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1 INTRODUCTION 

The Pliocene epoch between 5.33 and 2.59 Ma is considered as a ‘Time of Change’ (Wrenn et 

al., 1999). This period witnessed, against a background of global cooling that already started 

during the Early Cainozoic, distinct climatic turnovers that are the subject of many ongoing 

discussions (Williams et al., 2008). After two severe cooling events such as Marine Isotope 

Stages (MIS) MG2 and M2, respectively 3.35 and 3.30 Ma ago, this trend finally culminated 

in the Northern Hemisphere Glaciation around 2.65 Ma. The main cause for global cooling 

during the Late Cainozoic still remains a matter of debate, but probably includes a 

combination of factors such as the tectonic uplift of the Tibetan Plateau and weathering-

induced atmospheric CO2 removal, the closure of the Panamanian or Central American 

Seaway, an increased albedo effect caused by continental ice sheet and sea ice extent, and 

finally the contribution of orbital forcing mechanisms (Bartoli et al., 2005; Driscoll and Haug, 

1998; Haug and Tiedemann, 1998; Haug et al., 2001; Maslin et al., 1998; Raymo, 1994a; 

Raymo, 1994b). 

Superimposed on these cold events, an interval of greater warmth between 3.29 and 2.97 Ma 

occurred, known as the mid-Pliocene Warm Period (Dowsett et al., 2009). Temperatures 

during this period were several degrees higher compared with the present day, and this is the 

main reason why it is considered as an analogue to future climate conditions. According to 

Dowsett et al. (2009) the overall configuration of North Atlantic surface currents was quite 

similar to the modern patterns, but global temperatures reached higher values, especially at 

the higher latitudes. This prolonged global warming could be related to an increased 

meridional heat transport between the tropics and the polar region. 

Whether the Northern Hemisphere Glaciation or the mid-Pliocene Warm Period is considered, 

the Panamanian Gateway is always thought to have played a vital, though controversial role. 

The idea that Northern Hemisphere ice sheets began to wax when the Central American 

Seaway finally closed at 2.65 Ma led to the inference that the latter caused the climate system 

to enter a full glacial mode, or at least facilitated this process (Molnar, 2008). Moreover, the 

opening or closure of the Central American Seaway is inferred to have caused a remarkable 

reorganisation of ocean circulation, heat transport and moisture fluxes towards the higher 

latitudes. However, conflicting opinions exist about the actual effect caused by the seaway on 

global climate change as the relative importance of increased precipitation versus increased 
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heat transport towards the higher latitudes is largely unknown (Bartoli et al., 2005; Berger and 

Wefer, 1996; Driscoll and Haug, 1998; Haug and Tiedemann, 1998; Haug et al., 2001; 

Keigwin, 1982; Klocker et al., 2005; Lunt et al., 2008; Naafs et al., 2010; Prentice and 

Matthews, 1991; Weyl, 1968). 

The research project presented here aims to understand what actually happened during 

cooling event MIS M2 (3.30 Ma). The benthic oxygen isotope stack of Lisiecki and Raymo 

(2005) shows a significant shift towards higher δ
18

O values, and this corresponds to an 

extreme sea level lowstand of approximately -65 m. MIS M2 occurred just before the mid-

Pliocene Warm Period and is considered as a failed attempt of the climate system to step into 

a full glacial mode, often associated with changes in Panamanian Gateway tectonics (De 

Schepper et al., 2009). 

In order to reconstruct oceanic changes near the Central American Seaway before, during and 

after MIS M2, a high resolution record from Caribbean Ocean Drilling Program (ODP) Site 

999 was analysed for Mg/Ca ratios and dinoflagellates. Geochemical Mg/Ca signals from the 

surface and thermocline dwelling foraminifera species Globigerinoides sacculifer and 

Neogloboquadrina dutertrei were used to reconstruct former sea surface temperatures (SSTs) 

at different depths. Combining analyses from species living in different water layers allows to 

infer the magnitude of temperature change as a result of the interplay between climatologic, 

oceanographic and/or tectonic factors near MIS M2. Additionally, floral dinoflagellate cyst 

assemblages were analysed to obtain overall water mass characteristics. Changing relative 

abundances of dinoflagellate cyst species reflect different environmental conditions, not 

necessarily related to temperature differences. The advantage of this combined approach is 

that changes in water mass properties can eventually be linked to independent temperature 

variations, leading to a detailed Central American palaeoceanographical reconstruction 

before, during and after MIS M2. 

Although MIS M2 was a severe cooling event during a relative warm period, its cause and 

effect mechanisms are still poorly understood, and therefore requires further study. Previous 

research (Groeneveld, 2005; Haug and Tiedemann, 1998; Haug et al., 2001; Steph et al., 

2006) mainly focused on lower resolution records in order to investigate the Caribbean and 

Pacific evolution, whether or not tectonic, towards the Northern Hemisphere Glaciation. This 

automatically implied minor constraints towards specific events such as MIS M2. As MIS M2 

is considered as a failed attempt of our climate system to step into a Quaternary-like glacial 



P a g e  | 6 

 

mode (De Schepper et al., 2009), a high resolution sampling between 3.25 and 3.35 Ma was 

carried out. 

The goal of the research is to gain more insight in the following domains: 

(1) Caribbean palaeoceanography before, during and after MIS M2. 

(2) Constraints on the tectonic or sea level induced evolution of the Panamanian Isthmus. 

(3) Cause-effect mechanisms related to glacial-interglacial alternations. 

(4) The role of the Panamanian Gateway in global climate change. 

Following this short introduction, Chapter 2 provides a general literature review on 

Panamanian oceanography and geology, the Pliocene, and the different possible mechanisms 

leading towards the Northern Hemisphere Glaciation. An overview of previously carried out 

research on MIS M2 using dinoflagellate cysts and geochemistry is summarised at the end of 

that section. The ‘Methods and Materials’ chapter provides a short introduction about ODP 

Site 999, followed by a detailed description of the Mg/Ca and dinoflagellate cyst assemblage 

methods, including their use and importance combined with sample preparation and analysis 

techniques. The ‘Results’ section presents the Mg/Ca ratio measurements and dinoflagellate 

cyst assemblage counts. These results are further interpreted in ‘Discussion’ in Chapter 5, 

linking them with previous studies to develop new insights. This thesis is concluded by an 

overall summary in Chapter 6, relating to the key points concerning this Master’s project. A 

summary in Dutch (‘Samenvatting’) is provided in Appendix 5. 
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2 LITERATURE REVIEW 

In this section a thorough summary of the available literature concerning this research project 

is provided. Chapter 2 covers five major topics including (1) Caribbean hydrography and 

oceanography, (2) the tectonic evolution of Central America and subsequent closure of the 

Panamanian Gateway, (3) the Pliocene, (4) the different mechanisms leading towards the 

Northern Hemisphere Glaciation, and (5) an overview of previous research on MIS M2 using 

similar proxies. 

2.1 CARIBBEAN HYDROGRAPHY AND OCEANOGRAPHY 

The uppermost water column in the modern Caribbean Sea is composed of a mixture of 

relatively fresh (< 35.5 ‰) Caribbean Water and highly saline (> 37 ‰) thermocline forming 

Subtropical Under Water, reaching respective water depths of about 80 and 180 m. The 

Caribbean Water is composed of Amazon and Orinoco River outflow, together with 

equatorial Atlantic surface water entering the Caribbean through the Lesser Antilles Passages 

via the Guyana Current. The Subtropical Under Water originates from the excessively 

evaporated subtropical gyre, reaching the Caribbean by the North Equatorial Current and 

through the Greater Antilles Passages (Figure 2.1; Wüst, 1964). Although the Magdalena 

River directly discharges into the Caribbean, its contribution is negligible compared to that 

from the Amazon and Orinoco Rivers. Additionally, Caribbean sea surface salinity (SSS) is 

further controlled by seasonal evaporation and precipitation ratios, coinciding with shifts in 

the Intertropical Convergence Zone (Hellweger and Gordon, 2002).  

As part of the Tropical Western Hemisphere Warm Pool, together with the Gulf of Mexico 

and the western tropical Atlantic, modern Caribbean annual mean SSTs reach at least 28.5 °C 

(Wang and Enfield, 2001; Wang and Lee, 2007). High radiation fluxes and a closed basin 

setting where warm water can be collected are responsible for the formation of this warm 

water body. 

The above mentioned water masses together form the Caribbean Current, which flows 

northward through the Yucatan Channel and Florida Straits, and eventually merges with the 

Antilles Current to form the Western Boundary Current (Steph et al., 2006). 
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Figure 2.1. Oceanographic setting of the tropical western Atlantic and eastern Pacific with shifts of 

the Intertropical Convergence Zone during (a) boreal summer , and (b) boreal winter. Abbreviations 

are NEC: North Equatorial Current, NECC: North Equatorial Counter Current, SEC: South 

Equatorial Current, NBC: North Brazil Coastal Current, GC: Guyana Current, CaC: Caribbean 

Current, LC: Loop Current, PCC: Peru-Chile Current, CC: Colombia Current, EUC: Equatorial 

Undercurrent, AENC: Annual El Nino Current, EF: Equatorial Front,  and ITCZ: Intertropical 

Convergence Zone (Steph et al., 2006). 
 

2.1.1 Caribbean and eastern Pacific gradients 

The eastern Pacific and Caribbean are characterised by distinct increasing salinity and 

temperature gradients with depth (Figure 2.2). Upwelling along the Peruvian coast and the 

Equator, caused by Southeastern Trade Winds, forms the Pacific Cold Tongue, hence 

reducing the Pacific thermocline depth to less than 50 m (Mitchell and Wallace, 1992). 

Accordingly, the temperature contrast between both basins at this depth is circa 5 °C, while 

surface temperatures remain similar (Levitus and Boyer, 1994a; Levitus and Boyer, 1994b).  
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On the other hand, a salinity difference of more than 1 ‰ exists between the Atlantic and the 

eastern Pacific, caused by an excessive evaporation in the Caribbean. This water vapour is 

subsequently transported into the Pacific via the prevailing Eastern Trade Winds, hence 

creating a salinity gradient at both sides of Central America (Broecker and Denton, 1989). 

 

Figure 2.2. Modern Caribbean and east Pacific hydrography with (A) the annual average sea water 

temperatures, and (B) the annual average sea water salinities at a water depth of circa 50 m. Blue 

dots indicate Caribbean ODP Sites 999 and 1000, and Pacific ODP Site 1241 (Groeneveld, 2005). 
 

2.1.2 The thermohaline circulation 

A fundamental element of the climate system is the thermohaline ocean circulation pattern, 

which distributes heat and moisture around the entire planet. This circulation is also referred 

to as the Great Ocean Conveyor Belt or the Meridional Overturning Circulation (Figure 2.3; 

Broecker, 1991; Broecker and Denton, 1989; Haug et al., 2004).  

Modern day thermohaline configuration consists of warm, salty surface water from the 

Caribbean, the Gulf of Mexico and the equatorial Atlantic flowing into the North Atlantic 

Ocean. At the origin of this northward surface current lies the Florida Current, flowing 

between the Florida Straits and Cape Hatteras. Beyond this boundary the current gets 

deflected from the continental shelf, becomes the Gulf Stream, and continues further on as the 

North Atlantic Current (Meinen et al., 2009; Williams et al., 2008). As they reach the higher 
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North Atlantic latitudes, these waters are cooled by contact with cold air masses near Iceland 

and the Labrador Sea, while heat and moisture is transferred into the atmosphere. The result is 

a cold and salty, and thus dense, water mass that sinks to the ocean floor. The formation of 

North Atlantic Deep Water, which is characterised by a high salinity, a low nutrient content 

and high 
13

C/
12

C values, creates a southward return flow in the Atlantic at a depth of 2-4 km 

(Figure 2.4). When the North Atlantic Deep Water reaches Antarctica, it is diverted to the east 

by the Antarctic Circumpolar Current and joined by the Antarctic Bottom Water. The deep 

water current eventually returns to the surface in the Indian and Pacific Oceans because of 

mixing with warmer waters and upwards wind-driven circulation gyres, and flows further 

back to the Atlantic Ocean to complete the circulation (Ruddiman, 2008). 

 

Figure 2.3. The Great Ocean Conveyor belt, driven by differences in temperature and salinity  (Haug 

et al., 2004). 
 

The origin of Antarctic Bottom Water is rather similar to North Atlantic Deep Water 

formation: it is the result of sea water freezing and the formation of sea ice in the Weddell 

Sea, where cold and dense water sinks to the ocean floor. This water limb travels far into the 

North Pacific and Atlantic at depths of circa 2-5 km and is regarded as a competitor for 

southward North Atlantic Deep Water penetration. 
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Figure 2.4. Surface and deep water circulation patterns. Abbreviations are NADW: North Atlantic 

Deep Water, NACW: North Atlantic Central Water, MOW: Mediterranean Outflow Water, SACW: 

South Atlantic Central Water, AAIW: Antarctic Intermediate Water, and AABW: Antarctic Bottom 

Water (Dwyer and Chandler, 2009). 

 

The driving mechanism of this circulation pattern is the difference in salinity and temperature 

between the Atlantic and the Pacific Ocean. Evaporation in the tropical Atlantic results in a 

higher salinity and the transport of fresh water, carried by Trade Winds, to the Pacific. 

Consequently, the Pacific becomes relatively fresher in comparison to the Atlantic Ocean. 

Surface waters in the Atlantic are on average one salinity unit more saline than those in the 

Pacific Ocean, which is similar to a temperature difference of 3-4 °C. This difference even 

amounts to several permille when northern Atlantic waters are compared with those from the 

Pacific at the same latitude. This density contrast is critical for deep water formation: while 

temperatures of about +2 °C are sufficient for dense Atlantic Ocean water to sink to the 

bottom, Pacific waters are required to be cooled down below freezing point to only penetrate 

a few hundred meters before their buoyancy limit is reached (Broecker, 1991; Broecker and 

Denton, 1989). Hence, deep water formation in the Pacific is severely limited.  

Manabe and Stauffer (1988) demonstrated through coupled ocean circulation models that the 

thermohaline circulation is the major factor responsible for North Atlantic warming. An 

operative conveyor belt induces a temperature rise up to 5 °C. These results suggest that 

during glacial periods the ocean conveyor belt was weakened or even switched off. However, 

dilution of dense North Atlantic water through ice melting, precipitation and continental 
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runoff also imposes a huge threat on conveyor shutdown (Broeker, 1991). Therefore it is 

important to estimate the relative contribution of each major influencing factor.  

2.2 GENERAL TECTONIC EVOLUTION OF THE CENTRAL 

AMERICAN ISTHMUS 

Although sea level induced closure and reopening of the Panamanian Gateway might have 

controlled Central American throughflow during the Quaternary, its tectonic evolution is still 

the primary controlling factor on the emergence of the land brigde. In this chapter, the long-

term tectonic history is discussed.  

The Caribbean tectonic history started with the opening of the North and South Atlantic 

Ocean during Early Cretaceous times. Misalignment and divergence between the westward 

motion of the North and South American Plates resulted in the formation of the Caribbean 

Plate (Burke, 1988). Three main steps in the tectonic evolution subsequently determined the 

present day configuration of the land bridge (Figure 2.5). 

During the Late Cretaceous a volcanic arc, accompanied by several fore- and back-arc basins, 

formed as a result of subduction of the Farrallon Plate, and in a later phase of the Cocos and 

Nazca Plates, underneath the Caribbean Plate (Burke, 1988; Coates and Obando, 1996). 

However, because of differential movements and subduction rates at the western margin, 

volcanism and basin development shows large variations along the entire arc.  

The second major element in the development of the Central American Isthmus is the 

collision of the eastward moving Southern Central American Volcanic Arc with the South 

American Plate during the Middle Miocene, resulting in a first uplifting phase (Coates et al., 

2004). Detailed lithostratigraphic and biostratigraphyc analyses by Coates et al. (2004) place 

this docking event between 12.8 and 9.5 Ma, whereby the onset of emergence already 

occurred at about 16 Ma. The collision with South America was completed by 7.1 Ma (Coates 

et al., 2004). 

The final and most important phase includes the subduction of the 15 km thick oceanic Cocos 

Ridge. This resulted in strong deformation and uplift of the volcanic arc with pervasive 

effects over a distance of 400 km along the isthmus (Coates and Obando, 1996). At that 

moment the Panama Arc still lay to the west of South America (Coates et al., 2004). 
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Figure 2.5. Tectonic evolution of the Central American Isthmus. (A) A volcanic arc 

accompanied by several back-arc and fore-arc basins already developped since the 

Late Cretaceous because of the subduction of the Farallon, Cocos and Nazca Plates. 

(B) Uplifting during the Middle Miocene caused by collision with the South  

American Plate. (C) Subduction of the Cocos Ridge finally caused the complete 

closure of the Central American Seaway during the Pliocene (modified after Coates 

et al., 2004). 
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Underthrusting of the Cocos Ridge dramatically elevated the land brige, and caused the final 

closure of the Central American Seaway. The suggested initiation of this process ranges from 

1 Ma (Corrigan et al., 1990) over 3.6 Ma (Collins et al., 1995) to 5 Ma (de Boer et al., 1995). 

Nevertheless, from the Pliocene onwards marine sedimentation in the different basins along 

the arc is rare or absent (Coates et al., 2004). 

In summary, major tectonic processes from 16 Ma onwards controlled the evolution of the 

Central American Volcanic Arc. Deep water exchange between the Atlantic and Pacific 

Ocean halted around 7 Ma, while shallow water exchange still could continue until the end of 

the Pliocene (Molnar, 2008).   

More recent work by Montes et al. (2012a and 2012b) however challenges the hypothesis of a 

Late Pliocene closure of the gateway. Palaeogeographic restoration of the deformed 

Panamanian Belt showed that the space for the seaway narrowed at circa 25 Ma and 

completely disappeared by about 15 Ma. According to the authors, water circulation had been 

severed significantly from that point onwards.  

2.3 CONSTRAINTS ON THE CLOSURE OF THE PANAMANIAN 

ISTHMUS 

In this section more detailed analyses, mainly based on the difference in Atlantic and Pacific 

Ocean characteristics at both sides of the isthmus, are used to track short-term variations in 

the tectonic history, and to ultimately refine the definite closure age of the Central Amercan 

Seaway. The hereby used proxies can be subdivided into three main groups: (1) vertebrate 

distribution patterns from North to South America, (2) microfossil assemblages from both 

sides of the land bridge, and (3) geochemical analyses on microfossils. 

2.3.1 The Great American Interchange 

The in great detail investigated land mammal exchange between North and South America, 

known as the Great American Interchange, records the final and most pronounced emergence 

of the Panamanian Land Bridge (Webb, 1976). Although a few mammals could already 

migrate along the Bolivar Through or the Antilles Archipelago before 3 Ma, large-scale 

exchange only took place from 2.7 Ma onwards (Marshall, 1988). The interexchange between 

both Americas was possible because of the rise of the Central American Isthmus as the result 

of a combination of tectonics and glacially induced sea level decrease. Discriminating 
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between these effects in order to estimate their relative importance is difficult, however, 

contemporaneous climate change is thought to be the most crucial step for migration (Savin 

and Douglas, 1985). During glacial advance, equatorial areas become colder and dryer as 

rainfall decreases, whereby expanding savanna habitats gradually started to replace tropical 

forests. Thus around 3 Ma, Central and South American wet tropical forests shrunk and were 

replaced by grasslands. As a result, typical North American savanna species could survive. 

The reverse mechanism could possibly have occured during periods of glacial retreat. 

However, wet tropical taxa hardly leave a fossil record, and because of the accompanied sea 

level rise the isthmus probably reached a critical flooding state again (Marshall, 1988). 

Although the emergence of the land bridge – a combination of tectonics and sea level 

dynamics – was a necessary prerequisite for large-scale migration, this exchange was 

impossible without any form of climate change. Mammal migration could not take place until 

savanna-like environments developed in Central and South America. The Great American 

Interchange is presently dated around 2.7 Ma and represents the final and complete closure of 

the Central American Seaway, caused by the onset of the Northern Hemisphere Glaciation 

(Molnar, 2008). 

2.3.2 Microfossil assemblages 

The most detailed evidence for the closing of the Central Amercian Seaway has come from 

both microfossil and nannofossil assemblages. Fluctuations in faunal and floral assemblages 

at both sides of the isthmus can be related to the relative subsidence and emergence of the 

land bridge.  

Keller et al. (1989) studied surface and intermediate dwelling foraminifera from Sites 502A 

and 503A, respectively on the Atlantic and Pacific side of the isthmus, for the reconstruction 

of shoaling and emergence during the last 8 Ma. The comparison of species from different 

depths allowed a detailed study of the gradual rise of the gateway as deeper living foraminfera 

will be affected first, while changes in surface species will only occur when closure is almost 

complete. Keller et al. (1989) distinguished three major events in the history of Panama.  

Microfossil assemblages in the Caribbean Sea and the eastern Pacific were similar prior to 6.2 

Ma, implying an unrestricted flow between both basins (Figure 2.6). Between 6.2 and 4.2 Ma, 

however, Caribbean samples are characterised by high abundances of the intermediate 

dwelling high latitude species Neogloboquadrina pachyderma, which is nearly absent in 
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Pacific samples. Its presence in the tropical Caribbean is remarkable and is probably the result 

of upwelling of cool waters, deflected against a rising sill (Keller et al., 1989).  

Between 4.2 and 2.4 Ma the first changes between Caribbean and eastern Pacific surface 

waters appear. Caribbean surface waters became gradually enriched in the salinity tolerant 

species Globigerinoides sacculifer. The increase in salinity at the eastern side of Central 

America implies a restricted surface exchange through the gateway (Keller et al., 1989). 

 

Figure 2.6. Relative abundances of intermediate dwelling planktonic foraminifera at Caribbean 

DSDP Site 502A and Pacific DSDP Site 503A (Keller et al.,  1989). 

 

The most prominent change occurred at 2.4 Ma. Caribbean assemblages became dominated 

by the high salinity tolerant species Globigerinoides ruber (Figure 2.7). Keller et al. (1989) 

suggested that cessation of surface currents occurred at that point. However, maximum 

divergence between surface and intermediate dwelling species only started from 1.8 Ma 

onwards, thus small-scale leakages between both basins were still possible before.
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McDougall (1996) analysed the same deep sea cores, but focused on the relationship between 

the occurrence of different benthic formaminifera and their preferred bottom water 

characteristics in order to infer palaeoceanographic changes related to the emergence of the 

isthmus. Before 6.7 Ma, similar assemblages at both sites indicate the presence of cold 

Antarctic Bottom Water. A switch in prevailing deep water characteristics occurred between 

6.7 and 6.4 Ma, indicating restricted deep water exchange, whereby relatively warm North 

Atlantic Deep Water and Pacific Deep Water respectively dominated the Caribbean and 

Pacific regions. The flow of North Atlantic Deep Water could still cross the sill until 5.6 Ma, 

thereafter Pacific benthic foraminifera suggest a gradual decrease in deep and intermediate 

water temperatures. At 3.4 Ma, benthic foraminifera indicate cooler, Antarctic dominated 

bottom water in the Caribbean until 2.0 Ma. McDougall (1996) attributed this event to a 

globally changing climate and to locally changing sill depths between the Caribbean and 

Atlantic, rather than emergence of the Panamanian Land Brigde. 

 

Figure 2.7. Relative abundances of surface dwelling planktonic foraminifera at Caribbean DSDP 

Site 502A and Pacific DSDP Site 503A (Keller et al., 1989).  
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Kameo and Sato (2000) studied the biogeography of Neogene calcareous nannofossils from 

ODP Sites 998 and 999 in the Caribbean, and eastern equatorial Pacific Sites 844, 846 and 

850, using principal component analysis. Emphasis was specifically laid on general 

assemblage distribution and not on the palaeoecology of the individual species. Floral 

assemblages significantly changed during the Late Pliocene at 2.76 Ma, with complete 

divergence between Caribbean and Pacific samples. On the other hand, the assemblages from 

ODP 998 and 999 became very similar. Kameo and Sato (2000) argued that between 3.65 and 

2.76 Ma the Central American barrier prevented exchange between the Caribbean and the 

Pacific, deflecting the Circum-Tropical Current and creating the northward intra-Caribbean 

current. According to their data, a gradual closure of the Central Amercian Seaway took place 

during the Late Pliocene with complete basinal separation by 2.76 Ma. 

2.3.3 Geochemical analyses 

The main geochemical analyses include measurements of δ
18

O, δ
13

C and Mg/Ca on planktic 

or benthic foraminifera. 

As sea water evaporates, the lighter 
16

O isotope will be transferred into the atmosphere and in 

a subsequent phase stored in ice sheets, while the sea water is left enriched in the heavier 
18

O 

isotope. Chemical fractionation increases during colder periods because only the lighter 

isotope is sensitive to atmospheric transfer, while during warmer periods also the kinetic 

boundary for the heavier isotope is crossed. Enrichment or depletion of one of these isotopes 

in sea water will thus be reflected in the marine microfossil carbonate shells. Considering the 

fact that oxygen isotopic values reflect sea water temperatures and evaporation rates, they can 

also be linked to salinity as both properties correspond to the same mechanisms (Dwyer and 

Chandler, 2009; Molnar, 2008).  

δ
18

O measurements based on benthic foraminifera reflect bottom water temperatures and 

continental ice volume percentages. Accordingly, as bottom water temperatures are equal over 

the entire ocean, these values are used as indicators for global climate characteristics (Dwyer 

and Chandler, 2009). The δ
18

O values of benthic foraminifera can further be correlated to the 

global benthic oxygen isotope stack of Lisiecki and Raymo (2005) for chronostratigraphic 

correlation. Oxygen isotopes in planktonic foraminifera are on the other hand sensitive to 

surface water temperatures and salinities, and can thus be used as proxies for water properties 

at both sides of the Panamanian Isthmus (Haug et al., 2001). 
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Haug et al. (2001) compared planktonic Globigerinoides sacculifer oxygen isotope records 

from Caribbean ODP Site 999 with those from Pacific Site 851 to determine the precise 

timing of surface water separation between both realms (Figure 2.8). Before 4.7 Ma, East 

Pacific δ
18

O values were similar or even higher than those of the western Atlantic. Values 

began to diverge near 4.7 Ma, whereby the Caribbean record became enriched in 
18

O. After a 

renewed short-term convergence, a salinity difference of 0.5 ‰ was established at 4.2 Ma and 

gradually increased further to the modern day value of 1 ‰. Haug et al. (2001) interpreted 

these variations as a response to the gradual shoaling of the Panamanian Sill to depths less 

than 100 m since 4.2 Ma. A difference of 0.5 ‰ between both basins roughly corresponds to a 

SSS difference of 1 ‰ and a 2.5 °C temperature offset (Zahn and Mix, 1987). As the Early 

Pliocene was a warm period, it is unlikely that SSTs in the Caribbean dropped by 2.5 °C. The 

difference in δ
18

O values is in this case best explained by an increase in Caribbean surface 

salinity as a result of the net transport of water vapour to the eastern Pacific. Therefore, Haug 

et al. (2001) interpreted these results as reflections of the formation of the Panamanian 

Isthmus since 4.7 Ma. Pacific flow into the Caribbean, as a result of the density contrast 

between both basins, initially tried to attenuate this contrast, but because of further shoaling 

this mechanism also failed. Additionally, these findings were also confirmed by Steph (2005) 

and Steph et al. (2006) who evaluated δ
18

O records from the Caribbean (Sites 999 and 1000), 

western Atlantic (Sites 851 and 1241) and tropical East Pacific (Sites 851 and 1241). 

 

Figure 2.8. Oxygen isotope data from Caribbean ODP Site 999 and eastern Pacific ODP Site 851. 

(A) δ
18

O record from the planktonic foraminifer species Globigerinoides sacculifer . (B) Gradient in 

foraminiferal δ
18

O between the Caribbean and the Pacific (modified after Haug et al., 2001).  
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Oxygen isotope values are frequently combined with Mg/Ca ratio measurements on the same 

shell material. Several empirical functions link Mg/Ca to sea water temperatures, which 

allows them to be calculated by simple Mg/Ca determinations. The entire mechanism behind 

this approach is explained more in detail in a later section, as this method will be used to 

deduce Caribbean surface water temperatures. As empirical oxygen isotope functions contain 

3 unknown variables, i.e. sea water δ
18

O (δ
18

Osw), foraminifera δ
18

O (δ
18

Oforam) and 

temperature, this equation can be solved for δ
18

Osw, and hence sea water characteristics can be 

determined precisely (Dwyer and Chandler, 2009). 

Groeneveld (2005) tried to validate and further extend the work of Haug et al. (2001) by 

putting better constraints on the final closure of the Central Amercan Seaway. Therefore, he 

conducted extended and higher resolution δ
18

O and Mg/Ca measurements on Globigerinoides 

sacculifer from East Pacific Site 1241 and Caribbean Sites 999 and 1000 to infer SSTs and 

SSSs (Figure 2.9). 

Comparison of SSSs indicates that the modern salinity contrast in the proximity of the 

isthmus started to develop at 4.2 Ma. The gradient is caused by both a salinity increase in the 

Caribbean and a salinity decrease in the Pacific, indicating diminished exchange. Eastern 

equatorial Pacific salinities, however, already started to decrease 5.5 Ma ago. The reversed 

salinity pattern between the Caribbean and Pacific near 4.7 Ma, as observed by Haug et al. 

(2001), can also be recognised.  

On the other hand, SST values between the western Caribbean and eastern Pacific remained 

similar between 5.2 and 2.7 Ma. Groeneveld (2005) related this divergence with the onset of 

the Northern Hemisphere Glaciation, 2.7 Ma ago, when sea level lowstands started to control 

the throughflow, hereby causing the land bridge to emerge during MIS 100, 98 and 96. 

Glacial stages are hereby associated with minima in Pacific SSTs and maxima in Caribbean 

SSTs. During interglacials these values converged again as a shallow connection was able to 

re-establish. 

δ
13

C values from benthic foraminifera are used to distinguish the influence of different water 

masses at the study site, and can be considered as a proxy for deep water ventilation. At 

subtropical Atlantic latitudes, surface waters are enriched in 
13

C because of enhanced 

photosynthesis in this region. Subsequently, these waters move north to higher, even more 

productive, latitudes where they sink to the bottom as North Atlantic Deep Water. In this case, 
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North Atlantic Deep Water is characterised by positive δ
13

C values and low nutrient 

concentrations. 

 

Figure 2.9. Sea surface water properties (SSTMg/Ca, δ
18

OGlobigerinoides sacculi fer, δ
18

Owater, 

δ
18

Owatergradient, δ
18

O local salinity)  for Caribbean ODP Sites 999 and 1000, and Pacific ODP Site 

1241, inferred from oxygen isotope analyses on the planktonic foraminifer Globigerinoides 

sacculifer (Groeneveld, 2005). 
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In the Antarctic region on the other hand, fractionation of carbon isotopes is incomplete 

because of limited photosynthesis. This finally results in Antarctic Bottom Water with 

negative δ
13

C values and high nutrient concentrations (Ruddiman, 2008). As the Caribbean 

basin is characterised by a mixture of North Atlantic Deep Water and Antarctic Bottom 

Water, their relative pervasive strength provides information about the closure of the gateway. 

Haug and Tiedemann (1998) compared epibenthic δ
13

C results from ODP Site 999 with other 

equatorial Atlantic and Pacific Sites (Figure 2.10). They also used carbonate sand content 

percentages to monitor changes in carbonate dissolution. As Antarctic Bottom Water is more 

corrosive, carbonate dissolution will be more severe when the Caribbean Basin is dominated 

by this type of deep water mass. 

 

Figure 2.10. Top: carbon isotopes values from Caribbean ODP Site 999 and east Atlantic ODP Site 

659 measured on the epibenthic foraminifer Cibicidoides wuellerstorfi . Bottom: sand contents (> 63 

µm) from Caribbean ODP Sites 999 and equatorial western Atlantic ODP Site 929 (modified after 

Haug and Tiedemann, 1998).  
 

Prior to 4.6 Ma, low δ
13

C and sand content values point towards Caribbean Antarctic Bottom 

Water domination. Afterwards, increasing δ
13

C and sand content records infer a strengthening 

of the Meridional Overturning Circulation, bringing less corrosive high δ
13

C waters to the 

region. As a response to the gradual rise of the isthmus, a thermohaline circulation increase 

was observed since 4.6 Ma, and reached a maximum at 3.6 Ma (Haug and Tiedemann, 1998).  
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2.4 THE PLIOCENE 

The Pliocene epoch (5.33-2.59 Ma) is considered  as a ‘Time of Change’ (Wrenn et al., 1999). 

This period witnessed, against a background of global cooling which already started 65 Ma 

ago during the Early Cainozoic, distinct climatic turnovers which are the subject of many 

ongoing discussions (Williams et al., 2008). To a certain extent, these climatic changes can be 

ascribed to the prevailing 41 kyr obliquity cycle during this time period, however, their 

intensity requires different additional mechanisms. Figure 2.11 shows the LR04 benthic δ
18

O 

stack during the Late Pliocene and Early Pleistocene with the indication of the main climatic 

events. 

Comparison of regional charts based on several proxies such as isotopes, dinoflagellate cysts, 

pollen and spores or foraminifera clearly shows a specific global signature (Leroy et al., 

1999). Apart from a first cooling event at 4.50 Ma, generally warm conditions prevailed 

during the Lower Pliocene (Zanclean) (Suc et al., 1995). Climate started to deteriorate just 

before the Zanclean-Piacenzian boundary at 3.60 Ma, and culminated in the cold Marine 

Isotope Stages (MIS) MG2 and M2 (3.35 Ma and 3.30 Ma). The latter event is known as  

severe, and is regarded as a failed attempt of the climate system to step into a full glacial 

mode (De Schepper et al., 2009). However, neither the induction mechanism for this cooling 

event, nor the failure is well understood. 

 

Figure 2.11. The LR04 benthic δ
18

O stack during the Late Pliocene and Early Pleistocene.  The 

arrow shows the general cooling trend towards the Northern Hemisphere Glaciation. The blue bar 

indicates Marine Isotope Stage M2, the mid-Pliocene Warm Period is highlighted by the red 

rectangle (modified after Lisiecki and Raymo, 2005).  
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Following these cold intervals, an interval of greater warmth between 3.29 and 2.97 Ma 

occurred, known as the mid-Pliocene Warm Period (Dowsett et al., 2009a). Scientists from 

the United States Geological Survey Pliocene Research, Interpretation and Synoptic Mapping 

Project (PRISM) intensively studied this ‘super interglacial’, which is regarded as an 

analogue for future climate conditions at the end of this century. The PRISM palaeoclimate 

reconstruction develops data sets that incorporate major climatic elements such as sea water 

temperatures, sea level, land ice distribution, vegetation, and topography. Estimates of the 

boundary conditions are based on multiproxy analyses including microfossil assemblages, 

stable isotopes, Mg/Ca ratios and alkenone palaeotemperatures. The first global climate 

reconstruction of the mid-Pliocene Warm Period (PRISM1) was the result of the study of 64 

marine and 74 terrestrial sites, mainly in the North Atlantic region (Dowsett et al., 1996). 

After the development of PRISM2 (Dowsett et al., 2005), which was mainly a revision of 

PRISM1 as a consequence of a more extensive gathered data set,  a three dimensional global 

ocean temperature reconstruction was developed, consistent with both already existing data 

and new PRISM SST reconstructions, using altogether 86 different localities (PRISM3; 

Dowsett et al., 2009a). 

