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Abstract

Context: The atmospheric composition and temperature of the Archean eon are poorly
constrained, since a lack of geophysical data makes it difficult to find sufficient proxies. The
proxies we do have indicate that the climate was likely temperate for at least a part of the
period even though the sun was only about 75% as luminous as it is now, and that life likely
started during this eon. The long term geochemical carbon cycle, driven by the interior thermal
evolution of the Earth, is a stabilising factor for the climate, and might have stabilised the
Archean climate as well.

Aims: In this work, we investigate the influence of the thermal evolution and geochemical
carbon cycle on the evolution of the climate during the Archean eon.

Methods: We use a long timescale 1D model that couples the thermal evolution and the
carbon cycle to find values for the atmospheric COs levels and heating through the surface due
to cooling of the mantle. These values are then used as input for a 3D general circulation
model that performs short timescale, detailed simulations to use as ‘snapshot’ images of three
different moments in the Archean.

Results: We find that the heating through the surface due to mantle cooling is insignificant
when compared to the solar irradiance at the surface. The CO5 partial pressure decreases by a
factor of four during the course of the Archean. This dampens the temperature increase caused
by the increasing solar luminosity and prevents increased poleward heat transport
Conclusions: The geochemical carbon cycle was likely a stabilising factor in the Archean eon,
keeping the temperatures low against the increasing solar luminosity. It therefore does not
explain why the eon had temperate climates while the solar luminosity was lower than it is
today. The resulting temperatures are low enough for the planet to be able to fall into a
glaciation, which is consistent with the evidence that that happened a few times during the
period.
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Chapter 1

Introduction

Over its lifetime, the Earth has in practice been many different planets: from a hellish world
with magma oceans and frequent asteroid impacts in the very beginning (Goldblatt et al., 2010)),
to multiple periods of global glaciation (Kasting and Catling, [2003) and from an oxygen-poor
world with only single cellular lifeforms around 3 billion years ago (Catling and Zahnle| |2020) to
the oxygen rich world that saw an explosion in biodiversity and complex lifeforms around 500
million years ago (Zhuravlev and Riding, 2000). We have discovered all this by analysing, dating
and comparing layers of rock on and below the surface, which show fingerprints of factors like
the temperature, pressure and atmospheric composition at the time they were formed. These
factors together make up the environment at that time, and layers of rock are therefore a useful
way to get a glimpse into the environment billions of years ago.

One challenge with obtaining constraints on the Earth’s climate history is that the geological
record is not permanent. The layers of rock that are essential to this research are constantly
being deformed, broken apart and destroyed through plate tectonics, the large-scale movement
of continental and oceanic plates. Therefore, the further back in time we go, the sparser the
information, and the harder it is to investigate the environment. However, there is another
way to shed light on the Earth’s deep past, namely through computational models. Using
constraints gained from the geological record, computer models can help us understand how
these environmental parameters work together, what kind of world they create and by what
processes they are influenced. Bit by bit we’re getting closer to understanding our home planet’s
past. Understanding this deep past of the Earth and its many environments helps us to not only
understand the history of the planet itself, but through that also understand planet formation
and earth-like exoplanets.

In this work, we will try to better understand one aspect of the early Earth’s environment.
We will look at the link between the long term geochemical carbon cycle and the climate during
the Archean eon, a period starting 4.0 billion years ago and spanning about a third of the Earth’s
history. This carbon cycle, a process driven by the planet’s interior evolution and plate tectonics,
works as a thermostat for the climate on timescales of millions of years. We try to quantify its
effect on the climate by combining a 1D model for the thermal evolution and carbon cycle with
a more complex and short-timescale 3D General Circulation Model (GCM) of the atmosphere.

In section[I.I|we give a more detailed overview of the Archean eon and discuss some important
open questions about the period. In section we discuss the mechanisms of plate tectonics
and mantle convection, and how they influence the climate through the carbon cycle. In section
[I.3] we discuss meridional mass transport, which is an important factor in controlling the global
climate. Section is an overview of previous research that has been done into this topic and
section discusses the specific aims of this work and gives an overview of this thesis.
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1.1 The Archean eon

The Archean eon is the period from 4.0 to 2.5 gigayears ago (Cohen et al., 2021). With the Earth
being approximately 4.6 gigayears old, the era thus spans about a third of the planet’s entire
lifetime. The period is associated with the onset of primitive life, the onset of plate tectonics and
the formation of the first continental crust. Its most distinguishing atmospheric characteristic is
very low levels of oxygen, over a million times less than today (Catling and Zahnle, 2020)).

The start of the Archean marked the end of the Hadean eon, an informal designation for
the period directly after the formation of the Earth. The Hadean eon was characterised by a
still solidifying crust, multiple periods of frequent asteroid impacts and the impact with another
small planet that formed the Earth-Moon system (Goldblatt et al., [2010). Few to no rocks are
found from this eon, as they have all been recycled by plate tectonics, so it is difficult to say
more about the environment at that time.

Initially, the beginning of the Archean was defined as coinciding with the onset of life (Catling
and Zahnle, [2020), but this might also have been shortly before or up to 500 million years after
the start of the period (Knoll and Nowakl, 2017). Due to this uncertainty in timing, the beginning
was later defined to be the formation of the very first rocks and fixed at 4.0 gigayears ago, as
the earliest well-preserved rocks date back to that time (Catling and Zahnle, 2020)).

The ending of the Archean was set at the time of the Great Oxidation Event (GOE), when
oxygen levels in the atmosphere rapidly rose. This event was initially dated to ~2.5 Ga ago,
but using newer proxies, that dating was later adjusted to after ~2.4 gigayears ago. The ending
of the Archean remained fixed at 2.5 Ga ago, and therefore the GOE now falls outside of the
period (Catling and Zahnle, 2020). After the Archean ended, the Proterozoic eon begin, which
is, with nearly 2 gigayears, the longest of the Earth’s four eons, and is roughly bounded by the
rise of atmospheric oxygen on one end, and the Cambrian explosion (541 million years ago) on
the other (Maloof et al., 2010).

1.1.1 Open questions about the Archean

Even though the oldest rocks date back to the Archean, the geological record is sparse. It is
therefore difficult to precisely characterise the environment and this has led to a few problems
that have yet to be solved.

1.1.1.1 Faint Young Sun paradox and atmospheric composition

One of these problems is the Faint Young Sun (FYS) paradox. It has been shown that the
Sun has increased in luminosity over its lifetime, and was therefore fainter in the past. At the
beginning of the Archean, the Sun’s luminosity was 74% of what it is today, and that increased
to 82% of the current luminosity by the end of this period (Gough, 1981)). With the atmospheric
composition of present-day Earth, that would lead to a mean global surface temperature between
255 and 270K, below the freezing point of water (see Figure and would therefore make the
Earth fall into a full glaciation during the whole eon. However, there is strong evidence that there
were in fact oceans of liquid water during at least parts of the Archean, which would suggest
temperatures well above the freezing point of water. There is still debate about how warm it
actually was, but the suggested mean temperatures range from a temperate 0-20°C to a hot
60°C, with a preference for the more temperate climate recently (Charnay et al., [2020)).

At this point, the FYS paradox is no longer a paradox in the sense that there is a very
simple and reasonable solution: planetary conditions were different. A different atmospheric
composition with higher concentrations of greenhouse gases or a different planetary albedo due
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Figure 1.1: The Faint Young Sun paradox, taken from |Giidel (2014), based on Kasting and
Catling| (2003)). The solid black line shows the solar luminosity throughout the Earth’s history,
relative to today’s value. The upper dashed line is the temperature assuming the atmosphere
was the same as today. The lower dashed line is the temperature assuming no atmosphere. The
solid grey line is the freezing point of water. It is clear from this figure that even with today’s
atmosphere, it would be too cold for liquid water to exist given the solar luminosity we had
4.0-2.5 billion years ago

to clouds and land distribution could easily solve the problem in theory. The range of possible
greenhouse gas concentrations obtained from the available geological proxies are indeed in general
higher than today’s values, with for example COs partial pressures between 3 and 750 mbar
(Charnay et all 2020) and CHy partial pressures between 0.01 and 10 mbar (Sauterey et al.,
2020). The temperate climate needed to solve the paradox can be obtained with values that
are within these constraints (Charnay et al. 2020), however the exact combination of factors
that increased the global average temperature enough for liquid water to exist is still unknown.
Therefore, though the problem is no longer a true paradox, it is not yet solved. Both geologists
and climate scientists have been working on this for years, and a good overview of the current
state of knowledge is given in |Charnay et al.| (2020)

1.1.1.2 Continents and plate tectonics

The Archean eon is generally regarded as the period in which plate tectonics started, although
the exact timing is still unclear. As more evidence is gathered, this onset is shifted to earlier
and earlier times and the current consensus over the past years has been that plate tectonics was
in place by at least 3.2 gigayears ago (e.g. Mahapatro et al.l [2012)). However, recently studies
have suggested that it might even have been in place around 4.0 gigayears ago (Windley et al.,
2021). The onset of plate tectonics was most likely not an instantaneous event, but rather a slow
transition that occurred regionally rather than everywhere at once (Sleep 2007)).

