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Abstract 

The Biogeographical Extent and Global Synchronicity of the Late Miocene 

Reticulofenestra pseudoumbilicus Paracme 

Joseph Asanbe 

 
Previous biostratigraphic studies in the Indian Ocean, equatorial Pacific, Atlantic Ocean and the 

Caribbean Sea document the temporal disappearance of Reticulofenestra pseudoumbilicus in the late 

Miocene (Tortonian age). This interval has been subsequently defined as the R. pseudoumbilicus 

paracme. While the cause of the event remains unknown, the geographical extent and global 

synchronicity of the interval represent an open subject for research. Answers to these questions could 

help establish the biostratigraphic reliability of the interval and its use for global correlation. In this 

study, 49 deep-sea drilling sites spread across all major ocean basins were compiled into a 

biostratigraphic database and studied to evaluate the global extent and timing of the R. pseudoumbilicus 

paracme. To ensure accurate comparison of the studied sites, the timing of the event was estimated at 

all sites using the age estimates generated through Undatable MatLab software, which made use of 

established nannofossil bioevents as age-depth tie points for the analysis. Ages of all nannofossil 

bioevents were updated to the latest geological time scale. This systematic analysis reveals a prominent 

distribution of the paracme in the tropical and subtropical regions. The timing of the event in the tropical 

region appears to be synchronous, with the base around 8.8 Ma and the top of the event around 7.2 Ma. 

Sites in the equatorial Pacific, central Atlantic and the Indian Oceans record a similar duration of the 

event. The paracme had a shorter duration towards the southern higher latitudes. Although timings in 

southern high latitudes are diachronous compared to the tropics, the duration is consistent between sites 

(Sites 1088 and 1264) in the southern South Atlantic, thereby establishing a new time frame for the 

event in the region.  

This study narrows down on ODP Site 806 for a critical evaluation of the nannofossil assemblages, 

accumulation rates and Reticulofenestra size variation in the late Miocene, including the paracme. 

Thirty-four samples were collected and analysed for absolute abundance and nannofossil accumulation 

rates (NAR). Absolute abundance and NAR reveal three distinct stages, herein described as generally 

low, high, and “crashed” export production of nannofossils. The period of high NAR is characteristic 

of the late Miocene biogenic bloom interval (ca. 9–4.4 Ma). Importantly, the R. pseudoumbilicus 

paracme does not only coincide with the start of the biogenic bloom but it was also associated with 

remarkable changes in Reticulofenestra assemblages. Just before the base of the paracme, all except the 

smallest (<3 µm in coccolith size) Reticulofenestra groups experienced a sharp decline in abundance. 

Subsequently, the relative abundance of the Reticulofenestra morphospecies indicates the dominance 

of bloom-forming small and medium Reticulofenestra during the late Miocene biogenic bloom interval. 

The end of the biogenic bloom interval is concurrent with a decrease in the contribution of small 

Reticulofenestra. The exact biotic and abiotic processes that led to these major shifts in plankton 

composition are yet to be discovered, but the findings presented herein show that the mechanisms 

behind the temporary disappearance of R. pseudoumbilicus in the tropics most likely involved the 

interplay between a broad range of ecological changes and evolutionary processes affecting the 

Reticulofenestra assemblages.  
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Popular Science Abstract  

The Biogeographical Extent and Global Synchronicity of the Late Miocene R. 

pseudoumbilicus Paracme  

Joseph Asanbe 

 
Previous studies carried out in tropical regions show that a species of coccolithophore (a type of 

unicellular algae) known as Reticulofenestra pseudoumbilicus temporarily disappeared and reappeared 

around 8 million years ago. This interval is defined as the Reticulofenestra pseudoumbilicus “paracme”. 

Prominent questions on the cause, geographical extent, and the timing of the interval in higher latitudes 

are yet to be answered. It is also unclear whether the event occurred simultaneously in different areas. 

In order to fully understand the timing, duration and the worldwide occurrence of the event, 49 sites 

drilled over the course of several decades of ocean drilling expeditions were compiled into a database. 

These deep-sea drilling sites cover major ocean basins and seas. The result of the compilation shows 

that the interval of temporary absence of R. pseudoumbilicus mainly occurred in the tropical (30° from 

the equator) and subtropical (between 30° to 60° of the equator) regions. The timing and duration of the 

interval in the tropical area are comparable. Age estimates from sites in the tropical and subtropical 

regions indicate that the event started roughly around 8.8 million years ago and ended approximately 

7.2 million years ago. The duration of the interval became shorter toward the southern higher latitudes. 

However, the timing of the event in the southern South Atlantic is comparable, which signifies a 

different time duration for the event in the area. The absence of the morphospecies was not observed in 

the North Atlantic (beyond 60° from the equator), meaning that the organism didn’t disappear and was 

consistently present during the interval. 

A detailed investigation of the interval at ODP Site 806 involved the evaluation of nannofossil 

assemblages (fossil coccoliths), the rate of carbonate accumulation and the size variation within the 

Reticulofenestra group. Three distinct stages were observed; this includes low, high, and “crashed” 

accumulation rates of nannofossils on the sea floor. The temporary disappearance of R. pseudoumbilicus 

is associated with a period of high nannofossil accumulation described as the late Miocene biogenic 

bloom interval (ca 9–4.4 million years). Smaller Reticulofenestra (<3 µm of single coccolith) are the 

most prominent groups during this period. This study also shows that the decline in smaller 

Reticulofenestra abundance occurred in conjunction with the “crashed” carbonate accumulation on the 

seafloor. These findings indicate that the cause of the temporary absence of R. pseudoumbilicus is 

possibly a result of a concurrent change in ecology and the evolution of the Reticulofenestra species. 

 

Keywords: late Miocene, biogenic bloom, nannofossil biostratigraphy, paleo-productivity,

Reticulofenestra size variation
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1 Introduction  

Coccolithophores are unicellular calcifying marine phytoplankton with cell diameters of 2–20 µm. They 

belong to the Class Coccolithophyceae (Prymnesiophyceae) (Hibberd, 1976) of the Division 

Haptophyta (Edvardsen et al., 2000; Eikrem et al., 2017). Being a calcareous organism, which produces 

calcium carbonate (CaCO3) scales (coccoliths) through intracellular calcification, they are one of the 

most important inorganic carbon fixing organisms; others include foraminifera and pteropods. They 

contribute ~10% of the total phytoplankton organic carbon production through photosynthesis in 

modern oceans (Poulton et al., 2007) and account for ~50% of pelagic CaCO3 sediment (Broecker and 

Clark, 2009). Coccolithophores are controlled by a wide range of factors which include but are not 

limited to sea surface temperature (SST), light intensity, seawater carbonate chemistry, salinity and 

nutrient level (Winter and Siesser, 1994). They have a wide geographical distribution, with prominence 

in oligotrophic waters and sub-tropical oceanic gyres (Winter and Siesser, 1994; Hulburt, 1963, 1964). 

The lowest-diversity assemblages are associated with a strongly eutrophic and unstable environment 

with extreme ecological conditions (Brand, 1994, Roth, 1994). In accordance with a wide geographical 

distribution, ecological and geographical controls of marine plankton may alter their morphology, thus 

making some fossil coccoliths (also known as nannofossils) good indicators for palaeoceanographic 

conditions.  

Aside from being important palaeoceanographic indicators, unique attributes such as their 

planktonic mode of life, rapid evolution, cosmopolitanism and abundant occurrence make nannofossils 

highly useful for biostratigraphy purposes in pelagic environments. Changes in the occurrence and 

abundance of key taxa form the basis of nannofossil biozonation, with which biostratigraphic events (or 

“bioevents”) can be correlated between locations across considerable distances (Martini, 1971; Raffi et 

al., 2006; Backman et al., 2012). Some of the most commonly used bioevents include the first 

occurrence (FO or base) or last occurrence of taxa (LO or top), temporary absence of taxa (paracme), 

and an interval of peak abundance (acme) (Raffi et al., 2006; Backman et al., 2012). Establishing these 

events as biomarkers with effective potential for correlation largely depends on their geographical 

distribution and the synchronicity of the events in different areas. Biostratigraphy and correlation with 

such events are largely poor and unreliable in situations where these conditions are not met.  