All these reconstructions show that this 300 kyr middle Piacenzian interval, also referred to as 

the PRISM ‘Time Slab’, was a period of significant greater warmth and humidity, especially 

at higher latitudes. Global mean temperatures were on average 2-3 °C higher than today and 

fall in the range of climate model predictions for the end of the century (Dowsett et al., 

2009b). On the other hand, lower latitude temperatures were equal or even slightly lower 

compared to the modern configuration. There are two main views for explaining the 

occurrence of this global warming: an increased warmth transport to the higher latitudes, or 

higher atmospheric CO2 levels. Raymo et al. (1996) however showed that atmospheric CO2 

concentrations were only slightly higher than the pre-industrial values of 280 ppm. Mid-

Pliocene warmth was therefore more likely caused by a more vigorous Meridional 

Overturning Circulation, transporting warmth and moisture towards the higher latitudes 

(Dowsett et al., 1996; Dowsett et al., 2005; Dowsett et al., 2009a; Dowsett et al., 2009b; 

Mudelsee and Raymo, 2005, Raymo et al., 1996; Williams et al., 2008). This mechanism is 

able to explain the weakened gradient in North Atlantic SSTs between the tropics and the 

polar regions. A strengthened northward Atlantic Current (Gulf Stream) led to an increase in 

North Atlantic Deep Water formation and a general intensification of the thermohaline 

circulation. 
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Mudelsee and Raymo (2005) proved a 

long term increase in global ice 

volume, using oxygen isotopes from 

benthic and planktonic foraminifera, 

from 3.60 Ma onwards (Figure 2.12). 

This general cooling finally culminated 

in the Northern Hemisphere 

Glaciation, for which the initiation 

started shortly after the mid-Pliocene 

Warm Period. The culmination of this 

cooling trend is reflected by the start of the Northern Hemisphere glacial-interglacial cycles at 

2.59 Ma, characterised by strong oxygen isotope excursions. The main cause for global 

cooling during Late Cainozoic times remains debated, but probably includes a combination of 

factors such as the closure of oceanic gateways with reorganisations in oceanic circulation, 

the tectonic uplift of the Tibetan Plateau and weathering-induced atmospheric CO2 removal, 

an increased albedo effect caused by a terrestrial ice sheet and sea ice extent, and finally the 

contribution of orbital forcing mechanisms (Maslin et al., 1998; Williams et al., 2008). These 

mechanisms require a more precise approach and will therefore be discussed in detail in the 

next section. 

Dwyer and Chandler (2009) reconstructed mid-Pliocene sea level and continental ice volume 

changes, based on coupled benthic Mg/Ca palaeotemperatures and oxygen isotopes from 

different Ocean Drilling Program (ODP) and Deep See Drilling Program (DSDP) Sites 

(Figure 2.13). Their results register the heaviest δ
18

O values during MIS M2, which 

corresponds to extreme sea level lowstands of about -65 m. This range is comparable to 

Quaternary values, where sea level fluctuations in the order of 50-80 m were common. On the 

other hand, during the mid-Pliocene Warm Period, sea level fluctuated within a range of 25 m 

above or below the modern day value, dependent on the obliquity related glacial or 

interglacial cycle. The subsequent G16 (2.92 Ma) Stage, close to the onset of the Northern 

Hemisphere Glaciation, recorded a new lowstand period of -60 m. The aforementioned results 

indicate that sea level varied significantly during the mid-Pliocene, together with a significant 

build-up of continental ice sheets during MIS M2 and G16.  

 

Figure 2.12. Overview of the ice volume/δ
18

O trend 

during the Pliocene (Mudelsee and Raymo, 2005).  
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Figure 2.13. (a) Benthic foraminiferal δ
18

O and (b) Mg/Ca ratios, combined with (b) calculated 

bottom water temperatures and (c) sea level fluctuations from western equatorial Atlantic ODP Site 

925 (Dwyer and Chandler, 2009). 
 

2.5 MECHANISMS LEADING TOWARDS THE NORTHERN 

HEMISPHERE GLACIATION 

2.5.1 Closure of oceanic gateways 

The distribution of continents plays a vital role in controlling oceanic circulation and 

accompanying heat transport distribution. Continent-interrupted equatorial currents generate 

for instance strong western boundary currents, which can transfer significant amounts of heat 
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towards the higher latitudes (Ruddiman, 2008). Therefore, the opening or closure of oceanic 

gateways might profoundly influence oceanic circulation and climate. The separation of 

Australia and Antarctica 35 Ma ago, together with the opening of the Drake Passage for 

instance, thermally isolated Antarctica and provoked a large-scale cooling (Figure 2.14). The 

installation of the wind-driven Antarctic Circumpolar Current announced the onset of 

continental glaciation on Antarctica (Haug et al., 2004). The development of ice sheets in the 

Southern Hemisphere contributed significantly to the ongoing Cainozoic cooling. 

Mechanisms involving the opening or closure of oceanic seaways, in combination with 

enhanced ice sheet formation, are also considered to have caused Northern Hemisphere 

climate change. 

 

Figure 2.14. The opening of the Drake Passage caused the development of the Antarctic 

Circumpolar Current and placed Antarctica in a glacial mode (Haug et al., 2004).  
 

2.5.1.1 Central American Seaway 

The Central American Seaway or Panamanian Gateway is always thought to have played a 

vital role in climate change. Opening or closure of the seaway automatically causes a 

remarkable reorganisation of ocean circulation, heat transport and moisture fluxes towards the 

higher latitudes.  

Several micropalaeontological and geochemical proxies clearly reflect the gradual rise of the 

Panama Isthmus from the Late Miocene onwards, as mentioned before. In the case of an open 

gateway, the water flow is directed from the Pacific Ocean towards the Caribbean, despite the 

opposite blowing Trade Winds. The reason for this net flow is the density contrast between 

both basins, whereby the Pacific sea surface is 10-20 cm higher than the Atlantic. Therefore, 
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the prevailing gradient pushes water back to the Caribbean Sea (Mikolajewicz et al., 1993). 

The inflow of relatively colder and fresher water prevents a significant salinity and 

temperature gradient between both basins, hereby preventing a strong thermohaline 

circulation. On the other hand, a reduced inflow of fresher and colder Pacific water enhances 

the formation of North Atlantic Deep Water, and stimulates a more intense northward heat 

transport. 

Global Circulation Models by Maier-Reimer et al. (1990) suggest that North Atlantic Deep 

Water production was possible even before the separation between the Atlantic and Pacific 

Ocean, but only to a limited extend. A modern global thermohaline circulation is however 

impossible with an open Panamanian Gateway. Additional sensitivity experiments by Maier-

Reimer and Mikolajewicz (1990) confirm this collapse as a response to lower salinity water 

inflow from the Pacific Ocean. 

Although the link between a closure of the seaway and an intensified northward heat transport 

is largely accepted, conflicting opinions still exist about the actual net effect caused by the 

gateway on global climate change. The relative importance of increased precipitation, 

facilitating ice sheet growth, versus increased heat transport, delaying the onset of the 

Northern Hemishpere Glaciation, is still largely unknown. 

The idea that Northern Hemisphere ice sheets began to grow when the Central American 

Seaway finally closed around 2.65 Ma led to the inference that the latter caused the climate 

system to enter a full glacial state, or at least facilitated this process (Molnar, 2008). Weyl 

(1968) and Keigwin (1982) stated that the enhanced evaporation rates in the North Atlantic 

caused an increase in precipitation at higher latitudes. This moisture flux facilitated the 

growth of ice sheets, thereby supporting the intensification of the Northern Hemisphere 

Glaciation. Therefore, the progressive closure of the Panamanian Gateway, postulated by 

Keigwin (1982) as the ‘Panama Hypothesis’, caused a more vigorous thermohaline 

circulation, and was mainly responsible for the build-up of the Greenland and North 

American ice sheets. 

Bartoli et al. (2005) used coupled δ
18

O and Mg/Ca measurements from planktonic and benthic 

foraminifera from different North Atlantic ODP and DSDP Sites to support this hypothesis 

(Figure 2.15). Results show that between 2.95 and 2.83 Ma, just before the onset of the 

Northern Hemisphere Glaciation, SSTs rose by 2-3 °C. This high level persisted until at least 

2.50 Ma. This warming clearly reflects an increased poleward heat transport and a 
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strengthened meridional turnover of the oceans, in response to the closure of the Central 

American Seaway.  

 

 

Figure 2.15. (b) Calculated SSTs based on planktonic foraminiferal Mg/Ca measurements from 

North Atlantic ODP Site 984 and DSDP Site 609. (d) Benthic δ
18

O values from DSDP Sites 609 and 

610. (e) Inferred bottom water temperatures from DSDP Site 609 (modified after Bartoli et al., 

2005). 

 

This in return promoted an intensified evaporation and moisture transport towards the higher 

latitudes, as suggested by Haug and Tiedemann (1998). Bottom water temperatures on the 

other hand, indicate a decrease of about 2 °C during that same time period, which can be 

regarded as additional evidence for a stronger thermohaline circulation and a more intense 

formation of North Atlantic Deep Water. These results also coincide with a significant 

discharge of ice rafted debris and subsequent cooling of deep water masses (Kleiven et al., 

2002). Finally, Bartoli et al. (2005) stated that the increased supply of atmospheric moisture 

largely overcame the opposed effect of increased polar heating, hereby following the ‘Snow 

Gun Hypothesis’ by Prentice and Matthews (1991). This hypothesis assumes that an increased 

precipitation enhances Siberian runoff and the formation of Arctic sea ice, in order to support 

the build-up of Northern Hemisphere ice sheets. Driscoll and Haug (1998) also postulated a 

similar mechanism whereby increased moisture advection promoted the delivery of fresh 

water to the Arctic, hence lowering the freezing point of sea water and facilitating sea ice 
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formation. This acted as a negative feedback on the conveyor belt heat pump by isolating the 

heat flow from the ocean to the atmosphere. Haug et al. (2001) further stated that initially the 

emergence of the isthmus led the climate towards warmer conditions, however, because of the 

introduction of negative feedbacks, including the precipitation mechanisms proposed by 

Driscoll and Haug (1998), the planet was pushed into a full glacial mode. 

This however contradicts other hypotheses in which an intensification of the northward heat 

transport largely overcomes the effect of increased precipitation, hence delaying the formation 

of continental ice sheets. Hereby, the North Atlantic Current had to weaken significantly or 

shift its path further to the south, in order to promote high latitude cooling and a SST gradient 

increase between the tropics and the polar regions. Naafs et al. (2010) supported these 

assumptions by δ
18

O analyses on benthic foraminifera, together with alkenone measurements 

on biomarkers for IODP Site U1313 (Figure 2.16). Their study demonstrates the correlation 

between the influence of the North Atlantic Current, SSTs, ice rafted debris and productivity 

in the North Atlantic region. The relationship with surface water productivity is inferred from 

high alkenone abundances, as the North Atlantic Current forms the boundary between cold 

and productive Arctic waters from the polar region and subtropical oligotrophic waters. 

Periods characterised by a weak thermohaline circulation allow productive Arctic waters to 

reach the study site, and vice versa. Results clearly show that between 3.29 and 2.94 Ma, 

known as the mid-Pliocene Warm Period, an intense North Atlantic Current corresponded to 

periods with small ice sheets, and thus a small amount of ice rafted debris, elevated SSTs and 

decreased productivity. The subsequent decrease in SST and the more intense productivity 

during MIS G6, 104, 100 and 98, suggests that the North Atlantic Current had weakened 

towards the onset of the Northern Hemisphere Glaciation. In this case, a decrease in 

northward heat transport is regarded as a cause for the intensification of the Northern 

Hemisphere Glaciation, whereby excess heat release to the atmosphere is detrimental for ice 

sheet expansion. The North Atlantic Current had to change its path east- or southward in order 

to obtain significant cooling of the higher latitudes, favouring the growth of Northern 

Hemisphere ice sheets. However, these findings are not explicitly linked with the opening or 

closure of the Panamanian Gateway.  

Berger and Wefer (1996) further hypothesised that a Central American Seaway closure 

intensified North Atlantic heat piracy, whereby the Northern Hemisphere Glaciation was 

delayed for several million years. The progressive emergence of the Isthmus coincided with 

warm conditions during the Early and mid-Pliocene. Only after an advanced cooling, which 
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already started during the Early Cainozoic, the Northern Hemisphere Glaciation was attained 

because of other processes, such as mountain building and orbital forcing mechanisms. 

 

Figure 2.16. SSTs and alkenone accumulation rates for IODP Site U1313, combined with the global 

benthic isotope stack of Lisiecki and Raymo (2005) (Naafs et al., 2010).  

 

Additionally, climate models focusing on the effect of the Panamanian Gateway on the 

growth of ice sheets in the Northern Hemisphere, suggested that, although a closed seaway 

led to a greater transport of moisture from the ocean towards the higher latitudes, it was not a 

major forcing mechanism. Fully coupled dynamic ocean-atmosphere General Circulation 

Models by Lunt et al. (2008) respond in a bipolar way to the closure of the seaway, with 

warming in the Northern and cooling in the Southern Hemisphere, indicating a strong North 

Atlantic heat piracy. Closure results in increased SSTs and precipitation in the North Atlantic 

region, while ice sheet growth in Greenland and North America is relatively unimportant. The 

associated sea level decrease of 4-6 cm infers that the increased heat transfer to the 
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atmosphere largely dominates precipitation. Although ice sheet growth was stimulated, it was 

not a primary factor. On the other hand, Klocker et al. (2005) indicated that polar region snow 

cover decreased in response to a closed gateway.  

Considering the above hypotheses, ambiguous evidence still exists concerning the role of the 

final closure of the Panamanian Gateway in the enhancement or the delay of glaciation of the 

Northern Hemisphere. 

2.5.1.2 Indonesian Seaway 

The Central American Seaway is 

considered as the major factor 

influencing changes in North 

Atlantic Ocean circulation, as 

stated above. However, Cane 

and Molnar (2001) recognised 

the closure of the Indonesian 

Seaway as an important factor as 

well (Figure 2.17). These authors 

suggested that the Indonesian throughflow, which is the flow of water through the Indonesian 

archipelago, significantly changed 3-5 Ma ago. At that moment, New Guinea lay 2-3° further 

to the south, relative to its present position. The northward displacement of the archipelago 

switched the source of flow through the gateway from warmer South Pacific to colder North 

Pacific waters. Subsequently, SSTs in the Indonesian Ocean decreased. Changes in the 

equatorial Pacific caused a decrease in heat transport towards the higher latitudes, which is 

similar to the previously proposed mechanism of decreased northward heat transport in the 

North Atlantic. Finally, according to Cane and Molnar (2001), the gradual tectonic movement 

of New-Guinea could match the stepwise intensification towards the Northern Hemisphere 

Glaciation, already starting during the Late Pliocene.  

2.5.1.3 Bering Strait 

A third oceanic gateway assumed to have had an effect on the meridional overturning 

circulation is the Bering Strait (Figure 2.18). Most research is based on the separate evolution 

of mollusc fauna from the North Pacific and North Atlantic-Arctic Oceans throughout the 

Cainozoic. Opening of the Bering Strait finally led to a domination of North Pacific species in 

both realms, and ended terrestrial migration between North America and Siberia 

Figure 2.17. Difference in Indonesian throughflow and SSTs 

between 5 Ma ago (left) and today (right) (IFM-Geomar Kiel). 
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(Marincovich et al., 1990; Repenning, 1980). Marincovich and Gladenkov (1999) compiled 

the estimated range of Bering Strait opening between 3.1 and 4.1 Ma. Subsequently, the 

earliest opening phase has been reset to 5.32 Ma, based on diatoms (Gladenkov et al., 2002).  

 

Figure 2.18. Tectonic framework of Alaskan faults  inferred to have caused the opening of the 

Bering Strait (Marincovich, 2000). 

 

Modelling experiments by Maier-Reimer and Mikolajewicz (1990) showed that, because of 

the closure of the Isthmus of Panama, the onset of the present northward flow through the 

Bering Strait was established. These results were confirmed by the earliest observed invasion 

of Pacific molluscs in the Arctic and North Atlantic at 5.32 Ma (Marincovich et al., 1990). 

The accompanied flux of fresh and cold water into the Arctic, and further into the North 

Atlantic, undermined the stability of the heat transporting conveyor belt, hence prohibiting the 

formation of North Atlantic Deep Water (Weijer et al., 2001). In essence, the entire 

mechanism is similar to the one proposed by Driscoll and Haug (1998). The co-occurrence of 

freshening of the North Atlantic through the opening of the Bering Strait and the onset of the 

Northern Hemisphere Glaciation led to the assumed influence of the Bering Strait on 

Northern Hemisphere climate. 

2.5.1.4 Greenland-Scotland Ridge 

Although this factor is strictly speaking an ocean-floor bathymetric feature, it may influence 

deep water circulation significantly. The Greenland-Scotland Ridge extends east and west 
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from Iceland with depths generally less than 500 m (Figure 2.19). The ridge originates from a 

mantle plume under the Iceland Plateau, as part of the mid-Atlantic spreading system. 

Changes in heat flux during the Neogene resulted in alternating uplift and subsidence phases, 

affecting regional sea floor elevation. The Greenland-Scotland Ridge is therefore considered 

as a critical gateway affecting North Atlantic Deep Water fluxes, since the overflow is 

sensitive to vertical motions of the ridge (Poore et al., 2006; Wright and Miller, 1996). 

 

Figure 2.19. (a) Bathymetric map of the North Atlantic Ocean. (b) Cross section along the 

Greenland-Scotland Ridge (Poore et al., 2006). 
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Wright and Miller (1996) reconstructed the sill depth over the past 25 Ma, using geophysical 

bathymetry data combined with benthic foraminiferal δ
13

C and sedimentation characteristics 

of North Atlantic sediments, in order to estimate the influence of North Atlantic Deep Water 

penetration. They discovered a clear link between tectonic phases and deep-water circulation. 

A more vigorous North Atlantic Deep Water production occurred during periods of low 

inferred mantle plume activity, and vice versa. During the mid-Pliocene Warm Period, warm 

conditions coincided with strong North Atlantic Deep Water fluxes and larger sill depths. 

Around 2.7 Ma ago, several escarpments and V-shaped ridges developed, reducing the 

penetration of deep water in the North Atlantic far to the south. The first development of 

large-scale ice sheets from the Late Pliocene onwards established the connection between 

climate change and the Greenland-Scotland Rigde (Poore et al., 2006; Wright and Milller, 

1996).  

Although North Atlantic Deep Water production was, to a limited extent, already possible 

before the closure of the Central Amercan Seaway, fluxes across the Greenland-Scotland 

Ridge significantly increased afterwards. Therefore, Poore et al. (2006) argued that 

subsidence of the Greenland-Scotland Ridge, prior to 2.7 Ma, was as important as the closure 

of the Central American Seaway to control North Atlantic Deep Water formation. Decreasing 

sill depths reduced deep water formation possibilities and meridional heat transport, and led to 

an increased extent of Northern Hemisphere ice sheets. 

2.5.2 Orbital forcing mechanisms 

Another mechanism to explain the onset of the Northern Hemisphere Glaciation is provided 

by the astronomical theory of Milankovitch (1949). Variations in orbital parameters proved 

useful in explaining short-term variations of Earth’s climate, mainly during the Quaternary. 

The glacial-interglacial alternation during the Quaternary appeared to have a well defined 

cyclicity, which is clearly reflected in several proxy records such as ice and deep sea cores 

(Berger, 1989).  

Milankovitch (1949) hypothesised that two main conditions were necessary for the creation of 

a glacial period: (1) summer temperatures at middle and high latitudes should be low enough 

in order not to melt snow accumulated during the winter period, and (2) this mechanism has 

to be initiated in the Northern Hemisphere as ice sheet expansion on Antarctica is limited. The 

orbit of the Earth around the Sun changes through time and consequently, variations in solar 

radiation are able to control high latitude summer temperatures. There are three main 



P a g e  | 36 

 

variations in orbital parameters of the Earth’s trajectory around the Sun, namely (1) 

eccentricity, (2) obliquity, and (3) precession (Figure 2.20). 

 

Figure 2.20. Overview of the three main orbital parameters , together with calculated radiation 

effects over the last 1000 ka. (A) 400ka and 100ka eccentricity. (B) 41 kyr obliquity. (C) 23 kyr 

axial precession (Zachos et al., 2001).  

 

Firstly, eccentricity is the variation in the shape of the orbit of the Earth from near circular to 

elliptic, with a cycle period of 100 ka. Changes in this parameter influence the relative 

intensity of the seasons, with opposed effects in each hemisphere. Secondly, variations in the 



P a g e  | 37 

 

tilt or obliquity of the rotation axis of the Earth vary between 21.8 ° and 24.4 °, with a cycle 

of 41 ka. The net effect of this movement amplifies seasonal differences, while during 

increased obliquity the summer radiation receipt at higher latitudes increases, but winter 

receipt declines. Both hemispheres experience this in the same way, mainly affecting the 

higher latitudes. In fact, this can be regarded as a polar shift towards lower latitudes. Thirdly 

and finally, precessional movements include the interaction of the elliptical rotation of the 

Earth’s axis with the precession of the Earth’s rotation axis. The dominant 23 ka cycle causes 

a switch of the greatest seasonal temperature contrast between the Northern and Southern 

Hemisphere every 11.5 ka. The effect is thus opposite for both hemispheres (Ruddiman, 

2008). 

These three aforementioned orbital parameters will interact and determine how much 

radiation a certain location will receive, together with its variation over time. Ruddiman 

(2008) calculated June and December insolation changes at different latitudes. The results 

show that higher latitudes are clearly dominated by precessional forcing during the summer 

season, while during winter obliquity forcing becomes dominant. The effect of the 100 ka 

cyclicity is hardly recognisable, although its presence is definitely reflected in ice and deep 

sea cores (Berger, 1989). Furthermore, peak 100 ka periods typically produce large ice sheets. 

Its presence is therefore controversial, and probably a result of several superimposed 

precession or obliquity cycles, or caused by ice sheet feedback mechanisms (Ruddiman, 

2008). Thus, short-term pronounced amplitude variations in precessional or obliquity cycles 

may result in significant waxing or waning of Northern Hemisphere ice sheets. 

Similar orbital changes between 4 Ma and 2 Ma were also advanced by Maslin et al. (1998), 

together with tectonic factors, to explain the intensification of the Northern Hemisphere 

Glaciation. Pliocene orbital forcing is dominated by 23 and 41 ka periodicity cycles, and is 

progressively superseded by 100 ka cycles around 900-700 ka, also known as the ‘Middle 

Pleistocene Revolution’ (Ruddiman, 2008). July insolation calculations at 65 °N by Loutre 

and Berger (1993) show a gradual increase in obliquity cycle amplitudes between 3.5 and 2.5 

Ma, reaching a peak between 2.5 and 2.1 Ma (Figure 2.21). Additionally, four stages with 

high precessional amplitudes can be identified between 3.45 and 3.3 Ma, between 3.2 and 2.9 

Ma, between 2.75 and 2.45 Ma, and between 2.35 and 2.1 Ma.  
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Figure 2.21. July insolation calculations at 65 °N by Loutre and Berger (1963). Top: obliquity 

cycles. Bottom: precession and eccentricity cycles (Maslin et al., 1998).  

 

Due to Late Pliocene periods with large precessional amplitudes, lower summer insolation 

was not able to fully remove the accumulated snow cover during winter. Therefore, the onset 

of the Northern Hemisphere Glaciation occurred simultaneously with more pronounced 

orbital amplitude parameters, especially between 2.75 and 2.45 Ma. According to Maslin et 

al. (1998), these variations brought the Northern Hemisphere into critical conditions to reach 

a full glacial state. These considerations were also formulated by Haug and Tiedemann 

(1998), stating that between 3.5 and 3.3 Ma orbital configurations were unfavourable, and 

responsible for a failed attempt to start a full glaciation around MIS M2, and that an increase 

in orbital amplitudes was a necessary precondition to initiate a Northern Hemisphere 

Glaciation. 

2.5.3 Mountain range uplift 

The changes in elevation of landmasses can affect climate drastically. Although this process is 

a typical long-term climate modifier, uplift rates for the Himalaya-Tibet Plateau and Sierra 

Colorado have been significantly increased during the past 5-3 Ma (Ruddiman and Raymo, 
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1988). Additionally, increased elevation rates for many other areas during the Cainozoic, 

including the Alpine, East African and Cordilleran regions, have been observed as well 

(Figure 2.22). Rapid vertical movements were inferred from mineralogical and biological 

assemblages, complemented by several dating methods (Raymo and Ruddiman, 1992; Raymo 

et al., 1988). Most authors mainly focused on the Himalayan-Tibetan plateau because of its 

unequivocally dated late Cainozoic uplift and its unique size, being the most imposing 

topographic feature on the planet. Collision between the Indo-Australia Plate and the Asian 

Plate resulted in the Tibetan elevation from Late Eocene times onwards, with an increased 

and final short-lasting pulse between 5 and 3 Ma ago (Raymo and Ruddiman, 1992). 

Chemical weathering of mountain ranges and subsequent decrease in atmospheric CO2 can 

have a profound effect on climate systems. Together with changes in atmospheric circulation 

and increased fluxes of dissolved material to the sea, an efficient global cooling can be 

obtained. 

 

Figure 2.22. Topographic map with Earth’s highest uplifted areas (Ruddiman, 2008).  

 

Enhanced erosion of uplifted mountain ranges influences atmospheric CO2 levels severely. 

Together with typical mountain characteristics and processes such as steep slopes, mass 

wasting, mountain glaciers and slope precipitation, rock fragmentation increases. These fresh, 

exposed fragmented rocks are preferred paths through which chemical weathering of silicates 

takes place. Dissolved CO2 in rainwater forms a weak solution of carbonic acid, acidifying 

rainwater to react with exposed rock fragments, also known as Urey’s (1952) reaction. 

Weathering of silicate rocks requires the uptake of CO2, and is regarded as an efficient 
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method of atmospheric carbon drawdown (Raymo and Ruddiman, 1992; Raymo et al., 1988; 

Ruddiman, 2008; Ruddiman and Raymo, 1988). 

By-products of these reactions, such as bicarbonate, and calcium and silicium cations, are 

washed away by large river systems, such as the Yangtze and Ganges-Brahmaputra Rivers. 

The associated nutrient flux towards the oceans leads to an increase of primary production of 

organic matter, thus effectively removing carbon dioxide from the global biogeochemical 

carbon cycle. Consequently, the CO2 concentration is further reduced, and provides a positive 

feedback mechanism for atmospheric carbon drawdown (Raymo and Ruddiman, 1992; 

Raymo et al., 1988; Ruddiman, 2008; Ruddiman and Raymo, 1988). 

Uplift and mountain building further alters atmospheric circulation. Ruddiman and Kutzbach 

(1991), and Clift et al. (2004) evidenced, by using Global Circulation Models and marine 

sediments respectively, that the uplift of the Tibetan Plateau was the prime factor behind the 

development of a strong Asian monsoon system, while Central Asia desertificated because of 

the rain shadow effect. Ruddiman and Kutzbach (1991) further suggested that Himalayan-

Tibetan and American West uplift perturbed atmospheric circulation, in such a way that 

summer ablation was decreased, allowing winter snow to build-up in the Northern 

Hemisphere. Additionally, increased elevation enhanced meridionality in the Northern 

Hemisphere, whereby polar air masses were able to penetrate further to the south (Ruddiman 

and Raymo, 1988).  

A recent modelling study by Foster et al. (2009) showed that the modelled response of 

Northern Hemisphere ice sheets is large to Cordilleran uplifts. Increased elevation is able to 

cross the 280 ppm CO2 concentration, a value proposed by DeConto et al. (2008) to initiate a 

large scale Northern Hemisphere Glaciation. 

The theory of mountain range uplift provides efficient carbon removal rates, so in this case an 

additional negative feedback mechanism is required, in order to prevent the complete 

depletion of atmospheric CO2. Raymo (1997) suggested misinterpretations in Neogene 

chemical weathering and mantle CO2 input, or the existence of other strong carbon fluxes 

towards the atmosphere. As we do not have a complete image of the global carbon cycles, it is 

also difficult to calculate well constrained geochemical mass balances. A negative feedback 

could nevertheless be provided by smaller CO2 inputs through slower ocean floor spreading 

rates, which is characteristic throughout the entire Cainozoic. Lower CO2 concentrations 
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automatically lead to a decrease in chemical weathering (Raymo and Ruddiman, 1992). The 

influence of mid-ocean ridge spreading rates will be discussed in the next section.  

The ‘Uplift Weathering Hypothesis’ (Ruddiman, 2008) is generally accepted as a major factor 

in the Late Cainozoic cooling and the initiation of the Northern Hemisphere Glaciation. 

Maslin et al. (2001) however indicate that the maximum Himalayan-Tibetan uplift occurred 

much later than the actual build-up of ice sheets in the Northern Hemisphere. Although a 

renewed pulse took place during the last 5-3 Ma, the step-like initiation of the Northern 

Hemisphere Glaciation is difficult to explain by this mechanism, unless a nonlinear 

amplification is invoked.  

2.5.4 Changes in atmospheric CO2 input 

Berner, Lasaga and Garrels developed in 1983 a numerical model of CO2 input and output 

during the last 100 Ma. They stated that CO2 is transferred from the Earth’s interior to the 

ocean-atmosphere system, primarily at oceanic spreading ridges, and secondary at subduction 

zones. Faster mid-ocean spreading rates produce larger amounts of magma, and thus provoke 

a greater CO2 release. Enhanced spreading causes faster subduction rates, which deliver 

additional carbon dioxide to the atmosphere through volcanic activity.  

Berner et al. (1983) further inferred that during the Cretaceous CO2 levels were much higher 

because of an increased sea floor spreading and adjacent subduction, hence enhancing 

volcanic outgassing. From that period onwards, mid-ocean ridge spreading rates decreased as 

the continents obtained their present position. From this point of view, the ‘Berner, Lasaga 

and Garrels (BLAG) Spreading Rate Hypothesis’ seems a strong contributor to global 

Cainozoic cooling, however, its contribution to cross that final Northern Hemisphere 

Glaciation threshold is assumed to be small, as not a single significant large-scale change in 

volcanic outgassing took place from the Eocene onwards (Ruddiman and Kutzbach, 1991). 

2.5.5 Feedback mechanisms 

Additional positive or negative climate feedbacks have to be considered as well (Ruddiman, 

2008). Although these are only the result of primary forcing mechanisms, they put important 

constraints on the amount of warming or cooling. 

The most important feedback factor as a result of ice sheet expansion is the albedo effect. 

Snow and ice surfaces can reflect up to 90% of the incoming solar radiation. For instance, a 
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precipitation driven increase in Northern Hemisphere ice coverage can therefore switch into a 

self-enforcing albedo system. Additionally, during cold periods, vegetation cover changes 

from a forest dominated to a tundra dominated system. This higher albedo surface further 

contributes to climate cooling (Ruddiman, 2008). 

In terms of greenhouse gases, water vapour is the most important factor, absorbing the lion 

share of back-radiated energy. During warm periods, the increase in atmospheric water 

vapour provides increased greenhouse trapping, and contributes further to climate warming 

(Ruddiman, 2008).  

A third mechanism is associated with the removal of CO2 through chemical weathering. 

During colder periods sea level is lowered as most of the water is stored in ice caps. Lower 

sea level implies a more exposed weatherable land mass, further contributing to CO2 storage. 

Exposed shelf areas also have a higher albedo effect on incoming radiation compared to when 

they are flooded. Both mechanisms thus have a positive feedback on climate cooling. A 

negative effect could in this case be provided by the fact that during colder periods CO2 

removal is less efficient (Ruddiman, 2008). 

2.6 PREVIOUS STUDIES 

Although MIS M2 was a severe cooling event during a relative warm period, its cause and 

effect mechanisms are still a matter of debate. Previous research mainly focused on the time 

around the onset of the Northern Hemisphere Glaciation, even though MIS M2 is considered 

as a failed attempt of the climate system to step into a Quaternary-like glacial mode (De 

Schepper et al., 2009). Stable isotope measurements on several Caribbean and Pacific sites 

were extensively carried out, while Mg/Ca ratio and dinoflagellate cyst analyses are 

significantly less documented. 

Haug and Tiedemann (1998) and Haug et al. (2001) carried out stable isotope analysis on 

several Caribbean and Pacific cores, including ODP Site 999, but little or no attention was 

given to the events around MIS M2 (Figures 2.10 and 2.8 respectively). The results by Haug 

et al. (2001) show almost a complete short-term convergence of Caribbean and Pacific δ
18

O 

values between 3.4 and 3.3 Ma. Shortly afterwards these values diverge again towards the 

typical 0.5 ‰ difference as established since 4.2 Ma ago. This event was remarkably enough 

not observed or commented upon by the latter authors. 
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Groeneveld (2005) and Steph et al. (2006) were the first to study Mg/Ca ratios on ODP Site 

999 and neighbouring Caribbean and Pacific core locations (Figure 2.9). They mainly focused 

on the time period between 5.0 and 2.5 Ma, with a special interest in the general closure 

evolution towards the Northern Hemisphere Glaciation. Following a general SST decrease 

from 3.5 Ma onwards, average ODP Site 999 SSTs rise between 3.3 and 3.2 Ma from 23 to 25 

°C. After a subsequent decrease of about 1 °C, Caribbean SSTs start to increase again from 

3.1 Ma onwards, steadily rising above those prevailing in the Pacific. In contrast to the results 

of Haug et al. (2001), average Caribbean and Pacific stable oxygen isotope values do not 

show a convergence around MIS M2 (Groeneveld, 2005). 

De Schepper et al. (2009) studied North Atlantic Current variability during MIS M2 at North 

Atlantic DSDP Site 610 and IODP Site 1308. This study included geochemical δ
18

O and 

Mg/Ca measurements on the planktonic foraminifer Globigerina bulloides as proxies for SST 

and SSS, complemented by dinoflagellate cyst assemblages as indicators for surface water 

mass changes during MIS M2 (Figure 2.23). 

Their results showed generally high SSTs shortly before and after MIS M2, and this 

corresponds to the generally accepted hypothesis of increased meridional overturning during 

the Pliocene. During MIS M2, however, SSTs dropped by 2-3 °C, together with a marked 

freshening of the surface waters, pointing in this case towards a reduction or an interruption in 

northward heat transport. Another possible explanation for these results could be an increase 

in iceberg melting, which lowers temperatures and surface water salinity at the studied sites 

(De Schepper et al., 2009). 

Dinoflagellate cyst assemblages at both sites are mainly dominated by Operculodinium 

centrocarpum sensu Wall and Dale, 1966. Immediately before and during MIS M2 its 

abundance sharply decreases, and reflects a reduced inflow of warm equatorial Atlantic 

waters. Simultaneously, relative abundances of cool water species such as Bitectatodinium 

tepikiense, cysts of Pentapharsodinium dalei and Filisphaera filifera start to rise. 

Additionally, elevated percentages of Impagidinium aculeatum and Impagidinium paradoxum 

at IODP Site 1308 indicate a shift towards more oligotrophic waters, presumably caused by 

the southward deflection of the North Atlantic Current (De Schepper et al., 2009).  

The turnover in the various proxies used by De Schepper et al. (2009) took place well before 

the MIS M2 global ice volume maximum at 3.295 Ma, as defined by Lisiecki and Raymo 

(2005). Northward heat transport was already reduced 23-35 ka before this event, and 
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coincided or even preceded the global ice volume minimum at 3.320 Ma. Shortly before the 

end of MIS M2, SSTs and SSSs start to increase again, followed by a recovery in 

Operculodinium centrocarpum sensu Wall and Dale, 1966 dominance (De Schepper et al., 

2009). 

 

Figure 2.23. Geochemical and palynological data from North Atlantic DSDP Site 610 and IODP 

Site 1308. (f) δ
18

O results from the planktonic foraminifer Globigerina bulloides. (g) δ
18

Osw-ice as a 

measure for surface water salinity. (h) SSTs calculated from Mg/Ca measurements on Globigerina 

bulloides. (i) and (j) Palynological results with relative abundances of the recovered dinoflagellate 

cysts from IODP Site 1308 and DSDP Site 610 respectively (modified after De Schepper et al., 

2009). 