What the surface of the Earth looked like during that time is also still debated. There is
evidence for the formation and break up of a few supercontinents, but those might also have
been regular continents instead, or might not even have existed (e.g. |de Kock et al.; 2009; [Nance
et al., 2014; Bleeker, 2003; |[Piper} 2010). The total land fraction of the surface during that time
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might have been anything between 0% and 80% of what it is today (Krissansen-Totton et al.,
2018).

Plate tectonics and the surface land fraction are important in this work, because they have
a big influence on the climate, through the long term carbon cycle, which we will discuss in the
next section.

1.2 The influence of plate tectonics and mantle convection on the
climate

The processes of plate tectonics and mantle convection link the Earth’s interior with the atmo-
sphere through the long term geochemical carbon cycle. This section gives a brief overview of
these processes and their influence on the climate. The information mostly follows [Oosterloo
(2020), unless otherwise specified.

1.2.1 The mechanics of plate tectonics and mantle convection

The outermost layer of the Earth, called the lithosphere, consists of multiple separate plates that
slowly move with respect to one another. This process, which we call plate tectonics, causes
continents to migrate across the surface of the Earth on long timescales, and is the reason why
the distribution of land over the surface has been very different in the past.

The lithosphere consists of two separate layers, the crust and the upper layer of the man-
tle, that can be distinguished from one another by their chemical composition. The mantle is
predominantly made up of iron and magnesium silicate minerals. The crust, on the other hand,
consists of two types: continental crust composed mostly of granite and oceanic crust composed
mostly of basalt (Earle, 2019)). This distinction between continental and oceanic crust is vital
in understanding the processes associated with plate tectonics. Continental crust is thick (~ 35
km) and buoyant, with an average density of about 2.7 g/cm? (Earle, [2019) and therefore very
stable. It is on average 2 Gyr old, which makes it valuable for geological research (Cawood et al.,
2013)). Oceanic crust on the other hand is both thinner (~ 5 km) and denser (~3.0 g/cm?) than
continental crust (Earlel 2019)), which makes it less stable. It is constantly being recycled, and
is therefore seldom more than 200 million years old (Condie, [1997]).

The formation and destruction of oceanic crust happens at mid-oceanic ridges and subduc-
tion zones respectively, and is illustrated in figure At plate boundaries where oceanic and
continental plates converge, called subduction zones, oceanic crust is subducted underneath the
continental crust. The oceanic crust sinks, melts, and becomes part of the mantle. Far away
from subduction zones, new oceanic crust is made at mid-oceanic ridges. Hot mantle rocks from
the layer right beneath the lithosphere (the asthenosphere) are pushed upwards and melt due to
the lower pressure, which allows them to become part of the lithosphere. They then move away
from the mid-oceanic ridge, cool down and become denser.

This continuous movement of the oceanic crust away from mid-oceanic ridges and towards
subduction zones is caused by convection in the asthenosphere. The asthenosphere is hotter than
the lithosphere, with temperatures above 1500 K even in the upper layers. This high temperature
allows the mantle to be deformed under sufficient stress and therefore act as a viscous fluid on
timescales of millions of years, a phenomenon called solid-state creep. Heating from below,
caused by cooling of the core, and cooling at the top create a temperature gradient within the
mantle, which creates enough stress for the mantle to start convection, and this then acts as a
conveyor belt for the tectonic plates on top.
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Figure 1.2: The life cycle of oceanic crust. Oceanic crust is formed at mid-oceanic ridges,
where magma from the asthenosphere ascends to the surface and cools down. It is then slowly
transported toward the ocean-continent plate boundary where it is subducted and recycled back
into the mantle. Image credit: Roberto Molar Candanosa (robertomolar.com/multimedia).

1.2.2 The long term geochemical carbon cycle

Plate tectonics and mantle convection have an influence on the climate, because they are the
main driving force behind the long term geochemical carbon cycle, also called the carbon-silicate
cycle. This acts as a thermostat to the Earth over long timescales, as first suggested by
. The long term geochemcial carbon cycle is not to be confused with the short
term biochemical carbon cycle that governs the distribution of carbon between the biosphere,
hydrosphere, atmosphere and the Earth’s surface (Kamiuto, 1994)). Rather, the geochemical
carbon cycle governs the distribution of carbon between the atmosphere, lithosphere and the
Earth’s interior and therefore dictates how much carbon is available for the biochemical carbon
cycle.

In the geochemical carbon cycle, carbon is cycled between the atmosphere, land, ocean,
seafloor and mantle, as can be seen in figure [I.3] COg is taken out of the atmosphere by
dissolution in rainwater. As this water reaches the surface, the COs reacts with rocks in a
process called silicate weathering (hence the name carbon-silicate cycle). Figure shows this
reaction for the silicate mineral wollastonite, but the reaction happens for other such minerals
as well. This reaction becomes more efficient with increasing temperature, meaning that if the
temperature increases, more COg is taken out of the atmosphere.

COg is a gas that is transparent to visible and ultraviolet radiation, while it absorbs infrared
radiation. Solar radiation, being the strongest at visible wavelengths, is thus let through, whereas
the thermal radiation from the Earth’s surface is blocked by CO in the atmosphere. COq
is therefore a greenhouse gas, meaning that a higher atmospheric COs concentration causes
higher temperatures. Thus, if increasing temperatures cause more COs to be taken out of the
atmosphere, this in turn decreases the temperature again, hence the thermostat-function of the
carbon cycle.
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Figure 1.3: A schematic overview of the carbon-silicate cycle. COq reaches the surface dissolved
in rainwater. It reacts with silicate rocks, and the reaction products are transported to the
ocean, where they react again to form carbonate and COs. Carbonate is stored on the oceanic
crust and COq reacts with the crust through seafloor weathering. Once it reaches a subduction
zone, the carbonate undergoes metamorphism, releasing COs again. This COs is then either
immediately outgassed from volcanoes, or subducted into the mantle to later be outgassed at
mid-oceanic ridges. Image credit (modified): James F. Kasting (personal.ems.psu.edu/~jfk4/
PersonalPage/ResInt2.htm), adapted from Kasting et al.| (1993)

If the products of silicate weathering are then dissolved in river water, they are transported to
the ocean, where they react to form carbonates and COs. The carbonates sink and are deposited
on the seafloor to form sediments. Some of the CO3 stays in the seawater, while the rest is taken
up by the oceanic crust through a process called hydrothermal carbonisation, which acts as
a form of seafloor weathering. This process is pH dependent (Krissansen-Totton and Catling,
2017)), with lower pH leading to more effective weathering.

The carbon that is now stored in oceanic crust is transported to subduction zones through
plate tectonics. Once the oceanic crust sinks under the continental crust, the increased pressure
and temperature cause carbonate rocks to change through metamorphism, thereby releasing the
carbon in the form of COs. This CO4 is then either fully subducted and stored in the mantle,
or immediately released back into the atmosphere through arc volcanism. Meanwhile, at mid-
oceanic ridges, CO9 that was stored in the mantle is released back into the ocean, while at the
same time new weatherable rock is exposed.

The equilibrium of this cycle is dependent on factors like atmospheric temperature, ocean
temperature and the speed with which oceanic plates move. In turn, it dictates the distribution
of carbon over the atmosphere, lithosphere and the Earth’s interior. Plate tectonics and the
geochemical carbon cycle are thus inherently linked with the climate, and therefore with every-
thing that happens above the surface of the Earth, including the development and evolution of
life. Life, in turn, influences everything from atmospheric composition (e.g. [Lyons et al.l [2014)
to plate tectonics and the building of mountain belts (Parnell and Brolly, 2021). Understanding
the link between processes inside the Farth and processes on and above the surface is therefore
crucial in understanding the history of both our own planet and others.
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1.3 Meridional mass transport

Another important process controlling the overall climate is the heat transport due to general
circulation in the atmosphere. On Earth, this circulation is driven by temperature gradients and
the planet’s rotation and is contained in three circulation cells per hemisphere, called Hadley
cells, Ferrel cells and polar cells. Figure shows a schematic overview of the present day Earth
with these circulation cells.

