

The standard normally use for measuring seawater isotopes composition is Vienna
Standard Mean Ocean Water (VSMOW). Processes that influence the partitioning of the
oxygen isotopes in seawater (0"Osw) can be divided in two: those that affect the local

0*Osw and those that globally modify it.

Locally, the 0"Osw is highly sensitive to evaporation and precipitation processes
(hydrological cycle), ice melting and runoff (e.g. Craig and Gordon, 1965, Rohling and
Cook 1999). As shown in Figure 2.2., evaporation processes remove the lighter isotope
("°O) preferentially from the seawater while precipitation allows the preferential
condensation of the heaviest isotope ('*O; e.g. Dansgaard, 1964). This process highly

accounts for the local distribution of 6#Ogw in low latitudes (Figure 2. 2).

Globally the d*Ogw is influenced by the latitudinal transport of water vapour and ice
volume size (crf. Rohling and Cooke, 1999). Dictated by the Rayleigh distillation
(Garlick, 1974) the oxygen isotope composition of the sea ice is enriched in '°O with
respect to '*O (that is, lighter 8"Osy ) during glacial periods, leaving the ocean 8" Ogw

values relatively heavier during cold stages. Accordingly, during vapour transport
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toward high latitudes, the 8Osy of the transported water mass (already depleted in '*0)
becomes lighter as precipitation processes take place (e.g. Dansgaard, 1964; Fig.2.2).
Then, the isotopic composition of the condensed water masses that build up ice in high
latitudes is substantially enriched in “O. To complete the cycle, depleted *O water
masses which form ice, return to the ocean via ice melting and runoff decreasing the
0"Ogw of the surrounding water masses in high latitudes (crf. Rohling and Cooke,
1999). Moreover, the build up of ice in high latitudes reduces the sea level, which
further modifies the global mean &+Ogy. It is generally accepted that per metre of sea-
level lowering the 8*Osw change ~0.008%o in Atlantic deep-sea (Adkins et al., 2002).
Different studies have modelled ice volume contribution to global 8O gsw across long
time scales ( (e.g. Bintanja et al., 2005, Stanford et al., 2011) suggesting similar

relations in glacial-interglacial timescales.

Rayleigh distillation
l Precipitation ‘ l
predominantly equilibrium Precipitation
effects equiibnum and
kinatic (snow formation)
effects
Evaporation |
equilibnum and
Knetic effects lca )
1 _ lcaberg calving
1 e — —
ennichment -

deplebon from r-nemn_q

Storage effects i’ "O: cause "0 ennchment throughout oceans

Figure 2.2. Schematic presentation of the processes that produce the fractionation of oxygen isotopic in

the ocean (from Rohling and Cooke, 1999).
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580 (%)
Figure 2.3. Global 8"Osy distribution (LeGrande and Schmidt, 2006)

2.1.2.2. Planktonic foraminifera 8O composition
The 6O composition in planktonic foraminifera’s calcite (8*O¢) is known to be
influenced by the temperature (T; Uray, 1947) and the 0*Osw where it is calcified
(Emiliani, 1955, Epstein et al., 1953). This relationship can be expressed by the
quadratic equation (3) although the used of the linear component (4) seems to yield also

good results (Bemis, 1998).

T(°C) = a -b*(8"0c-8"Osw)+c*(8"0c-8"Osw)”  (3)

T(°C) = a -b*(8"Oc-0"Osw) “)

where a is the temperature when 6+O¢ equals 0Osw; and b is the slope of the equation.
The inverse of the slope (1/b) correspond to the rate of 6*O (in %o) change per 1°C
increase or decrease in temperature. Overall, experiments have shown that 6*O¢ change

~0.27%o per 1°C (e.g. Kim and O Neil, 1997).

The 8"Oc is referred to the Pee Dee Belemnite (PDB) which has 6*O=0 by definition
(Epstein et al, 1953). The most commonly used standards are provided by the
International Atomic Energy Agency (IAEA); e.g.: IAEA-CO-1 with a 8O of -2.4 +0.1
%o PDB, and the NBS19 with a 6:O of -2.2+0.1%0 PDB. In order to transform PDB to

SMOW and vice versa, we use the equation (5).
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6‘*Osw = 61“0(; +0.27 (5)

Eipstein et al., 1953 was the first to propose a paleotemperature equation to be used in
paleoclimate reconstructions based on mollusk shell, which was further refined in Craig,
1995 and in other studies that used inorganic calcite precipitation (O Neil et al., 1969),
and culture experiments (e.g. Erez and Luz 1983; Bemis et al., 2000; Spero et al.,
2000). The first assumption made in the paleotemperature equations (3 and 4) is that
planktonic foraminfera calcify in equilibrium with the 8*Osw of the water mass.
However, comparisons between planktonic foraminiferal based equations with
inorganic calcite experiments have shown that 8*Oc is offset from the equilibrium value
of the seawater in which the planktonic foraminifera calcify (Duplessy 1970). This is
known as “vital effect” and many efforts have been made to develop species specific
paleotemperature equations that account for the this (e.g. Farmer et al., 2007, Mulitza et

al., 2004, von Langen et al., 2000, Kim and O’Neil 1997; Shackleton et al., 1974).

As the Mg/Ca-based temperature proxy inferred from planktonic foraminifera (Section
2.1), the 6=O 1is also biased by processes in the water column and during the transit of
the shells to the seafloor that can modify their composition (e.g. Bemis 1998, Spero et
al., 1997; Spero and Lea 1996 and 1993). Among all, the dissolution effect seems to
have the most important effect since it removes preferentially the lighter isotope from
the shell, positively biasing the 6*O¢ composition (Dekens et al., 2002). For instance, it
has been quantified that per km deepening the 8'%0 ¢ increases by ~0.2%0 (Wu and
Berger, 1989, Dekens et al., 2002) in areas that are known to be extremely affected by

dissolution.

2.1.2.3. Deconvolving 08+Ogw records using paired Mg/Ca-0Oc
measurements in planktonic foraminifera: paleosalinity reconstruction.
Reconstructing past changes in ocean salinity is of as much importance as
reconstructing past ocean temperatures for the paleoclimate community because of the
known influence of both variables in ocean circulation. Due to the control of the
hydrological cycle on the local partitioning of the 8*Ogw where planktonic foraminifera
calcifies (section 2.1.2.1), the 6#Osw is linearly correlated to local changes in salinity

(Fig. 2. 4; LeGrande and Schmidt, 2006).
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Since there are not yet proxies for reconstructing past ocean salinity changes, the
relationship between 8Osy and salinity has become a powerful tool for understanding

past variations of this oceanic feature (e.g. Mashiotta et al., 1999; Lea, 2003; Lea et al.,

2002).

5180 %e dd /dS = 0.60
15 - dp = ~21%e i
s North Atlantic mixing~"
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,/" -
12N 4sw 34N 1ow L7 @ aow” A
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Fig. 2.1.4. 8Osy and seawater salinity relation in the Atlantic surface and deep water masses. de and dp

refer to the isotopic composition of evaporating vapour and precipitation (Craig and Gordon, 1965)

Paired Mg/Ca-8*O¢ measurements in planktonic foraminifera are the best candidate to
be used when deconvolving 8:Ogsw from equations 3-4. First, because it allows
generating temperature and 6+Oc profiles from the exact same phase and water masses
(Lea, 2003), which reduces uncertainties of the 8 Osw record. Second, because
multispecies Mg/Ca-8*O¢ measurements (using planktonic foraminifera with different
depth habitats preferences) can be used to generate downward temperature and 8*Ogsw
profiles. This allows the understanding of water column physical variations during a
given period (e.g. Regenberg et al., 2009; Karas et al., 2009; Steinke et al., 2010; Steph
et al., 20006, Steph et al., 2009). Nonetheless, some paleoceanography studies have used

alkenone-based sea surface temperature (SST) reconstructions to remove the
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temperature component from equations 3-4 with fairly sensible results (Leduc et al.,

2007, Sepulcre et al., 2010).

In order to better constrained past changes in local 8*Ogsw, a correction that account for
the ice volume contribution to global 8O gw changes should be done. Recently, models
(Bintanja et al., 2005; Stanford et al., 2011) and proxy data (Sosdian and Rosenthal,
2009, Elderfield et al., 2012) studies have made available records that allow to correct
for this. In this sense, although ice volume corrected & Osw (0*Osw.1vc) reconstructions
are still far from being accurate; they provide a powerful tool to infer past changes in

ocean salinity.

2.2. Analytical methods and sample preparation

2.2.1. Mg/Ca measurements and sample preparation

All the samples analyzed for Mg/Ca in the next chapters underwent analytical and
cleaning procedures describe in this section. After picking specie specific planktonic
foraminfera (which were carefully selected depending on the study’s aim), samples
were gently crushed between methanol-cleaned glass microscope slides to break open
individual chambers. Afterwards, samples were treated chemically, modifying slightly
the cleaning procedures proposed by (Barker et al., 2003). Foraminiferal samples
underwent ultra-purified water (milli-Q water) and methanol rinses to remove clay.
Then they were cleaned reductively (using anhydrous hydrazine; Boyle 1983) to remove
Fe-Mn oxide coatings and oxidatively (using H,O,) to remove the organic matter. Prior
to dissolution, samples were leached once with 0.001 M HNOs to remove any adsorbed

contaminants (Barker et al., 2003).

Cleaned samples were dissolved in 1% HNOs. An aliquot of the samples was analysed
using an Inductively Coupled Plasma — Mass Spectrometer (ICP-MS, Agilent model
7500ce) to provide a preliminary calcium [Ca®’] determination. The remaining solutions
were diluted to 40 ppm [Ca’"] and then injected into the ICP-MS to obtain [Ca®],
magnesium [Mg”], and other trace metal concentrations (de Villiers et al., 2002; Yu et
al., 2005). Analytical precision was monitored calculating the relative standard
deviation of two in-house standard solutions analysed after 5 samples, containing

Mg/Ca = 2.58 and Mg/Ca= 7.73 mmol mol” at a [Ca*"] of 40 ppm. The relative
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standard deviation was on average 1.3% (N=158). A commonly used limestone standard
(ECRM752-1) with a specified Mg/Ca of 3.75 mmol mol™ (Greaves et al., 2008) was
also analyzed, yielding values of 3.70+0.9 mmol mol™. Samples with Al/Ca and Mn/Ca
above the commonly used thresholds (Boyle, 1983, Barker et al., 2003; Ferguson et al.,
2008) were repeated.

An error propagation exercise was carried out for each temperature record generated in
the next chapters. It was calculated as follow; the square root of the sum of the second
potency of all the errors involved in the Mg/Ca-based temperature records (analytical

error, calibration error, and natural variability).

2.2.2. 0*O ¢ measurements and sample preparation

Prior to analyses, all the samples were prepared and cleaned following the same
procedure. After isolating species specific foraminiferal species, they were crushed,
cleaned with methanol, and ultrasonicated for approximately 10 seconds. Then,

measurements were performed in two different laboratories.

Cardiff University mass spectrometer

Samples from the ODP Site 190 were analyzed using a Thermofinnigan MAT-252 mass
spectrometer coupled online to an automated carbonate sample preparation device.
External reproducibility (10) of carbonate standards was better than +0.08%o for 8'*0.
Isotope values were calibrated to the Vienna Peedee Belemnite scale (VPDB) with the

NBS-19 carbonate standard.

Autonomous University of Barcelona mass spectrometer

Samples from core MDO02-2505 were analyzed using a Thermofinnigan MAT-253 mass
spectrometer coupled to a Kiel IV device for carbonate sample preparation. External
reproducibility (1o) of carbonate standards was better than +0.08%o for 5'%0. Isotope
values were calibrated to the Vienna Peedee Belemnite scale (VPDB) with the NBS-19
and IAEA-CO-1 carbonate standard.
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Abstract

Changes in Southern Ocean hydrography may have played an important role in the
Middle Pleistocene Transition (MPT), particularly through their impact on ocean
circulation and atmospheric CO, concentrations. Here we present foraminiferal Mg/Ca
and 8'%0 results for the subsurface dwelling planktonic foraminifer Neogloboquadrina
pachyderma (sinistral) at the Ocean Drilling Program (ODP) Site 1090. Results are used
to reconstruct upper ocean temperatures and derive seawater 880 in the Subantarctic
Atlantic Ocean during the MPT. The new records indicate that, starting at ~1250 ka,
glacial temperatures and local (ice volume corrected) seawater 5'°O in the upper water
column of the Subantarctic Atlantic Ocean decreased, pointing to cooler (~2°C) and
fresher (~0.4%o) conditions than in the preceding glacial stages. These upper ocean
hydrographic changes broadly coincide with the increase in the power of the 100 ky
glacial-interglacial cycle in both records and with a shift towards decreased deep
ventilation in the glacial Southern Ocean. Our finding suggests that an increase in
Southern Ocean stratification, driven by the observed freshening of the upper water
column, may have reduced the exchange of carbon between the deep Southern Ocean
and the atmosphere during glacial stages. This process may have contributed, in
combination with other mechanisms, to lower glacial atmospheric CO, concentrations

during the MPT.
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3.1. Introduction

During the Middle Pleistocene Transition (MPT), between 1250 and 700 ka (Clark et
al., 2006), the periodicity of the glacial-interglacial cycles changed from 41 ky to a less
frequent, more intense and asymmetric 100 ky rhythm (e.g., Park and Maasch, 1993;
Mudelsee and Schulz, 1997; Schmieder et al., 2000; Clark et al., 2006). This
fundamental climate reorganization apparently occurred in the absence of any
considerable change in orbital forcing, leading to the concept that the MPT involved a
change of the climate system’s internal feedbacks (Clark et al., 2006), which has yet to

be conclusively addressed.

