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Chapter 1

Introduction and summary 

E. Ufkes



Planktonic foraminifera

In this study I have used planktonic foraminifera as indicators, proxies, for 
climatic and environmental changes in the SE Atlantic Ocean during the last 
million years. But what are planktonic foraminifera?

Planktonic foraminifera are single celled organisms which float in the 
upper watercolumn. They build a species-specific calcareous skeleton (shell or 
test) composed of several chambers. The test-diameter of adult planktonic 
foraminifera varies between about 0.1 and 5 mm. Plates 1.1 and 1.2 show the 
shells of the main species subject in this thesis. Foraminiferal shells largely 
contribute to deep-sea carbonate sediments (Berger, 1970). Sixty percent of the 
world rocks that are derived from marine environments contain foraminifera.

Traditionally, the species concept is based on the morphology of the test, 
which varies enormously.  Today, about 40 species are known (Hemleben et al., 
1989). Genetic studies revealed that morphospecies can consist of several genetic 
types, which may have different biogeographies and ecologies (Darling and 
Wade, 2008). Although it is difficult to decipher specific morphotypes associated 
with genotypes under the microscope, knowledge of their existence is useful in 
explaining changes in abundances of planktonic foraminiferal species in the fossil 
record.

History of study

People have been fascinated by the minute foraminifera since the end of 
the 18th century. Linnaeus recognized 15 species of foraminifera in his “Systema 
Naturae” (1766). d’Orbigny, the founder of micropaleontology, published the first 
classification of foraminifera (1826): “Tableau methodique de la classe des 
Cephalopodes”, which has been modified many times since then. Dujardin (1835) 
demonstrated that foraminifera are unicellular organisms and that they are not 
cephalopods, instead he included them in the protozoa. In 1884, Brady published 
the most important piece of work on foraminifera: Report on the Foraminifera 
dredged by H.M.S. Challenger during the Years 1873-1876. During the 1960’s the 
oil industries largely started to notice the potential use of planktonic foraminifera 
in the field of biostratigraphy. 

Ecology

Planktonic foraminifera are found in all marine environments, from shallow 
to deep-sea environments in tropical to high latitudinal transects. Foraminifera 
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tend to be specific about their environmental conditions, which make them 
excellent indicators of past environments and biogeographical provinces. 
Planktonic foraminifera are the most commonly used microfossil group for the 
reconstruction of past sea surface-water conditions. Each species has adapted to 
its preferred environmental ranges, such as depth habitat, temperature and food 
source. Based on the temperature preferences foraminiferal assemblages may be 
subdivided in 5 major faunal provinces: polar, subpolar, transitional, subtropical 
and tropical (Bé and Tolderlund, 1971). The geographical boundaries of the living 
assemblages are reflected in the ocean sediments. 

The classification of planktonic foraminifera distinguishes between spinose 
and non-spinose species. The spinose character of some foraminfera is well 
depicted in e.g. the genus Globigerinoides (Figure 1.1). Non-spinose species 
depend on a herbivorous diet or are detritus feeders. Spinose species can also 
entrap larger mobile prey like copepods (Spindler et al., 1984). Most spinose 
species harbour symbionts within their spine-halo. Almost all non-spinose 
planktonic foraminifera are symbiont barren. Because of the symbiontic 
relationship the habitat of nearly all spinose planktonic foraminifera is confined to 
the euphotic zone.

The collection of assemblages of living foraminifera from the water column 
is a prerequisite for improving our understanding of the oceanographic and 
biological factors that determine their distribution, and for a better reconstruction 
of paleoenvironmental conditions from the sedimentary records. Their wide 
spread abundance, evolution and sensitivity to environmental conditions since 
Jurassic times (about 150 million years ago) make them an excellent tool in 
determining the succession of strata (biostratigraphy) and an important data 
source in paleoceanography. 

