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Abstract 
 

Exploring the Biogeochemical Impacts of Size Variation in Reticulofenestra during the 

Late Miocene 

Paul Utuedor 
 

Coccolithophores belong to the group of calcifying plankton. They are characterised by the production 

of calcite platelets called coccoliths. The efficiency of the coccoliths in transporting calcium carbonate 

into the ocean interior is a factor of their size and abundance. Previous investigations into the evolution 

of a certain taxonomic group, the reticulofenestrids, have revealed patterns of size variations throughout 

the Cenozoic. The coccoliths produced by the Reticulofenestra genus typically exhibit a progressive 

increase in size and a rapid fall in maximum size in Miocene and Pliocene nannofossil assemblages. 

This project quantified the abundance of Reticulofenestra coccoliths and compared it to the impact of 

their individual carbonate mass (which is dependent on size and shape) at a North Atlantic deep-sea site 

during the late Miocene (~5.8 to 10.3 Ma). This research was carried out to determine the efficiency of 

carbonate export by the Reticulofenestra species during this time. The species of Reticulofenestra are 

generally classified based on the size of their coccoliths as small (<3 µm), medium (3-5 µm), large (>5-

7 µm), and very large (>7 µm). The most abundant Reticulofenestra group is medium-sized (3-5 μm) 

and has a low carbonate mass. As a result, they have less significant carbonate flux than expected 

intuitively from their high abundance, compared to the >7 μm group with a high carbonate mass but low 

abundance. With an average mass of 69.12 pg, the large-sized group hold eight-fold higher mass per 

coccolith than the medium-sized coccoliths (average 8.64 pg). Therefore, the coccolith's size impacts 

carbon export to the ocean floor, affects carbon cycling and, by extension, biogeochemical processes. 

 
Keywords: Reticulofenestra, late Miocene, abundance, CaCO3 mass, biogeochemical process, size 

variation, ocean drilling 

 

Degree Project E1 in Earth Sciences, 1GV025, 30 credits 

Supervisor: Jorijntje Henderiks 

Department of Earth Sciences, Uppsala University, Villavägen 16, 752 36 Uppsala (www.geo.uu.se) 

 

ISSN 1650-6553, Degree Project at the Department of Earth Sciences, No. 580, 2022 

 

The entire publication is available at www.diva-portal.org 

  

 

 

 

 

 

 

 

 



  
 

 
 

Popular scientific summary 
 

Exploring the Biogeochemical Impacts of Size Variation in Reticulofenestra during the 

Late Miocene 

Paul Utuedor 
 

Coccolithophores are part of the group of calcifying plankton. They make calcite plates called coccoliths. 

How well coccoliths move calcium carbonate into the deep ocean depends on how big and how many 

of them there are. Researchers who study how reticulofenestrid coccoliths have changed over time have 

found distinct evolutionary patterns in their size. In Miocene and Pliocene nannofossil assemblages, 

cycles of gradual increases and abrupt declines in the size of Reticulofenestra coccoliths are reported. 

This project looked at how many Reticulofenestra species coccoliths there were and how their carbonate 

mass (which mostly depends on their size and shape) determines carbonate export into the ocean during 

the late Miocene (~5.8 Ma to 10.3 Ma). This research was done to find out how well the Reticulofenestra 

species exported carbonate during this time. In this study, the species of Reticulofenestra are divided 

into four groups based on the size of their coccoliths (3 µm, 3-5 µm, > 5-7 µm, and > 7 µm). The 3-5 

µm Reticulofenestra group, which is the most common during the studied interval, has a low carbonate 

mass. So, when compared to the low abundance >7 µm group with a high carbonate mass, they have a 

lower total carbonate flux. The coccolith mass estimate for the 3-5 µm group is low, at 8.64 picograms 

(pg), compared to the > 7 µm group, which has a coccolith mass of 69.12 pg (i.e., an eight-fold difference 

in carbonate mass). This shows that the size of the coccolith affects how much carbon is sent to the 

ocean floor. It also means that the size of the coccolith affects carbon cycling and, by extension, 

biogeochemical processes. 

 

Keywords: Reticulofenestra, late Miocene, Abundance, CaCO3 mass, biogeochemical process, size 

variation, ocean drilling 
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1 Introduction 

Phytoplankton, predominantly marine algae, are at the base of the marine food web, and when they die 

or are consumed, a small fraction of the carbon they took in during their lives sinks out of the photic 

zone. A significant portion of carbon is accumulated by phytoplankton through photosynthesis. 

Consequently, nearly half of the net primary production (NPP) of the global biosphere is generated by 

these algae. A portion of it is transported into the deep ocean, making phytoplankton an essential carbon 

sink and a key component in the global carbon cycle (Beardall and Raven, 2004). Photosynthesis-based 

carbon fixation is carried out by phytoplankton and the deep ocean receives about 30% of this organic 

carbon (Sabine et al., 2004). The steady transfer of carbon from the atmosphere, through phytoplankton, 

and along the food web into the deep ocean is called the biological pump (Fig. 1).  

