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Chapter 1

1.1 A brief historical overview
Large scale climate variability is mainly driven by tectonic processes and
the Earth’s orbital parameters. As tectonics work on time scales far beyond the
scope of the studies presented here ( >106 years) the focus will be on the Earths’
orbital parameters, and how these drive large scale global climate on the 103-105
year scale, gradually shifting to smaller scale climate fluctuations (102 years) and
ending with seasonality. Furthermore, the organisms used in all these studies,
(planktonic) foraminifera, our ingredients for reconstruction of climate change
in the past, will be presented. Last but not least an introduction to the technical
improvements facilitating the measurement of single foraminifera will be given.
These developments enabled the disentanglement of past seasonal variability.
1.2 Climate variability and Seasonality
The first orbital theories of ice ages originate from the nineteenth
century [Adhemar, 1842; Croll, 1875; Geikie, 1863; Geikie, 1879] and were further
developed a century later by Milankovitch [1941]. He stated that the summer
insolation at 65°N is critical for the growth and decay of ice sheets and could thus
be used as a predictor for global climate. Many early investigators [Bloom et al.,
1974; Broecker, 1966; Broecker and Donk, 1970; Chappell, 1973; Imbrie and Kipp,
1971; Kemp and Eger, 1967; Köppen and Wegener, 1924; Kukla, 1975; Mesolella
et al., 1969; Shackleton, 1971; van den Heuvel, 1966] attempted to unravel these
orbitally induced climate fluctuations but it was Hays et al. [1976] in their famous
“pacemaker” paper, who provided the first hard evidence that Milankovitch
forcing could be used for tuning palaeo-climate records. Subsequently, this
theory was heavily discussed, improved and refined [Berger et al., 2005; Berger,
1999; 2008; 2013; Claussen et al., 2006; Elkibbi and Rial, 2001; Holden et al., 2011;
Huybers, 2007; 2009; 2011; Huybers and Wunsch, 2005; Leuschner and Sirocko,
2003; Lisiecki, 2010; Liu and Chao, 1998; Maslin and Ridgwell, 2005; Meyers et
al., 2008; Nie, 2011; Paillard and Parrenin, 2004; Raymo and Nisancioglu, 2003;
Raymo et al., 2006; Ridgwell et al., 1999; Ruddiman et al., 1989] and remains
instrumental in palaeo-climate reconstructions.
Milankovitch forcing comprises the summation of three orbital
parameters: eccentricity, obliquity and precession (Figure 1.1). Eccentricity
describes the elliptical orbit of Earth around the sun and has cycles of approximately
413 kyr and 100 kyr (Figure 1.1a). Earth’s distance from the sun ranges from 153
million kilometres in aphelion (closest to the sun) and 158 million kilometres in
perihelion (farthest from the sun) yet eccentricity has a minor, negligible effect
on seasonality [Ruddiman, 2001].
The obliquity or tilt of the Earth’s axis perpendicular to the plane of orbit
has a cyclicity of 41 kyr and this angle varies between 22.2° and 24.5° (Figure
1.1b). Whereas eccentricity has little effect on seasonality, obliquity causes long
term changes in seasonal insolation at high latitudes with an amplification or
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Figure 1.1. Schematic representation of the three orbital parameters eccentricity, obliquity
and precession. For eccentricity (top) an exaggeration of the difference in ellipse of the
Earth’s orbit during minimal (dotted line) and maximum eccentricity and the graph
insert showing the 100 and 400 kyr cycles. Obliquity (bottom left) shows the movement
of the Earth’s axis with a 41 kyr cycle. For precession (bottom right) the rotary movement
(wobble) of the Earth’s axis with a cyclicity of 19 and 23 kyr.

suppression of seasonality during maximum and minimum tilt, respectively.
This is a direct effect of the poles being angled more or less directly towards
the sun hence affecting the amount of insolation received at the Earth’s surface
[Ruddiman, 2001].
Axial precession or wobble describes the spin of the Earth’s axis through
a circular path with 19 and 23 kyr cycles (Figure 1.1c). Precession, like obliquity,
has a relatively strong effect on seasonality as it causes the poles to be aimed
at the sun more directly increasing the incoming amount of solar radiation.
Subsequently, the effect of precession is equally strong for both northern
and southern hemisphere as it causes both poles to rotate simultaneously.
Summarizing, the amount of solar radiation received by the Earth’s surface, and
thus the seasonal variability, is mainly governed by obliquity and precession
with eccentricity modulating the amplitude of the precessional cycle [Ruddiman,
2001].
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Figure 1.2. Top panel shows glacial-interglacial variability in GRIP (Johnsen et al., 1992;
Dansgaard et al., 1993; Anklin et al., 1993; Andersen et al., 2006) ice core δ18O of the
water and Huybers (2007) planktonic stack. Middle panel shows smaller scale (DO)
cycles in δ18O of the water during the last 100 kyr in the GRIP ice core. Bottom left panel
depicts Holocene variability in δ18O of the water in GRIP ice core with in the right panel
single specimen δ18O data of N. pachyderma and G. bulloides of one sample (9.58 kyr)
from North Atlantic sediment core T88-3P (Chapter 5) showing 3 ‰ in range.