Some of the hypotheses to explain the MPT invoke a decrease in atmospheric carbon
dioxide concentrations (pPCQO;) as the driving mechanism (Raymo et al., 1997; Paillard,
1998; Berger et al., 1999; van de Wal and Bintanja, 2009; Martinez-Garcia et al., 2011).
Currently available reconstructions indicate that glacial pCO, decreased by ~30 ppmv
during the MPT, while interglacial pCO; levels remained relatively unchanged (Honisch
et al., 2009). A ~30 ppmv shift to lower glacial pCO, levels, likely in combination with
other climate feedbacks (Clark et al., 2006), may have played an important role in the
climate changes observed across the MPT, given the potentially higher climate
sensitivity to pCO; for a glacial world compared to the present-day (van de Wal and

Bintanja, 2009).

The Southern Ocean has been proposed as one of the key regions of the global ocean in
modulating pCO, variations on glacial-interglacial timescales (Sigman and Boyle, 2000;
Sigman et al.,, 2010 and references therein). In the modern Southern Ocean the
efficiency of the biological pump to sequester carbon is limited by the scarcity of micro-
nutrients, e.g., iron (Fe). Accordingly, an increase in Fe supply by aeolian dust during
glacial intervals would stimulate marine export production and enhance major nutrient
consumption, contributing to the storage of respired CO; in the deep ocean (Martin,
1990). The increased export production in the Subantarctic Zone during glacials was
closely coupled to changes in aeolian Fe supply (Kumar et al., 1995; Kohfeld et al.,
2005; Martinez-Garcia et al., 2009). However, modeling studies and paleoceanographic

data suggest that Fe fertilization of the Subantarctic Zone can explain only a fraction of
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the complete glacial-interglacial pCO, fluctuations of the Late Pleistocene, and hence
other mechanisms are required to explain the full amplitude of pCO, (90-100 ppmv)
shifts (Watson et al., 2000; Kohfeld et al., 2005; Martinez-Garcia et al., 2009) that are
observed in the Antarctic ice cores (e.g. Liithi et al., 2008).

The storage of respired CO, at depth in the polar Southern Ocean may be another
important mechanism to sequester carbon in the deep ocean during glacial times
(Toggweiler, et al., 1999). This process may have been modulated by changes in the
position of the westerly wind belt (Toggweiler et al., 2006), in the surface ocean
stratification (Francois et al., 1997; Toggweiler, 1999), and in the latitudinal extension
and temporal duration of the Antarctic sea-ice cover (Stephens and Keeling, 2000;
Keeling and Stephens, 2001; Archer et al., 2003). Indeed, Antarctic sea-ice cover,
westerly winds changes, and stratification of the Southern Ocean have been proposed as
key factors to reduce the pCO,, by physically inhibiting the CO, outgassing and by
decreasing the vertical mixing of the water column in the Southern Ocean, respectively
(Francois et al., 1997; Toggweiler, 1999; Stephens and Keeling, 2000; Sigman et al.,
2004).

Various studies have provided evidence of major changes in deep water circulation
roughly coincident with the onset of the MPT (Schmieder et al., 2000; Hall et al., 2001;
Venz and Hodell, 2002; Hodell and Venz-Curtis, 2006) that might reflect an increase in
water column stratification in the Southern Ocean (Hodell and Venz-Curtis, 2006). The
enhanced sensitivity of the ocean density to salinity changes during glacial stages
(Adkins et al., 2002; de Boer et al., 2008) implies that reconstructions of this physical
property of ocean waters in the Southern Ocean are instrumental to accurately assess the
impact of surface ocean hydrographic changes on ocean circulation and carbon storage.
Indeed, upper ocean stratification in the Subantarctic Zone is a fundamental feature to
be addressed in order to provide a causal mechanism for both deep Southern Ocean
ventilation (Hodell and Venz-Curtis, 2006) and pCO, decreases (Honisch et al., 2009) at

the onset of the MPT and for the glacial stages across the transition and beyond.

Here we report continuous and highly resolved reconstructions of the upper ocean

temperature and ice volume corrected oxygen isotope composition of ocean
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water (81805W_Ivc) from the South Atlantic sector of the Southern Ocean (ODP Site
1090) spanning the entire MPT (1800-580 ka), based on paired Mg/Ca-8"*0c¢
measurements on the polar planktonic foraminifer Neogloboguadrina pachyderma
(sinistral) (N. pachyderma (s.)). These reconstructions provide new insights into the
hydrography of the Subantarctic Zone of the Southern Ocean during the MPT, allowing
their potential impact on the upper ocean stratification and deep Southern Ocean
ventilation to be assessed, with implications for the evolution of the global carbon cycle

and atmospheric pCO, across the MPT.

3.2. Material and Methods

3.2.1. Sediment core location and chronology

Site 1090 was drilled during ODP Leg 177 (Gersonde et al., 1999) in the Subantarctic
Zone (42°54.8°S, 8°54’E) on the northern flank of the Agulhas Ridge (Fig. 3.1a and b).
At a water depth of 3702 m, the site is located at the interface between North Atlantic
Deep Water (NADW) and underlying lower Circumpolar Deep Water (CDW). Due to
its location, ODP Site 1090 is ideally suited to monitor past dynamics of the Polar
Frontal Zone through the Pleistocene glacial-interglacial cycles (Gersonde et al., 1999).
Sedimentation rates at the site are on the order of 3-4 cm ky™' (Venz and Hodell, 2002),
which implies that temporal resolution for the paleoceanographic records that we
generated at this location is potentially high enough to resolve climate variability on
orbital timescales (e.g., (Venz and Hodell, 2002; Becquey and Gersonde, 2002;
Martinez-Garcia et at., 2009). After inspection with an optical microscope we
determined that overall the planktonic foraminifera used for analyses were well
preserved and thus discarded dissolution-related artifacts in the interpretation of our
records (see below). In this study we use the age model presented in Martinez-Garcia et
al. (2010), which was obtained by graphically correlating the benthic §'*O record of
ODP Site 1090 (Venz and Hodell, 2002) to the Lisiecki and Raymo (2005) benthic §'*0
global stack (hereafter LR04, Fig. 3.2a and 3.3a).
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Figure 3.1. Location of ODP Site 1090 (42°54.5'S, 8°54.0'E; water depth 3702 m): World Ocean Atlas
2009 (WOAO09) modern annual sea surface (a) salinity and (b) temperature gradients in the Southern
Ocean (highly schematic view of the Southern Ocean). Black dashed and dotted lines denote the frontal
water mass boundaries: subtropical front (STF), suabantarctic front (SAF) and polar front (PF).

3.2.2 Foraminiferal Mg/Ca
We analyzed a total of 227 samples from the interval between 17.46 to 43.79 meters
composite depth, corresponding to an average temporal resolution of ~5 ky over the
interval 1800 to 580 ka. A minimum of 60 individuals of N. pachyderma (s.) from the

150-250 um fraction were picked for each sample. N. pachyderma (s.) geochemichal
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data most likely provide a reconstruction of the austral summer conditions in the upper
130 m of the water column (Mortyn and Charles, 2003; King and Howard, 2003; Fraile
et al, 2009). We consider this species ideally suited for this study because: a) it is
continuously abundant throughout the core. b) the geochemistry and ecological
preferences of N. pachyderma (s.) in the Southern Ocean are fairly well known (e.g.
Mortyn and Charles. 2003; Niirnberg. 1995; Donner and Wefer. 1994; Hendry, et al.
2009) and c) considering that the modern depth of the mixed-layer in the Southern
Ocean (~100-200m; e.g. Monterey and Levitus. 1997), N. pachyderma (s.) calcification
depth is still shallow enough to faithfully record past changes in the upper water

column.

We followed the analytical procedure explained in Chapter 2 section 2.2.1. We
replicated samples with high Mn/Ca values. Those replicates that yielded significantly
different values were disregarded, while those with consistently high (15 out of 227
samples) values were retained as they do not affect any of those features of the records
upon which our conclusions are based. The calibration equation proposed by Elderfield
and Ganssen (2000) was selected for converting the N. pachyderma (s.) Mg/Ca values
for Site 1090 into calcification temperatures. Although this calibration was obtained in
the North Atlantic, it gives reasonable temperature values that agree best with both the
modern subsurface mean annual summer temperatures and with paleo-records based on
coccolithophores and foraminifera assemblages and alkenones (Becquey and Gersonde,

2002; Marino et al., 2009; Martinez- Garcia et al., 2010).

Recently, it has been suggested that Mg/Ca records spanning intervals longer than 1000
ka should be adjusted for the long-term changes in the mean Mg/Ca of seawater
(Medina-Elizalde et al., 2008). We applied this adjustment to our record and in the
following sections we exclusively refer to these adjusted Mg/Ca values unless otherwise

stated.
3.2.3. N. pachyderma (s.) stable oxygen isotope (5'*0¢) measurements

For 8'%0 analyses on foraminiferal calcite (8'°0¢) ~40 individuals of N. pachyderma

(s.) were picked from the same size fraction used for Mg/Ca analyses. Analyses of the
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samples were carried out at the analitical service of Cardiff University following

cleaning procedure and sample preparation described in chapter 2 section 2.2.2.

3.2.4. Seawater oxygen isotope (8**0Osw) calculation
The paleotemperature equation used in this study to reconstruct 8'*Ogy from paired
Mg/Ca-8'"%0, measurements on N. pachyderma (s) is that of Shackleton (1974)
(8" 0sw= 8"0. + 0.27 — (4.38 — (4.38% — 4x0.1x(16.9 — T))""»/(0.1x2)), which has been
employed for other paleoceanographic studies in the Subantarctic (Mashiotta et al.,
1999) and Antarctic (Hendry et al., 2009) regions. N. pachyderma (s.) is known to
exhibit ‘vital effects’ that offset their 8'°0 values from the equilibrium values of the
seawater in which they calcify. In order to account for this offset, we follow Hodell et
al. (2000), who generated a N. pachyderma &'®O record for a younger interval at the

same location, by adjusting the 8'*Oc by -0.4%o prior to the calculation of 8'*Ogw.

In order to ‘remove’ the ice volume component of the §"80gw signal we used the
Pleistocene record of eustatic sea level changes as modeled by Bintanja and van de Wal
(2008). Briefly, we linearly interpolated the Bintanja and van de Wal (2008) record at
the time step of the Site 1090 N. pachyderma (s.) profile and we then subtracted from
the reconstructed §'Oqw values the mean ocean 5'"®0gw, which reflects eustatic
changes. The local 8" Osw.rvc linearly correlates with ocean water salinity on regional
scales (LeGrande and Schmidt, 2006). Full error propagation yields 1o uncertainties for
our 8'"*Ogw.1ve data of £0.3%o (Fig. 3.3b).

3.3. Results

In Figure 3.2 we compare early to middle Pleistocene Mg/Ca and 8'*Oc profiles for N.
pachyderma (s.) at Site 1090 with a contemporaneous alkenone-based (U*3;) sea
surface temperature (SST) reconstruction from the same location (Martinez-Garcia et
al., 2010; Fig. 3.2b). The Mg/Ca-derived temperature profile (Fig. 3.2c) shows a clear
pattern of glacial-interglacial variability that is also reflected in the N. pachyderma (s.)
(Fig. 2d) and benthic foraminiferal 8'%0 records (Venz and Hodell, 2002, F ig. 3.2a), and
in U"37-SST (Martinez-Garcia et al., 2010, Fig. 3.2b). Overall, the amplitude of glacial-

interglacial changes for Mg/Ca based temperatures, N. pachyderma (s.) 6'*0, and
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benthic 80 is markedly larger across the MPT (~4 °C, ~1.2%o, and ~1.3%o,
respectively) compared to the preceding interval (~2 °C, ~0.8%o, and ~0.9%o,
respectively). This evidence from Site 1090 supports the concept that the amplitude of
the glacial-interglacial variability increased at the onset of the MPT (Clark et al. 2006),
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Figure 3.2. (a) Cibicidoides wuellerstorfi 8'*0 record for ODP 1090 (Venz and Hodell, 2002; green)
overlain onto the global benthic 5" stack (Lisiecki and Raymo, 2005; purple). (b) Alkenone-based SST
(UX,5) reconstruction at ODP Site 1090 (Martinez-Garcia et al., 2010; red). A running average of 100 ky
is shown in dark grey. (c¢) Mg/Ca-derived temperature at Site 1090 obtained from N. pachyderma (s.). In
green are temperatures obtained by correcting the Mg/Ca record for the long-term Mg/Ca changes in
seawater (Mg/Cagy) (Fantle and DePaolo, 2005; Fantle and DePaolo, 2006; Medina-Elizalde et al.,
2008); in light green (dashed line) are the Mg/Ca and temperature values unadjusted for such a change. A
running average of 100 ky is shown to highlight the long-term trends (grey). Dashed horizontal line
corresponds to the average of glacial temperatures before (~5.8°C) and during (~3.9°C) the MPT (d)
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Oxygen isotope calcite composition (8'0¢) of N. pachyderma (s.) (blue). Green/grey vertical band
highlights the MPT interval according to Clark et al. (2006). Error bars represent the 1o propagated errors
for the Mg/Ca-derived temperature reconstructions. Green arrows denote the major trends discussed in

the paper.

in line with several surface and deep-ocean reconstructions from different ocean basins
(Wara et al., 2005; Medina-Elizalde and Lea, 2005; Sosdian and Rosenthal, 2009;
Martinez-Garcia et al., 2010).

Dissolution is known to significantly affect Mg/Ca ratios in foraminifera (Brown and
Elderfield, 1996). However, the relatively low planktonic foraminiferal fragmentation
(rarely exceeding 40%) observed at Site 1090 (Becquey and Gersonde, 2002), the lack
of correlation between the N. pachyderma (s.) shell weight and the Mg/Ca data (Fig.
Sla), and the absence of significant changes to the overall structure and values of the
Mg/Ca record when applying dissolution corrections (Barker et al., 2009, Fig. S1b),
suggest only a minor effect on our planktonic foraminiferal Mg/Ca-based

reconstruction.

