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Abstract

This study aims to unravel the ecological and evolutionary dynamics within the calcareous nannofossil 
communities at the Eocene/Oligocene transition and during the Oligocene Epoch, when Cenozoic ‘icehouse’ 
conditions were first established. More specifically, the main question this study aims to answer is whether 
the changes in the calcareous nannofossil assemblages were controlled by intrinsic evolutionary trends 
or if the changes were controlled by environmental factors such as changes in temperature and nutrient 
availability in the surface water. These questions are addressed with detailed analyses of the taxonomy, 
biostratigraphy as well as fluctuations in abundance and diversity patterns of calcareous nannofossil 
assemblages from a continuous latest Eocene through Oligocene deep-sea sediment section from the Ocean 
Drilling Program Leg 199, Site 1218 (8°53.38´N, 135°22.00´W; water depth 4826 m), paleo-equatorial 
Pacific Ocean. An improved Oligocene calcareous nannofossil taxonomy and biostratigraphy has been 
established. At the Eocene/Oligocene transition, changes in the nannofossil taxa preservation mimics 
changes in calcium carbonate content. A detailed investigation of late Eocene through late Oligocene 
sediments yields age estimates, on an astronomically calibrated timescale, for 10 calcareous nannofossil 
bioevents. The most reliable events are the extinctions of Discoaster saipanensis, Ericsonia formosa and 
Sphenolithus predistentus. Morphometric studies of the Reticulofenestra umbilicus-hillae group show that 
these cannot be subdivided into two different morphospecies. Based on differences in morphometry and 
stratigraphic ranges, the Oligocene Sphenolithus lineage appears to be the result of a combined anagenetic 
and cladogenetic evolution. A new Oligocene nannolith species is described: Triquetrorhabdulus longus 
sp. nov. High-resolution nannofossil data indicate changes in the composition, abundance and diversity of 
the mid-Oligocene (30.0-26.4 Ma) calcareous nannofossil assemblages. The nannofossil assemblages are 
dominated by Cyclicargolithus floridanus, Sphenolithus moriformis and Coccolithus pelagicus, which show 
a combined mean abundance of 84 % of the total assemblage throughout the investigated 3.6 Myr interval. 
Variations in abundance and Shannon diversity index have been used to subdivide the 3.6 Myr long study 
interval into four subintervals. Intervals of highest Shannon index diversity coincide with Oi-glaciation 
events. However, visual examination of the variations in abundance of selected nannofossil taxa do not 
appear to correlate with changes in either oxygen or carbon isotopes, or sediment flux. This presumably 
indicates that a dynamic equilibrium did not exist between these Oligocene calcareous nannoplankton 
assemblages and changes in surface water temperature or productivity conditions. Observed changes in 
the nannofossil assemblages thus could have probably been driven by the internal evolutionary dynamics 
within the coccolithophore communities.
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1. Introduction

The transition between the Eocene and 
Oligocene epochs at 33.8 Ma (Pälike et al., 2006) 
marks an important step towards the development 
of the modern icehouse world, characterized by 
the first major build-up of an Antarctic ice sheet, 
as well as changes in sea level, ocean chemistry, 
and plankton communities (Lear et al., 2000; 
Zachos et al., 2001; Coxall et al., 2005; Pälike 
at al., 2006; Coxall and Pearson, 2007; Dunkley 
Jones et al., 2008). The Eocene/Oligocene interval 
thus represents the transition from an ice-free 
early Paleogene global warm climate and high 
atmospheric pCO2 to the glaciated climate of the 
Oligocene and lower atmospheric pCO2 (Zachos et 
al., 2001; Pagani et al., 2005). Oligocene benthic 
oxygen isotopes are about 2 ‰ heavier if compared 
to the early Eocene climate optimum, and about 1 
‰ lighter if compared to the present interglacial 
situation (Fig. 1, left panel) (Zachos et al., 2008). 
The Oligocene world thus was warmer and less 
glaciated compared to present-day conditions. The 
underlying causes for this evolution of late Eocene 
through Oligocene paleoclimates are still debated 
(Raymo and Ruddiman, 1992; Exon et al., 2001; 
Huber et al., 2004; Jovane et al., 2009). In this 
context, it is important to take into account also the 
different paleogeographic configurations during 
Eocene-Oligocene times, with critical oceanic 
gateways open that are now closed, and vice versa: 
the opening of the Southern Ocean gateways 
and closure of the Tethys Ocean; disappearance 
of the Arctic subpolar gyres as the South Pacific 
was connected to the Indian Ocean, through the 
Tasmanian Gateway, near the end of the Eocene 
and then later to Atlantic Ocean through the Drake 
Passage (Huber et al., 2004). 

The equatorial Pacific Ocean is a main 
component of the global heat machine, also 
characterized by high primary productivity and 
by being a large reservoir for carbon exchange 
between the atmosphere and the ocean (Lyle 
et al., 2008). Large areas of the deep-sea are 

covered by calcareous oozes formed mainly 
by two groups of surface dwelling plankton: 
foraminifers (zooplankton) and coccolithophores 
(phytoplankton). Coccolithophores (“round-stone-
bearers”) are a major group of marine, unicellular 
algae (Lohmann, 1902) belonging to the phylum 
Haptophyta. Coccolithophores secrete minute 
calcite crystals inside their cell within a special 
vesicle, where they modify the shape and size of 
the crystals and arrange them to build individual 
plates of calcium carbonate (coccoliths) that are 
subsequently arranged outside the cell forming a 
coccosphere (Lohmann, 1902; Young et al, 2004). 
The coccoliths form an important component of 
the deep-sea sediments (Honjo, 1976; Roth, 1994; 
Bown et al., 2004).

Coccolithophores are widespread in the 
euphotic zone of the global oceans and are an 
important part of the marine phytoplankton 
community. Coccolithophores play an important 
role in the global carbon cycle, both as oceanic 
primary producers and marine calcifiers (Winter 
and Siesser, 1994; Rost and Riebesell, 2004).Rost and Riebesell, 2004). 
As primary producers, coccolithophores derivecoccolithophores derive 
energy from photosynthesis and are considered to 
be sensitive to changes in sea-surface temperature 
and nutrient concentration (McIntyre and Bé, 1967; 
Winter and Siesser, 1994). They have been widely 
used in paleoecological and paleoceanographical 
studies (e.g., Mc�ntyre, 1967; Haq and Lohmann, 
1976; Wei et. al, 1992; Winter et. al, 1994; Wade 
and Bown, 2006; Villa et. al, 2008). Due to their 
microscopic size (2-20 µm), great diversity, fast 
evolutionary rates, wide geographic distribution 
and their astronomical number in marine 
sediments, this group provides one of the most 
complete fossil records for Cenozoic times (Bown 
et al., 2004). This group represents a powerful 
tool for regional and worldwide biostratigraphic 
correlations (Perch-Nielsen, 1985). Due to their 
biochemical (dimethylsulfide – acting as a source 
molecule for cloud nucleation) and optical (albedo 
– aggregations of coccoliths in ocean surface waters 
reflect incoming light) effects they likely produce 
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additional feedback to climate change (Westbroek 
et al., 1993). There is a striking correspondence 
between major trends in calcareous nannofossil 
diversity and climate during the Cenozoic: 
increasing diversity is associated with times of 
warmer conditions (Paleocene, early Eocene, 
Miocene) while decreasing diversity is associated 
with times of cooler conditions (middle Eocene 
to Oligocene, Pliocene to Recent) (Bown et al., 
2004).

2. Overview and aims of study 

This study aims to unravel the ecological 
and evolutionary dynamics within the calcareous 
nannofossil communities at the Eocene/Oligocene 
transition and during the Oligocene Epoch, 
when Cenozoic ‘icehouse’ conditions were first 
established. More specifically, the main question 
this study aims to answer is whether the changes 
in the calcareous nannofossil assemblages were 
controlled by intrinsic evolutionary trends or if 
the changes were controlled by environmental 
factors such as changes in temperature and nutrient 
availability in the surface water. These questions are 
addressed with detailed analyses of the taxonomy, 
biostratigraphy as well as fluctuations in abundance 

and diversity patterns of calcareous nannofossil 
assemblages, from a continuous latest Eocene 
through Oligocene deep-sea sediment section from 
the paleo-equatorial Pacific Ocean.
The detailed aims of this thesis are presented from 
Paper I through Paper V as follows:

Paper I
Blaj, T., and Henderiks, J., 2007. Smear andSmear and 
spray preparation techniques put to the test 
(II): reproducibility and accuracy of calcareous 
nannofossil assemblage counts. Journal of 
Nannoplankton Research. 29, 92-100.
1. To evaluate the internal reproducibility and 
accuracy of calcareous nannofossil assemblage 
counts obtained with two commonly used 
techniques in nannofossil sample preparation for 
light microscopic investigation.

Paper II
Blaj,. T., Backman, J., and Raffi, �., 2009. Late 
Eocene to Oligocene preservation history and 
biochronology of calcareous nannofossils from 
paleo-equatorial Pacific Ocean sediments. Rivista 
Italiana di Paleontologia e Stratigrafia 115/1, 67-
85.
2. To analyze in detail the variability in preservation 

Figure 1. Left panel: The time interval studied here together with the global benthic stable isotope record for the Cenozoic (Zachos 
et al., 2001; 2008); Oi-1=Oligocene Isotope event-1; Right panel: The location of ODP Site 1218. The map shows the digital 
bathymetric model for the Pacific Ocean from http��//www.ngdc.noaa.gov/mgg/gebco/ (Figure courtesy of Benjamin Hell).
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of selected calcareous nannofossil taxa across the 
Eocene/Oligocene transition.
3. To establish a high-resolution biochronology for 
the latest Eocene through Oligocene sediments of 
Ocean Drilling Program (ODP) Site 1218.