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While Milankovitch forcing has its imprint on climate archives of every
era (e.g. Hays et al, [1976], Imbrie et al. [1992], Lambeck et al. [2002] and Olsen
[1986]), this forcing has been recognised as being the pacemaker of the ice ages
only for approximately the last 2 Myr (Pleistocene), where the climate has been
relatively stable (on geological timescale) [Berger, 2013; Hays et al., 1976]. These
glacial-interglacial cycles are characterized by gradual cooling and a sudden
warming (glacial Termination) in concert with the waxing and waning of the
ice sheets within a period of approximately 100 kyr (Figure 1.2). Superimposed
on these glacial-interglacial cycles there is a smaller, millennial scale climate
variability known as Dansgaard-Oeschger (DO) events [Bond et al., 1999;
Dansgaard et al., 1993; Genty et al., 2003]. These DO-events are rapid warmings
lasting a few millennia (Figure 1.2) and were identified by Dansgaard et al. [1993]
first in ice cores drilled in the Arctic (e.g. Meese et al. [1994], Rasmussen et al.
[2008] and Southon [2002]) and subsequently also, although less pronounced,
in the Antarctic (e.g. Blunier and Brook [2001], Parrenin et al. [2007] and Petit et
al. [1999]). Before the discoveries of Dansgaard and Oeschger, Heinrich [1988]
elaborated on the work of Bramlette and Bradley [1942] identifying episodes
of strong ice rafting in North Atlantic sediment cores, often preceding a DO
warming. These millennial scale events are marked by layers of ice rafted debris
(IRD) transported by ice bergs [Hemming, 2004].
Bramlette and Bradley [1942] described the layers of ice rafted debris
(Figure 1.3), later called Heinrich layers, as diamictites - a sedimentary rock that
is mixed, poorly sorted, with larger particles suspended within a finer grained
(i.e. silt-mud) matrix. The term Heinrich layer is not strictly related to glaciations
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Figure 1.3. Light microscope pictures of two North Atlantic sediment samples. Left
from calcareous ooze and right from Heinrich layer. Indicated in pictures 1. Planktonic
foraminifera, 2. Detrital carbonate, 3. Obsidian, 4. Volcanic fragments, 5. Rhyolite glass,
6. Clear quartz, 7. Milky quartz, 8. Hematite-stained quartz and 9. Signs of dissolution
(fragmented foraminifera).
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and can be used to define material deposited under mass flows (both marine and
terrestrial i.e. lahars), erosional, extra-terrestrial (impact breccia) or tectonics.
Episodic major calving events took place which produced enormous fleets of
icebergs invading the North Atlantic Ocean from the Labrador Sea. Heinrich
events (studied in great detail by Bond et al, [1993], Broecker [1994], Conolly and
Ewing [1965], Keigwin and Lehman [1994], Molnia [1983], Ruddiman [1977]
and Ruddiman and McIntyre [1976]) are defined as (a) rich in detrital carbonate
and (b) concurrent with a δ18O spike inferred as a ‘meltwater’ spike. Each event
is subsequently followed by a severe cooling, inferred to be a ‘spanner in the
works’ for the thermohaline circulation. In regions outside the North Atlantic
Ocean there are observations from the marine sediment record which are time
equivalent to these HEs and point to processes triggered in the North Atlantic
having an impact in other regions, mainly caused by changes in wind direction
and strength, e.g. in the tropics [Arz et al., 1998; McIntyre and Molfino, 1996], in
China [Porter and An, 1995; Wang et al., 2001], the Arabian Sea [Schulz et al.,
1998], the western Mediterranean [Cacho et al., 1999] and the Pacific [Lund and
Mix, 1998].
All processes described above are large scale climate phenomena which
can be reconstructed from the palaeo-record (e.g. in sediment cores). In most of
these reconstructions the seasonal aspects of the involved processes and systems,
i.e. seasonality (Figure 1.2), are not addressed. Seasonality, the focus of this thesis,
is a term commonly used in economics aiming at the stock market and e.g. retail
sales (sales go up during the holiday season). In biology phenology refers to the
study of periodic plant and animal life cycle events and how these are influenced
by seasonality. In palaeo studies only stratigraphic records which have a clear
seasonal signal i.e. varved sediments or coral density allow for a reconstruction
on the sub-annual scale. We refer to seasonality (i.e. seasonal) as defined by
the Oxford Dictionary: ‘relating to or characteristic of a particular season of
the year’. In palaeo studies this would mean minima and maxima (range) for
a certain parameter e.g. the highest and lowest temperatures (characteristic)
during summer and winter (particular season), respectively. Within this thesis I
attempt to reconstruct seasonality from marine sediment cores by applying single
specimen (stable isotope) analysis (SSA) on planktonic foraminifera from the
most recent 300 kyr.
1.3 Planktonic Foraminifera
Planktonic foraminifera are unicellular marine protists that make a calcite
shell and float freely in the in the upper layers of the world oceans. Back in the
late eighties there were about 44 different extant species known [Hemleben et al.,
1989] but advances in genetic research on these organisms extended this number
to approximately 48 [Kucera, 2007]. These different species are characterized by
being either spinose or non-spinose, potentially harbor algal symbionts and being
micro-, meso- or macroperforate. Planktonic foraminifera are recognized as the
most important fossils within the marine record and are estimated to sequester
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a similar mass of carbon as the entire biosphere over a period of only 500 years
[Vincent and Berger, 1981] further stressing their importance as a carbon sink
[Honjo, 2013; Kelly et al., 2005; Tsunogai and Noriki, 1991].