On both sides of the equator, hot air near the surface becomes convectionally unstable and
rises to the top of the troposphere, creating a low pressure zone near the equator. The risen air
diverges poleward and this poleward movement causes the air to get closer to the rotational axis
of the Earth. The resulting coriolis force then deflects the air eastward, creating jet streams. At
latitudes of around 30° north and south, the eastward jets become so strong that the flow breaks
down into eddies. This instability, combined with cooling due to radiation to space, causes the
air to sink down toward the surface again and create a high pressure zone at these latitudes.
The air then flows toward the low pressure zone near the equator and is deflected westward due
to the coriolis force, creating the easterly (westward) trade winds. This closes the loop of the
Hadley cell.

Subpolar _ Polar high
low = - -

Figure 1.4: A schematic overview of the general circulation of present-day Earth, showing Hadley
cells, Ferrel cells and polar cells as well as the corresponding high and low pressure zones. Image
taken from [Lutgens and Tarbuck (2001)

Something very similar happens near the poles, where warm air rises around latitudes of 60°
north and south and flows toward the poles. Once cooled, it is dense enough to sink near the
poles, and the resulting polar high pressure zone causes equatorward flow near the surface back
to ~60° latitudes, closing the loop of the polar cell. Again, because of the Coriolis force, this
causes strong and consistent westward winds at these latitudes, and a strong eastward jet stream
at the top of the troposphere and at higher latitudes.
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In between these two cells is a region of baroclinic instability, where the strong eastward
motion in the tropopause cannot be sustained, so the flow breaks down into large-scale eddies.
There is no clear straightforward poleward flow of heat in these latitudes due to this instability,
but the circular motions of the eddies do transport heat in the direction of the poles, and hence
when averaged over longer periods of time, this latitudinal zone shows a circulation cell as well:
the Ferrel cell. The Ferrel cell essentially functions as a gear that connects the Hadley and polar
cells, to complete the general circulation in the atmosphere (Kushnir, 2000} Vallis, [2017)).

This general circulation pattern is an important cause of heat transport from the equator to
the poles. One way of visualising the circulation is using the meridional mass stream function,
given by:

top of atmosph.
¥ = —27a cos ¢ podz, (1.1)

sur face

where a is the planet’s radius, ¢ the latitude, p the air density, v the latitudinal velocity and z
the vertical coordinate. The zonal average of pv is taken, i.e. the average over longitudes. The
absolute value of this stream function indicates how much mass is transported due to circulation,
and the sign indicates the direction of transport.

1.4 Previous work on the carbon cycle and the Archean climate

Until the last few decades, research into the climate of the Archean Earth used to be restricted
to the field of geology. |Catling and Zahnle| (2020)) and |Charnay et al. (2020) review our current
understanding of this eon, giving an overview of what we know from the geological record. The
atmospheric composition is still poorly constrained, with for example the partial COqg pressure
(pCO2) ranging from 3 to 750 mbar. Constraints on the temperature typically vary between
0°C and 20°C, though there is still debate about this. Some data even suggests temperatures
as high as 60°C, but Charnay et al. (2020 argue that this is at odds with the evidence for
partial and global glaciations (Wit and Furnes, |2016; |Ojakangas and Hegde, 2014} Kasting and
Howard, 2006). Even though these glaciation events might have been very short compared
to the 1.5 billion years duration of the Archean, a transition from a warm 60°C climate to a
complete snowball Earth would require major changes in the atmospheric composition caused
by yet unknown mechanisms, and no evidence has been found for such mechanisms yet.

More recently, numerical simulations have started to play an important role in research
surrounding the Archean climate. This started with |Walker et al.| (1981)), who were the first to
suggest that the geochemical carbon cycle involving temperature dependent silicate weathering
might provide long term stabilisation of the Earth’s climate. They made a model for the carbon
cycle using simple parametrisations, and this model was later used and adapted multiple times
to investigate the influence of this cycle on the early Earth’s climate. One example of this
is Tajika and Matsui| (1992)), who made a coupled thermal evolution and carbon cycle model
to simulate the evolution of the Earth’s atmosphere. They showed that the carbon cycle is
indeed a stabilising factor and found Archean COq levels that were 100-1000 higher than today’s,
resulting in the temperate climate needed to resolve the FYS paradox. Another example of
early carbon cycle modelling is Sleep and Zahnle| (2001), who used a long timescale carbon
cycle model without coupled thermal evolution, and adapted that for the Archean. To simulate
Archean circumstances, they assumed quicker plate tectonics, higher heat flows through the
surface and more alkaline oceans. This last point is still strongly debated (e.g. Tajika and Matsui,
1992; Krissansen-Totton et all 2018]). The results of this model suggest that the Archean was
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cold unless there was another strong greenhouse gas, because the more vigorous plate tectonics
and abundant weatherable impact ejecta from asteroid bombardments at the beginning of the
Archean were an efficient CO5 sink. However, it later turned out that in this model, the influence
of seafloor weathering was likely overestimated because the authors fixed the pH to a value that
is too alkaline, and they parametrised the seafloor weathering with a dependence on pCOq, which
in reality turned out to be weaker than previously thought. Instead, the temperature and pH
dependence turned out to be the most important factors in determining the efficiency of seafloor
weathering, as was found in another long term model of this kind, developed in |[Krissansen-
Totton et al.|(2018)). The authors made a carbon cycle model for the early Earth including ocean
chemistry using an empirically derived pH and temperature dependence of seafloor weathering
from Krissansen-Totton and Catling (2017). They found that during the Archean, the ocean
slowly became more alkaline (from a pH of 6.6J_r8:2 to one of 7.0f8:g). This turned out to be a
result of the increasing solar luminosity, since that caused temperatures to rise, thus continental
weathering to be more efficient and thus COs levels to decrease, which then decreased the
dissolution of atmospheric CO» into the ocean. However, the increased continental weathering
did cause a larger influx of COs into the ocean via rivers, which somewhat moderated the effect.
They found average temperatures between 0 and 50°C and found that seafloor weathering was
less dominant than assumed in [Sleep and Zahnle| (2001)), which explains why the climate was a
lot more temperate.

Even more recently, 3D General Circulation Models (GCMs) have been used to explore the
Archean climate. These short timescale models calculate the circulation of matter in a planet’s
atmosphere on a 3D grid, and are often used for weather forecasting and climate research.
Charnay et al. (2017) used such a model to simulate both the climate and the carbon cycle
at 3.8 Ga ago, assuming an initial pCOg of 10-1000 mbar and then modelling the equilibrium
temperatures. They also found that the carbon cycle keeps the climate temperate (8.5-30.5°C)
without needing other greenhouse gases. Contrary to |[Krissansen-Totton et al.| (2018), however,
they did find that seafloor weathering was, at least initially, the dominant process and the climate
was therefore insensitive to the land fraction. However, as more continental crust was formed
and seafloor spreading slowed down, the continental weathering became more important.

All in all, both 1D and 3D models have been used to study the influence of the carbon cycle
on the Archean climate. 1D models were often used to study the global long term evolution of
the climate, whereas 3D simulations were used to study the climate in more detail, but only at
specific moments during the eon.

1.5 Aim of this project

The aim of this project is to combine the two types of models: a long timescale box model for
the thermal evolution and carbon cycle, comparable with those in Tajika and Matsui (1992),
Sleep and Zahnle (2001) and |Krissansen-Totton et al. (2018)), and a short timescale 3D GCM in
order to investigate in more detail how the Earth’s interior has influenced the evolution of the
climate throughout the Archean eon and what the consequences of this are for the big questions
surrounding the early Earth. In combining these two models, we can study the evolution of
the climate in more detail, rather than either studying the global, less detailed, evolution of
the climate, or a detailed depiction of the climate at just one moment in time. Furthermore,
this allows us to complement some simplifications that are made in the GCM, by allowing the
atmospheric composition to change during the Archean and by implementing interior thermal
evolution in our analysis.

As a long term model, we use the one developed in |Oosterloo| (2020), which couples the
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thermal evolution (through a parametrisation of mantle convection) to the geochemical carbon
cycle to investigate the role of the planetary interior in the long term evolution of atmospheric
CO2 and habitability of exoplanets. This model was based on other models made for the Earth,
and can hence easily be used for the Archean Earth.

The heat flux from the interior through the surface and the average COs partial pressure
obtained from this thermal evolution and carbon cycle model are then used as the input for a
GCM. For that, we use the Unified Model (UM) developed by the MetOffice and adapted by
the Exeter Exoplanet Theory Group (EETG) (exoclimatology.com) to work for various types
of exoplanets, solar system planets and the early Earth. Because of its complexity, the UM
can’t run on long timescales and we therefore use it for short timescale, ‘snapshot’ simulations
at various times during the Archean. This allows us to explore in more detail what the climate
looked like at the time of those snapshots, rather than the global averages produced by just a
box model.