Paper III  
Blaj, T., Henderiks, J., Young, J., and Rehnberg, 
E., submitted. On the nature of the Oligocene 
Sphenolithus evolutionary lineage: insights from 
the paleo-equatorial Pacific Ocean.. Journal of 
Micropalaeontology.
4. To examine in detail changes in morphologychanges in morphology 
within the biostratigraphically important Oligocene 
nannofossil lineage, Sphenolithus predistentus, S. 
distentus and S. ciperoensis in order to determine 
whether this set of sphenolith species represents an 
anagenetic or a cladogenetic evolutionary lineage 
(Fig. 2).

Paper IV 
Blaj, T., and Young, J., submitted. A new Oligocene 
Triquetrorhabdulus species: Triquetrorhabdulus 
longus sp. nov. Journal of Nannoplankton Research.
5. To formally describe a new and 
biostratigraphically useful Oligocene nannolith 
taxon: i.e. Triquetrorhabdulus longus sp. nov. 

Paper V 
Blaj, T.  manuscript. Abundance and diversity 
changes among calcareous nannofossil assemblages 
across the early/late Oligocene boundary in the 
paleo-equatorial Pacific Ocean. To be submitted to 
Marine Micropaleontology 
6. To determine the composition, abundance and 
diversity patterns of total calcareous nannofossil 
assemblages during a 3.6 Myr long time interval 
from the mid-Oligocene at ODP Site 1218.
7. To compare the abundance and diversity patterns 
of the nannofossil assemblages with existing 
oxygen and carbon isotope from Site 1218 (Wade 
and Pälike, 2004; Pälike et al., 2006) in order to 
evaluate if the changes occurring in the nannofossil 
assemblages were controlled by environmental 
factors (i.e. temperature and nutrient availability in 
the surface water) or by evolutionary trends within 
the calcareous nannofossil communities. 

3. Material and Methods

3.1. Study Site

ODP Site 1218 recovered a complete late 
�ocene through Oligocene sediment sequence from 
the paleo-equatorial Pacific Ocean (Fig. 1 right 

panel) (Lyle et al., 2002; Wilson et al., 2006). The site 
was drilled at 8°53.38´N, 135°22.00´W in a water 
depth of 4826 m. This site was chosen for drilling 
mainly in order to investigate paleoceanographic 
processes that occurred in the equatorial Paleogene 
Pacific Ocean during the transition of �arth’s 
climate from the early Paleogene greenhouse 
condition into the late Paleogene icehouse condition 
(Lyle et al., 2002). In this study, the late Eocene 
to Oligocene sediment section was analyzed from 
101.15 to 247.54 revised meter composite depth 
(rmcd) in the composite sediment section of Site 
1218, spliced together from Holes 1218A, 1218B 
and 1218C (Pälike et al., 2006). The studied section 
corresponds to the time interval from 35.03 Ma to 
23.41 Ma. An average sample spacing of 10 cm was 
used, which corresponds to an average duration of 
about 7.8 kyrs. 

3.2. Rationale for using an astronomically 
calibrated time-scale

The development of an astronomically 
calibrated time scale is an important innovation 
of modern geochronology. Its main objective is to 
acquire an accurate and stable Cenozoic time scale 
(http://earth-time.org/; Pälike and Hilgen, 2008). 
The climate is influenced by the periodic variations 
in Earth’s orbit, tilt and precession relative to the 
Sun (Ruddiman, 2007). Cyclical fluctuations in 
sedimentary properties are related to the orbital 

Figure 2. An example of an anagenetic and a cladogenetic 
evolution. Species A anagenetically changes over time to 
become species B, while species B cladogenetically changes 
over time by splitting into species C and D, neither of which 
are very different from B or each other. The anagenesis axis 
represents change of form, either genetic or phenotypic. The 
cladogenetic axis represents isolation of species from each 
other (e.g., reproductive isolation). The plot is from http://
www.talkorigins.org/faqs/macroevolution.html
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forcing of the incoming sunlight and thus can be 
used as a basis for the geological time scale (Raymo 
et al., 1989; Shackleton et al., 1990). 

In this study, the astronomically calibrated 
time scale of Pälike et al. (2006) (P06) is used. This 
time scale is based on the 405 kyr eccentricity cycles, 
mirrored in the stable isotopes record from Site 
1218 (Wade and Pälike, 2004; Pälike et al., 2006). 
The age estimates derived from the biostratigraphic 
study were compared with age estimated derived 
from two magnetobiochronologic Cenozoic 
timescales, i.e., Berggren et al. (1985) (B85) and 
Berggren et al. (1995) (B95). Age estimates in 
these two timescales were based on the use of 
linear interpolation between nearest geomagnetic 
reversal boundaries. Therefore, the precision of 
the age estimates in the B85 and B95 timescales 
depends on the sample spacing used and the error 
introduced when assuming constant sedimentation 
rates between the reversal boundaries. Age 
estimates using the B85 or B95 timescales are 
therefore generally an order of magnitude less 
precise compared to the estimates determined 
using the P06 timescale, which is astronomically 
calibrated. An age estimate generated using B85 
is first converted to B95 using linear interpolation, 
which is further converted to P06 following data 
available in the Pangaea database (www.pangaea.
de). 

3.3. Samples preparation techniques

All sediment samples were prepared for 
light microscope examination. Smear-slides were 
prepared from all samples using the smear slide 
method (Haq and Lohmann 1976; Perch-Nielsen, 
1985). The smear slides were analyzed using a 
Leica DMLP polarizing light microscope at 1000x 
magnification. 

3.4. Morphometric analysis 

For the morphometric analysis of the 
Reticulofenestra spp. group, light microscope 
images were captured using a Leica DMLP 
microscope (1000x magnification) and Leica DFC 
320 digital camera. A Zeiss Axioplan microscope 
(1600x magnification) equipped with a Leica DFC 
280 digital camera was used for measuring the 
Sphenolithus lineage members. The morphometric 
study of the genus Reticulofenestra was made 
on ten different early Oligocene samples (Paper 
II, Appendix A). Over 100 specimens of the R. 
umbilicus-R. hillae plexus, plus 100 specimens 
of the smaller Reticulofenestra spp. group, were 

randomly chosen and photographed. Measurements 
of total placolith length and width, and length and 
width of the central opening, on calibrated digital 
images (1 pixel corresponds to 0.054 µm) were 
performed using the public domain program ImageJ 
(http://rsb.info.nih.gov/ij/). In a similar approach,. In a similar approach, 
the morphometric study of the genus Sphenolithus 
were made on ten mid-Oligocene samples (Paper 
III, Appendix). A total of one thousand specimens specimens 
were morphometrically analysed by measuring the 
sphenolith proximal cycle height and basal width.
 
3.5. Statistical analysis 

Chi-square tests for multiple samples were 
applied for comparing the proportion of different 
species between replicates obtained with the smear 
and spray slides, respectively, in order to determine 
the reproducibility of relative species abundances 
for both smear and spray methods and to examine 
whether the two methods produced equal species 
proportions. For all samples, the standard deviation 
and the 95 % confidence level of the mean species 
proportions were calculated. The statistical analyses 
were performed with the MS Excel and PhStat 
software (Levine et al., 2001). 

Calcareous nannofossil assemblage diversity 
was calculated using the Shannon diversity index, 
frequently used in the analysis of ecological diversity 
(Dunkley Jones et al., 2008; Incarbona et al., 2008). 
The Shannon index accounts for both abundance 
and evenness/dominance of the taxa present. The 
index increases either by adding new species, or 
by having a greater species evenness (more equal 
abundances among the component taxa). The 
calculations for the diversity index were made 
using the free software PAST (PAlaeontological 
Statistics, http://folk.uio.no/ohammer/past/). Time-
series analysis have been performed using the 
program AnalySeries (Paillard et al., 1996).

3.6. Taxonomy 

              The counted calcareous nannofossil specimens 
were identified at the species level following the 
taxonomy of Perch-Nielsen (1985) and Aubry 
(1984, 1988, 1989, 1990, 1999). Roth’s et al. (1970) 
taxonomy was used for the Sphenolithus taxa. One 
new nannolith species has been described in the 
study material, namely Triquetrorhabdulus longus 
(Blaj and Young, submitted). All taxa discussed in 
this study are listed in the taxonomic appendix. All 
data set (Appendix data) is stored on ftp://ftp.geo.
su.se/teo/download/.
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3.7. Biochronologic analysis 

A total of 1484 samples (Paper II, Appendix 
A: http://users.unimi.it/rips/115/115N1.htm) was 
investigated for biochronological purposes. Semi-
quantitative data of marker species were obtained 
using the method of Backman and Shackleton 
(1983), with abundances expressed as number 
of specimens per mm2. All index species were 
counted on 10 to 50 fields of view (FOV) which 
had a relatively constant nannofossil density, 
averaging about 50 specimens/FOV. Most samples 
were investigated using 25 FOV (Backman and 
Shackleton, 1983). The abbreviations LO (LowestThe abbreviations LO (Lowest 
Occurrence) and HO (Highest Occurrence) were 
used for the two-dimensional stratigraphic surfaces 
defined by the lowest observed occurrences and 
highest observed occurrence, respectively, of a 
certain taxon in the sedimentary record, following 
Aubry and Van Couvering (2005). Seventy-six 
(76) samples (Paper II, Appendix A) were selected 
for analyzing preservation patterns of calcareous 
nannofossils and planktic foraminifers over an 
interval of 1 Myr (34.63 Ma to 33.63 Ma) across 
the Eocene/Oligocene transition.

3.8. Calcareous nannofossil assemblage counts 

For the whole calcareous nannofossil 
assemblage study, the mid-Oligocene sediment 
section was analyzed from 136.63 to 192.11 rmcd. 
This sample set represents a time interval of 3.6 
Myrs, between 30.0 Ma and 26.4 Ma, involving 
analysis of 552 samples (Paper V, Appendix A) 
using a 7 kyrs sample resolution throughout. 
Quantitative analyses were performed by counting 
at least 300 specimens per sample which were 
expressed as relative abundances of the total 
assemblage. Increasing the number of specimens 
counted did not dramatically affect the relative 
abundance patterns of different taxa (Fig. 3). 