1

1.3.1 History
Planktonic foraminifera were first discovered in beach sands in the early
19th century [d’Orbigny, 1826; 1839a; b] and were later found in deep sea sediments
during the early seagoing expeditions [Carpenter et al., 1862; Ehrenberg, 1861;
1873; Parker et al., 1865; Wallich, 1862]. Owen [1867] was the first to indicate the
planktonic lifestyle of these organisms yet it took almost two decades, until the
celebrated Challenger expedition, for the first specimens to be collected using
plankton nets [Brady, 1884]. Later Murray et al. [1891] realized what enormous
numbers of planktonic foraminiferal shells are stored within deep sea sediments
(if you took all planktonic foraminifera from the seabed, glued them next to each
other on a piece of cloth and stretched that from Earth to the Sun, it would be
~20 meters wide; Ganssen, pers. comm.) and subsequently it was Murray [1897]
who showed the influence of climate on their distribution pattern. Surprisingly,
it took again more than half a century before the distribution pattern was
subjected to systematic study (e.g. Bé [1959; 1960], Boltovskoy [1964; 1966a; b],
Bradshaw [1959], Parker [1954; 1960; 1962] and Phleger [1951]. The biology and
lifecycle of planktonic foraminifera were first investigated by Rhumbler [1901;
1911] and it was another two decades later before the first study was performed
that coupled the living assemblage to the fossil record in order to form a
stratigraphy of Pleistocene sediments [Schott, 1935]. The work of Schott [1935]
provided a theoretical background correlating species composition to climate
and sparked many further investigations (e.g. Arrhenius [1952], Cushman and
Henbest [1940], Emiliani [1958], Ericson and Wollin [1956], Ericson et al. [1961,
1964], Phleger [1948; 1951], Phleger et al. [1953], Stubbings [1939], Todd [1958]
and Wiseman and Ovey [1950]). In the late fifties and early sixties research on
planktonic foraminifera, both oceanic biostratigraphy and palaeo-ecology, was
generously supported by the oil industry as these fossils provided very useful
time-stratigraphic information for oil exploration. Oceanic biostratigraphy
and palaeo-ecology progressively evolved mainly due to the Deep Sea Drilling
Project in the late sixties and early seventies and researchers were able to get
an increasingly better grip on the history of the world oceans [Berggren et al.,
1985; Bolli et al., 1989]. Within this scope the importance of different ecosystems
supported by the many (sub-) surface water masses was realized (e.g. Boltovskoy
[1959; 1962; 1969], Cifelli [1962; 1965; 1967; 1979], Cifelli and Smith [1970; 1974],
Cifelli and Benier [1976], McGowan [1974] and Pujol [1980]). Subsequently, it was
Berger and co-workers [Adelseck and Berger, 1975; Berger, 1967; 1968; 1970a; b;
c; 1971; 1972; 1973; 1975a; b; 1979; Berger and Piper, 1972; Berger and Winterer,
1974] who recognized the significance of tracing deep sea water mass boundaries
using (partial) dissolution of the foraminiferal shells to track the depth of for
example the Carbonate Compensation Depth (CCD). Work on living specimens,
i.e. culturing of planktonic foraminifera in laboratories, was first successfully
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done by Adshead [1967] and followed by many who even observed specimens to
form gametes (gametogenesis) in culture (e.g. Bé [1980; 1982], Bé and Anderson
[1976], Bé et al. [1977; 1979], Delaney et al. [1985], Erez and Luz [1983], Hemleben
[1982], Hemleben and Spindler [1983], Hemleben et al. [1985, 1989], Lea and Spero
[1992], Mashiotta et al. [1997], Spero and DeNiro [1987], Spero et al. [1997] and
Spindler and Hemleben [1980]). Furthermore, investigators became increasingly
skilful in collecting specimens during scuba diving [Alldredge and Jones, 1973; Bé
et al., 1977; Hamner, 1975] for laboratory studies.
1.3.2 Distribution
The global distribution of extant planktonic foraminifera [Bé, 1959; 1960;
1977; Boltovskoy, 1964; 1966a; b; Bradshaw, 1959; Lohmann, 1917; Parker, 1954;
1960; Phleger, 1951; Vincent and Berger, 1981] can be grouped into five provinces:
1) Tropical, 2) Subtropical, 3) Temperate, 4) Subpolar and 5) Polar [Bé, 1977; Bé
and Tolderlund, 1971; Bradshaw, 1959]. These provinces are mainly governed by
sea surface temperature (SST) and most species have a wide tolerance range yet
they peak at a relatively narrow optimum range [Kucera, 2007]. Other factors
influencing the abundance of species are salinity, pH, food availability and
light penetration depth as symbiotic species have photosynthesizing symbionts
[Hemleben et al., 1989]. Some specific regions (e.g. Arabian Sea off coast Somalia
and North-West Africa) have a clear seasonal signature as seasonally occurring
off shore winds cause upwelling of subsurface cold waters bringing nutrients
to the surface spurring the food web and allowing opportunistic species (e.g.
