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Abstract

Earth’s continents in the present day are the dispersed fragments of the former supercon-

tinent Pangea which existed from 330 - 180 Ma. In around 200 - 250 Myr, following the

progression of the current supercontinent cycle, the Earth’s continents will reform into another

supercontinent. The supercontinent cycle is closely linked to the Wilson cycle which describes

the life cycle of oceans as they form, grow, shrink, and eventually close. As oceans grow and

shrink with the Wilson cycle the tides within them are affected. The present day North Atlantic

ocean, which formed as a result of the breakup of Pangea, is resonant with the M2 tide, causing

macrotidal (>4m) tidal amplitudes and strengthening the global M2 tidal dissipation rate to 2.5

TW. Is this a unique occurrence in the present supercontinent cycle or is the tide periodically

buoyed by resonance in ocean basins because of geometry changes brought about by the pro-

gression of the Wilson cycle? Here we will reconstruct predictions of the progression of the

current supercontinent cycle into the future (+250 Ma) with GPlates which we will then use

as a boundary condition for tidal modelling at 20 Myr intervals with OTIS (Oregon state Tidal

Inversion Software). We present four unique scenarios of the Earth’s future, each arguing a dif-

ferent style of supercontinent formation. In all scenarios of the future, we find that the Atlantic

continues to widen over the next 25 Myrs, causing the tide within it to weaken as resonance is

lost. However, we find several other occurrences of tidal resonance during the future scenarios,

which causes tidal dissipation rates to increase to 70 – 250% of the present-day value. This

periodic increase in tidal amplitudes and dissipation affects the evolution of the Earth-Moon

system over geological time and has implications for ocean circulation, climate and the ocean’s

ability to host and support life in the past and future.

Keywords: Supercontinent Cycle, Wilson Cycle, Tectonic-tidal modelling, Tides, Tidal

Resonance.
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Resumo

Os continentes que observamos hoje na superfície da Terra são os fragmentos de um super-

continente que existiu há cerca de 300-200 milhões de anos atrás, a Pangeia. A rutura deste

supercontinente marcou o início de um novo ciclo dos supercontinentes em que os continentes,

após um período de dormência, voltaram a separar-se. Estes ciclos ocorrem ao longo de perío-

dos de cerca de 500 milhões de anos. Tendo em conta que a separação da Pangea se iniciou

há cerca de 180 milhões de anos, prevê-se que o próximo supercontinente ir-se-á formar daqui

a cerca de 200-250 milhões de anos. O ciclo dos supercontinentes está intimamente ligado ao

ciclo de Wilson, que descreve o ciclo de vida dos oceanos. Sempre que os supercontinentes se

formam e se separam, terminam e iniciam-se novos ciclos de Wilson. Tanto o ciclo dos super-

continentes, como o ciclo de Wilson, são controlados pelo afundamento da litosfera oceânica

no manto. À medida que as placas oceânicas envelhecem e arrefecem, tornam-se mais espes-

sas e densas, e acabam por afundar no manto subjacente. O afundamento ocorre ao longo de

zonas de subducção, arrastando consigo as placas e os continentes que nelas estão contidos.

Este processo leva a que as placas oceânicas sejam recicladas, que os oceanos fechem e que

os continentes acabem por voltar a colidir. O planeta atualmente não contém placas oceânicas

com idades superiores a 200 milhões de anos, e pensa-se que esta é a idade máxima que uma

placa oceânica pode atingir antes de começar a subductar.

Atualmente, o Oceano Pacífico é quase totalmente rodeado por zonas de subducção (o “Anel

de Fogo” do Pacífico), levando vários autores a prever que este irá ser o próximo grande oceano

a fechar, formando um novo supercontinente nos antípodas da Pangea chamado Novopangea.

Um cenário alternativo considera que será o Oceano Atlântico a fechar, isto porque as placas

oceânicas no Atlântico estão perto de atingir os 200 milhões de anos, e há evidências do início

de formação e propagação de novas zonas de subducção no seu interior (nos arcos da Nova

Escócia e das Pequenas Antilhas, e na Margem Sudoeste Ibérica). O alastramento destas zonas

de subducção a todo o oceano poderá levar ao seu fecho e à consequente formação de um

supercontinente a que se chamou Pangeia Ultima. Combinando a lógica dos cenários anteriores,

é possível que ambos os oceanos fechem simultaneamente, reciclando totalmente as placas

oceânicas do Atlântico e do Pacífico. Para tal é necessário que um novo grande oceano se

desenvolva eventualmente a partir do Oceano Índico e fraturando a Eurásia. O supercontinente

resultante deste cenário foi denominado Aurica. Embora a subducção das placas oceânicas seja

a principal causa para o movimento das placas tectónicas, pensa-se que as cicatrizes deixadas
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no manto pela Pangeia (e pelo oceano circundante Panthalassa) podem ter um efeito na forma

e local de formação do próximo supercontinente. Segundo este cenário, os supercontinentes

formam-se a 90◦ do supercontinente anterior, pelo que o próximo supercontinente se deverá

formar junto ao polo Norte. O supercontinente resultante deste cenário foi denominado de

Amásia.

O primeiro objetivo deste trabalho consistiu em reconstruir os quatro cenários, acima men-

cionados, propostos para a formação do próximo supercontinente, utilizando o software GPlates,

de forma a obter uma melhor compreensão acerca da dinâmica do ciclo dos supercontinentes e

dos ciclos de Wilson associados. Estudar estes ciclos a partir de um ponto de partida comum e

conhecido (o Presente), permitiu-nos explorar de que forma estes ciclos funcionam e manipular

os diferentes cenários. Começámos por construir um conjunto de modelos da Terra futura que

fossem comparáveis e sobre os quais fosse possível modelar outras componentes do Sistema

Terra, como as marés, circulação oceânica e o clima.

O segundo objetivo deste trabalho foi tentar compreender, no contexto dos ciclos dos su-

percontinentes e ciclos de Wilson, o como e porquê do Oceano Atlântico estar em ressonância

com a maré M2. Esta ressonância leva a que as marés no Atlântico atinjam amplitudes superi-

ores a 4 metros, com taxas de dissipação na ordem dos 2,5 TW, as mais altas dos últimos 250

milhões de anos. A questão que se levantou foi: se a maré atualmente é a mais energética desde

a fractura da Pangeia, será que é a mais energética de todo o atual ciclo dos supercontinentes?

Para resolver esta questão, utilizaram-se os quatro cenários tectónicos acima referidos como

base para a modelação de marés utilizando o software OTIS (Oregon State University Tidal In-

version Software). Os resultados mostraram que em todos os cenários, à medida que o Oceano

Atlântico continua a abrir, a energia dissipada pela maré irá diminuir (nos próximos 25 milhões

de anos). No entanto, a partir deste ponto os cenários começam a divergir, sendo que nalguns

cenários surgem novos períodos de ressonância. O cenário que leva à formação da Pangea Ul-

tima (com fecho do Oceano Atlântico) é o que possui maior número de períodos de ressonância,

com ambos os oceanos Atlântico e Pacífico a passarem por dois períodos de ressonância cada.

No cenário “Aurica” os oceanos passam por três períodos de ressonância, ao passo que no

cenário “Novopangea” apenas surge um. No cenário “Amasia” não ocorre nenhum período de

ressonância. O aumento da energia dissipada difere entre os vários cenários, sendo que os picos

podem variar entre 70 e 250% da energia dissipada no presente. Estes resultados demonstram

que existe um ciclo de “super” marés associado ao ciclo dos supercontinentes, caracterizado
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pelo aumento cíclico da energia dissipada pelas marés, devido às bacias oceânicas atingirem

dimensões nas quais as marés sofrem processos de ressonância. Estes ciclos não estão, no en-

tanto, perfeitamente sincronizados, sendo que cada ciclo dos supercontinentes pode conter, em

média, entre um a três ciclos de supermarés. Esta dessincronização deve-se à relação complexa

que existe entre os ciclos dos supercontinentes e os ciclos de Wilson.

Foram também desenvolvidos modelos de marés específicos para o Criogénico e o Ar-

caico. No Criogénico o sinal da maré apresentou uma redução drástica generalizada, devido

às glaciações globais (“Terra Bola de Neve”) que ocorreram neste período. O enfraquecimento

das marés durante os períodos de glaciação podem ter reduzido a mistura de água sob o gelo,

permitindo a formação de uma camada de água doce e fria, isolando-o e prevenindo o degelo.

Este efeito, embora reduzido, poderá ter produzido um feedback positivo que contribuiu para

prolongar as glaciações. No Arcaico foram também identificados períodos de supermarés. O

estudo referente a este período mostrou que as marés eram, em geral, 1.5 vezes mais energéti-

cas que atualmente, em parte devido à Lua se encontrar mais próxima da Terra. Os resultados

também mostram que terá havido períodos de ressonância, sendo que nesta fase da história

do planeta, a tectónica de placas seria ainda muito primitiva e o ciclo dos supercontinentes

poderia ainda não existir. Estas marés energéticas poderão ter tido um papel importante no

aparecimento e evolução da vida.

Os resultados referentes à modelação de marés realizados no âmbito desta tese mostram que

a Terra, durante a sua evolução, poderá ter passado por vários períodos de supermarés (cerca

de 9% do total da sua idade). Estas supermarés podem estender-se por períodos de tempo

na ordem dos 25 milhões de anos, e têm um papel importante na variação da velocidade de

recessão da Lua, que aumenta sempre que a Terra passa por um período de supermarés.

Um outro objectivo desta tese foi tentar compreender o efeito do ciclo dos supercontinentes

e das supermarés noutras componentes do Sistema Terra, como, por exemplo, a sua influência

no clima. Neste âmbito, o clima dos supercontinentes Aurica e Amasia foi simulado com um

General Circulation Model (GCM), o ROCKE-3D. Os resultados mostraram que os dois poten-

ciais supercontinentes apresentam climas muito distintos. A Aurica seria um supercontinente

equatorial com um clima quente e árido, ao passo que a Amásia teria um clima mais frio que

o atual, com grandes áreas cobertas por gelo, devido à aglomeração dos continentes junto ao

polo Norte.

Todos estes modelos ajudam-nos a compreender como o Sistema Terra funciona em longas
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escalas de tempo e ao longo de períodos em que o planeta apresentava características significa-

tivamente diferentes das atuais. Isto permite, por exemplo, testar os diferentes estados pelos

quais um planeta semelhante à Terra pode passar, o que nos pode ajudar a compreender os out-

ros planetas do sistema solar e até mesmo os exoplanetas que estamos a começar a descobrir e

observar.

Palavras-chave: ciclo dos supercontinentes, ciclo de Wilson, modelação tectónica-maré,

marés, ressonância das marés.
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1 Introduction

The Earth is the only planet we know of which has an active, deforming mobile surface

made up of a series of mobile plates - plate tectonics (Fig. 1.1). Earth is also unique because it

possesses a large Moon which exerts an influential tidal force on the planet. The link between

these two features is the Supercontinent cycle and the closely related Wilson cycle. Both cycles

are manifestations of plate tectonics, the supercontinent cycle is the periodic gathering and

dispersal of continents, and the Wilson cycle describes the life cycle of an ocean from initial

rifting to eventual closure (Wilson, 1966; Dewey and Burke, 1974).

Earth’s continents in the present day are the dispersed fragments of a former supercontinent

which existed from 330 to 180 Ma (Ma - Mega annum, or Million years ago), called Pangea

(Scotese, 1991; Matthews et al., 2016). As Pangea broke up it formed the Atlantic ocean, and

as the next supercontinent forms in approximately 200 - 250 Myr (Yoshida and Santosh, 2018;

Davies et al., 2018) it will close one or more ocean basins (i.e., the Atlantic, and/or Pacific, or

other future basins).

Earth’s Moon has a mass of 7.3x1022 Kg (∼1% of Earth) and an orbital radius of 384400

Km (∼60 Earth Radii) (https://nssdc.gsfc.nasa.gov/planetary/factsheet/moonfact.

html). This high mass and proximity causes uniquely large lunar tides on Earth. The tidal en-

ergy the Moon imparts on the Earth’s oceans is important for ocean circulation and mixing and

life in the ocean (Green, 2010; Green et al., 2017). The amount of energy the tide dissipates

in each ocean is dictated by its geometry which is altered by the Wilson cycle over geological

time.

The tide in the present day is anomalously high when compared to the past 250 Myr since

the breakup of Pangea (Green et al., 2017). This is because the North Atlantic has the correct

morphology to be harmonically resonant with the M2 (principle Lunar semi-diurnal) tide. This

occurs when an ocean basin’s width (L) and depth (H) is equal to a multiple of half wavelength

of the M2 tidal wave λ =
√

gHT (where T is the tidal period, and g is gravity) (Egbert et al.,

2004; Arbic and Garrett, 2010; Green, 2010). As the Atlantic is currently opening (due to

Africa/Eurasia and the Americas drifting apart), we expect it to move through its harmonic

width and depth within the next 25 Myr or so (Green et al., 2018; Davies et al., 2020).

1

https://nssdc.gsfc.nasa.gov/planetary/factsheet/moonfact.html
https://nssdc.gsfc.nasa.gov/planetary/factsheet/moonfact.html


Figure 1.1: Global plate tectonic map illustrating the major tectonic plates and their boundaries and velocities (in cmyr−1).
Convergent boundaries are marked by black and grey segments with triangles, divergent boundaries are red and transform
boundaries are green (Duarte and Schellart, 2016).

We would expect other ocean basins to become harmonically resonant as they either open

or close as the next supercontinent coalesces. Once the next supercontinent has formed it

will likely be tidally quiescent as observed for Pangea in Green et al. (2017) because the

hemisphere-spanning superocean surrounding the supercontinent would be far too wide to sup-

port any kind of resonance.

It appears there is a relationship between the tide and the Supercontinent cycle. Periods of

Supercontinent tenure are marked by tidal quiescence, because the ocean basins at these times

are too large to host large tides, where periods of dispersed continents are marked by increased

average tidal energies. During the dispersed continent phase of the supercontinent cycle, when

oceans are changing size due to the Wilson cycle, they can occasionally reach a geometry which

is resonant with the tide (Arbic et al., 2009; Green, 2010; Green et al., 2017, 2018; Davies et al.,

2018). This tidal resonance (or Super-tide) typically lasts for (∼20 Ma) (Green et al., 2018),

and increases total global dissipation and regional tidal amplitudes, which in turn affects other

components of the hydrosphere such as ocean circulation (Gerkema, 2019). These Super-tides

have been identified in several periods of Earth history (Green, 2010; Green et al., 2017; Byrne

et al., 2020; Green et al., 2020).

The initial aim of this work is to answer the question of if the present day is in a global tidal

maximum. Our initial objective was to use GPlates to create kinematic tectonic reconstructions

of Earth to couple them with a tidal model OTIS (Oregon state Tidal Inversion Software).
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We then present coupled tidal tectonic modelling of four predicted scenarios of the Earth’s

near geological future (250 Myrs) ending in the formation of the next supercontinent. This

will allow us to analyse the evolution of the tide over the ∼500 Myr period of the present

supercontinent cycle. We will then present coupled tidal tectonic modelling results of several

periods in Earth’s history to establish a deep time average of tidal energy input to Earth, to

identify periods of Earth’s history (and potential future) where enhanced resonant tides have

occurred and may occur. Furthermore, we aim to establish a method to predict when ocean

basins may become harmonically resonant with the tide during their Wilson cycle, and for how

long they remain resonant. Then we will analyse tidal modelling results of the very young

Earth during the Achaean to assess how global tides are affected by a moon in close proximity

to Earth (meaning much stronger equilibrium tides) and how resonance may occur without

plate tectonics, and therefore no supercontinent cycle or Wilson cycle.

Finally, we will use the kinematic tectonic model with a climate model to assess the further

link between topography and climate in the Earth’s potential future. Supercontinent accretion

and dispersal is precipitated by large changes in land topography which can alter weathering

and atmospheric circulation (Raymo and Ruddiman, 1992). Understanding the role of plate

tectonics, the tide, and the climate will further our understanding of not only the Earth system

but the planetary systems of Earth-like exoplanets, allowing us to better predict their potential

habitability and improve the search for extra-terrestrial life.

1.1 Thesis structure

The manuscript is structured as eight chapters, an introduction (chapter 1), a background

(chapter 2), methods (chapter 3), and a collection of works, published or submitted during my

PhD (chapter 4, 5, 6, 7.1, 7.2, 7.3) followed by a complete overarching discussion (chapter 8)

and the full published papers in the appendix.
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2 Background

2.1 Plate Tectonics

Plate tectonics is a unifying theory of all the layers of the solid Earth and their interactions.

It states that the surface of the Earth is made up of lithospheric plates that move in relation

to each other, and that most of the geological processes on the surface occur where they meet

(plate boundaries), i.e., earthquakes, volcanism, ore genesis (Fig. 2.1; Wilson (1966); McKen-

zie and Parker (1967); Le Pichon (1968); Morgan (1972)). The theory built upon the earlier

theories of continental drift and seafloor spreading to create a full geodynamical picture of

the Earth (Wegener, 1912; Holmes, 1931; Hess, 1962; Vine and Matthews, 1963; Morley and

Larochelle, 1964; Dietz, 1977). At the surface, plate tectonics manifests as the motion of sev-

eral distinct plates which incorporate the crust and part of the upper mantle (collectively known

as the lithosphere (Le Pichon, 1968)).

Figure 2.1: Figure 1 from Cawood et al. (2018) illustrating plate boundaries of the world. Note that the transform boundaries
discussed by Wilson (1965) are referred to as "strike-slip" boundaries in this figure.

The interior of the Earth is hot (because of radioisotope decay) and the outside of Earth -

the surface is relatively cooler. This establishes a thermal gradient which facilitates convection.

Plate tectonics accounts for around 66% of the heat lost by Earth (Condie, 1997) in the form

of convection. This convection is well illustrated in the mantle (Fig. 2.2) but the oceanic

lithosphere is also part of the convective system. When new oceanic plate is made at the mid
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ocean ridge it cools, emitting heat from the Earth’s interior. It is then pulled away from the ridge

before eventually subducting into the mantle (at the ocean trench). When it enters the mantle it

diffuses. This is the upper most part of the convective system. It is forced by gravitational pull

of old cold ocean plate into the mantle (Lithgow-Bertelloni and Richards, 1995; Schellart and

Rawlinson, 2010).

The upper most layer of the solid Earth - the lithosphere - is made up of two layers, the crust

and part of the upper mantle. Most of the lithosphere at the Earth’s surface is oceanic, with the

rest being continental and a small fraction being transitional (e.g., island arcs) (Condie, 1997)

(for a full explanation of crustal types and a discussion of transitional crust see Condie (1997)).

Both continental and oceanic lithosphere types are geologically and morphologically distinct,

because of this continental crust is buoyant relative to the mantle for its entire lifetime, where

oceanic crust is only buoyant relative to the sub-lithospheric mantle for the first 20 Myrs or so

after its formation (Condie, 1997). After 20 Myrs it has cooled and thickened making it denser

than the undelying mantle, and therefore more likely to subduct, provided it comes into contact

with a subduction zone. Typically all ocean crust on the Earth’s surface will be recycled within

200 Myr, although occasionally, a small amount of oceanic crust will be preserved in ophiolites,

(small fragments of oceanic crust which break off and are emplaced on top of continental crust

in the process of subduction) (Bradley, 2008, 2011).

The constant recycling of ocean plate through creation at mid ocean ridges and destruction

through partial melt and diffusion once subducted affects the surface and mantle in separate

ways. On the surface the effect of ocean plate creation and destruction, forces oceans (and

therefore continental plates) to move in the Supercontinent cycle, and Wilson Cycle as de-

scribed in sections 2.3, and 2.4.

In the mantle subducting ocean plate affects the temperature and chemical makeup of the

mantle. The mantle is not thermally and chemically uniform (Torsvik et al., 2010, 2016). It

possesses two regions of lower shear wave velocity (LLSVP) which are chemically and/or

thermally distinct from the mantle. Because they are hotter and/or chemically distinct from

the surrounding mantle, they tend to upwell. In contrast there are also regions of higher shear

wave velocity, generally cooler or more dense mantle material which is usually caused by

sinking slab. The sinking ocean plate makes up a fundamental part of this thermo-chemical

stratification of the mantle - hot mantle feeds mid ocean ridges as it upwells and cold sinking

slab introduces temperature and chemical differences (see Fig. 2.2).
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Figure 2.2: From Torsvik et al. (2014) a schematic of Earth’s mantle from a southern polar perspective, the lower mantle is
dominated by two antipodal large low shear wave velocity provinces (LLSVPs) beneath Africa (Tuzo) and the Pacific (Jason).
They sit under two areas with a residual geoid (red dashed lines) and at their margins have zones of plume generation (PGZs)
which are the principal source of large igneous provinces (LIPs).

The Earth is unique among the known terrestrial planets for presently having an active

regularly deforming mobile surface composed of rock. However, as Fig. (2.3) shows, Earth has

moved through a number of geodynamic regimes through geological time. Looking at other

planets in our solar system can help us understand what Earth was like in the deep past and

how the Earth may evolve geodynamically in the future.

Figure 2.3: A modified version of Figure 1 from Cawood (2020) illustrating the primary planetary geodynamic regimes and
supercontinent cycles throughout Earth history.

Plate tectonics has been the primary geodynamic regime of Earth for at least 2.5 - 3 Ga (Ga

= Giga annum or Billion years ago) (Cawood et al., 2018; Palin et al., 2020). When looking
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at the very early history of Earth, we must consider the other planetary geodynamic regimes.

Plate tectonics is one of several primary regimes observed on rocky planets, and appears to

be a middle ground between very hot and very cool regimes. Fig. (2.4) shows hotter regimes

resemble the planets of Io and Venus - heat pipe and large scale overturning via surface melt

(Moresi and Solomatov, 1998; King, 2018). With cooler regimes resembling Mars and Mercury

with small scale intrusions into an otherwise stagnant lid (Nimmo and Stevenson, 2000). For a

review of the types of geodynamic regimes observed in the solar system see Stern et al. (2018).

The potential for a planet to develop plate tectonics appears important for the maintenance

of long term habitability. This is because plate tectonics affords Earth the ability to cycle

elements, compounds, minerals, and heat from the Earth’s interior to the surface, all of which

are important for Earth’s habitability (Foley and Driscoll, 2016; Waltham, 2019). Why Earth

is the only planet we know of with plate tectonics, and how important plate tectonics is to the

long term habitability of a planet are both important questions we will touch upon in this work,

however also require much more investigation before a definitive answer can be made.

Figure 2.4: From (Stern, 2016), possible geodynamic regimes for large silicate bodies with examples from our solar system.
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2.2 The origins of Plate Tectonics

2.2.1 Continental drift

Continental drift was proposed initially by Abraham Ortelius in the 16th century and later

developed by Alfred Wegener (Wegener, 1912). Wegener (1912) acknowledged the obser-

vations of several scholars and cartographers before him in his 1912 work which argued the

Earth’s continents were once joined in one singular supercontinent. There were several lines

of evidence for this, as well as the common argument that South America and Africa appeared

to fit together in a "jigsaw" fit, the geological evidence also showed distant continents possess-

ing similar fossils, geology, and glacial evidence. Wegener’s theory was not widely accepted

because while there was ample evidence for the argument, Wegener could not provide a mech-

anism for how the continents moved.

2.2.2 Seafloor spreading

The development of radar, sonar, and magnetic detection systems in the Early 20th was cru-

cial for the development of plate tectonic theory and geoscience as a discipline. Initially used

in a strictly military setting to detect enemy vessels and ordnance in the air and sea, they would

later be used extensively for land and sea mapping. With sonar it was now much easier to map

the ocean floor. Expeditions in the 19th century used simple sounding technologies which usu-

ally involved lowering a length of rope to the ocean floor to determine depth (Bossard, 2004),

however after the development of sonar, the ships could collect echo and sonar soundings elec-

tronically much faster and with more precision. Large scale surveys of the ocean were carried

out post WW2 and into the latter half of the 20th century. The most famous discovery to come

from this mapping campaign was the largest feature on the surface of the Earth, mid ocean

ridges. Mapped diligently by Marie Tharp and publicised by Harry Hess (Hess, 1962).

Magnetic analysis of the mid ocean ridge systems revealed they had linear magnetic anoma-

lies. Vine and Matthews (1963) explained that as the new lithosphere forms at these mid ocean

ridges, and ferrous materials in the rock cool, they orient themselves parallel to the natural

magnetic field of the Earth. Regularly in Earth history the magnetic pole has flipped. This

means ocean lithosphere formed in these times of magnetic reversal had a flipped magnetisa-

tion (either N-S or S-N). This proved ocean plate was being made at these ridge systems and

moving away like a conveyor belt, and being destroyed and recycled at the ocean’s edge in sub-
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duction zones. This constant creation and destruction of ocean plate at mid ocean ridges and

subduction zones respectively is known as seafloor spreading and the sinking of ocean plate at

subduction zones represents the major driving force of plate tectonic motion (Stern, 2002).

2.2.3 Plate boundaries

By the 1960s it was clear that the Earth’s surface was dynamic (Wilson, 1965; Dewey and

Burke, 1974; Nance et al., 1988). The oceans and continents moved over geological time in

what was referred to as mobile belts, i.e., major faults and mid ocean ridges. The picture wasn’t

complete though because there were points on the Earth where these mobile belts appeared to

abruptly come to a stop, with one example being on the West coast of North America where

the ocean plate appeared to stop at the continental margin (Fig. 2.5). Wilson (1965) argued

that the mobile belts were connected and very rarely came to a complete stop, he explained the

Earth was made up of "plates" with boundaries between them which allowed all mobile belts

to interact. Two types of plate boundaries which we have already covered above are divergent

boundaries (mid ocean ridges), and convergent boundaries (subduction zones/trenches), how-

ever there is another boundary type. Wilson (1965) presents the third type of plate boundary,

the transform boundary, where the plate boundary may be transformed into either a divergent or

convergent type i.e., again on the West coast of North America where the transform boundary

is bordered to the North and south by subduction zones (Fig. 2.5).

Figure 2.5: A sketch of the Indian ocean (left) and East Pacific ocean (right) showing the mobile belts of the regions, thick
dashes denoting ridges, solid lines for mountains and thin dashed lines for shears (transform faults) (Wilson, 1965).
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2.3 The Wilson cycle

Along with the transform fault concept, Wilson also first suggested the idea of the Wilson

cycle, which describes the life-cycle of ocean basins. The name was first coined by Dewey

and Burke (1974) and named after Tuzo Wilson. Its inception is in Wilson (1966), where he

argues that an ancient Atlantic ocean existed in the past before Pangea. The ancient ocean basin

opened, reached it’s zenith and then closed before re-opening to form the Atlantic ocean. Wil-

son (1966) used geological evidence such as faunal realms (the paleo-distribution of species) in

the fossil record to argue for the existence of a paleo-ocean - now known as the Iapetus ocean

- which existed before Pangea formed. These faunal realms were found on both the American

and European coast of the Atlantic and unlike the fossil assemblages of Pangea, where the same

fossils where found on both sides of the ocean (indicating ocean opening), they were different

(indicating ocean closing) (Fig. 2.6).

Figure 2.6: From Wilson (1966) illustrating the North Atlantic region in lower Paleozoic time (∼250 Ma) shaded regions are
distinct faunal realms.

The proximity of these previously distinct faunal realms on either side of the ancient ocean

can be explained by continental collision. Wilson (1966) reconstructed the coastline of the

Paleozoic ocean and it appeared to have a similar shape and location to the Atlantic giving rise

to the argument that the Atlantic is a re-opened paleo-ocean. Wilson was right, the ancient
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ocean was the Iapetus ocean, which closed in what we now know as the Caledonian orogeny

(Cocks and Torsvik, 2011; Nance et al., 2012). The Iapetus (and Rheic) closed to form Pangea

and the Atlantic opened to disperse Pangea, ending and beginning a Wilson cycle respectively.

Figure 2.7: From Wilson et al. (2019) illustrating the life cycle of an ocean according to the Wilson cycle.

Fig. (2.7) illustrates the full Wilson cycle from opening to closure. A rift basin forms,

progressively opens and matures into a young ocean. At this point oceanic subduction will

begin to occur, although the exact method by which subduction first develops in an ocean is

still debated (Stern and Gerya, 2018; Duarte et al., 2018). From this point the ocean will begin

to close ending in a continental orogeny and possible supercontinent formation. While Fig.

(2.7) illustrates the major phases of the Wilson cycle it does not detail the timing of each phase.

The diagram shows how a Wilson cycle will progressively move through each phase, however

this is not the full picture. Between phase 1 to 3 <200 Myr will pass, (provided the ocean does

not fail to open as it may do (e.g., Dannowski et al. (2020)). Between phases 4 and 6 hundreds

of millions of years can occur and orogenesis is not the only outcome. The Pacific ocean was

formed from a plate renewal in the Panthalassic ocean (Boschman and van Hinsbergen (2016))

thereby renewing the old plate in the already 400 Myr old ocean basin.

Furthermore, one may assume that once phase 6 was completed a Supercontinent would

be assembled, however this is not strictly true, the Mediterranean ocean is a remnant of the

Tethys sea (currently just before stage 6 in the diagram) and will likely close in the next 25
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- 50 Ma (Schellart et al., 2008), however its closure will not mark the formation of the next

supercontinent, that will not happen for at least another 200 - 250 Myr (Yoshida, 2016; Davies

et al., 2018).

2.4 The Supercontinent cycle

The Supercontinent cycle is the periodic gathering and dispersing of continents as they

move due to plate tectonics over geological time (Nance et al., 2014; Conrad and Lithgow-

Bertelloni, 2002). As geological techniques improved, evidence of more ancient superconti-

nents deeper in Earth history began to emerge. As Fig. (2.3) and Table (4.1) show, there have

been a number of supercontinents in Earth history. Geological evidence for supercontinent

assembly and breakup can be found in a number of proxies, namely detrital zircons, passive

margin area, eclogites, and granites (Fig. 2.8). Each of these proxies identifies the forma-

tion and dispersal of a supercontinent, however none actually define a supercontinent. What a

"Supercontinent" exactly is is a matter of debate among the scientific community. Some sim-

ple approaches label a supercontinent as an assemblage of "nearly all" of Earth’s continental

blocks (Hoffman, 1999). Others assign a percentage, i.e., any land mass which contains greater

than 75% of the available continental crust (Meert, 2012). These prerequisites are useful for

attaining a definition but are not grounded in any scientific reasoning. When attempting to an-

swer this question some (e.g., Pastor-Galán et al. (2019)) have asked "When does a collection

of continents become a supercontinent?" and vice versa.
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Figure 2.8: From Bradley (2011) timings of proposed supercontinents in Earth history. See Bradley (2011) for a full discussion.

As discussed in the sections above, the Earth’s lithosphere is a fundamental part of the

circulation of material on and in Earth. It has therefore been argued as prudent to label a

supercontinent as having an effect on the mantle below. Pastor-Galán et al. (2019) provides a

concise description: "A supercontinent is a single continental plate of a size capable of influenc-

ing mantle convection patterns and core-mantle boundary processes". While a supercontinent

is capable of altering mantle processes, continents play a mostly passive role in plate tectonics.

Ocean lithosphere is the more dynamic part of the plate system, and the creation and destruction

of ocean lithosphere as part of the Wilson cycle forms and breaks supercontinents.

Whether the supercontinent cycle is as clear cut as it sounds - gathering due to closing
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one or more oceans (Wilson cycle termination), followed by a period of supercontinent tenure

before mantle insulation causes upwelling and breakup is very much debated in the literature.

Fig. (2.8) shows each supercontinent tenure is not easily defined and furthermore, Wang et al.

(2020) argues that orogeny leading to supercontinent formation typically occurs in a phase of

megacontinent formation before final supercontinent formation, arguing Pannotia/Gondwana

was actually just a precursor "megacontinent" which led to the final formation of Pangea.

2.5 Modes of Supercontinent formation

There are four ways to assemble a supercontinent, extroversion, introversion, orthoversion,

(Fig. 2.9) and combination (Duarte et al., 2018).

Figure 2.9: From Pastor-Galán et al. (2019), three modes of supercontinent formation - a) Extroversion - Supercontinent forma-
tion through closure of an old external ocean b) Introversion - Supercontinent formation through closure of a new internal ocean
c) Orthoversion - Remnant subduction girdle left in the mantle from previous supercontinent forces the next supercontinent to
form 90◦ away from the previous one, closing an old ocean.

If a supercontinent forms via extroversion, it will coalesce as the ocean which surrounded

the previous supercontinent closes. In this mode the supercontinent will appear to turn inside

out as the ocean that formed during the breakup of the previous supercontinent continues to

grow and surround the entire supercontinent (Murphy and Nance, 2005). If a supercontinent

forms via introversion, the ocean that formed during the break up of the previous superconti-

nent will reach its zenith before closing and reforming the supercontinent in much the same

configuration as the previous one (Murphy and Nance, 2005). If a supercontinent forms via

orthoversion, neither the aforementioned new or old ocean closes, but another separate ocean
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closes to form the successive supercontinent 90◦ away from the previous supercontinent. This

is caused by a remnant subduction girdle left in the mantle from the previous supercontinent,

which forces the next supercontinent to form 90◦ away from the previous one (Mitchell et al.,

2012). The fourth mode of supercontinent formation not detailed in Fig. (2.9) is combination

(Duarte et al., 2018; Davies et al., 2018). In a combination scenario any number of extant

oceans can close to form the next supercontinent. The other three modes assume only one

ocean closes to form a supercontinent however, it is likely more than one ocean will close to

form the next supercontinent as both the Atlantic and Pacific both have ocean plate >180 Ma

old (Fig. 2.10) suggesting both oceans will either close in the future (Duarte et al., 2018) or

undergo plate renewal (Boschman and van Hinsbergen, 2016).