Figure 1.1
Globigerinoides trilobus (lumped together with 
Globigerinoides sacculifer) from pump sample P6 taken 
October 12th 1989. The G. trilobus exhibits a (broken) 
spine-halo. Scale bar equals 100 μm.
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Oxygen isotopes and orbital variations

In addition to using species distribution for paleoenvironmental 
reconstructions, the chemistry of their shells also provides information on water 
conditions in which they grew. For instance, stable oxygen isotope ratios in their 
shells are dependent on several environmental factors such as temperature and 
salinity. The oxygen isotope ratio, δ18O, is defined as the ratio between the most 
common isotope 16O and the heavier 18O. These isotopes have slightly different 
physical properties. 16O preferentially evaporates from the oceans and 
precipitates on the continents, which means that the high latitude ice sheets are 
relatively enriched in 16O. Oxygen isotope records are widely used to reconstruct 
variability in ice volume and water temperatures through time. The alternation of 
warm and cool periods in the Earth's climate history derived from oxygen isotope 
data are referred to as marine isotopic stages (MIS): the glacial periods are defined 
as even numbers and the interglacial periods are described as odd numbers.
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Figure 1.2
Earth’s orbital motion around the Sun (after Ruddiman 2001). A – The 100-ky cycle of 
eccentricity reflects the ellipticity of the Earth’s orbit around the Sun. Earth is most distant 
from the Sun at aphelion and closest to the Sun at perihelion. The 23-ky cycle of precession 
points to the clockwise motion of the March 20 equinox. B – The 41-ky cycle of obliquity or 
tilt of the Earth’s rotational axis measured from a line perpendicular to the plan of its orbit 
around the Sun.
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The cyclicity in the oxygen isotope profiles is thought to be driven by 
orbital variations in solar insolation. Insolation depends on the shape of the 
Earth’s orbit around the Sun, the orbital or ecliptic plane (Figure 1.2). The orbital 
cycles have main periods of 400 and 100 ky (eccentricity), 41 ky (obliquity or tilt), 
and 23 and 19 ky (precession) (Berger, 1978). Eccentricity is the ellipticity of the 
Earth’s orbit around the Sun. Within this ellipse, the moment when the Earth is 
furthest from the Sun is called aphelion, while the moment of closest proximity is 
called perihelion. Precession is the variation of the seasons with respect to the 
Earth’s orbit; if e.g. perihelion occurs in June, i.e. a precession minimum, the 
northern hemisphere during boreal summer is warmer than average. Obliquity or 
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Figure 1.3
A gradual long-term trend in oxygen isotopes (δ18O) at DSDP Site 607 towards more ice 
and colder temperatures (after Ruddiman, 2001; Raymo, 1994). A change in glacial-
interglacial periods is noticed with cyclicity of 41 ky and 23 ky until 900 ky to one with a 
cyclicity of 100 ky since about 650 ky.



tilt is the inclination of the Earth’s rotational axis with respect to its plane of 
rotation. Periods of maximum tilt lead to seasonal extremes in both hemispheres.

While variation in insolation did not change dramatically, the long-term 
climate deteriorated during the late Cenozoic; 100-ky glacial-interglacial cycles in 
the oxygen isotope records emerged at about 650 ky (Figure 1.3). The Mid-
Pleistocene Transition (MPT) is the name given to the period of time when the 
dominant periodicity of the glacial–interglacial cycles changed from symmetrical 
low-amplitude, high-frequency (41-ky) ice volume variations to high-amplitude, 
low-frequency (100-ky) asymmetrical saw-tooth-shaped ice volume variations 
(Durham et al., 2001). The long-term climate deterioration resulted in the 
expansion of northern-hemisphere ice sheets that started around 2.6 My and was 
followed by a major pulse between 1.2 and 0.9 My (Berger and Jansen, 1994; Clark 
et al., 2006). However, there is disagreement in defining the MPT in time. The start 
of the MPT has been described to have emerged at about 1250 ky (Clark et al., 
2006), although others have mentioned initiation to have occurred at about 900 
ky as a response to a pulse in ice-growth (Berger and Jansen, 1994; Mudelsee and 
Schulz, 1997; Raymo et al., 1997). The MPT ended at about 700 ky (Clark et al., 
2006) to 600 ky (Berger and Jansen, 1994; Mudelsee and Schulz, 1997; Raymo et 
al., 1997).

The cruise

The cruise to the Angola Basin, SE Atlantic (Jansen et al., 1990) was carried 
out with the R.V. Tyro (Figure 1.4) during the period 30 September to 19 
November 1989. The cruise was financed by the Netherlands Marine Science 
Foundation (SOZ), now the Netherlands Organisation for Scientific Research 
(NWO). As part of an extensive program sediment cores and net samples were 
taken (pump net samples, for collecting the sea surface down to several meters, 
and vertical haul net samples for collecting deeper ocean layers). Figure 1.5 shows 
the cruise track as well as the location of the main sediment core of investigation, 
Core T89-40 (21°36'S, 6°47'E). 

