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ABSTRACT 

Diatoms are siliceous phytoplanktic organisms that dwell at the lowest trophic level. Nowadays, 

they are the main opal producers in the ocean (with radiolarians, silicoflagellates and sponges as 

minor contributions) and have played an important, yet variable, role on the silica cycle through the 

Cenozoic. This is particularly true for the Neogene, a time interval during which the diversity and 

abundance of that group has been strongly perturbed by important climate, tectonic and ocean 

circulation changes (e.g. closure of the Panama Seaway, onset and shift in frequency of periodic 

glaciations, the development of extensive ice-sheets on both poles). Evolutionary processes 

underlying the increasing success of diatoms over the Cenozoic have already been documented 

where extinction and appearance patterns observed for diatoms over the last 18 million years were 

shown to be tightly dependent on the strength of the global cooling and related oceanographic events 

(Barron, 2003).  

This work is part of an emerging field that aims to better understand the responses (e.g. size and 

shape) of entire populations of micro-organisms to external forcing over periods of time and in today’s 

oceans. So far, very few studies exist on size variability of diatoms (Burckle & McLaughlin, 1977; 

Cortese & Gersonde, 2007). While these were based on single taxa, recent studies focused on the 

size variability of entire microfossil groups to assess their ecological and evolutionary responses to 

external forcing. Size in foraminiferal assemblages has shown to be tightly correlated to variations in 

environmental conditions in the Holocene as well as over long term records (Schmidt et al., 2004), 

implying an influence of surface water stratification on size of foraminifera. No similar study has been 

so far carried out on diatom assemblages. In-situ human induced environmental perturbations (Boyd 

et al., 2000; Coale et al., 2004; Buesseler et al., 2004) and laboratory experiments (Timmermans et 

al., 2004, Leynaert et al., 2004) have investigated ecological response of diatom communities to 

changes in various ecological parameters (e.g. macronutrient concentration, light or dissolved iron). 

Variability of these parameters has generally been shown to trigger changes in growth rate and 

dominance of specific taxa. 

Surface sediment samples as well as Neogene ODP - DSDP sites provide an excellent basis to 

test patterns and controls of diatom size and texture and species dominance. For this purpose, we 

developed and used techniques combining automated light microscopy and image analysis and 

collected size and textural characteristics of centric diatom valves (with diameters larger than 20 µm) 

for a statistically representative number of specimens (e.g. 150-700) per sample.  
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Using the widespread record of siliceous microfossils from various ODP and DSDP sites (Southern 

Ocean, Equatorial Pacific and North Pacific), we have assessed the impacts of the Neogene 

oceanographic reorganizations on diatoms, focusing on size changes and taxonomic turnovers among 

centric diatoms over the past 20 Ma. 

The ability of diatoms to adapt in a changing ocean has probably been a key for their survival 

especially over the Neogene, when climatic and oceanographic changes appear to have been the 

strongest. Similarly, size variability in centric diatoms tightly reflects their response to environmental 

perturbations that have been driving diatom evolutionary patterns toward highly diverse and endemic 

communities prevailing in today’s oceans. 

In the North Pacific Neogene record, the most striking part covers the ultimate closure of the 

Panama Seaway and the onset of Northern Hemisphere glaciations through an abrupt change in the 

biological pump efficiency and a diatom taxonomic turnover, both related to the onset of ocean surface 

water stratification (Haug et al., 2005; Shimada et al., 2009). 

In the study covering the 2.73 Ma event at ODP Site 882 and applying the automated techniques 

on the overall diatom assemblage (larger than 20 µm), we confirm the abrupt change in taxonomy 

over the transition through the drop of the so far dominant large and robust taxon Coscinodiscus 

marginatus. This dominance decrease occurs along with an increase of much smaller diatom valves, 

including Actinocyclus oculatus, A. curvatulus and Thalassiosira trifulta complexes. This dominance 

change at the 2.73 Ma transition is directly reflected in the overall mean diatom size decrease 

observed throughout the transition. Size variations among small and large taxa do, however, not 

reflect the overall pattern of size change. 

On one hand, the abundance response of the small taxa, which are characterized by fairly dense 

pores of small sizes, supports the environmental pressure induced by the onset of permanent 

stratification to which they were probably more adapted. On the other hand, the absence of a size 

response of C. marginatus, accompanied by a drop in its abundance, suggests an incapacity of such 

robust and heavy morphology to adapt to environmental changes but also indicates a strong survival 

capacity. The survival of large taxa and the rise to dominance of small taxa may have been possible 

through the onset of a bimodal blooming system following the onset of permanent stratification that is 

still prevailing today. 
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The texture and size variability of Coscinodiscus marginatus valves in the time interval ranging 

between 5.4 and 2.63 Ma at site 882 has also been scrutinized. The results show a large variability in 

valve texture (e.g. pore arrangement features) concomitant with paleoceanographic changes (onset of 

permanent surface water stratification at 2.73 Ma), but no well defined size changes. The changes in 

pore arrangements, rather than size, may have allowed C. marginatus to adapt to changes in 

environmental conditions. The lack of large textural changes in this taxon until 2.73 Ma together with 

its progressive restriction towards the North Pacific surface waters, known from previous studies 

(Barron, 2003), likely reflect the limited adaptive ability of that taxon that has migrated geographically 

over the Cenozoic to follow its very specific ecological niche. 
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RESUME 

Les diatomées sont des organismes siliceux phytoplanctoniques habitant le plus bas niveau 

trophique. Ils sont actuellement les principaux producteurs d'opale dans l'océan, à la différence des 

radiolaires, silicoflagellés et des éponges qui sont des producteurs secondaires. Au cours de 

Cenozoique, les diatomées ont joué un rôle important, bien que variable, dans le cycle de la silice. 

Notamment dans l’intervalle de temps du Néogène pendant lequel leur diversité et l'abondance de ce 

groupe a été fortement perturbée par d’importants changements climatiques, tectoniques et de 

circulation océanique. On peut noter, par exemple, la fermeture du Passage de Panama, la mise en 

place et les variations de la fréquence des cycles glaciaires, ou le développement de vastes étendues 

glaciaires dans les régions polaires. Les différents processus évolutif impliqués dans la croissance 

des diatomées au cours du Cénozoïque, ont déjà été documentés dans la littérature (Barron, 2003; 

Finkel et al., 2005). Ainsi l’apparition et l’extinction des diatomées, au cours des 18 derniers millions 

d’années, se sont révélées être étroitement liées aux grandes étapes du refroidissement de la planète 

et les événements océanographique apparentés (Baron, 2003). 

Ce travail fait partie d'un domaine émergent qui vise à mieux comprendre les réponses (comme les 

modifications de taille et de forme) des populations entières de microorganismes face aux pressions 

extérieures à travers le temps et dans les conditions océaniques actuelles. Peu d'études existent sur 

la variabilité de taille de diatomées (Burckle & McLaughlin, 1977; Cortese et Gersonde, 2007). Bien 

que celles-ci soient basées sur des espèces particulières, d’autres études récentes toujours axées sur 

la sur la variabilité de la taille mais dans l’ensemble des groupes de microfossiles, ont permis 

d’évaluer leurs réponses écologiques et évolutives face aux pressions externes. La taille des 

assemblages chez les foraminifères a montré une étroite corrélation avec les conditions 

environnementales de l’Holocène ainsi qu’au cours du Cénozoïque (Schmidt et al., 2004), mettant en 

cause l’influence de la stratification des eaux de surface. Aucune étude similaire n'a jusqu’ici été 

effectuée sur les assemblages de diatomées. Aucune étude similaire n’a jusqu’ici été effectuée sur 

l’assemblage des diatomées. Des perturbations environnementales in situ d’origine humaine (Boyd et 

al., 2000; Coale et al., 2004; Buesseler et al., 2004) et des expériences en laboratoire (Timmermans 

et al., 2004; Leynaert et al., 2004) ont permis l’étude de la réponse écologique des populations de 

diatomées liée à des modifications des différents paramètres externes (tels que la concentration en 

macronutriments et fer, ou l’intensité lumineuse). Ceci a mis en évidence d’importants changements 

dans le taux de croissance et la domination de certaines espèces.  
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 Les sédiments de surface ainsi que les sites ODP et DSDP fournissent une excellente base de 

données d’études pour tester des modèles et des contrôles externes susceptibles d’influencer la 

morphologie et la distribution taxonomique des assemblages de diatomées. C’est pourquoi une 

technique alliant la microscopie et l’analyse d’image automatisées a été développée permettant 

l’acquisition de données telles que la taille et la texture des diatomées centriques (ayant un diamètre 

supérieur à 20 μm), et regroupant un grand nombre de point de mesure (entre 150 et 170) par 

échantillons analysés. 

En utilisant l’enregistrement des microfossiles siliceux de plusieurs sites ODP et DSDP (dans 

l’océan Australe, le Pacifique équatorial et subarctique), nous avons pu évaluer les effets de la 

réorganisation océanographique au cours du Néogène sur les diatomées, en particulier sur les 

changements de taille chez les espèces centriques lors des derniers 20 Ma. 

La capacité d’adaptation des diatomées dans un océan en pleine évolution a probablement été un 

facteur déterminant pour leur survie, en particulier au cours du Néogène, lorsque les changements 

climatiques et océanographiques ont été les plus forts. Par ailleurs, la variabilité en taille au sein de ce 

groupe reflète bien leur réponse aux perturbations environnementales ainsi que les changements 

taxonomiques qui ont conduit à des populations diverses et endémiques qui prévalent toujours dans 

les océans actuels.  

Dans le Pacifique Nord, l’enregistrement sédimentaire majeur implique le début des glaciations 

dans l’hémisphère nord. Ce bouleversement climatique coïncident avec un changement brutal dans 

l’efficacité de la pompe biologique et dans la distribution taxonomique des diatomées, tous deux liés à 

l’apparition de la stratification permanente des eaux océaniques de surface (Haug et al., 2005; 

Shimada et al., 2009). 

Dans une première étude, portant sur l’événement et sa transition à 2.73 Ma (Site ODP 882), et en 

utilisant les techniques automatisées mentionnées auparavant, nous avons pu confirmer le brusque 

changement taxonomique par l’importante diminution d’une espèce jusqu’alors dominante, 

Coscinodiscus marginatus. De plus cette baisse correspond à une augmentation des espèces à 

petites frustules telles que Actinocyclus oculatus, A. curvatulus et le complexe Thalassiosira trifulta. 

Ce changement de dominance s’inscrit dans la baisse générale de la taille des diatomées, mais 

toutefois ces variations de taille au sein des petites et grandes espèces ne reflètent pas cette 

tendance générale. D’une part, la variation d’abondance des petites espèces, caractérisées par des 

petits pores de distribution assez denses, soutient une possible pression environnementale induite par 
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l’apparition de la stratification permanente pour laquelle ces espèces sont sans doute plus adaptées. 

D'autre part, l'absence d'une réponse dans la taille de C. marginatus, accompagnée d'une baisse de 

l’abondance de cette espèce, suggèrent l’incapacité de cette dernière à s’adapter aux changements 

environnementaux, mais indiquent aussi une bonne capacité à survivre. Ainsi la survie des espèces 

de grandes tailles telle que C. marginatus et l’augmentation des espèces de petites tailles semblent 

avoir été possible grâce à l’apparition d’un système bimodal de bloom saisonnier après la mise en 

place de la stratification permanente toujours en vigueur dans le Pacific Nord. 

Dans une deuxième étude, sur le Site ODP 882, nous avons examiné la texture et la variation de la 

taille des valves de C. marginatus dans un intervalle de temps compris entre 5.4 et 2.63 Ma. Les 

résultats ont montré une forte variation de texture des valves (comme dans l ‘arrangement des pores) 

coïncidant avec des changements paléoocéanographiques comme le début de la stratification des 

eaux de surface à 2.73 Ma. Cependant aucune modification de la taille n’a été bien définie. Ainsi les 

changements dans la disposition des pores, plutôt qu’un changement de taille, a peut-être permis à 

cette espèce de s’adapter aux changements dans les conditions environnementales. De plus, 

l’absence de changements permanent de texture jusqu’à 2.73 Ma ainsi qu’une distribution progressive 

restreinte aux eaux de surface du Pacifique Nord, connues grâce à des études antérieures (Barron, 

2003), indiquent une capacité d’adaptation limitée de C. marginatus qui a migré au cours du 

Cénozoïque en suivant les conditions océanographiques les mieux adaptées à sa niche écologique. 
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CHAPTER 1 

 

INTRODUCTION 

 
Over the past 40 Ma, the development and stepwise extension of the Antarctic ice-sheet, together 

with tectonic reorganizations (e.g. closure of the Panama Seaway) have deeply modified the global 

oceanic circulation system and chemical signatures within the various water masses (e.g. 

redistribution of dissolved silica - Cortese et al., 2004). These changes are concomitant with the onset 

and development of oceanic boundaries (e.g. polar fronts) that are characterizing today’s oceans. The 

ability to adapt in a changing ocean over the Cenozoic has been a key of diatom survival and 

extinction especially in the Neogene, where climatic and oceanographic changes have been the 

strongest. Although diatoms as a group are known to be ubiquitous, most of the species exhibit an 

enhanced provincialism in today’s oceans. This feature is believed to have developed among this 

group since the Miocene (Barron, 2003) due to increasing pole-to-equator thermal gradients and the 

related onset of oceanographic boundaries acting as barriers to diatom migration.  

Together with radiolarians (with silicoflagellates and sponges as a minor contribution), diatoms are 

nowadays the main opal producers in the ocean and have played an important role, yet variable, in the 

silica cycle through the Earth's history. This is particularly true for the Cenozoic, a time interval during 

which the diversity of micro-organisms has been strongly perturbed by important climate and ocean 

circulation changes (e.g. closure of the Panama Seaway, onset and shift in frequency of periodic 

glaciations, development of extensive ice-sheets on both poles), AABW (Antarctic Bottom Water) and 

NADW (North Atlantic Deep Water) formation. 

An interest is now arising in size and shape studies of different micro-organism groups to infer the 

impact of environmental changes and assess their morphological adaptation and evolutionary 
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patterns. Size of planktic foraminifera has been used in the Holocene to understand the response of 

this group to environmental forcings (Schmidt et al., 2004). Foraminifera have also been studied to 

understand relationships between size and shape regarding abiotic/biotic forcings on longer time 

scales and to get an insight into related evolutionary trends (Schmidt et al., 2004). A similar but rough 

study was done on diatoms (Finkel et al., 2005), based on existing data compiled from various sample 

sets (e.g. database, images). As part of this emerging field, We have been assessing the impacts of 

past oceanographic reorganizations and present environmental conditions on diatoms, focusing on the 

size and shape variability among this group over the past 15 to 20 Ma. This study has allowed 

qualifying the morphological responses and adaptative abilities of a group of microfossil to 

environmental changes and related evolutionary trends on a long time scale. This approach has been 

made possible due to the development of an automated system that couples motorized light 

microscopy and imaging techniques which increased efficiency of image acquisition and facilitated 

measurements. This method, however, did not allow to extensively studying the taxonomic change 

among the diatoms, because of the low resolution of the images acquired. 

1.1. FRAMEWORK 

1.1.1. The diatoms 

Diatoms are siliceous phytoplanktic organisms that dwell at the lowest trophic level. They are 

divided in two main classes, the pennates, mainly benthic, and the centrics, mainly planktic. Both are 

either solitary or live in colonies (e.g. chain forming diatom communities).  

Diatoms play a predominant role in the global primary production. They account for 40% of the 

oceanic primary production and for 20% of the total global primary production (Tréguer et al., 1995). 

They dwell in various environmental conditions such as marine or fresh waters. However, the 

distribution of their shell in the sediments of the world’s oceans is restricted to upwelling areas. They 

only bloom over periods of a few weeks every year and form resting cells (McQuoid and Hobson, 

1996; Suto et al., 2006) inbetween. Shell morphology (size, volume, storage capacities) and 

physiological limitations (growth rate variability, nutrient uptake rate) are playing a major role in the 

ability of diatoms to stand the strong seasonal variability characteristics of upwelling systems (Finkel et 

al., 2005).  
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1.1.2. Sizes in centric diatoms 

Sizes of diatom individuals range between a few microns and a few millimetres. They are 

considered to have generally large sizes compared to other phytoplankton groups such as 

coccolithophores, and have a great morphological and physiologic adaptive capacity, allowing them to 

adapt rather quickly to changes of environmental parameters (Boyd et al., 2000).  

Within any single species, sizes of 

individual diatom frustules are highly variable 

due to the specific cell division (figure 1.1; 

Round and Crowford, 1990). Each frustule is 

made of two valves, a large (epivalve) and a 

small (hypovalve) one. During the vegetative 

cell division, new hypovalves are formed 

inside each epivalve. With vegetative 

divisions, all valves produced get smaller and 

smaller as the cells divide into daughter cells. 

Once the cell sizes reach a specific lower threshold, either cells die or the sexual division takes place. 

The latter allows a cell to gain back the original size again through one or two peculiar divisions. 

To describe changes in diameter of 

diatom valves of entire assemblages, 

several options, including the mean and 

percentiles can potentially be used. The 

lower percentile values would actually be 

too much influenced by the sieving effect 

(20 µm) of the size data systematically 

used in this thesis. The 90 percentile are 

Figure 1.2: Mean diameter of diatom 
assemblages plotted against the 90 
percentile of the mean. The R2 value 
represents the linear fit for a p value, that 
is the significance level, set at p=0.05. a) 
50 data points include the Holocene 
dataset (chapter 3) and b) 312 data points 
include the Neogene record.  

Figure 1.1: Centric diatom life cycle (modified from 
Round and Crowford (1990). 
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highly correlated with the mean (figure 1.2a and b). The latter was therefore preferred as it is the most 

stable parameter, especially in samples where relatively few valves were measured (e.g. less than 

200). 

1.1.3. Adaptation and environmental changes 

The occurrence and long term survival of any organism in an environment is dependent upon its 

ability to adapt to the prevailing biotic and abiotic forcings (Stanley, 1973). Adaptation of one group or 

species to some external forcings may, however, be limited by their own physiology and morphology. 

Once a threshold is passed in terms of magnitude of change, regional disappearance (extinction or 

migration) will be the inevitable consequence. Over longer periods of time, external pressures will 

therefore favour the dominance through survival or/and radiation of the most able group or taxa who 

had developed sufficient features to cope the changes (e.g. cyst and resting cell formation, size 

variations during starvation periods) and the disappearance, migration or abundance decrease of 

others, depending on their intra-specific ecological limitations and adaptative ability to environmental 

forcing. 

In today’s ocean surface waters, the dominance of diatoms in upwelling systems is due the high 

content in macronutrients such as silica, but also due to the much lower surface to volume ratio of 

diatoms than other smaller groups or taxa where a better buoyancy induced by their larger size allows 

diatoms to surviving the strong mixing water of these environments. Their large storage capacity is 

also an advantage in these environments that increases survival between blooming events. In 

oligotrophic waters, the decrease in macronutrient especially dissolved silica content prevents the 

diatoms to occur. Moreover, the higher surface to volume ratio is a much higher physiological 

advantage (Finkel et al., 2005) for smaller groups in such regions where small phytoplanktons such as 

coccolithophores have a more efficient exploitation of nutrients (Sarthou et al., 2005) but little storage 

capacities.  

1.1.4. Dissolution and diagenesis 

Silica dissolution is common in the ocean. Part of the process occurs throughout the water column 

and at the sediment/water interface. The sedimentary record, is believed to roughly represent what 

has been produced in the surface (less than 2% is preserved – Takahashi, 1986) where a strong 

dominance of large and heavily silicified valves has been largely used to identify dissolved 

assemblages.  
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Different factors influence biogenic silica dissolution and preservation. In the water column, 

temperature, dissolved silica, primary productivity, aggregates formation, faecal pellets and grazing 

are among the factors controlling the silica flux towards the seafloor. The critical depth where most of 

the dissolution occurs is situated in the first 5 to 30 cm below the sediment-water interface (Dixit et al., 

2001) where part of the deposited biogenic silica returns to the bottom waters. Sediment burial and 

mixing, production of pore water silica and interaction of biogenic silica with dissolved element (e.g. 

aluminium released from minerals in sediments – Dixit et al., 2001) contribute to the early diagenesis 

of biogenic silica (Van Cappellen and Qiu, 1997). Although solubility of silica is variable in the 

sediments, dissolution rate generally decreases with increasing pore water silica concentration (Van 

Cappellen, 1996). Dissolution rate levels off at about the silica solubility, coinciding with the lower level 

of the critical depth. 

Dissolution in the sediment may influence the composition of siliceous microfossil assemblages 

with removal of delicate frustules. Time spent by any sediment within the critical depth interval and 

variations of the latter are probably the most important factors influencing the remaining diatom 

assemblage, where lightly silicified diatom valves and small fragments are the first to be removed. It is 

thus hypothesised that a diatom assemblage, once buried below the critical depth, remains fairly 

constant. With time, transformation of opal-A to opal-CT of siliceous microfossils will also affect the 

preservation of diatoms, through dissolution and reprecipitation of biogenic opal-A into opal-CT. This 

thermochemical process is associated with changes in porosity of the sediments, crystalline structure 

of opal and depends on temperature, burial depth and sediment geochemistry (e.g. carbonate, clay 

content – Kastner et al., 1977).  

The overall size trend among diatom individuals in assemblages systematically show a positively 

skewed distribution where the two ends (maximum and minimum) can highly be influenced by 

dissolution biases through smaller and light species dissolution or frustule breakage and etching. 

Diatom frustule preservation in sediment samples therefore cannot be neglected as it can greatly 

influence the size distribution and taxonomy of any diatom assemblages.  

So far, different methods based on the occurrence of certain species were used to assess the 

preservation of a given assemblage. In the North Pacific, the increasing, decreasing, ratio of girdle 

bands versus entire valves of Neodenticulata seminae was applied to assess the deteriorating 

preservation of a diatom assemblage (Shimada et al., 2003). In the Southern Ocean, increasing 
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abundance of Chaetoceros resting spores in upwelling systems and Fragilariopsis kerguelensis in low 

productivity areas were used to trace dissolution of assemblage (Abelmann et al., 2006). These 

indices are, however, environment-specific and thus cannot be widely applied. Fragilariopsis 

kerguelensis only occur in the Southern Ocean and is a good example of the enhanced provincialism 

among the diatoms. Moreover, the wide range of diatom taxa occurring in the world oceans and their 

strong taxonomic response to environmental changes are indeed a major barrier to the application of 

ocean-wide indices. 

1.1.5. Sample treatment and preparation 

To overcome as much as possible preservation issues in our size study on diatom assemblages in 

surface sediments and Cenozoic samples, all analyzed samples have been prepared following the 

standard preparation technique used for siliceous microfossil study (e.g. Battarbee, 1973) and sieved 

through a 20 µm mesh size to minimize preservation biases and to prevent the dilution of particles of 

interest by clay, silt and fragments. Moreover, in the Cenozoic sample set, only Neogene 

assemblages have been looked at to avoid the effect of the opal-A to opal-CT transformation that 

results in poorly preserved assemblages. 

To enable the use of an automated scanning procedure, residues were settled onto coverslips 

insuring a random distribution of particles with little to no overlapping between them. The automated 

microscopy and imaging techniques used here were developed in-house using ImageJ (Rasband, 

2010) and allowed the acquisition of a large set of morphological measurements in 130 and 750 

centric diatom valves per sample. The maximum circular diameter, also called Feret diameter, rather 

than the area, is used in this work, as it is the most suitable feature to characterize valve sizes, when 

not all diatoms in sediments are preserved in their circular entirety. In this way, data could also be 

collected from slightly etched or fragmented diatom valves. 

1.2. THESIS OVERVIEW 

1.2.1. Method: automated microscopy and imaging techniques (chapter 2) 

In the past few years, image analysis techniques have increasingly been applied in 

micropaleontology for various quantification and characterization tasks. Computer-controlled 

transmitted light microscopy combined with automatic imaging techniques have specifically been 

developed in-house using imageJ (Rasband, 2010), to ease the data acquisition in this PhD work. 
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These techniques have allowed the acquisition of a large set of measurements (from 130 to 750 

measurements in over 500 samples). 

To successfully acquire size and shape data, a settling procedure was also developed ensuring a 

random distribution of particles on glass slides for their subsequent image acquisition and analysis. 

1.2.2. Present-day ecological and Cenozoic evolutionary patterns (chapter 3) 

The development of oceanic boundaries induced by successive climatic changes over the 

Cenozoic, have been directly affecting the evolution of planktic micro-organisms. The ability of diatoms 

to adapt and survive in the resulting changes in paleoceanography has probably been a key for their 

survival especially over the Neogene, when climatic and oceanographic changes have been 

particularly strong. Using the widespread record of siliceous microfossils (ODP and DSDP sites from 

the Southern Ocean, Equatorial Pacific and North Pacific) we have assessed the impacts of these 

oceanographic reorganizations on diatoms, focusing on size trends and shifts among centric diatoms 

over the past 15-20 Ma. 

Assemblage size variability in this group possibly reflects their response to environmental 

perturbations since the Miocene, as well as the resulting taxonomic shifts and turnovers (Barron, 

2003). All of these have both been driving diatom evolutionary patterns towards the highly diverse and 

endemic communities prevailing in today’s oceans, where the absence of significant correlation 

between environmental parameters and mean size of centric diatom assemblages imply a non-

analogue situation. 

1.2.3. The 2.73 Ma transition (chapter 4) 

The North Pacific contains a critical diatom sedimentary record of the Cenozoic global cooling 

history. The most striking part of that record covers the onset of Northern Hemisphere glaciation and 

the onset of permanent stratification 2.73 Ma ago. These physical changes were concomitant with an 

abrupt change in the biological pump efficiency related to the onset of ocean surface water 

stratification. 

The ODP site 882 record (Leg 145) from the Subarctic - with its well constrained Neogene 

paleoceanographic history around the 2.73 Ma transition - provides an excellent basis to test patterns 

and potential controls of diatom size variability and species dominance. Valve sizes of entire centric 

diatom assemblages have been quantified to investigate the response of these organisms to a drastic 
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and permanent external paleoceanographic and climatic change. The abrupt onset of permanent 

stratification 2.73 myrs ago had a large impact on the taxonomic composition in diatom assemblages. 

We show here that the taxonomic response of the diatom community resulted in only slight size 

changes of the entire diatom assemblages.  

1.2.4. Morphological variability of Coscinodiscus marginatus in response to 
paleoceanographic changes (chapter 5) 

In the present-day Subarctic Pacific, a fairly large and robust diatom taxon, Coscinodiscus 

marginatus, is blooming during upwelling events in late fall to winter. Prior to 2.73 Ma, Coscinodiscus 

marginatus was largely dominating the diatom assemblages (Shimada et al., 2009) in the North 

Pacific, making up to 95 % of the assemblage. It has mostly been ignored in paleo-environmental 

studies because of its rather low abundance in today’s surface sediments where larger abundances of 

that taxon have been interpreted as a result of dissolution“. Nowadays, Coscinodiscus marginatus is 

mostly restricted to the North Pacific, but was more widespread, down to the Southern Ocean, earlier 

in the Cenozoic.  

The striking pore arrangement patterns of this taxon makes it easy to analyze using a specific 

measurement routine developed in ImageJ that selects large valves ranging (e.g. between 50 and 85 

µm) and assesses various morphological parameters. For this purpose, we used the two datasets 

collected for our assemblage size from the North Pacific, analyses ranging 5.4 to 2.9 Ma and, at high 

resolution, from 2.78 to 2.63 Ma. 

1.2.5. Carbon dynamics in the Subarctic North Pacific Ocean during the intensification of 
major Northern Hemisphere glaciation (chapter 6) 

The development of large ice-sheets across the Northern Hemisphere during the late Pliocene and 

the emergence of the glacial-interglacial cyclicity, which characterize the Quaternary geological 

record, mark a significant threshold in the Earth's climate history. Whilst a number of different 

mechanisms have been proposed to initiate the global cooling and glacial advances associated with 

these transitions, uncertainty remains over the extent to which a lowering of atmospheric greenhouse 

gases may have contributed towards these changes. Records of diatom δ13C, δ30Si, C/N ratios and 

diatom valve size variations are employed here to suggest that reduced deep water upwelling and 

nutrient availability in the photic zone in the North West Pacific Ocean from 2.78 Ma to 2.73 Ma led to 

a lowering of surface water pCO2. In combination with other oceanic and atmospheric changes, these 

events would have aided the progressive advancement of ice-sheets across the Northern 
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Hemisphere, culminating in the development of a halocline stratification in the North West Pacific at 

ca. 2.73 Ma which further lowered atmospheric pCO2. 
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ABSTRACT 

The generic system described here combines automated microscopy and several image analysis 

techniques. This system is flexible enough to be easily accommodated in many laboratories for the 

analysis of various microfossils and/or microparticles. Although such systems have been described 

before, they have, however, been developed for specific purposes (e.g. a particular microfossil group 

or subgroup). We attempt to overcome this by amalgamating many of the imaging features measured 

in previous studies into a broad, multipurpose system. This has been achieved by using readily 

available hardware and open, 'off-the-shelf' imaging software.  

To improve the imaging procedures, a specific sample-settling technique from a homogeneous 

solution is described. This has enabled the random distribution of particles on standard cover-slipped 

slides with little to no overlap between them. In addition, techniques have been developed and tested 

that relate to frame capturing, the stitching together of neighboring images to create a mosaic, 

autofocusing, and segmentation. A wealth of measurements are finally taken (~90) and stored in a 

database along with each image. These measurements include morphological, textural and Fourier 

descriptors, gray-value distributions and geometric moments.  

This system has been in successful use between October 2006 and April 2010. During this period, 

data relating to diatom morphological characteristics have been collected from several hundreds of 

thousands of siliceous microfossil images. We are now in the process of analyzing these data from 

Holocene and Cenozoic periods and scrutinizing them for subsequent correlations with various 

geological and/or paleoceanographical data.  
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2.1. INTRODUCTION 

For a few decades, image analysis techniques have been successfully applied in 

micropaleontology for various quantification and characterization tasks. In recent years, through the 

use of computer-controlled transmitted light microscopes and associated components, an automated 

aspect has been added to the imaging procedures. Systems combining these automated aspects, 

along with characterization of different microfossil groups, have been described before. These have, 

however, been designed and developed for specific purposes (e.g. a particular microfossil group or 

subgroup).  

Here we describe a generic, standardized and flexible automated image analysis transmitted light 

microscope system that can be easily accommodated in many laboratories for the analysis of various 

microfossils and/or microparticles. This has been achieved by using readily available hardware and 

open, 'off-the-shelf' software that is free for anyone to download and use. In addition, the wealth of 

image analysis features measured in previous studies have also been amalgamated so that ~90 are 

measured from each object. These measurements, along with high resolution images of each 

associated object, are finally stored in sample-specific folders (e.g. different sample locations, water 

depths, ages, etc.) that can be subsequently used for quantification and characterization tasks. 

Although this article aims to be generic, emphasis is placed on diatoms, a siliceous microfossil group.  

2.1.1. Previews work 

Image analysis of microfossils with transmitted light microscopy have been used to aid either 

characterization of individuals or groups of individuals, or to identify or classify them. Initial interest in 

automated classification started with palynofacies (including palynomorphs) because of their use in 

the petroleum exploration industry (e.g. biostratigraphy). For example, Dabros and Mudie (1986) 

developed an automated system to identify, count and analyze palynological material, and Tyson 

(1990) developed an automated means of optical kerogen typing to determine the probable 

hydrocarbon potential of the source rock. More recently, France et al., (2000) developed an artificial 

neural network (ANN)-based system for the identification, classification and counting of pollen grains, 

whilst Weller et al., (2005) developed an image analysis and ANN-based palynofacies classification 

system. The latter system, in addition to having a semi-automated classifier, had the advantage of 

storing the multivariate image analysis data for subsequent statistical scrutiny. Other identification and 

classification systems have been developed for diatoms (du Buf and Bayer, 2002) and calcareous 

nannofossils (Beaufort and Dollfus, 2004; Bollmann et al., 2004). Lately, a statistical approach on 



Transmitted light microscopy  14 

morphology of siliceous particles extracted from paleozoic rocks is being developed that uses 

morphological data as a biostratigraphic tool in microfossil barren deposits (Garming et al., 2010).  