The low amplitude glacial-interglacial temperature variability (~ 2.4°C) observed
throughout the older part of the record (1800-1200 ka) agrees with the low amplitude
glacial-interglacial changes that can be expected for the interval preceding the MPT, the
so-called 41ky-world (Fig. 3.2c; Clark et al., 2006). Before the MPT, between 1395 and
1250 ka, the N. pachyerma (s.) Mg/Ca record indicates a long-term warming, which
preceded a shift towards more severe glaciations. The warming interval featured glacial
and interglacial temperatures that were up to 2°C warmer than in previous glacial-
interglacial stages),. In general, across the MPT temperatures reconstructed by using N.
pachyderma (s.) Mg/Ca show colder glacial and warmer interglacial values than in the
1395 to 1800 ka interval and a glacial-interglacial amplitude change of ~4°C, with the
coldest glacial temperature of the entire record observed during Marine Isotope Stage
22. Direct comparison between Mg/Ca- (Fig. 3.2c) and alkenone-based (Fig. 3.2b)
temperature records at Site 1090 reveals a similar structure of the temperature variations
throughout the MPT, while for the interval before the transition higher temperature
gradients are observed. We speculate that these differences may reflect a change in the

structure of the upper water column and the position of the thermocline at the onset of
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the MPT, given the different depth habitat of the two signal carriers (alkenone
producing Haptophyceae live within the euphotic zone, and N. pachyderma (s.)
throughout the top ~130 m).

The glacial 8"Ogw.ive (Figure 3.3b) shows a decrease at ~1250, suggesting a shift
towards fresher conditions in the upper water column (from 0.2%o to -0.2%o) that persist
throughout the MPT glaciations. Glacial-interglacial SISOSW_IVC amplitude changes
during the MPT were clearly larger (0.9%o) than before the transition (0.4%o).

Figure 4 shows the evolutionary power-spectra analyses of the global benthic 5'*0 stack
(Lisiecki and Raymo, 2005; Fig 4a), N. pachyderma (s.) temperature (Fig 4b), and
8" 0gw.ivc (Fig 3.4c) reconstructions. The presence of a strong low frequency cycle in
N. pachyderma (s.) records (Fig 3.4b-c) makes it difficult to perform robust spectral
analyses of these records (even after detrending and prewhitening of the records).
However, the expected shift in the dominance of the orbital cycles across the MPT is
clearly observed in both temperature and §'80gw.ve reconstructions. The obliquity cycle
(~41 ky) in the N. pachyderma (s.) temperature reconstruction (Fig. 3.4b) is observed
from ~1300 ka, and is followed by a progressive increase of the dominance of
variability in the eccentricity band (~100-120 ky) starting at 1200-1100 ka, with a clear
intensification at ~900-800 ka. Although, in the 880gw.1ve power spectra (Fig 3.4c) the
eccentricity band is partially overlapped by the strong low frequency cycle, it is evident
that the increase in the dominance of this cycle starts at 1200-1100 ka in agreement with
temperature and LR04 spectral analyses. The power of the precession band (~23 ky)

also increases in all the records at the MPT, again, in agreement with the LR04 stack.
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Figure 3.3. (a) Global benthic 80 stack (Lisiecki and Raymo, 2005; purple). (b) Local 8"®Ogy.ive
changes at ODP Site 1090 were obtained by removing the ice-volume (mean ocean &'*0; Bintanja and
van de Wal, 2008) and calcification temperature components from the 8'*0 measured on N. pachyderma
(s.) (pink). A running average of 100 ky is shown to highlight the main trends (red). Dashed horizontal
line corresponds to the glacial §'®Og,.i,. average before (~0.2%o) and during (~-0.2%0) the MPT (c)
Percentage of tetra-unsaturated alkenone relative to the total abundance of unsaturated C;; alkenones
(%C;7.4; Martinez-Garcia et al., 2010; dark gray). The 100 ky running average is shown in red. (d) The
50-pt running average of vertical gradients in the South Atlantic (red) and inter-basinal gradients between
the (e) South Atlantic and Pacific (blue) and (f) South Atlantic and North Atlantic (Hodell et al., 2006;
brown). Green/grey vertical band highlights the MPT interval according to Clark et al. (2006). Error bars
represent the 1o propagated errors for the Mg/Ca-derived temperature reconstructions. Green arrows

denote the major trends discussed in the paper.
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Figure 3.4. Evolutionary power-spectra analyses for: a) global benthic foraminiferal stack (Lisiecke and
Raymo, 2004), b) N. pachyderma (s.) Mg/Ca-based temperature reconstructions and ¢) N. pachyderma
(s.) 8" Osw.rve. The evolutionary power spectra of all records were computed using MATLAB software
with a 500 ky Hamming window and 95% overlap. Before spectral analysis, both series were detrended,

prewhitened, and linearly interpolated to 5 ky.
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3.4. Discussion

Our upper ocean N. pachyderma (s.) Mg/Ca record from Site 1090 reveals the
occurrence of more pronounced temperature decreases and generally colder conditions
during the glacial stages across the MPT than before the transition (Fig. 3.2¢). The good
agreement with SST reconstructions based on alkenone paleothermometer from the
same site corroborates the picture of a major cooling of the Southern Ocean glacial
climate starting at 1250 ka, that is, at the onset of the MPT (Martinez-Garcia et al.,
2010). Importantly, our results also indicate a hitherto unrecognized negative ~0.4%o
glacial shift of the 8" 0gw.rve at ~1250 ka, implying that the upper ocean waters in the
Subantarctic Zone during glacials cooled and freshened in tandem at the onset of the
MPT, and that overall fresher and cooler conditions persisted throughout, at least,

glacial periods of the MPT (Fig. 3.2c and 3.3b).

Modern hydrographic studies show that across the Polar Frontal Zone, surface waters
gradually cool and freshen towards the south, between Subantarctic Surface Water
(SASW) and Antarctic Surface Water (AASW) (Fig. 3.1a-b, Rintoul et al., 2001;
Antonov et al., 2010; Locarnini et al., 2010). We therefore interpret our data as
indicative of the meridional expansion of the Southern Ocean Polar Frontal Zone (PFZ),
coincident with the onset of the MPT. This confirms previous inferences based on
organic biomarkers (relative abundance of Cs74 alkenone, Fig. 3.3c) that indicate a
northward expansion of the Southern Ocean fronts and increased advection of polar
waters to Site 1090 during the glacial stages of the MPT (Martinez-Garcia et al., 2010).
These changes marked the establishment at around 1200 ka of a glacial Antarctic polar
system configuration and sea ice field that were likely comparable to that of the last
glacial maximum (Martinez-Garcia et al., 2010). This view is also supported by other
paleoceanographic studies based on diatom (Kemp et al., 2010) and coccolithophorid

assemblages (Marino et al., 2009).

The northward expansion of the Antarctic PFZ could have been associated with the
long-term global cooling (Lisiecki and Raymo, 2005), which caused the expansion of
the Antarctic ice sheet. Sediments retrieved from the Ross Sea in Antarctica show an
increase in glacial type lithologies before MIS 31 (Naish et al., 2009), i.e., virtually in
parallel with the cooling and freshening that we observe at Site 1090, at 42°S in the
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Atlantic Ocean. This suggests a strong link between seaward expansion of the West
Antarctic ice sheet and hydrographic changes in Subantarctic Zone at the onset of the
MPT. We note, however, that a northward shift of the southern westerlies would have
had virtually similar impacts on the temperature and salinity of the upper water column
in the Southern Ocean, in that the westerly wind field in the Southern Hemisphere
controls the upwelling of deep waters offshore Antarctica that modulates the meridional

extension of sea ice in the Southern Ocean (e.g. Toggweiler et al. 2006).

Previous studies have emphasized the close interaction between the northward
expansion of the Antarctic Ocean frontal systems, the northward expansion of the sea
ice cover and westerly winds, the stratification of the upper Southern Ocean (triggered
by surface ocean freshening), and the storage of respired CO, in the deep Southern
Ocean (Archer et al., 2003; Stephens and Keeling, 2000; Keeling and Stephens, 2001).
Freshening of the upper ocean might have thus contributed to promote the build up of
respired CO; in the deep ocean by enhancing stratification and, in turn, reducing the
vertical mixing in the Southern Ocean (Francois et al. 1997; Sigman and Boyle, 2000;

Sigman et al., 2010).

Notably, the cooling and freshening of the upper Southern Ocean waters that is revealed
by our records (Figs. 3.2¢ and 3.3b) occurred roughly in step with the change toward
reduced deep water ventilation (circulation) in the Southern Ocean. The isolation of the
deep water masses impacts their 8 °C composition, by enriching them in *C and, in
turn, yielding lighter 8"°C values. Exceptionally light benthic 8'°C values have been
reported for the glacial stages of the MPT at Site 1090 (Venz and Hodell, 2002). Hodell
et al. (2006) emphasized a change in the vertical 8°C gradient in the South Atlantic
(Fig. 3.3d, red profile) during this period, by comparing 8'"°C benthic values of the ODP
1090 against the ODP 1088 &"°C benthic record (Southern Ocean intermediate depth).
This change was linked to a shift in the §"°C gradient between the Pacific (ODP 849)
and South Atlantic (1090) oceans (Fig. 3.3e, blue profile), and between the North and
the South Atlantic (Fig. 3.3f, brown profile). Hence, Hodell et al. (2006) demonstrated
that a marked decrease in the ventilation of the deep Southern Ocean followed the onset
of the MPT (Fig. 3.3d-f) and promoted the build-up of respired CO, in the deep

Southern Ocean. We interpret this change in the deep ocean as the response to the
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meridional expansion of the polar front zone, and the concomitant freshening and
cooling of the Subantarctic Zone of the Southern Ocean, which together may have been
instrumental in reducing the ventilation of the deep Southern Ocean and in isolating

deep water masses enriched in respired COs.

Indeed, Figure 3.5 suggests a close relationship between hydrographic changes in the
Southern Ocean and pCO, measurements from Antarctic ice cores (Liithi et al., 2008) in
two glacial-interglacial cycles after the MPT. We propose that the increase in the
northward advection of Antarctic waters and Southern Ocean stratification could have
accounted for the observed pCO, drawdown across the MPT (Hoénisch et al. 2009) in
two different ways. First, by increasing the residence time of major nutrients in the
Southern Ocean surface waters (Francois et al., 1997) that together with the coeval
increase in Fe fertilization at the onset of the MPT (Martinez-Garcia et al., 2011) could
have accounted for enhancing Southern Ocean major nutrient consumption and glacial
primary biological productivity in the Subantarctic Zone (Martinez-Garcia et al., 2009).
Second by restricting CO, outgassing, and allowing the build-up of respired carbon in

the deep ocean.

Several studies have suggested that sea ice expansion and Southern Ocean stratification
are key mechanisms for explaining the full glacial-interglacial pCO; shifts of the Late
Pleistocene (Toggweiler, 1999; Watson et al., 2000; Stephens and Keeling, 2000). A
recent model study, however, has demonstrated that stratification and sea ice expansion
can also promote the release of CO, to the atmosphere by increasing deep ocean
alkalinity, thus counteracting the CO, uptake of the biological pump (Hain et al., 2010).
Separately, stratification and sea ice expansion can reduce pCO; by 36 ppmv, while the
biological pump can account for a pCO, decrease of 58 ppmv. Notably, when these
physical and biological mechanisms operate together the resultant pCO, decrease is in
the order of 36 ppmv (Hain et al., 2010), which is remarkably similar to the amplitude
change of the pCO, drawdown (~30ppmv) observed between pre- and post- MPT
glacials (Honisch et al., 2009). We speculate that this pCO, change could be explained
by the combined effect of increasing both Southern Ocean stratification (this study) and
wind-blown Fe supply to the Subantarctic Zone (Martinez-Garcia et al., 2011) at the
onset of the MPT. In this respect the observed increase in the power of the 100 ky cycle
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in both, 818OSW_IVC (Figure 3.4c) and Fe deposition in the Southern Ocean (Martinez-
Garcia et al., 2011), argues in favour of a shift in the periodicity and amplitude of
glacial-interglacial atmospheric CO, cycles during the MPT. This inference could be
tested in the future with high-resolution proxy CO, records when they become

available.

Figure 3.5. N. pachyderma (s.) foraminiferal species reconstructions from site 1090: (a) 8'"*Osy.ivc, and
(b) temperature reconstructions compared to pCO, measurements (c) from Antarctic ice cores (solid
purple line, Liithi et al., 2008) from 500 to 800 ka. Blue box areas highlight glacial periods where

freshening and cooling at Site 1090 correspond with lower pCO,.

Hence, our paired Mg/Ca-5'"*0 N. pachyderma (s.) results indicate that the upper

Southern Ocean was cooler and fresher at the onset, and during the glacial periods
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throughout the MPT, compared to the pre-MPT. We associate the observed freshening
of the upper Southern Ocean to sea ice expansion and stratification of the water column,
which could have accounted for the coeval reduction of glacial deep ocean ventilation
(Hodell and Venz-Curtis, 2006). These physical mechanisms, in combination with an
increase in Fe supply to the Southern Ocean at the onset and glacial periods of the MPT
(Martinez-Garcia et al., 2011) could have accounted for the glacial pCO, drawdown
during the MPT indicated by Honisch et al. (2009) and possible during glacial periods
after the transition (Fig. 3.5a-c).