In chapter [2| we discuss both models that are used more thoroughly and explain how we
combine them to get our results. We then discuss these results in chapter [3] first for the thermal
evolution model, then for the UM and finally in section |3.3] we summarise and discuss the
interpretation of these results for the evolution of the climate. Lastly, chapter [4]is a discussion
of the results in light of the broader context, previously done research and open questions, a
discussion on the limitations of this project and an outlook on possible future work.
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Chapter 2

Methodology

In this chapter, we discuss the two models that were used and how we used them. Section
gives an overview of the long timescale coupled thermal evolution and carbon cycle model,
whereas section gives an overview of the shorter timescale UM. Then finally, in section [2.3]
we explain how both models were combined.

2.1 Long timescale thermal evolution and carbon cycle model

The long timescale model that combines the interior evolution of the Earth with the long term
geochemical carbon cycle was developed by |Oosterloo| (2020), based on previous work by Schubert
et al.| (2001), Driscoll and Bercovici (2014)), Honing et al.| (2019)) and [Foley| (2015). The model
was created to investigate the role of plate tectonics in the long term evolution of carbon dioxide
on earth-like exoplanets and |Oosterloo| (2020) used the model to assess how planetary mass, core
size, radiogenic mantle heating, carbon abundance and land coverage influenced the geochemical
carbon cycle and therefore the CO2 pressure on these planets.

This section discusses the basic principles behind the model. A full mathematical derivation
including the input parameters can be found in |Oosterloo| (2020) or the appendix of |Oosterloo
et al.| (2021]).

2.1.1 Thermal evolution

The first component of the model simulates the thermal evolution of the Earth’s interior by
solving the equations for temperature balance in the mantle. This model is based on those
discussed in [Schubert et al.| (2001]), Driscoll and Bercovici (2014) and Honing et al.| (2019). The
mantle is heated from below by cooling of the core through a lower thermal boundary layer, and
from within by the decay of the radioactive isotopes 232U, 235U, 232Th and 4°K. Furthermore, it
is cooled by a heat flow to the surface through an upper thermal boundary layer.

The heating by radioactive isotopes is calculated by relating the modern-day heat flow of
these isotopes to their half lives. The heat flows through the upper and lower thermal boundary
layer can be related to the temperatures at the top and bottom of the mantle using the relation
between the Nusselt and Rayleigh numbers, the Nu-Ra relation. The Nusselt number is given

by:
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and is the ratio of the total heat flow (g) over the conductive heat flow (g.), the latter of which
can be written as:

k(T — Tu)

5 , (2.2)

qdc =
with k£ the thermal conductivity, T; the temperature at the lower boundary, T, the temperature
at the upper boundary and D the vertical thickness of the layer.
The Rayleigh number is given by:

Ra — W‘(Tl_—Tu)ng (2.3)
KV
with ¢ the gravitational constant, a the thermal expansivity, x the thermal diffusivity of the
material, v the viscosity and the other variables the same as in equation 2.2 The Rayleigh
number is a measure of the convective vigor of a fluid. It can be further written in terms of
the mantle temperature by assuming a Newtonian rheology for the mantle, in which case the
viscosity can be written as v o< exp[1/7] following the Arrhenius law (Stevenson et al., 1983).

The Nusselt and Rayleigh numbers are related via the Nu-Ra relation, Nu oc Ra” where f3
depends on the mantle geometry and rheology. In this work, we used § = 1/3 as that corresponds
to the boundary layer model used in Oosterloo| (2020)).

If the Rayleigh number is above a certain threshold, called the critical Rayleigh number Rac,,
then the fluid becomes unstable and convection occurs. By setting Ra = Rac, in both the upper
and lower boundary layer, one can relate the heat flow through these layers and the thickness of
these layers to the temperature gradient and hence the temperature balance can be solved. For
Earth’s mantle, Rac, is thought to have values as low as 450 (Honing et al., |2019)) or as high as
1100 (Schubert et all [2001). Here, Ra., is set to 1100 to be consistent with Oosterloo (2020))
and Schubert et al.| (2001)).

2.1.2 Carbon cycle model

The second component, a carbon cycle model, is based on the model by |Foley (2015), which
in turn is based on the one from Sleep and Zahnle] (2001)). It solves a set of mass conservation
equations for the various carbon reservoirs R, (ocean), R, (atmosphere), Ry, (oceanic crust) and
R, (mantle).

Because the timescale to reach an equilibrium between the ocean and atmosphere reservoirs
is much smaller than the timescale on which the other reservoirs reach an equilibrium (~ 103
yr versus ~ 105 — 10? yr) (Sleep and Zahnle, [2001), these two reservoirs are treated as one in
solving the mass balance. Then after each timestep, the steady-state values of the ocean and
atmosphere reservoirs are calculated. It is assumed that the COs in the ocean and atmosphere
behaves as an ideal gas, in which case the atmospheric CO» partial pressure is directly dependent
on the ocean reservoir via Henry’s law (Foley, [2015). Furthermore, by simply using the ideal
gas law, one can relate the CO4 partial pressure to the atmospheric reservoir as well, therefore
obtaining a relation between the ocean and atmospheric reservoirs.

The various relevant fluxes are the subduction flux of oceanic crust at subduction zones (Fyyp,
the outgassing flux caused by arc volcanism (Fy,.), the outgassing flux at mid-oceanic ridges
(Fridge), the seafloor weathering flux (Fly,) and the continental weathering flux (Fyeather)- Fsub
and Fy.. can be related because F,,. is a fraction of Fj,,. This fraction is poorly constrained,
and is therefore set at 0.5 for the model in Oosterloo (2020) and hence also for the model we used
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here. Furthermore, half of Feqtner, which in principle takes carbon out of the atmosphere/o-
cean reservoir, is put back into that reservoir because with the formation of carbonate, half of
the carbon is released back in the form of COs. Therefore for every two moles of COy taken
out of the atmosphere by continental weathering, only one mole is actually taken out of the
atmosphere/ocean reservoir.

One important factor in the parametrisation of the fluxes is the dependence of Fi,cqther ON
the surface temperature, the one feature of the thermal evolution and carbon cycle that makes
it such an effective thermostat. For this, the temperature is needed, which is calculated by
linking the surface temperature to the CO4 partial pressure, the planetary albedo and the solar
luminosity via a simple parametrisation derived by [Walker et al.| (1981), which assumes COg is
the only relevant greenhouse gas.

Furthermore, just like the heating by radioactive isotopes, the parametrisations of Fjr,, and
Fyeather are scaling laws which scale the fluxes to present-day Earth fluxes.

2.1.3 Coupling of the thermal evolution to the carbon cycle

The coupling of the thermal evolution model to the carbon cycle model is done in two ways.
First of all, in the carbon cycle model, Fyp, Friqqe and Fipy, all depend on the plate speed, the
speed with which oceanic crust moves. This plate speed is coupled to the Rayleigh number by
relating it to the horizontal flow speed of the upper thermal boundary layer, i.e. the upper part
of the mantle, which is directly dependent on the Rayleigh number.

Furthermore, another link between the two models is made because the heat flow through the
upper thermal boundary layer is dependent on the surface temperature, and hence on the CO2
pressure. Therefore, not only does the interior thermal evolution influence the carbon cycle, but
the carbon cycle in turn also influences the interior thermal evolution.

2.1.4 Using the model for the Archean eon

Since the coupled thermal evolution and carbon cycle model was calibrated to present-day FEarth
values and since it was primarily made to investigate the influence of factors like planetary mass,
core size and radioactive isotope abundance, there are some caveats to using it for the early
Earth.

First and foremost, it is still unsure when and how plate tectonics started, see for a more
detailed discussion section Recent studies have suggested that plate tectonics as we know
it might have been around by the beginning of the Archean (Windley et al 2021), but it could
just as well be that the processes worked differently or were in place only in certain regions
(Sleepl, 2007; [Windley et al., [2021]). The model we use assumes that plate tectonics was already
in place from the start, and that it has always worked in the same way.

Secondly, Oosterloo| (2020) has shown that the land fraction has a big influence in the coupling
of the thermal evolution and the carbon cycle, with a land fraction of zero completely decoupling
the two systems. As discussed in section the land fraction in the Archean was likely
lower than it is now, but the exact value is not known. In the thermal evolution and carbon
cycle model that we used, we assumed a constant land fraction that is the same as today’s.
Furthermore, the planetary albedo was likely different during the Archean than it is now, since
that is dependent on the land fraction. Again, we assumed an albedo that is constant and the
same as today’s.

13



2.2. Short timescale climate model (Unified Model) J. E. Prins

2.2 Short timescale climate model (Unified Model)

The more complex, short timescale model we used is the Unified Model (UM), a general circu-
lation model (GCM) developed by the UK MetOffice for both weather and climate applications.
Since 2014, it has been adapted to work for a range of different types of exoplanets, most notably
hot Jupiters (e.g. Mayne et al., 2017, mini-Neptunes/Super Earths (e.g Mayne et al.,|2019) and
terrestrial planets (e.g. Eager et al., 2020). More recently, the model has been adapted for Mar-
tian (McCulloch et al.| [2021]) and early Earth applications, the latter of which we have used for
this work.

