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Summary 
In the Cenozoic time (66 – 0 million years ago) the global climate changed from greenhouse to 

icehouse conditions. Changes in continents and ocean geometry, geography, and topography due to plate 

tectonics, erosion, and mantle dynamics played an important role in this complex transition. This thesis 

explores how the paleobathymetry of Northern Hemisphere oceanic gateways active during Cenozoic, 

influenced the ocean circulation and climate variations.  

For the present day, this study analyzes the distribution of oceanic sediments and the age of the 

oceanic lithosphere in the world’s oceans. Alongside providing a new global sediment thickness grid 

(GlobSed), the study derives analytical formulas to mathematically describe sedimentation trends in the 

major oceanic basins. These trends which depend on oceanic lithospheric age and latitudinal position 

can be further used to estimate sediment thickness accumulations in oceanic basins through time. A new 

methodology for reconstructing paleobathymetry of large igneous oceanic plateaus is also developed. 

Total sediment thickness estimation based on this newly derived algorithm agrees well with information 

from selected drill sites in the Indian and North Atlantic oceans giving confidence for its further use in 

reconstructing paleobathymetry.  

This methodology is then used to construct a new global Cenozoic paleogeography model, 

including detailed reconstructions of the Northern Hemisphere oceanic gateways. This new model is 

based on updated regional plate kinematics, oceanic lithospheric age, sediment thickness, and 

reconstructed oceanic plateaus and microcontinents. In addition, it incorporates Northeast Atlantic 

paleobathymetric variations due to Iceland mantle plume activity. In particular it documents important 

bathymetric changes in the Northeast Atlantic and in the Tethys Seaway near the Eocene – Oligocene 

transition (~34 Ma) - the time of the first Cenozoic glaciation in Antarctica.  The study provides a set of 

realistic global bathymetric and topographic reconstructions for the Cenozoic time at one million-year 

interval for further use in paleo-ocean circulation and climate models. 

To test the influence of oceanic gateways geometry variations on the Cenozoic climate, the 

paleogeographic reconstruction at the Eocene-Oligocene Transition (EOT, ca. 34 Ma) was implemented 

in the Norwegian Earth System Model (NorESM-F). A range of realistic depth values of the Greenland 

– Scotland Ridge, Fram Strait, Tethys Seaway, and the Southern Ocean gateways was implemented in

the global model to observe how major oceanic currents and temperature are perturbed by the gateway

configuration. The simulations show that the Atlantic – Arctic gateways have the largest impact on EOT

climate variations, both in the North and Southern hemisphere. The new results show that the opening

of the Atlantic – Arctic oceanic gateways caused freshwater leakage from the Arctic Ocean preventing

deep water formation in the North Atlantic, reducing the northward ocean heat transport, and thereby

causing a significant cooling of the Northern Hemisphere.
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Sammendrag 
I kenozoikum (fra 66 millioner år siden og fram til nå) har klimaet endret seg fra et varmt 

drivhusklima til et kjøligere ishusklima. Endringer av geografien, geometrien og topografien til jordas 

faste overflate, som et resultat av platetektonikk, erosjon og manteldynamikk, har spilt en viktig rolle i 

de komplekse klimaendringene i perioden. Denne avhandlingen undersøker hvordan paleobatymetrien til 

viktige havpassasjer, som har vært under endring i kenozoikum, har påvirket sirkulasjonen i 

verdenshavene og bidratt til klimaendringer.  

Først analyseres distribusjonen av dagens havbunnsedimenter og alderen på havbunnskorpen, og 

det presenteres et globalt digitalt kart over dagens sedimenttykkelse i verdenshavene (GlobSed). Denne 

studien utleder videre matematiske formler for å beskrive distribusjonen av sedimenttykkelse i de store 

havbassengene Disse distribusjonstrendene, som er knyttet til alder på havbunnen og breddegrad, kan 

brukes til å estimere akkumulering av sedimenter i havbassengene over tid. En ny metode for å 

rekonstruere paleobatymetrien til store magmatiske havplatåer er også utviklet. 

Sedimenttykkelsesberegningene basert på denne nylig utviklede algoritmen stemmer overens med 

informasjon fra borehull i Indiahavet og Nord-Atlanteren. Dette gir tillit til videre bruk i modeller for å 

rekonstruere paleobatymetri.  

Metoden er deretter brukt til å konstruere en ny global paleogeografisk modell, med detaljerte 

rekonstruksjoner for havpassasjene på den nordlige halvkule. Modellen er basert på oppdatert regional 

platekinematikk, alder på havbunnen, sedimenttykkelse og rekonstruerte havplatåer og mikrokontinenter. 

I tillegg inkorporeres paleobatymetriske variasjoner i Nordøst-Atlanteren som er forårsaket av 

søylestrømmen i mantelen under Island. Denne modellen peker ikke minst mot viktige batymetriske 

endringer i Nordøst-Atlanteren og i Tethys-passasjen ved overgangen fra eocen til oligocen for 34 

millioner år siden da de første isbreene på Antarktis ble etablert. Det blir lagt fram realistiske 

rekonstruksjoner for kenozoikum for hvert millionte år, skreddersydd for havsirkulasjons- og 

paleoklimamodeller. 

For å teste hvordan endringene av havpassasjene påvirket klimaet, har den paleogeografiske 

rekonstruksjonen av jorden for 34 millioner år siden blitt implementert i den norske jordsystemmodellen 

(NorESM-F). Realistiske dybder for Grønland – Skottland ryggen, Framstredet, Tethys-passasjen og 

Sørishavspassasjene har blitt implementert i den globale klimamodellen for å undersøke utviklingen av 

havsirkulasjonen og klimaet som resultat av endringene til havpassasjene. Simuleringene viser at de 

atlantisk-arktiske havpassasjene, sammenliknet med andre havpassasjer, har den mest signifikante 

påvirkningen på klimaet i overgangen mellom eocen og oligocen. Åpningen av disse passasjene 

forårsaket en transport av ferskvann fra Polhavet som hindret dypvannsdannelse i Nord-Atlanteren. Dette 

reduserte den nordlige varmetransporten og forårsaket betydelig nedkjøling av den nordlige halvkule.  
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 Chapter I  

Introduction 
1. Aim of study  
The aim of this thesis is to explore ways for quantifying the role of plate tectonics and volcanism in 

changing the environment during the transition from greenhouse to icehouse climate in the Cenozoic 

time (66 – 0 Ma). There is a specific focus on the evolution of the oceanic basins and the paleogeography 

of the Northeast Atlantic and its connection with the Arctic region. This connection, which opened 

during the Late Cenozoic, profoundly changed the regional and global ocean circulation as it provides 

the only deep-water gateway to the isolated Arctic Ocean. The present study aims to document and 

provide models for the paleobathymetric evolution of such key oceanic gateways and adjacent oceanic 

basins. The effect of morphological changes of oceanic basin in paleoclimate variations is quantified by 

using ocean and climate modeling.  

 
2. Climatic changes on geological timescales 
Earth’s climate changes on many different timescales, from billions of years to hours, which have played 

a central role in the formation, evolution, and even extinction of life on our planet. Understanding the 

processes that shapes Earth’s climate and the timescales of which they occur is key to unravel the 

evolution of life, and to model present and future climatic changes and their impact on society. Here, I 

will briefly mention the known processes that influence climate on geological timescales and their 

importance for the climatic state we are in today.   

On billion-year timescales changes in the Sun’s luminosity, the composition of the atmosphere, 

radiogenic heat flow, the Earth’s rotation rate, and the distance between the Earth and the Moon are 

important for the evolution of climate. These processes are too slow to cause significant climatic changes 

on shorter timescales; however, they are crucial for the long-term climatic evolution of the Earth. Going 

back 4 billion years to the beginning of the Archean Eon (4 Ga – 2.5 Ga),  the luminosity of the Sun was 

~30 % weaker than the present Sun (Ribas, 2009). This would have weakened the solar insolation and 

cooled the Earth. However, geological evidence suggests that the Archean Earth was warm enough to 

sustain liquid oceans and primitive life despite the lack of energy received from the Sun- a problem 

known as the “faint young Sun paradox” (Sagan and Mullen, 1972). This paradox has several proposed 

solutions: First, the weak solar insolation could have been compensated by the different atmospheric 

composition, as the Early Earth’s atmosphere had much higher concentrations of greenhouse gasses 

such as NH3, CO2, CH4  and OCS (Ueno et al., 2009). These gasses dominated the Archean atmosphere, 

and the atmospheric oxygen levels were extremely low before ~2.45 Ga (Bekker et al., 2004). The first 

rise in atmospheric oxygen probably started as cyanobacteria were carrying out oxygenic photosynthesis 

from ~2.8 Ga (Olson, 2006). Second, the radiogenic heat flux of the Earth was much higher and probably 

generated more than 5 times the energy produced today (Arevalo et al., 2009), which could partly 

explain a warmer climate. A third solution proposed to solve this paradox is the change in Earth’s 

rotation rate. In the Early Archean, a day lasted less than 8 hours as the Earth rotated faster about its 
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spin axis (e.g. Arbab, 2009) (Fig.1). The rapid rotation rate would increase the Coriolis effect, which 

has been shown in models to increase the pole to equator temperature gradient by narrowing the Hadley 

cells and thereby decreasing albedo due to decreasing cloud cover, overall increasing the global mean 

surface temperatures (Way et al., 2018; Jansen et al., 2019). Other less explored factors could also have 

played a role on these long timescales, such as the change in distance between the Earth and the Moon. 

The Moon was much closer to the Earth in the Archean (e.g. Williams, 2000; Franco and Hinnov, 2008) 

which would have resulted in stronger tides. Tides have been linked to triggering earthquakes and 

volcanic activity on Earth (Rydelek et al., 1988), which again could have influenced the composition of 

the atmosphere through changes in volcanic outgassing. However, there is very little evidence for the 

dynamics of the Early Earth climate, as the proxies used to infer past climate variations become 

increasingly sparse going back in time. This is mainly because the erosion and plate tectonic processes 

continuously change and reform the Earth’s crust through crustal recycling. 

On million-year timescales processes like plate tectonics, True Polar Wander (TPW), and 

emplacement of Large Igneous Provinces (LIPs) have been important for climate. The Earth is the only 

known planet with plate tectonics - which may be one of the key factors for maintaining a habitable 

climate.  The onset timing of plate tectonics is debated and modern plate tectonics may not have 

developed until ~ 1 Ga (e.g. Stern, 2018), however, most studies prefer an onset sometime in the Archean 

(Korenaga, 2013; and references therein). Since its inception, plate tectonics have controlled the deep 

time carbon cycle where the subduction of carbonated oceanic lithosphere controls ingassing to the 

Earth’s interior, while decompression melting of carbonated rocks controls outgassing by volcanic 

activity (e.g. Dasgupta and Hirschmann, 2010). The CO2 budget of the atmosphere is critical to maintain 

a habitable climate through geological time and the atmospheric PCO2 is governed by the rate of mantle 

degassing relative to silicate weathering and organic carbon burial in sediments (e.g. Raymo et al., 1988; 

Raymo, 1994; Elsworth et al., 2017), before eventually entering the deep Earth system through 

subduction. The weathering depends on vegetation, topography, and the characteristics and distribution 

of rocks exposed at the surface (Elsworth et al., 2017), while degassing is influenced by mid-ocean ridge 

volcanism, large scale volcanic events and metamorphic degassing  (Berner et al., 1983; Jones et al., 

2016). Plate tectonics also determines the oceanic and continental configuration which influences the 

ocean and atmospheric circulation. The tectonic evolution of oceans and continents and their influence 

on ocean circulation and climate is the main focus of this study and will be addresses in detail throughout 

this thesis.   

The geography of the continents with respect to the different climatic zones is not only changed by plate 

tectonics but also influenced by True Polar Wander, which is the rotation of the entire Earth about its 

spin axis (e.g. Torsvik et al., 2012). It is speculated that true polar wander had a significant impacts on 

global climate and biological evolution (Evans, 2003). True polar wander arises from redistribution of 

density heterogeneities in the mantle and the corresponding changes in the Earth’s moment of inertia 

(e.g. Goldreich and Toomre, 1969; Steinberger and Torsvik, 2010; Torsvik et al., 2012). 
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Figure 1: Important processes modulating climate. a) Billion-year timescales: (a1) shows the evolution of atmospheric oxygen modified from 
Holland (2006), (a2) shows changing luminosity from the Sun modified from Ribas (2009), (a3) shows changes in the length of day modified from 
Arbab (2009), and (a4) shows the Earth-Moon distance through time modified from Williams (2000) where the curves show the distance evolution 
suggested by different average rates of tidal energy dissipation. (1) is 3.82 cm/yr as suggested by Dickey et al. (1994), (2) is 3.16 cm/yr suggested 
by paleontological data from Lamberk (1980), (3) is calculated to fit observed cyclicities from the Elatina deposit (South Australia) and (4) is 
calculated to fit Elatina and the Weeli Wolli Formation (Western Australia) with grey shaded errors inferred from the Weeli Wolli datum. b) 
Processes modulating climate on million-year timescales. Showing paleogeographic reconstructions from Straume et al. (2020), sketched true polar 
wander, and a global cross-section sketch showing the carbon cycle modified from Crameri et al. (2019). c) Thousand-year timescales: Astronomical 
parameters of the Earth’s orbit. Data for the last million years are taken from Berger and Loutre (1999). d) Processes causing geologically instant 
climatic changes. e) Temperature changes on geological timescales (∆T oC) inspired by Glen Fergus (http://www.realclimate.org). The phanerozoic 
data for 600 – 66 Ma (orange) is from Royer et al. (2004), the Cenozoic data from 66-5.3 (green) is from Zachos et al. (2008) and the 5.3 Ma – 20 
Ka (blue) is from Lisiecki and Raymo (2005).  
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Chapter I 

As described above, volcanism related to plate tectonics processes along plate boundaries like 

the mid-ocean ridges or subduction zones, is important for the carbon cycle and global climate. 

However, large scale volcanic events can occur far away from the plate boundaries in the form of Large 

Igneous Provinces (LIPs), expressed at the surface as continental flood basalts or oceanic plateaus. The 

emplacement of these large bodies is not directly linked to plate tectonics and is believed to be created 

by deeply rooted mantle plumes reaching the base of the lithosphere and causing massive basaltic 

eruptions over geologically short periods (e.g. Morgan, 1971; Ridley and Richards, 2010). They have a 

maximum lifespan of 50 Myrs and are characterized by short igneous pulses lasting between 1 and 5 

Myrs, during which a large portion of the igneous volume is emplaced (Bryan and Ernst, 2008). LIPs 

can cause significant environmental changes, for example by releasing greenhouse gasses such as 

methane and CO2 to the ocean and atmosphere (Svensen et al., 2004; Svensen et al., 2007). Eruptions 

of LIPs are also closely linked to generic mass extinctions, and out of the four mass extinctions that 

occurred in the last 300 Myrs, all four coincide with LIP eruptions (Wignall, 2001; Wignall, 2005).  

On thousand-year timescales the climate variability is largely controlled by changes in the 

Earth’s orbit around the Sun with predictable periodicities (the Milankovitch cycles). The changes in 

the orbital parameters cause changes in solar insolation for the periodicities of precession, obliquity, and 

eccentricity (i.e. ~23 Kyr, ~41 Kyr, and ~100 Kyr, Fig.1c) (Milankovitch, 1920). They are perhaps best 

known for pacing the Quaternary (~2.6 Ma – present) glacial-interglacial cycles (Hays et al., 1976), but 

have been influential throughout geological history, and may have played a role in significant climatic 

changes further back in time, for example the Eocene – Oligocene cooling (~33.7 Ma) (Coxall et al., 

2005).  

The present climate state is an interglacial which is currently experiencing rapid (geologically 

instant) climatic changes due to the anthropogenic release of greenhouse gasses (IPCC, 2013). Today’s 

amplitude of climatic changes has analogues in the geological record such as the Paleocene – Eocene 

Thermal Maximum (~56 Ma) when high-latitude surface temperatures and intermediate to deep-ocean 

water temperatures increased by 6–8 °C in less than 20 Kyr in an already warm greenhouse climate 

(Kennett and Stott, 1991; Röhl et al., 2007). The trigger was different from today, but in some ways 

similar as the rapid warming is proposed to have been triggered by explosive release of greenhouse 

gasses related to the emplacement of the North Atlantic igneous province (e.g. Svensen et al., 2004). 

Such analogues could provide crucial input in efforts trying to predict the future climate as the 

paleoclimate proxy record can be used to verify the climate model and may significantly reduce the 

uncertainties in equilibrium climate sensitivity (von der Heydt et al., 2016).  Studies of climate 

sensitivity quantify how increasing CO2 influence the global mean temperatures, and the concept of 

equilibrium climate states is important in that regard (Haywood et al., 2019).  Equilibrium climate 

sensitivity is the temperature change of doubling CO2 where the climate is assumed to be in steady state 

before and after the CO2 perturbation, and this plays a key role in modelling future climate change (von 

der Heydt et al., 2016; Haywood et al., 2019).  However, the equilibrium climate sensitivity depends in 
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varying degree on the forcing from all the different processes described in this section. For example, at 

Paleocene – Eocene time, forcing factors like the continental configuration, atmospheric CO2 

concentration, and the carbon cycle were very different from today. Therefore, in order to apply 

knowledge from paleoclimate models in future projections we need to quantify the influence of these 

processes on climate sensitivity, which is an aspect the present study explores. Overall, the changes in 

the processes described in this section was paramount for the evolution of climate, and the habitability 

and evolution of life on Earth. The present-day climate is the product of these processes, and their 

influence on the climate system may hold the key to predict future climatic changes.  

 

This study focuses on the Cenozoic climatic variations triggered by paleogeographic changes 

(Fig. 1b). It mainly explores the role of the Northeast Atlantic and Arctic Ocean, and the 

paleobathymetric evolution of the Atlantic – Arctic oceanic gateways in global ocean circulation and 

climate. In particular, two geological time steps, 34 Ma (Eocene-Oligocene transition) and 12 Ma (the 

Serravallian age of the Miocene) where investigated in depth using both ocean circulation and climate 

models and details can be found in Chapter IV of the thesis and Section 4 of Chapter I. A wider set of 

regional and global paleobathymetric and topographic reconstructions have been produced (see Chapter 

III), which are ready to be used by the paleo-climate community in future simulations. 

 

Chapter IV provides a detailed study on the role of oceanic gateways in the rapid climatic 

changes near the Eocene – Oligocene Transition (EOT; ~ 33.7 Ma). The EOT cooling resulted in the 

first widespread Antarctic Ice sheets (e.g. Kennett and Shackleton, 1976; Lear et al., 2000; DeConto and 

Pollard, 2003), and possibly even Northern Hemisphere glaciations (Eldrett et al., 2007), and was an 

important step from the Early Cenozoic deglaciated greenhouse to the present icehouse climate with bi-

polar glaciations. The EOT was selected for this study as it also coincides with paleobathymetric 

changes of several key oceanic gateways (i.e. the Greenland – Scotland Ridge, Tethys Seaway, and the 

Southern Ocean Gateways). 

 

Section 4 in this chapter presents a preliminary study on how a Miocene (12 Ma) 

paleobathymetric configuration influences ocean circulation compared to the modern bathymetry. 

Around that time the Greenland – Scotland Ridge in the NE Atlantic was much shallower than today 

and may have asserted a significant control on the production of North Atlantic deep water. This time 

was also selected as it is proposed to coincide with the first stage in developing the modern Atlantic 

Meridional Overturning Circulation (Ferreira et al., 2018), and the time when the Pacific overturning 

waned (e.g. Woodruff and Savin, 1989; von der Heydt and Dijkstra, 2006; Yang et al., 2014).  
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3. Plate tectonics and bathymetric evolution of oceanic basins  
The oceans cover ~70.9% of the Earth’s surface and are on average ~3700 m deep (Amante and Eakins, 

2009). However, large parts of the oceans are partly unexplored as less than 18% of the seafloor 

bathymetry has been mapped to resolution below 1 km using echo-sounders (Mayer et al., 2018; Wölfl 

et al., 2019).  Most of the ocean area (~87%, Straume et al., 2019) is floored by oceanic crust, formed 

by seafloor spreading, where new oceanic lithosphere is continuously created at the Mid-Ocean Ridges 

(MORs), and old lithosphere is lost to the Earth’s interior at subduction zones (Fig. 2).  
 

Figure 2: Global bathymetry of the oceanic lithosphere (GEBCO 2019; https://www.gebco.net). Continents and 

submerged continental areas are colored dark grey. a) White lines mark the locations of mid-ocean ridges, dark-

orange lines mark the locations of subductions zones in the oceans, and pink lines outlines the locations of panels 

b) and c). b) Shows how the age and depth of the oceanic lithosphere increase away from the mid-Atlantic ridge. 

The contour lines are numbered with the oceanic lithospheric age in million years taken from the global age grid 

of Straume et al. (2019). This interpretation is based on magnetic and gravity anomaly data that can be used to 

infer the age of oceanic lithosphere.  c) Shows the Kerguelen Plateau in the Southern Ocean which is an oceanic 

Large Igneous Province. Orange lines indicates the outline and the different blocks of the plateau identified on 

bathymetric and potential field data signatures (modified from Torsvik and Cocks (2016)). EB is the Elan Bank 

microcontinent. 
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The ocean floor cools and isostatically subsides as it becomes older and moves away from the ridges. 

Its subsidence is controlled by the thermal structure of the lithosphere and the nature of convective 

instabilities beneath the tectonic plates (Crosby and McKenzie, 2009). For young seafloor, the 

subsidence through time is known to follow the prediction of half-space cooling, where the depth 

depends on the square root of the oceanic lithospheric age (Parsons and Sclater, 1977; Stein and Stein, 

1992; Korenaga and Korenaga, 2008). Older seafloor tends to deviate from this trend, as it has shallower 

depths than expected for old lithosphere, an observation which is often referred to as seafloor flattening 

(e.g. Korenaga and Korenaga, 2008). The flattening could be resulting from processes like the 

background heat supply, convective instabilities or other undefined sources (Parsons and Sclater, 1977; 

Stein and Stein, 1992; Crosby and McKenzie, 2009). The formation of seamounts and oceanic plateaus 

on older oceanic lithosphere is also likely to result in flattening of the age-depth curve (Korenaga and 

Korenaga, 2008).  