Coccolithophores are calcifying marine haptophyte algae that produce coccoliths (tiny calcite 

platelets), which cover the surface of the cell and form an exoskeleton called a coccosphere. The role of 

coccoliths in the deep-sea carbonate burial process has long been acknowledged. They make up a 

significant portion of the oceanic microplankton and are the only widely dispersed primary producers 

with a continuous fossil record that dates back to the Triassic, ~220 million years ago (Bown et al., 

2004). These haptophyte algae are important components of the Earth's biogeochemical cycles due to 

their abundance and rapid turnover rates (Bown and Young, 1998) and have occupied the open ocean 

since the Cretaceous, where they contribute to the marine carbon cycle. Being the major open-ocean 

primary producers, especially in oligotrophic parts of the oceans, they have a significant impact on 

marine pelagic biogeochemistry and the marine ecosystem. The horizontal and vertical spread of 

coccolithophores is affected by ocean currents, water masses and the amount of nutrients in them, 

salinity and temperature (which are often related to latitude), light energy regimes, trace elements, and 

vitamins (Brand, 1994; Winter et al., 1994; Bown and Young, 1998). 

The carbon cycle is the process by which carbon is transferred through various earth systems (Bigg, 

2003). The global carbon cycle is one of the most important topics in environmental sciences because 

of its role in global warming and climate change. Here, the oceans play a key role in atmospheric changes 

due to their capability to store large amounts of heat and CO2. Algae are a major part of the carbon 

fixation on earth as they use photosynthesis to form carbohydrates from CO2. This fact makes the 

coccolithophores contributors of circulating CO2 (Rost and Riebesell, 2004). The draw-down of 

atmospheric CO2 by photosynthesis of marine phytoplankton and its conversion into organic matter 

(‘biological pump’, Berger et al., 1987) counteracts the calcification in the upper layers of the ocean 

(‘carbonate pump’), which releases CO2 in the short-term (Fig. 1). 

The unicellular algal physiology depends on cell size since it affects how quickly dissolved 

substances are transported into and out of the cell (Raven, 1998). Coccolith size is directly connected to 
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coccosphere size and, consequently, to cell diameter, especially in taxa with interlocking “placoliths” 

such as Reticulofenestra and Coccolithus (Henderiks, 2008). Therefore, it is possible to estimate 

coccolithophore cell size from the measurements of the size of fossil coccoliths. The size of coccoliths 

usually range from 3-15 µm with different kinds of ornamentation and shapes based on the species. The 

living circumstances at a given time may cause variations in coccolith size within a species. Over the 

last 55 million years, long-term trends towards smaller coccolith size may have been driven by declining 

CO2 availability (Henderiks and Pagani, 2008; Hannisdal et al., 2012). Although this size-based signal 

became obscure during the Pleistocene (Bolton et al., 2016), a similar effect was seen for the degree of 

calcification, i.e. coccoliths of similar size evolved to lower carbonate mass. This finding is consistent 

with laboratory and field observations (Hoppe et al., 2011; Young et al., 2014), indicating a complex 

interaction of biotic and abiotic factors on calcification. 

Coccoliths are the major biogenic carbonates in many deep-sea sediments in the current ocean, and 

coccolithophore CaCO3 production accounts for about 20–80% of biogenic carbonate exported from the 

photic zone (Baumann et al., 2004; Bown et al., 2004; Hay, 2004). In addition to coccolithophores, other 

important sources of carbonate in the pelagic environment include foraminifera (protists with calcitic 

tests of 100 µm-scale size), pteropods (mm-sized planktic gastropods with an aragonitic shell), 

calcareous dinophytes, and possibly calcifying picoplankton. But in deep-sea sediments, coccolith and 

foraminiferal carbonate are the most common because pteropod aragonitic shells are easily dissolved 

(Berger, 1978; Schiebel, 2002). 

The estimation of fluxes of matter within the water column of the ocean has become an important 

area of research (e.g., Beaufort and Heussner, 1999; Broerse et al., 2000; Ziveri et al., 2000) over the 

last three decades. This highlights how crucial marine fluxes are to several global biogeochemical cycles, 

especially the carbon cycle. Although total fluxes of matter are best measured by physical or chemical 

methods, there is need to break down fluxes by organismal group in order to examine the biotic 

component of the biogeochemical system in any depth. In this study, coccolithophore carbonate flux 

was estimated by the conversion of coccolith abundance into mass (Beaufort and Heussner 1999; Young 

and Ziveri, 2000). Coccolith size has been demonstrated to have the greatest effect on carbonate mass 

calculation (Young and Ziveri, 2000).  

Research on carbonate export by coccoliths to the ocean interior is mostly carried out by analyzing 

recent coccolith samples collected from sediment traps installed in the ocean. This approach is used to 

estimate carbonate export by coccolithophores present in today's ocean. But for this study, samples from 

the late Miocene (~5.8 to 10.3 Ma), collected by the Ocean Drilling Program (ODP), will be explored 

to determine the size variation in the Reticulofenestra genus and how it has determined carbonate export 

to the ocean interior. The Reticulofenestra specimens have undergone cyclical changes in both size and 

distribution throughout the Miocene and Pliocene, and these changes appear to be typical of their 

evolutionary patterns (Kameo and Takayama, 1999). A significant coccolith size decrease in the 

Reticulofenestra genus occurred during the late Miocene (nannofossil zone NN10). This time interval is 
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termed the ‘small Reticulofenestra interval’ (Young, 1990). The Reticulofenestra coccoliths at the top 

and bottom of this interval are large (>5 μm) and could be recognized consistently by differing size 

distribution patterns. In order to investigate the biogeochemical impact of the size reduction in the late 

Miocene, the efficiency of carbonate deposition of the nannofossils at Site 982 Hole B will be explored. 

For the purpose of this study, four different groups based on coccolith size are employed for the 

reticulofenestrids. These groups include: “small (<3 μm)”, “medium (3-5 μm)”, “large (>5-7 μm)”, “very 

large (>7 μm)”. All other nannofossils were identified at genus level. 