 

De Schepper et al. (2009) proposed a brief reopening of the Panama Isthmus as causal 

mechanism of this temporary North Atlantic Current disruption. The exchange between the 

Caribbean and Pacific decreased between 4.6 and 4.0 Ma (Haug et al., 2001; Steph et al., 
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2006), but the oceanic gateway was not fully closed until 3-2 Ma ago. In contrast, even a short 

reopening took place between 3.4-3.3 Ma, as inferred from reduced deep water ventilation 

(Haug and Tiedemann, 1998). Re-entering of relatively fresh Pacific surface water into the 

Caribbean eventually led to a short term disturbance in northward heat transport, and 

culminated in the MIS M2 ice sheet expansion and cooling. 
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3 METHODS AND MATERIALS 

3.1 OCEAN DRILLING PROGRAM SITE 999 

Samples from ODP Site 999 (12°44’N; 78°44’W) were analysed for the quantification of 

environmental changes in the Caribbean Sea before, during and after MIS M2. Hole 999 was 

drilled during ODP Leg 165 on a bathymetric high in the Colombian Basin at 2828 m water 

depth (Figure 3.1). A continuous Upper Maastrichtian to Pleistocene record was recovered, 

consisting of biogenic ooze, nepheloid clays and volcanic ash. The Pleistocene to Lower 

Pliocene section mainly consisted of nannofossil and foraminiferal clayey mixed sediment 

with scattered ash particles, reaching a depth of more than 150 m beneath the sea floor. The 

Pliocene-Pleistocene interval is characterised by high sedimentation rates of about 30 m/Ma 

as a consequence of high terrigenous input from the Andes (Sigurdsson et al., 1997). 

 

Figure 3.1. Location map of ODP Site 999 and other sites drilled during Leg 165 (Sigurdsson et al., 

1997). 
 

ODP Leg 165 consisted of five Caribbean drilling sites (holes 998, 999, 1000, 1001 and 

1002), and targeted to study the nature of the Cretaceous/Palaeogene boundary and the 

influence of low latitude regions on global ocean and climate evolution, including the 
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progressive closure of the Central American Seaway. Through study of the 

palaeoceanographical changes, such as the disappearance and repopulation of certain species 

in planktonic assemblages, accompanying the formation of distinct Caribbean water masses 

during glacial and interglacial stages, a quantitative understanding of the globally linked 

ocean-climate system was envisaged (Sigurdsson et al., 1997). 

3.2 PROXIES 

3.2.1 Mg/Ca palaeothermometry 

Mg/Ca palaeothermometry in planktonic foraminifera, and to a lesser extent in benthic 

foraminifera, is a relatively new method compared to oxygen isotopes, alkenone unsaturation 

ratios and transfer functions, each with their own limitations (Dekens et al., 2002). As bottom 

water temperatures are equal over the entire oceans, δ
18

O measurements derived from benthic 

foraminifera are used as indicators for global climate characteristics, such as bottom water 

temperatures and continental ice volume percentages. On the other hand, oxygen isotope 

ratios in planktonic foraminifera are highly sensitive to surface water temperatures and 

salinities, and differ both through time and space (Dwyer and Chandler, 2009). Regional 

differences in for instance precipitation-evaporation balance also influences ocean water 

salinity, thereby further complicating foraminiferal δ
18

O values. Additionally, alkenone 

measurements are restricted to regions with significant organic carbon input (Herbert, 2001), 

while the usage of transfer functions is sometimes limited by the absence of suitable modern 

analogues (Mix et al., 1999). 

Due to its sensitivity, Mg/Ca ratios in foraminiferal calcite shells are a promising proxy for 

past ocean temperatures (Dekens et al., 2002). Experiments indicate that Mg/Ca ratios of 

calcite increase with temperature, which can be explained as a thermodynamic response to the 

endothermic substitution of Mg
2+

 in calcite (Lea et al., 1999). However, biological and 

dissolution effects bias the temperature estimates severely. Therefore, an optimal use of 

Mg/Ca as a palaeotemperature proxy requires precise calibrations for different species and 

dissolution grades, according to Dekens et al. (2002). 

As an independent palaeothermometer, this method is furthermore very appealing since it can 

be measured on the same species as δ
18

O, hence excluding the effects of seasonality and 

habitat differences, and allowing the temperature and water δ
18

O signal to be separated 
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(Dekens et al., 2002; De Schepper et al., 2009). Although Mg/Ca analyses were not combined 

with δ
18

O measurements during this project, it could however provide an interesting 

additional proxy for future research. 

3.2.1.1 Foraminifera 

Foraminifera are single-celled heterotrophic protozoa living on the sea floor or amongst the 

marine plankton. The soft tissue of these marine organisms is enclosed by a single or multiple 

chambered carbonate test, and connected by an opening or foram. Their life cycle consists of 

an alternation between a sexual gamont generation and an asexual agamont generation. 

Foraminifera range in average size from 0.05 to 0.5 mm, and are known from the Early 

Cambrian to Recent times, with an acme during the Cainozoic. Classification is mainly based 

on wall structure, chamber architecture, aperture and sculpture (Armstrong and Brasier, 

2005). 

Foraminifera are extensively used for palaeoenvironmental and palaeoclimatic 

reconstructions, and are also valued as a biostratigraphic tool. However, in this study, we are 

exclusively interested in foraminifera shell geochemistry. As foraminifera shells consist of 

calciumcarbonate, the composition of the overlying water column will be reflected in the 

geochemistry of the surrounding test (Armstrong and Brasier, 2005).   

Mg/Ca analyses were carried out on the planktonic foraminifera Globigerinoides sacculifer 

and Neogloboquadrina dutertrei. Combining analyses from different water layer species 

allows to infer the magnitude of temperature change near MIS M2. 

Globigerinoides sacculifer, without a sac-like final chamber, is trochospiral and consists of 3-

4 chambers (Figure 3.2; Gross, 2001). The last chamber is usually larger than the previous 

ones and positioned on top of the others. Typical for this species is the hexagonal surface 

structure. Furthermore, Globigerinoides sacculifer is a typical surface mixed-layer dwelling 

species with a supposed habitat depth below 20-30 m (Dekens et al., 2002; Steph et al., 2009). 

Although seasonal temperature variations within the mixed layer may strongly affect the SST 

predictions, such effects are considered to be small in the tropical Atlantic (Fraile et al., 

2008). 

Neogloboquadrina dutertrei is also trochospiral and consists of 5 to 7 subglobular chambers 

(Figure 3.2; Gross, 2001). The last chamber is also usually broader than the previous ones and 

positioned in a different plane. The surface texture is determined by a more regular pore 
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pattern. Neogloboquadrina dutertrei is inferred to live at an average depth of more than 50 m, 

which makes it an intermediate thermocline dweller (Fairbanks et al., 1982). It is assumed 

that Neogloboquadrina dutertrei calcifies within a narrow temperature range within the 

thermocline (Ravelo and Andreasen, 1999).  

 

Figure 3.2. Scanning electron microscope pictures of  Globigerinoides sacculifer (left) and 

Neogloboquadrina dutertrei (right) (SEM analyses were carried out at the Institute of Geosciences, 

University of Bremen). 

3.2.2 Dinoflagellates 

Dinoflagellates are single-celled protists living in diverse continental shelf environments, as 

well as in open marine and freshwater habitats. Fossil dinoflagellates occur in Late Triassic to 

Recent strata, and their remains are primarily organic, but also includes calcareous and rare 

siliceous or cellulose forms. The average dimensions range between 15 and 80 µm. About 

half of the living dinoflagellates are photosynthetic, while the other species are either 

heterotrophic, phagotrophic or symbiontic-parasitic. This group of protists is regarded as the 

third most important oxygen producer, next to calcareous nannoplankton and diatoms. 

Dinoflagellate cysts are valuable tools in palaeoecology, palaeoclimatology, 

palaeoceanography and biostratigraphy (Armstrong and Brasier, 2005; Evitt, 1985; Fensome 

et al., 1996). 

3.2.2.1 Living dinoflagellates 

Dinoflagellates are regarded as primitive organisms since their chromosome structure remains 

condensed throughout the entire life cycle (Figure 3.3). The body cell cytoplasm contains 

common eukaryotic organelles, such as an endoplasmic reticulum, mitochondria, a Golgi 

apparatus and food vacuoles. Another distinctive dinoflagellate feature is the pusule, a fluid-

filled vacuole functioning in osmoregulation and flotation. Autotrophic dinoflagellates 
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additionally contain pyrenoid and chloroplast organelles for photosynthesis (Evitt, 1985; 

Fensome et al., 1996).  

 

Figure 3.3. Section through a living dinoflagellate. Abbreviations are AV: amphiesmal vesicle, CP: 

chloroplast, CR: chromosome, GO: golgi body, LF: longitudinal flagellum, MN: mitochondrion, 

NM: nuclear membrane, NU: nucleus (dinokaryon), PE: pellicle, PU: pusule, PY: pyrenoid, TF: 

transverse flagellum, TP: thecal plate, TR: trichocyst, and VAC: vacuole system (Fensome et al., 

1996). 

 

Living dinoflagellates are typically motile and biflagellate. The transverse flagellum lies 

within a transverse furrow, the cingulum, and encircles the cell body, while the longitudinal 

flagellum trails along a longitudinal furrow, known as the sulcus (Figures 3.4 and 3.6). Both 

flagella are unable to induce profound locomotion, and have therefore an almost exclusive 

propulsive or rotational function. The side bearing the insertion of the flagella is defined as 

ventral, while the opposite side is dorsal. The sulcus is posteriorly flanked by one or two 

antapical horns, while the opposite end is mostly rounded or pointed into an apical horn 

(Fensome et al., 1996). 

The cell walls of dinoflagellates may either be unarmoured or armoured with rigid cellulose 

plates. These plates are arranged according to an overlapping template, adjoining each other 

along linear sutures to form a closely fitting theca. This tabulation pattern is specific for each 
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species and is a vital element in both dinoflagellate and dinocyst classification. Each plate is 

numbered in a counter-clockwise direction according to the Kofoidian System. Accordingly, 

apical, antapical, cingular, and both precingular and postcingular series can be distinguished. 

Additionally, less frequent occurring sulcal and intercalary plates may be developed and can 

be of taxonomic value for certain species (Armstrong and Brasier, 2005; Fensome et al., 

1996). 

 

Figure 3.4. Principal dinoflagellate theca features (Evitt, 1985). 

 

3.2.2.2 Ecology 

Dinoflagellates form an important part of the marine plankton, but are also found in intertidal 

and brackish environments, while freshwater species are less common. Cyst forming or 

meroplanktonic species are mostly restricted to live in neritic environments because of the 

limited sinking depth, with recorded abundances between 1000 and 3000 cysts per gram. On 

the other hand, exclusively motile or holoplanktonic dinoflagellates are able to survive further 

offshore, whereby specific diversity tends to increase towards the neritic marine environment 

(Armstrong and Brasier, 2005; Fensome et al., 1996). 

Dinoflagellates mainly thrive in photic zones and upwelling areas. Both regions are 

favourable for both autotrophic and heterotrophic species because of the availability of 
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sunlight for photosynthesis, and the high amount of nutrients for nutrition. Other important 

controlling ecological factors on cyst distribution are SST and SSS, depending on the 

ecological preference of each species. Hence, biogeographical assemblages can be 

distinguished between different latitudes and water mass distributions, whereby the latter is 

further influenced by ocean current patterns such as the Gulf Stream (Armstrong and Brasier, 

2005). Recent experiments also show that for single species, such as Operculodinium 

centrocarpum sensu Wall and Dale, 1966 (Verleye et al., 2012) and Lingulodinium 

machaerophorum (Mertens et al., 2009), cyst morphology, and more specific process length, 

may vary considerably with temperature and salinity, which can be further related to the 

density of the sea water column. 

3.2.2.3 Life cycle 

Evitt (1985) recognised six different stages during the life cycle of dinoflagellates (Figure 3.5; 

Fensome et al., 1996): 

(1) During favourable conditions, motile haploid schizonts are generated by vegetative 

fission. 

(2) When changes in temperature, salinity or mineral elements, whether or not seasonal, 

induce disadvantageous conditions, the schizonts act as gametes and fuse to form 

diploid zygotes.  

(3) The diploid zygote creates a new cell wall or theca, consisting of several cellulose 

plates. Species during this stage of life are still motile and are called planozygote. 

(4) Eventually the theca becomes much thicker and larger than during the vegetative 

phase. Within this theca a cyst, primarily composed of a highly resistant complex 

organic polymer similar to sporopollenin, forms. At this stage, the resting cyst loses its 

motility, and is termed a hypnozygote. In the meantime, the thecal plates gradually 

decay, while the complete cyst becomes exposed. 

(5) The resting cyst behaves like a sediment particle and sinks to the sea floor. The cell 

remains dormant until conditions become favourable again. This mandatory resting 

period lasts between two weeks and five months, depending on the species. 

(6) The protoplast finally excysts, leaving a distinct opening or archeopyle in the cyst 

wall. The life cycle is now closed. 

Although all fossil dinoflagellates are remains of such resting cysts, only 10% of the living 

dinoflagellates is known to produce hypnozygotes.  
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Figure 3.5. Life cycle of cyst forming dinoflagellates. See text for explanations (Evitt, 1985).  

 

3.2.2.4 Dinoflagellate cysts 

The tabulation pattern of dinoflagellate cysts is an important element in dinocyst classification 

as hypnozygotes reflect the wall structure of their parental cell (Figure 3.6). Cysts that 

approximate the motile cell are termed proximate. Alternatively, others may possess 

connecting outgrowths, such as processes or crests, and are termed chorate or 

proximochorate, depending on the height of the extensions relative to the diameter of the 

central body. These outgrowths may follow certain plate arrangements and can sometimes be 

used to reconstruct the tabulation pattern (Figure 3.7). Processes arranged at the intersection 

of plate boundaries are called gonal, while those along boundaries are called intergonal. 

Others can be simply grouped in the middle of a plate and are intratabular. Processes which 

are apparently randomly arranged are termed nontabular (Armstrong and Brasier, 2005; 

Fensome et al., 1996). 
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The dinoflagellate cyst wall or phragma may be composed of several layers: autophragma, 

periphragma, mesophragma and endophragma (Figure 3.6). Bodies containing different 

phragms are characterised by cavities in between these layers, promoting buoyancy. 

Dinoflagellate cysts are mainly composed of a highly resistant biopolymer, called dinosporin, 

which is chemically similar to the sporopollenin of pollen grains and spores. On the other 

hand, calcareous, siliceous or cellulose forms are much less abundant. Cyst walls may further 

contain ornaments, similar to pollen and spores. These ornaments can either be sutural if they 

define plate boundaries, intertabular if they are located in the centre of the plate, or 

penitabular when they occupy plate margins (Figure 3.7; Armstrong and Brasier, 2005; 

Fensome et al., 1996). 

 

Figure 3.6. Characteristic dinoflagellate cyst features and terminology. (a) Proximate cyst. (b) 

Epicyst and hypocyst. (c) Chorate cyst. (d) Precingular archeopyle. (e) Apical archeopyle. (f) Cavate 

cyst with indication of periphragm, endophragm and pericoel. (g) Ventral view of a cavate cyst with 

clear indication of the sulcus. (h) Dorsal view of a cavate cyst with an  intercalary archeopyle and 

clear indication of the cingulum (Armstrong and Brasier, 2005). 
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Figure 3.7. Terminology associated with dinoflagellate cyst ornamentation (Armstrong and Brasier, 

2005). 

 

Another characteristic dinoflagellate cyst feature is the escape opening, called archeopyle 

(Figure 3.6). Archeopyles are vital excystment features formed by the removal of one or 

several tabular plates, comprising the operculum. The archeopyle can be formed by the 

removal of several apical plates, precingular plates, anterior intercalary plates or a 

combination of these. Alternatively, excystment may also result in slit-like or flap-like 

openings along sutural boundaries. The form and position of an archeopyle is always coherent 

within the same genus. The type of archeopyle is useful in determining higher classification 

ranks such as genus and family (Armstrong and Brasier, 2005; Fensome et al, 1996). 

The above mentioned features are characteristic dinoflagellate classification criteria, and are 

used in distinguishing different species and genera. 

3.2.2.5 Stratigraphic range 

Dinoflagellates are regarded as the most primitive amongst the eukaryotes. The earliest 

discoveries  containing dinoflagellate-like features date back to the Silurian, although the first 

continues fossil records are from Late Triassic strata. It is also thought that Palaeozoic organic 

fossils, classified as acritarchs, may actually be precursors of dinoflagellates (Evitt, 1985; 

Fensome et al., 1996).  

Dinocyst diversity steeply increased during the Jurassic and Early Cretaceous, and reached a 

maximum during the Middle Cretaceous. From then onwards, diversity declined sharply to 
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rise again during the Maastrichtian. Between the Maastrichtian and the Palaeocene another 

downfall can be observed, followed by another increase during the Early Eocene. Afterwards 

diversities decline again until the present day. Although overall diversity is generally low 

during the Pliocene and Pleistocene, similar diversities are recorded at both low and high 

latitudes, which makes dinoflagellates a functional proxy in all climatic regimes (Evitt, 1985). 

3.2.2.6 Applications and limitations 

Dinoflagellates are useful proxies for the reconstruction of water mass characteristics such as 

temperature, salinity and nutrient levels, and are nowadays extensively used in palaeoclimate 

and palaeoenvironmental research (Armstrong and Brasier, 2005). The presence and relative 

abundance of certain indicator species in dinoflagellate assemblages can be used to 

reconstruct the prevailing conditions at a certain moment in time, as each species is 

characterised by specific ecological preferences (Dale, 1996; Evitt, 1985; Marret and 

Zonneveld, 2003). 

Fossil dinoflagellate cysts are frequently used as biostratigraphical indices. Extensive 

prospection in Jurassic and Cretaceous oil producing rocks strongly contributed to ecological 

and taxonomic knowledge, and to the development of dinoflagellate biozones. Dinocyst 

biostratigraphy has proved very useful in regions where calcareous microfossils are less 

abundant or preserved (Evitt, 1985).  

The application of dinoflagellates in palaeoenvironmental reconstructions has however some 

limitations. Only a minority of dinoflagellate species produces fossilisable cysts. Oceanic 

species usually do not produce cysts because of the impassable distance between the water 

surface and the sea bottom (Matthiessen, 1995). Even though only a fraction of the entire 

dinoflagellate population produces cysts, its preservation is nearly complete in contrast with 

calcareous or siliceous microfossils. Furthermore, the presence or absence of certain organic-

walled species can be exclusively related to environmental conditions as the cyst wall is 

composed of a highly resistant polymer, which is able to withstand severe chemical 

demolition (Evitt, 1985). 

The dinoflagellate assemblage signal may further be disturbed by transport in the water 

column. Zonneveld and Brummer (2000) compared fluxes in the watercolum with cyst 

abundances in the underlying sediment, and concluded that transport only had a minor effect 

on the overall assemblage. Dale (1996) on the other hand stressed the effect of long distance 

transport as many neritic species were recovered in deep sea sediment traps. Both studies 
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therefore indicate differences in transport between geographical regions, and the importance 

of this factor should be estimated for each region separately (Marret and Zonneveld, 2003).  

Effects at the sea bottom, such as biogeochemical degradation and bioturbation, should be 

taken into account as well. However, these effects only cause a minimal error when 

sedimentation rates are relatively high (Weaver and Clement, 1987). 

3.3 SAMPLE PREPARATION 

A total of 63 samples from ODP Site 999 were selected between 104.38 and 107.61 meters 

below sea floor. Samples with a volume of 20 cm
3
 were taken every 2 or 5 cm, depending on 

previously conducted measurement, hereby representing a resolution of about 1000 year per 

sample. The core sections are stored at the Integrated Ocean Drilling Program Gulf Coast 

Repository in Texas, United States of America.  

All samples were washed and sieved wet at 63 µm for the separation of the sand fraction from 

the clay fraction. Both the residu and the sediment filtrate were subsequently dried, weighed, 

and prepared for Mg/Ca and dinoflagellate cyst analysis respectively.  

3.3.1 Picking, crushing and cleaning of foraminifera tests 

From each sample, 20 to 25 specimens of both Globigerinoides sacculifer and 

Neogloboquadrina dutertrei were handpicked from the 250-355 µm fraction with a moistened 

brush. Broken or visibly contaminated species were not selected for analysis. The 

foraminifera shells were gently crushed between two glass plates in order to allow any 

chamber fill to escape during subsequent cleaning phases, meanwhile avoiding over-crushing 

and extensive loss of material. Subsequently, the samples were cleaned according to the 

protocol of Barker et al. (2003). During this procedure two main steps were carried out for the 

removal of contaminants. 

(1) Removal of clay materials: clay minerals such as illite, kaolinite, montmorillonite and 

chlorite represent a significant fraction of marine sediments. On average, they contain 

between 1-10% Mg by weight, which is sufficient to cause uncertainty in the 

measured Mg/Ca ratios. The removal of silicate contamination is by far the most 

important step during the cleaning procedure. 
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(2) Removal of organic matter: the presence of organic matter may produce elevated 

values of Mg, contained within the organic matter itself or released from clay minerals 

trapped within the organic matrix. 

The removal of Mn-oxide coatings did not seem necessary for Mg/Ca analysis since the Mg 

content of these oxides at Site 999 samples is generally low (Groeneveld, 2005).  

The tests were firstly covered with 250 µl of Seralpur water to bring loose clays into 

suspension. After two minutes of ultrasonic treatment for the separation of more tightly bound 

clays from the test surfaces, the overlying solution was extracted. This step was repeated four 

times. After the water cleaning steps, 250 µl of methanol was used twice for further clay 

removal. The lower viscosity of this reagent dislodges material still attached to the carbonate 

tests. After this step, the tests were treated once more with Seralpur water for the removal of 

remaining methanol. 

Subsequently, 250µl of alkali (NaOH) buffered 1% H2O2 solution was added to each sample 

in order to remove any organic material. The sample racks were placed in a boiling water bath 

for 10 minutes. Every 2.5 minutes the vials were flicked to release gas bubbles. After 5 

minutes the samples underwent ultrasonic treatment for a few seconds. The aim of this 

interim step is to maintain contact between reagent and samples. This entire procedure was 

carried out twice. After the final step, the samples were rinsed three times with Seralpur water 

to remove any remaining oxidizing agent. 

After transferring the samples in clean vials, a weak acid leach step was applied. 250 µl of 

0.001M Quality Distilled (QD) nitric acid (HNO3) was used to remove any adsorbed 

contaminants from the test fragments. Following ultrasonication for 30 seconds and acid 

removal, the samples were rinsed twice with Seralpur water. It is important to replace the 

leach acid with H2O in order to prevent dissolution. 

After the cleaning procedure, the samples were dissolved in 500 µl of 0.075M QD HNO3. 

Ultrasonication was used to promote reaction, and every few minutes the tubes were flicked 

to release any gaseous build-ups. Subsequent to a short centrifugation to separate remaining 

impurities, the solutions were transferred to clean sample tubes. Every sample was then 

diluted, conform the remaining volume of foraminifera shells after cleaning. 
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3.3.2 Preparation for dinoflagellate cyst analysis 

Sample preparation for dinoflagellate cyst analysis followed standard procedures, as 

described in De Schepper and Head (2008). Oxidation, nor alkali or ultrasonic treatments 

were applied. 

After gently breaking down the solid sediment filtrate into small fragments, the samples were 

transferred to a 500 ml plastic beaker. A Lycopodium clavatum spore tablet (Batch No. 

177745, X = 18584 ± 829) was added to each sample to calculate the dinoflagellate cyst 

concentration. In order to remove calcium carbonate, the sediment was covered with an 

adequate amount of 6.2 % cold hydrochlorid acid (HCl), until the completion of the 

decalcification reaction. Subsequently, the beakers were filled with distilled water and the 

sediment particles were allowed to settle. The samples were repeatedly, mostly four or five 

times, decanted and topped up with distilled water again to wash the acid out. Possible losses 

were intercepted with an acid resistant nylon sieve with a 10 µm mesh size.  

After rinsing the samples to neutrality, 100 ml of 40 % hydrofluoric acid (HF) was added. The 

beakers were heated at approximately 60 °C in a warm water bath for two days. The 

hydrofluoric acid allows strong molecule bonds to break and silicates to dissolve. It is also 

important that all samples were neutral prior to hydrofluoric acid treatment, otherwise fluorite 

(CaF2) might form. Afterwards the samples are treated twice again with 450 ml of 6.2 % 

hydrochloric acid to dissolve any fluorosilicates or other mineral fractions. The acid was 

washed out again, and finally the organic residues were sieved on a 10 µm nylon mesh and 

transferred into 10 ml polyethylene centrifuge tubes.  

Following short centrifugation, the remaining liquid was absorbed using a tissue. The organic 

residue was then mounted onto microscope slides using glycerine jelly. All microscope slides 

were sealed with nail polish to avoid evaporation, and to promote the durability of the slides. 

3.4 ANALYTICAL TECHNIQUES 

3.4.1 Analysis of Mg/Ca ratios 

Analyses were carried out on a simultaneous, radially viewing Perkin-Elmer Optima 3300 RL 

inductively coupled plasma optical emission spectrometer (ICP-OES) at the Institute of 

Geosciences, Bremen University, Germany. The samples were automatically introduced via 
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an autosampler. After nebulisation, the sample spray was carried towards a 12 000 °C plasma 

flame, where it got ionised. The excited atoms emit electromagnetic radiation at wavelengths 

characteristic of a particular element. The intensity of this emission is detected by a 

photomultiplier and is indicative of the concentration of the element within the sample. The 

most intensive, undisturbed or stable element lines selected for analyses were the following: 

Ca: 315.887, Mg: 279.553, Sr: 421.552, Mn: 257.610, Fe: 238.204 and Al: 396.153. 

Firstly, four standards and a blank with different element concentrations were introduced for 

calibration. Additionally, an ECRM 752-1 international carbonate standard was measured for 

further analytical consistency and comparison with other laboratories (Greaves et al., 2008). 

After every five samples, an external standard with known element concentrations was 

measured  in order to calculate the drift of the machine. In this case however, the instrumental 

drift during measurements was insignificant, so further corrections were not applied. 

The relative standard deviation for the Mg/Ca ratios is 0.11 %, and this corresponds to the 

analytical precision. The Mg/Ca reproducibility of replicate samples of Globigerinoides 

sacculifer and Neoglobquadrina dutertrei gives an analytical temperature error of respectively 

0.34 °C (0.50 mmol/mol) and 0.22 °C (0.35 mmol/mol). The temperature error for 

Globigerinoides sacculifer is 0.78 °C (0.52 mmol/mol), and 1.32 °C (0.39 mmol/mol) for 

Neogloboquadrina dutertrei. 

In order to make optimal use of the Mg/Ca palaeothermometry method, the establishment of 

calibration equations that take into account the influence of both biological and dissolution 

effects is necessary to refine the estimations. As there are clear offsets between Mg/Ca values 

for different foraminifera species, individual equations for each species were developed. 

Additionally, dissolution of carbonate tests should be taken into account as well as it 

decreases the Mg/Ca ratio, thereby biasing the estimates towards colder temperatures (Dekens 

et al., 2002). 

For this research project, the optimal conversion of foraminiferal Mg/Ca ratios into sea 

surface temperatures for Globigerinoides sacculifer was carried out by applying the equation 

of Nürnberg et al. (2000):  

     
    (

  
  )             
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For Neogloboquadrina dutertrei the formula of Anand et al. (2003) was used:  

     
   (

  
  )            

    
 

3.4.2 Dinoflagellate cyst analysis 

All microscope slides were scanned at 400X magnification under a Zeiss Imager A1 bright 

field microscope, until at least 250 determinable dinoflagellate cysts per slide were counted. 

Other palynomorphs, such as acritarchs, and pollen and spores, were separately counted as 

well. Records outside of the counts were noted, but not used for further interpretation. 

In order to make a representative palaeoenvironmental and palaeoclimatological 

reconstruction, the dinoflagellate cyst counts were subjected to several standard 

palaeoecological indices. For each sample, the following ratios were calculated: 

 Absolute abundance of dinoflagellate cysts per gram of sediment (Stockmarr, 1971): 

   
   

   
   

where 

n = number of dinoflagellate cysts per gram. 

N = number of counted dinoflagellate cysts. 

T = number of Lycopodium clavatum spores per tablet. 

a = number of Lycopodium clavatum spore tablets added. 

w = amount of dry sediment. 

l = number of counted Lycopodium clavatum spores. 

 Relative abundance (%) of each species with regard to the entire cyst assemblage. 

 Shannon-Wiener diversity index (Krebs, 1998): 

    ∑            
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where 

H’ = Shannon-Wiener diversity index. 

 s = number of species. 

 pi = proportion of the total sample belonging to the i
th

 species. 

 P/G productivity index (Versteegh, 1994): 

 

 

 
  

  

       
 

where 

P = heterotrophic protoperidinioid cysts. 

G = autotrophic gonyaulacoid cysts. 

n = number of specimens counted.  

Protoperidinioid cysts include all Barssidinium spp., Brigantedinium spp./Round Brown 

Cysts, Echinidinium spp., cysts of Pentapharsodinium dalei, Lejeunecysta spp., 

Selenopemphix spp., and Trinovantedinium spp. Gonyaulacoid cysts consist of all other 

species except Alexandrium spp., Capisocysta spp., Heteraulacacysta spp., and 

Tuberculodinium spp. 

 S/D index as a contintal/marine indicator (Versteegh, 1994): 

 

 
  

  

        
 

 where 

 S = pollen and spores. 

D = dinoflagellates. 

n = number of specimens counted. 

 N/O index as a neritic/oceanic indicator (Versteegh, 1994): 
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where 

N  = neritic species. 

O  = oceanic species. 

n  = number of specimens counted. 

The assignment of species to a certain group is based on the available ecological data from 

Dale (1996), Marret and Zonneveld (2003), and Versteegh and Zonneveld (1994). Therefore, 

the following division was obtained:  

o Neritic species: Achomosphaera/Spiniferites spp., Ataxiodinium zevenboomii 

sensu De Schepper and Head, 2009, Ataxiodinium zevenboomii sensu Head, 

1997, Ataxiodinium zevenboomii ‘large’, Bitectatodinium raedwaldi, 

Dapsilidinium pseudocolligerum, Kallosphaeridium sp., Lingulodinium 

machaerophorum, Operculodinium centrocarpum/Operculodinium 

israelianum, cysts of Polykrikos kofoidii, and Polysphaeridium zoharyi. 

o Oceanic species: Edwardsiella sexispinosa, Impagidinium spp., Invertocysta 

lacrymosa, Nematosphaeropsis labyrinthus, Nematosphaeropsis lattivitatus, 

and Nematosphaeropsis rigida. 

 W/C temperature index (Versteegh, 1994): 

 

 
  

  

       
 

 where 

 W = warm-water indicating species. 

C = cold-water indicating species. 

n = number of specimens counted. 

The assignment of indicator species to a certain group is based on the available ecological 

data from Boessenkool et al. (2001), Marret and Zonneveld (2003), Versteegh and Zonneveld 

(1994), and Warny (1999). Therefore, the following division was obtained: 

o Warm-water indicating species: Impagidinium aculeatum, Impagidinium 

paradoxum, Impagidinium patulum, Impagidinium plicatum, Impagidinium 

strialatum, Lingulodinium machaerophorum, Operculodinium 
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centrocarpum/Operculodinium israelianum, cysts of Polykrikos kofoidii, and 

Polysphaeridium zoharyi. 

o Cold-water indicating species: Habibacysta tectata, and cysts of 

Pentapharsodinium dalei. 

Next to the calculation of environmental indices, a statistical multivariate analysis will be 

performed using ‘R’ software. The aim of multivariate data analysis is to reduce the 

multidimensionality of the dataset by taking into account the covariance structure. In the case 

of continuous variables the ordination technique is used. The main assumption of ordination 

analysis is that gradients in species composition have an underlying ecological cause. 

Variation in species composition therefore refers to changes in environmental factors. As a 

result of the analysis, the data wil be plotted in a space with less variables than the origninal 

dataset. The first and principal axis hereby represents the largest variance of the entire species 

composition (Legendre and Legendre, 1998; McCune and Grace, 2002).  
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4 RESULTS 

4.1 AGE MODEL 

The age model of the studied interval was obtained via linear interpolation between 

previously fixed age points, based on δ
18

O measurements on the benthic foraminfer 

Cibicidoides wuellerstorfi (Figure 4.1; Appendix 1). These δ
18

O values were available in 

between every two samples and were previously calibrated to the LR04 global bentic oxygen 

isotope stack of Lisiecki and Raymo (2005). The error interval can be considered insignificant 

as the samples already represent a millennial scale resolution. 

4.1.1 The δ
18

O record 

The benthic species Cibicidoides wuellerstorfi records considerably heavier δ
18

O values 

between 3.310 and 3.280 Ma, and outlines MIS M2 in the Caribbean region (Figure 4.2; 

Appendix 1). The most intensive cooling occurs around 3.295 Ma with a peak value of 3.44 

‰. After MIS M2, values decrease and show some short-term variation during what is called 

the mid-Pliocene Warm Period. 

 

Figure 4.2. Cibicidoides wuellerstorfi oxygen isotope record. The thin grey line represents the 

values of the individual samples; the thick black line is a running average. MIS M2 is highlighted by 

the blue rectangle. 
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Figure 4.1. Age model of the sampled core sections for ODP Site 999. Top: depth versus δ
18

OC. wuellerstorfi diagram 

(left), correlated with the age versus LR04 stack (Lisiecki and Raymo, 2005) diagram (right). The tie points to 

the LR04 stack are indicated by the red lines. Bottom: depth versus age diagram, based on linear interpolation 

between δ
18

OC. wuellerstorfi values calibrated to the LR04 benthic δ
18

O global stack of Lisiecki and Raymo (2005). 
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Next to MIS M2, other Marine Isotope Stages can be recognised in the record, namely MG1 

(3.320 Ma) and MG2 (3.340 Ma). Their peak δ
18

O values represent a pronounced warming 

(2.46‰) and cooling (2.93‰) respectively, although the latter is less severe than MIS M2. 

4.2 MG/CA PALAEOTHERMOMETRY 

4.2.1 Sample contamination control 

In order to monitor the presence of contaminant clay particles, the Fe/Ca and Al/Ca ratios 

were determined. According to Barker et al. (2003), Fe/Ca ratios of clean foraminifera are 

usually less than 0.1 mmol/mol, while the presence of Al is generally below detection for 

determination by ICP-OES. The average Fe/Ca and Al/Ca values for the two foraminifera 

species are respectively 0.28 and 0.19 mmol/mol. These values are slightly higher than 

recommended, but plotting them against Mg/Ca does not show any correlation, and indicates 

that our samples were clean (Figure 4.3). 

 

Figure 4.3. Left: Mg/Ca ratio versus Al/Ca ratio. Right: Mg/Ca ratio versus Fe/Ca ratio.     

 

Mn/Ca ratios were also analysed to determine the presence of Mn-coatings, which might 

influence the Mg/Ca ratios. The mean Mn/Ca ratio for both foraminifera species is high (0.93 

mmol/mol), but normal for marine sediments (Barker et al., 2003). Again, it does not show 

any relationship with the Mg/Ca values, so the samples were not affected by these Mn-oxides 

(Figure 4.4).  
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Figure 4.4. Mg/Ca ratio versus Mn/Ca ratio. 

 

4.2.2 Palaeotemperatures 

SSTs obtained from Globigerinoides sacculifer show a lot of short-term variation before MIS 

M2, with an average value of 23.7 °C (2.97 mmmol/mol) (Figure 4.5; Appendix 1). Following 

a slight initial decrease, SSTs sharply decline from 3.320 Ma onwards. The lowest 

temperatures, with a negative average peak value of  21.9 °C (2.59 mmol/mol), are recorded 

just before the onset of MIS M2. Afterwards temperatures start to rise again, reaching an 

average value of 23.5 °C (2.93 mmol/mol). The highest average temperature, 25.4 °C (3.38 

mmol/mol), is reached around 3.270 Ma and represented by a distinctive peak in the graph. 

The inferred SSTs from Neogloboquadrina dutertrei show more variation compared to those 

of Globigerinoides sacculifer, but in general the main pattern is quite similar (Figure 4.6; 

Appendix 1). Again, low SSTs are recorded at around 3.310 Ma with a minimum average 

value of 19.0 °C (1.89 mmol/mol). After a gradual increase, a maximum average temperature 

of 21.3 °C (2.33 mmol/mol) is reached at 3.280 Ma. Afterwards the temperatures decrease 

towards values similar to those recorded at around 3.310 Ma. 