Seamounts are submarine volcanoes that erupts onto the seafloor and subsides along with the 

underlying oceanic lithosphere due to thermal subsidence and sedimentation (e.g. Conrad et al., 2017). 

The number of seamounts in world’s oceans is uncertain due to the lack of high resolution bathymetry 

data, but there is estimated to be > 100.000 seamounts taller that 1 km, and > 25 million seamounts taller 

than 100 m based on size-frequency relationships of mapped seamounts (Wessel et al., 2010). Seamount 

volcanism is attributed to magmatic processes connected to seafloor spreading or intra-plate volcanism 

(e.g. Gaina et al., 2016). Intra-plate volcanism can for example be related to plumes and the creation of 

age-progressing volcanic chains (e.g. Morgan, 1971), small-scale sublithospheric convection (e.g. 

Ballmer et al., 2009), or shear-driven melting of asthenospheric mantle at the base of the lithosphere 

(e.g. Conrad et al., 2010). Oceanic plateaus are large igneous bodies emplaced on oceanic lithosphere 

of various ages. They differ from normal oceanic crust as the igneous crust can be more than 3 times 

thicker  (Coffin and Eldholm, 1994; Ridley and Richards, 2010; Hochmuth et al., 2015), where normal 

is about 7 km (White et al., 1992). For example, the Ontong Java Plateau (OJP) in the Western Pacific 

Ocean which is the largest oceanic plateau in the world, is spanning an area larger than 2.000.000 km2 

(which more than five times the area of Norway), and has crustal thicknesses exceeding 35 km 

(Furumoto et al., 1976; Hussong et al., 1979; Saunders et al., 1996). Another oceanic LIP is the 

Kerguelen Plateau with an area extent of ~1.250.000 km2 and a more than 2 km relief above the adjacent 

seafloor (Fig.2c) (Benard et al., 2010). However, parts of the Kerguelen Plateau may be of continental 

origin, as for example the Elan Bank (EB, Western Kerguelen Plateau, Fig.2c) which is a microcontinent 

(another common feature of the seafloor) that separated from India due to a plate boundary relocation 

during the breakup from Antarctica sometime after ~124 Ma (e.g. Nicolaysen et al., 2001; Gaina et al., 

2003). These enormous plateaus in the oceans, along with the other features described in this section, 

asserts a significant control on the global ocean circulation.  
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4. Bathymetric influence on ocean circulation 
The circulation in the world’s oceans depends on the geometry, geography and geomorphology of the 

oceanic basins. Perhaps most important for oceanic circulation, is the position and geometry of oceanic 

gateways linking the major oceanic basins, and they are described extensively in Chapter II. This 

section, however, will focus on the other examples of bathymetric features which influence ocean 

circulation.   

First, plate tectonics in general causes significant changes in geometry and geography of the 

oceanic basins, which sets the first order constraints for ocean circulation. For example, the asymmetries 

in the Atlantic and Pacific ocean basin widths are thought to be responsible for the preference for sinking 

and the overturning circulation in the Atlantic Ocean (e.g. Boer et al., 2008; Ferreira et al., 2018). Paleo-

ocean circulation models using different plate tectonic kinematics for reconstructing paleobathymetry, 

have shown that even slight changes in the geometry and geography of the ocean basins have a 

significant impact on the ocean circulation regime for the same geological time (e.g. Baatsen et al., 

2018). Also, the morphology of the continental margins, especially the configuration of the continental 

slope, is important for the ocean current flows along the edges of the oceanic basins (e.g. Holland, 1973). 

Second, the various features of the seafloor described above are all contributing to determine the nature 

and pattern of the ocean circulation. Large Igneous Provinces in the form of oceanic plateaus and mid-

ocean ridges are known to steer and deflect ocean currents (Rebesco et al., 2014), and their shallow 

bathymetric features are important for the mixing in the oceans (Polzin et al., 1997). The distribution of 

seamounts and the sediment thickness affect the seafloor roughness which in turn influences the stability 

of ocean currents and the structure of the ocean eddies. This could be important for the dynamics of 

some of the major currents such as the Kuroshio, Antarctic Circumpolar Current and the Gulf Stream 

(LaCasce et al., 2019). In addition, fracture zones are known to provide passages for deep water to cross 

the shallow mid-ocean ridges (e.g. Metcalf et al., 1964; Talley and McCartney, 1982), but are also 

thought have operated as barriers for important ocean currents like the Antarctic Circumpolar Current 

(e.g. Barker and Burrell, 1977). 

As an example, the Northeast Atlantic region today contains several of these bathymetry-

circulation interactions at play (Fig.2). Leaving North American margin, the warm North Atlantic 

Current cross the mid-Atlantic ridge along the Charlie Gibbs fracture zone, before flowing northward 

into the Northeast Atlantic Ocean. Further north the flow strongly depends on the geometry of the 

Norwegian continental margin and the Mohns and Knipovich mid-ocean ridges by following the 500-

1000 m bathymetric isobaths (e.g. Koszalka et al., 2011; Gaina and Lacasce, 2014). Continuing 

northward parts of the Norwegian Current branches off into the Barents Sea, another part continues 

through the Fram Strait into the Arctic Ocean, while a considerable part cools, sinks and returns 

southward (e.g. Mauritzen, 1996; Hansen and Østerhus, 2000). The southward flowing deep water is 

sensitive to the bathymetry of Greenland – Scotland Ridge (considered a large igneous province) and is 
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only able to cross through the deepest parts of the Denmark Strait, Iceland – Faroe Ridge and the Faroe 

– Shetland Channel (Dickson and Brown, 1994).  

 

Figure 3: Sketched ocean circulation pattern in the NE Atlantic Ocean. Note how the circulation closely follows 

the bathymetry. Red=warm surface currents, blue = cold surface currents, orange = warm intermediate currents, 

cyan = cold intermediate, purple = deep currents. The bathymetry is the GEBCO 2014 grid (Weatherall et al., 

2015) and the currents are modified from Newton and Huuse (2017). GSR= Greenland – Scotland Ridge. 

 

 

 

5. Methodology   
This thesis presents a new methodology to reconstruct paleobathymetry for the Cenozoic time. It 

includes new regional models for key oceanic gateways which are implemented in a new global 

paleogeography model. The influence of changes in oceanic gateways on paleo-ocean circulation and 

climate has been investigated by implementing the paleogeography in paleo-ocean circulation and 

climate models.  The methodology for compiling the datasets and developing paleogeographic 

reconstructions is extensively described in Chapters II and III (corresponding to Papers 1 and 2). The 

methodology for modelling paleo-ocean circulation and climate is briefly described in this section but 

can be also found in the Supplementary Material for Paper 3. 
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5.1. Modelling paleobathymetry  
The paleobathymetric reconstructions developed in this study requires a wealth of data and various 

information on the plate tectonic kinematics, oceanic lithospheric ages, sediment thickness, crustal 

thickness, and different types of geological evidence to calculate and constrain the reconstructions. The 

detailed methodology is described in Chapters II and III. To model paleobathymetry back in time one 

need information on plate tectonic kinematics and the evolution of oceanic lithospheric age, oceanic 

plateaus and sediment thickness. Also, the geometry and evolution of continental margins and sea level 

changes are important. In brief, the methodology described in Chapters II and III, calculates the 

basement depth of the oceanic lithosphere using the thermal subsidence curve of Crosby and McKenzie 

(2009). Sediment thickness is calculated using the formulas derived in Chapter II, and the 

paleobathymetry of oceanic plateaus is constructed by adding the present-day residual bathymetry 

calculated in Chapter II to the paleo-locations of the plateaus. In addition, in this methodology includes 

accounting for sea level changes using the sea level curve of Haq and Al-Qahtani (2005), and 

sedimentation and subsidence of the continental shelves. The main novelty of this model is the detailed 

reconstructions of key Cenozoic oceanic gateways presented in Chapter III. 

Several types of software have been essential for this study to successfully model paleobathymetry. For 

reconstructing the paleo positions of continents and main oceanic features, I have used the open-source 

application GPlates (http://www.gplates.org).  In-house regional and global models (developed by 

various CEED researchers and collaborators) have been loaded in GPlates for calculating the paleo-

positions of various topographic features through time. Digital grid compilations and grid merging, and 

many of the numerical calculations have been conducted using the Generic Mapping Tools (GMT; 

http://gmt.soest.hawaii.edu) versions 4, 5, and 6 (Wessel et al., 2013; Wessel et al., 2019). GMT was 

also used to construct many of the maps and figures. For the more complex numerical routines I have 

used MatLab (https://se.mathworks.com) and Python (https://www.python.org). 
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5.2. Modelling the influence of paleogeography on ocean circulation and climate  
5.2.1. Paleo-ocean circulation and climate models 

The field of paleoclimate modelling has evolved since the first General Circulation Model (GCM) for 

the Last Glacial Maximum were published during the 1970s (e.g. Gates, 1976) and has increased in 

capacity and capability ever since (Haywood et al., 2019).  With more detail and higher computational 

power, the models have grown in complexity and resolution towards today’s Earth System Models 

(ESMs). The ESMs are mainly used to assess the effects and impacts of anthropogenic greenhouse gas 

emissions (IPCC, 2013), but are also powerful tools in paleoclimate modelling. In particular, several 

studies have provided ways of evaluating the efficacy of climate and ESM predictions by producing 

large-scale paleoclimatic changes providing valuable information to predict future climatic changes 

(Haywood et al., 2013; Haywood et al., 2019). However, models of lower complexity or models using 

idealized setups are still widely used in paleo-ocean circulation and climate modelling, and are often 

more suited for understanding fundamental aspects of the role of geography on ocean circulation and 

climate (Ferreira et al., 2010). One type of idealized models is the so-called ‘aqua-planet’ where the 

Earth is entirely covered by an ocean of uniform depth, except for a number strategically placed barriers 

that extends from the bottom to the surface (e.g. Toggweiler and Bjornsson, 2000; Ferreira et al., 2010). 

Such models have been used to evaluate the effect of oceanic gateways like the Drake Passage and 

Tasman Gateway (Toggweiler and Bjornsson, 2000; Ferreira et al., 2010), and investigate the 

asymmetries in the major oceanic basins (Ferreira et al., 2010). These models are to a certain degree 

able to produce remarkably similar circulation as what is observed in the oceans, and directly quantify 

the climatic variations caused by changing the simplified topography. For example, the model of 

Ferreira et al. (2010) which has two meridional barriers creating a small and a large basin with gaps 

representing the Tasman Gateway and Drake Passage shows zonal asymmetries in the basins where 

deep convection and deep water formation is confined to the small basin when the gaps are open. This 

resemble the present-day ocean circulation with a deep reaching thermohaline circulation in the small 

basin and wind-driven circulation with no deep convection in the large basin, analogous to the North 

Atlantic and Pacific Ocean, respectively (Ferreira et al., 2010). These and similar studies motivated us 

to make similar experiments, although with more realistic bathymetry, to investigate the influence of 

other oceanic gateways on global ocean circulation.    
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5.2.2. Idealized experiments using the MITgcm  

The model runs in this section were performed by Ada Gjermundsen (UiO) using input bathymetry 
created by the PhD candidate. The output was analyzed and plotted by the PhD candidate during a 
research stay at IMAS (Hobart, Tasmania), under supervision by Joe Lacasce (UiO) and Andreas 
Klocker (IMAS). These models were run again by the PhD candidate using a slightly different model 
setup and updated bathymetry while visiting IMAS, however, these models are not finalized, therefore 
only the output from the original models are plotted here.  
 

To test the influence of bathymetric changes in the NE Atlantic region on global ocean circulation an 

idealized global ocean circulation model was run using the MITgcm (Marshall et al., 1997). It was run 

with input paleobathymetry for 12 Ma (Serravallian age of the Miocene) and a control run with present 

day bathymetry for comparison. At 12 Ma the central NE Atlantic was much shallower in the region of 

Greenland-Scotland Ridge (GSR), and the Fram Strait oceanic gateway was much narrower than today. 

In addition, large areas in the present-day Barents Sea were subaerial (Fig. 3).  

The Miocene model has 1˚ horizontal resolution and 35 vertical layers. It was run with and without wind 

forcing and compared to corresponding runs with present-day bathymetry (Fig. 4). The models have no 

atmosphere, salinity, or sea-ice forcing and were either solely forced by a temperature profile prescribed 

at the surface given by 28 cos(𝑙𝑎𝑡), or by this temperature profile and the present-day winds. This model 

is built based on the model setup of Gjermundsen et al. (2018). ETOPO1 (Amante and Eakins, 2009) 

was used for the present-day bathymetry, while the 12 Ma paleobathymetry was generated using the 

methodology outlined in Chapter III.   Except for the bathymetry, the forcing is identical in the 0 and 

12 Ma cases, making any changes in ocean circulation directly linked to the changes in bathymetry.  
 

The model results show significant global changes in ocean circulation caused by the NE Atlantic 

changes in paleobathymetry. In particular, we see a reduction of the Atlantic Meridional Overturning 

Circulation (AMOC) and a strengthening of the Pacific Meridional Overturning Circulation (PMOC) in 

the Miocene (12 Ma) configuration compared to the present day. When the GSR is shallow (12 Ma) the 

AMOC is reduced by ~6 Sv in the simulations with winds (Fig. 5), which is comparable to the amount 

of deep water formed north of the ridge with the present-day bathymetric configuration. As the PMOC 

strengthens, the magnitude of the global MOC stays similar for both bathymetric configurations with a 

maximum at ~25 Sv. The simulations without winds show weaker circulation than when the winds are 

present but have a similar circulation pattern and show the same changes when modifying the 

bathymetry. More maps of the ocean circulation and the figures for the simulations without winds can 

be found in Appendix A.  
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Figure 5: Meridional overturning streamfunction for the Atlantic and Indo-Pacific oceanic basins for the model 
simulations with 0 Ma and 12 Ma bathymetry. These models include wind forcing.  
 

The mode of the ocean circulation with the Pacific Ocean dominating the global overturning circulation, 

has been previously proposed for shorter and more recent climate periods such as the last glacial 

maximum (e.g. Kiefer, 2010; Okazaki et al., 2010), characterized by the same bathymetry as today, but 

different atmospheric forcing. In contrast, our new simulations suggest that such a mode could have 

been a stable state in the Miocene due to a different bathymetric configuration. There are some 

indications that this could have been the dominant mode in Miocene, with a supposedly weaker Atlantic 

(Boyle et al., 2017) and a stronger Pacific MOC (Holbourn et al., 2013). Holbourn et al. (2013) inferred 
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from different proxies (i.e. 𝛿!"𝐶, Nd isotopes, benthic foraminifera, and studies of sedimentary 

successions) a strengthening of the PMOC and increasing deep water ventilation in the Mid-late 

Miocene (after ~13.9 Ma). Evidence of an active PMOC disappears from (~ 12 – 9 Ma), simultaneously 

as the proposed first stage of development of the modern AMOC (e.g. Woodruff and Savin, 1989; von 

der Heydt and Dijkstra, 2006; Yang et al., 2014; Ferreira et al., 2018). Our simulations suggest that 

deepening of the GSR could have played a role in this transition from a Pacific to an Atlantic 

overturning. Note that  the Cenozoic evolution of the thermohaline circulation, especially in the Pacific 

Ocean, is not well documented (Holbourn et al., 2013). In our models the latitude of the northern 

boundary of the oceanic basins seem to determine the type of overturning circulation. However, in 

reality this may not be of similar significance because other parameters not accounted for in our model, 

such as salinity and sea ice may play an important role deep water formation (e.g. Warren, 1983; Foldvik 

and Gammelsrød, 1988). For example, in today’s oceans low salinity surface waters in the North Pacific 

inhibits convection and hinder significant deep water formation (e.g.Warren, 1983; Kiefer, 2010) and 

the deep Pacific basins are fed by North Atlantic Deep Water and Antarctic Bottom Water originating 

from the ACC (e.g. Talley, 1993; Reid, 1997; Holbourn et al., 2013). Also, In Chapter IV we show that 

salinity differences in the North Atlantic could have been very important for the development of the 

AMOC in the Late Eocene. 

The northern boundaries of the global oceans seem to be important in these simulations. Therefore, we 

decided to update the global paleobathymetry by including a detailed model of the Aleutian Arc in the 

North Pacific Ocean (Fig. 6). This was part of the motivation for the PhD candidate to run these 

simulations again with an updated bathymetry. The paleobathymetry model was updated and 

implemented in the MITgcm; however, the runs with updated North Pacific paleobathymetry have not 

reached steady state, so the simulations with the paleobathymetry shown Figure 6a were instead 

presented here (Fig. 4 and 5). Notably, the North Pacific may assert some risk to the accuracy of the 

model presented in this section.  
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Figure 6: Paleobathymetric reconstructions for 12 Ma. a) North Pacific paleobathymetry constructed without 
considering the detailed evolution of the Aleutian Arc. b) New paleobathymetry including a more detailed model 
of the Aleutian Arc,  also reconstructed using updated Continent Ocean Boundaries (COBs) modified from Torsvik 
and Cocks (2016). 
   

 

5.2.3. Realistic paleoclimate simulations using the NorESM 

In Chapter IV we model the climatic impact of oceanic gateway changes during the Eocene – Oligocene 

transition (34 Ma). We implement the paleogeography model presented in Chapter III in the Norwegian 

Earth System model (NorESM). For this study we used the NorESM-F version of the model (Guo et al., 

2019). NorESM-F can be considered a Community Earth System Model (CESM) variant and consists 

of the Community Atmosphere Model (CAM5), Community Land Model (CLM), Community Sea Ice 

Model (CICE5), and Bergen Layered Ocean Model (BLOM, formerly MICOM). The atmosphere and 

land models are configured on 2-degree resolution whereas the ocean and sea-ice share a tripolar grid 

configured on a nominal 1° resolution. The 1° horizontal grid size is refined in the tropics to be 0.25° in 

latitude in order to better capture the alternating zonal jets near the equator. The individual components 

are coupled together using the Common Infrastructure for Modeling the Earth (CIME). The ocean 

biogeochemistry is not active in these simulations. 
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To spin up the ocean and atmospheric circulation from rest, we implemented the paleogeography model 

outlined in Chapter III for 34 Ma where the configurations of the key oceanic gateways corresponds to 

a Late Eocene scenario. We run the simulation for 1000 years at which point the simulation has reached 

a semi-equilibrium in terms of circulation metrics although small top-of-the-atmosphere radiative 

imbalance persist which causes small positive temperature drift (Figure D1, Appendix D).  From there 

we create different perturbation cases where we change the depths of the Atlantic – Arctic oceanic 

gateways, the Tethys Seaway, and the Southern Ocean gateways. We take the deepest and shallowest 

possible scenarios for 34 Ma and use them to test the different impacts on ocean circulation and climate.  

For each perturbation we keep the NorESM land-sea mask and only modify the ocean model restart file 

as follows: for each case we create a dummy case with modified bathymetry and run it for 1 month 

starting from the initial conditions. We then replace the information in the original restart file (end of 

spinup) at the locations where the bathymetry was modified. This is an ad-hoc approach which does not 

conserve energy (kinetic, potential or heat). However, we do not expect that this ad-hoc approach affects 

the results as we apply the changes only in few grid cells and run the simulations for 500 years. The 

results from this model is presented in Chapter IV.  
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6. Organization of this thesis  
This article-based thesis contains three first-authored papers published or submitted to international 

scientific journals. The following papers make up Chapters II - IV of this thesis:  

 

Paper I is published in the AGU journal Geochemistry, Geophysics, Geosystems (G3). This paper 

explores the distribution and evolution oceanic sediments and compiled a new global total sediment 

thickness grid (GlobSed). We also compiled a new global oceanic lithospheric age grid and calculated 

global residual bathymetry. We took advantage of the compiled grids and analyzed the relationship 

between sediment thickness and the age of the underlying oceanic lithosphere and its latitude. This 

relationship was used to derive formulas for calculating sediment thickness in paleobathymetric 

reconstructions.  

 

Paper II is an invited paper published in the Elsevier journal Gondwana Research. There we present a 

new global Cenozoic paleogeography model, including new regional models for the Northern 

Hemisphere oceanic gateways.  This includes Northeast Atlantic paleobathymetric variations due to 

Iceland mantle plume activity, updated regional plate kinematics, and models for the oceanic 

lithospheric age, sediment thickness, and reconstructed oceanic plateaus and microcontinents. We also 

provide a global paleotopography model based on new and previously published regional models. 

 

Paper III is submitted to the journal Proceedings of the National Academy of Sciences (PNAS). This 

paper investigates the influence of key oceanic gateways on ocean circulation and climate near the 

Eocene – Oligocene transition (34 Ma). We implement the paleogeographic reconstructions from Paper 

II with realistic models for the Atlantic – Arctic oceanic gateways in a state-of-the-art earth system 

model (NorESM-F). The models show that the Eocene climate is highly sensitive to the depth of the 

Greenland – Scotland Ridge and the Fram Strait. 
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7. Future work  
Global paleogeography and the evolution of key oceanic gateways are postulated to have caused major 

climatic changes on geological timescales. In light of the new paleogeography model described in 

chapter III, we found that several topics need to be re-evaluated in order to better clarify the importance 

of solid earth changes for climate evolution. 