4. Summary of Papers I to V 

4.1. Testing the accuracy and reproducibility of 
smear and spray techniques

Paper I - Smear and spray preparation techniques 
put to the test (II): reproducibility and accuracy of 
calcareous nannofossil assemblage counts.

This paper is a methodology study concerning 
the accuracy and reproducibility of the calcareous 
nannofossil assemblage counts using the simple 
smear slide method and the spray method. There are 
important questions concerning data consistency, 
accuracy and reliability that must be considered in 
data interpretation as well as comparison between 
different data sets. Increasing interest is being shown 
in recent years for comparison of data sets obtained 
using different sample preparation methods.

In an earlier study (Henderiks and Törner, 
2006), nannofossil proportion estimates between 
replicate smear slides showed substantially higher 
variance than those obtained using replicate 
sprayed slides. This study revisits this potentially 
disconcerting issue, detailing the internal accuracy 
and reproducibility of relative nannofossil 
species abundances obtained with these two 
preparation techniques. �n addition, accuracy and 
reproducibility were tested for a semi-quantitative 
method, in which the number of specimens per mm2 
is determined from smear slides. To test the overall 
reproducibility of these two preparation methods, 
replicate slides were prepared and analyzed 
with each technique for a set of six samples 
selected from the Site 1218 sediments. Based on 
the results of the statistical tests, both smear and 
spray replicates indicate a good reproducibility of 
proportion estimates within the same method, since 
no statistically significant differences between the 
replicate slides were observed. 

However, when comparing the smear with 
spray replicates, the data set reveals significantly 
different species proportions, indicating that the 
two preparation techniques are not statistically 
comparable. It appears that the dominant taxon, 
Cyclicargolithus floridanus, is enriched in the 
smear slides, whereas the abundance of the 
subordinate taxa is about the same for either 
method. A comparative test of abundance counts 
between dense and thin areas on the same smear 
slide indicates nannofossil size sorting in the 
smearing technique, with proportionally more large 
specimens in the denser ripples. 
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4.2. Calcareous nannofossil preservation and 
biochronology 

Paper II - Late Eocene to Oligocene preservation 
history and biochronology of calcareous 
nannofossils from paleo-equatorial Pacific Ocean 
sediments

In this paper a high-resolution preservation 
record of selected calcareous nannofossil species 
across the Eocene/Oligocene transition is presented 
together with late Eocene and Oligocene calcareous 
nannofossil biochronology. The preservation of 
nannofossil taxa is evaluated using percentages 
of complete versus broken specimens of five 
placolith taxa. Taxa less prone to dissolution are 
Reticulofenestra umbilicus, Coccolithus pelagicus, 
Ericsonia formosa and Dictyococites bisectus, while 
Cyclicargolithus floridanus is more susceptible 
to dissolution. The cumulative percentage of all 
complete placoliths versus all broken placoliths 
reflects in detail the changes in carbonate content. 
The two patterns are so similar that the proportion 
between complete and broken placoliths appears to 
have potential to be used as a proxy for carbonate 
contents, at least for this group of placolith taxa.

This study presents also a biochronologic 
framework for the following taxa: the HO of 
Discoaster barbadiensis (34.77 Ma), D. saipanensis 
(34.44 Ma), E. formosa (32.92 Ma), R. umbilicus 
(32.02 Ma), Sphenolithus predistentus (26.93 Ma), 
S. distentus (26.81 Ma), and S. ciperoensis (24.43 
Ma), and the LO of S. distentus (30.00 Ma) and 
S. ciperoensis (27.14 Ma). The first consistent 
appearance of Triquetrorhabdulus carinatus 
occurs at 26.56 Ma, while the onset of the peak 
interval of T. carinatus was determined at 24.67 
Ma. Biochronological comparisons are made with 
other sites from the Atlantic Ocean. 

4.3. Oligocene Sphenolithus evolutionary lineage

Paper III - On the nature of the Oligocene 
Sphenolithus evolutionary lineage: insights from 
the paleo-equatorial Pacific Ocean

This study investigates changes in 
morphology within a biostratigraphically important 
Oligocene nannofossil lineage, Sphenolithus 
predistentus-distentus-ciperoensis, in order to 
determine the nature of this evolutionary lineage. 
Using differences in their morphology and 
biostratigraphic ranges, the aim of this study was 
to determine whether this set of sphenolith species 
represents an anagenetic evolutionary lineage or a 

set of discrete species with overlapping geological 
ranges. One thousand specimens were analysed 
morphometrically, by measuring the basal ratio 
(the ratio between the proximal cycle height and 
basal width). These measures were identified as key 
parameters in this lineage. The study concludes that 
S. distentus and S. predistentus are intergradational 
species forming an anagenetic lineage and that S. 
ciperoensis is a discrete species which evolved 
relatively abruptly in the late Oligocene.

4.4. Describing a new nannolith species from the 
low latitude Pacific Ocean

Paper IV - A new Oligocene Triquetrorhabdulus 
species: Triquetrorhabdulus longus sp. nov.

While investigating the LO of 
Triquetrorhabdulus carinatus at ODP Site 1218 
in the paleo-equatorial Pacific Ocean, a form that 
resembles this species was observed and counted 
separately (Blaj et al., 2009). Based on differences 
in size, shape, and stratigraphic range compared 
with the typical Triquetrorhabdulus carinatus, this 
longer morphotype has been described as a new 
and apparently biostratigraphically useful nannolith 
species, i.e. Triquetrorhabdulus longus sp. nov.  
Triquetrorhabdulus longus precedes the LO of T. 
carinatus by ~ 0.7 Myr. Its stratigraphic range has 
a duration of about 3.3 Myr. Triquetrorhabdulus 
longus shows a strong reduction in abundance 
parallel with the beginning of a sharp increase in 
abundance of T. carinatus.

4.5. Changes among calcareous nannofossil 
assemblages in the mid-Oligocene

Paper V - Abundance and diversity changes 
among calcareous nannofossil assemblages across 
the early/late Oligocene boundary in the paleo-
equatorial Pacific Ocean

This paper presents a high-resolution study 
of relative abundances and diversity fluctuations 
of calcareous nannofossil assemblages in the mid-
Oligocene interval showing high carbonate contents. 
The data generated are compared with stable isotope 
(C, O) and sediment flux data in order to establish 
possible relationships to changes in sea surface 
temperature and productivity. The nannofossil 
assemblage is dominated by Cyclicargolithus 
floridanus, Sphenolithus moriformis and Coccolithus 
pelagicus. Together, they show a combined mean 
abundance of 84 % throughout the investigated 3.6 
Myr interval (30.0 - 26.4 Ma). All component taxa 
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show strong fluctuations in abundance. Variations 
in abundance and Shannon diversity index have 
been used to subdivide the 3.6 Myr long study 
interval into four subintervals. Intervals of highest 
Shannon index diversity coincide with Oi-glaciation 
events. However, the variations in abundance of 
selected nannofossil taxa do not appear to correlate 
with changes in either oxygen isotopes or carbon 
isotopes. This presumably indicates that a dynamic 
equilibrium did not exist between these Oligocene 
calcareous nannoplankton assemblages and changes 
in surface water temperature or productivity 
conditions. Observed changes in the nannofossil 
assemblages thus seem to have been driven 
probably by the internal evolutionary dynamics 
within the coccolithophore communities.

5. Results and discussion 

5.1. Oligocene calcareous nannofossil taxonomic 
issues

The diversity of the calcareous nannofossil 
assemblages during the Oligocene was relatively 
low (Bown et al., 2004) and hence the number of 
well-established biostratigraphic markers in this 
interval is lower compared to other Cenozoic epochs 
(Martini, 1971; Bukry, 1978; Perch-Nielsen, 1985) 
(Fig. 4). The lowered rate of taxonomic evolution 
during Oligocene times has decreased the number 
of useful biostratigraphic events. So there is a 
need to refine species concepts in order both to 
increase the number of useful bioevents and to 
reduce ambiguity in species concepts. This study 
highlights several taxonomic problems, reflecting 

the fact that there have been relatively few studies 
undertaken on Oligocene nannofossil taxonomy 
in recent decades. Improved taxonomy is crucial 
for the understanding of evolutionary processes in 
calcareous nannofossils and for producing reliable 
biostratigraphic and paleoceanographic data.  In this 
study, these limitations are overcome by combining 
the biostratigraphic pattern and morphometric 
analysis of selected nannofossil taxa and LM and 
SEM investigations. 