3.5. Conclusions

N. pachyderma (s.) Mg/Ca- and 8'®O-based reconstructions from ODP Site 1090
suggest a major hydrographic reorganization (towards cooler and fresher conditions) of
the upper glacial ocean in the Subantarctic Zone of the Atlantic Ocean at the onset of
the MPT (i.e. around 1250 ka). These observations point to the northward expansion of
the Antarctic Zone during glacials, in line with an independent organic biomarker
reconstruction (Martinez-Garcia et al., 2010). The magnitude of the glacial cooling and
freshening increased considerably at 1250 ka and overall cooler and fresher glacial
conditions persisted throughout the MPT, coinciding with the intensification of the 100
ky cycle in the temperature and 81805W_1vc in our records. The increased upper Southern
Ocean stratification during glacial stages of the MPT that we deduce from these changes
provides a mechanism to isolate deep water masses and reduce the exchange of carbon
with the atmosphere. These physical changes in the Southern Ocean upper water
column, in combination with other biological processes driven by major reorganizations
in the micro-nutrient supply to the Southern Ocean (Martinez-Garcia et al., 2011), might
explain the lower pCO; levels observed during the glacial stages from the onset of the
MPT onwards (Honisch et al., 2009). Therefore, the MPT may be seen as a time when
glacial intensity considerably increased with development of the more pronounced
glacial pCO; decreases, which possibly occurred as the result of the close interaction of

physical and biological changes taking place within the Southern Ocean.
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Figure S1. (a) Correlation between N. pachyderma (s.) Mg/Ca and N. pachyderma (s.) shell weight. (b)
Comparison between the N. pachyderma (s.) Mg/Ca raw data (green), and N. pachyderma (s.) Mg/Ca
when the dissolution correction proposed by Barker et al. (2009) is applied.
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Figure S2. N. pachyderma (s.)-based reconstructions from ODP site 1090: (a) 8"Osw.ve (b)
Temperature. Horizontal box areas are shown to highlight the glacial periods (lower boxes) considered to
calculate the average of glacial temperature and 8"*Ogyw.iyc for each interval: before MPT (gray), during
MPT (purple) and the only one glacial-interglacial cycle after the MPT (blue). Although not discussed in
the main text, we also show interglacial changes (upper boxes). Numbers connected to each box
correspond to the average and standard deviation of the temperature, and 8"*Ogy.ve reconstructions
within the boxed area. (c) Local 8" 0sw.rve changes at ODP Site 1090 obtained by removing the ice-
volume mean ocean 8O (Bintanja and van de Wal, 2008) and calcification temperature components
from the 3'°0 measured on N. pachyderma (s.) (pink). For comparison, it is also shown the local 8'*Ogy.
v obtained by removing the ice-volume mean ocean 8'°0 (Bintanja and van de Wal, 2008) and U*y,
temperature reconstructions (Martinez-Garcia et al., 2010) from 8'®O measured on N. pachyderma

(s.)(blue).
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CHAPTER 4

Subantarctic Zone thermocline shoaling at the onset of
the Middle Pleistocene Transition: improving

conditions for glacial marine productivity in the region?

Abstract

Paleoceanographic studies in the Southern Ocean have provided evidence of meridional
expansion of the Antarctic Polar Frontal system at the onset of the Middle Pleistocene
Transition (MPT), and successive fluctuations in its positioning during glacial-
interglacial stages around the Subantarctic Zone. Here we provide insights on the
influence of the expansion of the Antarctic Polar Frontal system on the physical
structure of the water column in that region across the MPT. Mg/Ca-temperature and
8" Ogw.ive  profiles inferred from  Globigerina  bulloides, Neogloboquadrina
pachyderma (sinistral), and Globorotalia crassaformis allowed reconstructing past
changes in the positions of the thermocline/halocline in the Subantarctic Zone (ODP
Site 1090), spanning the entire MPT (1800-580 ka). Our results suggest that from 1500-
1300 ka these oceanographic features shoaled and that shallower conditions persisted
throughout the MPT. This also implies that environmental conditions at Site 1090
shifted from Subtropical (deeper thermocline/halocline) to Subantarctic (shallower
thermocline/halocline) before the onset of the MPT. Using modern conditions in the
region as an analog, we suggest that the observed physical structure changes of the
water column probably was associated to increases in macro-nutrient availability in the
region. This likely conditioned the Subantarctic Zone for increased primary productivity
during periods of high eolian Fe-supply. Therefore, synchronous changes in the upper
water column conditions and sharp increases in Fe-supply to the region at the onset of
the MPT provides a plausible mechanism (absent before the MPT) to explain the
observed boost in primary productivity at 1200 ka in the Subantarctic Zone. We suggest
that the new Subantarctic Zone glacial arrangement, in combination with Southern
Ocean stratification, maintained low pCO; and temperatures in glacial stages after the

MPT, further accentuating climate sensitivity to Fe-fertilization under cold conditions.
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4.1. Introduction

The Middle Pleistocene Transition (MPT) was a period between 1250 and 700 ka
(Clark et al., 2006) where glacial changes in ice volume became more prominent
(Elderfield et al., 2012) and the periodicity of the glacial-interglacial cycles changed
from 41 to 100 ky with apparently no changes in solar incoming radiation (Clark et al.
2006, Park and Maasch, 1993). Although the causes of the transition still remain
elusive, most of the theories point to atmospheric carbon dioxide (pCO,) concentration
changes to have acted as an important feedback for the transition (Clark et al., 2006,
van de Wal and Bintanja, 2009). It has been widely accepted that the combination of
biological and physical processes in the Southern Ocean have highly influenced pCO,
concentrations over glacial-interglacial timescales (Sigman et al, 2010 and references
therein), and by extension during the MPT. Thus, a reinforcement of the glacial
biological pump in the Subantarctic Zone, which in the modern ocean features High
Nutrient Low Chlorophyll (HNLC) conditions, triggered by the eolian transport of Fe
(Martin, 1980), would have increased the uptake of pCO, during glacial periods.
Additionally, the strengthening of Southern Ocean processes that physically inhibited
the outgassing of respired CO,, such as upper ocean stratification (Francois et al., 1990;
Francois, 2004) and sea ice expansion (Stephens and Keeling, 2000; Keeling and
Stephens, 2001; Archer et al., 2003), would have further improved conditions for more
efficiently storing Carbon (C) at depth during glaciations.

Different paleoceanographic studies have indeed provided evidence of oceanic
reorganization in the Southern Ocean during the MPT with important implications for
the C cycle across and after the transition. Recently, Rodriguez-Sanz et al., (2012) have
shown that the Southern Ocean upper water column cooled and freshened at the onset of
the MPT (~1250 ka) due to the expansion of the Antarctic Polar Fronts and that those
conditions persisted in the following glacial stages. Based on the sensitivity of ocean
density to changes in salinity under cold conditions (Adkins et al., 2002, de Boer et al.,
2008) the authors suggested that the observed freshening increased glacial upper
Southern Ocean stratification and that this in combination with biological processes
could have possibly accounted for the ~30ppm drop in pCO; across the MPT (Honisch
et al., 2009). Southern Ocean studies focused on the MPT undoubtedly support the
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notion of the northward advection of polar waters to latitudes closer to the Subantarctic
Zone during glacial stages since the onset of the transition. By using different
approaches, summer sea surface temperature (SST) reconstructions based on planktonic
foraminifera abundances (Becquey and Gersonde, 2002) and coccolithofore and diatom
assemblages (Flores and Sierro, 2007, Kemp et al., 2010) have demonstrated
successive glacial-interglacial variations in the position of the Antarctic polar frontal
across the MPT. Furthermore, a study based on biomarkers (Martinez-Garcia et al.,
2010) has identified that the advection of surface polar waters to the Subantarctic Zone
increased during glaciations after 1250 ka (the onset of the MPT), further supporting the
view of the Antarctic Polar Front expansion. None of the studies, however, have
focused on understanding the implications of the expansion of the polar fronts on the
physical structure of the water column, and coupling of this physical feature with sharp
increases in micro-nutrient availability at the onset of the MPT (Martinez-Garcia et al.,

2011) to explain past cycles in productivity.

Here we present new geochemical results from the South Atlantic sector of the Southern
Ocean (ODP Site 1090) spanning the entire MPT (1800-580 ka) to understand the
influence of the expansion of the Antarctic Polar Fronts on the physical structure of the
Subantarctic water column. Although proxy records to reconstruct past temperature and
salinity are inherently limited in their precision because of the large error associated
with them, they still provide valuable information on the amplitude of changes
associated to both oceanic features in the surface ocean water column. Therefore, paired
Mg/Ca-8"*0¢ measurements on three planktonic foraminiferal species having distinctly
different depth habitat preferences; Globigerina bulloides (surface dweller),
Neogloboquadrina pachyderma (s.) (subsurface dweller, (Rodriguez-Sanz et al., 2012),
and Globorotalia crassaformis (thermocline), yield depth-specific temperature and ice
volume corrected seawater 8'°O profiles. Collectively these data allow us to reconstruct
the thermocline and halocline across the MPT and gain new insight on the structure of
the water column and its combined effect with biological processes to characterize past

productivity in relation to carbon sequestration.
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4.2. Material and Methods

4.2.1. Sediment core location, chronology

Site 1090 was drilled during ODP Leg 177 (Gersonde et al., 1999) in the Subantarctic
Zone (42°54.8’S, 8°54’E) on the northern flank of the Agulhas Ridge (Fig. 1a and b). It
is located at a water depth of 3702 m, and it has sedimentation rates on the order of 3-4
cm kyr'(Venz and Hodell, 2002). In this study we use the age model reported in
(Martinez-Garcia, et al. 2010), which was obtained by graphically correlating the
benthic & '*O record of ODP Site 1090 (Venz and Hodell, 2002) to the Lisiecki and
Raymo (2005) global stack (hereafter LR04, Fig. 2a). The site is located at the interface
between North Atlantic Deep Water (NADW) and underlying lower Circumpolar Deep
Water (CDW) (Gersonde, et al. 1999). In the region, the upper 600 m austral
temperatures ranged between ~10-6°C and salinity ~35-34 psu (Fig. la-d; Antonov et
al., 2010; Locarnini et al., 2010).

4.2.2. Oceanographic setting
ODP Site 1090 is especially suited to monitor changes in the positions of the Southern
Ocean fronts, as surface temperature and salinity (Fig. la-b) can vary drastically on
glacial-interglacial timescales. A cross section from the Equator to 60°S at 0°W in the
South Atlantic (Fig. 1a-b) shows that the depth of surfaces with the same temperature
and salinity shoal toward the Polar Front (Antonov et al., 2010; Locarnini et al., 2010),
hence resulting in a deeper thermocline/pycnocline in the Subtropical Zone than in the
Subantarctic Zone. The feature observed in the iso-surfaces of the Southern Ocean is
forced by the upwelling processes close to the Antarctic continent (Fig.1, Rintoul et al.,
2001), which also influence nutrient distribution both at local and global scales
(Marinov et al., 2006). Nutrient availability clearly decreases from the upwelling region
(Antarctic Zone; Garcia et al, 2010) toward lower latitudes, then leaving the
Subantarctic Zone more enriched in nutrients than the Subtropical Zone (Fig. 1c).
Productivity in the Antarctic Zone primarily consumes the outcropped micro-nutrients
(Fe and Si), while leaving an excess of the macro-nutrients (Nitrate and Phosphate) in
the region. The excess of macro-nutrients is either returned to the deep Southern Ocean
or exported northward through circulation processes (Rintoul et al., 2001). The

northward advection of water masses with high macro-nutrient contents but low Fe
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concentration to the Subantarctic Zone accounts for the HNLC character of the region,
making biological productivity there susceptible to eolian supply of micro-nutrients.
Nutrients in the Subantarctic Zone are eventually redistributed to low latitudes by
circulation processes that involve the SAMW and AAIW (Sarmiento et al., 2004),

hence influencing primary productivity in those regions.
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Figure 4.1. Cross section from the Equator to 60°S at 0°W in the South Atlantic showing Austral summer
temperatures (a), salinity (b) and (c) macro-nutrients distribution. Dashed lines show the approximate
depth habitat of the proxy signal carriers (foraminifera) used in this study. A schematic view of the
modern position of the Subtropical front (STF), Subantarctic Front (SAF) and Polar Front (PF) with

respect to the core site (red dot) is shown by red arrows.
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4.2.3. Foraminiferal Mg/Ca
We have generated Mg/Ca-based temperature records inferred from two different
foraminiferal species: the surface dweller G. bulloides and the deep dweller G.
crassaformis spanning the entire MPT (1800 to 580 ka) with a temporal resolution of
~6-7Tky. For Mg/Ca analyses, a minimum of ~20 individuals of each species were
picked from the 250-350 um size fraction. Foraminiferal shells were crushed and
cleaned according to the analytical procedure explained in Chapter 2 section 2.2.1.
Samples with Al/Ca and Mn/Ca above the commonly used thresholds (Boyle, 1983;
Barker et al., 2003; Ferguson et al., 2008) were replicated. Those replicates that yielded
significantly different values were discarded, while those with consistently high (~15 %
of the total samples in both, G. bulloides and G. crassaformis, records) values were
retained as they do not affect any of those features upon which our conclusions are
based. Furthermore, the correlation between Mg/Ca and Mn/Ca measurements was poor
(r*~0.4), suggesting that high Mn/Ca values were not affecting our Mg/Ca
measurements. The calibrations selected for converting Mg/Ca values into temperature
in this study were (Mashiotta et al., 1999) for G. bulloides and (Regenberg et al., 2009)
for G. crassaformis. We applied the adjustment suggested by Medina-Elizalde et al.,
(2008) to account for the long-term changes in the Mg/Ca of seawater for intervals older
than 1000 ka. In the discussion we exclusively refer to the adjusted values unless

otherwise stated.

4.2.4. Stable isotope measurements
Approximately 20 individuals of G. crassaformis were picked from the same size
fraction used for Mg/Ca analyses to perform stable oxygen isotope (8'%0¢)
measurements following cleaning procedure and sample preparation described in
chapter 2 section 2.2.2. Analyses of the samples were carried out at the analitical service

of Cardiff University.