 

 

 

Figure 1. The role of coccolithophores in the marine biogeochemical carbon cycle (reproduced from Šupraha et 

al., 2016, fig. 2) 
 

 

 

 

 

 

 



  
 

 
4 

 

2 Aims 

This study investigates the biogeochemical impact of size variation of the Reticulofenestra genus during 

the late Miocene, at ODP Site 982 in the North Atlantic by evaluating the mass of carbonate deposited 

by different size groups of Reticulofenestra. This study also considers the carbonate mass estimate for 

the Coccolithus genus which was the most abundant genus of all the nannofossils found in this site 

during the investigated time interval (~5.8 to 10.3 Ma). This was done in order to identify which 

coccolithophore genus was the main contributor to carbonate export at this time. To evaluate the impact 

of the size variation of Reticulofenestra during the late Miocene, focus will be placed on (1) calculating 

the total absolute abundance of nannofossils in each sample. (2) determining the relative abundance of 

Reticulofenestra species to understand how the different size groups varied in abundance (3) determining 

the nannofossil accumulation rates to quantify carbonate “fluxes” to the ocean floor (4) calculating the 

carbonate mass in picograms (pg) of the different size groups of the Reticulofenestra and the Coccolithus 

genus in order to determine their total carbonate mass contribution (following Young and Ziveri, 2000). 

(5) discussing the implications of Reticulofenestra coccolith size variations and CaCO3 deposition 

during the late Miocene. 

 The geometric coccolith model (Young and Ziveri, 2000) was employed in this study to calculate 

total coccolith-derived carbonate fluxes using the estimates of carbonate mass per coccolith for the 

individual Reticulofenestra species and the Coccolithus genus and their respective concentrations in the 

samples (number/gram). The carbonate mass estimate from this model includes a given shape factor of 

the coccolith type (ks), the average length of the species, and the density of calcite. The uncertainties in 

the coccolith volume estimate will also be discussed. 
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3 Background 

3.1 Marine biota and global biogeochemical cycles 

The first occurrence of nannofossil-generated pelagic carbonates is recorded at the Jurassic/Cretaceous 

boundary, based on a switch from radiolarian-dominated siliceous sediments to nannofossil-dominated 

carbonates in the western Tethys (Baumgartner, 1987). Several major evolutionary steps in the 

development of calcareous plankton have led to further changes in the carbon cycle, favoring the deep 

sea as a site of carbonate deposition (Roth, 1987; Hay, 2004). The shift of carbonate sedimentation from 

shallow shelves to the deep sea, with its creation of a responsive deep-sea sedimentary sink of CaCO3, 

had major impact on the global carbon cycle and stability of Earth´s climate during the Mesozoic 

(Ridgwell and Zeebe, 2005). This shift affected deep-ocean carbonate budgets, calcite compensation 

depths, and geological carbonate turnover rates (Bown et al., 1998). Following these evolutionary modes 

of the marine carbonate cycle, Zeebe and Westbroek (2003) conceptualised three distinct models of 

carbonate saturation states of the ocean: (a) The geochemically-ruled Precambrian CaCO3 cycle 

resembles an ocean, in which biogenic precipitation of CaCO3 is essentially absent (‘Strangelove’ ocean). 

It is characterized by high-supersaturation and generally inorganic formation of carbonates; (b) 

Following the appearance of biomineralisation in the Cambrian, biologically controlled carbonate 

precipitation in shallow-water environments became significant (‘Neritan’ ocean); (c) The Mesozoic 

shift towards widespread pelagic biomineralisation finally led to a significant stabilization of the marine 

CaCO3 saturation state (‘Cretan’ ocean). In this ‘Cretan’ ocean, the CaCO3 production is mostly 

biologically controlled and to a large degree independent of the external supersaturation. In this model 

CaCO3 production occurs in the open ocean, mostly by planktonic organisms. Although CaCO3 

precipitation may also occur as cements and coatings in the marine environment, it is primarily 

associated with the biomineralisation of living organisms, such as corals, benthic algae and shelly 

animals, and planktonic organisms. Here, coccolithophores and planktonic foraminifers form the largest 

part of the pelagic carbonate production, with lesser contributions by pteropods and calcareous 

dinoflagellates (Milliman, 1993).  

3.2 Biogeochemical impact of coccolithophores 

Coccolithophores are small in size, but they are abundant in the ocean's surface layers, where they can 

form blooms with cell densities exceeding a million cells per liter. The high reflectance of large blooms 

(observable even from satellites) significantly alters the ocean's albedo. The ratio between calcification 

and photosynthesis determines whether coccolithophores, particularly large blooms, act as a source or a 

sink for atmospheric CO2 (Van der Wal et al., 1995; Buitenhuis et al., 1999). Mineral ballast (silicate 
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and carbonate minerals as well as lithogenic material) is the major constituent of sinking particles, 

accounting for more than half of the mass of particles leaving the surface (Klaas and Archer, 2002). 

Because these minerals are denser than seawater or organic matter, they typically provide a large portion 

of the density differential required for these particles to sink (McCave, 1975). Armstrong et al. (2002) 

inferred from the 'ballast' model that organic carbon sinking fluxes are strongly correlated with material 

fluxes. The ballast either increases the sinking speed of the adherent POC or provides some physical 

protection from degradation (Klaas and Archer, 2002).  