This study mainly focuses on fossil coccoliths of the morphospecies Reticulofenestra 

pseudoumbilicus Gartner 1969, that first appeared in the middle Miocene (within the NN4 zone) and 

was last recorded in the middle Pliocene (at the top of the NN15 zone; Martini, 1971). The taxon belongs 

to the family Noelaerhabdaceae. The genus Reticulofenestra has been previously found to exhibit 

significant morphological variability during the Miocene (Young, 1990). Morphospecies are broadly 

classified into four morpho-groups based on coccolith size ranges as “small”, “medium”, “large”, and 

“very large” reticulofenestrids. The very large morphospecies, taxonomically referred to as R. 

pseudoumbilicus, exceeds 7 µm in size (Rio et al., 1990; Raffi et al., 1995). 
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The stratigraphic occurrence of R. pseudoumbilicus in the fossil record is characterised by a 

temporary disappearance of this morphospecies in the fossil record, followed by its reappearance in the 

late Miocene (Tortonian Age), so that it would seem no extinction event was involved. This stratigraphic 

interval was first observed in deep-sea drilling cores from the Indian Ocean (Rio et al., 1990; Young, 

1990). Young (1990) identified and described this interval of the disappearance of the very large 

reticulofenestrids, and termed it the “small Reticulofenestra interval,” although the same interval is also 

known as the R. pseudoumbilicus “paracme”, coined around the same time by Rio et al. (1990). The 

gap in occurrence has also been referred to as the “absence” of R. pseudoumbilicus, with the base and 

top of interval called “base absence” and “top absence”, respectively (Backman and Raffi 1997). The 

temporal disappearance of R. pseudoumbilicus defined the base, and its reappearance the top, of the 

paracme which was dated at 8.8 and 7.2 Ma in the late Miocene (Backman and Raffi, 1997). The start 

of the paracme in the late Miocene, as reported by Backman and Raffi (1997), coincided with a period 

of a dramatic rise in ocean productivity commonly referred to as the late Miocene biogenic bloom 

interval. The late Miocene biogenic bloom interval, typically defined as a period of increased marine 

biological productivity during the late Miocene, lasted until the early Pliocene and was characterised 

by a remarkable increase in the mass accumulation rates of calcium carbonate, silica, phosphorous and 

barium (Dickens and Owen, 1999; Diester-Haass et al., 2002, 2004, 2005; Grant and Dickens, 2002). 

The prominence of this interval in the tropical sites in the eastern Pacific makes it an important tool to 

investigate the paleo-productivity changes in this study.    

Together with the earliest reports of the interval in the equatorial Indian Ocean (Rio et al., 1990; 

Young, 1990), the R. pseudoumbilicus paracme has also been recorded in the equatorial Pacific Ocean 

(Takayama, 1993; Raffi and Flores, 1995), the western equatorial Atlantic and the Caribbean Sea 

(Kameo and Bralower, 2000). While the documentation of the stratigraphic occurrence of R. 

pseudoumbilicus paracme in several sites is notable, information regarding the synchronicity and 

geographical extent of the interval is relatively unknown, thus limiting its reliability as a biostratigraphic 

marker. Aside from the shortage of information on the timing, duration and geographical extent of the 

interval, the mechanism responsible for the R. pseudoumbilicus paracme is also unknown. Although 

three hypotheses were proposed by Young (1990) as a likely cause; namely i) climatic and ecological 

factors without genetic implication, ii) pure evolutionary change that has nothing to do with climate or 

environmental variability, iii) a combination of evolutionary and external factors. This study aims to 

explore the temporal and geographical variability of the R. pseudoumbilicus paracme with a special 

emphasis on overall nannofossil abundance and the morphological disparity within the Reticulofenestra 

assemblages (also known as reticulofenestrids) in the western equatorial Pacific Ocean, at Ocean 

Drilling Program (ODP) Site 806. 
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2 Aim 

The first part of this thesis investigates the geographical extent of the R. pseudoumbilicus paracme in a 

set of 49 deep-sea drilling sites compiled herein for this purpose. The compilation includes sites drilled 

over several decades of the international ocean drilling programs, including the Deep-Sea Drilling 

Project (DSDP), Ocean Drilling Program (ODP), Integrated Ocean Drilling Program (IODP, 2004–

2014) and International Ocean Discovery Program (IODP, 2014–current). Here, the objective is to 

determine the global extent and the variability in the timing and duration of the paracme event. 

Interpreting event timing from the depth in core, in this case, is facilitated by coherent age-depth model 

construction. Information obtained from studied sites is primarily dependent on the location, paleo-

productivity, and coccolith preservation level in those sites. This study also discusses the mechanism 

responsible for the paracme.  

The thesis also focuses on the site-specific investigation of Reticulofenestra size categories and 

nannofossil accumulation rates (coccolith fluxes) at ODP Site 806 and concurrent climate and 

environmental changes. Estimating the NAR will reveal nannofossil contribution to biogenic export 

production, providing a possible link to examine the late Miocene paleo-productivity (PP) changes 

denoted by the late Miocene biogenic bloom interval. The site studied here also records the R. 

pseudoumbilicus paracme, previously identified by Takayama (1993). The main objective of the 

nannofossil study at ODP Site 806 is to (1) investigate the core depth of occurrence of the paracme and 

then use the updated age-depth model to determine the age for the “top” and “base” of R. 

pseudoumbilicus paracme, (2) determine not only the relative abundance of Reticulofenestra size 

categories but also their accumulation rates (“fluxes”) and (3) examine accumulation rates with respect 

to late Miocene paleo-productivity changes. The overall outcome of this thesis aims to clarify the 

significance of the R. pseudoumbilicus paracme as a reliable marker zone in biostratigraphy. 

Understanding the cause of the biotic changes in the late Miocene will help us establish a possible link 

between the ecological and paleo-productivity change in the late Miocene and Reticulofenestra size 

variation. 

 

3 Background 

3.1 Reticulofenestrid Taxonomy: An Overview  

Coccoliths belonging to the Reticulofenestra genus have highly similar morphological features with 

distinctive structures such as a central area and rim structure, making them easily recognisable under 

the light microscope (Young, 1990). With a stratigraphic record extending back to the Eocene, they 

dominate the Neogene assemblages. Species-level identification in the middle Miocene to early 

Pliocene interval is purely based on arbitrary criteria such as the length of the coccolith (also known as 

interlocking “placolith”) and size of their central area opening. The earliest attempt at classifying 
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Reticulofenestra in the literature identified eight species among the late Miocene Reticulofenestra based 

on placolith length and the size of their central open area (Backman, 1980). This classification includes 

1) R. pseudoumbilicus (Gartner) Gartner, 1969, 2) R. minutula (Gartner) Gartner, 1969, 3) R. minuta 

Roth, 1970, 4) R. gelida Geitzenauer, 1972, 5) R. haqii Backman, 1978, 6) Dictyococcites productellus 

Bukry, 1975, 7) D. perplexus Burns, 1975, and 8) D. antarcticus (Haq, 1976). Dictyococcites coccoliths 

are said to have closed (calcified) central areas, thus justifying their grouping in a separate genus (Bukry 

1975; Burns 1975; Haq 1976). These species have since been reclassified into the Reticulofenestra 

genus (Wise, 1983; Driever, 1988; Gallagher, 1989; Young, 1990), although the view is contested (Haq 

1971; Backman, 1980; Pujos 1985; Perch-Nielsen et al., 1985). 

The morphospecies with open central areas, R. pseudoumbilicus and R. minutula, are almost 

identical in every aspect except in placolith size, with the former being considerably larger (>5 µm). R. 

minutula was defined to range between 3–5 µm in placolith size (Backman, 1980). It is distinctive from 

the morphospecies R. haqii, which has a smaller central opening. R. minuta is the smallest species of 

Reticulofenestra, originally described from Oligocene sediments as generally less than 3 µm in placolith 

size (Roth, 1970). By uniting the different categories, a qualitative way of grouping based on size was 

proposed by Backman (1980). Thus, establishing three categories, namely, <3 µm, 3–5 µm and > 5 µm 

categories. For biostratigraphy purposes, this definition has since included R. pseudoumbilicus in the 

fourth category of species ≥7 µm (Rio et al., 1990; Raffi and Flores, 1995).  

The adoption of this grouping category incorporates the morphospecies of Reticulofenestra with 

closed central areas, which were also abundant during the late Miocene. With this grouping method, a 

detailed study of placolith size of all Reticulofenestra present within the time interval covered in this 

study is possible. It also offers some advantages in determining the size variation of Reticulofenestra 

through time. The synthesis of these earlier studies established the basis for the grouping criteria used 

at Site 806. 

3.2 Late Miocene to Pliocene Time Biozonation  

The most notable nannofossil biostratigraphic schemes for the Neogene period are those of Okada and 

Bukry (1980; calcareous nannofossil (CN) zonation) and Martini (1971; Neogene nannofossil (NN) 

zonation), which to date form the standard for nannofossil biozonation. Backman et al. (2012) 

introduced a third scheme for the Plio-Pleistocene (PL) and Miocene (M) (denoted with CNM and 

CNPL), which remains largely congruent with CN and NN schemes. The late Miocene to early Pliocene 

time interval consists of nine CN zones and twelve NN zones. The details of the nannofossil biozones 

and the biomarkers investigated and complied in this study interval are shown in Figure 1.  
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Figure 1. Neogene calcareous nannofossil biozonation considered in the studied interval (modified from Agnini 

et al., 2017, fig. 7). 



