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Avant-propos

L’évolution a long terme du niveau marin reste mal comprise, bien que les théories de ’expansion
des fonds océaniques et de la tectonique des plaques aient été établies il y a plus de cinquante
ans. La principale difficulté du probleme de ’évolution séculaire du niveau marin réside dans
la quasi-impossibilité d’appliquer les méthodes de la stratigraphie séquentielle aux formations
précambriennes, du fait de de la qualité décroissante de I’enregistrement géologique pour les éres
les plus anciennes. Il est donc nécessaire de développer des théories et des modeles, et de les
confronter aux données géologiques et géochimiques disponibles. Une autre difficulté vient de
I’approche uniformitariste de la plupart des études publiées sur le sujet a ce jour, dans lesquelles
le niveau marin est supposé constant depuis le début de la tectonique des plaques sur Terre,
possiblement vers la fin de I’Archéen.

A Véchelle de Ihistoire de la Terre, le niveau marin est principalement contrélé par ’évolution
thermique du manteau et par la croissance des continents. Pour que le niveau marin reste con-
stant, il faut qu’il y ait un équilibre entre refroidissement du manteau et croissance continentale.
Dans cette these, nous explorons les conséquences d’un manteau plus chaud et d’un moindre
volume de croute continentale pour le niveau marin archéen. Dans la premiere partie, nous
proposons un modele physique pour estimer le niveau marin et la quantité de terres émergées
pour des conditions archéennes plausibles. Dans la deuxiéme partie, nous nous concentrons sur
I’éruption sous-marine de provinces magmatiques effusives mises en place sur de la crotte conti-
nentale, phénomene fréquent a 1’Archéen mais rare par la suite. Nous abordons ce probléme en
combinant modeles numériques et données géologiques de terrain a 1’échelle régionale. Dans la
troisieme partie, nous présentons un modele intégré, qui permet d’explorer les effets de scenarii
de croissance continentale contrastés sur 1’évolution du niveau marin et de la quantité de terres
émergées. La derniere partie aborde les conséquences de changements du niveau marin et de la
surface de terres émergées pour ’évolution de ’atmosphere et de la vie primitive.

L’un des objectifs de cette étude est d’établir les liens entre I’évolution de la Terre solide et
de ses enveloppes externes. La principale difficulté est I’évaluation des hypotheses, notamment
en ce qui concerne 1’évolution du volume des océans et des continents, qui sont restent large-
ment inconnues et débattues. Des observations géologiques et géochimiques de premier ordre

permettent toutefois de valider les résultats de nos modeles.
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Résumé en francais






Résumé en francais

Les océans s’approfondissent au cours des temps géologiques du fait du refroidissement & long
terme du manteau terrestre. En parallele, le refroidissement de la lithosphere continentale se
traduit par une augmentation des altitudes qu’elle peut supporter. La combinaison de ces
deux effets implique une augmentation de la surface de terres emergées au cours du temps.
Cette émergence progressive des continents modifie I'importance des processus d’altération et
d’érosion des silicates et influe donc sur la composition de 'atmosphere et des océans, avec des

conséquences importantes pour le climat et pour la vie.

Parmi les objectifs de ce travail figurent ’estimation du niveau marin et de la surface de
terres émergées a I’Archéen, ainsi que leur évolution respective. Ceci permet de faire le lien
entre 1’évolution des enveloppes internes et externes de la Terre du fait de changement dans

I'efficacité des processus d’érosion des silicates.

Le chapitre 1 a pour but de poser le probleme, en proposant un tour d’horizon des con-
naissances, mais aussi des incertitudes, relatives & l’enregistrement géologique archéen : ses
caractéristiques, sa représentativité, ainsi que les messages de la pétrologie et de la géochimie
quant a I’évolution de la température du manteau et du volume total de crotute continentale.
Les changements géologiques de premier ordre observés vers la transition Archéen/Protérozoique

sont également présentés.

Dans le chapitre 2, nous proposons un modele physique qui permet d’évaluer la surface de
terres émergées en fonction de la température du manteau, de la fraction de crolite continentale
existante et de la distribution de ’altitude des continents (hypsométrie). A 1’Archéen, le manteau
terrestre était probablement environ 200°C plus chaud qu’aujourd’hui, et la surface totale de
continents était de 20% a 80% de la surface continentale actuelle. Des températures mantelliques
élevées engendrent des changements bathymétriques et isostatiques qui imposent une hausse du
niveau marin, en partie compensée par la moindre surface de continents. Des modéles numériques
suggerent que la surface de terres émergées était au maximum de 15% de la surface terrestre a la
fin de I’Archéen, résultat cohérent avec de nombreuses observations géologiques et géochimiques.
Ces résultats ont été publiés dans la revue Farth and Planteray Science Letters. S’ensuit une
réflexion complémentaire, postérieure a la publication de ces travaux, qui explore plus avant
les effets sur le niveau marin et la surface de terres émergées a) de changements de densité et
d’épaisseur de la crotite océanique ; b) de changements d’épaisseur de la crotte continentale; c)
de changement de la profondeur des rides, en lien avec 1’évolution du volume des océans; et d)
de le la formation d’un supercontinent.

Dans le chapitre 3, afin d’estimer le refroidissement a long terme de la crotite continen-
tale, nous présentons une étude des séries volcano-sédimentaires de la province magmatique du
Fortescue (2775-2630 Ma) dans le craton des Pilbaras, en Australie Occidentale. Des obser-
vations structurales et sédimentologiques indiquent un dépot de type flexural de ces séries et
permettent d’évaluer le temps nécessaire a la relaxation de 'anomalie topographique qu’elles
constituent. Des modeles numériques du comportement thermo-mécanique d’une lithosphere

continentale indiquent que pour rendre compte des données géologiques, la température au
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Résumé en francais

Moho devait étre supérieure a 580°C lors de la mise en place du Groupe Fortescue. Des données
de flux de chaleur disponibles pour les Pilbaras permettent d’estimer que la crotite continentale
y a refroidi d’environ 200°C depuis 2,7 Ga. Une partie de ces travaux a été soumise a la revue
Geology. S’ensuit une réflexion complémentaire sur ’environnement de dépot des carbonates
affleurant dans le Groupe Fortescue. Le caractere lacustre ou marin de la Formation Tumbiana
est particulierement sujet a débat. Nos données géochimiques et observations sédimentologiques
pour cette formation sont favorables a un environnement de dépot marin.