 

3.3 Study Location 

3.3.1 ODP Site 982 

Site 982 was drilled during expedition Leg 162 located at the Rockall Plateau, North Atlantic at 1134 

m water depth (drill pipe measurement from sea level). The site consists of four drilled holes (Hole A, 

Hole B, Hole C, and Hole D). The four holes were drilled for correlation and have a maximum 

penetration of 614.9 mbsf (Jansen et al., 1996). The Rockall Plateau is a shallow platform of about 

1000 m water depth located between Ireland and Iceland. Site 982 is located very close to Deep Sea 

Drilling Project (DSDP) Site 116, which was drilled 25 years earlier. The original hole had been rotary 

drilled and discontinuously cored (in high seas). The objective of redrilling was to recover a 

continuous, carbonate-rich sequence of sediments dating back to the early Miocene. The sediments 

have an average calcium carbonate content of around 86%. Preservation is good in the Pliocene-

Pleistocene and moderate in the Miocene (Jansen et al., 1996). 

3.3.1 Core description 

A total of twenty-four samples of late Miocene age (10.3 to 5.8 Ma) was examined, taken from deep-

sea sediment cores collected by the Ocean Drilling Program (ODP) at Site 982 Hole B (57°31.002'N, 

15°51.993'W). The samples examined are from Core 20 (195.56 meters composite depth (mcd)) to Core 

38 (371.97 mcd). Cores 27 and 30 were not sampled (i.e., samples were collected from 17 cores). The 

lithology in most of the examined samples consists of nannofossil oozes with few consisting of 

nannofossil ooze with clay, foraminifera and chalk, with a dominance of nannofossil ooze and chalk in 

samples from Core 38.  

 

 

 

 

 

 

 



  
 

 
7 

 

 

 

 

Figure 2. Location of ODP Site 982. The map on the left was generated from www.odsn.de, showing a 

paleogeography reconstruction for 10 Ma. The map on the right shows details of the location of ODP Site 982 at 

the Rockall Plateau (Drury et al., 2018). 

3.4 Size Variation in Reticulofenestra during the late Miocene 

Eight species have been identified among the late Miocene reticulofenestrids based on their coccolith 

length and the size of their open central area (Table 1). Reticulofenestra minutula (GARTNER) 

GARTNER 1969, R. minuta ROTH 1970, R. pseudoumbilicus GARTNER 1969, R. gelida 

GEITZENAUER 1972, R haqii BACKMAN 1978, Dictyococcites antarcticus HAQ 1976, D. 

productellus BUKRY 1975, D. perplexus BURNS 1975. The genus Dictyococcites was emended as a 

synonym for Reticulofenestra by STRADNER and EDWARDS (1968), arguing that the size of the 

central reticulate membrane which was used to define the genus is not valid character. 

 Reticulofenestra species appear in the Eocene until Holocene and dominate coccolith assemblages 

in the Neogene (Young, 1990). Reticulofenestrid coccolith ultrastructure and morphometry are relatively 

simple. Thus usually, the size of the placolith diameter and the size of the central opening are the most 

important morphological features used for the morphological determination of species (Takayama, 

1993). Backman (1980) proposed that specimens <3 µm be assigned to R. minuta, specimens ranging 

from 3-5 µm with a central opening greater than 15 µm be assigned to R. minutula, and specimens also 

ranging from 3-5 µm but with a smaller central opening be assigned to R. haqii. Specimens >5 µm are 

assigned to R. pseudoumbilicus. The taxonomy of R. pseudoumbilicus has been a controversial 

discussion in different publications. Significant morphological variations have also been previously 

documented on the Reticulofenestra genus during the Miocene (Young, 1990). These morphological 

variations were classified into four morpho-groups based on coccolith size as “small”, “medium”, 

http://www.odsn.de/
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“large”, and “very large” reticulofenestrids. The very large (>7 µm) morphological group is 

taxonomically referred to as R. pseudoumbilicus (Rio et al., 1990; Raffi et al., 1995). The occurrence of 

R. pseudoumbilicus in the fossil record is characterised by its temporary disappearance and reappearance 

in the late Miocene. The interval of disappearance of the >7 µm was termed “small Reticulofenestra 

interval” (Young, 1990).  

  

Table 1. Original descriptions of the late Miocene Reticulofenestra morphospecies. P = placolith length, A = 

central area length, O = central opening length, in µm (reproduced from Beaufort, 1992). 

 

Species R. 

minutula 

R. pseudo- 

umbilicus 

R. minuta R. gelida R. productella R. per- 

plexus 

R.antarc-

tica 

R. haqii 

Size given 

by author 
small  very 

small 

6-12 µm small: 3-8 

µm 

? small: 4-

7 µm 

small: 

3-5 µm 

Size 

Holotype 

(in µm) 

P = 4.4 

A = 3.2 

O = 2.0 

8.4 

5.2 

2.8 

1.5 

8.6 

5.0 

10.2 

6.8 

2.2 

3.2 

2.1 

1.9 

? 

? 

? 

5.7 

3.1 

(closed) 

4.6 

2.3 

1.0 

Number of 

elements 
45 70 26 68-74 28-38  60-80 40-50 

Central 

area 

Open Differ in 

size within 

the species. 