 

6 
 

3.3 Site Overview 

3.3.1 Site Selection and Time Interval  

To gain insight into the geographical and temporal distribution of the R. pseudoumbilicus paracme, 49 

sites were examined. Most of the sites retained for the purpose of this study have proper documentation 

of the bioevents within the time interval of interest. These sites were selected from the Indian Ocean, 

North and South Atlantic, Eastern and Western Pacific, and the Southern Ocean. Sites from the 

Caribbean and the Mediterranean seas were also included. As the main focus of the compilation is to 

track the occurrence of R. pseudoumbilicus, emphasis was placed on the time interval between 3.5 to 

10 Ma. All nannofossil biomarkers occurring within this interval were considered except in cases where 

they were not reported at the site. The overview of all the sites studied, including the primary Site 806, 

is presented in Figure 2. 

3.3.2 ODP Site 806 

The samples investigated in this study were recovered from a drill core collected during the Ocean 

Drilling Program (ODP) Leg 130 at Site 806, Hole B. The site is situated on the north-eastern margin 

of the Ontong Java Plateau in the western equatorial Pacific (0°19.1'N, 159°21.7'E) at a current water 

depth of 2550 meters (Takayama, 1993). The hole is one of the 16 holes drilled at five sites (803–807) 

during the expedition. The sedimentary sequence ranges from upper Oligocene to Pleistocene and 

consists of foraminifer nannofossil ooze and chalk to nannofossil ooze and chalk with foraminifers as 

the lithologic units (Berger et al., 1993). The 34 studied samples in this site span from late Miocene to 

early Pliocene time intervals.  

  



 

7 
 

4 Methodology 

4.1 Site Compilation and Data Processing  

A total of 49 deep-sea drilling sites that recovered the late Miocene to the early Pliocene interval, with 

the possible occurrence of the R. pseudoumbilicus paracme, were compiled into a biostratigraphic 

database. The studied sites cover broad geographical areas from the equator to the higher latitudes; 21 

sites were selected from the Indian Ocean, 18 from the Pacific Ocean, six from the Atlantic Ocean, two 

from the Southern Ocean (in the sub-Antarctic zone), and one each from the Mediterranean and the 

Caribbean Sea (see Figure 2 and Table S2 for information on all sites and locations). In addition to the 

compilation, detailed microscopy was carried out on samples collected from ODP Site 806 located in 

the western equatorial Pacific. 

For each site, the age and core-section depth of nannofossil biomarkers were extracted from the 

initial site reports and other relevant publications. The biomarker depths initially recorded in the core-

section format were converted to meters below sea floor (mbsf) using the International Ocean Discovery 

Program information system database (LIMS). LIMS contains a detailed record of drilling data, 

including core type, depth record in core-section, measured as mbsf and meter composite depth (mcd) 

in case multiple holes of the same site were combined in one record. The mean depth and depth-error 

values were calculated from the top and bottom mbsf values. The absolute age of the biostratigraphic 

markers was updated into a uniform age calibration (see below), allowing correlation across all sites. 

Thus, eliminating the limitation imposed by using different age schemes originally reported for each 

site between 1945 and 2014. 

4.2 Age Models  

Two age models were created for each site, Model A1 and Model A2 (see Table S1 for the detailed list 

of Model A1 and A2 ages generated). Model A1 follows the geological time scale of Gradstein et al. 

(2012; GTS2012), using calibrated ages and age-error estimates for nannofossil biomarkers compiled 

by Anthonissen and Ogg (2012). The alternative Model A2 was primarily based on bioevent age 

calibrations by Backman et al. (2012) and Zeeden et al. (2013). When both age estimates were available 

from both sources, a more considerable error margin was considered. GTS2012 age estimates were used 

as a substitute in cases where age and error estimates were not reported in either Backman et al. (2012) 

or Zeeden et al. (2013). Age-depth models were created using Undatable MatLab age‐depth modelling 

software Version 1.1 (Lougheed & Obrochta, 2019). The software accounts for uncertainty in age and 

depth and generates mean and median age-depth outputs with error estimates distributed in 68% and 

95% percentiles (See supplementary figures for samples of age-depth model plot generated from 

Undatable). 
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4.2.1 Undatable Protocol 

Input text files created for Undatable contain the age, depth, depth-error and age-error estimates. The 

age error used was based on compiled age-error estimates in Model A1 and A2; a 100 ky error was 

assumed for bioevents with unknown age-error margins. Cases of age reversals where older events were 

stratigraphically placed above younger ones were treated by Undatable. But in rare cases, where the 

result from Undatable is not feasible, priority was placed on the most reliable bioevents while the 

unreliable ones were excluded from the analysis. For example, there was an observed age inversion 

between the top of Triquetrorhabdulus rugosus and the base of Ceratolithus acutus in a few sites. The 

base of C. acutus is stratigraphically placed above the top of T. rugosus. The base of C. acutus was 

prioritised to resolve this issue as it has been more references in several biostratigraphic schemes 

(Backman et al., 2012; Zeeden et al., 2013). Based on this assumption, the top of T. rugosus was 

excluded from the Undatable runs in ODP Site 806. This approach was adopted in excluding the tops 

of C. floridanus, Calcidiscus premacintyrei, and Coronocyclus nitescens, from Undatable run in sites 

844–853. Finally, all age-depth models were generated using 1000 iterations and 18% bootstrapping. 

Other required settings remained in default mode. Because Model A1 and A2 compare fairly without 

significant difference in interpretation, only the results from Model A1 is presented in this study. 

4.3 Sample Preparation and Counting  

A total of 34 sediment samples from ODP Site 806 were selected for laboratory analysis. All samples 

were prepared using "the drop technique" as described in Bordiga et al. (2015). The samples were dried 

in the oven for 24 hours to remove moisture. 5 mg of dried specimens were weighed on a microbalance 

with 0.0001 g accuracy. The weighted fraction was then added to a 40 ml buffer solution prepared from 

25% ammonia to create a sediment suspension. The mixture was then placed in an ultrasonic water bath 

to allow proper disintegration and dispersion of the particles. Using a high-precision micropipette, 1.5 

ml of sediment suspension was added to a 32 x 24 mm glass coverslip. The coverslip was placed on a 

hotplate under low heat for 24 hours to allow slow settling and equal distribution of the particles. The 

coverslip was then mounted on a slide using Norland Optical Adhesive (NOA61).  

Microscope slides were analysed using a Zeiss microscope under 1000x magnification. The 

distribution and abundance of nannofossils were determined by counting a minimum of 300 specimens 

in different fields of view. The field of views was taken in two-to-three transects along the short axis of 

the slide. For detailed evaluation, nannofossil taxonomy was determined at the family and genus level. 

Reticulofenestrids were counted in four size-defined categories, namely the very large R. 

pseudoumbilicus (>7 µm), large R. pseudoumbilicus (5–7 µm), medium Reticulofenestra (3–5 µm), and 

small Reticulofenestra (<3 µm). Helicosphaera, Umbilicosphaera, Calcidiscus, and other unidentified 

groups of coccoliths were counted in a single group as “other placoliths”. Coccolithus, Discoaster, and 

Sphenolithus, were counted separately.  
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4.3.1 Nannofossil Abundance 

The absolute nannofossil abundance per gram of sediment (in N/g) was determined for each sample 

using the following parameters; the number of specimens counted as N, the number of fields of view 

counted (FOV) as n, area of field of view (mm2) as f, area of the coverslip (mm2) as A, and the weight 

of dry sediment on the coverslip (g) as W. The parameters were calculated as shown in equation 1 below 

(Koch and Young, 2007). 

X = (N × A)/ (f × n × W)        (eq. 1) 

4.3.2 Bulk Mass Accumulation Rate and Nannofossil Flux Rate 

The mass accumulation rate (MAR; g cm-2kyr-1) of bulk sediment samples was calculated by 

multiplying linear sedimentation rate (LSR; cm/kyr) and dry bulk density (DBD; g/cm3). The mass 

accumulation rate of the fine sediment samples (with size fractions <38 µm) was calculated from the 

multiplication of fine-fraction density obtained from a previous study (Suchéras-Marx and Henderiks, 

2014) and linear sedimentation rate. The linear sedimentation rate estimate used in this case was derived 

from age-depth Model A1 (Fig. S1). Nannofossil flux rate was calculated from the multiplication of 

MAR (bulk and fine sediment) and total nannofossil absolute abundance. 
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Figure 2. Late Miocene (10 Ma) palaeogeographic reconstruction showing deep-sea drill sites compiled in this 

study. The blue circle with star represents the primary site of nannofossil investigation. Sites that recorded the 

occurrence of R. pseudoumbilicus paracme are indicated in green circles, whereas sites with age estimates for the 

paracme event are shown in blue circles. White circles show sites that do not record the R. pseudoumbilicus 

paracme. Map generated on www.odsn.de (webpage consulted in 2022). 
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5 Results 

5.1 Data Compilation and Timing of the Paracme 

Some of the raw data compiled from the initial site reports and related publications were unstructured 

and, in some cases, hampered by different reporting modes. Cleaning and uniform formatting of the 

data collected allowed for a clear and systematic investigation of the datasets. The occurrence of the R. 

pseudoumbilicus paracme was reported in 46 out of 49 sites, but depth and age references of the event 

were only available in 21, namely Sites U1338A-C, 844-851, 969E, 999A, 926B, 925, 588, 1264, 1088 

and 806B (Fig. 2 and Table 1). The base and top of the R. pseudoumbilicus paracme were reported as 

biostratigraphic events in some sites. Available records from the remaining sites are insubstantial and 

do not include the mbsf/depth of occurrence, nor was the paracme reported as a bioevent.  

