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Abstract.

This thesis investigates paleoceanographic changes from the late Eocene - early Oligocene
climate transition (EOT) on the Kerguelen Plateau (KP) submerged igneous province in
the Southern Indian Ocean. This transition is characterized by the onset of permanent
ice-sheets over Antarctica. However, forces and feedbacks of this glaciation on Southern
Ocean circulation remains focus of debate.

At present, the Antarctic Polar Front is located at the northern part of the KP where
the cold northward-flowing Antarctic waters converge and sink below warmer waters of the
sub-Antarctic. This results in a narrow circumpolar oceanic belt extremely high in primary
productivity, that shows a shift from biocalcareous sedimentary deposits to the north and
biosiliceous to the south. In this thesis, the position of the Polar Front across the KP is
studied. This is to test the hypothesis that the Polar Front shifted northward across the
KP at the EOT, because of a change in the latitudinal thermal gradient between equator
and pole driven by the impact of Antarctica glaciation. To achieve that, I have produced
new paleoceanographic data for three ODP sites drilled during Leg 183 (Sites 1138, 1139
and 1140). The sites cover the northern and central latitudinal transect of the KP. The
lithological characteristics at these sites are analyzed and the first high-medium resolution
benthic foraminifera stable isotope records are generated from central and northern KP.
The obtained isotope records are correlated with available records from southern KP (Sites
748, 744 and 738) from the late Eocene and early Oligocene to produce a paleoceanographic
N-S transect spanning ~ 20° of latitude. The results of this synthesis show that regional
northern KP intermediate waters at the three new sites have similar oxygen isotope values
compared to southern KP sites in the latest Eocene. This suggests the location of the Polar
Front south of the KP with warm Indian Ocean conditions extended over KP. Conversely,
there are differences in the oxygen isotope values between the three new sites and southern
KP at the earliest Oligocene. This is coeval with a biosilica facies change found at southern
KP during EOT. Finally, the results are incorporated into a larger framework where the KP
isotope records are compared with records from the Atlantic sector of the Southern Ocean
and globally. Latitudinal variations along the Southern Ocean were observed suggesting
relative colder intermediate/bottom waters at sites close to the Antarctic continent until
reaching central KP, indicating that the Antarctic Polar Front, if present as we know it
today, was located between central and southern KP at the EOT.
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Chapter 1

Introduction

One of the most significant paleoclimatic changes of the Cenozoic occurred close to the
Eocene/Oligocene climate transition (EOT), ~ 34 Ma. Earth underwent a fundamental
transition from ’greenhouse’ to ’icehouse’ climate conditions that characterizes our modern
climate system. This abrupt shift is associated with the onset of permanent ice-sheets over
East Antarctica (e.g. Kennett and Shackleton, 1976; Miller et al., 1991; Coxall et al., 2005;
Lear et al., 2008). Among the possible triggering mechanisms for this glaciation are: (i)
orbital insolation changes promoting snow accumulation in the absence of warm summers
(Coxall et al., 2005); (iii) decrease in atmospheric CO, that post a threshold for continental
glaciation (DeConto and Pollard, 2003; DeConto et al., 2008; Pagani et al., 2011); (iii)
paleogeographic reconfigurations through the widening of Drake Passage and Tasmanian
Gateway favoring the change of a meridional to circum-Antarctic current circulation (ACC)
(Kennett and Shackleton, 1976; Kennett, 1977; Stickley et al., 2004; Scher and Martin,
2006; Eagles et al., 2006), which is still fiercely debated (Sijp et al., 2009; 2011; Zhang
et al., 2011; Yang et al., 2013). To optimize paleoclimate models and hence future climatic
predictions, it is important to target both the forcing mechanisms and feedbacks associated
with initial Antarctic glaciation.

Since the 1970s, southern hemisphere glaciation and a global cooling event have been
revealed by numerous studies of deep-sea sediment cores. The key evidence obtained from
these marine records includes: (i) > 1.0%o increase in oxygen and carbon stable isotopes
in benthic foraminifera calcite; (ii) deepening in the calcite compensation depth; in cores
proximal to Antarctica (iii) co-occurrence of ice rafted debris; (iv) clay mineral shift from
enhanced Antarctica weathering.