The pump net sampling was done continuously from about the upper 5 m 
of the water column. Every 8 hours, plankton was sampled with a 100 μm net 
from the water inlet at 5 m depth in the bow of the Tyro. In tropical waters, the 
maxima of productivity are situated deeper in the water column, but continuous 
sampling at greater depth was not possible unfortunately. However, when time 
permitted plankton was also sampled with the vertical net. Plankton was 
collected with a 50 μm vertical plankton net (opening 45 cm in diameter) at a 
number of selected stations. The samples were collected throughout the euphotic 
zone, with the use of a cable with a length of 150 m. In combination with the 
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pump samples, these tows give information on the vertical distribution of the 
species. The material was preserved in 4 % formaldehyde at 4°C. 

During the cruise a piston corer, with liners of 9 cm in diameter and a core 
head with a weight of 1366 kg was deployed to collect sediments from the sea 
floor. As soon as possible after cores were retrieved and located on deck, they 
were thermally isolated to protect the cores from heating by the tropical sun and 
stored at 4°C.

Hydrography

The southeastern Atlantic Ocean accommodates a variety of (sub) surface 
water masses in which many species of planktonic foraminifera live. Modern 
hydrography of the eastern South Atlantic (Figure 1.5) is well described by several 
authors (van Bennekom and Berger, 1984; Shannon, 1985; Peterson and Stramma, 
1991; Lutjeharms, 1996; Shannon and Nelson, 1996). The large-scale circulation is 
controlled by a semi-permanent atmospheric high-pressure system in the central 
South Atlantic (the South Atlantic Anticyclone, around 27°-32°S, 5°-10°W) and a 
low-pressure system over Africa. This pressure system induces more meridional 
directed trade winds nearby the continent and more zonal trade winds further 
offshore. 

The prevailing southerly and southeasterly winds drive an offshore surface 
drift and induce intense coastal upwelling of cold, nutrient-rich water at the 
Benguela Upwelling System (BUS). The northernmost cell with extensive seaward 
penetration of upwelled water is at Walvis Bay, 22°S (Lutjeharms and Meeuwis, 
1987; Lutjeharms and Stockton, 1987; Lutjeharms et al., 1991). The drift, the 
Benguela Current (BC), has a main limb, the Benguela Oceanic Current (BOC), 
which leaves the African coast at 20°S from where it moves in a northwestern 

Figure 1.4
The research vessel R.V. Tyro.
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direction. A coastal branch of the BC, the Benguela Coastal Current (BCC), moves 
up to 14°-16°S. Here, at the Angola-Benguela Front (ABF), the intense coastal 
upwelling terminates (Meeuwis and Lutjeharms, 1990).

The current system near the equator comprises the westward flowing 
South Equatorial Current (SEC) and two eastward flowing currents, the South 
Equatorial Counter Current (SECC) and the Equatorial Under Current (EUC). South 
of the equator, an offshoot of the SECC, the Angola Current (AC), flows south 
along the African coast, where it meets the cold Benguela waters at the ABF.

In the Angolan surface waters, the outflow of the Congo River causes a thin 
(initially 5-15 m), silica-rich, low-salinity plume. It meanders and forms lobes in 

Figure 1.5
The cruise track during the Angola-Basin cruise, the location of Core T89-40 and the upper-
ocean circulation in the SE Atlantic (after Moroshkin et al., 1970; van Bennekom and Berger, 
1984). The dark-dotted area (15°S) represents the Angola-Benguela Front (Meeuwis and 
Lutjeharms, 1990), the Congo plume is indicated by a light-dotted area. The small dots 
reflect the mid-points of a pump sample track. The vertical plankton nets are indicated by 
asterisks.
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response to wind stress, wind direction and river discharge (Eisma and van 
Bennekom, 1978).

Intermediate and central water masses (Figure 1.6) also affect the habitats 
of planktonic foraminifera, either through deeper calcifications depths of certain 
species and/or by upwelling. Antarctic Intermediate Water (AAIW), with its core at 
about 800 m, is a fresher, oxygenated and nutrient-rich water that overlies Upper 
Circumpolar Deep Water (UCPDW) (Talley, 1996). Three types of central water 
masses are found in this region: South Atlantic Central Water (SACW), Eastern 
South Atlantic Central Water (ESACW) and Western South Atlantic Central Water 
(WSACW). They differ slightly in character and are found at a depth of about 100 – 
600 m. The highly-saline, oxygen-poor subsurface waters from the Angola Basin 
SACW are found as far south as 17°S (Mohrholz et al., 2008).