The estimated ages of the R. pseudoumbilicus paracme as compiled from the literature and using 

updated age-depth models (Model A1) are presented in Table S1. The interval at Site 806 has a base 

and top age of 8.8 and 7.2 Ma, respectively (Table 1). Similar ages were reported in Sites U1338A to 

U1338C within a narrow age bracket. The base occurs between 8.89 to 8.8 Ma and the top between 7.3 

to 7.2 Ma. The difference between the oldest and youngest age estimates is about 100 ky for the base 

and less than 20 ky for the top. The age estimates for the R. pseudoumbilicus paracme at Sites 844 to 

853 have a larger difference compared to age estimates from Site U1338. The estimated ages for the 

base, or beginning of the interval ranges between 9.5 Ma (the earliest age recorded in the sites) and 8.7 

Ma. In most sites, the age estimates suggest an earlier onset of the paracme than other sites in the 

equatorial Pacific (Sites U1338 and 806), except for Sites 844C and 848B, which result in base ages 

younger than 8.8 Ma (Tab. 1). The youngest top age of the R. pseudoumbilicus paracme, 6.9 Ma, was 

inferred at Sites 852B and 849B. Site 851B, however, recorded a much earlier termination of the interval 

at 7.5 Ma. Site 926B, located in the equatorial Atlantic, recorded a similar time interval to other sites in 

the equatorial region (Sites U1338 and 806), with a base and top age of 8.8 Ma and 7.2 Ma (Tab. 1), 

respectively. However, age estimates from neighbouring Site 925, also located in the equatorial 

Atlantic, differ significantly in timing. Since the samples recovered within the paracme have been 

subjected to enhanced carbonate dissolution (Curry et al., 1995), it was rather difficult to pinpoint the 

actual timing of the event at Site 925. 

Age estimates of the paracme in the Southern Ocean, Southwestern Pacific and the South Atlantic 

as reported at Sites 1088, 588 and 1264 (Tab. 1) differ substantially compared to the equatorial sites. 

The top of the interval in the Mediterranean site 969E constitutes an outlier in the dataset, with an 

inferred age at 5.1 Ma (Tab. 1). But since it was the last event recorded in the hole, there is no way in 

telling whether the re-appearance occurred deeper in the hole and thus this younger age estimate may 

not pinpoint the exact top of the paracme. Also, it lacks the lower boundary tie point needed to convert 

the depth of occurrence to the age model used in this study. Hence the age reported for the event was 

considered with caution.   
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 Table 1. Summary of age estimates for the base and top of the Reticulofenestra pseudoumbilicus paracme, as 

determined based on age-depth model revisions in this study, using Model A1. Minimum and Maximum estimates 

are indicated in bold for each datum and linear sedimentation rate (LSR) in the interval between 6–9 Ma. 

  

Sites Top 

Paracme 

Age (ka) 

Base 

Paracme Age 

(ka) 

LSR 

(cm/kyr) 

Water-Depth 

(m) 

Location Ocean 

U1338A  8906 3.02 4200 EEP Eastern Pacific 

U1338B 7308 8808 3.02 

U1338C 7283 8852 3.26 

844B 7160  0.68 3414.5 Guatemala Basin 

844C  8792 0.62 

845A 7047.5  1.36 3702.4 

846B  8889 2.50 3295.6 

848B  8763.5 0.73 3867.3 

848C 7397  0.78 

849B 6974 9465 3.02 3850.8 

850B 7018 8939 4.10 3797.8 

851B 7516 8975 2.92 3772 

852B 6932 9238 1.10 3871.6 

853B 7098  nan 3727.2 

969E 5010  nan 2201.1 Mediterranean Sea Mediterranean Sea  

999A 7270 8656.5 1.50 2838 Caribbean Sea Atlantic Ocean 

925 6332 8303 2.57 3053 Ceara Rise 

926B 7158 8808 1.73 3598 Ceara Rise 

588 7778 8491 2.80 1533 Lord Howe Rise Southwest Pacific 

806 7200 8800 4.48 2521 Ontong Java Plateau Western Equatorial Pacific 

1264 7003 7350 1.77 2507 Walvis Ridge Central Atlantic  

1088 6816 

  

7580  1.54 2082 Agulhas Ridge Southern Ocean (Sub-

Antarctic) 
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5.2 Nannofossil Absolute Abundance at Site 806 

Nannofossil abundance generally increased from the late Miocene to early Pliocene at Site 806 (Fig. 

3A). The increasing trend follows a cyclical fluctuation with a series of major and minor peaks and dips 

in abundance. The estimate ranges from 6.6 E+9 to 3.8 E+10 nannofossils/gram. The minimum value 

was recorded at ~10 Ma. A gradual rise of generally low abundance characterised the period between 

10 to 8 Ma. A rapid spike in abundance level was recorded after 8 Ma. This was followed by several 

peaks reaching a maximum value of 3.8 E+10 at 4.8 Ma. The period that followed was marked by a 

notable decline in the nannofossil abundance at 4.4 Ma (Fig. 3A). 

5.3 Accumulation Rates at Site 806  

The bulk sediment mass accumulation rate (bulk MAR) shows a two-step increase in the late Miocene 

from 3.06 g/cm2/kyr at 9.7 Ma to 4.97 g/cm2/kyr at 7.7 Ma (Fig. 4B). The bulk MAR maintains stable 

values ranging from 4.9 g/cm2/kyr to 4.7 g/cm2/kyr between 8.0 Ma and 5.6 Ma before gradually 

decreasing to 4.27 g/cm2/kyr at 5 Ma. This interval was followed by a sharp drop to 3.08 g/cm2/kyr at 

4.8 Ma. The trend in bulk MAR closely tracks the fluctuations in linear sedimentation rate (Fig 4A).  

Total coccolith fluxes consider the nannofossil absolute abundance and bulk MAR, revealing the 

actual accumulation rate (or “flux”) of coccoliths. The consideration of the nannofossil accumulation 

rate can be used in reconstructing paleo-productivity, especially where coccolithophores constitute the 

major carbonate export (Lototskaya et al., 1998). Total coccolith flux fluctuated between 2.1 E+10 and 

1.5 E+11 cm-2 kyr-1 during the studied interval with four prominent peaks (Fig. 3C). Between 10 and 9 

Ma, coccolith flux was generally low, with an average of 4.8 E +10 cm-2 kyr-1 (Fig. 4C). The interval of 

the biogenic bloom is particularly distinctive in Site 806. The flux rate increased rapidly after 9 Ma, 

doubling the flux rate recorded before 9 Ma. The high coccolith fluxes, on average 1.1 E +11 cm-2 kyr-

1, were sustained until 4.8 Ma, when the flux rate declined to about 4.9 E +10 cm-2 kyr-1 at 4.4 Ma. 

Sphenolithus, Discoaster, medium, large and very large Reticulofenestra were the major contributing 

species to the coccolith flux before 9 Ma (Fig. 3B, C). After 9 Ma, the contribution from small 

Reticulofenestra increased, replacing the large Reticulofenestra in the mix. During this period, flux 

contribution from large Reticulofenestra diminished and remained low in the remaining interval. The 

medium-sized Reticulofenestra, small Reticulofenestra and Sphenolithus remained the main 

contributors to coccolith fluxes up until 6 Ma when Sphenolithus declined. A major spike in the 

accumulation of small Reticulofenestra occurred at 5.9 Ma (Fig. 3B), leaving the small Reticulofenestra 

as the largest contributor to coccolith fluxes until the eventual decline in total nannofossil fluxes at 4.4 

Ma.  
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 Figure 3. Plots of A) nannofossil absolute abundance B) the top three most abundant counting categories and 

Discoaster C) the bottom four least abundant categories at Site 806. 
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5.5 Nannofossil Species Composition at Site 806 

The Reticulofenestra morpho-groups and Sphenolithus spp. are the most abundant groups in the 

assemblages recorded across all investigated samples (Figs 3A, B; 5A). On average, they account for 

nearly 90% of the entire assemblage. Other groups consisting of Discoaster, Coccolithus and other 

placoliths have an average abundance below 20 % of the total abundance (Figs 3C; 5A). From 10 to 9 

Ma, the dominant groups were Sphenolithus, medium and large Reticulofenestra. The small 