Globigerina bulloides), which are far less prolific during the non-upwelling
season, to thrive [Berger et al., 1978; Curry et al., 1992; Ganssen and Sarnthein,
1983; Godad et al., 2011; Kroon and Ganssen, 1989; Little et al., 1997; Naik et al.,
2013; Reymond et al., 2014].
With the well-established spatial distribution of planktonic foraminifera
research focused at studying the vertical distribution within the upper water
column and the temporal or seasonal distribution [Bé, 1960; 1977; Bé et al., 1971;
Cifelli, 1962; Lidz, 1966; Parker, 1960; Tolderlund and Bé, 1971]. Development
of the first vertical plankton traps [Juday, 1916; Patalas, 1954; Rawson, 1956;
Rhumbler, 1909; 1913; Schott, 1935], later further refined to vertical plankton nets
[Schindler, 1969; Wiebe et al., 1976; Wiebe et al., 1985], instigated this research.
With the construction of the first sediment trap, a device suspended above the
seafloor collecting material snowing down over a set period of time (e.g. a week
or month), scientists were able to get good insight into the preferred (part of
the) season at which different species thrive [Deuser, 1986; 1987; Deuser and
Ross, 1980; Deuser et al., 1981a; Deuser et al., 1981b; Erez, 1978; Erez and Honjo,
1981; Hemleben et al., 1985; Honjo, 1978; Reynolds and Thunell, 1985; Thunell and
Reynolds, 1984; Thunell et al., 1983]. These studies combined with more recent
sediment trap data (e.g. Kuroyanagi et al. [2002], Lin [2014], Mohtadi et al. [2009],
Poore et al. [2013] and Žarić et al. [2005]) have led to a good understanding of the
seasonal preference of most extant species of planktonic foraminifera.
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1.3.3 What’s in the Sediment and what’s not?
Planktonic foraminifera have no active means of propulsion and thus
are passively floating within the water column yet do not sink as the negative
buoyancy of their calcite shell is actively counteracted by the production of lipids
and gasses within their cytoplasm [Kucera, 2007]. After (premature) death or
gametogenesis the foraminifer starts to sink towards the seafloor [Berger and
Piper, 1972; Fok-Pun and Komar, 1983; Furbish and Arnold, 1997; Takahashi and
Bé, 1984], and depending on the size and weight of the shell it will reach a mean
ocean depth of 3800 meters between three and twelve days [Takahashi and Bé,
1984]. It is calculated that 23-56 % of the total marine CaCO3 flux at 100 meters
water depth consists of planktonic foraminiferal shells yet only approximately 25
% of these shells reach the seafloor [Schiebel, 2002]. The main process affecting
settling or settled shells is dissolution [Adelseck and Berger, 1975; Berger et al.,
1982; Coadic et al., 2013; Nguyen and Speijer, 2014; Thunell and Honjo, 1981] but
also aggregation as marine snow [Bé et al., 1985; Bishop et al., 1978] and predation
(by e.g. copepods) of live (juvenile) specimens [Honjo and Roman, 1978; Wiebe et
al., 1976] play a role.

1
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3
4

1.3.3.1 Dissolution
During their descent, planktonic foraminiferal shells encounter different
levels of calcite dissolution foremost depending on the depth dependent chemistry
of the water column. Berger [1970a] defined three zones through which settling
shells potentially pass with 1) being the Ro level above which shells are virtually
unaffected in the sediment. It is debated that these shells are still subject to some
level of dissolution (supra-lysoclinal dissolution; Anderson and Sarmiento [1994],
Lohmann [1995], Milliman et al. [1999] and Schiebel et al. [1997a]) due to the
oxidation of organic matter in the sediment and within the guts of predators
creating an acidic micro-environment [Milliman et al., 1999; Schiebel, 2002;
Schiebel et al., 1997a]. Level 2) is the foraminiferal lysocline [Berger, 1970a] defined
as the level at which the foraminiferal assemblage undergoes the largest change
in composition in the sediment i.e. species prone to dissolution [Adelseck, 1977;
Berger, 1968; Berger et al., 1982; Coulbourn et al., 1980; Hemleben and Auras, 1984;
Malmgren, 1983; Parker and Berger, 1971; Ruddiman and Heezen, 1967; Thunell
and Honjo, 1981] disappear from the fossil record. Lastly, level 3) is the CCD
above which carbonate rich sediments accumulate and below which carbonate
free (< 10 %) sediments are deposited [Bramlette, 1961]. Waters below the CCD
are under-saturated in CaCO3 and most calcite, and thus foraminiferal shells, are
dissolved. The degree of dissolution of shells has been used to reconstruct the
depth of the CCD in the geological history [Berger, 1973; 1981; Hemleben and
Auras, 1984; Melguen and Thiede, 1974; Ramsay et al., 1973; Thunell and Honjo,
1981; Vincent and Berger, 1981; Volat et al., 1980].