2.2. MATERIALS 

France et al., (2000) noted that if automated microscopy systems used as little specialist 

equipment as possible it would act as a stimulus to their use in many laboratories. This statement has 

been adhered to as much as possible in this system by using readily available hardware and off-the-

shelf software.  

2.2.1. Hardware 

The microscope used in this system is a Leica DM RXA transmitted light microscope (Leica 

Microsystems). Together with an attached Märzhäuser motorized stage, this is a fully computer-

controlled microscope. This means that the computer can control the X, Y and Z (focusing) 

movements of the stage, as well as change the objectives and thus the magnification, and various 

features related to the light source (e.g. bulb intensity, condenser position, aperture and field 

diaphragms). The microscope is connected to an IBM-compatible computer via a serial (RS232) 

interface through which commands are sent to/from. In addition, attached to the microscope via a C-

mount (the attachment between the camera and the microscope] is a sensitive, slow scan charged 

coupled device (CCD) camera (PCO SensiCam), which is capable of taking high resolution image 

frames. For a description of the hardware used in this system, refer to table 2.1.  
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Hardware component  Description  
Transmitted light microscope  LEICA DM RXA; C-mount for camera; 12 Volt 100 watt halogen bulb  
Computer-controlled microscope stage  Märzhäuser 100×100mm; 3 slide holder (75×25 mm slides)  
Microscope objectives  1.) Pl APO, 20×/0.60, PH2;  

2.) PL APO, Oil 40×/1.25 PH3;  

3.) HCX Plan APO, Oil 100×/1.35 PH3  
Microscope-mounted camera  PCO 12bit SensiCam; slow-scan CCD; 1280×1024 pixel resolution  
Frame-grabber  PCO PCI interface board 520/525  
Central processing unit (CPU) & clock 
speed  

Intel Pentium 4 3.00GHz (IBM compatible PC)  

Random access memory (RAM) size  1024Mb  
Hard-drive (HD) space  250Gb (2 HDs at 100Gb + 150Gb)  
Monitor  BenQ FP202W (20” wide-screen); 1680×1050 resolution; 8ms response 

time; 600:1 contrast ratio  
Display adapter  Radeon X300 series  

Table 1.1: Hardware components used in system. 

2.2.2. Software 

The computer-controlled components of the Leica DM RXA microscope are operated by simple 

commands sent through a computer's RS232 (serial) port. Generally, the commands contain a 5-string 

series of subject specific digits that prepare the microscope for 'setting' or 'getting' information. For 

example, a string of “12345” may tell the microscope to get ready for information relating to the bulb 

intensity. These strings are then concatenated with subsequent strings that contain the 'set' or 'get' 

data. So following from the example above, a string of “1234512” may now set the microscope's bulb 

to an intensity of 12 units.  

Gathering all this information, an initialization and acquisition routine has been developed to control 

the microscope. For both the microscope control and subsequent analysis of image features, ImageJ. 

a Java-written, open source program is used (Rasband, 2010). There are several advantages to using 

open, off-the-shelf software. These include its cross-platform capabilities, improved support through 

the 'community' structure of the project (e.g. mailing lists), and quicker release cycles for updates and 

bug fixes as everyone can view and modify the source code. ImageJ can be advanced through 

specific image analysis measurement procedures called “plugins”. These can then be strung together 

in a particular order into so-called “macros” for a specific measurement or operational task, which is 

achieved here for controlling the microscope and subsequent image analysis. The Windows XP 

operating system is currently used for the frame capturing phase, whilst Linux, Mac OS and Windows 

XP are used for image analysis.  

 



Transmitted light microscopy  16 

2.3. METHODS 

An automated system that combines frame capturing and image analysis requires an image to 

have specific characteristics. These include:  

-  an image that is as sharp as possible,  

-  even illumination across the objects,  

-  little or no overlap between particles of interest, and  

-  constant contrast and brightness settings.  

Having these characteristics set-up correctly helps increase the similarity of the frames collected 

and thus the quality of the subsequent image analysis performed, and reduces the capturing time. In 

order to fulfill these requirements, specific techniques have been tested and developed which include 

sample preparation and frame capturing.  

2.3.1. Slide preparation 

As the present application of this system is on siliceous microfossils, calcareous particles and other 

debris can be easily removed or broken down by using a specific standard cleaning method. Samples 

are disaggregated in a solution containing 10% H2O2
 and Calgon and steadily heated at 75°C on a 

warm plate for ~15 minutes. Calcareous components are dissolved by adding a 10% HCl solution to 

the solution until the HCl effervescing stops. The coalesced solution is then immersed in an ultrasonic 

bath and then put back on the heated warm plate. This is then switched off to cool down whilst the 

solution continues to react for ~12 hours. This step is repeated as long as aggregates of sediments 

are still present in the solution. Finally, the solution is immersed in an ultrasonic bath. When the 

sample to be examined is in a homogeneous solution, it can 

either be directly mounted onto standard (75 × 25 mm) 

cover-slipped microscope slides, or it can be sieved (e.g. 

20, 25, 38 µm) in order to investigate a size-specific fraction 

prior to mounting. 

Figure 2.1: Schematic of slide preparation technique. 
Components used include: a) slide cover-slips, b) magnets, c) 
petri dish, d) plastic beaker, e) small perforations in bottom of 
plastic beaker, f) larger plastic container to collect escaping 
solution and g) strips of tissue paper placed between beaker and 
container to soak up solution.  
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To enable a random distribution of the particles with little to no overlapping between them, a 

specific settling technique of the homogeneous solution is used (figure 2.1), modified from Battarbee 

(1973): 

1.  Two cover-slips are fixed between magnets on a petri dish for stability. (Two are prepared for 

 backup purposes, or for cross-examination). phe Petri dish is then placed in a plastic beaker. 

 Prior to this, small holes have been made in the beaker’s bottom to ease the eventual outflow 

 of the solute. This beaker is then placed in a larger plastic container in order to collect the 

 escaping solute from it. 

2.  The beaker is then filled with deionized water. 4 ml is then piped from the homogenized 

solution containing the microfossil sample to be examined and placed in the deionized water. 

Strips of tissue paper are placed between the plastic beaker and the larger plastic container to 

slowly drain the solute out by absorption. Note that the water draining speed can be controlled 

either with the size and number of holes in the beaker or with the stripes of tissues in case the 

water outflow from the beaker is higher than the draining. 

3.  When the solute has been drained and the cover-slips are dry, permanent slides (e.g. 

standard 75 × 25 mm glass microscope slides) are made using the Norland optical adhesive 

61 (NOA 61). The usage of this adhesive was preferred over Canada balsam because of its 

quick drying time, which prevents the migration of particles in the medium and keeps them in 

more-or-less one focal plane  (Bollmann et al., 2004). Because this adhesive has a 

relatively high viscosity at room temperature,  the microscope slides are warmed up 

(~75°C) to ease the spreading of it when cover-slips are subsequently mounted. 

4. Once the slides have been mounted, they are finally placed under a UV lamp for about 10 

minutes to harden the adhesive.  

2.3.2. Frame capturing 

Many imperfections can be passed from the transmitted light microscope to the computer before 

the system has an opportunity to analyze the image. These imperfections can be part of the 

magnification, illumination and imaging systems, and nothing to do with the specimens themselves. 

They include dust specks and the effects of vignetting (uneven illumination across the field-of-

view; Bayer and Juggins, 2002). Dust specks are generally found on optical surfaces between the 

specimen and the CCD chip of the camera. This is due to electrostatic charging of the chip itself or its 
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protective screen, which attracts dust. Transmitted light microscopes in general do not produce a 

uniform illumination across the field-of-view. Typically, the frame captured is brighter in the center and 

progressively darkens towards the edges (figure 2.1). For microscopy image analysis to be successful, 

a high quality primary image must first be captured with these problems eradicated and strict 

adherence made to the principles of microscope illumination set-up (Liu et al., 2001).  

To correct for the dust specks and vignetting effects, a frame of the light source is acquired before 

scanning each slide (e.g. vignetted frame). After preprocessing each subsequently captured frame (in 

this case by subtracting a constant of 80 from each pixel), the vignetted frame (figure 2.1) is then 

subtracted from this preprocessed frame (based on Weller et al., 2005). Finally this frame is inverted 

(figure 2.2) so that: F = 255 – ((F1 – 80) – 

F2), where F is the resultant preprocessed 

frame, F1 is the captured frame and F2 is 

the vignetted frame. 255 and 80 are 

arbitrary values that best fit in this equation 

of gray scale pixels. For any new slide, a 

new frame of the light source is acquired. 

To input the illumination configuration (e.g. 

light intensity, diaphragm aperture, etc), 

an ImageJ user interface pops up to set 

them at the start of slide scanning.   

Figure 2.2: Image frames enhancing problems associated with transmitted light microscope illumination. a) 
Histogram equalized image of light source. Note dust specks and how image gets progressively darker towards 
left edge. b) Same histogram equalized image after light source correction. Note lack of dust specks and 
uniformity of gray-values.  

Figure 2.3: Flow chart demonstrating 'snaking' frame capture 
process. Note how stage is moved by a factor of X first, 
followed by a factor of Y. These factors change depending on 
magnification used.  
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Because of the large size range of diatom assemblages (twenty to several hundreds 

of micrometers in our case) single frames lead to a bias toward smaller particle sizes as larger 

particles tend to be chopped or ignored as they are at the edge of a field-of-view. Therefore, 12 

neighboring frames that form a rectangle (e.g. 3X × 4Y frames) are stitched together to create a 

mosaic (figure 2.3). Overlapping problems (inaccuracy of the position of the camera and the 

movement of the motorized stage) are overcome by systematically applying a predetermined standard 

translation correction of each individual frame.  

2.3.3. Image focusing 

A critical step in automated quantitative microscopy is focusing. This enables the fully automated 

acquisition of transmitted light microscope image frames in an unattended environment. Specific 

criteria have to be considered when designing autofocus procedures (Geusebroek et al., 2000), these 

include: accuracy, reproducibility, general applicability and insensitivity to other parameters (e.g. noise 

and optical artifacts). Generally, autofocus algorithms are based on the principle that an in-focus 

image holds more information and detail (e.g. gray-levels and edges) than the same unfocused image. 

Figure 2.4 generalizes the out-of-focus to in-focus problems associated with 3D microparticles that 

have larger Z axis than the optical resolution's depth-of-field.  

Several autofocus algorithms were tested as described by Sun et al., (2004) for accuracy, 

reproducibility and timing. These were written as ImageJ macros. It was found that many of these 

algorithms were relatively time-consuming, taking ~3 seconds to compute. In a working production 

system, these times would soon add up, thus slowing the system. However, this may be due to the 

fact that ImageJ macros are slower to run than ImageJ plugins (ImageJ Mailing List, pers. comm., 

April 2007). In cases where images contain several particles (including debris of various sizes) and 

Figure 2.4: Simplified 3D representation 
of a microparticle's body. Optical 
resolution's depth-of-field can only 
capture 2D focal planes. Optimal, in-
focal value is one that contains more 
information and detail.  
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thus a large range of gray values, the standard deviation of the image was found to be the quickest 

(e.g. significantly less than1 second) and most reproducible parameter to check focal quality. This is 

because a large range of gray values corresponds to an image with more detail. The highest standard 

deviation value of a field-of-view will therefore correspond to the best focal plane. In each field-of-view, 

the focus value is checked in a loop that moves the stage back-and-forth through the Z axis until the 

highest value is reached (figure 2.5). To avoid losing the focal plane in the absence of particles in the 

field-of-view, a lower threshold value is given, below which the autofocus does not run until the 

image's standard deviation increases. 

2.3.4. Particle segmentation 

Segmentation concerns the detection and separation of objects of interest (e.g. foreground) from 

the unwanted components of the image (e.g. background, debris). Depending on the characteristics of 

the objects, various segmentation techniques can be being applied, including gray-level threshold, 

edge detection and region extraction (Fischer et al., 2002). While the particle thresholding requires 

one to several loops of gray-level detection to extract objects from the background, the edge detection 

locates object outlines (e.g. contours) by evaluating local gray-level profiles. The region extraction 

Figure 2.5: Flow chart demonstrating focusing routine. Note how 3 images are first 
taken at different Z locations; depending on their outcome, different routes are taken.  
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technique assigns a class to all pixels in the image and groups similar image regions together. As 

these techniques rely on the gray-level histogram of an image to detect the foreground from the 

background, segmentation of large frames does not give satisfying results and some preprocessing is 

necessary (due to the mosaic images). This is because the threshold determination is mainly 

influenced by large, dark objects while objects with a contrast close to the background color may be 

incorporated in the background.  

A well-segmented set of particles largely relies on the whole captured frame settings (e.g. 

brightness, contrast, etc.) and the object characteristics. While background color and image 

illumination parameters remain constant through the automated frame capture herein presented, the 

object-specific optical properties show intrinsic variability in term of contrast and/or brightness and 

textural characteristics that are reflecting taxonomic changes among the diatom frustules (e.g. valve 

relief, ornamentation, degree of silicification). We therefore emphasize our segmentation procedure on 

combinations of recursive conditional loops ("if" and "else"), thus better fitting the object-related optical 

variability. These loops have been grouped in 2 distinct modules loops.  

The first module detects the rough outline of potential particles of interest of large images (in this 

case a mosaic of 12 stiched captured frames). Each loop including in this phase generates a mask 

(black and white image) that is then merged together into one mask where outline (circularity and 

compactness) and size (area) characteristics of any black particles figuring on this one resulting mask 

are used to filter out the possible objects of interest and delete the noise (little isolated black pixels) 

before producing a new mask. This resulting “clean” mask is used to locate and crop each remaining 

particle of interest that fit in small bounding boxes, which are stored in specific folders for subsequent 

detailed segmentation.  

The second module is a more refined batch of loops that performs the segmentation from within the 

bounding box. Once again, the "batch of loops" techniques gives good results as it accommodates the 

detection of particles of interest with variable intrinsic optical properties (e.g. due to taxa-specific 

morphological and textural variability, frustule silicification) even though the image acquisition setting 

remains constant (illumination and background color). The following non-exhaustive list presents the 

image and mask processing that have been successfully applied to our case study on centric diatoms.  

Techniques recursively applied in both modules:  

- Addition/subtraction of an arbitrary value to the original image (X) (e.g. X= X + 75)  
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-  Gray scale inversion (X= 255 - X)  

-  Enhanced contrast  

-  Image pixel filtering (e.g. Gaussian blur)  

-  Automatic threshold detection (best fit values calculated by ImageJ)  

-  Addition of an arbitrary value to the maximum threshold (e.g. max= max + 5)  

-  Test of various threshold detection techniques (e.g. automatic and isodata) these are ImageJ-

 specific to calculate the min and max values)) and application of the best fit one  

 Mask-specific pixel processing:  

-  Iterations of pixel dilation / erosion  

-  Merging of generated mask using successive mathematical functions (e.g. subtraction, 

blending, addition)  

-  Selection of the largest particle in the mask (number of pixels per particle)  

Note that these tools, combined in different ways and generating successive masks greatly 

improve the resulting segmentation. This can be well demonstrated through the success rate 

recognition of the particle of interest (entirely segmented particles, occurrence of debris as particle, 

etc). In our technique, we are able to check the results of each module allowing the subsequent 

manual removal of debris that were not correctly filtered by the software.  

2.3.5. Particle measurements 

Many morphological descriptions rely on simple heuristics (Fischer and Bunke, 2002). These 

include features such as area, length, width, major and minor axes (Lazarus et al., 1995; Spencer-

Cervato and Thierstein, 1997); that is, an object's image features that relate to its bounding contour 

and overall shape (e.g. external properties). The systems of Dabros and Mudie (1986) and Tyson 

(1990) utilized geometric measurements to describe simple shapes, sizes and areas. Size and shape 

parameters of microparticles have also been shown to demonstrate distinct relationships through both 

space and time. For example, by aiding the interpretation of paleoenvironmental processes by adding 

a further dimension to the overall sedimentary characteristics (Hoelstad et al., 1994; Tyson and 

Follows, 2000), and observing evolutionary changes (Lazarus, 1986; Schmidt et al., 2004a). 

Conversely, an object's internal properties include its gray- and color-level distributions, and textural 
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characteristics. The system of Tyson (1990) incorporated a brightness measurement to distinguish the 

distribution of light and dark levels within an image for optical kerogen typing and thus the 

hydrocarbon potential of the source rock. In addition, a microparticle's gray- and color-level 

distributions are also useful for characterization purposes (e.g. Yule et al., 1998; Ujiié, 2001; Weller et 

al., 2006b).  

More computationally complex algorithms include geometric moments, Fourier shape descriptors 

and texture analysis. Geometric moments are an information-preserving method for 2D shape 

representation that give a 2D plane a “vector identity” (Hu, 1962), which have been utilized for the 

identification of blue-green algae (Thiel et al., 1995) and diatoms (Fischer and Bunke, 2002). Fourier 

shape descriptors decompose a 2D bounding contour to represent it as a 1D “digital” signature 

through a series of sine and cosine arcs (Pitas, 2000). They have been used to determine the 

evolutionary relationship between planktic foraminifera (Belyea and Thunell, 1984), in the identification 

of fossil ostracods (Burke et al., 1987), and in the identification of diatoms to genus-level taxonomy 

(Mou and Stoermer, 1992). Texture analysis is a statistical method for detecting regional or local 

spatial variations of gray-level intensities (Haralick et al., 1973) and has been useful in the 

identification of blue-green algae (Thiel et al., 1995), the fluorescence-assisted classification of 

freshwater algae (Walker et al., 2002), and the classification of New Zealand pollen (Zhang et al., 

2004) plus spores (Li et al., 2004).  

This system attempts to standardize many of these techniques into a generic image analysis 

measurement procedure. This has been developed in ImageJ to suit the microfossil groups observed 

and cover a representative group of measurements desired. However, due to ImageJ's modular 

framework, new or additional measurements can be easily incorporated. This has enabled a broad set 

of object measurements that are routinely available for each object (table 2.2). In many cases this will 

be far more than required, but the computing time required is trivial. As all measurements may not be 

used in one study, they are saved in a database along with each image for potential future analysis. 

This has the advantage that they can be statistically scrutinized for validity (e.g. Weller et al., 2006b). 
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Table 2.2: Image analysis features measured. 

 

Measurement type Output Specific measurement Description 

Morphological 
descriptors 1 Area (µm) Object's area. 

 2 Perimeter (µm) Object's boundary (contour) length. 

 3 & 4 Bounding box width and height 
(µm) 

Smallest width and height of a rectangle enclosing 
the object. 

 5 & 6 Major and minor axes lengths 
(µm) 

Primary and secondary axes lengths, 
respectively, of the best fitting ellipse equal to the 
object's area. 

 7 Axes angle Angle between the major and minor axes. 

 8 Circularity 

Similarity of the object to a circle. A value of 1.0 
indicates a perfect circle, whereas a value closer 
to 0.0 indicates an increasing elongated polygon: 
4π × (Area ÷ Perimeter2

 

) 

9 Area effective diameter (µm) 
Object's diameter when its area is averaged to a 
circle: 
√(Area ÷ π) × 2 

 10 Perimeter effective diameter (µm) 
Object's diameter when its perimeter is averaged 
to a circle: 
Area ÷ π 

 11 Ellipse effective area (µm) 
Area of object's ellipse that shares the same 
major and minor axes: 
(π × Feret × Breadth) ÷ 4 

 12 Form factor (4π × Area) ÷ Perimeter

 

2 

13 Shape factor Perimeter2 

 

÷ Area 

14 Aspect ratio Feret ÷ Breadth 

 15 Modification ratio Minor axis ÷ Feret 

 16 Symmetry Major axis ÷ minor axis 

 17 Compactness √((4 ÷ π) × Area) ÷ major axis 

 18 Roundness (4 × Area) ÷ (π × major axis2

 

) 

19 Sphericity (minor axis ÷ 2) ÷ (major axis ÷ 2) 

 20 Rectangularity Area ÷ arbbox 

 21 Feret diameter (Feret) (µm) Longest distancebetween any two points along 
the object's boundary. 

 22 Feret angle Angle between the Feret diameter and the 
horizontal (e.g. X axis). 

 23 Breadth (µm) Sum of largest axes lengths perpendicular to the 
Feret diameter (not necessarily colinear)? 

 24 Box area (arbbox) (µm) Area of the bounding box along the Feret: 
Feret × Breadth 

 25 Bounding circle diameter (µm) Diameter of smallest circle to bound the object. 

 26 Area polygon (areaPoly) (µm) Area of the convex polygon generated from the 
object's boundary. 

 27 Perimeter polygon (perimPoly) 
(µm) Perimeter length of areaPoly. 

 28 Concavity areaPoly - Area 

 29 Solidity Area ÷ areaPoly 

 30 Convexity perimPoly ÷ Perimeter 

 31 R factor perimPoly ÷ (Feret × π) 

 32 Oriented length Object's length along its best orientation. 

 33 Oriented width Object's width along its best orientation. 

Gray-value distributions 34 Skewness Object's gray value symmetry about the mean 
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(e.g. third order moment about the mean). 

 35 Integrated density Sum of all pixel gray values in the object. 

 36 Kurtosis Object's  gray value distribution about the mean 
(e.g. fourth order moment about the mean). 

 37 Gray mean Object's mean gray value. 

 38 Gray standard deviation Object's gray value standard deviation. 

 39 Gray average deviation Object's gray value average deviation. 

 40 Gray variance Object's gray value variance about the mean (e.g. 
second order moment about the mean). 

 41 Gray entropy Object's gray value randomness. 

 42 Gray mode Object's most frequently occurring gray value. 

 43 Gray median Object's middle gray value in its distribution. 

 44 & 45 Gray min & max Object's minimum and maximum gray values. 

Textural descriptors 46 Texture angular second moment 
(energy) 

Disorder or symmetrical distribution of gray values 
over object. 

 47 Texture contrast Object's gray value differences. 

 48 Texture correlation Reciprocal relation of gray value distributions over 
object. 

 49 Texture inverse difference moment 
(homogeneity) Object's gray value homogeneity. 

 50 Texture entropy Object's gray value disorder. 

 51 Texture sum all Sum of all texture measurements. 

Geometric moments 52 Moment mass Object's total mass. 

 53 Moment xx variance Object's shape vector representation around 
centroid in X direction. 

 54 Moment yy variance Object's shape vector representation around 
centroid in Y direction. 

 55 Moment xy covariance Object's shape vector representation around 
centroid in both X and Y directions. 

 56 Moment x skewness Object's shape symmetry in X direction. 

 57 Moment y skewness Object's shape symmetry in Y direction. 

 58 Moment x kurtosis Object's shape distribution in X direction. 

 59 Moment y kurtosis Object's shape distribution in Y direction. 

 60 Moment elongation 
Ratio of longest to shortest distance vectors from 
the object's centroid to its boundary (e.g. 
eccentricity). 

Fourier descriptors 61-92 Fourier Fourier descriptor coefficients X and Y. 
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2.4. DISCUSSION 

This system has been in successful use between October 2006 and April 2010. During this period, 

data relating to several hundreds of thousands of images of siliceous microfossils covering Holocene 

and Cenozoic samples have been accumulated. In addition, image and data collection from different 

microfossil groups and microparticles is possible. This has helped to reduce our overall analysis time 

as the microscope system has the capability of running 24 hours a day, 7 days a week, with no user 

intervention. The image analysis techniques are also acting as a new tool for the quantification of 

object numbers and characteristics by increasing the sampling volume, and thus the overall accuracy 

in our subsequent analysis. Finally, it has demonstrated that its automated procedures are 

reproducible by routinely capturing precise and consistent data. We are now in the process of creating 

an extensive database of Holocene and Cenozoic siliceous microfossils for subsequent analysis of the 

multivariate data gathered for various geological and/or paleoceanographical scenarios.  

For a high-quality output, all components need to be applied in a constant and standardized 

manner. These include the preparative techniques to produce uniform slides that are dense enough 

but have little to no overlapping and with objects in more-or-less one focal plane, and the calibration of 

gray- or color-level distributions between different slides scanned and different microscopes. The latter 

can be overcome by building a gray- or color-level 'set condition' in the calibration routine (Weller et 

al., 2006a). In this way, intensity differences can be compensated by adding to and/or subtracting from 

their individual pixels through ImageJ. Insuring that these conditions are applied ensures that the 

potential for subsequent bias in the characterization procedures are reduced to a minimum.  

On average, the time taken to capture an individual frame is ~10-30 seconds as it is dependent on 

the focusing procedure, and thus the density of the slide (e.g. the number of objects per frame) and 

the thickness and/or nature of the particles. Given a dense slide with relatively thick microparticles, the 

focusing procedure moves the stage back-and-forth through the Z axis until the highest value is 

reached (figure 2.4). This is the same for a slide with little density as there are minimal objects for it to 

focus on.  

This system, although advanced, is in its infancy. In addition to easily adding new or improved 

image analysis-based feature extraction methods and measurements (e.g. by updating or adding to 

table 2.2), the macros developed in ImageJ can be extended by coupling the image analysis 

measurements with statistical procedures for online characterization. For transmitted light microscopy 

this includes transfer functions for determining sea surface temperatures from relative abundance data 
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of, for example, diatoms (Crosta et al., 1998; Gersonde and Zielinski, 2000; Birks and Koç, 2002), 

radiolarians (Abelmann et al., 1999; Dolven et al., 2002) and dinoflagellate cysts (de Vernal et al., 

2001; de Vernal et al., 2002), and using ANNs for characterization (e.g. Brechner and Thierstein, 

1999; France et al., 2000; Beaufort and Dollfus, 2004; Bollmann et al., 2004; Li et al., 2004; Weller et 

al., 2005; Weller et al., 2007). Moreover, although the Leica DM RXA commands used are specific for 

this particular microscope, the ImageJ acquisition routine developed to control the microscope can be 

easily updated to work with other microscopes and components; the initialization and acquisition 

routines have not been designed to be microscope specific. For example, Prior automated microscope 

stages use similar strings for computer control.  

2.5. CONCLUSION 

This paper has presented the techniques applied in the successful construction of an automated 

imaging and characterization system in micropaleontology with computer-controlled transmitted light 

microscopy. Labor-saving image analysis-based micropaleontological characterization systems have 

been tested and developed before demonstrating that automation is a feasible objective as part of a 

laboratory's technological evolution (e.g. Dabros and Mudie, 1986; Tyson, 1990; Lazarus et al., 1995; 

Knappertsbusch et al., 1997; Spencer-Cervato and Thierstein, 1997; France et al., 2000; du Buf and 

Bayer, 2002; Beaufort and Dollfus, 2004; Bollmann et al., 2004; Henderiks and Renaud, 2004; 

Schmidt et al., 2004a; Quinn et al., 2005; Weller et al., 2005). Generally, however, these systems are 

subject specific (e.g. they are restricted by focusing on one group of objects) and are therefore based 

on specific image analysis measurement datasets. In addition, they are often developed in-house or 

with closed systems, inhibiting their easy acceptance in many laboratories. The system described here 

uses the open and off-the-shelf image analysis software, ImageJ. This has enabled improved support 

due to the community structure of the project with rapid response to queries submitted to the mailing 

list, quicker release cycles for updates and bug fixes as everyone can view and modify the source 

code, and its cross-platform capabilities. This system has also amalgamated and standardized the 

wealth of image analysis features used in previous systems to enable its adoption to different 

micropaleontological and microparticle characterization tasks.  

An automated transmitted light microscopy system such as this drives perspectives toward the 

increasing automation of traditional routines that have predominantly been performed by the human 

expert. However, it is emphasized that this system is not meant to replace the scientist but as an 
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additional tool to help them and bring a greater quantitative dimension to their studies. By automating, 

and thus freeing workers from, the 'routine identification' component, vast numbers of objects can be 

acquired (e.g. Schmidt et al., 2004b). More emphasis can then be placed on characterizing total 

particle features for subsequent assessment of their geological context. This will ultimately shift 

interpretations to more quantitative and objective ones. This is because the analyses are primarily 

based on visual characteristics (e.g. morphology and texture) rather than the current qualitative and 

subjective approach in human identifications which involve a 'personal equation' (Stillman and Flenley, 

1996).  
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ABSTRACT 

A major characteristic of skeletonized phytoplankton in the ocean is that they depend on the 

availability of bio-limiting nutrients in the photic zone. Competition (inter- and intra-group) for these bio-

limiting nutrients together with present and past changes in oceanic conditions are potential dominant 

drivers of the adaptation and resulting evolution of these micro-organisms. Over the Cenozoic and 

particularly since the Neogene, diatoms have become the most efficient group for nutrient uptake, by 

far outcompeting the coccolithophores in nutrient-rich areas and assuming dominance in the oceanic 

cycling of dissolved silica.  

Here we have explored the utility of a quantitative measure, mean valve sizes of centric diatoms 

and their variability, to characterize the macro-ecological patterns in today’s oceans and the 

evolutionary response of this group in the past. Size characteristics of centric diatom valves (diameter 

larger than 20 µm) were collected using automated light microscopy and image analysis techniques 

for a statistically representative number of specimens (e.g. 150-750) per sample. We show results of 

these size analyses by comparing the macro-ecological calibration in surface sediments samples from 

tropical to polar environments with the macro-evolutionary patterns observed in DSDP/ODP sites from 

the Southern Ocean, the Equatorial and the North Pacific over the past 15 to 20 million years at a 

temporal sampling resolution of 0.3-2 million years.  

Although our Holocene sample set shows large variability in environmental conditions, changes in 

the mean size of centric diatom assemblages are rather small. In contrast, during the Neogene mean 

sizes of centric diatoms show large variability through time with regional shifts occurring during well-

known climatic and oceanic events (e.g. onset of Northern Hemisphere glaciation). These patterns 

seem to be related to Neogene global cooling and related reorganizations of water masses. Since 

diatoms are the primary competitors of coccolithophores for nutrients among the skeletonized 

phytoplankton, their evolutionary emergence to dominance may imply coeval consequences for the 

evolution of the coccolithophores.  
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3.1. INTRODUCTION 

Over the past 40 Ma, the development and stepwise extension of the Antarctic ice-sheet, together 

with tectonic movements (e.g. closure of the Panama Seaway) have deeply modified the global 

circulation and chemical signature of the various water masses (e.g. redistribution of dissolved silica - 

Cortese et al., 2004). These changes also induced the onset and development of oceanic boundaries 

(e.g. Polar fronts), which appear to have affected the evolution of micro-organisms. The ability to 

adapt and survive in a changing ocean has probably been a key for the survival of micro-organism 

groups, especially over the late Cenozoic, when climatic and oceanographic changes have been the 

strongest.  

After the first agreed occurrence of marine diatoms in the geological record (early Cretaceous – 

Harwood and Gersonde, 1990), these organisms seem to have played a relatively minor role in both 

silica and carbon cycles. However, their radiation since the Eocene and the related successful 

competition for nutrients and dissolved silica has led to a modern dominance of this group in the silica 

cycle. Over the Cenozoic, diatoms appear to have outcompeted other dominant skeletonized groups 

such as coccolithophores in nutrient-rich areas. This appears to have been possible because of a 

great morphological and physiological adaptive capacity that has allowed them to adapt rather quickly 

to changes in environmental parameters (Boyd et al., 2000).  