4.2.5. Sea water isotope composition based on G. bulloides and G.
crassaformis
Based on paired Mg/Ca-8'®0¢ measurements on G. crassaformis we calculated the sea

water isotope composition (8'*Osw) using the paleotemperature equation reported by
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Shackleton (1974) (8'*0sw= 8"0.+ 0.27 — (4.38 — (4.38* — 4 x 0.1 x (16.9 — T))"%)/(0.1
x 2)), which has been employed recently in Rodriguez-Sanz et al., (2012). We have also
calculated 6ISOSW based on G. bulloides. We used the Mg/Cag. puivides- based SST
reconstruction reported in this study, and the previously published 8'*Oc inferred from
the same species and performed at the same core site (Venz and Hodell, 2002). We have
resampled G. bulloides 8'*O¢ (Venz and Hodell, 2002) to the same temporal resolution
than Mg/Cag. puividzes based SST record and then we calculated the 8% 0sw using
Shackleton, (1974). We employed the same paleotemperature equation for all §'*Ogy
records to facilitate comparison between them. Therefore, we ensure that differences

observed in trends are real and not an artifact introduced by using different equations.

We ‘remove’ the ice volume component of the 61803W signal in both reconstructions
using the Pleistocene record of eustatic sea level changes as modeled by (Bintanja and
van de Wal, 2008). We linearly interpolated the Bintanja and van de Wal (2008) record
at the time step of the Site 1090 G. bulloides and G. crassaformis profiles and we then
subtracted from the reconstructed 61803W values the mean ocean 61805W eustatic
changes. The 6ISOSW_1VC is known to be linearly correlated with ocean water salinity on
regional scales (LeGrande and Schmidt, 2006). A full error propagation exercise yields

10 uncertainties for the two new ice-volume corrected 6ISOSW_IVC data of 0.3%o.

4.2.6. Planktonic foramiferal species as recorders of past changes of the
physical structure of the water column
In order to reconstruct changes of the thermocline and halocline in the Subantarctic
Zone across the MPT we present a reconstruction of Mg/Ca-based temperature and
880gw.1ve (which is linearly correlated with local salinity (LeGrande and Schmidt,
2006) variations derived from three planktonic foraminiferal species having different
ecological habitat (depth) preferences. G. bulloides reflects austral summer surface
ocean conditions in the upper ~80m of the water column, with maximal abundances
coinciding with phytoplankton blooms (Fraile et al., 2009; Mortyn and Charles, 2003).
Plankton tow studies have suggested that N. pachyderma (s.) is commonly found
between the deep chlorophyll maximum and pycnocline to shallower depths in the

Southern Ocean (Mortyn and Charles, 2003). G. crassaformis is a recorder of deeper
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ocean conditions (~250-400 m; Niebler, 1995, Regenberg, et al. 2009, Steph, et al.,
2009) in subtropical areas, and is known to dwell below the thermocline (Ravelo and
Fairbanks, 1992), with apparently no seasonal preferences (Tedesco et al., 2007). The
identification of this species at the core site required a more exhaustive
micropaleontological analysis, which has been added as supplementary information
(S1). Most of the ecological information of the species has been provided by studies
carried out in tropical-subtropical areas (e.g. Regenberg et al., 2009; Steph et al., 2009).
Therefore, since G. crassaformis dwells at the base of the thermocline, we contend that
in the modern ocean its depth habitat tends to shoal southward toward the Subantarctic
Zone following Southern Ocean isothermals (Fig. 1a). The same reasoning has been
followed to understand its recorded signal across the MPT, where the location of Site
1090 allows tracking the interplay between the Subtropical and Subantarctic Fronts in
the region during glacial-interglacial cycles (Gersonde et al., 1999). Hence, non-
surface dwelling foraminifera used here allow us to address the past dynamics of the
thermocline and halocline (hence pycnocline) position, which are compared with
surface conditions obtained from the separate signal carriers (alkenone- and G.

bulloides-based SST).

4.3. Results

Figure 2 shows the LR04 stack (Fig. 2a), which we use here as a reference for the Early
to Middle Pleistocene ice volume and/or deep ocean temperature variations (Bintanja et
al., 2005, Elderfield et al., 2012), along with a suite of upper water column temperature
reconstructions from ODP Site 1090 (Fig. 2b-c). Between ~1800 and 1500 ka the offset
between surface and subsurface temperatures at Site 1090 was larger than in the

remainder of the records (Figure S2).

Alkenone- and Mg/Cag. puinvides-based SST reconstructions at Site 1090 (Fig. 2b), show
overall comparable trends throughout the time interval spanned by our records.
However, the amplitude of the glacial-interglacial SST variations derived from the
Mg/Cag. puiivides record remains similar (~3£1°C) throughout, while the alkenones
indicate larger glacial-interglacial SST changes after the MPT (~7+1°C) than before the
transition (~5+1°C). We suggest that this is due to the lower temporal resolution of

Mg/Cag. puitoides caused by the low to zero abundance of G. bulloides during the coldest
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glacial periods, for which SST was plausibly too cold for this species to proliferate (cfr.

1998). As a result,

Niebler and Gersonde,

glacial conditions are somewhat

undersampled in the 1090 Mg/Cag. puivides record, explaining why it underestimates the

glacial-interglacial variability in certain intervals of the MPT.
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Figure 4.2. (a) Global benthic 80 stack (Lisicke and Raymo, 2005). (b) Alkenone-based SST (U*3;)

reconstruction at ODP Site 1090 (grey; Martinez-Garcia et al., 2010) and Mg/Ca-derived SST at Site

1090 obtained from G. bulloides (purple). (c) Mg/Ca-derived temperature from N. pachyderma (s.)

(green, Rodriguez-Sanz et al., 2012) and G. crassaformis (blue). (d) Calcite oxygen isotope composition

(0'%0¢) of N. pachyderma (s.) (green) and G. crassaformis (blue). Horizontal red and blue lines and

numbers show the average glacial and interglacial temperatures before and during the MPT, respectively.

Boxed dashed area highlights the progressive shoaling of the thermocline (1500-1300 ka), the position of

which persisted throughout the MPT.
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We compare Mg/Cay pachyderma- ahd Mg/Cag. crassaformis-based temperature reconstructions
in Figure 2c. Despite its deeper habitat (~250-400 m, Niebler, 1995, Regenberg, et al.
2009; Steph, et al., 2009) and contrary to the pre-MPT interval, Mg/Ca . crassaformis
during the MPT shows glacial-interglacial temperature shifts (4+1°C) that are similar in
amplitude to those derived from the Mg/Cay puchyderma profile (~5+1°C). This feature was
preceded by a sustained warming from 1500 to 1300 ka observed in both Mg/Ca-
temperature reconstructions (Fig. 2c) but absent in the SST records (Fig. 2b). Depth
habitat preferences of N. pachyderma (s.) (above; Mortyn and Charles, 2003) and G.
crassaformis (below; Ravelo and Fairbanks, 1992; Regenberg et al., 2009) with respect
to the thermocline make them ideal to monitor past changes in the position of this
oceanographic feature. Indeed, Mg/Ca ¢ crassaformis-based reconstructions have been
already used elsewhere for this purpose (e.g. Karas et al., 2009). Hence, the Mg/Ca-
based temperature increases shown by the relatively deeper dwelling planktonic
foraminiferal species, in the vicinity of the thermocline, attest to the upward migration
of this feature between 1500 and 1300 ka. Warmer interglacial temperatures (1.7+0.6°C)
across the MPT derived from the deepest Mg/Cag. crassaformis profile compared to the
interval from 1800 to 1300 ka, together with similar glacial-interglacial amplitude shifts
than Mg/Can pachyderma from 1200-580 ka (Fig. 2c), suggest that shallower thermocline
conditions persisted throughout the MPT. N. pachyderma (s.)- and G. crassaformis-
8" 0¢ also feature similar glacial-interglacial amplitude changes only after the MPT,
further supporting the notion of changes in environmental conditions in the habitat of

the foraminiferal species at the onset of the MPT.

The thermocline and halocline are tightly linked in the Southern Ocean (Fig la-b).
Comparisons between the three planktonic foraminiferal species 8" 0sw.rve
reconstructions (Fig. 3a-c) suggest that the halocline shoaled together with the
thermocline, which is a coupling in line with modern observations. That is, N.
pachyderma (s.)- (Fig. 3b) and G. crassaformis-f)lgOsw_Wc (Fig. 3c) show a sustained
increase in salinity, that is absent in G. bulloides-8"*Osw.vc (Fig. 3a), and which
parallels the warming before the MPT suggested by both relatively deeper dwelling

foraminiferal temperature records (Fig. 2c¢).
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Figure 4.3. (a) Global benthic 8130 stack (Lisieke and Raymo, 2005). Local 3" Ogw.rve changes at ODP
Site 1090 were obtained by removing the ice-volume mean ocean 8'°0 (Bintanja and van de Wal, 2008)
and calcification temperature components from the 8'°0 measured on (b) G. bulloides, (c) N. pachyderma

(s.), and (d) G. crassaformis. Boxed dashed area highlights the progressive shoaling of the halocline
(1500-1300 ka), the position of which persisted throughout the MPT.

4. Discussion

The temperature and 8" 0gw.ve developments derived from paired Mg/Ca—6180
measurements on the upper and lower thermocline foraminifera N. pachyderma and G.
crassaformis (Fig. 2c-d and 3b-c) provide robust evidence of the shoaling of the
thermocline and halocline prior to the onset of the MPT in the Subantarctic Zone of the
Atlantic Ocean. Overall shallower positions of both oceanic features persisted

throughout the MPT at the same site.
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In the modern Southern Ocean the depth of the thermocline and halocline are influenced
by the upwelling of deep waters offshore Antarctica (Rintoul et al., 2001), which
collectively causes the isothermal and isohaline surfaces to shoal southwards (4ntonov
et al., 2010; Locarnini et al., 2010). Accordingly, the equatorward expansion of the
oceanic fronts during the more severe glaciations of the MPT (Kemp et al., 2010;
Martinez-Garcia et al., 2010, Marino et al., 2009; Rodriguez-Sanz et al., 2012) would
cause a shoaling of the thermocline and halocline, as documented in our upper and
lower thermocline temperature (Fig. 2¢) and in 8'"*Osw.ive proxies (Fig. 3b-c). Our
data further suggest that the northward position of the Antarctic Polar Front during the
MPT shifted environmental conditions at ODP Site 1090 from Subtropical (deeper
thermocline/halocline) to more Subantarctic (shallower thermocline/halocline). The
shift in the response of the Subantarctic Zone climate from precession-driven (low
latitude insolation) to more obliquity-driven (high latitude insolation) observed in
Martinez-Garcia et al., (2010) around 1600 ka also corroborates our finding. Thus, the
equatorward expansion of the polar fronts had important repercussions in the physical
structure, and possibly also in the chemical composition, of the upper water column of
the Subantarctic Zone, likely having implications for marine productivity in the region

after the transition.

4.4.1. Interaction between upper water column changes, iron supply, and
marine primary productivity
It has been suggested that the northward expansion of the Antarctic Polar Fronts during
glacial periods is coupled with the equatorward migration of the westerly wind belt in
the Southern Hemisphere (Toggweiler et al., 2006). This change in the atmospheric
circulation occurred as a consequence of meridional shift of the band of the strongest
thermal gradient between low and high latitudes (crf. Toggweiler and Russell, 2008).
During the glacial phases of the MPT the expansion of the polar fronts was also
associated with the compression of the subtropical areas of the global ocean (Martinez-
Garcia et al., 2010). This affected global atmospheric patterns (McClymont and Rosell-
Mele, 2005; Etourneau et al., 2009), in turn promoting drier conditions over South
America and Africa during the MPT than observed in previous geological periods as the
Pliocene (Wara et al., 2005; Brierley et al., 2009). Such a wind field configuration

together with more arid conditions in South America during the MPT should have
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enabled enhanced eastward transport and fluxes of dust to the Subantarctic sector of the
Atlantic Ocean (e.g. Iriondo, 2000, Lambert et al., 2009), in line with the sharp increase
of glacial Fe supply to Site 1090 at the onset of the MPT (Martinez-Garcia et al., 2011).

Glacial increases of Fe-supply to areas of the ocean where productivity is limited by
micro-nutrients, HNLC regions, might have strengthened the biological pump, in turn,
increasing the uptake and storage of C in the deep ocean (Martin, 1990). This
mechanism seemed to have had an important role in modulating pCO, concentration
during the glacial stages over the last 1100 ky (Watson et al., 2000, Kohfeld et al.,
2005; Martinez-Garcia et al., 2009). Beyond the coverage of Antarctic ice core pCO,
records, Fe-supply to the Southern Ocean featured two large amplitude pulses centred at
~2700 and ~1250 ka, that is, at the onset of the Northern Hemisphere glaciations and at
the MPT, respectively (Fig. 4a; Martinez-Garcia et al., 2011). However, while primary
productivity at the higher latitudes of the Southern Ocean responded to Fe-supply
during both pulses (Fig. 4b-c), increases at ~1250 ka mark the only pulse showing a
tight coupling between Fe-fertilization and marine primary productivity in the
Subantarctic Zone (Fig. 4d). This suggests that besides Fe concentration availability
other factors were preventing primary productivity in the Subantarctic Zone before the

MPT.

We speculate that the expansion of the Antarctic Polar Fronts not only triggered
physical changes, but also increased macro-nutrient availability changes in the
Subantarctic Zone water column, improving conditions in the region to exploit primary
productivity under high Fe concentration periods. Accordingly, the Antarctic Polar
Front expansion reached its closest position to ODP 1090 at the onset of the MPT
(~1250 ka; Martinez-Garcia et al., 2010) and it was a recurrent phenomena that took
place during glacial stages after 1250 ka (Rodriguez-Sanz et al., 2012). This promoted a
shift from Subtropical to Subantarctic conditions at ODP 1090, triggering the observed
shoaling of the thermocline/halocline and changes in the response to orbital parameters
in the region (Martinez-Garcia et al., 2010). In the modern ocean the Subantarctic Zone
features shallower thermocline/pycnocline conditions than the Subtropical Zone (Fig.
la-b), but also higher concentrations of macro-nutrients due to the advection of polar

waters to the core site (Fig. 1c). Using this as an analog, a more Subantarctic ODP

83



Chapter 4: Subantarctic Zone thermocline shoaling at the onset of the Middle Pleistocene Transition: improving
conditions for glacial marine productivity in the region?