5.1.1 Reticulofenestra umbilicus-hillae plexus

The HO of Reticulofenestra umbilicus defines 
the Zone NP22/NP23 boundary of Martini (1971) 
and the CP16c/CP17 boundary of Okada and and 
Bukry (1980). This taxon is distinguished from 
other related taxa by its larger size. Morphological 
investigation is the most frequently used criteria for 
distinguishing between different species. Changes 
in placolith size and central opening size within 
Reticulofenestra are used for taxonomic purposes. 
Backman and Hermelin (1986) suggested the 
use of a lower placolith length of 14 µm for the 
identification of the first appearance of R. umbilicus. 
Reticulofenestra hillae has a thicker collar around 
the central opening and a smaller central opening, 
compared to R. umbilicus (Bukry and Percival, 
1971; Backman and Hermelin, 1986). 
 In this study, the morphometric measurements 
of Reticulofenestra spp. and the R. umbilicus-
hillae plexus show that the placolith and central 
opening length and width are strongly correlated. 
Placolith lengths range between 11 µm and 18 µm 
for one cluster (representing the R. umbilicus-hillae 
plexus) and between 4 µm and 8 µm for another 
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cluster (representing several smaller species, here 
referred to as Reticulofenestra spp.) (Fig 5). The 
results of the morphometric analyses do not show 
any bimodal distribution among the larger cluster, 
either in total length or central opening length (Fig. 
5). Hence, it is difficult to distinguish R. umbilicus 
and R. hillae as two different subpopulations. Based 
on these results, R. umbilicus and R. hillae have 
been here combined into a single taxonomic entity, 
referred to as the R. umbilicus group. Furthermore, 
the 14 µm size limit for the R. umbilicus concept 
employed by Backman and Hermelin (1986) is not 
relevant in the late Eocene and early Oligocene at 
Site 1218 because the R. umbilicus group forms a 
coherent size cluster from approximately 11 µm to 
18 µm. The 14 µm concept for the LO of R. umbilicus 
was introduced because the earliest ca. two 

million years of the range of this taxon showed 
discontinuous occurrences in low abundances 
of the >12 µm and >13 µm forms (Backman and 
Hermelin, 1986, figure. 4).  Mapping the spatial and 
temporal size variability of the R. umbilicus group 
in different paleoceanographic settings appears to 
be necessary in order to determine the reliability of 
its biochronologic and paleoecologic properties. 

5.1.2. Oligocene Sphenolithus evolutionary lineage

The sphenoliths are important for the 
subdivision of Oligocene time (Roth et al., 1970; 
Perch-Nielsen, 1985). Key taxa include the 
Sphenolithus predistentus, Sphenolithus distentus predistentus, Sphenolithus distentusSphenolithus distentus distentus 
and Sphenolithus ciperoensisSphenolithus ciperoensis ciperoensis and intermediate 
forms (Olafsson och Villa, 1992). The sphenolithsOlafsson och Villa, 1992). The sphenoliths. The sphenoliths 
are also suitable for studies of evolutionary changes 
and phenotypic variations. Their continuous 
stratigraphic distribution and abundance (Fig. 6) at 
Site 1218 allows a detailed study of the Oligocene 
sphenolith lineage. As the morphological featuresAs the morphological features 
of a species changes through time, morphology 
is also the primary used criteria for analyzing 
evolutionary processes within a lineage. The oneThe one 
thousand randomly selected Sphenolith specimens 
(Fig. 7a) could be consistently identified to species 
level (Fig. 7b) based on their extinction pattern 
in polarized light (i.e. the extinction line between 
the apical cone and proximal height is straight in 
S. predistentus, V-shaped in S. distentus and X-
shaped in S. ciperoensis). However, under the 
SEM investigation, the specimens are harder to 
distinguish. 
Measurements of the sphenolith basal width and basal width and 
proximal cycle height show that show that Sphenolithus 
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predistentus and S. distentus group overlap 
significantly. Sphenolithus ciperoensis, on the 
other hand, is rather well-separated from the other 
two taxa (Fig. 7b). The frequency histogram of theThe frequency histogram of the 
basal ratio shows a weakly bimodal distribution, 
with a poorly defined frequency minimum at 2.0 
(Fig. 8). �t is obvious that this frequency minimum 
corresponds to the separation of S. ciperoensis from 
S. distentus and S. predistentus noted in the scatter 
diagram (Fig. 7b). 

The results of morphometric measurements 
of the S. predistentus, S. distentus and S. ciperoensis 
lineage also show that the basal ratio (betweenalso show that the basal ratio (between 
basal width and proximal cycle height) is distinct 
between the different morphospecies and thus can 
be used to distinguish between the sphenoliths 
species. The highest mean basal ratio was observed 
in Sphenolithus predistentus (average 2.79), 
followed by a lower basal ratio in its descendant 
species S. distentus (average 2.23) and a still lower 
basal in the youngest member of the lineage, S. 
ciperoensis (average 1.70). These changes in 
basal ratio show that the investigated sphenolith 
lineage is made of three different morphospecies. 
However, it is important to note that the groups are 

not very distinct in terms of bimodality. Our data 
show time-progressive changes in the basal ratio 
within the analyzed species toward morphospecies 
with larger proximal cycle height and smaller basal 
ratios (Fig. 9). 

Based on their stratigraphic range 
observations and changes in their morphology, S. 
distentus and S. predistentus seem to have been 
the products of an anagenetic evolution, while S. 
ciperoensis is considered to be a discrete species 
which evolved rapidly by cladogenesis in the late 
Oligocene (Fig. 2). If these time-progressive trends If these time-progressive trends 
and changes in sphenolith morphology prove to 
be worldwide consistent, the Sphenolithus lineage 
could be another helpful case for investigating the 
evolutionary mechanisms that underlie size and 
morphology changes in calcareous nannofossils 

1.5 2.5 3.5 4.5
0

20

40

60

80

100

Fr
eq

ue
nc

y

Ratio between sphenolith basal width/proximal cycle height  

S. ciperoensis
S. distentus
S. predistentus

Figure 8. Histograms of the basal ratio (between basal width 
and proximal cycle height) in 1000 sphenolith taxa.

2.5 3.02.0
Ratio between sphenolith basal width/proximal cycle height  

S. ciperoensis

S. distentus
S. predistentus

29.86

29.51

29.20

28.89

28.54

28.24

27.84

27.43

27.08

26.76

Age (Ma)

Figure 9. Plot of changes in time of the mean basal ratio values 
in each of the 10 samples; bars represent standard error of the 
mean; shading indicates the diffrence in basal ratio between S. 
distentus and S. predistentus. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 1 2 3 4 5 6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 S
ph

en
ol

ith
 p

ro
xi

m
al

 h
ei

gh
t (

µm
) 

Sphenolith width (µm) 

proximal
cycle
height

apical
cone

basal width

0 1 2 3 4 5 6

Sphenolithus spp.

Sphenolith width (µm) 

S. predistentus

S. distentus

S. ciperoensis

----
1.5 µm

a bS. ciperoensis
S. distentus
S. predistentus

Figure 7. (a) Relationship between proximal cycle height and basal width in the 10 investigated samples of 1000 unlabelled 
sphenoliths taxa; Insert drawing shows Sphenolithus distentus (from Young, 1998) and morphological features investigated in this 
study (i.e. basal width and proximal cycle height). (b) Scatter plot of proximal cycle height and basal width of the 1000 sphenoliths 
taxa identified as S. predistentus, S. distentus and S. ciperoensis (inserted micrographs). 



10

(e.g., Young, 1990; Henderiks and Pagani, 
2008). In order to further explore this, further 
investigations of Sphenolithus assemblages from 
different locations and latitudes and extended 
stratigraphic range are needed.

5.1.3. A new Oligocene nannolith species: 
Triquetrorhabdulus longus sp. nov. 

In order to increase the number of useful 
Oligocene biostratigraphic events, the LO of 
Triquetrorhabdulus carinatus has been investigated 
at Site 1218. The lower part of the range of T. 
carinatus is characterized by low and discontinuous 
abundances (Fig. 10). A species that resembles 
this nannolith taxon has been observed 0.7 Myrs 
prior to the continuous occurrence of T. carinatus 
(Fig. 10). This morphotype is distinguished from 
the typical T. carinatus by differences in size: it 
can be 45 µm long, compared to the 15 µm length 
of T. carinatus. Both nannoliths show maximum 
birefringence at 45° to the polarizers when observed 
in polarized light. The presumably completely 
preserved specimens of the longer morphotype 
have a needle shape, with one end thicker and 
brighter, tapering off throughout its length. Typical 
T. carinatus appears brighter, suggesting that it 
is less heavily calcified compared to the longer 
morphotype. Importantly, the two morphotypes 
show very distinct stratigraphic ranges (Fig. 10). 
The distribution of Triquetrorhabdulus longus in 
the paleo-equatorial Pacific covers 3.3 Myr and 
this is most likely the first complete age range 
documented of this morphotype. The abundance ofThe abundance of 
the longer morphotype decreases gradually while 
T. carinatus increases markedly in abundance 
around 25 Ma. This cross-over event clearly 

defines the relationship between the two nannolith 
species, as the beginning of the peak abundance 
interval of T. carinatus coincides with the decline 
in abundance of the longer morphotype (Fig. 10). 
Therefore, it appears rational to presume that 
the longer morphotype was outcompeted by the 
more robust T. carinatus. In summary, based on 
differences in shape, size and stratigraphic range 
compared with the typical T. carinatus, this longer 
nannolith morphotype has been defined as a new 
and potentially biostratigraphically useful nannolith 
species, Triquetrorhabdulus longus sp. nov. 

5.2. Late Eocene to early Oligocene preservation 
history of selected nannofossil taxa 

The Eocene/Oligocene transition is 
characterized by worldwide fluctuations in the  
calcite compensation depth (CCD) (Coxall et al., 
2005; Coxall and Pearson, 2007). At Site 1218, 
fluctuations in the CCD are reflected in the calcium 
carbonate content: from a latest Eocene shallow 
CCD and hence with low calcium carbonate content, 
to an interval with sediments barren of carbonate 
and finally to the very latest �ocene and very earliest 
Oligocene, when the CCD had deepened enough 
to permit sediment carbonate concentrations of 
nearly 90 % at Site 1218 (Fig. 11A). This lithologic 
change which implied a major improvement in 
biogenic carbonate accumulation is closely linked 
to the calcareous nannofossil preservation. Hence, 
the preservation of calcareous nannofossil was 
compared with the carbonate contents in a critical 
one million year long interval, in which significant 
changes occurred in both nannofossil abundances/
preservation and carbonate values. Calcareous 
nannofossil preservation has been evaluated using 
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percentages of complete versus broken/fragmented 
specimens of five placolith taxa. The five 
investigated placolith taxa are: Reticulofenestra 
umbilicus group, Ericsonia formosa, Coccolithus 
pelagicus, and Dictyococites bisectus group and 
Cyclicargolithus floridanus.