Reticulofenestra morphospecies showed close to zero abundance and was virtually absent in most 

samples during this interval (Figs 3B; 5A). Medium Reticulofenestra declined in abundance from 78% 

to 2% at 8.8 Ma (Fig. 5A, B). The percentage abundance of the large Reticulofenestra with a size ≥7 

μm ranges between 3.5% and 1.7%, and it declined to zero around 8.8 Ma, marking the base of the R. 

pseudoumbilicus paracme. Between 8.8 Ma and 5.9 Ma, small Reticulofenestra, medium 

Reticulofenestra and Sphenolithus dominated the assemblages. The small and medium Reticulofenestra 

follow an inverse trend in abundance fluctuation (Fig. 5B). The larger Reticulofenestra and other groups 

have a low relative abundance compared to the dominant groups. The peaks in abundance of small 

Reticulofenestra occur between 5.9 to 4.1 Ma, coinciding with the decline of medium Reticulofenestra 

(Fig. 3B). 
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Figure 4. Plot of A) linear sedimentation rates, B) bulk mass accumulation rates, C) coccolith accumulation (or 

“flux) rates (NAR) at Site 806 during the late Miocene and earliest Pliocene. The blue shading demarks the late 

Miocene biogenic bloom interval. The thick blue line depicts the main increase in bulk mass accumulation rate 

and coccolith fluxes (NAR). 
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Figure 5. Relative abundance of A) total Reticulofenestra group, Sphenolithus, Discoaster, Coccolithus and 

placoliths groups, B) sum of bloom forming species, small Reticulofenestra, and medium Reticulofenestra, C) 

small versus medium Reticulofenestra (counts by Takayama, 1993) at Site 806.   
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6 Discussion  

6.1 Geographical Distribution of R. pseudoumbilicus Paracme  

The initial results obtained in ocean drilling expeditions over the past five decades differ greatly in 

terms of mode of core recovery and reporting, thereby constituting a major variation in the level of 

details and confidence in data compiled herein. The robust compilation of sites considered in this study 

provides a global view of the latitudinal distribution of R. pseudoumbilicus paracme across major 

oceans and seas. Initial drilling reports (shipboard data) reveal that the R. pseudoumbilicus paracme is 

well represented in all major oceans considered. With the vast majority of the sites located within 30 

degrees of the equator, the paracme can be said to be most prominent in low latitudes (Fig. 2). Sites 

within this region have been intensively studied compared to those located in higher latitudes.  

Earlier studies in the Indian Ocean by Young (1990) show the presence of a small Reticulofenestra 

interval which is characterised by the disappearance of large Reticulofenestra. The major limitation here 

is that only Sites 251, 249 and 223 clearly show the disappearance of large Reticulofenestra. Poor 

preservation greatly reduced the reliability of the information available from other sites used in the 

Young (1990) study. Preservation and lack of detailed information on the definition of the “small 

Reticulofenestra interval” limit the reliability of age estimates of the paracme in these sites; hence the 

result should be interpreted with caution. The biostratigraphic records obtained in a later expedition 

(ODP Leg 115) to the Indian Ocean, at Sites 707 to 715 (Rio et al., 1990), provide strong support for 

interpreting the small Reticulofenestra interval as a paracme event of R. pseudoumbilicus in the Indian 

Ocean. In the Pacific and Atlantic oceans, the record is well resolved with elaborate information about 

the depth and timing of the event (see for example also Backman and Raffi, 1997).  

The R. pseudoumbilicus paracme is also observed in the middle latitude range at sites located in the 

North Atlantic, South Atlantic and North Western Pacific. However, some sites within the middle 

latitude range do not record a paracme. Samples investigated in North Atlantic Site 982 show a 

continuous occurrence of R. pseudoumbilicus from the late Miocene to early Pliocene (based on 

personal observation). Although there seems to be a significant change in its abundance within short 

intervals (or rather short pulses of absence), it is present throughout the paracme described elsewhere. 

Fewer studies on nannofossil biostratigraphy have been carried out in the higher latitude areas. Several 

DSDP legs conducted in the Southern Ocean, hampered by poor recovery and core disturbance, also 

lack recovery of carbonates (Marino and Flores, 2002), failing to yield accurate Miocene to Pliocene 

calcareous nannofossil biostratigraphy. Drastic diminishing of carbonate production in the late Miocene 

resulting from climatic cooling and a decrease in sea level (Davies et al., 1991) could be potentially 

linked to low carbonate accumulation in the Southern Ocean. Biostratigraphic studies in the area are 

mainly based on siliceous microfossils such as diatoms and radiolarians and sometimes including 

foraminifera. After the preliminary shipboard biostratigraphy study reported the absence of R. 

pseudoumbilicus paracme at Site 1088 in the Sub-Antarctic sector of the Atlantic Ocean (Shipboard 
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Scientific Party, 1999), the paracme was later confirmed in a subsequent study by Marino and Flores 

(2002). 

Based on the data compilations in this study, it seems that the paracme is typical for low-to mid-

latitudes and absent in the high latitudes (beyond 60°) (Fig. 2), as there is no observation of the paracme 

in those areas. Since there are no longitudinal trends in the occurrence of the interval from the Pacific-

Indian to Atlantic axis, it is evident that the event in the tropics happened abruptly, or rather, within the 

time scale of several thousand years. This observation suggests the influence of a global control on the 

distribution of the morphospecies R. pseudoumbilicus. The paracme seems to follow a latitudinal 

gradient. As very few sites outside the low-latitude “band” truly record the event, it is possible that its 

occurrence in many regions is a factor of palaeoceanographic conditions such as climate and paleo-

productivity. It is also probable that the establishment of the event reflects the general distribution of 

coccolithophores in the oceans. Overall, the distribution of R. pseudoumbilicus paracme appears to be 

widespread, with most prominence in low and mid-latitude areas, and with the event, possible 

correlations can be made across major oceans. 

6.2 Synchronicity/Diachronicity of the R. pseudoumbilicus paracme  

6.2.1 Low and Mid-Latitude Synchronicity   

The timing of the base of the R. pseudoumbilicus paracme at 8.8 Ma in the western equatorial Pacific 

Site 806 is comparable to that at Eastern Pacific Site U1338 and equatorial Atlantic Site 926B. The 

disappearance of R. pseudoumbilicus in these locations appears to be synchronous (Tab. 1). The top of 

the R. pseudoumbilicus paracme in the western equatorial Pacific (Site 806) and Eastern Pacific (IODP 

Site U1338) is also constrained within 100 kyr and seems synchronous with the Caribbean Sea Site 

999A, where its age estimate is 7.27 Ma (Tab. 1). However, the ages of the interval as calculated in the 

eastern equatorial Pacific (EEP) is subject to greater variation when compared to the timings reported 

in the Guatemala Basin (Sites 844 to 853). Despite having a close geographical distribution in the 

eastern equatorial Pacific, the age estimates for the R. pseudoumbilicus paracme vary slightly between 

these sites. The greatest deviation was observed in Sites 849B and 852B, with an earliest age estimate 

of the interval at ca 9.6 Ma and the latest termination at 6.9 Ma (Tab. 1). The overestimation of the base 

age of the paracme here is probably due to a condensed sedimentary sequence (very low LSR or hiatus) 

and presence of barren samples recorded in Site 849B and 852B between 10.5 and 8.5 Ma (Pisias et al., 

1995). These estimates put the base and top of the R. pseudoumbilicus paracme to within 600 ka and 

200 ka of the synchronous interval of 8.8 and 7.2 Ma in the western equatorial Pacific and part of the 

eastern Pacific. Regardless of the offsets in the eastern Pacific Guatemala Basin, the R. pseudoumbilicus 

paracme is otherwise well-correlated in the tropical regions, thus establishing it as a reliable 

biostratigraphic maker at these latitudes.  
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6.2.2 Low-Mid Latitude Diachronicity  

In the higher latitudes (30°-60°), especially the South Atlantic and the Pacific Ocean, the paracme had 

shorter durations and appears largely diachronous compared to the lower latitudes. The R. 

pseudoumbilicus paracme in the southwestern Pacific Site 588 started at around 8.5 Ma and terminated 

at 7.8 Ma (Tab. 1), underscoring the earliest re-appearance of the morphospecies of all sites investigated. 

The timing here is in sharp contrast with the South Atlantic sites (Sites 1088 and 1264), where the 

interval appears to be constrained within a narrow age difference of 200 ka; the paracme event started 

at ca 7.6 Ma at Site 1088 and ca 7.4 Ma at Site 1264 (Tab. 1). With the termination of the interval 

estimated around 6.8 to 7.2 Ma at both sites, they recorded the shortest duration of the paracme globally. 

While the paracme became shorter in the higher latitudes, the significant difference in interval timing 

in southern Pacific Site 588 constitutes a major restraint on establishing synchronicity in the region. On 

the other hand, the synchronicity of the event at Sites 1264 and 1088 offers a new framework for using 

the R. pseudoumbilicus paracme as a biostratigraphic marker in the South Atlantic (including the 

subantarctic portion of the South Atlantic). Overall, the correlation of the R. pseudoumbilicus paracme 

shows fair synchronicity within the low latitudes, which generally narrows down and becomes 

increasingly diachronous towards the poles. The temporal variation of the interval follows a latitudinal 

variation, thus establishing a different time-bound in the southern hemisphere and a possible complete 

disappearance in the northern hemisphere.  