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The studies by Bé et al. [1975], Berger [1968; 1970a] and Ruddiman and
Heezen [1967] have provided a clear insight into the effects of dissolution on
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planktonic foraminiferal shells. As shells start to dissolve their wall thickness
decreases and this can been observed as an etching pattern [Bé et al., 1975;
Dittert and Henrich, 2000]. If dissolution is severe enough shells will start to
disintegrate which is called fragmentation. Two common means of investigating
the level of dissolution on planktonic foraminiferal shells are weighing their
shells (shell weight) and counting fragments in the sediment (fragmentation
index). Measuring shell weight (size-normalized weight) is a relatively new
technique first proposed by Lohmann [1995]. This technique allows for the
comparison of specimens of different sizes as the normalization takes out any
size related effects on the individuals weight. It was later shown that past ocean
chemistry can be reconstructed using shell weight as it correlated well with
the carbonate ion concentration of bottom waters [Broecker and Clark, 2001a;
b]. Later it was Barker and Elderfield [2002] who found large changes in size
normalized weight over time, further stressing the need for careful apprehension
of this method as there are many factors that need to be considered in order to
make sound reconstructions of bottom water chemistry [de Villiers, 2004; 2005].
Fragmentation indices are easier to apply methods yet prone to the subjectivity of
the individual researcher [de Villiers, 2005]. These indices are essentially based on
counts of fragments and whole shells and nevertheless provide a good indication
of the level of dissolution of planktonic foraminiferal shells [Conan et al., 2002; Le
and Shackleton, 1992; Thunell, 1976]. The major advantages are the independence
of species composition, it is easy and quick to assess and applicable to pelagic
sediments containing planktonic foraminifera of any age [Kucera, 2007].
The effect of dissolution on the geochemical composition has been
previously shown to most severely affect the trace element concentrations in the
planktonic foraminiferal shells [Barker et al., 2005; Brown and Elderfield, 1996;
Fehrenbacher and Martin, 2014] as these are not evenly distributed throughout
the shell [Eggins et al., 2003; Eggins et al., 2004] and species dependent. The effect
on the stable carbon (δ13C) and oxygen (δ18O) isotope composition seems to be
limited and strongest at depths near the lysocline [Berger and Killingley, 1977;
Kucera, 2007].
1.3.3.2 Expatriation
As planktonic foraminifera have no means of active propulsion they are
at the mercy of the sea, i.e. the movement of water masses and storm events will
laterally advect both living and dead individuals [Auras-Schudnagies et al., 1989;
Berger, 1970b; Ganssen and Kroon, 1991; Schiebel et al., 1995; Weyl, 1978]. This
process foremost influences the fossil assemblage near major fronts and result in
a mixed population and thus render these locations difficult to interpret using e.g.
transfer functions [Kucera, 2007]. Another example is the movement of the polar
front during glacial-interglacial transitions which has potentially influenced the
composition of the fossil assemblage at high latitudes.
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1.3.3.3 Bioturbation
Bioturbation is the mechanical process of mixing of sediment by marine
(benthic) organisms e.g. sea urchins, sea cucumbers and bottom feeding fish
down to several tens of centimetres deep into the sediment [Bard, 2001; Bard
et al., 1987; Barker et al., 2007; Berger and Heath, 1968; DeMaster and Cochran,
1982; Guinasso and Schink, 1975; Hutson, 1980; Keigwin and Guilderson, 2009;
Löwemark et al., 2008; Löwemark et al., 2012; Officer and Lynch, 1983; Peng and
Broecker, 1984; Peng et al., 1979; Schiffelbein, 1984; Schink and Guinasso, 1977;
Thomson et al., 2000; Wit et al., 2013]. This process affects the sedimentary
(proxy) record by smoothing embedded signals [Bard, 2001; Berger and Heath,
1968; Schiffelbein, 1984] and introducing artificial millennial scale leads and
lags [Bard et al., 1987; Broecker et al., 1999; Manighetti et al., 1995]. Close visual
examination of the sediment (core) allows for a first estimation of the severity
of mixing and subsequent regular X-ray and X-ray fluorescence scanning (XRF)
permits a more detailed investigation.
1.3.4 Species Descriptions
In the following I describe those species which form the basis, i.e. have
been analysed individually, during my work in alphabetical order.
1.3.4.1 Globigerina bulloides
Globigerina bulloides [d’Orbigny, 1826] (Figure 1.4a), is a non-symbiotic,
spinose species most commonly found in temperate to sub-polar waters [Bé
and Tolderlund, 1971; Kucera, 2007; Thiede, 1975]. This species is also strongly
associated with upwelling environments, due to the availability of large quantities
of food, at e.g. the north-western Africa margin [Chen et al., 1998; Hemleben et
al., 1989; Kemle-von Mücke and Hemleben, 1999; Rao et al., 1988; Rao et al., 1989;
Schiebel et al., 1997b; Thiede, 1975] and the western Arabian Sea [Ganssen et al.,
2011; Kroon and Ganssen, 1989; Naidu and Malmgren, 1996; Naidu and Niitsuma,
2004; Peeters et al., 2002]. As an opportunistic species [Reynolds and Thunell,
1985] it often dominates the foraminiferal flux [Sautter and Thunell, 1989; Sautter
and Sancetta, 1992] and is thus well suited for palaeo-climate studies [Bard et al.,
1987; Duplessy et al., 1991; Ganssen and Kroon, 2000; Kallel et al., 1988; Sautter
and Thunell, 1991a; b]. Globigerina bulloides is known to calcify in or above the
thermocline and several studies have indicated that the upper 60 metres of the
water column are its preferred water depth [Farmer et al., 2011; Mekik et al.,
2007; Peeters et al., 2002; Schiebel et al., 1997b]. The SST tolerance range of G.
bulloides is between 0 and 27 °C with peak abundances found between 3 and 19
°C [Aldridge et al., 2012; Bé and Tolderlund, 1971; Schiebel et al., 1997b].