The studied interval covers the time between 
34.63 Ma and 33.63 Ma. This interval has been 
divided into 4 intervals (Interval I to IV), based on the 
changes that occurred in both carbonate values and 
calcareous nannofossils (Fig. 11A). Between 34.15 
Ma and 33.94 Ma, biogenic carbonate is lacking 
(0.2 and 2.9 % carbonate). At around 33.90 Ma, 
calcareous nannofossils return to the latest Eocene 
sediments, parallel with the initial sharp and rapid 
increase in carbonate. Planktic foraminifers, on the 
other hand, return 230 kyrs later than calcareous 
nannofossils (Fig. 11A), reconfirming the fact 
that calcareous nannofossil are less susceptible 
to dissolution than planktic foraminifers (Berger 
1973). The following succession of calcareous 
nannofossil preservation and carbonate contents 
changes characterizes the one million year long 
study interval:

Late Eocene: 34.63 - 34.15 Ma - Interval I
Carbonate values fluctuate between 2.3 and 

22.3 % in what appears to be a cyclical trend. 
The nannofossil assemblages are characterized by 
heavily dissolved, fragmented/broken placoliths, 
composed mainly of the D. bisectus and R. 
umbilicus groups,  C. pelagicus (“ghosts” - isolated 
proximal and/or distal shields of placoliths) and 
fragments of E. formosa (isolated proximal and/
or distal shields). The complete/broken pattern 
of the nannofossil taxa varied in parallel with the 
carbonate content in Interval I (Fig. 11B-F), where 
the percentage of broken taxa represents over 60 
% of the assemblage. Cyclicargolithus floridanus 
seems to be the most dissolution prone taxon, as the 
broken specimens of this species represent 95 %. 
Broken specimens of C. floridanus typically have 
the central area dissolved.

Late Eocene: 34.15 - 33.94 Ma - Interval II
This interval is characterized by nearly 

complete carbonate dissolution (0.2-1.7 % 
carbonate). A few overcalcified specimens 
belonging probably to the D. bisectus and R. 
umbilicus groups were observed in the upper part 
of this interval.
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Late Eocene and Eocene/Oligocene transition:
33.94 - 33.68 Ma - Interval III

Carbonate values vary from 4.7 (just at the 
very base of this interval) to 82.5 % in this interval 
(11A). The initial increase in carbonate contents 
is sharp, increasing to more then 50 % over 66 
kyrs. Nannofossil assemblages are characterized 
by a progressive increase of well preserved and 
complete placoliths, although broken/fragmented 
specimens are still present in high percentages. 
The base of Interval III is characterized by 
an increase in carbonate content and also a 
simultaneous appearance of complete specimens 
of all investigated taxa, except for C. floridanus, 
which continues to show high percentages of 
the broken specimens. Following the barren late 
Eocene Interval II, the D. bisectus group are the 
first identifiable specimens to re-appear. The 
recovery of R. umbilicus group, E. formosa and C. 
pelagicus from broken to complete taxa was quite 
sharp (Fig. 11B-D). Interval III is characterized 
by the dominance of the completely preserved 
placolith taxa, which represent over 80 % of the 
assemblage. The exception to this is C. floridanus, 
which continues to show high percentages of the 
broken specimens, although the carbonate content 
is high in this interval. 

Early Oligocene: 33.68 - 33.63 Ma -  Interval IV 
Carbonate values are highest in this interval, 

fluctuating between 85.5 and 89.3 %. The base of 
this interval is placed where planktic foraminifers 
return. The percentage of complete calcareous 
nannofossil specimens dominates over broken/
fragmented specimens, which show a sharp 
decrease in abundance. Interval IV is characterized 
by having more than 90 % complete specimens of 
R. umbilicus group, E. formosa, C. pelagicus and 
D. bisectus group. Cyclicargolithus floridanus 
shows a sharp increase, from 20 % to 50 % of the 
complete specimens in the basal part of the high 
carbonate content Interval IV. Only in the upper 
part of this interval, compared to the other three 
intervals, the complete C. floridanus specimens 
dominate over the broken ones. It follows thus 
that C. floridanus is the most dissolution prone 
placolith taxon in this interval.

To sum up, the cumulative percentage of all 
complete placoliths versus all broken placoliths 
mirrors in detail the changes in carbonate content 
(Fig. 11G). In fact, the two curves are so similar 
that the proportion between complete and broken 
placoliths, at least for this group of placolith taxa, 
appears to have potential as a proxy for carbonate 
contents. 

5.3. Biochronology of the late Eocene to late 
Oligocene paleo-equatorial Pacific sediments and 
comparison with other reference sites

This study presents the first astronomically 
tuned age estimates of Oligocene calcareous 
nannofossils from the paleo-equatorial Pacific 
Ocean. Age estimates derived from Site 1218 are 
reported (Tab. 1) and compared to biochronologies 
from Lyle at al. (2002), Shackleton et al. (1999), 
Berggren et al. (1995), Olafsson and Villa (1992), 
Wei and Wise (1989), and Backman (1987). All 
age estimates are converted to the Pälike et al. 
(2006; tab. S2) astronomically calibrated timescale 
from Site 1218. 

All nannofossil bioevents identified in the 
paleo-equatorial Pacific Site 1218 (Fig. 12) are 
discussed below: 

•	The late Eocene at Site 1218 is determined 
by the presence of the last rosette shaped discoasters, 
namely D. saipanensis and D. barbadiensis. These 
dissolution resistant species are overgrown prior to 
their extinction, which occurred in a low carbonate 
content interval (<20 %). The HO of D. saipanensis 
defines the base of Zone NP21 (Martini, 1971). 
At Site 1218, the HO of D. barbadiensis occurs 
at 34.77 Ma and the HO of D. saipanensis occurs 
at 34.44 Ma. The HOs of D. barbadiensis and D. 
saipanensis occur shortly prior to the Hantkenina 
extinction, which is used for definition of the 
Eocene/Oligocene transition (Premoli Silva and 
Jenkins, 1993). 

•	As Hantkenina is not preserved at Site 
1218, the Eocene/Oligocene transition is inferred at 
Site 1218 via cyclostratigraphy (Pälike et al., 2006), 
at 33.79 Ma. The boundary falls in the early part 
of the 200 kyrs long plateau showing intermediate 
carbonate contents (Coxall et al., 2005). The 
stratigraphy around the Eocene/Oligocene transition 
is marked at Site 1218 by a major change from a 
dark brown radiolarite to light nannofossil chalk 
and ooze. This change in carbonate preservation 
and accumulation represents a major event that has 
been observed in many Pacific Ocean sites (van 
Andel et al., 1975), reflecting a major deepening 
of the CCD that occurred in two steps of 40 kyrs 
each separated by an intermediate plateau having a 
duration of about 200 kyrs (Coxall et al., 2005). At 
Site 1218, biogenic carbonate did not accumulate 
in a 210 kyrs long interval (34.15-33.94 Ma) (Fig. 
11A), characterized by a CCD level shallower than 
the depositional depth of Site 1218. Carbonate 
values varied from 2.3 to 22.5 % in a cyclical way 
between about 34.63 and 34.15 Ma (Fig. 11A). The 
HOs of D. barbadiensis and D. saipanensis both 
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occur in this low carbonate content interval.
•	The HO of D. saipanensis is a synchronous 

event within 68 kyrs in the tropical Pacific and 
Atlantic oceans, and in the middle latitude South 
Atlantic (Tab. 1). The 346 kyrs younger estimate 
from Site 516 (Wei and Wise 1989) is probably due 
to the poor magnetostratigraphic record at this site 
(Berggren et al., 1995). 

•	The HO of D. barbadiensis occurs 338 kyrs 
before the HO of D. saipanensis at Site 1218 (Table 
1). Age estimates for these two events from the low 
and middle latitude Atlantic sites are consistently 
younger (Table 1). However, taking into account 
the better age-constrain and higher sampling 
resolution, it is assumed that the Site 1218 study 
show the genuine HO’s of D. barbadiensis and D. 
saipanensis.

•	The HO of E. formosa defines the Zones 
NP21/NP22 boundary of Martini (1971) and the 
CP16b/CP16c boundary of Okada and Bukry 
(1980). The final decline and sharp extinction of 
E. formosa occurs in an interval with decreasing 
carbonate concentrations, from about 80 to 40 % 
carbonate. However, the extinction of E. formosa 
does not appear to have been biased by carbonate 
dissolution judging from its abundance pattern 
and the general shape of the carbonate content 
curve. The extinction of E. formosa at Site 1218 is 
determined to 32.91 Ma (Paper ��, fig. 5). 

•	The HO of E. formosa represents a 
virtually synchronous event in the tropical Pacific 

and Atlantic oceans (Tab. 1). The only marked 
difference is in the eastern middle latitude South 
Atlantic, where it is 251 kyrs younger compared 
to Site 1218. The 251 kyrs younger estimate is 
derived from DSDP Hole 523 (Backman, 1987). 
His data from DSDP Hole 522, where the HO of E. 
formosa results in an age of 32.90 Ma, is only 14 
kyrs younger than the estimate from Site 1218. The 
discrepancy between the neighbouring Sites 522 
and 523 is probably caused by the slightly lower 
sedimentation rates in Site 523 in combination 
with variable sedimentation rates during the long 
Chron C12r (2.39 Myr on the B85 timescale). In 
conclusion, E. formosa provides a consistent and 
synchronous event in the low latitude Pacific and 
Atlantic oceans, and in the middle latitude South 
Atlantic.