The Kerguelen Plateau (KP) is located in the Indian sector of the Southern Ocean (SO).
It is classified as the second largest oceanic igneous plateau. KP formed though hotspot
volcanism with large basaltic emplacements in different pulses: ~110 Ma for southern KP
(SKP), ~ 85 Ma for central KP (CKP) and ~ 40 Ma for northern KP (Coffin et al., 2000).
It extends over almost 20°S latitudes (from 46°S to 64°S). The average modern water
depths at the KP range from 1500 m in the north to 2500 m in the south which allowed
the preservation of biogenic carbonate well above the Cenozoic lysocline. This shallow
bathymetry is thought to constitute a major barrier to the current ACC (Park et al.,
2008). Therefore, KP sits in a target area to investigate past changes in SO circulation at
the EOT. This study will investigate the EOT sequences of three deep-sea sediment cores
drilled during ODP Leg 183 in NKP (Site 1140, 1139) and CKP (Site 1138).



Existing foraminiferal oxygen and carbon stable isotope records from SKP indicate a
decline in surface water temperatures predating the early Oligocene East Antarctica glacia-
tion (Barrera and Huber, 1991). This coincides with sedimentary evidence for enhanced
primary productivity showing a switch from biogenic calcite to biogenic silica during the
earliest Oligocene (Diester-Haass, 1996; Salamy and Zachos, 1999). Associated with this
is an increase in benthic foraminifera accumulation rates and deterioration of carbonate
preservation (Diester-Haass, 1996; Diester-Haass and Zahn, 1996). These changes are sug-
gested to reflect the northward migration of a polar front over the southern end of the
Kerguelen Plateau (Barrera and Huber, 1991; Salamy and Zachos, 1999) attributed to the
establishment of new cold and nutrient-rich water masses associated with climate cooling.
The cause of this is thought to be enhanced ocean and atmospheric circulation because
of an increase in the latitudinal temperature gradient reflecting the migration of a polar
front. This suggests a source of force or feedback on Antarctica glaciation, since the role
of SO frontal upwelling zones and associated increase in productivity might have increase
carbon cycling bringing a CO, drawdown.

1.1 Hypothesis and aims

This research investigates the following hypothesis:

"The Polar Front shifted northward across the Kerguelen Plateau at the EOT, because
of a change in the latitudinal thermal gradient between equator and pole driven by the
impact of Antarctica glaciation”, Figure 1.1.

—_———— -——-) Modern PF RN Ny Sy

PF — —_—

(i) Late Eocene (ii) Early Oligocene

Figure 1.1: Two predicted scenarios of the hypothesis to be tested regarding paleo-ocean
circulation and the relative location of the Antarctic PF: (i) late Eocene, similar north-
south paleoceanographic conditions because the PF was located south of the KP; (ii) early
Oligocene, different north-south paleoceanographic conditions because the PF had shifted
northward dividing conditions across the KP. Modern Polar Front path after Orsi et al.
(1995). PF: Polar Front, KP: Kerguelen Plateau.

In order to test the hypothesis this study aims to:



e Broad aims:

- Reconstruct latitudinal changes in SO deep circulation by comparing the three new
benthic foraminifera stable isotope records to published records from SKP, Sites 748 (Za-
chos et al., 1992; 1994), 744 (Zachos et al., 1996) and 738 (Barrera and Huber, 1991). This
suite of six sites provides the first deep-sea paleoclimate latitudinal chemostratigraphic
transect across the KP.

- Contrast KP deep ocean elsewhere in the Southern Ocean (Atlantic sector) and glob-
ally.

e Specific aims:

- Produce an EOT latitudinal transect across the KP by adding three new sites from
the northern part of KP containing the E/O boundary.

- For each site, add climate proxy data from stable isotopes producing the first carbon
and oxygen isotope records in benthic foraminifera shells. The idea was that the oxygen
isotope (0'%0) records across the north-south KP transect will reveal if there were major
differences in ocean-climate conditions from North to South and from the late Eocene
to early Oligocene when Antarctica became glaciated. The record from carbon isotopes
(613C) will provide information on local paleoproductivity, global carbon burial and past
deep-water mass movement.