Figure 2.10: Age area distribution of the ocean floor (Müller et al., 2008).

2.6 Earth’s interior

By the late 20th century, plate tectonic theory had explained the majority of the mechanisms

of Earth, including how oceans form and die, how supercontinents coalesce and disperse, and

how the plates interact with each other on the surface and in the Earth’s interior. Until the

invention of seismic tomography, there was no way to directly observe the interior of the Earth.

According to the theory of seafloor spreading, the crust was a conveyor belt creating and de-

stroying ocean plate. However the system includes the whole Earth. The recycling of ocean

plate is part of a circulation system which begins at the outer core and ends at the ocean floor

Torsvik et al. (2016). Ocean plate is created at the mid ocean ridge (Smith and Cann, 1993).

It is then pulled away from the mid ocean ridge by motion of adjoined neighbouring plates,
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or by slab pull from a subduction zone (Stern and Gerya, 2018). In the latter case the ocean

plate subducts and enters the mantle, the age, chemical makeup, and width (i.e., how long the

subduction zone is) affects how quickly the slab will sink through the mantle (Billen, 2008;

Schellart et al., 2008). Eventually it will either diffuse or sink all the way through the mantle,

where it will coalesce at the frontier of the outer core (Fig. 2.2). The chemical and thermal gra-

dient caused by the presence of the oceanic lithosphere causes plumes of hotter or chemically

distinct material to rise up through the mantle in a plume at plume generation zones (PGZs)

(Torsvik et al., 2016). There is still some debate on the exact mechanisms of mantle convection

but nonetheless it makes up a fundamental part of plate tectonic theory as it unifies the mani-

festations of plate tectonics on the surface of the planet with its interior (Torsvik et al., 2016;

Condie, 1997).

This is plate tectonic theory, it is an intrinsic part of the Earth, and probably every other

habitable planet in the universe (Waltham, 2019). Plate tectonics affects many aspects of the

Earth system from the atmosphere to the deep oceans. Understanding plate tectonics and its

place in the Earth system is fundamental to understanding the Earth as a whole.

2.7 Tides

The tide is one of the most distinguishable manifestations of gravitation - the phenomenon

of attraction between objects - in nature. The ocean tide is caused by a combination of the

gravitation of the Moon and Sun. Many texts explain the tides and all the constituents in detail,

(see for example Pugh and Woodworth (2014)) so here we will focus on only the primary

constituents listed in Table (2.1).

Table 2.1: Tidal constituents covered in this work

Principle constituents Tidal period (hours) Short description

M2 12.42 The principle Lunar semidiurnal constituent

S2 12.00 The principle Solar semidiurnal constituent

K1 23.93 The Lunisolar diurnal constituent

O1 25.82 The principle Lunar diurnal constituent

If we imagine the Earth was completely covered in water, with no continents then by equi-

librium tidal theory (Eqn. 2.1) the tide would raise the surface of the global ocean by around

0.25 m in two tidal bulges antipodal to each other on the surface of Earth (Fig. 2.11).
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where ML, and ME are the mass of the Moon and the Earth respectively, a is the radius of

Earth, RL is the semi major axis of the Moon, θ is the longitude of the Moon’s advance around

the Earth which will cause a maximum at the relative position of the Moon.

Figure 2.11: A schematic of the Earth’s tidal bulges risen by the gravitation of the Moon and the centrifugal force of the Earth’s
orbit around the Lunar axis (http://www.oc.nps.edu/nom/day1/partc.html).

Fig. (2.11) shows the Moon raising two tidal bulges on Earth which cause two high and

low tides a day, i.e., semi-diurnally (the M2 tide). The same interaction occurs for the Sun and

the Earth (the S2 tide).

Diurnal tides (e.g., K1 & O1, Table 2.1) are primarily caused by the influence of Lunar

and Solar declination and eccentricity - the angle the orbits of the Earth and Moon in relation

to the plane of the solar system, and how eccentric their orbits are respectively. This causes

uneven distributions of the tidal force on the surface of the Earth creating regions of diurnal,

semi-diurnal and mixed tides (Fig. 2.12). The predominant tidal signal of a region is mainly

affected by its basin morphology i.e., the Gulf of Mexico, which has a strong diurnal tide due

to the seiche effect (Mccully, 2006b), where the gulf is the correct width to allow a diurnal

oscillation of the tide within it, much like sloshing water in a bathtub.
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Figure 2.12: Tidal patterns of the Earth classified by amplitude and predominant type from (Pinet, 2008).

Ocean basin and coastal morphology not only affects the tidal period, it also affects the tidal

amplitude and dissipation. It is known that in some areas of the Earth, the tidal range can be

several meters (Fig. 2.12). Which is far higher than the amplitude described by equilibrium

theory above. This is because the tide is affected by the geometry of the coast and on a larger

scale ocean basins themselves. Tidal amplification and resonance are what enhances the tide in

some areas of the world (e.g., the North Atlantic ocean) (Arbic et al., 2009).

2.7.1 Half wavelength open ocean resonance

The amplification of the tide under the correct conditions (e.g., correct ocean basin mor-

phology) can cause an ocean to be resonant with a constituent of the tide. The principle is the

same as in music and acoustics, if you induce a sound in a tuning fork of note "C" then bring it

close to a flute with the correct finger placement to play "C" then the flute will hum the "C" note

along with the tuning fork, however this will only work if the instrument and fork are aligned

on the same note. In other words the tuning fork is inducing resonance in the flute. If we liken

this to the tidal gravitation of the Moon (inputting energy to a system like the tuning fork) the

motion can also be described with a waveform (or a note) - the tidal wave. While middle C

has a wavelength of around 256 Hz, the semi-diurnal tide has a wavelength of around half a

day (12.42 h), but it is still a wave. When this waveform "interacts" with an ocean which is a

width and depth "aligned" to a multiple of the "note" of the tide (i.e., a half or quarter or the
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wavelength) it will resonate (Fig. 2.13).

Figure 2.13: Figure 8-9 from Mccully (2006a) illustrating harmonic resonance in guitar strings.

2.7.2 Tidal energy

Tidal energy is imparted to the oceans via tidal dissipation which can be divided into two

mechanisms, dissipation via bottom friction which occurs mostly in continental shelf seas, and

via transfer of energy from surface tides to internal tides (Gerkema, 2019). This occurs when

surface tides pass over a slope in the ocean floor. The movement up and down the slope forces

areas of equal density in the water column into motion which generates internal waves. These

internal tides then "break" near bottom slopes or against strong shear currents causing turbulent

mixing.

The equilibrium M2 tidal dissipation rate is 2.3 GW however, the present day tidal dissi-

pation rate for M2 is around 2.5 TW. This is because of the current continental configuration

allowing for resonance in the North Atlantic. The effect of the present day Atlantic being res-

onant with the M2 tide can be seen in the tidal energy dissipated to the ocean. Tidal energy

is dissipated in all areas of the ocean however, it is helpful to separate the ocean into shallow

<200 m, and deep components >200 m. The global tidal energy budget (Lunar and Solar) is

illustrated in Fig. (2.14). As we can see 75% of the tide is dissipated in marginal seas, with the

rest of the tide being dissipated in the deep ocean at ridges and seamounts.
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Because of Atlantic resonance, the present day tides are anomalously energetic when com-

pared to the last 250 Myrs (Green et al., 2017). Since the breakup of Pangea to the present day

the tidal dissipation rate has been less than half the present day value.

Figure 2.14: From Munk and Wunsch (1998), tidal and wind energy input to the oceans of Earth.

2.7.3 Lunar recession and tidal friction

Lunar recession is the phenomenon of the Moon slowly receding from the Earth as a result

of tidal friction (Gerkema, 2019). As the Moon "pulls" on the Earth’s oceans (and rock and

atmosphere) to produce the tide, it imparts energy to the Earth system, this is taken from the

Moon’s orbital momentum. Objects in less distant orbits move faster - and therefore have a

greater momentum - than those in more distant orbits, so as the Moon loses momentum due to

the friction of the tide it slows and it’s orbit increases in distance. As the Moon recedes, it’s

distance to Earth increases and as gravitational pull decreases with the inverse square of the
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orbital distance, the tides progressively weaken. Eventually the Moon will recede to an orbit

where the orbital energy it is losing due to tidal friction is negligible meaning its orbit will

stabilise and not increase further.

This tidal friction has an effect on the Earth too, the tidal force of the Moon acts to slow

the Earth’s rotation. This affects the period of the tide. There are always two tidal bulges

raised on Earth, however in the past when the Earth was rotating faster, the time between high

and low tide was less frequent which may have had an effect on life and evolution in Earth

history (Lathe, 2004, 2006; Balbus, 2014). Over human time scales the effect of tidal friction

on slowing the Earth is minuscule (2.3 ms per century) however, over geological timescales the

Earth’s rotation slows measureably. Over the Phanerozoic (the last 2.5 Ga) the Earth rotation

rate is estimated to have slowed by around 1.79 e-5 syr−1. Meaning at 2.5 Ga the day was only

17.067 hours long. This Lunar recession and Earth despinning has not been constant over time.

The present Lunar recession rate is around 3.82 cmyr−1 per year (Riofrio, 2012). If this rate

was used to extrapolate the Moon’s orbit back in time, the Moon’s orbit would be within the

Earth’s Roche limit at around 1.5 Ga - suggesting it formed then, however the Moon has been

radioisotope dated to be ∼4.5 Ga old (Kleine et al., 2005). This means Lunar recession and

Earth despinning must have been weaker in Earth history.
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3 Methods

The work presented in this thesis is a product of a combination of the GPlates, OTIS, and

ROCKE-3D (Resolving Orbital and Climate Keys of Earth and Extraterrestrial Environments

with Dynamics) software. GPlates is primarily a GIS (Geographic Information System) visu-

alisation and presentation software, and OTIS and ROCKE-3D are both modelling softwares

which simulate their respective aspects of the Earth system (tides and climate when put sim-

ply). How each software was utilised for the work and coupled to produce the results presented

in this thesis is detailed below.

3.1 GPlates

GPlates is an open source software which allows interactive manipulation of tectonic re-

constructions, GIS functionality and raster data visualisation (Müller et al., 2018). The primary

usage of GPlates is to visualise tectonic plates on a sphere - a virtual Earth - over geological

time. By importing data to the GPlates work space, or using that already provided in the sample

data folder on download of the program, two or more types of data can be visualised in unison,

e.g., geolocations, rotation poles, plate motions, and magnetic data.

Figure 3.1: From https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.ngdc.mgg.dem:316, global relief map
of the Earth.

The first step in visualising tectonic reconstructions is to either import a georeferenced

raster image (meaning it is the correct scale and projection to represent the Earth correctly)

e.g., Fig. (3.1), or create or import a shapefile of a continent, plate, or other feature (generally

shapefiles are compiled into collections of geological features - feature collections). Rasters are

used to visualise a map on a sphere and to digitise said map by using it as the base from which
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to create shapefiles. Shapefiles are the individual parts of a feature collection, they can be either

lines (e.g., to depict ridges or subduction zones) or polygons (e.g., to depict three dimensional

features such as a craton or a plate boundary). To draw these features in the GPlates work space

find the tools "Digitise new polygon geometry" or "Digitise new polyline geometry" and begin

drawing your feature, either free hand or tracing over an imported raster. Before creating either

a line or polygon, the feature must have a type, a name, a plate ID, a timeframe, a geometry

and a feature collection, (Fig. 3.2). The "type" is a description of the geological/geodynamic

feature which here is a "coastline". The "name" is the name of the shapefile. The "plate ID" is

a unique identifier for use with rotation files which will be explained below. The feature must

be assigned a beginning and end, this can be infinite, as seen here, the feature begins at 300 Ma

and ends in "future". A plate with a set beginning and end will only be present on the map for

that time, e.g., in a reconstruction spanning 0 - 300 Myr, if a shapefile in that reconstruction has

a time of 0 - 25 Myr, it will only be visible on the map during those times, and will disappear

from the visualisation at 26 Ma. Clicked geometry is the latitude and longitude points used to

make the shapefile, this can be any number from 1 upwards, and the feature collection is the

collection the feature is saved into, here it is saved as part of the "HD world map (coastlines)"

which includes all other coastlines of the other continents in one feature collection. If you are

using the sample data which is provided with the GPlates download then this information will

already be in the feature collections, however if you are making any new shape files you will

need to define this data for each feature you create.

Figure 3.2: Feature description of selected plate (here Africa is shown) on the GPlates work space.

Once the shapefiles/feature collection is present or created, it can be animated with the use
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of a rotation file. This is a simple .txt file which dictates the movement of features over the

surface of the planet. GPlates can process plate motions (shapefile animations) in two ways;

relative plate motion, i.e., moving a plate relative to a fixed point - usually another shapefile or

feature, or motion along an Euler pole. An Euler pole is the point on a sphere which intersects

a great circle on the sphere at 90◦. The North pole is the Euler pole for the Equator. Every

plate motion in GPlates can be described as movement along a great circle (see Fig. 3.3 for an

illustration).

Figure 3.3: A schematic illustration of the motion of an object from point A to point B along a great circle. In this illustration
the great circle is the equator and the pole is the true North pole.

If we take the present day locations as an initial point for each continent, and as long as

we know the plate velocity (speed and direction) of each plate we can calculate where each

plate will move to in a prescribed amount of time. The present day average plate velocity

is ∼6 cmyr−1 (Young et al., 2019). With this, we can begin to calculate great circle plate

motions. If we know Australia is moving North at a rate of ∼6 cmyr−1 it will move 60 Km in

1 million years. However, it will not move in a straight line from its initial point (point A) to

its +1 Ma point (point B), it will move over the surface of the Earth, which is a sphere not a

flat surface The continent will move not in a straight line but in a "great circle" line. With an

initial position, distance (velocity over time) and an azimuth (direction of plate movement) it is

possible to determine the destination along the great circle:

φ 2 = arcsin(sinφ 1 · cosδ + cosφ 1 · sinδ · cosΦ) (3.1)

λ 2 = λ 1 + arctan2(sinΦ · sinδ · cosφ 1,cosδ − sinφ 1 · sinφ 2) (3.2)
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Where φ is latitude, λ is longitude, Φ is bearing (clockwise from North), δ is the angular

distance d/R where d is the distance travelled and R is the Earth’s radius.

We now have the point A and point B for a shape file at it’s beginning and end locations. To

input this in GPlates either the rotation file can be edited directly, or the shape file can be moved

in the GPlates work space. The rotation files do not use simple geographical coordinates, they

use Euler pole coordinates. This means Euler pole coordinates must be calculated alongside the

geographical coordinates. In simple cases (i.e. Australia moving almost straight north for many

millions of years) the Euler pole remains fixed, however in more complex scenarios the Euler

pole also moves, which complicates the calculation. In the GPlates program, Euler poles are

calculated dynamically and as long as the rotation file is loaded and the time period correctly

selected, the program will add the Euler pole coordinates for each rotation (plate motion).

Figure 3.4: A screenshot of the GPlates work space while Africa is being manipulated. The “reconstruction pole” menu on the
right-hand side of the image shows the calculates Euler pole for the manipulation being carried out (the solid continent would
move to the position of the outline). If the "apply" button is pressed and the rotation file is loaded, the plate will assume this
position from it’s original position for the time displayed "300".

This work presents kinematic tectonic reconstructions of the past and constructions of the

future. Creating reconstructions of the past with GPlates for this work mainly involved using

pre-existing reconstructions and raster images of Earth’s geological past to in creating recon-

structions that could be used with the tidal model OTIS. There is no need to calculate Euler pole

rotations for point A and point B of a continent in the past if raster images of both those time

periods exist and can be used to georeference the shapefile. In this instance the same method

as Fig. (3.4) is used, however instead of moving the shape file to a pre-calculated position it is
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moved to the position that the same object occupies in the raster image for each time period Fig.

(3.5) shows a raster image of 180 Ma and the corresponding shape files overlain (blue outlines).

Here the Lhasa craton (Lh) is being moved to represent it’s location at 180 Ma. This method

and the one described above can be used for models of any complexity from regional models

of drift of one craton to global models which include many different geological features.

Figure 3.5: The GPlates workspace showing how to calibrate plate motions using raster images. The shape files are outlined
in blue and the raster image is in black and white.

The method described above was used to create all of the kinematic tectonic models pre-

sented in this work. For the constructions of the future scenarios presented in chapter 4, the

coastline and continental shelf extent was created from the NOAA ETOPO1 global relief model

of the Earth (see https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.ngdc.mgg.

dem:316# for details). This was done because the version of GPlates used to create the model

of the future scenarios was not able to model deformation (GPlates version 2.2 is capable), and

because trying to estimate depletion and accretion of continental lithosphere over the period

modelled requires too many assumptions to be accurate.

3.2 Oregon State Tidal Inversion Software - OTIS

A large part of the work involved in this project was done via global tidal modelling with

the tidal inversion software OTIS (Oregon State Tidal Inversion Software) (Egbert et al., 1994).

We use OTIS to provide a solution to the linearised shallow water equations:
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δU
δ t

+ f U = gh5 (η−ηSAL−ηEQ)−F (3.3)

δη

δ t
−5·U = 0 (3.4)

Here, U is the tidal volume transport vector defined as uh, where u is the horizontal velocity

vector and h is the water depth, f is the Coriolis parameter, g the acceleration due to gravity, η

the sea surface elevation, ηSAL the self-attraction and loading elevation used from (Green et al.,

2017) (see Egbert et al. (2004) for a more detailed methodology), ηEQ the elevation of the

equilibrium tide, and F the energy dissipation term. The latter is defined as F= Fb+Fw, where

Fb =Cdu‖u‖ parameterises energy due to bed friction using a drag coefficient, Cd=0.003, and

Fw = CU represents losses due to tidal conversion. The conversion coefficient, C, is based on

Zaron and Egbert (2006) and modified by Green and Huber (2013), computed from:

C(x,y) = ϒ
NHN
8πω

(5H)2 (3.5)

In Eq. 3.5 ϒ = 50 is a dimensionless scaling factor accounting for unresolved bathymetric

roughness, NH is the buoyancy frequency (N) at seabed (taken from Green et al. (2017)), Ñ is

the vertically averaged buoyancy frequency, and ω is the frequency of the M2 tidal constituent

(NB. the frequency of the tidal constituent(s) changes depending on when in Earth history the

tide is modelled, e.g., the Cryogenian M2 tide is 10.98 h). The buoyancy frequency, N, is

based on a statistical fit to present day climatology (Zaron and Egbert, 2006), and given by

N(x,y) = 0.00524exp(−z/1300), where z is the vertical coordinate counted positive upwards

from the sea floor.

For the tidal analysis conducted in Green et al. (2018) both the M2 and K1 tidal constituents

were simulated. In Davies et al. (2020), and Green et al. (2020) only the M2 was simulated. In

chapter 6 the M2, K1, S2, and O1 were simulated.

In every chapter where tidal modelling is presented the same method of harmonic analysis

was done - each run simulated 14 days, of which 5 days were used for harmonic analysis of

the tide. The model output consists of amplitudes and phases of the sea surface elevations

and transports, which was used to compute tidal dissipation rates, D, as the difference between

the time average of the work done by the tide generating force (W), and the divergence of the
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horizontal energy flux (P; see Egbert and Ray (2001) for details):

D =W −5·P (3.6)

where W and P are given by:

W = gρU · 5 (ηEQ +ηSAL) (3.7)

P = gρUη (3.8)

3.2.1 Using the GPlates kinematic model with OTIS

The GPlates kinematic model, when converted to a depth grid can be used as the bathymetry

mask for OTIS. All of the OTIS tidal modelling results presented in this work except for the

Archean work (presented in chapter 6, are used with a GPlates kinematic tectonic model con-

verted to a 1/4◦ resolution depth grid. The GPlates kinematic model represents a boundary

condition which is not dynamically affected by the OTIS model, the coupling is strictly one-

way. A preliminary investigation into the feasibility of the coupling was done by a masters

student whom I supervised in 2017.

The Masters student (Joe Molloy) and I developed a methodology of colour coding the

GPlates shapefile maps of Earth in so their RGB values could be converted into depth values

in MATLAB i.e., White (RGB = 0 0 0) was reserved for the continents as they are assigned

0 m depth or "sea level", all other depths - shelf, mid ocean ridges, and subduction zones

were assigned their own colour coded depths (see Fig. 3.6 for an illustration). This same

methodology has been used in the modelling presented in chapter 5, and sections 7.2 and 7.3.

It was used to create a simplified bathymetry map for each time slice in the kinematic tectonic

model(s). Land is defined as 0 m, continental shelf at 200 m, mid ocean ridge is set to a depth

around 2000 m deepening along it’s long axis towards abyssal plain depth until the average

width of the ridge is 5◦, subduction zones are set to a depth of around 6000 m, and, the abyssal

plain depth is set to preserves ocean volume.
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Figure 3.6: Grey-scale image of the Present day Earth once it is colour coded to be used as the boundary condition for the
OTIS model.

The primary concern when coupling the models was that the kinematic tectonic models

would not have a sufficiently complex bathymetry to accurately model the tide. The kinematic

tectonic models when converted into a format compatible with GPlates are what is referred

to as a "bathtub" because there is very little differentiation in the morphology of the ocean,

furthermore, the morphology transitions from one depth to another abruptly (except for the

ridges which do slope). The modelling work done by Joe was successful and the results were

written up for publication (Green et al., 2018) (see section 7.1), demonstrating it was possible

to couple the tectonic and tidal models.

3.3 ROCKE3-D

ROCKE-3D (Resolving Orbital and Climate Keys of Earth and Extraterrestrial Environ-

ments with Dynamics) is a three dimensional General Circulation Model (GCM). Its primary

use is to model the atmospheres of solar system and extra-solar terrestrial planets. All of the

modelling work with ROCKE-3D presented in this thesis was carried out by Michael Way,

however the tidal and tectonic models and outputs were used as the input for the ROCKE-3D

modelling presented. ROCKE-3D is still being iteratively improved to model more diverse

environments, however for now it is capable of modelling the terrestrial planets of our solar

system in the past and present (Way et al., 2017). For the work presented here, ROCKE-3D

version Planet 1.0 is used.

ROCKE-3D in the scope of this work was ran with a Cartesian grid point latitude longi-

tude resolution of 4◦ x 4.5◦ which covers 20 or 40 layers of atmosphere and 13 ocean layers.
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The atmospheric resolution is this so it can resolve the dominant scales of atmospheric mo-

tion. The prescribed resolution above equates to grid boxes of around 400 - 450 Km which is

capable of resolving the ∼1000 km scale radii of Rossby deformations on Earth like planets.

The Rossby radius of deformation (Ld = NH/ f ) where N is the Brunt Väisälä or buoyancy fre-

quency and is proportional to the static stability (https://glossary.ametsoc.org/wiki/

Static_stability), H is the scale height which is dependant on temperature, gravity and

atmospheric composition, and f which is the Coriolis frequency which is linked to the planet’s

rotation rate.

To accurately recreate a planet’s climate system in a 4D model, oceans must be included

in the parameterisation. ROCKE-3D planet 1.0 allows for three different modes of ocean in-

teraction, each of varying complexity from lowest - specified sea surface temperature (SST),

to thermodynamic upper ocean mixed layer, to coupled dynamic ocean GCM, which is the

most complex mode (for a detailed explanation of each see Way et al. (2017)). A fully coupled

dynamic ocean was used when using ROCKE-3D for this work.

3.3.1 Using the GPlates kinematic model with ROCKE-3D

ROCKE-3D was used with the future kinematic scenarios of Aurica and Amasia in a sim-

ilar way to when they were used with OTIS (one-way as boundary conditions). While OTIS

required detailed ocean bathymetry and no land detail (except for telling OTIS where land was),

ROCKE-3D required ocean bathymetry and land topography, albeit at a lower resolution than

OTIS. To create maps that were compatible with ROCKE-3D topography had to be added. As-

suming topography into the future is very subjective and to counteract this three different sets

of topographies were made: A control - where land is close to sea level with no mountains, a

Present day analogue where the land is close to present day average topographic elevation and

a mountainous analogue where land is close to sea level everywhere except for in regions with

mountains.

The control is meant to simulate a supercontinent which has existed for long enough to be

almost completely eroded, the lack of mountains and large changes in elevation shows the effect

these regions have on the result when it is ran through ROCKE-3D. This was made by applying

a random topography to the land mask of the scenario with a normal distribution (mean of 1 m,

standard deviation of 50 m) the highest elevation in this analogue is 200 m.

The present day analogue was made by applying a random topography with a normal dis-
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tribution which is close to present day values (mean of 612 m and standard deviation of 712 m)

this produces a "rough" land mask which has an elevation varying from 1 - 4000 m.

In the mountainous analogue the same land mask normal distribution of elevations between

1 - 200 m is applied (as in the control) however regions where mountains would geodynamically

occur or persist are added to the land mask. They can be divided into three types, Himalaya

type, which represent collisional orogens and are the mountains that would form when the next

supercontinent coalesced, they have an average peak elevation of 7500 m, Andes type which

are cordilleran type mountains, forming as a result of compressional forces from subduction.

These would border the supercontinent as a ring of subduction surrounded the land mass, these

mountains have an average peak elevation of 4000 m. The third type of ocean is Appalacian

type, these are the mountains which are Andean and Himalayan in the present day but have

eroded in the interim. They have an average peak elevation of 2000 m. Every mountain was

configured to be no wider than 5◦ at their widest point (at the base).

The original maps for the Aurica and Amasia scenario are in 1/4◦ x 1/4◦. This had to be

down-sampled to the 4◦ x 5◦ resolution used in the ROCKE-3D model. Once the maps have

been down-sampled river pathways are calculates from the final topography, they exit to the

ocean where possible. Ocean grids larger than 15 contiguous grids are redefined as lakes to

allow them to become more or less voluminous in equilibrium with the regional evaporation

and precipitation. The GCM can allow lakes to form and disappear also, and can only do this

with lakes (ocean cells are permanently defined as ocean) so it is beneficial to redefine inland

seas as such. To prevent an issue with the ocean freezing solid and crashing the model any

ocean grid cell with a depth of <150 m was deepened to 204 m.
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4 Back to the future: Testing different scenarios for the next

supercontinent gathering

Hannah S. Davies, J. A. Mattias Green, & João C. Duarte

(This chapter is presented in paper format as published in Global and Planetary Change,

Davies et al. (2018))

4.1 Summary

The subject of this chapter is a review of four predicted scenarios of the next supercontinent

gathering in approximately 200 - 250 Myr. Each scenario presents a unique evolution of plate

tectonic drift and ocean closure (via the Wilson cycle) and thereby the subsequent superconti-

nent formed as a result of all four of these scenarios is also unique. We explore the tectonic

mechanisms which may cause these scenarios, namely the ocean opening and closing events

which each scenario requires, and the feasibility of the four scenarios from a conceptual stand-

point. Not only does this work present digitised reconstructions of the original predictions,

which are simple sketched maps, but the work also represents a test of the state of the art of

plate tectonics. To test our understanding of how the Earth may develop tectonically over the

rest of the current supercontinent cycle.
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4.2 Abstract

The theory of plate tectonics and the discovery of large scale, deep-time cycles, such as

the Supercontinent cycle and Wilson cycle, has contributed to the identification of several su-

percontinents in Earth’s history. Using the rules of plate tectonic theory, and the dynamics of

subduction zones and mantle convection, it is possible to envisage scenarios for the formation

of the next supercontinent, which is believed to occur around 200 – 300 Ma into the future.

Here, we explore the four main proposed scenarios for the formation of the next supercontinent

by constructing them, using GPlates, in a novel and standardised way. Each scenario under-

goes different modes of Wilson and Supercontinent cycles (i.e., introversion, extroversion, or-

thoversion, and combination), illustrating that the relationship between them is not trivial and

suggesting that these modes should be treated as end-members of a spectrum of possibilities.

While modelling the future has limitations and assumptions, the construction of the four future

supercontinents here has led to new insights into the mechanisms behind Wilson and Super-

continent cycles. For example, their relationship can be complex (in terms of being of the same

or different order, or being in or out of phase with each other) and the different ways they can

interact may led to different outcomes of large-scale mantle reorganization. This work, when

combined with geodynamical reconstructions since the Mesozoic allows the simulation of the

entire present-day Supercontinent cycle and the respectively involved Wilson cycles. This work

has the potential to be used as the background for a number of studies, it was just recently used

in tidal modelling experiments to test the existence of a Supertidal cycle associated with the

Supercontinent cycle.
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4.3 Introduction

The present-day Earth is currently about halfway through a Supercontinent cycle (Matthews

et al., 2016), which is defined as the recurring gathering and dispersion of the continents

throughout Earth’s history (Nance et al., 1988). 200 Ma ago all most of the continental masses

were joined in a supercontinent called Pangea (Scotese, 1991; Wegener, 1912). The fragmen-

tation of Pangea led to the formation of the Atlantic Ocean ∼180 Ma ago. Wilson (1966)

suggested that the Atlantic opened along a suture zone where another ocean once existed. This

led to the concept of the Wilson cycle (Dewey and Spall, 1975), which describes the history

of a given oceanic basin in three phases: opening and spreading, transformation of the passive

margins (Atlantic-type margins) into active margins (Pacific-type margins), and consumption

and closure (Nance et al., 1988). The fragmentation of supercontinents always leads to the

formation of internal oceans (e.g., the present-day Atlantic) and the partial consumption of the

surrounding oceans (e.g., the present-day Pacific). For a new supercontinent to form, one or

more oceanic basins must close. The closure of an ocean corresponds to the termination of a

Wilson cycle, and the final aggregation of all (or almost all) continental masses results in the

end of a Supercontinent cycle. Therefore, Wilson cycles may be of different order than, and

out of phase with, Supercontinent cycles (see Duarte et al. (2018) for discussion).

There is evidence that other supercontinents existed prior to Pangea (∼250 Myr ago; Rogers

and Santosh, 2003 and references therein): Pannotia (∼600 Myr ago), Rodinia (∼1 Gyr),

Columbia/Nuna (∼1.7 Gyr), Kenorland (∼2.4 Gyr) and Ur (∼3 Gyr; see Meert (2014) for

details). This suggests a pattern of cyclicity, despite the lack of a well-defined period for

the cycle (Bradley, 2011; Meert, 2014). The semantics regarding the definition of a super-

continent, and when exactly each formed and broke up, further complicates the situation (see

Bradley (2011) for a discussion). Nevertheless, since Pangea broke up around 180 Myr ago

(Scotese, 1991; Golonka, 2007) it is expected that a new supercontinent will form sometime

in the future, within the next 200 – 300 Myr (e.g., Yoshida and Santosh (2011, 2018); Duarte

et al. (2018) and references therein). For this to happen, at least one present day ocean must

close: Which one, however? Four different scenarios have been proposed to achieve this: 1)

closure of the Atlantic, leading to a new supercontinent called Pangea Ultima (Scotese, 2003);

2) closure of the Pacific forming Novopangea (Nield, 2007); 3) closure of both the Atlantic and

the Pacific oceans, forming Aurica (Duarte et al., 2018); and 4) the closure the Arctic leading

to the formation of Amasia (Mitchell et al., 2012).
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The overall aim of this paper is to revisit the previously proposed scenarios to consistently

simulate and standardise them using GPlates, a dedicated tectonic software (Qin et al., 2012).

GPlates allows us to recreate different scenarios of supercontinent formation in parallel, al-

lowing a direct comparison between them - including checks for advantages/plausibility and

disadvantages/implausibility in each - and therefore provides new insights on how superconti-

nents form, how the next supercontinent will form and how supercontinents may have formed

in the past.

4.4 Main concepts

4.4.1 Supercontinent Cycles and Wilson Cycles (modes of aggregation)

After the fragmentation of a supercontinent, the continental masses spread over the Earth’s

surface. For the next supercontinent to reform, these masses must come together again. There

are several ways in which this can happen geometrically. When a supercontinent breaks up,

new Atlantic-type internal oceans must form, after which either the new internal oceans close

through introversion, or the old external Pacific-type ocean which surrounds the supercontinent

closes through extroversion.

Introversion is the scenario that best illustrates a Wilson cycle. An interior ocean opens

as the supercontinent breaks up. It then grows for a certain period of time - usually for a few

hundred million years - after which subduction zones form at (or propagate into) the passive

continental margins, leading to the closure of the basin. The supercontinent may then reform in

much the same position and orientation as the preceding supercontinent. In this case, the Wil-

son cycle and Supercontinent cycle terminate simultaneously. In the second mode of closure,

extroversion, the external ocean closes. After the breakup of the supercontinent, the interior

Atlantic-type ocean starts by expanding in much the same way as it does during introversion.

However, the interior ocean does not close in on itself, but instead continues to open while

the external Pacific-type ocean closes. As a consequence, the previous internal ocean becomes

the new external ocean. In this scenario, the Wilson cycle of the initial internal ocean is not

completed upon the formation of the supercontinent. Instead, it may only close when the new

supercontinent breaks up again during the next Supercontinent cycle. This is the case with

the present-day Pacific, which is the remainder of the external ocean (Panthalassa) that formed

during a previous Supercontinent cycle as the result of the breakup of Rodinia ∼750 Myr ago
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(Scotese, 2009). The Pacific basin evolution is a good example of a “prolonged” Wilson cy-

cle that is out of phase with the Supercontinent cycle, i.e., it forms during the break up of a

supercontinent, but it does not close during the formation of the next one.

The introversion and extroversion scenarios assume that Earth only has two major oceans

involved in the Supercontinent cycle, and they assume that one ocean opens and the other

closes. However, if more than two oceans are present (i.e., as in the Present; see Figure 4.1),

other, more complex, scenarios are possible (Murphy and Nance, 2003; Duarte et al., 2018).