Although diatoms as a group are known to be ubiquitous, most species show an enhanced 

provincialism in today’s oceans. This feature is believed to have developed among this group since 

the Miocene (Barron, 2003) due to the increasing pole-to-equator thermal gradient and related onset 

of oceanographic boundaries acting as barriers to diatom migration. The Neogene evolutionary pattern 

development in diatoms coincides with the progressive dominance of this group across the world‘s 

oceans. 

3.1.1. Previous work 

Evolutionary processes, underlying the increasing success of diatoms over the Cenozoic, have 

been documented in a previous study (Barron, 2003). The extinction and appearance patterns 

observed for diatoms over the last 18 million years were actually shown to be tightly dependent on the 

strength of the global cooling and related oceanographic events (Zachos et al., 2001). Taxonomical 

composition of diatoms has been widely used as an environmental proxy in high resolution studies: 

salinity and turbulence (Busse & Snoeijs, 2002), temperature (Pichon et al., 1987). As an alternative 
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measure to describe the diatom evolutionary patterns, we focused this work on measuring the size in 

centric diatoms and their variability over the last 15 to 20 million years.  

So far, very few studies exist on size variability of diatoms (Wimpenny, 1946; Burckle & 

McLaughlin, 1977; Cortese & Gersonde, 2007; Crosta, 2009) and all of these were based on single 

taxa. Recent studies of other microfossil groups have focused on the size variability of entire 

assemblages to assess their ecological and evolutionary responses to external forcing. Size of 

planktic foraminiferal assemblages has been shown to be tightly correlated to variations in surface 

water stratification in the Holocene as well as over the Cenozoic (Schmidt et al., 2004). The only study 

on size variability and related evolutionary patterns in diatoms used biostratigraphy-based illustrations 

of taxa from various published sample sets (Finkel et al., 2005). In that heterogeneous set, the authors 

found a dependence of diatom sizes on water mass stratification induced by the Cenozoic global 

cooling. A similar approach was applied on dinoflagellates (Finkel et al., 2007), where the authors 

demonstrated again the influence of water mass stratification on size evolution of these organisms. In 

both cases, the mean size calculated for each taxon was actually assumed to be characteristics for its 

entire stratigraphic range. For each time slice, a mean of the means of all occurring taxa was then 

calculated. This method implied the equal weight of each taxon without consideration of neither the 

variability in species relative abundance, nor the potential changes of mean size of species through 

their stratigraphic ranges.  

Here we use a more realistic approach to the diatom size variability through time by measuring 

statistically representative numbers of specimens in diatom assemblages. We target the last 15 to 20 

million years, thereby limiting possible diagenetic effects and insuring a relatively high abundance of 

the group in the selected samples.  

3.2. GEOGRAPHIC COVERAGE 

Southern Ocean - The cooling history in the Southern hemisphere started much earlier than in the 

Northern high latitudes. First evidence of sea surface cooling in the Eocene is concomitant with the 

appearance of ice on Antarctica. The opening of the Drake Passage between 49 and 17 Ma enabed 

the progressive development of the Antarctic Circumpolar Current (ACC) (Barker, 2001) and the 

strengthening of the Polar front within the Eocene/Oligocene interval (Diekmann et al., 2004). The 

major steps of the cooling history leading to the Quaternary ice age were found in the Neogene 

(Cortese et al., 2004), and were apparently associated by a strengthening of the Antarctic Circumpolar 
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Current and increased ice-sheet build-up (Barker et al., 1999). These were coinciding with an 

increasing abundance of diatoms in deep-sea sediments and the evolution of this group towards more 

endemic species (Barron, 2003). 

Equatorial Pacific – The surface waters along the Equator have been fairly isolated from the direct 

impact of the polar cooling over the Cenozoic until cold and nutrient-rich deep water coming from 

higher latitudes started to cool down the equatorial bottom of the ocean. This in turn induced stronger 

near surface water mass stratification and the upwelling of cooler waters from the deep ocean 

reservoir. Upwelling brought nutrients to the surface along the equatorial divergence and coastal 

upwelling areas, concurrently cooling down the affected surface waters.  

Between 10 and 9 Ma a widespread carbonate dissolution event occurred throughout the 

equatorial Pacific (the “carbonate crash” - Lyle et al., 1995) mostly affecting the carbonate 

preservation in sediments and indicating significant changes in the inter-basin Atlantic-Pacific deep 

water circulation. The authors attributed these changes in sedimentary patterns to the shoaling of the 

sill across the Panama Seaway and thus its partial closure, triggering an increase in diatom 

productivity along the equatorial Pacific.  

Locations close to the Panama Seaway may have been the first in line to respond to its stepwise 

closure from 13 Ma on. The patchiness in the type of sedimentation observed in the eastern Equatorial 

Pacific from 6.4 Ma on directly suggests regional ocean circulation changes whose timing is attributed 

to the gradual closure of the Panama Seaway (Pisias et al., 1995). Its final closure, between 3 Ma and 

2.73 Ma (Bartoli et al., 2005) apparently led to a strengthening of upwelling processes, which is 

documented by a shift to more diatom-rich sediments (Kemp, 1995) in the eastern Equatorial Pacific. 

North Pacific - The last 15 Ma years of sedimentary record in the North Pacific has shown a 

stepwise cooling of the surface waters and a subsequent paleoceanographic reorganizations and 

onset of glaciations marked at 2.73 Ma (Haug et al., 2005). From 13 Ma on, the deep and surface 

water circulation between the Atlantic and the Pacific as well as the general circulation prevailing in 

the North Pacific have progressively been affected by that stepwise closure of the Panama Seaway. 

Diatoms were widespread in that northern latitude environment over the major part of the Cenozoic. 

Coscinodiscus marginatus (Ehrenberg), a fairly large and robust species, has been dominating the 

diatom assemblages from 5 Ma to 2.73 Ma, when its abundance abruptly dropped, without any 

recovery until today, while much smaller taxa took over and became dominant in the assemblages 

(Shimada et al., 2009). 
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3.3. MATERIALS 

The diatom distribution in sediments is rather uneven throughout the world’s oceans and is mostly 

restricted to areas of upwelling and areas where silica content in surface water is comparatively high. 

ODP and DSDP sites were selected for our study, based on location, siliceous content and most 

continuous recovery of Cenozoic sediments over the last 20 to 15 million years (figure 3.1; table 3.1). 

A total of 312 Cenozoic samples were analyzed, representing a temporal resolution of 0.3-2 million 

years. Age models available on Janus (iodp.tamu.edu/janusweb/links/links_all.shtml) and Pangaea 

(www.pangaea.de) databases were used to estimate the age for the selected samples which in turn 

were based on the ODP and DSDP Scientific Result volumes and their related papers on 

biostratigraphy. 

In addition to this Cenozoic sample set, we also analyzed selected 50 surface sediment samples 

(figure 3.2; table 3.2) from various locations of the world’s oceans in order to better constrain our 

findings and hypotheses with the present day oceanographic situation and to compare the size 

patterns with the environmental parameters available from the World Ocean Atlas 2005 (Garcia et al., 

2006; Locarnini et al., 2006) for each sample location. 

Leg site Latitude Longitude 
Water 
depth 

(m) 
Studied interval 

(m) 
No of 

samples 
analysed 

Age reference 

85 574 4.2 -133.3 4561 6.1 - 265.7 34 Barron, et al., 1985 

114 704 -46.9 7.4 2532.3 0.5 - 515.2 47 Hailwood and Clement, 1991 

119 744 -61.6 80.6 2307.3 3.48 - 89.84 40 Barron et al., 1991 

119 745 -59.6 85.9 4082.5 14.61 - 205.68 8 Barron et al., 1991 

119 746 -59.6 85.9 4059.5 184.06 - 272.06 10 Barron et al., 1991 

138 846 -3.1 -90.8 3295.6 0.55 - 410.65 40 Shackleton et al., 1995 

138 847 0.2 -95.3 3334.3 0.51 - 227.2 30 Shackleton et al., 1995 

145 882 50.4 167.6 3243.8 10.9 - 267.4 28 Barron et al., 1995 

145 883 51.2 167.8 2407 251.9 - 620.2 32 Barron et al., 1995 

145 887 54.4 -148.4 3631.2 0.5 - 270.2 43 Barron et al., 1995 

       Total: 312 samples 

Table 3.1: ODP and DSDP sites selected the size data analysis of the overall diatom assemblages (larger than 
20 μm). 
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Figure 3.1: Location of the Cenozoic sections analyzed in DSDP and ODP sites. 

Figure 3.2: Location of the Holocene surface sediment samples.  
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Sample name Latitude Longitude
SST 
[°C]

N 
[µmol/l]

P 
[µmol/l]

Si  
[µmol/l] S [PSU]

T0-200 

[°C]
S0-200 

[PSU]
KN7812-07 -66.8 174.2 -1.1 27.6 1.8 61.5 33.9 -2.4 -0.7
KN7812-2 -57.8 174.2 5.5 20.8 1.5 8.8 34.0 0.4 -0.1
Y69-86 M2 -2.0 -91.7 22.5 7.2 0.9 6.1 34.8 8.9 -0.2
VNTR01-20GC 5.6 -94.2 27.5 1.2 0.3 2.7 33.4 15.0 -1.5
OC72-2-01 21.3 140.0 27.3 0.2 0.1 1.5 34.8 8.5 -0.1
TT49-10-5 35.3 153.4 20.0 1.5 0.1 4.5 34.5 6.3 0.0
TN037-01TC 37.8 163.0 16.5 3.2 0.4 10.0 34.3 5.3 0.0
M9907-04-BC1 46.0 -125.3 12.2 2.4 0.7 9.4 31.7 5.0 -2.2
Y70-4-51 59.1 -143.7 8.2 8.2 1.2 16.2 32.1 2.7 -1.6
KN83 -59.4 -42.0 -0.2 24.4 1.7 52.9 34.0 -0.5 -0.5
KC095 -51.9 -41.5 2.9 22.7 1.6 12.6 33.9 1.3 -0.3
PC290 -55.6 -45.0 1.9 24.6 1.6 20.8 33.9 0.4 -0.3
ME0005A-04MC4 15.7 -95.3 27.6 0.8 0.5 3.7 34.1 15.3 -0.8
ME0005A-35MC1 4.1 -85.0 27.3 1.4 0.3 2.4 32.8 14.0 -2.1
RR9702A-46MC1 -33.3 -73.5 15.3 3.4 0.6 2.4 34.2 5.1 -0.4
RR9702A-70MC1 -16.7 -76.0 19.7 3.0 0.9 4.3 35.1 7.5 0.3
NBP96-2MC4 -64.0 -170.0 -0.3 26.4 1.8 40.9 33.9 -1.8 -0.5
178-1098B_1_1 -64.9 -64.2 -0.8 27.2 1.7 64.8 33.8 -1.4 -0.7
RR9702-04MC5 -47.0 -76.6 10.7 8.1 0.9 2.9 33.1 3.0 -1.1
RR9702A-01-MC4 -50.7 -77.0 9.0 10.9 1.1 2.6 33.4 1.6 -0.8
HO76-P1 44.5 145.0 6.4 7.0 0.9 14.9 32.7 5.0 -0.7
KH78-3_St3 47.9 176.4 6.4 16.0 1.6 29.2 32.9 2.7 -0.8
KH78-3_St6 57.0 177.0 4.7 21.5 1.9 40.0 33.1 1.4 -0.5
KT90-9_St5 41.1 143.7 10.7 5.7 0.6 13.1 33.4 6.6 -0.2
ME0005A-25MC3 -1.9 -82.8 22.8 4.9 0.6 6.5 34.2 9.1 -0.8
SDSE074B -0.5 -151.6 27.2 4.3 0.5 3.0 35.2 14.0 0.2
SDSE 215A 29.9 -17.5 20.7 0.2 0.1 2.1 36.8 4.3 0.5
SDSE236A 2.1 -20.1 27.2 0.2 0.1 1.5 35.5 13.8 0.2
Core110-37 53.8 -161.4 6.6 10.4 1.2 20.4 32.2 2.2 -1.6
CH265 12.0 -152.0 26.5 0.1 0.3 1.4 34.3 15.3 -0.2
RC8-46 -55.3 65.5 2.0 26.0 1.8 21.0 33.9 0.8 -0.2
RC11-89 -52.1 23.3 1.4 22.4 1.7 33.4 34.0 0.7 -0.3
VM27-238 -6.5 -3.7 25.4 0.4 0.2 1.9 35.8 13.3 0.7
VM21-39 -6.3 -104.7 25.0 6.8 0.8 4.0 35.1 12.7 0.2
VM34-49 -6.2 90.4 28.5 0.2 0.2 3.0 34.4 15.6 -0.5
RC12-343 15.2 90.6 28.4 0.4 0.1 5.5 32.6 14.1 -2.4
RC27-50 16.7 59.7 26.7 2.4 0.5 2.9 36.2 9.8 0.4
VM29-174 36.3 -29.4 19.9 0.2 0.1 1.0 36.3 5.2 0.3
VM27-60 72.2 8.6 5.5 7.2 0.6 4.7 35.1 1.9 0.0
VM21-175 38.4 -161.1 15.8 0.9 0.3 4.4 34.1 5.3 -0.1
VM27-112 56.1 -25.5 10.3 7.2 0.6 3.2 35.1 1.8 0.0
RC14-161 58.4 -141.4 8.4 7.1 1.2 15.8 32.3 2.9 -1.4
RC12-180 54.5 -155.9 6.8 11.5 1.3 25.3 32.4 2.4 -1.4
RC9-74 -12.9 -80.5 21.0 5.3 0.9 4.5 35.3 8.7 0.4
A3 Muco1 -50.6 72.1 2.6 24.4 1.7 15.9 33.9 0.9 -0.1
C1 Muco001-5 -53.2 75.9 1.8 25.4 1.8 20.0 33.9 0.5 -0.2
C5 Muco 5 -52.2 75.6 2.1 24.5 1.7 18.0 33.9 0.7 -0.2
C11 Muco -51.6 76.0 2.2 24.2 1.7 17.4 33.9 0.7 -0.2
B5 Muco3 -50.1 74.6 3.1 22.5 1.7 14.1 33.9 1.3 -0.2
C008_1H1 33.5 136.5 22.0 1.1 0.2 6.6 34.4 8.4 -0.1

Table 3.2: Holocene samples and their corresponding most relevant environmental parameters. SST: sea 
surface temperature, N: nitrate, P: phosphate, Si: dissolved silica, S: salinity contents in surface waters. 
Stratification was calculated according to temperature (T0-200) and salinity (S0-200) in the upper photique zone 
(between the surface and 200 m water depth) (Antonov et al., 2005; Garcia et al., 2006a and 2006b; Locarnini 
et al., 2006). Note that the results of the detailed analyses of these samples are available onllne. 
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3.4. METHODS 

3.4.1. Sample preparation and data acquisition 

All analyzed samples were prepared following the standard preparation technique used for 

siliceous microfossil studies (e.g. Battarbee, 1973) and sieved through a 20 µm mesh size to minimize 

preservation biases and to prevent the dilution of particles of interest by clay, silt and fragments. Our 

settling procedure insures a random distribution of particles on glass slides for subsequent automated 

scanning and image acquisition. Automated microscopy and imaging techniques were developed in-

house using ImageJ (Rasband, 2010) and allowed the acquisition of a large set of morphological 

measurements (between 130 and 750 centric diatom valves per sample). An image resolution of 0.33 

µm per pixel was obtained at a 200X magnification with a Sensicam camera (12 bit) mounted on a 

Leica DMRXA motorized transmitted light microscope (see chapter 2 - Weller and Girault, subm. for a 

detailed description of the system). The image resolution used in this study was sufficient to take size 

measures of diatoms over 20 µm, but did often not allow identification of species or even genera. 

3.4.2. Size and taxonomic characteristics in diatoms 

Effects of differential diatom dissolution in sediment samples cannot be neglected as it can greatly 

influence the size distribution of diatom valves, even for fairly large and robust frustules. The obtained 

size histograms of our assemblages consistently show positively skewed distributions where the two 

ends (maximum and minimum) can be highly influenced by dissolution and fragmentation of small and 

delicate as well as large specimens, as discussed in the introduction (chapter 1). Only pristine valves 

or those showing a “close to entire” periphery were therefore measured. The Feret diameter, also 

called maximum diameter, has been used rather than the area, as it is the most suitable feature to 

characterize valve sizes when not all diatoms in the dataset are entirely preserved.  

With time, transformation of opal-A to opal-CT of siliceous microfossils will also affect the 

preservation of diatoms, through dissolution and reprecipitation of biogenic opal-A into opal-CT. This 

thermochemical process is associated with changes in porosity of the sediments, crystalline structure 

of opal and depends on temperature, burial depth and sediment geochemistry (e.g. carbonate, clay 

content – Kastner et al., 1977). To minimize preservational effects, measurements of valves over 20 

µm have been taken. By limiting the analysis to the Neogene, with maximum burial depth of 620 m, 

the potential diagenetic effects of the opal-A to opal-CT transformation were also minimized.  
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3.5. RESULTS 

Our Holocene sample set covers the major oceanographic gradients (e.g. temperature, dissolved 

silica - figure 3.3a and b), but the size patterns measured in these samples do not have a large 

variability and show no straightforward correlation with environmental parameters (figure 3.3; table 

3.3). However, when classifying the sample set according  to environmental conditions (e.g. upwelling, 

polar zones), the sea surface temperature seems to have a little influence on the diatom size 

distribution. The taxonomic composition (supplementary material - plate A) as well as the size 

distribution of the assemblages seem to be environment-specific. Each region seems indeed to be 

characterized by a few dominant taxa. Note that the pixel resolution used in the data acquisition does 

not allow a detailed descriptive analysis of the taxonomical composition of our diatom assemblages.  

Figure 3.3: a) Temperature and 
b) dissolved silica plots against 
the overall size assemblages in 
surface sediments. In figure 3.3a, 
biogeographic areas are 
contoured and are based on 
Schmidt et al., 2004 assuming 
that the biogeographic patterns in 
diatoms are similar to those of 
foraminifers. The data points that 
were not circled correspond to 
upwelling areas. 
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The diatom size variability through the Neogene sites seems to be different in the various areas 

investigated as well (figure 3.4 to 3.6). On a coarse resolution, mean sizes of centric diatom valves in 

modern and Miocene samples are quite similar. The high sampling resolution across the Neogene 

(every 0.3 to 2 million years) brings, however, another dimension to the evolution of diatom sizes. This 

actually shows regionally-scaled coherent size changes through time together with abrupt shifts, 

Table 3.3: Correlation coefficients between the measured Holocene size data (larger than 20 µm) and the 
extended selection of environmental parameters. The size values have been represented by the average 
(Average), maximum (Max), minimum (Min), 20th (20 Percentile), 50th(50 Percentile), 70th (70 Percentile), 90th 
(90 Percentile) and the number of valves measured (N measured). Selected environmental parameters are the 
temperature (SST), the nitrate (Nitrate), phosphate (Phosphate) and dissolved silica (Silicate) content, salinity 
(Salinity), oxygen saturation (Oxygen Saturation), oxygen content (oxygen), apparent oxygen utilization (AOU) 
and the density (In situ Density) in surface waters. The mixed layer depth (MLD), the stratification gradient 
calculated according to temperature (Temperature0-200) and salinity (Salinity0-200) between the surface and 200 
m water depth. Shaded boxes indicate the correlation coefficients higher than 0.45. 

                  

Figure 3.4: Centric 
diatom size data 
for the Southern 
Ocean Sites 704 
and 744-746 
covering the last 
20 million years. 
Error bars 
represent the 95% 
confidence interval 
for the given data. 
Illustrated error 
bars were 
measured on the 
youngest, the 
oldest and the 
largest mean size 
values. 

Environmental 
parameter Average Max Min

20 
Percentile

50 
Percentile

70 
Percentile

90 
Percentile

N 
measured

SST [°C] -0.31 0.01 -0.25 -0.43 -0.42 -0.33 -0.14 0.09

Nitrate [µmol/l] 0.48 -0.05 0.31 0.50 0.58 0.53 0.34 -0.15

Phosphate [µmol/l] 0.48 0.04 0.31 0.52 0.55 0.50 0.33 -0.09

Silicate  [µmol/l] 0.13 -0.09 0.17 0.17 0.19 0.17 0.05 0.01

Salinity [PSU] -0.12 -0.24 -0.17 -0.16 -0.12 -0.10 -0.03 -0.16

Oxygen Saturation [%] -0.19 0.01 0.05 -0.16 -0.22 -0.23 -0.17 0.06

Oxygen [ml/l] 0.33 -0.02 0.29 0.43 0.44 0.35 0.16 -0.09

AOU [µmol/l] 0.09 0.03 -0.27 -0.02 0.10 0.12 0.15 -0.09

In situ Density [kg/m3] 0.24 -0.08 0.16 0.37 0.36 0.26 0.08 -0.13

MLD [m] 0.43 -0.08 0.33 0.54 0.53 0.44 0.24 -0.28

Temperatue0-200 [°C] -0.24 -0.03 -0.13 -0.36 -0.34 -0.25 -0.08 0.07

Salinity0-200 [PSU] 0.01 -0.32 0.06 0.07 0.07 0.03 -0.01 -0.13
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concomitant with well-known climatic and oceanic events (e.g. onset of permanent surface water 

stratification at 2.73 Ma in the Subarctic Pacific – chapter 4). 

Site 704 (North of the present day Polar front - Southern Ocean figure 3.4a)  

The overall mean size record does not show any long-term trend towards larger or smaller values. 

The mean sizes rather seem to be abruptly shifting back and forth, likely caused by taxonomic 

changes. 

Sites 744-746 (Southern Ocean- figure 3.4b) 

All the sites are located south of today’s Polar front and off the influence of the permanent sea ice 

cover. The Neogene size changes recorded at these sites show a first increase from 40 to 55 µm 

between 15 and 10 Ma, the record at Site 744 shows important and short term size shifts around 10 

and 9 Ma possibly cause by an important taxonomic replacement. Between 8 and 4.5 Ma, a second 

period of size increase from 45 to 56 µm occurs. At around 4.5 Ma, the mean size of centric diatom 

valves abruptly drops down to 40 µm. Subsequently, a third increase occurs towards the present day 

mean sizes averaging 46 µm in the area of the Kerguelen Plateau.   

Figure 3.5: 
Centric diatom 
size data for the 
Equatorial 
Pacific Sites 
574 (a), 846 (b) 
and 847 (c). 
Error bars 
represent the 
95% confidence 
interval for the 
given data. 
Illustrated error 
bar were 
measured on 
the youngest, 
the oldest and 
the largest 
mean size 
values. 
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Site 574 (central Equatorial Pacific - figure 3.5a)  

From 17 to 5 Ma, diatom sizes show a consistent trend towards small values (35 µm at 10 Ma; 38 

µm at 5.7 Ma), interrupted by a shift towards larger sizes from 35 to 44 µm between 10 and 8.5 Ma. 

From 5.7 Ma towards the present-day situation, no obvious variability in size is observed. 

Sites 846 and 847 (eastern Equatorial Pacific - figure 3.5b and c)  

 Although the two records do not cover the same time interval, the overall mean size trends 

observed at these sites are similar: from the Miocene (14 Ma) to the early Pliocene (ca. 5.5 Ma), they 

increase from 39 to 45 µm and then decreases down to 37 µm at 3.3 Ma across the Miocene-Pliocene 

boundary. From 3.1 Ma on, mean sizes seem to increase up to more than 40 µm towards the present-

day situation. 

Site 882 and 883 (eastern Subarctic Pacific - figure 3.6a)  

The size changes recorded at these sites are matching the overall trend at Site 887 (figure 3.6b), 

with an increase from ca. 45 to 67 µm. From 6 Ma on and until 4.2 Ma, the diatom record displays 

Figure 3.6: Centric 
diatom size data for 
the Subarctic Pacific 
Sites 882 and 883 (a) 
and 887 (b). Error 
bars represent the 
95% confidence 
interval for the given 
data. Illustrated error 
bar were measured 
on the youngest, the 
oldest and the largest 
mean size values. 
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much higher variability towards smaller sizes (down to 40 µm at 4.1 Ma) than at Site 887, although the 

taxonomic composition remains similar within that time interval (see chapter 5 for a detailed 

description of this interval. See also plate C and D). From 4.0 Ma on, both regions show again the 

same size trends towards present including the same major drop at 2.73 Ma. 

Site 887 (western Subarctic Pacific - figure 3.6b)  

Between 12 and 2.73 Ma, mean size of diatoms shows a consistent increase from ca. 40 to 67 µm. 

At 2.73 Ma, the mean size of diatom drops down to 36 µm and subsequently increases towards 

present day, reaching 47 µm in the Pleistocene.  

3.6. DISCUSSION 

Centric diatom sizes show an absence of coherent evolutionary patterns in our Neogene sections. 

The high resolution records documented here do not support the evolutionary stasis of diatom sizes. 

When the regionally-scaled size shifts are ignored, one can observe a trends toward larger sizes in 

polar regions (Sites 744-746, 882 and 883, 887) and a slight size decrease towards the Equator (Sites 

574, 846 and 847).  

Here, we explore the processes that may have influenced the evolution of diatom size in the 

Neogene and compare this time interval with the Holocene data. Linking the pattern of centric diatom 

size changes to the large oceanic changes may bring new insights into the ecological adaptation of 

diatoms in their changing environments. These may have acted as external forcing that have led to 

taxonomic reorganizations.  

3.6.1. Regional diatom size shifts and environmental perturbations 

Holocene 

Our Holocene samples cover a wide range of environmental parameters found in the world’s 

oceans, but the size data do not show straightforward patterns. When grouping the sample locations 

based on their environmental conditions, the related size data show lower variability in some regions. 

The lowest size variabilities are found at the locations in the central gyres and the subpolar regions 

where surface water stratification and low nutrient content are dominating. The highest variabilities are 

found in the Southern Ocean and close to the Equator which may be due a brighter spectrum of 

environmental conditions varying from upwelling to stronger surface water stratification and the related 

occurrence of specific diatom assemblages. In the Southern Ocean, there is an even higher variability 
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in environmental condition due to the presence of sea-ice close to Antarctica and the Polar front zone 

that separates the cold waters from the more temperate waters further north. 

The size data may indeed show regionally-grouped sizes, coherent with the specific ecology of 

diatoms as documented in Crosta (2009) in a study made on two diatom species occurring in the 

Southern Ocean. The sizes of these two species were actually inversely correlated and tightly related 

to their specific environment where they are more abundant.  

A rough taxonomic assessment seems to indicate geographically distinct dominances of a few 

taxa, as also pointed out by Barron (2003). The temperate and equatorial latitudes are dominated by 

Azpeitia species, including Azpeitia nodulifera (supplementary material - plate A and B). The open 

ocean areas of the Southern Ocean are mostly dominated by Thalassiosira lentiginosa, while the polar 

regions of the Pacific are dominated by Thalassiosira trifulta, Actinocyclus curvatulus together with A. 

oculatus. Both groups were also identified in the North Pacific in sediment trap samples by Takahashi 

(1986).  

Southern Ocean 

The Southern Ocean records (Site 744; 745 and 746) are dominated by a general cooling trend 

especially since the Neogene interrupted by short periods of warming, especially at around 10 Ma 

(Cortese and Gersonde, pers. comm.). The diatom size record shows extremely high variability over 

relatively short time intervals (figure 3.4b). These abrupt changes are produced by shifts in the diatom 

species composition and probably reflect the oscillation of the (proto-) Polar front identified in the 

nearby area (Site 744) at that time (Cortese, pers. comm.). The Kerguelen Island is actually a 

topographic high functioning as a major obstacle to the trajectory of the Polar front back in the 

Neogene when this was located close to the Kerguelen plateau. In this hypothesis, a slight warming 

event may have deviated the front to the south of the Kerguelen Island, while a cooling may have 

pushed the front up north of this Island. Such mechanism may have therefore resulted in an amplified 

signal in areas located around the Kerguelen Island and a shift in the diatom community. These 

possible latitudinal shifts of the Polar front location has indeed allowed sporadic invasion of warm 

water species originally located north of the front and migrating into the Southern Ocean until further 

northward migration of the front. The second striking part of the record at around 4.5 Ma is another 

possible warmer event that may have set the diatom assemblages into an environmental stress and 

perturbed its taxonomic distribution. 
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The size record at Site 704, located south of South-Africa and far away from the Sites 744 to 746 

may imply a stronger influence of the Polar front and its related geographical variability with the onset 

and subsequent intensification of the Antarctic Circumpolar Current together with the development of 

the ice-sheet on the continent since the Eocene. Both have influenced the movement of the Polar front 

towards the north. Warmer intervals interrupting the stepwise cooling and pushing the front back south 

are likely reflected in the abrupt shifts in the diatom sizes at Site 704 and related changes in the 

taxonomy as suggested in a previous study on late Neogene to Holocene sediments (Westall and 

Fenner, 1991). 

Equatorial Pacific 

The absence of drastic size shifts and limited overall size variability over the last 15 Ma at Site 574 

are the striking pattern here. This is coherent with equatorial location (e.g. limited temperature 

variability, weak seasonality) and thus weaker influence of the major paleoceanographic changes 

across the Neogene. Nevertheless, a size decrease between 20 and 18 Ma and a size shift between 

10 and 9.5 Ma and may imply changes in paleoceanographic conditions along the Equator previously 

described as the “Carbonate crash" (Lyle et al., 1995; Barron, 1998) and possibly favoring a rise of the 

diatom productivity. An increase in upwelling would argue for this shift in diatom sizes but no 

information is available for this specific event. 

The more eastern location of the Leg 138 sites (Sites 846 and 847), below the Equatorial 

divergence and close to the Peru surface current influence, have set these sites in a fairly sensitive 

position relatively to large changes in ocean circulation over the late Neogene. Any changes induced 

by the stepwise closure of the Panama Seaway since 13 Ma may have driven changes in surface 

water structure, productivity and thus particle flux (e.g. sedimentation rate). The size decrease 

between 6.5 and 2.5 Ma in diatom assemblages may imply a reduction in biogenic activity and thus 

the biogenic sedimentation rate. Larger sizes actually coincide with higher sedimentation rate during 

colder periods along the equator, both suggesting the intensified equatorial circulation (Lyle et al., 

1995; Pisias et al., 1995). The final closure of the Panama Seaway may have favored the diatoms 

from 3 Ma on through upwelling intensification as documented by Kemp (1995). 

Subarctic Pacific 

From 13 Ma on, the Panama Seaway started to close thereby strongly influencing the deep and 

surface water exchange between the Atlantic and Pacific oceans and the resulting water masses 
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flowing towards the North Pacific. The size record in eastern and western Subarctic areas (Sites 882, 

883 and 887) show a concomitant increase over that interval and until 6 Ma.  

Between 6 and 4.2 Ma, C. marginatus was dominating the diatom assemblages (figure 3.6 and 

chapter 5) in both Subarctic regions but a differential size variability seems observable between Sites 

887 and 882, 883, especially around 4.2 Ma and may imply an environmental decoupling between 

both Subarctic regions, as already suggested in a study on radiolarians (Kamikuri et al., 2007). This 

decoupling may be reflected in the diatoms through temperature or upwelling intensity changes and 

induced surface water turbulence irregularities in the western Subarctic Pacific. That region was 

indeed largely influenced by the Pliocene warm pool extension allowing for an intensification of the 

Kuroshio Current that brought humidity and heat to the northern high latitudes keeping the eastern 

Subarctic Pacific warmer than the Alaskan region at a time of an open Panama Seaway (Motoi et al., 

2005). From present day observations (Kamikuri et al., 2008), the western and eastern Subarctic 

Pacific are still slightly different in terms of productivity, but both show a permanent surface water 

stratification with some larger latitudinal seasonal variability during El-Nino events. During stronger El-

Nino events, the Kuroshio Current coming from the Equator is actually deviated further north towards 

the Subarctic Pacific, while during a weaker E-Nino event, the surface current flows up to the northern 

high latitudes.  