- Revise the bio- and magnetostratigraphic chronologies for the three new sites based
on the new isotopic records themselves since they reflect globally synchronous processes
during the EOT.

- Constrain surface water conditions from lithological /biomineral facies changes and
productivity proxies at the three new sites and compared them with the rest of the available
sites.



Chapter 2

Background

2.1 The Eocene/Oligocene climate transition:
geochronology and oxygen isotope signature

The Eocene-Oligocene climate transition (EOT) spans the boundary between the Eocene
and Oligocene epochs. The EOT has long been known to be a time of major biotic and
environmental change on land and in the oceans (Coxall and Pearson, 2007). The age of
the Eocene/Oligocene (E/O) boundary is represented at 33.7 Ma by a golden spike for
the global boundary stratotype sections and point (GSSP) on the geomagnetic polarity
reversal timescale of Berggren et al. (1995) or 33.9 Ma on the timescale of Cohen et al.
(2013). The E/O GSSP is located in Massignano quarry in Ancona (Italy), and it is based
upon the extinction of the planktonic foraminiferal genus Hantkenina, a low to mid latitude
taxon with restricted occurrence (Premoli-Silva and Jenkins, 1993). Some authors argue
that the GSSP should be reselected since its age is older than the global oceanic oxygen
isotope excursion, not represented in the current section (Van Mourik and Brinkhuis, 2005).
However, it has been shown that this extinction actually occurs during the intermediate
plateau of the two-step 60 that defines the EOT (Coxall and Pearson, 2007).

The most distinctive feature of the EOT in deep-sea records is a > 1% increase in the
oxygen stable isotopic composition of benthic foraminifera calcite (6'*0) (Zachos et al.,
1994). This §'0 increase happened globally and was synchronous. It lasted ~ 500 ka
with maximum values occurring in the basal Oligocene for ~ 400 ka, roughly the duration
of magnetic Chron C13n (e.g. Miller et al., 1987; Zachos et al., 1994; 1996) (see Figure 2.1
for the nomenclature and systematics of the climatic shift). This highest positive excursion
in 080 is termed Oi-1 (Miller et al., 1991) and it comprises two maximum peaks namely
Oi-1a and Oi-1b associated with two main glaciation pulses on Antarctica (Zachos et al.,
1996; Salamy and Zachos, 1999). A detailed high resolution orbitally-tuned record revealed
that the total isotopic shift occurred in two steps of less than 40 ka each that are separated
by a 200 ka intermediate plateau (Coxall et al., 2005) where the extinction of Hantkenina
occurred (Coxall and Pearson, 2007) (Figure 2.1). Hantkenina did not exist as far south
as the latitudes of the true KP region, therefore it cannot be used to identify the E/O
boundary in this study. Instead, the E/O boundary at the KP was approximated based
on alternative calcareous nannofossil and planktonic foraminifera bioevents (Coffin et al.,
2000; Huber, 1991).
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Figure 2.1: Nomenclature of the oxygen isotope events at the Eocene-Oligocene transition
(EOT). After Coxall and Pearson (2007); Coxall and Wilson (2011). These records provide
a reference template for interpreting the KP records produced in this study.

2.2 Geological Setting

The Kerguelen Plateau (KP) is a broad (200 to 600 km W-E) and long (~ 2300 km N-S)
bathymetric elevation on the Southern Ocean (SO) that extends over a great latitudinal
extent, from 46°S to 64°S (~ 18° of latitude). It is located on the Antarctic Plate and stands
24 km above the adjacent southern Indian Ocean and Southern Ocean basins (Coffin et al.,
2000). The KP is divided into four distinct domains: the Elan Bank (EB), southern KP
(SKP), central KP (CKP), and northern KP (NKP) that were formed in the Cretaceous
and Paleogene. The Broken Ridge (BR), today located at 30°S and ~ 2500 km to the
north-east of KP, and CKP are conjugate Late Cretaceous provinces that were separated
by seafloor spreading at ~ 40 Ma, see Figure 2.2 (Coffin et al., 2000).