Changes in the deep-water circulation may affect the preservation state 
of the shells of fossil planktonic foraminiferal assemblages. The deep-water 
masses can be divided in northern sourced waters, North Atlantic Deep Water 
(NADW), and southern sourced waters, Circumpolar Deep Water (CPDW) and 
Antarctic Bottom Water (AABW) (Figure 1.6). AABW occurs in the deepest parts 
of the eastern Weddell Basin below 4000 m at a temperature of 0° - 0.7°C (e.g. 
Bickert and Wefer, 1996; Diekmann et al., 1996). North of 45°S, the slightly 
warmer CPDW, an admixture of waters from various oceans, splits off into 
Lower and Upper CPDW due to injection of relatively warm, saline, oxygen-rich 
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Figure 1.6
Schematic cross section of the main ocean water masses in the South Atlantic along the 
Greenwich Meridian (after Diekmann et al., 1996). Abbreviations: AAIW - Antarctic 
Intermediate Water; LCPDW – Lower Circumpolar Deep Water; UCPDW - Upper Circumpolar 
Deep Water; NADW - North Atlantic Deep Water; AABW – Antarctic Bottom Water.



and nutrient-poor NADW at intermediate depth (2000 - 3000 m). The Walvis 
Ridge separates the deepest water masses: carbonate saturated NADW in the 
northern Angola Basin and the more corrosive Lower CPDW in the Cape Basin 
(Bickert and Wefer, 1996). 

Today, Core T89-40 is located in an area of low surface layer productivity 
and bathes in NADW (Bickert and Wefer, 1996). The studied core lies at the 
crossroads of three distinct oceanographic realms in the South Atlantic: (1) the 
Benguela Upwelling System (BUS), (2) the South Atlantic subtropical gyre and (3) 
the northern Angolan tropical waters.

Objectives

The main objective of the expedition was to study the effects of 
oceanographic parameters on the composition of the planktonic foraminiferal 
assemblages. This information was used to decipher the climate history of Walvis 
Ridge, SE Atlantic Ocean, with emphasis on SE Atlantic (sub)surface water mass 
changes in time. 

At Walvis Ridge Core T89-40 is used, which is situated at the crossroads of 
the main oceanic realms in the SE Atlantic Ocean, the subtropical gyre, the 
Benguela Upwelling System (BUS) and warm Angola Basin waters north of the 
Angola-Benguela Front (ABF). As a proxy planktonic foraminiferal assemblages are 
used to unravel how climate has changed in time. There are two main objectives 
in this thesis:

1) The objectives in the chapters two and three are to improve knowledge 
on the ecology of planktonic foraminifera in the eastern South Atlantic Ocean, 
including the Congo River plume and BUS. Their distribution in the modern 
surface waters is studied during austral spring. The collection of assemblages of 
living foraminifera from the water column is a prerequisite for improving our 
understanding of the oceanographic and biological factors that determine their 
distribution, and for improved reconstruction of paleoenvironmental conditions 
from the sedimentary records. 

2) The objectives in chapter four until chapter seven focus on application 
of the new ecological knowledge and to interpret changes in the assemblage 
composition of fossil planktonic foraminifera in sediments at the Walvis Ridge 
during the last million years. The last one million years are important in terms of 
climate development during the so-called Mid-Pleistocene Transition (MPT) 
during which amplification of the glacial-interglacial cycles occurred (e.g. Clark et 
al., 2006). Most studies are restricted to the last 500 ky, the “known” late 
Pleistocene ice-age world when the large amplitudinal climate cycles were 
already present. Within this thesis I will document the movements of the oceanic 
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realms through time using planktonic foraminiferal assemblages from Core 
T89-40 extending back to 1.1 million years. 