While the evolution of oceanic basins from the mid-ocean ridges to their abyssal plains depends 

on relatively-well established thermal subsidence physical rules (e.g. Parsons and Sclater, 1977; Stein 

and Stein, 1992; Crosby and McKenzie, 2009), and sedimentation-related subsidence (e.g. McKenzie, 

1978; Sykes, 1996) which we have already been evaluated and implemented (Straume et al., 2019), the 

existence and evolution of trenches, where the oceanic lithosphere is severely distorted and eventually 

subducted is completely ignored in previous global models (e.g. Herold et al., 2014; Baatsen et al., 

2018). The importance of these deep valleys in global ocean circulation may depend on their position 

relative to other bathymetric features or oceanic gateways (e.g. Okay et al., 2010; Montes et al., 2012; 

Eagles and Jokat, 2014), but we find surprisingly little information in the published literature. It is 

therefore high time for undertaking a detailed study of these oceanic regions and include their evolution 

in paleogeography  models, as this is important globally as well as for the individual oceanic gateways 

influenced by subduction, like the Tethys Seaway, Central American Seaway, Indonesian Gateway and 

the Drake Passage (Fig.7). However, their general role in paleo-oceanography is highly uncertain. The 

deepest parts of the ocean stores great amounts of heat and carbon and are therefore thought to be very 

important for long-term climatic changes (e.g. Johnson et al., 2007; Smith et al., 2013; Ma et al., 2019). 

They may also be important for the general circulation as deep-channels can generate topographic waves 

causing greater flow velocities in the deep, as suggested for the Pacific Yap‐Mariana Junction (Ma et 

al., 2019). However, the lack of attention to their paleogeography have left a vacuum in our 

understanding on how changes in the deepest parts of the oceans affect the ocean and climate system 

through time. 

The basic methodology to reconstruct/model the paleo-trenches has previously discussed and 

partly developed with colleagues at CEED and should be taken one step further. The new methodology 

of accounting for subduction can be developed for key regions like the Tethys and Caribbean regions 

and then further implemented globally. This will also include accounting for the role of sedimentation 

in trenches which is important for the geometrical adjustment of the trench-wedge (e.g. Mountney and 

Westbrook, 1996)  and therefore also paleobathymetry.  
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Figure 7: Locations of subduction zones and the total sediment thickness in the vicinity of the trenches. Yellow 

rectangles highlight key oceanic gateways where subduction have played an important role. From West to East: 

The Indonesian Gateway, the Central American Seaway, Drake Passage, and the Tethys Seaway. The sediment 

thickness is taken from the total sediment thickness grid GlobSed (Straume et al., 2019). Grey shaded bathymetry 

is the GEBCO 2019 bathymetry grid (https://www.gebco.net). 

 

Another aspect that needs to be seriously analyzed, is the uncertainties in paleogeographic models. This 

is of major importance, for example, as the estimated time for the closure of the Tethys Seaway varies 

by ~ 30 Myrs from Early Eocene to Mid Miocene (e.g. Oberhänsli, 1992; Rögl, 1999; Harzhauser et al., 

2007; Allen and Armstrong, 2008), and the different depth estimates vary by several kilometers for the 

same time interval. Quantifying these uncertainties is a challenge but would be a huge advantage with 

respect to linking the elevation changes to geologically rapid climatic changes seen in the proxy record 

(e.g. Zachos et al., 2008). The uncertainties in paleobathymetry/topography models requires knowledge 

about the uncertainties involved in the models for plate kinematics, lithospheric ages, 

sedimentation/erosion, and data/geological evidence. Estimates in uncertainties of plate models have 

been attempted using the fraction of the global surface area that is missing at any given time due to loss 

of oceanic lithosphere by subduction (Domeier and Torsvik, 2017). This can give synthetic uncertainties 

for any given plate model; however, more robust methods are required to better quantify such 

uncertainties, especially when one aims to apply it to paleo-elevation. Accounting for model and data 

uncertainties in an integrated approach, for example using Bayesian type uncertainty quantifications, 

will therefore be of great value to regional and global paleogeographic reconstructions and ultimately 

the accuracy of paleoclimate models.  
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Abstract 
We present GlobSed, a new global 5 arc-minute total sediment thickness grid for the world’s oceans and 

marginal seas.  GlobSed covers a larger area than previously published global grids and incorporates 

updates for the NE Atlantic, Arctic, Southern Ocean and Mediterranean regions, which results in an 29.7 

% increase in estimated total oceanic sediment volume. We use this new global grid and a revised global 

oceanic lithospheric age grid to assess the relationship between the total sediment thickness and age of 

the underlying oceanic lithosphere and its latitude. An analytical approximation model is used to 

mathematically describe sedimentation trends in major oceanic basins, and to allow paleobathymetric 

reconstructions at any given geological time. This study provides a much-needed update of the sediment 

thickness distribution of the world oceans and delivers a model for sedimentation rates on oceanic crust 

through time that agrees well with selected drill data used for comparison.  

Plain language summary  

We have constructed a new global ocean sediment thickness map, GlobSed, from previously published 

maps and new data compiled in this study. GlobSed is used together with a new map of lithospheric 

ages developed for this study, to analyze how sediment thickness changes with respect to the age of the 

underlying oceanic crust and latitude. The results show a clear age-latitude dependence where sediment 

thickness increases with age of the oceanic crust, towards high southern and northern latitudes, and 

towards the equator. In addition, we calculate the total volume of sediments in the oceans which shows 

an increase of 29.7 %, compared to previously published global maps. Further we develop a 

mathematical formula for sediment thickness as a function of age and latitude, that describes the 

sediment thickness pattern in the oceans within reasonable error, and we suggest that this is a good 

approximation for estimating sediment thickness in oceanic basins through time.  
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Chapter II 

1. Introduction

Knowledge of terrestrial and marine sediment thickness is critical to understanding geological 

evolution and processes. Globally, erosion and biogenic sedimentation followed by transport and 

deposition by wind or water determines the first-order structure of sedimentary accumulation. 

Subsequently, sediments can be tectonically deformed, re-deposited or even subducted, and therefore 

enter the deep-Earth cycle. Improved understanding of sediment thicknesses aids global studies in a 

wide range of subject areas, including analyses of thermal subsidence of the oceanic lithosphere (Crosby 

et al., 2006; Crosby and McKenzie, 2009), lithospheric thinning along continental margins (Crosby et 

al., 2011), or in paleobathymetric reconstructions (Müller et al., 2008b; Goswami et al., 2015) 

On long geological timescales, the geology and geography of the continents and the world 

oceans are mostly controlled by plate tectonics. Most of the large oceanic basins have been formed due 

to seafloor spreading, a process initiated after continental lithosphere break-up. The oceanic lithosphere 

forms and subsides due to cooling – a process which is age dependent (e.g. Parsons and Sclater, 1977; 

Stein and Stein, 1992; Crosby and McKenzie, 2009), and is covered by various sediment types 

depending on the depth, proximity of continental margins and interactions with the oceanic currents and 

biosphere. The depth of seafloor adjusts depending on sediment loading and isostatic response to that 

loading. Using this simplified relationship between the lithospheric age, thermal subsidence and depth, 

and the sediment accumulation history one can infer first-order approximations of ocean depths through 

time.  

In the last decade, several regional and global models of oceanic lithospheric age have been 

published (e.g. Müller et al., 2008a; Müller et al., 2016). Global compilations of sediment thickness are 

also available (e.g. Divins, 2003; Laske et al., 2013; Whittaker et al., 2013; Wobbe et al., 2014). 

However, due to uncertainties in some of the most used global sediment thickness compilations (Divins, 

2003; Laske et al., 2013), some studies that used these compilations excluded sediment thickness > 1.5 

km as they observe that the uncertainty grows with greater sediment thickness (i.e. Crosby and 

McKenzie, 2009), while others excluded sediment thickness of poorly resolved areas along the 

continental margins (i.e. Crosby et al., 2011). The uncertainties in the global grids often results from the 

insufficient data coverage. Lack of seismic reflection/refraction profiles, especially in the deeper part of 

the ocean, cause uncertainties in sediment thickness independent of the grid node spacing in the digital 

maps (e.g. Divins, 2003; Whittaker et al., 2013). It is therefore important to continuously update the 

global compilations as new seismic data is collected.  

Here, we re-visit the present-day distribution of sediments in the world oceans by considering 

recent and more accurate regional sediment thickness compilations in the Northern Hemisphere (the 

North Atlantic, the Arctic and Mediterranean regions) and the Southern Ocean (Fig.1), and combine 

them with available global compilations (i.e.  the NGDC and Laske et al. 2013 grids). The new total 
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sediment thickness grid, GlobSed, is then analysed together with our new model for the oceanic 

lithospheric age to derive first-order patterns in the global sediment thickness distribution, and in 

selected ocean basins. Ultimately, we provide a much-improved present-day global distribution of total 

sediment thickness and a series of algorithms that can be used for reconstructing sediment thickness in 

oceanic basins through time. 

 

Figure 1: Global GEBCO_2014 bathymetry map (Weatherall et al., 2015) and a polar map of the Arctic ocean. 

 

2. Data and global compilation  

Several regional oceanic sediment thickness maps have been recently compiled and published 

for the, 1) NE Atlantic (Hopper et al., 2014; Funck et al., 2017), 2)  Mediterranean (Molinari and Morelli, 

2011), 3) Arctic (Petrov et al., 2016), and 4) Weddell Sea (Huang et al., 2014).  State-of-the-art global 

compilations of gridded data comprise new sediment thickness evaluation of the Southern Ocean in the 

Australia-Antarctica region (Whittaker et al., 2013) and the Ross Sea, Amundsen Sea, and 

Bellingshausen Sea sectors off West Antarctica (Wobbe et al., 2014; Lindeque et al., 2016). In this 
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study, we merge the above-mentioned grids and updated Southern Ocean and NE Atlantic compilation 

with the previous NGDC grid to produce a new total sediment thickness grid (Fig.2). The sediment 

thickness compilations used in this work will be further described below. 

 

 

Figure 2: New global total sediment thickness grid, GlobSed. a) Sources of the grids compiled to fill the previously 

poorly mapped Arctic and the NE Atlantic oceans and the Mediterranean Sea. Darker orange in the Northern 

Hemisphere indicates the full extent of the Molinari and Morelli (2011) grid, but it was only used in areas colored 

dark blue (e.g. in the Mediterranean Ocean). b) Sources of the updated sediment thickness map of the Southern 

Ocean. See color legend and text for references. c) Map showing total sediment thickness in kilometers. Regions 

inside red dashed polygons indicate sediment thickness values taken from the Laske et al. (2013) grid with an 

original coarser grid node spacing (1 degree) than the other used grids. This grid was given a lower priority in the 

grid merging order and is marked (*) in the color legend. 
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2.1 Total Sediment Thickness Data in the NE Atlantic  

A new total sediment thickness grid of the NE Atlantic (Fig. 3) was compiled for the 

international NAG-TEC project (Hopper et al., 2014,). This grid was produced by combining several 

different compilations that covered subsets of the entire region (see Table 1 and Suppl. Fig. S1). 

Individual datasets were selected by quality checking all available sediment thickness data in the area, 

with a preference for the most recent data. In some areas, in particular east of Greenland, around Iceland, 

and around the Jan Mayen microcontinent, local maps and new interpretation of seismic reflection data 

was included (Suppl. Fig. S1 and Hopper et al. 2014). Over the continental margins and transitional 

areas, the total sediment thickness includes the entire cover-sequence, which may include basalts and 

sub-basaltic sedimentary rocks. This is due to difficulties distinguishing volcanic layers from 

sedimentary layers and may lead to a slight overestimation of sediment volume. In areas where very 

thick volcanic sequences are indicated, such as around the Jan Mayen microcontinent and Iceland, 

marginal areas with thick seaward dipping reflector sequences, and over oceanic crust, the top of basalt 

is used as depth to basement for sediment thickness. In these latter cases, sediment thickness may be 

underestimated where basalts have buried older sediments. After compiling all this information, there 

remained many large gaps, especially in oceanic areas (see Suppl. Fig. S1). These areas were filled using 

the depth to basement grid based on regional seismic refraction (Fig. 3 and Funck et al., 2017), which 

was produced using a gravity guided kriging technique. Individual data sets were resampled to 2 km 

before the map segments were stitched together. Further, the total sediment thickness was compared to 

well data and adjusted to ensure that sediment thickness is equal to or higher than observed in the wells, 

assuming that the wells have not penetrated the entire sedimentary sequence. To smooth the transitions 

between the individual gridded data sets and to avoid aliasing, the data were smoothed with five 

consecutive runs of a low-pass filter with 4 km diameter. The NE Atlantic sediment thickness grid (Fig. 

3) extends from ~50˚ N to the Fram Strait (about 82˚N). 
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Figure 3: New NE Atlantic sediment thickness map used in the GlobSed grid. The red lines indicate the continent-

ocean boundaries (COBs) of Hopper et al. (2014). The white lines indicate the location of refraction seismic lines 

(Funck. et al., 2017). 
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2.2 Updated Southern Ocean Sediment Thickness 

We combined and updated the grid over the  Southern Ocean (Divins, 2003), incorporating new 

data for the Australian-Antarctic corridor (Whittaker et al., 2013), the West Antarctic margin (Wobbe 

et al., 2014; Lindeque et al., 2016), and the Weddell Sea (Huang et al., 2014) (Fig. 4). We have modified 

the Weddell Sea data to include the results from seismic refraction experiments close to the edge of the 

ice shelf, which reveal deep sedimentary basins on the Weddell Sea shelf (Jokat and Herter, 2016). The 

sedimentary thickness for the Oates Land coast (170˚E – 150˚E) as well as the Atlantic sector of the 

Southern Ocean (20˚W – 50˚E) has been reevaluated based on seismic reflection data (from Antarctic 

Seismic Data Library System SDLS, http://sdls.ogs.trieste.it/). The regional grid offshore New Zealand 

uses seismic reflection and refraction data acquired by the Alfred Wegener Institute (AWI) and data 

provided by GNS Science, New Zealand (see Table 2). We used available velocity constraints from 

seismic refraction experiments (e.g. Jokat and Herter (2016), for the Atlantic sector and Grobys et al. 

(2007) for New Zealand), seismic stacking velocities and, if available, drill site information to convert 

seismic velocities to sedimentary thickness (e.g. Rogenhagen et al. (2004), and  Huang et al. (2014) for 

the Atlantic sector and Horn and Uenzelmann-Neben (2015) for New Zealand). To combine the different 

datasets, we resampled them to 5 arc minute grid spacing, and to ensure a seamless fit between the grids, 

we used overlapping grid regions to verify the comparability and consistency of the grids. A continuous 

surface tension was used during the gridding process (i.e. 'surface', Generic Mapping Tools, Wessel et 

al., 2013). 
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Figure 4: Southern Ocean total sediment thickness with locations of seismic lines (white lines). 

 
 

2.3 Published Sediment Thickness Gridded Data and Grid Merging   

The most recent global sediment thickness grid distributed by NCEI (the National Centers for 

Environmental Information, formerly known as the National Geophysical Data Center, NGDC) is the 

global 5 arc minute grid of Whittaker et al. (2013). This global map covers most of the world’s oceans, 

with exceptions of the Northern North Atlantic-, Arctic-, and Mediterranean Ocean and parts of the East 

China Sea and Sea of Okhotsk (Fig. 2). The previous NCEI total sediment thickness of the world’s 

oceans and marginal seas (Divins, 2003), was mainly compiled from published isopach maps (e.g. 

Ludwig and Houtz, 1979; Matthias, 1988; Divins and Rabinowitz, 1990; Hayes, 1991; Divins, 2003), 

drilling results from the Ocean Drilling Program (ODP) and Deep Sea Drilling Project (DSDP), and 

seismic data as a part of the Intergovernment Oceanographic Commission’s (IOC) International 

Geological-Geophysical Atlas (Udintsev, 2003) as well as seismic reflection profiles of Divins (2003). 
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The Whittaker et al. (2013) version was the second of the NCEI sediment thickness maps and included 

updates for the Australian-Antarctic region. The Whittaker et al. (2013) compilation has been updated 

by Wobbe at al. (2014) and Lindeque et al. (2016) for the Ross Sea, Amundsen Sea and Bellingshausen 

Sea sectors off West Antarctica, but these updates have not been published by NCEI. Another available 

global sediment compilation by Laske et al. (2013) is based on previously published digital maps and 

hand-digitized grids from available maps and atlases. 

 

Petrov et al. (2016) published a sediment thickness map for the Arctic inferred from available 

seismic data. Regions of the Arctic lacking seismic data were filled by the global CRUST1.0 (1 x 1 

degree) sediment thickness grid of Laske et al. (2013) (Petrov et al., 2016). For the GlobSed compilation, 

the Arctic sediment thickness by Petrov et al. (2016) has been further checked and modified according 

to recent seismic reflection data in the eastern Eurasia Basin (e.g. Nikishin et al., 2017),  and in the 

Barents Sea. 

 

The combined modified Arctic (Petrov et al., 2016), the new NE Atlantic and the current NCEI 

global sediment thickness grids (Divins, 2003; Whittaker et al., 2013) cover most of the oceanic domain 

in the Northern Hemisphere, however, the Mediterranean Ocean, Baltic Sea and some smaller regions 

were not enclosed. Therefore, we filled these regions (Fig.2) using the total sediment thickness grid 

from the European reference crustal model EPcrust (Molinari and Morelli, 2011). This grid contains 

data of the entire European plate, from North Africa to the North Pole and the Mid-Atlantic ridge to the 

Urals, with a grid cell spacing of 0.5 x 0.5 degrees. Where EPcrust overlapped with the other grids (i.e. 

NE Atlantic, Arctic or NCEI’s total sediment thickness grids) the others were preferred as the quality 

and resolution of EPcrust is the least precise.  

 

2.4 A New Global Sediment Thickness Grid 

We merged the new and previously published sediment thickness grids described above, using 

the open-source software Generic Mapping Tools (GMT, Wessel et al., 2013). We combined 

overlapping grids by applying a weighting scheme in which the weighting of each grid formed a cosine 

taper with distance (using ‘grdblend’, from the GMT tool box) (Fig. 5). Priority was given to the highest 

resolution data. The lower resolution data sets that overlapped spatially with the with other data sets 

were cut to avoid blending complications in the final global grid, leaving a narrow overlapping region 

(~ 1 degree) to ensure a smooth transition between the grids. Figure 5 shows three examples of grid 

merging. The NE Atlantic and Southern Ocean sediment thickness data were given the highest priority 

followed by the NCEI grid, the Arctic and EPcrust total sediment thickness grids. In the final 

compilation, sediment thickness information for some oceanic areas was still lacking (Fig. 2), so we 

filled these regions with the 1-degree global grid of Laske et al. (2013). The difference between GlobSed 
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and the previous NCEI’s grid by Whittaker et al. (2013) is shown in Figure 6. The large difference in 

the circum-Antarctic region is due to the incorporation of previously unknown or unpublished seismic 

data. In particular, the Bellingshausen Sea and Amundsen Sea sectors of West Antarctica have only 

recently been surveyed by seismic profiling in a line distribution to generate sediment thickness grids 

(Wobbe et al., 2014; Lindeque et al., 2016). The first integrated analysis of sediment thicknesses and 

distribution in the Weddell Sea was performed by Huang et al. (2014). The same applied for the Arctic 

Ocean where numerous seismic survey lines have been acquired in the last 15 years. 

 

Figure 5: Selected profiles across areas where the contributed grids overlap and our solution for discrepancies. a) 

Overlap of the NE Atlantic- and the Arctic sediment thickness grids north of the Fram Strait. b) Overlap of the 

semi global- and Arctic sediment thickness grids in Baffin Bay. c) Overlap of the Whittaker et al. (2013) and NE 

Atlantic grids in the North Atlantic Ocean.  Dashed lines indicate grid values before merging, and black line shows 

values of the final combined grid.  
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Figure 6: Polar maps showing the difference between the new total sediment thickness grid, GlobSed, and the 

sediment thickness grid of Whittaker et al. (2013). The black regions mark blank areas in the previous NCEI grid 

which are now covered by the GlobSed grid 

 
2.5 Sediment volume in the world’s oceans  

GlobSed was used to calculate the total volume and mean thickness of the sediments in the 

world’s oceans (see Table 3). We compute that there are ~3.37 × 10!	𝑘𝑚" of sediments in the global 

ocean, ~107lkm3 km more than the total sediment volume estimated from the global grid of Whittaker 

et al. (2013). The new grid covers 7.4 % more ocean area than the former grid, and represents a sediment 

volume greater by ~29.7 %. This is mostly due to our new constraints on the large sediment volumes in 

the Arctic Ocean, the Mediterranean Ocean and the Weddell Sea. For comparison, LaRowe et al. (2017), 

calculated the total sediment volume to be ~3.01 × 10!	𝑘𝑚" based on earlier global compilations of 

sediment thickness (i.e. Laske, 1997; Whittaker et al., 2013).  

 

Table 3: Volume, area and mean height of sediments in the oceans calculated from the new and previous global grids. 

Sediment thickness grid Volume Area Mean thickness 

This study ~3.37 × 10!	𝑘𝑚" ~3.63 × 10!	𝑘𝑚# 927 m 

Deep ocean* ~1.13× 10!	𝑘𝑚" ~2.79 × 10!	𝑘𝑚# 404 m 

Continental margins  ~1.43× 10!	𝑘𝑚" ~4.69 × 10$	𝑘𝑚# 3044 m 

Whittaker et al. (2013) ~2.37× 10!	𝑘𝑚" ~3.36 × 10!	𝑘𝑚# 705 m 

LaRowe et al. (2017)  ~3.01 × 10!	𝑘𝑚"  721 m 

 

*The deep ocean is defined as the area covering oceanic seafloor situated more than 200 km away from the Continent- 

Ocean Boundary (COB). Our calculations show that ~7.6× 10$	km" (~22.5 %) of the sediments in the oceans lies on 

the oceanic crust less than 200 km away from the COBs. 
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The global oceans cover shallow continental areas that may extend tens or hundreds of 

kilometres from the coastlines and deeper abyssal plains. We consider here that oceanic crust floors the 

regions offshore the so-called Continent Ocean Boundary (COB), which is a simplified tectonic term 

we adopt here as the continent-ward boundary for what we call “oceanic basins”. We use the global 

COBs described by Torsvik and Cocks (2016), and a modified outline of back-arc basins from Matthews 

et al. (2016) for the SE Asia and SW Pacific.  Globally, the continental shelves and the adjacent oceanic 

crust (here within 200 km from the COB), contains ~66.5 % of the ocean sediments while only 

representing ~23.1 % of the oceanic area. The continental margins alone represent ~12.9 % of the 

oceanic area and contain more than 42 % of the total sediment volume corresponding to a mean sediment 

thickness of 3044 m, while the oceanic crust more than 200 km away from the shelves has an average 

sediment cover of 404 m. These very different sedimentary regimes control the biggest differences in 

sediment thickness in the oceans. For example, volumetrically ~40 % of all sediments overlying oceanic 

crust is found within 200 km of a continental shelf, corresponding to ~22.5 % of the total marine 

sediment volume (see Table 3). In section 3.3, we analyse the relationship between sediment thickness 

and age of the oceanic crust where caution is needed when accounting for oceanic regions near 

continental margins as they tend to accumulate much more sediments than the regions far away from 

the continents.  