The KP together with the BR and Ninetyeast Ridge (NR) are classified as a large
igneous province formed from a local vast injection of mantle-derived magma into the
Earth’s crust (Morgan, 1981; Wallace et al., 2002). The ages of the uppermost volcanic
basement increase southwards from < 35 Ma in NKP to ~ 110 Ma on SKP (Duncan, 1991;
Coffin et al., 2000). This is because NKP was latterly affected by KP hot spot magmatism
(Coffin et al., 2000) (Figure 2.2).



Figure 2.2: The paleogeography of the Kerguelen Plateau - Broken Ridge Large Igneous
Province at the Eocene (left) and Oligocene (right) and KP deep-sea drilled sites discussed
in this thesis. The star shows the Kerguelen hotspot. The circles represent the location
of the sites for which new paleoceanographic records are produced here, and the squares
show the sites that will be compared. Modified from Coffin et al. (2000).

2.3 Ocean circulation in the Kerguelen Plateau region

Today the waters of the Antarctic Circumpolar Current (ACC) bathe the entire KP (Figure
2.3). The eastward flowing ACC is the strongest ocean current found in the world and
the largest circulation component of today’s Southern Ocean (Whitworth, 1988). It is a
geostrophic flow (i.e. its pressure is balanced by the Coriolis effect caused by the rotation
of the Earth), driven mainly by the westerly winds (Carter et al., 2008). Despite being
entirely driven by wind, the ACC extends to the sea bed, where its circulation path is
considered to tightly interact with bottom topography (Lazarus and Caulet, 1993) due to
the weak stratification and strong barotropicity of the Southern Ocean (Park et al., 2001).
As shown in Figure 2.3 the ACC widens to the north and south of the KP limits (Park
et al., 1991; 1993; Carter et al., 2008). The relative shallow depths of the KP extending
latitudinally over ~20° on the SO constitute a major barrier to the ACC that steers the
flow (Park et al., 2008).

The ACC consists of distinct circumpolar fronts extending from surface to deep-waters,
which correspond to water mass boundaries (Orsi et al., 1995). These are narrow oceanic
currents that vertically delimit water-masses with different properties (mainly temperature,
density and salinity). The ACC fronts are delimited within the constraints imposed by the
bathymetry of the KP (Moore et al., 1999). Figure 2.3 depicts the SAF to the north and
the southern ACC Front (SACCF) to the south (Orsi et al., 1995). Between these two
fronts there is the Antarctic Convergence or Antarctic Polar Front (APF) to the south
(Orsi et al., 1995) (Figure 2.4).

The modern path of the APF crosses the latitudes covered in this study of the KP
(Figure 2.4). Specifically, the APF lies on average ~ 50°S (Moore et al., 1999; Park et al.,
2008). To its southern edge, colder and denser Antarctic waters converge and sink below
warmer less dense sub-Antarctic waters (Moore et al., 1999). Importantly, the APF path
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Figure 2.3: General path of the modern Antarctic Circumpolar Current (ACC). It is con-
tained by the Subantarctic Front (SAF) to the north and the southern ACC Front (SACCF)
to the south, determined by Orsi et al. (1995). The dotted area depicts the Kerguelen
Plateau. Modified from Carter et al. (2008).

around the SO coincides with a belt of elevated primary productivity , and a shift from
biocalcareous primary producers and corresponding sedimentary deposits to the north to
biosiliceous to the south (Goodell, 1973; Kemp et al., 1975). The shallow component of the
APF is separated by the deep part after observed changes in sea surface temperatures by
Moore et al. (1999). The shallow part of the APF crosses the KP well south of Kerguelen
Island while the main part of its deeper flow is constrained to pass through the north of
the plateau (Gille, 1994; Orsi et al., 1995; Barker and Thomas, 2004).