1090 after 1250 ka might have also resulted in an increase in macro-nutrient availability
during glacial stages of the MPT than before. Fe concentrations would then become the
only limiting factor to enhance primary productivity in the region after the transition,

explaining the tight link between them only after 1250 ka (Fig. 4a and d).
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Figure 4.4. (a) ODP Site 1090 dust flux (n-alkanes mass accumulation rate; MAR) (Martinez-Garcia et
al., 2011). Opal MAR from a Southern Ocean transect (Cortese et al., 2004): (b) Polar Front (ODP 1093),
(c) Polar Front Zone (ODP 1091), and (d) Subantarctic Zone (ODP 1090; orange). Alkenones MAR in the
Subantarctic Zone Site 1090 is also shown in gray in panel (d) (unpublished data). Boxed dashed area
highlights the progressive shoaling of the halocline (1500-1300 ka), the position of which persisted
throughout the MPT. Red arrows highlight the pulses of increased Fe-fertilizations while green arrows the
response of marine primary productivity to them in each zone of the Southern Ocean. Dark blue vertical

dashed line shows the increase in Fe-supply and productivity response at 2700 ka.

84



Chapter 4: Subantarctic Zone thermocline shoaling at the onset of the Middle Pleistocene Transition: improving

conditions for glacial marine productivity in the region?

Hence, the new MPT Subantarctic Zone water column configuration after 1250 ka
increased the sensitivity of the region to glacial Fe-fertilization with concomitant
enhancements in primary productivity during glacial stages. This in combination with
glacial Southern Ocean stratification allowed the more efficient uptake and storage of C
in the deep ocean with respect to glacial stages before 1250 ka (Hodell and Venz-Curtis,
2006, Rodriguez-Sanz et al., 2012). This mechanism maintained low pCO, (Hénisch et
al., 2009) concentrations and temperatures during MPT glacial stages after 1250 ka,
helping to maintain glacial arid conditions in South America. We speculate that
simultaneous changes at the onset of the MPT of the Subantarctic Zone water column
structure, westerly winds configuration associated to Antarctic Polar Frontal system
expansion, and conditions in South America acted as a positive feedback to enhance the
observed climate sensitivity to Fe-fertilization under glacial conditions after ~1250 ka

(Ridgwell and Watson, 2002; Lambert et al., 2009; Martinez-Garcia, et al. 2011).

4.5. Conclusions

Multispecies reconstructions of Mg/Ca-temperature and élgOSW_IVC at ODP Site 1090
inferred from planktonic foraminifera with different depth habitat preferences has
provided insights on the influence of the Antarctic Polar Frontal system northward
expansion on the physical structure of the Subantarctic Zone across the MPT. Our
results suggest the thermocline and halocline of the region shoaled from 1500 to 1300
ka in response to the northward expansion of the fronts and that those conditions
remained throughout the transition. The shoaling of these oceanic features suggest that
at the onset of the MPT Site 1090 shifted from Subtropical to Subantarctic conditions in
agreement with the change in the dominance of the orbital cycles observed in the
alkenone-SST reconstruction from the same site (Martinez-Garcia et al., 2010). We
speculate that new conditions of Site 1090 after the MPT not only prompted the
shoaling of the thermocline and halocline but also an increase of macro-nutrient
concentrations, in concordance with modern oceanic differences between the
Subtropical and Subantarctic Zone. These changes at Site 1090 were roughly in tandem
with a sharp increase of Fe-supply to the Southern Ocean (Martinez-Garcia et al.,
2011), providing a holistic (physical/chemical) mechanism to explain increases in
marine primary productivity during glacial stages after ~1250 ka. Synchronous physical

changes and characteristics of the upper water column, Fe-supply, and efficiency of the
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biological pump in the Subantarctic Zone glacial stages across the MPT, possibly acted
as a positive feedback to enhance climate sensitivity to Fe-fertilization under glacial

conditions after the MPT (Ridgwell and Watson, 2002; Martinez-Garcia et al., 2011).
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4.7. Supplementary information

Sample Max diam (pm) Spiral height (pm) ratio d/h

1 450.38 294,19 1.53
2 449,73 335.23 1.34
3 485,52 349.36 1.39
4 488.11 348.36 1.40
5 515.97 344.06 1.50
6 449,29 337.58 1.33
7 475,94 320,07 1.49
8 476.11 337.64 1.41
9 486.02 310.20 1.57
10 449,71 320.23 1.40
11 47514 343.22 1.38
12 459.64 298.33 1.54
13 494.89 348.21 1.42
14 474,24 344,37 1.38
15 494,84 337.60 1.47

Figure S1. We had difficulties for the deeper dwelling foraminiferal species identification. Hence we
have taken images in a Scanning Electronic Microscope and carried out morphometric analyses of the

species (above). All the species had more than 3.5 chambers in agreement with G. crassaformis.
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Figure S2. Comparison of aal the temperature reconstruccions performed at the Site 1090; Alkenone-
based SST (UX;;) reconstruction at ODP Site 1090 (grey; Martinez-Garcia et al., 2010) and Mg/Ca-
derived SST at Site 1090 obtained from G. bulloides (yellow). (c) Mg/Ca-derived temperature from M.
pachyderma (s.) (green, Rodriguez-Sanz et al., 2012) and G. crassaformis (blue). Boxed dashed area
highlights the progressive shoaling of the thermocline (1500-1300 ka), the position of which persisted
throughout the MPT.
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CHAPTER S

Salinity increases in the southern California Current in

tandem with Northern Hemisphere cold events

Abstract

Increases of deep water formation in the Pacific Ocean have been proposed as a
mechanism to partially maintain the heat and salt transport to the Northern Hemisphere
(NH) during periods where the Atlantic Meridional Overturning Circulation (AMOC)
was weakened, that is, the Younger Dryas (YD) and stadial Heinrich 1 (stadial-H1).
Millennial-scale 8'*Osw.rvc (a proxy for salinity changes) changes in the tropical Pacific
Ocean point to salinity increases in tandem with YD and stadial-H1. However the
causes have been mainly attributed to local changes in the evaporation-precipitation
processes in the tropical Pacific Ocean, rather than regional salinity variations.
Globigerinoides ruber (sensu lato) and (sensu stricto)- sea surface temperature (SST)
and 818ng_lvc reconstructions from a core located in the southern part of the California
Current (CC) at 25°N allowed us to understand salinity changes in the Pacific Ocean
beyond the tropical sector of this basin. Our G.ruber-SlgosW-wc record shows
pronounced increases (~0.7%o) during YD and stadial-H1 in concordance with tropical-
8" 0gw.rve reconstructions. We propose that the millennial-scale 8" 0gw.ve profiles in
the tropics and at 25°N in the Pacific Ocean are better explained by a combined effect of
weakening local processes that relatively decrease salinity (such as, weakening the CC
at 25°N) and overall saltier conditions in the Pacific Ocean during those events. Our
SST profile supports this view; in that, it suggests the weakening of the CC during the
YD and stadial-H1 and relative warming of the region during NH-cold events. Although
we cannot assess if these salinity increases drove deep-water formation in the Pacific
Ocean, our results provide evidence of the relative warming and synchronous salinity
increases during NH-cold events in the tropical and sub-tropical ocean basin. This
agrees well with the notion of increasing heat and salt transport to the ocean basin as a

response of AMOC collapse proposed by different climatic models.
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5.1. Introduction

Termination 1 (T1) was the most recent period of large scale and high amplitude
warming that the Earth has undergone before entering into the present interglacial
period (Holocene). This warming is characteristically different in each hemisphere;
periods of rapid cooling in the Northern Hemisphere (NH), such as the Younger Dryas
(YD, ~12 ka (Denton et al., 2010) and stadial Heinrich 1 (stadial-HI; Denton et al.,
2010), were paralleled by warming in the Southern Hemisphere (SH) leading to the
concept of the “the bipolar see-saw” (Broecker, 1998; Barker et al., 2009). For the
“bipolar see-saw” hypothesis the weakening of the Atlantic Meridional Overturning
Circulation (AMOC) during the YD and stadial-HI (McManus et al., 2004) is
associated with reduced heat transport to the high latitudes of the NH, while increasing
it to the SH thereby leading to a gradual warming, due to the heat capacity of the
Southern Ocean. These two NH cold stadials were interrupted by a rapid warming
period known as the Bolling-Allerod (B-A, ~14.5 ka; Liu et al., 2009) during which the
AMOC resumed while the SH showed signs of cooling (Antarctic Cold Reversal,
ACR). In addition, the SH gradual warming, associated to the YD and stadial-HI,
apparently allowed for some melting of the Antarctic ice sheet, leading to an increase in
upwelling (Anderson et al., 2009) of old, deep water masses (Skinner et al., 2010)
around the SH probably aided by a southern poleward migration of the SH westerlies.
This allowed the outgassing of respired CO, from the deep ocean, increasing
atmospheric CO, (EPICA, 2004) and therefore feeding back on the warming during the
deglaciation (cfr. Toggweiler and Russell, 2008).

Model and proxy data studies that have attempted to understand the response of the
Pacific Ocean to the collapse of the NADW suggest deep water formation in the western
North Pacific (Okazaki et al., 2005; Okazaki et al., 2010) and hence the strengthening
of the Pacific Meridional Overturning Circulation (PMOC) (e.g. Saenko et al., 2004;
Timmermann et al., 2005; Okazaki et al., 2010; Chikamoto, et al. 2012). Saenko et al.,
(2004) suggest that, throughout an Atlantic-Pacific seesaw mechanism, periods of
freshwater inputs into the North Atlantic might have resulted in the increase of heat and
salt transport to the Pacific Ocean with the Southern Ocean acting as a pivot. Then,
when salinity in the North Pacific Ocean passed a threshold the conditions were

apparently suitable for the formation of relatively deep-water masses in the northern
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part of the basin, maintaining the heat transport to high latitudes. Reconstructions of
8" Osw.ive (a proxy for local salinity changes (LeGrande and Schmidt, 2006) in the
Eastern Equatorial Pacific (EEP; Benway et al.,2006; Leduc et al., 2007; Pena, et al.,
2008 ) and Western Equatorial Pacific (WEP; Rosenthal et al., 2003; Mohtadi, et al.
2010) indeed provided evidence of saltier conditions during YD and stadial-HI.
However, these studies invoked the position of the Intertropical Convergence Zone
(ITCZ) and its link to moisture transport across the Atlantic to the Pacific Ocean, and to
the Eastern Asian Monsoon to explain fluctuations in the tropical Pacific 61805W_Ivc.
This then implies that the observed tropical Pacific salinity anomalies during NH-cold
events were mostly restricted to those regions of the basin that were somehow affected
by the ITCZ, and not to regional changes of salinity. Here we provide new insights on
the salinity changes in a core located a 25°N North-East Pacific (NEP) where the
influence of the ITCZ is negligible. Our sea surface temperature (SST) and 8" 0gw.1ve
reconstructions, using separately the two morphotypes (sensu stricto and sensu lato) of
Globigerinoide ruber white, spanning T1 and into the mid-Holocene (19 to 3 ka)
suggest that indeed salinity changes at that latitude paralleled those in the EEP and
WEP.

5.2. Material and Methods

5.2.1 Sediment core location and chronology

The core MD02-2505 was retrieved from the San Lazaro Basin (SLB) at 25°N, 112°W
from 535m depth. It is located at the southernmost part of the CCS (Esparza-Alvarez et
al., 2007) where it is mainly bathed by the fresh, cold and nutrient-rich California
Current (CC). The CC is strengthened during boreal summer and spring when the North
Pacific High (NPH) migrates northward (e.g. Cheshire et al., 2005) and drives the
meridional winds along the western North American coast. During winter the southward
movement of the NPH, that is winter and fall and/or during El Nifio events, leads to the
subsidence of the winds along the coast and allows for the SLB to be bathed by the
warmer, saltier and more nutrient-poor tropical to subtropical water masses (Fig. 1;
(Durazo and Baumgartner, 2002). The CCS is one of the largest upwelling regions in

the ocean where subsurface subtropical water masses (California Undercurrent, CU),
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which result from a mixture with water masses from southern higher latitudes, upwell.
The upwelling of this relatively salty and high nutrient CU water mass, fueled by the
prevailing northwesterly wind, favors the relatively high primary productivity in the
SLB, contributing to the high sedimentation rates observed in the basin (1m/ky).
Sediments retrieved from the SLB feature excellent carbonate preservation (Marchitto
et al., 2010) and laminated sequences that suggest the absence of any bioturbation of the
sediment on the sea floor (Esparza-Alvarez et al., 2007; van Geen et al., 2003 ). All the
characteristics above collectively make the SLB ideal to study variations of the CCS at
high-resolution timescales, allowing us to effectively compare their records with other
high resolution ones in the NEP. The MDO02-2505 age model was based on 11
radiocarbon measurements on planktonic foraminifera (Table S1 and Figure S1), which
were recalibrated using the program Calib 6.0html and the Marine09 calibration curve
using a reservoir age correction (AR) of 200 £100 (Hughen et al., 2004). The age model
reveals that sediment levels ranging from 295 to 2112 cm depth (used in this study)
cover the T1 into the early Holocene from 19.9 to 3 ka. Sampling has been done every 5

cm, yielding a temporal resolution up to ~50 yr.