Main results

Chapter 2: Origin of coiling differences in living neogloboquadrinids in the Walvis Bay 
region, off Namibia, SW Africa 

In chapter 2 I focus on the influence of sea surface temperature on the 
local planktonic foraminiferal surface water distribution in the Walvis Bay region 
(23°S) during the austral spring season (November) 1989, when maximum extent 
of the BUS occurred. In the near-shore surface waters, the area of most prominent 
upwelling, left-coiled Neogloboquadrina pachyderma specimens dominated over 
right-coiled N. pachyderma specimens, which prevailed further offshore. The 
change in coiling direction took place at a sea surface temperature of 14.5°C, 
which is distinctly higher than the 7°-9°C at which coiling direction changes in the 
same morphotypes in high (northern hemisphere) latitudes. It appears that 
temperature is not the main controlling factor on these morphotypes. These 
morphotypes are distinct species with different ecology and food conditions. The 
high numbers of left-coiled N. pachyderma may be explained as the resultant of 
increased reproduction of expatriates, imported from high southern latitudes, 
within the favorable upwelling conditions. 

The ultimate answer to the question in this chapter whether the left-coiled 
and right-coiled neogloboquadrinid specimens represent different populations of 
two species came from DNA analyses a few years later after I had published the 
geographical distribution of the morphotypes in the BUS area. Darling and others 
(2006; 2008) revealed the geographically separated nature of left-coiled 
N. pachyderma in the BUS. Right-coiled N. pachyderma shows less genotypic 
variability and is part of the Atlantic  Type I genotype. 

Chapter 3: Living planktonic foraminifera in the eastern South Atlantic during spring: 
Indicators of water masses, upwelling and the Congo (Zaire) River plume 

In chapter 3 I focus on the regional distribution pattern of planktonic 
foraminifera as indicators of water masses and physico-chemical properties in the 
wider Angola Basin during austral spring 1989. Both pump- and vertical plankton 
nets (VPN) were deployed.

In the pump- and vertical plankton net samples 6 foraminiferal 
assemblages were found which correlate with the major surface water masses in 
the SE Atlantic. 
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Two assemblages mark the equatorial Atlantic water masses. Assemblage 
A, the Globigerinoides ruber white - Globigerinoides sacculifer assemblage, 
represents the equatorial surface waters west of 4°E; percentages of G. sacculifer 
increase with a deepening of the mixed layer. Assemblage B, Globigerinoides ruber 
pink – Neogloboquadrina dutertrei reflects the Congo River outflow plume and 
subsequent induced upwelling. 

One of the major changes in the composition foraminiferal faunas occurs 
at the ABF, which separates the tropical warm waters (SECC and EUC) to the north 
from the cold BUS in the south. The Angolan warm waters are characterized by 
the dominance of N. dutertrei and Globigerinella siphonifera, assemblage C. The 
ABF is marked by assemblage D, which is dominated by the species Globorotalia 
inflata and Globigerina bulloides. The cool, nutrient-rich fauna of the BUS in the 
south, characterized by assemblage E, is marked by high abundances of 
N. pachyderma and G. bulloides. Surface waters directly west of the BUS, at the 
interplay with the subtropical gyre, are marked by high abundances of G. bulloides 
and G. sacculifer, assemblage F. 

During austral spring in the SE Atlantic the physico-chemical properties of 
the surface water masses such as temperature, nutrient and the depth of the 
mixed layer, determine the planktonic foraminiferal assemblages. Salinity plays a 
minor role in the biogeographical distribution of the planktonic foraminifera. The 
apparent correlation between the geographical distribution of specific species 
with low salinity conditions was probably driven by other properties that co-
varied with salinity, e.g. river induced increased sea surface temperatures and 
upwelling conditions. 

Chapter 4: Anomalous occurrences of Neogloboquadrina pachyderma (left) in a 420-
ky upwelling record from the Walvis Ridge (SE Atlantic)

In chapter 4 I focus on fossil planktonic foraminiferal assemblage changes 
in sediments from Core T89-40 during the last 420 ky. 

During the studied period strong glacial-interglacial cycles are found. 
Interglacials are marked by warm species representing increased extent of the 
subtropical gyre, whereas glacials are marked periods of increased upwelling. 
However, a cold, eutrophic species, left-coiled Neogloboquadrina pachyderma, 
shows peak abundance levels not only during glacials. 