Dans le chapitre 4, chapitre de synthese, nous proposons d’évaluer les effets de la croissance
continentale sur I’évolution de la température du manteau, du niveau marin, de la surface
de terres émergées et de la composition isotopique en strontium des océans. Pour se faire,
nous avons développé un modele fondé sur un modele d’évolution thermique publié qui dépend
de la croissance continentale. Un modele géochimique, couplé au modele thermique, permet
d’évaluer 1’évolution du 37Sr/%6Sr dans les océans en fonction de la croissance continentale et
de la surface émergée. La comparaison de scenarii de croissance continentale contrastés montre
que la surface calculée de terres émergées, de moins de 5% de la surface de la Terre & I’Archéen,
dépend peu de la croissance continentale. Cette estimation est moindre que précédemment car
la croissance continentale impose des températures du manteau élevées. Ces modeles permettent
également de réconcilier les données sur 1’évolution du 87Sr/%Sr des carbonates marins avec une
croissance continentale précoce en tenant compte de la surface réduite de terres emergées et de
I’altitude moins élevée des continents & I’Archéen. Ce chapitre servira de base & 1’élaboration
d’un manuscrit.

Enfin, dans le chapitre 5, nous discutons qualitativement les effets de I’approfondissement
séculaire des rides océaniques et de ’augmentation séculaire de la surface de terres émergées
prédits par nos modeles sur la composition des océans et de ’atmospheére, ainsi que sur I’évolution
de la vie primitive. L’approfondissement des rides océaniques pourrait expliquer I'évolution ob-
servée du 680 des carbonates marins. Des rides moins profondes & I’Archéen auraient aussi
diminué la quantité de dioxyde de carbone piégé dans la croute océanique, augmentant ainsi
la concentration en carbone dans 'océan et dans ’atmosphére. Ceci aurait pu contribuer a un
climat chaud & I’Archéen. Quant & I’émergence des continents, elle aurait engendré une augmen-
tation de ’apport de phosphate, concentré dans les continents, a I'océan. Or le phosphate est un
nutriment essentiel a la biosphere. L’émergence des continents aurait donc permis une augmen-
tation de la biomasse, et de I'activité de cyanobactéries photosynthétiques. L’augmentation de
I’activité de ces micro-organismes aurait pu contribuer a I'oxydation de 'atmosphere survenue
il y a environ 2.4 Ga.

Les résultats de nos modeles sur I'évolution du 87Sr/80Sr des carbonates marins, ainsi que les
discussions qualitatives du chapitre 5, montrent que les effets d’une surface réduite de terres
émergées, d’altitudes continentales moins élevées et de rides océaniques moins profondes doivent
étre pris en compte dans les futures modélisations du climat et de la composition des océans et

de I’atmosphere archéens.
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1.1 Our Archaean heritage

1.1 Owur Archaean heritage

1.1.1 The Archaean eon

The Archaean spans one and a half billion years of the Earth’s history from 4.0 Ga to 2.5 Ga,
which makes it the second longest eon. Together with the Hadaean (4.57 Ga to 4.0 Ga), it
represents nearly half of Earth’s history (Fig. 1.1). The unique characteristics of modern Earth
(the presence of water in its three phases - liquid, solid and gas - and the operation of plate
tectonics that shape the surface of the Earth and recycle continental crust into the mantle) have
their roots in these eons. Studies of the Hadaean and Archaean Earth aim to understand the
evolution of our planet, but also try to define criteria in the quest to identify Earth-like exoplanets
in the early stages of their evolution. Archaean terranes are also studied for economical purposes,

since many are diamondiferous and/or rich in mineral resources.
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Figure 1.1: International stratigraphic chart plotted to scale to show the relative time span of the

different eras. Modified from the chart of the International Commission on Stratigraphy available at
http://www.stratigraphy.org/upload/ISChart2009.pdf.

Throughout over half a century of research, high quality geological, geochemical and geochrono-
logical data have accumulated on Precambrian (> 542 Ma) terranes. Despite these data,
global geochronology remains poorly defined in the Precambrian compared to the Phanerozoic
(< 542 Ma) stratigraphy that is established with a resolution of the order of five million years.
The Phanerozoic stratigraphy is notably defined by the presence or absence of hard-shelled fos-
sils. Such fossils are absent from the Precambrian record. Indeed, the end of the Precambrian

is marked by the appearance of such fossils in the geological record. Moreover, older terranes
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From the Archaean to the Phanerozoic

generally represent a smaller area of the surface of the Earth, and have longer been exposed to
subsequent geological processes. This often results in complex structures and poor stratal preser-
vation of sediments and is reflected by the time resolution of the global Precambrian geological
record.

Because of these difficulties inherent to the Archaean geological record, many important
questions are still shrouded in mystery regarding the Archaean Earth: How much hotter was
the Archaean mantle? When did plate tectonics begin on Earth? When was the bulk of the
continental crust formed? What was the volume of the Archaean oceans? What was the compo-
sition of the Archaean atmosphere? Was it oxidant or reducing? When did life appear? These
questions can be summed up as follows: when, how, and why did Earth acquire its present

unique characteristics that are liquid water, an oxygen-rich atmosphere, plate tectonics and life?