The UM consists of various components working together. The most important of these are
the dynamical core, the radiative transfer scheme and the interaction between the surface and
the atmosphere. This section gives a brief overview of these components.

2.2.1 Dynamical core

The basis of any GCM is a dynamical core that models the circulation of mass in the atmosphere
of a planet. It does this by integrating a set of differential equations that describe the motion
of a fluid over time. This set of equations typically includes one equation for mass conservation,
a set of equations for momentum balance (the Navier Stokes equations) and one equation for
energy balance.

The dynamical core of the UM is called ENDGame (Even Newer Dynamics for General
atmospheric modelling of the environment). ENDGame is based on the non-hydrostatic, deep-
atmosphere, fully compressible equations, that is, equations which describe an atmosphere that
is not in hydrostatic equilibrium, that can have a depth comparable to the planetary radius and
where fluid parcels can change in density (Staniforth and Wood| 2003} [2008). The core solves
these equations on a latitude-longitude grid using a semi-implicit scheme, in which the solution
for each timestep is a weighted average of the solutions obtained by the explicit and implicit
mehtods. The implicit method is in this case based on the Crank-Nicolson scheme (Crank and
Nicolson, (1947)), which is a form of a trapezoidal method of integration.

Furthermore, the integration scheme is semi-Lagrangian. Lagrangian integration traces the
trajectories of individual fluid parcels, whereas Eulerian integration traces the properties of a
fluid as it flows through a fixed grid. The problem with Lagrangian integration is that parcels can
start to cluster together, leaving large regions of space empty. To prevent this, a semi-Lagrangian
integration defines fluid particles according to an Eulerian grid, performs the integration over one
timestep, interpolates the properties of the fluid on the Eulerian grid and then redefines the fluid
particles according to that same fixed grid. This can potentially violate the mass conservation,
but ENDGame uses a scheme (developed in|Wood et al.,2014) that is inherently mass conserving
(Mayne et al., 2014]).

2.2.2 Radiative tranfer

The other crucial aspect of any GCM is the radiative transfer scheme, which calculates how
radiation of different wavelengths is reflected, absorbed, transmitted and emitted by the atmo-
sphere. This radiative transfer scheme distinguishes between so-called shortwave and longwave
radiation, where the former is the stellar radiation, i.e. the radiation that is either directly
originating from the Sun or reflected by the atmosphere, and the latter is so-called planetary
radiation, that has been emitted by the Earth’s surface or atmosphere. There is in reality some
overlap in wavelength between the two types of radiation, but in general stellar radiation has
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shorter wavelengths (peak around 0.5 pum) than the planetary radiation (peak around 10 pm),
hence the names shortwave and longwave radiation.

The UM uses a radiative transfer scheme called Suite Of Community RAdiative Transfer codes
based on Edwards and Slingo (SOCRATES) (Edwards and Slingol, [1996; [Manners et al.,[2015]). It
uses the correlated-k method as discussed in Lacis and Oinas| (1991), where wavelength intervals
with similar spectral properties are grouped and treated as one to decrease computational cost.
We used the configuration from |Walters et al.| (2019), where the longwave radiation is treated via
12 bands between 3.3 pm and 10 mm and shortwave radiation is treated via 29 bands between
0.2 and 10 pm.

2.2.3 Surface

In the UM simulations we performed, the Earth was assumed to be a fully ocean-covered planet.
The surface was therefore considered to be a an ocean with a single 2.4 m thick mixed layer,
based on |Frierson et al. (2007)), which interacts with the atmosphere by reflecting, absorbing
and emitting radiation, but has no exchange of matter with the atmosphere. It was assumed
that there is no horizontal heat transport within the ocean. Furthermore, in this treatment ice
formation in the ocean when temperatures fall below the freezing point, so there is no ice albedo
feedback.

2.3 Combined carbon cycle and climate modelling

We combined the two different models by using the interior heat flux and COs partial pressures
obtained from the thermal evolution and carbon cycle model as input for the UM. We ran the
thermal evolution and carbon cycle model using the parameters in table Note that in this
table, three different initial mantle temperatures are given. We ran the model for each mantle
temperature separately, to explore a range of values. Furthermore, we ran the model with present-
day Earth land fraction and albedo and assumed that all carbon is in the atmosphere/ocean
reservoir initially, since pCOq values were likely high on the early Earth (Payne et al., 2020). We
used the Nu-Ra relation exponent mentioned in section 2.1, We ran the model for two different
solar luminosity scenarios: one where it was kept constant at the value it had at the beginning
of the Archean (74% of its modern day value), and one where it was allowed to change according
to the parametrisation given in |Gough| (1981]).

Parameter  Description Value(s) Unit
T, (0) Initial mantle temperature 1600, 1800, 2000 K
Rs(0)/Rtot(0)  Initial fraction of carbon in ocean/atmosphere 1 -

a Albedo 0.31 -
fland Land fraction 0.3 -

I3 Nu-Ra relation exponent 1/3 -
Ra, Critical Rayleigh number 1100 -

f Subduction zone COy degassing fraction 0.5 -

Table 2.1: Relevant parameters for the thermal evolution and carbon cycle model. All other
input parameters can be found in Oosterloo| (2020)).

The two results from the thermal evolution and carbon cycle model that are relevant for this

research are the atmospheric CO2 levels and the interior heating through the surface caused by
mantle cooling. These values were taken at the beginning (4.0 Ga ago), middle (3.25 Ga ago)
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and end (2.5 Ga ago) of the Archean and then used as input for the UM, by treating the interior
heating as a heat flux from below and adding the CO4 partial pressure to the initial atmospheric
composition. This way we created detailed ‘snapshot’ images of those three moments. As
mentioned in section 2.2 the Earth was treated as an ocean planet in the UM, and therefore,
contrary to what we do in the thermal evolution and carbon cycle model, the land fraction was
set to 0 for the UM. Other relevant input parameters for the UM are given in Table We
deliberately kept methane levels on the low side compared to constrains mentioned in |Catling
and Zahnle (2020)), in order to more easily isolate the impacts of the COg concentration on the
climate. The day length was kept at 24 hours even though it was likely shorter in the past, and
the eccentricity of the Earth’s orbit and axial tilt were both put to 0 for simplicity.

Parameter Name Value(s) Unit
pCHy Methane partial pressure 0.1 mbar
d Day length 24 h
e Eccentricity of Earth’s orbit 0 -
0 Axial tilt of Earth 0 °

Table 2.2: Relevant parameters for the UM runs.

To properly disentangle the influence of increasing solar luminosity on the climate from the
influence of the thermal evolution and carbon cycle, we ran the UM for three scenarios. In
the first scenario, the solar luminosity increased according to (Gough| (1981), but there was no
evolution in the heating from the interior or in the COs levels, we call this scenario LumChange.
In the second scenario, the solar luminosity again increased, but now the interior heating and
COg levels were also allowed to change, we call this BothChange. In the third scenario, which
we call CO2Change, the solar luminosity was kept constant, but the interior heating and COq
levels were allowed to change, in this case taking the output from the carbon cycle model run
with constant solar luminosity. Table gives an overview of the three scenarios

Scenario Solar luminosity Interior heating and CO; levels
LumChange Changes Stay constant

BothChange Changes Change

CO2Change Stays Constant Change

Table 2.3: An overview of the three scenarios for which the UM will be run.
All in all, we performed nine simulations with the UM, for three scenarios at three times during

the Archean, using output parameters from the thermal evolution and carbon cycle model as
input.
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Chapter 3

Results

In this chapter, we discuss the results from both models that were used. First, in section [3.1
we discuss the heat flow through the surface and the evolution of atmospheric CO» levels, both
results from the thermal evolution and carbon cycle model. In section [3.2] we discuss the result
from the UM for the temperature and heat transport in the three scenarios discussed in section
Then finally, in section [3.3] we analyse and interpret the results to synthesise a complete
picture of how the increasing solar luminosity and the presence of a carbon cycle influenced the
evolution of the Archean climate.

3.1 Interior heating and CO, levels from the carbon cycle model
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Figure 3.1: Surface heating from the interior caused by mantle cooling. The heat flux is shown for
initial mantle temperatures of 1600K, 1800K and 2000K in blue, orange and green respectively.
The vertical black dashed lines indicate the beginning and end of the Archean.

First of all, the thermal evolution and carbon cycle model was run for the three different initial
mantle temperatures discussed in section The other relevant input parameters can be found

in Table 211
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The CO2 partial pressure and the heat flux to the surface caused by cooling of the mantle
can have a relevant influence on the clime. The former influences the radiative properties of the
atmosphere and therefore the heat distribution, whereas the latter functions as a heat source
from below.