I have made a subdivision in three types of peak levels of this species. Type 
A and B peaks, with peak abundances of less 20 %, were attributed to periods of 
intensified upwelling in the northern BUS. Type A peaks predominantly occur 
during glacial and cold interstadial periods whereas type B peaks occur during 
warm interglacial periods. Type B peaks were also accompanied by low numbers 
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of subtropical species, which may reflect periods of increased seasonal contrast 
between the winter upwelling and the subtropical summer conditions. The type C 
peaks, with abundances over 20 % to 38 %, are associated with strongly reduced 
percentages of other eutrophic species, but with abundant subtropical species 
during Marine Isotopic Stages 11.3 (401 ky) and 9.3 (326 ky). 

In the northern BUS upwelling cells, the highly nutrient-rich waters may 
have produced a mono-specific left-coiled N. pachyderma fauna during the 
periods of type-C peaks. Meandering shelf-edge jets, strong contour jets, are 
proposed as a mechanism for the transport of highly productive waters. These jets 
could have transported the upwelled fauna 700 km offshore to the core location, 
without entraining other eutrophic species from the surrounding waters. During 
MIS 9 and MIS 11 periods of strong polewards shifts of the frontal systems in the 
South Atlantic preceded strong zonal transport by these jets by about 8 ky.

Chapter 5: Sensitivity of planktonic foraminifera to Mid Pleistocene climate change in 
the SE Atlantic. 

In chapter 5 I produced a record of planktonic foraminiferal relative 
abundance changes in Core T89-40 further back in time than in chapter 4 with the 
aim to relate these changes to Pleistocene climate change across the Mid-
Pleistocene Transition (MPT). Statistical analysis shows that most variability in the 
planktonic foraminiferal relative abundance record was caused by cycles in 
oligotrophic (nutrient-poor) versus eutrophic (nutrient-rich) (sub)surface water 
conditions, driven by shifts in subtropical SE-Atlantic gyre and/or tropical 
northern Angolan waters versus Benguelan upwelling waters over the site. 
Oligotrophic waters are noticed during maxima in boreal insolation within, or just 
preceding the interglacials. Eutrophic conditions prevailed during glacials. Large 
oligotrophic-eutrophic cycles began around 600 ky at the end of the MPT, in line 
with the late Pleistocene amplification of the large amplitudinal glacial-
interglacial cycles. 

As already revealed in chapter 4, left-coiled N. pachyderma shows 
anomalously high abundances during MIS 9 and 11, but here I found another 
peak during MIS 31, which shows that this phenomenon is not restricted to the 
late Pleistocene. These high abundances reflect strong upwelling during these 
interglacials, whilst the presence of the tropical species like Globorotalia menardii 
during the same MIS 9, 11 and 31 reflects on the flow of Indian Ocean waters into 
the SE Atlantic at the same time.

In chapter 5 I specifically report on abundance patterns of left- and right-
coiled Globorotalia truncatulinoides. The left-coiled G. truncatulinoides exited from 
the record at around 960 ky at the onset of the MPT, when (sub)surface waters 
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cooled as evidenced in stable oxygen isotopes, and this species remained absent 
during the course of the MPT until about 600 ky. 

Chapter 6: Carbonate dissolution in the deep SE Atlantic during the last 1.1 million 
years.

In chapter 6 I describe the carbonate dissolution history over the last 1.1 
million years. This is a side step in my thesis but was necessary to evaluate 
whether the fossil shells of the planktonic foraminifera are in a pristine or 
moderate preservation state. This is important to evaluate whether the 
composition of the assemblages has been affected by dissolution, which may 
have made reliable paleoceanographic reconstructions impossible. Thus in this 
chapter the relationships between the various carbonate dissolution proxies 
and the composition of planktonic foraminiferal assemblages as well as oxygen 
isotopes (climate) are studied. 

It appears that the carbonate dissolution history changed from low to 
high amplitudinal variability at the onset of the Mid-Pleistocene Transition 
(MPT) with an increase in interglacial preservation and glacial dissolution. This 
pattern of interglacial preservation and glacial dissolution became even more 
pronounced during the last 600 ky. Particularly, periods of strong glacial 
dissolution occurred during MIS 4, 12, 20 and MIS 26. Strong interglacial 
dissolution is noticed during the interglacial MIS 13.11. I found that the 
carbonate dissolution cyclicity was synchronous with the orbital cycle of 
obliquity. This suggests that unique, but unknown oceanographic process were 
forced by obliquity, most likely high-latitude processes of deep-sea circulation 
and sea-ice extent. I found also a long-term trend in the carbonate dissolution 
history, most pronounced during the so-called Mid-Brunhes Dissolution 
Interval, which is most likely linked to global variations in carbon reservoirs. 