Opposite to the findings for Globigerinoides sacculifer, a clear trend can be distinguished  

before MIS M2. There are two distinctive peaks: the first one appears at circa 3.345 Ma and 

indicates colder SSTs, the second one is situated at around 3.325 Ma and represents elevated 
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temperatures. The order of magnitude of these minima and maxima are notably the same as 

those recorded during (or just before) and after MIS M2. 

 

Figure 4.5. SSTs inferred from Mg/Ca analysis on Globigerinoides sacculifer. The thin red line 

represents the values of the individual samples; the thick red line is a running average.  

 

 

Figure 4.6. SSTs inferred from Mg/Ca analysis on Neogloboquadrina dutertrei. The thin blue line 

represents the values of the individual samples; the thick blue line is a running average.  
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4.3 SAND PERCENTAGE 

The sand percentage, representing the amount of foraminifera shells in the carbonate fraction, 

indicates the amount of carbonate dissolution ODP Site 999 was subjected to. Before 3.310 

Ma the average sand percentage is quite low: 14.6 % (Figure 4.7; Appendix 1). From this 

point onwards, a sharp rise in sand content can be recognised, with an average value of 22.5 

%. A maximum average value of  27.1 % can be noticed at 3.280 Ma. 

 

Figure 4.7. The sand percentage, representing the amount of foraminifera shells in the carbonate 

fraction. The thin yellow line represents the values of the individual samples;  the thick yellow line 

is a running average.  

 

4.4 DINOFLAGELLATE CYST ASSEMBLAGES 

4.4.1 Species 

The determination of dinoflagellate cysts to both species and/or genus level of every counted 

and observed specimen was obtained by using the available taxonomic reference works. 

Below, an overview of every species is given (description, dimension, biostratigraphic range, 

distribution and palaeoecology), together with its occurrence in ODP Site 999 samples and, if 

applicable, remarks concerning observed deviations from holotype morphology. 
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Systematic palaeontology 

 

Division Dinoflagellata (Bütschli, 1885) Fensome et al., 1993 

Class Dinophyceae Pascher, 1914 

Subclass Gymnodiniphycidae Fensome et al., 1993  

Order Gymnodiniales Apstein, 1909  

Family Polykrikaceae Kofoid and Swezey, 1921  

 

Genus Polykrikos Bütschli, 1873 

Cysts of Polykrikos kofoidii Chatton, 1914 

Plate 1, Figure 1 (Appendix 3) 

Description: cysts of Polykrikos kofoidii are yellow to brown coloured elongate cysts, 

comprising two or three layers consisting of a smooth and thin endophragm, and a fibrous and 

wrinkled periphragm which forms the processes. The hollow and short cylindrical processes 

occasionally connect proximally to form a shelf-like ornament, transversely surrounding the 

entire body. The archeopyle is apical with a zigzag margin. 

Dimensions: cyst width 37-50 µm, cyst length 52-75 µm; process length 11-18 µm. 

Biostratigraphic range: Upper Pleistocene-Recent (data compiled after Marret and 

Zonneveld, 2003; Rochon et al., 1999). 

Distribution: recorded from subtropical to tropical sites between 45 °N and 45 °S (see Marret 

and Zonneveld, 2003 for an overview). 

Palaeoecology: cysts of Polykrikos kofoidii are typically found in subtropical to tropical 

climate regimes. This species represents open marine environments, often near upwelling 

cells. Highest abundances are recorded in mesotrophic to oligotrophic areas (Marret and 

Zonneveld, 2003). 

Occurrence: one specimen was encountered in sample 12H 2W 48-50 cm. 

 

Subclass Peridiniphycidae Fensome et al., 1993 

Order Gonyaulacales Taylor, 1980 

Family Gonyaulacaceae Lindemann, 1928 
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Genera Achomosphaera Evitt, 1963 and Spiniferites (Mantell, 1850)  

Achomosphaera/Spiniferites spp. 

Plate 1, Figure 2-3 (Appendix 3) 

Description: all species assigned to Achomosphaera/Spiniferites spp. bear septa that reflect a 

tabulational pattern, and trifurcate processes at their triple junctions. The archeopyle is 

precingular. 

Palaeoecology: the cosmopolitan Achomosphaera and Spiniferites genera typically represent 

neritic conditions (Rochon et al., 1999). 

Occurrence: common to abundant occurence throughout the studied core sections. 

Remarks: the specimens of Achomosphaera and Spiniferites were not systematically studied 

because of the very limited palaeoecological and biostratigraphical significance, and were 

grouped as Achomosphaera/Spiniferites spp. Additionally, distinctive or palaeoecological 

index species such as Achomosphaera andalousiensis (du Chêne, 1977); Spiniferites 

elongatus Reid, 1974 and Spiniferites mirabilis (Rossignol, 1964) were not specifically 

observed. 

Genus Ataxiodinium Reid, 1974 

Ataxiodinium confusum Versteegh and Zevenboom, 1995 

Plate 1, Figure 4 (Appendix 3) 

Description: Ataxiodinium confusum consists of a smooth, spherical to subspherical 

endophragm surrounded by a granulate periphragm. The periphragm is dorsally connected to 

the endophragm around the archeopyle, while ventrally both phragmas are connected directly 

opposite the archeopyle. The archeopyle is precingular with well developed angles. 

Dimensions: endocyst diameter 20-22 µm, pericyst diameter 36-40 µm. 

Biostratigraphic range: Lower Pliocene-Upper Pliocene (data compiled after De Schepper 

and Head, 2008; Head, 1997). 

Distribution: encountered in Mediterranean and North Atlantic samples (see Head, 1997 for 

an overview). 

Palaeoecology: Ataxiodinium confusum has a preference for outer neritic waters in temperate 

to tropical climate regimes (Head, 1997; Versteegh and Zevenboom, 1995). 
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Occurence: only two specimens were observed, namely in samples 12H 2W 41-43 cm and 

12H 4W 18-20 cm, whereby the latter fell outside the systematic count of 250 specimens. 

Ataxiodinium zevenboomii Head, 1997 

Plate 1, Figure 5-9 (Appendix 3) 

Description: the cavate cysts of Ataxiodinium zevenboomii are characterised by the presence 

of a central elongate endocyst, consisting of a smooth, thin-walled pedium surrounded by a 

pericyst. This pericyst consists of a thin-walled tegillum with either a smooth, finely granulate 

or punctate surface. The tegillum is characterised by several spaced funnel shaped 

invaginations which are unevenly distributed over the entire cyst, sometimes suggesting 

tabulation. The archeopyle is precingular. 

Dimensions: endocyst diameter 18-26 x 26-43 µm. Pericyst diameter 24-32  x 31-50 µm. 

Biostratigraphic range: Upper Miocene-Lower Pleistocene (Head, 1997). 

Distribution: North Atlantic Ocean and offshore Australia (see Head, 1997 for an overview). 

Palaeoecology: Ataxiodinium zevenboomii indicates neritic waters in temperate to tropical 

climate regimes (Head and Westphal, 1999). 

Occurrence: Ataxiodinium zevenboomii has a continuous occurrence between 3.355 and 3.250 

Ma and dominates most dinoflagellate cyst assemblages. During MIS M2 however, its 

abundance sharply declines. 

Remarks: this species shows a lot of morphological variability in ODP Site 999 samples. 

Therefore three different types of Ataxiodinium zevenboomii were distinguished: 

Ataxiodinium zevenboomii sensu Head, 1997; Ataxiodinium zevenboomii sensu De Schepper 

and Head, 2009 and Ataxiodinium zevenboomii ‘large’. Ataxiodinium zevenboomii sensu 

Head, 1997 corresponds with the original description as formulated by Head (1997). On the 

other hand, Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 is closer related to 

those observed by De Schepper and Head (2009). The difference lies in the extremely thin 

cyst wall of Ataxiodinium zevenboomii sensu De Schepper and Head, 2009, giving both the 

endocyst and pericyst a faint outline. Ataxiodinium zevenboomii ‘large’ is morphologically 

similar to Ataxiodinium zevenboomii sensu De Schepper and Head, 2009, but has an endocyst 

diameter of 50 µm or more. 
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Genus Bitectatodinium Wilson, 1973 

Bitectatodinium raedwaldii  Head, 1997 

Plate 1, Figure 10-11 (Appendix 3) 

Description: spherical to subspherical cyst characterised by straight and closely spaced pili, 

forming luxuria. The pili are circular in cross section but widen at the base and usually have 

rounded distal terminations. Short pili typically fuse distally to form clusters, while longer 

tend to bend distally, creating a pattern of irregular ridges. The archeopyle is intercalary. 

Dimensions: central body diameter including luxuria 31-48 µm. 

Biostratigraphic range: Lower Pliocene-Lower Pleistocene (De Schepper and Head, 2009). 

Distribution: known from the North Atlantic realm (see De Schepper and Head, 2009 for an 

overview). 

Palaeoecology: Bitectatodinium raedwaldii has an affinity for temperate to tropical surface 

waters and is known from neritic and oceanic sediments (Head and Westphal, 1999). 

Occurrence: continuous occurrence, although most samples only contain a few specimens. 

Remarks: 999 samples only contain the short-haired morphotype.  

Genus Corrudinium Stover and Evitt, 1978 

Corrudinium harlandii Matsuoka, 1983 

and 

Genus Pyxidinopsis Habib, 1975 

Pyxidinopsis reticulata (McMinn and Sun, 1994)  

Plate 1, Figure 12; Plate 2, Figure 1-2 (Appendix 3) 

Description:  spherical to subspherical cysts bearing low muri of variable height that form an 

irregular and nontabular polygonal reticulum. The fields within the reticulum may further be 

microgranulate to corrugate. The archeopyle is precingular. In contrast to Pyxidinopsis 

reticulata, Corrudinium harlandii has a more sparse network with higher crests, especially 

around the cingulum.  

Dimensions: central body diameter 28-40 µm, muri height 1-2.5 µm. 
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Biostratigraphic range: Lower Pliocene-Recent (data compiled after Head et al., 1989; Marret 

and Zonneveld, 2003). 

Distribution: observed in all marine regions, except from the Arctic and Antarctic realm (see 

Marret and Zonneveld, 2003 for an overview). 

Palaeoecology: both species are cosmopolitan, and are mostly restricted to the full marine 

domain (Marret and Zonneveld, 2003). 

Occurrence: recorded continuously throughout the studied core sections in low abundances. 

Remarks: both species were treated as conspecific because of their morphological similarity. 

Genus Dapsilidinium Bujak et al., 1980 

Dapsilidinium pseudocolligerum (Stover, 1977)  

Plate 2, Figure 3-4 (Appendix 3) 

Description: Dapsilidinium pseudocolligerum cysts have a finely granulate, spherical central 

body ornamented with nontabular, hollow processes, which are circular in cross section and 

taper distally. The area between the processes is typically granular, sometimes even 

punctoreticulate. Process surfaces are usually finely granulate. The archeopyle is apical. 

Dimensions: central body diameter 36-45 µm, process length 15-23 µm.  

Biostratigraphic range: Lower Oligocene-Upper Pliocene (Head and Westphal, 1999). 

Distribution: reported from the North Atlantic, the tropical Indian Ocean and the Australian 

margin (see Head and Westphal, 1999 for an overview). 

Palaeoecology: cysts of Dapsilidinium pseudocolligerum are recorded in neritic to oceanic 

sediments of warm-temperate to tropical climate regimes (Head and Westphal, 1999). 

Occurrence: scattered single occurrences between 3.355 and 3.250 Ma. 

Edwardsiella sexispinosa Versteegh and Zevenboom, 1995 

Plate 2, Figure 5 (Appendix 3) 

Description: Edwardsiella sexispinosa is a cyst with an apical and antapical horn, typically 

bearing six long processes, from which two are present on the dorsal epicyst and four on both 

the dorsal and ventral hypocyst. The processes are surrounded by three membraneous lists 
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that are connected at the bases where they increase in height and pass into septa on the cyst 

surface. Ohter ornamentation on the cyst surface is absent. The archeopyle is formed by the 

loss of a precingular plate. 

Dimensions: central body diameter 44-56 µm, process length 39-49 µm. 

Biostratigraphic range: Upper Oligocene-mid-Pliocene (data compiled after De Schepper and 

Head, 2008; Versteegh and Zevenboom, 1995). 

Distribution: recorded in North Atlantic and Mediterranean samples (data compiled after De 

Schepper and Head, 2009; Versteegh and Zevenboom, 1995). 

Palaeoecology: Edwardsiella sexispinosa has an affinity for outer neritic to oceanic warm 

water environments (De Schepper et al., 2011). 

Occurrence: continuous with mostly single occurrences. 

Genus Filisphaera (Bujak, 1984) 

Filisphaera? sp. 

Plate 2, Figure 6-7 (Appendix 3) 

Remarks: a spherical, proximate cyst bearing microreticulate luxuria with lower and higher 

septa that form sinuous ridges. The archeopyle could not be determined because of bad 

preservation. This species resembles Filisphaera? sp. as described by Head (1996) from 

Pliocene samples from eastern England. In ODP Site 999 two single occurences were 

observed around the onset of MIS M2, namely in samples 12H 3W 58-60 cm and 12H 3W 

61-63 cm. 

Genus Habibacysta Head et al., 1989 

Habibacysta tectata Head et al., 1989 

Plate 2, Figure 8-9 (Appendix 3) 

Description: a spherical cyst with an endophragm bearing occasionally fused rods or 

granules. These rods or granules support a smooth and extremely thin ectophragm, that forms 

a mostly irregular reticulate pattern. The archeopyle is precingular and there is no other 

indication of tabulation. 

Dimensions: central body diameter 29-45 µm. 
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Biostratigraphic range: Middle Miocene-Upper Pleistocene (data compiled after De Schepper 

and Head, 2008; Head, 1996). 

Distribution: frequently documented from Arctic and North Atlantic samples (see De 

Schepper er al., 2011 for an overview). 

Palaeoecology: Habibacysta tectata is considered as a cold water tolerant species (De 

Schepper et al., 2011). 

Occurrence: samples 2W 31-33 cm, 2W 88-90 cm, 3W 71-73 cm, 3W 111-113 cm, and 3W 

141-134 cm each contain one Habibacysta tectata specimen. Three specimens were recorded 

in sample 3W 58-60 cm, at the onset of MIS M2. 

Genus Impagidinium Stover and Evit, 1978 

Impagidinium aculeatum (Wall, 1967)  

Plate 2, Figure 10-12 (Appendix 3) 

Description: small ovoidal cyst with an apical protuberance and a finely microgranular 

surface. The tabulation is fully expressed by low sutural crest, except in the sulcal area. The 

height of the septa gradually increases towards the gonal junctions. The archeopyle is 

precingular. 

Dimensions: central body diameter 28 x 35 µm, crest height about 10 µm. 

Biostratigraphic range: Upper Oligocene-Recent (data compiled after Marret and Zonneveld, 

2003; Rochon et al., 1999). 

Distribution: the distribution of Impagidinium aculeatum is restricted to areas south of the 

Arctic Polar Front and north of the Antarctic Polar Front (see Marret and Zonneveld, 2003 for 

an overview). 

Palaeoecology: this species is present in subtropical to tropical oceanic settings with a broad 

range of temperatures, salinities and nutrient concentrations (Marret and Zonneveld, 2003). In 

the Caribbean and western equatorial Atlantic however, Impagidinium aculeatum is 

characteristic for oligotrophic areas with a seasonally stratified upper water column (Vink et 

al., 2000). 

Occurrence: commom to abundant throughout the studied sections. Highest abundances 

during MIS M2. 



P a g e  | 78 

 

Impagininium paradoxum (Wall, 1967) 

Plate 3, Figure 1-3 (Appendix 3) 

Description: Impagidinium paradoxum is a small ovoidal cyst with an apical protuberance 

and a finely microgranular surface. The tabulation is fully expressed by low sutural crest, 

except in the sulcal area. In contrast to Impagidinium aculeatum, the crest height is fairly 

constant over the entire cyst. The archeopyle is precingular. 

Dimensions: central body diameter 26 x 31 µm, crest height about 3 µm. 

Biostratigraphic range: Lower Miocene-Recent (data compiled after Marret and Zonneveld, 

2003; Rochon et al., 1999). 

Distribution: similar to Impagidinium aculeatum (see Marret and Zonneveld, 2003 for an 

overview). 

Palaeoecology: comparable to Impagidinium aculeatum, although there is no association with 

upper water column stratification (Vink et al., 2000). 

Occurrence: common to abundant in ODP Site 999 samples. Highest abundances recorded 

during MIS M2. 

Impagidinium patulum (Wall, 1967) 

 Plate 3, Figure 4-6 (Appendix 3) 

Description: a large species with an ovoidal cyst and a smooth to microgranulate surface. The 

sutural crests are low and constant in height, expressing a complete tabulation over the entire 

cyst, except in the ventral area. The archeopyle is precingular. 

Dimensions: central body diameter 50 x 55 µm, crest height 2.5-7 µm. 

Biostratigraphic range: Lower Miocene-Recent (data compiled after Marret and Zonneveld, 

2003; Rochon et al., 1999). 

Distribution: comparable to Impagidinium aculeatum and Impagidinium paradoxum (see 

Marret and Zonneveld, 2003 for an overview). 

Palaeoecology: generally considered as a temperate to tropical species with highest relative 

abundances in tropical regions. Its distribution is limited to fully marine environments with 

mostly oligotrophic conditions (Marret and Zonneveld, 2003).  
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Remarks: in ODP Site 999 samples smaller morphotypes of circa 30-40 µm were recognised 

as well, but because of the tabulation pattern and robust wall structure nevertheless assignable 

to Impagidinium patulum.  

Occurrence: common and continuous occurrence. Highest abundances also during MIS M2, 

similar to Impagidinium aculeatum and Impagininium paradoxum. 

Impagidinium plicatum Versteegh and Zevenboom, 1995 

Plate 3, Figure 7-9 (Appendix 3) 

Description: small elongate cyst, morphologically similar to Impagininium paradoxum, with 

an apical protuberance and a finely microgranular surface. The tabulation is fully expressed 

by characteristic crenulating septa, except in the sulcal area where they are absent. The 

archeopyle is precingular. 

Dimensions: central body diameter 28 x 38 µm, crest height 2-4 µm. 

Biostratigraphic range: Lower Pliocene-Recent (data compiled after Marret and Zonneveld, 

2003; Versteegh and Zevenboom, 1995). 

Distribution: observations of Impagidinium plicatum are restricted to tropical and subtropical 

regions (see Marret and Zonneveld, 2003 for an overview). 

Palaeoecology: The palaeoecology of Impagidinium plicatum is similar to Impagidinium 

patulum (Marret and Zonneveld, 2003). 

Occurrence: recorded continuously throughout the studied core sections in low abundances. 

The highest abundances seem to appear during MIS M2. 

Impagidinium strialatum (Wall, 1967)  

Plate 3, Figure 10-11 (Appendix 3) 

Description: Impagidinium strialatum is a small ovoidal cyst with a faintly microgranular 

wall. The sutural crests are relatively high and radially striated. The tabulation is incompletely 

expressed, especially in the dorsal and sulcal regions. The archeopyle is precingular. 

Dimensions: central body diameter 29 x 36 µm, crest height 5-10 µm. 

Biostratigraphic range: Lower Miocene-Recent (data compiled after Marret and Zonneveld, 

2003; Rochon et al., 1999). 
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Distribution: the distribution is similar to Impagidinium aculeatum, although it is less 

frequently observed at high latitudes (see Marret and Zonneveld, 2003 for an overview). 

Palaeoecology: Impagidinium strialatum was originally described from Caribbean samples 

and associated with fully marine oligotrophic conditions (Edwards and Andrle, 1992; Rochon 

et al., 1999). 

Occurrence: similar to Impagidinium plicatum. 

Impagininium velorum Bujak, 1984 

Plate 3, Figure 12 (Appendix 3) 

Description: chorate dinoflagellate cyst with a pale and smooth central body. The sutural 

septa are high with a membranous outline. The cingulum is surrounded by a single high crest, 

while the sulcus is shallow and bordered by sutural septa. The archeopyle is precingular. 

Dimensions: central body diameter 47 x 53 µm, crest height  19-25 µm. 

Biostratigraphic range: Upper Eocene-Recent (data compiled after Bujak, 1984; Marret and 

Zonneveld, 2003). 

Distribution: only observed at a few sites in temperate to tropical regions from the Atlantic 

Ocean, Pacific Ocean and Arabian Sea (see Marret and Zonneveld, 2003 for an overview).  

Palaeoecology: its previous occurences suggest and open oceanic distribution in temperate to 

tropical regions (Marret and Zonneveld, 2003).  

Occurrence: only one specimen was encountered in sample 12H 4W 8-10 cm, outside the 

systematic count of 250 dinoflagellate cysts. 

Impagidinium sp. 2 De Schepper and Head, 2009 

Plate 4, Figure 1 (Appendix 3) 

Description: thin-walled subspherical cyst bearing delicate crests that reflect a faint tabulation 

pattern. 

Dimensions: central body diameter 13-30 µm, crest height 3.5-8.5 µm 

Biostratigraphic range: Lower Pliocene-Middle Pleistocene (De Schepper and Head, 2009). 
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Distribution: recovered from eastern North Atlantic DSDP Hole 610 A by De Schepper and 

Head (2009). 

Palaeoecology: unknown. 

Occurrence: Intermittent and low abundant occurrences before and after MIS M2. 

Genus Invertocysta Edwards, 1984 

Invertocysta lacrymosa Edwards, 1984 

Plate 4, Figure 2 (Appendix 3) 

Description: Invertocysta lacrymosa is a cavate cyst in which the ovoidal endocyst is 

connected via an apical boss to the lip of the pericyst. The bowl shaped pericyst bears an 

inward-turning lip towards the central opening on the dorsal side. The cyst surface is smooth 

to faintly granulate with an occasionally developed tabulational pattern. The archeopyle is 

precingular. 

Dimensions: endocyst diameter 33-60 µm x 29-46 µm, pericyst diameter 60-92 µm x 62-90 

µm. 

Biostratigraphic range: Middle Miocene-Upper Pliocene (data compiled after De Schepper 

and Head, 2008; Head, 1997). 

Distribution: frequently documented from the North Atlantic Ocean and the Mediterranean 

(see Head, 1997 for an overview)  

Palaeoecology: according to Wrenn and Kokinos (1986), this species has an outer neritic to 

oceanic distribution. Versteegh and Zonneveld (1994) suggested a preference for warm 

conditions, based on their observations of Pliocene samples from the Mediterranean realm. 

Occurrence: continuous low to high abundances. At the end of MIS M2, a peak in 

Invertocysta lacrymosa counts can be observed.  

Genus Kallosphaeridium (de Coninck 1969)  

Kallosphaeridium sp. 

Plate 4, Figure 3-4 (Appendix 3) 

Remarks: Kallosphaeridium sp. refers to the inner lining of a calcareous dinoflagellate. The 

spherical cyst is small and ornamented with small granules or low ridges which might form a 
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reticulate pattern. The archeopyle is apical and adnate, and has strong angular sutures. The 

specimens recovered from ODP Site 999 samples resemble those found in the Pliocene 

Bahamian Clino Core by Head and Westphal (1999). Kallosphaeridium sp. occurs continuous 

throughout the studied core sections. Common to high abundances were recorded before and 

after MIS M2, while during MIS M2 a decline could be observed. 

Genus Lingulodinium (Wall, 1967)  

Lingulodinium machaerophorum (Deflandre and Cookson, 1955) 

Plate 4, Figure 5 (Appendix 3) 

Description: the cyst is characterised by a finely granulate, spherical central body. The conical 

hollow processes are randomly distributed, striated at the base and distally closed, terminating 

as a pointed or blunt tip. The processes are smooth for the greater part of their length but may 

be distally distinctively granulated. The archeopyle shows a variable morphology between the 

loss of one to five precingular plates. 

Dimensions: central body diameter 31-54 µm, process length 2-21 µm. 

Biostratigraphic range: Upper Palaeocene-Recent (Head, 1997). 

Distribution: recorded  in sediments from the subtropical to tropical Southern Hemisphere and 

the temperate to tropical Northern Hemisphere (see Marret and Zonneveld, 2003 for an 

overview). 

Palaeoecology: Lingulodinium machaerophorum thrives in temperate to tropical climate 

regimes with intermediate to high nutrient concentrations, whereby the modern North Atlantic 

distribution is greatest in the equatorial regions (Edwards and Andrle, 1992). This species is 

considered euryhaline, but has a slight preference for higher salinity environments (Marret 

and Zonneveld, 2003). Studies of Mertens et al. (2009) found a positive correlation between 

process length and salinity, and a negative relationship with temperature. 

Occurrence: continuous, low abundant record. 

Genus Nematosphaeropsis (Deflandre and Cookson, 1955)  

Nematosphaeropsis labyrinthus  (Ostenfeld, 1903)  

Plate 4, Figure 6-7 (Appendix 3) 
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Description: Nematosphaeropsis labyrinthus is a chorate cyst characterised by a smooth 

ovoidal to subspherical central body, ornamented with processes that are distally joined by 

pairs of parallell trabeculae. These trabeculae follow reflected plate sutures, and hence the 

tabulation pattern can be deduced. The processes are gonal with hollow, slender shafts which 

distally trifurcate. The archeopyle is formed by the loss of a precingular plate. 

Dimensions: central body diameter 27 x 42 µm, process length 11-23 µm. 

Biostratigraphic range: Lower Oligocene-Recent (data compiled after Marret and Zonneveld, 

2003; Rochon et al., 1999). 

Distribution: cosmopolitan (see Marret and Zonneveld, 2003 for an overview). 

Palaeoecology: Nematosphaeropsis labyrinthus is considered as a cosmopolitan species, 

recorded in a wide array of environments, although the highest abundances are recorded in 

fully marine environments where the salinity is relatively high (Rochon et al., 1999). 

Furthermore, the distribution of this species may show clear relationships with certain 

parameters, and can therefore be used for regional palaeoenvironmental reconstructions 

(Marret and Zonneveld, 2003). 

Occurrence: Nematosphaeropsis labyrinthus is a common species in the ODP Site 999 

samples. 

Nematosphaeropsis lattivitatus Wrenn, 1988 

Plate 4, Figure 8-9 (Appendix 3) 

Description: a chorate species characterised by a smooth subspherical central body bearing 

hollow gonal and intergonal processes, which are triangular in cross-section and expanded 

distally. A distinctive feature is the broad ribbon-like pairs of trabeculae, which are more or 

less fused to each other near the distal expansions. The archeopyle is precingular. 

Dimensions: central body diameter 17-31 µm, process length 8-12 µm. 

Biostratigraphic range: Middle Miocene-Recent (data compiled after Marret and Zonneveld, 

2003; Wrenn, 1988). 

Distribution: similar to Nematosphaeropsis labyrinthus (see Marret and Zonneveld, 2003 for 

an overview). 
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Palaeoecology: similar to Nematosphaeropsis labyrinthus (Marret and Zonneveld, 2003). 

Occurrence: intermittently present in low abundances, although samples 3W 128-130 cm and 

3W 131-133 cm each contain 13 Nematosphaeropsis lattivitatus specimens. 

Nematosphaeropsis rigida Wrenn, 1988 

Plate 4, Figure 10 (Appendix 3) 

Description: Nematosphaeropsis rigida is a chorate cyst characterised by a smooth to scabrate 

ovoidal to subspherical central body. The cyst bears both gonal and intergonal solid processes 

that may have perforate bases. The processes are connected by pairs of solid penitabular 

trabecular. The archeopyle is precingular. 

Dimensions: central body diameter 32 x 59 µm, process length 8-17 µm. 

Biostratigraphic range: Middle Miocene-Recent (data compiled after Head, 1999; Marret and 

Zonneveld, 2003). 

Distribution: similar to Nematosphaeropsis labyrinthus (see Marret and Zonneveld,2003 for 

an overview). 

Palaeoecology: the distribution of Nematosphaeropsis rigida is similar to Nematosphaeropsis 

labyrinthus (Marret and Zonneveld, 2003). 

Occurrence: observed twice in sample 2W 58-60 cm, and once in sample 2W 118-120 cm. 

Genus Operculodinium Wall, 1967 

Operculodinium centrocarpum (Deflandre and Cookson, 1955)  

and 

Operculodinium israelianum (Rossignol, 1962)  

Plate 4, Figure 11-12 (Appendix 3) 

Description: subspherical to ovoidal cysts with a spongy-fibrous body wall. The processes are 

hollow and the distribution is nontabular. Their base is characteristically fibrous, while the 

tips may be expanded or acuminate, sometimes even bearing slightly recurved aculeae. The 

archeopyle is precingular. Operculodinium centrocarpum is rather similar to Operculodinium 

israelianum but tends to differ in relative central body versus process length. 
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Dimensions: central body diameter 40-56 µm, process length 8-16 µm for Operculodinium 

centrocarpum. Central body diameter 40-65 µm, process length 3-6 µm for Operculodinium 

israelianum. 

Biostratigraphic range: Middle Miocene-Upper Pleistocene for Operculodinium 

centrocarpum, Lower Eocene-Recent for Operculodinium israelianum (Head, 1996). 

Distribution: the distribution of Operculodinium centrocarpum is unclear because of the 

confusion with Operculodinium centrocarpum sensu Wall and Dale, 1966 (Head, 1996). 

Operculodinium israelianum is restricted to marine environments between 40 °N and 60 °S 

(see Marret and Zonneveld, 2003 for an overview).  

Palaeoecology: Operculodinium israelianum is a common species living in both the open 

ocean and at shallow depths in temperate to tropical environments (Edwards and Andrle, 

1992). The highest relative abundances are always recorded in association with high salinity 

environments (Marret and Zonneveld, 2003). The palaeoecology of Operculodinium 

centrocarpum is unclear.  

Occurrence: common between 3.355 and 3.250 Ma. 

Remarks: As the central body diameter to process length ratio shows considerable overlap for 

this type of cyst in the ODP Site 999 samples, both species were included together. 

Operculodinium centrocarpum sensu Wall and Dale, 1966 Wall and Dale, 1966 

Plate 5, Figure 1-2 (Appendix 3) 

Description: spherical cyst bearing about 20 to 40 radiating slender processes which do not 

clearly reflect tabulation. The processes are typically hollow over their entire length and 

circular in cross section. The base may occasionally be conical, while the tips are usually 

expanded, sometimes with recurved aculeae. The wall surface bears fine granules which are 

sometimes faintly visible. The archeopyle is rounded and can be recognised by the loss of a 

single precingular plate. 

Dimensions: central body diameter 33-48 µm, process length 7-14 µm. 

Biostratigraphic range: this species is very common in Quaternary sediments, but is assumed 

to occur earlier as well. The precise stratigraphic range of Operculodinium centrocarpum 

sensu Wall and Dale, 1966 is however obscured by confusion with Operculodinium 
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centrocarpum sensu stricto (data compiled after Head, 1996; Marret and Zonneveld, 2003; 

Rochon et al., 1999).  

Distribution: Operculodinium centrocarpum sensu Wall and Dale, 1966 is a cosmopolitan 

species (see Marret and Zonneveld, 2003 for an overview). 

Palaeoecology: Operculodinium centrocarpum sensu Wall and Dale, 1966 appears to be a 

cosmopolitan species found at all temperatures and depths. Nevertheless, its distributional 

pattern is closely correlated to the Gulf Stream and North Atlantic Current (Harland, 1983; 

Rochon et al., 1999). High abundances in the North Atlantic and Arctic Ocean are associated 

with the inflow of warmer waters (De Schepper et al., 2009). Furthermore, Verleye and 

Louwye (2010) found a clear relationship between Operculodinium centrocarpum sensu Wall 

and Dale, 1966 process length, SST and SSS, and thus the density of the overlying water 

column. 

Occurrence: Operculodinium centrocarpum sensu Wall and Dale, 1966 is a common to high 

abundant species throughout the studied core sections. 

Remarks: the central body diameter of Operculodinium centrocarpum sensu Wall and Dale, 

1966 is relatively small in the ODP Site 999 samples, only sporadically exceeding 35 µm. 

Therefore the differentiation with cysts of Pentapharsodinium dalei specimens proved 

sometimes difficult.  

Operculodinium centrocarpum sensu Wall and Dale, 1966 – short processes – Wall and Dale, 

1966 

Plate 5, Figure 3-4 (Appendix 3) 

Description: this species is similar to Operculodinium centrocarpum sensu Wall and Dale, 

1966 but possesses shorter and less slender processes.  

Dimensions: central body diameter 33-48 µm, process length 1-2 µm. 

Biostratigraphic range: similar to Operculodinium centrocarpum sensu Wall and Dale, 1966 

(Rochon et al., 1999). 

Distribution: similar to Operculodinium centrocarpum sensu Wall and Dale, 1966 (see 

Rochon et al., 1999 for an overview). 
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Palaeoecology: Although there is a clear relationship between the process length of 

Operculodinium centrocarpum sensu Wall and Dale, 1966 and SST and SSS, the exact 

palaeoecological significance of the short processes morphotype is still unclear. 

Occurrence: intermittently observed in low abundance. 

Operculodinium janduchenei  Head et al., 1989 

Plate 5, Figure 5-6 (Appendix 3) 

Description: a subspherical to broadly ellipsoidal cyst with a granular wall surface. The 

processes are short, conical, hollow, mostly distally closed, and nontabular. The archeopyle is 

precingular.  

Dimensions: central body diameter 27-38 µm, process length about 4 µm. 

Biostratigraphic range: Middle Miocene-Recent (data compiled after Marret and Zonneveld, 

2003; Rochon et al., 1999). 

Distribution: the distribution of Operculodinium janduchenei ranges between 55 °N and 55 °S  

(see Marret and Zonneveld, 2003 for an overview). 

Palaeoecology: although high abundances of this species are rare, Operculodinium 

janduchenei is recorded in a wide range of environments from coastal to open oceanic, 

oligotrophic to eutrophic, and in both temperate to tropical climate regimes (Marret and 

Zonneveld, 2003). 

Occurrence: continuous and low abundant throughout the ODP Site 999 samples. The highest 

abundances are recorded during MIS M2. 

Remarks: Operculodinium janduchenei species sometimes have distally open processes in the 

ODP Site 999 samples. 

 

Family Goniodomaceae Lindemann, 1928 

Subfamily Pyrodinioideae Fensome et al., 1993 

 

Genus Polysphaeridium (Davey and Williams, 1966)  

Polysphaeridium zoharyi (Rossignol, 1962)  

Plate 5, Figure 7-8 (Appendix 3) 
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Description: a spherical cyst with a smooth to microgranulate or microreticulate surface wall. 

The central body bears numerous hollow processes which are faintly striated at the base and 

open distally. They can also be fused at their bases or distally bifurcate. The archeopyle of  

Polysphaeridium zoharyi is epicystal.  

Dimensions: central body diameter 43-55 µm, process length 6-15 µm. 

Biostratigraphic range: Upper Eocene-Recent (data compiled after Head and Westphal, 1999; 

Marret and Zonneveld, 2003). 

Distribution: recovered at subtropical to tropical sites between 30 °N and 40 °S (see Marret 

and Zonneveld, 2003 for an overview). 

Palaeoecology: this inner neritic species typically thrives in mesotrophic subtropical to 

tropical highly saline estuarine and lagoonal environments. Distributions and relative 

abundances seem to favour restricted water bodies with high SSTs and SSSs (Edwards and 

Andrle, 1992). Wall and Dale (1969) and Head and Westphal (1999) discovered a negative 

correlation in Cenozoic and Quaternary Caribbean samples between Polysphaeridium zoharyi 

and Lingulodinium machaerophorum, whereby the latter seems to prefer less restricted 

conditions. Additionally, Polysphaeridium zoharyi is the cyst of the well-known toxic red tide 

producing dinoflagellate Pyrodinium bahamense (MacLean, 1999). 