1.1.2 A quick overview of the Archaean rock record
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Figure 1.2: Global distribution of Archaean cratons. In grey: exposed Archaean crust; in brown: definable
fragments of composite cratons (Bleeker, 2003); black dotted lined: approximate outline of composite cratons;
red dashed lines: estimated extent of Archaean segments amalgamated during the Proterozoic; blue dotted lines:
correlations between Archaean cratons inferred from the break-up of Pangea (Bleeker, 2003). This figure is from
Pearson and Wittig (2008).

Archaean rocks are preserved in approximately 35 fragments of continental lithosphere called
cratons (Fig. 1.2; Bleeker, 2003). A useful estimate by Artemieva (2006), based on the thermal
age of the lithosphere, suggests that cratons of age between 3.6 and 2.95 Ga account for 11.2%
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1.1 Our Archaean heritage

of the total area of emerged continental lithosphere and cratons of age between 2.95 and 2.5 Ga
account for 5.9% of this area. These areas add up to 17.1% of emerged land or 4.7% of the
Earth’s surface, compared to around 18% of the Earth’s surface covered by emerged Phanerozoic

continental lithosphere (Artemieva, 2006).

Archaean cratons and Phanerozoic continental lithosphere differ by their density, their thick-
ness, their surface heat flow and the thickness of their continental crust. The continental root
of Archaean cratons, given here as the thickness of the thermal boundary layer that roughly
corresponds to the 1300°C isotherm, ranges between 170 and 350 km compared to 60-140 km
for the thickness of Phanerozoic continental lithosphere (Artemieva, 2009). The average density
of Archaean cratons (3310 + 16 kg m™3) is significantly lower than that of Phanerozoic con-
tinental lithosphere (3365 + 20 kg m™3 Artemieva, 2009). The surface heat flow of Archaean
terranes (20-50 mW m~2) is lower than that of Phanerozoic terranes (50-120 mW m~2). Finally,
Archaean continental crust is slightly thinner than average (Durrheim and Mooney, 1994). The
present-day thickness of Archaean continental crust ranges between 32 and 50 km, compared
to a range of 25 to 70 km for Phanerozoic continental crust, depending on the tectonic context
(Artemieva, 2009).

Artemieva (2009) further separated Archaean continental lithosphere into two groups: one
group composed of the Western Australian, Indian, South African and South American cratons
with lithospheric roots 170-250 km thick and continental crust 32-40 km thick, and relatively high
surface heat flow (40-50 mW m~2); and the other group including the Siberian, Baltic, Canadian
and West African cratons that display thicker lithospheric roots (250-350 km) and continental
crust (40-50 km), and relatively low surface heat flow (20-45 mW m~2). The necessity to
separate Archaean cratons into at least two groups based on their lithospheric characteristics

suggests that all cratons might not have been formed by one single universal process.

The typical Archaean lithological association consists of the so-called “granite-greenstone”.
Archaean granitoids are calcium-rich and sodium-rich and belong to the tonalite-trondhjemite-
granodiorite (TTG) series that are the result of partial melting of eclogite facies basaltic crust
(Barker and Arth, 1976). As for greenstone belts, these consist of an association of preponderant
mafic to ultramafic volcanic rocks with felsic volcanic rocks and sedimentary rocks. Because of
their mafic composition, greenstone belts have been proposed to be remnants of Archaean oceanic
crust (e.g. Kusky and Kidd, 1992). However, a review by Bickle et al. (1994) of greenstone belts
previously identified as ophiolites concluded that Archaean greenstone belts are not oceanic
crust. Of importance to the conclusion of Bickle et al. (1994) are the contamination of mafic
rocks by continental crust and the intrusive relationship of greenstone belts with older basement.
This makes greenstone belts autochtonous terranes, and not allochtonous terranes as proposed,
for example, by Kusky and Kidd (1992) for the Belingwe greenstone belt. Since then, no
ophiolites older than ~ 1 Ga have been identified in the geological record (Condie and Kroner,
2008). Claims for the oldest (3.8 Ga) ophiolite in the Isua greenstone belt, Greenland (Furnes

et al., 2007) have been rejected since zircon geochronology shows that the units of this putative
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From the Archaean to the Phanerozoic

ophiolite (gabbro, sheeted dike complex and pillow lavas) are not coeval but could differ in age
by up to 100 Myr, and because the polarity of pillow basalts is reversed to that expected for
an ophiolite (Nutman and Clark, 2007). Until an ophiolite is clearly identified in the Archaean

record, greenstone belts cannot be considered as remnants of oceanic crust.

1.2 Secular cooling of the solid Earth

1.2.1 Petrological evidence for a hotter Archaean mantle

Mafic volcanics contained in greenstone belts are nevertheless central to the study of Archaean
geology. Evidence for a hotter mantle in the Archaean comes from the occurrence of ultramafic
volcanic rocks (wt.% MgO > 18) that were first identified in the Komati Formation in the
Barberton greenstone belt, South Africa and were thus named komatiites (Viljoen and Viljoen,
1969). Based on a compilation of geological maps and stratigraphic sections, Condie (1993)
estimated that komatiites represent ~ 15 % of rocks in terranes older than 3.5 Ga, ~ 6 % in
terranes between 3.5 Ga and 2.5 Ga, and less than 1% in post-Archaean terranes (including the
well-studied example of Cretaceous komatiite lava flows from the Gorgona Island, e.g. Nisbet
et al., 1993). The relatively low abundance of komatiites suggests that they could have erupted
in restricted environments such as mantle plumes or subduction zones.