 

 

3. Age, morphology and sediment distribution on oceanic lithosphere 

The sediment distribution in the world’s oceans depends on many factors including the age of 

the oceanic lithosphere, the proximity to continental margins or large river discharge, oceanic current 

transport, and oceanic biological and chemical settings. Previous studies have shown that there is a direct 

correlation between the thickness of sediments deposited on oceanic lithosphere and the lithospheric 

age (e.g. Müller et al., 2008b; Goswami et al., 2015). Here, we use a similar approach (section 3.3) using 

GlobSed and an updated model of global oceanic lithospheric age for estimating sediment thickness 

distribution with respect to the age of the oceanic lithosphere. 
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3.1 Age of the oceanic lithosphere  

Our gridded oceanic crustal ages (Fig. 7) are based on an improved database of magnetic 

anomaly identifications which were modelled as described by Müller et al. (2008a) using the 

geomagnetic polarity time scale of Ogg (2012). The presented oceanic lithospheric age model builds on 

the Seton et al. (2012) global model and includes recent regional plate tectonic models of the African 

plate, Indian Ocean, NE Atlantic and the Arctic (Gaina et al. 2013, 2015 and 2017, respectively, Nikishin 

et al. 2017), and a revised, more detailed global model for Eocene age oceanic lithosphere (Gaina and 

Jakob, 2018). The computation of age of oceanic lithosphere considers the formation of “normal” 

oceanic lithosphere through seafloor spreading. However, many large bathymetric features seen in the 

world’s bathymetric map (Fig. 1) were not formed by normal seafloor spreading processes, most of 

these being related to emplacement of additional volcanic material at the time, or after oceanic crust 

formation.  These regions include Large Igneous Provinces (LIPs), which may have been formed due to 

the arrival of deep-rooted mantle plumes at the base of the lithosphere causing massive volcanic 

eruptions over geologically short periods (e.g. Morgan, 1971; Coffin and Eldholm, 1994; Torsvik et al., 

2006; Torsvik and Cocks, 2016). These anomalous large scale bathymetric features are known to control 

ocean currents directions and induce contourite drift deposits and erosion (e.g. Rebesco et al., 2014; 

Dutkiewicz et al., 2016a), yielding anomalous sediment thickness compared to normal seafloor. For our 

analysis (section 3.3), we remove the oceanic areas where LIPs (locations and outlines from Torsvik & 

Cocks, 2016) were emplaced in order to avoid the bias towards a different style of sedimentation than 

the one linked to the steady sedimentation on a gradually aging and subsiding oceanic crust. The 

importance of LIPs for global bathymetry will be discussed in the next section. 
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Figure 7: Age of the oceanic lithosphere (see text for details). Oceanic Large Igneous Provinces (LIPs) from 

Torsvik & Cocks (2016) are colored in light blue. NAIP = North Atlantic Igneous Province, HALIP = High 

Arctic Large Igneous Province. 

 
3.2 Residual bathymetry   

To identify regions of the world’s oceans where processes other than normal seafloor spreading 

have contributed to bathymetry, we compute the global residual bathymetry (Fig. 8), defined here as the 

difference between the predicted depth to basement according to thermal subsidence of normal oceanic 

lithosphere, and the observed sediment unloaded basement depth. To compute the oceanic lithosphere 

thermal subsidence, we use the Crosby and McKenzie (2009) formula: 

𝑑 = .
−2652 − 324√𝜏													𝜏 ≤ 75𝑀𝑎

−5028 − 5.26𝜏 + 250 sin >#$%&
"'
? 				75	𝑀𝑎 < 𝜏 ≤ 160	𝑀𝑎	

											−5750																								𝜏 > 160	𝑀𝑎

 ,    (1) 

where d is the basement depth in meters and 𝝉 is the age of the oceanic lithosphere in million years. 

Since eq. (1) was derived excluding regions with anomalous crustal thickness the prediction is 

considered suitable for detecting anomalies in basement depth caused by, for example, hot-spot-related 

swells, seamounts and oceanic plateaus (Crosby and McKenzie, 2009; Wobbe et al., 2014). To calculate 

the sediment unloaded basement depth, we subtracted the sediment thickness from the present-day 

bathymetry GEBCO_2014 (Weatherall et al., 2015) and applied the isostatic correction method of Sykes 

(1996). In the resulting residual basement depth, there are several distinctive features (Fig. 8). For 

example, oceanic LIPs (e.g Ontong Java Plateau, Kerguelen Plateau, Shatsky Rise and the Greenland-

Iceland-Faroe Ridge) are associated with positive residual bathymetry (Figs. 7, 8). This is also true for 
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seamounts, and most of the NE Atlantic where the large positive residual bathymetry may be the result 

of increased igneous crustal thickness and dynamic topography of the Iceland Plume swell (Jones et al., 

2002). Many negative anomalies are associated with subduction zones (Fig. 8), as they are deeper than 

predicted by normal thermal subsidence of oceanic lithosphere. For other negative anomalies, like in the 

Bay of Bengal, the residual bathymetry is related to the highly anomalous thick sedimentary cover. 

 

 

Figure 8: Global residual bathymetry of the oceanic lithosphere.   

 
3.3 Analysis of Sediment Thickness Distribution in Global Oceanic Basins  

Many mechanisms and factors control sediment accumulation on the ocean floor. Here, we 

analyze how present-day sediment thickness distributed on oceanic crust is related to global parameters 

such as latitude and seafloor age. We attempt here to derive a simple crude model of the sediment cover 

of the normal crust, the crust which is unaffected by regional and local perturbations. We exclude 

oceanic plateaus and other anomalous regions with very high or very low (±5000 m) residual bathymetry 

(Section 3.2, Fig. 8) and areas characterized by highly anomalous sediment thickness (the Mediterranean 

and Arabian Seas and the Bay of Bengal). We also exclude areas within 200 km of the continental 

margins.  

We separate the seafloor age and latitude space into bins of 1.5 Myr of age and 1.5º of latitude 

and analyze sediment thickness data within each bin. We first consider distribution of sediment thickness 

by calculating standard deviation (STD) within each bin and exclude outliers where sediment thickness 

differs more than 1.8 STD from the average value, resulting in 4.5% of data points excluded. We then 
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calculated the average value for each bin. Figure 9a displays the distribution of average sediment 

thickness in the age-latitude space, which will be used in the further analysis. Figure 9b demonstrates 

that the average values shown in Figure 9a are reasonably representative as the STD calculated for each 

bin (average 209 m) is smaller than the average value in most of the bins (average total 586 m), although 

the accuracy of such representation is limited.  

Although ideally data would be analyzed over as large a range as possible, the data at high 

latitudes and for older ages is limited. The uncertainty of age estimations increases for ocean lithosphere 

> 83 Myr old. Thus, the following analysis excludes latitudes higher than 72º S and N and age greater 

than 82 Myrs (red rectangle in figure 9a). This younger part of the ocean is characterized by an average 

sediment thickness of 267 m with average STD of 140 m. The STD value is rather high because the total 

analysis includes several oceans. Thus, we present the same analysis for each ocean separately (Figure 

10) which resulted in average STDs smaller than 1/3 of the average sediment thickness for each ocean, 

although the average thickness of sediments is different. 

The results presented in Figures 9 and 10 agree with previous findings that sediment thickness 

increases with age of the oceanic lithosphere (e.g. Olson et al., 2016). In addition, our analysis confirms 

that sediment thickness is also latitude-dependent, showing an increase along equator and towards high 

latitudes. This relationship is valid for global sediment thickness (Figures 9a and 11a) and for individual 

oceans considered in this study (Figure 2). 

 

Figure 9: Values of average sediment thickness (a) and standard deviation (STD, b) for considered sediment data 

(see text for details of excluded data) distributed over bins 1.5 My by 1.5º of latitude. Black line in (a) cuts out 

areas with few data (less than 130 data in each bin). Red rectangle outlines area considered in more detail. 
 

The clear and simple trends of the sediment thickness distribution, such as thickness increased with age, 

along the equator, and towards the higher latitudes, lead us to consider an analytical representation of 

sediment thickness. Our task here was to find an analytical function, as simple as possible, that 

reasonably approximates our data. Goswami (2015) and Olson et al. (2016) approximated sediment 
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thickness by cubic polynomial of oceanic lithosphere age by excluding oceanic lithospheric ages of 120 

Myrs and older. Our selected age range is reduced for reasons outlined earlier. The approximation 

derived here is a single term that depends on the square root of age,  (see also eq. 1), that works 

equally well as a cubic polynomial in the chosen age range. The latitude dependence is non-monotonic, 

but can be assumed as symmetric about equator. Thus, we use an absolute value of latitude  instead 

of signed latitude values. The resulting dependence consists of three coefficients and is optimized using 

a least square method: 

  (2) 

 

  (2a) 

where Z is approximated sediment thickness in meters, t is the oceanic lithosphere age in Ma, and l is 

the absolute value of latitude in degrees (distance to equator in degrees). Any further noticeable 

improvement of eq. (2) would require at least a seven-term polynomial (see supplementary material).  

 

 

Figure 10: Distribution of average sediment thickness for Atlantic (a), Indian (b) and Pacific (c) oceans. The 

data analysis is restricted to max. 82 Ma age of the oceanic lithosphere and up to 72º of latitude (north and 

south). 
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3.4 Robustness of the Sediment Thickness Distribution Models 

Sediment thickness distribution is slightly asymmetric about the equator (Fig.11a). This 

asymmetry may be caused by asymmetric distribution of land mass, plate tectonic kinematics, uneven 

data quality, or geo-bio-climatic-physical processes. However, because of the complexity of these 

causes impacting global oceanic sedimentation, we will test only the hypothesis that the sediment 

accumulation conditions are the same on both hemispheres for our analytical approximation models 

(Fig. 11b and Table 4). 

To test the models in this section (Table 4) we compute the root-mean square (RMS) difference 

between the postulated age-latitude-sedimentation model and the data (Table 4). To avoid domination 

by extreme values in estimation errors, we remove data points with sediment thickness more than 1.3 

km. We first consider the global models (Figure 11) presented in the last row of Table 4 (“world ocean”). 

The main global analytical model (Figure 11b, RMS3, eq. 2 with coefficients in the right-bottom of 

Table 4) naturally gives larger error than the non-analytical average-bin model (Figure 11a, RMS1), but 

shows sizable improvement if compared to the analytical model which is based on age only (as 

suggested by Goswami (2015) and Olson et al. (2016), RMS2). A computation of sedimentation based 

on our global model sediment thickness formula for three selected oceans shows the same relation, 

RMS2> RMS3> RMS1, demonstrating the impact of latitude dependence of sediment thickness. 

 

 

Figure 11: (a) Distribution of average sediment thickness in world’s ocean for the parameter space restricted by 

the red rectangle in Fig. 9. (b) Analytical approximation of the average sediment thickness described by eq. 2. 
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The regional application of the analytical model (i.e. for the Atlantic Ocean, Pacific Ocean and 

Indian Ocean) can be improved in two ways. We first compare the average sediment thickness of chosen 

data sets of the different ocean basins, Zav, and scale eq. (2) Zlocal=k٠Zworld , where k is the ratio of the 

local to world’s Zav. This yields RMS4, which is < RMS3, and thus an improvement of the analytical 

model, especially for the Pacific Ocean. A second way to build a regional analytical model is to optimize 

eq. (2) for each ocean separately. The models derived this way are presented in the last four columns of 

Table 4. This yields RMS5, which does not show significant improvement of the adjusted global model 

(RMS4). These results quantitatively support the observation that the sediment thickness trends of the 

world ocean are similar in the three selected oceanic basins. The quantitative differences between 

oceans, expressed via variations of parameter k, require additional analysis of sedimentation processes 

for each ocean, but is beyond the scope of this study. The robustness of our analytical approximation 

can be also illustrated by the low difference between local coefficients of eq. 2 (top three rows, last three 

columns in Table 4) and the world ocean coefficients. Note that coefficients in the model of Olson et al. 

(2016) differ by almost an order of magnitude for different oceans. In general, RMS values (Table 4) 

are comparable with the average values of the sediment thickness, reflecting great variations of 

sediments in oceans and limiting the predictive power of our analytical estimation. However, the 

strength of our analytical approximation eq. (2) is in predicting the trends of the global sediment 

accumulation and can be used as a first approximation. 

 

 

4. Discussion 

4.1 Sediment Thickness Controlling Factors  

There are numerous factors controlling sediment distribution in different ocean basins, among 

them are the tectonic history, age of the oceanic basin, structural trends in the basement including mid-

ocean ridges, fracture zones, the nature and location of sediment sources, preglacial and glacial transport 
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and deposition, ocean circulation and chemical composition (e.g. Divins, 2003; Dutkiewicz et al., 2016a; 

Dutkiewicz et al., 2016b; Olson et al., 2016). Describing the sediment thickness distribution in the 

oceans as dependent on only two variables (age and latitude) is a simplification, however, they seem to 

show consistent trends with global sediment distribution in global oceans (Müller et al., 2008b; Olson 

et al., 2016). Increasing sediment thickness with increasing oceanic lithosphere age has been suggested 

and demonstrated before (Divins, 2003; Goswami et al., 2015; Olson et al., 2016). However, our analysis 

shows that the sediment thickness also largely depends on latitude, globally and separately in the three 

main oceanic basins, where we see a clear increase in sediment thickness towards equator and towards 

the high latitudes. The equatorial sediment bulge may arise from higher productivity of pelagic 

organisms due to oceanic upwelling along equator that cause the accumulation of thick calcareous and 

siliceous ooze (Mitchell et al., 2003; Mitchell and Lyle, 2005). In the Pacific, the equatorial bulge is 

actually positioned slightly north of the equator (Fig. 2), probably as the northward component of the 

moving Pacific plate displace this sediment anomaly after deposition (Mitchell et al., 2003; Mitchell 

and Lyle, 2005). Generally, the observed sediment thickness – latitude relationship resembles the pattern 

of chlorophyll in the global ocean. The chlorophyll pattern indicates desert-like subtropical gyres and 

fertile equatorial, and high northern and southern latitudes, seen from satellite derived surface patterns 

and maps accounting for the vertical distribution of chlorophyll (e.g. Uitz et al., 2006; Silsbe and Malkin, 

2016). This may indicate that higher biogenic productivity in these regions have been fairly stable 

through time and is an important factor for our observed latitude dependence of sediment thickness. Our 

use of absolute values of latitude in the analytical approximations (Section 3.4) makes a symmetric 

pattern around equator, which would be expected if climate was the only factor controlling sediment 

thickness. However, plate tectonic induced  motions influence the latitude approximation since the plates 

are not fixed in time spatially. A more thorough analysis by implementing plate-tectonic scenarios for 

individual ocean basins is beyond the scope of this paper, but our sediment thickness compilation opens 

the potential for future studies on geodynamic-tectonic-sedimentation-ice sheet dynamics relationships. 

Also, sedimentation from large rivers may disturb the symmetric pattern, although the largest deltas 

overlying oceanic crust were removed from our analysis (see section 3.3).  

The different oceanic basins all portray the same trends in sedimentation with lithospheric age 

and latitude, however, the average sediment thickness is higher in the Atlantic and Indian oceans 

compared to the Pacific Ocean. In Section 3, eq. (2) was scaled by a constant for the local basins, which 

improves the RMS values, especially for the Pacific Ocean. In contrast to the Indian and Atlantic oceans, 

which are flanked by passive continental margins, most of the Pacific Ocean, apart from its passive West 

Antarctic margin, is surrounded by active continental margins which allow sediments to accumulate in 

the accretionary wedges of the subduction zones and therefore inhibit transport of detrital sediments 

carried by avalanches or turbidity currents from reaching the abyssal planes. This could be part of the 

explanation why the sediment thickness is considerably lower in the Pacific compared to the other ocean 
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basins.  However, there are many factors controlling basin scale pelagic sedimentation (such as internal 

waves, deep sea flow, sediment erosion and deposition related to topography, and dissolution of 

carbonate by ocean atmosphere interactions or subsidence of the seafloor, see Tominaga et al. (2011) 

and references therein) that may contribute to the sediment thickness differences we observe between 

the different ocean basins. 

We find a strong relationship between sediment accumulation and latitude. Even though highly 

glaciated regions were excluded in the analysis (i.e. the northern North Atlantic, the Arctic Ocean and 

the Southern Ocean), the analytical approximations still show an increase in sediment thickness with 

higher latitudes (Fig. 11b). The high sediment thicknesses of the Southern Ocean around the Antarctic 

margins are expected due to immense glacially-driven deposition. But the thickness variations and large 

sediment accumulations in regions where low glacial outflow would not imply large sediment 

deposition, are surprising and probably caused by strong shelf-parallel bottom currents redistributing 

fine-grained sediments.  

4.2 Reliability of our gridded data based on observations from scientific drilling sites  

We compare our gridded data against 26 DSDP and ODP sites in the Indian Ocean, where we 

take advantage of results from Sykes et al. (1998) who compiled information on sediment thickness, 

bathymetry and age of the oceanic lithosphere (Fig. 12). A good match, although with some outliers, is 

observed between the drillsite sediment thickness and GlobSed (Fig. 12a). The outliers may result from 

rugged topography of the oceanic crust which could potentially cause large differences in sediment 

thickness over distances shorter than the grid resolution, but also inaccuracies in the gridded data. Our 

modeled age of the oceanic lithosphere correlates well with the dated samples from the drillsites (Fig. 

12b). We do not see a perfect one-to-one correlation which may partly be influenced by inaccuracies in 

dating, as some of the drillsite ages are based on the oldest sediment age (Sykes et al., 1998). However, 

this is not significant as seen from Figure 12b, the scatter of data may rather suggest that random 

uncertainty dominates.  A more detailed description of the individual drillsites, including correlations 

with 10 drillsites in the NE Atlantic Ocean can be found in the supplementary material.  
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Figure 12: Drill sites (DSDP and ODP) in the Indian Ocean and few Southern Ocean locations plotted versus 

gridded and calculated data, each shown with a 1:1 linear regression line. Central map shows predicted sediment 

thickness using eq. (2) (section 3.4). The location of drill sites used by Sykes et al. (1998) and for comparison with 

our results are shown in yellow on the map. For reference, we show all other DSDP/ODP/IODP sites in the Indian 

Ocean (red circles). a) Sediment thickness recovered in selected drill sites versus the newly compiled global 

gridded sediment thickness. b) Basement age from drill sites versus age grid model of oceanic crust. c) Drill site 

bathymetry plotted versus GEBCO_2014 bathymetry. d) Sediment thickness recovered in selected drill sites 

plotted versus calculated sediment thickness, using the formula for sediment thickness younger than 82 Ma. e) 

Drill site basement depth corrected for isostatic effect of overlying sediments (Sykes et al. 1998) versus 

isostatically corrected basement depth using the newly calculated sediment thickness. f) Isostatically corrected 

drill site basement depth plotted versus the predicted basement depth using the thermal subsidence formula of 

Crosby and McKenzie (2009). Red circled sites are located on anomalous oceanic lithosphere (e.g. oceanic 

plateaus) (see section 4.2 for explanation). g) Drill site bathymetry plotted versus modelled present-day bathymetry 
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(calculated using thermal subsidence curve of Corsby and McKenzie (2009) and calculated sediment thickness 

using eq. (2) (see section 4.3 for explanations). 

4.3 Towards paleo-bathymetric models using sediment thickness-lithospheric age-latitude relationship 

The analytical approximation of sediment thickness vs. age and latitude (section 3.4) can be 

used for analysis and reconstruction of regional and global (paleo-) bathymetry. As sediment thickness 

is difficult to precisely quantify back in time, formulas like eq. (2) provide an approximation of how 

much sediment thickness can accumulate on “normal” oceanic lithosphere through time. The equation 

can be also used to detect abnormalities in modern bathymetry and therefore help identifying other 

processes than thermal subsidence. To test the accuracy of our formulas, we first calculate the predicted 

present-day global bathymetry. Using the lithospheric age grid and the formulas of Crosby and 

McKenzie (2009) (see section 3.1), we calculate the predicted subsidence for normal seafloor (i.e. 

lithosphere not associated with previous LIP formation, subduction zone or currently active hot-spot). 

Then we calculate sediment thickness using eq. (2) and correct for sediment loading by applying the 

isostatic correction formula of Sykes (1996). The calculated bathymetry correlates well with several of 

the drill site measured bathymetry (Fig. 12g).  Basement and bathymetric depth of a second group of 

drill sites is shallower than modeled (red circles in, Fig. 12f and 12g). Indeed, the anomalous sites are 

located on oceanic plateaus and cannot be explained by formulas derived from a dataset that excludes 

such anomalous regions (a more detailed description of the specific drill sites can be found in the 

supplementary material). To include anomalous bathymetry of LIPs in our global model, we add their 

residual bathymetry (calculated in section 3.2) to the initial bathymetric model that considers only 

thermal lithospheric subsidence, sedimentation rates, and isostasy. Figure 13 shows how this addition 

to the model significantly improves the comparison between modeled and observed bathymetry. The 

residual bathymetry of LIPs mostly reflects increased crustal thickness. Thus, subsequent thermal 

subsidence through time will follow the same trend as the underlying oceanic lithosphere as indicated 

by Schubert and Sandwell (1989). With this assumption, the depth of oceanic plateaus can be estimated 

in time and used for paleobathymetric reconstructions. 
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Figure 13: This is the same as in Fig. 12g updated for residual bathymetry of LIPs. See text for a more detailed 

explanation, and supplementary material for the outliers marked 1 and 2. 