The bathymetry of the KP is complex, specially the NKP and CKP that present several
troughs and shoals (Figure 2.5). The NKP and CKP is split from SKP by the Fawn Trough
(2650 m water-depth) at 56°S. This regional topography is dominated by two principal
current systems borderning NKP and CKP, the deep part of the ACC to the north and
the Fawn Trough Current (shallow branch of the ACC) to the south (Park et al., 2008).
Both currents merge and flow following the local bathymetry after crossing NKP (east of
the plateau) (Park et al., 2008), see Figure 2.5.
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Figure 2.4: Tllustration of the calculated modern Polar Front mean track by different
studies. The dotted area depicts the Kerguelen Plateau. Modified after Moore et al.
(1999).
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Figure 2.5: Geostrophic circulation over NKP and CKP and seasonal primary productivity
blooms (left) and ETOPO2 three-dimensional bathymetry (right) (Park et al., 2008). Stars
depict the location of the three study sites and their present day water depths.

2.3.1 View of Southern Ocean circulation at the EOT

Recent model simulations have studied global ocean circulation patterns at the EOT. The
models integrate paleogeographic reconstructions, namely the tectonically-active Tasman
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Gateway, Drake Passage, Panama Seaway and the Tethys Seaway.

One study showed that the global deep-water cooling at the EOT was led through the
deepening of the Tasman Seaway in the presence of an open Drake Passage and associated
ACC (Sijp et al., 2011). This was thought to have resulted in a reduction in ocean and
atmosphere heat transport from low latitudes , which had helped to keep Antarctica warm
in the earlier Paleogene. Another modelling study suggested that the narrowing of the
Tethys, the tropical Seaway in the Mediterranean region, was important for EOT climate
change (Zhang et al., 2011). This Tethys closure which was on-going through the Paleogene,
brought sea surface salinity changes that are likely to be key to the transition from Southern
Ocean Deep Water (SODW) to North Atlantic Deep Water (NADW), from which more
heat can be transported from surface to deep ocean (Zhang et al., 2011). Lastly, the
impact of an opened Panama Seaway which was likely a feature of Eocene-Oligocene times,
showed reduced deep water formation in the northern hemisphere from the introduction
of warm equatorial waters (Yang et al., 2013). Under these conditions, the SO tends to
be relatively saltier than the North Atlantic which enhances deep ocean ventilation at the
southern hemisphere (Yang et al., 2013).

2.4 Stable isotopes in foraminifera

Ocean-climate parameters millions of years ago in the Eocene-Oligocene are preserved in
the stable oxygen and carbon isotopes of marine CaCOs.

The term stable refers to isotopes of elements that do not undergo radioactive decay
whereas the term isotope is attributed to the molecule of a same element that can have
different masses. These mass differences are given by a different number of neutrons. Thus,
the terminology used of ’light’ and "heavy’ isotopes makes reference to the one with less
and more neutrons respectively. In addition, the mass differences control the molecular
vibration of the respective isotopes. Hence, molecules formed by light isotopes vibrate
more than the molecules formed by heavy isotopes leading to weaker bonds in the former
and stronger in the latter. As a result, molecules formed from light isotopes react more
easily than those from heavy isotopes (Rohling and Cooke, 1999).

The calcium carbonate paleo-thermometer was developed by Urey (1947) since the
isotopes fractionate in equilibrium between calcite and water as a function of temperature.
He established the §'%0 notation (per mil, %o) based on the 0 /10O ratio. Equation 2.1
shows the notation procedure for getting § isotope values where R is the ratio *C /*2C for
§13C and 80 / 190 for §'%0:

(5%0 = [(Rsample - Rstd)/Rstd] x 1000 (21)

From Equation 2.1, a positive ¢ value has an enrichment in the heavy isotope as ref-
erence to the standard. On the contrary, a negative ¢ is depleted in comparison to the
reference material.