May be 

covered by a 

lacy network 

of bars that 

join along a 

longitudinal 

fissure at the 

center of the 

placolith 

1/3 of the 

coccolith is 

covered by 

a coarse 

grille with 

twisted bars 

Opening 

small 

circular to 

slit like 

Virtually closed 

along the 

median slit like 

Closed 

well 

develop

ed 

tortuous 

central 

line 

which is 

aligned 

with the 

long 

axes of 

the 

placolith 

central 

line 

suture 

Solid 

central 

area 

showing a 

long 

central 

furrow 

Small 

central 

opening 

(1-1.5 

µm) 

 

Size variation may occur in different phytoplankton species assemblages due to climatic or 

environmental factors. Cell size is a reflection of interspecific competition which is affected by the 

nutrient concentration, temperature, or the depth of the mixed layer that all vary with seasons (Harris, 

1986). If this rule is extended to intraspecific variation, we can assume that the seasonal cycles may also 

affect the distribution of two (or more) groups of taxa distinguished by their cell size (Beaufort, 1992). 

Blackwelder (1976) showed in a culture experiment that the placolith size of Emiliania huxleyi 

(descendants of Reticulofenestra) shows variation with temperature (i.e., they have larger placoliths at 

low temperature). Although the results from such experiments with single clones should not be readily 

extrapolated, temperature may affect the mean placolith size of Reticulofenestra assemblages, by 

determining what size groups are more or less abundant during periods of high or low temperature. 
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4 Methodology 

4.1 Sample preparation  

First, 5 mg of dry sediment were weighed using a microbalance with a precision of 0.0001 g. The 

sediment was transferred into a 50 ml calibrated test tube and mixed with 20 ml of buffered ammonia 

solution. The sediment was mechanically disintegrated using ultrasonication for 1 minute and additional 

20 seconds for proper disintegration. 20 ml (making up 40 ml) of buffered solution was subsequently 

added to fill the test tube. A cover slip of 32 mm by 24 mm size was used to hold 1.5 ml of suspension, 

placed on a hot plate set at a temperature of 50 °C. The solution was collected with a micropipette from 

the middle of the water column in the test tube after proper shaking to produce even suspension. After 

drying, the cover slip was mounted on a microscopy slide with Norland Optical Adhesive 61 (NOA61) 

and placed under UV light for 40 minutes. For quantitative analysis, samples were prepared as 

microscope slides using the drop technique (Bordiga et al., 2015). 

 

4.2 Calcareous Nannofossil counts 

Nannofossil slides were examined under an Olympus polarized light microscope at 1000× magnification 

with an oil-immersion objective lens. Counts of over 300 specimens were performed in straight transects 

across the slide and within a field of view of 0.0118mm2. Different coccolith sizes of Reticulofenestra 

were encountered during these counts and classified based on selected size range of <3 μm (small), 3-5 

μm (medium), >5-7 μm (large), >7 μm (very large). Additional taxonomic categories observed in the 24 

studied samples were counted, including Sphenolithus (conical nannoliths with a concave base, 

consisting of a mass of elements radiating from a common origin), Discoaster (radiate nannoliths with 

each ray formed of a discrete crystal-unit, with the c-axes perpendicular to the nannolith surface), 

Coccolithus and other placoliths (i.e., coccoliths other than Reticulofenestra or Coccolithus). 

Coccolithus is the dominant species at ODP site 982 Hole B during the late Miocene. 

 

4.3 Data processing for abundance and flux calculations   

4.3.1 Nannofossil absolute abundance  

For abundance calculations the number of nannofossils per gram of sediment (N g−1) was calculated by 

determining the number of particles per field of view (FOV), with concentration and total area of 

distribution measured in mg/ml and mm2, respectively (Koch and Young, 2007): 
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X = (N × A)/ (f × n × W)               [1] 

where X is the absolute nannofossil abundance (nannofossils g−1), A is the area of the coverslip (mm2), 

N is the total number of nannofossils counted, f is the area of one FOV (mm2), n is the number of FOV 

counted, and W is the weight of dry bulk sediment on the cover slip (g). 

4.3.2 Age-depth model and mass accumulation rate 

Five late Miocene nannofossil bioevents have been previously identified to divide the studied interval 

into six standard biozones ranging from NN3 to NN12 (Martini, 1971; Jansen et al., 1996). The 

nannofossil bioevents were used to construct an age-depth model and compute numerical ages for each 

sample (Table 2). The studied age interval ranges from 10.99 to 5.85 Ma. 

The linear sedimentation rate (LSR) is a product of the age-depth model. The Undatable MatLab 

age‐depth modeling software Version 1.1 (Lougheed and Obrochta, 2019), which incorporates 

uncertainty in both depth and age was used to assign sample ages at Site 982. The estimated error in kyr 

is based on the selected nannofossil bioevent and the depth error (in cm) is based on sample spacing 

between the recorded biostratigraphic events (Jansen et al., 1996). Age‐depth uncertainty in Undatable 

increases with increasing distance from age‐depth tie-points, thus including sedimentation rate 

uncertainty in the age‐depth model (Fig. 3). This is usually not the case for linear age‐depth models 

where sedimentation rate is assumed to be constant between age‐depth tie-points. For the purpose of this 

thesis, a calculated constant sedimentation error (i.e the ratio of the depth error to the age error of the 

nannofossil bioevent) from tie-points was used. The 24 studied samples cover the top interval only with 

3 tie-points in the age-depth model. Based on this model, sedimentation rates varied between 3.69 and 

4.04 cm/ky (Fig. 3), with a gradual increasing trend throughout the Miocene. 