1.3.4.2 Globigerinoides ruber
Globigerinoides ruber [d’Orbigny, 1839a] (Figure 1.4b) is a spinose
surface dwelling species with dinoflagellate symbionts and occurs in two
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Figure 1.4. Light microscope pictures of from left to right umbilical, side, spiral and other
side view of (a) G. bulloides, (b) G. ruber, (c) N. dutertrei, (d) N. pachyderma, (opposite
page; e) G. inflata and G. truncatulinoides (dextral, f) and (sinistral, g). Note a-c from
NIOP905P (Arabian Sea) core depth 640 cm, 250-300 μm size fraction and d-g from T909P (North Atlantic) core depth 756 cm, d from 250-300 μm size fraction and e-g from
300-355 μm size fraction.
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different colours (white and pink shells) that are also isotopically distinct [Deuser
and Ross, 1989; Robbins and Healy-Williams, 1991]. The pink variety became
extinct in the Indo-Pacific during the late Pleistocene at around 120 kyr but is
still prolific in the tropical North-Atlantic and Mediterranean Sea [Thompson et
al., 1979]. Historically different morphotypes have been identified as separate
species of G. ruber e.g. Globigerinoides elongates, Globigerinoides pyramidalis and
Globigerinoides cyclostomus [d’Orbigny, 1826; Galloway and Wissler, 1927; Van
den Broeck, 1876] yet these were deemed phenotypic variants of the same species
[Kennett and Srinivasan, 1983], in part confirmed by ecological studies [Bé and
Tolderlund, 1971; Bé and Hutson, 1977; Hecht, 1974b]. Its temperature tolerance
is 16-31°C with peak occurrence between 21 and 29 °C [Bé and Tolderlund, 1971;
Hemleben et al., 1989; Richey et al., 2012].
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1.3.4.3 Globorotalia inflata
Globorotalia inflata [d’Orbigny, 1839b] (Figure 1.4e), has no spines or
symbionts, and is found in transitional to sub-polar waters [Boltovskoy, 1971;
Jenkins and Murray, 1989; Kemle-von Mücke and Hemleben, 1999; Kennett and
Srinivasan, 1983; Morard et al., 2011; Thiede, 1975] and is considered a deeper
dweller calcifying down to water depths of 500–800 m [Wilke et al., 2006].
Elderfield and Ganssen [2000] proposed a narrower, intermediate depth interval
for the North Atlantic at 300-400 m water depth later confirmed for other
locations [Chiessi et al., 2007; Cléroux et al., 2007; Lončarić et al., 2006; Wilke et
al., 2006]. This species lives in waters between 1 and 27 °C yet peak abundances
are found in waters between 13 and 19 °C [Bé and Tolderlund, 1971; Chapman,
2010; Groeneveld and Chiessi, 2011].
1.3.4.4 Globorotalia truncatulinoides
Globorotalia truncatulinoides [d’Orbigny, 1839b] (Figure 1.4f-g), is a nonsymbiotic, non-spinose species found in subtropical to sub-polar waters. This
species reproduces at approximately 600 metres with juveniles traveling back
to surface waters to subsequently slowly sink down the water column adding
chambers during their descent [Bé, 1977; Bé et al., 1985; Hemleben et al., 1989],
calcifying at depths down to ~800 m [Bé, 1960; Hemleben et al., 1985; Lohmann
and Schweitzer, 1990]. Globorotalia truncatulinoides is one of the most studied
planktonic foraminiferal species [Cléroux et al., 2007; Healy-Williams et al., 1985;
Kennett, 1968a; Lohmann, 1992; Lohmann and Malmgren, 1983; Lohmann and
Schweitzer, 1990; Martinez, 1994; Martínez, 1997; Mulitza et al., 1997; Pharr Jr
and Williams, 1987] first because of its size and abundance in the sediment and
secondly because this species appears to record the local hydrography down to
the thermocline [Lohmann and Schweitzer, 1990; Martinez, 1994; Martínez, 1997;
Ravelo and Fairbanks, 1992; Steph et al., 2009]. More recently this species has been
under some debate because of the potential for subdivision in different species
using genetics [de Vargas et al., 2001; Quillévéré et al., 2013; Ujiié and Lipps, 2009;
Ujiié and Asami, 2014; Ujiié et al., 2010]. Globorotalia truncatulinoides occurs in
waters between 4 and 27 °C yet its peak abundance is seen in waters between 17
and 22 °C [Bé and Tolderlund, 1971; Quillévéré et al., 2013; Spear et al., 2011].
Furthermore, the morphology (i.e. the coiling direction; sinistral
and dextral coiling) of G. truncatulinoides could be indicative of water depth
[Lohmann, 1992], different water masses [Bé, 1960; Tolderlund and Bé, 1971],
different seasons [Lončarić et al., 2005; Lončarić et al., 2007] or temperature
with dextral coiling specimens dominating warmer waters and sinistral coiling
individuals colder waters [Bandy, 1960a; Bé, 1969; Kennett, 1969; Loeblich and
Tappan, 1964; Parker and Berger, 1971; Takayanagi et al., 1968]. Controversially,
this temperature trend was not seen by Ericson and Wollin [1956] and later it was
Thiede [1971] who stated that it was likely salinity as opposed to temperature
controlling the coiling ratio. Lohmann and Schweitzer [1990] and later Ottens
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[1992] found, using plankton tows, that sinistral coiling G. truncatulinoides sinks
through the water column faster than its dextral coiling counterpart.