Occurrence: Polysphaeridium zoharyi dominates most samples during MIS M2, although 

before 3.320 Ma and after 3.280 Ma it is nearly absent. 

 

Order Peridiniales Haeckel, 1894  

Family Congruentidiaceae Schiller, 1935 

 

Genus Selenopemphix (Benedek, 1972)  

Selenopemphix nephroides (Benedek, 1972)  

Plate 5, Figure 9 (Appendix 3) 

Description: this smooth brown-coloured cyst has, according to its name, a reniform outline 

in polar view. The cingulum margin appears flange-like. Selenopemphix nephroides 

additionally bears low apical and antapical horns with rounded margins. The archeopyle is 

hexa-intercalary. 
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Dimensions: central body diameter 48-60 µm. 

Biostratigraphic range: Middle Eocene-Recent (data compiled after Marret and Zonneveld, 

2003; Rochon et al., 1999). 

Distribution: restricted between 50 °N and 50 °S (see Marret and Zonneveld, 2003 for an 

overview). 

Palaeoecology: Selenopemphix nephroides is a temperate to tropical species present in both 

coastal and fully marine environments, covering a broad range of temperatures, salinities and 

nutrient levels. Apparently, it may form a prominent part of full oceanic western Atlantic 

dinoflagellate cyst assemblages which are influenced by Amazon River outflow (Marret and 

Zonneveld, 2003). 

Occurrence: intermittent occurrence of one or maximum a few specimens per sample. 

Selenopemphix quanta (Bradford, 1975)  

Plate 5, Figure 10 (Appendix 3) 

Description: this smooth medium-brown species appears subcircular to reniform in polar 

view. The cyst wall is ornamented with numerous solid processes with sharp or blunt 

terminations, which typically occur in rows along the cingular margin, but not in the sulcus. 

The archeopyle is intercalary, elongated and with rounded angles.  

Dimensions: central body width 40-83 µm, process length 10-16 µm. 

Biostratigraphic range: Upper Oligocene-Recent (data compiled after Marret and Zonneveld, 

2003; Rochon et al., 1999). 

Distribution: Selenopemphix quanta has been documented from sites north of 45 °S (see 

Marret and Zonneveld, 2003 for an overview). 

Palaeoecology: Selenopemphix quanta tolerates a wide range of SSTs, SSSs and nutrient 

levels, whereby the highest relative abundances are found in shallow subtropical to tropical 

areas (Marret and Zonneveld, 2003). 

Occurrence: single occurrences in samples 12H 2W 41-43 cm and 12H 3W 88-90 cm. 

 

Family Peridiniaceae Ehrenberg, 1831 
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Genus Pentapharsodinium Indelicato and Loeblich III, 1986 

Cysts of Pentapharsodinium dalei Indelicato and Loeblich III, 1986 

Plate 5, Figure 11 (Appendix 3) 

Description: this small spherical species can be recognised by its solid processes which may 

occasionally be branched, or more commonly unbranched. The process density is variable and 

different morphologies may occur on the same specimen. The central body is smooth and 

thin, without any indication of tabulation. Excystment is via complete splitting of the wall. 

Dimensions: central body diameter 19-36 µm, process length 1-8 µm. 

Biostratigraphic range: Upper Pliocene-Recent (data compiled after Marret and Zonneveld, 

2003; Rochon et al., 1999). 

Distribution: cysts of Pentapharsodinium dalei are prominently recovered from the Northern 

Hemisphere, but are rare in the Southern Hemisphere. It is excluded from regions south of 62 

°S (see Marret and Zonneveld, 2003 for an overview). 

Palaeoecology: this species is cosmopolitan and associated with large differences in 

temperature, salinity and nutrient concentrations. The fact that the highest relative abundances 

were recorded from coastal samples in the Northern North Atlantic makes cysts of 

Pentapharsodinium dalei a tracer for colder water masses (Marret and Zonneveld, 2003; 

Rochon et al., 1999).  

Occurrence: continuous throughout the core, although its abundance never exceeds 5 

specimens per sample. 

Remarks: The distinction between cysts of Pentapharsodinium dalei and Operculodinium 

centrocarpum sensu Wall and Dale, 1966 in ODP Site 999 samples was sometimes difficult 

because of the poor preservation and the apparent similarity between both species. 

 

Familly Protoperidiniaceae Balech, 1988 

Subfamily Protoperidinioideae Balech, 1988 

 

Genus Brigantedinium Reid, 1977 
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Brigantedinium spp./Round Brown Cysts 

Plate 5, Figure 12 (Appendix 3) 

Remarks: spherical brown cysts without processes are grouped as Brigantedinium spp./Round 

Brown Cysts. Most species are probably assignable to the genus Brigantedinium Reid, 1977, 

however an archeopyle was not clearly visible because of folding. As Brigantedinium 

spp./Round Brown Cysts includes several species, it is impossible to present detailed 

ecological information for this taxon. However, all specimens included in this group are 

heterotrophic, and their distribution is largely controlled by surface water productivity. 

Brigantedinium spp./Round Brown Cysts has been found in all types of studied environments, 

and can thus be generally considered cosmopolitan (Marret and Zonneveld, 2003). In the 

ODP Site 999 samples this species is the most dominant one recorded before and after MIS 

M2. During MIS M2 however, most samples hardly contain any Brigantedinium spp./Round 

Brown Cysts specimens. 

Genus Echinidinium (Zonneveld, 1997)  

Echinidinium? sp A. 

Plate 6, Figure 1-2 (Appendix 3) 

Description: Echinidinium? sp A. represents a round dark brown spiny dinoflagellate cyst 

with a finely granulate central body surface. The spines are solid and have acuminate tips. The 

archeopyle is probably theropylic. 

Dimensions: central body diameter about 42 µm, process length 2-4 µm (one specimen 

measured).  

Palaeoecology: Echinidinium species are heterotrophic, and typically occur nearby upwelling 

regions (Marret and Zonneveld, 2003).  

Occurrence: single occurrence in samples 3W 88-90 cm, 3W 98-100 cm, 3W 101-103 cm, 

4W 1-3 cm, and 4W 48-50 cm. 

 

Marine algae incertae sedis 

 

Genus Cymatiosphaera (Wetzel, 1933)  
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Cymatiosphaera spp. 

Plate 6, Figure 3-4 (Appendix 3) 

Remarks: Cymatiosphaera spp. represents small acritarchs with a smooth thin-walled 

spherical body, bearing solid crests of even height that delineate polygonal zones of equal or 

unequal size. These crest may occasionally expand distally or even bear perforations. The 

specimens included in the group Cymatiosphaera spp. probably belong to Cymatiosphaera? 

invaginata Head et al., 1989 or Cymatiosphaera latisepta De Schepper and Head, 2008, but 

for the purpose of this project both species were grouped together. Cymatiosphaera spp. is a 

common part of ODP Site 999 samples. 

Genus Nannobarbophora Habib and Knapp, 1982 

Nannobarbophora walldalei  Head, 1996 

Plate 6, Figure 5 (Appendix 3) 

Description: small and smooth spherical cysts with processes bearing moderate to 

pronounced, especially at the tips, granules or spinules. The process stems are solid, but may 

be expanded and hollow proximally, with fibrous bases. The aperture is formed by a simple 

tear. 

Dimensions: central body diameter 21-33 µm, process length 2.5-6 µm. 

Biostratigraphic range: Upper Miocene-Lower Pleistocene (Head, 1996). 

Discription: recorded from North Atlantic and Mediterranean samples (see Head, 1996 for an 

overview). 

Remarks: because of its small size and the absence of a tabulational pattern, 

Nannobarbophora  walldalei is considered as a marine alga of unknown affinity (Head, 

1996). 

Occurrence: continuous throughout the studied core sections, however the overall abundance 

is low. 

Small spiny acritarch type A 

This study 

Plate 6, Figure 6 (Appendix 3) 
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Description: small cysts with spherical and smooth central body. The numerous processes are 

usually simple, but may occasionally have bifid or even trifid terminations. Both hollow and 

solid process forms were observed. An archeopyle or other tabulation was not recognised, 

hence the assignment to the group of ‘Marine algae’. 

Dimensions: central body diameter 18-20 µm, process length 4-6 µm (10 specimens 

measured). 

Remarks: this type of acritarch resembles well the small spiny acritarchs observed by Head 

and Westphal (1999) from the Clino Core, Bahamas.  

Occurrence: common species in all samples, sometimes reaching high abundances. 

4.4.2 Dinoflagellate cyst zones 

Figure 4.8 gives an overview of the most abundant (> 10%) recovered dinoflagellate cyst 

species versus time. Three main dinoflagellate cyst zones can be distinguished, based on the 

changes in relative abundances of indicator species, but not necessarily linked to glacial-

interglacial cycles as inferred from the benthic oxygen isotope curve (Figure 4.2). Figure 4.9 

presents a 100 % stacked area plot of the most (palaeoecologically) important dinoflagellate 

cysts. Raw counts are provided in Appendix 2. 

4.4.2.1 Dinoflagellate cyst zone 1 (3.357-3.320 Ma) 

Dinoflagellate cyst zone 1 is characterised by the samples dominated by Brigantedinium 

spp./Round Brown Cysts and Ataxiodinium zevenboomii sensu De Schepper and Head, 2009, 

with average relative abundances of about 40 and 15 %, respectively. Although both species 

display a similar pattern throughout the different dinoflagellate cyst zones, higher relative 

abundances of Brigantedinium spp./Round Brown Cysts seem to be accompanied by lower 

relative abundance values of Ataxiodinium zevenboomii sensu De Schepper and Head, 2009, 

and vice versa. The other species present in dinoflagellate cyst zone 1 have average 

abundances of less then 10 %, from which Kallosphaeridium sp. and – to a lesser extent –

Achomosphaera/Spiniferites spp. can be considered as the most important ones. Towards the 

end of the zone a rise in Operculodinium centrocarpum/Operculodinium israelianum and 

Operculodinium centrocarpum sensu Wall and Dale, 1966 counts can be observed, although 

the variability throughout the studied core sections has, similar to Achomosphaera/Spiniferites 

spp., little or no palaeoecological significance. 
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The pollen and spores also form an important part of the assemblage. Their relative 

abundance is, similar as for reworked dinoflagellate cysts, calculated against the total amount 

of recent in situ dinocysts and fluctuates around 40 %. 

 

Figure 4.8. Dinoflagellate cyst zone indication. MIS M2 is highlighted by the blue rectangle. 

Abbreviations are P & S: pollen and spores, RBC: Brigantedinium spp./Round Brown Cysts, Azev: 

Ataxiodinium zevenboomii  sensu De Schepper and Head, 2009, Kall: Kallosphaeridium sp., Pzoh: 

Polysphaeridium zoharyi, Reworked: Reworked dinoflagellate cysts, Iacu: Impagidinium aculeatum, 

Ipar: Impagidinium paradoxum , Acho/Spin: Achomosphaera/Spiniferites spp., Ilac: Invertocysta 

lacrymosa, Nlab: Nematosphaeropsis labyrinthus , Ocent W & D: Operculodinium centrocarpum 

sensu Wall and Dale, 1966, and Ocent/Oisr: Operculodinium centrocarpum/Operculodinium 

israelianum. 
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Figure 4.9. 100 % stacked area plot of the most important dinoflagellate cyst species.  

 

4.4.2.2 Dinoflagellate cyst zone 2 – subzone 2a (3.320-3.302Ma) 

The sudden decrease of Brigantedinium spp./Round Brown Cysts, Ataxiodinium zevenboomii 

sensu De Schepper and Head, 2009 and Kallosphaeridium sp. to only a few percent is 

characteristic for dinoflagellate cyst zone 2 – subzone 2a. Meanwhile, the assemblages are 

gradually dominated by Polysphaeridium zoharyi, reaching a maximum of over 50 % at 

around 3.305 Ma. Next to Polysphaeridium zoharyi, both Impagidinium aculeatum and 

Impagidinium paradoxum also constitute more than 20 % of the samples at circa 3.310 Ma. 

Subzone 2a is further characterised by a maximum of pollen and spores (> 130 %) and 

reworked dinocysts (> 35 %). These peaks occur, together with those of the Impagidinium 

species, before the maximum relative abundance of Polysphaeridium zoharyi is reached. 

4.4.2.3 Dinoflagellate cyst zone 2  – subzone 2b (3.302-3.295 Ma) 

The base of zone 2 – subzone 2b is marked by a sharp decline of Polysphaeridium zoharyi, 

although a recovery is observed near the top of the zone (> 20 %). During the period of low 
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relative abundances of Polysphaeridium zoharyi, both Impagidinium aculeatum and 

Impagidinium paradoxum record a peak of the same order of magnitude as in the previous 

zone. Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 shows a saw-tooth 

pattern throughout dinoflagellate cyst subzone 2b, and fluctuates between 5 and 25 %. 

Pollen and spores are furthermore well represented in the assemblages with an average value 

of more than 65 %. 

4.4.2.4 Dinoflagellate cyst zone 2 – subzone 2c (3.295-3.288 Ma) 

Dinoflagellate cyst zone 2 – subzone 2c is dominated by Polysphaeridium zoharyi  again, and 

constitutes on average 35 % of the total assemblage with a peak value of 50 % at 3.290 Ma. 

Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 has completely disappeared. 

Impagidinium aculeatum displays a gradual rise, and reaches a maximum value of circa 22 % 

in dinoflagellate cyst zone 2 – subzone 2d. 

The pollen and spores in subzone 2c have the highest relative abundance of the studied core 

sections (135 %), but they sharply decline when Polysphaeridium zoharyi reaches its 

maximum value. 

4.4.2.5 Dinoflagellate cyst zone 2 – subzone 2d (3.288-3.284Ma) 

The overall pattern of dinoflagellate cyst zone 2 – subzone 2d  is similar to that of zone 

dinoflagellate cyst zone 2 – subzone 2b. A decline of Polysphaeridium zoharyi is 

accompanied by higher values of Ataxiodinium zevenboomii sensu De Schepper and Head, 

2009, Impagidinium aculeatum, and pollen and spores. Kallosphaeridium sp. reaches almost 

10 % again. 

4.4.2.6 Dinoflagellate cyst zone 2  – subzone 2e (3.284 -3.280 Ma) 

The observed pattern of dinoflagellate cyst zone 2 – subzone 2e  is similar to that of subzone 

2c, but opposite compared to dinoflagellate cyst subzone 2d.   

4.4.2.7 Dinoflagellate cyst zone 3 (3.280-3.250 Ma) 

The samples in zone 3 are dominated by Brigantedinium spp./Round Brown Cysts and 

Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 with average relative 

abundances of circa 37 and 19 %, respectively. Kallosphaeridium sp. reaches higher values 

then in the previous zones, and fluctuates around 7 %. Dinoflagellate cyst zone 3 is further 

characterised by the sharp decline of  Polysphaeridium zoharyi. Only scattered occurrences 

were recorded after MIS M2. 
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The pollen and spores also constitute an important part of the assemblage, with an average 

relative abundance of 40 %. 

In summary, both dinoflagellate cyst zones 1 and 3 reflect similar conditions near the 

Panamanian Gateway before and after MIS M2. 

4.4.3 Palaeoecological indices 

The values of the palaeoecological indices for each sample are listed in Appendix 2. 

4.4.3.1 Absolute abundance 

The absolute dinoflagellate cyst abundance is very low with an average value of 370 cysts/g 

sediment. The absolute abundance decreases sharply from 3.325 Ma onwards, and reaches a 

minimum of circa 60 cyst/g sediment at 3.310 Ma. This coincides with the onset of MIS M2 

(Figure 4.10). Afterwards, abundances incrementally increase with a maximum value of more 

than 1200 cysts/g sediment at 3.265 Ma. 

4.4.3.2 Shannon-Wiener index 

The Shannon-Wiener index remains very high throughout the studied sections with an 

average value of 3.73. The two peaks at 3.345 and at 3.330 Ma precede a period of a 

relatively lower Shannon-Wiener index until the end of MIS M2 (Figure 4.11). MIS M2 is 

characterised by an alternation between minor positive and negative peaks. At 3.280 Ma the 

lowest Shannon-Wiener value of 2.78 is reached. The subsequent sharp rise leads in return to 

a maximum value of 5.68 at around 3.265 Ma. 

4.4.3.3 P/G index 

When plotting the P/G index against the age of the studied core sections, a bowl shaped curve 

is observed (Figure 4.12). The P/G ratio shows between 3.355 and 3.320 Ma an average value 

of 0.41. From 3.320 Ma onwards, the P/G index dramatically decreases to values lower than 

0.1. The curve is at the end of MIS M2 characterised by a sharp increase, and between 3.275 

and 3.250 Ma similar values are reached as before 3.320 Ma. 

4.4.3.4 S/D index 

The S/D graph can be subdivided into three main parts (Figure 4.13). Roughly, between 3.355 

and 3.320 Ma, and between 3.285 and 3.250 Ma, comparable mean S/D values were recorded 

of  0.28 and 0.25, respectively. In between these two segments a zone of increased pollen and 

spores abundance can be distinguished. Remarkable is the occurrence of a distinct negative 
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peak at 3.300 Ma, that separates the two maximum values of more than 0.5 at circa 3.305 and 

3.295 Ma.  

 

Figure 4.10. Absolute dinoflagellate cyst abundances with the dinoflagellate cyst zonation. The thin 

grey line represents the values of the individual samples; the thick  black line is a running average. 

 

 

Figure 4.11. Shannon-Wiener index with the dinoflagellate cyst zonation. The thin green line 

represents the values of the individual samples; the thick green line is a running average. 
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Figure 4.12. P/G index with the dinoflagellate cyst zonation. The thin brown line represents the 

values of the individual samples; the thick brown line is a running average.  

 

 

Figure 4.13. S/D index with the dinoflagellate cyst zonation. The thin yellow line represents the 

values of the individual samples; the thick yellow line is a running average.  
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4.4.3.5 N/O index 

Between 3.355 and 3.325 Ma the N/O index has an average value of 0.75 (Figure 4.14). 

Values sharply decrease towards two minima of circa 0.35 at 3.310 and at 3.300 Ma, and are 

separated by a distinct positive peak of 0.85 at around 3.305 Ma. A similar, but reversed 

pattern during MIS M2 could also be observed in the S/D graph. The part between 3.300 and 

3.280 Ma is characterised by values fluctuating around a mean N/O index of 0.62, followed 

by a sharp increase towards a peak value near 1.0 at circa 3.270 Ma. 

 

Figure 4.14. N/O index with the dinoflagellate cyst zonation. The thin blue line represents the 

values of the individual samples; the thick blue line is a running average.   

 

4.4.3.6 W/C index 

The W/C index is characterised by high values close to 1.0 throughout the studied core 

sections (Figure 4.15). After MIS M2 some smaller positive and negative peaks alternate, 

although the overall impression of high W/C values does not significantly change. 

4.4.4 Multivariate analysis 

A detrended correspondence analysis was conducted to determine the standard variation along 

the first axis. A principal axis length of 2.58 allows to assume a linear response of the species 

to an environmental variable. As there were no environmental variables explicitly involved in 

the analysis, an indirect principal component analysis was conducted (Legendre and 
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Legendre, 1998; McCune and Grace, 2002). The output of the multivariate analysis in ‘R’ is 

given in Appendix 4. 

 

Figure 4.15. W/C index with the dinoflagellate cyst zonation. The thin red line represents the values 

of the individual samples; the thick red line is a running average.  

 

The first principal component axis explains 57.72 % of the total variation. Brigantedinium 

spp./Round Brown Cysts and Polysphaeridium zoharyi show the largest correlation with the 

horizontal axis, with respective scores of -9.93 and 5.74 (Figure 4.16). Other species that 

distinguish from those plotting near the origin are Impagidinium aculeatum (2.18) and 

Kallosphaeridium sp. (-0.98). 

The second axis corresponds with 23.35 % of the variation, and together with the first axis 

81.07 % of the entire dataset can be explained. Ataxiodinium zevenboomii types register high 

negative scores of -6.41 along the vertical axis. Elevated positive values in correspondence 

with the second axis are recorded by Brigantedinium spp./Round Brown Cysts (2.10) and 

Polysphaeridium zoharyi (3.18), although the 90° angle these species make with 

Ataxiodinium zevenboomii types indicates that they are not correlated with the latter. 
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Figure 4.16. Principal component analysis on the dinoflagellate cyst assemblages.  
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5 DISCUSSION 

The benthic δ
18

O record shows a clear 41 ka obliquity related glacial-interglacial pattern, that 

is indicative for significant changes in global ice volume and sea level (Figure 4.2). Although 

the contribution of orbital configuration to these cycles is unquestionable, combined analysis 

on planktic foraminifera and dinoflagellate cysts from the Caribbean shows that there are 

additional feedback mechanisms involved to explain the observed patterns. 

5.1 MG/CA PALAEOTHERMOMETRY 

An average Caribbean SST of 23.7 °C for Globigerinoides sacculifer between 3.355 and 

3.320 Ma (Figure 4.5) correlates with similar values recorded from the Pacific during this 

interval (Groeneveld, 2005). This indicates that before 3.320 Ma both basins were possibly in 

connection with each other. From 3.320 Ma onwards, SSTs for both Globigerinoides 

sacculifer and Neogloboquadrina dutertrei (Figure 4.6) start to decline significantly, and 

register eventually a minimum at circa 3.310 Ma. This sharp decline can be ascribed to the 

cooling of tropical ocean waters, prior to the onset of MIS M2. Meanwhile, the connection 

between the Atlantic and the Pacific Ocean became gradually shallower because of the falling 

sea level. This is reflected by an increase in SSTs recorded by both Globigerinioides 

sacculifer and Neogloboquadrina dutertrei. Neogloboquadrina dutertrei records its peak 

temperature 10 ka before Globigerinoides sacculifer, simply because of the deeper habitat of 

the former species. The atmospheric moisture transport from the Atlantic across Panama, in 

combination with the upwelling of colder waters in the Pacific and the collection of warm 

water masses in the Caribbean, caused a distinct SST (and probably SSS) gradient at both 

sides of the gateway. The restricted oceanic return flow into the Caribbean hence led to the 

installation of the West Atlantic Warm Pool. The highest SSTs for Globigerinoides sacculifer 

were reached at circa 3.270 Ma, and were caused by a combination of gateway closure and 

interglacial warming. Subsequently, SSTs start to decrease again. Sea level had already risen 

to a similar level as before MIS M2, hence causing the re-establishment of the Caribbean-

Pacific connection and the dominance of cooler Pacific waters near ODP Site 999. 

The results also indicate that Globigerinoides sacculifer only recorded the most pronounced 

climatic event, or at least showed a clear trend shortly before, during and after MIS M2. The 
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surface water layers experienced almost no climatic influence prior to MIS M2, despite the 

existence of clear glacial-interglacial alternations in the benthic δ
18

O record, such as MG2 and 

MG1. On the other hand, the deeper ocean layers, represented by the proxy 

Neogloboquadrina dutertrei, were able to record less intense climate changes. Compared to 

MIS M2, Neogloboquadrina dutertrei shows almost the same SST pattern caused by MIS 

MG2. Both trends also have the same order of magnitude which indicates that the deeper parts 

of the Atlantic and Pacific Ocean are more easily isolated. The upper surface connection is 

only disrupted during severe sea level lowstands such as MIS M2 or MIS 100, 98, and 96; 

whereby the latter ones led to the onset of the Northern Hemisphere Glaciation (Figure 5.1; 

Groeneveld, 2005). 

 

Figure 5.1. Schematic illustration of the interglacial opening and glacial closure of the Panamanian 

Gateway during the Quaternary. The results from this study indicate that an identical situation 

occurred before, during and after MIS M2 (Groeneveld, 2005). 

 

5.2 SAND PERCENTAGE 

The sand percentage, representing the amount of foraminifera shells in the carbonate fraction, 

shows a significant change around MIS M2 (Figure 4.7). Before the event, sand percentages 

were quite low and indicate a strong influence of corrosive Antarctic Intermediate Water. The 

formation of less corrosive North Atlantic Deepwater was hence reduced or did not reach the 

site because it was occupied by Antarctic Intermediate Water (Haug and Tiedemann, 1998). 

Afterwards, a sharp rise in sand content occurred and high percentages persisted further on. 

This can be explained by the sea level induced closure of the Panamanian Gateway, leading to 
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an increased merdional overturning circulation and an enhanced formation of North Atlantic 

Deep Water. Deep penetration of North Atlantic Deep Water into the southernmost parts of 

the North Atlantic Ocean reduced the corrosive influence of Antarctic Intermediate Water in 

the tropical area.  

5.3 DINOFLAGELLATE CYST ZONES 

The high amount of Brigantedinium spp./Round Brown Cysts in the first dinoflagellate cyst 

zone between 3.355 and 3.320 Ma (Figure 4.8) clearly indicates the influence of Pacific 

waters in the Caribbean. The eastern Pacific is namely characterised by cooler and nutrient 

rich, upwelling waters which attract high amounts of heterotrophic dinoflagellates. During 

periods of connection between the Caribbean Sea and the Pacific Ocean, these high nutrient 

water masses prevailed near ODP Site 999. 

The second most prominent species present in dinoflagellate cyst zone 1 is Ataxiodinium 

zevenboomii sensu De Schepper and Head, 2009. As mentioned before, Ataxiodinium 

zevenboomii sensu De Schepper and Head, 2009 follows the same main trend as 

Brigantedinium spp./Round Brown Cysts throughout the studied core sections, although their 

detailed fluctuations seem to be different from each other. The principal component analysis 

furthermore indicated that both species are unrelated. As the ecological preferences of the 

extinct Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 are poorly known, it is 

difficult to interpret the reflected signal. Its distributional pattern throughout the studied core 

sections however seems to indicate a preference for water masses which are typical for an 

open Panamanian Seaway. Besides, also Kallosphaeridium sp. follows the same main trend 

between 3.355 and 3.320 Ma, and high relative abundances of this species could also be 

considered as an additional indication for the inflow of Pacific waters. 

At circa 3.320 Ma, the relative abundances of the three aforementioned species decline 

rapidly and significantly. This points to a gradual restriction of surface water exchange 

between the Caribbean and the Pacific, because of the decreasing sea level announcing the 

onset of MIS M2. The restricted inflow of nutrient rich Pacific waters reduced the biological 

productivity in the Carribean and in the entire North Atlantic (Schneider and Schmitter, 

2006). Meanwhile, Polysphaeridium zoharyi became a major component of the dinoflagellate 

cyst assemblage. This inner neritic species favours restricted water bodies with high SSTs and 

SSSs (Edwards and Andrle, 1992). Because of the sea level induced closure of the 
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Panamanian gateway, a salinity and temperature difference between the Caribbean and the 

Pacific started to develop; a mechanism that has already been described in previous 

paragraphs. The full closure of the gateway can be dated at around 3.315 Ma, based on the 

dinoflagellate cyst assemblages. 

Because of the glacial emergence of the Panamanian Land Bridge, ODP Site 999 got 

subjected to terrestrial influences. Sea level lowstands force major river systems to lower their  

erosion base, causing shelfal erosion and sediment bypass. These features are reflected in the 

studied samples by peak relative abundances of pollen and spores and reworked dinoflagellate 

cysts at circa 3.310 Ma. From this point of view, the elevated occurrences of Impagidinium 

species seem rather contradictory as they are typical indicators for fully marine conditions 

(Marret and Zonneveld, 2003). The presence of Impagidinium species in the Caribbean has 

previously been described by Wall (1967), although high relative abundances, especially 

during MIS M2, are remarkable. A possible explanation could be that during closure of the 

Panamanian Gateway all tropical Atlantic currents were deflected towards the Caribbean 

Basin via Western Trade Winds (Figure 2.1). These currents were presumably responsible for 

the transport of Impagidinium species from the Atlantic open marine environments. 

The fact that dinoflagellate cyst zone 2 and its subzones are dominated by palynomorphs that 

reflect shallow conditions, while species associated with Pacific water masses are mainly 

absent, argues for the closure of the Panamanian Gateway during MIS M2. However, the two 

main indicators for these conditions, namely pollen and spores and Polysphaeridium zoharyi, 

do not follow the same pattern with respect to each other. This could probably be ascribed to 

varying local conditions in the Caribbean as the influx of pollen and spores is additionally 

dependent of wind directions and conditions on the mainland, while the relative abundance of 

Polysphaeridium zoharyi is exclusively related to water mass conditions. Negative peaks of 

Polysphaeridium zoharyi typically correlate with maxima in pollen and spores, and vice 

versa. Minima in Polysphaeridium zoharyi are additionally accompanied by higher relative 

abundances of reworked dinoflagellate cysts and Impagidinium species. The most probable 

explanation for these coinciding variations are changes in Caribbean hydrography. Closure of 

the Panamanian Gateway during MIS M2 led to the onset of warm and saline neritic 

conditions in the Caribbean, favourable for Polysphaeridium zoharyi. These conditions were 

likely disrupted by (1) the ongoing glacial cooling of the tropical surface waters, (2) the 

fluviatile inflow of high amounts of fresh water, caused by sea level lowering, and/or (3) the 
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influence of tropical Atlantic ocean waters, collected in the Caribbean Basin by Western 

Trade Winds. 

Another explanation could be short-lived reconnections between the Caribbean and Pacific, 

given the fact that Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 displays 

slightly higher relative abundances whenever Polysphaeridium zoharyi declines. Given the 

fact that Caribbean and Pacific water masses already started to get separated shortly after 

3.320 Ma, when sea level lowering was only in the order of a few meters, it is highly unlikely 

that a connection could be re-established when sea level was more than 60 m below the 

present level. The small increase of Ataxiodinium zevenboomii sensu De Schepper and Head, 

2009 is probably caused by intervals of more preferable conditions for this species in the 

Caribbean. 

From 3.280 Ma onwards, the dinoflagellate cyst assemblages gradually start to reflect similar 

conditions as before 3.320 Ma. Dinoflagellate cyst zone 3 is characterised by a dominance of 

Brigantedinium spp./Round Brown Cysts, Ataxiodinium zevenboomii sensu De Schepper and 

Head, 2009 and Kallosphaeridium sp. The sea level rise from 3.295 Ma towards the next 

interglacial, as inferred from the benthic δ
18

O record (Figure 4.2), established a renewed 

connection between the Caribbean and the Pacific. ODP Site 999 was hence affected again by 

nutrient rich upwelling waters from the Pacific, which attracted high amounts of heterotrophic 

dinoflagellates. The typical MIS M2 species Polysphaeridium zoharyi is essentially absent in 

all studied samples between 3.280 and 3.250 Ma. The full reopening of the gateway can be 

dated at around 3.275 Ma, based on the dinoflagellate cyst assemblages.  

5.4 PALAEOECOLOGICAL INDICES 

5.4.1 Absolute abundance 

ODP Site 999 samples are characterised by low absolute dinoflagellate cyst abundances when 

compared with typical mean values of 1000 to 3000 cyst per gram in outer neritic 

environments (Fensome et al., 1996). The overall pattern of Figure 4.10 is very similar to that 

of the SST graph for Globigerinoides sacculifer (Figure 4.5). Dinoflagellate species in the 

tropics prefer warm water conditions and hence they mainly respond to SSTs fluctuations. 

The lowest absolute abundances in the ODP Site 999 samples were recorded at the start of 

MIS M2, when SSTs were at a minimum because of cooling of the Caribbean surface waters. 
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Absolute abundances subsequently increased during the closure of the Panamanian Gateway. 

A peak value of more than 1200 cysts/g sediment was reached when the maximum 

temperatures were recorded. 

Another factor influencing the absolute dinoflagellate cyst abundance could be productivity. 

During periods of connection between the Caribbean and Pacific, high nutrient water masses 

prevailed near ODP Site 999. These attracted high amounts of both autotrophic and 

heterotrophic organisms, hence increasing the productivity in the Caribbean. This is also 

reflected by elevated absolute abundances during periods of troughflow between both basins. 

When the gateway closed during the glacial MIS M2 interval, nutrient levels in the Caribbean 

declined and the absolute abundance sharply decreased (Schneider and Schmitter, 2006). 

5.4.2 Shannon-Wiener index 

The very high Shannon-Wiener index (Figure 4.11) points towards an equally distributed 

species count. The observed pattern is similar to that of Figure 4.10. The Shannon-Wiener 

index sharply declines when the assemblage dominated by Brigantedinium spp./Round Brown 

Cysts, Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 and Kallosphaeridium 

sp. disappears because of the closure of the Panamanian Gateway. Low values during MIS 

M2 are caused by the strong dominance of Polysphaeridium zoharyi in certain samples. The 

sea level rise after MIS M2 re-introduced Pacific water in the Caribbean region, so higher and 

more equally distributed species counts were observed.  

5.4.3 P/G index 

The high numbers of counted heterotrophic protoperidinoid cysts between 3.355 and 3.320 

Ma (Figure 4.12) are caused by the inflow of Pacific waters into the Caribbean. Upwelling of 

nutrient rich waters in the eastern Pacific attracts high amounts of heterotrophic organisms. 

When sea level started to lower near the onset of MIS M2, the inflow of Pacific waters into 

the Caribbean was hindered. This explains the sharp drop of P/G values during MIS M2. 

From 3.275 Ma onwards, both basins were fully reconnected again as reflected by the 

renewed dominance of heterotrophic dinoflagellates and the accompanying increase of the 

P/G index. 
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5.4.4 S/D index 

A mean S/D value of 0.3 (Figure 4.13) indicates neritic to marine conditions with a significant 

amount of terrestrial influence, most probably because of Amazon and Orinoco Rivers 

outflow. During MIS M2, the study site is characterised by distinct maxima in pollen and 

spores as a result of the decreasing sea level. During glacial periods rivers are able to bypass 

the shelf and transport their load to the deeper oceanic parts. The MIS M2 interval is 

furthermore characterised by a strong negative peak of the S/D ratio. This could be explained 

by the fact that the influence of pollen and spores is additionally dependent from wind 

directions and conditions on the mainland. Glacial cooling of the tropical area led to the 

shrinkage of rain forests in favour of dry grasslands. This evolution constrained the input of 

tropical pollen and spores into the adjacent basins. When after MIS M2 sea level rose again, 

the influence of pollen and spores was suppressed; but because of the rising temperature, 

tropical rain forests were able to expand again and deliver more terrestrial material into the 

Caribbean Sea. These apparent opposite effects are reflected by a decrease in S/D ratio, 

although the pollen and spores still constitute a major part of the entire palynomorph 

assemblages.  

5.4.5 N/O index 

The evolution of the N/O index throughout the studied core sections (Figure 4.14) is difficult 

to explain. One would expect that during intervals of full Panamanian throughflow open 

oceanic conditions would prevail near Caribbean ODP Site 999, whilst during closure and 

subsequent shallowing of the study area more neritic conditions would be installed. From this 

point of view, the N/O index should follow a similar pattern like Figure 4.13. Both patterns 

are however reversed.  

A possible explanation could be the following: the eastern Pacific is namely characterised by 

the upwelling of equatorial waters along the South American coast. As there was a 

throughflow between the Pacific and the Caribbean between 3.355 and 3.320 Ma, these 

waters were able to reach ODP Site 999, hereby influencing the neritic signal. The exchange 

ceased during the subsequent glacial closure. In the meantime, tropical Atlantic ocean waters 

were collected in the Caribbean Basin under impulse of the Westerlies. This induced an 

oceanic signature in the dinoflagellate cyst assemblages, hence disturbing local inner neritic 

conditions. Following MIS M2, the connection between the Pacific and the Caribbean was re-

established, and a similar signal as before 3.320 Ma was obtained. 
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In summary, the N/O index is in this case indicative for ocean currents influencing the study 

site, and are not necessarily related to the bathymetric regime of ODP Site 999.  

5.4.6 W/C index 

The W/C index, derived from warm-water and cold-water indicating species, is very close to 

1.0 (Figure 4.15). Based on these results, one could state that water temperatures between 

3.335 and 3.250 Ma remained high throughout, even during MIS M2. On the other hand, SST 

results derived from Globigerinoides sacculifer and Neogloboquadrina dutertrei (Figures 4.5 

and 4.6) show that conditions never got extremely cold in the Caribbean, although there are 

significant changes in SST that cannot be neglected. The difference between both methods 

probably lies in the fact that the W/C index is a more qualitative method, whereby warm-

water indicating species are sometimes able to tolerate a relatively wide array of temperatures. 