The final closure of the Panama Seaway and the related onset of the Northern Hemisphere 

glaciation and the ending of the permanent El-Nino conditions at 3.1 Ma (Haug et al., 1999) prevented 

the equatorial current to bring warm waters to high latitudes, which led to more homogeneous 

paleoceanographic conditions in the Subarctic Pacific. At the time of the development of the Northern 

Hemisphere glaciation, isotopic data (e.g. δ15N, opal content) document an abrupt onset of permanent 

surface water stratification in the North Pacific at 2.73 Ma (Haug et al., 2005), therefore inducing a 

lowering of nutrient inputs to the photic zone. Both eastern and western Subarctic regions (Sites 887, 

882 and 883) show large decreases in the relative abundance of the large and heavily silicified 

species of Coscinodiscus marginatus across this event, but only slight size changes within this taxon 

group (see chapter 4 for further discussion; plate C and D). 

3.6.2. Paleoecology and adaptative feature development 

Within any single species, size of individual diatom frustules is highly variable due to their 

mechanism of cell division. These micro-organisms do not grow but “shrink” in size during their 
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vegetative life cycle. Inside each half of the cell grows a new and smaller half. With vegetative 

divisions of a mother cell, the size distribution of all cells produced by a single large cell gets 

exponentially smaller and smaller as it divides into daughter cells. Once the size reaches a lower 

threshold, either the cells die or meiosis takes place. The latter allows the cell to gain back the original 

size again through one or two peculiar divisions (for a detailed description, see Round et al., 1990). 

The meiosis process is thus an essential pathway within the life cycle of diatoms to insure their 

survival and maintain the genotype diversity. Over longer time scale, sexual division is driving the 

speciation processes and thus diversity changes among diatoms.  

The occurrence and long term survival of any organism in an environment is dependent upon its 

ability to adapt to the prevailing biotic and abiotic forcings (Stanley, 1973). Adaptation of one group or 

species to some external forcings may, however, be limited by their own physiology and morphology. 

Once a threshold is passed in terms of magnitude of change, regional disappearance (extinction or 

migration) will be the inevitable consequence. External pressures will therefore favor the dominance of 

certain species through survival or/and rise of the most able group or species of organisms that had 

developed sufficient features to cope the changes (e.g. cyst or resting cells formation during starvation 

periods). This development of new features among diatom species may have also induced 

competition for the conquest of the newly developed ecological niches and their related resources 

(e.g. nutrient availability). In the Subarctic Pacific (Sites 882, 883 and 887), the onset of permanent 

stratification at 2.73 Ma has led to the taxonomic dominance of small species in surface waters and a 

major abundance decrease of larger species (chapter 4). This taxonomic turnover actually suggests 

an increased nutrient uptake efficiency of the smaller diatom taxa blooming in spring and a restriction 

of the larger and heavier taxa to later in the year and that also developed textural patterns to 

overcome the changes in the availability of nutrients.  

3.6.3. Cenozoic water mass development and impact on diatoms 

Over the first part of the Cenozoic, water masses were not well individualized and the 

oceanographic boundaries not as strongly developed as later in the Neogene. It is thus hypothesized 

that a “homogeneous” mixing in the species composition was maintained across the surface of the 

oceans and the evolution of the group may have been rather globally perceived. Since the Neogene, 

the development and strengthening of the oceanographic boundaries such as the Polar fronts 

(Cervato and Burckle, 2003) may have prevented the diatoms to easily migrate throughout the 

oceans. Their evolution may have become confined within those boundaries and specific physiological 
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features may have developed. New species appeared and rose while ancient ones either found a way 

to survive (e.g. migration, abundance decrease) or became extinct. Previous works have shown that 

development of provincialism of diatom taxa have occurred about 11 Ma ago (Barron, 2003). In 

contrast, coccolithophore diversity showed a large decrease across the Neogene (Katz et al., 2004) 

and a progressive restriction towards oligotrophic areas. Moreover, studies based on models of 

paleoecology among phytoplankton groups suggested an increasing dominance of diatoms and an 

abundance decrease of the coccolithophores as the surface waters turbulence increased (Tozzi et al., 

2004).  

Our diatom records between 20 and 15 Ma show large size variability but possible causes cannot 

be explained because of the small amount of data and a possible stronger dissolution bias. The more 

consistent records available from 15 Ma onwards may imply a tight relationship between the diatom 

size changes and the intensification of global cooling including subsequent paleoceanographic 

impacts in the different regions across the world’s oceans. The stepwise isolation of some ocean 

regions may have influenced the diatoms to develop region-specific communities and physiological 

features to better fit in those peculiar environmental conditions and newly developed niches (e.g. 

chapter 4). Their increasing provincialism over the last 11 Ma (Barron, 2003) is well reflected through 

the appearance of region-specific taxa and the regional disappearance of others, probably less 

adapted or not enough competitive to survive in the newly developing environments. As an example, 

in the Southern ocean, while new endemic taxa appeared (e.g. Thalassiosira lentiginosa), others 

disappeared as exemplified by the migration of Coscinodiscus marginatus towards higher northern 

latitudes leading to the dominance of endemic diatom communities in surface waters. Similarly, 

radiolarians developed towards more endemic communities as the siliceous sedimentation developed 

in the Southern Ocean (Kennet, 1978). 

The size shifts documented in this study seem to be strongly related to an abrupt change in 

environmental conditions and subsequent diatom community reorganization, while the overall size 

trends across the Cenozoic studied sites may be representing a direct impact of the adaptation of 

diatoms to their changing environment. The absence of obvious correlation between the Holocene 

size data and the environmental parameters (table 3.3) may therefore be explained by the increasing 

abundance and diversity (Harper and Knoll, 1975). Provincial patterns developed over the Neogene 

through the loss of global taxonomic homogeneity (disappearance or migration of certain taxa, 

appearance and rise of new ones) across the oceanic boundaries. Barron (2003) has actually 
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documented the diatom speciation and spatial distribution over the last 20 Ma and concluded that 

global cooling (Zachos et al., 2001) and concomitant water mass individualization may have been of a 

major influence on diatom diversification and increasing provincialism. 

A more homogeneous ocean structure, with generally less stratified surface waters dominated back 

in the early Cenozoic (Schmidt et al., 2004) and may have allowed larger and more widespread 

ecological niches. This may have prevented a large diatom diversity due to the rather low variability in 

environmental conditions of the available ecological niches but may have also (a) favored more 

widespread distributions of simple species, (b) reduced inter-group competition and (c) allowed for a 

more homogeneous size distribution with a reduced global variability. This is well illustrated in the size 

record of the Miocene (12-15 Ma) where the global size variability ranges between 38 and 47 µm. 

3.6.4. Regional size trends and competition with other groups 

One may note a trend towards larger sizes across the Neogene in high latitudes when disregarding 

the regional size shifts, suggesting that, where diatoms tend to dominate the surface water productivity 

and the sediment composition, diatom assemblage sizes tend to increase. With the exception of the 

central Equatorial site (Site 574), all the studied regions are, nowadays and since the Neogene, well 

known for the dominance of diatoms in surface waters. The resulting high abundance and increasing 

size among diatoms in sediments towards the polar zones may indeed reflect these diatom-favorable 

conditions. Towards the Equator, the size of the diatom assemblages tends to slightly decrease (figure 

3.5). In these regions, coccolithophores, foraminifera and radiolarians tend to dominate the surface 

water and the sedimentary record, but in certain zones where the ocean floor is located close to the 

CCD or below, especially in the central Equatorial Pacific (ODP Site 574), the sedimentary dominance 

of siliceous particles may be explained by a differential preservation of this siliceous group due an 

intensive dissolution of the carbonate production before reaching the ocean floor.  

The much higher surface to volume ratio in coccolithophores insures a higher competitive 

advantage over the diatoms since their nutrient uptake rate and growth rate are generally high due to 

a better cell diffusion (Tozzi et al., 2004). However, coccolithophores do not possess extended storage 

capacities. The overall slower nutrient uptake rate in centric diatoms is due to a much lower surface to 

volume ratio and reduced cell diffusion. These are a disadvantageous by comparison with smaller 

morphologies in regions where nutrient concentrations are rather low and upwelling events are 

restricted to a short season, where diatoms are able to dominate due their larger potential for food 
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storage (Sarthou et al., 2005). Moreover, the lower surface to volume ratio in centric diatoms is 

definitely not an advantage against smaller coccolithophores that easily maintain buoyancy in more 

stratified conditions prevailing near the equator, especially when the temperature requirements of 

these micro-organisms are met. 

Since diatoms are the primary competitors of coccolithophores for nutrients among the 

skeletonized phytoplankton, the size decrease among diatom assemblages and the increasing 

dominance of coccolithophores towards the Equator may imply an increasing intergroup competition 

for resources or available ecological niches across the Neogene. 

3.7. CONCLUSION 

The consistently large variability and related shifts of centric diatom sizes over the Neogene 

records in all of the regions analyzed in this study may rather argue for regional systems induced by 

the changing water mass conditions related to the Neogene global cooling. Taxonomical study on 

diatoms in addition to this size survey on Neogene diatom assemblages may bring some insights into 

the exact origin of the size shifts documented in this study.  

One aspect of the diatom evolutionary and paleoecological patterns does actually not support what 

has been published so far (Finkel et al., 2005; Finkel et al., 2007) on diatoms. Their hypothesis that 

the evolutionary history of this group towards generally smaller taxa was caused by the increasing 

surface water stratification may be valid, but is not reflected in our size data of centric diatom 

assemblages. Our data take into account the changing dominance of certain taxa relative to others 

and is thus more representative of the paleoecology of the entire group than an approach that just 

includes the number of taxa occurring in the world’s oceans at a particular time.  

Preservation analyses among the studied sites and samples would be needed in order to assess if, 

and to what extent, our observed size shifts are influenced by preservational effects. A coupled survey 

of coccolithophores sizes at each study sites would also be useful to confirm or infirm a possible 

intergroup competition for the available niches. The studied sites are however not really optimal for 

such a study because of preservation issues and the small proportion of carbonate sediments, 

especially in the Southern Ocean. 

Assuming that such proposed studies would confirm the size patterns among diatoms observed in 

this work, their response to environmental perturbations over the last 15 Ma, as well as their 

taxonomic turnovers, may have then both been driving diatom evolutionary patterns towards highly 
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diverse and endemic communities prevailing in today’s oceans. The absence of correlations between 

environmental parameters and mean size of diatom assemblages today represents thus a non-

analogue situation, and violates the generally accepted idea that the present is the key to the past.  
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ABSTRACT 

The North Pacific contains a uniquely critical diatom sedimentary record of the Cenozoic global 

cooling history. The most striking part of that record covers the onset of the Northern Hemisphere 

glaciation at 2.73 Ma. These physical changes were concomitant with an abrupt change in the 

biological pump efficiency and a diatom taxonomic turnover, both related to the onset of ocean surface 

water stratification. 

The ODP site 882 record (Leg 145) - with its well constrained Neogene paleoceanographic history 

around the 2.73 Ma transition - provides an excellent basis to test patterns and potential controls of 

diatom size variability and species dominance. Valve sizes of centric diatoms have been quantified 

using automated microscopy and image analysis techniques to better understand the environmental 

response of these organisms to a drastic and permanent paleoceanographic and climatic change.  

In the size fraction we analyzed (larger than 20 µm), we confirm the abrupt taxonomic replacement 

in the dominant diatom species of the studied range over the 2.73 Ma transition. This can be observed 

through the drop of the so far dominant large and robust taxon Coscinodiscus marginatus occurring 

along with an increase of much smaller taxa, including Actinocyclus oculatus, A. curvatulus and 

Thalassiosira trifulta complexes. This dominance change at the 2.73 Ma transition is directly reflected 

in the overall mean diatom size decrease observed across the transition. Size variations among small 

and large taxa do, however, not reflect the overall pattern of size change. 

On one hand, the abundance response of the small taxa, characterized by fairly dense pores of 

small sizes, supports the environmental pressure induced by the onset of permanent stratification to 

which they were probably more adapted. On the other hand, the absence of a major size response in 

the large taxa, accompanied by a drop in their abundance, suggests an incapacity of such robust and 

heavy morphology to adapt to environmental changes but also indicates a strong survival capacity. 

The survival of the large taxa and the rise to dominance of small taxa may have been possible through 

the shift to a bimodal, seasonal blooming system following the onset of permanent stratification, which 

seems to have prevailed till today. 
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4.1. INTRODUCTION 

Over the past 40 Ma, the development and stepwise extension of the Antarctic ice-sheet together 

with tectonic reorganizations (e.g. opening of the Drake Passage, closure of the Panama Seaway) 

have deeply modified the global oceanic circulation system and chemical signatures within the various 

water masses (e.g. redistribution of dissolved silica - Cortese et al., 2004). These changes, and the 

concomitant onset and development of oceanic boundaries (e.g. polar fronts), have in turn affected the 

evolution of micro-organisms, whose ability to adapt in a changing ocean has been a key for their 

survival or extinction, especially in the Neogene, when climatic and oceanographic changes have 

become stronger. Although diatoms as a group are known to be ubiquitous, most of the species show 

a pronounced provincialism in today’s oceans. This feature is believed to have developed among this 

group since the Miocene (Barron, 2003), due to increasing pole-to-equator thermal gradients, and the 

related onset of oceanographic boundaries acting as barriers to diatom migration.  

The Subarctic Pacific contains a critical sedimentary record, covering the Cenozoic global cooling 

history and documenting rapid changes in ocean circulation (e.g. extension of the Antarctic ice-sheet 

in the Miocene, onset of the Northern Hemisphere glaciation in the Pliocene). The most striking part of 

the Cenozoic record covers the onset of permanent stratification at 2.73 Ma (Haug and Tiedemann, 

1998; Bartoli et al., 2005). These physical changes were concomitant with an abrupt drop in the opal 

accumulation rates from 3–6 g per cm2 per kyr to less than 1.5 g per cm2 per kyr (Haug et al., 1999), a 

major taxonomic turnover in the diatom assemblages (Shimada et al., 2009) and a drop in 

atmospheric carbon dioxide contents to Quaternary values (Seki et al., 2010). 

Prior to the onset of permanent stratification, an upwelling type of regime was dominating in the 

Subarctic Pacific waters. The biogenic component in sediments shows a dominance of diatoms 

throughout the Neogene. The diatom assemblages are composed by taxa including Denticulopsis, 

Neodenticula, Thalassionema, Actinocyclus and Thalassiosira species. In the sediment, 

Coscinodiscus marginatus (Ehrenberg), a robust and large species, largely dominates the 

assemblage. Its abundant occurrence is being argued regarding its paleoceanographic significance 

and possible indicator of dissolution prior to 2.73 Ma. After this event, the Subarctic Pacific diatom 

assemblages underwent an abrupt taxonomic replacement and the near disappearance of C. 

marginatus (Sancetta et Silvestri, 1986) in the sediments.  

Sizes of diatom valves range from a few microns to a few millimeters. They are considered to have 

generally large sizes compared to other phytoplankton such as coccolithophores, whose great 
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morphological and physiologic adaptive capacity allows them to adapt rather quickly to changes of 

environmental parameters (Boyd et al., 2000). Diatoms dominate in upwelling areas and overcome 

starvation periods by forming resting cells (Suto et al., 2006). There is a wide range of physiological 

responses to environmental perturbations, such as growth rate variability, nutrient uptake rate, in this 

group, in which also frustule and cell morphology (valve size, volume, storage capacities) and other 

physiological limitations must be playing a major role.  

Previous studies have shown strong correlations between environmental variations and size 

variability in foraminifers (Schmidt et al., 2004). Studies on diatoms have generally been carried out on 

single taxon (Wimpenny, 1936; Mizuno and Okuda, 1985; Armbrust, 1992; Crosta, 2009) but no 

similar study has been so far carried out on entire diatom assemblages. In-situ human induced 

environmental perturbations (Boyd et al., 2000; Coale et al., 2004; Buesseler et al., 2004) and 

laboratory experiments (Tiemmermans et al., 2004; Leynaert et al., 2004) have investigated ecological 

responses of diatom communities to changes of various ecological parameters (e.g. macronutrient 

concentration, light or iron). Variability in any of these parameters has generally been shown to trigger 

changes in growth rate and dominance of specific taxa. For example, growth rate increased has 

shown a decrease in the cell sizes (Banse, 1982) while iron availability, when the other macronutrients 

are not limiting, showed a large influence on diatom growth rate and frustule build-up (Takeda, 1998). 

Its limitation increased the frustule silicification while its repletion triggered a growth rate increase of 

most of the larger diatom taxa, but did not greatly affect the growth rate of the smaller taxa (Leblanc et 

al., 2005; Leynaert et al., 2004; De La Rocha et al., 2000 and Takeda, 1998).  

The well constrained late Neogene paleoceanographic history reconstructions from drill-holes of 

ODP leg 145 in the North Pacific and especially the 2.73 Ma transition from Site 882 (figure 4.1), 

provides an excellent basis to test patterns and controls of diatom size variability and species 

dominance and better understand the environmental response of these organisms (e.g. size and 

shape) to a drastic and permanent environmental change. 
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4.2. REGIONAL SETTING 

4.2.1. Present oceanographic conditions 

Today’s oceanographic conditions prevailing in the Subarctic Pacific are characterized by a 

pronounced water mass stability where a permanent halocline is limiting the water exchange between 

the surface water layer and the underlying, relatively warm and saline waters originating from the 

Kuroshio Current (Harrison et al., 2004). The resulting strong pycnocline limits the dissolved nutrient 

supply into the surface waters and thus the overall primary productivity, but it enhances the nutrient 

utilization by the phytoplankton. Although the Subarctic Pacific is generously supplied by iron, it is still 

characteristic of high nitrate, low chlorophyll regions (HNLC), where macronutrients in surface waters 

remain high all year long (e.g. Moore and Doney, 2007). In addition, today's large annual variability in 

surface water temperatures is favoring a very long-lasting type of primary production. When 

considering the taxa occurring in the sediment fraction over 20 µm, this diatom production is restricted 

to two major diatom blooms. An increased surface water temperature and solar insolation in summer 

enhance a first diatom production (Takahashi, 1986; Tsoi et al., 1998), while stronger winds in winter 

destabilize surface waters, allowing a mixing of deeper water and higher nutrient supply to the surface 

Figure 4.1: Location of the ODP Site 882 (Leg 145) with the relative bathymetry and current directions 
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and a secondary diatom bloom. The shoaling of the mixed layer in spring leads to the isolation of the 

surface from the deeper nutrient supply source (Harrison et al., 2004).  

4.2.2. From a late Neogene to a modern Subarctic Pacific 

Warm and humid conditions had prevailed in the Subarctic Pacific until 3.1 Ma, when the increase 

of the obliquity amplitude (Haug and Tiedemann, 1998) forced the whole system into a much cooler 

period, preventing snow from melting on the continent because of decreasing heat supply to the pole. 

In that context, the onset of the Northern Hemisphere glaciation together with the closure of the 

Panama Seaway have deeply perturbed the global ocean circulation and are accepted as a major step 

in the long term global cooling, initiated in the Eocene (Zachos et al., 2001). The abrupt development 

of a permanent halocline, reflected in the opal content and opal mass accumulation rate (opal MAR) 

drop at 2.73 Ma (figure 4.2a and b), followed by an increase in the biological fixation and export of 

carbon from surface waters (e.g decrease of the "biological pump efficiency" - figure 4.2b) and the 

related emergence of glacial and interglacial climate variabilities, are the major features documented 

in the Subarctic Pacific in this global cooling context (Haug et al., 2005). 

4.3. MATERIALS 

ODP site 882 (50°21’N, 167°35’E; 3’244 m water depth) is located in the western Subarctic Pacific 

(figure 4.1), downslope of the Detroit Seamount, and contains a good diatom record throughout the 

Cenozoic. The age model was constrained by Tiedemann and Haug (1995) who also studied the 

paleoceanographic changes at this site over the last 6 Ma (Haug et al., 1999). They found that, after 

2.73 Ma, a permanent halocline has characterized the area (Haug et al., 2005). In this record, we have 

measured the size variability of the centric diatom assemblages (larger than 20 µm) in 82 samples 

between 2.63 and 2.79 Ma at a temporal resolution of ca. 2000 years. 

To interpret the ecological meaning of changes in the diatom assemblages and their related sizes, 

we used published paleoproxy data (Haug et al., 2005) documenting major changes in 

paleoceanography in the Subarctic Pacific over the 2.73 Ma transition. We have used here the most 

relevant parameters characterizing the paleoceanographic changes (figure 4.2a and b) between 2.8 

and 2.63 Ma.  
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4.4. METHODS 

4.4.1. Sample preparation and data acquisition 

All analyzed samples were prepared following the standard preparation technique used for 

siliceous microfossil studies (e.g. Battarbee, 1973) and sieved through a 20 µm mesh size to minimize 

preservation biases and to prevent the high dilution of particles of interest by clay, silt and fragments. 

Several small taxa, including abundant pennate (e.g. Neodenticula, Denticulopsis) and some centric 

diatom taxa (Shimada et al., 2009) (e.g. the lower end of the size spectra of Actinocyclus and 

Thalassiosira taxa therein studied), were also washed out from the bulk sediment, therefore restricting 

the studied diatom sizes to three main larger centric taxa (Thalassiosira trifulta, Actinocyclus 

curvatulus + A. occulatus and Coscinodiscus marginatus). 

Our settling procedure insures a random distribution of particles on glass slides for subsequent 

automated scanning and image acquisition. Automated microscopy and imaging techniques were 

developed in-house using ImageJ (Rasband, 2010) and allowed the acquisition of a large set of 

morphological measurements (between 130 and 750 centric diatom valves per sample). An image 

resolution of 0.33 µm per pixel was obtained at a 200X magnification with a Sensicam camera (12 bit) 

mounted on a Leica DMRXA motorized transmitted light microscope (see chapter 2 - Weller and 

Girault, subm. for a detailed description of the system).  

Figure 4.2: a) Opal MAR (mass 
accumulation rate), b) opal content and 
δ15N data documenting the onset of 
permanent surface water stratification 
with a large drop in the biogenic opal 
and opal MAR and their related 
changes in the biological pump 
efficiency that are characterizing the 
late Pliocene Subarctic Pacific. 
Highlighted time intervals represent 
periods of higher efficiency in the 
biological pump (modified from Haug et 
al., 2005), situated between ca. 2.647 
and 2.665 Ma and between ca. 2.69 
and 2.706 Ma but a lower biogenic opal 
content in sediments. The critical 
interval was recognized between ca. 
2.725 and 2.73 Ma through the large 
size drop documented in figure 4.4c 
and 4.4d. 
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4.4.2. Size and taxonomic characteristics in diatoms 

Differential preservation of diatoms in sediment samples cannot be neglected as it can greatly 

influence the size distribution of any diatom assemblage, even for fairly large and robust valves. All 

size histograms of centric diatom valves in our samples show positively skewed distributions, where 

the two ends (maximum and minimum) can potentially be influenced by differential preservation, by 

dissolution of small and delicate valves, and by etching and breakage of larger valves. Only 

measurements of pristine valves, showing a “close to entire” circular periphery, were therefore 

retained. The maximum diameter, also called Feret diameter, has been used here, rather than the 

area, as it is the most suitable feature to characterize valve sizes, when not all diatoms in the dataset 

are still preserved in their circular entirety. In this way data could also be collected from slightly etched 

or fragmented valves to approximate their original area when the diameter in at least one diagonal 

diameter is preserved. 

Within each diatom assemblage, valves have been classified into small taxa and large taxa groups 

depending on the taxonomy and of the pore size of each individual. All the taxa included in this 

classification make up more than 95% (Shimada et al., 2009), excluding the Stephanopyxis taxa that 

have been ignored because they usually lay on the side. In our diatom assemblages, larger diatoms 

have fairly large pores, and the reverse is true for the diatoms with small pores. While the “large taxa” 

diatom group is largely dominated by one species, Coscinodiscus marginatus (supplementary material 

- plate C), we have distinguished two complexes among the “small taxa”. Actinocyclus curvatulus 

(supplementary material - plate D) and Actinocyclus oculatus, two closely related species, have been 

grouped in the first complex. This grouping has previously been suggested in Shimada et al. (2009). 

The second complex includes, as the major contributor, Thalassiosira trifulta (supplementary material - 

plate D) that is generally composed by various species of Thalassiosira, commonly treated as one 

taxon (e.g. Takahashi, 1986). Note that both complexes representing the “small taxa” have fairly 

similar seasonal patterns as part of the spring bloom (or early bloom) in the modern day Subarctic 

Pacific and their downward flux seems to be tightly correlated with the total opal flux (Takahashi, 

1986).  

The “Kruskal-Wallis (K-W) test” together with the “Bonferroni correction” have been applied to 

identify and verify the significance of the size patterns observed in the two groups (large and small 

diatom assemblages) prior and after the 2.73 Ma transition (Abdi, 2007). The first test is non-

parametric and assesses the equality of population medians among a set containing more than two 

a) b) 
c) 
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samples whose measurements are not normally distributed. The Bonferroni correction normalizes the 

differences between samples, assuming that an increasing number of data point per sample would 

increase the chance to reject the null hypothesis in the first test. Using the K-W test scores only would 

give too much weight to small differences between size distributions among the populations tested. If 

the p value is the significance level (assumed to be p=0.05) accepted to reject a null hypothesis in the 

K-W test, the Bonferroni correction normalizes that significance level to n (p/n) where n is the number 

of data point tested per run (Abdi, 2007). 

We applied the K-W test to the large and small taxa groups, and separately for all samples younger 

than 2.73 Ma, (47 samples) and then older than 2.73 Ma (35 samples), to be consistent with the 

specific paleoceanographic conditions prevailing before and after the onset of permanent stratification 

and assuming that a critical interval is recognizable by the abrupt size drop in the diatom assemblages 

at the 2.73 Ma event. This event was actually defined by the crash of biogenic opal right at 2.73 Ma 

indicating the onset of permanent stratification (Haug et al., 2005). 

4.5. RESULTS 

4.5.1. Taxonomic changes (figure 4.3a) 

The 2.73 Ma transition is a period of large changes in surface water conditions resulting in a major 

change in the dominant species (Swann et al., 2006; Shimada et al., 2009). Over 5 ka (between 2.730 

and 2.725 Ma) and coinciding with the abrupt onset of permanent stratification, the dominance of large 

diatom taxa including Coscinodiscus marginatus, dramatically drops, together with a decrease in the 

opal content and mass accumulation rate (MAR) of opal (figure 4.2a and b). In addition to the seesaw-

like pattern of abundance recovery until 2.715 Ma, two major recovery periods can be recognized: 

between 2.706 and 2.690 Ma, then between 2.665 and 2.647 Ma. Both recoveries coincide with glacial 

intervals and are predating the final abundance drop of C. marginatus after 2.64 Ma where the record 

ends. The dominance decrease of the large taxa occurs along with a progressive increase of much 

smaller valves, including both Actinocyclus oculatus + A. curvatulus and Thalassiosira trifulta 

complexes (figure 4.4). The seesaw taxonomic dominance of “large taxa” after the transition coincides 

with variations in δ15N values, where low and high δ15N are respectively representing interglacial and 

glacial intervals (figure 4.2b; Haug et al., 2005) with higher opal contents in the interglacials. 
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Figure 4.3: a) Abundance changes among large and small taxa groups over the 2.73 Ma transition, b) to d) size 
variations. Highlighted intervals correspond to the ones illustrated in figure 4.2. 
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4.5.2. Size patterns of diatom valves (figure 4.3b to 4.3d) 

The taxonomic change at the 2.73 Ma event is reflected in the mean diatom valve sizes (figure 

4.4c) where a general size decrease between 2.77 and 2.64 Ma is interrupted by a short-term size 

drop of particularly the large taxa (figure 4.4c). This short-term size decrease is observed immediately 

following the sharp drop in the opal content (from 50% to about 25%) that is similar to glacial-

interglacial opal content changes found in nearby Okhotsk Sea (Narita et al., 2002). This short-term 

size decrease across the critical interval has been highlighted in light gray in our figures (figure 4.2 

and 4.4) and covers an interval of about 5 kyrs. 

The abrupt drop of the large diatom taxa dominance after the 2.73 Ma transition (Swann et al., 

2006, Shimada et al., 2009) is not reflected in the “large taxa” size data, where a slight size decrease 

from 75 to 65 µm predates the onset of permanent stratification (opal record - figure 4.2a and b) and a 

concomitant drop of size at 2.73 Ma (figure 4.3d). An abrupt recovery and a subsequent fairly overall 

stable mean size characterize the post transition interval. The interglacial interval shows large size 

shifts (from 82 down to 65 µm), but this feature possibly reflects the fairly low abundance (figure 4.4a) 

but large size range (figure 4.3c) of the group in that interval. 

The “small taxa” size record shows short-term variability right before the critical interval and a major 

change toward small sizes afterward. Slight variations in the valve diameters following the transition 

seem to be however correlated with period of higher opal content, concomitant to the mean size 

variations in the large taxa. Mean size variability within the taxonomic complexes of that “small taxa“ 

group did not bring more information but confirmed that the size changes of the group is not a result of 

a taxonomic reorganization at the sub-group level. 

Figure 4.4: Transmitted light microscope picture showing the diatom assemblages (larger than 20 µm) at Site 
882 across the 2.73 Ma transition: a) Before (Sample 882B-12H4-111, 2.752 Ma) and b) after the transition 
(Sample 882A-11H3-141, 2.632 Ma). 
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4.5.3. Kruskal-Wallis test (table 4.1) 

Among the “small taxa” group (table 4.1), there are little differences (11.4%) in size distributions 

among samples when comparing samples pre- against post- critical depth. The K-W test applied to the 

sample set post-critical depth (43 samples) showed large differences among the size distributions 

where 30.6% of the comparisons appeared to be significant (p less than 0.05). A detailed look at the 

test score distribution in this set indicates that most of the samples with p less than 0.05 are however 

restricted to the higher opal content interval, where the mean size among small taxa also show more 

variability (figure 4.3b). The test performed on the pre-critical depth sample set show little differences 

(2.4%) among the size distributions. 

Testing the similarities among the size distributions in the “large taxa” group (table 4.1) did not 

show such striking features as the K-W test scores did in the small taxa group. Fairly large differences 

are accounted before the critical interval and little afterwards. The first difference score (21.2%) may 

be due to the slight size decrease of the large taxa predating the critical interval, whereas the little 

score data (4.7%) representing the post-critical interval depth is probably due to fairly similar size 

variability among the samples. The higher opal content interval cannot be here differentiated as it is 

among the small taxa group data, possibly caused by the little amount of size measurements (less 

than 30) of the large taxa in that interval. 

              
  Large taxa sample set           

  
  Nb samples  Nb of run: p less than 0.05 Total runs % of significant runs 

  
  Pre and post critical depth 72 196 1329 14.7   
  Pre critical depth 37 149 666 22.4   
  Post critical depth 35 45 595 7.6   
  

     
  

  
     

  
  Small taxa sample set 

    
  

  
  Nb samples  Nb of run: p less than 0.05 Total runs % of significant runs 

  
  Pre and post critical depth 68 158 1075 14.7   
  Pre critical depth 25 11 300 3.7   
  Post critical depth 43 282 904 31.2   
              

Table 4.1: Kruskal-Wallis test score summary results for the large and small taxa groups covering the 2.73 Ma 
transition record. 
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4.6. DISCUSSION 

4.6.1. Preservation effects 

Before reaching the ocean floor, active grazing and dissolution may modify the size distribution 

resulting then in a positively skewed-like shaped curve. A hypothetical highly dissolved diatom 

assemblage would therefore result in the removal of the smaller end of the overall size histogram as 

smaller and lightly silicified diatom valves are removed first. Dissolution may also affect at the same 

time heavily silicified valves through breakage and etching but also by an increase of the pore sizes. 