For example, it would be possible to envisage a scenario in which both the Atlantic-type and

Pacific-type oceans close simultaneously (Duarte et al., 2018). This would correspond to a

combination scenario (Murphy and Nance, 2003; Duarte et al., 2018). In such a case, more

than one Wilson cycle may occur during the lifetime of a Supercontinent cycle.

It may also be possible to have a situation where neither the internal nor external oceans

close. At least one ocean must close to facilitate supercontinental assembly, however that ocean

need not be the internal or external oceans. Mitchell et al. (2012) proposes a scenario, called

orthoversion, in which the Arctic Ocean closes. This leads to the next supercontinent forming

90◦ away from the opening (rifting) point of the previous supercontinent, i.e., gathered around

the North Pole.

4.4.2 How do oceans start to close? The problem of subduction initiation

To close oceans subduction zones must form around the continental margins to recycle the

oceanic lithosphere back into the mantle. While this is a fundamental and accepted aspect of

the decline and eventual closure of an ocean, the question arises as to how oceans develop sub-

duction zones? This is crucial because it may control which mode of closure a Supercontinent

cycle will undergo.

New oceanic lithosphere is formed at mid-ocean ridges and then carried away as the two

intervening plates drift apart. When new lithosphere forms it is hot and more buoyant than the

underlying asthenosphere. As it ages and cools, the oceanic lithosphere eventually becomes

denser than the asthenosphere and thus negatively buoyant; this occurs around∼10 Myr after it

forms (Cloos, 1993). Consequently, the lithosphere slightly sags into the mantle, forming deep

abyssal plains. In an Atlantic-type ocean, oceanic plates are attached to mid oceanic ridges and

continental blocks (both of which are buoyant), preventing the lithosphere from starting to sink

into the mantle – a requirement for an ocean to close. Notwithstanding, observations show that
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on the present-day Earth there is almost no oceanic lithosphere older than 200 Myr (Müller

et al., 2008; Bradley, 2008), the exception being a portion of 350 Ma old oceanic lithosphere

in the Herodotus basin west of Cyprus (Granot, 2016). Furthermore, after investigating 76 an-

cient passive margins, Bradley (2008) concluded that they had a mean lifespan of 178 Ma and

only 5 of them had a lifespan of over 350 Ma. This suggests that, somehow, subduction zones

must form at passive margins before they reach 200-300 Ma. However, as oceanic lithosphere

cools, it also becomes stronger, and calculations show that there are no forces at passive mar-

gins to start a subduction spontaneously, i.e., oceanic lithosphere foundering due to their own

weight (see Stern and Gerya (2018) and references therein). If oceanic lithosphere does not

spontaneously subduct, a paradox develops: how do subduction zones form at passive margins

of pristine Atlantic-type oceans?

It has been proposed that instead of starting spontaneously (due to their own weight), sub-

duction zones can propagate from ocean to ocean or be forced by stresses transmitted from

nearby subduction and/or collision zones (Duarte et al., 2013; Stern and Gerya, 2018). We can

thus think of subduction initiation as a sort of invasive or infectious mechanism (e.g., Mueller

and Phillips (1991); Scotese (2003); Duarte et al. (2018). In fact, there are already two fully

developed subduction zones in the Atlantic, the Scotia and the Lesser Antilles arcs, that seemed

to have been propagated from, or induced by, subduction zones in the Pacific Ocean: (see fig.

4.1). Though, the exact mechanism by which they developed is still debated (see e.g., Eagles

and Jokat (2014) for the Scotia Arc; and Wright and Wyld (2011) for the Lesser Antilles). A

third place where this may be happening is in the Gibraltar Arc (Duarte et al., 2013). In this

case, the subduction system is migrating from the Mediterranean into the Atlantic. Moreover,

it is possible that if subduction zones do not invade an ocean over timescales of 200 – 300 Myr,

some sort of weakening mechanism can come into play (e.g., hydration of oceanic lithosphere;

Duarte et al. (2018)) and thus start subduction. Note that even though oceanic lithosphere must

be consumed within ∼200 – 300 Myr after it forms, the ocean basin can exist on the surface of

the Earth for longer (e.g, the present-day Pacific; Bradley (2008)). This can happen if a balance

between spreading ridges and subduction zones enter a quasi-steady state (e.g., as happened

for the Panthalassa or Pacific Ocean Scotese (2009)). However, it can be argued that such a

quasi-steady state would not last for longer than 600 – 700 Myr because ridges will eventually

be subducted (Thorkelson, 1996).
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4.4.3 Plate tectonics and mantle convection

Wilson cycles and Supercontinent cycles, and their associated processes, are an expression

of plate tectonics and mantle convection. Plate tectonics is sometimes portrayed as the unifying

theory of solid Earth. It describes the Earth’s surface as being composed of several indepen-

dently moving lithospheric plates, which incorporate the crust and a part of the upper mantle

(lithospheric mantle; e.g., Wilson (1965); McKenzie and Parker (1967); Le Pichon (1968)).

The present-day velocities of each of the major plates are well known and illustrated in, e.g.,

(Schellart et al., 2007), even though there is some debate about which reference frame is best

(Schellart et al., 2008).

Recently, a more dynamic view of plate tectonics has emerged, which not only incorpo-

rates the useful kinematic description but also its driving and resisting mechanisms/forces (see

Schellart and Rawlinson (2010) and references therein). It is now relatively accepted that the

main driver of the plates’ movement is the slab pull force of sinking lithosphere as it sinks into

the mantle and, the less efficient, ridge push - a force arising from the differential of potential

energy across the oceanic lithosphere. Recently, some authors have proposed that plumes can

also exert and additional lateral push on the plates (see e.g., Cande and Stegman (2011); Iaffal-

dano et al. (2018)). Such plume push may only have a relatively localized effect, though they

can have an important role during the break-up phase of supercontinents. This new dynamic

framework also implies that plate tectonics is not an independent system with plates floating as

solid crust on a boiling pot (the mantle), but that tectonic plates should actually be considered

a part of a larger mantle circulation system that is cooling and convecting (i.e., as a cooler part

of the fluid inside the pot). In this system, part of the material is heated from within, although

there are still two thermal boundaries: one hot at the bottom of the mantle (near the core-

mantle boundary) that generates upwelling zones and plumes and another cold at its surface

(the lithosphere) where downwelling zones form (subduction zones).

A simple explanation of mantle circulation is as follows. Material in the mantle is heated

from within but also at the core-mantle boundary layer. Here, less dense hot material accumu-

lates, which begins to rise in upwellings due to thermal buoyancy. This material eventually rises

through the mantle, feeding mid-ocean ridges and forming oceanic lithosphere. The oceanic

lithosphere then remains at the surface for a few hundred million years before eventually being

subducted and sinking back into the mantle as cold and dense lithospheric slabs, eventually cas-

cading back to the core-mantle boundary. These slabs may carry lighter chemical compounds
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that will provide an additional chemical buoyancy to the material that accumulates in this lower

layer and helping to kick-start the next mantle upwelling.

In the present-day Earth’s mantle there are two major regions of upwelling and two of

downwelling that roughly define two convective systems (with four cells). Using seismic to-

mography, two areas with low shear-wave velocity anomalies below the Atlantic (the Tuzo up-

welling) and the Pacific (the Jason upwelling) have been identified (e.g., Torsvik et al. (2016)

and references therein). The anomalies have been interpreted as regions of low density/high

temperature that seem to correspond to hot ascending material, and they are referred to as Large

Low Shear Velocity Provinces (LLSVPs). In turn, there are two major downwellings com-

posed of descending slabs in the Eastern and Western Pacific margins (the Andean/Cascadia

and the Marianas/Japan/Tonga subduction systems, respectively). These are also well imaged

in tomography data as (high shear-wave velocity) anomalies, which correspond to cold/dense

material.

Figure 4.1: GPlates set-up of present-day Earth used as the initial condition for each of the future scenarios. White lines
represent mid-ocean ridges: Ma, Mid- Atlantic ridge; Swir, SW Indian Ridge; Cir, Central Indian ridge; Seir, SE Indian Ridge;
Pa, Pacific- Antarctic spreading centre; Na, Nazca-Antarctic spreading center; Pn, Pacific-Nazca spreading center; Cn, Cocos-
Nazca spreading centre; Pcs, Pacific-Cocos spreading center; Ar, Arctic Ridge. Black lines represent subduction zones: A,
Aleutian trench; Ca, Central American trench; C, Cascadia subduction zone; H, Hikurangi trench; Im, Izu-Marianas trench; J,
Japan trench; K, Kurile Trench; La, Lesser Antilles arc; M, Macquarie subduction zone; Nh, New Hebrides subduction zone;
P, Philippine trench; R, Ryukyu subduction zone; Sa, Scotia arc; St, Sumatra trench. Brown dashed lines represent the extents
of the LLSVPs discussed in (Torsvik et al., 2016), marked above as Tuzo and Jason. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

At present, the plates are driven by these descending slabs of dense oceanic lithosphere,

while the two major upwellings feed or have fed the Atlantic and Pacific mid-ocean ridges. For

example, the break-up of Pangea may have been caused by one of these upwellings penetrating

through the continental crust and initiating the formation of the Atlantic (Murphy et al., 2009;
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Torsvik et al., 2010). However, some ridges seem to be offset from the upwelling regions,

meaning that these ridges may presently be passive and fed by upper mantle material. More-

over, it is also recognized today that the ascending material does not correspond to the classic

idea of mantle plumes. Instead, the position of the plumes may be controlled by the aforemen-

tioned upwellings: mantle plumes seem to be generated at the boundaries of these upwellings.

These boundaries are known as plume generation zones (PGZs; Burke et al. (2008)) and the

plumes generated there feed the majority of hotspots on Earth (Torsvik et al., 2016). Under-

standing of the formation, behaviour, and tenure of these LLSVPs and PGZs will be crucial in

the determination of their role in the breakup of supercontinents and the maintenance of oceans

(Boschman and van Hinsbergen, 2016).

4.5 Methodology

Because of an abundance of previous investigations into past supercontinents and cycles

((Rogers and Santosh, 2003; Murphy and Nance, 2003, 2005; Bradley, 2011; Merdith et al.,

2017) see Table 4.1), we have gained an insight on how supercontinents form and evolve. Fur-

thermore, since we know that there was a somewhat regular pattern in the disaggregation and

formation of past supercontinents, it is reasonable to assume that this pattern may repeat itself

in the future. Although there are a number of predictions about the future supercontinent (e.g.,

Hoffman (1999)), with many nuances, we choose to present here the four potential scenarios

that illustrate the main modes of oceanic closure and supercontinent formation described in

section 4.4.1. Each of these predictions independently reaches supercontinent accretion within

the next 300 Ma, highlighting that we are close to the mid-point of the current Supercontinent

cycle. The four explored scenarios, along with past supercontinents are summarised in Table

(4.1).
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Figure 4.2: (a–d): A map of the development of Pangea Ultima, showing 50 Ma, 100 Ma, 200 Ma and 250 Ma. Speculative
subduction zones and ridges are represented in red and white, respectively. Brown represents LLSVP extents as in (Torsvik
et al., 2016). The centre point of the map is along the Greenwich meridian (0◦). Eas, East American subduction zone; Ma, Mid-
Atlantic ridge; E. Ant, East Antarctica; W. Ant, West Antarctica. (e): An illustration of the development of the supercontinent
Pangea Ultima since the break-up of Pangaea. The major oceans of the Pacific, Atlantic, and Trans-Antarctic are presented.
Other oceans and seas have been omitted (see figure 4.2 a–d). The oceans widths have been normalized between values of 0
and 10, representing the smallest and largest extent of each ocean.

Table 4.1: A complete list of all the supercontinents believed to have existed during the period of active plate tectonics on Earth
up to the present-day and their modes of formation, along with the four scenarios of the formation of the next supercontinent.

Supercontinent Tenure (Ma) Mode of Formation Supporting References

Ur ∼3000 Myr Not Known Rogers and Santosh (2003)

Kenorland/Superia/Sclavia ∼2500 Myr Not Known Meert (2014)

Columbia/Nuna 1800 - 1500 Myr Introversion Rogers and Santosh (2003); Murphy and Nance (2003)

Rodinia 1100 - 800 Myr Extroversion Merdith et al. (2017); Dalziel et al. (2000); Murphy and Nance (2003)

(Greater) Gondwana/Pannotia 650 - 560 Myr Extroversion/Orthoversion Merdith et al. (2017); Murphy and Nance (2005)

Pangea 250 - 180 Myr Introversion/Orthoversion Golonka (2007); Murphy and Nance (2005); Mitchell et al. (2012)

Pangea Ultima +250 Myr - Distant future Introversion Scotese (2003); Yoshida and Santosh (2018)

Novopangea +200 Myr - Distant future Extroversion Nield (2007); Yoshida and Santosh (2018)

Aurica +250 Myr - Distant future Combination Duarte et al. (2018); Yoshida and Santosh (2018)

Amasia +200 Myr - Distant future Orthoversion Mitchell et al. (2012); Yoshida and Santosh (2018)

All the explored future scenarios were proposed independently at different times by differ-

ent authors (see Table 4.1). Because of this, each of the scenarios have their own details and

were originally explored using different space and time scales. There is therefore an issue when
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comparing the scenarios because they are not standardised and do not necessarily resolve the

same time periods. For example, the prediction of the future Pangea Ultima by (Scotese, 2003)

is presented at time slices for 50, 100 and 250 Ma into the future, whereas Aurica by (Duarte

et al., 2018) is presented for 20, 150 and 300 Ma. Consequently, direct comparisons between

each scenario for specific time slices is difficult, and to compare the future scenarios directly,

we need to standardise them with respect to projections and time slices investigated. This is the

main aim of this paper.

Consequently, we will reproduce all four scenarios for the formation of the next super-

continent in a standardised environment using a state-of-the-art software that allows the kine-

matic manipulation of tectonic plates and continents – GPlates (see Qin et al. (2012) see

https://www.gplates.org/ for the original files; also the modified files with our differ-

ent scenarios are provided as supplementary material https://www.sciencedirect.com/

science/article/abs/pii/S0921818118302054). GPlates can be used for a number of

different types of tectonic and geodynamical modelling endeavours, e.g., to visualise geoloca-

tions, as boundary conditions for geodynamical modelling, to reconstruct plate motions (kine-

matics), or to visualise predictions of the tectonic future of the Earth. The software is able to

move plates and continents through time using editable rotation files (.rot) enabling the join-

ing kinematic and geodynamic (conceptual) models. These models can be exported from the

GPlates program in a large number of formats compatible with other GIS software, or simply

as images presented in various widely used planetary map projections.

For our study, continental lithospheric extents were taken from Matthews et al. (2016), im-

ported from the GPlates user database. Subduction zones and ridge extents were then drawn

in as schematic geological features in GPlates. Therefore, all geological features included in

this work were annotated in GPlates with timings, plate id’s and descriptions. The models

created do not explicitly incorporate continental deformation, but allow some overlap between

continents, which somewhat mimics intercontinental deformation. We also did not simulate

continental accretion or erosion (e.g., forearc accretion or erosion at subduction zones). Each

of the scenarios was modelled from the same initial geometric conditions shown in Fig. (4.1).

Between 0 and 25 Ma, the continents follow present-day drift velocities based on (Schellart

et al., 2007). Rotation files for each of the scenarios using these velocities were written as a

tab delimited text file readable by GPlates. After 25 Myr, each scenario was constructed as

faithfully as possible to the original published work. To do this, we have visually moved the
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continental blocks to their future locations based on each author’s construction. When man-

ually manipulating the continents, GPlates then automatically writes those instructions to the

rotation files. Note that then GPlates can provide scenarios that are continuous in space and

time (see supplementary material https://www.sciencedirect.com/science/article/

abs/pii/S0921818118302054). However, these continuous animations only show the conti-

nental blocks. The positions of ridges and subduction zones are not animated and were only

drawn in schematically for specific time slices (see Figs. 4.2 to 4.5). The computed velocities

for each continental block in each scenario are provided in Table (4.2). The average velocities,

3.9 cmyr−1, are close to the paleo Meso-Cenozoic plate velocities reported in Young et al.

(2019), though slightly lower (in particular Amasia). This means that the timing of the next

supercontinent accretion may be overestimated in all the scenarios (see section 5.6).

Table 4.2: Average velocities in cmyr−1 for each of the major continents in each scenario, and total average plate velocity for
each of the scenarios

Pangea Ultima Novopangea Aurica Amasia

Africa 4.5 3.9 7.9 1.4

Australia 6.2 4.5 1.8 6.0

East Antarctica 3.7 4.9 2.9 0.2

East Asia N/A N/A 0.8 N/A

Eurasia 4.2 3.8 7.7 0.6

Greenland 2.3 3.0 4.3 0.6

North America 4.0 3.4 4.0 0.8

Somalia plate N/A 6.5 N/A N/A

South America 5.5 5.8 5.5 5.3

West Antarctica 6.0 N/A N/A N/A

Average total 4.5 4.5 4.4 2.1

4.6 Back to the future

4.6.1 Introversion: Pangea Ultima

Pangea Ultima is an introversion scenario in which the Atlantic Ocean closes in an asym-

metrical fashion (Scotese, 2003). This is because it is assumed that the two already existing

subduction zones in the Atlantic will propagate along the Eastern margins of the Americas.

The Atlantic then continues to open at the present-day rates until a large subduction system

develops, possibly in the next 25-50 Myr (see Fig. 4.2a). During this period Africa continues

to move north and fully collides with Eurasia forming the mega-continent Eurafrica, whereas

the Americas and Eurafrica continue to drift apart.
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After 50 Myr, although the new Atlantic subduction system is fully developed, the Atlantic

mid-ocean ridges may continue to spread, delaying the point at which the bordering conti-

nents start to converge. Therefore, the Atlantic continues to open until 100 Ma because the

mid-Atlantic ridge continues to produce oceanic lithosphere that can compensate lithospheric

consumption at subduction zones. The lithosphere lying on the Western side of the ridge is

eventually subducted whereas the lithosphere on the Eastern side of the ridge is not, as it is

attached to the passive margins of the Eurafrican mega-continent. By this time, Australia has

collided with South-East Asia terminating the Mariana trench and a small portion of the Pacific

Ocean. Antarctica has also begun to drift north into the Indian Ocean basin (see Fig. 4.2b).

By 100 Ma the mid-Atlantic ridge starts to undergo subduction at the East American sub-

duction zones (Fig. 4.2b). This marks the midpoint of the Atlantic Wilson cycle because with

the subduction of the ridge, the ocean can no longer continue to open and must close. At

this point, Antarctica has rifted into two separate parts generating a small actively spreading

new ocean. East Antarctica is still drifting north closing the southern Indian Ocean. However,

the western Antarctic fragment remains in the Southern Ocean, following the same path as East

Antarctica but at a significantly slower rate because of the spreading of the new Trans-Antarctic

Ocean.

In 200 Myr, the Atlantic Ocean will be partially closed. South Africa is now less than

a 1000 km from South America (Fig. 4.2c). The subduction of the Mid-Atlantic ridge, the

advanced age of the Atlantic oceanic lithosphere, the propagation of subduction zones to the

southern tip of Africa, and the generation of a new meridional spreading centre in the Arctic

and Pacific Ocean all contributed to a rapid closure of the Atlantic Ocean. Antarctica has also

started to reform at this time. The trans-Antarctic ocean was very short lived: when it ceased

spreading, the Antarctic fragments could reunite as they combined with Indonesia, shutting

down the Sumatra subduction zone in the process.

In 250 Myr, Pangea Ultima has formed, with a remnant of ancient Indian and Atlantic

Ocean forming an inland sea of the supercontinent. At this time, an almost complete ring of

subduction zones surrounds the supercontinent. Because the coasts of Pangea Ultima are the

remnants of the coast of the Pacific Ocean, it has formed over the Tuzo LLSVP.

In Pangea Ultima the Supercontinent cycle and the Wilson cycle are in phase for the Atlantic

(Fig. 4.2e). The new Antarctic Ocean formed develops a Wilson cycle out of phase with the

Supercontinent cycle however, as it does not fully close with the formation of Pangea Ultima.
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Fig. (4.2e) also shows that the Pacific remains the dominant ocean for the duration of the

scenario despite the other oceans presented growing and shrinking over the 500 Myr presented

in Fig. (4.2e).

4.6.2 Extroversion: Novopangea

Figure 4.3: (a–d): Maps of Novopangea from top left to bottom right 50 Ma, 100 Ma, 150 Ma and 200 Ma respectively.
Speculative subduction zones and ridges are represented in red and white respectively. Yellow represents LLSVP extents as
in Torsvik et al. (2016). The centre point of this map is along the international date line (180◦). Ear, East African rift; Sp,
Somalia plate; St, Sumatra trench; Ant, Antarctica; Eas, East American subduction zone; Ma, Mid Atlantic. (e): A graphical
illustration of the development of the supercontinent of Novopangea. The major oceans of the Pacific, Atlantic and New
African are presented. Other oceans and seas have been omitted (see Fig. 4.3a–d).

Novopangea is an extroversion scenario in which the Pacific Ocean closes. It is based on

the fact that the Pacific is an old oceanic basin (older than Pangea) surrounded by subduction

zones that are presently converging (Hatton, 1997; Murphy and Nance, 2003). Conversely,

the present-day Atlantic is a new ocean and home to the largest mid-ocean ridge on Earth and

only a few short subduction zones that may not develop into a large-scale subduction system

(Dalziel et al., 2013; Stern and Gerya, 2018). Therefore, in this scenario the continents will

continue to drift apart at approximately the same velocities as present-day for the next 200
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Myr (see Schellart et al. (2008) for details). The East African rift system will also continue to

develop, eventually becoming an ocean basin that replaces the Indian Ocean. See Fig. (4.3) for

the illustrations related to the discussion below.

In 50 Myr, the Pacific Ocean will be a series of seaways between Asia, Australia, Antarctica

and the Americas. The northward drift of Australia and Antarctica, together with the convergent

drift of Asia, and the Americas due to the continued opening of the Atlantic, reduces the area of

the Pacific Ocean. Conversely, the highly active Mid-Atlantic ridge, combined with the closure

of the Pacific and little to no subduction in the Atlantic, allows it to grow quickly: by 50 Myr,

the Atlantic Ocean is over three times its present-day width. Some subduction zones have

developed at the basin’s edges, particularly along the West coast of Europe and North-west

Africa (Duarte et al., 2013). The opening of the East African Ocean has already started and is

in a similar state to the Red sea at present. The Red Sea and the Mediterranean, however, have

both closed after 50 Myr.

In 100 Ma, the Pacific is mostly closed, except for an area west of South America (Fig.

4.3b). The Atlantic has continued to open, as has the East African Ocean. However, the almost

complete closure of the Indian and Pacific Ocean basins, and the near complete assembly of

Novopangea, means that the Atlantic can no longer continue to open. The closure of the Pacific

Ocean also shuts down a significant length of subduction zones. However, because of the way

that the Indian Ocean closes and the development of the subduction zones in the Atlantic Ocean,

the planet retains a considerable extent of subduction zones throughout (See fig. 4.3d).

By 150 Myr the Pacific is nearly closed, with very little oceanic lithosphere left (Fig. 4.3b-

c). The ongoing continental collisions between the Americas and Eastern Asia will likely slow

down oceanic closure, much like the Mediterranean is doing today. During this time a portion of

the Indian Ocean is almost fully recycled as consequence of the migration of the Somalia plate

towards the Sumatra subduction zone and the continued opening of the East African Ocean

(Fig. 4.3c). At this point, the Atlantic has developed a large-scale subduction system. Some of

these subduction zones may also propagate into the margins of the East African Ocean.

In 200 Ma, Novopangea is fully formed; Somalia and Madagascar have closed the majority

of the Northern Indian Ocean, and the Pacific Ocean has completely closed leaving the Atlantic

to be the surrounding ocean of the supercontinent (Fig. 4.3d).

The closure of the Pacific leads to the elimination of a large amount of subduction zones,

and if new subduction systems do not start continuously in the ocean surrounding the super-
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continent (i.e., the Atlantic), Earth may undergo a period of tectonic quiescence (see Silver

and Behn (2008) for details on the topic). However, new subduction zones are invading the

Atlantic (Duarte et al., 2013, 2018), and it is therefore likely that when Novopangea forms,

these subduction systems have already propagated along the margins of the Atlantic and even-

tually of the Eastern African Ocean. The Sumatra subduction system may also propagate into

the Eastern African Ocean as the collision of the Somalia block may not fully shut this system

down.

Novopangea forms over the Jason LLSVP. The closure of the Pacific Ocean marks the end

of its Wilson cycle, which in this case lasted for over a billion years (Scotese (2009); Merdith

et al. (2017) and references therein), from the breakup of Rodinia∼750 Ma ago to the formation

of Novopangea. The Pacific Ocean (and the former Panthalassa) thus persisted over several full

Supercontinent cycles. This is a special case in which the ocean’s Wilson cycle is in phase

with, but of different order than, the Supercontinent cycle. Note, however, that even though

the Pacific (and Panthalassa) basins were long-lived, its oceanic lithosphere underwent several

phases of renewal (Boschman and van Hinsbergen, 2016).
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4.6.3 Combination: Aurica

Figure 4.4: (a–d): Maps of Aurica from top left to bottom right 50 Ma, 100 Ma, 200 Ma and 250 Ma, respectively. Speculative
subduction zones and ridges are represented in red and white, respectively. Yellow represents LLSVP extents as in Torsvik
et al. (2016). The centre point of this map is along the international date line (180◦). Par, Pan-Asian rift, Epr, East Pacific rise;
Eas, East American subduction zone; Gs, Gibraltar subduction zone; Epas, East Pan-Asian subduction zone (e): A graphical
illustration of the development of the supercontinent of Aurica. The major oceans of the Pacific, Atlantic and Pan-Asian are
presented. Other oceans and seas have been omitted.

Aurica is a combination scenario where both the Atlantic and Pacific Oceans close. Such

conjecture is based on the fact that both the Atlantic and the Pacific Oceans already have por-

tions of oceanic lithosphere with ages close to 200 Myr, and the average age of the present-day

oceanic lithosphere is around 60 Myr old, with only a few regions older than this (Müller et al.,

2008). Moreover, during Earth’s history, oceanic lithosphere older than a few hundred million

years can hardly persist at its surface (Bradley, 2011). This is consubstantiated by the observa-

tion that subduction zones are propagating into and inside the Atlantic, meaning that, similarly

to the Pacific, the Atlantic may be fated to close. To achieve this, at least one new ocean must

be created. In this scenario, a large intracontinental rift develops along the border of India and

Pakistan between the Eurasia and several East Asian tectonic blocks/subplates, which propa-

gates along the Himalaya and through the Baikal rift and Kamchatka plate boundary forming
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the Pan-Asian Ocean (see Fig. 4.4 and Duarte et al., 2018).

In 50 Ma, subduction zones have propagated in the Atlantic (Fig. 4.4a). However, a balance

between spreading and consumption allows it to continue to open for some time. The Pacific

accelerates its closure due to the continued subduction of the East Pacific rise and the now

fully developed Pan-Asian Rift. Furthermore, much like in the extroversion scenario described

in section 4.6.2, Antarctica continues drifting north into the Pacific Ocean, contributing to the

ocean’s closure. At this time, Australia has fully collided with the Eastern Asian continent.

In 100 Ma, both the Atlantic and the Pacific spreading centres have been subducted (see Fig.

4.4b), meaning that they can no longer compensate consumption at subduction zones. The Pan-

Asian Ocean becomes the largest ocean on Earth, while the Pacific and the Atlantic have closed

significantly. At this point, Antarctica also starts to collide with the Eastern Asian continent.

Subduction zones have now formed in the two Atlantic margins, leading to an Atlantic “ring of

fire”. Fig. (4.4c) shows the 200 Ma time slice, in which the Pacific has fully closed, and the

Atlantic is entering a terminal stage of closure. The Pan-Asian Ocean continues to open and

is fully merged with the former Indian Ocean. At this point, it is almost fully surrounded by

passive margins, with the exception of the Sumatra subduction system that may propagate into

the Pan-Asian basin with time. By 250 Ma, the Atlantic has completely closed forming Aurica

surrounded by the Pan-Asian Ocean (Fig. 4.4d). Aurica forms near the antipodes of Pangea,

precisely over the Jason LLSVP. A large-scale subduction system does not fully form around

the continent, potentially leading to a period of tectonic quiescence. Nevertheless, subduction

systems such as Sumatra can propagate along Aurica’s margins re-establishing plate recycling

rates to that of normal functioning of plate tectonics. This scenario involves the termination of

the Wilson cycles of the Atlantic and the Pacific, and the beginning of the one for the Pan-Asian

Ocean (see Fig. 4.4e). The Aurica scenario thus involves two Wilson cycles in phase with the

Supercontinent cycle, although the Atlantic one is of same order and the Pacific one of different

order to the Supercontinent cycle, whereas the Pan-Asian Wilson cycle is out of phase with the

Supercontinent cycle.
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4.6.4 Orthoversion: Amasia

Figure 4.5: (a–d): Maps of Amasia from top left to bottom right 50 Ma, 100 Ma, 150 Ma and 200 Ma, respectively. Speculative
subduction zones and ridges are represented in red and white, respectively. Yellow represents LLSVP extents as in Torsvik et al.
(2016). The centre point of this map is along the Greenwich meridian (0◦). Eas, East American subduction zone; Ma, Mid-
Atlantic ridge; Zr, Zonal ridge; Cs, Circumferential Antarctic subduction zone (e): A graphical illustration of the development
of the supercontinent of Amasia. The major oceans of the Pacific, Atlantic and Arctic are presented. Other oceans and seas
have been omitted.

In the orthoversion scenario the new supercontinent forms by the closure of the Arctic

Ocean (Mitchell et al., 2012). This is based on the rationale that supercontinents form at 90◦

from the previous supercontinent because of a bias on the mantle structure left by the preceding

supercontinent. Pangea’s subduction zones left a remnant volume of downwelling mantle, a

“ring of slabs”, that may confer a positive bias in plate drift towards a segment of this ring.

Also, according to the present-day drift of the continents, it is likely that they will (on large

scales) continue moving north.

In 50 Myr, the Mediterranean, Arctic, and part of the East China and Philippine seas have

been closed by the collision of Africa with Eurasia, Asia with the Americas and Australia with

East China, respectively (see Fig. 4.5a). Subduction zones propagate along the margins of the

Atlantic and Indian oceans, and the Mid-Atlantic ridge has lost some of its northern extent. The
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Americas split, temporarily forming a new gateway between the Pacific and Atlantic Oceans.

In 100 Ma, South America begins rotating clockwise, pulled by the Peru-Chile trench (Fig.

4.5b). This drift represents the only major large-scale reorganisation of continental lithosphere;

all other continents, with exception of Antarctica, experience only slow northward drift. Sub-

duction zones continue to propagate along the Antarctic, African, South American and the East

Asian margins, while a southern hemisphere ridge system becomes dominant.

In 150 Ma, the Northern Atlantic and the Pacific Ocean have partially closed due to the ag-

gregation of the continents around the North Pole and the continued rotation of South America.

At this point, Australia collides with Asia closing the Sea of Okhotsk (Fig. 4.5c).

In 200 Myr, Amasia has formed by aggregating all continental masses, with the exception

of Antarctica, as South America completes its rotation and collides with North America (Fig.

4.5d). Note that in this scenario oceans containing old lithosphere, such as the Pacific, the At-

lantic, and the Indian Oceans, do not close. Therefore, it is likely that a large-scale subduction

system develops along the southern margins of Amasia.

This is also the only supercontinent that does not form over a present-day LLSVP. However,

it is debatable if LLSVPs persist in the same region over large periods of time, or if they are

rearranged as a function of the reorganization of plates and continents (Torsvik et al., 2010).

Also, Antarctica remains near its current location, meaning that Amasia technically is not a

complete supercontinent (Bradley, 2011).

In the orthoversion scenario, the Atlantic and the Pacific Wilson cycles do not terminate

with the formation of the supercontinent, and the Arctic Ocean undergoes a short Wilson cycle

(see Fig. 4.5e). All the Wilson cycles are out of phase with the Supercontinent cycle.
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4.6.5 Ocean Divergence and convergence rates

Figure 4.6: Divergence (positive) and Convergence (negative) rates in cmyr−1 for the Atlantic ocean (triangles), Pacific ocean
(squares), Indian ocean (filled circles), Arctic ocean (empty circles), and new oceans (Trans-Antarctic – Pangea Ultima, East
African - Novopangea, and Pan-Asia – Aurica)(Diamonds).

In Table (4.2) we present the drift velocities of the continental blocks in each scenario.

With the values in Table (4.2), and other data from GPlates, we were able to calculate the

rates of divergence and convergence for each of the oceans in each scenario (see Fig. 4.6).

In the Pangea Ultima scenario the divergence rate of the Pacific Ocean is around 6.8 cmyr−1,

which is approximately the convergence rate at which the Atlantic closes (6.3 cmyr−1). This

is because the Atlantic closure is only being compensated by the opening of the Pacific, with

no other major oceans involved. This is an expression of the classical view of the Wilson cycle

and Supercontinent cycle in which only two major oceans are involved, and one closes at the

expense of the other. The Novopangea scenario also shows similar values of divergence and

convergence, in this case the Pacific closes at a rate of 7.1 cmyr−1 while the Atlantic opens at a

rate of 6.3 cmyr−1. Here again, the scenario is mostly controlled by the opening and closure of

two major oceans (the Pacific and the Atlantic) and therefore their divergence and convergence

rates are almost balanced. However, this scenario also involves the opening of the East African

Ocean (2.4 cmyr−1) at the expense of the Indian ocean (3.6 cmyr−1). In the Aurica scenario,

both the Atlantic and the Pacific close; the Atlantic at a rate of ∼2.8 cmyr−1 and the Pacific at

a rate of 7.2 cmyr−1. This simultaneous closure has to be balanced by the development of the

Pan-Asian Ocean, which opens at a rate of 9.6 cmyr−1. This explains the high divergence rate
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of the Pan-Asian Ocean. In the Amasia scenario only the Arctic Ocean closes, at a rate of 2.8

cmyr−1. This is a result of both the small size of the Arctic basin and the fact that the timing

of supercontinent formation was set to 200 Ma.