1.3.4.5 Neogloboquadrina dutertrei
Neogloboquadrina dutertrei [d’Orbigny, 1839a] (Figure 1.4c), is a nonsymbiotic, non-spinose species found in subtropical to tropical waters. It lives in
the mixed layer and close to the pycnocline (the layer where the density gradient
is greatest) [Cifelli, 1961; Field, 2004; Hecht, 1974a; Pflaumann, 1972; Srinivasan
and Kennett, 1976; von Zobel, 1968] but is also found in higher abundance in gyre
margins associated with upwelling [Bé, 1977; Imbrie and Kipp, 1971]. This species
is found in waters between 9 and 30 °C and peaks in abundance between 16 and
24°C [Bé and Tolderlund, 1971; Farmer et al., 2007; Hilbrecht, 1997].
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1.3.4.6 Neogloboquadrina pachyderma
Neogloboquadrina pachyderma [Ehrenberg, 1861] (Figure 1.4d), also
known as N. pachyderma sinistral, is a non spinose, non-symbiotic, sinistrally
coiled species calcifying in the top 200 m of the water column [Carstens and
Wefer, 1992; Vilks, 1975] dominating high latitude foraminiferal assemblages
[Imbrie and Kipp, 1971; Kennett, 1968b; Kipp, 1976; Pflaumann et al., 1996;
Ruddiman and McIntyre, 1981; Srinivasan and Kennett, 1974; Stehman, 1972].
Neogloboquadrina pachyderma from the North Atlantic has seen substantial
scientific interest as its δ18O and δ13C and abundance changes with warming and
cooling cycles [Broecker et al., 1990; Broecker et al., 1988] and deep sea circulation
[Jansen and Veum, 1990; Lehman and Keigwin, 1992; Mix and Fairbanks, 1985].
This species has a preferred temperature range of 0-9 °C but peaks in abundance
below 4 °C [Bé and Tolderlund, 1971; Hilbrecht, 1997; Kuroyanagi et al., 2011]
and is known to even survive within see ice in large numbers [Spindler and
Dieckmann, 1986].
The coiling ratio between N. pachyderma and the now separate, dextral
coiling species Neogloboquadrina incompta [Cifelli, 1961] is strongly correlated
with SST [Bandy, 1960a; b; 1968; 1972; Bandy et al., 1969; Ericson, 1959; Ingle,
1973] yet later studies indicated that these coiling varieties are two distinct
species [Cifelli, 1961; Darling et al., 2004; Darling et al., 2006; Darling et al., 2000].
Plankton tow data indicated that the coiling ratio of N. pachyderma tracks water
mass boundaries [Bé, 1969; Boltovskoy, 1966b] although the sharp boundary is
obscured in the sediment due to the movement of these fronts [Kennett, 1968b;
1976].
1.4 Geochemistry
1.4.1 Stable Isotopes
Stable oxygen (δ18O) and carbon (δ13C) isotopes of (planktonic)
foraminifera have been widely used for reconstructing palaeoclimate and
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palaeoceanography ever since the ground breaking work of Emiliani [1954a;
1955]. Earlier it was Urey [1947; 1948], recipient of a Nobel Prize for the
discovery of deuterium, who realized the potential of measuring calcite δ18O
in order to calculate the temperature of calcification and debated caveats in
this technique like the influence of δ18O of the sea water and vital effect [Urey,
1947; Urey et al., 1951]. It was Nier [1947] who facilitated this new scientific
avenue by the development of the first mass spectrometer. Some years later the
first palaeotemperature equations were developed using inorganic carbonate
[McCrea, 1950] and molluscs grown at certain temperatures [Epstein et al., 1953],
which were followed by many more [Bemis et al., 1998; Erez and Luz, 1983; Horibe
and Oba, 1972; Kim and O’Neil, 1997; Lynch-Stieglitz et al., 1999; Mielke, 2001;
Mulitza et al., 2003; O’Neil et al., 1969; Spero et al., 2003] and rearrangements
of previous equations [Bemis et al., 1998; Cramer et al., 2011; Shackleton, 1974].
Emiliani [1954a] measured different species from a sediment sample and coupled
the difference in δ18O to calcification depth. Further focus was on benthic
foraminifera from the Oligocene, Miocene and Pliocene indicating a subsequent
declining of deep sea temperatures [Emiliani, 1954b]. Emiliani’s [1955] work and
development of applying isotope measurements to deep-sea records garnered
enough evidence to suggest that a series of cold glacial periods and warm
interglacial periods had occurred during the past million years. Where Emiliani
[1955] analysed planktonic species, later work of Shackleton [1967] measuring
benthic foraminifera from the same core, debunked Olausson [1965] hypothesis
that the glacial-interglacial variability could be explained solely by ice effect and
not by temperature.