5.2.2. Globigerinoides ruber Mg/Ca reconstructions

Overall, abundances of the planktonic foraminiferal species selected for this study were
very variable, ranging from periods of moderate abundance to periods of nonappearance
of the species, hindering the generation of continuous Mg/Ca and §'*Oc¢ records. We
have established a threshold of 15 specimens for any determination, above which
samples would go through paired Mg/Ca-8'0¢ measurements. Below that threshold
samples were analyzed either for Mg/Ca or 8'*O¢, depending on the resolution of the
records that were being generated. For this study we have analyzed separately the two
morphotypes of the surface-dwelling, symbiont-bearing species G. ruber white, sensu
lato (s.l.) and sensu stricto (s.s). G.ruber (s.s) and (s.I) were picked from the size
fraction 250-350 um, and gently crushed between two glass slides that were previously
cleaned with methanol. After crushing, samples were split into two (when it was
possible) for Mg/Ca and 8'°O¢ cleaning and then analyzed; otherwise samples were

entirely cleaned and analyzed following only one of the two procedures.

95



Chapter 5: Salinity increases in the southern California Current in tandem with Northern Hemisphere cold events

A.'- "-_ ~
..-q; o
q

o MD02-2505 .

@

=

o

—

(il

oY

=

L

|._
-

=

=

[y

)

Figure 5.1. Location of the MD05-2505 (light blue dot) in the Pacific Ocean (25°N, 112°W, water depth
535 m). World Ocean Atlas 2005 (WOAO0S5) modern summer sea surface (a) temperature and (b) salinity
gradients. Blue arrow denotes the flow of the California Current (CC), while the black arrow shows the

course of the Southern California Countercurrent (SCC).

For Mg/Ca cleaning we followed the analytical procedure explained in Chapter 2
section 2.2.1. Except for some Fe/Mg values (22 out of 175 in the G. ruber (s.l.)
record), all the ratios that we have used for testing potential contamination phases
yielded values that were well below the proposed thresholds (Boyle, 1983; Barker et al.,
2003; Ferguson et al., 2008). The lack of correlation between Fe/Mg and Mg/Ca ratios
(1’=0.1) excludes the possibility of any bias introduced by clay contamination. The
relative standard deviation was on average 2% (N=45). A commonly used limestone
standard (ECRM752—1) with a specified Mg/Ca of 3.75 mmol.mol™ (Greaves et al.,
2008) was also analyzed, yielding values of 3.70+0.09 mmol.mol. The calibration used

to convert Mg/Ca into temperature was (Dekens et al., 2002), which has been shown to
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faithfully reproduce summer temperatures when using G. ruber white morphotypes to
reconstruct Mg/Ca-based temperatures (Mortyn et al., 2011). A full error propagation
exercise suggests uncertainties of £1°C associated with our sea surface temperature

(SST) reconstructions.

5.2.3. Calcite stable oxygen isotope (8'°0c) measurements and seawater
oxygen isotope (8'°0sw) calculation
For 8'*0 analyses on foraminiferal calcite (5'*0¢) we followed the cleaning procedure
and sample preparation described in chapter 2 section 2.2.2. Analyses of the samples
were carried out at the Autonomous University of Barcelona. In order to generate the
seawater 8'°0 composition (5'*Osw) record based on the paired Mg/Ca-8"*0c¢
measurements we used Bemis et al., 1998 (T= 16.5 — 4.80*(8'*0c¢ -8"*0sw)). We
selected this paleotemperature equation based on the proximity of that calibration study
to our study region. We used the sea level reconstruction of (Stanford et al., 2011) to
remove the ice volume (SISOSW_IVC) component from the calculated SISOSW. We linearly
interpolated the Stanford et al., 2011 record to the same temporal resolution than our
records and then we subtracted from the 8'*Osw profile. An error propagation exercise

yielded 1o uncertainties for our data of +0.3%.

5.3. Results

Figure 2 displays Greenland (Fig. 2a) and Antarctic (Fig. 2b) ice core data compared to
the Mg/Ca and 8"*Oc records from the NEP inferred from each G. ruber morphotype
(Fig. 2c-e). Both G. ruber (s.s.) and (s.l.) 8"*Oc¢ (Fig. 2c) reconstructions show an
amplitude change of ~1.6%o toward lighter values across T1. Overall, the G. ruber (s.s.)
profile records lighter values than G. ruber (s.l.), suggesting a shallower depth habitat
for the former in agreement with modern observations (e.g., Wang, 2000; Steinke et al.,
2005). The lack of G. ruber (s.s.) species in the sediment during the NH stadial-H1 and
across T1 makes it difficult to generate a continuous SST record based on this
morphotype (Fig. 2d). On the other hand G. ruber (s.1.), although less abundant during
the Holocene compared to G. ruber (s.s.), was abundant enough to generate a complete
SST record (Fig. 2e). The new G. ruber (s.1.)-SST profile features a progressive
warming (~2£1°C) during T1 which was interrupted at ~12 ka BP by a subtle cooling

correlative to the ACR event in Antarctica.
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Figure 5.2. (a.) 8'°0 in the NGRIP ice core record of Greenland (NGRIP members, 2004). (b) Deuterium
(6D) record from the EPICA ice core (EPICA, 2004). Records from core MD05-2505 inferred using G.
ruber (s.s) and (s.I) morphotypes: (c) 8'"*Oc, green and gold respectively, (d) G. ruber (s.s) Mg/Ca-based
SST (red), (e) G. ruber (s.I) Mg/Ca-based SST (blue). (f) Local 8" Ogw.ive changes at MD05-2505,
obtained by removing the ice-volume (mean ocean 8'*Ogy; Standford et al., 2010) and calcification
temperature from the 8'*O¢ measured on G. ruber (s.s.) and (s.1.); red and blue respectively. Smoothing
using a low pass filter with a cutoff frequency of 0.1Hz is shown in gray in records from c to f to
highlight the main trends. Light purple and green vertical boxed areas denote the Younger Dryas (YD)

stadial and Belling-Allered (B-A) interestadial in the Northern Hemisphere, respectively.
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8" Ogw.ive records based on G. ruber (s.s.) and (s.l.) show similar patterns and
amplitude changes during the end of T1 and into the early Holocene (Fig. 2f). Since we
know that 8'®Oc is a mixed signal between the temperature and 8'°Ogy of the water
mass where foraminifers calcified, the observed consistency between the 8" 0gw-rve
records might suggest that differences in morphotype abundances are mainly controlled
by temperature preferences in the water column. The G. ruber-8"*0sw.ive (Fig. 2f)
profile displays a progressive change toward lighter values (freshening) across the time
span of this study. It also shows a pattern of millennial scale variability that partly
resembles the Greenland ice core (Fig. 2a), suggesting a change of ~0.6-0.7%o toward
heavier values (salinity increases) roughly coinciding with NH-cold events (YD and

stadial-H1).

5.4. Discussion

Our SST-G.ruber (s.l.) time series from the SLB suggests that the southern part of the
CCS warmed gradually, ~1.5-2°C, across the T1 (Fig. 2e). In contrast, an alkenone-
based SST record from a northern position of the CCS, at 34°N (ODP 1016, (Yamamoto
et al., 2007) shows larger amplitude changes across T1 (~6°C). This difference between
the SST profile trends resulted in a larger north to south gradient (~10°C) across T1 than
during the Holocene when the gradient was smaller (~7°C; Fig. 3a). Since alkenone
producers and G. ruber fluxes have both been shown to occur during summer in the
region (Thunell et al., 1983), the differences observed should then be due to factors
other than seasonality. The resolution of the alkenone record does not allow us to
further infer millennial scale SST gradient variability during the summer season across
T1. However, Globigerina bulloides SST records from ODP 1017 (34°N; Pak et al.,
2012) and from the SLB (25°N, Marchitto et al., 2010; Tello et al., 2009) allow
understanding millennial-scale variations in the north to south SST gradient in the CCS
during the spring season, when the CC is still intensified (Durazo and Baumgartner.
2002). The spring SST gradient suggests similar features than the summer counterpart,
that is, different trends across the T1 and larger north to south SST gradient in the CCS
but only during NH-cold periods (Fig. 3b). Modern ocean observations have shown that
the intensification of the CC happens during spring and summer seasons due to the

northward movement of the NPH (Espinosa-Carreon et al., 2004). This, in combination
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with upwelling processes that are triggered by the northwesterly winds (Linacre et al.,
2010), buffers the SST off the coast of California during the year's warmest seasons
(spring and summer) and hence equals the latitudinal SST gradient in the CCS.
Accordingly, the observed increase in the north to south SST-CCS gradient suggested
by the SST reconstructions (Fig. 3a-b) during T1, particularly during NH-cold stages
(Fig. 3b), points to a weaker CC and to an overall progressive intensification of the
current into the Holocene. The weakening of the CC has always been associated with an
increase in the advection of warm, nutrient-poor tropical water masses to the core site
(e.g. Herbert et al., 2001). Opal percentages in the Guaymas Basin in the Gulf of
California (McClymont et al., 2012) agree well with increasing the advection of tropical
waters during YD and stadial-H1 since it shows nutrient and silica availability in the
region during most of the time span except for those periods. In this sense, decreases in
the influence of the CC in the southern part of the CCS might have reduced its
temperature buffering effect in the region and possibly allowed the advance of tropical
water masses during YD and stadial-H1. This therefore facilitated the relative warming
of the SLB compared to the SST at 34°N across T1, and especially during NH-cold

stages in the seasons when the CC intensity likely increased.
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Developments of the G.ruber-8"0gw.1vc (Fig. 2f and 4c) record further agree with a
gradual intensification of the fresh CC toward the Holocene and additional weakening
of the current during YD and stadial-H1, as it suggests an overall slow change toward
fresher conditions from T1 into the Holocene and clear increases of G.ruber-818OSW_lvc
(relatively salty) during NH-cold events. This pattern of variability agrees well with
other reconstructions from the tropical Pacific (Rosenthal et al., 2003; Benway et al.,
2006; Leduc et al., 2007; Pena et al., 2008), especially those from the EEP (Benway et
al., 2006; Leduc et al., 2007), in that the amplitude changes (~0.5-0.7%o) observed
during YD and stadial-H1 are similar to those in the SLB (~0.6-0.7%0). Some
hypotheses to explain 8'*Osw.rvc fluctuations in the EEP profiles invoked the influence
of the ITCZ position in the exchange of moisture from the Atlantic to the Pacific Ocean
(e.g. Leduc et al., 2007). Accordingly, NH-cold (warm) events triggered a southward
(northward) displacement of the ITCZ, reducing (increasing) humidity transport
between the ocean basins, hence increasing (decreasing) salinity in the EEP. Indeed,
similarities between 818OSW_IVC reconstructions (Fig. 4b-d) and the 5'%0 record from the
Botuvera stalagmite in the South of Brazil (Fig. 43; Wang et al., 2007), i.e., the position
of the ITCZ, are irrefutable. These observations clearly show the importance of the
ITCZ position as a key process in the observed changes in the EEP Pacific 8"*Osw.rvc
records. We infer that, as in the tropical Pacific, the millennial scale SISOSW_IVC changes
in the SLB were also a consequence of weakening a process that, when operating,
relatively decreased the surface salinity by freshening the region, that is, minor

influence of the CC during NH-cold events.

We noticed, however, that a positive ~0.7%o G.ruber-SlgosW_Wc amplitude change in
the CCS during YD and stadial-H1 corresponds to a ~2 psu increase in the region (when
using Spero and Lea, 1996 8'"¥Osw.ivc-S equation), which is considerably high to be
only triggered by CC weakening (Schneider et al., 2005). Hence, we do not exclude that
a mechanism other than the CC influence could have been at play in the observed
88 0gw.1vce millennial scale changes in the southern CCS during the NH-cold events.
Furthermore, synchronous BISOSW_WC millennial scale changes in the EEP (Benway et
al., 2006; Leduc et al., 2007; Pena et al., 2008), north-equatorial western Pacific (e.g.
Fig. 4d; Rosenthal et al., 2003; Steinke et al., 2008; Mohtadi et al., 2010) and CCS at

25°N further support this observation. We speculate that the surface/subsurface water
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masses advected to the north tropical Pacific Ocean were perhaps relatively salty during
NH-cold stages than for the rest of the deglaciation. Thereby, the weakening of local
processes that relatively counteract salinity increases in those regions of the Pacific
Ocean, such as the ITCZ (tropical), CC intensity (CCS), Asian Monsoon (west-

tropical), etc., could have simply acted as a positive feedback to amplify that signal.
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Figure 5.4. Comparison of G. ruber (s.l.) records from MD05-2505 with a set of SST and 8"*Osw.rvc
reconstructions performed in the Pacific Ocean. (a) 'O in the NGRIP ice core record of Greenland is
shown as reference (NGRIP members, 2004). (b) Opal percentage from the Guaymas Basin in the Gulf of
California (MD02-2515; McClymont et al., 2012). (¢) 8'*Ogw.ivc reconstruction from core MD05-2505
8" 0gw.ive. (d) Tropical Pacific 8'®Ogw.ivc reconstructions from MD97-2141 (purple; Rosenthal et al.,
2003) and ODP 1242 (dark red, Benway et al., 2006). (¢) 'O record from the Botuvera stalagmite in the
South of Brazil (Fig. 43; Wang et al., 2007). (f) A8"*C in the NE-Pacific across T1 (Marchitto et al.,
2007). Smoothing using a low pass filter with a cutoff frequency of 0.1Hz is shown in gray in records c-d
to highlight the main trends. Purple and green vertical boxed areas denote the Younger Dryas (YD)

stadial and Belling-Allerad (B-A) interstadial in the Northern Hemisphere, respectively.
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Radiocarbon records from intermediate water masses at the NEP (Fig. 4f; Marchitto et
al., 2007) suggest the arrival of very old water masses with a Southern Ocean origin
(Basak et al., 2010) during NH-cold events coinciding with saltier upper tropical Pacific
Ocean conditions. Further evidence of very old intermediate water masses in the EEP
and West Pacific have been provided by Stott et al., 2009 and Sikes et al., 2000
respectively. This suggests simultaneous changes in the characteristics of the upper and
intermediate water masses in the tropical-subtropical Pacific Ocean. In the modern
ocean, water masses formed in the Subantarctic and Polar Zone, the SAMW and AAIW
(Rintoul et al., 2001), of the Southern Ocean are known to feed the Pacific Ocean
interior (e.g. Spero and Lea, 2002). In this sense, synchronous changes in the upper and
intermediate Pacific water masses properties suggest major variations in the features of
the Southern Ocean water masses during periods of weakening of the NADW
(McManus et al., 2004). Modelling studies that attempted to understand the response of
the Pacific Ocean to the AMOC weakening further support our inferences on the overall
relatively salty conditions in the Pacific Ocean (Saenko et al., 2004; Timmermann et al.,
2005) through circulation and atmospheric readjustments with the Southern Ocean

acting as the pivot (Saenko et al., 2004).