4.7 Discussion

The aim of this paper is to reconcile the scenarios of the formation of the next supercon-

tinent as proposed by (Scotese, 2003; Nield, 2007; Duarte et al., 2018; Mitchell et al., 2012).

Using GPlates and the general rules of plate tectonics, we have recreated the four scenarios

from the same initial condition, leading to a new insight into the dynamics of Supercontinent

and Wilson cycles. Due to the limited geological record the past supercontinents are poorly

resolved, and the number of cycles are limited by the age of the Earth (and eventually by the

emergence of plate tectonics). This is particularly true for the Wilson cycles because most

of the oceanic basins are destroyed over the corresponding Supercontinent cycle(s). Studying

these cycles from a known (and excellently resolved) starting position (i.e., the present day)

and running the current Supercontinent cycle forward has allowed us to better understand how

these cycles work, how they interact with each other, and how they affect the configuration

of the Earth’s surface and the dynamics of the mantle. It should be noted that the degrees of

freedom increase as we move forward into the Future and that it is why we have considered

several end member scenarios.

There are several advantages and limitations to the approach we used. The main advantage

is that we, for the first time, used a single software to simulate all the four proposed scenarios for

the formation of the future supercontinents. This allowed us to carry out standardised models

with similar initial and boundary conditions using the available GPlates data and capacities,

providing us with new tools to discuss these scenarios in parallel and better understand the

geodynamic processes involved in each one of them. The objective of modelling the future is

not just trying to guess what is going to occur but instead is a way of pushing the boundaries of

our knowledge and trying to understand what the main processes operating at these long-time

scales are.

Obviously, this approach also involves simplifications, leading to limitations. For exam-

ple, we explored scenarios previously proposed by other authors that may not be up-to-date

with new knowledge and techniques. They also often rely on only a few (and different) time

slices. This implied a significant amount of interpretation, completion and smoothing within
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and between the different scenarios. We also assume that there is a Supercontinent cycle (even

if not with a constant period), which implies that a new supercontinent should form within the

next ∼200-300 Myr. But, the idea of a supercontinent, and the cycle itself, is an idealization

(Bradley, 2011). It may well be that not all the continental masses come together in one Super-

continent cycle, as in the Amasia scenario. Furthermore, periods of Supercontinent assembly

and break up are highly diachronic and often overlap (Bradley, 2011). The concept of Wilson

cycles is also partially an idealization. It works well on interior oceanic basins that open and

close during one Supercontinent cycle, such as the classical opening and closing of the Atlantic.

However, it starts losing its meaning when we apply it to exterior oceans and oceans that do not

precisely fit either the definition of exterior or interior (e.g., the Indian Ocean). Furthermore,

some Wilson cycles may be incomplete, for example if a basin does not fully close, or if it

closes in a subsequent Supercontinent cycle, in which case it would be severely delayed (e.g.,

in Pangea Ultima).

Another issue is subduction initiation in Atlantic-type oceans; we have just assumed that it

can happen. This is a controversial topic and the driving mechanisms of subduction initiation

are still fundamentally unknown (see, e.g., Duarte et al. (2013); Marques et al. (2014); Stern

and Gerya (2018). In any case, we have considered that passive margins are the most likely

place for subduction zones to develop, either spontaneously or by invasion (Duarte et al., 2013),

and even if they form intra-oceanically, they will quickly migrate (retreat) to passive margins

(Whattam and Stern, 2011). This level of discussion, however, is out of the scope of this paper,

but will be further investigated at a later date.

In our reasoning, it is also explicitly implied that oceanic lithosphere much older than∼200

Ma is gravitationally unstable and will be removed from the Earth’s surface. This is supported

by present-day observations of the seafloor age (Müller et al., 2008) and observation of the

age of oceanic lithosphere in past cycles (Bradley, 2008, 2011). We have also assumed simple

dynamics for mantle convection that considers major subduction systems as large-scale mantle

downwellings and accounts for the existence of major mantle upwellings, defining two major

convection systems. In our scenarios, these systems can split or merge, but the geometric

constraints imposed by the Supercontinent cycle may force the Earth to be close to the two-

convection-system mode. Further work should be pursued in order to understand the feedbacks

between mantle convection and Supercontinent cycles (recent attempts are provided by Rolf

et al. (2014); Coltice et al. (2012); Yoshida and Santosh (2018).
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In Table (4.2) we have plotted all of the continent’s velocities for each of the scenarios.

They all show average velocities of around 4 cmyr−1, with the exception of Amasia (2.13

cmyr−1). These velocities are close to the average paleo (Meso-Cenozoic) velocities reported

by Young et al. (2019) of 6 cmyr−1. Our lower average velocities mean that the timing of

the next Supercontinent gathering may be overestimated in all the scenarios. Slightly higher

velocities would probably result in a quicker supercontinent aggregation. For example, if the

continent velocities were sped up, Amasia could form in 100 Ma or sooner.

It should be noted that these values are also consistent with the convergence rates at subduc-

tion zones, which have a global value of 5.6 cmyr−1 (Duarte et al., 2018). Convergence rates at

subduction zones are an expression of the rate at which plates are consumed in the mantle. This

makes sense and it means that in these scenarios plates (and therefore the continents) move on

average at the velocity at which the slabs sink in the upper mantle.

Finally, it is worth remembering that these scenarios are useful idealizations based on con-

cepts that describe end-members. For example, the classical introversion and extroversion sce-

narios were strongly conditioned by the misconception that Supercontinent cycles and Wilson

cycles are the same thing. If this was the case, once a supercontinent, e.g., Pangea, breaks up

it only has two options to reform the next supercontinent: by closing the Atlantic or by clos-

ing the Pacific. The problem is that this assumes that there were only two major continental

masses travelling around the Earth. However, if more continents, and thus degrees of freedom,

are considered, orthoversion and combination components are possible. One possibility is that

whenever a supercontinent breaks up it may experience components of each of these scenarios

during the corresponding Supercontinent cycle.

What is the use of modelling the remainder of the present Supercontinent cycle? Part of

this work was motivated by ongoing parallel research on super-tidal cycles (Green et al., 2018),

where it is suggested that the disposition of the continents and the geometry of the oceanic

basins exert a first-order control on global tidal dynamics. Consequently, we hope to use the

present scenarios as boundary condition in a global tidal model to further our understanding of

the future Earth system.
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5 Back to the future II: Tidal evolution of four superconti-

nent scenarios

Hannah S. Davies, J. A. Mattias Green, & João C. Duarte

(This chapter is presented in paper format as published in Earth System Dynamics, Davies

et al. (2020))

5.1 Summary

The subject of this chapter presents results of tidal modelling of four future scenarios of the

next supercontinent gathering. Tidal modelling with OTIS was carried out using the GPlates

kinematic tectonic future reconstructions presented in Davies et al. (2018) to assess how the

tide changes over geological time over the remainder of the current supercontinent cycle. We

find the present day is in a state of elevated tidal dissipation due to North Atlantic resonance.

As the Atlantic continues to open in each scenario, the resonance of the basin is lost, however

resonance occurs in other ocean basins and again in the Atlantic in some scenarios as they

progress. In general, we find that as an ocean basin develops through its respective Wilson

cycle, it can (provided the ocean widens sufficiently i.e., widens as much as the present day

Atlantic) support resonance multiple times in a supercontinent cycle.

56



5.2 Abstract

The Earth is currently 180 Myr into a supercontinent cycle that began with the break-up

of Pangaea and which will end around 200–250 Myr (million years) in the future, as the next

supercontinent forms. As the continents move around the planet they change the geometry of

ocean basins, and thereby modify their resonant properties. In doing so, oceans move through

tidal resonance, causing the global tides to be profoundly affected. Here, we use a dedicated

and established global tidal model to simulate the evolution of tides during four future super-

continent scenarios. We show that the number of tidal resonances on Earth varies between one

and five in a supercontinent cycle and that they last for no longer than 20 Myr. They occur

in opening basins after about 140 – 180 Myr, an age equivalent to the present-day Atlantic

Ocean, which is near resonance for the dominating semi-diurnal tide. They also occur when

an ocean basin is closing, highlighting that within its lifetime, a large ocean basin – its history

described by the Wilson cycle – may go through two resonances: one when opening and one

when closing. The results further support the existence of a super-tidal cycle associated with

the supercontinent cycle and gives a deep-time proxy for global tidal energetics.
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5.3 Introduction

The continents have coalesced into supercontinents and then dispersed several times in

Earth’s history in a process known as the supercontinent cycle (Nance et al., 1988). While the

cycle has an irregular period (Bradley, 2011), the breakup and reformation typically occurs over

500 – 600 Myr (Nance et al., 2014; Davies et al., 2018; Yoshida and Santosh, 2018). Pangea

was the latest supercontinent to exist on Earth, forming∼300 Myr ago, and breaking up around

180 Myr ago, thus initiating the current supercontinent cycle (Scotese, 1991; Golonka, 2007).

Another supercontinent should therefore form within the next 200 – 300 Myr (e.g., Scotese

(2003); Yoshida (2016); Yoshida and Santosh (2011, 2018); Duarte et al. (2018); Davies et al.

(2018).

The supercontinent cycle is believed to be an effect of plate tectonics and mantle convection

(Torsvik et al., 2010; Pastor-Galán et al., 2019), and the breakup and accretion of superconti-

nents are a consequence of the opening and closing of ocean basins (Wilson, 1966; Conrad and

Lithgow-Bertelloni, 2002). The life cycle of each ocean basin is known as the Wilson cycle.

A supercontinent cycle may comprise more than one Wilson cycle since several oceans may

open and close between the breakup and reformation of a supercontinent (e.g., Hatton (1997);

Murphy and Nance (2003); Burke (2011); Duarte et al. (2018); Davies et al. (2018). As ocean

basins evolve during the progression of the Wilson cycle (and associated supercontinent cycle),

the energetics of the tides within the basins also change (Kagan, 1997; Green et al., 2017).

Green et al. (2017, 2018) simulated the evolution of tides from the breakup of Pangea until the

formation of a future supercontinent, thus spanning a whole supercontinent cycle, and found

a link between Wilson cycles and tides. They also found that the unusually large present-day

tides in the Atlantic, generated because of the near-resonant state of the basin (Platzman, 1975;

Egbert et al., 2004; Green, 2010; Arbic and Garrett, 2010), have only been present for the past 1

Myr. However, because the Atlantic is still spreading apart, it will eventually become too wide

to sustain resonant tides in the near (geological) future. But when exactly will this happen, and

is it possible that while the continents diverge and converge, other basins will reach the right

size to become resonant?

The initial simulation of deep-time future tides by Green et al. (2018) used a scenario of

the Earth’s tectonic future presented by Duarte et al. (2018), and strengthened the proof-of-

concept for the existence of a super-tidal cycle associated with the supercontinent cycle. Their

simulations were done using 50-100 Myr intervals between simulations. They acknowledged
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that this was not enough to resolve details of the future tidal maxima, including their dura-

tion. In this work, we therefore revisit the future evolution of Earth’s tides by simulating the

tide at 20 Myr intervals during the four different tectonic modes of supercontinent formation

summarised by Davies et al. (2018): Pangea Ultima (based on Scotese (2003)), Novopangea

(Nield, 2007), Aurica (Duarte et al., 2018) and Amasia (based on Mitchell et al. (2012). Pangea

Ultima is a scenario governed by the closing of the Atlantic – an interior ocean – leading to the

reformation of a distorted Pangea (Murphy and Nance (2003, 2008) call this “closure through

introversion”). Novopangea, in contrast, is dominated by the closing of the Pacific Ocean – an

exterior ocean – and the formation of a new supercontinent at the antipodes of Pangea (this is

closure through extroversion; Murphy and Nance (2003)). Aurica is a scenario in which the

Atlantic and the Pacific close simultaneously and a new ocean opens across Siberia, Mongolia,

and India, bisecting Asia (a combination scenario in which two oceans close, one by introver-

sion and another by extroversion; Murphy and Nance (2005); Duarte et al. (2018)). Finally,

in the Amasia scenario, the continents gather at the North Pole, 90◦ away from Pangea (this

is known as orthoversion; Mitchell et al. (2012)). Every scenario has the potential to develop

different tidal resonances in different ocean basins at different stages in each ocean’s evolution.

We focus here on identifying the timing of the occurrence of resonant basins, and on mapping

the large-scale evolution of tidal amplitudes and tidal energy dissipation rates in each of the

investigated scenarios. We were particularly interested in understanding how common the res-

onant “super-tidal” states are, for how long they last, and their relationship with the Wilson

cycle.

5.4 Methods

5.4.1 Tidal Modelling

The future tide was simulated using the Oregon State University Tidal Inversion Software,

OTIS, which has been extensively used to simulate global-scale tides of the past, present, and

future (Egbert et al., 2004; Green, 2010; Green and Huber, 2013; Wilmes and Green, 2014;

Green et al., 2017, 2018). OTIS was benchmarked against other software that simulate global

tides and it was shown to perform well (Stammer et al., 2014). It provides a solution to the

linearized shallow water equations (Egbert et al., 2004):
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δU
δ t

+ f U = gh5 (η−ηSAL−ηEQ)−F (5.1)

δη

δ t
−5·U = 0 (5.2)

Here, U is the tidal volume transport vector defined as uh, where u is the horizontal velocity

vector and h the water depth, f is the Coriolis parameter, g the acceleration due to gravity, η the

sea surface elevation, ηSAL the self-attraction and loading elevation, ηEQ the elevation of the

equilibrium tide, and F the energy dissipation term. The latter is defined as F= Fb+Fw, where

Fb =Cdu‖u‖ parameterises energy due to bed friction using a drag coefficient, Cd=0.003, and

Fw =CU represents losses due to tidal conversion. The conversion coefficient, C, is based on

Zaron and Egbert (2006) and modified by Green and Huber (2013), computed from:

C(x,y) = ϒ
NHN
8πω

(5H)2 (5.3)

In Eq. (5.3) ϒ = 50 is a dimensionless scaling factor accounting for unresolved bathymetric

roughness, NH is the buoyancy frequency (N) at seabed, Ñ is the vertically averaged buoyancy

frequency, and ω is the frequency of the M2 tidal constituent, the only constituent analysed here.

The buoyancy frequency, N, is based on a statistical fit to present day climatology (Zaron and

Egbert, 2006), and given by N(x,y) = 0.00524exp(−z/1300), where z is the vertical coordinate

counted positive upwards from the sea floor. We did not change N throughout the simulations

because the stratification in the future oceans is yet to be quantified.

Each run simulated 14 days, of which 5 days were used for harmonic analysis of the tide.

The model output consists of amplitudes and phases of the sea surface elevations and transports,

which was used to compute tidal dissipation rates, D, as the difference between the time average

of the work done by the tide generating force (W), and the divergence of the horizontal energy

flux (P; see Egbert and Ray (2001) for details):

D =W −5·P (5.4)

where W and P are given by:

W = gρU · 5 (ηEQ +ηSAL) (5.5)
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P = gρUη (5.6)

The orbital configuration of the Earth-Moon system, and thereby the tidal and lunar forcing

was not changed during the future simulation. The difference in tidal period (+0.11 hr) and

lunar forcing (-3%) that occurs after 250 Myr was applied to a sensitivity simulation which

found that the altered parameters do not affect the results sufficiently to warrant changing the

values from present-day.

5.4.2 Mapping of the future tectonic scenarios

We used the kinematic tectonic maps produced by Davies et al. (2018) with OTIS at incre-

mental steps of 20 Myr by using the tectonic maps as boundary conditions in the tidal model.

The maps were produced using GPlates, a software specifically designed for the visualisation

and manipulation of tectonic plates and continents (e.g., Qin et al. (2012); Müller et al. (2018)).

We used GPlates to digitise and animate a high resolution representation of present-day conti-

nental shelves and coastline (with no ice cover), created from the NOAA ETOPO1 global re-

lief model of the Earth (see https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.

ngdc.mgg.dem:316# for details). For a matter of simplification, shelf extents are kept for the

full duration of the scenarios. The continental polygons do not deform, though some overlap is

allowed between their margins, to simulate rudimentary continental collision and shortening.

Intracontinental breakup and rifting were introduced in three of the scenarios, allowing new

ocean basins to form. No continental shelves were extrapolated along the coastlines of these

newly formed basin’s margins. For more details on the construction of the tectonic scenarios

and the respective maps, see Davies et al. (2018).

The resulting maps were then given an artificial land mask 2◦ wide on both poles to allow for

numerical convergence (simulations with equilibrium tides near the poles in Green et al. (2017,

2018) did not change the results there), and were constrained to a horizontal resolution of 0.25◦

in both latitude and longitude. They were then assigned a simplified bathymetry; continental

shelves were set a depth of 150 m, and mid-ocean ridges were assigned a depth of 1600 m at

the crest point and deepening to the abyssal plains within a width of 5◦. Subduction trenches

were made 5800 m deep. The depth of the abyssal plains in the maps changes dynamically

to retain present-day ocean volume throughout the scenarios. This allows the tidal results of

future simulations to be comparable to a present-day simulation, which was tested against real

world tidal observations.
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To test the accuracy of our results, we produced and used two present-day bathymetries.

The first – a present-day control - is based on v13 of the Smith and Sandwell bathymetry (

Smith and Sandwell (1997); https://topex.ucsd.edu/marine_topo/). A second map was

then produced – the present-day degenerate bathymetry – which included a bathymetry created

by using the depth values and the method described for the future slices (see Fig. 5.1 and

corresponding description in section 5.4.2).

Figure 5.1: (a) The PD bathymetry in m. Panel (b) is the same as (a) but for the degenerate PD bathymetry (see text for details).
(c–d) The simulated M2 amplitudes (in m) for the control PD (c) and degenerate PD (d) bathymetries. Note that the colour
scale saturates at 2 m. Panels (e–f) are the same as (c)–(d) but show M2 dissipation rates in Wm−2.

5.5 Results

The tidal amplitude results for the present-day control simulation (Fig. 5.1c), when com-

pared to the TPX09 satellite altimetry constrained tidal solution (Egbert and Erofeeva (2002);

http://volkov.oce.orst.edu/tides/tpxo9atlas.html), produced an RMS error of±12

cm. Comparing the present-day degenerate simulation (Fig. 5.1d) results to TPXO9, resulted

in an RMS error of 13 cm. This is consistent with previous work (Green et al., 2017, 2018) and
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gives us a quantifiable error of the model’s performance when there is a lack of topographic

detail (e.g., as in our future simulations).

The present-day control simulation (Fig. 5.1e) has a dissipation rate of 3.3 TW, with 0.6

TW dissipating in the deep ocean. This corresponds to 137% of the observed (real) global dissi-

pation rate (2.4 TW for M2, see Egbert et al. (2004)), and 92% of the measured deep ocean rates

(0.7 TW). The present-day degenerate bathymetry underestimates the globally integrated dis-

sipation by a factor of 0.9, and the deep ocean rates by a factor of ∼0.8 (Fig. 5.1f). Sensitivity

tests for the present-day control simulation with varying bed friction and buoyancy frequency

did not produce any significant difference in the result. The future tidal dissipation results (Fig.

5.3) were therefore normalised against the degenerate present-day value (2.2 TW), to account

for the bias due to underrepresented bathymetry caused when using the simplified bathymetry

in the future simulations (see Green et al. (2017) for a discussion).

The resulting tidal amplitudes and associated integrated dissipation rates are shown in Figs.

(5.2), Figs. (5.4 - 5.6 - amplitudes), and Fig. (5.3 - dissipation). The latter is split into the

global total rate, and rates in shallow (depths of <500m), and deep water (depths of >500m;

Egbert and Ray (2001)), to highlight the mechanisms behind the energy loss. In the following

we define a super-tide as occurring when: i) tidal amplitudes in a basin are on average meso-

tidal or above, i.e., larger than 2 m, and ii) the globally integrated dissipation is equivalent to or

larger than present-day values.
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5.5.1 Pangea Ultima

Figure 5.2: Global M2 amplitudes for six representative time slices of the Pangaea Ultima scenario. The colour scale saturates
at 2 m. For the full set of time slices covering every 20 Myr, see the Supplement. Additionally, note that the figures presented
for each scenario display different time slices to highlight periods with interesting tidal signals and that the centre longitude
varies between panels to ensure the supercontinent forms in the middle of each figure (where possible).

In the Pangea Ultima scenario, the Atlantic Ocean continues to open for another 100 Myr,

after which it starts closing, leading to the formation of a slightly distorted new Pangea in 250

Myr (Fig. 5.2). The continued opening of the Atlantic in the first 60 Myr moves the basin

out of resonance, causing the M2 tidal amplitude and dissipation to gradually decrease (Figs.

5.2 and 5.3a). During this period, the total global dissipation drops to below 30% of the PD

(present-day) rate (note that this is equivalent to 2.2 TW because we compare to the degenerate

bathymetry simulation), after which, at 80 Myr, it increases rapidly to 120% of PD (Figs. 5.3a

and 5.2b). This peak at 80 Myr is due to a resonance in the Pacific Ocean initiated by the

shrinking width of the basin (Fig. 5.2b). The dissipation then drops again until it recovers

and peaks around 120 Myr at 130% above PD (Fig. 5.3a). This second peak is caused by

another resonance in the Pacific, combined with a local resonance in the Northwest Atlantic

(Fig. 5.2c). This period also marks the initiation of closure of the Trans-Antarctic ocean, a

short-lived ocean which began opening at 40 Myr and was microtidal for its entire tenure (Fig.
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5.2a-c). A third peak then occurs at 160 Myr, the most energetic period of the simulation, with

the tides being 215% more energetic than at present due to both the Atlantic and the Pacific

being resonant for M2 frequencies (Fig. 5.2d). After this large-scale double resonance, the

first described in detail in deep-time simulations, and the most energetic relative dissipation

rate encountered, the tidal energy drops, with a small recovery occurring at 220 Myr due to a

further minor Pacific resonance (Fig. 5.2e). When Pangea Ultima forms at 250 Myr (see Fig.

5.2f), the global energy dissipation has decreased to 25% of the PD value, or 0.5TW (Fig. 5.2f).

Figure 5.3: Normalized (against PD degenerate) globally integrated dissipation rates for the Pangaea Ultima (a), Novopangaea
(b), Aurica (c), and Amasia (d) scenarios. The lines refer to total (solid line), deep (dashed line), and shelf (dotted–dashed line)
integrated dissipation values. Each super-tidal peak is marked where it reaches its peak. Pac stands for Pacific and Atl stands
for Atlantic.
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5.5.2 Novopangea

Figure 5.4: The same as in Fig. 5.2 but for the Novopangaea scenario.

In the Novopangea scenario, the Atlantic Ocean continues to open for the remainder of

the supercontinent cycle. Consequently, the Pacific closes, leading to the formation of a new

supercontinent at the antipodes of Pangea in 200 Myr (Fig. 5.4). As a result, within the next

20 Myr the global M2 dissipation rates decrease to half of present-day values (see Fig. 5.3b

and 5.4 for the following discussion). The energy then recovers to PD levels at 40 Myr as a

result of the Pacific Ocean becoming resonant. From 40 Myr to 100 Myr, the dissipation rates

drop, reaching 15% of the PD value at 100 Myr. There is a subsequent recovery to values close

to 50% of PD, with a tidal maximum at 160 Myr due to local resonance in the newly formed

East-African Ocean (Davies et al., 2018). Even though the tidal amplitude in this new ocean

reaches meso-tidal levels (i.e., 2-4 m tidal range, Fig. 5.3b), the increased dissipation in this

ocean only increases the global total tidal dissipation to 50% PD (Fig. 5.4e). Therefore, this

ocean cannot be considered super-tidal. The tides then remain at values close to half of present-

day, i.e., equal to the long-term mean over the past 250 Myr in Green et al. (2017), until the

formation of Novopangea at 200 Myr. After 100 Myr there is a regime shift in the location of

the dissipation rates, with a larger fraction than before dissipated in the deep ocean (Fig. 5.3b).
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5.5.3 Aurica

Figure 5.5: The same as in Fig. 5.2 but for the Aurica scenario.

Aurica is characterized by the simultaneous closing of both the Atlantic and the Pacific

Oceans, and the emergence of the new Pan-Asian Ocean. This allows Aurica to form via

combination in 250 Myr (Fig. 5.5). In this scenario, the tides remain close to present-day

values for the next 20 Myr (see Fig. 5.3c and 5.5 for the results), after which they drop to 60%

of PD at 40 Myr, only to rise to 114% of PD values at 60 Myr and then to 140% of PD rates

at 80 Myr. This period hosts a relatively long super-tidal period, lasting at least 40 Myr as

the Pacific and Atlantic go in and out of resonances at 60 Myr and 80 Myr, respectively. The

dissipation then drops to 40-50% of PD, with a local peak of 70% of the PD value at 180 Myr

due to resonance in the Pan-Asian Ocean. This is the same age as the North Atlantic today,

which strongly suggests that oceans go through resonance around this age. By the time Aurica

forms, at 250 Myr, the dissipation is 15% of PD, the lowest of all simulations presented here.

67



5.5.4 Amasia

Figure 5.6: The same as in Fig. 5.2 but for the Amasia scenario.

In the Amasia scenario, all the continents except Antarctica move north, closing the Arctic

Ocean and forming a supercontinent around the North Pole in 200 Myr (Fig. 5.6). The results

show that the M2 tidal dissipation drops to 60 % of PD rates within the next 20 Myr (Fig.

5.3d and 5.6 for continued discussion). This minimum is followed by a consistent increase,

reaching 80% of PD rates at 100 Myr, and then, after another minimum of 40% of PD rates

at 120 Myr, tidal dissipation increases until it reaches a maximum of 85% at 160 Myr. These

two maxima are a consequence of several local resonances in the North Atlantic, North Pacific,

and along the coast of South America, and the minimum at 120 Myr is a result of the loss of

the dissipative Atlantic shelf areas due to continental collision. A major difference between

Amasia and the scenarios previously described, is that here we never encounter a full basin-

scale resonance. This is because the circumpolar equatorial ocean that forms is too large to host

tidal resonances, and the closing Arctic Ocean is too small to ever become resonant. However,

the scenario is still rather energetic, with dissipation rates averaging around 70% of PD rates

because of several local areas of high tidal amplitudes and corresponding high shelf dissipation

rates (Fig. 5.3d).
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5.6 Discussion

Table 5.1: Summary of the number of super-tidal peaks for each scenario

Supercontinent
Scenario

Mode of Su-
percontinent
formation

Number of
super-tidal
peaks, incl.
PD

Resonant basins, incl. PD Average nor-
malised* dis-
sipation

Pangea Ul-
tima

Introversion 5 Atlantic, Pacific, Pacific and Atlantic, Pa-
cific and Atlantic, Pacific

0.877

Novopangea Extroversion 2 Atlantic, Pacific 0.520
Aurica Combination 4 Atlantic, Pacific, Atlantic, Pan-Asian 0.647
Amasia Orthoversion 1 Atlantic 0.723

∗Against PD degenerate = 2.2 TW

Table 5.2: Summary of the total time each scenario was in a super-tidal state.

Supercontinent scenario Number of super-tidal cycles Time span of supercontinent cycle* (Myr) Total time span of tidal maxima (Myr) T( f uture)%

Pangea Ultima 5 730 100 13.7

Novopangea 2 680 40 5.9

Aurica 4 730 80 11.0

Amasia 1 680 20 2.9

∗From the formation of Pangea to the break-up of the future supercontinent.

We investigated how the tides may evolve during four probable scenarios of the formation

of Earth’s future supercontinent. The results show large variations in tidal energetics between

the scenarios (see Table 5.1 and Fig. 5.3), with the number of tidal maxima ranging from 1 (at

present during the Amasia scenario) to 5 (including today’s in the Pangea Ultima scenario) – see

Table (5.1) for a summary. These maxima occur because of tidal resonances in the ocean basins

as they open and close. Furthermore, we have shown that an ocean basin becomes resonant for

the M2 tide when it is around 140 – 180 Myr old (as is the PD Atlantic). The reason for this

is simple: assuming the net divergence rate of two continents bordering each side of an ocean

basin is ∼3 cmyr−1 (which is close to the average drift rates today), after 140 Myr it will be

4500 km wide. Tidal resonance occurs when the basin width is half of the tidal wavelength

(Arbic and Garrett, 2010):

L = cgT (5.7)

where the wave speed is given by:

cg = (gh)
1
2 (5.8)
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and T is the tidal period (12.42 hours). For a 4000 m deep ocean, resonance thus occurs

when the ocean is 4429 km wide, i.e., at the age given above. The depth of the simulated

oceans changes between the scenarios to preserve ocean volume at that of present day. These

changes are too small to affect the resonant scales in the different simulations, especially at the

resolution we are using here (0.25◦ in latitude and longitude). For example, in the Novopangea

scenario, which has the shallowest average ocean depth at 3860 m, the resonant basin scale

is 4350 km, whereas in the Pangea Ultima scenario, in the present-day the overall deepest at

4395 m, the basin scale would be 4642 km. This again highlights the relationship between the

tidal and tectonic evolution of an ocean basin. It also reiterates that ocean basins must open

for at least 140 Myr to be resonant during their opening at present day drift speeds (e.g., the

Pan-Asian ocean). If an ocean opens for less than 140 Myr, e.g., the Trans-Antarctic (80 Myr of

opening) or Arctic ocean (60 Myr of opening; Miller et al. (2006)), or if they drift slower than

3 cmyr−1, they will not become resonant. After this 140 Myr/4500 km age/width threshold has

been reached, the ocean may then be resonant again if it closes.

Therefore, if the geometry, and mode of supercontinent formation permits (i.e., multiple

Wilson cycles are involved), several oceans may go through multiple resonances – sometimes

simultaneously – as they open/close during a supercontinent cycle. For example, in the Pangea

Ultima scenario, the Atlantic and Pacific are simultaneously resonant at 160 Myr (Table 5.1),

and as Aurica forms, the Atlantic is resonant twice (at present, and when closing at 80 Myr),

the Pacific once (closing) and the Pan-Asian ocean once (after 180 Myr, when opening; Table

5.1 and section 5.5.3).

The simulations here expand on the work of Green et al. (2018), regarding the tidal evolu-

tion of Aurica. They find a more energetic future compared to the present Aurica simulations

(e.g., our Fig. 5.3c): their average tidal dissipation is 84% of the PD value, with a final state at

40% of PD, whereas we find dissipation at 64% of PD on average and 15% of PD at 250 Myr.

This discrepancy can be explained by two factors present in the work of Green et al. (2018):

a lack of temporal resolution, and a systematic northwards displacement in the configuration

of the continents, meaning their tidal maxima are exaggerated. Despite these differences, the

results are qualitatively similar, and we demonstrate here that under this future scenario the

tides will be even less energetic than suggested in Green et al. (2018). This, along with results

from tidal modelling of the deep past (Green et al. (2017) this paper, and unpublished results)

lends further support to the super-tidal cycle concept, and again shows how strong the current
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tidal state is.

All four scenarios presented have an average tidal dissipation lower than the present-day,

and all scenarios, except Amasia, have a series of super-tidal periods analogous to present-day.

The results presented here can supplement the fragmented tidal record of the deep past (Kagan

(1997); Green et al. (2017)) and allow us to draw more detailed conclusions about the evolution

of the tide over geological time, and the link between the tide, the supercontinent cycle, and the

Wilson cycle.

We have estimated the number tidal maxima that have occurred in the Earth’s history (N)

and the total time that the Earth was in a super tidal state (T), as follows:

N = Nsc ·Nwc ·Nt (5.9)

and:

T =
N ∗Ttm

TE
(5.10)

Nsc represents the Number of supercontinent cycles that have occurred on Earth, including

the present one (we assume a minimum of 5 supercontinent cycles; e.g., Davies et al. (2018);

and references therein), Nwc is the number of Wilson cycles per supercontinent cycle (we as-

sume an average of 2), Nt is the number of tidal maxima per Wilson cycle (we assume an

average of 2; this work). Ttm is a representative time duration for each tidal maximum (20 Myr)

and TE is the age of the Earth (4.5 Gyr; e.g., Dalrymple (2001)). This Fermi estimation suggests

that there may have been ∼20 super-tidal periods on Earth (N), spanning over 400 Myr (8.9%)

of the Earth’s history. This value is corroborated by the results in Table (5.2).
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6 Analysing the tidal state of a pre-Plate tectonic Earth dur-

ing the Archean Eon (3.9 Ga)

6.1 Preface

This chapter details a draft of my third first-author paper, currently in preparation to be in-

cluded as a book chapter in 2022. The following sections cover tidal modelling of the Archean

period (3.9 Ga).

6.2 Introduction

The relationship between tides and tectonics is a very important part of the Earth system

as we have shown above. It has been demonstrated that as the continents move according to

plate tectonics, they alter the shape of oceans which affects the open ocean tide. This has

been established in the Cryogenian (Green et al., 2020), the Devonian (Byrne et al., 2020), the

Cenozoic (Green et al., 2017) and in four potential scenarios of Earth’s future (Davies et al.,

2020). While it is still debated when plate tectonics became the dominant mechanism for plate

recycling on Earth (Palin et al., 2020), we know that continental land masses, and oceans, did

exist in the Archaean (4 - 2.5 Ga) (Tang et al., 2016). This means it is possible to assess the

relationship between the tide and continental configuration during that period. Furthermore,

the tidal state of this period is of particular interest in the context of the inception of life. An

exchange via papers between Richard Lathe and Peter Varga (see Lathe (2004); Varga et al.