Even though the use of the δ18O of planktonic foraminifera proved to
be a very valuable tool in reconstructing palaeotemperature, it became apparent
that the equations available all (slightly) overestimated temperatures [Deuser
and Ross, 1989; Kahn, 1979; Mulitza et al., 2003; Sautter and Thunell, 1991a;
Shackleton et al., 1973; Williams et al., 1981]. This was partially assigned to the
‘vital effect’ [Shackleton et al., 1973; Urey et al., 1951]. As experimental methods
improved it was shown that the carbonate ion concentration [CO32-] of the water
surrounding the foraminiferal test caused a significant (negative) fractionation
of the oxygen isotopes [Spero, 1992; Spero and Lea, 1993; Spero et al., 1997]. For
symbiotic species the cause could lie within these photosynthesising symbionts
lowering the pH in the foraminifers’ micro-environment affecting the [CO32-]
[Bemis et al., 1998; Bijma et al., 1999; Rink et al., 1998; Spero, 1992; Zeebe, 1999;
2001].
A further major caveat in calculating palaeotemperature is not knowing
the δ18O of the (surface) sea water (δ18Osw) [Urey, 1947] for the past. There is
thus a strong effect of ice volume on δ18Osw and it was Shackleton and Kennett
[1975] who did the first calculations on its magnitude later followed by other
investigators (e.g. Bintanja and van de Wal [2008]). If there is a possibility to
determine temperature with a different and independent proxy, one would be
able to calculate the δ18Osw and more precisely quantify the growth and decay
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of ice sheets [Pearson, 2012]. As the surface δ18Osw is regionally variable due
to movement of water masses, different local evaporation-precipitation (E-P)
balance, river outflow and changing size of ice sheets [Rohling and Cooke, 2003],
it is hard to correct for local or latitudinal fluctuations in δ18Osw yet some attempts
have been made [LeGrande and Schmidt, 2006; Zachos et al., 1994].
Despite caveats, unavoidable within the field of palaeo-proxies, ever
since the early studies of Urey and Emiliani an unprecedented amount of work
has been done on the stable isotopic composition of (planktonic) foraminifera.
Whereas in the early days approximately 5 mg of calcium carbonate (average
weight of a planktonic foraminifer is ~20 μg) was needed for a good measurement,
nowadays, six decades later, technical improvements within the field of mass
spectrometry allow for the analysis of a single foraminiferal test. The first people
to apply this technique were Killingley et al. [1981] and this procedure, due to its
great potential, has been replicated numerously [Friedrich et al., 2012; Ganssen et
al., 2011; Koutavas et al., 2006; Leduc et al., 2009; Tang and Stott, 1993].
1.4.1 Mg/Ca
One of the most promising proxies to independently determine past
temperatures in calcitic organisms is the magnesium/calcium ratio (Mg/Ca), i.e.
the amount of Mg (trace metals) built into the foraminiferal shell. This proxy is
shown to record calcification temperature [Lea and Martin, 1996; Lea et al., 1999;
Nurnberg, 1996; Nürnberg et al., 1996] and since these pioneering studies many
(species specific) temperature calibration curves have been developed [Anand et
al., 2003; Chiessi et al., 2008; Cléroux et al., 2008; Dekens et al., 2002; Elderfield
and Ganssen, 2000; Groeneveld and Chiessi, 2011; Lea et al., 2000; Mashiotta et
al., 1999; McConnell and Thunell, 2005; McKenna and Prell, 2004; Regenberg et
al., 2009]. Technological improvements, e.g. Laser Ablation Induced Coupled
Plasma Mass Spectrometry (LA-ICP-MS), have allowed for very small amounts of
foraminiferal calcite to be analysed for its trace metal composition. This technique
has been used to analyse intra shell trace element distribution [Eggins et al., 2003;
Eggins et al., 2004; Hathorne et al., 2003], to identify diagenetic overgrowth on
foraminiferal shells [Bolton and Marr, 2013; Hathorne et al., 2009; Jonkers et al.,
2012; Pena et al., 2008; Pena et al., 2005; van Raden et al., 2011] and some first
steps have been taken to trace water masses [Marr et al., 2013b]. Furthermore, LAICP-MS permits the quantification of the level of dissolution of a foraminiferal
shell, either due to the application of a certain cleaning protocol [Marr et al.,
2013a; Vetter et al., 2013], or due to (mimicked) sea floor dissolution [Sadekov
et al., 2010]. In line with conventional Mg/Ca temperature calibrations, LA-ICPMS has led to a series of species specific, even chamber specific temperature
calibrations [Bolton et al., 2011; Marr et al., 2011].
1.5 Aim
In order to investigate the seasonal development (i.e. variability, minima
and maxima in temperature) covering large and small scale climate perturbations,
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single specimen, preferably multi species, foraminiferal isotope analysis is
required. Analysis of species with different physical preferences (e.g. depth
habitat, temperature (season), salinity, pH) permits the reconstruction of one or
even multiple seasons through time and depth. It should be stressed here that
with increasing depth the seasonal temperature variation decreases compared to
the surface water. Furthermore, the analysis of multiple size fractions of certain
species allows for the reconstruction of the depth of the permanent thermocline
through time. In this thesis I attempt to gain a stronger grip on the seasonal
development of the northern North Atlantic and the Arabian Sea (“Sensing
Seasonality”) through time to further strengthen our understanding of past
climate in order to facilitate better predictions of future climate.
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