Figure [3.1] shows the heat flux from the interior through the surface for the three different
mantle temperatures. This flux could be regarded as a source of heat from below in the UM,
rather than the solar heat which comes from above. However, Figure [3.1] shows that the heating
to the surface was between 0.08 and 0.19 Wm™2 during the Archean. Considering that the
current solar irradiance that reaches the surface of the Earth is typically between 60 and 300
Wm~2, and was only 18-26% lower during the Archean (Gough, [1981)), it is clear that the interior
is an insignificant source of heat, and it will therefore be neglected from here on.
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Figure 3.2: CO4 partial pressure during the Archean. Asin ﬁgure initial mantle temperatures
of 1600K, 1800K and 2000K are used, in blue, orange and green respectively. The solid lines
show pCOs for an increasing solar luminosity according to |Gough| (1981)), and the dotted lines
show pCOs for a constant solar luminosity of 74% of its present-day value. The vertical black
dashed lines show the beginning and end of the Archean.

The COg partial pressure throughout the Archean is shown in Figure|3.2] again for three different
initial mantle temperatures. In this figure, the COs partial pressure is shown for two different
scenarios as well. In one scenario, we allow the solar constant to increase according to |(Gough
(1981)), while in the other, we keep the solar constant at 74% of its current value, that is, the
value it had at the beginning of the Archean according to Gough| (1981]).

Figure shows a couple of things. First of all, in the scenario where the solar luminosity
increases, the CO9 partial pressure decreases by a factor of around 4 during the course of the
Archean, from 22 mbar at 4.0 Ga ago to 5.6 mbar at 2.5 Ga ago when averaged over the initial
mantle temperatures. This is a significant decrease, and it is therefore interesting to investigate
its influence on the climate. If the solar luminosity remains constant however, the partial pressure
also decreases, but less so, from 22 mbar at 4.0 Ga ago to 14 mbar at 2.5 Ga ago. This is an
interesting test case to disentangle the effects of the solar luminosity and changing COs levels.
In both cases, the initial mantle temperature is most relevant in the first half of the period, and
becomes less important later on, as the partial pressure converges toward the end of the period.
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For the UM input, we used the average pCOq over the three initial mantle temperatures at the
three moments in the Archean. In general, we see the values for pCO5 vary between 5.6 mbar
and 22 mbar during the Archean eon. This is within the geological constraints mentioned in the
reviews by (Charnay et al. (2020) and (Catling and Zahnle| (2020) (3-750 mbar), although they
are on the lower end of that range.

Table shows the pCO4 input values for the various runs of the UM, for the three scenarios
discussed in section 2.3] The pCOq level is an input parameter that is the same throughout the
whole atmosphere. Further key input parameters for the UM are given in table

Time LumChange BothChange CO2Change
4.0 Ga ago 22 mbar 22 mbar 22 mbar
3.25 Ga ago 22 mbar 11 mbar 16 mbar
2.5 Ga ago 22 mbar 5.6 mbar 14 mbar

Table 3.1: pCOq values for the various UM runs, taken from Figureand for the three scenarios
discussed in section[2.3] The second column shows pCO3 values for an increasing solar luminosity,
without thermal evolution and carbon cycle (LumChange), the third column shows values for
increasing solar luminosity, but with thermal evolution and carbon cycle (BothChange), and the
fourth column shows values for a constant solar luminosity, with thermal evolution and carbon
cycle (CO2Change).

3.2 Climate evolution from the Unified Model

3.2.1 Temperature and climate regime

Figure shows the global average temperatures for the three moments in the Archean and for
the three scenarios. Temperature maps can be found in appendix [A] Figure [3.3] shows that in
both scenarios with increasing solar luminosity (LumChange and BothChange, resp. blue and
orange in the figure), the average temperature increases, though it increases more rapidly in the
LumChange scenario (from 2°C to 10°C) than in the BothChange scenario (from 2°C to 4.5°C).
In the CO2Change scenario (green) with a constant solar luminosity, the overall temperature
decreases slightly, because the atmospheric COg2 levels decrease while everything else is kept
constant. We can conclude that the increasing solar luminosity has the largest effect on the
global average temperature. After all, the overall temperature increases even if we allow the
COq levels to decrease. However, the decreasing COq levels do have a dampening effect on this
temperature rise.

Figure shows the equator-to-pole temperature difference and the pole and equator tem-
peratures separately, again for the three moments in the Archean and for the three different
scenarios. In the scenario without thermal evolution and carbon cycle but with increasing solar
luminosity (LumChange), the temperature at the poles increases with 27K, while the tempera-
ture at the equator increases with only 10K. The equator-to-pole temperature difference therefore
decreases with 17K. On the other hand, in the scenario with a carbon cycle (BothChange), the
temperatures at the equator and pole change with 3K and 5K respectively, resulting in a de-
crease in equator-to-pole temperature difference of only 2K. This shows that in the LumChange
scenario, heat transport from the equator to the poles is significantly more efficient than in the
BothChange scenario. The increasing solar luminosity makes the heat transport from equator
to poles more efficient, and decreasing COs levels cancel that effect out to a large extent. In the
next section, we try to figure out why that happens, which processes are involved in the heat
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Figure 3.3: The global average temperature over the course of the Archean in the various scenar-
ios. The blue triangles show the scenario with increasing solar luminosity and without thermal
evolution and carbon cycle (LumChange), the orange circles show the scenario with increasing
solar luminosity and a thermal evolution and carbon cycle (BothChange), and the green squares
show the scenario with constant solar luminosity but with thermal evolution and carbon cycle
(CO2Change). Lines between the datapoints are based on interpolation.

transport and whether it is purely a result of overall increasing temperatures or if the COs levels
also play a role.

3.2.2 Heat transport from equator to poles
3.2.2.1 Meridional mass transport

As discussed in section [I.3] the heat transport due to general circulation in the atmosphere is an
important process controlling the overall climate. Figure shows the meridional mass stream
function for both scenarios where the solar luminosity increases (LumChange and BothChange).
Blue means that the circulation is counterclockwise, whereas red means that the circulation is
clockwise. From this point onward, we no longer consider the scenario with constant solar lumi-
nosity (CO2Change), since we are primarily interested in the influence of the thermal evolution
and carbon cycle on the background of the increasing solar luminosity. Figure shows that
without a carbon cycle , the Hadley and Ferrel cells become higher, wider and stronger
over time, with the Hadley cells growing from approximately 15 km to approximately 18 km al-
titude and from spanning approximately 25° to spanning approximately 30° on either side of the
equator. This suggests more displacement of mass from the equator to the poles, and therefore
more efficient heat transport. In the case with a carbon cycle , the cells grow a bit as well,
but a lot less.

Although the meridional heat transport is an important part of the climate, other heating
processes such as shortwave and longwave radiation also play a role. To get a full picture of the
entire system, we need to look at all of the heating processes.
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Figure 3.4: The equator-to-pole temperature difference and equator and pole temperatures over
the course of the Archean in the various scenarios. The blue triangles show the scenario with
increasing solar luminosity and without thermal evolution and carbon cycle (LumChange), the
orange circles show the scenario with increasing solar luminosity and a thermal evolution and
carbon cycle (BothChange), and the green squares show the scenario with constant solar lumi-
nosity but with thermal evolution and carbon cycle (CO2Change). Lines between the datapoints
are based on interpolation.
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Figure 3.5: Meridional mass stream functions for the two scenarios with increasing solar lumi-
nosity, LumChange and BothChange.

3.2.2.2 Other heating processes

To assess the relative importance of various heating processes, the daily change in temperature
due to specific processes is plotted. Figure shows the various heating processes as a function
of altitude in one of our simulations, as an example. It shows the average change in temperature
per day, but the sum of all of the processes at any altitude is always zero. This is the case for
three reasons: because the data is only considered after the system has reached an equilibrium,
because the data is averaged over longitude (taking out the day/night effect) and because there
is no seasonality, nor any other external factors that change the temperature from day to day.
Therefore, rather than showing how much these processes actually change the temperature,
these plots show how much different processes contribute to keeping the temperature stable, and
therefore how important different processes are at certain latitudes and altitudes.

Not all of these processes are relevant for the heat transport from the equator to the poles.
Figures [3-§ and [3.7] show a selection of processes, for the equator and poles respectively. In
this case, the equator spans from 10°S to 10°N and the poles span from 75° to 90° on both
hemispheres. For the poles, the relevant processes are longwave radiation and advection, whereas
for the equator, the relevant processes are longwave radiation, advection, shortwave radiation and
convection. These processes were selected because they are the ones with a significant effect on
the temperature in the troposphere, see appendix [B| for the data on all processes. Furthermore,
these figures show the three moments we have simulated during the Archean simultaneously.