(2006); Lathe (2006)) discusses the potential for tides to act as a chemical mixing mechanism

to allow polymerase chain reactions (PCRs) to occur at the littoral zone; however none of these

papers explicitly model the tide in this period.

The Archean is too remote a period in Earth history to allow accurate reconstructions of

topography to be made; there is not enough extant Archean crust to extract paleolocations

from to reconstruct a full view of the period (Condie, 1994). We therefore use an ensemble

of randomised bathymetries from Blackledge et al. (2020), modified to have the land/ocean

area of the Archean (∼5 - 15% land) to establish a statistically significant approximation of the

Archean Earth.

Using the 120 “Earths” Blackledge et al. (2020) created, in an established tidal model to

simulate the Archean tide, we aim to establish a first order approximation of the Lunar and Solar
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tide during the Archean. By doing this we aim to investigate the state of the tide in this remote

epoch, focusing on whether or not there is a super-tidal signal. Furthermore, we also aim to

discuss how the tide may have affected other components of the Earth system. Notwithstanding,

establishing the tidal state of a primordial ocean on a young planet will further our knowledge

of similar exoplanets.

6.3 Methods

6.3.1 Mapping of the Archean conceptual scenarios

The maps used as the boundary condition for the tidal modelling are modified versions of

the ensemble presented in Blackledge et al. (2020). The original ensemble from Blackledge

et al. (2020) are a matrix of 360 by 180 grid points (1◦ resolution) so they were extrapolated

to a matrix of 1440 by 720 gridpoints (1/4◦ horizontal resolution in latitude and longitude).

They were then given an artificial land mask 2◦ wide on both poles to allow for numerical

convergence (simulations with equilibrium tides near the poles in Green et al. (2017, 2018) did

not change the results there). Each map was then "flooded" until the land area averaged 5 -

15% retaining ocean volume at present day values by raising the ocean floor where needed. As

these are randomly generated maps, they do not contain recognisable underwater features such

as continental shelves, ridges, or subduction zones.

To show the effect of continent size, ocean basin size, and coastline complexity on the

tide, we used the same non-dimensional R value presented in Blackledge et al. (2020), R =

Ltot/
√

Aocean, where Ltot is the total coastline length (in km) and Aocean is the surface area of

the ocean (in km2). However due to the differences in method or defining what is land and

ocean between Blackledge et al. (2020) and here, the R values are very different. Blackledge

et al. (2020) defined coastline at a fixed value of the greyscale topographic ensemble where we

"flooded" the maps to reach the coastline value thereby greatly altering the coastline length and

therefore the R value.

Alongside the ensemble simulations, for each constituent we simulated the present day and

Archean tide on a map with present day bathymetry (NOAA ETOPO1 - see https://data.

nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.ngdc.mgg.dem:316# for details). Consequently,

we get two additonal tidal simulation results for each constituent: PD bathymetry with PD tidal

forcing, and PD bathymetry with Archean forcing, plotted with a triangle for present day and a
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circle for Archean on Fig. (6.1) respectively.

While the same randomised topography ensemble was used here and in Blackledge et al.

(2020), the method used to create the ocean bathymetries for tidal modelling differs between

their and our work. They assign all values under 0.2 on the greyscale maps to 4500 Km with

the rest being land, where we retain the random bathymetry by "flooding" maps until they

are Archean-like, while also raising the abyssal plain to maintain present day ocean volume,

meaning our oceans are shallower on average and retain more of the random bathymetry.

6.3.2 Tidal modelling

The Archean tide was simulated using the Oregon State University Tidal Inversion Soft-

ware, OTIS, which has been extensively used to simulate global-scale tides of the past, present,

and future (Egbert et al., 2004; Green, 2010; Green and Huber, 2013; Wilmes and Green, 2014;

Green et al., 2017, 2018). OTIS was benchmarked against other software that simulate global

tides and it was shown to perform well (Stammer et al., 2014). It provides a solution to the

linearized shallow water equations (Egbert et al., 2004):

δU
δ t

+ f U = gh5 (η−ηSAL−ηEQ)−F (6.1)

δη

δ t
−5·U = 0 (6.2)

Here, U is the tidal volume transport vector defined as uh, where u is the horizontal velocity

vector and h the water depth, f is the Coriolis parameter, g the acceleration due to gravity, η the

sea surface elevation, ηSAL the self-attraction and loading elevation, ηEQ the elevation of the

equilibrium tide, and F the energy dissipation term. The latter is defined as F= Fb+Fw, where

Fb =Cdu‖u‖ parameterises energy due to bed friction using a drag coefficient, Cd=0.003, and

Fw =CU represents losses due to tidal conversion. The conversion coefficient, C, is based on

Zaron and Egbert (2006) and modified by Green and Huber (2013), computed from:

C(x,y) = ϒ
NHN
8πω

(5H)2 (6.3)

In Eq. 6.3 ϒ = 50 is a dimensionless scaling factor accounting for unresolved bathymetric

roughness, NH is the buoyancy frequency (N) at seabed, Ñ is the vertically averaged buoyancy

frequency, and ω is the frequency of the M2 tidal constituent, the only constituent analysed here.
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The buoyancy frequency, N, is based on a statistical fit to present day climatology (Zaron and

Egbert, 2006), and given by N(x,y) = 0.00524exp(−z/1300), where z is the vertical coordinate

counted positive upwards from the sea floor. We did not change N throughout the simulations

because the stratification in the ancient oceans is yet to be quantified.

Each run simulated 14 days, of which 5 days were used for harmonic analysis of the M2,

K1, S2, and O1 tide. The model output consists of amplitudes and phases of the sea surface

elevations and transports, which was used to compute tidal dissipation rates, D, as the difference

between the time average of the work done by the tide generating force (W), and the divergence

of the horizontal energy flux (P; see Egbert and Ray (2001) for details):

D =W −5·P (6.4)

where W and P are given by:

W = gρU · 5 (ηEQ +ηSAL) (6.5)

P = gρUη (6.6)

The tidal parameters for the Archean are very different to present day. Lunar distance is

263 000 Km compared to the present 384 400 Km (Waltham, 2015). This acts to enhance

the equilibrium tide by 3.4x. Furthermore, the Earth was rotating much faster in this early

eon of Earth history, meaning the day was 13.1 h (Waltham, 2015) and the semidiurnal tidal

period was therefore 6.78 h. The orbit of the Earth relative to the sun has likely not changed

significantly since the Archean therefore we kept the S2 tidal parameters at present day values.

6.4 Results

On average we find an enhanced tidal signal for the ensemble bathymetry maps of the

Archean, with average global M2 tidal dissipation and amplitudes being around 40 - 60% higher

than the present day (Figs. 6.1 and 6.2). Furthermore, the M2 deep dissipation is almost twice

as energetic as the present day equivalent. The K1 and O1 constituents are also more energetic,

however by only a small margin when compared to the present day (Tables 6.1 and 6.2, and

Fig. 6.1), and the S2 tidal dissipation is less energetic in the Archean results than the present

day.
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The standard deviations of the Archean ensemble dissipations and amplitudes for all of the

constituents is in general quite low (Tables 6.1 and 6.2). Except for deep dissipation in the M2

constituent where it the same as the average.

Present day bathymetry with Archean forcing (Fig. (6.1 (top left figure, circle data point))

has the highest tidal dissipation for the M2 constituent. In the K1, and O1 constituents (Fig. 6.1

(bottom left and right respectively), Archean tidal forcing on PD bathymetry gives higher tidal

dissipation rates than PD bathymetry and PD forcing, however, despite being more energetic

than the PD bathymetry and forcing it is a median value when compared to the Archean en-

semble. The S2 tidal dissipation is highest in the PD bathymetry, PD forcing simulation, with

the Archean S2 ensemble, and Archean forcing on PD bathymetry values averaging less than

half the PD value.

Table 6.1: Global average and standard deviation of the Archean ensemble maps’ tidal dissipation (in TW) for the M2, S2, K1,
and O1 tidal constituents, along with the dissipation for Present day simulation with PD forcing and PD bathymetry.

Avg. Archean Dissipation SD Archean Dissipation Present Day Dissipation

Constituent Total Deep Shelf Total Deep Shelf Total Deep Shelf

M2 3.89 1.03 2.86 0.86 1.03 1.23 2.96 0.64 2.32

S2 0.18 0.054 0.12 0.07 0.07 0.06 0.54 0.12 0.43

K1 0.56 0.14 0.42 0.22 0.18 0.25 0.39 0.1 0.29

O1 0.34 0.08 0.26 0.15 0.09 0.17 0.24 0.07 0.17

Table 6.2: Global average of the Archean ensemble maps’ amplitude (in meters) for the M2, S2, K1, and O1 tidal constituents,
along with the amplitude for Present day simulation with PD forcing and PD bathymetry.

Constituent Avg. Archean amplitude SD Archean Amplitudes Present Day Amplitude

M2 0.47 0.12 0.29

S2 0.06 0.02 0.11

K1 0.10 0.02 0.08

O1 0.08 0.02 0.07
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Figure 6.1: R versus the globally integrated dissipation rate for the M2 (top left), S2 (top right), K1 (bottom left), and O1

(bottom right) tide. The triangle marks present day dissipation and R value, and circle is present day with Archean tidal
forcing. Note the discontinuous x-axis on all figures, also the y-scale is different for the M2 tidal constituent.
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Figure 6.2: M2 tidal amplitudes for (a) present day bathymetry with present day tidal forcing, (b) present day bathymetry and
Archean tidal forcing, and (c) a representative map selected from the Archean ensemble because it has median tidal amplitudes.

We find a similar trend in our tidal dissipation results to those of Blackledge et al. (2020)

where there is a weak correlation between higher R values and higher tidal dissipation. The

ensemble average Archean M2 tidal dissipation is higher than the average of the M2 dissipation

results presented in Blackledge et al. (2020). Their highest M2 value is 1.9 TW where our

highest result in the Archean ensemble was 6.7 TW. Notwithstanding, all four of the tidal

constituents presented in Fig. (6.1) resemble Fig. (2b) of Blackledge et al. (2020), despite

the the non-dimensional R value being much higher for all of the Archean simulations. Our
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S2 results are far less energetic than those presented in Blackledge et al. (2020). They report

S2 amplitudes ∼ 45% of M2 and dissipation rates of 0.67 TW. Here our Archean ensemble

S2 amplitudes are 1/8th of the average Archean ensemble M2 tidal amplitude, and the peak S2

tidal dissipation is 0.45 TW. None of the configurations in the ensemble produce higher S2 tidal

dissipation rates than M2.

6.5 Discussion

Because the Archean M2 tidal forcing is 3.4x the present day, we would expect to see higher

values of tidal dissipation than that presented in Table (6.1). The lower than expected tidal

dissipation (only 1.5x higher than PD) is likely a combination of the model underestimating

the true tidal dissipation rates, as has been highlighted in previous papers using OTIS (Green

et al., 2018, 2020; Davies et al., 2020), and the vast oceans of the period not being able to

support any resonance. Looking a the half wavelength resonance equation λ =
√

gHT (where

H is ocean depth, T is the tidal period, and g is gravity) (Egbert et al., 2004; Arbic and Garrett,

2010; Green, 2010) in the Archean, the M2 period for the Archean is just over half the PD

value meaning the required width of an ocean 4 km deep for it to be resonant is just over 2200

Km. Oceans that narrow are uncommon in the ensemble because of the low land coverage. The

results here agree with those of Blackledge et al. (2020) that low R value correlates with lower

dissipation rates. Because of the large oceans and small area of coastline, dissipation is lower

than it could potentially be if there was more resonant basins and embayments. Despite all this,

the tidal dissipation is much higher than the PD value, due to the proximity of the Archean

Moon, particularly in the deep ocean where most of the tidal energy would dissipate due to

reduced area of continental shelves.

The overall standard deviations of the Archean ensemble tidal dissipations and amplitudes

is low which indicates that (assuming the Archean was topographically similar to the ensmble

- 5 - 15% land and no major underwater features) we have a reasonable approximation of the

Archean tidal environment in this work. The highest standard deviation is in the M2 deep

dissipation which is understandable given a higher fraction of the Archean tide is dissipating in

the deep ocean than the present day tide. Furthermore, we believe the Archean shelf dissipation

value is overestimated because is not a quantification of bodies of water near land, but water

shallower than 1000 m. Much of the Archean ocean is therefore classified as "shelf" in this

approximation. This value was kept the same to allow comparison with present day simulations
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and with previous studies using the same method (e.g., Davies et al. (2020); Blackledge et al.

(2020)).

Lathe (2004) argues that this enhanced tidal energy in the Archean lead to fast tidal cycling

of the vast inter-tidal zone in the early Archean (3.9 Ga) is one mechanism by which early

self-replicating molecules such as RNA and DNA might have developed. Despite the disparity

in the length of day and period of the tide Lathe (2004) used compared to those used here,

based on the tidal amplitude results presented above it is likely the Archean had large intertidal

zones in some regions. Many of the scenarios have macrotidal (>4 m) regions along the small

landmasses, however the conjecture of Lathe (2004) suggesting tidal zones were hundreds of

kilometers wide is purely speculation. With regards to their hypothesis of the Archean intertidal

zone acting as a natural "lab bench" for PCR (Polymerase Chain Reactions) to occur is not fully

supported by the results presented here. The requisite temperatures (Catling and Zahnle, 2020)

and periods (see above), are not present in the Archean, however there would likely have been

periodic dilution and concentration of minerals on the intertidal zone.

The close proximity of the Moon in this early epoch exerts a strong tidal force on the

young oceans which may have contributed to the emergence, growth in number and dispersal

of life. Whether this is important for all habitable planets is still not fully investigated. Both

here and in Blackledge et al. (2020) we find a link between ocean area, coastline complexity

and tidal dissipation, however their work, while including rapid planetary rotation, did not

include enhanced tidal energetics as a result of a close proximity moon, here that was included,

however only for a sample which reflected the Archean continental area. Neither this or their

study included potentially habitable gas giant moons, or planets in close proximity to their star

where in both cases strong tidal forces are also exerted on the planet.

We believe future work should use the R value used here with caution. While it does

approximate coastline complexity and ocean area, it is not a perfect quantification of ocean

geometry. The ensemble maps used are each unique in continent layout however, because

they were limited to 5 - 15% land coverage, many have similar R values. Future work should

therefore include a further quantification of latitudinal concentration of landmasses and use

either 1◦ or 1/4◦ so the results are comparable with those here or in Blackledge et al. (2020).
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7 Co-authored papers

7.1 Is there a tectonically driven supertidal cycle?

J. A. M. Green, J. L. Molloy, H. S. Davies, & J. C. Duarte

(This chapter is a summary of a paper I co-authored which was published in Geophysical

Research Letters, Green et al. (2018))

7.1.1 Abstract

Earth is 180 Myr into the current supercontinent cycle, and the next supercontinent is pre-

dicted to form in 250 Myr. The continuous changes in continental configuration can move

the ocean between resonant states, and the semi-diurnal tides are currently large compared

to the past 252 Myr due to tidal resonance in the Atlantic. This leads to the hypothesis that

there is a “super-tidal” cycle linked to the supercontinent cycle. Here this is tested using new

tectonic predictions for the next 250 Myr as bathymetry in a numerical tidal model. The simu-

lations support the following hypothesis: a new tidal resonance will appear 150 Myr from now,

followed by a decreasing tide as the supercontinent forms 100 Myr later. This affects the dis-

sipation of tidal energy in the oceans, with consequences for the evolution of the Earth-Moon

system, ocean circulation and climate, and implications for the ocean’s capacity of hosting and

evolving life.
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7.1.2 Summary

The present day Atlantic is resonant with the M2 tide (Platzman, 1975; Green, 2010). This

elevates the global dissipation of energy in the oceans such that the present day dissipation rate

(∼ 2.5 TW) is anomalously high when compared to the deep time record of tidal dissipation

(Green et al., 2017). According to the supercontinent cycle and more specifically, the Wilson

cycle of the Atlantic, we know that the current Atlantic Wilson cycle began with the breakup

of Pangea (Scotese, 1991). Since its inception, and in the present day, the Atlantic ocean

is opening. Based on present day drift velocities (Schellart et al., 2007) we can assume the

Atlantic ocean will continue opening into the near future and in every scenario presented in

sections 4.6.1, 4.6.2, 4.6.3, and 4.6.4 the Atlantic does continue to open for at least the next

25 Ma. As the Atlantic continues to open it should widen to a point where it is no longer

harmonically resonant with the M2 tide.

To form the next supercontinent by introversion or extroversion either the Atlantic or Pacific

(or both) must close. If the Atlantic continues to open before reversing and closing again then

it could return to a resonant width. The same can be said of the Pacific it is closes also or

instead of the Atlantic. Green et al. (2018) asks two questions considering the above: (i), when

and where will a potential second tidal resonance occur in time and space on Earth, and (ii),

is there a pattern of cyclicity in the relationship between the Wilson cycle and tidal resonance

in ocean basins? - Is there a relationship between the energetics of tidal dissipation (i.e., the

amount of energy the tide is dissipating in the Earth’s oceans) over geological time, and the

Supercontinent/Wilson cycle?

To best assess this relationship the future scenario with the most Wilson cycle initiations

and terminations was chosen, Aurica. In the Aurica scenario the Atlantic and Pacific Wilson

cycles terminate and a new Wilson cycle is initiated when the Pan-Asian ocean opens (section

4.6.3. A lower temporal resolution version of the Aurica scenario was used in Green et al.

(2018) (Fig. 7.1)
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Figure 7.1: Figure 1 from Green et al. (2018) showing the progression of the next 250 Ma of Plate tectonics on Earth according
to the Aurica scenario. The top two panels show present day (PD) and PD-reduced bathymetries respectively. Light blue is
200 m, intermediate blue (the ridges) is 2500 m and the majority of the ocean is <4000 m deep.

Changes in tidal dissipation over geological timescales can profoundly affect the rest of the

Earth system. Herold et al. (2012) was unable to fully reproduce the conditions of the Miocene

with the boundary conditions they prescribed, and Green and Huber (2013) found that enhanced

abyssal tidal dissipation is necessary to recreate conditions around 55 Ma. Green and Huber

(2013), and Green et al. (2017) both conclude that there must be periods in Earth history where

the tidal dissipation was diminished from its present state, retro-polating Lunar recession rates

confirm this (see section 2.7.3 for a full explanation).

The relationship between the tides and changing ocean basin geometry as a result of tectonic

processes was already explored in the past by Green et al. (2017). Now this investigation will

be continued 250 Ma into the future using the tectonic prediction of Duarte et al. (2018) to

examine the relationship over a whole supercontinent cycle (Pangea - Aurica). Green et al.

(2018) aims to conduct tidal modelling over an entire supercontinent cycle from the breakup

of Pangea to the formation of Aurica to establish a first order predictability of when large tides
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(Super-tides) may occur in Earth history.

7.1.3 Results - Tidal Amplitudes

Fig. (7.2) shows that the M2 tidal amplitudes for the PD reduced are weaker than the

PD simulation. This means the simulation could be underestimating the tide for the future

scenarios. Reducing the bathymetric detail is enough to alter the tidal state in a number of

regions, such as the Atlantic, Arctic ocean, and Antarctica. Conversely the K1 tidal amplitudes

appear to be larger for the PD-reduced than the PD (Fig. 7.3). The elevated tidal amplitude in

the K1 tide is likely because of the same reason as the reduction in the M2 tide, reducing the

complexity of the ocean bathymetry in the PD-reduced model alters the geometry of the Earth’s

basins allowing K1 resonance to appear where it would not with the PD bathymetry.

Figure 7.2: Figure 2 from Green et al. (2018) showing M2 tidal amplitudes in meters for PD (top left) and PD-reduced (top
right) simulations, along with the amplitudes at each time modelled in the future. The colour scale saturates at 2 m.
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Figure 7.3: Figure 3 from Green et al. (2018) showing the same as Fig. 2, but for the K1 constituent of the tide.

As the scenario progresses 25 Ma and 50 Ma into the future, M2 tidal amplitudes increase.

This is due to enhanced tides in both the Atlantic and Pacific oceans at these times; the Pacific

is half-wavelength resonant at 25 Ma and 50 Ma. At 100 Ma large tides occur in the newly

formed Pan-Asian ocean and Indian ocean - now one contiguous ocean running meridionally

from Arctic to Southern oceans. As the Atlantic is closing at 150 Ma it returns to a width of

half wavelength resonance. After this the tidal amplitudes globally drop as the Supercontinent

begins to assemble. Once Aurica has formed only small regions such as embayements have

large tides due to coastal geometry.

K1 follows a somewhat different pattern of changing amplitudes through the scenario, how-

ever with some similarities. K1 hits a global maximum at 100 Ma when M2 is at a minimum.

Then K1 amplitude remains steady between 150 and 200 Ma before dropping off as Aurica

forms, similarly to the M2 amplitude. The M2 experiences two resonances during the Aurica

scenario where K1 experiences only one. The K1 tide is diurnal so according to the equations

laid out in section 2.7.1 the width of an ocean required for K1 resonance is larger. As the At-
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lantic and Pacific oceans are both closing before reaching a width conducive to K1 resonance,

the only time it occurs in this scenario is in the Pan-Asian oceans at 100 Ma.

7.1.4 Results - Tidal Dissipation

Globally averaged tidal dissipation for the whole of the Aurica scenario showed the rates

to be only 84% of Present day rates - ∼2.2 TW (see Fig. 7.4b). This suggests the Present

day tidal dissipation is elevated from the geological average, likely because of tidal resonance

in the Atlantic ocean. Furthermore, the future dissipation result shows that the timing of the

resonant states (or Super-Tides) in oceans is no longer than 50 Ma as no resonance observed

persists for longer than that, and drift velocities are such that the ocean would widen or narrow

too much in 50 Ma to retain a resonant width. The results suggest a Supercontinent cycle can

support a number of resonances in both the M2 and K1 tide, although there is less chance K1

will experience multiple resonances as it requires a wider ocean to be resonant.

Figure 7.4: Figure 4 from Green et al. (2018) (a), Relative (to PD) tidal amplitudes for the K1 (dashed line) and M2 (Solid line)
tidal constituents. (b), Globally integrated relative (to PD) dissipation rates for the M2 tide. (c), Evolution of Lunar semi-major
axis a over the scenario time frame, for the modelled (solid line) dissipation rate, and the present day (dashed) dissipation rate.

Weaker tidal dissipation on average, and for prolonged periods during the supercontinent
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cycle further highlight the conclusions of Green et al. (2017), that the present day tide is

more energetic than the geological average, and therefore should not be used in long term, or

deep time investigations requiring accurate tidal dissipation rates. Furthermore, it confirms the

present day Lunar recession rate is anomalously high meaning the disparity between recession

age and radioisotope ages are not discordant (see section 2.7.3 for more details).

7.1.5 My contribution

My contribution to this work can be divided into two tasks: producing the kinematic tec-

tonic maps of Aurica in enough detail that they can be used with the tidal model, and super-

vising a Masters student (Joe Molloy) who conducted the initial coupling of the kinematic and

tidal models, thereby laying the foundation required to do the tidal modelling presented in

Green et al. (2018).

For consistency the bathymetry used in these maps was made to be the same as that used

in Green et al. (2017) (see their Figure 1, top left panel). This paper represents the first proper

coupling of the kinematic and tidal models detailed in chapter 3 and the method here sets the

precedent for the modelling done in Davies et al. (2020), and Green et al. (2020).

Joe’s work during the summer of 2017 was to prepare all of the future scenarios for coupling

with the tidal model, as detailed in section 3.2.1. Only the Aurica scenario was used in this work

so of Joe’s work, only the Aurica scenario was utilised.
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7.2 Weak tides during Cryogenian glaciations

J. A. Mattias Green, Hannah S. Davies, João C. Duarte, Jessica R. Creveling, & Christopher

Scotese.

(This chapter is a summary of a paper I co-authored which was published in Nature

Communications, Green et al. (2020))

7.2.1 Abstract

The prolonged and severe “Snowball Earth” glaciations proposed to have existed during

the Cryogenian period (720 to 635 million years ago (Ma)) coincided with the breakup of the

supercontinent Rodinia and assembly of the supercontinent Pannotia. While the presence of

extensive continental ice sheets predicts a tidally energetic Snowball ocean due to the reduced

ocean depth, the supercontinent paleogeography predicts weak tides because the surrounding

ocean is too large for tidal resonances to develop. Here we show, using an established numeri-

cal global tidal model and recent paleogeographic reconstructions, that the Cryogenian hosted

diminished tidal amplitudes and tidal energy dissipation rates of 10-50% of today’s rates dur-

ing the Snowball glaciations, and we argue that the near absence of Cryogenian tidal processes

may have been one contributor to the prolonged Snowball glaciations. These results also bet-

ter constrain lunar distance and orbital evolution throughout the Cryogenian, and highlight that

simulations of past oceans should include explicit tidally driven mixing processes for the period

under investigation.
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7.2.2 Summary

During the Cryogenian period (720 - 635 Ma) it has been hypothesized that the Earth experi-

enced severe glaciations which may have been near global in extent. Both glaciations which are

proposed to have occurred during this period - The Sturtian (717 - 660 Ma) and the Marinoan

(650 - 635 Ma) had continental ice advance to low latitudes (Macdonald et al., 2010). A "snow-

ball state" for the Earth (i.e., large, low latitude extent glaciations) are climatically stable and

only revert from "Snowball" when volcanic outgassing reach a threshold required for deglacia-

tion (Hoffman et al., 2017). Along with the positive feedbacks which contribute to "Snowball"

conditions - such as albedo, (Schrag et al., 2002), Green et al. (2020) proposes another positive

feedback in the ocean system which may contribute to the duration of "snowball" glaciations.

Tidal mixing underneath an ice sheet can rapidly increase melting from underneath as mixing

removes the cold fresh water insulating the ice sheet away allowing warm saltier water to come

into contact with the ice sheet enhancing melt rates. This can be observed in the Antarctic today

(Makinson et al., 2011), and tidally driven mixing likely contributed to the collapse of the Lau-

rentide ice sheet (Arbic et al., 2004). If the tides are weak during the "Snowball" glaciations,

then under-ice mixing rate would be reduced and melting from under the ice sheet would occur

slower.

As sections 2.7.1, and 2.7.3 outline, open ocean resonance occurs only when a basin’s

geometry (width and depth) is harmonic with the tide. In the period Green et al. (2020) covers

the M2 tide is 10.98 h instead of the present 12.42 h. Furthermore, the change in eustatic sea

level between "snowball" and interglacial periods due to variation in land ice volume also alters

basin geometry, as seen in the last glacial period (Wilmes and Green, 2014). The aims of Green

et al. (2020) were twofold, to quantify tidal energetics for the cryogenian period, and to discuss

how tidal energetics were effected by and could affect onset, tenure, and end of the "Snowball"

glaciation periods.

7.2.3 Results - Tidal Amplitudes

At the beginning of the period modelled - until the beginning of the Sturtian glaciation at

715 Ma the tide goes from 0.2 m to 0.44 m, larger than the present day average tidal amplitude.

As the Sturtian ice sheets form and the sea level drops continental shelf is exposed narrowing

the oceans and allowing resonance to occur. The tidal amplitude drops over the next 25 Ma

but does not drop down to microtidal levels because of emergence of land at the south pole
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supporting further resonance. The large ocean appears to be on the cusp of being harmonically

resonant as subtle changes at 680 and 655 Ma allow the basin to support larger tides than

predicted. Onset of the Marinoan glaciation reduces the tidal energetics - This period has the

most quiescent tides of any presented in this thesis, or in the other tidal modelling endeavours

with OTIS. The tides return to around 0.2 m which is the average for the period modelled,

around 60% of Present day values.

Figure 7.5: Figure 1 from Green et al. (2020) simulated M2 tidal amplitudes for the 9 time slices represented in Fig. 7.3. Note
that the colour scale saturates at 2 m. The grey arrow at 630 Ma is pointing to the Elatina formation in present day Aurstalia
(Williams, 2000).

7.2.4 Results - Tidal Dissipation

As Fig. (7.6) shows, the tidal dissipation rates fail to come close to modern values. The

closest value is at 715 Ma at 2 TW, around 80% of Present day. The lowest energetics to occur

in this work were only around 10% of Present day. Despite the resonance which occurs at the

onset of the Sturtian, both glaciations appear to dampen the tidal amplitude and dissipation.

The tidal dissipation quickly increases after the end of the Marinoan, increasing from 0.2 -

1.4 TW between 635 Ma and 630 Ma. The difference between the two time slices observed

is unlikely to be due to tectonic movement as little will change in only 5 Ma, therefore it is

more likely the ice parameterisation affected the result more. This highlights the relationship

between the ice in this period and tidal energetics. Furthermore, at 630 Ma large amplitudes

(∼2 m) are recorded along the Gondwanan coastline, now the Elatina formation in Australia

(Fig. 7.5).
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There is still debate whether during these glaciations the Earth was covered in solid ice or

not. As Fig. (7.6) shows, the slushball simulations show, in general, weaker tidal amplitudes

and dissipation for both glaciations, only strengthening slightly compared to snowball for the

end of the Marinoan. In both scenarios the tidal environment is very quiescent and far below

that seen during Present day.

Figure 7.6: Figure 2 from Green et al. (2020) a) Globally averaged M2 amplitudes and b) Globally averaged M2 dissipation
rates. The light grey shaded areas and data points marked by red dots are for interglacial periods, and the dark shaded areas and
data points marked with blue dots are results for glacial periods. The black solid line represents simulations with conversion and
no sea level change during interglacial periods, no conversion, and increased bed friction during the glacial periods. The "x"
and "+" symbols represent sensitivity simulations for the onset of glaciations (although non-glacial paramaters were used) and
for interglacial periods with no tidal conversion respectively. The dashed line marked with blue circles represents a simulation
with slushball conditions and an ice free band within 10◦ of the equator.
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7.2.5 My contribution

Figure 7.7: Figure 3 from Green et al. (2020) Ocean bathymetry for 9 key time slices. Land is shown in white and the ocean
bathymetry in colour. Note the lack of (yellow) shelf seas during glaciations. The green lines in the oceans mark the peaks of
the oceanic spreading centers and dark grey lines show subduction zones.

My contribution to this work involved creating a novel kinematic tectonic reconstruction

of the period from 750 Ma to 600 Ma. GPlates has a data repository of raster maps for this

time period at https://www.earthbyte.org/paleomap-paleoatlas-for-gplates/. The

maps used from this repository covered only 750, 690, and 600 Ma so raster images from

another source was also used (Scotese, 2017). Once all the relevant raster maps from both these

repositories were compiled they were used to create a kinematic tectonic model compatible

with OTIS by using the rasters as a base map from which to create shapefiles as detailed in

section 3.1. Once the model was completed at a 50 Ma temporal resolution, the information

was interpolated linearly to reconstruct plate movements to every 10 Ma between 750 and

600 Ma (a selected 9 maps are shown in Fig. 7.7). Finally, three extra slices were added to

the scenario, at 635, 655, and 715 Ma as they represent the end of the Marinoan glaciation,

an inter-glacial period, and the onset of the Sturtian glaciation respectively. The method to

construct the bathymetries for this model are the same as described in sections 5.4.2, and 7.1.5.
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7.3 Deep Future Climate on Earth: effects of tectonics, rotation rate, and

insolation

M. J. Way, H. S. Davies, J. C. Duarte, & J. A. M. Green

(This chapter is a summary of a paper I co-authored which has currently been submitted to

Geophysical Research Letters, Way et al. (2019))

7.3.1 Abstract

We explore two possible Earth climate scenarios, 200 and 250 million years into the future,

using projections of the evolution of plate tectonics, solar luminosity, and rotation rate. In one

scenario, a supercontinent forms at low latitudes, whereas in the other it forms at high northerly

latitudes with an Antarctic subcontinent remaining at the south pole. The climates between

these two end points are quite stark, with differences in mean surface temperatures approaching

several degrees. The main factor in these differences is related to the topographic height of

the high latitude supercontinents where higher elevations promote snowfall and subsequent

higher planetary albedos. These results demonstrate the need to consider alternative boundary

conditions when simulating Earth-like exoplanetary climates.
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7.3.2 Summary

The study of the deep-future climate conducted in this paper is novel. Several studies of the

deep past and near future have been carried out but none as ambitious as this one in it’s scope

of exploration of the deep future.

The effects of tectonics on the surface of the Earth (i.e., Volcanism, rifting and orogeny)

all have a strong influence on the climate of the planet. As the Supercontinent and related

Wilson cycles progress towards the formation of the next supercontinent over the next 250 Myr

, the surface of the Earth will change significantly (Davies et al., 2018). Since the breakup of

the previous supercontinent Pangea, several tectonic events have occurred which have altered

the climate of Earth. The opening of the Drake and Tasman passages led to the glaciation of

Antarctica (Raymo and Ruddiman, 1992; DeConto and Pollard, 2003; Livermore et al., 2005).

The formation of the Isthmus of Panama which strengthened the overturning circulation and

formed the gulf stream (Montes et al., 2015). The formation of the Himalaya as a result of

the collision of India with Asia leading to increased silicate weathering and the formation of

a monsoon (Schmittner et al., 2011; Tada et al., 2016). As the supercontinent cycle continues

more of these events will occur and they will also affect the climate. What is of particular

interest is what the climate will be like once the next supercontinent has formed. Parrish (1993)

explored the climate of the Pangea Supercontinent, concluding it was arid in the center and

supported a large monsoon and large strong weather systems due to the size of the Panthalassa

ocean. Aurica resembles Pangea in that it is a large equatorial supercontinent, however Amasia

represents the opposite, a large polar supercontinent. Furthermore, Amasia is not contiguous,

and retains an isolated Antarctica. Whether that means Amasia can or can not be considered

a supercontinent because of this is besides the point, how Amasia’s continental configuration

affects the climate is the main focus of the investigation here.
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Figure 7.8: Figure 2 from Way et al. (2019), individual grid cell snow and ice fractional values for simulations 2 (Au-
rica_rand_PD), 5 (Amasia_rand_PD), and 7 (PD_control) show northern hemisphere winter (Dec, Jan & Feb) on the top
row and northern hemisphere summer (Jun, Jul & Aug) on the bottom row).