The strong dominance of small taxa has been prevailing since the Pliocene. In our record of prior to 

2.73 Ma (sediment fraction larger than 20 µm), Coscinodiscus marginatus is largely dominating the 

diatom assemblages, making up to 95 % of the assemblage. Such abnormal larger abundance of that 

taxa has often interpreted as “differential preservation” (Schrader, 1973; Burckle et al., 1992; White 

and Alexandrovich, 1992). One can legitimately attribute the dominance of the heavily silicified 

frustules of C. marginatus in an assemblage to be resulting of selective dissolution (e.g. Shimada et 

al., 2003; Shimada et al., 2009). However, the comparison of size distribution of the two different 

diatom classified groups, the “small taxa” and “large taxa” (figure 4.3b to d), brings insights on how 

dissolution would have affected an assemblage throughout the 2.73 Ma transition. Size distribution 

histograms (figure 4.6) prior and after the 2.73 Ma transition clearly show no obvious size truncation at 

the lower and larger ends when comparing both intervals.  

Figure 4.6: Size histograms of a) the large and b) 
small taxa groups right before and right after the 
critical interval corresponding to the major size drop at 
2.73 Ma. For each group, 3 samples prior and 3 
samples after the size drop were merged to build 
these size histograms. The size histogram in c) 
corresponds to the large taxa in the 2 samples 
characterizing the critical interval. 
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This strongly suggests here that if differential dissolution may have occurred in the Subarctic 

Pacific over the studied interval, it is not the mechanism associated to the taxonomic turnover in 

diatom assemblages. The occurrence of few pristine frustules of smaller taxa among the diatom 

assemblages (figure 4.3a) way before 2.73 Ma is another line of evidence suggesting a drastic change 

in environmental conditions rather than differential preservation driving the taxonomic turnover among 

the diatom community in the Subarctic Pacific. These conclusions based on our size approach to 

study diatom assemblages confirms the previous established hypothesis that was based on a detailed 

taxonomic study across the 2.73 Ma transition Shimada et al., 2009). Moreover, the detailed 

examination of C. marginatus valve preservation indicate that they are well preserved (Swann et al., 

2006). 

Similar uncertainties characterize our current understanding of preservational aspects between 

standing plankton, descent through the water column and dissolution on the ocean floor. While 

modelers of global silica cycling dominantly claim that significant dissolution of opal occurs during 

frustule descent through the water column (e.g. Tréguer et al., 1995), the only experimental evidence 

from actual trap fluxes, carried out in the North Pacific, showed negligible opal dissolution during 

descent through the water column, but about 98% loss in the bioturbated layer of the sediment at 

4200m depth (Takahashi, 1986). Obviously, his finding strongly limits the reliability of 

paleoceanographic inferences based on relative proportions of taxa - and could also explain some of 

the observed changes in opal accumulation rates as due to changes in differential dissolution. If this 

was true, one may have to observe dissolution effects in the remaining diatom assemblages. In the 

studied interval, observations actually show that diatom assemblages are actually really well 

preserved after and before 2.73 Ma. 

4.6.2. Size effects in vegetative reproduction phase 

Within any single diatom species, sizes of individual valves are highly variable and skewed due to 

their mechanism of cell division (figure 4.5). During the vegetative phase in their life cycle, diatoms 

divide by separating their two valves and forming a new valve inside both of them, which results in 

continuously increasing numbers of valves of continuously decreasing sizes, a fact that, surprisingly, is 

often not considered or mentioned in interpretations of diatom valve sizes (e.g. Marchetti and Cassar, 

2009 and in several references therein). In laboratory culture experiments, growth is usually measured 

by fluorescence and not by cell or valve counts (e.g. Maldonado and Price, 1996). Their observed 

decreasing growth rates of various species under Fe-limited condition thus may actually lead to larger 



The 2.73 Ma transition   73 

mean valves sizes, because of a reduced number of (size reducing) cell divisions during a seasonal 

vegetative phase. In an independent culturing experiment, Sunda and Huntsman (1995) found that Fe 

addition lead to increased cell division rates and cell sizes while Litchman et al. (2009) argue for a 

general size reduction in response to an increase growth rate. This author mentions the much larger 

advantage of the small cells to uptake nutrient under nutrient limitation (e.g. nitrate or phosphate 

limitations) than the large cells which are more competitive under pulsed nutrient supply due to 

increased storage capacities.   

Another potential influence on the size among diatom taxa may be related to the size window 

where a species can reproduce sexually and gain back the original size, as documented in Crosta 

(2009). This author actually showed that favorable conditions may trigger sexual reproduction and 

return to maximum valve size. Without these conditions, diatoms might continue to divide asexually to 

produce smaller and smaller valve sizes until a much lower threshold where the cells die. This 

mechanism may actually be a good line of evidence to explain the short-term size crash of the large 

taxa sizes within the critical interval (figure 4.3c) at the onset of permanent stratification. 

4.6.3. Size scaling and physiological constraints 

The occurrence and long term survival of any organism in an environment is dependent upon its 

ability to adapt to the prevailing biotic and abiotic forcings (Stanley, 1973). Adaptation of one group or 

species to some external forcings may, however, be limited by their own physiology and morphology. 

Once a threshold is passed in terms of magnitude of change, regional disappearance (extinction or 

migration) will be the inevitable consequence. Over longer periods of time, external pressures will 

therefore favour the dominance through survival or/and radiation of the most able taxa who had 

developed sufficient features to cope the changes (e.g. cyst or resting cell formation, size variations 

during starvation periods) and the disappearance, migration or abundance decrease of others.  

Although growth rate and silicification in diatoms are known to be characteristics of physiological 

responses to environmental perturbations (Takeda, 1998), our overall size data do not seem to be 

greatly affected by the onset of permanent stratification. It rather shows a strong taxonomic 

reorganization among the diatom community across the 2.73 Ma transition. Morphological constraints 

in diatoms may therefore be defined through taxonomic discrimination as a response to intra-specific 

ecological limitations and adaptative ability to environmental forcing.  
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The diatom pore-based valve classification into small and large taxa groups and their subsequent 

size analysis is a possible way to discriminate community-specific ecological limitations and impact of 

environmental changes on these communities. The absence of major mean size changes among the 

“large taxa” and the "small taxa" groups suggests a morphological insensitivity in these groups to the 

abrupt environmental change at 2.73 Ma, possibly resulting from the opening of new niches where 

both groups are able to find their own equilibrium without being forced to adapt in one niche that does 

not match to their own ecological limitations. 

The higher surface to volume ratio of small diatoms insures a higher competitive advantage over 

larger diatoms. Their nutrient uptake rate and growth rate are generally high due to a better cell 

diffusion that is primordial when responding quickly to environmental perturbations or in case of 

limiting nutrient conditions (Raven, 1998). The overall slower nutrient uptake rate of large diatoms with 

heavier frustules are a disadvantage against smaller morphologies, especially during spring and 

summer times in the North Pacific when surface water stratification is high and nutrients are somewhat 

limiting. Upwelling conditions are however more propitious to larger forms due their larger potential for 

food storage where such taxa are able to harvest and store nutrients to survive the starvation period 

between blooming events (Sarthou et al., 2005).  

4.6.4. From a "prior" to an "after" transition diatom record 

Glacial and interglacial intervals after the 2.73 Ma transition have been recognized through 

respectively peaks and low in δ15N values (figure 4.2b), where a cold and strong surface water 

stratification has been dominating glacial times. Small diatom taxa are shown here to be relatively 

more abundant in the post transitional higher opal content interval than large diatom taxa suggesting a 

better adaptation of these small diatom taxa to stratified but warmer surface waters. Possible longer 

blooming periods extending until much later in the year or until complete depletion of nutrient would 

have favored these early bloomers, especially in interglacial intervals. Larger taxa may have then 

been allowed to relatively increase their abundance later in fall/winter through iron supply and 

increased nutrient availability. Interglacial periods where shortened periods of intense and cold surface 

water stratification occur relatively to glacial interval, show much higher abundance of smaller diatoms, 

and a major size feature in that group (figure 4.3b; table 4.1). Both observations of relative abundance 

changes among diatoms during main changes in the opal content intervals are confirming the 

hypothesis where small diatom taxa are well adapted to surface water stratification, while larger 

diatoms occur preferentially in turbulent water conditions. 
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0Prior to the onset of permanent stratification, diatom blooming events were possibly occurring in 

wide spread upwelling conditions (Haug et al., 1999) as large volumes of fresh water inputs through 

melting ice was not sufficiently produced or sporadically occurring, therefore preventing extensive 

impacts of surface water stratification on micro-organisms. Glacial and interglacial conditions known 

as such from the post-transition paleoceanographic conditions (Jaccard et al., 2005) were not present 

or not well discriminated from each other prior to the onset of stratification. The overwhelming 

abundance of larger taxa in sediments from that period and sporadic occurrence of smaller taxa are 

therefore in agreement with our findings regarding the preferential surface water conditions required 

by the diatom-specific limiting factors.  

4.7. CONCLUSION 

The abrupt onset of permanent stratification 2.73 myrs ago had a noticeable impact on diatom 

assemblages. The evidence of long-term changes in the taxonomic composition of assemblages has 

been clearly demonstrated in this paper and in previous studies (e.g. Shimada et al., 2009). While 

taxonomic changes reflect seasonality and long-term environmental changes in the dynamics of the 

diatom community, the size and morphological approach pursued here, suggests, that valve size 

changes of entire diatom assemblages, cannot be taken as such to interpret the ability of the group to 

cope with or adapt to drastic environmental changes. The large relative abundance increase of small 

taxa following the onset of permanent stratification suggests a better ability of these taxa to adapt to 

the new conditions after 2.73 Ma.  

We could show that this taxonomic change involved an increase in the proportion of small taxa 

versus large taxa. Valve size variability in either group is considerable over the studied 160 kyrs, but 

the overall assemblage size changes are related to taxonomic changes, particularly the dominating 

Figure 4.6: Present day seasonal 
conditions with diatom taxa-specific 
blooming events (modified from 
Takahashi, 1986) indicated by 
highlighted intervals. Temperature 
and dissolved silica data were taken 
from WOA 2005. 
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species, Coscinodiscus marginatus, and of the smaller taxa including the Thalassiosira trifulta and 

Actinocyclus curvatulus complexes, which together make up more than 95% of valves present in the 

fraction over 20 μm. This suggests an incapacity of single diatom taxa (at the species to genus level) 

to adapt their valve sizes to environmental changes. Diatom populations rather seem to have 

responded to past environmental changes with migration (Barron, 2003).  

The drastic change in oceanographic conditions in the North Pacific, particularly the more 

pronounced seasonality, lead to the opening new ecological niches, in the more stratified surface 

waters. This in turn has favored the invasion of lighter and smaller taxa, better adapted to the more 

pronounced surface water stratification in the spring to summer blooming season, while also allowing 

populations of the larger taxa to survive in fall to winter seasons, resulting in today’s bimodal annual 

blooming succession.  

The taxonomic changes and insensitivity of size within diatom groups to a major environmental 

event shown in this paper does not support the general idea of a universal response of micro-

organisms driven by environmental pressures (Finkel et al., 2005 and 2007).  
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ABSTRACT 

In the present-day Subarctic Pacific, a fairly large and robust diatom taxon, Coscinodiscus 

marginatus, blooms during upwelling events in the late fall/winter. It has mostly been ignored in paleo-

environmental studies because of its rather low abundance in today’s surface sediments and its 

dominance (up to 95% - Shimada et al., 2009) prior to 2.73 Ma. This study was first performed to have 

a closer look at this striking abundance change in the Pliocene by looking at the abundance, valve 

sizes and pore variations across the 2.73 Ma transition and during its abundance dominance (5.4 to 

2.73 Ma). The pore arrangement patterns of C. marginatus (e.g. pore density, distance between two 

neighboring pores) was quantified using image analysis techniques developed in ImageJ. At ODP Site 

882 in the North Pacific, between 24 to 162 valves per sample were measured in the interval 5.4 to 

2.73 Ma, e.g. prior to the onset of permanent stratification, and between 8 and 146 valves per sample 

from 2.73 to 2.63 Ma.  

We found a large variability in pore arrangements concomitant with paleoceanographic changes 

over the studied periods but no well-defined size changes. The changes in pore arrangement, rather 

than size, may have allowed C. marginatus to adapt to changes in environmental conditions. The 

spatial occurrence of upwelling areas throughout the world’s oceans in the Cenozoic has apparently 

favored the survival of this ancient taxon, better adapted to upwelling conditions due to its large and 

heavy frustule. The lack of large textural changes among C. marginatus prior to 2.73 Ma, together with 

its progressive restriction towards the North Pacific surface waters, thus reflect the limited adaptive 

ability of that taxon which migrated geographically over the Cenozoic to follow its very specific 

ecological niche. 
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5.1. INTRODUCTION 

Over the Cenozoic, successive changes in paleoceanographic conditions have largely affected the 

evolution of micro-organisms, whose ability to adapt in a changing ocean was a key to their survival, 

especially over the Neogene when climatic and oceanographic changes have been most pronounced. 

Although diatoms as a group are known to be ubiquitous, most of the species exhibit an enhanced 

provincialism in today’s oceans and occupy mostly upwelling areas and polar zones. This feature is 

believed to have developed among this group since the Miocene (Barron, 2003) due to increasing 

pole-to-equator thermal gradients, development of dissolved silica pools (Cortese et al., 2004) and 

related onset of oceanographic boundaries acting as barriers to diatom migration. 

Coscinodiscus marginatus (Ehrenberg), a fairly large and robust species, has survived the various 

oceanographic reorganizations that have taken place since the Eocene. Nowadays, this taxon is 

restricted to the Northern latitudes (down to 40°N – Sancetta, 1987), but it has occurred further south 

earlier in the Cenozoic and migrated throughout the ocean at times of oceanographic changes 

(Barron, 2003). In surface sediment samples of the North Pacific, diatom assemblages are dominated 

by taxa with fairly small frustules and little proportion of large C. marginatus making up less than 5% of 

the diatom assemblages. The small diatom taxa include various Thalassiossira and Actinocyclus 

species (Takahashi, 1986), which are mostly part of the spring diatom bloom (or early bloom), while 

larger taxa, including C. marginatus, are preferentially blooming later in the year, when upwelling 

events take place. Moreover, C. marginatus abundance decreases in glacial intervals but is maximal 

during interglacial intervals (Sancetta and Silvestry, 1984, 1986). C. marginatus has always been 

recognized taxonomically through its large size and robust frustules, but because of its ubiquity 

throughout the Cenozoic and thus long stratigraphic range, this taxon was mostly ignored in 

biostratigraphic and paleoceanographic studies. 

Although in the past, many authors have been interested in the morphological variations of diatoms 

in various environments, the tedious work of gathering data has prevented many from taking a closer 

look. Coscinodiscus nodulifera (Schmidt), a fairly abundant taxon from lower latitudes was 

investigated to assess its potential as a paleoproxy. The authors, however, limited their approach to 

the diameter variations of this taxon (Burckle and McLaughlin, 1977). They suggested the further 

exploration of the diameter of the taxon as a tracer of upwelling and its distribution patterns (e.g. 

bimodality) as a paleoloceological and biostratigraphic indicator. Cortese and Gersonde (2007) 

investigated size and texture variability of one abundant taxon from the Southern Ocean, 
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Fragilariopsis kerguelensis, in glacial and interglacial intervals, sediment traps and Holocene sediment 

samples. They found that the frustule size of the taxon increased with nutrient availability and inferred 

that its morphological characteristics could be used as a proxy to track the spatial and temporal 

variability in productivity and export of biogenic opal in the Southern Ocean. More recently, two diatom 

species, Fragilariopsis kerguelensis and F. curta, were studied by Crosta (2009) in a high resolution 

sediment core covering part of the Holocene from off the coast of East Antarctica. This author 

documented an inverse but strong influence of the environmental conditions on the variability in the 

minimum size of those taxa. 

The stimulus for this study was not to assess the potential use of another diatom taxon as a new 

proxy but to better understand the morphological adaptation of C. marginatus in times of rapid 

changes in environmental conditions, such as in the Pliocene period. This taxon makes such a study 

even more interesting because of its long stratigraphic range and its survival of major 

paleoceanographic changes, despite its peculiar morphology. Moreover, this taxon has been the 

source of most of the silica produced in the surface waters of the North Pacific prior to the onset of 

permanent stratification 2.73 myrs ago.  

We selected the ODP Site 882 record as it has a well-constrained Neogene paleoceanographic 

history and an ubiquitous occurrence of C. marginatus prior to 2.73 Ma (Shimada et al., 2009). This 

site provides an excellent basis to assess the impact of environmental changes on the studied taxon 

to better understand its physiological constrains and limitations that have allowed its long survival in a 

changing ocean. For this purpose, we measured various morphological parameters of C. marginatus, 

including pore density and distance between pores over part of the Pliocene and compared our data 

with published paleoproxies. 

5.2. REGIONAL SETTING 

5.2.1. Present oceanographic conditions 

Today’s oceanographic conditions prevailing in the Subarctic Pacific are dominated by a strong 

halocline, that prevents the renewal of nutrients from the deep ocean, because of an overall enhanced 

water column stratification. The large seasonal variability in surface water temperature favors a strong 

primary production, mainly in summer, when sea surface temperature and insolation are at maximum. 

Stronger winds in winter destabilize surface waters, allowing a mixing of deeper waters, thus providing 
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higher nutrient supply to the surface. In these late upwelling conditions, specific diatom taxa such as 

C. marginatus, are actively taking up nutrients from the surface. 

5.2.2. From a late Neogene to a modern Subarctic Pacific 

The Pliocene epoch was characterized by a warmer climate than today. The average global 

temperature was likely warmer by up to 3°C (Haywood et al, 2000). Prior the onset of major Northern 

Hemisphere glaciation (2.73 Ma), the Arctic and Subarctic continents were up to 14°C warmer 

(Ballantyne et al., 2006; 2010), therefore reducing the pole-to-equator temperature gradient and 

atmospheric circulation (Haywood et al, 2000) leading to a poleward extension of the tropical warm 

pool (Brierley et al., 2009). These warm conditions in high latitudes were the result of the shoaling to 

less than 100 m (Haug and Tiedemann, 1998) of the Panama Isthmus from 4.5 Ma on and resulting in 

the onset of permanent El-Nino conditions in the Equatorial Pacific. This, in turn has strengthened 

surface currents (Golf Stream in the Atlantic) bringing warm and saline waters to high latitudes. Higher 

evaporation and concomitant intensification of the North Atlantic Deep Water formation in the North 

Atlantic resulted in moisture transport to the North Pacific through the Arctic regions. Stable but warm 

and humid conditions were consequently prevailing in the North Pacific until 3.1 Ma (Haug and 

Tiedemann, 1998). In addition, model results suggested that deep-water formation occurred in the 

North Pacific prior to the closure of the Panama seaway (Motoi et al., 2005) since the middle Miocene, 

perhaps until at 4.2 Ma (Haug and Tiedemann, 1998).  

After the closure of the Panama seaway and along with the cooling of the North Pacific, a 

permanent halocline developed at 2.73 Ma (Sigman et al., 2004), preventing upwelling from nutrient-

rich deep waters and thereby decreasing the productivity at the surface. These changes were 

responsible for the strengthening of seasonality with a renewal of nutrients at the surface restricted to 

the winter season, as it is the case today, as opposed to a more continuous flux prior to the 

glaciations. The onset of seasonality resulted in abrupt changes in the diatom community including a 

large drop in the abundance of C. marginatus at 2.73 Ma as described by Sancetta and Silvestri 

(1986) and more recently by Shimada et al. (2009). 

5.3. SITE LOCATION 

ODP Site 882 (50°21’N, 167°35’E; 3’244 m water depth) is located in the western Subarctic Pacific, 

downslope of the Detroit Seamount (figure 5.1). The age model was constrained by Tiedemann and 

Haug (1995) who also studied the paleoceanographic changes at this site over the last 6 Ma (Haug et 
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al., 1999). Morphological characteristics of C. marginatus were assessed in two different time intervals 

covering the 2.73 Ma transition and the interval of high dominance of that taxon when only considering 

the size fraction over 20 μm:  

- Between 2.63 and 2.79 Ma: 82 samples at a temporal resolution of ca. 2000 years, and at a 

much lower stratigraphic resolution.  

- Between 2.93 and 5.4 Ma: 88 samples at a temporal resolution of ca. 28 kyr.  

Additional observations on the valves of C. marginatus from prior and after the 2.73 Ma transition 

under the SEM confirmed a fairly good preservation of these valves and excluded any trace of 

important dissolution (Swann et al., 2006) that would have affected the diatom deposits across the 

transition as suggested in earlier studies (e.g. Schrader, 1973; Mikkelsen, 1980; Burckle et al., 1992). 

5.4. MATERIALS 

To better qualify the morphological changes of C. marginatus and to better understand how 

environmental changes may have affected the diatom morphology, we analyzed published 

paleoproxies from ODP Site 882 (Haug et al., 1999; Sigman et al., 2004) and compared them with 

Figure 5.1: Location of the ODP Site 882 (Leg 145) with the relative bathymetry and current 
directions 
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valve size and texture that were quantified for the same time intervals. We use here the available 

parameters characterizing these paleoceanographic changes: opal mass accumulation rate (opal 

MAR – Haug et al., 1999), benthic foraminifer δ18O stack (Lisiecki and Raymo, 2005) and the pore 

density and size records between 5.4 and 2.63 Ma; the opal content and δ15N (Sigman et al., 2004) 

are only available between 2.79 to 2.63 Ma. 

5.5. METHODS 

5.5.1. Preservation of diatoms in sediments 

Dissolution in the sediment may influence the composition of siliceous microfossil assemblages 

with removal of delicate frustules. Time spent by any sediment within the critical depth interval and 

variations of this latter are probably the most important factors influencing the remaining diatom 

assemblage where lightly silicified diatom valves and small fragments are the first to be removed. It is 

thus hypothesized that a diatom assemblage, once buried below the critical depth, remains fairly 

constant. With time, transformation of opal-A to opal-CT of siliceous microfossils will also affect the 

preservation of diatoms, through dissolution and reprecipitation of biogenic opal-A into opal-CT. This 

thermochemical process is associated with changes in porosity of the sediments, crystalline structure 

of opal and depends on temperature, burial depth and sediment geochemistry (e.g. carbonate, clay 

content – Kastner et al., 1977).  

5.5.2. Sample preparation 

to minimize preservation biases and to prevent the dilution of particles of interest by clay, silt and 

fragments, all analyzed samples were prepared following the standard preparation technique used for 

siliceous microfossil studies (e.g. Battarbee, 1973) and sieved through a 20 µm mesh size. Our 

settling procedure insures a random distribution of particles on glass slides for subsequent automated 

scanning and image acquisition. Automated microscopy and imaging techniques were developed in-

house using ImageJ (Rasband, 2010) and allowed the acquisition of a large set of morphological 

measurements (between 130 and 750 centric diatom valves per sample). An image resolution of 0.33 

µm per pixel was obtained at a 200X magnification with a Sensicam camera (12 bit) mounted on a 

Leica DMRXA motorized transmitted light microscope (see chapter 2 - Weller and Girault, subm. for a 

detailed description of the system).  
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5.5.3. Data acquisition 

In each analyzed sample, we manually selected all the large and robust valves where at least the 

maximum diameter and the central area were present. Because of the image resolution limitations and 

the frequent partial breakage of central area in larger diatoms, the pore arrangement analysis (e.g. 

distance between two neighboring pores, pore diameter) was only performed on diatom valves with 

sizes ranging from 50 to 85 µm (figure 5.2). In the end, between 24 and 162 valves per sample were 

measured prior to 2.73 Ma and between 8 and 146 valves after 2.73 Ma. In samples containing less 

than 8 valves corresponding to our criteria, no measurements has been performed. 

The automated extraction of the diatom valves from each image was performed using two steps 

(figure 5.3). In the first step, a box is fit within a valve that is matching the center of the image with the 

central area of the valve and the corners touching the outline of that valve (figure 5.3b). In a second 

step, the pores in each square image (figure 5.3c) are identified by using successive gray-level 

segmentation techniques until a black (pores) and white (opal) image is obtained (figure 5.3d). These 

techniques include various threshold algorithms that select a maximum and a minimum gray-scale 

value within which all the pixels will be extracted as pores. 

Each mask was checked manually and poorly segmented valves (e.g. due to bad image resolution 

or partial broken valves) were removed from the set of images to be subsequently measured. In the 

end, the square black and white images were used to analyze the distribution of pores (figure 5.3d). 

Several parameters were measured (table 5.1) and are illustrated here. These best describe the 

variability in pore arrangements and were calculated as such: 

Figure 5.2: C. marginatus size 
histogram calculated from the overall 
dataset. The gray shading is showing 
the cutoff that has been made (50 and 
85 µm) to prevent any major biases 
(taxonomy and breakage). A total of 
12’059 valves were analyzed for this 
paper. 



Morphology of C. marginatus  89 

- Density of pores:  

Np/Ba [pore µm-2]  

where Np= number of pores within the bounding box and Ba= bounding box area Ba(n). 

- Average pore diameter:  

T_feret/Np [µm pore-1] 

where T_feret= sum of all pore diameter (Feret(n)) within the bounding box. 

- The bar thickness between two neighboring pores n and n+1: 

Bar_th/Np [µm] 

Where the Bar_th is the average distance between the peripheries of two neighboring pores 

(Bar) and is calculated as: Bar=Dist(n+1) – {(Feret(n)-[Feret(n+1)/2]}  

- Average distance between two neighboring pores n and n+1:  

avDist/Np [µm] 

where avDist is the average of Dist(n+1) in each valves 

 

 

Figure 5.3: Pore segmentation technique on C. marginatus: a) the original valve to be segmented; b) the 
selection bounding box inscribed within the valve; c) the bounding box in which the pore extraction is 
performed using combined segmentation techniques described in the method section; d) the resulting black 
and white image (mask) from which pore arrangement data are to be measured, e) zoomed zone showing 
some measured parameters: 1) the bar thickness; 2) the distance between 2 neighboring pores and 3) the 
pore diameter. 



Morphology of C. marginatus  90 

5.6. RESULTS 

5.6.1. Morphological parameter correlation coefficient (table 5.1) 

The entire valve diameters assessed do not show any significant correlation with any of the pore 

parameters measured, which indicates that there is no influence of valve size on pore arrangement 

patterns. In some samples, there were only a few valves found, but the correlation coefficients of that 

parameter (Number of valves measured) with any morphological parameter measured were r larger 

than 0.175 or r less than -0.308, confirming an absence of significant correlation. The number of 

valves measured and the entire valve diameter correlations also exclude possible biases of our 

measurements and confirm the validity of the high significance of our data. 

5.6.2. Size variability (figure 5.4) 

The mean size of C. marginatus valves between 5.4 and 2.93 Ma and over the 2.73 Ma transition 

(figure 5.4a) was quite variable. From 5.4 Ma on, the overall size slightly increased from 58 and 70 µm 

until 4.55 Ma but then decreased down to 40 µm from 4.55 to 4.05 Ma. This was followed by an abrupt 

size increase up to 78 µm at 3.90 Ma and a subsequent decrease to 56 µm until a stable phase 

between 3.65 and 3.23 Ma. From then onward, size increases up to 89 µm where the first record ends 

at 2.93 Ma. 

Over the first part of the Pliocene covering 5.4 to 2.63 Ma (figure 5.4a and b), diatom assemblages 

(larger than 20 µm) are dominated by C. marginatus (making up to 95% of the assemblage, Shimada 

et al., 2009). The remaining 5 % left are constituted by much smaller taxa or diatoms measuring more 

than 150 µm. 

Correlation coefficient Frustule 
diameter

Density of 
pores

Average pore 
diameter Bar thickness

Average 
distance 
between 2 
neighboring 
pores

Number of 
pores per 
valve

Density of pores 0.096
Average pore diameter -0.054 -0.941
Bar thickness -0.113 -0.700 0.632
Average distance between 2 neighboring pores -0.113 -0.996 0.950 0.707
Number of pores per valve 0.491 0.898 -0.821 -0.663 -0.903
Number of valves measured 0.175 -0.454 0.458 0.262 0.454 -0.308

Table 5.1: Correlation coefficient table between measured morphological parameters. 
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Size of C. marginatus declined from 75 to 65 µm between 2.79 and 2.73 Ma (figure 5.4a) with a 

short size drop at 2.73 Ma. The subsequent fairly stable the mean sizes follow the onset of permanent 

stratification. The interglacial interval shows large size shifts between 82 and 65 µm but this feature 

reflects the fairly low abundance and large size range of the frustules in that interval. The accuracy of 

the valve measurement data have been expressed through the 95% confidence interval of the 

Figure 5.5: 95% confidence interval as a function of a) sample size and b) the related mean valve diameter 
for each sample analyzed.  

Figure 5.4: Size variability of all centric 
diatoms measured a) between 2.79 and 
2.63 Ma and b) between 5.4 and 2.93 
Ma. Dark gray shaded intervals on figure 
a) correspond to glacial intervals. Shaded 
areas in b) correspond to interval of pore 
density changes. Vertical error bars 
indicate the 95% confidence interval of 
the youngest, the oldest and the largest 
mean size values for each time interval. 
When the error bar could not be well 
defined, it was put on the side of the data 
point. 
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average diameter and ranges between 1.24 and 6.54 μm between 5.4 and 2.93 Ma and between 6.69 

and 1.36 μm over the 2.73 Ma transition. In samples were only few valves were measured (less than 

16), the 95% confidence interval may be as high as 32 μm (figure 5.5). 

5.6.3. Pore arrangements (figure 5.6 and 5.7) 

From 5.4 Ma to 4.6 Ma, the pore diameters (figure 5.6a), although fairly variable (ranging from 3.45 

to 3.93 µm), do not show any trend of change and neither do the distances between pores, varying 

between 4.5 and 4.9 µm (figure 5.6b), the bar thickness (figure 5.6c) varying between 1.36 and 1.66 

µm and the density of pores which vary between 0.034 and 0.039 per µm2 (figure 5.6d). From 4.6 Ma 

on, we note 2 major periods of changes in valves texture of C. marginatus. The first one ranges from 

4.52 to 3.26 Ma showing major textural changes (dark gray shading) followed by a recovery (light gray 

shading). The second period (from 2.79 to 2.63 Ma) shows an abrupt change that seems to be 

permanent as the textural parameter does not show any subsequent recovery. 

Between 4.52 and 3.81 Ma (dark gray shading), there is a decrease in the pore diameter from 3.80 

to 3.15 µm (figure 5.6a), the average distance between pores decreases from 4.88 to 4.05 µm (figure 

5.6b) In addition, the bar thickness changes from 1.53 to 1.19 µm (figure 5.6c) and the pore density 

increases from 0.034 to 0.050 per µm-2 (figure 5.6d). A decrease in the distance between pores, 

together with an increase in pore density, represents an increase in pore number within the central 

area of a valve of the same size.  