•	The HO of R. umbilicus defines the Zone 
NP22/NP23 boundary of Martini (1971) and the 
CP16c/CP17 boundary of Okada and Bukry (1980). 
Abundances decrease gradually in the top part of 
the range. This species also shows discontinuous 
occurrences in its upper range. The extinction of R. 
umbilicus at Site 1218 is determined to 32.02 Ma. 
The HO of R. umbilicus is a problematic marker 
which is difficult to pick consistently partly because 
of low abundances towards the end of its range 
(Paper ��, figure 6). �n addition, this taxon is mainly 
distinguished from other related taxa in terms of 
size differences, which probably also contributes 
to the fairly large spread in its estimated extinction 

Conv. to P06 Conv. to P06
(522)

 S. Atlantic 

 S. Atlantic
 (522, 523) 

location

(516)

(522)

(522)

(522)

(522)

 (522, 523) 

(516)

 (522, 523) 

(516)

 (522, 523) 

(516)

(926)
 Atlantic Pacific

(1218)

Table 1. Differences in age estimates of nannofossil biohorizons between this study and a few selected other studies: Ref.=Reference 
and corresponding location and site; OV92=Olafsson and Villa (1992); WW89=Wei and Wise (1989); B87=Backman (1987); 
B85=Berggren et al. (1985); B95=Berggren et al. (1995); S99=Shackleton et al. (1999); L02=Lyle et al. (2002; shipboard) data(1985); B95=Berggren et al. (1995); S99=Shackleton et al. (1999); L02=Lyle et al. (2002; shipboard) data(2002; shipboard) data 
converted to P06; Conv. to P06=all ages are converted to P06 timescale. Diff.=Difference (Myr) in age estimate between the 
”This study” column and the corresponding age estimate in nearest left column. The sign (–) in diff. columns indicates that the age 
estimate is older than this study age estimate whereas (+) indicates that the age estimate is younger than the estimate of this study. 
LCO=lowest continuous occurrence; Sp->Sd=S. predistentus to S. distentus; *base of peak abundance, with >900 specimens/mm2; 
rmcd= revised meter composite depths.
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age. Estimates vary from 614 kyrs younger to 
445 kyrs older, in comparison to the age derived 
from Site 1218. Notably, the shipboard data from 
Site 1218 is 159 kyrs older than the result in this 
study (Table 1). This older estimate represents the 
highest continuous occurrence of R. umbilicus. 
Clearly, the HO of R. umbilicus must be used with 
caution.

•	Oligocene sphenolith events and the HO 
of R. umbilicus show the largest inconsistencies 
between workers and regions. The only exception 
is the HO of S. predistentus, which appears to be 
only 25 kyrs older in the South Atlantic (Olafsson 
and Villa, 1992) compared to Site 1218. Thus, the 
HO of S. predistentus thus appears to represent the 

most consistent Oligocene sphenolith marker in the 
middle latitude South Atlantic and tropical Pacific 
Ocean.

•	Forms transitional between S. predistentus 
and S. distentus were observed well below the LO 
of the S. distentus s.s. The transitional forms show a 
distinct LO at 33.29 Ma. This form is common in the 
lower part of its range, and occurs discontinuously 
with lower abundances in its upper range. The last 
specimens were observed in a sample at 30.17 Ma. 

•	The LO of S. distentus defines the Zone 
CP17/18 boundary in Okada and Bukry (1980). 
At Site 1218 the LO of S. distentus was placed at 
30.00 Ma, which is 3.3 Myrs after the appearance 
of the first transitional forms.

34

30

24

Age (Ma) 

C7An

C6Cn.3n

C7n

C8n.1n

C8n.2n

C9n

C10n

C11n.2n

C11n.1n

C12n

C13n

C15n
C16n

C13r.1n?

33.232

33.705

30.617

31.021

34.151
34.285

35.126
35.254
35.328

29.166
29.467
29.536
29.957

27.866

28.318

26.508

27.412

28

32

25.110
25.248
25.306

26.032

24.756
24.984

24.022

24.459

23.278
23.340

Chron

E
O

C
E

N
E

la
te

O
LI

G
O

C
E

N
E

la
te

ea
rly

Epoch

HO S. ciperoensis

LO S. ciperoensis

HO S. distentus
HO S. predistentus

LO S. distentus

HO R. umbilicus

HO E. formosa

HO D. barbadiensis
HO D. saipanensis

Oligocene - Miocene
Boundary

Calcareous nannofossil events

Eocene - Oligocene
Boundary

20  40  60  80

 CaCO3 (%)

CaCO   (%)3

26

  

Figure 12. Magnetostratigraphy (Lanci et al., 2005), per cent calcium carbonate content
(www.pangaea.de) and positions of biohorizons determined from Site 1218 (Blaj et al., 2009). 
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•	The LO of S. ciperoensis defines the top 
of Zones NP23 (Martini 1971) and CP18 (Okada 
and Bukry 1980), respectively. Discontinuous 
occurrences in the earliest part of its range increase 
the uncertainty of its true age at Site 1218. It is 
continuously present from 27.09 Ma in Site 1218.

•		Sphenolithus predistentus is not traditionally 
used for the subdivision of the Oligocene, but the 
importance of this taxon as biostratigraphic marker 
has been previously argued by, for example, 
Olafsson and Villa (1992). In the upper part of 
its range, the abundance decreases sharply just 
prior to the extinction, estimated to 26.93 Ma. 
Judging from the data at Site 1218, the distribution 
of S. predistentus shows a sharp final decline in 
abundance. Its HO therefore represents a useful 
biostratigraphic signal, which can be employed 
to approximate the Zone NP24/25 boundary and 
to increase the biostratigraphic resolution of the 
Oligocene, as was previously suggested by Olafsson 
and Villa (1992). 

•	The HO of S. distentus marks the NP24/
NP25 and the CP19a/CP19b zonal boundaries. 
The highest continuous occurrence of S. distentus 
is observed at 26.95 Ma at Site 1218, which is 
followed by an interval of discontinuous and low 
abundances. This species has not been observed 
above 26.56 Ma. The mean age of this indistinct 
event is thus 26.81±0.114 Ma.

•	The LO of S. ciperoensis shows the single 
largest age difference, in being 2586 kyrs older 
(Berggren et al., 1995) compared to the estimate 
derived from Site 1218. �ts first continuous 
occurrence at Site 1218 was observed at 27.090 
Ma, and the absolutely lowest specimens at 27.194 
Ma. The mean age of this event is thus placed at 
27.14 Ma. This species seems to arrive later to the 
tropical western Atlantic by 242 kyrs (Shackleton 
et al., 1999) (Table 1). The oldest estimate for the 
evolutionary appearance of S. ciperoensis is at 
27.532 Ma, derived from DSDP Hole 522 in the 
South Atlantic (Olafsson and Villa, 1992), thus 
arriving 390 kyrs earlier at this site compared to Site 
1218. There is a long interval of transitional forms, 
encompassing 3117 kyrs, between S. predistentus 
and S. distentus. The first distinct S. distentus 
occurs at 30.00 Ma. It follows that this event likely 
is picked differently by different workers (Table 
1). This event should be used with caution in the 
biochronologic subdivision of Oligocene time.

•	The HO of S. ciperoensis defines the top 
of Zones CP19a of Okada and Bukry (1980) and 
the top of NP25 of Martini (1971). The HO is 
determined at 24.43 Ma. This is fully compatible 
with the shipboard data (Pälike et al., 2006, table 

S2), if considering the larger depth uncertainty (1.5 
m) in the shipboard determination. The abundances 
of S. ciperoensis towards the end of its range are so 
low that finding the absolutely last specimens in the 
true range of this species is difficult to reproduce 
precisely even if counting 50 FOV having >50 
specimens/FOV. The HO of S. ciperoensis has an 
astronomically calibrated age of 24.13 Ma from Site 
522 in the South Atlantic (Shackleton et al., 2000), 
which is 0.3 Myrs younger than the estimate from 
Site 1218. It is thus possible that the last observed 
specimens at Site 1218 represents a paleoecological 
event rather than the true extinction event of this 
species. This datum hence must be used with 
caution because of low abundances towards its 
uppermost range and clear diachrony between low 
and middle latitudes, disappearing earlier at lower 
latitudes. 

•	The oldest estimate of the HO of S. 
ciperoensis is from this study, which is, on the 
average, 461 kyrs older compared to other estimates 
presented in Table 1. The small size of this species in 
tropical regions combined with its rare abundances 
towards its upper range makes it difficult to pick 
this event consistently. The estimate from Site 
1218 thus does not represents the extinction of this 
species, but probably a paleoecologically caused 
exclusion from the tropical assemblages; it survived 
for about half a million years longer in the South 
Atlantic (Olafsson and Villa, 1992).

5.4. Mid-Oligocene calcareous nannofossil whole 
assemblage study

The aim of this study is to present a high-
resolution analysis of the relative abundances and 
diversity fluctuations of calcareous nannofossil 
assemblages in a mid-Oligocene interval showing 
high carbonate contents, in order to in investigate 
which factors controlled the changes occurring in 
the nannofossil assemblages.

The changes occurring in the nannofossil 
assemblages might have been presumably controlled 
by environmental factors (i.e. temperature and 
nutrient availability in the surface water) and/or 
by evolutionary trends within the nannofossil 
communities. High-resolution sampling of the mid-
Oligocene sediments at Site 1218 provides detailed 
records that reveal that the nannofossil assemblage 
experienced marked changes in abundance and 
diversity index values in the 3.6 Myrs (30.00-26.4 
Ma) study interval. 

Cyclicargolithus floridanus, Sphenolithus 
moriformis and Coccolithus pelagicus dominate 
the nannofossil assemblages and show a combined 
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mean relative abundance of 83 % through the 
entire interval (Fig. 13). Common taxa include 
Discoaster spp., Reticulofenestra spp. and 
Sphenolithus predistentus. Rare taxa include 
Dictyococcites spp., Sphenolithus distentus, 
Sphenolithus ciperoensis, Sphenolithus tribulosus, 
Coronocyclus nitescens, Helicoshapera compacta 
and Triquetrorhabdulus spp., which comprise only 
<2 % of the total assemblage. The simple species 
richness ranges from 15 to 20 species (it taking in 
consideration that Discoaster spp., Dictyococcites 
spp., Reticulofenestra spp. and Triquetrorhabdulus 
spp. include at least more then one species). 