I conclude in this chapter that the composition of the planktonic 
foraminiferal assemblages has not been altered by the dissolution history. Thus 
the composition of the planktonic foraminiferal assemblages reflects the 
primary oceanographic conditions of the past. However, there may be two 
exceptions within the Mid-Brunhes Dissolution Interval during MIS 12 and MIS 
13.11 where the foraminiferal settling community may have been slightly 
distorted.
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Chapter 7: Concluding remarks – Southern hemisphere paleoceanography in a global 
change context during the Mid-Pleistocene Transition

In the final chapter the unique foraminiferal patterns of Core T89-40 are placed in 
a more global Atlantic climate change context. One of the remarkable results is 
that over the course of the Mid-Pleistocene Transition (MPT) a distinct relationship 
occurs between the increased influence of subtropical gyre waters over the core 
site and maximum boreal insolation. Insolation played a large role in driving the 
atmospheric circulation patterns, and in turn ocean circulation. The tilt cycle 
appears as the dominant driver of oceanographic changes in the Walvis Ridge. It 
is the variability in the trade winds and Hadley cell circulation that forced 
oceanographic changes in the SE Atlantic. A further extent of the northern and 
southern ice sheets modified trade winds intensity, which explains the occurrence 
of the 100 ky cycle in the late Pleistocene planktonic foraminiferal assemblage 
record since about 650 ky. The SE Atlantic paleoceanographic changes perfectly 
reflect the amplification of climate cycles during the MPT. 
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Plate 1.1
SEM photographs of some of main planktonic foraminiferal species in Core T89-40 used in 
this thesis. 
Figure 1: Globigerinoides ruber (from sample #1-5, 1609 cmbs). Figures 2 and 3: 
Globigerinoides sacculifer (figure 2 from sample #14-40, 40 cmbs; figure 3 from sample 
#9-55, 513 cmbs). Figure 4: Globorotalia menardii (from sample #9-55, 513 cmbs). Figures 5 
to 7: Globigerinella siphonifera (figure 5 from sample #9-55, 513 cmbs; figure 6 from sample 
#2-30, 1464 cmbs; figure 7 from sample #1-5, 1609 cmbs). Figure 8: Globorotalia menardii 
(from sample #9-55, 513 cmbs). Figures 9 and 10: Globorotalia inflata (figure 9 from sample 
#9-55, 513 cmbs; figure 10 from sample #2-30, 1464 cmbs). Figures 11 and 12: Globigerina 
bulloides (figure 11 from sample #2-30, 1464 cmbs; figure 12 from sample #14-40, 40 cmbs). 
Figures 13 and 14: right-coiled Neogloboquadrina pachyderma (from sample #2-30, 1464 
cmbs). Figures 15 and 16: left-coiled Neogloboquadrina pachyderma (from sample #1-5, 
1609 cmbs).
Scale bar equals 100 μm.
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Plate 1.2
SEM photographs of some of main planktonic foraminiferal species in Core T89-40 used in 
this thesis. 
Figures 1 and 2: left-coiled Globorotalia truncatulinoides (from sample #13-70, 107 cmbs). 
Figure 3: left-coiled Globorotalia truncatulinoides flat morphotype (from sample #13-70, 107 
cmbs). Figures 4 and 5: right-coiled Globorotalia truncatulinoides (figure 4 from sample 
#1-90, 1524 cmbs; figure 5 from sample #9-75, 493 cmbs). Figure 6: right-coiled 
Globorotalia truncatulinoides flat morphotype (from sample #13-70, 107 cmbs). Figures 7 to 
9: Globorotalia crassaformis (from sample #5-5, 1131 cmbs). Figures 10 and 11: Globorotalia 
crassaformis cf viola (from sample #3-40, 1335 cmbs).
Scale bar equals 100 μm.
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Chapter 2

Origin of coiling differences in living 

neogloboquadrinids in the Walvis Bay 

region, off Namibia, SW Africa 

Based on:
Origin of coiling differences in neogloboquadrinids in the Walvis Bay region, off Namibia, 
SW Africa.
E. Ufkes and W.J. Zachariasse, 1993, Micropaleontology, 39, 283-287