6.3 Late Miocene Paleo-Productivity and Reticulofenestra Size Variation  

The relative species abundances of nannofossils at Site 806 based on this study is comparable to counts 

initially published by Takayama (1993) when both datasets are considered on the same age model (Fig. 

5B, C). Relative counts (in %) of small and medium Reticulofenestra categories in the Takayama (1993) 

dataset are fairly similar to the results obtained in this study. The overall trend in nannofossil absolute 

abundance established herein closely tracks the general trends and variation in coccolith flux rate; 

fluctuation of these parameters in the studied interval is indicative of oceanic paleo-productivity 

changes. Three intervals can be distinguished from NAR, nannofossil absolute abundance and 

Reticulofenestra size assemblages (Fig. 3): 1) overall low NAR, accumulation rates and abundance of 

large Reticulofenestra before 8 Ma, 2) a shift to high NAR and abundance of small Reticulofenestra 

between 8 to 4.4 Ma and 3) a crash in NAR and decline of small Reticulofenestra after 4.4 Ma. 

6.3.1 Pre-Biogenic Bloom Period (before 8 Ma) 

The interval between 10.4 and 8 Ma is characterised by low bulk MAR and NAR, representing the 

lowest values recorded in the entire study interval. Previous studies show that low accumulation rates 

and NAR are linked with a deep thermocline and oligotrophic conditions in the tropical region prior to 

the onset of the late Miocene biogenic bloom (Imai et al., 2015 and references therein). The dominance 

of Reticulofenestra of larger sizes and the remarkably low abundance of very small Reticulofenestra 
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may be an indication of the prevailing conditions at the time. While the low abundance of small 

Reticulofenestra during this period is notable, the reasons for its virtual absence in most samples is still 

unknown and could be a result of poor preservation (dissolution). Representative samples with the 

absence of small Reticulofenestra are mostly characterised by poorly preserved coccoliths, including 

the large morpho-groups like large Reticulofenestra. This observation led to the interpretation that the 

absence of small Reticulofenestra between 10 and 8.8 Ma is an artefact of preservation and hence cannot 

reliably be considered as a true ecological or evolutionary change. The true abundance of small 

Reticulofenestra could have been higher in this interval.  

The relative abundance of Discoaster has been found to negatively correlate with small 

Reticulofenestra in tropical regions (Imai et al., 2015; Yuwono and Sato, 2020). Its occurrence in 

association with a high relative abundance of large Reticulofenestra and low total NAR has been noted 

as a signal of oligotrophic conditions by Imai et al. (2015). Even though the inverse relationship with 

small Reticulofenestra is easily detectable, the relative abundance of Discoaster reported in this study 

is low compared to those reported in the literature (Imai et al., 2015; Yuwono and Sato, 2020). Its peak 

abundance of 21% (compared to 80% reported elsewhere) occurs in conjunction with periods of low 

flux rates. This observation offers support for the theory linking the increase in Discoaster relative 

abundance to thermocline and nutricline deepening and sea surface stratification (Imai et al., 2015). The 

disappearance of large Reticulofenestra (>7 µm) between 8.8 and 9 Ma marked the base (start) of the 

Reticulofenestra pseudoumbilicus paracme. This biostratigraphic event is not a result of poor 

preservation, as the disappearance of large Reticulofenestra coincides with the reappearance of small 

Reticulofenestra (which is more prone to dissolution). A case of dissolution would have a more 

profound effect on smaller-sized specimens than the larger R. pseudoumbilicus. The presence of other 

morpho groups of smaller size categories during this period also confirmed the “crash” of the larger 

morphospecies and base of the R. pseudoumbilicus paracme. 

6.3.2 Late Miocene to Early Pliocene High Productivity Interval (8–4.4 Ma) 

The crash in large and medium Reticulofenestra abundance coincides with a dramatic rise in small 

Reticulofenestra at 8.8 Ma (Fig. 3B, C), signifying a major morphological shift within the 

Reticulofenestra group. The succeeding period of quick recovery of medium Reticulofenestra and low 

abundance of larger Reticulofenestra suggest a rapid pace of biological adaptation to a probable 

environmental change in medium Reticulofenestra. In this interval, high NAR coincided with high 

accumulation rates suggesting that the export production of nannoplankton played a significant role in 

carbonate deposition at the deep-sea floor. Absolute abundance is mainly driven by a change in NAR 

of the bloom-forming coccoliths (Fig. 5B), consisting of small and medium Reticulofenestra. Similarly, 

trends observed in bulk MAR show that medium and small Reticulofenestra groups contributed the 

most to coccolith carbonate export. The rapid increase in nannofossil flux and abundance between 8 

and 4.4 Ma occurs concomitantly with the period of enhanced biogenic sedimentation and elevation in 



 

22 
 

ocean productivity, referred to as the late Miocene to early Pliocene biogenic bloom (Farrell et al., 1995; 

Dickens and Owen, 1999; Grant and Dickens, 2002; Lyle, 2003; Diester-Haass et al., 2005, 2006). 

Although the start of the biogenic bloom interval, reported at 9 Ma, roughly coincides with the base of 

the paracme, the main changes in accumulation rate and NAR occurred later, around 8 Ma (Fig. 4A–

C). The productivity achieved during this period has been attributed to the rise of nutrient input into the 

oceans (Si and Rosenthal, 2019). Under a relatively constant rate of dissolution in the water column, 

increased weathering (supplying nutrients and alkalinity) would translate to elevated coccolith 

production in the euphotic zone, thereby reflecting higher NAR (coccolith fluxes) recorded during this 

period.  

Increased nutrient input in the ocean and the subsequent rise in biogenic carbonate export production 

during the late Miocene-Pliocene time interval may have resulted from a combination of factors which 

includes intense upwelling events in the low-latitudes divergence zones (Diester-Haass et al., 2002; 

Lyle et al., 2018; Si and Rosenthal, 2019), a shift in primary depocenters towards the equatorial regions 

(Dickens and Owen, 1996; Dickens and Barron, 1997), and the intensification of East Asian Monsoon 

System (EAM) (Filippelli, 1997). The synchronicity of these mechanisms led to the redistribution of 

nutrients in low latitude areas contributing to a net rise in ocean productivity (Karatsolis et al., 2022). 

The introduction of eutrophic conditions at Site 806 is mostly observed in the relative abundance of 

bloom-forming species (Fig. 3B, C; Fig. 5A-C), the small and medium Reticulofenestra (Imai et al., 

2015). Favoured by opportunistic behaviour, the smaller Reticulofenestra group thrived at the expense 

of the larger Reticulofenestra, which was reduced to a minor contributor to the total nannofossil flux. 

Small Reticulofenestra is renowned for occurring in high abundance under eutrophic conditions (Imai 

et al., 2015; Karatsolis et al., 2020 and references therein). The interplay of small and medium 

Reticulofenestra dominance observed between 8.5 and 6.4 Ma is probably an indication of ecologically 

driven morphological variation within the Reticulofenestra group (Fig. 3B, C). A similar trend was also 

recorded in the Takayama (1993) dataset (Fig. 5B, C). Despite the lower resolution data collected in 

this study, the switch in dominance between small and medium Reticulofenestra is a consistent pattern 

which appears inversely synchronised. Beaufort et al. (2022) show that the fluctuation in the relative 

abundance of small-sized and larger sized coccolith reflects broadscale ecological changes. The pattern 

shown at Site 806 (Fig. 5B, C) follows an approximately 400 kyr cycle (equivalent to one eccentricity 

cycle), thus suggesting a possible influence of eccentricity forcing. With previous studies linking 

coccolithophore production to eccentricity forcing (Beaufort et al., 1997; Rickaby et al., 2007), it is 

possible that eccentricity induced ecological changes are responsible for the size fluctuation observed 

between 8.5 and 6.4 Ma at Site 806. 