Experimental investigation under high pressure and high temperature of komatiites from the
Komati Formation revealed that the water content of these rocks was very low (< 0.2 wt.% H20),
which in turn implied that their eruption temperature was of 1650 4 20°C at atmospheric pres-
sure (Green et al., 1975). This eruption temperature translates into an extraction temperature
of the magma up to ~ 1900°C for a depth of ~ 200 km (pressure of 6 GPa; Nisbet et al., 1993).
Because such temperatures probably reflect a maximum temperature in mantle plume settings
and because mantle plumes are ~ 300°C hotter than the surrounding mantle, this implies that
the potential temperature of the upper Archaean mantle was of up to ~ 1600°C (Nisbet et al.,
1993). This temperature estimate is significantly higher than the present-day temperature of the
upper mantle of about 1300°C. However, some authors have suggested that komatiites are not
as dry as initially proposed (Parman et al., 1997), but contain up to 3 wt.% H2O. This has led
to a second model, in which komatiites are formed in subduction environments. In this model,
the Archaean mantle would only be ~ 100°C hotter than present (Grove and Parman, 2004).
The latest argument regarding the water content of komatiites is based on the determination of
the oxidation state of iron in Barberton komatiites (Berry et al., 2008), and pleads in favour of
anhydrous melting. Regardless of the water content of komatiites, the decline in their relative
abundance in the rock record through geological time reflects the secular cooling of the mantle.

Another line of evidence used to constrain the temperature of the mantle through time is the
study of the petrology and geochemistry of mid-oceanic ridge basalts (MORBSs) and hotspot-
type MORBs through time. Abbott et al. (1994) identified MORB-like rocks from their rare
earth element (REE) pattern. They then calculated the eruption temperature of these suites
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from their chemical composition and converted the results to potential mantle temperature. The
range of mantle temperatures described by MORBs at any given time is ~ 200°C, reflecting the
compositional range of the suites. The results of Abbott et al. (1994) suggest that the mantle was
137-187°C hotter than present 2.8 Ga ago (see Fig. 1.4). The limiting factors of this result are
that Archaean greenstone belts represent hotspot-type MORBSs rather than normal MORBs, and
that Archaean ultramafic rocks (komatiites and komatiitic basalts) have been studied more than
normal Archaean basalts because they fascinate petrologists and are at the centre of a scientific
debate. Both of these sampling biases tend to shift the Archaean temperature estimates of
Abbott et al. (1994) toward higher values.

Finally, Coltice et al. (2009b) used available xenon isotope data to constrain the thermal
history. There are three main xenon isotopic systems for which the parent nuclide present very
different time lives of 15.7 Ma, 82 Ma and 4.45 Ga. The measurement of xenon anomalies thus
allow for the investigation of magma differentiation and degassing at very different time scales.
Coltice et al. (2009b) concluded that to be consistent with the xenon isotope data, the upper
mantle must have cooled by ~ 200°C during the Hadaean and by 100 to 250°C since 4 Ga.
Overall, petrological and geochemical data constrain the range of temperature for the Archaean
mantle to between 100 and 300°C hotter than present.

1.2.2 Thermal evolution models

Higher temperatures in the Archaean mantle are also expected from a theoretical point of view
since the radiogenic heat production of uranium, thorium and potassium decay with time and
must have been higher in the past (Wasserburg et al, 1964; Bickle, 1978). Fig. 1.3 shows the
variation of radiogenic heat production through time. Heat production was double at 2.7 Ga
and triple at 3.7 Ga. The evolution of the temperature of the mantle depends on the balance
between heat production and heat loss for the Earth. At present, the total heat loss of the Earth
to space of about 44 TW (Pollack et al, 1993) is greater than the radiogenic heat production of
the bulk silicate Earth (mantle and continental crust) of about 30 TW (see Tab. 1.1). While in
details other heat sources have to be considered to explain the secular cooling of the Earth (see
Jaupart et al., 2007, for a recent review), it is mainly controlled by this imbalance between heat
loss and heat production.

Because the process governing heat transport in the Earth is solid-state mantle convection
that ultimately drives seafloor spreading and plate tectonics, thermal evolution models are based

on parametrised convection models using the scaling law
Nu x Ra”® ,

where Nu is the Nusselt number, which is the ratio of convective to conductive heat flow, and
Ra is the Rayleigh number, which is a measure of the convective potential on a fluid system. The

exponent J determines the sensitivity of surface heat flux with respect to the vigour of convection.
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Figure 1.3: Variation in crustal heat production through time using the rates of heat release of heat producing
elements given in Turcotte and Schubert (2002). See also Mareschal and Jaupart (2006).

Experimental and numerical studies show that the value of 3 is between 1/4 and 1/3 for thermal
convection (see Christensen, 1985, for a review). Davies (1980) and Christensen (1985) pointed
out that parametrised convection models using classical parameters predict a runaway increase of
mantle temperatures going back in time (also referred to as “thermal catastrophe”). Because this
is not consistent with the petrological constraints presented in the previous section, Christensen
(1985) concluded that the coupling between heat loss by convection and mantle temperature
must be weak and that § must be lower than 0.05 for the Earth. However, the models of
Christensen (1985) are valid for a stagnant-lid Earth. A corollary conclusion of his results is
therefore that the Earth cannot be approximated by a stagnant-lid thermal convecting system,

as indicated by the operation of plate tectonics.

Table 1.1: Concentration of heat producing elements in the bulk silicate Earth, and in the average present-day
and Archaean continental crust. Heat productions are calculated using rates of heat release for each element from
Turcotte and Schubert (2002). The mass of the continental crust is taken as 2.6x10%* kg.