5.5 MULTIVARIATE ANALYSIS 

The alignment of Brigantedinium spp./Round Brown Cysts and Polysphaeridium zoharyi 

along the first principal component axis (Figure 4.16) clearly indicates the reflectance of 

nutrient availability. Heterotrophic Brigantedinium spp./Round Brown Cysts typically thrive 

in upwelling and nutrient rich waters that enter the Caribbean during periods of connection 

with the eastern Pacific Ocean. When the Strait of Panama closed as a consequence of 

glacially induced sea level lowering, nutrient levels and productivity in the Atlantic decreased 

(Schneider and Schmitter, 2006), and the dinoflagellate cyst assemblages became dominated 

by Polysphaeridium zoharyi.  

As the ecological preferences of Ataxiodinium zevenboomii types are poorly known, it is 

difficult to link the second principal component axis with an environmental variable. The 

opposition between Ataxiodinium zevenboomii types on the one hand, and Brigantedinium 

spp./Round Brown Cysts and Polysphaeridium zoharyi on the other hand, indicates that these 

species are uncorrelated with each other. 

5.6 COMPARITIVE STUDY 

Both Mg/Ca (Figure 4.5) and dinoflagellate cyst assemblage (Figure 4.8) records indicate an 

open connection between Pacific and Atlantic water masses between 3.355 and 3.320 Ma. 
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Relatively fresher and colder Pacific surface water leaked into the Caribbean and prevented 

the installation of a local hotspot for inflow into the Gulf Stream (Meinen et al., 2009). With a 

declining North Atlantic Current, less heat was transported towards the higher latitudes and 

this provided a positive feedback to the orbital induced MIS M2 glacial period. The results 

from this study corroborate the findings by De Schepper et al. (2009), and suggest a 

southward shift or slowdown of the North Atlantic Current, which reduced northward heat 

transport even 23-35 ka before the global ice volume maximum of MIS M2. The global ice 

volume minimum and accompanying sea level highstand at 3.320 Ma (Lisiecki and Raymo, 

2005) further caused a complete flooding of the Isthmus of Panama. These positive feedback 

mechanism are possibly the reasons why MIS M2 was such a severe cooling event compared 

to other glacial periods. 

From 3.320 Ma onwards, changes in dinoflagellate cyst assemblages reflect a shoaling of the 

Panamanian Land Bridge, caused by a decreasing sea level towards MIS M2. SSTs inferred 

from Globigerinoides sacculifer sharply decline since 3.320 Ma, and reach a minimum 

average value of  21.9 °C right before the onset of MIS M2. The dinoflagellate cysts 

assemblages from the same samples are characterised by the highest relative abundance of 

Habibacysta tectata, an important cold-water indicating species. This glacial cooling of 

Caribbean surface waters severly inhibited a vigorous heat transport to the higher latitudes.  

The gateway was probably fully closed at circa 3.315 Ma, when SSTs started to rise shortly 

afterwards, and the dinoflagellate cyst assemblages became completely dominated by species 

reflecting restricted water masses and/or high SST and SSS; meanwhile species typically 

associated with Pacific water masses almost disappeared. The atmospheric moisture transport 

from the Atlantic across Panama, together with the upwelling of colder waters in the Pacific 

provided a SST and SSS gradient at both sides of the isthmus. The restricted oceanic return 

flow into the Caribbean led to the installation of the West Atlantic Warm Pool, and a renewed 

strengthened thermohaline circulation. It is probably no coincidence that, following MIS M2, 

the planet experienced a pronounced warming, known as the mid-Pliocene Warm Period, 

because of a more vigorous poleward heat transport acting as a positive feedback on the 

orbital induction of the next interglacial. The mechanism of a strengthened overturning 

circulation at the origin of the mid-Pliocene Warm Period has been reported by several 

authors (Dowsett et al., 1996; Dowsett et al., 2005; Dowsett et al., 2009a; Dowsett et al., 

2009b; Mudelsee and Raymo, 2005; Raymo et al., 1996; Williams et al., 2008).  
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Earlier work by Groeneveld (2005) based on Mg/Ca analysis on Globigerinoides sacculifer 

showed no clear change in SSTs between 5.0 and 2.7 Ma. SSTs between the eastern 

equatorial Pacific and southwestern Caribbean started to diverge together with the onset of the 

Northern Hemisphere Glaciation, at circa 2.7 Ma ago, when sea level lowstands controlled the 

throughflow and resulted in the glacial emergence of the land bridge during MIS 100, 98 and 

96. In this case, the glacial-interglacial scenario, as represented in Figure 5.1, was only valid 

near the Pliocene-Quaternary transition. The high-resolution analysis of ODP Site 999, 

however, clearly indicates a similar scenario during MIS M2. The relative sea level highstand 

between 3.355 and 3.320 Ma flooded the Panamanian Land Bridge, hereby obscuring the SST 

gradient between the Pacific and the western Atlantic Ocean. The subsequent sea level drop of 

approximately 65 m resulted in the glacial exposure of the isthmus and led to a considerable 

warming of Caribbean surface water masses. A maximum average SST of 25.4 °C was 

reached at circa 3.270 Ma, presumably partially induced by the next interglacial warming as 

the dinoflagellate cyst assemblages reflect a complete reopening by 3.275 Ma. 

The period following MIS M2 is characterised by a decline in terrestrial and inner neritic 

palynomorphs and the reintroduction of ‘Pacific’ species in the Caribbean Sea. Conditions 

following MIS M2 are largely similar to those preceding the glacial period. The sea level rise 

towards the same level as before MIS M2 caused a renewed submersion of the Panamanian 

Isthmus and a decrease in surface water temperatures. 

The question still remains what caused such a pronounced cooling event. The southward shift 

or even complete slowdown of the North Atlantic Current, resulting from the dilution of 

warm and saline Caribbean waters by a combination of glacial cooling and the inflow of 

colder and fresher water from the Pacific, probably played a crucial role. The dinoflagellate 

cyst assemblages indicate that there was a free connection between the Pacific and the 

Caribbean since at least 3.355 Ma. The glacial temperature drop of several degrees between 

3.320 Ma and 3.310 Ma, when the gateway was almost fully closed because of the decreasing 

sea level, shut down the thermohaline circulation completely and put our planet into a glacial 

mode. 

The above mentioned processes however do not explain why exactly MIS M2 was such a 

severe cooling event in comparison with earlier occurring glacial periods. The results from 

this study further show that nor the dinoflagellate cyst assemblages, nor SSTs were affected 

by MIS MG1 or MG2, which were also recorded in the sampled core sections. Furthermore, a 
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long-term minimum in obliquity (41 kyr) amplitude fluctuations occurred between 4.5 and 3.1 

Ma (Figure 2.21; Haug and Tiedemann, 1998). This unfavourable orbital configuration made 

it difficult to develop a Quaternary-style climate. De Schepper et al. (2009) suggested that a 

tectonic reopening of the Panamanian Gateway at around 3.4-3.3 Ma lead to a weakening in 

northward heat transport. Additionally, δ
18

O and Mg/Ca records of Globigerinoides sacculifer 

from the Pacific and Atlantic Ocean register a first divergence at 4.0-3.8 Ma, remaining 

constant further on, but with a short term convergence between 3.4 and 3.3 Ma (Figures 2.8 

and 2.9). This could be interpreted as a reconnection between both oceans (Haug et al., 2001; 

Groeneveld, 2005).  

From this point of view, the thermohaline circulation already started to slow down before 

3.355 Ma. This is also reflected by the SSTs obtained from Mg/Ca analysis on 

Globigerinoides sacculifer. Although there is quite some variability between 3.355 and 3.320 

Ma, the general trend shows a decrease in SSTs, which is caused by the higher influx of 

colder Pacific waters. A slowdown or southward shift of the North Atlantic Current prohibited 

heat transport to the higher latitudes and favoured the growth of the Greenland Ice Sheet. 

Together with additional feedback mechanisms such as the formation of sea ice and the 

albedo effect, sea level dropped and global temperatures decreased several degrees. SSTs at 

ODP Site 999 sharply declined between 3.320 Ma and 3.310 Ma, even when the isthmus 

almost reached its full exposure. This final cooling completely shut down the Meridional 

Overturning Circulation and as a consequence, deep glacial conditions were achieved at 3.295 

Ma. 

The complete closure of the Panamanian Gateway led to an increase in SST and SSS in the 

Caribbean, fuelling the North Atlantic Current. This vigorous thermohaline circulation 

preluded an interval of greater warmth, namely the mid-Pliocene Warm Period (Dowsett et 

al., 2009a). Transport of a higher heat flux towards the northern polar regions caused the ice 

sheets to wane and sea level to rise again. A maximum in Caribbean SSTs at the end of MIS 

M2 was followed by a decrease, as waters from the Pacific started to reinfiltrate the Caribbean 

region. Despite a global warming of several degrees in comparison to today, sea level 

highstands placed an important constraint on northern latitude heat transport. When the orbital 

obliquity amplitude fluctuations finally became favourable again to induce more severe 

glacial-interglacial conditions from 3.1 Ma onwards (Haug and Tiedemann, 1998), the final 

steps were taken towards the full glaciation of the Northern Hemisphere. 
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This research also shed light on the mechanisms leading to the Northern Hemisphere 

Glaciation. Study of the MIS M2 interval clearly showed that a slowdown of the North 

Atlantic Current was a necessary precondition for the climate system to step into a 

distinguishable, Quaternary-like glacial mode. This hypothesis was also previously suggested 

by De Schepper et al. (2009) and Naafs et al. (2010), based on SST data from the North 

Atlantic Ocean. Climate models focusing on the climatological effects of the Isthmus of 

Panama showed that closure of the gateway prevented large scale ice sheet growth, as a result 

of the associated increase in polar heat transport (Klocker et al., 2005; Lunt et al., 2008). 

These results contrast the scenario that an increased thermohaline circulation led to an 

increase in evaporation, subsequent precipitation, and finally the build-up of continental ice 

sheets on Greenland (Bartoli et al., 2005; Driscoll and Haug, 1998; Haug and Tiedemann, 

1998; Haug et al., 2001; Keigwin, 1982; Prentice and Matthews, 1991; Weyl, 1968). 
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6 CONCLUSION 

Figure 6.1 provides a schematic overview of the main results and conclusions from this study, 

which are summarised below. 

The Panamanian Gateway has always been considered as a major player in climate change, 

from at least the Pliocene on. Opening or closure of the Central American Seaway causes a 

remarkable reorganisation of the ocean circulation, related to heat and moisture transport 

towards higher latitudes. The fact that the Northern Hemisphere ice sheets began to wax when 

the Strait of Panama finally closed at 2.65 Ma, led to the idea that the latter caused the global 

climate to enter a full glacial state (Molnar, 2008). Despite the general acceptance of a link 

between the closure of the gateway and an increased northward heat transport, the actual net 

effect on climate change is still a matter of debate. The relative importance of an increased 

heat transport versus an increased evaporation and precipitation rate is largely unknown. This 

uncertainty causes a wide range of hypothesis; going from promoting the link between the 

closure of the Central American Seaway and the Northern Hemisphere Glaciation (Bartoli et 

al., 2005; Driscoll and Haug, 1998; Haug and Tiedemann, 1998; Haug et al., 2001; Keigwin, 

1982; Prentice and Matthews, 1991; Weyl, 1968), to questioning such an effect on global 

change (Lunt et al., 2008), and to even suggesting the complete opposite (Berger and Wefer, 

1996; Klocker et al., 2005; Naafs et al., 2010). 

In order to better assess the role of the Panamanian Gateway in Pliocene global climate 

change, MIS M2 (3.310-3.280 Ma) was the subject of a high resolution study. The benthic 

oxygen isotope stack of Lisiecki and Raymo (2005) shows a large shift towards larger δ
18

O 

values, corresponding to a sea level decrease of approximately -65 m at 3.295 Ma. MIS M2 

occurred before the mid-Pliocene Warm Period (3.29-2.97 Ma), an interval of greater warmth 

before the Northern Hemisphere Glaciation, and is considered as a failed attempt of the 

climate system to step into a Quaternary-like glacial mode (De Schepper et al., 2009). 

Previous research (Groeneveld, 2005; Haug and Tiedemann, 1998; Haug et al., 2001; Steph et 

al., 2006) mainly focused on geochemical records from the Caribbean and Pacific, in order to 

investigate the long-term evolution towards the Northern Hemisphere Glaciation. Their 

results indicate that major changes only took place at around 2.7 Ma. However, analyses on a  
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Figure 6.1. Schematic overview figure of the main results and conclusions from this r esearch 

project. See text for explanations. 
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broad time scale between circa 5.0 and 2.5 Ma ago automatically imply an overall lower 

resolution with regard to specific events such as MIS M2. 

In this study a high resolution record between 3.355 and 3.250 Ma from Caribbean Ocean 

Drilling Program (ODP) Site 999 was analysed for Mg/Ca ratios and dinoflagellate cysts. 

Geochemical Mg/Ca rmeasurements on the surface and thermocline dwelling foraminifera 

species Globigerinoides sacculifer and Neogloboquadrina dutertrei were used to reconstruct 

former SSTs at different water depths. Floral dinoflagellate cyst assemblages were analysed 

to obtain overall water mass characteristics. This combined approach documented 

palaeoceanographic changes before, during and after MIS M2, and tried to asses the role of 

the Panamanian Gateway in Pliocene global climate change. 

The obtained results indicate that there was an open and free connection between the 

Caribbean and the Pacific from 3.355 Ma to 3.320 Ma. Upwelling along the equator attracted 

high amounts of heterotrophic Brigantedinium spp./Round Brown Cysts, implying high 

productivity waters near the study site. The inflow of relatively fresh and cold Pacific waters 

caused a gradual decrease in Caribbean SSTs, and led to an important decline in North 

Atlantic Current strength.  

These results corroborate the findings by De Schepper et al. (2009), who suggested a 

southward shift or slowdown of the North Atlantic Current 23-35 ka before the global ice 

volume maximum of MIS M2. A slowdown in the thermohaline circulation was thus a 

necessary prerequisite to create such an extensive cooling event like MIS M2. This contrasts 

with the hypothesis that an increased thermohaline circulation is required to provide the 

higher latitudes with sufficient water vapour, in order to stimulate extensive ice sheet growth 

(Bartoli al., 2005; Driscoll and Haug, 1998; Haug and Tiedemann, 1998; Haug et al., 2001; 

Keigwin, 1982; Prentice and Matthews, 1991; Weyl, 1968). 

Following the global ice volume minimum at 3.320 Ma (Lisiecki and Raymo, 2005), the 

Greenland ice sheet started to expand and sea level dropped. Together with positive feedback 

mechanisms, such as an increase in snow albedo, SSTs at ODP Site 999 sharply declined to 

reach a minimum below 22 °C at 3.310 Ma. The decreasing sea level between 3.320 and 

3.310 Ma, caused by the build-up of continental ice sheets in the Northern Hemisphere, 

started to control the througflow across the Central American Seaway. Oceanographic 

conditions during MIS M2 were probably comparable to those during the Quaternary. 

Because of the glacial induced emergence of the Panamanian Land Bridge, ODP Site 999 was 
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subjected to terrestrial influences, which is reflected by peak relative abundances of pollen 

and spores and reworked dinoflagellate cysts. 

Meanwhile, excessive evaporation in the tropical Atlantic realm left ocean waters warmer and 

saltier, and led to the input of fresh and cooled water, carried by Western Trade Winds, in the 

Pacific through rainfall. Another main feature is that warm water was collected in the 

Caribbean Basin, while the eastern Pacific was characterised by the upwelling of cooler 

waters along the equator. SSTs in the Caribbean started to increase from 3.310 Ma onwards, 

and eventually reached a maximum of circa 25.5 °C at around 3.270 Ma. The dinoflagellate 

cyst assemblages are now dominated by Polysphaeridium zoharyi, an inner neritic species 

that favours restricted water bodies with high SSTs and high SSSs (Edwards and Andrle, 

1992). Brigantedinium spp./Round Brown Cysts have almost completely disappeared as a 

result of the decreased Pacific inflow and productivity in the Caribbean. The restriction of 

surface water exchange and the installation of the West Atlantic Warm Pool enhanced the 

thermohaline circulation intensively. A more vigorous northward heat transport caused high 

latitude warming and the waning of previously formed ice sheets. A new interval of greater 

warmth was initiatied: the mid-Pliocene Warm Period. Temperatures during this period were 

several degrees higher compared to today, and are often ascribed to a stronger Meridional 

Overturning Circulation (Dowsett et al., 1996; Dowsett et al., 2005; Dowsett et al., 2009a; 

Dowsett et al., 2009b; Mudelsee and Raymo, 2005; Raymo et al., 1996; Williams et al., 

2008). 

At 3.270 Ma, sea level almost rose to a pre-MIS M2 comparable level, while relatively colder 

and nutrient rich Pacific waters were already able to gradually infiltrate the Caribbean region 

from 3.280 Ma onwards. This is reflected by a decrease in SSTs and the re-appearance of 

heterotrophic dinoflagellate species. The conditions established after MIS M2 were equal to 

those preluding the glacial interval. A renewed full connection between both basins at circa 

3.275 Ma caused the dilution of dense Caribbean waters developed during MIS M2. It is 

probably no coincidence that, following the mid-Pliocene Warm Period, the planet was 

directed towards a full glacial mode. 

This scenario was previously only assumed to be valid around the onset of the Northern 

Hemisphere Glaciation (Groeneveld, 2005; Haug and Tiedemann, 1998; Haug et al., 2001; 

Steph et al., 2006). This study however indicates that a comparable scenario took place during 

MIS M2. In contrast to the deeper ocean layers, only pronounced glacial events were able to 
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completely restrict the surface water flow. The full closure of the seaway at around 3.315 Ma 

was caused by an extensive sea level drop, inducing the glacial emergence of the land bridge. 

This mechanism is comparable to that during Quaternary glacial episodes, when sea level 

fluctuations in the order of 50-80 m started to control the Pacific inflow into the Caribbean.  

An explanation for an open gateway, even before 3.355 Ma, cannot be immediately explained 

by sea level fluctuations. Futhermore, conditions near the Central American Seaway seem to 

be relatively insensitive to previous – but more moderate – glacial-interglacial intervals, such 

as MG2 and MG1, which were also recorded in the studied core sections. The results are 

consistent with lower resolution δ
18

O and Mg/Ca records from the Pacific and Atlantic Ocean, 

that registered a short term convergence between 3.4 and 3.3 Ma (Groeneveld, 2005; Haug et 

al., 2001). De Schepper et al. (2009) suggested that a tectonic reopening of the Panamanian 

Gateway at around 3.4-3.3 Ma led to a weakening in northward heat transport. It would 

therefore be preferable to apply a similar high-resolution geochemical and palynological 

analysis back to at least 3.4 Ma, in order to figure out what really caused the Pacific-

Caribbean reconnection leading to MIS M2. Future studies should also include stable oxygen 

and carbon isotope analysis on all samples to quantify Caribbean salinity, productivity and 

water mass origin. 

Whether tectonics or sea level dynamics play a role in the flooding or the exposure of the 

isthmus, the Panamanian Gateway has a major influence on the climate system. The 

investigation demonstrates that the isthmus acts as a strong feedback mechanism to both 

orbitally induced glacial and interglacial cycles, similar to what happened during the 

Quaternary. This research study once more emphasised the importance of oceanic gateways in 

global climate change. 
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Samples ODP Leg 165 Hole 999A 12H (cm) 2W 25-27 2W 28-30 2W 31-33 2W 35-37 2W 38-40 2W 41-43 2W 45-47 2W 48-50 2W 51-53 2W 55-57 2W 58-60 

Depth (mbsf) 104.35 104.38 104.41 104.45 104.48 104.51 104.55 104.58 104.61 104.65 104.68 

Age (ka) 3248.84 3249.91 3250.99 3252.42 3253.50 3254.57 3255.65 3256.72 3257.80 3258.87 3259.94 

  

           δ
18

OC. wuellerstorfi (‰) 2.7798 

  

2.5934 

  

2.7491 

  

2.7940 

 Mg/CaG. sacculifer (mmol/mol) 

 

3.14 2.99 2.97 2.83 3.11 

 

3.42 3.08 2.87 3.18 

t°G. sacculifer (°C) 

 

24.41 23.78 23.69 23.05 24.31 

 

25.56 24.15 23.21 24.57 

Mg/CaN. dutertrei (mmol/mol) 

 

2.34 2.44 

  

1.83 

 

1.75 1.75 

  t°N. dutertrei (°C) 

 

21.38 21.82 

  

18.62 

 

18.17 18.16 

  Sand fraction (%) 19.01 16.75 18.40 18.66 20.57 24.67 27.25 20.05 25.16 26.48 24.98 

 

 

Samples ODP Leg 165 Hole 999A 12H (cm) 2W 61-63 2W 65-70 2W 68-70 2W 71-73 2W 75-77 2W 78-80 2W 81-83 2W 85-87 2W 88-90 2W 91-93 2W 95-97 

Depth (mbsf) 104.71 104.75 104.78 104.81 104.85 104.88 104.91 104.95 104.98 105.01 105.05 

Age (ka) 3261.02 3262.45 3263.52 3264.60 3265.67 3266.74 3267.82 3269.25 3270.32 3271.40 3272.47 

  

           δ
18

OC. wuellerstorfi (‰) 

 

2.5908 

  

2.6511 

  

2.8346 

  

2.7984 

Mg/CaG. sacculifer (mmol/mol) 3.29 

 

3.38 3.29 3.15 3.79 3.34 

 

3.19 3.24 3.05 

t°G. sacculifer (°C) 25.04 

 

25.39 25.02 24.46 26.90 25.22 

 

24.64 24.83 24.02 

Mg/CaN. dutertrei (mmol/mol) 1.82 

 

2.21 2.27 

 

2.18 

   

2.04 

 t°N. dutertrei (°C) 18.59 

 

20.74 21.05 

 

20.60 

   

19.86 

 Sand fraction (%) 23.53 23.34 18.63 21.99 19.17 21.58 22.23 21.29 24.69 22.04 22.83 
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Samples ODP Leg 165 Hole 999A 12H (cm) 2W 98-100 2W 101-103 2W 105-107 2W 108-110 2W 111-113 2W 115-117 2W 118-120 2W 121-123 2W 125-127 2W 131-133 

Depth (mbsf) 105.08 105.11 105.15 105.18 105.21 105.25 105.28 105.31 105.35 105.41 

Age (ka) 3273.54 3274.62 3276.05 3277.12 3278.20 3279.27 3280.35 3281.42 3282.50 3284.65 

                      

δ
18

OC. wuellerstorfi (‰)     2.7722     2.9187     2.9342   

Mg/CaG. sacculifer (mmol/mol) 3.13 3.02   2.98 3.09 2.95 3.14 3.09   3.11 

t°G. sacculifer (°C) 24.39 23.92   23.74 24.19 23.61 24.44 24.22   24.30 

Mg/CaN. dutertrei (mmol/mol) 2.06 2.16   2.18 2.26   2.40 2.37   2.28 

t°N. dutertrei (°C) 19.95 20.48   20.59 20.99   21.66 21.52   21.07 

Sand fraction (%) 24.57 26.50 25.18 27.51 26.93 28.65 26.86 24.24 20.23 24.02 

 

 

Samples ODP Leg 165 Hole 999A 12H (cm) 2W 135-137 2W 138-140 2W 141-143 2W 145-147 3W 1-3 3W 5-7 3W 8-10 3W 11-13 3W 15-17 3W 18-20 3W 21-23 

Depth (mbsf) 105.45 105.48 105.51 105.55 105.61 105.65 105.68 105.71 105.75 105.78 105.81 

Age (ka) 3286.08 3287.15 3288.23 3289.30 3291.45 3292.88 3293.95 3295.03 3296.10 3297.14 3298.18 

  

          

 

δ
18

OC. wuellerstorfi (‰) 3.3533 

  

3.0378 

 

3.3891 

  

3.4387 

 

 

Mg/CaG. sacculifer (mmol/mol) 3.11 2.96 3.13 

 

2.98 2.83 3.14 2.84 

 

2.54 3.02 

t°G. sacculifer (°C) 24.30 23.63 24.40 

 

23.71 23.06 24.43 23.10 

 

21.61 23.90 

Mg/CaN. dutertrei (mmol/mol) 

  

2.20 

 

2.16 

 

2.19 2.44 

 

2.16 1.97 

t°N. dutertrei (°C) 

  

20.66 

 

20.46 

 

20.66 21.82 

 

20.45 19.47 

Sand fraction (%) 27.01 23.60 24.05 21.77 20.48 20.97 22.73 21.09 22.29 23.47 25.34 
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Samples ODP Leg 165 Hole 999A 12H (cm) 3W 25-27 3W 28-30 3W 31-33 3W 35-37 3W 38-40 3W 41-43 3W 45-47 3W 48-50 3W 51-53 3W 57-59 3W 58-60 

Depth (mbsf) 105.85 105.88 105.91 105.95 105.98 106.01 106.05 106.08 106.11 106.17 106.18 

Age (ka) 3299.56 3300.60 3301.63 3302.67 3303.71 3304.74 3305.78 3306.82 3307.86 3309.93 3310.28 

  

          

 

δ
18

OC. wuellerstorfi (‰) 3.2191 

     

3.0102 

  

3.1283  

Mg/CaG. sacculifer (mmol/mol) 2.51 2.82 3.05 

 

2.71 2.78 2.46 2.85 2.90 

 

2.66 

t°G. sacculifer (°C) 21.47 23.00 24.02 

 

22.48 22.82 21.20 23.14 23.37 

 

22.24 

Mg/CaN. dutertrei (mmol/mol) 

 

1.68 1.89 

 

2.08 1.89 

 

2.06 1.96 

 

1.96 

t°N. dutertrei (°C) 

 

17.69 18.97 

 

20.07 19.02 

 

19.94 19.42 

 

19.42 

Sand fraction (%) 18.35 19.72 21.65 18.39 17.89 17.69 19.28 21.88 

 

13.36 18.58 

 

 

Samples ODP Leg 165 Hole 999A 12H (cm) 3W 61-63 3W 65-67 3W 68-70 3W 71-73 3W 75-77 3W 78-80 3W 81-83 3W 85-87 3W 88-90 3W 91-93 3W 95-97 

Depth (mbsf) 106.21 106.25 106.28 106.32 106.35 106.38 106.41 106.45 106.48 106.51 106.55 

Age (ka) 3311.31 3312.35 3313.39 3314.43 3315.81 3316.85 3317.88 3318.92 3319.96 3321.00 3322.38 

                        

δ
18

OC. wuellerstorfi (‰)   2.8571     2.5786     2.4649     2.7175 

Mg/CaG. sacculifer (mmol/mol) 2.74 2.62 2.14 2.97   2.81 2.86 2.97 2.96 2.83   

t°G. sacculifer (°C) 22.63 22.02 19.36 23.67   22.97 23.19 23.70 23.65 23.03   

Mg/CaN. dutertrei (mmol/mol) 1.80   1.84 1.91   1.98 1.96   2.02 2.59   

t°N. dutertrei (°C) 18.41   18.69 19.09   19.51 19.38   19.72 22.49   

Sand fraction (%) 13.19 10.87 12.43 12.65 10.49 10.39   11.12 10.53 11.73 12.10 
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Samples ODP Leg 165 Hole 999A 12H (cm) 3W 98-100 3W 101-103 3W 105-107 3W 108-110 3W 111-113 3W 115-117 3W 118-120 3W 121-123 3W 125-127 3W 128-130 

Depth (mbsf) 106.58 106.61 106.65 106.68 106.71 106.75 106.78 106.81 106.85 106.88 

Age (ka) 3323.42 3324.45 3325.49 3326.53 3327.57 3328.95 3329.99 3331.03 3332.06 3333.10 

  

          δ
18

OC. wuellerstorfi (‰) 

  

2.6892 

  

2.7367 

    Mg/CaG. sacculifer (mmol/mol) 3.15 2.80 2.61 2.96 3.01 

 

3.11 3.09 2.79 2.90 

t°G. sacculifer (°C) 24.46 22.91 21.97 23.65 23.87 

 

24.31 24.19 22.85 23.39 

Mg/CaN. dutertrei (mmol/mol) 2.12 2.34 

 

2.14 

  

2.31 2.19 

 

1.91 

t°N. dutertrei (°C) 20.29 21.36 

 

20.38 

  

21.23 20.61 

 

19.13 

Sand fraction (%) 13.92 

 

15.40 14.66 14.94 16.53 14.08 16.66 13.52 16.07 

 

 

Samples ODP Leg 165 Hole 999A 12H (cm) 3W 131-133 3W 135-137 3W 138-140 3W 141-143 3W 142-144 3W 148-150 4W 1-3 4W 5-7 4W 8-10 4W 11-13 4W 15-17 

Depth (mbsf) 106.91 106.95 106.98 107.01 107.02 107.08 107.11 107.15 107.18 107.21 107.25 

Age (ka) 3334.14 3335.18 3336.22 3337.25 3337.60 3339.68 3340.71 3341.75 3342.79 3343.83 3345.21 

  

           δ
18

OC. wuellerstorfi (‰) 

    

2.8658 

  

2.9334 

  

2.7448 

Mg/CaG. sacculifer (mmol/mol) 3.07 

 

2.78 3.17 2.96 

 

2.95 

 

3.40 2.85 2.65 

t°G. sacculifer (°C) 24.11 

 

22.82 24.56 23.62 

 

23.58 

 

25.47 23.13 22.16 

Mg/CaN. dutertrei (mmol/mol) 2.09 

 

1.88 1.81 

  

2.15 

 

1.75 1.66 

 t°N. dutertrei (°C) 20.12 

 

18.94 18.52 

  

20.41 

 

18.13 17.54 

 Sand fraction (%) 18.39 13.06 18.71 17.17 19.12 

 

12.51 12.91 16.58 17.12 13.26 
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Samples ODP Leg 165 Hole 999A 12H (cm) 4W 18-20 4W 21-23 4W 25-27 4W 28-30 4W 31-33 4W 35-37 4W 38-40 4W 41-43 4W 45-47 4W 48-50 4W 51-53 

Depth (mbsf) 107.28 107.31 107.35 107.38 107.41 107.45 107.48 107.51 107.55 107.58 107.61 

Age (ka) 3346.25 3347.28 3348.32 3349.36 3350.40 3351.78 3352.82 3353.85 3354.89 3355.93 3356.96 

                        

δ
18

OC. wuellerstorfi (‰)     2.8200     2.5900     2.5100     

Mg/CaG. sacculifer (mmol/mol) 3.05 2.92   3.09 3.14 3.36 3.12 3.09   2.93 2.61 

t°G. sacculifer (°C) 24.02 23.47   24.19 24.44 25.31 24.34 24.22   23.49 21.97 

Mg/CaN. dutertrei (mmol/mol) 2.02 1.99     1.72     1.83   2.17 1.97 

t°N. dutertrei (°C) 19.72 19.54     17.93     18.64   20.55 19.46 

Sand fraction (%) 12.47 16.30 15.89 15.48 14.63 14.50 13.36 17.94 16.18 15.94 14.53 

 

 

Samples ODP Leg 165 Hole 999A 12H (cm) 4W 55-57 

Depth (mbsf) 107.65 

Age (ka) 3358.00 

    

δ
18

OC. wuellerstorfi (‰) 2.6700 

Mg/CaG. sacculifer (mmol/mol) 3.00 

t°G. sacculifer (°C) 23.83 

Mg/CaN. dutertrei (mmol/mol)   

t°N. dutertrei (°C)   

Sand fraction (%) 16.72 
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APPENDIX 2  

DINOFLAGELLATE CYST ANALYSIS 
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Samples ODP Leg 165 Hole 999A 12H (cm) 2W 28-30 2W 31-33 2W 41-43 2W 48-50 2W 51-53 2W 58-60 2W 61-63 2W 68-70 

Depth (mbsf) 104.38 104.41 104.51 104.58 104.61 104.68 104.71 104.78 

Age (ka) 3249.91 3250.99 3254.57 3256.72 3257.80 3259.94 3261.02 3263.52 

         POLLEN AND SPORES 

        Bissacate pollen indeterminate 21 9 69 15 9 18 4 6 

Pollen and spores indeterminate 81 68 187 94 88 159 51 64 

Total pollen and spores 102 77 256 109 97 177 55 70 

         ACRITARCHS 

        Cymatiosphaera spp. 3 5 7 9 6 12 3 4 

Nannobarbophora walldalei 

    

1 

 

+ 2 

Small Spiny Acritarch type A 

 

2 11 3 6 15 10 5 

Small (Spiny) Acritarchs, general + 19 7 1 29 5 4 6 

Total acritarchs 3 26 25 13 42 32 17 17 

         DINOFLAGELLATE CYSTS 

        Achomosphaera/Spinferites spp. 6 9 37 9 7 12 29 33 

Ataxiodinium confusum 

  

1 

     Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 26 68 27 39 122 19 40 25 

Ataxiodinium zevenboomii sensu Head, 1997 

      

1 

 Ataxiodinium zevenboomii 'large' 2 

       Bitectatodinium raedwaldii 2 1 

 

3 3 1 1 2 

Brigantedinium spp./Round Brown Cysts 163 153 87 157 59 90 46 69 

Corrudinium harlandii/Pyxidinopsis reticulata 2 2 4 2 2 3 + 3 

Dapsilidinium pseudocolligerum 1 

  

+ 

    Echinidinium? sp. A 

        Edwardsiella sexispinosa 1 1 

 

1 

 

3 1 1 

Filisphaera? sp. 