5 Conclusions 

We present a new global total sediment thickness grid (GlobSed) that incorporates updated data from the 

NE Atlantic, Arctic, Mediterranean and Southern Ocean regions. This grid, and an updated oceanic lithospheric 

age grid, have been used to calculate the residual bathymetry of the oceanic lithosphere, here defined as the 

difference between the bathymetry predicted by thermal subsidence (i.e. Crosby and McKenzie, 2009) and the 

observed sediment unloaded bathymetry. The residual bathymetry plot highlights anomalous regions such as 

oceanic plateaus and seamount-littered regions. An analysis of the thickness of oceanic sediments demonstrates a 

dependence on latitude and oceanic lithosphere age, and shows a clear increase in sediment thickness with 

lithospheric age and towards the equator and high latitudes. These trends characterize the world’s oceans as a 

whole and are also evident in the three major oceans individually (i.e. the Pacific Ocean, Atlantic Ocean and Indian 

Ocean). Our analytical approximation model can be used to mathematically describe these trends (eq. 2), and 

construct models that can be used to reconstruct paleobathymetry at any given geological time. The sediment 

thickness in the Pacific Ocean differs from the other ocean basins as it has lower average sediment thickness. In 

contrast to the Atlantic and Indian oceans, most the Pacific Ocean, with exception of its passive West Antarctic 

margin, is surrounded by active margins, which may play a role governing the differences in sediment distribution. 

We were able to scale our global analytical approximation by a constant value and yield better correlation between 

model and data for each ocean basin, especially in the Pacific Ocean. However, finding particular sources of 

different bulk sediments in each ocean and understanding the quantitative adjustment are beyond the scope of this 

study. To test the validity of the calculated and gridded data, information from 26 drill sites in the Indian Ocean 

and 10 drill sites from the NE Atlantic Ocean were compared to the sediment thickness model. This comparison 

shows an overall good correlation. Further we compared GEBCO_2014 bathymetry with that calculated using the 

formula of Crosby and McKenzie (2009) and the sediment thickness formula for crustal ages younger than 82 Ma. 

We obtain a good match between the calculated and observed bathymetry, which demonstrates the robustness of 

using such formulas in paleobathymetric reconstructions. 
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Abstract  
The evolution of the Northern Hemisphere oceanic gateways has facilitated ocean circulation changes 

and may have influenced climatic variations in the Cenozoic time (66 Ma – 0 Ma). However, the timing 

of these oceanic gateway events is poorly constrained and is often neglected in global paleobathymetric 

reconstructions. We have therefore re-evaluated the evolution of the Northern hemisphere oceanic 

gateways (i.e. the Fram Strait, Greenland – Scotland Ridge, the Central American Seaway, and the 

Tethys Seaway) and embedded their tectonic histories in a new global paleobathymetry and topography 

model for the Cenozoic time. Our new paleobathymetry model incorporates Northeast Atlantic 

paleobathymetric variations due to Iceland mantle plume activity, updated regional plate kinematics, 

and models for the oceanic lithospheric age, sediment thickness, and reconstructed oceanic plateaus and 

microcontinents. We also provide a global paleotopography model based on new and previously 

published regional models. In particular, the new model documents important bathymetric changes in 

the Northeast Atlantic and in the Tethys Seaway at  Eocene – Oligocene transition (~34 Ma),  the time 

of the first glaciations of Antarctica, believed to be triggered by the opening of the Southern Ocean 

gateways (i.e. the Drake Passage and the Tasman Gateway) and subsequent Antarctic Circumpolar 

Current initiation. Our new model can be used to test whether the Northern Hemisphere gateways could 

have also played an important role modulating ocean circulation and climate at that time. In addition, 

we provide a set of realistic global bathymetric and topographic reconstructions for the Cenozoic time 

at one million-year interval for further use in paleo-ocean circulation and climate models. 
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1. Introduction
Plate tectonics, mantle processes, and volcanism together with weathering, erosion, and sediment 

deposition shape the continuously changing morphology of the Earth’s surface. Bathymetric and 

topographic changes driven by these processes influence ocean circulation and climate on geological 

timescales. In the Cenozoic (66 Ma – 0 Ma), opening and closing strategic oceanic gateways located in 

both the Northern and Southern Hemisphere have facilitated major ocean circulation changes, which 

have played an important role in the transition from a greenhouse to an icehouse climate (e.g. Kennett, 

1977; Zachos et al., 2001; Zhang et al., 2011; Sijp et al., 2014). In the literature so far, much attention 

has been given to the oceanic gateways in the Southern Hemisphere, the Drake Passage and the Tasman 

Gateway, mainly because of their postulated contribution to the Antarctic glaciation that started at the 

time of the Eocene – Oligocene Transition (e.g. Kennett, 1977; Lawver and Gahagan, 2003; Stickley et 

al., 2004; Livermore et al., 2005; Eagles and Jokat, 2014; Scher et al., 2015). The opening of Southern 

Ocean through the Tasman Gateway and Drake Passage eventually enabled the flow of the Antarctic 

Circumpolar Current (ACC) (e.g. Kennett, 1977; Toggweiler and Samuels, 1995; Scher and Martin, 

2006; Sijp et al., 2011; Scher et al., 2015), which presumably created the right conditions for the growth 

of the first Antarctic ice sheets close to the Eocene – Oligocene Transition - a turning point in the 

complex Cenozoic cooling trend (e.g. Kennett, 1977; Zachos et al., 2001; Stickley et al., 2004). The 

timing and role of southern oceanic gateways are still a matter of debate (e.g. Stickley et al., 2004; 

Livermore et al., 2005; Scher and Martin, 2006; Eagles and Jokat, 2014; Scher et al., 2015); besides, 

alternative mechanisms such as decreasing atmospheric CO2 levels (e.g. DeConto and Pollard, 2003; 

Pagani et al., 2011) or other oceanic gateway events (e.g. Zhang et al., 2011; Abelson and Erez, 2017) 

have been proposed as triggers for this cooling.  

The circulation in the world´s oceans depends on both Southern and Northern Hemisphere oceanic 

basins and gateways, and our goal is to better document the Cenozoic tectonic evolution of the Northern 

Hemisphere oceanic gateways and contribute to a more detailed view of Cenozoic paleobathymetry.  In 

the Northern Hemisphere two oceanic gateways closed (the Tethys Seaway and the Central American 

Seaway-CAS), and three gateways opened (the Greenland – Scotland Ridge-GSR, the Fram Strait and 

the Bering Strait) during Cenozoic. Previous studies provide a wide range of estimates to when these 

gateways opened or closed. For example, the range of estimates for the subsidence of the GSR (including 

the Faroe-Shetland Channel) spans almost 30 Myrs from the Mid Eocene to the Mid-Late Miocene  (e.g. 

Clift and Turner, 1995; Wold, 1995; Davies et al., 2001; Poore et al., 2006; Denk et al., 2011; Hohbein 

et al., 2012); the time for the closure of the Tethys Seaway varies by ~ 30 Myrs from Early Eocene to 

Mid Miocene (e.g. Oberhänsli, 1992; Rögl, 1999; Harzhauser et al., 2007; Allen and Armstrong, 2008), 

and the CAS timing approximations spans ~ 20 Myrs from Early Miocene to Pleistocene  (e.g. Marshall 

et al., 1982; Duque-Caro, 1990; Webb, 2006; Montes et al., 2012b; Montes et al., 2015). Narrowing the 

timing of these gateway events is important. For example, the deepening of the GSR and the Fram Strait 

provided the only deep-water connection to the Arctic Ocean, through the NE Atlantic, which was 
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crucial in developing the modern Atlantic Meridional Overturning Circulation (AMOC) (Thiede and 

Myhre, 1996; Wright and Miller, 1996; Jakobsson et al., 2007; Abelson and Erez, 2017). Likewise, 

shallowing of the Tethys Seaway and the CAS would have increased the salinity differences between 

the Atlantic and Pacific Oceans, favoring a stronger AMOC (Maier-Reimer et al., 1990; Nisancioglu et 

al., 2003; Zhang et al., 2011; Sepulchre et al., 2014). Together with the changes in Southern Ocean 

gateway configurations, the opening and closing of  the Atlantic-Arctic oceanic gateways (e.g. Coxall 

et al., 2018; Hutchinson et al., 2019), or shallowing of the Tethys Seaway (e.g. Allen and Armstrong, 

2008; Zhang et al., 2011) could have played an important role in triggering the Eocene – Oligocene 

cooling by promoting deep water formation in the North Atlantic and a strengthening of the AMOC. 

From the Oligocene and throughout Miocene, pulsations in the Iceland mantle plume caused temporal 

uplift and subsidence of the GSR which is thought to have induced changes in the production of Northern 

Component Water (NCW) and thereby influenced global ocean circulation (Wright and Miller, 1996; 

Poore et al., 2006; Parnell-Turner et al., 2014). The shallowing of the Tethys Seaway, and the later uplift 

of the Panama Isthmus has also been linked to more recent climatic changes like the Mid Miocene 

climatic transition (Nisancioglu et al., 2003; Hamon et al., 2013) and the Northern Hemisphere 

glaciations (e.g. Haug et al., 2001; Lear et al., 2003). 

The decreasing atmospheric CO2 levels in the Cenozoic, alongside the tectonic changes in continent-

ocean geometry and geography were  probably essential to explain the observed climatic changes 

(Zachos et al., 2008). It is important to note that changes in atmospheric CO2 could also be a consequence 

of tectonically driven changes in silicate weathering (e.g. Raymo et al., 1988), as for example, 

Himalayan orogeny related weathering (e.g. Raymo, 1994; Allen and Armstrong, 2008) or oceanic 

gateways associated shift in precipitation pattern and implicit alterations in weathering rates (Elsworth 

et al., 2017). 

Given the importance of oceanic gateways for the climate evolution, our goal is to re-evaluate the 

tectonic evolution of the Northern Hemisphere oceanic gateways active in the Cenozoic (i.e. the Fram 

Strait, Greenland – Scotland Ridge, the Central American Seaway, and the Tethys Seaway) and 

construct novel or updated paleobathymetric models for these regions. These new models are then 

embedded in a new Cenozoic global paleobathymetry/topography model. Our model is based on 

improved plate kinematics and incorporates new constraints on sediment thickness, crustal thickness, 

continent-ocean transition, and a combination of new and previously published regional and global 

paleotopography models. We have evaluated our oceanic gateway model using geological evidence and 

paleo-oceanographic data from the literature, and in specific cases we made adjustments to provide the 

most realistic paleobathymetry for these gateways. Our aim is to provide a set of publicly available 

realistic reconstructions that can be implemented in paleo-ocean circulation and climate models.  
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2. Towards a new Global Paleobathymetry Model  
Paleobathymetry is one of the most important boundary conditions in paleo-ocean circulation models. 

The geometry of the oceanic basins determines the pattern of large-scale ocean circulation, mid-ocean 

ridges govern the amount of mixing in the oceans, and together with oceanic plateaus, they steer and 

deflects ocean currents (e.g. Polzin et al., 1997; Rebesco et al., 2014). Furthermore, the morphology of 

continental slopes influences the flow along the boundaries of the oceanic basins (e.g. Holland, 1973). 

To model paleobathymetry back in time we need information on plate tectonic kinematics and the 

evolution of oceanic lithospheric age (I), oceanic plateaus (II) and sediment thickness (III). We also 

need to know about the geometry and evolution of continental margins (IV) and sea level changes 

through time (V). We have therefore adopted a method for reconstructing the paleobathymetry that 

follows these five steps (Fig. 1): 

(I)  Oceanic lithospheric age and thermal subsidence. Oceanic basins subside as they grow older due 

to thermal subsidence. It follows that oceanic depth evolution through time can be directly inferred from 

oceanic lithosphere age, which in turn, is derived from its geophysical signature (mainly magnetic 

anomalies). For this study, we start with a global kinematic model that compiled a wealth of information 

about oceanic basin age and geometry evolution. The Straume et al. (2019) global model, is an update 

of the global kinematic model of Seton et al. (2012), including newer regional plate tectonic models of 

the African plate, Indian Ocean, NE Atlantic and the Arctic (Gaina et al. 2013, 2015 and 2017, and 

Nikishin et al. 2017, respectively), and the global Eocene reconstructions by Gaina and Jakob (2018). 

This improved global model was used to calculate oceanic lithospheric age for the Cenozoic and to 

compute the associated oceanic basement depth according to thermal subsidence for normal oceanic 

crust using the formulas of Crosby and McKenzie (2009):  

 
 

𝑑 = #
−2652 − 324√𝜏													𝜏 ≤ 75𝑀𝑎

−5028 − 5.26𝜏 + 250 sin 8!"#$
%&
9 				75	𝑀𝑎 < 𝜏 ≤ 160	𝑀𝑎	

											−5750																								𝜏 > 160	𝑀𝑎

 ,  (1) 

 

where d is the depth to basement, and t  is the age of the oceanic lithosphere in million years. This 

formula is not valid for regions of anomalous thermal subsidence (like oceanic plateaus, 

microcontinents, and large seamounts).  

(II) Residual Bathymetry. In case of additional volcanic emplacement on oceanic floor, the simple 

bathymetry calculated in the first step has to be amended. Therefore, in the second step, we estimate the 

residual bathymetry of oceanic plateaus and microcontinents for correcting the paleo-depth. We apply 

the new method of Straume et al. (2019) where the present-day residual bathymetry of the anomalous 

regions is added to the bathymetry predicted from normal thermal subsidence. This is done for times 
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younger than the age of volcanic emplacement of the oceanic plateaus. For their location, extent and age 

of volcanic emplacement, we use a modified version of the Cocks and Torsvik (2016) model for Large 

Igneous Provinces (LIPs). 

(III) Sediment thickness. We calculate the predicted sediment thickness on the oceanic lithosphere 

using the global formula of Straume et al. (2019) derived from the statistical analysis of modern 

distribution of sediments: 

 

    𝑍(𝜆, 𝜏) = √𝜏(52 − 2.46𝜆 + 0.045𝜆')    (2)  

 

were Z being sediment thickness in meters and l is the absolute value of latitude in degrees. Equation 

(2) is derived from the newly compiled oceanic lithospheric age grid and the new National Geophysical 

Data Center’s (NGDC) total sediment thickness grid ‘GlobSed’ (Straume et al., 2019). We add the 

calculated sediment thickness to the calculated basement depth and account for the sediment loading 

using the isostatic correction method of Sykes (1996). Equation (2) is an improvement compared to 

previously published sediment thickness models (e.g. Conrad, 2013; Goswami et al., 2015; Olson et al., 

2016), as it was derived from the most recent global sediment thickness grid, and it accounts for strong 

latitudinal variations of sediment thickness observable in individual oceans as well as globally (Straume 

et al., 2019). See supplementary material (section S2) for comparison of calculated and gridded data 

with observations from selected drill sites.  

Equation (2) integrates sedimentation of the ocean floor from its formation to the modern time. The 

integration thus assumes that the average rate of sediment accumulation is proportional to t-0.5, where t 

is the time measured in million years back. That time-dependent rate captures the substantial late-

Cenozoic increase of sedimentation (Molnar, 2004) and general trend of sedimentation rate increase 

during last 80 – 85 Ma which may be expressed by the same functional dependence as in equation 

(2)(e.g. Olson et al., 2016). In our model, we reasonably assume that equation (2) is valid for the entire 

Cenozoic time and that the time dependence of the global sedimentation rate remains inversely 

proportional to square root of time from modern (~t-0.5). The sediment thickness of t My old oceanic 

crust t Ma is then:  

 

    𝑍(𝜆, 𝜏, 𝑡) = C√𝜏 − √𝑡D(52 − 2.46𝜆 + 0.045𝜆')    (3)

  

 

A comparison between modeled total sediment thickness using the above-mentioned formula and 

observed data from selected drill sites is presented in the supplementary material. Accounting for 

sedimentation using equation (3) has been shown to improve sea level reconstructions for the 
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Phanerozoic, compared to reconstructions of basement depth solely calculated using equation (1) 

(Karlsen et al., 2020). 

For completing the calculation of reconstructed oceanic basement depth through time, we add the 

calculated sediment thickness to the calculated basement depth and account for the sediment loading 

using the isostatic correction method of Sykes (1996). 

(IV) Continental margins. Eq. (2) and (3) were derived for deep ocean areas, considered to be at least 

200 km away from the continent-ocean boundary (COB) and therefore not influenced in a considerable 

way by the continentally derived sedimentation. Oceanic gateways could be narrow passages close to 

continental margins, therefore a global analysis of paleobathymetry, especially with emphasis on 

oceanic gateways, however, also requires reconstructions of the areas adjacent to the COBs. The data 

on accumulation history of sediments in these regions is of various resolution, in most cases it lacks the 

accuracy needed to truthfully restore the amount of sediments accumulated at certain relevant time 

intervals. Dutkiewicz et al. (2017) presented a complex regression algorithm, which works well close 

to continental margins by accounting for the age, distance to continents, and proximity to major rivers. 

Here, we derive a new regression for sediments along continental margins aiming for simplicity and 

compatibility with equation (2). The main assumption of our simplified approach is that the sediments 

thickness along margins has the same functional dependence on age and latitude as in the equations (2) 

and (3): 

 

   𝑍((𝜆, 𝜏() = E𝑘G𝜏( + 𝐴&I(52 − 2.46𝜆 + 0.045𝜆')    (4) 

 

The two terms in square brackets present two phases of sediment evolution: pre-breakup (syn-rift) 

sediments are quantified by parameter A0, whereas post-breakup sediments are described by tm, the age 

of breakup in My (approximated by the nearest ocean floor age), and coefficient k. We estimate 

parameters A0 = 17 and k = 2.2 by optimizing equation (4) using data from GlobSed (Straume et al., 

2019). The resulting regression as well as any other globally derived relations, has limited predictive 

power for a specific margin because of great variations of sediments worldwide for the same age and 

latitude, but equation (4) presents a normal/non-eventful evolution of sediments along the margins. The 

equation predicts the equivalence of pre- and post-breakup sediment thickness ca. 60 My after breakup, 

which corresponds well to analytical solutions (Hartz et al., 2017). The comparison of equations (3) and 

(4) shows a naturally faster (k = 2.2 times) post-breakup sediments accumulation near continental 

margins supported by stronger influx of eroded materials from continents.  

For the continental margins, we reverse the process outlined above (III), by taking today’s global 

sediment thickness grid (i.e. GlobSed) and remove sediments younger than the age of reconstruction 

and account for the subsidence of the margins related to sediment loading. According to equation (4), 
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the amount of sediments to remove from the continental margin to reconstruct their thickness at time t 

Ma is: 

 

∆𝑍((𝜆, 𝜏(, 𝑡) = 2.2CG𝜏( −G𝜏( − 𝑡D(52 − 2.46𝜆 + 0.045𝜆')  (5) 

 

We define the transition zone between continental and oceanic lithosphere as the region within 75 km 

from the COBs (in our model, the COBs modified from Cocks and Torsvik (2016)). By assigning a 

transitional region from continent to ocean we are able to also account for the continental rise, which is 

characterized by landward shallowing of the oceanic lithosphere in the vicinity of the COB (e.g. 

Goswami et al., 2015). Within this area, we extract bathymetric contour lines per 100 m intervals, then 

we smooth them, make a grid and blended it at the edges using the GMT routines ‘surface’ and 

‘grdblend’ (Wessel et al., 2013). Bathymetry and sediment thickness in the transition zone is computed 

by linking solutions from (III) and (IV). 

(V) Sea level fluctuations. Paleobathymetric reconstructions need to consider the eustatic sea-level 

variations. There are many different sea level curves published so far (see Karlsen et al. (2019) or Müller 

et al. (2008) and references therein for detailed reviews), and depending on selection, the resulting 

paleobathymetry may change on the order of ~100 m, and the differences are greater the further you go 

back in time (Müller et al., 2008). We account for the sea level changes using the global curve of Haq 

and Al-Qahtani (2005) which has smooth and more realistic sea-level variations, in contrast to rather 

low values of (e.g. Miller et al., 2005) or too high as in   (e.g. Xu et al., 2006) (see Müller et al. (2008) 

for details).   
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Figure 1: Input models for calculating global paleobathymetry for a selected time near the Eocene – Oligocene 

boundary (34 Ma). a) Oceanic lithospheric age. b) Calculated basement depth. c) Calculated sediment thickness 

using the formula of Straume et al. (2019). d) Calculated bathymetry including sediment thickness, corrected for 

sediment loading. Red filled regions mark Large Igneous Provinces. Orange filled areas mark microcontinents. e) 

Paleobathymetry with reconstructed LIPs and microcontinents. Yellow filled regions mark areas where we applied 

corrections to the model accounting for details of key oceanic gateways. f) Paleobathymetry including adjustments 

to oceanic gateways.  
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3. Detailed Reconstructions of the Northern Hemisphere Oceanic Gateways  
We aim to document the Cenozoic evolution of key Northern Hemisphere oceanic gateways and provide 

a global paleobathymetry model that includes detailed reconstructions of these gateways. In order to 

better follow the evolution of the selected oceanic gateways (i.e. the Fram Strait, Greenland – Scotland 

Ridge, the Tethys Seaway, and the Central American Seaway) according to available literature and argue 

for our preferred model, the following subsections are structured as following: We start with an 

introduction presenting the background review of the selected gateway, followed by a description of the 

existent local tectonic models (also succinctly presented in Tables 1-4), and finally we present 

adjustments applied to the respective gateway model in order to achieve a more realistic and detailed 

representation of the gateway region at relevant times. Therefore, the detailed models presented in this 

section aim to improve the global models obtained by applying the methodology described in Section 

2. Reconstructing the detailed spatial evolution of gateway regions is crucial for better understanding 

the role of tectonics in climate changes. 