The difference between convection and advection means different things in different contexts.
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Figure 3.6: The change in temperature per day as function of altitude at the equator (between
10°S and 10°N) 4.0 Ga ago. Each solid line shows the temperature change due to one heating
or cooling process. The sum over all processes at any altitude is always zero, since the climate
is stable and the temperature changes are zonally averaged.

In this case, the difference is due to the resolution of the model we used. The flow of matter that
is calculated as a result of pressure gradients in each timestep is classed as advection. However,
some flows will work on scales smaller than the used grid, or on timescales shorter than the used
timestep, and will thus not be picked up by the model. These flows, classed as convection, are
treated by a parametrisation after the advection step, and will thus show up differently in the
figures.

Figure[3.7shows the two processes at the poles. The main source of heating in the troposphere
is advection, i.e. bulk displacement of mass, which is balanced by cooling due to longwave
radiation, so the heat is transported to the poles by mass displacement, and is then radiated away.
Without thermal evolution and a carbon cycle , i.e. with a constant level of CO2, both
of these processes increase in strength over the Archean. Furthermore, the processes increase in
reach, that is, the effects stretch to higher altitudes. With a carbon cycle, however, the strength
of these two processes seems to stay almost exactly the same. Therefore we conclude that at the
poles, the heating due to mass displacement increases with increasing solar luminosity, but this
effect is cancelled when COg levels decrease due to the carbon cycle.

It is also interesting to look at what happens near the equator, the place where the heat
originates. Figure|3.8/shows that tropospheric heating is mainly caused by convection, i.e. warm
air rising from the surface upwards, and a little bit by stellar (shortwave) radiation. This is
balanced by cooling due to advection and longwave radiation. We also see that the convection,
advection and longwave radiation strongly increase in strength and height over the Archean when
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Figure 3.7: The daily change in temperature as function of altitude due to longwave radiation
and advection at the poles

there is no carbon cycle, which happens less so in the case with a carbon cycle. This is consistent
with what we found in section because Figure[3.5] also showed that the Hadley and Ferrel
cells become larger and stronger in time without a carbon cycle, while staying roughly constant
with a carbon cycle. This meridional mass transport shows up as convection and advection in
Figure 3.8

The temperature change due to shortwave radiation high up in the atmosphere stays constant
without a carbon cycle, while it decreases with a carbon cycle. This heating is almost entirely
balanced by the cooling due to longwave radiation. On the other hand, the temperature change
due to shortwave radiation below a latitude of 20 km increases slightly without a carbon cycle,
while it stays more or less constant with a carbon cycle.

3.3 Summary and interpretation of results

Let us summarise and interpret what we have found in the previous sections. We have combined
two models to quantify the influence of the thermal evolution and carbon cycle on the Archean
climate.

Surface heating due to cooling of the mantle is insignificant when compared to the solar
irradiance at the surface, even with the lower solar luminosity we had in the Archean. It is
therefore not a relevant factor to consider for the Archean climate. The atmospheric CO4 levels
we found are consistent with geological constraints mentioned in (Charnay et al.| (2020) and
Catling and Zahnle| (2020), and they change significantly over the course of the eon due to the
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Figure 3.8: The daily change in temperature as function of altitude due to longwave radiation,
shortwave radiation, convection and advection at the poles

Earth’s thermal evolution and carbon cycle. If we let the solar luminosity increase, the COs
partial pressure decreases by a factor of 4 over 1.5 billion years, whereas it decreases by a factor
of 1.6 if we assume a constant solar luminosity.

Next, we used the UM to determine the effect of this COy decrease over the course of the
Archean. It turned out that the thermal evolution and carbon cycle dampen the average tem-
perature increase caused by the strengthening Sun, but not enough to keep the temperature
completely stable or even cause cooling. It does, however, almost completely cancel the heat
transport from the equator to the pole.

This increase in heat transport to the poles when CO» levels remain constant primarily hap-
pens in the form of mass transport. The convective cells, explained in section [1.3] strengthen due
to the increased surface temperatures at the equator, and hence bring more warm air poleward.
If the thermal evolution and carbon cycle are turned on and COg levels are allowed to decrease,
the temperature at the equator is largely stabilised and there is thus less heat transport through
mass displacement, so the temperature difference between the equator and poles remains larger.

All in all, we can say that over the course of the 1.5 billion years of the Archean eon, the
thermal evolution and carbon cycle are an effective way of keeping the climate stable against
the backdrop of an increasing solar luminosity, since they cause the atmospheric COs levels to
decrease.

25



Chapter 4

Discussion and conclusion

4.1 Implications of results

We have found that the carbon cycle is a stabilising factor in the climate of the Archean eon,
which mitigates most of the heating caused by the increasing solar luminosity from the beginning
to the end of the Archean, as found in previous research as well (e.g. Sleep and Zahnle, 2001}
Tajika and Matsui, 1992} |[Krissansen-Totton et al., 2018). It keeps temperatures, especially at the
poles, relatively stable when compared to the scenario without a carbon cycle. Since it prevents
temperatures from rising, it is not a factor that would solve the FYS paradox, but rather one
that makes solving the problem more challenging.

We saw that the global average temperature had values between 2°C and 4.5°C for the sce-
nario with increasing solar luminosity and changing atmospheric COq levels. This is consistent
with most of the geological constraints. Evidence for oceans of liquid water suggest tempera-
tures above 0°C. Though some oxygen isotope ratios even suggest hot oceans of 50°C to 85°C
(Knauth, [2005), others suggest temperatures below 40°C (Hren et al., 2009; Blake et al. 2010).
Furthermore, there are alternative interpretations to the data presented in [Knauth| (2005)) as well
(Catling and Zahnle| [2020)). Temperature limits on the formation of certain minerals suggests
temperatures of <18°C (Hardie, [1967; Buick and Dunlop, 1990)), constraining the temperature
even further to lower values. Methane levels were deliberately kept low as explained in section
so an increase with a factor of ten might increase the temperature by another few degrees,
while still remaining within the geological constraints (J. K. Eager, personal correspondence,
November 29, 2021).

The average polar temperatures that we found were well below the freezing point (between
-66°C and -38°C), meaning that the ocean in those regions would be covered in ice. This is
consistent with glacial rocks that have been found from various moments in the Archean (Wit
and Furnes, 2016} |[Nhlekol [2003; (Ojakangas and Hegde, 2014), which serve as evidence for the
existence of extended ice sheets. At the poles in particular, the difference between the scenarios
with and without a carbon cycle at the end of the Archean were big, around 25°C. Heat transport
from the equator to the poles becomes significantly more efficient with a higher solar luminosity,
but that effect is mitigated if the COy levels decrease. Therefore, at the end of the Archean,
ice sheets would extend to much lower latitudes in the presence of a carbon cycle than in the
scenario without. Important to note here is that glaciation of the polar regions would increase
the planet’s albedo and hence decrease the temperature even further, but ice albedo feedback
was beyond the scope of this research. Therefore the effect of introducing a CO4 cycle would in
reality be even bigger.

The temperate climate that we found means that any life living at or near the surface of the

26



J. E. Prins 4.2. Limitations of the approach and future work

planet should be mesophilic, i.e. preferring temperatures between 0°C and 40°C. Reconstructions
based on phylogenetic data of the earliest biological samples indicate that this is reasonable
(Boussau et al. [2008} [Cantine and Fournier} [2018). However similar research suggests life started
in hot environments instead (Gaucher et al., 2008; |Garcia et al., 2017). This could be explained
by the relatively common theory that life started in local hot environments like hydrothermal
vents or the impact craters of large asteroids (Boussau et al., 2008; /Abramov and Mojzsis, 2009).

4.2 Limitations of the approach and future work

In this section we will discuss the most important of limitations of our approach, and their
expected impact on the results.

First, there still exist large uncertainties around plate tectonics and the emergence of land
at the beginning of the Archean, as was also discussed in section This would influence
the results of the thermal evolution and carbon cycle model. It might be that plate tectonics
had not yet started at the beginning of the eon, or that it was only functioning regionally.
Since plate tectonics is one of the crucial driving factors of the carbon cycle, this would of
course influence the results. Less effective plate tectonics in the beginning of the Archean would
mean both less subduction of carbonates into the mantle and less weatherable new ocean crust,
hence a less efficient carbon cycle and higher atmospheric CO2 values. On the other hand, if
plate tectonics was more rigorous in the Archean, as suggested by |Sleep and Zahnle (2001)),
the carbon cycle might be more efficient, causing COs9 values to be lower instead and therefore
temperatures higher. The unknown, changing and likely lower land fraction plays into this
as well. Less land means less COy uptake through continental silicate weathering (Oosterloo),
2020)), and therefore higher atmospheric COg2 levels and higher temperatures. Furthermore, our
treatment of land in the thermal evolution and carbon cycle model was inconsistent with that
in the UM, since we treated the Earth as an ocean planet in the latter. Land in the UM would
likely mainly increase the planetary albedo (thereby decreasing the temperature) and influence
the atmospheric circulation.