Changes in relative abundances and hence in 
the Shannon diversity index of the investigated taxa 
occur at three stratigraphic horizons, and hence the 
3.6 Myrs interval has been divided into four different 
intervals (Fig. 14), each showing a characteristic 
nannofossil abundance pattern and Shannon 
diversity index. The different characters in the four 
intervals may represent unique combinations or 
sets of temperature and productivity conditions in 
the photic zone, or alternatively, some other factors 
that generated the observed variability in abundance 
and diversity, such as evolutionary changes within 
the nannofossil communities. 

At a large scale pattern, there is a general 
trend of increasing diversity values from basal 
interval 1 to basal interval 3, where a decreasing 
trend begins, followed by an increasing trend 
through interval 4 (Fig. 14). The increasing trends 
that occurred in the diversity index seem to be 
mainly the product of the decline in dominance of 
C. floridanus and in the lower part of the interval, 
the decline of S. moriformis and the relationship 
between the abundance of these two taxa (Fig. 14, 
last panel). 

There is a clear cross-over in abundance, or 
change in dominance, between C. floridanus and S. 
moriformis, at the base of the chosen study interval. 
This may suggest that they occupied approximately 
the same ecological niche and whichever factor 
made the former increase in abundance therefore 
resulted in a reduction of the latter. Another 
possible explanation could be that the S. moriformis 
population in the lowermost part of the study 
interval holds more than one species, one of which 
became extinct. Such an event could have caused 
the distinct decline in relative abundance of the ‘S. 
moriformis’ group. One approach to investigating 
this last hypothesis would be to analyze other 
cores and see if similar changes occur. Another 
approach would be to see if there is a size or other 
morphological change which correlates with the 
changes in the abundance of S. moriformis. Since 

the changes in the abundance of C. floridanus and 
S. moriformis are closely reflected by the diversity 
data, the next question to be answered is whether 
those changes are ecological or evolutionary in 
origin.

In order to investigate whether the changes 
in the photic zone environment (i.e. variations in 
temperature and productivity) may have affected the 
changes in the calcareous nannofossil assemblages, 
the nannofossil assemblage data generated in this 
study have been compared with carbon and oxygen 
isotopes data from both planktic and benthic 
foraminifera from Site 1218 (Wade and Pälike, 
2004). The 3.6 Myrs long interval investigated here 
covers three episodes of δ18O maxima, referred to 
as the Oi-2*, Oi-2a and Oi-2b glaciations (Miller 
at al., 1991; Zachos et al., 2001; Wade and Pälike, 
2004). Three of the described intervals at Site 
1218 contain an Oi glaciation event, except for 
interval 1, characterized by lighter δ18O values 
(Fig. 14). The planktic and benthic foraminifera 
δ18O and δ13C isotope record from Site 1218 
shows a long-term trend towards heavier values 
through the studied time interval (Fig. 14). Sudden 
and dramatic changes in the physico-chemical 
environment, such as the Cretaceous anoxic events, 
the Paleocene Eocene Thermal Maximum, the 
Eocene/Oligocene transition cooling event, or the 
Messinian salinity crisis, seem to correlate with 
changes in abundance, evolution and diversity 
among calcareous nannofossil assemblages (Erba, 
2004; Raffi et al., 2005; Wade and Bown, 2006; 
Agnini et al., 2007; Dunkley Jones et al., 2008; 
Villa et al., 2008; Bown and Pearson, 2009; Raffi 
et al., 2009). However, in the mid-Oligocene low-
latitude Site 1218, an interval characterized by 
non-dramatic changes in surface water conditions, 
the details of planktic and benthic δ18O or δ13C 
patterns, which presumably reflect changes in the 
physico-chemical environment, seem to be poorly 
reflected in the observed abundance patterns 
(Figs. 13-14). It follows that there is no obvious 
correlation, at face value, between the abundance 
variability of the assemblages on the one hand 
and the oxygen and carbon isotopic parameters 
on the other. �t is therefore difficult to directly 
link the observed variability in the calcareous 
nannofossil diversity to changes in temperature or 
productivity. Thus, changes that occurred in the 
nannofossil assemblages seem to have been driven 
by other factors. Most probably, this is a case 
when the evolutionary change predominates over 
environmental change as the dominant cause of 
assemblage change when investigating timescales 
of a few million years. 
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5.5. Cyclicity in the calcareous nannofossil relative 
abundance and diversity patterns 

At Site 1218, the time series analysis of 
δ18O and δ13C isotopes exhibits strong power at 
eccentricity periods of 405 kyr, 127 kyr and 96 
kyr, and the 1.2 Myr obliquity cycle (Pälike et al., 
2006, figure 2 and Fig. 15A). The high-resolution 
calcareous nannofossil assemblage data generated 
from Site 1218 sediments show evidence of taxa 
abundances fluctuating in what appears to be a 
cyclical fashion (Fig. 13). In order to investigate 
if these presumably cyclical variations in the 
calcareous nannofossil abundance patterns oscillates 
in the Milankovitch frequency band, preliminary 
time-series analyses have been made. These 
analyses can also reveal the relationship between 
carbon and oxygen isotopes, on the one hand, and 
calcareous nannofossil abundances on the other.  In 
this way, one can better assess common cyclical 
behavior and establish any significant temporal off-
sets (leads and/or lags).The results of these analyses 
are presented in Figure 15. The main component 
taxa of the assemblage, i.e. the C. floridanus and 
the Sphenolithus spp. groups, show minor peaks at 
277 kyr, 151 kyr and 117 kyr (Fig. 15B). The data 
set reveals also major peaks in the C. floridanus 
group and Sphenolithus spp. group at 1.6 Myr and 
1.2 Myr, respectively. None of the taxa show peaks 
with frequencies similar to Milankovitch cycles, but 
it appears that both dominant taxa display similar 
cyclical behavior (Fig. 15B). The only exception is 
the 1.2 Myr long amplitude �arth’s obliquity cycle 
(Pälike et al., 2006) observed in the Sphenolithus 
spp. group (Fig. 15B). The time-series analysis 
of the Shannon diversity index shows two minor 
peaks at 217 kyr and 127 kyr (Fig. 15C-D). The 
latter peak in the diversity index matches the 127 
kyr eccentricity cycle observed also in the benthic 
δ18O isotope record (Pälike et al., 2006) (Fig. 15C). 
Thus, the diversity index seems to correlate with 
the benthic δ18O, which is an indicator of deep 
water temperature and/or ice volume. The Shannon 
diversity seems also to correlate with a planktic 
foraminiferal δ13C peak (217 kyr) (Fig. 15D). The 
planktic foraminiferal δ18O isotope record and the 
abundance of the dominant taxon, C. floridanus, 
seem to overlap at a minor peak of 151 kyr (Fig. 
15E). The variations in calcium carbonate content 
(CaCO3) seem to coincide with the variations in 
the abundance of Sphenolithus spp. group and C. 
floridanus group at frequency peaks of 151 kyr and 
1.6 Myr, respectively (Fig. 15F-G).

6. Concluding remarks

In this thesis, new high-resolution calcareous 
nannofossil records are presented from ODP Site 
1218 sediments drilled from paleo-equatorial 
Pacific Ocean. The studied section covers the 
time interval between the late Eocene and the late 
Oligocene (35.03 Ma and 23.41 Ma). This study 
presents new insights on the taxonomy, preservation 
history, biostratigraphy and evolution of the 
Oligocene calcareous nannofossil assemblages in 
the low latitude Site 1218. The key observations 
and interpretations drawn from this study can be 
summarized as follows:

A. Reproducibility and accuracy of calcareous 
nannofossil assemblage counts obtained using 
smear and spray preparation techniques.

This study shows that both smear and 
spray replicates indicate a good reproducibility 
and accuracy within the same method. Using one 
or another of the two methods would give good 
reproducibility of the counts, as the 18 investigated 
taxa counted in the 15 replicate smear and 15 
replicate spray slides largely overlap within the 
same method. However, the statistical tests show 
that the two methods are not comparable with each 
other.  

B. Detailed analysis of the variability in preservation 
of selected calcareous nannofossil taxa across the 
Eocene/Oligocene transition.

This investigation represents a step ahead 
towards studying the variability of calcareous 
nannofossil preservation in late Eocene and early 
Oligocene sediments from a deep, paleo-equatorial 
depositional setting and the relationship between 
the calcium carbonate values and nannofossil 
taxa preservation. The nannofossil preservation 
has been assessed using percentages of complete 
versus broken specimens of five placolith species. 
When this measure is integrated for the five taxa, 
the resulting curve captures the general shape, 
as well as many of the details, of the carbonate 
content curve. The relative abundance of complete 
placoliths is thus strongly controlled by carbonate 
content.
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C. A high-resolution biochronology for the latest 
Eocene through Oligocene sediments of Ocean 
Drilling Program (ODP) Site 1218.