If Plate tectonics represents a pre-requisite for a planet to maintain a stable biosphere for

long enough to support complex life - i.e., its habitability lifetime is around the same length of

Earth’s∼6 Ga (Waltham, 2019) - then analysing the climate during the supercontinent phase of

a supercontinent cycle is important. If habitable planets have active tectonic regimes they will

most likely also have a supercontinent cycle. Using predictions of Earth’s future superconti-

nents in global climate modelling will contribute to establishing sensitivity ranges for habitable

exoplanets in the galaxy and wider universe and contribute to the search for planets similar to

ours.

7.3.3 My contribution

My contribution to this work involved creating topographic maps of the future scenarios for

coupling with ROCKE-3D. As ROCKE-3D is computationally expensive, and Novopangea,

Pangea Ultima, and Aurica are all similarly shaped (equatorial, no polar land masses, similar

size) it was decided to only use the Aurica and Amasia end members for the work. Of these,

three subsets of maps were made, Low mean topography (CTRL), High mean topography (PD),

and low topography with mountains (MTNS). CTRL was made with essentially no topography

except for a random roughness applied randomly between 1 and 200 m. PD had a random

mask applied using present day average land elevation and standard deviation. the resulting

topography varies from 1 - 4000 m. Finally the MNTS subset had mountains applied to a CTRL

land mask where they would geodynamically occur based on the scenario’s development. For

further information see section 3.3.1 and (Way et al., 2019).
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Figure 7.9: Figure 1 from Way et al. (2019) Land masks (grey) and ocean (white) used for this study, present day continental
configurations have been overlain for reference.
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8 Discussion

The primary research question of this work was "Is the Earth currently in a Global tidal

maximum?" Green et al. (2017) shows tides during the tenure of Pangea, and for the past 200

Ma are quiescent, being around half present day values. The tidal modelling of Green et al.

(2017) ends at the present day with a much more energetic tide showing that compared to the

last 200 Myr since the breakup of Pangea, the present day tides are anomalously energetic.

However, is this a unique phenomenon and how long will this period of more energetic tides

last for?

Green et al. (2018) show using preliminary tidal modelling on the Aurica scenario of the

future that the present day tides are also anomalously high when compared to the next 250 Myr.

They identify other periods of enhanced tidal dissipation and amplitudes in the future, where the

global tidal energetics are around twice the average for the scenario and around 80% of present

day values. Furthermore, they show that the present period of more energetic tides occurs

for approximately the next 20 Myrs and establish that because of the average drift velocity of

continental plates in the present day, half wavelength resonance will rarely last longer than 20

Ma (see section 5.6 for a full explanation).

Davies et al. (2018) presented four scenarios of the next supercontinent gathering allowing

us to further investigate tidal evolution into the geological future. In tidal modelling results

of these scenarios, Davies et al. (2020) shows in all future scenarios, global tidal energetics

decrease as the next supercontinent forms, regardless of which mode of ocean closing the su-

percontinent formed under. Despite this, periods of enhanced tidal energetics do emerge in the

future (Fig. 5.3). All the periods of enhanced tidal dissipation or "super-tide" occur when the

supercontinent is coalescing and ocean basins are widening and/or narrowing. As we know

an ocean basin can only be resonant at a width equal to the half wavelength of the tidal wave,

meaning very large and very small oceans cannot support resonant tides. Therefore tidal res-

onance should be most likely to occur in a supercontinent cycle when the supercontinent is

dispersing or converging and ocean basins are moving through this resonant width, which is

confirmed in Davies et al. (2020).

Compiling the results of Green et al. (2017, 2018); Davies et al. (2020) we can establish the

tidal evolution of Earth for 500 Myrs, equivalent to an entire supercontinent cycle, beginning at

the breakup of Pangea and ending in the formation of the next supercontinent. With this work

we can confidently say that the present day is in a global tidal maximum. Furthermore, it is
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not a unique occurrence on geological timescales. Notwithstanding, while it is likely a super-

tidal period or global tidal maximum will occur at least once during a supercontinent cycle,

the period of elevated tides (∼20 Myr) is very short when compared to the whole period of the

supercontinent cycle (∼500 Myr).

Looking at the tidal dissipation over a whole supercontinent cycle, the global average is

around half present day values for the majority of the supercontinent cycle, with periods of

super-tide when resonance occurs. Once a supercontinent has fully coalesced, tidal dissipa-

tion decreases further, by as much as half again (25% of present day values). Illustrating the

change in tidal energetics over a supercontinent cycle - very quiescent tides during supercon-

tinent tenure and slightly elevated tides during the dispersed phase of the supercontinent cycle

permeated by periods of harmonically enhanced tidal energetics.

Further studies revealed the above to be true in deep time periods of Earth history also.

Based on the results detailed above in Green et al. (2020) of coupled tidal tectonic model

results from the Cryogenian, the present day tides are anomalously high when compared to

the geological average for the periods studied (Fig. 8.1). This is further corroborated by tidal

modelling carried out during the Cenozoic (Green et al., 2017), Devonian (Byrne et al., 2020)

and Phanerozoic (Hadley-Pryce & Green personal communication, June, 2020).

Figure 8.1: Relative tidal dissipation (Present-Day = 1) from 1500 Million years ago to 250 Million years in the future, dashed
black lines represent supercontinent tenures, and blue dots represent ice ages (Green personal communication, Feb, 2020).

The anomalously energetic present day tide is due to harmonic open ocean resonance in the

Atlantic (Green et al., 2017). We know the Atlantic has been opening for ∼180 Myr and if the

average divergence rate of the bordering continents is∼3 cmyr−1, after 140 Myr the ocean will

be ∼4500 km wide - which is near the harmonic width for an ocean 4 km deep (where 4 km is

the average global ocean depth) (see section 2.7.1 for a full explanation). Therefore, if an ocean

opens for at least 140 - 180 Myr, tidal resonance will likely develop within it. This is true for

oceans which form at the beginning of the supercontinent cycle (i.e., when the supercontinent
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breaks up) e.g., the Atlantic, and for oceans which form later in the supercontinent cycle, e.g.,

the Pan-Asian ocean. This holds true for all of the periods of dispersed continent phase where

tidal modelling has been conducted, both in the past and the future (Green et al., 2020; Byrne

et al., 2020; Davies et al., 2020). The best example in the future is during the Aurica scenario,

the Pan-Asian ocean begins opening near the start of the Aurica scenario, and becomes har-

monically resonant with the tide at 140 Ma (Fig. 5.5). Despite the fact that the Pan-Asian

ocean is the second ocean to open sufficiently during the present cycle to be resonant, it still

shows proof that a minimum age is required for an ocean to be harmonically resonant.

This result of a minimum age of 140 - 180 Myr before resonance is possible in an ocean can

be seen in past supercycles also, the tidal modelling results of Byrne et al. (2020) show elevated

global tidal amplitudes consistent with present day values (average M2 amplitude 0.3 - 0.5 m)

around 400 - 380 Ma, which is around 160 - 180 Ma after the breakup of Gondwana/Pannotia

(Scotese, 2009; Merdith et al., 2017).

Looking at the tidal modelling results of the supercycle before Gondwana/Pannotia, begin-

ning with the breakup of Rodinia at 800 Ma (Merdith et al., 2017), Green et al. (2020) finds

enhanced tidal dissipation at 715, 680, and 630 Ma. The first two periods do not coincide

with the prediction, however Green et al. (2020) attributes the resonance at 715 Ma to ocean

basin shortening due to large scale eustatic sea level reduction as the Sturtian glaciation begins,

this resonance is forced more by ice formation than geodynamics. This can be likened to the

Atlantic resonance which occurred 21 Ka which was also due to ocean basin shortening as a

result of eustatic sea level reduction during an ice age (Green et al., 2017). Green et al. (2020)

attributes the enhanced tidal energetics at 680 to the emergence of land over the south pole,

this is also not within the timing of the prediction (being only 120 Ma from the breakup of Ro-

dinia) however, this period of enhanced tide is localised to the proto-tethys ocean and is more

likely related to the continents orthoverting to form Gondwana/Pannotia. A similar period of

enhanced tide is observed in the Amasia scenario at 100 Ma in Davies et al. (2020). The two

periods also have similar energetics (680 Ma = ∼50% PD and +100 Ma = ∼80% PD dissipa-

tion). The third period of enhanced tidal dissipation during the Rodinia - Pannotia supercycle

is at 630 Ma is when Gondwana/Pannotia has already arguably assembled (Murphy and Nance,

2005). This resonance is more local as Green et al. (2020) mentions, it mostly occurs in the

Kipchak, Uralian, and Aegir seas, which surround the Proto-tethys ocean (Fig. 8.2).

The two snowball glaciations which occur during the Cryogenian period dampen any res-
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onance which may have occurred. Furthermore, the breakup of Rodinia and the formation of

Gondwana/Pannotia are only separated by around 150 Ma. This is a much shorter period of

dispersed continents than other supercontinent cycles and may have made resonance far less

likely.

Figure 8.2: 650 Ma ago as represented by (Scotese, 2017) illustrating the landmasses, oceans, and seas of the time.

With regards to any tidal resonances which occurred as a result of the breakup of the super-

continent to precede Rodinia, the reconstructions begin to be too low resolution, both tempo-

rally and spatially to confidently predict and model the tidal environment. Figure (8.1) shows

tidal results from this period conducted as a test of concept, and they do record a tidal peak

at 1300 Ma, however it is smaller than the two neighbouring peaks at 1450 Ma and 1100 Ma,

which occur just after the breakup of Columbia/Nuna, and during the formation of Rodinia re-

spectively (Dalziel et al., 2000; Rogers and Santosh, 2003; Murphy and Nance, 2003; Merdith

et al., 2017).

Going further back to the Archean, tidal modelling is only possible by using ensemble

bathymetries to establish a statistically significant picture of the Archean tide which is in gen-

eral far more energetic than the present day. In the context of open ocean resonance the Archean

does exhibit some, however in general the continental area is too small to allow for the large

scale open ocean resonance seen in the other periods modelled. The work presented in section

6 is preliminary however, meaning our conclusions here could change.

Including the results of Byrne et al. (2020); Green et al. (2017), and Hadley-Pryce (per-

sonal Communication, June, 2020) with those presented in this work, we now have tidal mod-

elling results for over three supercontinent cycles and four supercontinents (Rodinia - Gond-

wana/Pannotia - Pangea - Future). Several distinct periods of enhanced tidal energetics have

been identified, most due to open ocean resonance, and some due to regional resonances at
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coastlines. Tidal resonance appears to be not uncommon at geological timescales. As con-

cluded in 5.6 and presented in Table (5.1), each future scenario experiences a number of tidal

maxima or Super-tides. Open ocean resonance is also recorded in the tidal modelling results

of Green et al. (2017, 2018, 2020); Byrne et al. (2020), indicating that resonance may occur at

least once or twice during the dispersed continent phase of a supercontinent cycle.

Above we have discussed how tidal resonance might arise while a Supercontinent is dis-

persing and new ocean(s) are being formed e.g. the Rheic, Tethys or Atlantic. We also estab-

lished a method of predicting these initial open ocean resonances with geodynamic constraints

(divergence rates and ocean depth). Predicting successive periods of tidal resonance in the

supercontinent cycle is more difficult. As Table (5.1) shows, the four scenarios each have a

different number of super-tidal peaks. This is because of the mode of formation each scenario

illustrates. Different modes of supercontinent formation allow for different ocean morpholo-

gies and developments which can make harmonic resonance more or less likely. Based on the

results of Davies et al. (2020), one might assume that each mode of supercontinent forma-

tion can be attributed to a generally more or less tidally active dispersed supercontinent phase

i.e., Introversion (assuming the ocean opening does not fail) scenarios always exhibit a more

tidally energetic dispersed continent phase than orthoversion scenarios. This appears to not be

possible however. Comparing the Introversion scenario from Davies et al. (2020) with Byrne

et al. (2020) and Hadley Pryce (personal communication, June, 2020) the tidal energetics for

the period between the breakup of Pannotia/Gondwana and the formation of Pangea - which

was an introversion event (Murphy and Nance, 2005), the results are not at all comparable.

Only one period of enhanced tidal dissipation appears in the Devonian (Byrne et al., 2020).

This is compared to the five of the Pangea Ultima introversion. Furthermore, when compar-

ing the Amasia scenario with the period between the breakup of Rodinia and the formation

of Pannotia/Gondwana - an orthoversion event (Murphy and Nance, 2005), Green et al. (2020)

finds three periods of enhanced tidal dissipation, where the Amasia scenario is tidally quiescent

throughout.

It must be noted that the deep-time periods highlighted cannot be faithfully compared with

the scenarios of the future. Reconstructions of the Devonian and the Phanerozoic as a whole

are not well resolved and fully agreed on. Not only are the continental geolocations debated

but the mode of formation of Pangea is also debated, as it may have formed by Introversion,

Orthoversion, or a combination of the both (see Davies et al. (2018) for a full explanation).
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With regards to the Cryogenian, the maps used in Green et al. (2020) are rough estimations of

the continental extent at the time and differences in the true continental extent could alter the re-

sults completely for some periods, particularly where resonance occurs. Furthermore, the tidal

modelling conducted in Green et al. (2020) alters the tidal conversion and sea level to simulate

the glaciations where the Amasia scenario retains present day ocean volume (and therefore sea

level), and conversion throughout. That in mind, Way et al. (2019) finds significant ice sheet

growth in ROCKE-3D models of the Amasia scenario which would alter eustatic sea level. If

the Amasia scenario induced another "Snowball" glaciation, then the global sea level could be

reduced by a similar amount to that estimated for the Sturtian or Marinoan glaciations. This

would alter the effective shape of every ocean basin on Earth which could drastically alter the

tidal energetics. Even regular ice ages such as the last glacial maximum are capable of altering

ocean basin shape enough to alter the open ocean tidal energetics (Wilmes and Green, 2014).

Even a small scale glaciation of the Amasia supercontinent could alter the results presented in

Davies et al. (2020).

All of the periods of enhanced tidal energetics or Super-tides presented have two things in

common, the timing of their emergence during the Supercontinent cycle, and their duration. As

has been discussed above, around 140 - 180 Myr must pass for resonance to have a chance to

occur in an ocean forming from the breakup of a supercontinent. Glaciations can alter ocean

basin geometry significantly enough to expedite resonance in an ocean as seen in 715 Ma in

Green et al. (2020), however this appears rare. After this period of 140 - 180 Myr, it appears

resonance can develop at any time and any number of times during the dispersed phase of

the Supercontinent cycle (Table 5.1). As the Supercontinent begins to enter a terminal stage

of formation when its contingent parts are only separated by narrow seaways, resonance may

still occur, however it is in surrounding oceans, not the seaways, which often resemble the

Mediterranean sea in geology and tidal state. This is best illustrated at 220 Ma of the Pangea

Ultima scenario (Fig. 5.2e), and 630 Ma of the Cryogenian simulations of Green et al. (2020)

(Fig. 7.5). Pangea Ultima is only 30 Ma away from being fully assembled, the Atlantic now

separated into two narrow seaways by a partial collision of Africa and South America, however

the Pacific becomes resonant one last time before the Supercontinent fully forms. With the

Cryogenian resonance at 630 Ma, it is arguably a regional case of resonance, as does occur

once some supercontinents have assembled (e.g., Amasia, see Fig. 5.6f) however, it is still

worth noting here as it was highlighted as a period of enhanced tidal energetics by Green et al.
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(2020).

Therefore, while there appears to be a time after a supercontinent opens when resonance is

not possible (or very unlikely) resonance can occur right up to the formation of a superconti-

nent. After a Supercontinent has formed, it may have some regional resonances at the coast,

however these are localised and far weaker than when open ocean resonance occurs (Fig. 5.3).

None of the supercontinents that have been tidally modelled have sustained large tides Green

et al. (2017), Hadley-Pryce (personal communication June 2020), and Fig. (5.3). Geodynami-

cally this makes sense, the majority of the Earth’s water mass would be in a super ocean which

would behave in a similar way to a water world exhibiting only small tides (Rohling (2020), and

section 2.7). Furthermore, the supercontinent is fully assembled which means the Earth’s con-

tinents are in a configuration with the smallest surface area. As coastlines (shelf seas) represent

a major area of tidal dissipation on Earth, dissipating 1.8 TW of the M2 tide in the Present Day

(Munk and Wunsch, 1998), reducing that surface area will reduce the amount of tidal energy

dissipated at the coast and thereby reduce global total ocean dissipation.

The Amasia scenario end member time slice (+200 Ma; Fig. 5.6f) represents the most

tidally energetic supercontinent at∼80% of PD values. This we believe is a product of how the

future supercontinents formed. Each scenario used present day coastlines with very detailed

morphology (<0.25◦). As each supercontinent forms in the future scenarios the sum total sur-

face area of the continent(s) drops. Amasia however retains a much larger portion of coastline

than Pangea Ultima, Novopangea, or Aurica, and therefore has a much larger coastline surface

area where the M2 tide can dissipate. Where one or two large ocean basins (and their coast-

lines) close, and the supercontinent forms made up of every continent in the Pangea Ultima,

Novopangea, and Aurica scenarios, the only ocean basin to close in the Amasia scenario is the

Arctic ocean, a much smaller basin than the Atlantic or Pacific. Furthermore, Amasia forms

with Antarctica remaining an independent separate continent. These both mean Amasia retains

a much larger coastline area. It is therefore not prudent to use Amasia as a standard of tidal

energetics during a supercontinent’s tenure. Perhaps an upper bound, although this is uncertain

as Davies et al. (2020) mentions, their tidal results may overestimate the true tidal energetics

meaning the tidal state of the end member of the Amasia scenario could be more quiescent.

After modelling the tidal environment of several periods in Earth history the aim of this

work was to quantify the relationship between tides and the supercontinent cycle. The tide

represents a regular and predictable force in the Earth system, however the supercontinent
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cycle is far less predictable and somewhat chaotic in its motions. Past work has attempted

to predict the motions of the continents, i.e., a regular accordion like motion or introversion

and extroversion (Murphy and Nance, 2003), or a regular polar to equatorial alternation of

supercontinents (Mitchell et al., 2012). However, Davies et al. (2018) struggles to find this

correlation, mainly because there have been so few complete, and well mapped supercontinent

cycles on Earth.

It appears to be very difficult to objectively compare supercontinent cycles, either of the past

or future. When looking at the different supercontinent cycles of Earth history it is tempting

to try to find repetition and coincidences, however the motion of continents over geological

time scales appears random. One could argue repetition can be found in the Wilson cycle as

oceans close and re-open, however, the Rheic and Atlantic, while being similar oceans, are

not identical and have different suture zones marking their closure and opening respectively

(Burke et al., 1977). That in mind, as has been touched on above, the Wilson cycle dictates

the mode of formation of supercontinents and that allows classification, however the fact that

the mode of formation of Pannotia/gondwana and Pangea is still debated (Murphy and Nance,

2005; Mitchell et al., 2012) and that four completely different predictive scenarios of the Earth’s

future (among possibly more) exist and are debated, shows that understanding and predicting

the motions of the continents as they progress through the supercontinent cycle is very difficult.

It may not be impossible to predict what the next supercontinent will look like however,

and each academic will have their reasons for supporting one of the predictions in Davies et al.

(2018). We know the primary forcing of plate tectonics is slab pull from sinking oceanic plate.

We know that ocean plate is gravitationally unstable after 20 Ma (Condie, 1997), and will likely

not remain on the surface of Earth for much longer after 180 Ma (Müller et al., 2008). We also

know this sinking slab hydrates and disrupts the chemical equilibrium of the Mantle causing

upwelling (Torsvik et al., 2016) which also plays a role in plate tectonics in the form of hot

spots and LIPs argued to be the mechanism by which supercontinents break up (Pastor-Galán

et al., 2019). We do not know how subduction initiates (Duarte et al., 2013; Marques et al.,

2014; Stern and Gerya, 2018). If we are to assume the same as Davies et al. (2018) and simply

assume subduction must somehow initiate in the present day Atlantic because of the average

plate age at the boundaries of the ocean basin then it must be assumed the Atlantic will close.

However the Pacific is already surrounded by subduction zones and the prevailing present day

continental plate velocity suggests the Pacific is closing (Schellart et al., 2008). Here in lies the
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problem, which Duarte et al. (2018) attempts to solve with the Aurica scenario.

Perhaps the question of "how a supercontinent forms" is not the correct one but instead

"are supercontinents forming and dispersing" is more pertinent. Condie (1997); Pastor-Galán

et al. (2019); Waltham (2019) and others emphasise that plate tectonics has impacted the Earth

more than any other component of the Earth system, and that plate tectonics is necessary for

a planet to have a long habitable period (∼6 Ga). Regardless of how a supercontinent forms,

its formation, tenure, and eventual breakup will affect the Earth system. As this thesis has

shown, supercontinent formation is correlated with tidal quiescence which may in extreme

cases result in ocean anoxia due to reduced mixing (Wignall and Hallam, 1992), however this

link should be further investigated to confidently attribute anoxia to reduced tidal mixing during

supercontinent tenure.

There is certainly also a link between supercontinents and climate. Supercontinents have

fundamentally altered the climate in the past (Parrish, 1993; Santosh, 2010), and the formation

of the next supercontinent in 250 Ma will also alter the climate significantly from its present

day state (section 7.3). Way et al. (2019) shows that latitudinal concentration of landmasses sig-

nificantly affects climate. When compared, the climate of the end member Aurica and Amasia

scenario are very different (Fig. 7.8). Aurica being a mostly equatorial landmass experiences

very little snow and ice cover, where in contrast the Amasia end member is almost completely

covered >30◦N in Northern hemisphere winter months. Where the Amasia end member is

much colder, the Aurica end member is potentially more arid, and has weaker ocean circula-

tion. The Aurica simulation has a weaker stream function meaning less moisture uptake to the

atmosphere. Way et al. (2019) finds interesting results from climate modelling of Aurica and

Amasia, however their study represents more of a test of concept than a complete investiga-

tion. Further multi-disciplinary modelling is required to fully resolve the relationship between

climate the the supercontinent cycle over geological time.

This work has addressed the main question of if the present day has anomalously high

tides when compared to the geological average, however the full relationship between tides

and tectonics is very complex. This work has shown that the elevated tidal energetics of the

present day is not unique in the tidal record over geological time but a result of a confluence

of tectonics and tidal period. This has occurred several times in Earth history and will occur

in Earth’s future. This is not the only way tides affect Earth though, just as the supercontinent

cycle is not the only way tectonics affects Earth. Chapter 6 shows that the early Earth Moon
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relationship and the tide that occurred because of that may have impacted the development of

life. It may not be necessary for a planet like ours to have a Moon to first cause life to develop,

however the tides may have helped by mixing the primordial oceans.

8.1 Future work

In future work we believe the question of "are supercontinents forming and dispersing and

how is that affecting the Earth system" should be further explored. Here, the supercontinent

cycle has been found to fundamentally alter global tidal energetics and climate over geological

timescales. The full effect of this on Earth and on Earth-like exo-planets remains to be inves-

tigated. Furthermore, how does the supercontinent cycle affect other components of the Earth

system such as ocean chemistry and atmospheric composition? Understanding the true impact

of plate tectonics and the supercontinent cycle on the Earth system will not only help us to

understand our own planet but planets similar to our own in the wider universe.

Furthermore, the question "How has life shaped Earth and how has Earth shaped life" is

among the top ten research questions of the 21st century. This work details a link between

two seemingly disparate components of the Earth system - the tide and the supercontinent cy-

cle, both forced by completely different mechanisms yet which interact to alter the surface

of the Earth potentially also impacting life (Balbus (2014), Chapter 6). There is already an

abundance of literature illustrating how different components of the Earth system affect each

other, e.g., silicate weathering where climate and marine productivity are balanced by tectonic

uplift. Earth’s geodynamic evolution is intimately linked to the evolution of the atmosphere,

oceans and life. As the Earth has aged it has changed fundamentally in each of these compo-

nents however, it has remained habitable. Quantifying the relationship and feedbacks between

these components is essential to fully understanding the Earth system and its dynamism over

geological time.

Future work should therefore generally focus on two things - how each component of the

Earth system is linked, and why Earth has been (and will continue to be) habitable for so long

(∼6 Ga). Feedbacks in the Earth system appear to be tuned to anthropic selection, i.e., they

occur over timescales conducive (at least on Earth) to allowing the evolution of "observers". Is

Earth unique in this, is it an outlier or are there billions of "Earth twins" in the universe?
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Abstract Earth is 180 Myr into the current supercontinent cycle, and the next supercontinent is
predicted to form in 250 Myr. The continuous changes in continental configuration can move the ocean
between resonant states, and the semidiurnal tides are currently large compared to the past 252 Myr due
to tidal resonance in the Atlantic. This leads to the hypothesis that there is a “supertidal” cycle linked to the
supercontinent cycle. Here this is tested using new tectonic predictions for the next 250 Myr as bathymetry
in a numerical tidal model. The simulations support the following hypothesis: a new tidal resonance
will appear 150 Myr from now, followed by a decreasing tide as the supercontinent forms 100 Myr later.
This affects the dissipation of tidal energy in the oceans, with consequences for the evolution of the
Earth-Moon system, ocean circulation and climate, and implications for the ocean’s capacity of hosting and
evolving life.

Plain Language Summary Earth goes through cycles over 400–450 million years (Myr), during
which all landmasses are brought together in a supercontinent, which breaks up, disperse, and then reform
in a new supercontinent. We are currently 180 Myr into a cycle, and the next supercontinent will form in
250 Myr. During these cycles oceans open and close. The Atlantic is widening, and it has the largest tides
found on Earth during the current supercontinent cycle. The reason is that the Atlantic is currently in tidal
resonance because of its shape, but as it widens more it may move away from this state. This led us to ask if
there is a supertidal cycle linked to the supercontinent cycle. We test the idea using new tectonic predictions
for the next 250 Myr in a numerical tidal model. The results support the following idea: the tides will
drop over the next 100 Myr, only to light up again 150 Myr from now. They then become very quiescent
when the new supercontinent has formed. This affects the loss of tidal energy, with consequences for the
evolution of the Earth-Moon system, ocean circulation, and climate and for the ocean’s capacity of hosting
and evolving life.

1. Introduction

The Earth moves through a cyclic dispersion and aggregation of supercontinents over a period of
400–500 Myr in what is known as the supercontinent cycle (Matthews et al., 2016; Nance et al., 1988; Rogers
& Santosh, 2003). Pangea, the latest supercontinent, broke up around 180 Ma (Golonka, 2007, 1991), and it is
predicted that a new supercontinent will form over the next 200–250 Myr (e.g., Duarte et al., 2018; Yoshida &
santosh, 2011). The breakup of a supercontinentmay lead to the formation of several internal oceans that will
grow and eventually close. The lifecycle of each of these oceans is known as theWilson cycle (Burke & Dewey,
1974;Wilson, 1966). Consequently, the completionof a supercontinent cycle through the formationof a super-
continent is generally preceded by the termination of several Wilson cycles (e.g., Burke, 2011). There is strong
evidence that the tides are currently unusually large and that for most of the current supercontinent cycle,
they have been less energetic than at present (Green et al., 2017; Kagan & Sundermann, 1996). The exception
is the past 2 Myr, during which the continental configuration has led to a tidal resonance in the Atlantic (e.g.,
Green, 2010; Platzman, 1975). This (near-)resonant state has led to increased global tidal dissipation rates,
which were further enhanced during glacial low stands in sea level (Arbic & Garrett, 2010; Egbert et al., 2004;
Green, 2010; Green et al., 2017; Griffiths & Peltier, 2008; Wilmes & Green, 2014). An ocean basin can house res-
onant tides when the width of the basin, L is equal to a multiple of half wavelengths, 𝜆 =

√
gHT (T is the

tidal period, g is gravity, and H is water depth) of the tidal wave. Because today’s resonant basin, the Atlantic,
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Figure 1. Shown is the tectonic evolution and eventual formation of the next supercontinent, Aurica. The top two
panels show present-day (PD) and PD-reduced bathymetries, respectively (section 2.2 for details). The timings for
the other slices are noted in the lower left corner of each panel. The colors mark the depths used in the tidal model
simulations: light blue is 200 m, intermediate blue is 2,500 m, and the majority of the ocean is less than 4,000 m deep
(section 2.2 below for details).

is currently opening, we would expect it to move away from the resonant state as it continues to widen,
if we assume that thewater depth and tidal period remain constant. Later on during the supercontinent cycle,
we would expect either another basin to become resonant, that is, the Pacific if the Atlantic continues to
open, or the Atlantic to become resonant again if it starts to close. This leads us to ask two questions: (i) when
and where does this second resonance occur, if at all? and (ii) is there a supertidal cycle, that is, a cycle in
the tidal amplitudes, associated with the supercontinent cycle? Here the questions will be answered by new
simulations of the possible evolution of the tide over the next 250Myr. This is done by implementing the tec-
tonic scenario in Duarte et al. (2018) as the bathymetric boundary condition in the tidal model described by
Green et al. (2017).

Duarte et al. (2018) describe one possible scenario for the formation of the next supercontinent, Aurica,
250 Myr into the future. Aurica is predicted to be fairly circular and located in the present-day (PD) equatorial
Pacific Ocean (see Duarte et al., 2018, and our Figure 1). It is formed by the closure of both the PD Atlantic and
Pacific Oceans, which can only happen if a new ocean opens up. In the scenario, a bisection of Eurasia leads to
the formation of a new ocean basin via intracontinental rifting. Themotivation for the double-basin closure is
that both the Atlantic and the Pacific oceanic lithospheres are already, in some regions, 180 Ma old (although
the Pacific oceanic basin ismuch older; Boschman & vanHinsbergen, 2016; Golonka, 1991; Müller et al., 2008),
and oceanic plates older than 200 Ma are rare in the geological record (Bradley, 2011). Consequently, it can
be argued that both the Pacific and Atlantic must close to form the new supercontinent.

Changes in the tides, and the associated tidal dissipation rates, on geological timescales have had profound
implications for the Earth system.Herold et al. (2012) andGreenandHuber (2013) show that the changed loca-
tion of abyssal tidal dissipation during the Eocene (55 Ma) can explain the reduced meridional temperature
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gradients seen in the proxy record for sea surface temperature that coupled climate models have struggled
to reproduce (see Herold et al., 2012, for a summary). Furthermore, the reduced tidal dissipation during the
Mesozoic and Cenozoic eras reported by Green et al. (2017) had implications for lunar recession rates and
hence for interpreting cyclostratigraphy and long-term climate cycles (Waltham, 2015), for the evolution of
the Earth-Moon system (Green et al., 2017), and for the evolution of life (Balbus, 2014).

The disposition of the continents on Earth over geological timescales consequently has a direct and major
impact in the evolution of the Earth-Moon system, and tidal dissipation should be included in global ocean-
and climate models, especially over long timescales (Green & Huber, 2013). The overall aim of this paper is to
evaluate if there is a supertidal cycle linked to the supercontinent cycle. We do this by expanding the work
of Green et al. (2017) by adding tidal simulations 250 Myr into the future using the tectonic predictions in
Duarte et al. (2018) asbathymetric boundary conditions. Consequently, this paperwill increaseour fundamen-
tal understanding of the Earth system, and it will, if the hypothesis is correct, lead to a first-order predictability
of when large supertidesmay occur in Earth’s history. To obtain this knowledge, wewant to cover a full super-
continent cycle to see if there is a supertidal cycle. The logical thing to do is to expand the supercontinent
cycle we are currently in into the future, because the first part of it has already been covered and shown to
be tidally less energetic than PD (Green et al., 2017). In the next section we describe the tidal model and the
bathymetric time slices used to obtain the results in section 3. Section 4 closes the paper with a discussion,
conclusions, and an outlook into further work.

2. Modeling Future Tides
2.1. Tides
We use OTIS—the Oregon State University Tidal Inversion Software—to simulate the evolution of the future
tides. OTIS is a portable, dedicated, numerical shallow-water tidal model, which has been used extensively for
both global and regional modeling of past, present, and future ocean tides (e.g., Egbert et al., 2004; Green,
2010;Green&Huber, 2013;Greenet al., 2017; Pelling&Green, 2013;Wilmes&Green, 2014). It is highly accurate
both in the open ocean and in coastal regions (Stammer et al., 2014), and it is computationally efficient. The
model solves the linearized shallow-water equations (e.g., Hendershott, 1977):

𝜕U
𝜕t

+ f × U = −gH∇(𝜁 − 𝜁EQ − 𝜁SAL) − F (1)

𝜕𝜁
𝜕t

= −∇ ⋅ U (2)

Here U is the depth-integrated volume transport (i.e., tidal current velocity u times water depth H), f is the
Coriolis vector, g denotes the gravitational constant, 𝜁 is the tidal elevation, 𝜁SAL denotes the tidal elevation
due to self-attraction and loading (SAL), and 𝜁EQ is the equilibrium tidal elevation. For simplicity we used a
constant SAL correction with 𝛽 = 0.1 (Egbert et al., 2004). F represents energy losses due to bed friction and
tidal conversion. The former is represented by the standard quadratic law:

FB = Cdu|u| (3)

where Cd = 0.003 is a drag coefficient, and u is the total velocity vector for all the tidal constituents. The
conversion, Fw = C|U|, includes a conversion coefficient C, which is here defined as (Green & Huber, 2013;
Zaron & Egbert, 2006)

C(x, y) = 𝛾
(∇H)2NbN̄

8𝜋2𝜔
(4)

Here 𝛾 = 50 is a scaling factor, Nb is the buoyancy frequency at the seabed, N̄ is the vertical average of the
buoyancy frequency, and 𝜔 is the frequency of the tidal constituent under evaluation. The buoyancy fre-
quency is given by N = N0 exp(−z∕1, 300), where N0 = 5.24 × 10−3 s−1 and based on a least squares fit
to PD climatology values (Zaron & Egbert, 2006). The future stratification is obviously unknown, and to esti-
mate potential effects of altered stratificaiton, we did a set of sensitivity simulations in which C was doubled
or halved. As in other tidal simulations this had a relatively minor effect on the global tides, and we will not
discuss these results further (see, e.g., Egbert et al., 2004; Green & Huber, 2013).
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The model solves equations 1 and (2) using the astronomic tide-generating force as the only forcing
(represented by 𝜁EQ in equation (1). An initial spin-up from rest of over 7 days is followed by a further 5 days of
simulation time, on which harmonic analysis is performed to obtain the tidal elevations and transports. Here
we focus on the M2 and K1 constituents only.