Between 3.68 Ma and 3.26 Ma (light gray shading), the pore diameter shows an increase from 3.08 

to 3.64 µm (figure 5.6a) and the average distance between pores also increases from 3.97 to 4.63 µm 

(figure 5.6b). While the bar thickness increases from 1.20 to 1.50 µm (figure 5.6c), the pore density 

decreases from 0.052 to 0.037 µm-2 (figure 5.6d). From then on, the pore arrangements patterns do 

not really demonstrate many striking changes, but stability until 2.93 where the first record ends.  
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The pore arrangement data covering the 2.73 Ma transition (figure 5.7) shows large and 

Figure 5.6: Textural variability in C. marginatus valves during the Pliocene epoch (between 5.4 and 2.63 Ma). 
The following texture parameters shown are the means of a) pore diameter; b) distance between pores; c) bar 
thickness and d) pore density. Note that the two specific periods have been highlighted, in light yellow for the 
record covering the 2.73 Ma transition and in dark gray (changing phase) and light gray (recovery phase) 
across the major changes documented here for the first record (5.4 to 2.93 Ma).  
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unidirectional changes among C. marginatus frustules. The pore diameter abruptly drops from 4.02 

Figure 5.7: Textural variations in C. marginatus valves across the 2.73 Ma transition, including a) the pore 
diameter; b) the distance between pores; c) the bar thickness and d) the pore density. These are compared with 
biogenic opal and δ15N data in e) (Sigman et al., 2004). The shaded gray intervals are the same as the intervals 
defined in chapter 3. 
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µm at 2.738 Ma down to 3.41 µm at 2.715 Ma (figure 5.7a). Within the same short interval, the 

distance between neighboring pores drops from 5.12 to 4.28 µm (figure 5.7b), the bar thickness 

decreases from 1.6 to 1.3 µm (figure 5.7c) and the pore density increases from 0.031 at Ma to 0.045 

µm-2 (figure 5.7d). 

Note that the illustration the size and pore density of C. marginatus change across the 2.73 Ma 

transition are available in the supplementary material (supplementary material - plate C). 

5.7. DISCUSSION 

5.7.1. Physiological limitations of C. marginatus 

Because of its robust and large frustules, C. marginatus may be tightly dependent upon nutrient 

availability and a comparatively high density of the surface waters. Present-day surface water settings 

in the North Pacific show characteristics of upwelling systems toward fall/winter when rising of deeper 

waters bringing nutrients to the surface where C. marginatus develops (Takahashi, 1986).  

Such environmental conditions of upwelling-induced turbulence and nutrient supply, especially iron, 

may favor large and dissolution-resistant species, more adapted to these unstable conditions, that 

actively take up and subtract nutrients and dissolved silica from the surface waters without much silica 

recycling in conditions of less insolation due to the latitudinal location of the area. This vegetative cell 

division during the blooming season produces smaller and smaller diatom valves within the diatom 

community. The mother cell sinks rapidly into the deep ocean, lighter valves get dissolved within the 

photic zone making dissolved silica available for the new formed valves (Litchman 2009). The lower 

surface to volume (S/V) ratio and heavy silicification, two main morphological characteristics of C. 

marginatus, are, however, not an advantage against smaller and lighter morphologies, that do not 

require much iron to survive and that easily develop buoyancy in more stratified conditions prevailing 

most of the year in today’s surface water of the North Pacific. 

Prior to the onset of permanent stratification 2.73 Ma ago, a widespread upwelling type of regime 

prevailed in the Subarctic Pacific waters (Haug and Tiedemann, 1998; Motoi et al., 2005). C. 

marginatus had dominated the fossil record and likely the living diatom assemblages until the onset of 

permanent stratification, but the development of seasonality after 2.73 Ma strongly suggests that the 

new specific ecological and physiological constrains may have forced the so far dominant taxon to 

shift its occurrence to later blooms and reduce its relative abundance advantaging newly developing 
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assemblages of smaller sizes, which bloomed earlier in the year, similar to what is observed in today’s 

ocean (Takahashi, 1986). 

5.7.2. Silicification of C. marginatus 

Contrary to what was found by Finkel et al. (2005) for the long-term Cenozoic record, frustule size 

changes in our Pliocene record (figure 5.4) do not coincide with any changes of the available 

paleoproxies between 5.4 and 2.63 Ma (see chapter 4) or with the pore arrangements (figure 5.8). 

Instead, textural patterns show abrupt changes at the 2.73 Ma transition (figure 5.7), towards less 

silicified frustules (denser pore coverage and decreased pore sizes) and therefore increasing the 

nutrient uptake and the exchange surface between the cell and the water. These changes have 

potentially been driven by the changes in paleoceanographic conditions in the North Pacific 

throughout the onset of the Northern Hemisphere glaciation leading to permanent surface water 

stratification and more pronounced seasonality. Prior to 2.73 Ma, the pore arrangement variations 

especially between 4.5 and 3.26 Ma may have coincided with changing nutrient availability and 

increased dust deposition (Rea et al., 1998). The dust deposition favoring the iron supply to the 

surface waters has thus in turn some correlations with the silica consumption as both parameters will 

dictate the micro-organism community response. The similarities in opal MAR variations with diatom 

pore density and size (figure 5.8) may be related to such phenomenon, but no data is available for 

further interpretation. Moreover, data from the benthic foraminifer δ18O curve do not give more 

information regarding its possible correlation with size, pore arrangement data of C. marginatus. 

5.7.3. Nutrient availability 

Ecological responses of diatoms to nutrient availability (e.g. macronutrient concentration, 

insolation, iron availability) have been extensively studied in the context of human induced 

environmental perturbations (Boyd et al., 2000; Coale et al., 2004; Buesseler et al., 2004; Takeda and 

Tsuda, 2005) and also in laboratory experiments (Timmermans et al., 2004, Leynaert et al., 2004). 

These studies showed changes in growth rate and dominance of certain taxa as a response to 

variation in environmental conditions. Iron availability, when the other macronutrients were not limiting, 

had a strong positive influence on diatom growth rate, cell size, and frustule build-up (Takeda, 1998; 

Marchetti and Cassar, 2009). Iron limitation increased the frustule silicification while iron introduction 

triggered growth rate increases of most of the larger diatom taxa, but did not greatly affect the growth 

rate of the smaller taxa (LeBlanc et al., 2005; Leynaert et al., 2004; De La Rocha et al., 2000 and 
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Takeda, 1998). The pore arrangement variations throughout the Pliocene record seem to be directly 

related to nutrient availability, where the δ15N data (figure 5.7e) show the variation in the biological 

pump and the opal content in sediments (Haug et al., 2005). Textural variations among C. marginatus  

are indeed a possible way to influence frustule silicification as a response to changes in nutrient 

availability including dissolved silica and related changes in surface water conditions (e.g. shortening 

of the upwelling season, reduced insolation) over a blooming season when size is a limiting 

parameter. The physiological advantage of increasing the pore density together with decreasing the 

average pore diameter and bar robustness in diatom frustules allow a cell to maximize the overall 

vacuole surface, thus its contact with the water and the vacuole storage (Sarthou et al., 2005). This 

increases nutrient flux into the cell when changes in the overall frustules size are possibly limited by 

the intrinsic parameters of the frustules. These changes may also be an adaptation to absorb more 

light when decreasing in valve robustness, but these can also be produced by longer lasting blooming 

event where the overall size tends to decrease together with silicification (Litchman et al., 2009). 

5.7.4. Paleoecological patterns of C. marginatus 

C. marginatus (Ehrenberg) has survived the successive oceanographic reorganizations that have 

occurred since the Eocene by progressively migrating towards the Northern latitudes (down to 40°N – 

Sancetta, 1987) at times of oceanographic changes. In surface sediment samples of the North Pacific, 

diatom assemblages are nowadays dominated by taxa with fairly small frustules and very little 

proportion of C. marginatus. While this taxon blooms towards the winter in the Subarctic Pacific, the 

permanent El-Nino conditions of the Pliocene Subarctic Pacific has allowed for a widespread large 

abundance of this taxon. Present-day winter and the Pliocene oceanographic conditions have 

therefore been favorable to paleoecological and physiological requirements. 

The Pliocene size record does not coincide with the overwhelming abundance of the taxon but may 

indicate variations in environmental conditions within the blooming seasons, such as an intensification 

of upwelling, duration of such event or even higher iron supply. It is then hypothesized that the 

Pliocene oceanographic conditions may have to be similar to the present winter conditions to insure 

higher abundance of C. marginatus in surface waters in both records. 
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5.7.5. Evolutionary patterns 

Since the Eocene, it has been documented that diatoms have developed features to probably 

adapt and survive changes in the water mass distribution and associated climate evolution (Barron, 

2003). These developments of new features such as the appearance of smaller lighter frustules may 

also be related to possible competition for dissolved silica among the very efficient diatoms and 

between diatoms and other groups such as the radiolarians. The short life cycle of diatoms and their 

great morphological and physiologic adaptive capacity (e.g. formation or resting spores, Suto 2006) 

have allowed them to evolve with the environment where they dwell.  

The evolutionary trends of diatoms toward smaller and lighter morphologies has already been 

documented and related to changes in open ocean conditions towards more stratified surface waters 

and increased poleward temperature gradients (Finkel et al., 2005). Large sizes and heavily silicified 

frustules are indeed characteristics of the early Cenozoic diatom assemblages, including C. 

marginatus which has appeared in the Eocene (Finkel et al., 2005).  

The progressive disappearance of robust and large taxa and their stepwise geographic restrictions 

have been following these oceanographic changes and are well exemplified by the evolutionary 

history of C. marginatus. The size variability limitations of C. marginatus due to its heavy and large 

morphology has probably been driving its migration across the ocean over the Cenozoic as its heavy 

morphology is clearly shown to be more adapted to turbulent waters that is discussed in this paper, 

but the pore arrangement variations may have partially compensated for the lack of size variability 

allowing its survival until today. 
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Figure 5.8: a) Pore density and b) size, of C. marginatus morphological characteristics; published 
paleoproxies (c) benthic foraminifer δ18O – Lisiecki and Raymo, 2005, d) opal MAR - Haug et al., 1999).  Dark 
shaded intervals represent periods of changes in both valve texture and size. The light shaded interval is 
detailed in figure 5.4 and 5.7. In this interval, C. marginatus actually make up about 95% of the assemblage 
(See chapter 4 or Shimada et al. (2009) for further consideration. 
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5.8. CONCLUSION 

We have shown in this study the capacities and limitations of C. marginatus to adapt to changing 

ocean conditions using the Pliocene epoch as an example. The taxon shows in an exemplary way the 

fate of ancient taxa that have successively survived or disappeared throughout the Cenozoic, tracing 

the changes in ocean surface waters from sluggish surface water conditions characteristics of the 

early Cenozoic towards more stratified water masses in today’s oceans. The comparatively long 

survival of large and robust taxa, such as C. marginatus, has probably been favored by successive 

occurrences of upwelling and nutrient rich areas, recalling the conditions in which they had appeared. 

The overwhelming of this taxon within the size fraction over 20 µm, the lack of large and permanent 

morphological changes among C. marginatus prior to 2.73 Ma and its subsequent progressive 

restriction toward the North Pacific surface waters thus reflect its ecological limitations that forced its 

migration to very similar ecological niches over the Cenozoic.  

The textural variations in C. marginatus frustules documented in the Pliocene Subarctic Pacific 

indicate an alternative way to cope with changes in nutrient availability when other morphological 

characteristics such as the size are somewhat restricted. The secretion of heavier frustules has 

allowed adapting to the iron limited environments (Takeda, 1998) but this morphological characteristic 

has likely stayed a limiting feature when adapting to physical changes in surface waters. As an 

alternative, the increase in surface-to-volume ratio of smaller and lighter taxa has been a more 

efficient way to cope with external pressures (Finkel et al., 2005) such as the onset of widespread 

stratified surface waters and the increasing pole-to-equator temperature gradient developed over the 

Cenozoic. 

The size evolution of diatoms has been so far interpreted as the result of climatic changes, ocean 

circulation reorganizations and sea level fluctuations (Finkel et al., 2005) which is here shown not to 

be the case for individual taxa such as C. marginatus revealed by the absence of obvious size 

variations over the onset of permanent surface water stratification (figure 5.4) that we document here. 

Future studies based on laboratory experiments and surface sediments together with similar 

research on specific taxa or group and their related extended morphological and textural 

characteristics are needed to confirm and implement the hypotheses presented here, but this study on 

C. marginatus may illustrate a new morphological response to adapt to stratification and seasonality in 

a changing ocean. 
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ABSTRACT 

The development of large ice-sheets across the Northern Hemisphere during the late Pliocene and 

the emergence of the glacial-interglacial cycles which punctuate the Quaternary geological record 

mark a significant threshold in the Earth's climate history. Although a number of different mechanisms 

have been proposed to initiate the global cooling and glacial advances associated with these 

transitions, uncertainty remains over the extent to which a lowering of atmospheric greenhouse gases 

may have contributed towards these changes. Records of diatom δ13C, δ30Si, C/N ratios and diatom 

frustule size variations are employed here to suggest that reduced deep water upwelling and nutrient 

availability in the photic zone in the North West Pacific Ocean from 2.78 Ma to 2.73 Ma led to a 

lowering of surface water pCO2. Such changes may have decreased rates of oceanic CO2 ventilation 

to the atmosphere and provided a key support mechanism in lowering global temperature from 2.78 

Ma onwards. In combination with other oceanic/atmospheric changes, these events would have aided 

the progressive advancement of ice-sheets across the Northern Hemisphere, culminating in the 

development of a halocline stratification in the North West Pacific at ca. 2.73 Ma which further lowered 

atmospheric pCO2

 

 and the intensified the onset of major Northern Hemisphere glaciation. 
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6.1. INTRODUCTION 

Understanding the processes associated with the progressive Late Pliocene glaciation of the 

Northern Hemisphere from 3.6 Ma onwards remains an essential objective for understanding the long-

term functionality and temporal variability of the global climate system (Mudelsee and Raymo, 2005). 

This is emphasized by the potential for the Pliocene to act as an analogue for future global warming 

under enhanced greenhouse gas concentrations (Jansen et al., 2007; Haywood et al., 2009). Of 

particular note are the transitions associated with the onset of major Northern Hemisphere glaciation 

(NHG), ca. 2.75-2.73 Ma, when significant ice-sheets developed across Greenland, Eurasia and 

Northern America (Raymo et al., 1994; Maslin et al., 1996; Kleiven et al., 2002; Matthiessen et al., 

2009). In order for these glacial advances to have been initiated a number of climatic parameters need 

to be achieved, including the presence of cooler climatic conditions and an increase in moisture supply 

to high-latitude continental regions. In addition to changes in solar insolation (Maslin et al., 1998), 

previous research has shown that tectonic uplift, the opening/closure of oceanic gateways, changes in 

water column stratification and the oceanic/atmospheric feedbacks associated with these events have 

been instrumental in creating the conditions necessary for Northern Hemisphere glacial advancement 

(Ruddiman and Kutzbach, 1989; Driscoll and Haug, 1998; Haug and Tiedemann, 1998; Ravelo et al., 

2004; Sarnthein et al., 2009). 

One aspect yet to be widely considered in relation to the hemispheric build-up of glaciers are 

changes in atmospheric greenhouse gases which would alter global air temperatures. In contrast to 

the Quaternary, for which gases trapped within ice-cores permit a direct measure of paleo-CO2 

concentrations (e.g., Lüthi et al., 2008), no equivalent archive exists for the Pliocene. Reconstructions 

from the analysis of alkenones and foraminifera, however, have shown reductions in pCO2 over the 

onset of NHG (Tripati et al., 2009; Pagani et al., 2010; Seki et al., 2010) with estimates from δ13C 

records of bulk marine particulate organic matter have been interpreted to suggest that levels of pCO2 

were 35% higher prior to the onset of major NHG than the modern day pre-industrial era (Raymo et 

al., 1996). Further research through atmosphere-ocean general circulation models has also 

demonstrated the sensitivity of the Pliocene climate system to atmospheric pCO2 concentrations with 

decreases believed to be critical in instigating NHG (Lunt et al., 2008, 2010) whilst others have shown 

the importance of CO2 in sustaining large ice-sheets over the last glacial-interglacial cycle as well as 

global temperatures (Bonelli et al., 2009; Frank et al., 2010). In spite of this, no clear mechanism has 

been expressed to instigate such a reduction in pCO2 during the late Pliocene. 
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Recent research has increasingly focused on the role of the Subarctic North West Pacific Ocean 

which today acts as a net sink of atmospheric CO2 due to a halocline stratification at a depth of ca. 

150-200 m that minimizes deep water exchanges at the ocean-atmosphere interface (Tabata, 1975; 

Honda et al., 2002; Chierici et al., 2006) (figure 6.1). The transition from a mixed to a halocline 

stratified water column has previously been dated to the onset of major NHG at 2.73 Ma (Haug et al., 

1999, 2005; Swann et al., 2006). Although a mixed water column, marked by the upwelling of carbon 

rich deep water to the surface, assisted in maintaining the warm climatic of the Pliocene due to the 

oceanic ventilation of CO2 to the atmosphere, the emergence of a halocline stratification would have 

minimized such exchanges causing the region to act as a net sink of CO2 similar to the modern day 

(Haug et al., 1999; Honda et al., 2002). To further understand the role of the region in regulating the 

global climate system and long-term changes of atmospheric pCO2 over this interval in the 

Piacenzian, it is necessary to investigate the nature and response of the North West Pacific Ocean 

regional water column and its biological pump during the expansion of ice sheets across the Northern 

Hemisphere prior to the development of the halocline at 2.73 Ma. 

Figure 6.1: Location of ODP Site 882 (50°22’N, 167°36’E) in the North West Subarctic Pacific Ocean with 
monthly changes in salinity (Antonov et al., 2005) and potential densities (σθ) for ρ = 0 from (50.5°N, 167.5°E). 
Waters above the modern day halocline, c. 150 m, are marked by year round densities of <26.8 kg m-3. 
Potential densities calculated using salinity and temperature data from 50.5°N, 167.5°E (Antonov et al., 2005; 
Locarnini et al., 2005). Map created using Ocean Data View version 4.1.3 (http://odv.awi.de). 
  

http://odv.awi.de/�
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6.2. METHODS 

ODP Site 882 lies at the western section of the Detroit Seamounts (50°220N, 67°360E) in the open 

waters of the North West Pacific Ocean at a water depth of 3,244 m (figure 6.1) with an age model 

derived from the astronomical calibration of high resolution GRAPE density and magnetic 

susceptibility measurements (Tiedemann and Haug, 1995). In order to evaluate changes in the 

ventilation of carbon rich deep water at the ocean/atmosphere interface and the response of the 

biological pump over the NHG transition, existing data from the site including diatom δ30Si (δ30Sidiatom) 

as well as diatom δ18O (δ18Odiatom), planktonic foraminifera δ13C (δ13Cforam), opal MAR and Uk
37 SST 

(Maslin et al., 1996, 1998; Haug et al., 1999, 2005; Sigman et al., 2004; Swann et al., 2006; Reynolds 

et al., 2008) are compared to new analyses of δ13Cforam, δ30Sidiatom and centric taxa diatom frustule 

diameter measurements in addition to δ13C and C/N ratios of the intrinsic organic carbon and nitrogen 

matter within diatom frustules (δ13Cdiatom and C/Ndiatom

Diatom samples were prepared using existing techniques with the 75-150 μm fraction analysed to 

minimize any size related vital effects (Swann et al., 2006). All samples are dominated by only two 

taxa, Coscinodiscus marginatus (Ehrenb.) and Coscinodiscus radiatus (Ehrenb.) with C. marginatus 

dominating (ca. larger than 90% relative biovolume abundance) until after the development of the 

halocline at 2.73 Ma (see Supplementary Table 1). Sample purity has previously been checked using 

light microscopy and SEM with analyses showing no evidence of remaining contaminants or external 

organic matter (Swann et al., 2006). Samples for δ

) over the timeframe 2.83-2.68 Ma. 

30Sidiatom, beyond those previously analysed at ETH 

Zurich by MC-ICP-MS (Reynolds et al., 2008), were analysed following the step-wise fluorination 

procedure at NIGL to collect the silicon from the diatom frustules as SiF4 (Leng and Sloane, 2008). 

Following extraction, isotope measurements were made on a Finnigan MAT 253 with values corrected 

using the NIGL within-run laboratory diatom standard (BFCmod), against NBS28. Both NIGL and ETH 

Zurich have partaken in inter-laboratory comparisons (Reynold et al., 2007). Where sufficient material 

remained, samples were analysed for δ13Cdiatom and C/Ndiatom using a Costech elemental analyser 

linked to an Optima mass spectrometer via cold trapping (Hurrell et al., Submitted). The accuracy of 

diatom carbon data obtained from combustion elemental analysers has not been questioned. However 

results from a persulfate-denitrifier method, involving the wet chemical oxidation of to convert organic 

diatom nitrogen to NO3
-, have produced nitrogen yields significant below those from an elemental 

analyser (Robinson et al., 2004). On the one hand lower nitrogen yield with the persulfate-denitrifier 

method may reflect a contaminant N2 pool within the diatom frustule (Robinson et al., 2004), on the 
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other the persulfate-denitrifier method may be marked by incomplete reaction of organic nitrogen 

within the frustule (Crosta et al., 2005). Currently it is not possible to conclusively advocated one 

method over the other (De La Rocha, 2006). For the purpose of this study an elemental analyser 

technique is used for obtaining diatom nitrogen concentrations and so C/Ndiatom

Additional planktonic δ

. 

13Cforam measurements to those previously published by Maslin et al. (1996) 

were analysed using an Isoprime Multiprep system attached to a GV Isoprime dual-inlet mass 

spectrometer as a tracer of δ13CDIC, deep water upwelling and productivity. For the purpose of this 

study only the planktonic foraminifera Globigerina bulloides was used due to its position in the 

uppermost section of the water column at depths similar to the analysed diatom taxa. For example 

other available planktonic δ13Cforam data from ODP Site 882, including Neogloboquadrina pachyderma 

(r + l), are not suitable for comparisons with δ13Cdiatom due to their potential to occupy and reflects 

changes at lower depths in the surface ocean outside the photic zone in addition to its scarcity in the 

sediment record over the analysed interval. All δ13

Samples for centric diatom size measurements were prepared following standard siliceous 

microfossil techniques and sieving at 20 µm (Battarbee, 1973). The settling procedure used herein 

insures a random distribution of the diatoms on the glass slide, therefore easing their subsequent 

image acquisition and analysis using automated microscopy and imaging techniques. Measurements 

were completed using a new in-house system using ImageJ, an open source software that controls a 

digital camera mounted on a motorized microscope (see Weller and Girault, in prep. for a detailed 

description of the system). For each analysed sample 130-750 larger than 20 μm frustules were 

analysed and the Feret diameter calculated. This was chosen as the most suitable morphological 

characteristics for representing frustule diameters in centric diatoms as it corresponds to the maximum 

length when frustules are partially broken. Reported results are the mean Feret's diameter across the 

analysed sample. 

C values are expressed on the V-PDB scale by 

reference to an internal laboratory standard calibrated against NBS-19 and NBS-22. 

6.3. RESULTS 

Analytical reproducibility (1σ) from replicate analysis of sample material was 0.06‰, 0.3‰, less 

than 0.1‰, 0.015% and 0.004% for δ30Sidiatom, δ13Cdiatom, δ13Cforam, Cdiatom, and Ndiatom respectively. 

The accuracy of the frustule measurement data are expressed through the 95% confidence interval of 

the Feret's diameter and ranges between 2.5 μm to 5.5 µm. From 2.83-2.73 Ma records of δ13Cdiatom 
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show near constant values (mean = −14.1‰, 1σ = 0.6‰) (figure 6.2). In contrast δ30Sidiatom, C/Ndiatom 

and mean centric diatom frustules sizes display changes at 2.78 Ma that continue until 2.73 Ma (figure 

6.2). In δ30Sidiatom the magnitude of change is small and within analytical error with an increase from a 

mean value of 1.48‰ (1σ = 0.05‰) from 2.83-2.79 Ma to 1.57‰ (1σ = 0.05‰) between 2.78-2.73 Ma. 

For C/Ndiatom this threshold is marked by a significant decrease in mean ratios of 5.7 mol mol-1 (1σ = 

0.4) for 2.83-2.79 Ma to 3.2 mol mol-1 (1σ = 0.6) for 2.78-2.73 Ma caused by a doubling in mean 

%Ndiatom to 0.10 wt.% with no deviation in %Cdiatom (see Supplementary Data). With centric frustules 

sizes, the transition is highlighted by a progressive decrease from ca. 75 μm to ca. 55 μm between 

2.78 Ma and 2.73 Ma. Despite considerable size variations being apparent prior to 2.78 Ma, a Mann-

Whitney test indicates that frustule sizes are significant lower after this interval (p = 0.02). Importantly, 

all proxy record changes at 2.78 Ma are concomitant with a marked, ca. 1-2 g/cm2/ka, reduction in 

opal MAR when percent opal concentrations remain steady at ca. 70-75% (figure 6.2, figure 6.3) 

(Haug et al., 1999). Whilst the stratigraphical positions of Marine Isotope Stage (MIS) G6 and MIS G7 

in the age model are verified via comparisons with planktonic and stacked benthic foraminifera isotope 

records, astronomical tuning of the age model from 2.6-2.8 Ma was hindered by large changes in 

sedimentation rates and a shift in GRAPE density measurements from being in-phased to anti-phased 

to insolation (Tiedemann and Haug, 1995). As such, the age model is subject to an uncertainty of a 

few thousand years (ibid). Despite this uncertainty, a significant decrease in opal MAR remains 

present even if the age model and so sedimentation rates over the 2.78 Ma interval are adjusted for 

an error of 3 ka for each tie-point and if a loess rather than linear interpolation is used to calculated 

sedimentation rates between tie-points (figure 6.3b). This suggests that the decrease in opal MAR is 

both robust and real, originating from a decrease in GRAPE bulk sediment density (figure 6.3c). As 

outlined in Section 4.1.3, no evidence exists to suggests that the decrease in sediment density can be 

attributed to diatom dissolution/diagenesis. Instead changes in density at ODP Site 882 are primarily 

linked to changes in CaCO3 and ice-rafted debris content over orbital timescales (Tiedemann and 

Haug, 1995). All records show significant changes following the development of the halocline at 2.73 

Ma with marked, productivity/nutrient utilisation driven, decreases in δ13Cdiatom, δ30Sidiatom, C/Ndiatom

 

 

and opal MAR (figure 6.2).  
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Figure 6.1: Data from ODP Site 882 including δ18Odiatom, δ30Sidiatom (Swann et al., 2006), opal MAR (Haug et al., 
1999; Sigman et al., 2004), C/Ndiatom, mean centric diatom frustule size, δ13Cdiatom, δ13Cforam (G. bulloides) 
(Maslin et al., 1996, 1998) and Uk

37 SST (Haug et al., 2005). Data for δ30Sidiatom is a combination of samples 
analysed within this study (triangle) and those previously published in (Reynolds et al., 2008) (circle). Large 
changes in all records at 2.73 Ma marks the final transition from a mixed to a halocline stratified water column. 
Shaded regions for δ13Cdiatom indicate the mean isotope values and standard deviation (−14.1‰/0.6‰) (1σ) from 
2.83-2.73 Ma highlighting the absence of significant change during this interval. Shaded regions for δ30Sidiatom 
show the mean isotope values and standard deviations (1σ) from 2.83-2.79 Ma (1.48‰/0.05‰) and 2.78-2.73 
Ma (1.57‰/0.05‰). Shaded regions for C/Ndiatom show the mean isotope values and standard deviations from 
2.83-2.79 Ma (4.9/0.4) and 2.78-2.73 Ma (2.8/0.5). Red lines for opal MAR, δ13Cforam and frustule sizes are loess 
curves.  



NGH and carbon dynamics  113 

  



NGH and carbon dynamics  114 

 

6.4. DISCUSSION 

6.4.1. Controls on δ13Cdiatom and C/Ndiatom 

Whereas the controls on the other individual proxy records discussed within this study are 

comparatively well understood, only a handful of studies have applied measurements of δ13Cdiatom and 

C/Ndiatom in paleoceanographic investigations. Accordingly the sections below outlined current 

understanding as to the controls on these proxies. An important distinction to be made is that the vast 

majority of contemporary studies focusing on the controls of δ13Cdiatom and C/Ndiatom are based on bulk 

cellular organic matter from contemporary diatoms and so include measurements of material in the 

Figure 6.2: Opal data from ODP Site 882 plotted against composite depth (Haug et al., 1999). Shaded region 
represents interval from 2.78 Ma to 2.77 Ma in the age model of Tiedemann and Haug (1995). A) Original 
percent opal concentrations; B) Original opal MAR using linear interpolation of sedimentation rates between 
age-model tie points as used in Haug et al. (1999) (black line), opal MAR recalculated using a loess 
interpolation between age-model tie-points to calculate sedimentation rates (blue line), opal MAR recalculated 
assuming an age-model error of ±3 ka and altering the age/sedimentation rates for each tie point accordingly 
to best minimize the decrease in opal MAR at 2.78 Ma (red line); C) GRA bulk density (Rea et al., 1993) 
showing the marked decrease which accounts for the observed decreases in opal MAR (data available from 
http://www-odp.tamu.edu/database/). 
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cytoplasm. In contrast organic mater analysed in paleoenvironmental reconstructions originates the 

diatom cell wall, preserved in the sediment record and protected from dissolution by the silica frustule 

(Abramson et al., 2009). Despite this inconsistency, the cell-wall organic matter forms a key template 

for diatom biomineralisation being comprised of proteins and polyamines (Hecky et al., 1973; Swift 

and Wheeler, 1992; Kröger et al., 1999, 2000; Sumper and Kröger, 2004), suggesting that the controls 

on cell wall δ13Cdiatom and C/Ndiatom will closely follow those documented in contemporary bulk organic 

matter research. Such an assumption forms the basis of previous paleoceanographic studies and 

have allowed the reconstruction of parameters including diatom physiology, sea ice coverage, primary 

productivity and so photic zone nutrient concentrations (e.g., Rosenthal et al., 2000; Crosta and 

Shemesh, 2002; Crosta et al., 2002; Schneider-Mor et al., 2005, 2008). 



NGH and carbon dynamics  116 

 

 

6.4.2. δ13Cdiatom 

During the photosynthetic production of organic matter, diatom preferentially fractionate 12C over 

13C with the resultant matter stored within the silica matrix of the frustule. The isotopic composition of 

δ13Cdiatom

 

 is determined according to: 

 

(Eq. 1) 

Figure 6.3: Changes in water column 
stratification, nutrient availability and 
carbon usage for: A) pre-2.78 Ma: full 
Pliocene conditions with enhanced deep 
water upwelling causing increased photic 
zone nutrient availability/siliceous 
productivity and the ventilation of CO2 to 
the atmosphere; B) 2.78-2.73 Ma: 
associated with moderate upwelling, 
limiting oceanic ventilation of CO2, and 
reduced biogenic export to the deep 
ocean; C) post-2.73 Ma: similar to the 
modern day marked by a halocline 
preventing deep water upwelling, limiting 
productivity and causing the region to act 
as a net sink of CO2. 

δ13 Cdiatom= δ13 CDIC− εd − (εf− εd )
Ci

Ce
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where δ13CDIC is the isotopic value of the dissolved inorganic carbon substrate; εd is the isotopic 

fractionation associated with the diffusion of carbon into the cell; ε f is isotopic fractionation associated 

with carbon capture by RuBisCO and where Ci and Ce are the intra- and extra-cellular concentrations 

of dissolved CO2 (Laws et al., 1995; Rau et al., 1996, 1997). From this, changes in δ13Cdiatom

1) Changes in the dissolved inorganic δ

 can be 

linked to a number of environmental factors including: 

13C substrate arising from changes in ocean 

circulation or deep water upwelling ( δ13CDIC

2) Changes in photic zone concentrations of dissolved CO

); 

2 (pCO2(aq)) with increases 

(decreases) triggering a corresponding decrease (increase) in δ13Cdiatom through modification 

of Ci:Ce

3) Changes in photosynthetic carbon demand with increases causing a 

; 

12C depletion in 

the water column substrate and an increase in δ13Cdiatom (δ13CDIC). Such change may be 

driven by variations in biological productivity or cellular concentrations of %Cdiatom

In order for measurements of δ

. 