 
3.1 The Atlantic-Arctic Oceanic Gateways 

 

3.1.1 The Fram Strait 
The Fram Strait is the only deep-water gateway to the Arctic Ocean. The opening of the Fram Strait 

enabled deep-water exchange between the northern North Atlantic and the Arctic Ocean. This was 

paramount for the circulation regime in the Arctic Ocean, and could have been important for global 

ocean circulation and climate by influencing the production of North Atlantic Deep Water (NADW) and 

initiating the Atlantic Meridional Overturning Circulation (AMOC) (e.g. Jakobsson et al., 2007; Knies 

and Gaina, 2008; Hutchinson et al., 2019). During the Miocene, the Arctic Ocean changed from a poorly 

oxygenated isolated ocean, to a fully ventilated ocean, which was most likely a result of widening and 

deepening of the Fram Strait (Jakobsson et al., 2007). It has been suggested that the Fram Strait started 

to open already in the Early Oligocene (around magnetic anomaly Chron 13) (Engen et al., 2008), 

although it probably remained quite shallow until the Miocene because it may have not subsided 

sufficiently, was blocked by terrigenous sediments, or the Hovgård microcontinent (now submerged) 

acted like a barrier until Miocene times (Myhre et al., 1995a; Thiede and Myhre, 1996; Kaminski et al., 

2005; Engen et al., 2008). The suggested timing for the Fram Strait opening is in the Early to Mid-

Miocene (see Table 1). Note that the timing from studies based on geophysical data and plate kinematics 

(e.g. Engen et al., 2008; Jokat et al., 2016) converge towards an earlier opening time than suggested by 

paleo-oceanographic studies which are  based on sedimentation and microfossils age (Myhre et al., 

1995b; Jakobsson et al., 2007). This discrepancy may indicate that even though oceanic crust formed in 

the gateway, the depth was shallower than predicted by general thermal subsidence formulas (e.g. Stein 

and Stein, 1992; Crosby et al., 2006; Crosby and McKenzie, 2009), possibly for the reasons stated above.  
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Table 1: Evidence of Fram Strait structure and evolution  
Timing  Depth Proxy Reference  
20 – 15 Ma Narrow oceanic 

corridor, depth 
uncertain  

Bouguer gravity map, 
integrated with seismic 
data   

Engen et al. (2008) 

Middle Miocene  ~ 2 km  Tectonic model and 
(poorly known) 
depositional environment 
between Svalbard and 
Greenland 

Kristoffersen (1990) 

Middle Miocene 2.5 km – 2.8 km  Plate kinematics and 
paleobathymetry model 

Knies and Gaina (2008) 

20 – 17 Ma (partly 
open),  
11.2 Ma (open) 

Shallow/narrow, 
deep at 11,2 Ma  

Changes in sedimentation 
regime from ODP Site 
909 

Myhre et al. (1995b) 

17.5 Ma (partly open) 
13.7 Ma (open)  

> 2 km by 13.7 Ma Arctic Ocean sediment 
cores, IODP expedition 
302 

Jakobsson et al. (2007) 

21 Ma  Possible shallow 
seaway before 21 Ma, 
deepens afterwards 

Geophysical evidence, 
aeromagnetic surveys 

Jokat et al. (2016) 

17 Ma  > 1.5 km  Geological and 
geophysical data 

Ehlers and Jokat (2013) 

 

It is therefore imperative to also consider the role of oceanic plateaus and microcontinents that may have 

restricted the flow through the gateway (Knies and Gaina, 2008; Knies et al., 2014) when reconstructing 

the Fram Strait paleobathymetry. Here, we calculate and add the residual bathymetry for the Yermak 

Plateau, Greenland Ridge, and the Hovgård microcontinent (HMC) to their reconstructed locations 

through time. However, the resulted paleobathymetry of the HMC is still deeper than expected from 

geological evidence (e.g. Myhre et al., 1995b; Matthiessen et al., 2009; Knies et al., 2014). The HMC 

was probably subaerial from ~25 Ma to 6.7 Ma, and may have restricted deep water exchange through 

the Fram Strait until the Early Pliocene (Knies et al., 2014). To account for a subaerial HMC in that 

period, the residual bathymetry of the microcontinent had to be ~50% shallower than today, so we 

increased the residual bathymetry of the HMC by 50 % for times older than 8 Ma, and gradually reduce 

the added magnitude to its modelled value by 5 Ma. 
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Figure 2: Cenozoic paleobathymetry of the Atlantic – Arctic oceanic gateways and W-E profiles of the Fram 

Strait and Greenland – Scotland Ridge (GSR) showing their evolution from 35 Ma to 5 Ma. The sill depth 

reconstructions show the minimum elevation along the extracted profiles for every million-year since continental 

breakup between Greenland and Eurasia at 55 Ma. Sill depths for the Fram Strait = yellow, Greenland – Iceland – 

Faroe Ridge = red, and the Faroe – Shetland Channel = blue. 
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3.1.2 The Greenland - Scotland Ridge  

The Nordic Seas (i.e. the Greenland, Iceland, Norwegian, and Barents Seas) play a very important role 

in deep-water formation. The deep water formed in the Nordic Seas flows southward crossing the 

Greenland – Scotland Ridge (GSR) into the North Atlantic, where the dense overflow constitutes a 

considerable part of the North Atlantic Deep Water (NADW) (e.g. Mauritzen, 1996). Today, the NADW 

accounts for about half of the global production of deep water (Broecker et al., 1998). The amount of 

deep water exiting the Nordic Seas is controlled by the depth of the GSR, which has been deepening 

during the Cenozoic. However, the subsidence history of the GSR is not fully understood, and there are 

large differences in the estimations as to when the different parts of the ridge subsided (see Table 2). 

The role of its paleobathymetry in the transition from greenhouse to icehouse climate in the Cenozoic 

time is uncertain and its former depths are often undervalued in previous global paleobathymetric 

reconstructions (e.g. Bice and Marotzke, 2002; Herold et al., 2008; Zhang et al., 2011; Herold et al., 

2014). 

 

The GSR can be divided into three main segments; the Greenland – Iceland Ridge, the Iceland – Faroe 

Ridge, and the Faroe – Scotland Ridge which includes the Faroe – Shetland Channel (FSC) (Table 2, 

and Fig. 2). According to Beard (2008), all three segments were probably subaerial in the Early Eocene 

(~47 Ma), making the GSR a continuous land bridge. This was based on the discovery of Tieilhardina 

magnoliana, a mammal fossil found in Eocene deposits in Belgium, which presumably had migrated 

from North America to Europe over the North Atlantic Land Bridge (NALB) (Beard, 2008).  In Table 

2, we have summarized the span of estimates of when the GSR different sections subsided below sea 

level. They are quite different and make the timing of opening rather unconstrained. It is also a fact that 

after the continental break-up between Greenland and Eurasia (~ 55 Ma), the subsidence of the GSR has 

been influenced by the Iceland mantle plume. During that time, the variations in plume activity, as 

recorded by V-shaped ridges straddling the Reykjanes Ridge, have modulated the depth of the GSR (e.g. 

Wright and Miller, 1996; Jones et al., 2002; Parnell-Turner et al., 2014). Episodes of uplift and 

subsidence caused by variations in plume activity, could have opened and closed the oceanic gateway 

several times during the Cenozoic. This opens the possibility that more than one of the estimates of an 

open gateway in Table 2, could be correct.  
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Table 2: Evidence of a submerged Greenland – Scotland Ridge, modified from Denk et al. (2011).  

Greenland – 
Iceland Ridge  

Iceland - Faroe 
Ridge 

Faroe - Shetland 
Channel  

Proxy  Reference 

Oligocene/Miocene Oligocene/Miocene  Early Eocene Vertebrates  McKenna (1983a, 
1983b). 

~35 Ma 25 – 30 Ma 30 – 35 Ma Model based on 
geological and 
geophysical data 

Wold (1995) 

15 – 18 Ma 15 – 18 Ma Early Cenozoic  Model and 
geological 
evidence  

Poore et al. (2006) 

15 – 18 Ma Mid – Miocene  40 – 50 Ma Geological 
evidence  

Thiede and 
Eldholm (1983) 

     
18 - 13 Ma 18 – 13 Ma 18 – 13 Ma Benthic 

foraminifera  
Ramsay et al. 
(1998) 

6 Ma 10 Ma 10 Ma Paleontological 
evidence (plant 
fossils) 

Denk et al. (2011) 

Oligocene/Miocene  Oligocene/Miocene  -  Geological and 
paleontological 
evidence  

Talwani et al. 
(1976), Berggren 
and Schnitker 
(1983). Interpreted 
by Ellis and Stoker 
(2014)  

-  -  49 – 50 Ma Contourite drift Hohbein et al. 
(2012) 

-  -  ~35 Ma Contourite drift Davies et al. (2001) 

 

Today, the depths of the NE Atlantic Ocean and the Greenland – Scotland ridge are anomalously shallow 

with respect to predicted normal thermal subsidence of the oceanic lithosphere.  There are two main 

factors that cause the anomaly, and both must be accounted for in our paleobathymetric reconstructions 

of the NE Atlantic Ocean. First, the Greenland – Iceland – Faroe Ridge (GIFR) is isostatically supported 

by anomalously thick oceanic crust. The crustal thickness varies between 17 – 35 km, with values above 

40 km beneath Iceland (Funck et al., 2017). This is ~2-5 times thicker than the 7 km thick normal oceanic 

crust (White et al., 1992). Second, the Iceland mantle plume dynamically supports the Greenland – 

Scotland ridge which contributes significantly to the shallow bathymetry (e.g Jones et al., 2014).  

Corrections for anomalous crustal thickness. We use the NE Atlantic crustal thickness grid of Funck 

et al. (2017) to calculate the isostatic effect of increased crustal thickness along the GIFR (see 

supplementary figure, S1-S5). The resulting values were used to adjust our bathymetry calculated 

assuming normal thermal subsidence of the oceanic crust. For every time step, we use our plate 

kinematic model to rotate the crustal thickness to its paleo-location and remove crust younger than the 

age of reconstruction at the Mid-Atlantic ridge. The isostatic effect of crustal thickness is then added to 
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bathymetry from calculated thermal subsidence and sedimentation. The crustal thickness is anomalously 

high along strike of the GIFR which has oceanic crustal ages spanning from 0 – 55 Ma (Straume et al., 

2019). This implies that there have been high crustal thicknesses along the GIFR ever since continental 

break up (~55 Ma), and we therefore presume that the method of adding extra bathymetry based on 

crustal thickness is reliable. Our applied methodology is similar to previous models of the region (i.e. 

Wold, 1995; Ehlers and Jokat, 2013), however, we include more recent plate kinematics, lithospheric 

age, sediment thickness and crustal thickness data, and apply a new model for variations in dynamic 

support and locations of the Iceland plume (see below). 

Corrections for mantle dynamic support. Today, the Iceland mantle plume dynamically supports 

region that covers a considerable part of the NE Atlantic Ocean, from continental Greenland to the NW 

European margin (Jones et al., 2014). Temperature pulsations in the Iceland plume have caused temporal 

uplift and subsidence on the ridge since continental break-up, and both short-term pulsations (with 

periodicity < 10 Myrs), and long-term variations (> 10 Myrs) in shape and size of the Iceland plume 

swell have occurred through time (Wright and Miller, 1996; Jones et al., 2002; Poore et al., 2006; 

Parnell-Turner et al., 2014). We approximate the dynamic topography caused by the Iceland Plume 

using a Gaussian shaped swell centred on Iceland. To determine the paleo-locations of the Iceland plume 

we use the hotspot track of Doubrovine et al. (2012), based on a global moving hotspot reference frame. 

The maximum dynamic topography values are varied according to the residual depth estimates of 

Parnell-Turner et al. (2014). We keep the FSC closed prior to ~36 Ma, and from 35 Ma the depths vary 

according to the influence from the plume and sedimentation (Fig. 2).  

 

3.1.3. Uncertainties in NE Atlantic Paleobathymetry Reconstructions  

Accounting for Iceland plume pulsations and long-term dynamic support variations introduces a new 

element of temporal vertical motions of the seafloor that captures more realistically the bathymetric 

evolution of the NE Atlantic Ocean and thereby significantly improving our model. However, there are 

uncertainties involved in this reconstruction method. For example, one would not expect that the plume 

swell is or has been symmetric (e.g., Jones and White, 2003), and the extent of the plume swell and the 

plume flux in the Cenozoic time is not easily constrained (e.g., White and McKenzie, 1989; Jones and 

White, 2003; Jones et al., 2014; Parnell-Turner et al., 2014).  Also, there are many different predictions 

of the location of the Iceland Plume through time (e.g. Lawver and Müller, 1994; Jones and White, 

2003; Doubrovine et al., 2012) depending on the global and regional plate kinematics and whether the 

mantle plume is considered fixed to the mantle (like in Lawver and Müller, 1994) or tilted by advection 

(like in Doubrovine et al., 2012).  

The only manual adjustment we applied in the NE Atlantic region is to keep the FSC closed before 36 

Ma. According to Hohbein et al. (2012), the onset of the “Judd Falls Drift”, a proposed contourite drift 

deposit in the Faeroe-Shetland Basin, represents overflow of deep water from the Nordic Seas to the 

North Atlantic already at ~49 Ma. This interpretation indicates that the FSC was open at least two million 
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years before Tieilhardina magnoliana supposedly crossed the North Atlantic Land Bridge. However, 

this assessment has been criticized by Stoker et al. (2013), arguing that their interpretation was flawed 

and that there are no real evidence of a deep-water connection before the synclinal form of the Faroe 

Bank Channel was created in the Miocene (Stoker et al., 2005; Stoker et al., 2013). We acknowledge 

that there are uncertainties in the opening of the FSC, however, we take the contourite drift supposedly 

deposited at ~35 Ma (see section 3.1.2 and Davies et al. (2001)) to be the first indication of an open 

channel and implement this assumption into our final paleobathymetry model. 

 

3.2 The Tethys Seaway   
The Tethys Seaway connected the proto-Mediterranean Sea and the Indian Ocean. In the Early 

Cenozoic, the open Tethys Seaway along with the Central American Seaway (CAS) and the Indonesian 

Gateway provided a low latitude circum-global connection between the major world oceans. The 

shallowing of the Tethys Seaway has been shown to increase the salinity differences between the 

Atlantic and the Pacific Oceans and thereby increase the deep water formation in the North Atlantic 

(Zhang et al., 2011; Hamon et al., 2013). Subsequently, this could have influenced the ocean circulation 

and climate in the Late Eocene/Early Oligocene time (Allen and Armstrong, 2008; Zhang et al., 2011), 

but also later in the Mid Miocene (Ramsay et al., 1998; Hamon et al., 2013).  Both an Eocene/Oligocene 

and a Miocene shallowing of the seaway are supported by geological and oceanographic data 

(Oberhänsli, 1992; Rögl, 1999; Allen and Armstrong, 2008; Okay et al., 2010). The initial collision time 

between Arabia and Eurasia is not well constrained, but most studies postulate a time interval within the 

Eocene – Oligocene (~ 35 – 25 Ma) (e.g. Jolivet and Faccenna, 2000; Allen and Armstrong, 2008) to 

Early – Mid Miocene range  (e.g. Robertson et al., 2007; Okay et al., 2010). There are indications of 

shallowing, and maybe even full closure of the Eastern Tethys in the Late Eocene (Allen and Armstrong, 

2008). However,  apatite fission track data from the Bitlis-Zagros thrust zone along with regional 

stratigraphy suggest that the last oceanic lithosphere between Arabia and Eurasia was consumed by ~ 

20 Ma (Okay et al., 2010). This coincides with first animal migration over the “Gomphotherium 

Landbridge” at ~19 Ma (Harzhauser et al., 2007), and indicates the final closure of the seaway. After 

this time only shallow temporal connections between the Mediterranean and Indian Ocean were possible 

(e.g. Rögl, 1999). These connections may have existed until Mid – Late Miocene and isotope data 

suggests that warm saline waters possibly linked to the seaway was flowing into the northern Indian 

Ocean, and flowed south into the Southern Ocean (Ramsay et al., 1998; Hamon et al., 2013). The 

presence of this warm water in the Southern Ocean may have slowed the proto-ACC, therefore the 

closure of such a seaway could have been important for building the ACC strength and have contributed 

to the growth of the East Antarctic ice sheets during the Mid Miocene cooling event (Woodruff and 

Savin, 1989; Wright et al., 1992; Hamon et al., 2013).  
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Based on our initial kinematic global model, our modelled paleobathymetry results in a deep Tethys 

Seaway until ~10 Ma when our Arabian and Eurasian COBs (modified from Torsvik and Cocks (2016)) 

overlap. As the last oceanic lithosphere was consumed earlier than 10 Ma (around 20 Ma according ot 

Okay et al. (2010)) we re-evaluate the geometry of the northern Arabian block COBs considering a new 

kinematic model of the Mediterranean region  (i.e. van Hinsbergen et al., 2019), and extend the COB to 

agree with the apatite fission track study of Okay et al. (2010). The Arabian COBs is extended to overlap 

with the Eurasian COBs at ~ 20 Ma to account for the lack of oceanic lithosphere at that time. We 

prescribe full closure of the seaway by ~19 Ma, which is also consistent with animal migration over the 

“Gomphotherium Landbridge” (Harzhauser et al., 2007). Before the seaway closure, our reconstruction 

Table 3: Evidence and timing for closing the Tethys Seaway.                 
Timing  Depth Proxy Reference  

10 Ma Subaerial  Plate kinematics based on 
paleomagnetic data 

Dercourt et al. (1986) 

20 Ma Subaerial  Apatite fission tracks  Okay et al. (2010) 

19 Ma Subaerial  Mammal exchange   Harzhauser et al. (2007) 

28-23 Ma (Restricted 
connection, where last 
possible closing is 11 
Ma)  
 

350 m – 750 m  
(Early Oligocene).  
< 350 m  
(Late Oligocene).  
11 Ma closed. 

Biostratigraphically dated 
Oligocene – Miocene 
sediments 

Hüsing et al. (2009) 

~34 Ma (Eastern Tethys) Subaerial, however, this 
is only for the Eastern 
part, could still be an 
open seaway  

Marine Paleogene 
sediments, Tibet  

Wang et al. (2002) 

~ 19 Ma  
 

Subaerial, but temporal 
reopening of a shallow 
seaway at ~16 Ma 

Model + marine 
sediments.  
Reopening is interpreted 
from Miocene marine 
sediments in the Lake 
Van area (Gelati, 1975) 

Rögl (1999) 

~35 Ma Closed as a deep 
gateway, possibly 
subaerial  

Structural geological 
evidence, (and sediments) 

Allen and Armstrong 
(2008) 

~16 Ma Subaerial Sedimentary evolution of 
the Qom formation 

Reuter et al. (2009) 

~49 Ma  End in export of warm 
saline bottom water to 
the Indian ocean, not an 
indication of final 
closure, but could 
indicate restricted flow 
and a shallow seaway  

Sedimentary sequences, 
evaporate distribution  

Oberhänsli (1992) 
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method yields deep bathymetry (> 4000 m) in the oceanic realm as the seaway was floored by old 

oceanic lithosphere. However, there are evidences of regional uplift in the Eocene (e.g. Allen and 

Armstrong, 2008) and shallower seaway depths in the Oligocene according to biostratigraphy (e.g. 

Hüsing et al., 2009). We therefore modify our model accordingly by assigning a shallower seaway 

(~2000 m – 1000 m) from the Mid Eocene and onwards. The large discrepancy between the unadjusted 

model and observations is probably because the model does not capture all blocks and terranes that once 

existed in the seaway and uplift related to continent collision. The sill depth of which the Tethys close 

as an oceanic gateway with implications for regional and global ocean circulation is not known. 

Modelling suggests sill depths somewhere between 1000 m and 250 m (Hamon et al., 2013), which 

would correspond to an Early Oligocene to Early Miocene gateway closure according to our 

reconstructions (Fig. 3). However, we cannot rule out that the seaway may have stopped functioning as 

a deep ocean gateway already in the Eocene (Oberhänsli, 1992), or later in the Mid Miocene if any 

temporal continental straits were deep enough to matter (Rögl, 1999; Hamon et al., 2013).  

 

 
Figure 3: Evolution of the Tethys Seaway with extracted N - S profiles. Sill depths represent the minimum 

elevation (deepest point) along the profiles for every millionth year from 55 Ma – 10 Ma.  

77



 Chapter III  

 

 

 

3.3 The Central American Seaway  
The Central American Seaway, CAS, located where the Panama Isthmus is today, was an oceanic 

gateway connecting the Pacific and Atlantic oceans. Its closure is thought to have been important for 

the establishment of the modern day AMOC, as eastward flow through the gateway would reduce 

salinity in the Atlantic Ocean, and therefore limit the strength of the AMOC (e.g. Maier-Reimer et al., 

1990; Sepulchre et al., 2014). Final closure of the gateway has been attributed to cause the American 

biotic interchange between North and South America at ~2.7 Ma (Marshall et al., 1982; Webb, 2006). 

Using this or a similar timing, several studies have proposed the closing of the gateway as an important 

factor for the initiation of the Northern Hemisphere glaciations (Haug et al., 2001; Lear et al., 2003). 

However, many authors suggest that the gateway shallowing occurred much earlier, several million 

years before full closure, and therefore the CAS was too shallow and narrow to significantly influence 

ocean circulation and climate in the Pliocene (Duque-Caro, 1990; Montes et al., 2012a; Montes et al., 

2012b; Sepulchre et al., 2014; Montes et al., 2015). Evaluation of stratigraphy and foraminiferal 

biostratigraphy (Duque-Caro, 1990), and reconstructions of deep and intermediate water Nd and Pb 

isotope compositions from fossil fish teeth and planktonic foraminifera (Newkirk and Martin, 2009; 

Osborne et al., 2014), supports the hypothesis that the gateway shallowed to ~1000 m by Mid-Miocene 

times.  The studies of Montes et al. (2012a, 2012b, 2015) go further in suggesting that there was only a 

shallow gateway, ~200 km wide near the Southern end of the Panama Isthmus, in the Early Miocene. 