After Urey’s discovery, the first quantitative measurements of temperatures were done
in belemnites from the Cretaceous (Urey et al., 1951). This work was followed by Emiliani
(1954) who pioneered the use of foraminiferal tests found in deep-sea sediments and applied
it to estimate Pleistocene temperatures on glacial-interglacial timescales (Emiliani, 1955).
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Two decades after, Shackleton and Opdyke (1973) demonstrated that the 480 signal
does not only show the temperature of the water in which the tests precipitate. They
argued that 6O reflects the global ice-volume signal. Hence, it was discovered that the
oxygen isotope ratio of sea water is intimately linked with fractionation processes within
the hydrological cycle. Shackleton and Opdyke (1973) observed another application of
oxygen isotopes. The authors discovered correlations between oxygen isotopes down-core
records and magnetostratigraphic data on deep-sea cores. Since both records presented
global stratigraphic correlations, it allowed the use of isotope records as a chronological
tool, §'80 - chemostratigraphy. Furthermore, Shackleton (1977) observed downcore §'3C
variations from deep-sea sediment cores and highlighted their use in the study of water mass
movement, palacoproductivity and global organic carbon burial in the deep sea. He also
posited the link between terrestrial weathering, carbonate dissolution cycles in deep-sea
sediments and the flux of dissolved CO5 in the oceans from the atmosphere.

It is noteworthy that the 80 and ¥C isotopes cannot be accurately determined directly
from the sample due to the low percentages that are present in the carbon and oxygen
natural elements. Instead, it is necessary to compare the result to a standard carbonate
sample of known composition (Rohling and Cooke, 1999).

Both isotope values from benthic foraminifera shells, which is the focus in this study,
can be affected by biology-related ’vital-effects” and microhabitat at the sea-floor (Rohling
and Cooke, 1999), which must be considered carefully when selecting species for analysis
and in interpreting results.

13



Chapter 3

Drilling on the Kerguelen Plateau

So far 17 sites have been drilled across the Kerguelen Plateau by the Ocean Drilling Pro-
gram (ODP). Of these, the late Eocene and or early Oligocene sequence useful for paleo-
ceanographic studies was recovered at ten sites (Figures 3.1 and 3.2). In this study I have
produced new paleoceanographic data for three sites drilled on Leg 183, ODP Hole 1138A,
1139A and 1140A. Rotary coring and single holes at these sites appear to have discouraged
intensive study, however the new paleogeographic coverage offered by these sequences is
valuable for ocean climate reconstructions of the impact of ocean climate changes in the
SO during the EOT.

Table 3.1 show the main features of the ten EOT sites based on the initial reports from
the expedition Leg 119 (Barron et al., 1989), 120 (Schlich et al., 1989) and 183 (Coffin
et al., 2000). From North to South these are Sites 1140, 1139, 737, 1138, 747, 1137, 748,
749, 744 and 738; and their E/O core-depth location is shown in Figure 3.2. The figure
depicts large depth heterogeneities of the E/O locations that might have resulted from
the complex origin and structural evolution of the plateau. There are also represented in
Figure 3.2 lithological changes over coring depth at the E/O sites, including the presence of
ice-rafted debris (IRD) with an Antarctica source, and preservation of biosiliceous remains
(diatoms and radiolarians) that are thought to reflect paleoproductivity increases brought
by establishment of nutrient-rich cold deep-waters. On the whole, this shows that the
northern KP sites are barren of siliceous microfossils and IRD at the EOT.

14
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Figure 3.1: Bathymetry of the Kerguelen Plateau showing all ODP sites that contain an
Eocene-Oligocene sequence. Red stars identify the three sites which are the focus of this
study. KIl= Kerguelen Island (Fr.); HMI= Heard and McDonald Islands (UK). Isobath
interval= 500m. Basemap generated by GeomapApp software (Ryan et al., 2009).
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Chapter 4

Materials and Methods

4.1 Sample material

Based on the ODP Leg 183 Initial Reports (Coffin et al., 2000) and the stratigraphic visual
core descriptions (see Appendix A, Figures A.1, A.2, A.3), Sites 1138 (CKP), 1139 (Skiff
Bank, NKP) and 1140 (NKP) within ~ 10° degrees latitude were selected for this study
since there has been little subsequent research using the recovered material. The principle
objectives of ODP Leg 183 focused on sampling igneous basement cores throughout the
KP/Broken Ridge LIP. In consequence, the drilling technique used was the Rotary Core
Barrel which is designed for the recovery of oceanic crustal hard rock. From the three
sites, a total of 180 sediment samples (20 em? cut piece) were requested from the Kochi
Core Center (Japan), where Leg 183 cores are stored. The sediments 