 

LSR=
Change in depth between two tie points

Change in age between two tie points 
           [2] 
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Table 2. Calcareous nannofossil bioevents and ages in ODP Hole 982B. FO: first occurrence; LO: last occurrence; 

LCO: last common occurrence (bioevents adopted from Jansen et al., 1996, with updated ages from Gradstein et 

al., 2012). 

 
Nannofossil bioevent Depth (cm) Depth_error 

(cm) 

Age (ka) Age error (ka) 

LO D. quinqueramus 18505 38 5580 15 

FO D. surculus 26679 163 7790 100 

LO C. miopelagicus 39744 38 11020 25 

LO S. heteromorphus 49204 38 13530 21 

FO S. heteromorphus 58627 227 17710 5 

LCO S. belemnos 58627 227 17950 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Age-depth model and inferred linear sedimentation rates (in cm/kyr) at ODP Site 982B during the 

Miocene. This plot was generated using Undatable MatLab Software (Lougheed and Obrochta, 2019). The 

uncertainty in the age-depth in the Undatable MatLab plot increases with an increasing distance from the tie-points. 

The two broken black lines represent sedimentation rate uncertainty generated by the Undatable MatLab Software. 

3.69 

4.04 

3.76 

2.25 

0.00 

sedimentation rate(cm/ka) 
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Figure 4. Linear sedimentation rates at ODP Site 982B during the late Miocene. The sedimentation rate was 

obtained from the age-depth model in Figure 3. It is the calculated slope from the age-depth model. The error bars 

in the linear sedimentation rate plot are ±1.63 cm/kyr from 10.3 to 7.8 Ma and ±2.53 cm/kyr from 7.6 to 5.8 Ma. 

The error bar ±1.63 cm/kyr was obtained from the ratio of the depth to age error of the FO D. surculus bioevent 

while the ±2.53 cm/kyr error bar was obtained from the ratio of the depth to age error of the LO D. quinqueramus 

bioevent. 

 

The bulk mass accumulation rate gives an estimate of how fast or slow particles (consisting of both 

sediment grains and fossils) accumulate to the ocean floor. The bulk mass accumulation rate (MAR) is 

the product of the linear sedimentation rate (LSR) and dry bulk density (DBD). The dry bulk density is 

the mass (weight) of the dry sample divided by the total volume of the wet sample. 

 

MAR=LSR (cm/kyr) ×DBD (g/cm3)              [3] 

4.3.3 Nannofossil accumulation rate and quantitative nannofossil carbonate estimate  

Nannofossil accumulation rate is represented in nannofossils per square centimeter per year (N/cm2.kyr). 

It is obtained by multiplying the bulk mass accumulation rate (g/cm2.kyr) by the absolute abundance of 

nannofossils measured in nannofossils per gram (N/g). 

 

Nannofossil accumulation rate = Absolute abundance × MARbulk          [4] 

 

Quantification of the contribution of single taxa (which is represented by size groups in the 

Reticulofenestra genus) to coccolith carbonate was calculated by using the mass equation of Young and 

Ziveri (2000). For that, a shape parameter (ks), mean length (l), and calcite density (2.7 g/cm3) were 

considered: 

Nannofossil mass (g) = 2.7 × ks × l3             [5] 
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The estimated nannofossil-derived CaCO3 (g/g bulk), corresponding to the sum of each nannofossil 

species' absolute abundance multiplied by its respective nannofossil mass: 

  

Nannofossil CaCO3 = Σ (Absolute abundancespecies (N/g bulk) × mass species(g))    [6] 

 

 

5 Results 

5.1 Accumulation rates 

The bulk sediment mass accumulation rate varies within a narrow range of 4.3 and 5.2 (g/cm2 kyr) from 

10.3-5.8 Ma. Figure 5 indicates an almost steady mass accumulation rate of bulk sediment in the late 

Miocene.  

 

Figure 5. Bulk mass accumulation rate of sampled sections. The error bar ranges from ±2.53 g/cm2kyr from 7.6 

to 5.8 Ma and ±1.63 g/cm2kyr from 10.3 to 7.8 Ma. 

 
Both the absolute abundance and the nannofossil accumulation rate (Fig. 6) show similar patterns 

because MAR is relatively constant over the studied interval (Fig. 5). The absolute abundance (i.e., the 

total number of nannofossils per gram of sediment) varied in the different sections of the studied site 

(Table A1 of the appendix). The absolute abundance ranges from a minimum of 5.5 × 109 Ng-1 to 11.2 

× 109 Ng-1 with an estimated error margin of ±15%, based on the sample preparation technique (cf. 

Bordiga et al. 2015). 
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Figure 6. Absolute abundance of nannofossils (upper panel; purple) compared to the nannofossil accumulation 

rate (lower panel; blue) during the late Miocene at Site 982B Hole B. The patterns are highly similar because bulk 

mass accumulation rates are relatively constant across the studied time interval. 

 

The nannofossil accumulation rates range from 2.4 × 1010 nannofossils/cm2 kyr at 6.3 Ma to a 

maximum of 5.3 × 1010 nannofossils/cm2 kyr at 10.3 Ma. The nannofossil accumulation rate was highest 

at 10.3 Ma.  

The maximum total abundance of nannofossils present in Site 982 was recorded at 5.8 Ma with a value 

of 11.2 × 109 Ng-1. The increase is a result of the sudden increase in the number of Reticulofenestra 

coccoliths towards the end of the late Miocene (see next section and Fig. 7 below). 