2.2. Bathymetry Data
2.2.1. PD Bathymetries
The PD bathymetry is the same as in Green et al. (2017): see our Figure 1, top left panel. To avoid open
boundaries, the equilibrium tide was used as forcing at 88∘ when appropriate. Tests with a vertical wall at
the poles (not shown) did not change the results. All simulations were done with 1/4∘ horizontal resolution.
The PD control simulation was compared to the elevations in the TPXO8 database, and the root-mean-square
errors (RMSEs) were computed from the difference between modeled and observed elevations. TPXO8 is
an inverse tidal solution for both elevation and velocity based on satellite altimetry and the shallow-water
equations and is commonly taken as the truth for tidal elevations (see Egbert & Erofeeva, 2002, and
http://volkov.oce.orst.edu/tides/tpxo8_atlas.html for details).

To evaluate the sensitivity of our solutions to the lack of detail in the future bathymetries, we constructed a
simplified PD bathymetry having the same (lack of ) detail as the future bathymetries (see Figure 1, top right
panel). This case is denoted PD reduced in the following, and it is the simulationweuse as a benchmark for the
evolution of the tide. In PD reduced any water currently shallower than 200 m was set to 200 m. PD oceanic
ridges were smoothed out and set to have a peak depth of 2,500 m and a total width of 5∘ over which the
ridge approaches the depth of the deep ocean linearly, whereas subduction zones were set to be 1∘ wide and
6,000 m deep with a triangular cross section. The remaining ocean was set to a depth computed to conserve
the ocean’s PD total volume. The same valueswere used in the construction of the future bathymetries shown
in Figure 1.
2.2.2. Future Bathymetries
We used GPlates for the kinematic tectonic modeling of the future scenario (see Duarte et al., 2018; Qin et al.,
2012, and https://www.gplates.org/ for a description). The continental polygons provided in the GPlates data
repository were used as the starting point for the PD ocean, as in Matthews et al. (2016). The drift paths of the
continental plates were constrained for the first 25 Myr by the drift velocities in Schellart et al. (2007). For the
remaining 225 Myr, we used the PD globally averaged plate velocity of 5.6 cm year−1 (see Duarte et al., 2018,
for a summary) but applied deviations from the average based on the observations in Zahirovic et al. (2016).
The plate and land boundaries from the model were output as digital gray scale images, which were used to
build the model bathymetries based on the details given for the PD sensitivity bathymetry.

2.3. Dissipation Computations
The computation of tidal dissipation rates, D, was done following Egbert and Ray (2001) and thus given by

D = W − ∇ ⋅ P. (5)

HereW is the work done by the tide-generating force and P is the energy flux given by

W = g𝜌⟨U ⋅ ∇(𝜂SAL + 𝜂EQ)⟩ (6)

P = g⟨𝜂U⟩ (7)

where the angular brackets mark time averages over a tidal period.

3. Results
3.1. PD Sensitivity
The PD control simulation (Figure 2, top left) has an RMSE of 11 cm when compared to TPXO8; the same
computation for the reduced M2 tide gives 23 cm. The K1 RMSE are 2 cm for PD and 10 cm for PD reduced,
respectively. As discussed above, we did a series of sensitivity simulations for both bathymetries in which
the tidal conversion coefficient was changed within a factor of 2, and the RMSE and dissipation rates did not
change significantly (not shown). Green and Huber (2013) and Green et al. (2017) did an extensive series of
sensitivity simulations and came to the same conclusion. Consequently, wehave confidence in the robustness
of our results, and we have a well-constrained error bound on the simulations.
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Figure 2. Shown are the M2 tidal amplitudes, in meters, for the PD (top left) and PD-reduced (top right) simulations,
along with the future time slices. Note that the color scale saturates in the more energetic scenarios.

The PD sensitivity simulation reveals a less energetic global tide (Figure 2, top right), with reduced M2 tidal
amplitudes in the Atlantic and the emergence of fairly large M2 tides along the Siberian shelf and around
Antarctica. The new tides along the northern coast of Eurasia are due to the sub-Arctic seas being deeper,
allowing the tide to propagate into the Arctic Basin. The large PD Atlantic tides are reduced because of the
water-world-like ocean and reduced shelf sea area, leading to a more equilibrium-like tide (see Egbert et al.,
2004, for a discussion). The weaker M2 tide in the PD reduced scenario means that we are potentially under-
estimating the M2 amplitudes for all future scenarios. For K1 we see a different pattern in Figure 3 (top row):
our synthetic bathymetry appears to produce a larger K1 amplitude than the PD bathymetry. This is likely
because the changed water depth allows the K1 tide to be nearer resonance in some areas, such as around
Greenland and Indonesia. It is thus possible that we are overestimating K1 in the future scenarios. Note that
this is a reversed response to that in Green et al. (2017), where their simplified bathymetry gives an enhanced
M2 tide. The bathymetries in Green et al. (2017), however, have more topographic detail, especially in shal-
low water, than the ones used here. For clarity, we will describe our globally averaged or integrated metrics
in relative terms by normalizing by the respective values from the simplified PD bathymetry.

3.2. Tidal Amplitudes
The global M2 tidal amplitude increases slightly over the next 50 Myr (refer to Figures 2 and 4a for the follow-
ing discussion) due to an enhanced tide in the North Atlantic and Pacific at 25 Myr, followed by a very large
Pacific tide at 50 Myr. This is because the equatorial Pacific becomes half-wavelength resonant at these ages.
At 100 Myr, there are large tides in the newly formed Pan-Asian Ocean (in the Asian rift) and in the Indian
Ocean. This signal persists to 150 Myr when the Atlantic comes back into resonance to form the next tidal
maximum. After 150Myr, there is a decline of the global amplitudes as the new supercontinent starts to come
together and the resonant properties of the basins are lost. When Aurica has formed fully at 250 Myr, we only
see large tides locally, in embayments with a geometry allowing for local resonances.
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Figure 3. As in Figure 2, but showing K1 amplitudes (again in meters). Note the different color scale between this figure
and Figure 2.

K1 follows a different pattern to M2, with a global tidal maximum when M2 hits a minimum at 100 Myr
(the maximum K1 amplitude is then about 5 m). The average K1 amplitude remains relatively constant
between150and200Myr, before a very sharpdecline as thenext continent forms (Figures 3 and4a). It appears
that K1doesnothave two resonances in this tectonic scenario,whereasM2does, because it becomes resonant
again when the Atlantic closes, as well as in what is left of the Pacific at 150 Myr (Figure 2). This makes sense
from a basin size perspective: because the Atlantic continues to open for a while before closing again, K1 will
never have an opportunity to become resonant in the Atlantic, whereas M2 will be. Because of the changing
size of the Pacific, it will be resonant for the K1 tide at 100 Myr only.

3.3. Dissipation and Earth-Moon Evolution
Overall, the global M2 dissipation rates for the remainder of the supercontinent cycle is 84% of the present
values, or 2.2 TW (Figure 4b). This expands the results inGreen et al. (2017) 250Myr into the future and strongly
suggests that Earth is presently in an M2 tidal maximum. It also suggests that the maximum has a width
of 50 Myr or less and that there will be another M2 maximum occurring during the cycle around 150 Myr
from now, i.e., 100 Myr before the formation of the next supercontinent. K1, in contrast, will be resonant only
once in the current cycle, at 100 Myr. This is in agreement with results for the late Silurian (430 Ma), which
showed more energetic tides than during the Early Devonian (400 Ma; H. Byrne, personal communication,
2017; Balbus, 2014). Pangea, the previous supercontinent, formed around 330 Myr ago and started breaking
up some180Myr ago. It thus seemsplausible that Earth’s oceans go through tidalmaxima some150–200Myr
after supercontinental breakup (i.e., at present) andaround100Myrbefore a supercontinent forms (i.e., during
the Silurian, before Pangea, and 150 Myr into the future for Aurica).

Following the lunar recession model in Waltham (2015) and summarized in Green et al. (2017), the recession
rate, 𝜕a∕𝜕t, can be written as

𝜕a
𝜕t

= fa−5.5 (8)
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Figure 4. (a) Shown are time series of the evolution of the tidal constituents. The solid line, with markers, represents the
globally averaged M2 amplitude, whereas the dashed line shows K1 amplitudes. (b) Globally integrated M2 tidal
dissipation rates normalized with the PD dissipation. (c) The evolution of the lunar distance, a, over time using the
dissipation in panel b (solid) and the PD dissipation rate (dashed). Both are computed from equations (8) and (9).
The distance is normalized by the PD distance, a0.

where f is the tidal factor given by

f = 2Da6

m′
√
𝜔2a3(Ω − 𝜔)

(9)

Here m′ = mM∕(m + M) is the reduced mass of the Moon (M = 5.972 × 1024 kg and m = 7.348 × 1022 kg
are the masses of the Earth and the Moon, respectively), andΩ = 7.2923−5 s−1 (𝜔 = 2.6616 × 10−6) s−1 is the
rotation rate of the Earth (Moon). Using the dissipation rates in Figure 4b, interpolated to every 1 Myr using
linear interpolation to produce a smoother curve, we obtain the result in Figure 4c. We have also, for compar-
ison, computed the lunar distance assuming a continuous PD dissipation rate (dashed). These results further
highlight the conclusions in Green et al. (2017): appropriate tidal dissipation rates should be used in investi-
gations involving lunar recession rates or distances, especially over long periods of time. Consequently, the
PD recession rate is anomalously high because of the current tidal resonance in the Atlantic and PD tides are
a poor proxy for past or future tides over large parts of the supercontinent cycle.

4. Discussion

Our results support previous ideas that the tides are at their lowest when the Earth is in the superconti-
nent configuration. The dissipation is then less than 40% of the PD value in our simulations. The tenure of a
supercontinent varies, but both Pangaea and Rodinia, the twomost recent supercontinents, maintained their
formation for over 100 Myr (Rogers & Santosh, 2003). This means that dissipation rates could remain at this
very low level for long periods of time—much longer than the timescale of its resonant peaks, which here are
less than 50 Myr (see below for a tighter constraint).

This project aimed to evaluate if there is a supertidal cycle. The results strongly suggest that the answer is yes:
there is a repeated gradual change between states of high and low tidal dissipation levels over the period of
Aurica forming. However, there is more than one supertidal cycle within the supercontinent cycle. Combined
with the results in Green et al. (2017), who goes back to Pangea 252 Myr ago, we suggest that the oceans
will go through two M2 supertidal cycles and at least one K1 cycle during the current supercontinent cycle.
Consequently, the global tides are weak for long periods of time and then pass through several quite narrow
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(on geological timescales) resonances. This is because there are several Wilson cycles involved in one super-
continent cycle, and as the basins open and close there can be several supertidal cycles associated with the
Wilson cycles. This also means that the supertidal cycle is not necessarily in phase with the supercontinent
cycle. Themechanismbehind the supertidal cycle is tidal resonance, which is set up by the continental config-
urations: peak resonance occurs when the continental configuration results in an ocean basin of a length that
is an exact multiple of half wavelengths of the M2 tidal wave. Theoretically, one would therefore be able to
predict when each basinmay be resonant, without being able to provide any details of the actual magnitude.
To lowest order, one can assume that the tide will be large when the natural frequency of a basin is within,
say, 20% of the tidal period (see Figure 11 in Egbert et al., 2004, for a theoretical estimate). For the present,
this would give a period window of about 3 hr in which the basin is close enough to resonance to support a
large tide. If the ocean is 4,000 m deep and we are looking at a half-wavelength resonance, we get a range of
the width of the basin in which it is resonant of about 1,100 km. With a continental drift rate of 6 cm year−1,
the width of the resonant peak would then be some 18 Myr, implying that Earth is currently in the beginning
of the tidal maximum. There is further support for this in our results here and in Green et al. (2017). They show
that the tides were weak 2 Myr before present, and the 25 Myr time slice in the present paper still shows a
rather large tide. This is an interesting idea worth pursuing in a future paper, which would look into the time
span of the resonances in more detail by simulating more time slices between now and 25 Myr.

Ocean basin closure is a result of consumption of oceanic plate at subduction zones within the basin and sea
floor spreading in a neighboring basin. This means that there are long periods where the direction of closure
is mostly fixed, with two continental plates being pulled or pushed together. The observation that there are
multiple peaks in tidal dissipation makes sense in this context. There will be multiple modes of resonance for
each ocean basin as it reaches the dimensions that are resonant for smaller or larger multiples of the tidal
wavelength. The implication of these observations is that the length of a supertidal cycle is directly related to
the length of the supercontinent cycle. Consequently, the period of the supertidal cycle is set by how quickly
the continental configurations move from one resonant mode to another. There are of course other factors
that contribute to the total tidal dissipation, such as sea level changes and variations in the extent of conti-
nental shelves, but through this study we have a clear indication that changing the position of the continents
alone is enough to elicit significant changes in the energy of the tidal system. However, if an ocean basin is
close to resonance it is much more sensitive to relative sea level changes and/or continental shelf configura-
tions than when its not in a near-resonant state. This was the case for the Last Glacial Maximum (21–18 kyr)
where Green et al. (2017) find the largest M2 amplitude in their 252 Myr time series. This exceptionally large
tide is explained by a low stand in sea level, exposing the dissipative shelf seas (Egbert et al., 2004; Wilmes &
Green, 2014).

The results here are promising, and further investigationswill focus onother tectonic scenarios and increasing
the temporal resolutionof our simulations. Thiswill provide a further understandingof the future Earth system
and will, along with more simulations of the past, allow us to build a better picture of the variability in tides
and tidal dissipation rates over long time periods.
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Weak tides during Cryogenian glaciations
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The severe “Snowball Earth” glaciations proposed to have existed during the Cryogenian

period (720 to 635 million years ago) coincided with the breakup of one supercontinent and

assembly of another. Whereas the presence of extensive continental ice sheets predicts a

tidally energetic Snowball ocean due to the reduced ocean depth, the supercontinent

palaeogeography predicts weak tides because the surrounding ocean is too large to host tidal

resonances. Here we show, using an established numerical global tidal model and paleo-

geographic reconstructions, that the Cryogenian ocean hosted diminished tidal amplitudes

and associated energy dissipation rates, reaching 10–50% of today’s rates, during the

Snowball glaciations. We argue that the near-absence of Cryogenian tidal processes may

have been one contributor to the prolonged glaciations if these were near-global. These

results also constrain lunar distance and orbital evolution throughout the Cryogenian, and

highlight that simulations of past oceans should include explicit tidally driven mixing

processes.
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It has been suggested that the Earth experienced near-global
severe glaciations during the Cryogenian period (720–635
Ma), events which earned the nickname “Snowball

Earth”1,2. The earliest Cryogenian glaciation proposed, the
Sturtian from 717–660 Ma1–3, and the younger Marinoan
glaciation, from 650–635 Ma1,3, had continental ice advance
down to very low latitudes4, possibly leaving an open equa-
torial ocean (the latter known as a “Slushball Earth”5). A
Snowball state is climatologically stable, with the predicted
duration of long-lived glaciation commensurate with the time
for volcanic outgassing of greenhouse gases to reach a
threshold for deglaciation1,6–8, leading to abrupt warming and
hothouse conditions after the glaciations7,9. Here we propose
that a second factor, ocean tides, influenced the duration of
Cryogenian Snowball glaciations. Coupled ice flow–ocean cir-
culation models10,11 suggest that there was only a single vig-
orous meridional overturning circulation cell, and hence
stratification, near the equator in the Snowball ocean. The rest
of the ocean was most likely vertically mixed or only very
weakly stratified because of strong convective overturns from
geothermal heating11,12. If tidal dissipation, i.e., the loss of tidal
energy due to boundary friction and tidal conversion (the
generation of internal tidal waves), was then added to the
background flow, the stratification could break down further13.
This scenario predicts negligible tidal conversion (i.e., the
generation of an internal tide), and tidal dissipation would be
limited to the frictional boundary layer near the sea floor and
underneath the ice. It has been suggested that tides in the
vicinity of the Laurentide ice sheet during the last deglaciation
probably contributed to its rapid collapse14. The melt rate in
cavities under the ice shelf in present day Antarctica is largely
controlled by tidally driven mixing, because mixing stirs the
cold and fresh meltwater under the ice down into the water
column, thus allowing saltier and warmer water to be brought
into contact with the ice15. Breaking down the saline stratifi-
cation in the ice-ocean boundary layer is a key process that will
happen even if the rest of the ocean is only weakly stratified.
Thus, weak tides would reduce under-ice mixing rates, which
could prolong the duration of a Snowball glaciation, with far-
reaching consequences for the Earth system.

Tides are known to fluctuate on geological time scales16,17 due
to changes in the basin geometries induced by the motion of the
Earth’s tectonic plates18,19. The main mechanism for amplifica-
tion of the tides is tidal resonance, which occurs when the size of
a basin is equal to half a wave length of the tidal wave20,21.
Because of movements of the tectonic plates, we can therefore
expect the tides to change on scales of millions of years. Also,
because the wavelength is set by the tidal period (here taken to be
10.98 h throughout the period under investigation22,23—see our
methods for more details) and the speed of the wave, which in
turn is set by the water depth, large-scale variations in depth due
to the appearance of ice can also move a basin towards, or away
from, resonance on scales shorter than those of tectonic motions.

Here, we aim to quantify Cryogenian tidal energetics by
simulating the evolution of the global tides using 20 recent paleo-
geographic reconstructions covering 750–500 Ma18 in a numer-
ical tidal model17 (see Methods for details and sensitivity simu-
lations). We discuss how Cryogenian tidal amplitude and
dissipation was affected by and could have contributed to the
onset and termination of Snowball glaciation, and wider impli-
cations of the tidal results. The investigation covers the late
Neoproterozoic, including the Cryogenian, and spans 750–600
Ma. We model a Sturtian and Marinoan glaciation duration from
715–660 Ma and 650–635 Ma, respectively.

Results
Tidal amplitudes. The numerical simulations predict global
mean M2 tidal amplitudes of ~0.2 m prior to the onset of the
Sturtian glaciation (Figs. 1 and 2a, and Supplementary Fig. 1; note
that the tidal range is twice the amplitude). At 715Ma, model
glacial tidal amplitudes rapidly increase to 0.44 m, higher than
present-day tidal amplitudes (Fig. 2), due to sea-level fall below
the continental shelf. This allows a tidal resonance to develop,
much like the enhanced resonance during the Last Glacial
Maximum21,24. The tidal amplitude in the simulations then
decreases during the next 25Ma due to a tectonic configuration
that was unable to host a large tide because the basins were too
large to be near resonance for the semidiurnal tide21,25–27. The
model suggests that at 680Ma, the tide became more energetic
again because the tectonic emergence of land over the South Pole

750 Ma 715 Ma 680 Ma

660 Ma 655 Ma 650 Ma

635 Ma 630 Ma 600 Ma

0 0.5 1 1.5
M2 amplitude [m]

Fig. 1 Simulated M2 tidal amplitudes in metres for the time slices representing 750, 715, 680, 660, 655, 650, 635, 630 and 600Ma (see labels in the
top left hand corner of each panel; note that all global maps are plotted on a Mollweide projection). Note that the colour scale saturates at 1.5 m, in a
grey-green colour, for clarity. The grey arrow at 630Ma point to the coastline where the Elatina formation31 is now located. The formation gives a tidal
proxy showing a range consistent with the one presented from the model.
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and a convergence of the main continental landmasses in the
southern hemisphere changed the geometry of the large super-
ocean basin to a size that was closer to that required for tidal
resonance. Another decrease in tidal amplitude would have
occurred through ~660Ma because the continental configuration
would only have allowed for small tidal amplitudes. The tide at
655Ma, however, is slightly elevated in the model because the
continental configuration allowed for a large tide between the
glaciations. The onset of the model Marinoan glaciation at 650
Ma again reduced the tidal amplitude, resulting in the most tid-
ally quiescent period in all deep-time simulations to date17,28.
Finally, deglaciation tidal amplitudes recover in the model to
about 0.2 m between 630 and 600Ma. The results highlight a tide-
ice feedback in which the tidal dissipation response for the
Sturtian glaciation is similar to that during the Pleistocene gla-
ciations, where the sea-level lowstand enhanced dissipation due to
ocean resonances21,24,29. In contrast, during the Marinoan gla-
ciation, the ice weakened the tides by an enhanced friction and
changes in water depth that prohibited resonances to develop.

The modelled amplitudes are on average around 0.2 m
throughout the Cryogenian, or about 2/3 of present-day values.
This may not amount to a very large difference, but it is generally
the tidal dissipation rates that are of importance to the wider
Earth system, including driving under ice melting and large-scale
ocean circulation patterns.

Tidal dissipation. The tidal dissipation rates computed from the
simulations (Fig. 2b) are consistently below modern values. The
estimated peak tidal dissipation rate at 715Ma is 2TW, or 80% of
today’s rate (dashed line in Fig. 2b), while the minimum tidal
dissipation rate in the Marinoan simulation is only about 10% of
modern values30. This supports the hypothesis put forward here
that Cryogenian glaciations damped global tides and tidally

driven processes. A key feature, however, is the very sharp rise in
the dissipation rates at the end of the Marinoan; over 5Myr the
tidal dissipation rate increases from 0.2 to 1.4 TW. Deglacial ice
melt thus had important effects on the tides as ocean circulation
and tidally driven mixing recovered. As the reconstructed con-
tinental configuration changed minimally between 635 and 630
Ma, the change in tidal amplitude and dissipation in the model
arises from the parametrization of the ice sheets (i.e., the lowstand
in sea level and changes in friction and tidal conversion discussed
above). Glacial suppression of the tides is supported by simula-
tions using interglacial conditions (i.e., sea level high-stand,
reduced friction, and tidal conversion) for the beginning and end
points for each glaciation, which show results in line with the
nearby interglacial time slices (x symbols in Fig. 2b). In contrast,
sensitivity simulations for interglacial time slices without tidal
conversion (+ symbols in Fig. 2b) show only a minor change in
the tides, further supporting the robustness of these results. Also,
the simulations from 630Ma show localised large amplitudes of
over 2 m along the coastline of what is today south Australia (see
the grey arrow in Fig. 1 for the location). This is the location of
the tidally influenced Elatina formation31, and our amplitudes
match those described from the site.

In our Snowball simulations we assume that the entire ocean
was ice covered. As mentioned above, Earth may instead have
been in a Slushball state, where the equatorial ocean was ice
free32. Consequently, we simulated the Slushball for the glaciated
time slices by allowing a full water depth within 10o from the
equator and having a weak stratification throughout the ocean
(see Methods for details and Supplementary Figs. 2 and 3). The
average M2 amplitude and associated integrated dissipation rates
are again shown in (Fig. 2 as blue circles on a dashed line).
Interestingly, these simulations show weaker tidal amplitudes,
except for the end of the Marinoan, and the tidal dissipation rates
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Fig. 2 The evolution of globally averaged tidal parameters during the Cryogenian. Globally averaged M2 amplitudes (a) and integrated dissipation rates
(b) throughout the period under consideration. The black solid line is the result from the set of simulations with conversion and no sea level change during
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from the equator. The horizontal black dotted lines mark present day values and the blue shaded areas mark the spans of the two glaciations.
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are below those of the snowball for most time slices. The reason
for this response is that when tidal conversion is re-introduced in
the deep ocean, the amplitudes are reduced, especially in the
shallow shelf seas present, and thus there is less dissipation of
energy in total. This is due to the non-linear interplay between
friction and conversion, as seen in simulations for the Last Glacial
Maximum (21ka)29,33. These results further show that the
Cryogenian tides were weak, regardless of how severe the
glaciations were, and we argue that this supports our idea that
weak tides were a key process in the Cryogenian ocean.

Details of the Marinoan deglaciation: The duration of
deglaciation predicted by the Snowball hypothesis1 is shorter
than the 5Myr model resolution adopted here. The increase in
tidal amplitude after the glaciations, at both 655Ma and 630Ma,
raises the question of how fast tides respond to deglaciation? To
address this question, we used the three Marinoan deglacial
bathymetries34 with higher temporal resolution, covering 0 kyr, 2
kyr and 10 kyr from the initiation of the deglaciation (these
simulations were done for a Snowball state only, as the tides were
weakest in this state for this period, see; Fig. 2). The results show a
rapid increase in tidal dissipation, from 0.7 TW at 0 kyr to 1.1
TW at 10 kyr, consistent with the deglacial signal between 635
and 630Ma (note that the simulations, shown as black asterisks
in Fig. 2b, appear at the same point on the x-axis because of the
short time span relative to the full simulation). Thus, the deglacial
rise in the tidal amplitude and dissipation would have occurred
over millennia, rather than millions of years. Notably, the
difference in tidal dissipation between the 635Ma and the 0 kyr
simulation, a factor 3.5 (from 0.2 to 0.7 TW), provides an
estimate of uncertainty in the simulations. The 635Ma simulation
likely underestimates tidal dissipation due to the uniform 500 m
sea level decrease, whereas the 0 kyr simulation includes a
spatially varying sea level fingerprint. Furthermore, by excluding
deep ocean bathymetry in the Marinoan reconstructions we
overestimate tidal dissipation rates by up to a factor 217,24. The
key conclusion of this investigation, however, is not in the exact
amplitude or dissipation rate—they both require knowledge of
the Late Neoproterozoic Earth system beyond that preserved in
the rock record––but rather the robust result that Snowball
glaciation led to generally very small tidal amplitudes, and that
rapid deglaciation allowed the tides to recover.

Discussion
There is uncertainty in the paleogeographic reconstructions for
the Cryogenian18,34. Our tidal results are representative of sce-
narios of global glaciation of a specific ice/ocean volume, and may
differ substantially under alternative scenarios of ice volume and
distribution35. The sea-level changes we used here are based on
the commonly cited assumptions of glacial volume and deglacial
timescale1. Our globally integrated results are robust and the
sensitivity simulation only change the globally integrated tidal
dissipation rates by less than 10%. This holds for our Slushball
simulations as well. These have an ice-free ocean around the
Equator, and a weak stratification allowing for open ocean energy
losses through tidal conversion (blue dashed lines in Fig. 2). The
largest difference in the tides is seen at the onset and end of the
glaciations, in simulations both with and without the ice para-
meterisation (i.e., double friction, lower sea-level, and no con-
version—see Methods for details; Fig. 2b). The tidal signal that
then emerges can be explained by how the differences in glacial
reconstructions would affect tides, and it shows the effect of the
deglaciation on the tides.

These results highlight a connection between oceanography
(tides) and palaeogeography (ultimately set by tectonics) in the
climatic stability of a Snowball Earth. Quiescent tides during

Snowball glaciations could have contributed to climate stability,
because tidally driven processes, acting to melt ice by destabilising
the freshwater stratification near the ice and allowing warmer
water into contact with the ice, were severely muted for millions
of years (or longer for the Sturtian). Tides are of course not the
only process influencing the ice-sheets – if they were the main
controller the Marinoan should have lasted longer than the
Sturtian. However, the tides are a potential mechanism for
destabilization of the ice once it starts to collapse. We also show
that tides and tectonics are not independent on geological time
scales: for a large fraction of the late Neoproterozoic, including
the Cryogenian, Earth was in a supercontinent state. This led to
weak late Neoproterozoic tides because of a lack of resonant
ocean basins, except locally during a few time slices. The Cryo-
genian is the most quiescent period of the 1 Gyr of Earth’s tides
simulated to date17,28. The resulting low tidal energy and tidal
mixing would have had consequences for other components of
the Earth system, including ocean circulation patterns and ver-
tical fluxes of mass, salt, heat, and tracers, and for the evolution
and dispersion of Neoproterozoic life. Detailed investigations of
these consequences are left for future studies. The results also
suggest that conceptual models of Cryogenian tides on Earth36,
may not necessarily provide converging results when compared to
explicitly simulated tides with realistic paleo-geographies. We
confirm the existence of the supertidal cycle, a long-term cycle of
tidal strength, which is tied to the supercontinent assembly and
dispersal28. This has further implications for the Earth system,
because tidal drag induces lunar recession17, and the current
recession rate is too large to support the old Moon age model37.
The tidal dissipation rates must therefore have been weaker than
at present for prolonged periods of Earth’s history, and our results
provide support for this being the case.

Methods
Late Neoproterozoic tides were simulated using a dedicated numerical tidal
model17,21,24,28,29,38 that parameterizes energy losses due to both friction at the sea
floor and tidal conversion. The latter includes the buoyancy frequency as a measure
of vertical stratification, which is uncertain for ancient oceans. Consequently, we
adopted values based on observed present day values for non-glaciated time slices39

and a non-stratified ocean for all time slices representing Snowball states11. The
effect of friction in the glaciated time slices was enhanced with respect to the non-
glaciated time slices to represent the presence of thick ice covering the ocean (see
below for details). We adopt an Earth-moon orbital configuration consistent with
the Late Neoproterozoic, including a 21.9 h solar day31, a 10.98 h lunar period, and
a lunar forcing 15% larger than the modern. Neoproterozoic paleobathymetries
were created from recent reconstructions18 and interpolated using the GPlates
software40,41 to obtain bathymetries every 10 Myr from 750–600Ma interval, with
three extra slices produced for 715Ma (the onset of the Sturtian), 655 Ma (the
interglacial), and 635Ma (the end of the Marinoan). In the non-glacial time slices,
ocean volume was set to the same as for present day, whereas glaciated time slices
included a lowstand of 500 m. We also used three slices from Creveling and
Mitrovica34 representing the termination of the Marinoan glaciation (0 kyr), and 2
kyr and 10 kyr into the deglaciation, respectively34.

Tidal modelling. The Oregon State University Tidal Inversion Software (OTIS) has
been used extensively to simulate deep-time, present day, and future
tides17,21,24,28,29,38, and it has been benchmarked against other forward tidal
models42. It provides a numerical solution to the linearised shallow water equa-
tions, with the non-linear advection and horizontal diffusion excluded without a
loss in accuracy24:

∂U
∂t

þ f ´U ¼ gH∇ðη� ηSAL � ηEQÞ � F ð1Þ

∂η

∂t
� ∇ � U ¼ 0 ð2Þ

Here, U= uH is the tidal volume transport (u is the horizontal velocity vector and
H is the water depth), f is the Coriolis parameter, g is acceleration due to gravity, η
is the sea-surface elevation, ηSAL is the self-attraction and loading elevation, ηEQ is
the elevation of the equilibrium tide, and F the tidal energy dissipation term. This
consists of two parts, F = FB + FW, where FB parameterizes bed friction and FW
represents energy losses due to tidal conversion, i.e., due to the generation of a
baroclinic tide. Bed friction is parameterised through the standard quadratic law,
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FB = CDu | u | , where CD= 0.003 is a dimensionless drag coefficient. In the gla-
ciated time slices, Cd= 0.006 was used to represent the effect of the ice covering the
ocean as it effectively sets up a second boundary layer. The tidal conversion term is
given by FW = CU, and the conversion coefficient, C, was given by39,43,44

C x; yð Þ ¼ γ
NH

�N
8πω

∇Hð Þ2 ð3Þ
Here, γ = 100 represents a dimensionless scaling factor representing unresolved

bathymetric roughness, NH is the buoyancy frequency at the seabed, �N represents
the vertical average of the buoyancy frequency, and ω is the frequency of the tide.
The buoyancy frequency, N, is given by N2 = −g/ρ ∂ρ/∂z, where ρ is the density.
The distribution of N is based on a statistical fit to observed present day values39, or
N(x,y) = 0.00524exp(−z/1300), where z is the vertical coordinate, and the constants
0.00524 and 1300 have units of s−1 and m, respectively. We do not change these
values of N in our simulations, but rather test sensitivity by modifying γ (because
details of N is largely unknown for the period). The exception is the Snowball
oceans, which were only weakly stratified11, and the conversion was then switched
off by setting γ = 0. To test the robustness of the parameterisation, sensitivity
simulations were done for several time slices. For those at the beginning and end of
each glaciation (i.e., 715, 660, 650, and 635Ma), we did further simulations with
γ = 100, and for select non-glacial states (600, 630, 655, 720, and 750Ma)
sensitivity tests were done with γ = 200 or γ = 0, representing a strongly stratified
or unstratified ocean, respectively.

Our Slushball state was simulated by allowing for an open ocean within 10o of
the equator. This was implemented by an exponential change in water depth over
1o in latitude from the 500 m lowstand to the ice-free ocean and then doubling the
bed friction under the ice only. The Slushball ocean was likely weakly stratified, so
we re-introduced a weak tidal conversion by setting γ= 50 in Eq. (3).