Full closure occurred around 15 – 13 Ma, but transient shallow and narrow straits with some water 

exchange may have formed after that (See Table 4).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

78



Chapter III 

Table 4: Evidence of Central American Seaway closure 
Timing Proxy Depth Reference 

3.1 – 2.7 Ma Biotic exchanges between 
the Americas 

Subaerial Webb (2006) 

~3 Ma Interchange of land 
mammals between North 
and South America 

Subaerial Marshall et al. (1982) 

12 – 7 Ma Nd and Pb isotopes from 
fossil fish teeth and 
authigenic coatings of 
planktonic foraminifera   

closed for deep water 
exchange during this time. 
 ~1000 m at 11.2 Ma 

Osborne et al. (2014) 
& Newkirk and 
Martin (2009) 

12.9 – 11.8 Ma evaluation of Neogene 
stratigraphy and 
foraminiferal 
biostratigraphy  

~1000 m Duque-Caro (1990) 

~15 Ma Geochronological and 
geochemical data from the 
Isthmus of Panama  

Subaerial (possible ~200 
km wide and shallow 
opening in the Early 
Miocene) 

Montes et al. (2012a) 
& Montes et al. 
(2012b) 

15 – 13 Ma Uranium-lead 
geochronology in detrital 
zircons, provenance 
analyses from boreholes, 
and stratigraphic sections 
in the Northern Andes 

Closed, but Pacific – 
Atlantic water exchange 
could have taken place 
through transient, narrow, 
and shallow straits 

Montes et al. (2015) 

Following evidences documented by previous studies, we choose to keep an intermediate to shallow 

CAS (~2000 m) from the Late Eocene and prescribe further shallowing of the seaway in the Miocene 

as indicated above, leaving only narrow shallow straits by the Mid- Miocene. This favors the models of 

Montes et al. (2012a, 2012b, 2015). However, we do not implement a “forced” seaway closure before 3 

Ma, taking into account that the American animal exchange around 2.7 Ma marked the full closure of 

the seaway (e.g. Marshall et al., 1982; Webb, 2006). A partly open seaway post Miocene time is also 

supported by evidence from planktonic foraminifera and Nd and Pb isotopes of fossil fish teeth 

indicating water exchange between the Atlantic and Pacific Oceans at that time (e.g. Newkirk and 

Martin, 2009; Osborne et al., 2014).  
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Figure 4: Evolution of the Central American Seaway.  NW – SW profiles extracted every 5 million year from 25 

Ma – 5 Ma. Sill depth is the minimum elevation along the profiles extracted with 1 million-year intervals.  

A Pliocene final CAS closure coincides in time with the opening of the Bering Strait and shallowing of 

the Indonesian Gateway (e.g. Marincovich and Gladenkov, 2001; Karas et al., 2017). In the present 

study we do not discuss at large these very recent gateway events; however, one should keep in mind 

that ocean circulation changes in the Pliocene could have also resulted from a combination of these 

gateway events.  
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As stipulated in the introductory statement, the geological history of the Southern Ocean gateways is 

amply discussed by many studies and a review of those gateways is beyond the scope of this paper. Our 

aim is to fill a gap in the literature and document in a comprehensive way the detailed evolution of the 

main Cenozoic oceanic gateways situated in the Northern Hemisphere. However, in order to have an 

updated global paleobathymetric model we have inspected the existing models for the Drake Passage 

and the Tasman Gateway and adopted models that respect a given set of first-order geological 

observations. A short description of these can be found in the supplementary material 

 

4. Paleotopographic Adjustments  
Coupled climate models require complete models of topography and bathymetry. For increasing the 

usefulness of our global paleobathymetry model, we have prepared a global paleotopography model that 

accompanies the Cenozoic paleobathymetry model presented in this paper. The global paleotopography 

is a compilation of previously published and new regional models, and we use previously published 

global models (Herold et al., 2008; Herold et al., 2014; Cao et al., 2017) to compare, and in some cases 

adjust, our model.  

For the circum-Arctic region, including Greenland and Scandinavia we adopt a new paleotopographic 

model based on the methodology of Medvedev et al. (2018), which calculates the pre-glacial topography 

of the circum-Arctic region by numerically restoring eroded material and calculating the flexural 

isostatic response. For the Mid – Late Miocene we combine this model with the regional model of Knies 

and Gaina (2008) for the Barents sea, based on the topography models of Rasmussen and Fjeldskaar 

(1996) and Dimakis et al. (1998). For the Eocene and Oligocene we add the new information from the 

paleoenvironment and erosion study of Lasabuda et al. (2018), which propose that the Barents Sea 

region was subaerial. In addition, we look at Cenozoic uplift and subsidence data from Anell et al. (2009) 

and adjusted our topography for the regions surrounding the North Atlantic through time.  

For Antarctica, we use the newly published topographic reconstructions of Paxman et al. (2019). They 

reconstruct paleotopography of the Antarctic continent for four key time steps since the Eocene – 

Oligocene transition (i.e. 34 Ma, 23 Ma, 14 Ma and 3.5 Ma). This reconstruction does not go further 

back than 34 Ma, however, previous EOT reconstructions (i.e. ANTscape (Wilson et al., 2012)) has 

been applied for topographic reconstructions as far back as the Early Eocene (~55 Ma) (e.g. Herold et 

al., 2014). We use this configuration of Antarctica for the whole Eocene time. As there were no major 

ice sheets on Antarctica during this period, the topography changes were linked to other processes, 

mostly linked to tectonic events (Cramer et al., 2011; Herold et al., 2014). Due to the lack of useful 

paleotopographic models for times older than 34 Ma, we find the detailed and high-resolution model of 

Paxman et al. (2019) to be adequate for the Eocene time. For times younger than 34 Ma, we gradually 

change our model towards the 23 Ma paleotopography and repeat the process for the time interval 23 

Ma to 14 Ma, and so on, until we reach the present-day topography. We use cosine-tapered weights to 
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blend the topography between the modelled time steps using the Generic Mapping Tools command 

‘grdblend’ (Wessel et al., 2013), where we change the weights at each time-step so we gradually go 

from one step to the next.   

Other significant Cenozoic orogenic events that built the Himalayas, Andes, Rocky Mountains and the 

Eurekan were also incorporated in our global model. For the Himalayas and the Tibetan plateau, we 

keep a low relief, similar to Herold et al. (2014) for the Early Eocene. We gradually increase the 

elevation until the Middle Miocene when it is predicted that the Tibetan plateau reached modern day 

heights (e.g. Coleman and Hodges, 1995; Williams et al., 2001; Rowley and Currie, 2006; Herold et al., 

2008).  

Parts of the Andes Cordillera could have been at alpine heights in the Early Cenozoic, however, the 

mountain range was probably significantly lower than today (e.g. Markwick and Valdes, 2004). Periods 

of intensified Andean uplift have been recorded for the Early Eocene, Early Oligocene, Late Oligocene 

– Early Miocene, Mid Miocene and Early Pliocene (Hoorn et al., 2010). Previous topographic

reconstructions have prescribed paleo-elevations in the central Andes to ~ 1000 m in the Late Cretaceous

and Early Eocene (Markwick and Valdes, 2004; Herold et al., 2014), ~ 2000 m in the Late Eocene

(Baatsen et al., 2016). Where the northern parts of the mountain chain did not reach high alpine elevation

until Late Miocene times (Hoorn et al., 2010), we prescribe a low relief topography (~1000 m) in the

Early Cenozoic, and gradually increase the central part until Late Miocene, where we assume a

topography like the present day. We keep the northern part low (< 1000 m) until Late Eocene, and

increase the elevation to modern-day heights by Late Miocene after the model of Hoorn et al. (2010).

The North American Cordillera was probably high already in the Early Cenozoic (Abbey et al., 2017),

and could have experienced ~4000 m by Mid-Eocene times (Chamberlain et al., 2012). We set a 50%

lower relief in the Early Cenozoic and gradually increase the elevation until we reach modern day

elevations at 35 Ma.

Compressional deformation, caused by simultaneous seafloor spreading in the Labrador Sea and NE

Atlantic resulted in the Eurekan deformation and relief formation between NW Greenland and Ellesmere

Island in the Eocene (De Paor et al., 1989; Anell et al., 2009).  The maximum paleo-elevation of the

orogeny is not certain. However, the recent study of Vamvaka et al. (2019) suggests a pronounced

topographic growth during an exhumation period between ~ 44 Ma and 38 Ma. They suggest that the

Eurekan orogeny was high enough to facilitate glaciations at that time. This could explain the discovery

of ice rafted debris form the same period (Eldrett et al., 2007), previously thought to originate further

southeast on Greenland (Eldrett et al., 2007; Vamvaka et al., 2019). Ice sheet models indicates that the

Greenland topography should be 1-1.5 km higher than today to accommodate continental ice sheets in

a warm Eocene climate (Langebroek et al., 2017), and this could have been true for the Eurekan orogeny

(Vamvaka et al., 2019). Here we adopt elevations of ~2000 m for the Early Cenozoic, ~3000 m for the

Late Eocene, before we gradually lower the topography.
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Figure 5: Global paleotopography and regions of elevation adjustments. Colored regions indicate which regions 

were adjusted. Background reconstructions are 5 Ma for the Pliocene, 15 Ma for the Miocene, 25 Ma for the 

Oligocene, 36 Ma for the Eocene, and 56 Ma for the Paleocene.  

 

 

5. Oceanic Gateway Events and their Influence on Paleo-ocean Circulation and 

Climate 
The overall aim of our study is to construct a global digital model for the Cenozoic evolution of 

paleobathymetry, with a focus on the northern hemisphere oceanic gateways. We have indicated the 

importance of individual oceanic gateways and presented comprehensive and detailed paleobathymetric 

models for their respective regions. In the last section of this study we will re-iterate the importance of 

the oceanic gateways’ evolution in modulating climate variations by reviewing the main climate change 

events since 66 Ma. 

In the Early Cenozoic, the Southern Ocean gateways and the NE Atlantic were closed, and there was a 

deep circum-equatorial connection of the major oceanic basins through the CAS and the Tethys Ocean. 

From Late Eocene to Early Oligocene, this configuration changed as the Southern Ocean gateways 
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opened, the GSR deepened through the FSC, and the Tethys Seaway shallowed. In the Miocene, the 

Tethys Seaway closed completely (Early – Mid Miocene), the CAS shallowed to values less than 1000 

m (Mid – Miocene), the GSR deepened, punctuated by temporal episodes of uplift, and the Fram Strait 

approached modern depths (Mid – Miocene). The timing of the different gateways opening and closing 

with error bars representing the uncertainty in time based on published literature are summarized in Fig. 

6. Their correlations with ocean circulation and climate changes are discussed below. 

Figure 6: Cenozoic deep sea benthic foraminifera oxygen isotope curve of Zachos et al. (2008) and timing of the 

key oceanic gateway changes considered in our model. Stapled error bars show the range of estimated times of 

oceanic gateways opening and closing from the literature. For the Fram Strait (i.e. Myhre et al., 1995b; Jakobsson 

et al., 2007; Knies and Gaina, 2008; Ehlers and Jokat, 2013; Jokat et al., 2016), for the GSR (i.e. Wold, 1995; 

Davies et al., 2001; Poore et al., 2006; Denk et al., 2011; Ellis and Stoker, 2014), for the Tethys Seaway (i.e. 

Dercourt et al., 1986; Oberhänsli, 1992; Rögl, 1999; Allen and Armstrong, 2008; Okay et al., 2010), for the CAS 

(i.e. Marshall et al., 1982; Duque-Caro, 1990; Montes et al., 2012a; Montes et al., 2012b; Montes et al., 2015), for 

the Tasman Gateway (Stickley et al., 2004; Brown et al., 2006; Bijl et al., 2013), and for the Drake Passage (Lawver 

and Gahagan, 2003; Scher and Martin, 2006; Lawver et al., 2011; Eagles and Jokat, 2014). FSC = Faroe Shetland 

Channel, IFR = Iceland – Faroe Ridge, GIR = Greenland – Iceland Ridge, GSR = Greenland – Scotland Ridge, 

CAS = Central American Seaway.  
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5.1 The Paleocene –Eocene  
In the Early Eocene, the CAS and Tethys Seaway were open, the North Atlantic was in an incipient 

stage, and the Southern Ocean gateways were closed (Fig. 6). In these conditions, the ocean circulation 

was influenced by deep water convection at multiple locations, including the North Pacific, southern 

high latitudes, and low-latitude regions producing warm saline deep water (Ferreira et al., 2018, and 

references therein). Compilations of Nd isotope data from ODP and IODP drillsites suggest separate 

overturning circulations in the Pacific and Atlantic Basins before ~ 40 Ma (Martin and Scher, 2004; 

Thomas et al., 2014). There was strong convection and deep water production in the Northern Pacific 

Ocean in the Early Cenozoic that started to weaken in the Early Eocene, possibly due to global warming 

(Hague et al., 2012). The tectonic configuration of oceanic basins was therefore important for the Early 

Eocene climate, by facilitating multiple regions of deep convection, younger water masses were 

produced in each basin, and overall increasing the ventilation (Thomas et al., 2014). This may have had 

important implications for carbon cycling, as higher ventilation rates could promote enhanced recycling 

of organic carbon, returning fixed carbon back to the ocean/atmosphere system as CO2 (Olivarez Lyle 

and Lyle, 2006; Hague et al., 2012; Thomas et al., 2014). By the Late Eocene, the Southern Ocean 

gateways started to open, the GSR deepened, the Tethys Seaway shallowed (Fig. 5), and first indications 

of the initiation of the AMOC are found (e.g. Abelson and Erez, 2017; Coxall et al., 2018). It follows 

that these gateway events could have triggered climatic changes near the Eocene – Oligocene transition 

(see next section).   

 

 
Figure 7: Global paleobathymetry and paleotopography for the Early Eocene (55 Ma) with sketched ocean 

circulation pattern. Orange arrows = surface currents, blue arrows = deep water. 
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5.2 The Eocene Oligocene Transition  
Around the Eocene – Oligocene transition, the GSR opened through the FSC, and the Tethys Ocean 

started to get shallow and narrow, which could have influenced the changes in ocean circulation 

documented around that time. Tectonic changes in the Fram Strait and the Barents Sea, the GSR region 

and the Tethys Seaway have all been proposed as triggers for the Eocene – Oligocene cooling (Zhang 

et al., 2011; Abelson and Erez, 2017; Coxall et al., 2018; Hutchinson et al., 2019): 

Recently, Hutchinson et al. (2019) proposed that a closing of an Atlantic – Arctic connection trough the 

Barents Sea before the EOT, could have enhanced the AMOC and contributed to the climatic cooling. 

Paleoenvironment and erosion estimates of the Barent Sea (e.g. Lasabuda et al., 2018) indicates a 

subaerial Barents Sea in the Eocene and Oligocene. There have been postulated periods of uplift in the 

Barents Sea indicating lower elevation in the Eocene relative to the Early Oligocene (Anell et al., 2009), 

but the amount of uplift and its influence on the topography is not certain. Our model does not include 

a submerged Barents Sea at that time as we implement a paleotopography similar to Lasabuda et al. 

(2018), and no late Eocene closure of a seaway through the Barents Sea. However, in our model we 

have a shallow water connection over the East Greenland margin in the Proto-Fram Strait. If this seaway 

was open earlier in the Eocene, uplift related to the second phase of the Eurekan Orogeny (e.g. Vamvaka 

et al., 2019) could have closed this connection to the Arctic Ocean and potentially influenced the 

circulation in the North Atlantic as suggested by Hutchinson et al. (2019).  

Several studies argue for an onset of a stronger AMOC before or close to EOT because of 

paleobathymetric changes in the NE Atlantic region (Abelson et al., 2008; Abelson and Erez, 2017; 

Coxall et al., 2018). Abelson and Erez (2017) infer an onset of a modern-like AMOC near EOT deduced 

from compiled d18O and d13C benthic foraminifera records. They propose a hypothetical Nordic 

counterclockwise estuarine circulation route, where warm North Atlantic waters cross the GSR and 

enters the Eastern Nordic Seas, sinks in the Northern Nordic Seas, and returns though the FSC. This is 

consistent with the onset of deposition of the Southeast Faroe Drift at ~35 Ma (Davies et al., 2001). If 

there was deep water forming in the Nordic Seas at this time, the proposed circulation of Abelson and 

Erez (2017) seems plausible as indicated by our modelled paleobathymetry that shows the western part 

of the GSR subaerial and the FSC opened at this time. 

The closure of the equatorial connection between the major oceanic basins through the CAS and the 

Tethys Seaway has been proposed to have impacted global ocean circulation and climate by causing a 

transition from a Southern Ocean Deep Water dominated circulation mode to a circulation dominated 

by North Atlantic Deep Water (Zhang et al., 2011). The CAS is thought to have been open at the EOT 

and gateway changes relevant for ocean circulation are believed to have occurred later (see table 3). 

However, the Tethys Seaway may have closed at this time (Allen and Armstrong, 2008) and modelling 

suggests that it may have reduced deep water formation in the Southern Ocean, increased the AMOC,  

and caused cooling of high southern latitudes (Zhang et al., 2011; Hamon et al., 2013). In our 

paleobathymetry model, the Tethys Seaway is open, but it is no deeper than ~1000 m (Fig. 3). We cannot 
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deduce solely from our paleobathymetry model how this gateway configuration modulated flow through 

the gateway. However, the modelling study of Hamon et al. (2013) shows that a 1000 m deep gateway 

would still export warm saline deep water to the Indian Ocean, but shallowing it to 250 m would 

terminate the presence of this water mass in the Indian Ocean. It follows that shallowing and narrowing 

of the Tethys Seaway in the Late Eocene and Early Oligocene could have made a difference to warm 

saline water transport, although ocean and climate models with realistic paleobathymetric 

reconstructions are required to constrain the gateways role.  

 

 
Figure 8: Global paleobathymetry and paleotopography close to the Eocene – Oligocene transition (34 Ma) with 

sketched ocean circulation pattern. Orange arrows = surface currents, blue arrows = deep water. 

 

 

5.3 The Miocene  
By the Mid-Miocene, the Fram Strait reached modern depths, Iceland appeared as an island as the GSR 

subsided, and the Tethys Seaway was closed. The CAS was still open enabling exchange of Atlantic 

and Pacific waters, although it was narrowing, shallowing and possibly closing during this time (Montes 

et al., 2015). There was a warming trend in the Oligocene and Early Miocene culminating at the Mid-

Miocene climatic optimum (~ 15 Ma) (Zachos et al., 2001). The transition to a cooler climate following 

the climatic optimum has been linked to oceanic circulation reorganization caused by final closure of 

the Tethys Seaway (Hamon et al., 2013). However, the Tethys Seaway probably closed several million 

years before this as major uplift is recorded in the Late Eocene (Allen and Armstrong, 2008). Further 

uplift and the consumption of the last oceanic lithosphere is documented in the Early Miocene (Okay et 

al., 2010), which is coeval with animal migration indicating a land-bridge across the seaway (Harzhauser 

et al., 2007). Instead we argue that CAS shallowing, GSR subsidence and uplift, or the deepening of the 

Fram Strait are more likely to have induced circulation changes in the Miocene. The modern AMOC 
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started to develop in the Miocene (first stage was ~ 12 – 9 Ma), and during this time models and data 

suggests a weakening of the Pacific Meridional Overturning Circulation (PMOC) (e.g. Woodruff and 

Savin, 1989; von der Heydt and Dijkstra, 2006; Yang et al., 2014; Ferreira et al., 2018). CAS shallowing 

in the Miocene is believed to have strengthened the AMOC and changed the global ocean circulation 

pattern towards today’s circulation system (e.g. Nisancioglu et al., 2003; Sepulchre et al., 2014). Also, 

temporal uplift and subsidence of GSR in the Miocene has been linked to variations in the production 

of NCW and the Mid-Late Miocene cooling (e.g. Wright and Miller, 1996).  

In addition, the deepening of the Fram Strait has been linked to ocean circulation changes and is 

postulated to have played a role in the climatic changes during the Miocene (Jakobsson et al., 2007; 

Knies and Gaina, 2008). In summary, the main major changes in NH gateways in our Miocene 

paleobathymetric model are the CAS shallowing from Early Miocene, depth variations of the GSR due 

to the Iceland plume pulsations throughout the Miocene, and Fram Strait deepening in the Early – Mid 

Miocene.  

 

 
Figure 9: Global paleobathymetry and paleotopography for the Mid Miocene (15 Ma) with sketched ocean 

circulation pattern. Orange arrows = surface currents, blue arrows = deep water. 
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6. Summary and Conclusions
We have developed a new model for Cenozoic paleobathymetry with a focus on the evolution of the 

Northern Hemisphere oceanic gateways. The model implements updated plate kinematics and 

associated oceanic lithospheric ages, estimated sediment thickness, and paleodepths of oceanic plateaus 

and microcontinents. In contrast to previous global models, we include a novel model for the NE 

Atlantic region that incorporates crustal thickness and variations in dynamic support from the Iceland 

mantle plume that greatly improves our reconstructions. In particular, the global model integrates 

regional reconstructions for the Northern Hemisphere oceanic gateways and is also complemented with 

a new paleotopography model that takes into account previously published geological information and 

reconstructed topography for selected regions. 