K->O Th U A H
(wt.%) (ppm) (ppm) (PWkg™") (TW)
Bulk Silicate Earth ¢ 0.024 0.079 0.020 4.7 28.3
Average continental crust ° 1.88 5.6 1.42 341 8.9
Archaean continental crust ° 1.2 3 0.7 189 -

% From McDonough and Sun (1995)
% From Rudnick and Fountain (1995)

Two thermal evolution models that predict a weak coupling between heat loss by convection
and mantle temperature, and that are consistent with petrological constraints were recently pub-
lished (Fig. 1.4; Korenaga, 2006; Labrosse and Jaupart, 2007). The model of Korenaga (2006)
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1.2 Secular cooling of the solid Earth

is built on a classical parametrised model but takes small-scale convection and the delayed sub-
duction of a thick, buoyant oceanic lithosphere predicted for a hotter mantle (see section 1.3.1)
into account. Both of these effects decrease the sensitivity of mantle temperature with respect
to convective heat loss. As for the model of Labrosse and Jaupart (2007), it is empirical, based
on the present-day age distribution of the oceanic floor. These models will be further discussed

and their results will be used in section 2.2.
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Figure 1.4: Proposed thermal evolution models that are consistent with petrological constraints from (Abbott
et al., 1994). The conventional parametrised model results in a runaway increase of temperature going back in
time. Thick black and thick black dotted curves are from Korenaga (2006) for different radiogenic heat productions
of the silicate Earth. The blue curve is from Labrosse and Jaupart (2007) for a pulse in crustal growth at 2.7 Ga.
Figure modified from Korenaga (2006).

Thermal evolution models are valid for solid state convection and cannot be used to predict
mantle temperatures for which the mantle would melt, resulting in the formation of a magma
ocean (Labrosse and Jaupart, 2007). Because of a lower viscosity, the convection of a magma
ocean would be more vigorous and heat loss would occur on a shorter time scale (Solomatov,
2000). Based on a review of phase diagrams of mantle minerals determined experimentally, Jau-
part et al. (2007) concluded that the upper mantle temperature threshold for the establishment
of solid-state convection is 200 + 100 K hotter than present. Taking the uppermost limit, the
temperature of the upper Archaean mantle must have been at most 300 K hotter than present

for solid-state convection to occur.

1.2.3 Geological evidence for a hot Archaean continental crust

The heat-producing elements uranium, thorium and potassium are incompatible (they concen-
trate in the melt phase during partial melting of the mantle) and are thus concentrated in the

continental crust (Tab. 1.1). In Phanerozoic continental crust, a characteristic superficial layer
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(~ 5 km) enriched in heat-producing elements compared to the bulk of the continental crust
is observed. However, this is not true of all Archaean continental crusts in which radiogenic
elements are possibly distributed homogeneously, resulting in higher temperatures at the base
of the crust (Mareschal and Jaupart, 2006). Finally, the crustal heat production of an average
Archaean continental crust would have been of 380 pW kg=! at 2.7 Ga, and of 570 pW kg~ ! at
3.7 Ga (Tab. 1.1 and Fig. 1.3). Archaean continental crust thus is expected to have been hotter
than present-day continental crust because of a higher radiogenic heat production and because

of a more homogeneous distribution of heat producing elements.

Stage 1: Early crust formation (3515-3430 Ma)
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Figure 1.5: Schematic diagrams showing the three initial stages of crustal diapirism in the East Pilbara terrane.
1), 3), 4) and 5) felsic volcanics; 2) basalt; 6) granite melts from older TTG. Figure from Van Kranendonk et al.
(2007).

Some Archaean crustal structures point to hot Archaean continental crust. One feature
of Archaean continental crust that is not observed in the post-Archaean is crustal diapirism
(Fig 1.5). Crustal diapirs are formed by a process that was called “sagduction” by Goodwin
and Smith (1980). In this process, a thick pile of basalts, accumulated on top of continental
crust (such as a continental flood basalt), acts as a thermal insulator so that the temperature
rises in the continental crust (West and Mareschal, 1979; Rey et al., 2003). This results in the

partial melting of the lower crust and in the rise of hot, light granitic material (TTGs, stage
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3 of Fig. 1.5) and in the sinking of the denser basalts. The sagduction process can occur if
the continental crust is ductile on geological time scale, which implies a relatively low viscosity
(Mareschal and West, 1980). The viscosity of crustal rocks is temperature-dependent and is

often defined using

n = noexp(Q/RT), (1.1)

where 1y is a reference viscosity (at surface temperature), @ is the activation enthalpy, R is
the gas constant and 7' is the temperature. If follows from Eq. 1.1 that the viscosity decreases
exponentially with temperature. Crustal diapirs preserved at ~3.3 Ga in the East Pilbara
Terrane (Collins et al., 1998; Van Kranendonk et al., 2004a), at ~2.7 Ga in the Slave province
(Bleeker, 2002) and in the Yilgarn Craton (Campbell and Hill, 1988), and at ~3 Ga in the
Dharwar Craton (Bouhallier et al., 1995) are thus evidence for elevated crustal temperatures.
Further evidence for hot Archaean crust comes from seismic profiles of the Canadian Shield and
of the Kaapvaal Craton that show a flat Moho (Mareschal and Jaupart, 2006, and references
therein). This suggests the flow of ductile, low viscosity, lower continental crust on geological
time scales (Mareschal and Jaupart, 2006). Following the same reasoning as above, this is again
evidence for a hot Archaean continental crust.

There are two solutions to explain the observation of ductile continental crust in the Ar-
chaean. The first solution consists is that crustal temperatures were overall elevated because
of a higher radiogenic heat production (e.g. Mareschal and Jaupart, 2006). Alternatively, hot,
ductile continental crust could occur in places where the continental crust is particularly thick,
as is the case of present-day Tibet. England and Bickle (1984) proposed that the observation
of high-grade metamorphic terrane reflected erosion following crustal thickening. On this basis,
they suggested that the Archaean continental geotherms were similar to present-day ones and
that elevated mountain belts existed in the Archaean. However, as we shall discuss in later
chapters, erosion following crustal thickening is not the only way to exhume high-grade meta-
morphic terrane. For instance, the process of sagduction results in the exhumation of high-grade

metamorphic terranes in the absence of significant crustal thickening (e.g. McGregor, 1951).