The first high resolution, semi-quantitative 
(N/mm2) abundance record of biostratigraphically 
important Oligocene markers are generated from 
the composite section of Site 1218. This section has 
been astronomically calibrated (Pälike et al. 2006), 
providing an unprecedented age control across the 

Eocene/Oligocene transition and throughout most 
of the Oligocene. The synchrony of a bioevent 
between different areas can be considered to be a 
measure of its usefulness and reliability. The results 
presented in this study show that most biohorizons 
can be considered to be generally synchronous 
between the paleo-equatorial Pacific Ocean, the 
western tropical Atlantic and the middle latitude 
South Atlantic. The most reliable nannofossil 
events are the HO of D. saipanensis, the HO of E. 
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formosa and the HO of S. predistentus. Although 
the HO of S. predistentus is not used in the two 
classical calcareous nannofossil zonations (Martini, 
1971; Bukry, 1978), this bioevent appears to be the 
most consistent, in terms of synchrony, Oligocene 
sphenoliths marker in the paleo-equatorial Pacific 
Ocean and the middle latitude South Atlantic. Thus, 
in order to increase the biostratigraphic resolution 
of the Oligocene, the HO of S. predistentus could 
be employed to approximate the Zone NP24/25, as 
previously suggested by Olafsson and Villa (1992). 
Less reliable events are considered to be the LO 
and HO of S. ciperoensis and S. distentus, the HO 
of R. umbilicus, and LO of T. carinatus. Low and/or 
discontinuous occurrences in the initial and/or final 
parts of the range of these taxa make it difficult to 
pick the associated biohorizons consistently. This 
study underlines the importance of using high 
resolution sampling in order to better constrain the 
nannofossil datums in marine biostratigraphy and 
to better understand the behavior of nannofossil 
marker species throughout their virtually entire 
stratigraphic ranges. 

D. Improving Oligocene nannofossil taxonomy 

The application of strict taxonomic concepts 
for nannofossil biostratigraphic marker taxa are 
vital when comparing the stratigraphic occurrences 
of the bioevents between regions and nannofossil 
workers. This study re-visits this potentially 
disconcerting topic by combining morphometric 
measurements and stratigraphic distribution of the 
nannofossil taxa in order to better constrain their 
taxonomic concepts. 
Key taxonomic findings include the following�� 

•	 	Based on the morphometric measurements of 
the Reticulofenestra umbilicus – hillae plexus 
placoliths, the two taxa could not be separated from 
each other; the 14 µm size limit for the R. umbilicus 
concept it is not applicable in the studied lateit is not applicable in the studied latelate 
Eocene and early Oligocene section at Site 1218;section at Site 1218;at Site 1218; 
•	 For the first time, morphometric data are 
provided that can help distinguish three sphenolith 
morphospecies: Sphenolithus predistentus, S. 
distentus and S. ciperoensis. The ratio between 
basal width and proximal cycle height appears to 
be distinct between the morphospecies and thus 
can be used to distinguish between the investigated 
sphenoliths species. The LO of S. distentus appears 
to represent a shift in morphology within an 
anagenetic lineage while the LO of S. ciperoensis 
marks a much more abrupt morphological shift 
and more probably a cladogenetic event shortly 

followed by extinction of the ancestral species. 
•			In order to increase the number of the Oligocene 
biostratigraphic events, a new nannolith species 
has been described: Triquetrorhabdulus longus sp. 
nov., based on the differences in size, shape, anddifferences in size, shape, and 
stratigraphic range compared with the only other 
known Oligocene  Triquetrorhabdulus species, T. 
carinatus.

E. Document the composition, abundance and 
diversity patterns of the mid-Oligocene calcareous 
nannofossil assemblages in a 3.6 Myrs interval.

The calcareous nannofossil assemblages 
are dominated by C. floridanus and S. moriformis, 
showing a combined mean abundance of 69 % 
throughout the entire interval. Coccolithus pelagicus 
(15 %) is the third most abundant species. About 14 
% of the assemblage is made up of taxa showing 
lower relative abundances, including Discoaster 
spp., Reticulofenestra spp. and S. predistentus. The 
remaining <2 % of the total assemblage include: 
Dictyococcites spp., S. distentus, S. ciperoensis, 
S. tribulosus, C. nitescens, H. compacta and 
Triquetrorhabdulus spp. The investigated mid-
Oligocene interval is characterized by abundance 
changes in nannofossil assemblages and in 
Shannon diversity index values, which have been 
used to subdivide the 3.6 Myr long study interval 
into four subintervals. Changes in the abundance of 
the dominant taxa, C. floridanus seem to dictate the 
diversity index pattern through the mid-Oligocene 
interval. 

F. Calcareous nannofossil assemblage fluctuations: 
a response to environmental or evolutionary 
controlling factors? 

The new high-resolution record generated in 
this study provides the first insight into the nature of 
the changes occurring into calcareous nannofossil 
assemblage in the mid-Oligocene low-latitude 
Pacific Ocean. Calcareous nannofossil assemblages 
appear not to directly related to the environmental 
changes (i.e. temperature and nutrient availability 
changes) that are inferred to have occurred in the 
surface waters. Assemblage fluctuations rather 
suggest an evolutionary change, which dominates 
over the environmental factors in this relatively 
short 3.6 Myrs timescale interval. The calcareous 
nannofossil assemblage abundance and Shannon 
diversity data seem not to be sensitive enough to 
be successfully used as paleoecological indicators/
proxies, at least during this mid-Oligocene time 
interval showing non-dramatic stable surface 
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water conditions in the low latitude Pacific Ocean. 
Future high-resolution investigations of calcareous 
nannofossil assemblages from different localities 
and latitudes would reveal if the evolutionary 
changes indeed are the controlling factors of the 
mid-Oligocene nannofossil assemblage changes. 

7. Future perspective 

This study has investigated certain aspects 
of the late Eocene through Oligocene calcareous 
nannofossil assemblages at Site 1218. There 
are, however, many other questions that can be 
addressed using this rather unique sedimentary 
material from the paleo-equatorial Pacific. For 
example, whole assemblages are quantified in 
a restricted 3.6 Myr long interval. This effort 
could of course be expanded to encompass the 
entire late Eocene through Oligocene interval. 
Furthermore, size variability of key Oligocene 
genera such as Cyclicargolithus, Dictyoccocites and 
Reticulofenestra could be investigated, preferably 
together with stable isotope data (C, O) from the 
bulk sediment, that is, the nannofossil fraction.

Paleoecologic whole assemblage data

Both modern (Okada and Honjo, 1973) 
and Cenozoic (Haq and Lohmann, 1976) 
calcareous nannoplankton show biogeographic 
preferences. Producing high resolution whole 
assemblage data of calcareous nannofossil for 
paleoecologic reconstruction from this tropical 
site would probably add important pieces to the 
Oligocene paleoclimate puzzle. A recent high-
resolution calcareous nannofossil study from 
Tanzania showed that the calcareous nannofossil 
assemblages underwent marked changes forced by 
abiotic factors, at the Eocene/Oligocene transition 
(Dunkley Jones et al., 2008). What is the response 
of the calcareous nannofossil to Eocene/Oligocene 
paleoenvironmental change in the paleo-equatorial 
Pacific? This question could be addressed through 
quantification of total assemblages around the 
�ocene/Oligocene boundary. The question to be 
answered is whether the Eocene/Oligocene climatic 
shifts is more likely to pose an abiotic forcing on 
the calcareous nannofossil assemblages and their 
evolutionary patterns in the paleo-equatorial Pacific 
Ocean. 

Size variability of key Oligocene genera 
(Cyclicargolithus,   Dictyoccocites,  Reticulofenestra)

Pronounced variability in size of species 

belonging to genera such as Cyclicargolithus, 
Dictyoccocites and Reticulofenestra has been 
demonstrated (Blaj et al., 2009). Certain forms 
grew to more than double their size. Do the size 
changes among the different genera occur in 
synchrony? �s it related to high-frequency (glacial-
/interglacial) oscillations or longer-term trends? 
These questions can only be answered through 
detailed morphometric analysis of statistically 
adequate numbers of specimens in the critical 
groups.  

Stable isotope data (C, O) from the bulk sediment 
fraction for parts of the sample set

The studies of Wade and Pälike (2004) and 
Pälike et al. (2006) established planktic and benthic 
foraminifera stable isotope stratigraphies from the 
entire Oligocene from Site 1218, together with a 
short interval of bulk sediment isotope data. The 
bulk sediment is mainly composed of calcareous 
nannofossil and the bulk isotope signal therefore 
represents the nannofossil isotope stratigraphy. 
How does the planktic foraminifer and nannofossil 
stable isotope records compare? Generating a 
complete bulk sediment isotope record throughout 
the study interval could facilitate the interpretation 
of the paleoecological response of calcareous 
nannofossil assemblages to the paleoenvironmental 
change that occurred during Oligocene times.
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Taxonomic appendix

Calcareous nannofossils encountered in this study 
are listed in alphabetical order: 

Coccolithus pelagicus (Wallich, 1877) Schiller 
(1930)
Coronocyclus nitescens (Kamptner, 1963) 
Bramlette and Wilcoxon (1967)
Cyclicargolithus floridanus, (Roth and Hay in Hay 
et al., 1967) Bukry (1971a)
Dictyococcites bisectus (Hay, Mohler and Wade, 
1966) Bukry and Percival (1971)
Dictyococcites hesslandii (Haq 1966), Haq and 
Lohman (1976) 
Dictyococcites scrippsae Bukry and Percival 
(1971)
Discoaster barbadiensis Tan (1927)
Discoaster deflandrei Bramlette and Riedel (1954)
Discoaster saipanensis Bramlette and Riedel 
(1954)
Discoaster spp.
Ericsonia formosa (Kamptner, 1963), Haq (1971)
Helicoshapera compacta Bramlette and Wilcoxon 
(1967)
Reticulofenestra umbilica (Levin, 1965) Martini 
and Ritzkowski (1968) 
Reticulofenestra hillae Bukry and Percival (1971)
Reticulofenestra spp.
Sphenolithus ciperoensis Bramlette and Wilconxon 
(1967)
Sphenolithus distentus Martini (1965) Bramlette 
and Wilconxon (1967)
Sphenolithus predistentus Bramlette and Wilconxon 
(1967)
Sphenolithus moriformis (Brönnimann and 
Stradner, 1960) Bramlette and Wilconxon (1967)
Sphenolithus tribulosus Roth (1970) 
Triquetrorhabdulus carinatus (Martini 1965)
Triquetrorhabdulus longus Blaj and Young 
(submitted)