5.2 Absolute abundance of all counted nannofossil genera 

Seventy-five percent of the samples are dominated by Coccolithus spp., followed by Reticulofenestra 

spp. Other groups include other placoliths, Sphenolithus, and very few Discoaster spp.; the latter 

appearing only in nine different samples out of the 24 samples that were considered for this study. The 

absolute abundance of Discoaster at this North Atlantic site is almost negligible with values less than 

1.0 × 109 Ng-1 in the late Miocene, with a maximum abundance of 3.78 × 108 Ng-1 (Table A2 of the 

appendix). The absolute abundance of Coccolithus spp., peaked at 8.7 Ma with a maximum abundance 

of 8.9 × 109 Ng-1 and it gradually decreased towards the end of the late Miocene (Fig. 7). Coccolithus 

spp. are the most prominent nannofossils between 9.25 to about 8.0 Ma. The Reticulofenestra genus on 

the other hand, increased in abundance towards the end of the late Miocene with a peak value of 8.8 × 

109 Ng-1at 5.8 Ma taking over from Coccolithus spp. 
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Figure 7. Absolute abundance (109 N/g) of different nannofossil genera during the late Miocene at Site 982B Hole 

B. 
 

5.3 Relative abundance of Reticulofenestra size groups 

When considering relative abundances within the reticulofenestrids only, there is high abundance of the 

medium size group of Reticulofenestra from the early part of the late Miocene (Fig. 8). This group 

dominated the reticulofenestrids with a maximum abundance of approximately 94% at 7.39 Ma and 

approximately 86% at 8.1 Ma where other groups experienced a sharp decline in abundance. The rapid 

increase by this size group during this time could be as a result of favourable environmental conditions 

suitable to the size group. The large size is more abundant than the small and very large in most of the 

prepared 24 samples for this study. They are the next dominant group after the medium-sized group. 

The very large and the small size groups witnessed a short disappearance. The disappearance of the 

very large group occurred between 6.58 and 7.39 Ma. This time of disappearance correlates to when the 

medium-sized group records its highest abundance. The small size groups also witnessed a short 

disappearance between 7.39 and 7.87 Ma. 
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Figure 8. Relative abundance of different size categories of Reticulofenestra during the late Miocene at site 982B 

Hole B. The different colours used in the plot represent the various size groups. Note that the scale on the vertical 

axis is 1 = 100% (0.1 unit equals 10%). 

 

5.4 Coccolithus and Reticulofenestra-derived CaCO3 

To quantify the amounts of carbonate derived from Coccolithus spp. and the Reticulofenestra size 

groups, the absolute abundance of their coccoliths were multiplied by their respective coccolith mass 

(Table A3 of the appendix). The data used to estimate the CaCO3 mass of the Coccolithus genus and the 

various size groups of the Reticulofenestra was extracted from Young and Ziveri (2000). The mean 

length and the recommended coccolith shape factor (ks) used to calculate the mass of the Coccolithus are 

8.5 μm, and 0.06, respectively, and the estimated mass of Coccolithus coccolith is 36.8 pg (Table A3 of 

the appendix). The calculated mass for the different size groups of the Reticulofenestra, ranging from 

small (i.e., <3μm) to very large size (>7μm), is 2.96 pg, 8.64 pg, 29.16 pg, and 69.12 pg, respectively. 

Figure 9 shows that the more abundant medium-sized Reticulofenestra group was a prominent 

contributor to carbonate export to the ocean floor between 7.6 and 7.1 Ma among 

the Reticulofenestra genus. The time range where the medium-sized Reticulofenestra group dominated 

the reticulofenestrid carbonate export coincides with the time when there was a total disappearance of 

the very large-sized Reticulofenestra group which happened between 6.58 and 7.39 Ma. The >7 

μm Reticulofenestra exported more carbonate mass to the ocean floor between 9.7 and 10.3 Ma. The 

small-sized group contributed the lowest calcium carbonate mass among the various groups of 

the Reticulofenestra genus. 
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Coccolithus spp. were the most abundant and contributed most of the coccolith-derived carbonate 

mass in these samples (Fig. 9).   

 

 

Figure 9. CaCO3 quantification of the different size groups of Reticulofenestra, and the Coccolithus in Site 982B 

Hole B. The more abundant Coccolithus dominates and serve as the major export of carbon in this site during the 

late Miocene.   
 

 

6 Discussion 

6.1 Relationships between Reticulofenestra abundance and carbonate mass 

The calculated relative abundance (Fig. 8) of the different size groups of Reticulofenestra gives a highly 

different impression when compared to the calculated calcite mass (Fig. 9). For example, the most 

abundant medium-sized Reticulofenestra group has a low carbonate mass compared to the very large 

size group between 10.3 to 9.7 Ma. Despite their low carbonate mass, the medium-sized group accounts 

for an average of approximately 56% of the total estimated Reticulofenestra absolute abundance during 

this period. This suggest that the abundance of the medium-sized or small size Reticulofenestra groups 

would have little impact to carbonate export to the ocean floor and also to the control of carbon cycling 

compared to the larger Reticulofenestra groups (i.e., the large size and very large size groups). One of 

the contributing factors to lower carbonate export that could affect the medium-sized group during this 

time could be the dissolution of the coccoliths. This is a major limiting factor to small sized coccoliths 

but also affects large size coccoliths. Although little dissolution of calcite occurs in the photic zone 
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where coccoliths are produced due to the supersaturation of the surface ocean water with calcite (Zeebe 

and Wolf-Gladrow, 2001), dissolution of calcite could occur in under-saturated environments such as 

the guts of copepods (a group of crustaceans that feed on coccolithophores). Placoliths of Coccolithus 

and Reticulofenestra are more susceptible to dissolution compared to nannoliths like Discoaster and 

Sphenolithus (Gibbs et al., 2004). 