Bathymetry. The paleo-bathymetries for the Snowball simulations were created by
digitising reconstructions of the late Proterozoic18, using GPlates40,41. The original
reconstructions covered every 50Ma between 600–750Ma, so to improve the
temporal resolution, the information was interpolated linearly between these slices
to obtain bathymetries every 10Ma in our 600–750Ma interval. Furthermore, three
extra slices were produced for 635Ma (end of the Marinoan), 655Ma (interglacial),

and 715Ma (onset of the Sturtian). The resulting 19 images were then translated to
ocean bathymetries by setting continental shelf seas to 200 m depth, and subduc-
tion zones to 5900 m. Mid-oceanic ridges were 2500 m deep at the crest, and sloped
linearly into the abyss over 5° in width. The abyssal plains were set to a depth that
conserved present day ocean volume once all the other bathymetric features were
set. There is obviously uncertainty in the Cryogenian sea level, although it is clear
that it must have been low during the glaciations; Creveling & Mitrovica34 suggest
a lowstand of up to 1500 m below interglacial levels at some locations, and a mean
sea level 500–800 m below interglacial levels. Consequently, we reduced the depth
in our glaciated time slices by 500 m to represent the lowstand (simulations with
800 m lowstand do not change the qualitative results). The grids used in the
simulation for selected time slices are shown in Fig. 3.

When we mention glacial conditions, we thus refer to a situation with a doubled
bed friction (to represent the ice boundary layer), g= 0 (to represent an
unstratified ocean), and sea-level lowered by 500 m, and non-glacial simulation
uses the default parameters discussed above.

Furthermore, simulations of the relative sea level changes during the Marinoan
deglaciation around 635Ma for three slices were also used34. These represent the
termination of the glaciation (i.e., 0 kyr after our 635Ma slice), and then 2 kyr and
10 kyr into the deglaciation (this last slice represents the end of the deglaciation; see
Fig. 4). We used these slices for a set of sensitivity simulations and refer to them as
0 kyr, 2 kyr, and 10 kyr in the following, or as “the Marinoan” when discussed as a
group. This gives us a unique opportunity to add 3 simulations at higher temporal
resolution to further evaluate the influence of the glaciations on the tides.

Simulations and computations. The Earth-moon system’s orbital configuration
was different during the Cryogenian, and here we used a 21.9 h solar day45, a 10.98
h lunar period, and lunar forcing 15% larger than at present day17,23. Simulations
were done for all 19 time slices with a range of parameter choices to ensure the
results were robust. The effect of the ice-sheet was parameterised in the Snowball
time slices by neglecting conversion (i.e., with γ= 0 in Eq. (3); the Snowball state
was most likely unstratified10), a doubled drag coefficient (i.e., Cd= 0.006) and
with a 500 m uniform lowstand in sea level to represent the effect of the ice. Note
that floating ice does not impose a rigid lid for the tide because the ice moves with

Depth (m)
0 1000 2000 3000 4000 5000

750  715 680

660  655 650

635  630 600

Fig. 3 The ocean bathymetry for nine key time slices. Shown is the ocean bathymetry, with depths in colour land white. Note the age for each time slice
marked by the label at top left corner, and the black contour marking the coastline and the lack of shelf seas during the glaciations (715–660Ma and
650–635Ma). The green lines in the deep ocean mark the peaks of the oceanic ridges and the dark grey lines show trenches.

Depth [m]

0 ka    2 ka      10 ka

0 1000 2000 3000 4000 5000

Fig. 4 The ocean bathymetry during the Marinoan deglaciation. From left to right are the bathymetry for the 0 kyr, 2 kyr, and 10 kyr time slices, with
times measured from onset of the Marinoan deglaciation34.
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sea surface. Landfast ice without fractures may act as a lid in smaller regions not
resolved here. The enhanced drag coefficient is justified by the rough underside of
the ice, which leads to effective energy losses in ice covered areas46. This may lead
to tidally driven residual currents as well, and these may be important because of
the quiescent ocean. Analysing them is left for future studies. The time slices at
onset and termination of the glaciations (i.e., 715, 660, 650, and 635Ma) were also
simulated without the lowstand and with conversion to represent non-glaciated
states. Furthermore, the non-glaciated time slices at 750, 720, 655, 630 and 600
were used to test the robustness of the conversion parameterisation and rerun with
γ = 200 (i.e., representing a very strong, doubled, vertical stratification). A further
set of sensitivity simulations for these slices had further doubling and halving of the
drag coefficient, Cd, and/or the conversion scaling factor, γ. As in other deep-time
studies17,43, the sensitivity simulations (not shown) only led to limited changes in
global dissipation rates, and we conclude that the results presented here are robust.
The Slushball simulations are described above.

Simulations for all of our time slices were done at 1/4o horizontal resolution in
both latitude and longitude, achieved through linear interpolation from the original
data described above. Each simulation covered 14 days, of which 5 days were used
for harmonic analysis of the tide. Simulations were done for the two dominating
constituents, M2 (principle lunar) and K1 (luni-solar declination), although focus
in the following is on M2. The model outputs amplitudes and phases for the surface
elevation and transport vector for each simulated tidal constituent.

The model output was used to compute tidal dissipation rates, D, as the
difference between the time average of the work done by the tide generating force
(W) and the divergence of the horizontal energy flux (P)47:

D ¼ W� ∇ � P ð4Þ
where W and P are given by

W ¼ gρhU � ∇ðηEQ þ ηSALÞi ð5Þ
and

P ¼ gρhUηi ð6Þ
In Eqs. (5) and (6) the angular brackets mark time-averages over a tidal period.

Present day validation. The core model set-up used here is the same as in other
deep-time tidal simulations17,48, and it is briefly described here. A present day
control simulation17 gives a root-mean-square error of about 11 cm for the M2
tidal amplitudes when compared to the data in TPXO8 (http://www.tpxo.net). A
simulation with a degenerated present day bathymetry, with less resolution to
represent reconstructed bathymetry, produced an error of about 20 cm43. It also
produces an M2 dissipation rate that is 75% higher than in the present day
simulation because of a lack of deep-ocean bathymetry17. It is thus highly likely
that our simulations overestimate the Cryogenian tidal dissipation rates, especially
in the Marinoan simulations.

Data availability
The manuscript data are available from the Open Science Framework (https://osf.io/
wnyhr/?view_only=bae47b065db24d97b79d106536a59549).
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Abstract16

We explore two possible Earth climate scenarios, 200 and 250 million years into the fu-17

ture, using projections of the evolution of plate tectonics, solar luminosity, and rotation18

rate. In one scenario, a supercontinent forms at low latitudes, whereas in the other it19

forms at high northerly latitudes with an Antarctic subcontinent remaining at the south20

pole. The climates between these two end points are quite stark, with differences in mean21

surface temperatures approaching several degrees. The main factor in these differences22

is related to the topographic height of the high latitude supercontinents where higher23

elevations promote snowfall and subsequent higher planetary albedos. These results demon-24

strate the need to consider alternative boundary conditions when simulating Earth-like25

exoplanetary climates.26

Plain Language Summary27

We investigate two tantalizing Earth climate scenarios 200 and 250 million years28

into the future. We show the role played by plate tectonics, the sun’s increase in bright-29

ness, and a slightly slower rotation rate in these future climate scenarios. In one case the30

present day continents form into a single land-mass near the equator, and in the other31

case Antarctica stays put, but the rest of the present day continents are mostly pushed32

well north of the equator. The difference in the mean surface temperatures of these two33

cases differ by several degrees Celsius, while also being distinct in the total surface area34

in which they maintain temperatures allowing liquid water to exist year round.35

1 Introduction36

Earth’s near-future climate has been extensively explored via the IPCC and asso-37

ciated CMIP studies (e.g. Collins et al., 2013). Earth’s ancient climate has also been stud-38

ied at various levels of detail, including the Cretaceous greenhouse (e.g., Huber et al.,39

2018), the Neoproterozoic Snowball (Pierrehumbert et al., 2011), and on the supercon-40

tinent Pangea (e.g., Parrish, 1993; Dunne et al., 2021). However, Earth’s deep time fu-41

ture is a novel research discipline, and changes in deep-time future climate, induced by42

changes in topography and land/sea masks (e.g., Davies et al., 2018), have yet to be ex-43

plored until now.44

The geological formations on the ever-changing surface of the Earth have a strong45

influence on our climate. The transition to a cold climate in the Cenozoic, including the46

glaciation of Antarctica, was induced by opening of ocean gateways and reduced atmo-47

spheric CO2 concentrations (Barker, 2001; DeConto & Pollard, 2003; Smith & Picker-48

ing, 2003). The development of the Caribbean arc and closing of the Panama Isthmus49

allowed the Gulf Stream to form, with major consequences for global climate (Montes50

et al., 2015), whereas the closure of the Strait of Gibraltar led to the Messinian Salin-51

ity Crisis (Krijgsman et al., 1999). Furthermore, the Himalayas, a consequence of the52

India-Eurasia collision, allows for the monsoon (Tada et al., 2016). Recently, Farnsworth53

et al. (2019) showed that the climate sensitivity for the period 150–35 million years ago54

is dependent on the continental configuration, particularly ocean area. Schmittner et al.55

(2011) investigated the effects of mountains on ocean circulation patterns of present day56

Earth and concluded that the current configuration of mountains and ice sheets deter-57

mines the relative deep-water formation rates between the Atlantic and the Pacific Oceans.58

The tectonic plates on Earth aggregate into supercontinents and then disperse on59

a cycle of 400-600 million years – the supercontinent cycle (Davies et al., 2018; Pastor-60

Galán et al., 2019; Yoshida, 2016; Yoshida & Santosh, 2018). The latest supercontinent61

Pangea formed around 310 million years ago and started breaking up around 180 mil-62

lion years ago. The next supercontinent will most likely form in 200–250 million years,63
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meaning Earth is currently about halfway through the scattered phase of the current su-64

percontinent cycle (Davies et al., 2018).65

There are obvious and strong links between large-scale tectonics and climate. It66

would be interesting to know what Earth’s climate could be like in the distant future when67

continental movements will have taken Earth away from the current continental config-68

uration (Davies et al., 2018). Here, we investigate what a climate may look like on Earth69

in a future supercontinent state. A secondary application of climate modelling of the deep-70

time future is to create a climate model of an Earth-like exoplanet using the parame-71

ters known to sustain habitability and a stable biosphere (Earth). Using the Deep-time72

future Earth as a basis for exoplanetary climate studies allows us to establish sensitiv-73

ity ranges for the habitability and climate stability of the future Earth and its distant74

cousins in our galaxy.75

2 Methods76

2.1 Tectonic maps77

Maps of the future Earth were produced based on two plausible scenarios for fu-78

ture Earth: Aurica (forming around 250 million years from now; Duarte et al., 2018)79

and Amasia (forming around 200 million years from now; Mitchell et al., 2012) – see80

Davies et al. (2018) for a summary. In both cases the ocean bathymetry was kept as in81

Davies et al. (2020), with continental shelf seas 150 m deep, mid-ocean ridges 1600 m82

deep at the crest point and deepening to the abyssal plains within 5◦, and subduction83

zones 6000 m deep. The abyssal plain was set to a depth maintaining the present day84

ocean volume. Each topographic file was generated with a 1/4◦ horizontal resolution in85

both latitude and longitude.86

We generated three subsets of maps for each of the two supercontinent scenarios87

(see Table 1):88

1. CTRL: Low mean topography (land close to sea level, 1–200 m), without moun-89

tains90

2. PD: Higher mean topography (land close to present day mean topography, 1–400091

m) without mountains92

3. MNTS: Low topography (1-200 m) with mountains (land close to sea level 1–20093

m interspersed with mountains 2000–7000 m high)94

The first subset of maps serve as a control (CTRL), allowing us to test the effect95

of the position and geometry of the continents without the influence of high topographies96

and particular features such as mountain ranges. It could also simulate a supercontinent97

that has existed long enough to have been almost fully eroded. The land here has been98

assigned topography with a normal distribution (mean = 1 m and standard deviation99

= 50 m), giving topographic heights varying from 1 to 200 m.100

The second set of maps assume mean topographic values close to those of present101

day (PD) but with no significant variation (e.g., no high mountains). This was made by102

applying a random topography following a normal distribution with mean and standard103

deviations closer to those of present day Earth’s topography (i.e., mean of 612 m and104

standard deviation of 712 m). The resulting topography varies between 1 and 4000 m105

in height.106

In the third set mountain ranges (MTNS) are included. The land of the supercon-107

tinent was first given a random topography similar to the control map (varying randomly108

between 1 and 200 m), after which mountains were added manually. The mountains are109

of three types: 1) Himalaya-type, which result from the collision of continents during the110

formation of the supercontinent, with an average peak elevation of 7500 m; 2) Andes-111
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Table 1. A summary list of the simulations & results.

Sim Name Topography Insa LoDb Runtime Tc Balance Ad SnowFre Habf

(hrs) (years) (C) (Wm−2) (%) (%). (%).

Aurica 250Myr into the Future

01 Aurica CTRL 1.0260 24.5 2000 20.5 0.2 30.5 0.5 1.000/1.000
02 ” PD ” 24.5 2500 20.6 0.1 30.1 0.6 0.955/0.956
03 ” MTNS ” 24.5 2000 20.6 0.2 30.3 1.5 0.974/0.983

Amasia 200Myr into the Future

04 Amasia CTRL 1.0223 24.5 3000 19.5 0.3 30.2 5.0 0.932/0.983
05 ” PD ” 24.5 3000 16.9 0.2 31.3 10.2 0.862/0.901
06 ” MTNS ” 24.5 3000 20.2 0.2 30.0 4.7 0.926/0.976

Modern Earth

07 Earth noAer noO3 1.0 24.0 2000 13.5 -0.1 31.1 9.3 0.869/0.953
08 Earth noAer noO3 Rot 1.0 24.5 2000 13.3 0.2 31.0 9.5 0.865/0.951
09 Earth noAer noO3 Rot Ins 1.0260 24.5 2000 17.7 -0.0 30.6 6.4 0.930/0.974

a Insolation, where 1.0 = 1361 W m−2 (Modern Earth).
b LoD = Length of Day in hours.
c Global mean surface temperature in degrees Celsius from an average over the last 10 years of the model run.
d Planetary Albedo.
e Snow and Ice, global fractional area.
f Habitable fraction (Spiegel et al., 2008) T>0/T>–15◦.

type, located at the margins of the continents along major subduction zones, with an112

average peak elevation of 4000 m; and 3) Appalachian-type, which correspond to eroded113

orogens that were formed and then partially eroded during the supercontinent cycle, with114

an average peak elevation of 2000 m. In all cases, the width of the mountains is 5◦ from115

peak to base.116

2.2 Rotation changes117

Day–length for the future was computed based on the simulated tidal dissipation118

rates presented in Green et al. (2018). The average dissipation during the remaining part119

of the supercontinent cycle is approximately half of the present day value (Green et al.,120

2018), leading to a change in day length that cannot be ignored. Consequently, we ex-121

pect a change in daylength at approximately half the rate of present day, or about 1×10−3
122

s per 100 years (Bills & Ray, 1999) over the next 200 My. This leads to a day at the su-123

percontinent state being ∼30 minutes longer than today, and this length of day (24.5 hours)124

was consequently used in all of the Future Climate General Circulation Model simula-125

tions discussed below.126

2.3 General Circulation Model set up127

The ROCKE-3D General Circulation Model (GCM) version Planet 1.0 (R3D1) as128

described in Way et al. (2017) is used for this study. A fully coupled dynamic ocean is129

utilized. Using data generated via Claire et al. (2012) we use an insolation value of130

1361×1.0223=1391.3 W m−2 for the Amasia simulations (04–06) 200 Myr into the fu-131

ture. We use a value of 1361×1.0260=1396.4 W m−2 for the Aurica Simulations (01–132

03) 250 My into the future. We do not change the solar spectrum as the changes for such133

a small leap into the future will be minimal in terms of its effect on the planet’s atmo-134

sphere.135

We use a 50/50 clay/sand mix for the soil given that we have no constraints on what136

the surface will be like in the deep future and is a value commonly used in the exoplanet137

community (e.g. Yang et al., 2014; Way et al., 2018). 40 cm of water is initially distributed138

into each soil grid cell. We use a ground albedo of 0.2 at model start, but the albedo will139
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change via snow deposition (brighter), or from rainfall (darker) as the GCM moves for-140

ward in time.141

The original topography resolution of 1/4◦×1/4◦ from the tectonic maps discussed142

in Section 2.1 is down-sampled to a resolution of 4◦×5◦ in latitude by longitude, which143

is the default R3D1 resolution. The standard deviation from the down-sampling is used144

to set the roughness length of the surface in each grid cell. River flow direction is based145

on the resulting topography and exits to the ocean when possible. Large inland seas (typ-146

ically less than 15 contiguous grid cells) are defined as lakes rather than ocean grid cells.147

The GCM allows lakes to expand and contract as dictated by the competition between148

evaporation and precipitation. The same holds for the possible creation and disappear-149

ance of lakes. This allows the model to handle inland surface water in a more sophisti-150

cated manner than making all surface water defined as ocean grid cells. This is highly151

desirable because ocean grid cells cannot be created or destroyed during a model run.152

Any ocean grid cell with a depth less than 150 meters (from the down-sampled 4◦×153

5◦ data) was set to have a value of 204 meters (the mean depth of ocean model level 6).154

This is especially important at high latitudes where shallow ocean cells may freeze to the155

bottom causing the model to crash due to its inability to dynamically change surface types156

from ocean to land ice.157

The down-sampling has a side effect in that the land-sea mask will differ slightly158

between the three topographic types (CTRL, PD, MTNS). For example, in a case with159

a collection of ocean or lake grid cells adjacent to a number of high elevation land to-160

pography grid cells the down-sampling may change the combined ocean + land grid cells161

into a land grid cell, or vice-versa if the mean depth of the ocean grid cells is larger than162

the height of the land grid cells. This is why the land/sea masks differ between CTRL,163

PD and MTNS in Figure 1, even though their 1/4◦×1/4◦ parents had exactly the same164

land-sea mask.165

One side-effect of having quite distinct land elevations and a lack of oceans in po-166

lar regions in the Amasia runs (Simulations 04–06) is that snow accumulation can re-167

sult in the growth of ice sheets akin to that of Earth’s last glacial maximum (LGM) when168

the Earth was cooler than present day (Argus et al., 2014; Peltier et al., 2015). The in-169

crease in ice sheet height can influence the climate as there may be substantially more170

snow accumulation at higher elevations, whereas rain would normally fall at lower ele-171

vations, due to differences in the lapse rate. To accommodate this reality we ran mod-172

els with the original Amasia topography and allowed snow to accumulate unhindered.173

Once these runs reached equilibrium we then used these snow accumulations as the bases174

for modified production runs. Fifty year climatological averages of snow accumulation175

(see Figure 2 middle panels) over N. Hemisphere summer months (June, July & August)176

was used to increase the elevations where necessary. We choose summer months since177

those minimum northern hemisphere accumulations work well to allow accumulation in178

the Fall/Winter months and evaporation in the Spring/Summer months. The same pro-179

cedure is used in the southern hemisphere with 50 year climatological averages over the180

months of December, January & February. We then perform small areal averages over181

the highest latitudes to simulate the effect of ice sheet movement. These summer min-182

ima with snow accumulations are then labeled as permanent ice sheets (with appropri-183

ate albedo) in the model topography boundary condition files. We adopt this approach184

because R3D1 does not have a dynamic ice sheet model. An offline ice sheet model would185

be preferred as is typical in LGM studies (Argus et al., 2014; Peltier et al., 2015) but is186

beyond the scope of the present exploratory work. Figure S4 includes original topogra-187

phy plus snow accumulations (denoted as ‘with ice sheets’ in red dotted lines) versus the188

original topography (blue solid lines). For comparison purposes Figure S4d over plots189

the LGM data from Argus et al. (2014); Peltier et al. (2015). Recall that the LGM was190

at a time of lower solar insolation and differing orbital parameters from our future Earth191
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Figure 1. Land (grey) and Ocean/Lake (white) masks used in experiments of Table 1.

Present day Earth continental outlines are shown for reference.

scenarios. We believe that Figure S4d with the LGM over plotted demonstrates that our192

approach to dealing with the ice sheets is not unreasonable.193

The atmosphere is set to roughly Earth constituents in the year 1850: Nitrogen dom-194

inated with 21% Oxygen, 285 ppmv CO2, 0.3 ppmv N2O, and 0.79 ppmv CH4. No aerosols195

or Ozone (O3) are included. For comparison purposes with related work (Way et al., 2018)196

we include a modern Earth-like land/sea mask in Simulations 07–09 (Table 1) with these197

same atmospheric constituents and a bathtub ocean. The Earth-like land/sea mask used198

in these simulations is described in Way et al. (2018) and shown in Figure 8 of that pa-199

per. These changes do not greatly effect the mean surface temperature and make the model200

more resistant to crash conditions often associated with shallow ocean cells freezing to201

the bottom as would be likely in some of the cases herein. To better understand the pos-202

sible effects of rotation rate and insolation (given such parameters used in Simulations203

01–06) we take the same Earth model (Simulation 07) and slow the rotation rate (Sim-204

ulation 08) to be the same as Simulations 01–06, and then increase the insolation (Sim-205

ulation 09) to be the same as that of Simulations 01–03 as shown in Table 1 (the higher206

of the two insolations used at 200 and 250 Myr into the future).207

3 Results208

Let’s first attempt to disentangle any effects of the slower rotation rate. We do this209

by looking at the modern Earth simulations (07–08). Table 1 shows a minimal differ-210

ence between the mean surface temperature between our Earth-like world with modern211

rotation rate (Sim 07) and the 24.5 hour rotation for Sim 08 that is used by our Aurica212

and Amasia simulations (01–06). Planetary Albedo and snow+ice fraction are also nearly213

the same. In Figure S0a visible high latitude regional temperature differences (∼5◦C)214

are seen between simulations 07 and 08 even if mean difference is only 0.2◦C.215

Looking at Figure S1 (left panels) we see that simulations 07 and 08 also have very216

similar atmospheric, ocean and total meridional transport. If one compares the min and217

max stream functions in the tropics in Figure S2a and S2b (simulations 07 and 08) the218

differences are small: –9.1×1010/–9.2×109 ∼1%, 1.2×1011/1.19×1011 < 1%.219

Work by Showman et al. (2013, Figure 5) has shown that pole to equator temper-220

ature differences should decrease as rotation rate slows. There is a marginal difference221

at high northerly latitudes that in fact goes in the opposite direction (Figure S5a). With222

the slower rotating Sim 08 having a very small increase in equator-to-pole temperature223
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difference. Note that the Showman et al. (2013) result is for much larger changes in ro-224

tation rate. Finally in Figure S5b we plot the eddy energy transport fluxes for simula-225

tions 07 and 08. One can see that the mid-latitude eddy energy flux in simulations 07226

is slightly larger than that of 08, which would be consistent with that of Showman et al.227

(2013), but again the differences are marginal. In the end we find very little evidence that228

the additional 30 minutes in the length of day has any effect on the climate dynamics.229

Next the rotation rate is fixed at 24.5 hours, but the insolation is increased from230

simulation 08 (1361 = W m−2) to simulation 09 (1361×1.0260 = 1396.4 W m−2). The231

differences are much clearer here with a ∼5◦C difference in the mean surface tempera-232

ture. The planetary albedo has decreased ∼0.5% which tracks the decrease in Snow+Ice233

fraction of ∼3%.234

It should be noted that previous work has shown that some ancient Earth super-235

continent phases, which are comparable to our Aurica simulations 01–03, have had more236

arid interiors where weathering effects and CO2 draw down may have been less efficient237

(e.g. Jellinek et al., 2019). This would increase surface temperatures as the balance of238

CO2 would tend to be larger than present day because volcanic outgassing (sources) would239

likely remain constant while CO2 drawdown (sinks) would decrease. However, there are240

other climatic effects to consider. For example, the Amasia reconstruction is essentially241

an arctic supercontinent with an independent and isolated antarctic continent, mean-242

ing both poles are covered by land, and much of that is covered by ice. Amasia is thus243

in essence a shift to consolidate the present day domination of northern latitude land masses244

even further north.245

This increase in land masses at northerly latitudes means that there is less ocean246

heat transport to melt the ice in the northern hemisphere summers as happens on mod-247

ern Earth. Some of the heat differences can be seen in the middle right panel of Figure248

S1 where the oceanic meridional transport for the modern Earth simulations (07–09) is249

lower at lower latitudes than the Amasia simulations (04–06). This is because there are250

no southern low latitude continents (e.g. S. America or S. Africa) and the northern hemi-251

sphere continents are now pushed to higher northern latitudes in the Amasia runs. At252

the same time in Figure S3 we see that there are active ocean currents in the modern253

Earth simulation 09 (bottom panel) near the northern polar regions, but none are pos-254

sible in the Amasia simulation 05 run (middle panel).255

The lack of a northern polar ocean means that more ice resides on land and in lakes256

all year round near the north pole, as we see in present day Antarctica, for the three Ama-257

sia simulations. This is the well known ice-albedo climate feedback and explains why the258

Amasia simulations tend to be cooler than the Aurica ones. Simulation 05 (Amasia PD)259

is the coolest of the Amasia simulations. This is because its mean topographic height260

is higher (especially near the north polar regions) than in simulations 04 and 06 (See Fig-261

ure S4e versus S4d and S4f). The higher relief means simulation 05’s lapse rate is lower262

on average and as discussed in the Methods section above it is cooler and hence instead263

of rainfall we tend to get snowfall at high latitudes. This fact is also born out in Figure264

2 where grid snow+ice fractional amounts are quite high in the northern hemisphere win-265

ter months (top center) and southern hemisphere winter months (bottom center) in com-266

parison with the modern Earth simulation 09 with the same rotation rate and insola-267

tion. Note that in Sim 09 in the lower right panel of Figure 2 has snow coverage on Green-268

land in the northern hemisphere summer. This is because we have not adjusted the height269

of Greenland assuming it no longer has an ice sheet, so it will accumulate snow and main-270

tain it because of its higher altitude. In reality it would likely not be snow covered at271

this higher insolation as its topographic height would surely be far lower, although one272

would also have to consider the effects of any land rebound height from the removal of273

the ice sheets.274
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Figure 2. Individual grid cell snow+ice fractional amounts. For simulation 02 (left), simu-

lation 05 (middle) and simulation 09 (right) for a 50-year climatological mean (from the last 50

years of each run) of the months of December, January and February (top) and June, July and

August (bottom).

It is informative to contrast simulation 02 (Aurica PD) with simulation 05 (Ama-275

sia PD). Simulation 02 has land at lower latitudes and uses the same “present day” (PD)276

topographic height values for inputs as simulation 05 where the landmasses reside at high277

latitudes. In Table 1 we give their mean surface temperatures, planetary albedo, frac-278

tional snow & ice coverage and “Habitable Fraction.” The snow & ice coverage as illus-279

trated in Figure 2 is clearly related to the planetary albedo and mean surface temper-280

atures in Table 1. In Table 1 it is clear that the snow & ice fractions are much higher281

for the Amasia runs (04–06) compared to the Aurica runs (01–03), and highest for sim-282

ulation 05 in particular. Simulation 05 has the highest snow fraction amount correspond-283

ing directly to the lowest mean surface temperature of simulations 01–06. This coldest284

of the future climates (simulation 05) is nearly 1◦C cooler than its corresponding mod-285

ern Earth-like simulation (09). We see a lower fractional snow+ice coverage for simu-286

lation 09 in Figure 2 versus that of simulation 05. This in turn is related to the fact that287

simulation 09 maintains open ocean at northern pole which prevents the year round land288

ice seen in simulation 05 (see Figure S3). Hence simulation 05 has 10.2% for the snow+ice289

versus a mere 6.4% for simulation 09 at the same rotation and insolation.290

The general effect of the different land/sea masks between simulations 01–03 and291

04–06 and how they compare with the modern Earth-like mask in simulations 07–09 are292

seen in Supplementary Material Figures S1 and S2. In Figure S1 The largest differences293

are seen in the oceanic meridional transport between the Aurica & Earth-like simula-294

tions. The weaker values seen for simulations 01–03 are likely explained by the large low295

latitude landmass restricting meridional heat transport over a large longitudinal range296

(left middle panel). In the right middle panel of Figure S1 we see how having larger low-297

latitude open-ocean increases the oceanic meridional transport for the Amasia simula-298

tions (04–06) versus the modern Earth-like simulations (07–09). Total (atmosphere +299

ocean) meridional heat transport is very similar between simulations where the only dis-300

cernible differences manifest themselves in the larger northern hemisphere transport for301

simulations 07–09 versus 01–03, which certainly related to the differences in oceanic trans-302

port as discussed above.303

These general trends are repeated in Figure S2 where we plot the stream function304

which indicates the strength of the Hadley circulation. The Aurica (Sim 02) stream func-305
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tion is the weaker of the three as we saw in Figure S1 (lower panels). Looking at Ama-306

sia (simulation 05) versus Earth-like (simulation 09) the northern hemisphere values are307

very similar, but the southern values differ likely because of the low–mid latitude south308

American, south African, and Australian continents in simulation 09 that do not exist309

in simulation 05.310

Work by Spiegel et al. (2008) uses a metric of “climatic habitability” that defines311

the amount of surface area of a planet that can host liquid water (e.g., surface temper-312

atures in the range 0<T<100◦C) at modern Earth atmospheric pressures. In the right–313

most column of Table 1 the left values are given using this metric, while the right val-314

ues utilize a larger temperature range since life on Earth has been found to thrive in tem-315

peratures as high as 121◦C and as low as –15◦C (e.g. NRC, 2007, Table 3.1). These met-316

rics are calculated from 10 year averages (post-equilibrium) of the ground and sea tem-317

peratures. From Table 1 it is clear that the Aurica simulations (01–03) have the largest318

surface habitable fraction amongst all of the simulations. Since none of our simulations319

approach the boiling part of water in any region this is clearly due to the high-latitude320

continents found in simulations 04–09 that manifest below freezing temperatures not widely321

present in simulations 01-03. Simulations 07-08 have large areas with temperatures be-322

low freezing – not unexpected given their lower insolations. What is perhaps most sur-323

prising are the values for Amasia PD (simulation 05) which are lower than the Earth sim-324

ulations at lower insolation (07–08). As noted above, this is attributable to the large ice325

sheets in the high latitude northern and southern hemispheres. Even though simulation326

05 has a higher mean surface temperature than simulations 07–08 the higher global snow327

fraction appears to influence this metric more than may be expected. However, caution328

is warranted when using this habitabilty metric as other work (e.g. Sparrman, 2021) has329

shown that applying the Spiegel et al. (2008) temperature definition in a 3-D sense re-330

veals little difference in “climatic habitability” between worlds that otherwise appear quite331

climatically distinct. On Earth life has been found to withstand pressures beyond those332

of deep sea trenches on Earth (Sharma et al., 2002; Vanlint et al., 2011), at the bottom333

of thick ice sheets (Griffiths et al., 2021) and in extremely deep mines (Lollar et al., 2019).334

Given enough time life has found a way to fill nearly every ecological niche on the mod-335

ern Earth. While a habitability metric like that used herein may be imperfect it can still336

provide us a simple way to compare the surface climates of different worlds.337

4 Conclusions338

The supercontinents of the future can provide us some guidance on how surface tem-339

peratures will increase or decrease depending on how the continents are distributed, with340

implications for exoplanet climate and habitability. But there are other factors to con-341

sider related to weathering rates and volcanic outgassing (e.g. Jellinek et al., 2019), not342

to mention the related role of atmospheric pressure (Gaillard & Scaillet, 2014). We have343

also used a fixed atmospheric CO2 concentration in this paper to avoid introducing a fur-344

ther parameter that can add climate variability and, interesting as it would be, explor-345

ing the climate with a dynamic carbon cycle is left for future work.346

The 30 minute increase in the length of day between simulations 07 and 08 appears347

to play little to no role in the climate dynamics as there is little discernible difference348

in the strength or distribution of the Hadley or eddy transport diagnostics. This implies349

the same for simulations 01–06 with their 30 min longer day lengths than present day350

Earth.351

While we discuss the future climate of Earth we do not touch on the future of life.352

There are too many uncertainties for us to speculate, but recent work provides some guide-353

lines (Mello & Friaça, 2019). The reduced tides during the supercontinent stage (Davies354

et al., 2020) will lead to reduced vertical mixing rates, i.e. a reduced vertical diffusiv-355

ity in the abyssal ocean (Munk, 1966; Wunsch & Ferrari, 2004). This may have impli-356
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cations for ocean ecosystems, and biodiversity. At the same time it appears that the for-357

mation of Pangea had little effect on the global biodiversity of marine animals (Zaffos358

& Peters, 2017) and Pangea was in a very weak tidal state (Green et al., 2017).359

It would be interesting to compare the GCM derived climates for the superconti-360

nent at low latitude in the Aurica runs with previous work on Pangea (e.g. Chandler et361

al., 1992; Chandler, 1994; Fluteau et al., 2001; Gibbs et al., 2002; Roscher et al., 2011).362

Unfortunately it is difficult to make a proper comparison for a number of reasons. First,363

all of these previous works use either atmosphere only GCMs (i.e., no ocean) or shallow364

mixed layer oceans with either prescribed horizontal heat transport or none at all. Sec-365

ondly, unlike Aurica, Pangea spanned not only lower latitudes (like Aurica), but also high366

southern latitudes where ice/snow forms easily (e.g. Chandler et al., 1992, Figure 5). Fi-367

nally, there are different reconstructions for different time periods and not all are directly368

comparable to those we simulate herein. This makes a direct comparison with Pangea369

complicated and we leave such an analysis for the future.370

These new reconstructions may prove useful for exoplanetary where researchers will371

have a larger library of topographies and land/sea masks to chose from when estimat-372

ing the probability of surface habitability on neighboring worlds.373
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