6.3.3 Early Pliocene Productivity Crash (after 4.4 Ma) 

A dramatic decrease in NAR after 4.8 Ma is consistent with the downward trend of species dominance 

in the coccolith assemblages. The abruptness of the drop in NAR coincides with the sharp decline in 
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small Reticulofenestra, which was the major contributor to coccolith flux prior to this period. The 

decline observed in other fossil assemblages is gradual and started around 5 Ma before the actual early 

Pliocene crash at 4.8 Ma (Karatsolis et al., 2020). This indicates the significance of small 

Reticulofenestra (<3 µm) in the sudden reduction in NAR during the early Pliocene (and the increase 

in NAR during the late Miocene). The drop in the accumulation rates (NAR and bulk MAR) signifies 

the crash in export production of nannofossils. It marks the termination of the late Miocene biogenic 

bloom, an event associated with a general decline in ocean paleo-productivity between 4.6 and 4.4 Ma 

(Karatsolis et al., 2022). The termination of the late Miocene biogenic bloom at Site 806 is noteworthy 

during this period. The event has been widely reported across multiple sites in the low and mid-latitudes, 

notably in the Pacific Ocean (Si and Rosenthal, 2019). Karatsolis et al. (2022) compiled the expression 

of this event in tropical and subtropical regions for all major ocean basins, signifying its global 

correlation. The end of the biogenic bloom has been associated with the reduced nutrient availability in 

low latitude regions, reduced monsoonal dynamics and a shift in depocenter from low and mid-latitude 

areas (Karatsolis et al., 2022). The subsequent decrease in overall nannofossil abundance (Fig. 3A-C 

Fig. 5A-C) is probably a result of the aforementioned factors.  

6.4 Possible Causes of the R. pseudoumbilicus Paracme  

Direct investigation of Reticulofenestra assemblages at Site 806 provides an avenue to interpret the 

temporary disappearance of R. pseudoumbilicus with respect to changes in other fossil taxa within the 

nannofossil assemblages. The dominant presence of smaller coccoliths, including the small 

Reticulofenestra in the absence window of R. pseudoumbilicus, shows that preservation was generally 

good, thus eliminating preferential dissolution as a probable cause of the paracme at this site. The 

shortening of the interval duration in the high latitudes shows that not only did R. pseudoumbilicus 

temporarily disappear in the tropics, but the distribution of the morphospecies might have shifted 

towards higher latitudes during the period. The cause of the R. pseudoumbilicus paracme in the tropics 

remains uncertain. Young (1990) suggests two extreme and one intermediate hypothesis to describe the 

causes of the temporary disappearance of R. pseudoumbilicus. On one side of the extreme, the cause 

reflects pure evolutionary change; in this scenario, there will be no environmental interferences.  The 

other one involves changes in ecological and climatic factors without genetic changes, and this 

hypothesis can also be regarded as only abiotic causes. The intermediate scenario involves both 

mechanisms of evolutionary and ecological changes.  

The dramatic size shift within the Reticulofenestra group at Site 806 around the base of the paracme 

(ca 8.8 Ma) and a characteristic high contribution of smaller Reticulofenestra during the biogenic bloom 

interval indicate morphological variation within the assemblage. It is important to note that the larger 

and smaller morphospecies show an inverse relationship in abundance during this period. While small 

Reticulofenestra (<3 µm) experienced an apparent increase at the base of the paracme, medium (3–5 

µm) and large Reticulofenestra (5–7 µm) declined (Fig. 3A, B). This type of response might be related 
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to the physiological requirements of the morphospecies, largely dependent on cell size. The slow-

growing larger species tend to have lower cell division rates, smaller chloroplasts, and complex cell 

architecture. In contrast, the more opportunistic ones adapted to rapid exploitation of resources and are 

small, simple and fast-growing (Young et al., 1994 and references therein). Although the prevailing 

conditions at the start of the paracme (~8.8 Ma) are not entirely clear, the small Reticulofenestra seem 

to have been more productive than the larger morphospecies during the paracme. The increased 

accumulation rates at 8 Ma, which translate to the bloom interval, indicate the influence of ecological 

forcing.   

In a pure evolutionary hypothesis stated by Young (1990), the disappearance of the R. 

pseudoumbilicus in the late Miocene would be an actual extinction of the species, and the reappearance 

would be the speciation of new species which is morphological indistinctive from the extinct forms. 

The evolutionary forcing of this manner would see the synchronous disappearance of R. 

pseudoumbilicus globally, meaning the paracme duration would be similar worldwide. The result 

obtained in this study contradicts this assumption as there appears to be a significant difference in timing 

and duration latitudinally. Although a pure evolutionary forcing of this nature may not be plausible, the 

influence of genetic variation within the Reticulofenestra group cannot be ruled out.  

Shortened duration and diachronous timing of the interval in the high latitude indicate a more 

regional control on the occurrence of the interval. The cause of the event on a broader scope in this 

sense is most likely a function of environmental variability in different regions. However, the 

reappearance of the morphospecies (termination of the paracme) is still very much within the biogenic 

bloom and was not associated with any apparent changes in the accumulation rates. These indicate that 

the event could not have been driven by ecological factors alone, contrary to the scenario in the second 

hypothesis where ecological factors were proposed as the only causative mechanism. as against the 

scenario in the second hypothesis. There is no direct evidence that the cause of the paracme in the mid-

latitude is entirely a result of paleoclimatic and environmental influences. Still, it is difficult to rule out 

such influences in the diachronicity of the event in these regions. The consistent presence of R. 

pseudoumbilicus in the northern hemisphere (North Atlantic), located under different climatic regimes 

than the tropics, signifies that macroevolutionary change in Reticulofenestra assemblages in the tropics 

is probably a result of temporal changes in environmental forcing. The severity of paleo-productivity 

and paleoclimatic changes would probably be most significant in the lower latitudes (tropics), mainly 

because of proximity to the equator, where extreme changes in climatic conditions like precipitation 

and solar intensity are most intense and frequent (Ramage, 1971). Although the response of R. 

pseudoumbilicus to such factors is evident in their poleward shift in distribution during the late Miocene, 

the actual cause remains vague. Uniting the mechanisms above is needed to construct a concrete 

hypothesis on the cause of R. pseudoumbilicus paracme. A more probable cause will involve the 

interplay between the two extremes of evolutionary and ecological changes.   
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7 Conclusion 

The result of data compilation in this thesis revealed the global distribution of the R. pseudoumbilicus 

paracme. The sites that recorded the paracme are located in the low and mid-latitude regions. The event 

was not observed at all in high latitude sites. The timing of the event is fairly synchronous in the low 

latitudes (tropical regions) and can be correlated in the region. In the mid-high latitude regions, 

especially in the Southern Hemisphere, the timing of the event differs significantly compared to the low 

latitudes. Not only does the event occur out of phase in the southern hemisphere, but the duration is also 

shorter than what was recorded in the tropical sites. Synchronous timing of the event in the South 

Atlantic sites indicates a different time interval in the higher latitude.  

The shortening of the paracme duration from the equator to the pole and the apparent presence of R. 

pseudoumbilicus in the northern hemisphere during the paracme suggest that R. pseudoumbilicus 

distribution shifted towards the poles during the late Miocene around 8.8 Ma and then returned at ~7.2 

Ma. Investigation of Site 806 indicates that the disappearance of R. pseudoumbilicus from the tropics 

coincided with the early onset of the late Miocene biogenic bloom interval. However, the reappearance 

of the morphospecies in the tropics was during the biogenic bloom interval and an elevated abundance 

of the smaller Reticulofenestra group in Site 806. The consideration of accumulation rates and 

nannofossil abundance at the site show three distinctive periods in the interval studied at Site 806. These 

intervals include the low export production and likely oligotrophic period before the biogenic bloom, 

the biogenic bloom period, and the crash in export production following the biogenic bloom interval.  

The occurrence of the bloom interval is denoted by high accumulation rates and coccolith absolute 

abundance, which was probably driven by the contribution from bloom-forming species and 

Sphenolithus. While the main cause of the R. pseudoumbilicus paracme in the tropics is still unknown, 

the documentation of the morphospecies shift from the tropics at the start of the biogenic bloom event 

and paleo-productivity change covered in this study provide a promising direction for future research. 

Investigations of paleoclimatic conditions during the interval, as well as the sedimentation rate, could 

shed some light on why the paracme duration in the higher latitudes was much shorter. 
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APPENDIX A: Supplementary Tables 

Table S1. Age estimates of calcareous nannofossil events that were used in age-depth Models A1 & A2 across 

the studied time interval (~10–3 Ma). T: top of occurrence, B: base of occurrence, BP: base of paracme, TP: top 

of paracme, Bc: base common occurrence, Tc: top common occurrence, na: no available data. 