It is also observed that less carbonate mass is accounted for by the Reticulofenestra groups in the 

period when the medium-sized group dominated. For example, the medium-sized group records the 

highest abundance at 7.39 Ma (Fig. 8) accounting for approximately 94% of the total coccoliths from 

the Reticulofenestra genus. During this time, there was a complete disappearance of the very large size 

group. The complete disappearance of the very large size group would have accounted for a drop in 

calcite mass to less than 10% of the total calcite export to the ocean floor despite the high abundance 

recorded by the medium-sized group. A similar scenario was also observed at 8.1 Ma, although during 

this time, the large and the very large size reticulofenestrids (i.e., >5-7 μm and >7 μm groups) were not 

completely absent but recorded a very low abundance of 3% and 9% respectively of the total calculated 

Reticulofenestra abundance.  

6.2 The wider implications of coccolith size variations 

The size variation observed in Reticulofenestra coccoliths in the late Miocene could be attributed to two 

extreme possible causes. First, they could occur due to the change in climate on an unchanging genetic 

population. Second, they could occur due to evolutionary changes in a stable environment. Although the 

possible causes to support the variation in the sizes of the different coccoliths of the Reticulofenestra are 

highly controversial. Arguments could be made for either of the two contrasting possibilities. In addition, 

details from other topics, such as climate change during this period, the biological importance of the 

coccolith size, and whether the size variation occurred globally, could be considered (Young, 1990). 

Research has shown that seasonal cycles may affect the distribution of two (or more) groups of taxa 

distinguished by their cell size (Beaufort, 1992). Climatic factors such as temperature have been 

suggested as the primary drivers of the coccolith size, and coccolith size decrease with an increase in 

temperature at the end of the growth phase (Watabe and Wilbur, 1966; Sorrosa et al., 2005; De Bodt et 

al., 2010). The four size categories considered in this study could be examined as two larger categories 

(i.e., the small-sized (<5 µm) reticulofenestrids which are characterised by less calcite production and 

export to the ocean floor and the less abundant but larger-sized (>5 µm) reticulofenestrids).  
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6.3 Uncertainties in carbonate mass calculations 

The mass of coccoliths was calculated from the product of the density of calcite and estimated volume 

of the coccolith. The estimated volume is the product of the shape factor (ks), and the mean length raised 

to the third power (eq. 5). According to Young and Ziveri (2000), significant errors of up to 50% in 

coccolith volume calculations are unavoidable because of the following uncertainties in volume 

calculation: (1) The geometric coccolith model is inaccurate. This is because, for the majority of species, 

a single value for the shape factor, ks, can be provided with a reliability of about ±20%. The shape 

factor varies by about one order of magnitude between species, so distinct values for each species should 

be used. (2) It is crucial to choose the correct estimated mean mass per species (or morphotype). This is 

because using a single mean coccolith mass of a species to estimate the mass of all specimens in a sample 

would result in a considerable error. This error can be minimized to about 5-10% in length, and to about 

15-30% in volume, if the average and standard deviation in size is determined per sample (so that 

variation in mean size between samples can be accounted for). (3) Another uncertainty is allometric 

growth. The cross-section profile required for volume computation does not change as the number of 

elements increases with size (Young, 1989), but the question remains whether coccolith height and 

element thickness grow proportionally to coccolith length. (4) Size variations, which have the largest 

effect on influencing coccolith volume than form variations, have the highest potential errors compared 

to any other source. For example, two to three-fold size variation within a single genus is typical, leading 

to 8 to 27-fold mass variation. Size could vary by an order of magnitude, which could result in three 

orders of magnitude, that is a 1000-fold difference in mass (Young and Ziveri, 2000). 

 

7 Conclusion 

The primary goal of this study was to estimate how size variation in Reticulofenestra would affect 

biogeochemical output in terms of carbonate export to the ocean floor during the late Miocene, at a deep-

sea site in the North Atlantic. Coccolith size is a good indicator of potential carbonate export to the ocean 

interior and burial at the seafloor, and size variations over geologic time may have had substantial 

influence on long-term carbon cycling. This study reveals that the medium-sized Reticulofenestra group 

recorded the highest abundances and thus, were the dominant size group within the reticulofenestrids 

throughout the late Miocene. However, their individual coccolith carbonate mass is much lower 

compared to the very large size Reticulofenestra group. The data presented herein therefore suggest that 

the abundant medium-sized group contributed less to the carbonate mass fluxes, whereas the less 

abundant very large size contributed more to the total nannofossil carbonate mass export. It clearly 

demonstrates that there was more carbonate export and more CO2 transferred to the ocean interior when 
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the larger Reticulofenestra group dominated the population. Another large-sized genus, Coccolithus 

actually dominates the calcite mass export and burial at this site for most of the investigated time interval. 

In general, this study emphasizes the importance of species-centred investigations to improve our 

knowledge of marine biogeochemical cycles. This helps to better understand the impact of different 

species to carbonate export and also to quantify how much of carbon can be sequestrated during this 

process. This will also give a better understanding of the relevance of the different genera or species 

groups to carbon cycling and biogeochemical processes during different geologic periods. However, to 

more accurately quantify the amount of calcite that could be transferred into the ocean's interior in the 

future, coccolith carbonate mass estimation needs to be improved. 
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