1.3 A biased rock record?

1.3.1 When did plate tectonics begin on Earth?

The theory of plate tectonics is based on the movement of rigid plates at the surface of the Earth,
as proposed by Wilson (1965). The drifting continents collide, aggregate in supercontinents
and break-up. This triggers complex deformation over long distances such as the ~ 2500 km-
long Himalayan mountain belt. In contrast, oceanic processes are geometrically simpler, and
essentially occur at mid-oceanic ridges and subduction zones. As a result, the theory of plate

tectonics is particularly successful in explaining oceanic tectonics. The final piece of evidence
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that validated the theory of plate tectonics, the identification of magnetic anomalies in the ocean
floor, was not discovered until the 1960’s because it was not readily accessible (Vine, 1966).
Because there is no Archaean oceanic rock record, Earth scientists studying the Archaean face
the same problem as the pioneers of the theory of plate tectonics: they only have access to the
piece of the puzzle (the continents) that is harder to decipher. Identifying Archaean continental
tectonic processes is also difficult because the record of original events is often modified by
subsequent events. Nevertheless, it is worth noting that the absence of oceanic crust from
the Archaean rock record suggests that an active process existed that recycled oceanic crust.

However, this process does not necessarily have to be similar to present-day seafloor spreading.

With petrological evidence for a hotter mantle, and thermal evolution models suggesting a
hotter mantle back in geological time, Archaean plate tectonics models flourished in the late
1970’s and early 1980’s. Bickle (1978) suggested that a greater heat loss in the Archaean would
likely be accommodated by faster generation and recycling of oceanic crust. Sleep and Windley
(1982) pointed out that a hotter mantle would result in a greater degree of partial melting
beneath mid-oceanic ridges and thus in the formation of thicker oceanic crust. Hoffman and
Ranalli (1988) suggested that the lower part of such a thick oceanic lithosphere would be ductile
and thus prone to delamination. Arndt (1983), on the contrary, suggested that the oceanic
crust would mostly differ with present-day oceanic crust by its komatiitic composition rather
than by its thickness. His model was, however, based on the strong assumption that modern-like
plate tectonics were operating in the Archaean. Abbott and Hoffman (1984) pointed out that
hotter, younger oceanic lithosphere would be more buoyant and likely recycled in flat subduction
settings. In this respect, it is worth noting that young lithosphere subducts on modern Earth,
and that the flat subduction zones observed at present do not primarily correlate with the age of
the subducting lithosphere but with the subduction of oceanic plateaus (Gutscher et al., 2000).
It thus seems that the thickness and the buoyancy of subducting lithosphere prevails over its
age in determining the geometry of the subduction zone. It is important to note that all of the

models mentioned above are oceanic tectonic models that are theoretical and difficult to test.

When interpreted as representative of Archaean deformation processes, the preservation of
crustal diapiric structures (Fig 1.5) has led to the conclusion that heat loss by the Archaean Earth
was due to voluminous magmatism and that plate tectonics were not operating in the Archaean
(e.g. Hamilton, 1998). In sharp contrast, some authors rejected the “vertical tectonic” model for
the formation of crustal diapirs and proposed to accommodate it in the framework of modern
plate tectonics (e.g. De Wit, 1998). While crustal diapirism does not preclude the operation
of plate tectonics, it implies that two contrasting styles of crustal deformation (horizontal and
vertical) existed during the Archaean (Condie and Benn, 2006). This can be seen as a warning
that uncritical uniformitarianism should be avoided when addressing the problem of Archaean
plate tectonics. While it is important to look for similarities between Archaean processes and
Phanerozoic processes drawn by plate tectonics (e.g. Condie and Kroner, 2008), it is equally

important to assess the differences between Archaean and Phanerozoic processes (Bleeker, 2002).

12



1.3 A biased rock record?

Differences are to be expected because in the Archaean, the mantle and continental crust were
hotter than in the Phanerozoic.

In their literature review on the age of first appearance and widespread distribution of
petrotectonic assemblages such as ophiolites, forearc basins, passive margins and continental
rifts, and on other indicators such as geochemical data and paleomagnetism, Condie and Kroner
(2008) concluded that modern-like plate tectonics started at around 3 Ga and were widespread
by 2.7 Ga. These estimates are likely to change as the amount of high precision data available
on Archaean terranes data grows. It is also important to remember that much of the data used
in this review was obtained with the aim of identifying processes that resemble plate tectonics,

which is probably the main bias in answering the question.

1.3.2 Are cratons representative of the Archaean?

We have seen in previous sections that with no oceanic crust preserved, the Archaean rock record
1s biased. The thick and depleted lithospheric roots of all of the preserved Archaean cratons
suggest another possible bias: it is possible that the cratons that developed a root and where
thus stabilised (a process sometimes referred to as cratonisation) were the exception rather than
the rule in the Archaean. Evidence for the roots of Archaean cratons comes from the occurrence
of diamonds brought to the surface from underneath all cratons (Fig. 1.6). However, this does
not constrain the age of cratonic roots. The oldest dated diamonds are > 4.2 Ga microdiamond
inclusions from the Jack Hills zircons (Menneken et al., 2007), but further support is needed to
conclude that these diamonds were formed in thick continental roots. Placer diamonds (that oc-
cur in sedimentary deposits) from the ~ 2.75 Hardey Formation of the Fortescue Group, Pilbara
Craton, Australia and from the ~ 2.7 Ga Witwatersrand basin, Kaapvaal Craton (Konstanti-
novskii, 2003) are necessarily of Archaean age. There is also good evidence from Re-Os isotopic
dating that the age of the cratonic roots is Archaean and that some cratonic roots have been
preserved for around 3 Gyr (Carlson et al., 2005). Finally, the recent identification of nega-
tive 192Nd anomalies (formed within 400 Myr of the formation of the Earth) in ~ 1.48 Ga-old
mantle-derived rocks from the Bastar Craton, India (Upadhyay et al, 2009) suggests that these
rocks were preserved in the lithospheric mantle from ~ 4.2 Ga until ~ 1.5 Ga. It thus seems
that Archaean continental crust and underlying cratonic roots are of Archaean age.