BIOEVENT NANNOFOSSIL MARKER 
AGE Model I  

(Gradstein et al., 2012) 

AGE MODEL II  

(Backman et al., 2012; 

Zeeden et al., 2013) 

  ka Error (kyr) ka 
Error  

(kyr) 

T  Sphenolithus spp. 3540 160 3540 160 

T  
Reticulofenestra 

pseudoumbilicus 
3700 140 3700 140 

T Amaurolithus tricorniculatus  3920 na 3920 na 

BP 
Discoaster pentaradiatus  

paracme bottom 
na na na na 

T Amaurolithus delicatus na na na na 

B Pseudoemiliania lacunosa  na na na na 

B Discoaster tamalis na na na na 

T Discoaster asymmetricus na na na na 

Bc Discoaster asymmetricus  4130 10 4130 10 

T Amaurolithus primus  4500 na 4500 na 

T  Ceratolithus acutus 5040 na 5042 12 

B Ceratolithus rugosus 5120 na 5081 13 

T Amaurolithus spp. na na na na 

T Triquetrorhabdulus rugosus 5280 na 5225 33 

B  Ceratolithus acutus 5350 30 5360 50 

T  Discoaster quinqueramus 5590 50 5530 20 

T  Nicklithus amplificus  5940 60 5980 20 

B  Nicklithus amplificus  6910 230 6820 20 

TP  
Reticulofenestra 

pseudoumbilicus 
na na na na 

B Amaurolithus primus 7420 60 7390 50 

B  Amaurolithus spp. 7420 60 7452 12 

B Discoaster quinqueramus 8120 na 8120 na 

B  Discoaster berggrenii 8290 420 8200 661 

T Minylitha convallis 8680 na 8680 na 

B Discoaster loeblichii 8770 na 8770 na 

BP  
Reticulofenestra 

pseudoumbilicus 
8790 80 na na 

T  Discoaster hamatus 9530 160 9616 455 

Tc Discoaster hamatus  na na 9576 18 

T Catinaster calyculus 9670 na 9580 21 

B Discoaster pentaradiatus na na 9647 23 

T Catinaster coalitus 9690 na 9776 21 

B Minylitha convallis 9750 140 9750 140 

B Discoaster bellus 10400 0 10640 30 

B Discoaster neohamatus 10520 650 10676 161 

B  Discoaster hamatus 10550 370 10555 42 
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T C. calyculus na na na na 

B Catinaster calyculus 10790 0 10710 50 

B Catinaster coalitus 10890 160 10790 70 

T  Coccolithus miopelagicus 10970 50 10940 40 

T  Calcidiscus premacintyrei 11210 0 11237 93 

Tc  Discoaster kugleri 11580 20 11608 16 

T  Cyclicargolithus floridanus 11850 na 11850 na 

Bc  Discoaster kugleri 11900 40 11894 15 

B Discoaster kugleri na na 11933 250 

T  Coronocyclus nitescens 12120 na 12456 23 

B Triquetrorhabdulus rugosus 13270 na 13628 12 

Tc  Cyclicargolithus floridanus 13280 50 13334 24 

B Calcidiscus macintyrei 13360 na 12569 19 

T Discoaster signus na na na na 

T  Sphenolithus heteromorphus 13530 120 13606 304 

T Helicosphaera ampliaperta 14910 na 14910 na 

B Discoaster signus 15850 na 15850 na 

T  Sphenolithus belemnos 17950 na 19010 4 
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Table S2. Summary data for deep-sea drilling sites (DSDP, ODP, IODP), including the site's location and water 

depth. IR, shipboard: Initial shipboard report (references can be found on ODP website http://www-

odp.tamu.edu/publications). 

Leg-Site LAT LON 
Water 

depth (m) 
Ocean Location 

Biostratigraphy 

Reference 

90-588 26°06.7'S 161°13.6'E 1533 Pacific Lord Howe Rise Lohman, 1986. 

94-608 42°50.205′N 23°5.252′W 3526 Atlantic King's Trough Gartner, 1992. 

122-762 B 19°53.24'S 112°15.24'E 1360 Indian Exmouth Plateau Imai et al., 2015. 

130-806 0°19.11'N 159°21.68'E 2521 Pacific Ontong Java Plateau Takayama, 1993. 

154-925 4°12.249'N 43°29.334'W 3053 Atlantic Ceara Rise Curry et al., 1995. 

154-926 B 3°43.146′N 42°54.489′W 3598 Atlantic Ceara Rise 

Backman and Raffi, 

1997. 

162-982 B 57°31.002′N 15°51.993′W 1145 Atlantic Rockall Plateau IR, shipboard 

165-999 A 12°44.639'N 78°44.360'W 2838 Atlantic Caribbean Sea 

Buitrago-Reina et al., 

2010 

177-1088 B, C 41°08.163'S 13°33.770'E 2082 Southern Agulhas Ridge IR, shipboard 

198-1208 36°07.6301'N 158°12.0952'E 3346 Pacific Shatsky Rise IR, shipboard 

198-1210 A 32°13.41239'N 158°15.5618'E 2574 Pacific Shatsky Rise IR, shipboard 

208-1264 28°31.95'S 2°50.73'E 2507 Atlantic Walvis Ridge IR, shipboard 

321-U1338 A 2°30.469′N 117°58.162′W 4200 Pacific EEP IR, shipboard 

321-U1338 B 2°30.469′N 117°58.174′W 4200 Pacific EEP IR, shipboard 

321-U1338 C 2°30.469′N 117°58.184′W 4200 Pacific EEP IR, shipboard 

23-219 9°01.75'N 72°52.67'E 1764 Indian Laccadive-Chagos Ridge Young, (1990). 

23-223 18°44.98'N 60°07.78'E 3633 Indian   Young, (1990). 

24-231 11°53.41'N 48°14.71'E 2152 Indian Half Degree Square Young, (1990). 

25-242 15°50.65'S 41°49.23'E 2275 Indian Davie Ridge Young, (1990). 

25-249 29°56.99'S 36°04.62'E 2088 Indian Mozambique Ridge Young, (1990). 

26-251 A 36°30.26'S 49°29.08'E 3489 Indian 

North flank of Southwest 

Indian Ridge Young, (1990). 

115-705 A 13°10.00'S 61°22.27'E 2318 Indian Mascarene Plateau Rio et al., 1990 

115-707 A 07°32.72'S 59°01.01'E 1551.9 Indian Mascarene Plateau Rio et al., 1990 

115-708 A 05°27.23'S 59°56.63'E 4107 Indian Mascarene Plateau Rio et al., 1990 

115-709 A 03°54.72'S 60°33.16'E 3049 Indian Mascarene Plateau Rio et al., 1990 

115-709 B 03°54.72'S 60°33.16'E 3049 Indian Mascarene Plateau Rio et al., 1990 

115-709 C 03°54.72'S 60°33.16'E 3049 Indian Mascarene Plateau Rio et al., 1990 
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115-710 A 04°18.69'S 60°48.76'E 3822.5 Indian Mascarene Plateau Rio et al., 1990 

115-710 B 04°18.69'S 60°48.76'E 3822.5 Indian Mascarene Plateau Rio et al., 1990 

115-711 A 02°44.46'S 61°09.75'E 4438.7 Indian Mascarene Plateau Rio et al., 1990 

115-711 B 02°44.46'S 61°09.75'E 4438.7 Indian Mascarene Plateau Rio et al., 1990 

115-712 A 04°12.99'S 73°24.38'E 2902.9 Indian Chagos Rio et al., 1990 

115-713 A 04°11.58'S 73°23.65'E 2920.3 Indian Maldives Rio et al., 1990 

115-714 A 05°03.69'N 73°46.98'E 2042 Indian Maldives Rio et al., 1990 

115-714 B 05°03.69'N 73°46.98'E 2042 Indian Maldives Rio et al., 1990 

115-716 B 04°56.00'N 73°17.01'E 543.8 Indian Maldives Rio et al., 1990 

160-969 E 33°50.462'N 24°52.981'E 2201.1 Mediterranean   Robertson et al., 1998 

189-1171 A 48°29.9960'S 149°06.6901'E 2150 Southern  South Tasman Rise Exon et al., 2001 

138-844 B 7°55.279'N 90°28.846'W 3414.5 Pacific Guatemala Basin Raffi & Flores 1995 

138-844 C 7°55.279'N 90°28.846'W 3414.5 Pacific Guatemala Basin Raffi & Flores 1995 

138-845 A 9°34.950'N 94°35.448'W 3702.4 Pacific Guatemala Basin Raffi & Flores 1995 

138-846 B 3°5.70'N 90°49.08'W 3295.6 Pacific Guatemala Basin Raffi & Flores 1995 

138-847 B 0°11.59'S 95°19.23'W 3346 Pacific Guatemala Basin Raffi & Flores 1995 

138-848 2°59.63'S 110°28.79'W 3867.3 Pacific Guatemala Basin Raffi & Flores 1995 

138-849 0°I0.98'N 110°31.18'W 3850.8 Pacific Guatemala Basin Raffi & Flores 1995 

138-850 B 1°17.83'N 110°31.29'W 3797.8 Pacific Guatemala Basin Raffi & Flores 1995 

138-851 2°46.22'N 110°34.31'W 3772 Pacific Guatemala Basin Raffi & Flores 1995 

138-852 5°17.57'N 110°4.58'W 3871.6 Pacific Guatemala Basin Raffi & Flores 1995 

138-853 7°12.66'N 109°45.08'W 3727.2 Pacific Guatemala Basin Raffi & Flores 1995 
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APPENDIX B: Supplementary Figures 

 
Figure S1. Age-depth model plot of Site 806 (generated from Undatable MatLab Software).  
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Figure S2. Age-depth model plot of Site 1088 (generated from Undatable MatLab Software).  
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Figure S3. Age-depth model plot of Site 1264 (generated from Undatable MatLab Software).  
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