One important feedback that was not considered in the thermal evolution and carbon cycle
model is the temperature and pH dependence of seafloor weathering. We treated the seafloor
weathering flux with a power law pCOgy dependence, but that dependence is weak, and the
seafloor weathering rate is more strongly dependent on ocean temperature and pH, as discussed
in [Krissansen-Totton and Catling (2017). |Krissansen-Totton et al. (2018) argue that including
ocean chemistry, therefore letting the seafloor weathering rate depend on temperature and pH,
would increase global temperatures and stabilise the climate even further against increasing solar
luminosity.

A factor that could have influenced the efficiency of silicate weathering but was not considered
in this work, is the abundant impact ejecta caused by the late heavy bombardment. Asteroid
impacts expose new weatherable rocks and Sleep and Zahnle (2001) have shown that this further
decreases temperatures. Furthermore, different types of continental and oceanic crust material
also influence the weathering rates, as discussed in e.g. Fabre et al. (2011)).

In the thermal evolution and carbon cycle model, the only factor that directly influenced
the surface temperature is the COs partial pressure. However, in reality there are of course
many other factors that influence the temperature, like other greenhouse gases, changing albedo
and atmospheric circulation. Because none of these other factors are considered in the thermal
evolution and carbon cycle model, but some of them are in the UM, this yields different surface
temperatures for one model when compared to the other. To be more specific, surface temper-
atures from the UM are higher than those from the thermal evolution and carbon cycle model.
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This means that the thermal evolution and carbon cycle model likely underestimates the surface
temperature, and therefore overestimates the COq levels, which in turn causes an overestimation
of surface temperatures in the UM.

One crucial factor that was not considered in the UM, already mentioned in the previous
section, is ice albedo feedback. Sea ice strongly increases a planet’s albedo, and since our results
show a temperate to cold climate with sub-zero temperatures at the poles, that coud have
significantly altered our results, decreasing the temperature even more as also discussed in|Kienert
et al. (2012). This is consistent with the previously discussed evidence of multiple periods of
partial or complete glaciation (e.g. Wit and Furnes, [2016; [Nhleko, 2003; (Ojakangas and Hegde,
2014]).

Finally, some factors concerning the Earth’s movement in its orbit around the Sun have not
been considered. First and foremost, the Earth’s rotational period was likely shorter in the past.
We know that the Moon has been slowly drifting away from the Earth, so to preserve angular
momentum in the system, the Earth’s rotation must have slowed down and days were therefore
shorter in the past. Estimations based on sedimentary cyclic rhythmites (Williams|, |2000) and
orbit modelling (Bartlett and Stevenson, 2016)) indicate day lengths between 10 and 20 hours.
This faster rotation would increase the coriolis force, causing poleward flow to break down into
eddies sooner and hence reducing the efficiency of heat transport from the equator to the poles.
This would further reduce the temperature at the poles in all of our scenarios. Furthermore, we
assumed the Earth’s orbit was circular and that there was no obliquity in the Earth’s rotational
axis, therefore ignoring any seasonal effects.

One factor that was also not considered in this work is the influence of life on the carbon
cycle. Research (e.g. Lovelock and Margulis, 1974; Nicholson et al., |2018) suggests that life
can play a crucial factor for stabilising the climate in such a way that it stays habitable. For
example, organisms like CHy4 producing methanogens could keep global temperatures higher than
they otherwise would be (Lenton, 1998)). On the other hand, Lenton et al| (2012) and Feulner
et al. (2015) discuss the possibility of metabolic evolution destabilising the carbon cycle and
therefore throwing the whole planet into a glaciation during the Neoproterozoic and Paleozoic
eras, causing mass extinctions. This line of research was well beyond the scope of this work, but
is definitely interesting to furter look into, especially if we extend it to other planets and the
search for extraterrestrial life.

4.3 Conclusion

In this work, we have combined two different types of climate models that work on different
timescales to investigate the influence of the geochemical carbon cycle on the evolution of the
Archean climate. We found that the main consequence of the carbon cycle is stabilisation of the
climate against temperature increase due to an increasing solar luminosity. This stabilisation is
realised because the carbon cycle takes CO5 out of the atmosphere, a process that becomes more
efficient at higher temperatures. Global average temperatures are between 2°C and 10°C, which
indicates that any surface-dwelling organisms must be mesophilic. Furthermore, the carbon
cycle prevents significant heating of the polar regions by preventing an increase in bulk mass
displacement from the equator to the poles. This keeps the equator to pole temperature difference
higher, since the poles are colder and that in turn makes glaciations more likely.
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Appendix A

Temperature maps for the three
scenarios

Figures [AT] [A.2] and [A-3] show the surface temperatures across the globe for the three scenarios
shown in Table 2.3 and the three moments in the Archean.
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Figure A.1: Surface temperature for increasing solar luminosity, without thermal evolution and
carbon cycle (LumChange)
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Figure A.2: Surface temperature for increasing solar luminosity, with thermal evolution and
carbon cycle (BothChange)
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Figure A.3: Surface temperature for constant solar luminosity, with thermal evolution and carbon
cycle (CO2Change)
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Appendix B

Temperature change for all processes

Figures [B1] [B:2] [B:3] and [B4] show the change in temperature due to all heating and cooling

processes as a function of altitude at the poles (B.1jand |B.2)) and at the equator (B.3|and |B.4) for
the LumChange and BothChange scenarios mentioned in Table and for the three moments

in the Archean.
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Figure B.1: Change in temperature due to various processes at the poles, for increasing solar
luminosity and constant CO3 levels (LumChange)
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Figure B.2: Change in temperature due to various processes at the poles, for increasing solar
luminosity and decreasing CO3 levels (BothChange)

3.25 Ga

2.5 Ga

4.0 Ga
40
35
\
\\
30 \
a.\.
— 25 \ —— Shortwave heating
E Longwave heating
v 20 Convection o
g || — Boundary layer mixing
E —— Advection
w© 15 Stratiform precipitation
10
s /
: 45 =
0 +

35

30

25

20

15

10 4

35

30

25

20

)
o
N
o~

AT (K day™)

AT (K day™1)

2 4
AT (K day™1)

o

Figure B.3: Change in temperature due to various processes at the equator, for increasing solar
luminosity and constant CO3 levels (LumChange)

38



J. E. Prins

35

30

N ]
[=] w

altitude (km)
o

10

4.0 Ga 3.25 Ga 2.5 Ga
40 4 ) 40 |
\ ‘|
\ |
351 \ 35 |
|\\ Ik_..
\
. 30 \ 30 \
\ \ \
\ \ \
\ | — shertwave heating 251 \ 25 \
\ Longwave heating \ \
\ Convection 7 204 \ 20 .
(| —— Boundary layer mixing \ \
—— Advection I |
Stratiform precipitation 151 15
10 4 10
54 5 J
= = =3
= ) ol = ' . =
Y 0 2 4 Y 0 2 4 5 5 } P
AT (K day~1) AT (K day~1) AT (K day~1)

Figure B.4: Change in temperature due to various processes at the
luminosity and decreasing CO4 levels (BothChange)

39

equator, for increasing solar



	1 Introduction
	1.1 The Archean eon
	1.1.1 Open questions about the Archean

	1.2 The influence of plate tectonics and mantle convection on the climate
	1.2.1 The mechanics of plate tectonics and mantle convection
	1.2.2 The long term geochemical carbon cycle

	1.3 Meridional mass transport
	1.4 Previous work on the carbon cycle and the Archean climate
	1.5 Aim of this project

	2 Methodology
	2.1 Long timescale thermal evolution and carbon cycle model
	2.1.1 Thermal evolution
	2.1.2 Carbon cycle model
	2.1.3 Coupling of the thermal evolution to the carbon cycle
	2.1.4 Using the model for the Archean eon

	2.2 Short timescale climate model (Unified Model)
	2.2.1 Dynamical core
	2.2.2 Radiative tranfer
	2.2.3 Surface

	2.3 Combined carbon cycle and climate modelling

	3 Results
	3.1 Interior heating and CO2 levels from the carbon cycle model
	3.2 Climate evolution from the Unified Model
	3.2.1 Temperature and climate regime
	3.2.2 Heat transport from equator to poles

	3.3 Summary and interpretation of results

	4 Discussion and conclusion
	4.1 Implications of results
	4.2 Limitations of the approach and future work
	4.3 Conclusion

	References
	A Temperature maps for the three scenarios
	B Temperature change for all processes