The question of whether Archaean cratons are representative of the Archaean thus depends
on the universality of the process resulting in the formation of continental roots. Three models
have been proposed to explain the formation of the thick, cold cratonic keels composed of melt-
depleted peridotitic mantle (Fig. 1.7): a) a single plume model (Boyd, 1989); b) stacking and
accretion of oceanic lithosphere (Helmstaedt and Schulze, 1989); c) accretion and thickening
of sub-arc lithospheric mantle (Jordan, 1988). Lee (2006) argued that the plume model was
unlikely because the pressures at which cratonic peridotites melted (< 4 GPa) are lower than
expected in a plume setting (> 7 GPa). Unfortunately, the geochemical distinction between

the two remaining subduction-related processes is not obvious (Lee, 2006). Arndt et al. (2009)
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Figure 1.6: Distribution of kimberlites worldwide. Modified from http://www.geus.dk/minex/minex-22-dk.htm.

pointed out that the melting process would most likely be polybaric and fractional in the plume
model. They suggested that the pressure deduced by Lee (2006) from isobaric partial melting
calculations represents the last stage of this polybaric fractional melting process and is thus not
a valid argument against the plume model. On the basis of petrological modelling, Arndt et al.
(2009) favoured the plume model. The model of stacking and accretion of oceanic lithosphere is
seducing in that it explains the formation of diamonds: subducting oceanic lithosphere would
provide the necessary carbonate-rich fluids (Pearson and Wittig, 2008; Stachel and Harris, 2008;
Wyman et al., 2008). It is worth noting that the sub-arc lithospheric mantle of scenario c)
would have been metasomatised and would likely contain the carbon and oxygen necessary for
the formation of diamonds. One problem with scenario b) is that the dense eclogitic material
material has to be lost to the mantle to allow the continental root to become neutrally buoyant
(Pearson and Wittig, 2008). Gravity-driven processes could explain the recycling of eclogitic
material into the asthenospheric mantle (Vlaar et al., 1994). However, numerical modelling by
Arndt et al. (2009) showed that the eclogitic material would likely drag down the overlying layer
of depleted harzburgite into the mantle and the root would thus fail to form. In scenarii a) and
b), the cratonic root could be neutrally buoyant from the onset (Lee, 2006; Arndt et al., 2009).

If the plume model is correct (proto-) continental material that happened to be located above
a plume was preferentially preserved. Alternatively, assuming that a form of plate tectonics
was operating in the Archaean, and that subduction processes always resulted in stacking and
accretion of oceanic crust or in thickening of sub-arc lithospheric mantle, the most likely scenarii

of cratonic root formation imply that (proto-) continents presenting at least one convergent
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Figure 1.7: Three proposed scenarii to explain the formation of cratonic roots (vertical scale exaggerated). See
text for details. From Lee (2006).

margin would have been preserved preferentially over (proto-) continents surrounded by passive
margins which would not have developed a thick cratonic root and would have been recycled
in the mantle. This is consistent with the absence of passive margins in the Archaean record
until ~ 2.7 Ga (Condie and Kroner, 2008). The absence of passive margins in the Archaean
geological record is also predicted by numerical modelling. Hynes (2008) proposed that for a
hotter mantle, the production of a large volume of melt would offset the thermal subsidence of
a stretched continental margin and would thus limit the accommodation space for sediments.
The Archaean rock record is thus biased since it did not preserve oceanic material, and
presumably did not preserve all continental material. Alternative models to plate tectonics
that would result in crustal recycling include unstable stagnant lid similar to present-day Venus
(Solomatov and Moresi, 1996) and “drip tectonics” in which the buoyant oceanic crust is de-
coupled from the underlying lithospheric mantle (Davies, 1993). In both of these models, dense
eclogitised continental crust can sink back into the mantle. A limit to the unstable stagnant
lid model based on a comparison between Venus and the Earth is that Venus is dry whereas
the Earth is not. It is worth noting that some variety was preserved in the Archaean record,
as indicated by differences in crustal and lithospheric thickness (Artemieva, 2009) and styles of

continental tectonics (Condie and Benn, 2006).

1.3.3 An Archaean paradox: how to make hot continental crust on top of a
cold cratonic root?

We have seen in the previous sections that there is evidence for both hot, flowing lower and
middle continental crust and cool, strong continental lithosphere in the Archaean. This is a
paradox that needs to be addressed when studying Archaean lithospheric deformation. One
explanation is that the lithospheric geotherm (evolution of the temperature with depth) of
cratons is not in steady-state but transient (Mareschal and Jaupart, 2006). In the process of
lithospheric formation, the root is depleted in radiogenic elements compared to the overlying
continental crust. Thus, the continental crust is hot because of a high heat production, and
loses heat to the continental root. From their calculations of transient effects on lithospheric

geotherms, Mareschal and Jaupart (2006) concluded that the time needed for crustal radiogenic
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heat production to heat the cratonic root is 1 to 2 Ga depending on lithospheric thickness.
Because radioactive decay is relevant on such time scales, the maximum temperature at the
base of the lithosphere is 30% lower than when assuming a steady-state geotherm Mareschal
and Jaupart (2006). This partly explains the thermal decoupling between the crust and the

lithospheric mantle.
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Figure 1.8: Example of turning lithospheric geotherm (curve labelled 1). This geotherm is obtained for a
lithosphere 300 km thick, a rate of heat production in the lithospheric mantle of 0.04 W m™> and an age of
3 Ga. The transition curve from graphite to diamond (solid line), hydrous (0.2 wt.% water) and dry solidus
for peridotite (dotted lines), and carbonatite melt field (shaded area) bounded by the carbonate solidus at low
temperatures and amphibole breakdown at high temperature are also shown. This figure is from Michaut and
Jaupart (2007).