        Habibacysta tectata 

 

1 

      Impagidinium aculeatum 4 6 7 8 2 1 3 3 

Impagidinium paradoxum 7 + 9 6 1 7 3 1 

Impagidinium patulum 4 3 10 9 4 4 2 1 

Impagidinium plicatum 

  

1 

  

1 2 2 

Impagidinium strialatum 

  

2 1 + 1 + 

 Impagidinium velorum 

        Impagidinium sp. 2 De Schepper and Head, 2009 

        



P a g e  | 145 

 

Invertocysta lacrymosa 1 

  

1 

 

4 1 2 

Kallosphaeridium sp. 12 18 13 23 17 18 26 11 

Lingulodinium machaerophorum 1 2 2 

   

1 4 

Nematosphaeropsis labyrinthus 15 5 17 8 13 13 12 3 

Nematosphaeropsis lattivitatus 

        Nematosphaeropsis rigida 

     

2 

  Operculodinium centrocarpum/Operculodinium israelianum 2 1 7 7 3 7 21 29 

Operculodinium centrocarpum sensu Wall and Dale, 1966 28 13 48 24 21 33 60 59 

Operculodinium centrocarpum sensu Wall and Dale, 1966 short processes 

   

1 

  

4 1 

Operculodinium janduchenei + + 2 1 

 

2 2 

 Cysts of Pentapharsodinium dalei 4 1 2 3 3 1 1 1 

Cysts of Polykrikos kofoidii 

   

1 

    Polysphaeridium zoharyi 1 2 4 + 1 3 

 

1 

Selenopemphix nephroides 

 

1 

 

2 

 

1 

 

+ 

Selenopemphix quanta 

  

1 

       

        Indeterminate dinocysts 19 11 41 18 18 66 27 33 

  

        Total in situ dinocysts 301 298 322 324 276 292 283 284 

Total in situ dinocysts (excluding indeterminate dinoflagellate cysts) 282 287 281 306 258 226 256 251 

         Indeterminate palynomorphs 40 21 38 32 24 30 8 13 

Reworked dinocysts 1 4 12 2 3 2 9 5 

         ENVIRONMENTAL INDICES 

        Dry weight sediment (g) 21.05 14.93 7.39 15.55 14.27 10.20 5.88 15.51 

Number of Lycopodium clavatum spore tablets added 1 1 1 1 1 1 1 1 

Number of Lycopodium clavatum spores per tablet 18584 18584 18584 18584 18584 18584 18584 18584 

Lycopodium clavatum spike 595 728 4153 1364 1199 2930 1614 670 

  

        Absolute abundance (cysts/g sediment) 446.62 509.52 194.98 283.88 299.78 181.57 554.17 507.89 

Shannon-Wiener index  4.26 4.45 3.46 4.00 4.25 3.56 3.50 3.69 

P/G index  0.59 0.54 0.32 0.53 0.24 0.41 0.18 0.28 

S/D index 0.25 0.21 0.44 0.25 0.26 0.38 0.16 0.20 

N/O index  0.62 0.87 0.66 0.71 0.88 0.63 0.83 0.89 

W/C index  0.83 0.88 0.95 0.91 0.79 0.96 0.97 0.98 
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Samples ODP Leg 165 Hole 999A 12H (cm) 2W 71-73 2W 78-80 2W 81-83 2W 88-90 2W 91-93 2W 98-100 2W 101-103 2W 108-110 

Depth (mbsf) 104.81 104.88 104.91 104.98 105.01 105.08 105.11 105.18 

Age (ka) 3264.60 3266.74 3267.82 3270.32 3271.40 3273.54 3274.62 3277.12 

         POLLEN AND SPORES 

        Bissacate pollen indeterminate 3 6 16 3 16 17 4 20 

Pollen and spores indeterminate 50 84 73 53 100 119 45 95 

Total pollen and spores 53 90 89 56 116 136 49 115 

         ACRITARCHS 

        Cymatiosphaera spp. 5 5 2 4 2 6 3 9 

Nannobarbophora walldalei 1 

       Small Spiny Acritarch type A 4 1 2 1 7 2 1 14 

Small (Spiny) Acritarchs, general 7 16 11 35 14 9 14 11 

Total acritarchs 17 22 15 40 23 17 18 34 

         DINOFLAGELLATE CYSTS 

        Achomosphaera/Spinferites spp. 12 4 12 12 17 11 4 30 

Ataxiodinium confusum 

        Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 31 9 141 118 15 40 39 36 

Ataxiodinium zevenboomii sensu Head, 1997 

    

1 

   Ataxiodinium zevenboomii 'large' 

  

22 3 

 

5 

  Bitectatodinium raedwaldii 2 2 1 

  

2 1 2 

Brigantedinium spp./Round Brown Cysts 46 254 45 94 168 177 38 55 

Corrudinium harlandii/Pyxidinopsis reticulata 1 1 

 

1 2 1 

 

2 

Dapsilidinium pseudocolligerum 1 

    

1 

  Echinidinium? sp. A 

        Edwardsiella sexispinosa 

  

2 

 

2 1 2 1 

Filisphaera? sp. 

        Habibacysta tectata 

   

1 

    Impagidinium aculeatum 2 

 

3 + 1 8 4 31 

Impagidinium paradoxum 3 

 

2 1 5 8 2 9 

Impagidinium patulum 1 

 

3 1 8 6 3 7 

Impagidinium plicatum 

    

1 

  

2 

Impagidinium strialatum 

  

1 2 

  

3 2 

Impagidinium velorum 

        Impagidinium sp. 2 De Schepper and Head, 2009 

  

2 
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Invertocysta lacrymosa 4 2 1 + 1 3 

 

9 

Kallosphaeridium sp. 17 12 29 24 17 28 5 18 

Lingulodinium machaerophorum 

  

2 1 

   

3 

Nematosphaeropsis labyrinthus 1 

 

17 2 

 

16 6 20 

Nematosphaeropsis lattivitatus 

    

3 

  

2 

Nematosphaeropsis rigida 

        Operculodinium centrocarpum/Operculodinium israelianum 8 3 10 2 8 + 1 5 

Operculodinium centrocarpum sensu Wall and Dale, 1966 17 7 14 8 5 12 2 32 

Operculodinium centrocarpum sensu Wall and Dale, 1966 short processes 4 

      

1 

Operculodinium janduchenei 1 1 

   

2 1 3 

Cysts of Pentapharsodinium dalei 

  

3 2 1 2 1 1 

Cysts of Polykrikos kofoidii 

        Polysphaeridium zoharyi 

    

2 2 

 

5 

Selenopemphix nephroides 1 

  

2 

  

1 

 Selenopemphix quanta 

          

        Indeterminate dinocysts 18 13 24 11 29 30 10 49 

  

        Total in situ dinocysts 170 308 334 285 286 355 123 325 

Total in situ dinocysts (excluding indeterminate dinoflagellate cysts) 152 295 310 274 257 325 113 276 

         Indeterminate palynomorphs 5 25 12 10 10 45 3 18 

Reworked dinocysts 

 

1 8 3 5 2 4 6 

         ENVIRONMENTAL INDICES 

        Dry weight sediment (g) 10.57 11.76 11.85 23.08 12.68 12.02 4.67 12.72 

Number of Lycopodium clavatum spore tablets added 1 1 1 1 1 1 1 1 

Number of Lycopodium clavatum spores per tablet 18584 18584 18584 18584 18584 18584 18584 18584 

Lycopodium clavatum spike 932 400 907 276 1081 1860 916 1386 

  

        Absolute abundance (cysts/g sediment) 320.70 1216.81 577.51 831.46 387.76 295.09 534.36 342.59 

Shannon-Wiener index  3.60 5.68 3.90 4.46 4.56 4.15 3.93 3.05 

P/G index  0.31 0.86 0.15 0.36 0.66 0.55 0.35 0.20 

S/D index 0.24 0.23 0.21 0.16 0.29 0.28 0.28 0.26 

N/O index  0.87 0.94 0.88 0.96 0.74 0.68 0.71 0.54 

W/C index  1.00 1.00 0.88 0.70 0.96 0.92 0.93 0.98 
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Samples ODP Leg 165 Hole 999A 12H (cm) 2W 111-113 2W 118-120 2W 121-123 2W 131-133 2W 138-140 2W 141-143 3W 1-3 

Depth (mbsf) 105.21 105.28 105.31 105.41 105.48 105.51 105.61 

Age (ka) 3278.20 3280.35 3281.42 3284.65 3287.15 3288.23 3291.45 

        POLLEN AND SPORES 

       Bissacate pollen indeterminate 22 23 9 14 10 3 88 

Pollen and spores indeterminate 98 109 57 45 134 58 176 

Total pollen and spores 120 132 66 59 144 61 264 

        ACRITARCHS 

       Cymatiosphaera spp. 7 9 6 8 10 4 11 

Nannobarbophora walldalei 

  

1 

    Small Spiny Acritarch type A 6 10 2 7 3 8 11 

Small (Spiny) Acritarchs, general 19 7 4 6 12 2 4 

Total acritarchs 32 26 13 21 25 14 26 

        DINOFLAGELLATE CYSTS 

       Achomosphaera/Spinferites spp. 20 24 2 17 3 9 11 

Ataxiodinium confusum 

       Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 60 25 7 30 48 1 

 Ataxiodinium zevenboomii sensu Head, 1997 2 

   

1 1 

 Ataxiodinium zevenboomii 'large' 

  

1 21 

 

2 

 Bitectatodinium raedwaldii 3 2 1 6 2 1 2 

Brigantedinium spp./Round Brown Cysts 44 40 35 15 27 5 20 

Corrudinium harlandii/Pyxidinopsis reticulata 3 3 3 2 7 2 11 

Dapsilidinium pseudocolligerum 

       Echinidinium? sp. A 

       Edwardsiella sexispinosa 2 8 1 1 

   Filisphaera? sp. 

       Habibacysta tectata 

       Impagidinium aculeatum 41 46 38 54 43 54 44 

Impagidinium paradoxum 11 17 13 7 5 7 8 

Impagidinium patulum 4 3 4 3 6 6 7 

Impagidinium plicatum 3 3 

   

1 1 

Impagidinium strialatum 3 3 2 1 

 

+ 2 

Impagidinium velorum 

       Impagidinium sp. 2 De Schepper and Head, 2009 
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Invertocysta lacrymosa 22 23 44 31 4 10 1 

Kallosphaeridium sp. 40 17 10 21 17 3 4 

Lingulodinium machaerophorum 7 4 1 2 1 

  Nematosphaeropsis labyrinthus 15 20 11 30 5 12 7 

Nematosphaeropsis lattivitatus 

 

1 

     Nematosphaeropsis rigida 

 

1 

     Operculodinium centrocarpum/Operculodinium israelianum 7 13 1 1 

 

5 + 

Operculodinium centrocarpum sensu Wall and Dale, 1966 13 17 6 9 4 8 13 

Operculodinium centrocarpum sensu Wall and Dale, 1966 short processes 

 

1 

     Operculodinium janduchenei 5 4 5 2 3 9 7 

Cysts of Pentapharsodinium dalei 1 1 1 3 

  

1 

Cysts of Polykrikos kofoidii 

       Polysphaeridium zoharyi 6 20 171 62 21 140 141 

Selenopemphix nephroides 

   

+ 

   Selenopemphix quanta 

         

       Indeterminate dinocysts 24 37 49 15 62 18 31 

  

       Total in situ dinocysts 336 333 406 333 259 294 311 

Total in situ dinocysts (excluding indeterminate dinoflagellate cysts) 312 296 357 318 197 276 280 

        Indeterminate palynomorphs 23 15 12 13 14 11 20 

Reworked dinocysts 11 7 

 

5 3 5 2 

        ENVIRONMENTAL INDICES 

       Dry weight sediment (g) 8.87 6.90 13.55 14.39 10.52 11.49 10.60 

Number of Lycopodium clavatum spore tablets added 1 1 1 1 1 1 1 

Number of Lycopodium clavatum spores per tablet 18584 18584 18584 18584 18584 18584 18584 

Lycopodium clavatum spike 2163 2723 1104 608 1966 1051 2080 

  

       Absolute abundance (cysts/g sediment) 325.46 329.37 504.38 707.33 232.72 452.44 262.14 

Shannon-Wiener index  3.02 2.78 3.96 3.11 3.48 4.09 4.06 

P/G index  0.14 0.14 0.10 0.06 0.14 0.02 0.08 

S/D index 0.26 0.28 0.14 0.15 0.36 0.17 0.46 

N/O index  0.59 0.46 0.63 0.56 0.60 0.64 0.69 

W/C index  0.99 0.99 1.00 0.98 1.00 1.00 1.00 
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Samples ODP Leg 165 Hole 999A 12H (cm) 3W 8-10 3W 11-13 3W 18-20 3W 21-23 3W 28-30 3W 31-33 3W 38-40 3W 41-43 

Depth (mbsf) 105.68 105.71 105.78 105.81 105.88 105.91 105.98 106.01 

Age (ka) 3293.95 3295.03 3297.14 3298.18 3300.60 3301.63 3303.71 3304.74 

 

 

       POLLEN AND SPORES  

       Bissacate pollen indeterminate 22 10 40 48 46 18 8 28 

Pollen and spores indeterminate 108 125 171 146 195 70 112 128 

Total pollen and spores 130 135 211 194 241 88 120 156 

 

 

       ACRITARCHS  

       Cymatiosphaera spp. 2 8 16 11 23 4 18 13 

Nannobarbophora walldalei  

  

1 2 

  

2 

Small Spiny Acritarch type A 1 2 1 20 22 8 8 15 

Small (Spiny) Acritarchs, general 4 16 24 27 19 + 5 3 

Total acritarchs 7 26 41 59 66 12 31 33 

 

 

       DINOFLAGELLATE CYSTS  

       Achomosphaera/Spinferites spp. 6 13 18 29 15 13 26 26 

Ataxiodinium confusum  

       Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 5 47 22 69 15 138 27 33 

Ataxiodinium zevenboomii sensu Head, 1997  

 

1 

     Ataxiodinium zevenboomii 'large'  

 

1 14 2 57 4 10 

Bitectatodinium raedwaldii  1 2 1 1 2 2 

 Brigantedinium spp./Round Brown Cysts 2 2 32 6 22 9 

 

1 

Corrudinium harlandii/Pyxidinopsis reticulata 3 1 2 + 2 4 2 3 

Dapsilidinium pseudocolligerum  

  

+ 

 

+ 1 1 

Echinidinium? sp. A  

       Edwardsiella sexispinosa 1 2 4 1 2 

 

+ 3 

Filisphaera? sp.  

       Habibacysta tectata  

       Impagidinium aculeatum 9 15 34 21 68 40 14 24 

Impagidinium paradoxum 6 5 8 14 21 13 3 16 

Impagidinium patulum 2 2 16 16 8 5 9 8 

Impagidinium plicatum  1 1 3 5 

  

2 

Impagidinium strialatum  

 

4 1 4 + + 1 

Impagidinium velorum  

       Impagidinium sp. 2 De Schepper and Head, 2009  
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Invertocysta lacrymosa 3 1 1 1 1 + 4 2 

Kallosphaeridium sp. 1 5 11 10 2 6 6 7 

Lingulodinium machaerophorum  1 1 3 

  

4 1 

Nematosphaeropsis labyrinthus 13 4 26 16 14 3 8 5 

Nematosphaeropsis lattivitatus  

       Nematosphaeropsis rigida  

       Operculodinium centrocarpum/Operculodinium israelianum 1 1 1 4 13 13 8 13 

Operculodinium centrocarpum sensu Wall and Dale, 1966 8 22 19 25 37 28 15 18 

Operculodinium centrocarpum sensu Wall and Dale, 1966 short processes  1 1 2 1 1 

  Operculodinium janduchenei 4 5 9 12 12 3 4 4 

Cysts of Pentapharsodinium dalei  

  

2 

 

1 

 

1 

Cysts of Polykrikos kofoidii  

       Polysphaeridium zoharyi 33 46 56 29 13 10 143 157 

Selenopemphix nephroides  1 

  

+ 

   Selenopemphix quanta  

          

       Indeterminate dinocysts 15 11 20 30 62 28 21 36 

   

       Total in situ dinocysts 112 187 290 309 320 374 301 372 

Total in situ dinocysts (excluding indeterminate dinoflagellate cysts) 97 176 270 279 258 346 280 336 

 

 

       Indeterminate palynomorphs 6 11 16 16 32 7 5 11 

Reworked dinocysts  12 4 7 2 3 9 11 

 

 

       ENVIRONMENTAL INDICES  

       Dry weight sediment (g) 2.64 20.25 14.42 14.06 11.99 15.33 19.81 22.33 

Number of Lycopodium clavatum spore tablets added 1 1 1 1 1 1 1 1 

Number of Lycopodium clavatum spores per tablet 18584 18584 18584 18584 18584 18584 18584 18584 

Lycopodium clavatum spike 4357 1092 1542 1442 2036 787 1014 1488 

   

       Absolute abundance (cysts/g sediment) 180.95 157.16 242.37 283.24 243.61 576.09 278.47 208.06 

Shannon-Wiener index  3.46 3.55 3.04 3.03 3.12 3.74 3.94 3.73 

P/G index  0.02 0.02 0.12 0.03 0.09 0.03 0.00 0.01 

S/D index 0.54 0.42 0.42 0.39 0.43 0.19 0.29 0.30 

N/O index  0.58 0.79 0.55 0.69 0.33 0.80 0.85 0.80 

W/C index  1.00 1.00 1.00 0.98 1.00 0.99 1.00 1.00 
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Samples ODP Leg 165 Hole 999A 12H (cm) 3W 48-50 3W 51-53 3W 58-60 3W 61-63 3W 68-70 3W 71-73 3W 78-80 3W 81-83 

Depth (mbsf) 106.08 106.11 106.18 106.21 106.28 106.32 106.38 106.41 

Age (ka) 3306.82 3307.86 3310.28 3311.31 3313.39 3314.43 3316.85 3317.88 

 

 

       POLLEN AND SPORES  

       Bissacate pollen indeterminate 56 50 12 36 9 27 25 23 

Pollen and spores indeterminate 253 264 92 246 33 159 117 115 

Total pollen and spores 309 314 104 282 42 186 142 138 

 

 

       ACRITARCHS  

       Cymatiosphaera spp. 12 17 10 35 7 8 16 10 

Nannobarbophora walldalei 1 5 7 5 2 2 

  Small Spiny Acritarch type A 19 7 9 35 16 16 25 11 

Small (Spiny) Acritarchs, general 12 7 10 32 4 14 10 16 

Total acritarchs 44 36 36 107 29 40 51 37 

 

 

       DINOFLAGELLATE CYSTS  

       Achomosphaera/Spinferites spp. 19 30 16 63 8 22 24 13 

Ataxiodinium confusum  

       Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 11 24 

 

12 3 5 8 30 

Ataxiodinium zevenboomii sensu Head, 1997  

  

1 

   

+ 

Ataxiodinium zevenboomii 'large'  8 

     

1 

Bitectatodinium raedwaldii 10 1 

 

1 

 

+ 1 3 

Brigantedinium spp./Round Brown Cysts 24 3 4 5 5 71 3 57 

Corrudinium harlandii/Pyxidinopsis reticulata 3 9 

 

3 1 2 3 2 

Dapsilidinium pseudocolligerum  

      

1 

Echinidinium? sp. A  

       Edwardsiella sexispinosa 1 1 2 2 

 

2 1 

 Filisphaera? sp.  

 

1 1 

    Habibacysta tectata  

 

3 

  

+ 

  Impagidinium aculeatum 23 66 14 25 3 30 15 15 

Impagidinium paradoxum 13 21 24 36 5 26 19 11 

Impagidinium patulum 4 18 2 8 2 9 7 5 

Impagidinium plicatum 2 5 3 2 

 

1 1 

 Impagidinium strialatum 3 2 3 5 

 

2 2 3 

Impagidinium velorum  

       Impagidinium sp. 2 De Schepper and Head, 2009  

       



P a g e  | 153 

 

Invertocysta lacrymosa  3 

 

1 

 

1 + 

 Kallosphaeridium sp. 17 4 1 13 2 19 15 45 

Lingulodinium machaerophorum 3 1 1 1 1 

 

5 3 

Nematosphaeropsis labyrinthus 4 8 10 21 2 11 17 14 

Nematosphaeropsis lattivitatus  

       Nematosphaeropsis rigida  

       Operculodinium centrocarpum/Operculodinium israelianum 3 3 2 7 

 

13 45 19 

Operculodinium centrocarpum sensu Wall and Dale, 1966 8 5 11 13 6 20 36 19 

Operculodinium centrocarpum sensu Wall and Dale, 1966 short processes  

  

2 

    Operculodinium janduchenei 6 5 7 9 3 4 1 1 

Cysts of Pentapharsodinium dalei 3 2 

    

5 

 Cysts of Polykrikos kofoidii  

       Polysphaeridium zoharyi 74 38 11 32 11 42 72 24 

Selenopemphix nephroides 1 

    

1 

 

1 

Selenopemphix quanta  

          

       Indeterminate dinocysts 32 46 25 39 8 21 55 27 

   

       Total in situ dinocysts 264 303 140 302 60 302 335 294 

Total in situ dinocysts (excluding indeterminate dinoflagellate cysts) 232 257 115 263 52 281 280 267 

 

 

       Indeterminate palynomorphs 14 3 2 10 5 7 34 10 

Reworked dinocysts 11 22 42 37 15 22 28 10 

 

 

       ENVIRONMENTAL INDICES  

       Dry weight sediment (g) 7.11 23.83 8.55 18.60 4.68 19.66 26.90 23.17 

Number of Lycopodium clavatum spore tablets added 1 1 1 1 1 1 1 1 

Number of Lycopodium clavatum spores per tablet 18584 18584 18584 18584 18584 18584 18584 18584 

Lycopodium clavatum spike 4085 3888 4996 5033 2938 1415 1317 871 

   

       Absolute abundance (cysts/g sediment) 168.92 60.78 60.91 59.95 81.09 201.75 175.73 270.73 

Shannon-Wiener index  3.20 3.15 3.14 3.08 3.27 3.27 3.27 3.17 

P/G index  0.12 0.02 0.03 0.02 0.10 0.26 0.03 0.22 

S/D index 0.54 0.51 0.43 0.48 0.41 0.38 0.30 0.32 

N/O index  0.73 0.47 0.35 0.57 0.68 0.55 0.73 0.74 

W/C index  0.98 0.99 0.95 1.00 1.00 1.00 0.97 1.00 
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Samples ODP Leg 165 Hole 999A 12H (cm) 3W 88-90 3W 91-93 3W 98-100 3W 101-103 3W 108-110 3W 111-113 3W 118-120 

Depth (mbsf) 106.48 106.51 106.58 106.61 106.68 106.71 106.78 

Age (ka) 3319.96 3321.00 3323.42 3324.45 3326.53 3327.57 3329.99 

 

 

      POLLEN AND SPORES  

      Bissacate pollen indeterminate 18 14 19 12 13 39 28 

Pollen and spores indeterminate 120 109 48 62 64 122 146 

Total pollen and spores 138 123 67 74 77 161 174 

 

 

      ACRITARCHS  

      Cymatiosphaera spp. 4 6 9 5 7 8 5 

Nannobarbophora walldalei 9 5 2 3 

  

1 

Small Spiny Acritarch type A 33 15 7 13 8 9 1 

Small (Spiny) Acritarchs, general 16 26 24 16 6 37 28 

Total acritarchs 62 52 42 37 21 54 35 

 

 

      DINOFLAGELLATE CYSTS  

      Achomosphaera/Spinferites spp. 20 10 17 14 7 11 6 

Ataxiodinium confusum  

      Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 2 24 56 7 123 21 18 

Ataxiodinium zevenboomii sensu Head, 1997 + 

    

6 1 

Ataxiodinium zevenboomii 'large'  

      Bitectatodinium raedwaldii  4 

 

3 2 3 1 

Brigantedinium spp./Round Brown Cysts 87 101 123 153 67 125 168 

Corrudinium harlandii/Pyxidinopsis reticulata 3 3 2 3 1 1 + 

Dapsilidinium pseudocolligerum + 

     

+ 

Echinidinium? sp. A + 

 

+ 1 

   Edwardsiella sexispinosa  

 

+ + 

   Filisphaera? sp.  

      Habibacysta tectata  

    

+ 

 Impagidinium aculeatum 14 8 2 4 5 6 4 

Impagidinium paradoxum 12 12 10 4 7 8 3 

Impagidinium patulum 3 2 6 5 7 5 1 

Impagidinium plicatum + 

  

3 1 2 1 

Impagidinium strialatum 3 + + 1 2 2 1 

Impagidinium velorum  

      Impagidinium sp. 2 De Schepper and Head, 2009  
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Invertocysta lacrymosa  

      Kallosphaeridium sp. 30 46 25 26 23 39 35 

Lingulodinium machaerophorum + 1 1 3 

 

+ 1 

Nematosphaeropsis labyrinthus 11 10 11 2 1 1 + 

Nematosphaeropsis lattivitatus  

    

2 2 

Nematosphaeropsis rigida  

      Operculodinium centrocarpum/Operculodinium israelianum 32 31 14 19 9 4 5 

Operculodinium centrocarpum sensu Wall and Dale, 1966 48 26 20 27 17 38 26 

Operculodinium centrocarpum sensu Wall and Dale, 1966 short processes  

 

1 1 

 

2 

 Operculodinium janduchenei 1 1 1 

  

+ 1 

Cysts of Pentapharsodinium dalei  2 

  

2 

  Cysts of Polykrikos kofoidii  

      Polysphaeridium zoharyi 11 6 3 5 6 2 1 

Selenopemphix nephroides  3 

 

+ 

 

1 + 

Selenopemphix quanta 1 

         

      Indeterminate dinocysts 15 24 12 23 14 13 6 

   

      Total in situ dinocysts 293 314 304 304 294 292 281 

Total in situ dinocysts (excluding indeterminate dinoflagellate cysts) 278 290 292 281 280 279 275 

 

 

      Indeterminate palynomorphs 8 19 7 9 23 8 13 

Reworked dinocysts 18 6 12 1 4 6 5 

 

 

      ENVIRONMENTAL INDICES  

      Dry weight sediment (g) 11.07 16.28 19.90 12.69 12.32 20.70 19.07 

Number of Lycopodium clavatum spore tablets added 1 1 1 1 1 1 1 

Number of Lycopodium clavatum spores per tablet 18584 18584 18584 18584 18584 18584 18584 

Lycopodium clavatum spike 1403 1029 448 826 822 592 855 

   

      Absolute abundance (cysts/g sediment) 350.59 348.34 633.70 538.98 539.52 442.82 320.28 

Shannon-Wiener index  3.60 3.58 3.93 4.11 4.07 3.88 4.58 

P/G index  0.32 0.37 0.42 0.55 0.25 0.45 0.61 

S/D index 0.32 0.28 0.18 0.20 0.21 0.36 0.38 

N/O index  0.69 0.79 0.80 0.80 0.88 0.77 0.85 

W/C index  1.00 0.97 1.00 1.00 0.95 1.00 1.00 
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Samples ODP Leg 165 Hole 999A 12H (cm) 3W 121-123 3W 128-130 3W 131-133 3W 141-143 4W 1-3 4W 8-10 4W 11-13 4W 18-20 

Depth (mbsf) 106.81 106.88 106.91 107.01 107.11 107.18 107.21 107.28 

Age (ka) 3331.03 3333.10 3334.14 3337.25 3340.71 3342.79 3343.83 3346.25 

 

  

      POLLEN AND SPORES   

      Bissacate pollen indeterminate 25 17 15 9 4 12 11 18 

Pollen and spores indeterminate 89 126 91 84 50 59 74 92 

Total pollen and spores 114 143 106 93 54 71 85 110 

 

  

      ACRITARCHS   

      Cymatiosphaera spp. 7 17 14 10 4 10 11 7 

Nannobarbophora walldalei 3  3 

  

2 

  Small Spiny Acritarch type A 19 12 11 24 19 17 18 23 

Small (Spiny) Acritarchs, general 3 5 4 24 16 13 12 14 

Total acritarchs 32 34 32 58 39 42 41 44 

 

  

      DINOFLAGELLATE CYSTS   

      Achomosphaera/Spinferites spp. 17 21 27 35 48 17 7 16 

Ataxiodinium confusum   

     

+ 

Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 49 51 5 36 14 25 88 32 

Ataxiodinium zevenboomii sensu Head, 1997  2 

 

1 

    Ataxiodinium zevenboomii 'large'   

      Bitectatodinium raedwaldii 3 5 1 2 1 1 

  Brigantedinium spp./Round Brown Cysts 78 83 135 55 102 108 133 145 

Corrudinium harlandii/Pyxidinopsis reticulata 2 3 6 7 3 1 1 7 

Dapsilidinium pseudocolligerum   

   

1 

  Echinidinium? sp. A   

  

1 

   Edwardsiella sexispinosa   

  

1 

   Filisphaera? sp.   

      Habibacysta tectata   

 

1 

    Impagidinium aculeatum 13 12 10 10 3 8 9 10 

Impagidinium paradoxum 12 13 18 9 14 18 10 13 

Impagidinium patulum 3 3 3 1 3 3 3 11 

Impagidinium plicatum  2 2 

 

+ 1 

  Impagidinium strialatum   

 

1 1 

   Impagidinium velorum   

   

+ 

  Impagidinium sp. 2 De Schepper and Head, 2009   3 2 

   

2 
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Invertocysta lacrymosa  + 

      Kallosphaeridium sp. 26 21 24 38 49 42 22 16 

Lingulodinium machaerophorum 3 1 1 1 1 + 1 

 Nematosphaeropsis labyrinthus 5 + 1 6 14 12 7 11 

Nematosphaeropsis lattivitatus 5 13 13 1 

    Nematosphaeropsis rigida   

      Operculodinium centrocarpum/Operculodinium israelianum 7 4 7 11 6 9 5 4 

Operculodinium centrocarpum sensu Wall and Dale, 1966 26 14 13 5 12 4 1 1 

Operculodinium centrocarpum sensu Wall and Dale, 1966 short processes  1 1 1 1 

   Operculodinium janduchenei + 2 1 4 1 

 

2 1 

Cysts of Pentapharsodinium dalei 1 3 

     

1 

Cysts of Polykrikos kofoidii   

      Polysphaeridium zoharyi 1 2 6 2 4 3 4 15 

Selenopemphix nephroides 1  

  

1 3 + 1 

Selenopemphix quanta   

          

      Indeterminate dinocysts 27 17 19 19 15 13 22 10 

    

      Total in situ dinocysts 279 273 296 248 295 269 315 296 

Total in situ dinocysts (excluding indeterminate dinoflagellate cysts) 252 256 277 229 280 256 293 286 

 

  

      Indeterminate palynomorphs 11 7 9 23 15 11 25 8 

Reworked dinocysts 12 2 9 14 3 3 

 

3 

 

  

      ENVIRONMENTAL INDICES   

      Dry weight sediment (g) 9.48 13.34 6.53 4.81 11.01 13.92 12.57 6.19 

Number of Lycopodium clavatum spore tablets added 1 1 1 1 1 1 1 1 

Number of Lycopodium clavatum spores per tablet 18584 18584 18584 18584 18584 18584 18584 18584 

Lycopodium clavatum spike 1302 1154 1539 2526 805 686 746 1928 

    

      Absolute abundance (cysts/g sediment) 420.07 329.56 547.37 379.33 618.55 523.51 624.27 460.93 

Shannon-Wiener index  3.55 3.48 3.84 3.36 3.74 3.86 4.36 3.99 

P/G index  0.32 0.34 0.49 0.24 0.37 0.43 0.45 0.51 

S/D index 0.29 0.34 0.26 0.27 0.15 0.21 0.21 0.27 

N/O index  0.74 0.71 0.59 0.81 0.77 0.70 0.81 0.64 

W/C index  0.98 0.93 1.00 0.97 1.00 1.00 1.00 0.98 
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Samples ODP Leg 165 Hole 999A 12H (cm) 4W 21-23 4W 28-30 4W 31-33 4W 38-40 4W 41-43 4W 48-50 4W 51-53 

Depth (mbsf) 107.31 107.38 107.41 107.48 107.51 107.58 107.61 

Age (ka) 3347.28 3349.36 3350.40 3352.82 3353.85 3355.93 3356.96 

 

  

     POLLEN AND SPORES   

     Bissacate pollen indeterminate 17 26 31 22 5 26 20 

Pollen and spores indeterminate 83 138 166 102 107 93 98 

Total pollen and spores 100 164 197 124 112 119 118 

 

  

     ACRITARCHS   

     Cymatiosphaera spp. 10 11 20 15 20 10 16 

Nannobarbophora walldalei 2  2 1 

 

1 

 Small Spiny Acritarch type A 13 33 37 18 12 15 14 

Small (Spiny) Acritarchs, general 8 19 18 14 6 14 11 

Total acritarchs 33 63 77 48 38 40 41 

 

  

     DINOFLAGELLATE CYSTS   

     Achomosphaera/Spinferites spp. 17 33 29 22 18 34 27 

Ataxiodinium confusum   

     Ataxiodinium zevenboomii sensu De Schepper and Head, 2009 2 45 56 48 103 55 7 

Ataxiodinium zevenboomii sensu Head, 1997  + 

     Ataxiodinium zevenboomii 'large'   

     Bitectatodinium raedwaldii   

    

2 

Brigantedinium spp./Round Brown Cysts 182 111 93 78 92 85 146 

Corrudinium harlandii/Pyxidinopsis reticulata 1 2 3 3 7 1 1 

Dapsilidinium pseudocolligerum   1 

    Echinidinium? sp. A   

   

1 

 Edwardsiella sexispinosa   1 

  

1 1 

Filisphaera? sp.   

     Habibacysta tectata   

     Impagidinium aculeatum 3 1 4 8 4 7 8 

Impagidinium paradoxum 11 6 4 12 8 15 14 

Impagidinium patulum 6 5 8 15 3 11 6 

Impagidinium plicatum 1 2 1 3 

  

1 

Impagidinium strialatum +  

  

1 5 

 Impagidinium velorum   

     Impagidinium sp. 2 De Schepper and Head, 2009 2  4 1 
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Invertocysta lacrymosa   

   

2 

 Kallosphaeridium sp. 13 26 18 13 36 13 14 

Lingulodinium machaerophorum 1 2 2 1 

 

5 1 

Nematosphaeropsis labyrinthus 8 2 6 9 10 11 10 

Nematosphaeropsis lattivitatus   

     Nematosphaeropsis rigida   

     Operculodinium centrocarpum/Operculodinium israelianum 13 3 

  

+ 7 6 

Operculodinium centrocarpum sensu Wall and Dale, 1966 6 10 23 27 12 16 17 

Operculodinium centrocarpum sensu Wall and Dale, 1966 short processes   1 

  

1 

 Operculodinium janduchenei 2  

 

3 2 3 4 

Cysts of Pentapharsodinium dalei   1 

  

2 

 Cysts of Polykrikos kofoidii   

     Polysphaeridium zoharyi 8 10 6 4 8 8 12 

Selenopemphix nephroides +  1 

  

3 + 

Selenopemphix quanta   

         

     Indeterminate dinocysts 14 14 14 11 12 30 26 

    

     Total in situ dinocysts 290 272 276 258 316 316 303 

Total in situ dinocysts (excluding indeterminate dinoflagellate cysts) 276 258 262 247 304 286 277 

 

  

     Indeterminate palynomorphs 7 12 10 14 15 15 4 

Reworked dinocysts  3 5 2 4 4 4 

 

  

     ENVIRONMENTAL INDICES   

     Dry weight sediment (g) 13.09 15.36 14.83 4.85 12.70 17.28 14.80 

Number of Lycopodium clavatum spore tablets added 1 1 1 1 1 1 1 

Number of Lycopodium clavatum spores per tablet 18584 18584 18584 18584 18584 18584 18584 

Lycopodium clavatum spike 1392 1638 1844 3658 1034 1075 1547 

    

     Absolute abundance (cysts/g sediment) 295.77 200.91 187.56 270.25 447.20 316.14 245.94 

Shannon-Wiener index  4.55 4.04 3.72 3.59 4.02 3.32 4.00 

P/G index  0.66 0.43 0.36 0.32 0.30 0.32 0.53 

S/D index 0.26 0.38 0.42 0.32 0.26 0.27 0.28 

N/O index  0.64 0.88 0.80 0.65 0.86 0.70 0.63 

W/C index  1.00 1.00 0.96 1.00 1.00 0.97 1.00 
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APPENDIX 3 

DINOFLAGELLATE CYST PLATES 
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Plate 1. 1: Cyst of Polykrikos kofoidii, central body diameter 62 µm, sample 12H 2W 48-50 cm,  T47-1, upper focus. 2-3: 

Spiniferites sp., central body diameter 26 µm, sample 2W 48-50 cm, Q53-3; 2: upper focus; 3: mid focus. 4: Ataxiodinium 

confusum, pericyst diameter 36 µm, sample 4W 18-20 cm, X51, mid focus. 5-6: Ataxiodinium zevenboomii sensu De 

Schepper and Head, 2009, pericyst diameter 21 µm, sample 2W 51-53 cm, S37; 5: mid focus; 6:  lower focus. 7-8: 

Ataxiodinium zevenboomii sensu Head, 1997, pericyst diameter 25 µm, sample 3W 128-130 cm, U51; 7: upper focus; 8: mid 

focus. 9: Ataxiodinium zevenboomii ‘large’, pericyst diameter 45 µm, sample 3W 31-33 cm, M65-2, mid focus. 10-11: 

Bitectatodinium raedwaldii, central body diameter 39 µm, sample 2W 98-100 cm, U39-2; 10: upper focus; 11: mid focus. 12: 

Corrudinium harlandii/Pyxidinopsis reticulata, central body diameter 32 µm, sample 3W 31-33 cm, D50, upper focus.  
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Plate 2. 1-2: Corrudinium harlandii/Pyxidinopsis reticulata, central body diameter 32 µm, sample 3W 31-33 cm, D50; 1: 

mid focus; 2: lower focus. 3-4: Dapsilidinium pseudocolligerum, central body diameter 35 µm, sample 2W 48-50 cm, O39; 

3: upper focus; 4: mid focus. 5: Edwardsiella sexispinosa, central body diameter 45 µm, sample 3W 28-30 cm, C55-1, upper 

focus. 6-7. Filisphaera? sp., central body diameter 33 µm, sample 3W 58-60 cm, E49; 6: upper focus; 7: mid focus. 8-9: 

Habibacysta tectata, central body diameter 28 µm, sample 2W 31-33 cm, O47-1; 8: upper focus; 9: mid focus. 10-12: 

Impagidinium aculeatum, central body diameter including crests 33 µm, sample 4W 41-43 cm, L60; 10: upper focus; 11: mid 

focus; 12: lower focus.  
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Plate 3. 1-3: Impagidinium paradoxum, central body diameter including crests 30 µm, sample 2W 28-30 cm, L58; 1: upper 

focus; 2: mid focus; 3: lower focus. 4-6: Impagidinium patulum, central body diameter including crests 42 µm, sample 2W 

48-50 cm, U61-1; 4: upper focus; 5: mid focus; 6: lower focus. 7-9: Impagidinium plicatum, central body diameter including 

crests 35 µm, sample 3W 1-3 cm, O49; 7: upper focus; 8: mid focus; 9: lower focus. 10-11: Impagidinium strialatum, central 

body diameter including crests 36 µm, sample 2W 121-123 cm, L54; 10: upper focus; 11: mid focus. 12: Impagidinium 

velorum, central body diameter including crests 59 µm, sample 4W 8-10 cm, T42, upper focus. 
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Plate 4. 1: Impagidinium sp. 2 De Schepper and Head, 2009, central body diameter including crests 47 µm, sample 4W 31-33 

cm, Y57, upper focus. 2: Invertocysta lacrymosa, pericyst diameter 68 µm, sample 2W 121-123 cm, L40-4, upper focus. 3-4: 

Kallosphaeridium sp., central body diameter 28 µm, sample 4W 41-43 cm, R58-3; 3: upper focus; 4: mid focus. 5: 

Lingulodinium machaerophorum, central body diameter 33 µm, sample 3W 78-80 cm, P67-4, upper focus. 6-7: 

Nematosphaeropsis labyrinthus, overall diameter 61 µm, sample 3W 1-3 cm, N59; 6: upper focus; 7: mid focus. 8-9: 

Nematosphaeropsis lattivitatus, overall diameter 45 µm, sample 3W 121-123 cm, V41; 8: upper focus; 9: mid focus. 10: 

Nematosphaeropsis rigida, overall diameter 50 µm, sample 2W 118-120 cm, P59-4, mid focus. 11-12: Operculodinium 

centrocarpum/israelianum, central body diameter 36 µm, sample 3W 31-33 cm, M53; 11: upper focus; 12: mid focus. 
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Plate 5. 1-2: Operculodinium centrocarpum sensu Wall and Dale, 1966, central body diamter 33 µm, sample 3W 1-3 cm, 

L38; 1: upper focus; 2: mid focus. 3-4: Operculodinium centrocarpum sensu Wall and Dale, 1966 – short processes, central 

body diameter 34 µm, sample 2W 118-120 cm, U43-2; 3: upper focus; 4: mid focus. 5-6: Operculodinium janduchenei, 

central body diameter 31 µm, sample 2W 28-30 cm, N48-4; 5: upper focus; 6: mid focus. 7-8: Polysphaeridium zoharyi, 

central body diameter 50 µm, sample 2W 121-123 cm, N65-2; 7: upper focus; 8: mid focus. 9: Selenopemphix nephroides, 

central body diameter 41 µm, sample 2W 48-50 cm, Q55-4, upper focus. 10: Selenopemphix quanta, central body diameter 

61 µm, sample 2W 41-43 cm, X49-4, upper focus. 11: Cyst of Pentapharsodinium dalei, central body diameter 31 µm, 

sample 3W 1-3 cm, T59-2, mid focus. 12: Brigantedinium sp., central body diameter 53 µm, sample 2W 78-80 cm, O38, 

upper focus. 
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Plate 6. 1-2: Echinidinium sp. A, central body diameter 43 µm, sample 4W 48-50 cm, O47-3; 1: upper focus; 2: mid focus. 3-

4: Cymatiosphaera sp., central body diameter including crests 28 µm, sample 2W 121-123 cm, M43-2; 3: upper focus; 4: mid 

focus. 5: Nannobarbophora walldalei, central body diameter 21 µm, sample 3W 91-93 cm, Q64, mid focus. 6: Small Spiny 

Acritarch Type A, central body diameter 19 µm, sample 3W 68-70 cm, M39-1, upper focus. 
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APPENDIX 4 

MULTIVARIATE ANALYSIS 
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Detrended correspondence analysis with 26 segments. 