13Cdiatom to reliably reconstruct one of these variables, consideration 

must be given to physiological factors that can also influence δ13Cdiatom. Dissolved inorganic carbon is 

mainly comprised of HCO3
-, CO3

2- and aqueous CO2 (CO2(aq)). In contrast to foraminifera shells 

formed via the precipitation of HCO3
-, diatoms primarily uptake carbon from both HCO3

- and CO2(aq) 

through Carbon Concentrating Mechanisms (CCM) which enable the saturation of the enzyme 

RuBisCO that catalyses carbon fixation (Tortell et al., 1997). Such processes primary involve either an 

active, direct, transportation of HCO3
- and CO2(aq) into the cell or an indirect HCO3

- uptake in which an 

extracellular carbonic anhydrase (eCA ) dehydrates HCO3
- to CO2 (Sültemeyer et al., 1993; Badger, 

2003). In addition to these C3 photosynthetic pathways, an indirect C4 pathway has also been 

identified in which HCO3
-
 is converted to malic or aspartic acid and then to CO2 by decarboxylation 

(Reinfelder et al., 2000, 2004; Roberts et al., 2007). Whereas no isotope offset exists between the two 

carbon substrates when HCO3
- transportation is indirect, during direct transportation HCO3

- is 

enriched in 13C by ca. 10‰ relative to CO2(aq). Consequently, understanding the relative importance 

and nature of HCO3
- usage is essential. Results from the Bering Sea, North Pacific, Equatorial Pacific 

and Southern Oceans show over half of all carbon to originates from HCO3
- (typically ca. 60-90%), 

with the majority occurring via direct rather than indirect transportation (Tortell and Morel, 2002; 

Cassar et al., 2004; Martin and Tortell, 2006, Tortell et al., 2006, 2008, 2010). Whilst HCO3
-:CO2(aq) 

uptake ratios may vary in line with large changes in pH (Trimborn et al., 2008) and inter-species 



NGH and carbon dynamics  118 

variations in cell morphologies (Martin and Tortell, 2008), others have shown no link to pCO2(aq), Fe 

availability, growth rates, primary productivity and frustule area:volume ratios (Cassar et al., 2004; 

Martin and Tortell, 2006, Tortell et al., 2006, 2008). With regards to physiological controls on εd, ε f and 

the ratio of Ci:Ce (Eq. 1), changes in these parameters and so δ13Cdiatom may occur in response to 

different forms of RuBisCO, amino acids, growth rates, cell morphology and CCM (Laws et al., 1995, 

2002; Rau et al., 1996, 1997, 2001; Cassar et al., 2006; Scott et al., 2007) and are potentially linked to 

evidence of a possible inter-species isotope vital effects in fossil cell-wall measurements of δ13Cdiatom

Given the multitude of factors, it is not typically possible to fully account for the effect of 

physiological processes on δ

 

(Jacot Des Combes et al., 2008). 

13Cdiatom, inhibiting quantitative environmental interpretations (Laws et al., 

2002; Jacot des Combes et al., 2008). However, within the context of this study the impact of isotope 

vital effects as well as other symbiont/physiological processes such as diatom cell size, geometry and 

HCO3
-:CO2 uptake ratios (Laws et al., 1995, 1997; Popp et al., 1998; Jacot des Combes et al., 2008; 

Martin and Tortell, 2008) can be partially circumvented by the use of a single size fraction of diatoms, 

dominated by only two taxa which do not vary with changes in δ13Cdiatom, δ18Odiatom or δ30Sidiatom 

(Supplementary Table 1). This is enhanced from 2.83-2.73 Ma when samples are dominated at more 

than 90% by C. marginatus and when high nutrient concentrations would have created near-steady 

photic zone growth rates (Haug et al., 1999). By using changes in planktonic δ13Cforam to monitor the 

δ13C of the HCO3
- substrate, records of δ13Cdiatom can therefore be qualitatively linked from 2.83-2.73 

Ma to changes in carbon demand or pCO2(aq) with the assumption that concordant changes in HCO3
-

:CO2 uptake, eCA activity or growth rates have not significantly altered δ13Cdiatom

6.4.3. C/Ndiatom 

. 

Existing stratigraphical records of cell wall C/Ndiatom show values ranging from ca. 3-14 mol mol-1 

(Crosta and Shemesh, 2002; Crosta et al., 2005; Schneider-Mor et al., 2005, 2008; Jacot des Combes 

et al., 2008). Whilst measurements here cover a smaller range (2.1-6.3 mol mol-1), they remain 

significant given protein C/N ratios in modern day plankton of 3.8 mol mol-1 (Hedges et al., 2002). A 

number of studies have investigated the role of different environmental parameters including nitrogen, 

silicon, iron and other nutrient availability in triggering a change in %Cdiatom and %Ndiatom (e.g., De La 

Rocha et al., 2000), though debate remains over the relative importance of each. For example, 

nitrogen and silicon limitation experiments resulted in whole cell C/Ndiatom increase of ca. 15 mol mol-1 

and ≤5 mol mol-1 respectively, attributed to changes in the relative contribution of individual proteins, 
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carbohydrates or lipids of the organic matter that each contain differing amounts of carbon and 

nitrogen. Elsewhere iron limitation has been shown to lower %Cdiatom and %Ndiatom (e.g., Hutchins and 

Bruland, 1998; Takeda, 1998). Other studies, however, have found evidence for either no change or 

an increase in %Cdiatom and %Ndiatom (e.g., Hoffmann et al., 2007) suggesting any link involving iron is 

related to a number of factors including species variability, growth rates, cell size/morphology and the 

extent of any iron or other nutrient deficiency (Marchetti and Harrison, 2007; Marchetti and Cassar. 

2009; Timmermans and van der Wagt, 2010). Similar levels of uncertainty are also apparent for the 

role of changes in irradiance (Bucciarelli et al., 2010) and pCO2(aq) on cellular concentrations. Whilst a 

number of studies have shown a short term increase in carbon fixation rates under reduced levels of 

pCO2(aq)

6.4.4. Dissolution/diagenesis 

 (e.g., Tortell et al., 2000, 2008, 2010; Martin and Tortell, 2006), the true impact of such 

changes on the elemental composition remains unclear at values representative of actual marine 

conditions (Burkhardt et al., 1999). 

With the decrease in C/Ndiatom from 2.78 coinciding with a similar decreases in opal MAR, but no 

change in percent opal, it is necessary to question the potential for these changes to be driven by 

increases in dissolution/diagenesis. No research has yet been carried out into the impact of dissolution 

on C/Ndiatom, however a number of lines of evidence suggest that dissolution/diagenesis is not 

controlling the decline in either opal MAR or C/Ndiatom. Firstly, light microscopy and SEM analyses 

suggest that the analysed diatoms are exceptionally well preserved with no signs of dissolution 

(Swann et al., 2006). Secondly, the change from 2.78 Ma is concordant with the start of a long-term 

decrease in diatom frustule sizes. Thirdly experiments have demonstrated that dissolution increase 

both δ18Odiatom and δ30Sidiatom (Moschen et al., 2006; Demarest et al., 2009), whereas no such change 

is apparent in the record here from 2.78 Ma. Finally, the decrease in C/Ndiatom ratios from 2.78 Ma is 

driven by an increase in mean %Ndiatom with no change in %Cdiatom. Although experiments are needed 

to confirm this, it is reasonable to assume that dissolution would trigger a decrease in %Cdiatom similar 

to %Ndiatom. Although many of these arguments can not be regarded as an absolute evidence for the 

absence of dissolution, based on the available data and current knowledge there is no evidence for 

increased dissolution/diagenesis from 2.78 Ma suggesting that the decreases in C/Ndiatom

 

 and opal 

MAR reflect some form of environmental change within the photic zone. 
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6.4.5. Reduction in deep water upwelling 

Nutrient supply to the photic zone in the subarctic North West Pacific Ocean both in the stratified 

water column today and in the mixed water column prior to 2.73 Ma is largely maintained by deep 

water upwelling and vertical mixing of the surface and sub-surface layers (Honda et al., 2002; Andreev 

et al., 2002; Katsuki and Takahashi, 2005, Haug et al., 1999). High values of δ30Sidiatom and opal MAR 

from 2.83-2.79 Ma therefore imply a highly productive water column marked by high rates of silicic 

acid utilisation and fuelled by the upwelling of nutrient rich sub-surface water (figure 6.2, figure 6.4a). 

This contrast with the post-2.73 Ma era when the development of a regional halocline led to the 

cessation of sub-surface water water upwelling and associated reductions in both nutrient utilisation 

and siliceous productivity - marked by large decreases in opal MAR, δ18Odiatom and δ30Sidiatom and a 

significant warming in Uk
37

A not widely discussed feature of the ODP Site 882 record prior to the development of the halocline 

at 2.73 Ma is the marked reduction in opal MAR from ca. 3-4 g/cm

 SST (Haug et al., 1999, 2005; Sigman et al., 2004; Swann et al., 2006; 

Reynolds et al., 2008) (figure 6.4c, figure 6.2). 

2/ka to ca. 2 g/cm2/ka at 2.78 Ma 

(Haug et al., 1999) (figure 6.2). Other lines of evidence presented here also show evidence for a 

change at this juncture. First is the progressive reduction in frustule sizes from 2.78-2.73 Ma that 

occurs with only minimal changes in the diatom taxonomic community (Shimada et al, 2009a) (figure 

6.2). Second are the concordant 2.5 mol mol-1 decreases in C/Ndiatom, driven by a doubling in mean 

%Ndiatom from 0.05 wt.% (2.83-2.79 Ma) to 0.10 wt.% (2.78-2.73 Ma) (see Supplementary Data). Whilst 

demonstrate some form of environmental perturbation within the photic zone from 2.78-2.73 Ma 

relative to 2.83-2.79 Ma, on current knowledge it is not possible to unequivocally attribute the 

decreases in frustules sizes and C/Ndiatom to a single process on their own. However, with the 

reduction in opal MAR not linked to dissolution (Section 4.1.3) and with moderate levels of nutrient 

upwelling necessary to maintain the high, ca. 2 g/cm2/ka, opal MAR from 2.78-2.73 Ma, the shift to 

lower opal MAR likely suggests a partial reduction in sub-surface upwelling intensity within an 

unstratified water column (figure 6.4b). Such an event, reducing the rate of nutrient supply to the 

photic zone, would also be capable of inducing the physiological changes observed in C/Ndiatom and 

frustule sizes. For example, despite the absence of data specific to C. marginatus and C. radiatus, 

links have been widely proposed between diatom frustule size/morphology and environmental 

conditions including nutrient availability (e.g., Jewson, 1992; Cortese and Gersonde, 2007; Kriest and 

Oschlies, 2007; Crosta, 2009; Marchetti and Cassar, 2009; Shimada et al, 2009b). Similarly, as 
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highlighted in Section 4.1.2, a number of processes linked to nutrient availability are capable of 

altering C/Ndiatom, although Fe availability is unlikely to be the driver of such variation as changing 

inputs to the region occurred much later from 2.75-2.73 Ma with a strengthened Asian summer 

monsoon (Nie et al., 2008). With the decrease in C/Ndiatom driven entirely by an increase in %Ndiatom 

with no change in %Cdiatom, the possibility exists for a small reduction in photic zone nutrient 

availability to have adjusted the composition of the cell wall through relative decreases in low-nitrogen 

compounds such as carbohydrates or lipids. Whilst such an interpretation is speculative in the 

absence of further studies looking at the impact of a small-moderate reductions in nutrient availability 

on C/Ndiatom

Despite our arguments for a reduction in upwelling intensity, the presence of high values of 

δ

, the documentation of significant changes when under severe nutrient limitation suggest 

that more muted changes may occur under less limiting conditions. 

30Sidiatom and opal MAR of ca. 2 g/cm2/ka after 2.78 Ma and until 2.73 Ma indicate that relative rates 

of silicic acid consumption remained unaltered by any change in upwelling and confirms that the water 

column remained rich in nutrient availability and overall levels of biological productivity. This is 

reiterated by relatively stable planktonic δ13Cforam and CaCO3

6.4.6. Changes in the North Pacific CO2 ventilation 

 MAR records from 2.83-2.73 Ma that 

suggest continuous North Pacific Deep Water (NPDW) upwelling and carbonate productivity (Maslin et 

al., 1996) (figure 6.2), reinforcing the suggestion of a small-moderate reduction in upwelling intensity 

at 2.78 Ma (figure 6.4a, 6.4b) rather than a major/complete reduction as occurred with the 

development of the halocline at 2.73 Ma (figure 6.4c). 

At present it is not possible to attribute the decline in deep water upwelling from 2.78 Ma to a single 

mechanism. One possibility is for a reduction in NPDW upwelling due to a weakened global 

thermohaline circulation arising from decreases in North Atlantic Deep Water formation (Maslin et al., 

1996) or through the closure of the Panama Ocean gateway (Motoi et al., 2005). Alternatively Sea 

Surface Salinities (SSS) may have progressively decreased in response to an intensified East Asian 

summer monsoon, an opening/closure of the Bering Straits (Matthiessen et al., 2009; Sarnthein et al., 

2009), winter polar westerlies bringing increased freshwater input to the region (Nie et al., 2008) 

and/or a small increase in meltwater input from advancing ice-masses around the North Pacific basin. 

Under such a mechanism, SSS in the region by 2.78 Ma may have reached a critical threshold to 

allow the development of a weak, seasonal, halocline which would have partially limited deep water 

upwelling. Existing work on the subarctic North West Pacific Ocean has demonstrate synchronous 
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changes with the Southern Ocean over both the Pliocene (e.g., Sigman et al., 2004) and more recent 

timescales (e.g., Jaccard et al., 2005, 2010). No clear evidence of a corresponding change at 2.78 Ma 

has been found in existing records from the Southern Ocean. This reinforces the suggestion that any 

partial reduction in upwelling at 2.78 Ma may have been driven by a regional processes, such as a 

small-moderate increase in freshwater input, rather than via deep water teleconnections with the 

Southern Ocean. 

Regardless of the cause, reductions in upwelling would have impacted regional atmospheric-

marine carbon budgets. The upwelling of carbon and nutrient rich water in an unstratified subarctic 

North West Pacific Ocean has been widely identified as a key feature in maintaining the relatively 

warm Pliocene climate by ventilating CO2 into the atmosphere (Haug et al., 1999) (figure 6.4a). 

Reductions in the rate of this sub-surface upwelling at 2.78 Ma would have lowered surface-water 

pCO2(aq) and through this the magnitude of any ventilation and atmosphere pCO2 (Figure 6.4b). Whilst 

the overall net regional reductions in pCO2(aq) from 2.78 Ma may not have been significant in their own 

right, in conjunction with other global processes (e.g., Zhang et al., 2009) the changes may have been 

instrumental in establishing the cooler continental conditions necessary for the intensification of major 

NHG. Reduced atmospheric pCO2 and associated climatic cooling from 2.78 Ma would, for example, 

have increased rates of glacial advancement around the subarctic Pacific Ocean. Such advances 

could have then acted as the freshwater source that triggered the final transition of the regional 

subarctic North West Pacific Ocean water column to a fully stratified, halocline driven, system at 2.73 

Ma when the region fully evolved from a net source to a net sink of atmospheric CO2, (figure 6.2c) 

(Haug et al., 1999, 2005; Sigman et al., 2004; Swann et al., 2006) (figure 6.4c). In addition to further 

lowering atmospheric pCO2 from 2.73 Ma and permitting the build up of large ice-sheets across the 

North American continent (Haug et al., 1999, 2005), these changes would have led to additional 

glacial advancement/freshwater inputs to the North West Pacific Ocean that reinforced the halocline 

stratification and prevented subsequent deep water upwelling/carbon ventilation at the ocean-

atmosphere interface (Sigman et al., 2004). Indeed, the progressive decrease in diatom frustule sizes 

after this interval from 2.78 Ma may indicate that the magnitude of any upwelling and so CO2 

ventilation steadily decreased through this interval until the halocline development at 2.73 Ma, 

although no corresponding decline is present in C/Ndiatom

In theory, levels of pCO

. 

2(aq) and the rate of atmospheric CO2 ventilation may be further reduced 

either by increased levels of diatom carbon fixation or through a more efficient biological pump in 
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which the relative rate of carbon fixation exceed that at which carbon is supplied into the photic zone. 

Whilst the potential for a decoupling of the silicon and carbon cycles in response to reduced upwelling 

at 2.78 Ma prevents a detailed insight, the absence of a coherent change in %Cdiatom from 2.83-2.73 

Ma (0.26 wt.%, 1σ = 0.03 wt.%) suggest that levels of carbon fixation did not significantly alter after 

2.78 Ma (see supplementary data). Similarly, whilst mean rates of silicic acid utilisation (δ30Sidiatom) 

increase marginally from 1.48‰ between 2.83-2.79 Ma to 1.57‰ from 2.78-2.73 Ma, this change in 

within 1σ analytical reproducibility (figure 6.2). As such, any decrease in pCO2(aq)

One intriguing find that runs counter to our argument for a reduction in photic zone pCO

 and so the 

magnitude of carbon ventilation to the atmosphere would have originated purely from reductions in 

NPDW upwelling rather than changes in the efficiency of the biological pump. 

2 is the 

absence of an increase in δ13Cdiatom through modification of Ce (Eq. 1). Instead values instead 

remaining relatively constant between 2.83 Ma and 2.73 Ma at −14.1‰ ± 0.6‰ (1σ) (figure 6.2). Three 

mechanisms are capable of exerting a downward pressure on δ13Cdiatom from 2.78-2.73 Ma in order to 

counteract any upward trend on δ13Cdiatom caused by a reduction in pCO2(aq). The first is a decrease in 

the δ13CDIC substrate after 2.78 Ma, such as might occur with increased upwelling of the isotopically 

low δ13C NPDW (Kroopnick, 1985; Keigwin et al., 1998). Here, however, we argue that the post-2.78 

Ma period was marked by reduced rather than increased upwelling whilst a change in δ13CDIC can also 

be ruled out by the absence of a change in δ13Cforam which might be expected to follow δ13CDIC (figure 

6.2). Secondly, with SST remaining unchanged the role of CO2 solubility in altering CO2(aq) and so 

δ13Cdiatom can also be discounted (figure 6.2). Thirdly, depending again on the degree of coupling 

between the carbon and silicon cycle, a large productivity driven decrease in opal MAR may also 

result in a correspondingly decrease in δ13Cdiatom. For example, the marked decrease in opal at 2.73 

Ma from ca. 2 g/cm2/ka to less than 1 g/cm2/ka coincides with a likely productivity driven decrease in 

δ13Cdiatom of 4-6‰. Accordingly it is reasonable to speculate that the reduced level of siliceous 

productivity from 2.78 Ma (decreasing δ13Cdiatom) counteracted the upward pressure on δ13Cdiatom 

caused by a decrease in photic zone pCO2(aq), leading to the maintenance of relatively stable 

δ13Cdiatom

6.5. CONCLUSION 

 values from 2.83-2.73 Ma. 

Evidence of a reduction in deep water upwelling at ODP Site 882 in the Subarctic North West 

Pacific Ocean from 2.78-2.73 Ma BP provides a further mechanism by which atmospheric pCO2 may 
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have decreased during the onset of major NHG by lowering the magnitude of oceanic CO2 ventilation 

to the atmosphere. Subsequent increases in freshwater inputs to the region at 2.73 Ma would have 

then led to a further, much larger, reduction in atmospheric pCO2 following the transition to a halocline 

stratification (Haug et al., 1999). In conjunction with climate model outputs highlighting the key role of 

CO2
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Supplementary table 6A: Online table of the site location details and size data illustrated in this 

chapter. 

Supplementary table 6B: Online table for δ13Cdiatom, δ30Sidiatom, C/Ndiatom %Cdiatom and %Ndiatom data 

analysed as part of this study together with previously published δ18Odiatom

 

 and the relative species 

biovolume composition of the purified diatom samples (Swann et al., 2006). 
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CONCLUSIONS AND OUTLOOK 
It’s known from ecological studies that diatoms can adapt very quickly to environmental 

perturbations. They are however extremely provincial and restricted to specific regions in the ocean 

where their taxonomic distribution changes significantly across oceanographic boundaries. The size 

variability study on centric diatoms performed on core top and Cenozoic datasets has shown 

unexpected results. Every chapters of this thesis have been dealing with a specific topic of the diatom 

evolution and paleoecology and actually came up with very similar findings regarding the ecological 

adaptation and evolutionary patterns of this group. The newly developed automated light microscopy 

and image analysis techniques allowed a better efficiency in the data collection and the acquisition of 

very specific parameters (e.g. measurements of pore arrangement patterns – chapter 5) that would 

have been very tedious if one had to do such study manually. 

The successive chapters show that: 

- The taxonomic distribution among diatom assemblages across the oceans has been deeply 

affected by the Neogene global cooling (chapter 3). The related paleoceanographic and 

tectonic events and relating onset of paleoceanographic boundaries have regionally affected 

the valve sizes of centric diatom assemblages leading to a progressive divergence towards 

the present day situation. The present day size distributions of centric diatom assemblages 

does not show any obvious correlation with environmental parameters probably due to their 

evolutionary history that has led to very provincial communities (chapter 3). 

- The detailed study of a major step of the Cenozoic global cooling - the onset of permanent 

stratification in the Subarctic Pacific at 2.73 Ma –  has given some insights on how specific 

diatom taxa may respond to the abrupt environmental perturbation in terms of taxonomy and 

morphology (chapter 4). 

- The morphological adaptation of a specific diatom taxon – Coscinodiscus marginatus - to 

environmental changes can be expressed through textural variations of the frustules while the 

size only shows slight changes (chapter 5). 

- The use of combined analysis techniques applied to a Pliocene sedimentary record in the 

Subarctic Pacific, including size measurements and geochemical analyses allowed a better 

characterization and interpretation regarding the paleoceanographic changes preceding the 

2.73 Ma transition (chapter 6). 
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In the case of diatoms, the present is not the key to the past may be the “take home” message of 

this thesis since the provincial pattern of size distribution among assemblages in the surface 

sediments and core tops (chapter 3) do not show any obvious correlation with environmental 

parameters. The Neogene global cooling history has, however, shown to have greatly affected the 

size patterns of this group through stepwise size shifts at specific paleoceanographic and tectonic 

events (e.g. closure of the Panama Seaway, onset of permanent stratification) that have been driving 

the stepwise water mass individualization across the world's oceans towards its present day 

constitution. This may imply that the evolutionary processes among the diatoms are tightly dependent, 

if not dominated, by taxon specific paleoecological limitations. This is actually well demonstrated in 

chapter 4 where one group of diatoms, our so called "large taxa" have been dominating the surface 

waters of the Subarctic Pacific until the onset of permanent stratification at 2.73 Ma. This event 

allowed for the invasion of surface waters by smaller and lighter built taxa, our "smaller taxa" group, 

that were likely better adapted to the newly developed surface water conditions. These latter 

conditions seem to have been prevailing since then. 

Preservation: does it really matter?  

Preservation is the major question left that prevents a detailed interpretation of the whole story 

about diatoms and their evolutionary patterns on a longer time such as over the Neogene as we have 

not been able to assess potential preservational effects on diatom assemblage sizes in our records 

(chapter 3). No global standard dissolution index exists so far as diatoms are too diverse and of 

various morphologies. The latter two characteristics may have been influenced differently by the 

dissolution among diatom taxa, even within the larger size fractions of the diatom assemblages. We 

are, however, convinced that most of the preservational influences, if they have occurred, would have 

largely affected the smaller size fractions, which is in this study, have been systematically sieved off.  

The chapter dealing with evolutionary patterns and present-day size distributions (chapter 3) of 

diatom assemblages would have been most strongly affected by preservation issues, as it includes 

various places from the world oceans. This sample set included a wide range of sedimentary 

compositions, from clay- to carbonate-rich, two major parameters that might have promoted the 

differential preservation of the opaline components, as mentioned in chapter 1. These various places 

also include a wide range of diatom morphologies from the large and robust taxa, such as 

Coscinodiscus marginatus in the North Pacific, to the lighter silicification of e.g. Azpeitia nodulifer 

occurring in the temperate and equatorial regions. These different morphologies may have responded 
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differently to the dissolution processes occurring in the top centimeters of the sediments. These 

considerations prevent any detailed studies on surface sediments and Cenozoic centric diatom 

assemblages, such as the taxonomic distribution in the diatom assemblages. Moreover, a more 

detailed study on the taxonomy of diatoms at the various studied sites may be required to identify the 

nature of the diatom size shifts documented in chapter 3, but this would be beyond the aim of this 

work which was making a survey study of size patterns in diatom assemblages to assess their 

macroecological and evolutionary response to environmental perturbations. 

In chapter 4 and 5, the detailed stratigraphically and taxonomically studies successfully 

documented and described the size shifts observed in the overall diatom assemblages. The choice of 

these studies was actually stimulated by the overwhelming data available for Site 882 that constrained 

a lot more the interpretation and findings related to the possible trigger of the diatom taxonomical 

shifts and morphological changes observed at the 2.73 Ma transition. Comparably detailed 

paleoceanographic datasets are unfortunately not available for other sites over the time intervals that 

we have studied in chapter 3.  
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PLATE LEGENDS 

Plate A  

(Selection of Holocene diatom taxa from the world oceans) 

Core 110-37:   a to c) Coscinodiscus marginatus 

Core 110-37:   d) Thalassiosira trifulta 

C008_1H1:   e to f) Thalassiosira lineata 

C008_1H1:   g) Actinoptycus senarius 

C008_1H1:   h) Azpeitia nodulifera 

VM 21-39:   i to k) Azpeitia nodulifera 

Y 86-69 M2:   l) Azpeitia nodulifera 

RC 11-89:   m) Actinocyclus octonarius 

RC 11-89:   n) Thalassiosira lentiginos 

RC 11-89:   o) Actinocyclus curvatulus 

Plate B 

(Cenozoic diatom from the Equatorial Pacific and Southern Ocean) 

85-574A_9H03 (50-51):  a) Coscinodiscus marginatus 

85-574A_9H03 (50-51):  b to c) Actinocyclus oculatus 

85-574A_9H03 (50-51):  d) Thalassiosira sp. cf. eccentrica 

85-574A_2H06 (50-51):  e) Craspedodiscus coscinodiscus 

138-847B_11H04 (50-52): f)  Azpeitia nodulifera 

114-704A_2H06 (50-51)  j) Asteromphalus kennetti 

114-704B_41X04 (49-50) k to l)  Actinocyclus ingens 

114-704B_41X04 (49-50) k to l)  Actinocyclus ingens 

119_744B_7H02 (49-50) m)  Actinocyclus ingens 

119_744B_7H02 (49-50) n)  Coscinodiscus marginatus 

119_744A_9HCC  o to p)  Coscinodiscus marginatus 

Plate C 

(Selected taxon representing the record of the 2.73 Ma transition) 

145-882B-12H5 (40-42): a to d) Coscinodiscus marginatus 

145-882B-12H3 (15-17): e to h) Coscinodiscus marginatus 

145-882B-12H2 (80-82): I to l) Coscinodiscus marginatus 

145-882B- 11H4 (10-12): m to p) Coscinodiscus marginatus 
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Plate D 

(Selected taxa representing the record of the 2.73 Ma transition) 

145-882B-12H5 (40-42): a) Thalassiosira oestrupi 

145-882B-12H5 (40-42): b) Thalassiosira trifulta 

145-882B-12H5 (40-42): c to d) Actinocyclus curvatulus + A. oculatus 

145-882B-12H3 (15-17): e to f) T. trifulta 

145-882B-12H3 (15-17): g to h) A.curvatulus + A.  oculatus 

145-882B-12H2 (80-82): i to j) T. trifulta 

145-882B- 11H4 (10-12): k to l) A.curvatulus + A. oculatus 
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PLATE D 
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Column explanations for the supplementary tables 3A; 4A; 5A 

Leg   DSDP and ODP cruise leg number 
Site   The site from which a core was retrieved 
H   Hole at the site from which a core was retrieved or data was collected 
Cor   Sequential number identifying the cores retrieved from a particular hole. 
T   Letter identifying the drill bit/coring method used to retrieve the core 
Sc   Number identifying the section number 
Top (cm)  Section top depth 
Bot (cm)  Section bottom depth 
Depth (mbsf)  Site depth beneath the sea floor (table 3A) 
Depth (mcd)  Composite depth (table 4A and 5A) 
Age est. (Ma)  Estimated age (table 3A) 
Age (kyrs)  Calculated age (table 4A and 5A) 
 

Text in parenthesis indicates the sample name to which the specimen belongs to. 
The extended result size tables and rawdata of all chapters as well as the Microsoft Excel macros, 
ImageJ, its macros and the original images of diatoms are available online and stored in the ETHZ 
compactus. 
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SUPPLEMENTARY  TABLE 3A 

Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

Depth 
(mbsf) 

Age est. 
(Ma) 

85 574 A 1 H 1 10 11 6.1 1.3 
85 574 A 2 H 6 50 51 14.3 3.0 
85 574 A 4 H 2 50 51 25.9 4.3 
85 574 A 4 H 5 50 51 30.4 4.8 
85 574 A 5 H 4 50 51 38.1 5.7 
85 574 A 6 H 3 50 51 45.9 6.6 
85 574 A 7 H 2 50 51 53.9 7.5 
85 574 A 7 H 6 50 51 59.9 8.1 
85 574 A 8 H 6 50 51 69.4 8.9 
85 574 A 9 H 3 50 51 73.9 9.3 
85 574 A 9 H 6 50 51 78.4 9.7 
85 574 A 10 H 1 50 51 80.4 9.9 
85 574 A 10 H 2 50 51 81.9 10.0 
85 574 A 10 H 3 50 51 83.4 10.0 
85 574 A 10 H 5 50 51 86.4 10.2 
85 574 A 12 H 3 50 51 102.2 11.2 
85 574 A 12 H 6 50 51 106.7 11.5 
85 574 A 13 H 2 50 51 110.2 11.7 
85 574 A 15 H 1 51 52 118.51 12.2 
85 574 A 16 H 1 51 52 123.31 12.5 
85 574 A 17 H 1 50 51 128.3 12.8 
85 574 A 18 H 1 50 51 132.4 13.0 
85 574 A 18 H 6 50 51 139.9 13.5 
85 574 A 20 H 4 50 51 155.9 14.1 
85 574 A 21 H 3 49 50 163.39 14.7 
85 574 A 23 H 2 50 51 179.9 15.5 
85 574 A 23 H 6 53 54 185.93 15.7 
85 574 C 1 R 1 50 51 195 16.1 
85 574 C 3 R 4 50 51 218.5 17.2 
85 574 C 4 R 2 50 51 225 17.5 
85 574 C 6 R 1 50 51 242.5 18.2 
85 574 C 6 R 5 20 21 248.2 18.5 
85 574 C 7 R 5 50 51 258 18.9 
85 574 C 8 R 4 20 21 265.7 19.3 

114 704 A 1 H 1 50 51 0.5 0.1 
114 704 A 2 H 6 50 51 15.2 0.6 
114 704 A 4 H 3 50 51 29.7 0.7 
114 704 A 5 H 3 50 51 39.2 0.8 
114 704 A 6 H 1 50 51 45.7 0.9 
114 704 A 9 H 1 52 53 74.22 1.4 
114 704 A 10 H 5 52 53 89.72 1.6 
114 704 A 10 H 7 50 51 92.7 1.6 
114 704 A 11 H 2 50 51 94.7 1.7 
114 704 A 11 H 4 50 51 97.7 1.8 
114 704 A 11 H 6 53 54 100.73 1.9 
114 704 A 12 H 3 51 52 105.71 1.9 
114 704 A 13 H 6 50 51 119.7 1.9 
114 704 A 17 X 1 53 54 150.23 2.7 
114 704 A 18 X 4 50 51 164.2 2.8 
114 704 A 20 X 2 50 51 180.2 2.8 
114 704 A 22 X 1 51 52 197.71 3.9 
114 704 A 23 X 3 49 50 210.19 4.3 
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Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