We capture several tectonic and geodynamic events that changed the Northern Hemisphere oceanic 

gateways configuration through the Cenozoic time. Due to plate tectonics and Iceland plume activity, 

the Greenland – Scotland Ridge gateway opens in the Late Eocene trough the FSC. Later on, the IFR 

deepens in the Early Oligocene, and Iceland becomes an island as the GIR submerge below sea level in 

the Mid Miocene. However, the subsidence history of the GSR experience temporal episodes of uplift 

related to changes in dynamic support from the Iceland Plume. In our global model, the Fram Strait 

evolves from a shallow connection to the Arctic Ocean in the Oligocene to modern depths (> 2.5 km) 

by Early – Mid Miocene as the mid-ocean ridge between Greenland/North America and Eurasia is 

slowly connecting with the Gakkel Ridge in the Arctic Ocean. The Tethys Seaway is shallowing to 

~1000 m in the Late Eocene, as the Arabian and Eurasian plates continue to converge, but does not close 

completely until the Early Miocene (~20 Ma). The Central American Seaway shallows in the Oligocene 

and Miocene and reach depths of less than ~500 m by Late Miocene. From Late Miocene, there are only 

very shallow (< 250 m) and narrow (> ~200 km) Atlantic – Pacific connections. Our up to date and 

detailed reconstructions, calculated at one million-year time step for the Cenozoic era, will be useful for 

the paleoclimate community as they can easily be implemented in paleo-ocean circulation and climate 

models.  
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Appendix A 

Supporting Information for Chapter I 

Contents of Appendix A 

Figure A1: Meridional overturning in the simulations without winds 
Figure A2: Horizontal velocities   

Figure A1: Meridional overturning streamfunction for the Atlantic and Indo-Pacific oceanic basins for the model 
simulations with 0 Ma and 12 Ma bathymetry. These models do not include wind forcing in contrast to the models 
shown in the main text of Chapter I. 
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Figure A2: Horizontal velocities at 1895 m – 2145 m depth. Note the appearance of the western boundary current 
in the Pacific Ocean at 12 Ma.  
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Supporting Information for Chapter II 

GlobSed: Updated Total Sediment Thickness in the World’s Oceans  

E. O. Straume, C. Gaina, S. Medvedev, K. Hochmuth, K. Gohl, J. M. Whittaker, R. Abdul Fattah, J.C. 
Doornenbal, J. R. Hopper  

 
Contents of Appendix B 
 

Text B1: Higher order polynomials in sediment thickness approximation model  
Text B2: Inspection of individual outlier of the Indian ocean drillsites 
Text B3: Comparison with NE Atlantic drillsites  
Figure B1: Datasets used to compile the NE Atlantic sediment thickness grid 
Figure B2: Analytical approximation formulas with higher number of terms  
Figure B3: Comparison with drillsites in the NE Atlantic Ocean  
 

Additional Supporting Information  
 

Data Set B1: http://earthdynamics.org/data/GlobSed. (GlobSed) 
Data Set B2: http://earthdynamics.org/data/GlobSed. (GlobAge_CEED) 

Introduction  

This supplementary material addresses  

1. Location of datasets used to compile the NE Atlantic sediment thickness grid (Fig. B1). 
2. How the analytical approximation (presented in the main text, section 4.3) improves only 

slightly when cubic polynomials with higher number of terms are introduced (Text B1, Fig. B2). 
3. Additional information on ground-truthing our results using ODP and IODP sites (Text B2, Text 

B3, and Fig. B3). 

The new global ocean sediment thickness grid, GlobSed netCDF grid is described as Dataset B1. 
The new global age of oceanic lithosphere, GlobAge netCDF grid is described as Dataset B2.   
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Text B1: Higher order polynomials in sediment thickness approximation model. 

The clear and simple tendencies of the sediment thickness distribution, such as thickness increasing with 

age, along the equator, and towards the higher latitudes, lead us to consider an analytical representation 

of sediment thickness. Goswami (2015) and Olson et al. (2016) approximated sediment thickness by 

cubic polynomial of oceanic lithosphere age considering ages of 100 Ma and older. Our age range is 

smaller and approximation by a single term of square root of age (see eq. 2, section 3.3 in the main text) 

works as good as a cubic polynomial. Below we show our approximation model determined by a cubic 

polynomial (eq. S1), as an alternative to equation 2 in the main text (see Fig. B1 for RMS values). The 

latitude dependence is a more complicated and thus we approximate this dependence by a cubic 

polynomial. There are also crossing terms which indicate variations of, e.g., changes of age dependence 

with latitude. The resulting dependence is calculated using the least square method: 

 

       (B1) 

 

Where Z is approximated sediment thickness in meters, t is oceanic lithosphere age in Ma, and l is 

latitude in radians. We use radians for latitude here normalize large powers of l involved, this result 

also in the coefficients of approximately same orders and illustrates importance of each term in the 

equation. 

 

Text B2: Inspection of individual outliers of the Indian Ocean Drillsites. 

In the main text, we have presented a comparison between calculated bathymetry constructed using our 

analytical approximation of sediment thickness and observed drillsite bathymetry (Section 4.3). There 

are two prominent outliers marked 1 and 2 (Fig. 13) with 914 m and 1053 m mismatch, respectively. 

Number one is DSDP leg 28 site 274 in the Southern Ocean 250 km Northeast from Cape Adare, close 

to the Balleny Islands. Our calculated vs. the observed sediment thickness difference is 175 m, and the 

modeled oceanic lithospheric age is the same as the observed (~35.3 Ma), therefore, the major cause for 

the large difference of 1066 m originates elsewhere. From Figure 6 we see a positive residual bathymetry 

region of ~1000 m, which is not within our interpreted LIP regions. This excess residual high matches 

the low shear-wave velocity anomalies in the upper mantle and seamount distribution in the region, 

indicating that mantle dynamics plays a role (Wobbe et al., 2014). The second outlier is from ODP Leg 

115 site 715 on the East Maldives Ridge.  The mismatch here is the largest of all the drill sites (~1053 

m). There are only 42 m difference between the calculated and observed sediment thickness, however, 
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the difference in modeled vs. observed age is ~5 Myrs, which affects the calculated depth. Inspecting 

this site, we also discovered some inconsistencies in the location of the site provided by Sykes et al. 

(1998) and the location given initial scientific report by Backman et al. (1987), but this was corrected 

for. The drill sites lies at the eastern slope of a narrow ridge, so we suspect that the mismatch could be 

caused by gridding resolution, as the ridge may not be properly resolved by the gridded bathymetry.  

 

Text B3: Comparison with NE Atlantic Drillsites 

We inspect the NE Atlantic sediment thickness with respect to observations from drill sites using the 

same approach as for the Indian Ocean (section 4.2 in the main text). We have selected ten drill sites on 

oceanic lithosphere that provides information on the total sediment thickness and age of the oceanic 

basement within reasonable error (Fig. B3). Figure B3a shows a rather loose correlation between the 

observed drill site sediment thickness and the compiled gridded sediment thickness. The grid has 

generally higher sediment thicknesses than the observed sediment thicknesses measured at drill sites. 

Note that not all the selected wells reach basement and the grid should yield equal or higher sediment 

thicknesses. However, some drill sites show higher sediment thickness than the sediment thickness grid 

(see map in Figure B2). 

Figure B3b and B3c shows the correlation of the observed and gridded age, and observed bathymetry 

and ETOPO1 (Amante and Eakins, 2009) bathymetry, respectively, where both correlate well. Note that 

we use ETOPO1 here and not GEBCO_2014 (Weatherall et al., 2015) like in the Indian Ocean. This is 

because it correlates very well with the drill site measured bathymetry (Fig. B3c), so there was no need 

of using the most recent gridded bathymetry. Some drill site ages are younger than the gridded age, 

however, this is not surprising as many of the drill site-ages are derived from the oldest sediments, which 

must be younger than the igneous basement it rests upon.  

We also compare our calculated sediment thickness with the observed sediment thickness which shows 

a good correlation slightly skewed towards higher observed sediment thickness (Fig. B3d). This is 

expected as some of the drill sites lies within 200 km from the continental margin which was excluded 

when deriving the formula used here because oceanic lithosphere near margins generally shows very 

high sediment thicknesses. Also, we use the global formula for oceanic lithosphere younger than 82 

Myrs, which was derived excluding high northern and southern latitudes giving a weaker latitude 

dependence on calculated sediment thickness, that may influence the slightly low sediment thickness 

predictions. 

Finally, Figure B3e shows our predicted bathymetry constructed using calculated sediment thickness 

correlates with the observed bathymetry with and without adding the residual bathymetry. We chose to 

add the residual signal of the entire NE Atlantic region because the bathymetry is anomalously shallow 

due to the dynamic support from the Iceland Plume, which presumably influence a region spanning 

several thousands of kilometers (e.g. Jones et al., 2014). This is visible in Figure B3e where our predicted 
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bathymetry from normal thermal subsidence of oceanic lithosphere isostatically corrected with our 

calculated sediment thickness predicts way too deep bathymetry when the crustal and dynamic 

bathymetry-component is not accounted for.  
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Figure B1. Sources of the grids used for compilation of the NE Atlantic total sediment thickness grid, modified 
from Hopper et al. (2014). Letters indicates the different sources listed in table 1 in the main text. A=Ebbing and 
Olsen (2009), Ebbing and Olesen (2010)B=BGS, C=GEUS/AWI, D=ISOR, E=NAG-TEC refraction data, 
F=Oakey and Stark (1995).   
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Figure B2. Any visible improvement of match average sediment thickness of 11a requires more complicated 
analytical impressions (at last double of free parameters compare to 11b). 
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Figure B3: NE Atlantic drill site data plotted versus gridded and calculated data, shown with 1:1 linear regression 
line. The center map shows the drill sites and location of refraction lines used to identify depth to basement. The 
yellow circles are used in calculations here (numbers next to them shows the difference between the gridded and 
observed sediment thickness), red circles are locations of all other ODP/IODP/DSDP drill sites in the NE Atlantic 
Ocean. White lines are interpreted COBs. Background: transparent gridded sediment thickness draped on ETOPO1 
bathymetry. A) Drill site sediment thickness versus gridded sediment thickness. B) Drill site age versus gridded 
age of the oceanic crust. Note that some of the dill sites are dated based on the oldest recovered sediment, which 
may yield too low observed ages. C) Drill site bathymetry plotted versus ETOPO 1 bathymetry. D) Drill site 
sediment thickness plotted versus calculated sediment thickness, using the formula for sediment thickness younger 
than 82 Ma. E) Drill site bathymetry vs. predicted bathymetry corrected for calculated sediment load, with and 
without adding the residual bathymetry. 
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Data Set B1.  

http://earthdynamics.org/data/GlobSed 

Total sediment thickness grid of the world’s oceans and marginal seas. 1 arc minute resolution, GMT 

netCDF format (32-bit float). 

Data Set B2.  

http://earthdynamics.org/data/GlobSed  

Global oceanic lithospheric age grid. 1 arc minute resolution, GMT netCDF format (32-bit float). 
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C1 Model evaluation 

Using age-depth relationships of oceanic lithosphere and knowledge of sediment thickness is a common 

approach to reconstruct paleobathymetry (e.g. Herold et al., 2014; Goswami et al., 2015; Baatsen et al., 

2016). We augment this traditional approach by applying a new model that resolves latitude variations 

in sediment thickness and a new model for predicting the paleo-depth of LIPs and microcontinents 

(Straume et al., 2019). In contrast to previous sediment thickness models (Goswami et al., 2015), we 

capture latitude variations in thickness. This may be important for gateways like the Fram Strait, where 
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high sediment thickness is proposed as a possibility for a late opening of the gateway (Engen et al., 

2008).  Accurate reconstructions of anomalous features like oceanic plateaus and microcontinents could 

also be very important. Oceanic plateaus are believed to have had significant impacts on paleo-ocean 

circulation (Lawver et al., 2011) and microcontinents may have been important for the evolution of 

oceanic gateways like the GSR (Torsvik et al., 2015) and the Fram Strait (Knies et al., 2014). In addition, 

our model benefit from the new plate kinematic model presented in section 3. The kinematic model and 

reference frame determines positions through time, and it has been showed in models that using different 

kinematics for paleobathymetric reconstructions can cause significant differences in modelled paleo 

ocean circulation (Baatsen et al., 2018). In general, our new input models improve our reconstructions 

which essentially will benefit future paleo-climate models.  

 

C2 Comparison of gridded data and calculated bathymetry with oceanic drill sites 

Figure C2 shows how the gridded and calculated data in our paleobathymetric reconstructions compare 

with real data from oceanic drill sites. The gridded oceanic lithospheric ages (Fig. C2a,d) compare well 

with the dated samples from the drill sites. Some of the drill sites are dated based on the oldest sediments, 

which may partly explain why we  do not see a perfect correlation (Sykes et al., 1998; Straume et al., 

2019).  Figure C2b,e shows how the calculated sediment thickness compares with the sediment thickness 

from the drill sites, and Figure C2c,f shows how calculated bathymetry constructed using the thermal 

subsidence curve of Crosby and McKenzie (2009) and calculated sediment thickness compares with the 

drill site bathymetry. The left panels show how the calculation compares without accounting for 

anomalous regions like oceanic plateaus, while the right panels show how our correlation improve when 

accounting for the residual bathymetry of anomalous regions. Overall these plots show that we are able 

to predict the today’s bathymetry with minimal error. 

 

C3 Drill sites containing information on the evolution of oceanic gateways 

ODP Site 909, and IODP Expedition 302 (The Fram Strait): The Ocean Drilling Program (ODP) 

Site 909 is located in the Fram Strait north of the Hovgård ridge. The sedimentation regime at this site 

indicate a restricted ocean circulation from ~20 – 17 Ma, which may agree with a partly open Fram 

Strait before ~17 Ma, and a deeper gateway afterwards (Myhre et al., 1995). It also shows indications 

of ice-rafted sediments from ~15 Ma (Winkler et al., 2002), and at 11.2 Ma the kaolinite/illite ratio of 

clay sediments decreased, which is consistent with increased southward sea ice drift possibly as a 

response to opening the Fram Strait (Winkler et al., 2002; Engen et al., 2008). The cessation of the 

restricted flow ~17 Ma from site 909 have been interpreted to indicate opening of a deep gateway 

(Myhre et al., 1995; Engen et al., 2008). Although the changes at ~ 11.2 Ma may indicate a delayed 

opening, these changes could be triggered by climatological changes rather than a gateway opening 

(Winkler et al., 2002). The Integrated Ocean Drilling Program (IODP) Expedition 302 (ACEX) from 

the crest of the Lomonosov Ridge indicate a change in the ventilation regime in the Arctic Ocean from 
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18.2 – 17.5 Ma (Jakobsson et al., 2007). This is change in ventilation regime could be related to 

deepening of the Fram Strait.  

Site 336 and 352 (The Greenland – Scotland Ridge): The Deep Sea Drilling Project (DSDP) Leg 38 

Sites 336 and 352 are located on the Northern and Southern flank of the Iceland – Faroe Ridge 

respectively. Today, the bathymetry at these sites is 400 – 500 m deeper than the crest of the ridge. Site 

336 and 352 were  ~500m – 700m below sea level in the Late Miocene, 200 – 300 m in the Early 

Miocene, and above sea level in the Late Eocene (Talwani et al., 1976; Grønlie, 1979). Indicating a 

sallow Iceland – Faroe Ridge in the Late Miocene and a land-bridge in the Early Miocene and Late 

Eocene. This is also supported by the faunas from site 336 and 352 indication a land-bridge in the Mid 

Miocene (Vogt, 1972; Talwani et al., 1976; Grønlie, 1979).  

ODP Site 846, 1241, 998, 999, 1000, and DSDP Site 154 (Central American Seaway): ODP Site 846 

and 1241 located in the eastern equatorial Pacific, and ODP site 998, 999, and 1000 located in the 

Caribbean has been used to study sweater neodymium and lead isotopes to determine the final stages of 

the CAS closure (Newkirk and Martin, 2009; Osborne et al., 2014). Observed changes in Caribbean 

circulation related to final closure of the CAS in the Pliocene is much smaller than what is observed for 

the Miocene (Osborne et al., 2014). The data from these sites suggest a shallowing of the CAS to ~1000 

m before 11.2 Ma, and that this Miocene shallowing marks the closure for deep water exchange through 

the CAS (Newkirk and Martin, 2009; Osborne et al., 2014). Also, the DSDP Leg 15, Site 154 in the 

Colombia basin show a sedimentary transition which correlates with folding and uplift of the Panama 

Isthmus in the Mid – Miocene (Edgar and Saunders, 1973).  

ODP Site 689, 1090, 1168, and 1172 (Southern Ocean Gateways): Site 1172 on the East Tasman 

Plateau shows an environmental transition from shallow marine to bathyal depths from 35.5 – 30.2 Ma, 

based on integrated micropaleontological, geochemical, sedimentological, and paleomagnetic data 

(Stickley et al., 2004).  Site 1168 on the Western Tasmanian Margin is shallower, but also subsides 

through this time interval from ~ 200 m to ~ 700 m paleodepth (Exon et al., 2004; Scher et al., 2015). 

These provides fairly narrow constraints to the timing of when the Tasman Gateway opened. There are 

no drill sites showing the subsidence history of the different tectonic units important for opening the 

Drake Passage. However, seawater neodymium ratios from site 1090 on the Agulhas Ridge and site 689 

on the Maud Rise has been suggest an influx of Pacific waters through the Drake Passage at ~41 Ma 

(Scher and Martin, 2006). Also, proxy compilations from drill sites in the Pacific Ocean indicates that 

convection in the Pacific was separated from the Atlantic until at least this time (~40 Ma) (Thomas et 

al., 2014). 

 

 

 

 

 

129



 Appendices  

 
 

C4 The Southern Ocean Gateways  

A detailed review of the Southern Ocean gateways is beyond the scope of this study. However, in order 

to have an updated paleobathymetric global model that can be used in paleoclimate models we included 

some simple adjustments to the Drake Passage and the Tasman Gateway. Our paleobathymetry formula 

results in deeper than expected bathymetry, especially for the Drake passage, and therefore we have 

implemented regional depth adjustments based on geological and paleo-oceanographic studies (e.g. 

Stickley et al., 2004; Livermore et al., 2005; Scher and Martin, 2006; Eagles and Jokat, 2014; Scher et 

al., 2015).  

Our reconstructions for the Tasman Gateway include modelled residual bathymetry of anomalous 

regions (see section 2, main text) that have been important for the evolution of the gateway such as the 

East Tasman Plateau and the South Tasman Rise. However, to better account for subsidence of the 

different parts of the gateway we implement information from the drill sites described in section S3. We 

prescribe a deepening of the Tasman Gateway from shallow to deep from 36 – 30 Ma documented by 

the study of Stickley et al. (2004)  (site 1172, East Tasman Plateau). Where the deep configuration after 

30 Ma is as modelled by thermal subsidence of the oceanic lithosphere, sedimentation and the residual 

bathymetry of anomalous regions. Also, as the architecture of the continental margins around Antarctica 

may have been important for the development of the Southern Ocean gateways, and we implemented 

the paleotopographic model of Paxman et al. (2019)) to account for this. The model for the Antarctic 

continent is also used in the Drake Passage region. 

We have considered rather complex models of the tectonic evolution of the Drake Passage (i.e. 

Livermore et al., 2005; Eagles and Jokat, 2014), and in agreement with these models we go from shallow 

and narrow straits to an intermediate-deep ocean gateway from 50 Ma - 30 Ma. However, we do not 

include the intermediate and shallow barriers that may have restricted deep flow through the Drake 

Passage until Early Miocene times (e.g. Eagles and Jokat, 2014). Although we do not reconstruct spatial 

evolution of the different tectonic blocks, we modify the depth in the Drake passage in the Eocene, 

Oligocene and Early Miocene to ensure the gateway is not unrealistically deep. This is done in order to 

have complete global model that is applicable in paleo-ocean circulation and climate models. We also 

provide a set of unmodified reconstructions of oceanic lithospheric basement depth (see section S5), 

enabling authors to implement other, more detailed spatial reconstructions of this region in our global 

model.  
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C5 Basement depth  

To complement our global paleobathymetry model, we also provide reconstructed Cenozoic basement 

depths without adjustments and models for sediment thickness, oceanic plateaus, microcontinents and 

oceanic gateways. This is similar to the model of Brown et al. (2006) for the circum-Antarctic region, 

except that we use more recent plate kinematics, and have attached the modelled basement depth to our 

reconstructed topography of the continental lithosphere. The unadjusted model allows for the 

implementation of different models for the gateways and sediment thickness. Figure C8 shows the 

difference between our paleobathymetry model and the unadjusted basement depths. 

 

 
 

Figure C1: Global map showing the locations of IODP, ODP, and DSDP drill sites. Pink circles indicate drill sites 
used to corroborate the evolution of the different oceanic gateways. Yellow circles indicate drill sites used to 
evaluate the gridded lithospheric age and sediment thickness data implemented in the model, and how the 
calculated bathymetry compares with the present-day bathymetry (GEBCO_14; Weatherall et al., 2015). Orange 
circles shows the distribution of the remaining IODP, ODP, and DSDP drill sites.  
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Figure C2: Indian and Atlantic Ocean drill site data (ODP, IODP, DSDP) plotted versus gridded and calculated 

data, shown with 1:1 linear regression line. Modified from Straume et al. (2019). a) Indian Ocean basement age 

from drill sites versus the age grid model for oceanic lithosphere. b) Indian Ocean sediment thickness recovered 

in selected drill sites plotted versus calculated sediment thickness, using the formula of Straume et al. (2019). c) 

Drill site bathymetry plotted versus modelled present‐day bathymetry, calculated using the methodology outlined 

in section 2, with and without using the residual bathymetry of Large Igneous Provinces. Circles with pink outlines 

fall within the regions of oceanic plateaus. d) Same as in (a) but for the NE Atlantic Ocean. e) Same as in (b) only 

for the NE Atlantic Ocean. Note that for this region some of the dill sites are dated based on the oldest recovered 

sediments, which may yield too low observed ages. f) Same as (c) only for the NE Atlantic Ocean.  

 

 
 

132



 Appendices  

 
 

 
 

Figure C3: Input models for the NE Atlantic paleobathymetry model at 10 Ma.  
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Figure C4: Input models for the NE Atlantic paleobathymetry model at 20 Ma.  
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Figure C5: Input models for the NE Atlantic paleobathymetry model at 30 Ma.  
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Figure C6: Input models for the NE Atlantic paleobathymetry model at 40 Ma.  
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Figure C7: Input models for the NE Atlantic paleobathymetry model at 50 Ma.  
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Figure C8: Profiles of the GSR, Tethys Seaway, Drake Passage and Tasman Gateway at 35 Ma. Black line shows 

modelled basement depth from thermal subsidence of the oceanic lithosphere. There is without the gateway 

models, and models for sediment thickness, dynamic topography, oceanic plateaus and microcontinents. Brown 

line shows the basement depth after the sediment thickness corresponding isostatic adjustments are accounted for. 

Blue line shows the modelled topography for the Oceanic Gateways. This includes the models for sediment 

thickness, dynamic topography, oceanic plateaus and microcontinents.  
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