Rescaling of axes with 4 iterations: 

DCA1    DCA2     DCA3     DCA4 

Eigenvalues       0.3530  0.1202  0.08161  0.06211 

Decorana values   0.3671  0.1165  0.04598  0.03566 

Axis lengths      2.5796  1.3582  1.07076  1.12466 

 

Importance of components: 

                            PC1      PC2       PC3      PC4      

Eigenvalue              555.1383  224.5856  86.23860  32.7058  

Proportion Explained     0.5772   0.2335  0.08966  0.0340   

Cumulative Proportion    0.5772    0.8107   0.90036   0.9344  

 

Species scores: 

                PC1        PC2         PC3        PC4         

Acho       4.785e-01   0.2021745  -1.3959368  -0.383414   

Acon       -8.335e-04   0.0004172  -0.0034917  -0.003214  

Azev       -1.767e-01  -6.4099906   1.9182443  -0.111223   

Brae        3.482e-02  -0.0044646   0.0080022   0.020666  

RBC        -9.932e+00   2.1047802   1.5185592  0.143447  

Char       1.278e-01   0.0706709  -0.0048867   0.102699   

Dpse       -1.983e-03   0.0034246   0.0079226  -0.013254   

EchspA    -5.703e-03  0.0032256  -0.0042200  -0.002508   

Esex        7.195e-02   0.0061572  -0.0653262   0.053116  

Filsp       1.083e-02   0.0045310  -0.0222659   0.008633   

Htec        1.693e-02   0.0033230  -0.0449120   0.022716   

Iacu        2.182e+00   0.3473281  -0.4646829   2.024655  
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                PC1        PC2         PC3        PC4         

Ipar        5.848e-01   0.3726314  -0.9015878   0.460913   

Ipat       2.115e-01   0.0371750  -0.0706762   0.175274   

Ipli        6.546e-02   0.0302270  -0.1374003  0.072811  

Istri       8.725e-02  -0.0030521  -0.1132363   0.077271   

Ivel       0.000e+00   0.0000000   0.0000000   0.000000  

Isp2       -2.930e-02  -0.0048810  0.0008700   0.002719   

Ilac        4.317e-01   0.1655646   0.1263454   0.331057  

Kall       -9.755e-01  -0.3131514  -0.4712436  -0.316818   

Lmac       7.097e-02  -0.0014443  -0.0811200  -0.049629   

Nlab       5.577e-01   0.0648163  -0.4706770   0.201870   

Nlat       -8.388e-02   0.0216599  -0.0345779   0.033151  

Nrig       -3.081e-03   0.0027805  -0.0075123  -0.002321  

Ocen       2.489e-03   0.1506466  -0.6897223  -0.755653  

OcenWD     1.072e-01  -0.0675074  -1.4397951  -1.536158  

OWDsh      3.165e-05  -0.0309294  -0.0690865  -0.052920  

Ojan       4.534e-01   0.1368601  -0.1772736   0.173510   

Pdal        1.452e-02  -0.0565724   0.0147781  -0.026179  

Pkof      -2.966e-03   0.0007510   0.0007455   0.000357  

Pzoh       5.735e+00   3.1760884   3.0789830  -0.633838   

Snep       -3.062e-02  -0.0160540   0.0017600  -0.011482   

Squa       -1.577e-03   0.0025707  -0.0077276  -0.006898  
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Abbreviations: 

Acho: Achomosphaera spp./Spiniferites spp.  Ivel: Impagidinium velorum   Squa: Selenopemphix quanta  

Acon: Ataxiodinium confusum     Isp2: Impagidinium sp. 2 De Schepper and Head, 2009 

Azev: Ataxiodinium zevenboomii types   Ilac: Invertocysta lacrymosa 

Brae: Bitectatodinium raedwaldii     Kall: Kallosphaeridium sp. 

RBC: Brigantedinium spp./Round Brown Cysts   Lmac: Lingulodinium machaerophorum  

Char: Corrudinium harlandii/Pyxidinopsis reticulata  Nlab: Nematosphaeropsis labyrinthus 

Dpse: Dapsilidinium pseudocolligerum    Nlat: Nematosphaeropsis lattivitatus     

EchspA: Echinidinium? sp. A    Nrig: Nematosphaeropsis rigida 

Esex: Edwardsiella sexispinosa     Ocen: Operculodinium centrocarpum/Operculodinium israelianum 

Filsp: Filisphaera? sp.      OcenWD: Operculodinium centrocarpum sensu Wall and Dale, 1966 

Htec: Habibacysta tectata      OWDsh: Operculodinium centrocarpum sensu Wall and Dale, 1966 – short processes 

Iacu: Impagidinium aculeatum     Ojan: Operculodinium janduchenei         

Ipar: Impagidinium paradoxum     Pdal: Cysts of Pentapharsodinium dalei 

Ipat: Impagidinium patulum      Pkof: Cysts of Polykrikos kofoidii 

Ipli: Impagidinium plicatum     Pzoh: Polysphaeridium zoharyi 

Istri: Impagidinium strialatum     Snep: Selenopemphix nephroides 
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7.1 INLEIDING EN LITERATUURSTUDIE 

Het Plioceen (5.33-2.59 Ma) staat gekend als een periode van ingrijpende 

klimaatveranderingen (Wrenn et al., 1999). Tegen een achtergrond van globale afkoeling 

vonden achtereenvolgens Marien Isotopenetage M2 (MIS M2) en de midden-Plioceen Warme 

Periode plaats, rond respectievelijk 3.30 Ma en 3.29-2.97 Ma. MIS M2 komt overeen met een 

uitgesproken glaciaal interval (Lisiecki en Raymo, 2005), terwijl de midden-Plioceen Warme 

Periode temperaturen kende die enkele graden hoger waren dan vandaag (Dowsett et al., 

2009). De globale afkoeling, die reeds startte tijdens het Vroeg-Cenozoïcum, culmineerde dan 

finaal in de Noordelijke Hemisfeer Glaciatie, ongeveer 2.65 Ma geleden. 

Als verklaring voor deze ingrijpende veranderingen wordt vaak verwezen naar de Panama-

istmus. Een opening of sluiting van de landengte veroorzaakt namelijk opmerkelijke 

wijzigingen in oceaan- en atmosfeercirculatie, waaronder het transport van warmte en 

waterdamp naar de hogere latitudes. Ondanks het belang van deze tektonisch constructie 

bestaan er tegenstrijdige opinies betreffende het netto effect op het globale klimaat; gaande 

van het veroorzaken van de Noordelijke Hemisfeer Glaciatie (Bartoli et al., 2005; Driscoll en 

Haug, 1998; Haug en Tiedemann, 1998; Haug et al., 2001; Keigwin, 1982; Prentice en 

Matthews, 1991; Weyl, 1968), over het in vraag stellen van een dergelijke invloed (Lunt et 

al., 2008), tot het suggereren van het volledig tegenovergesteld effect (Berger en Wefer, 1996; 

Klocker et al., 2005; Naafs et al., 2010). Het relatieve belang van een verhoogde precipitatie 

versus een verhoogd warmtetransport tijdens een sluiting van de Panama-engte is grotendeels 

ongekend, hetgeen automatisch leidt tot onzekerheid. 

Het doel van dit onderzoek is om een beter inzicht te verkrijgen in de rol die de landengte 

speelde tijdens MIS M2. Dit glaciaal interval werd gekenmerkt door een extreme 

zeespiegellaagstand van meer dan 60 m (Dwyer en Chandler, 2009) en vond plaats net voor 

de midden-Plioceen Warme Periode. Om oceanische veranderingen nabij de engte te 

bestuderen zowel voor, tijdens als na MIS M2, werd Ocean Drilling Program (ODP) kern 999 

uit de Caraïbische Zee onderzocht op dinoflagellatencystenassemblages, aangevuld met 

Mg/Ca paleothermometrie op planktonische foraminiferen. 

7.1.1 Caraïbische en Pacifische hydrografie 

De moderne hydrografie van de Caraïbische Zee en het oostelijke deel van de Pacifische 

Oceaan wordt gekenmerkt door een verschil van temperatuur en saliniteit op eenzelfde diepte 
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(Figuren 2.1 en 2.2). Opwelling van dieptewater langsheen de kust van Peru en de evenaar 

reduceren de diepte van de Pacifische thermocline tot minder dan 50 m (Mitchell en Wallace, 

1992), hetgeen leidt tot een temperatuurcontrast met de Caraïben van ongeveer 5 °C. 

Daarnaast bestaat er ook een saliniteitverschil van meer dan 1 ‰ als gevolg van excessieve 

verdamping in de Caraïben. Deze waterdamp verplaatst zich vervolgens richting Pacifische 

Oceaan als gevolg van de heersende Passaatwinden, waardoor langs beide zijden van 

Centraal-Amerika een saliniteitgradiënt ontstaat (Broecker en Denton, 1989). 

7.1.2 Thermohaliene circulatie 

Een fundamenteel element in het klimaatsysteem is de thermohaliene circulatie, een 

transportmechanisme dat warmte en waterdamp over de hele planeet verdeelt (Figuren 2.3 en 

2.4; Broecker, 1991; Broecker en Denton, 1989; Haug et al., 2004). Aan de basis van deze 

circulatie ligt het temperatuur- en saliniteitverschil tussen de Caraïbische Zee en het oostelijke 

deel van de Pacifische Oceaan. Deze warme en saliene Caraïbische watermassa vloeit via de 

Noord-Atlantische Oceaan richting hogere breedtegraden, waar het in contact komt met koude 

luchtmassa’s. Dit resulteert in een koude en zoute, dus dense, watermassa die naar de 

zeebodem zinkt. Het gevormde Noord-Atlantisch Diepwater keert vervolgens in zuidwaartse 

richting terug op een diepte van 2-4 km. De diepwaterstroming bereikt opnieuw de 

oppervlakte in de Indische en Pacifische Oceaan als gevolg van opwaartse, wind gedreven 

circulatiecellen, waarna het terugvloeit in de richting van de Atlantische Oceaan en zo de lus 

vervolledigt (Ruddiman, 2008).  

7.1.3 Sluiting van de Panama-istmus 

Ondanks het feit dat zeespiegelfluctuaties tijdens het Quartair de opening of sluiting van de 

istmus van Panama beïnvloedden, blijft de lange termijn tektonische evolutie de voornaamste 

oorzaak van de opheffing van de landbrug. De tektonische geschiedenis begint bij de opening 

van de Noord- en Zuid-Atlantische Oceaan, hetgeen resulteerde in de vorming van de 

Caraïbische Plaat (Burke, 1988). Drie belangrijke daaropvolgende evoluties bepaalden de 

huidige configuratie van de landbrug (Figuur 2.5; Coates et al., 2004): (1) de ontwikkeling 

van een vulkanische boog tijdens het Laat-Krijt als gevolg van de subductie van de Farallon, 

Cocos en Nazca Plaat, (2) opheffing tijdens het Midden-Mioceen door de botsing met de 

Zuid-Amerikaanse Plaat, en (3) subductie van de Cocos Rug veroorzaakte de volledige 

sluiting van de Panama-engte tijdens het Plioceen. 
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Recenter onderzoek door Montes et al. (2012a en 2012b) stelt de Pliocene sluiting van de 

istmus in vraag. Paleogeografische reconstructies toonden aan dat engte reeds volledig sloot 

rond 15 Ma, hetgeen de watercirculatie tussen beide bekkens sterk verhinderde. 

Gedetailleerde analyses, voornamelijk gebaseerd op verschillen in Caraïbische en Pacifische 

eigenschappen van de watermassa, werden gebruikt om korte termijn variaties in de 

tektonische geschiedenis te achterhalen en om uiteindelijk de sluitingsouderdom te verfijnen. 

De hierbij gebruikte proxies kunnen onderverdeeld worden in drie grote groepen: (1) 

verspreidingspatronen van vertebraten tussen Noord- en Zuid-Amerika (Marshall, 1988; 

Savin en Douglas, 1985; Webb, 1976), (2) microfossielenassemblages aan beide zijden van de 

istmus (Kameo en Sato, 2000; Keller et al., 1989; McDougall, 1996), en (3) geochemische 

analyses op microfossielen (Groeneveld, 2005; Haug en Tiedemann, 1998; Haug et al., 2001; 

Steph, 2005; Steph et al., 2006). Een combinatie van deze proxies leert dat een eenduidige, 

volledige sluitingsouderdom niet voorhanden is en varieert tussen 6.7 en 1.8 Ma. Bovendien 

is het onderscheid tussen zuiver tektonische processen en wijzigingen gerelateerd aan 

zeespiegelfluctuaties soms moeilijk te maken.  

7.2 METHODOLOGIE 

Uit ODP kern 999 (Figuur 3.1) werd een totaal van 63 monsters genomen uit het interval 

tussen 104.38 en 107.61 meter onder de zeebodem. Een 20 cm
3
 volumestaal elke 2 tot 5 cm 

vertegenwoordigt een temporele resolutie van ongeveer 1000 jaar. De monsters werden 

gespoeld met water en nat gezeefd op een 63 µm zeef. De scheiding tussen de fijne en de 

grove fractie diende respectievelijk voor Mg/Ca paleothermometrie en 

dinoflagellatencystenanalyse.  

7.2.1 Mg/Ca paleothermometrie 

Mg/Ca ratio’s in het exoskelet van foraminiferen is een proxy voor vroegere 

zeewatertemperaturen (Dekens et al., 2002). Experimenten tonen aan dat de Mg/Ca ratio van 

calciet stijgt met de temperatuur, als gevolg van de thermodynamische respons op de 

endotherme substitutie van Mg
2+

 in calciet (Lea et al., 1999).  

Voor het doel van deze studie werden Mg/Ca metingen uitgevoerd op de planktonische 

foraminiferen Globigerinoides sacculifer en Neogloboquadrina dutertrei (Figuur 3.2). Beide 

species leven op een respectievelijke diepte van meer dan 30 en 50 m. Uit de 250-355 µm 
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fractie werden 20 tot 25 specimens achtereenvolgens gepikt, gecrusht en finaal gereinigd 

volgens het protocol van Barker et al. (2003). De concentratie aan magnesium en calcium 

werd gemeten via een inductief gekoppelde plasma optische emissiespectrometer en nadien 

omgezet naar zeewatertemperaturen via de formules van Nürnberg et al. (2000) en Anand et 

al. (2003). 

7.2.2 Dinoflagellatencystenanalyse 

Dinoflagellaten zijn mariene algen die cysten vormen als overlevingsstrategie, onder andere 

tegen ongunstige omstandigheden. De wand van deze cysten bestaat uit het uiterst resistente 

dinosporine, een substantie verwant aan sporopollenine, en wordt als dusdanig in het sediment 

opgenomen. Dinoflagellaten zijn uitstekende proxies om onder andere temperatuur, saliniteit 

en zeestromingen te reconstrueren in het mariene milieu, aangezien de verschillende species 

bepaalde paleo-ecologische voorkeuren nastreven (Armstrong en Brasier, 2005; Evitt, 1985; 

Fensome et al., 1996). 

Na een standaard palynologische bereiding (De Schepper en Head, 2008) werden per 

microscoopplaatje een statistisch significant aantal van minstens 250 dinoflagellatencysten 

gedetermineerd met behulp van een doorvallend-lichtmicroscoop. Acritarchen en pollen en 

sporen werden eveneens in de telling opgenomen. 

7.3 RESULTATEN 

7.3.1 Ouderdomsmodel 

De ouderdom van het bestudeerde interval werd bekomen via lineaire interpolatie tussen 

voorheen gefixeerde punten, die gekalibreerd waren ten opzichte van de LR04 δ
18

O bentische 

stack van Lisiecki en Raymo (2005) (Figuur 4.1). Deze punten waren om de twee monsters 

beschikbaar. 

7.3.2 δ
18

O record 

De bentische foraminifeer Cibicidoides wuellerstorfi registreert aanzienlijk hogere δ
18

O 

waarden tussen 3.310 en 3.280 Ma, waardoor dit interval gedefinieerd kan worden als MIS 

M2 in ODP kern 999 (Figuur 4.2). Een piekwaarde van 3.44 ‰ ligt op circa 3.295 Ma. Na 

MIS M2 dalen de waarden als gevolg van de start van de midden-Plioceen Warme Periode. 
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Daarnaast zijn ook andere isotopenetages zoals MG1 (3.320 Ma) en MG2 (3.340 Ma) 

herkenbaar in de bemonsterde secties.  

7.3.3 Paleotemperaturen 

Zeewatertemperaturen afgeleid van Globigerinoides sacculifer vertonen een licht dalende 

trend tussen 3.355 en 3.320 Ma (Figuur 4.5). De temperaturen dalen sterk vanaf 3.320 Ma om 

een negatieve gemiddelde piek van 21.9 °C te bereiken net voor de start van MIS M2. De 

daaropvolgende stijging mondt uit in een maximale gemiddelde temperatuur van 25.4 °C, 

circa 3.270 Ma geleden. 

Het patroon van Neogloboquadrina dutertrei rond MIS M2 is gelijkaardig aan dat van 

Globigerinoides sacculifer (Figuur 4.6). Een minimum gemiddelde waarde van 19.0 °C vindt 

3.310 Ma geleden plaats, terwijl rond 3.280 Ma de temperaturen zijn gestegen tot een 

maximum gemiddelde van 21.3 °C. Daarnaast kunnen nog twee pieken worden geobserveerd: 

een negatieve piek rond 3.345 Ma en een positieve piek rond 3.325 Ma. Beide hebben 

dezelfde grootteorde als deze geregistreerd tijdens MIS M2. 

7.3.4 Dinoflagellatencystenassemblages 

Op basis van wijzigende relatieve abundanties van bepaalde indicatorspecies ten opzichte van 

de totale dinoflagellatencystenassemblage werden drie dinoflagellatencystenzones 

onderscheiden (Figuur 4.8).  

Dinoflagellatencystenzone 1 (3.357-3.320 Ma) wordt gedomineerd door Brigantedinium 

spp./Round Brown Cysts en in mindere mate door Ataxiodinium zevenboomii sensu De 

Schepper en Head, 2009 met gemiddelde relatieve abundanties rond respectievelijk 40 en 15 

%. Minder abundant is Kallosphaeridium sp. (10 %), maar dit species volgt nagenoeg 

dezelfde trend als beide hoger genoemde soorten.  

Dinoflagellatencystenzone 2 (3.320-3.280 Ma) onderscheidt zich door de sterke terugval van 

Brigantedinium spp./Round Brown Cysts, Ataxiodinium zevenboomii sensu De Schepper en 

Head, 2009 en Kallosphaeridium sp. tot enkele procenten. De palynomorfenassemblages 

worden nu gedomineerd door Polysphaeridium zoharyi, herwerkte cysten en pollen en sporen. 

De onderverdeling in verschillende subzones heeft betrekking op de sterk fluctuerende 

relatieve abundanties van de hierboven genoemde componenten.  
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Dinoflagellatencystenzone 3 (3.280-3.250 Ma) vertoont een nagenoeg identieke 

assemblagesamenstelling zoals zone 1. 

7.4 DISCUSSIE EN CONCLUSIE 

Zowel de resultaten verkregen van de Mg/Ca metingen (Figuur 4.5) als deze van het 

dinoflagellatencystenonderzoek (Figuur 4.8) tonen aan dat tussen 3.355 en 3.320 Ma de 

Atlantische en Pacifische Oceaan verbonden waren langsheen de Panama-engte. Dalende 

oppervlaktewatertemperaturen in combinatie met hoge abundanties van (het) heterotrofe 

Brigantedinium spp./Round Brown Cysts wijzen op een instroom van nutriëntrijk, kouder en 

minder salien Pacifisch water. Dit leidde vermoedelijk tot een verzwakking van de Noord-

Atlantische Stroming. De Schepper et al. (2009) toonde reeds een zuidwaartse verplaatsing 

aan vanaf 3.33 Ma, zelfs 23-35 ka voor het globale ijsvolumemaximum van MIS M2 (Lisiecki 

en Raymo, 2005). Een verzwakking in noordwaarts warmtetransport leidde tot de uitbreiding 

van continentaal landijs in de Arctische gebieden en met behulp van positieve 

feedbackmechanismen, zoals het albedo-effect, kon een uitgesproken glaciale periode worden 

geïnduceerd. De watertemperaturen afgeleid van Globigerinoides sacculifer dalen scherp 

vanaf 3.320 Ma om een minimum te bereiken net voor het begin van MIS M2. Deze glaciale 

afkoeling van Caraïbische oppervlaktewateren verhinderde tenslotte volledig het 

warmtetransport richting polaire regio. 

Veranderingen in dinoflagellatencystenassemblages tussen 3.320 en 3.310 Ma reflecteren een 

verondieping van de Panama Landbrug als gevolg van een dalende zeespiegel. Hoge aantallen 

pollen en sporen, herwerkte dinoflagellatencysten en het verschijnen van Polysphaeridium 

zoharyi, een ondiepe soort die warme en saliene wateren prefereert, ondersteunen deze 

veronderstelling. Een volledige sluiting van de engte vond vermoedelijk plaats rond 3.315 

Ma. Vanaf dit punt beginnen ook de oppervlaktewatertemperaturen opnieuw te stijgen. Het 

atmosferische transport vanuit de Atlantische richting de Pacifische Oceaan, gecombineerd 

met de opwelling van kouder water langsheen de evenaar veroorzaakte een temperatuur- en 

saliniteitgradient aan beide zijden van de istmus. In de Caraïben ontstond daardoor een 

nieuwe ‘warmtepoel’ die de thermohaliene circulatie terug op gang bracht. Het is 

vermoedelijk geen toeval dat kort na MIS M2 een uitgesproken warme periode aanbrak, beter 

gekend als de midden-Plioceen Warme Periode. Het mechanisme van een sterke meridionale 

circulatie werd reeds meermaals gesuggereerd als oorzaak voor dit interval (Dowsett et al., 
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1996; Dowsett et al., 2005; Dowsett et al., 2009a; Dowsett et al., 2009b; Mudelsee en Raymo, 

2005; Raymo et al., 1996; Williams et al., 2008). 

De dinoflagellatencystenassemblage wordt vanaf 3.280 Ma opnieuw gedomineerd door 

dezelfde soorten als voor 3.320 Ma, hetgeen wijst op een hernieuwde verbinding met de 

Pacifische Oceaan. De versterkte thermohaliene circulatie zorgde voor een versterkt 

warmtetransport richting hogere breedtegraden en het grotendeels afsmelten van de ijskappen 

opgebouwd tijdens MIS M2. De stijgende zeespiegel veroorzaakte dan op zijn beurt de 

volledige submersie van de Centraal Amerikaanse Landbrug rond 3.275 Ma. De 

oppervlaktewatertemperatuur in de Caraïben stijgt daarentegen nog verder tot een maximum 

waarde rond 3.270 Ma, waarschijnlijk als gevolg van de interglaciale opwarming. Nadien 

dalen de temperaturen echter snel door de steeds groter wordende influx van koeler Pacifisch 

water.  

Eerder onderzoek door Groeneveld (2005), gebaseerd op Mg/Ca analyses op Globigerinoides 

sacculifer, toonde geen duidelijke verandering in Caraïbische oppervlaktewatertemperaturen 

tussen 5.0 en 2.7 Ma. Enkel vanaf de start van de Noordelijke Hemisfeer Glaciatie, wanneer 

extreme zeespiegelfluctuaties de verbinding tussen de Pacifische Oceaan en Caraïbische Zee 

beïnvloedden, was er een wijziging in temperatuur merkbaar (Figuur 5.1). De hoge resolutie 

bemonstering van ODP kern 999 in deze studie toont echter aan dat een gelijkaardig scenario 

plaatsvond voor, tijdens en na MIS M2. Figuur 6.1 geeft een overzicht van de belangrijkste 

proxies en de daaruit afgeleide interpretatie. 

De vraag blijft echter wat de verbinding tussen de Pacifische en Atlantische Oceaan 

veroorzaakte voor MIS M2. In de bemonstering werden naast MIS M2 ook de isotopenetages 

MG1 (3.320 Ma) en MG2 (3.340 Ma) opgenomen. De dinoflagellatencystenassemblages en 

de watertemperaturen afgeleid van Globigerinoides sacculifer lijken hierdoor echter op het 

eerste zicht niet beïnvloed. Enkel Neogloboquadrina dutertrei (Figuur 4.6) vertoont eenzelfde 

fluctuatie, net als tijdens MIS M2, maar dit kan verklaard worden doordat de diepere zones 

van de waterkolom nabij de istmus sterker en sneller worden beïnvloed door 

zeespiegelfluctuaties. De Schepper et al. (2009) suggereerde een tektonische heropening 

tussen 3.3 en 3.4 Ma als oorzaak voor de verbinding tussen beide oceanen en een 

verzwakking in noordwaarts warmtetransport. Het uitvoeren van gelijkaardige hoge resolutie 

analyses tot voor 3.4 Ma kan een eventuele suggestie zijn voor toekomstig onderzoek. 
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Het onderzoek toont verder ook aan dat een zuidwaartse verplaatsing of het volledig stilvallen 

van de Noord-Atlantische Stroming een vereiste was om een Quartair scenario te 

bewerkstelligen tijdens MIS M2. De hypothese van een verzwakte meridionale circulatie 

werd reeds gesuggereerd door verschillende auteurs (De Schepper et al., 2009; Klocker et al., 

2005; Lunt et al., 2008; Naafs et al., 2010) en contrasteert met het scenario dat een versterkte 

thermohaliene circulatie leidt tot een verhoogde precipitatie en vervolgens de opbouw van 

continentale ijskappen (Bartoli et al., 2005; Driscoll en Haug, 1998; Haug en Tiedemann, 

1998; Haug et al., 2001; Keigwin, 1982; Prentice en Matthews, 1991; Weyl, 1968).  

Of nu tektonische processen, ofwel zeespiegelfluctuaties, aan de basis liggen van de 

overstroming of de emersie van de Istmus van Panama, dit onderzoekproject onderstreept 

nogmaals het feit dat de Centraal Amerikaanse Landengte een belangrijke invloed uitoefent 

op het globale klimaatsysteem. 
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Pliocene Marine Isotope Stage (MIS) M2: Was it caused by a hiccup in the closure of the 
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The mid-Pliocene was an episode of prolonged global warmth and strong global 

thermohaline circulation, interrupted briefly at ca. 3.30 Ma by a global cooling event 

corresponding to Marine Isotope Stage (MIS) M2. This glaciation has often been referred to 

as a failed attempt towards the Northern Hemisphere Glaciation (NHG), which is often 

associated with major changes in the closure of the Panamanian Gateway. Here, we present 

ongoing work on a series of high-resolution records from six (I)ODP/DSDP sites along a 

transect which runs from the east Pacific (Site 1241), via the Caribbean (Site 999) and the 

Gulfstream (Site 603) along the subtropical gyre (Site U1313) to Sites 610 and U1308 in the 

North Atlantic Current (NAC). The aim is to reconstruct in high-resolution the sequence of 

events leading into MIS M2 and the following deglaciation into the mid-Pliocene warm 

period, often referred to as the PRISM-interval. The two major scientific questions include 

firstly if a short-lived re-opening of the Panamanian Gateway led to interruption of the 

Gulfstream allowing the ice build-up on Greenland for MIS M2; and secondly if the 

deglaciation from MIS M2 into the PRISM-interval, i.e. the last time Earth’s climate was 

significantly warmer than today, can be taken as an analogue for modern day global warming. 

The proxies which are being used aim to reconstruct changes in sea surface temperature 

(SST), relative sea surface salinity (SSS), and overall water mass characteristics. To 

reconstruct changes in SST we used alkenones and Mg/Ca on Globigerina bulloides for the 

North Atlantic sites, and Mg/Ca on Globigerinoides sacculifer (surface) and 

Neogloboquadrina dutertrei (thermocline) for the east Pacific and Caribbean. Changes in 

relative salinity are determined by combining stable oxygen isotopes of the planktonic 

foraminifer species with the reconstructed temperatures to result in δ
18

Owater. Faunal 

assemblages of dinoflagellates for the North Atlantic and around Panama (in progress) are 
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used to reconstruct changes in water mass characteristics not necessarily related to just 

temperature and/or salinity. Benthic δ
18

O records were used to tune the age models from all 

sites to each other and to fit them with the global benthic δ
18

O stack LR04. 

The results show that the major changes leading into MIS M2 are starting significantly 

earlier than would initially be expected from the benthic δ
18

O stack. Just after the height of 

the preceeding interglacial MG1 a major decline in the presence of dinoflagellate cyst 

Operculodinium centrocarpum, which is a modern day indicator for the NAC, suggests nearly 

a shutdown of the overturning circulation, accompanied by decreasing SSTs. Interestingly, 

SSTs in the Caribbean also start to decrease well before M2. Considering the present day 

situation on both sides of Panama the much shallower mixed-layer in the east Pacific would 

give cooler temperatures for the habitat of G. sacculifer than the deeper mixed-layer in the 

Caribbean. And thus, the SST decrease during MIS MG1 in the Caribbean could be 

interpreted as an inflow of relatively cold Pacific water due to a re-opening of the Panamanian 

Gateway, either due to the sea level highstand during MIS MG1 and/or a short-lived tectonic 

event. The cessation of warm and salty water into the North Atlantic would then have have 

been the trigger to allow massive ice build-up on Greenland into MIS M2. 

The deglaciation of MIS M2 into the PRISM-interval could potentially been considered as 

the change from present day climate towards a warmer state of climate. As such, 

reconstructing this change could help us to understand what changes we can expect in the 

future. On the other hand, the results show the deglaciation is not a typical one in that SSTs in 

the Caribbean started to warm up already when ice volume reached its maximum. Most likely 

the increase in ice volume caused the Panamanian Gateway to close again cutting off the cool 

east Pacific water from entering the Caribbean. This led to a recovery of the Carribean Warm 

Pool and re-invigorated the Gulfstream and the NAC, indicated by the re-appearance O. 

centrocarpum, such that MIS M2 did not lead to NHG but bounced back up into the warm 

PRISM-interval. 
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The Late Pliocene (3.60-2.59 Ma) world is characterised by a stable global climate that was 

about 2-3˚C warmer than present and with atmospheric carbon dioxide concentrations slightly 

higher than today. It has therefore been considered as a good analogue for future climate 

conditions on Earth. Notwithstanding the warm climate, the major glaciation of marine 

isotope stage (MIS) M2, equivalent to a sea level drop of ca. 65 m, occurred at ca. 3.30 

million years ago. The processes behind this “failed attempt at intensification of the Northern 

Hemisphere glaciation” are unknown. 

We investigated the role of North Atlantic surface ocean circulation in the processes leading 

to MIS M2. We measured geochemical proxies for sea-surface temperature (Mg/Ca of 

different planktonic foraminifers, alkenones) and analysed dinoflagellate cyst assemblages to 

reconstruct ocean surface circulation. We used six ocean drilling sites that constitute a 

transect from the east Pacific, via the Caribbean, into the eastern North Atlantic. These sites 

allow us to reconstruct variations in the Central American Seaway throughflow and the Gulf 

Stream/North Atlantic Current system – a current system that transports warm surface waters 

to higher latitudes and influences present-day climate in northwestern Europe. 

Our results demonstrate that a weakening and southward shift of the North Atlantic Current 

resulted in reduced northward heat transport and cooling of the high latitude oceans prior to 

and during MIS M2. Together with positive feedbacks, we argue that this shift in the NAC 

and high latitude cooling was a crucial prerequisite for the expansion of the Greenland ice 

sheet during MIS M2. We speculate that the changes in the North Atlantic surface circulation 

can be explained by variations in Pacific to Atlantic throughflow via the Central American 

Seaway. 

 