Depth 
(mbsf) 

Age est. 
(Ma) 

114 704 A 25 X 1 50 51 226.2 4.5 
114 704 A 29 X CC 10 11 263.8 6.3 
114 704 A 30 X CC 10 11 273.3 6.4 
114 704 B 27 X 1 50 51 242.7 6.1 
114 704 B 28 X 3 50 51 255.2 6.5 
114 704 B 29 X 7 49 50 270.69 6.7 
114 704 B 30 X 2 52 53 272.72 6.9 
114 704 B 30 X 4 51 52 275.71 7.4 
114 704 B 31 X 2 51 52 282.21 7.5 
114 704 B 32 X 4 49 50 294.69 7.6 
114 704 B 34 X 1 49 50 309.19 8.5 
114 704 B 35 X 5 52 53 324.72 8.7 
114 704 B 39 X 7 49 50 365.69 9.4 
114 704 B 41 X 4 49 50 380.19 10.2 
114 704 B 43 X 2 49 50 396.19 10.5 
114 704 B 43 X 5 52 53 399.72 10.6 
114 704 B 44 X 2 50 51 405.7 10.7 
114 704 B 45 X 1 49 51 413.69 10.8 
114 704 B 45 X 2 50 51 415.2 10.9 
114 704 B 46 X 1 50 51 423.2 11.1 
114 704 B 46 X 5 52 53 429.22 11.7 
114 704 B 47 X 3 53 54 435.73 12.5 
114 704 B 47 X 6 53 54 440.23 14.2 
114 704 B 48 X 3 51 52 445.21 15.7 
114 704 B 49 X 3 50 51 454.7 16.9 
114 704 B 52 X 4 53 54 477.23 17.6 
114 704 B 53 X 3 53 54 485.23 17.7 
114 704 B 54 X 3 52 53 494.72 17.8 
114 704 B 56 X 4 50 51 515.2 18.8 
119 745 B 2 H CC 0.18 0.18 14.61 0.2 
119 744 B 1 H 3 48 49 3.48 1.0 
119 744 B 1 H 4 48 49 4.98 1.2 
119 744 B 1 H 6 48 49 7.98 1.6 
119 744 B 1 H 7 48 49 9.48 1.8 
119 744 B 1 H CC 0.17 0.17 9.6 1.8 
119 744 B 2 H 1 48 49 9.98 1.9 
119 745 B 11 H CC 0.34 0.34 99.95 2.2 
119 744 B 2 H 3 48 49 12.98 2.3 
119 744 B 2 H 5 48 49 15.98 2.8 
119 744 B 2 H 6 48 49 17.48 3.2 
119 745 B 15 H CC 0.19 0.19 137.38 3.8 
119 744 B 3 H 2 48 49 20.98 4.6 
119 745 B 18 H CC 0.3 0.3 58.12 4.7 
119 744 B 3 H CC 0.19 0.19 21.38 4.7 
119 745 B 19 H CC 0.23 0.23 167.8 4.9 
119 744 B 4 H 1 48 49 21.98 4.9 
119 745 B 20 H CC 0.24 0.24 117.19 5.0 
119 745 B 21 H CC 0.26 0.26 186.77 5.9 
119 745 B 23 H CC 0.29 0.29 205.68 6.3 
119 746 A 5 H CC 0.27 0.27 184.06 7.3 
119 746 A 6 H CC 0.18 0.18 193.32 7.6 
119 746 A 7 H CC 0.28 0.28 202.84 8.0 
119 746 A 8 H CC 0.4 0.4 208.9 8.2 
119 746 A 9 H CC 0.29 0.29 217.42 8.4 
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Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

Depth 
(mbsf) 

Age est. 
(Ma) 

119 746 A 10 H CC 0.48 0.48 227.24 8.6 
119 746 A 11 X CC 0.37 0.37 236.65 9.3 
119 744 B 4 H 4 48 49 26.48 9.8 
119 744 B 4 H 5 48 49 27.98 9.8 
119 744 B 4 H 6 48 49 29.48 9.8 
119 744 B 4 H 7 48 49 30.98 9.8 
119 744 B 5 H 1 48 49 31.48 9.8 
119 744 B 5 H 2 48 49 32.98 9.8 
119 744 B 5 H 3 48 49 34.48 9.8 
119 744 B 5 H 5 48 49 37.48 9.9 
119 744 B 5 H 6 48 49 38.98 9.9 
119 744 B 5 H 7 48 49 40.48 9.9 
119 746 A 13 X CC 0.29 0.29 253.39 10.0 
119 746 A 15 H CC 0.36 0.36 262.21 10.6 
119 746 A 16 H CC 0.34 0.34 272.06 11.0 
119 744 B 6 H 2 48 49 42.48 11.1 
119 744 B 6 H 3 48 49 43.98 11.4 
119 744 B 6 H 5 48 49 46.98 12.1 
119 744 B 6 H 6 48 49 48.48 12.4 
119 744 B 7 H 1 49 50 50.49 12.8 
119 744 B 7 H 2 49 50 51.99 13.1 
119 744 B 7 H 4 49 50 54.99 13.8 
119 744 B 7 H 5 49 50 56.49 14.1 
119 744 B 7 H 7 49 50 59.49 14.7 
119 744 B 7 H CC 0.19 0.19 59.74 14.8 
119 744 B 8 H 3 48 49 62.98 15.5 
119 744 B 8 H 6 48 49 67.48 16.9 
119 744 B 8 H CC 0.15 0.15 69.03 17.1 
119 744 B 9 H 2 48 49 70.98 17.2 
119 744 A 9 H CC 0.2 0.25 71.65 17.3 
119 744 B 9 H 3 48 49 72.48 17.4 
119 744 B 9 H CC 0.3 0.3 78 17.9 
119 744 A 10 H CC 0.22 0.22 89.84 19.8 
138 846 B 1 H 1 55 56 0.55 0.0 
138 846 B 1 H 1 67 68 0.67 0.0 
138 846 B 2 H 6 50 51 15 0.4 
138 846 B 4 H 3 50 51 29.5 0.8 
138 846 B 5 H 6 50 51 43.5 1.2 
138 846 B 9 H 2 50 51 75.5 2.0 
138 846 B 10 H 3 50 51 86.5 2.3 
138 846 B 11 H 2 50 51 94.5 2.5 
138 846 B 11 H 5 50 51 99 2.6 
138 846 B 12 H 1 50 51 102.5 2.6 
138 846 B 12 H 3 50 51 105.5 2.7 
138 846 B 12 H 6 50 51 110 2.8 
138 846 B 13 H 2 50 51 113.5 2.9 
138 846 B 13 H 6 50 51 119.5 3.0 
138 846 B 14 H 3 50 51 124.5 3.1 
138 846 B 14 H 7 42 43 130.42 3.3 
138 846 B 15 H 2 10 12 132.1 3.3 
138 846 B 15 H 6 50 51 138.5 3.5 
138 846 B 16 H 2 10 12 141.6 3.6 
138 846 B 16 H 5 10 12 146.1 3.7 
138 846 B 17 H 2 50 51 151.5 3.9 
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Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

Depth 
(mbsf) 

Age est. 
(Ma) 

138 846 B 18 H 2 10 12 160.6 4.1 
138 846 B 18 H 5 10 12 165.1 4.3 
138 846 B 19 H 2 50 51 170.5 4.4 
138 846 B 19 H 5 10 12 174.6 4.5 
138 846 B 20 H 1 10 12 178.1 4.6 
138 846 B 20 H 5 50 51 184.5 4.7 
138 846 B 23 X 2 10 12 208.1 5.3 
138 846 B 23 X 6 50 51 214.5 5.5 
138 846 B 25 X 4 50 51 230.9 5.8 
138 846 B 27 X 5 50 51 251.7 6.1 
138 846 B 29 X 5 50 51 270.7 6.7 
138 846 B 31 X 5 50 51 290 7.3 
138 846 B 32 X 1 10 12 293.2 7.4 
138 846 B 34 X 7 50 51 321.9 9.0 
138 846 B 35 X 5 50 51 328.5 9.3 
138 846 B 36 X 1 50 51 332.2 9.6 
138 846 B 36 X 7 50 51 341.2 10.2 
138 846 B 38 X 6 50 51 359 11.3 
138 846 B 44 X 2 50 51 410.65 14.5 
138 847 B 1 H 1 51 53 0.51 0.0 
138 847 B 2 H 3 50 52 10 0.3 
138 847 B 3 H 3 50 52 19.5 0.6 
138 847 B 4 H 4 50 52 30.5 1.0 

138 847 B 5 H 4 50 52 40 1.3 
138 847 B 6 H 4 50 52 49.5 1.6 
138 847 B 7 H 4 50 52 59 1.8 
138 847 B 9 H 4 50 52 78 2.4 
138 847 B 9 H 6 50 52 81 2.4 
138 847 B 10 H 3 50 52 86 2.6 
138 847 B 10 H 4 50 52 87.5 2.6 
138 847 B 10 H 7 50 52 92 2.8 
138 847 B 11 H 2 50 52 94 2.8 
138 847 B 11 H 4 50 52 97 2.9 
138 847 B 12 H 4 50 52 106.5 3.3 
138 847 B 13 H 4 50 52 116 3.6 
138 847 B 14 H 4 52 54 125.52 4.0 
138 847 B 16 X 4 52 54 144.52 4.6 
138 847 B 18 X 4 50 52 160.4 4.8 
138 847 B 19 X 4 50 52 169.7 5.0 
138 847 B 20 X 4 50 52 178.9 5.2 
138 847 B 20 X 6 50 52 181.9 5.3 
138 847 B 20 X 7 15 17 183.05 5.3 
138 847 B 21 X 4 50 52 188.5 5.5 
138 847 B 21 X 6 50 52 191.5 5.6 
138 847 B 22 X 2 50 52 195.2 5.6 
138 847 B 22 X 4 50 52 198.2 5.7 
138 847 B 23 X 4 50 52 207.8 5.9 
138 847 B 24 X 4 50 52 217.5 6.1 
138 847 B 25 X 4 50 52 227.2 6.3 
145 882 B 2 H 5 50 52 10.9 0.3 
145 882 B 3 H 5 50 52 20.4 0.4 
145 882 B 4 H 5 50 52 29.9 0.5 
145 882 B 5 H 5 50 52 39.4 0.8 
145 882 B 6 H 5 50 52 48.9 1.0 
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Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

Depth 
(mbsf) 

Age est. 
(Ma) 

145 882 B 7 H 5 50 52 58.4 1.2 
145 882 B 8 H 5 50 52 67.9 1.4 
145 882 B 9 H 5 50 52 77.4 1.7 
145 882 B 10 H 5 50 52 86.9 2.1 
145 882 B 11 H 2 50 52 91.9 2.2 
145 882 B 11 H 5 10 12 96.4 2.4 
145 882 B 11 H 7 10 12 99 2.5 
145 882 B 12 H 5 50 52 105.9 2.7 
145 882 B 14 H 5 50 52 124.9 2.9 
145 882 B 16 H 5 50 52 143.9 3.0 
145 882 B 17 H 5 50 52 153.4 3.1 
145 882 B 18 H 5 50 52 162.9 3.2 
145 882 B 20 H 5 50 52 181.9 3.7 
145 882 B 21 H 2 50 52 186.9 3.7 
145 882 B 21 H 5 50 52 191.4 3.8 
145 882 B 21 H 7 50 52 194.4 3.8 
145 882 B 22 H 2 50 52 196.4 3.8 
145 882 B 24 H 2 50 52 215.4 3.9 
145 882 B 24 H 5 50 52 219.9 4.0 
145 882 B 26 H 5 50 52 238.9 4.1 
145 882 B 27 H 5 50 52 248.4 4.2 
145 882 B 28 H 5 50 52 257.9 4.3 
145 882 B 29 H 5 50 52 267.4 4.3 
145 883 B 27 H 5 50 52 251.9 4.3 
145 883 B 28 H 1 50 52 255.4 4.3 
145 883 B 28 H 3 50 52 258.4 4.3 
145 883 B 28 H 5 50 52 261.4 4.3 
145 883 B 30 H 5 50 52 280.4 4.5 
145 883 B 30 H 7 50 52 283.4 4.5 
145 883 B 31 H 5 50 52 289.9 4.6 
145 883 B 32 X 5 50 52 299.4 5.0 
145 883 B 34 X 5 50 52 318.65 5.4 
145 883 B 38 X 5 50 52 357.28 5.9 
145 883 B 40 X 5 50 52 376.7 6.0 
145 883 B 42 X 5 50 52 396.2 6.1 
145 883 B 44 X 5 50 52 415.8 6.2 
145 883 B 45 X 5 50 52 425.7 6.2 
145 883 B 48 H 5 50 52 455.2 6.8 
145 883 B 49 X 5 50 52 464.7 7.0 
145 883 B 50 X 5 50 52 474.6 7.2 
145 883 B 51 X 5 50 52 484.32 7.3 
145 883 B 53 X 5 50 52 504.2 8.2 
145 883 B 54 X 1 50 52 508.1 8.4 
145 883 B 54 X 5 50 52 514.1 8.6 
145 883 B 55 X 1 50 52 517.9 8.7 
145 883 B 57 X 1 50 52 537.6 9.3 
145 883 B 59 X 1 50 52 557.5 10.8 
145 883 B 60 X 1 50 52 567.5 12.8 
145 883 B 60 X 3 50 52 570.5 13.4 
145 883 B 60 X 5 50 52 573.5 14.0 
145 883 B 62 X 5 50 52 593.5 15.4 
145 883 B 63 X 5 50 52 603.5 16.6 
145 883 B 63 X 7 50 52 606.5 16.9 
145 883 B 64 X 1 50 52 607.5 17.0 
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Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

Depth 
(mbsf) 

Age est. 
(Ma) 

145 883 B 65 X 3 50 52 620.2 18.2 
145 887 A 1 H 1 50 52 0.5 0.0 
145 887 A 2 H 1 50 52 7.2 0.3 
145 887 A 3 H 1 50 52 16.7 0.3 
145 887 A 4 H 1 50 52 26.2 0.5 
145 887 A 5 H 1 50 52 35.7 0.6 
145 887 A 7 H 1 50 52 54.7 0.9 
145 887 A 8 H 5 50 52 70.2 1.6 
145 887 A 8 H 7 50 52 73.2 1.8 

145 887 A 9 H 1 50 52 73.7 1.6 
145 887 A 9 H 3 50 52 76.7 1.9 
145 887 A 9 H 5 50 52 79.7 2.1 
145 887 A 10 H 1 50 52 83.2 2.4 
145 887 A 11 H 1 50 52 92.7 2.8 
145 887 A 12 H 1 50 52 102.2 3.0 
145 887 A 13 H 1 50 52 111.7 3.7 
145 887 A 15 X 1 50 52 130.7 4.2 
145 887 A 16 X 1 50 52 140.2 4.4 
145 887 A 17 X 1 50 52 145.6 4.6 
145 887 A 18 X 1 50 52 155.3 5.3 
145 887 A 20 X 1 50 52 174.6 5.9 
145 887 A 20 X 7 50 52 183.1 6.2 
145 887 A 21 X 1 50 52 184.2 6.2 
145 887 A 21 X 3 50 52 186.7 6.3 
145 887 A 22 H 1 50 52 193.9 6.8 
145 887 A 22 H 5 50 52 199.9 7.2 
145 887 A 23 H 1 50 52 203.4 7.5 
145 887 A 23 H 2 50 52 204.9 7.5 
145 887 A 23 H 5 50 52 209.4 8.0 
145 887 A 23 H 7 50 52 212.4 8.5 
145 887 A 24 H 1 50 52 212.9 8.6 
145 887 A 24 H 5 50 52 218.9 9.1 
145 887 A 25 H 1 50 52 222.4 9.4 
145 887 A 25 H 3 50 52 225.4 9.7 
145 887 A 25 H 5 50 52 228.4 10.0 
145 887 A 25 H 7 50 52 231.4 10.5 
145 887 A 27 H 1 50 52 241.7 12.4 
145 887 A 27 H 3 50 52 244.7 12.8 
145 887 A 27 H 4 34 36 246.04 12.9 
145 887 A 28 H 1 50 52 251.2 13.6 
145 887 A 28 H 6 50 52 258.7 14.6 
145 887 A 29 H 1 50 52 260.7 14.8 
145 887 A 29 H 4 50 52 264.37 16.8 
145 887 A 30 X 1 50 52 270.2 17.4 
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SUPPLEMENTARY TABLE 4A 

Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

Depth 
(mcd) 

Age 
(kyrs) 

145 882 A 11 H 3 140 142 106.54 2632 
145 882 A 11 H 4 10 12 106.73 2636 
145 882 A 11 H 4 30 32 106.93 2639 
145 882 A 11 H 4 50 52 107.12 2642 
145 882 A 11 H 4 70 72 107.31 2646 
145 882 A 11 H 4 90 92 107.51 2650 
145 882 A 11 H 4 110 112 107.70 2655 
145 882 A 11 H 5 0 2 108.09 2668 
145 882 A 11 H 5 20 22 108.29 2673 
145 882 A 11 H 5 40 42 108.48 2677 
145 882 B 12 H 1 30 32 108.65 2680 
145 882 A 11 H 5 60 62 108.68 2681 
145 882 B 12 H 1 50 52 108.83 2684 
145 882 A 11 H 5 85 87 108.92 2685 
145 882 B 12 H 1 70 72 109.01 2687 
145 882 A 11 H 5 99 100 109.06 2688 
145 882 B 12 H 1 90 92 109.19 2690 
145 882 B 12 H 1 95 97 109.24 2691 
145 882 A 11 H 5 120 122 109.26 2692 
145 882 B 12 H 1 110 112 109.38 2694 
145 882 B 12 H 1 120 122 109.47 2696 
145 882 B 12 H 1 130 132 109.56 2698 
145 882 B 12 H 1 140 142 109.66 2699 
145 882 B 12 H 1 142 144 109.67 2700 
145 882 B 12 H 1 150 150 109.75 2701 
145 882 B 12 H 2 6 8 109.80 2702 
145 882 B 12 H 2 12 14 109.86 2703 
145 882 B 12 H 2 20 22 109.93 2705 
145 882 B 12 H 2 27 29 110.00 2706 
145 882 B 12 H 2 33 35 110.06 2707 
145 882 B 12 H 2 40 42 110.12 2708 
145 882 B 12 H 2 45 47 110.17 2709 
145 882 B 12 H 2 51 53 110.22 2710 
145 882 B 12 H 2 57 59 110.28 2712 
145 882 B 12 H 2 60 62 110.31 2712 
145 882 B 12 H 2 69 71 110.39 2714 
145 882 B 12 H 2 75 77 110.45 2715 
145 882 B 12 H 2 80 82 110.51 2716 
145 882 B 12 H 2 90 92 110.61 2718 
145 882 B 12 H 2 100 102 110.71 2720 
145 882 B 12 H 2 105 107 110.76 2721 
145 882 B 12 H 2 110 112 110.81 2722 
145 882 B 12 H 2 120 122 110.91 2724 
145 882 B 12 H 2 130 132 111.01 2726 
145 882 B 12 H 2 140 142 111.12 2728 
145 882 B 12 H 2 145 147 111.17 2729 
145 882 B 12 H 3 5 7 111.27 2730 
145 882 B 12 H 3 10 12 111.32 2730 
145 882 B 12 H 3 15 17 111.37 2731 
145 882 B 12 H 3 20 21 111.42 2731 
145 882 B 12 H 3 30 31 111.52 2732 
145 882 B 12 H 3 40 41 111.62 2733 
145 882 B 12 H 3 50 51 111.71 2734 
145 882 B 12 H 3 60 61 111.81 2735 
145 882 B 12 H 3 70 71 111.91 2736 
145 882 B 12 H 3 80 81 112.01 2737 
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Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

Depth 
(mcd) 

Age 
(kyrs) 

145 882 B 12 H 3 90 91 112.11 2737 
145 882 B 12 H 3 100 101 112.20 2738 
145 882 B 12 H 3 110 112 112.30 2739 
145 882 B 12 H 3 115 117 112.35 2740 
145 882 B 12 H 3 120 121 112.40 2740 
145 882 B 12 H 3 125 127 112.45 2741 
145 882 B 12 H 3 130 132 112.50 2741 
145 882 B 12 H 3 140 141 112.59 2742 
145 882 B 12 H 4 10 11 112.79 2744 
145 882 B 12 H 4 30 31 112.98 2745 
145 882 B 12 H 4 50 51 113.17 2747 
145 882 B 12 H 4 70 72 113.37 2749 
145 882 B 12 H 4 90 92 113.56 2751 
145 882 B 12 H 4 110 112 113.75 2752 
145 882 B 12 H 4 130 132 113.94 2754 
145 882 B 12 H 5 0 2 114.13 2756 
145 882 B 12 H 5 20 22 114.32 2759 
145 882 B 12 H 5 40 42 114.52 2761 
145 882 B 12 H 5 60 62 114.71 2763 
145 882 B 12 H 5 80 82 114.90 2765 
145 882 B 12 H 5 100 102 115.09 2767 
145 882 B 12 H 5 120 122 115.28 2769 
145 882 B 12 H 5 140 142 115.48 2771 
145 882 B 12 H 6 30 32 115.86 2775 
145 882 B 12 H 6 130 132 116.82 2786 
145 882 B 12 H 7 60 62 117.62 2792 
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SUPPLEMENTARY TABLE 5A 

Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

  Depth 
(mcd) 

Age 
(kyrs) 

145 882 A 11 H 3 140 142 106.54 2632 
145 882 A 11 H 4 10 12 106.73 2636 
145 882 A 11 H 4 30 32 106.93 2639 
145 882 A 11 H 4 50 52 107.12 2642 
145 882 A 11 H 4 70 72 107.31 2646 
145 882 A 11 H 4 90 92 107.51 2650 
145 882 A 11 H 4 110 112 107.70 2655 
145 882 A 11 H 5 0 2 108.09 2668 
145 882 A 11 H 5 20 22 108.29 2673 
145 882 A 11 H 5 40 42 108.48 2677 
145 882 B 12 H 1 30 32 108.65 2680 
145 882 A 11 H 5 60 62 108.68 2681 
145 882 B 12 H 1 50 52 108.83 2684 
145 882 A 11 H 5 85 87 108.92 2685 
145 882 B 12 H 1 70 72 109.01 2687 
145 882 A 11 H 5 99 100 109.06 2688 
145 882 B 12 H 1 90 92 109.19 2690 
145 882 B 12 H 1 95 97 109.24 2691 
145 882 A 11 H 5 120 122 109.26 2692 
145 882 B 12 H 1 110 112 109.38 2694 
145 882 B 12 H 1 120 122 109.47 2696 
145 882 B 12 H 1 130 132 109.56 2698 
145 882 B 12 H 1 140 142 109.66 2699 
145 882 B 12 H 1 142 144 109.67 2700 
145 882 B 12 H 1 150 150 109.75 2701 
145 882 B 12 H 2 6 8 109.80 2702 
145 882 B 12 H 2 12 14 109.86 2703 
145 882 B 12 H 2 20 22 109.93 2705 
145 882 B 12 H 2 27 29 110.00 2706 
145 882 B 12 H 2 33 35 110.06 2707 
145 882 B 12 H 2 40 42 110.12 2708 
145 882 B 12 H 2 45 47 110.17 2709 
145 882 B 12 H 2 51 53 110.22 2710 
145 882 B 12 H 2 57 59 110.28 2712 
145 882 B 12 H 2 60 62 110.31 2712 
145 882 B 12 H 2 69 71 110.39 2714 
145 882 B 12 H 2 75 77 110.45 2715 
145 882 B 12 H 2 80 82 110.51 2716 
145 882 B 12 H 2 90 92 110.61 2718 
145 882 B 12 H 2 100 102 110.71 2720 
145 882 B 12 H 2 105 107 110.76 2721 
145 882 B 12 H 2 110 112 110.81 2722 
145 882 B 12 H 2 120 122 110.91 2724 
145 882 B 12 H 2 130 132 111.01 2726 
145 882 B 12 H 2 140 142 111.12 2728 
145 882 B 12 H 2 145 147 111.17 2729 
145 882 B 12 H 3 5 7 111.27 2730 
145 882 B 12 H 3 10 12 111.32 2730 
145 882 B 12 H 3 15 17 111.37 2731 
145 882 B 12 H 3 20 21 111.42 2731 
145 882 B 12 H 3 30 31 111.52 2732 
145 882 B 12 H 3 40 41 111.62 2733 
145 882 B 12 H 3 50 51 111.71 2734 
145 882 B 12 H 3 60 61 111.81 2735 
145 882 B 12 H 3 70 71 111.91 2736 
145 882 B 12 H 3 80 81 112.01 2737 
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Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

  Depth 
(mcd) 

Age 
(kyrs) 

145 882 B 12 H 3 90 91 112.11 2737 
145 882 B 12 H 3 100 101 112.20 2738 
145 882 B 12 H 3 110 112 112.30 2739 
145 882 B 12 H 3 115 117 112.35 2740 
145 882 B 12 H 3 120 121 112.40 2740 
145 882 B 12 H 3 125 127 112.45 2741 
145 882 B 12 H 3 130 132 112.50 2741 
145 882 B 12 H 3 140 141 112.59 2742 
145 882 B 12 H 4 10 11 112.79 2744 
145 882 B 12 H 4 30 31 112.98 2745 
145 882 B 12 H 4 50 51 113.17 2747 
145 882 B 12 H 4 70 72 113.37 2749 
145 882 B 12 H 4 90 92 113.56 2751 
145 882 B 12 H 4 110 112 113.75 2752 
145 882 B 12 H 4 130 132 113.94 2754 
145 882 B 12 H 5 0 2 114.13 2756 
145 882 B 12 H 5 20 22 114.32 2759 
145 882 B 12 H 5 40 42 114.52 2761 
145 882 B 12 H 5 60 62 114.71 2763 
145 882 B 12 H 5 80 82 114.90 2765 
145 882 B 12 H 5 100 102 115.09 2767 
145 882 B 12 H 5 120 122 115.28 2769 
145 882 B 12 H 5 140 142 115.48 2771 
145 882 B 12 H 6 30 32 115.86 2775 
145 882 B 12 H 6 130 132 116.82 2786 
145 882 B 12 H 7 60 62 117.62 2792 
145 882 A 15 H 3 145 147 136.75 2938 
145 882 A 15 H 5 75 77 139.05 2951 
145 882 A 15 H 7 5 7 141.35 2964 
145 882 A 16 H 1 60 62 142.40 2970 
145 882 A 16 H 2 25 27 143.55 2976 
145 882 A 16 H 3 105 107 145.85 2990 
145 882 A 16 H 5 37 39 148.17 3005 
145 882 A 17 H 1 30 32 151.60 3026 
145 882 A 17 H 2 112 114 153.92 3039 
145 882 A 17 H 4 47 49 156.27 3052 
145 882 A 17 H 5 127 129 158.57 3067 
145 882 A 18 H 2 82 84 163.12 3087 
145 882 A 18 H 3 50 52 164.30 3107 
145 882 A 18 H 5 95 97 167.75 3118 
145 882 A 19 H 1 120 122 171.50 3150 
145 882 A 19 H 3 130 132 174.60 3182 
145 882 A 19 H 5 60 62 176.90 3207 
145 882 A 19 H 5 130 132 177.60 3220 
145 882 A 19 H 6 140 142 179.20 3235 
145 882 A 20 H 2 133 135 182.63 3260 
145 882 A 20 H 3 98 100 183.78 3268 
145 882 A 20 H 5 143 145 187.23 3294 
145 882 A 20 H 7 15 17 188.95 3309 
145 882 A 21 H 1 22 24 189.52 3314 
145 882 A 21 H 1 137 139 190.67 3322 
145 882 A 21 H 4 32 34 194.12 3343 
145 882 A 21 H 7 49 51 198.79 3395 
145 882 A 22 H 3 36 38 202.16 3419 
145 882 A 22 H 5 82 84 205.62 3447 
145 882 A 22 H 7 12 14 207.92 3468 
145 882 A 23 H 1 120 122 209.50 3480 
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Leg Site H Cor T Sc Top 
(cm) 

Bot 
(cm) 

  Depth 
(mcd) 

Age 
(kyrs) 

145 882 A 23 H 3 50 52 211.80 3497 
145 882 A 23 H 4 15 17 212.95 3506 
145 882 A 23 H 5 95 97 215.25 3521 
145 882 A 24 H 1 43 45 218.23 3545 
145 882 A 24 H 3 88 90 221.68 3572 
145 882 A 24 H 5 133 135 225.13 3595 
145 882 A 25 H 1 12 14 227.42 3608 
145 882 A 24 H 7 63 65 227.43 3608 
145 882 A 25 H 1 127 129 228.57 3613 
145 882 A 25 H 2 92 94 229.72 3619 
145 882 A 25 H 4 137 139 233.17 3638 
145 882 A 25 H 5 102 104 234.32 3646 
145 882 A 25 H 6 67 69 235.47 3656 
145 882 A 25 H 7 32 34 236.62 3666 
145 882 A 26 H 1 96 98 237.76 3677 
145 882 A 26 H 2 61 63 238.91 3685 
145 882 A 26 H 3 26 28 240.06 3692 
145 882 A 26 H 3 141 143 241.21 3700 
145 882 A 26 H 4 106 108 242.36 3707 
145 882 A 26 H 5 71 73 243.51 3714 
145 882 A 26 H 6 36 38 244.66 3722 
145 882 A 27 H 1 15 17 246.45 3737 
145 882 A 27 H 1 130 132 247.60 3746 
145 882 A 27 H 2 95 97 248.75 3756 
145 882 A 27 H 3 60 62 249.90 3765 
145 882 A 27 H 4 27 29 251.07 3778 
145 882 A 27 H 5 142 144 253.72 3804 
145 882 A 27 H 6 107 109 254.87 3814 
145 882 A 28 H 4 15 17 260.45 3859 
145 882 A 29 H 3 60 62 268.90 3922 
145 882 A 30 H 3 5 7 277.85 3990 
145 882 A 31 H 2 50 52 286.30 4075 
145 882 A 32 H 1 95 97 294.75 4159 
145 882 A 34 H 1 85 87 313.65 4336 
145 882 A 35 H 1 45 47 322.75 4400 
145 882 A 35 H 7 25 27 331.55 4463 
145 882 A 36 H 5 53 55 338.33 4523 
145 882 A 37 H 4 98 100 346.78 4605 
145 882 A 38 H 2 28 30 352.58 4652 
145 882 A 38 H 3 68 70 354.48 4699 
145 882 A 39 H 2 28 30 362.08 4799 
145 882 A 39 H 2 123 125 363.03 4813 
145 882 A 39 H 3 68 70 363.98 4826 
145 882 A 39 H 4 108 110 365.88 4853 
145 882 A 39 H 5 53 55 366.83 4866 
145 882 A 39 H 7 65 67 368.89 4897 
145 882 A 40 H 1 83 85 370.63 4926 
145 882 A 40 H 2 28 30 371.58 4941 
145 882 A 40 H 4 13 15 374.43 4987 
145 882 A 40 H 5 77 79 376.57 5024 
145 882 A 40 H 7 15 17 378.95 5065 
145 882 A 41 H 1 83 85 380.13 5085 
145 882 A 41 H 2 52 54 381.32 5105 
145 882 A 41 H 4 109 111 384.89 5166 
145 882 A 42 H 1 91 92 389.71 5253 
145 882 A 42 H 3 50 52 392.30 5310 
145 882 A 42 H 7 50 52 398.30 5440 

 