Hence, the relative warming of the southern part of the CCS (Fig. 3a-b) compared to the
northern counterpart suggests the weakening of the cold and fresh CC during YD and
stadial-H1. We speculate that the combination of overall saltier conditions in the Pacific
Ocean and decreased influence of the fresh CC in the SLB accounted for the 0.6-0.7%o
G.ruber-Slgosw_Ivc change observed during those NH-cold events. Similarly, changes
in the position of the ITCZ (Wang et al., 2007) acted to amplify the Pacific Ocean
salinity anomaly, resulting in synchronous salinity increases in the tropical Pacific
Ocean (e.g. Rosenthal et al., 2003; Benway et al., 2006) and at 25°N (this study) during
NH-cold events. Although we cannot assess whether these salinity increases were
sufficient to activate PMOC during AMOC weakening, our results provide evidence
that, beyond the equatorial Pacific, the salinity anomaly was extended to 25°N in the
NEP during YD and stadial-H1. In addition, simultaneous variations in upper Pacific
Ocean salinity and intermediate water masses changes (Sakes et al., 2000; Marchitto et
al., 2007; Stott et al., 2009), of southern latitude origin (Basak et al., 2010) during YD
and stadial-H1, point to major oceanic water masses characteristic changes in the

Southern Ocean. All these observations collectively are in concordance with model
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studies that suggest Pacific Ocean salinity increases during periods of weakening of the
AMOC due to wind and thermocline processes that involved the Southern Ocean

(Timmermann et al., 2005).
5.5. Conclusion

Comparison between our summer G. ruber-SST record with an alkenone-SST
reconstruction from a core located at 34°N (Yamamoto et al., 2007) suggests different
warming trends across the deglaciation resulting in a larger SST gradient across the T1.
The same North to South comparison in the CCS, but using SST reconstructions based
on the spring G. bulloides species (Tello-Ramia, 2009; Marchitto et al., 2010; Pak et
al., 2012), suggests that the gradient is especially intensified during YD and stadial-H]1.
In the modern ocean the CC intensifies during summer and spring as a consequence of
the northward position of the NPH (e.g. Hendy et al., 2010). Therefore, we interpret our
results as a weakening of the CC during T1 and especially NH-cold events across the
deglaciation. Our new G. ruber-SISOSW_Wc record shows increases (relatively salty
conditions) in tandem with YD and stadial-H1 when the CC was apparently weakened
further supporting that concept. We also observed a large G.ruber-8"*Ogsw.rve amplitude
change during those events, up to 0.7%o (that is 2 psu), and clear similarities with
880gw.1ve reconstructions from the EEP and WEP. Based on this, we do not exclude
that local processes that modulate salinity in those areas (such as ITCZ position, CC
intensity, Asian Monsoon, etc.) were acting in concert with regional ones (e.g. overall
saltier conditions in the ocean basin) to explain the observed millennial-scale salinity
changes in the Pacific Ocean. Our results agree well with model studies (Saenko et al.,
2004; Timmermann et al., 2005) that suggest increases in Pacific Ocean salinity in
response to the weakening of the AMOC via processes that involved the Southern

Ocean.
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5.7. Supplementary information

Tabla S1. The '*C AMS measurements used to construct the MD02-2505 age model.
We used Calib06 and assumed a reservoir age (AR) of 200 yr to calibrate to calendar

years before present (cal. yr BP).

Depth (cm) 14C age (yr) Calibratated calendar age (yr BP)
669 7030 7355+80
778 7415 7677,5+£97
879 8495 8863+151
980 9305 9831+181
1182 10100 10826+161
1411 12205 13421+127
1540 13400 15141£191
1720 14619 17045+199
2261 18330 21199+337
2495 19840 228934400
3600 29430 33411+748
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Figure S1. Calibration used to construct the age model for the early part of the record
(Holocene) where radiocarbon measurements where not available. It is based on the

data reported in table S1.
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CHAPTERG

Conclusions and future work

Paired Mg/Ca-8'0¢ measurements using multispecies planktonic foraminifera have
allowed us to understand past changes in the structure of the upper water column in two
different ocean basins across diverse geological timescales. Based on records of Mg/Ca-
temperature and ice volume free seawater 5'%0 (61805W_1vc; a proxy for past changes in
salinity; LeGrande and Schmidt, 2006), we have inferred past hydrographical changes
in the Southern and Pacific Oceans, and their implications for the global carbon (C)
cycle and ocean circulation during the Middle Pleistocene Transition (MPT) and

Termination 1 (T1), respectively.

Chapter 3 focused on understanding upper water column temperature and 8'"*Ogw.rvc
changes in the Southern Ocean during the MPT and their effects on the exchange of C
between the deep ocean and the atmosphere during the time span. Reconstructions
based on Neogloboquadrina pachyderma (sinistral) from a core located in the
Subantarctic Zone of the Atlantic Ocean (at 42°S, ODP Site 1090) suggest a change
toward fresher and cooler conditions at the onset of the MPT (~1250 ka), which
persisted across glacial stages of the transition. These changes occurred virtually in
tandem with increases in the glacial type lithologies in a core retrieved from Antarctica
(Naish et al., 2009) pointing to a strong link between hydrographical changes in the
Subantarctic Zone and seaward expansion of the West Antarctic ice sheets. We
speculate that the observed cooling and freshening at ODP Site 1090 reflects Southern
Ocean hydrographical changes across the MPT. Based on the known ocean density
sensitivity to salinity changes under cold conditions (Adkins et al., 2002; de Boer et al.,
2008), the freshening suggested by the N. pachyderma (s.) 8" Osw.ive record likely
accounted for increased Southern Ocean upper water column stratification at the onset
of the MPT, which persisted during glacial stages of the transition. Southern Ocean
upper water column stratification probably helped to more efficiently store C at depth
by hindering the release of respired CO, from the deep ocean to the atmosphere. This is

in line with increases in the Southern Ocean 8"°C gradient with respect to the North
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Atlantic and Pacific Oceans at the onset of the MPT, which points to enhancing C
storage in the deep ocean at that time (Hodell and Venz-Curtis, 2006). Similarities
between pCO, measurements in the Antarctic Ice Cores (Luthi et al., 2008) and
hydrographical changes in the Southern Ocean in two glacial-interglacial cycles after
the transition points to a close coupling of these features on these timescales. We
propose that Southern Ocean stratification, probably in combination with increases in
productivity due to Fe-Fertilization (Martinez-Garcia et al., 2011) accounted for the
~30 ppm decrease in glacial pCO, proposed by (Honisch et al., 2009). Implications of
hydrographical changes in the Southern Ocean in the C cycle should be further studied
by extending 8" 0gw.ve records to multiple glacial-interglacial cycles after the MPT,
where pCO, measurements in the Antarctic ice cores allow more direct comparisons.
Alternatively, increasing the temporal resolution of pCO, (Honisch et al., 2009; Tripati
et al., 2009) using the boron planktonic foraminiferal proxy would also provide
excellent new insights. In this sense, the extension of both §'*Ogw.vc and pCO,
reconstructions back in time would also help to understand the role of Southern Ocean
stratification during other climatic transitions, such as the Plio-Pleistocene transition

and/or its response to the onset of the Northern Hemisphere glaciations.

Chapter 4 further explored the role of the Southern Ocean (ODP Site 1090) physical
water column conditions in modulating pCO; across the MPT. We tracked past changes
in the structure of the upper water column of the Subantarctic Zone by taking advantage
of the different depth habitats of Globigerina bulloides (surface), N. pachyderma (s.)
and Glogorotaliid crassaformis (subthermocline). Mg/Ca-based temperature and
8" Ogw.1vc reconstructions from the relatively deeper planktonic foraminifera species
suggest a sustained warming and saltier conditions from 1500 to 1300 ka, which was
absent in G. bulloides reconstructions. After this period, all records feature similar
amplitude temperature and BISOSW_IVC changes and the gradient among them was
reduced. Modern observations suggest that the thermocline and halocline shoals from
the subtropics toward the Subantarctic Zone (Rintoul et al., 2001). Based on this, we
interpreted the observed changes in the planktonic foraminifera records as the shoaling
of the thermocline and halocline at 1500-1300 ka as a consequence of the expansion of
the Antarctic polar fronts. We speculate that the new position of these oceanographic

features in the Subantarctic Zone across the MPT improved glacial upper water column
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conditions for increasing primary productivity in the region, then enhancing the uptake
of pCO,, and hence the sensitivity of the climate to glacial Fe-fertilization over the last
1200 ky (Lamber et al., 2004; Martinez-Garcia et al., 2011). Using modern ocean
observations as an analog (Rintoul et al., 2001), the revised water column structure
during the MPT would have shifted ODP Site 1090 from Subtropical to Subantarctic
conditions at the onset of the MPT. The modern Subantarctic Zone is characterized by
higher nutrient concentration than the subtropical region, implying that the availability
of macro-nutrients in the area was likely increased with changing physical structure of
the water column across the MPT. In this sense we propose that synchronous shoaling
of the thermocline/ halocline and concomitant increases in macro-nutrient supply,
coupled with sharp increases in Fe-supply (Martinez-Garcia et al, 2011) to the
Subantarctic Zone acted as a plausible mechanism to explain increases in glacial
primary productivity at the onset of the MPT and glacial stages after the transition. The
influence of the shoaling of the thermocline/halocline in the supply of macro-nutrients
to the Subantarctic Zone should be further tested by reconstructions of 8N in
planktonic foraminifera or Cd/Ca ratios in benthic foraminifera during the time span.
Confirmation of macro-nutrient utilization increases in the Subantarctic Zone and
enhancement of Southern Ocean stratification during glacial stages only after the MPT
would provide a convincing positive feedback mechanism for the transition. This would
further imply that only after the onset of the MPT the Southern Ocean reached a
threshold where all the conditions to uptake and efficiently store C at depth were
achieved and that mechanisms other than pCO, fluctuations themselves acted as actual

drivers of the transition.

We have also used Mg/Ca-temperature and 8" 0gw.ve to infer past oceanic and
atmospheric changes in the southernmost part of the California Current System (CCS),
using a core retrieved from the Northeast Pacific (NEP; MD02-2505, 25°N) across T1
and the early-Holocene. Sea surface temperature (SST) records from MD02-2505 using
separately the two different morphotypes of Globigerinoides ruber white, sensu lato and
sensu stricto, have shown that the NEP was gradually warmed across T1 by ~2°C and
weakened abruptly in tandem with Northern Hemisphere (NH) cold events, that is,
Younger Dryas (YD) and stadial Heinrich 1 (stadial-H1). G. ruber-8"* Ogw.ivc increases

up to ~0.7%o (relatively salty conditions) during NH-cold events further support this
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notion. Millennial-scale variability changes in the G.ruber-8"®0sw.vc reconstruction
agree well with those from the tropical Pacific (Rosenthal et al., 2003; Benway et al.,
2006, Pena et al., 2008). Salinity changes in the tropical Pacific have been mainly
associated to the influence of the position of the Intertropical Convergence Zone (ITCZ)
in the moisture transport between the Atlantic and Pacific Ocean and the intensity of the
Eastern Asian Mosoon (e.g. Rosenthal, et al., 2003, Leduc et al., 2007). However, we
proposed that the observed millennial-scale 61805W_1vc changes in the
tropical/subtropical Pacific Ocean should not only be explained by local variations in
the freshwater input but also by regional hydrographical changes of the ocean basin. We
speculate that the ocean basin was relatively salty during NH-cold events than for the
rest of T1, and that the position of the ITCZ and decreases in the influence of the CC
reduced the freshening of the tropical Pacific and CCS, respectively, hence amplifying
the salinity signal. Synchronous upper water mass 8'°*Osw.ivc changes in the Pacific
Ocean and variations in the characteristics of intermediate water masses of the ocean
basin (Marchitto et al., 2007; Stott et al., 2009) suggest major changes in the features of
the water masses advected from the Southern Ocean. Overall saltier conditions in the
ocean basin, and concomitant activation of the Pacific Meridional Overturning
Circulation (PMOC), have been proposed to occur as a result of weakening the Atlantic
Meridional Overturning Circulation (AMOC) during YD and stadial-H1 (Saenko et al.,
2004, Timmermann et al, 2005). We cannot assess whether the salinity changes
observed accounted for the strengthening of the PMOC, however we demonstrated that
the salinity anomaly is observed beyond the tropical region. In this sense new engq and
radiocarbon reconstructions, in combination with those already available (Okazaki, et
al. 2010), would provide valuable information on the response of the Pacific Ocean
circulation to those hydrographical changes during periods of AMOC weakening. New
insights in this regard would demonstrate whether an Atlantic-Pacific seesaw
mechanism is indeed activated to maintain the heat and salt transport to the NH when

this process is reduced in the Atlantic Ocean (Saenko et al., 2004).
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