Michaut and Jaupart (2007) showed from transient thermal modelling (over multi Ga timescale)
that above a critical value of radiogenic heat production in the continental lithosphere, cratonic
roots cool more rapidly than the surrounding mantle. This threshold value decreases with in-
creasing lithospheric thickness. Above the threshold value, the loss of heat from the lithospheric
root to the mantle results in “turning geotherms” with a negative temperature gradient at the
base of the lithosphere (see Fig 1.8). This allows for hot continental crust (Thson, > 600°C)
and for the formation of diamonds at depth > 200 km (Fig 1.8; Michaut and Jaupart, 2007).
However, as they point out, a severe limitation of turning geotherms is that the middle part of
the lithosphere would be characterised by high temperature and low viscosity (Eq. 1.1). The
base of the lithosphere would thus tend to be delaminated and recycled into the mantle and the

diamond-bearing part of the lithosphere would likely be lost in this process.

The thermal decoupling between Archaean continental crust and cratonic roots could thus
be due to the repartition of radiogenic elements within the continental lithosphere and to the

long time needed for the lithosphere to reach a thermal steady state.

16



1.4 Volume of continental crust and of oceans through time

1.4 Volume of continental crust and of oceans through time

The Archaean Earth might have differed from modern Earth by the amount of continental crust

and of liquid water that were present at its surface.

1.4.1 When was the bulk of the continental crust formed?

Crustal growth is the difference between the production of new continental crust and the recy-
cling of crustal material into the mantle. This problem of crustal growth has fascinated geologists
over the years, and many crustal growth models have been proposed. The recent reviews of Rino
et al. (2004) and of Harrison (2009) list 12 and 13 crustal growth models, respectively. These
curves strongly differ from one another, and the estimate of crustal fraction at 3.8 Ga ranges
from 0 to 1. The debate over the concept of crustal growth itself has sometimes been vigorous
(Armstrong, 1991). In this section, several end-member crustal growth models are presented
(Fig. 1.9) and the way they are estimated is discussed.

Delayed, slow growth models (Hurley and Rand, 1969; Taylor and McLennan, 1985, in
Fig. 1.9) start after 4 Ga, which reflects the absence of a Hadaean rock record. Indeed, the
Hadaean is defined as the period before the oldest known rock. At present, this limit is set by
the 4.03 Ga orthogneisses from Acasta in the Slave Craton, Canada (Bowring and Williams,
1999).
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Figure 1.9: Five of the many crustal growth models proposed over the last forty years. Modified from Campbell
(2003).

Models based on the age distribution of mineral and continents

Gastil (1960) pointed out that the age distribution of preserved mineral described peaks. Hurley
and Rand (1969) extended this observation to the age and space distribution of continental crust

and used their results to propose the first published crustal growth curve. In this approach,
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only the preserved material is taken into account and there is no recycling into the mantle. For
this reason, this “crustal growth curve” should rather be called a “crustal preservation curve”.
This curve provides a lower bound for crustal growth models, and subsequent curves produced
using the same method resulted in a shift of the curve upward because of a larger dataset
(Armstrong, 1991, and references therein). Many ages are have been determined using the U-Pb
composition of zircons. On problem with these ages is that subsequent thermal events would
favour chemical diffusion and could thus alter the U-Pb signal. Indeed, Kemp et al. (2006)
showed in an integrated study of the U-Pb, oxygen and Lu-Hf isotope compositions of detrital
zircons that there can be a significant discrepancy (of the order of a billion years) between
the U-Pb crystallisation age an Hf model age of minerals. The oxygen isotope composition is
characterised to ensure that the source of the detrital zircons did not contain any sedimentary
component that would alter the Hf model age. Thus, crustal growth models based on the age
distribution of minerals should be considered with caution. Furthermore, Gurnis and Davies
(1986) showed that the age distribution of continents is an artifact due to preferential recycling

of younger terranes.

Models based on the sedimentary record

The most consensual crustal growth model is probably that proposed by Taylor and McLennan
(1985). This model is essentially based on changes in the geochemical composition of rare
earth element pattern of fine-grained sedimentary rocks used as a proxy for the composition of
the upper continental crust. Taylor and McLennan (1985) noticed that Archaean fine-grained
sediments have a mafic composition whereas post-Archaean sediments are more differentiated.
This led them to propose a crustal growth model that predicts a pulse in crustal growth at
~ 2.7 Ga. However, the data on Archaean sediments used by Taylor and McLennan (1985) are
biased toward greenstone-type environments, which partly explains their results (e.g. Condie,
1993). Regardless of this possible sampling bias, the link between the composition of fined-
grained sediments and crustal growth, if any, is tame. Hawkesworth and Kemp (2006) recently
proposed from the Hf model age of sedimentary and igneous zircons that it may take up to one
billion year for newly produced continental crust to dominate the sedimentary record. Moreover,
from the point of view of the secular evolution of sea level, it is also worth noting that only the
emerged fraction of the continental crust is taken into account in this model. However, there is

no reason why newly produced continental crust should emerge and be eroded instantaneously.

Models based on the freeboard argument

Reymer and Schubert (1984) estimated Phanerozoic crustal addition rates as the difference
between addition by arc magmatism and subducting sediments at subduction zones. These esti-
mates are based on the interpretation of seismic profiles and present large uncertainties. Reymer
and Schubert (1984) concluded that the Phanerozoic crustal growth rate is about 1 km?® a~!.
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1

However, their estimate of total substraction rate of about 1 km? a~! is much lower than that of

1-3 km? a~! proposed by Armstrong (1981). Because of the uncertainty in estimating addition
and substraction rates, Reymer and Schubert (1984) give a second estimate of about 0.9 km?3 a~!
based on the argument of constant continental elevation of continents since the end of the Ar-
chaean (the “freeboard” argument of Wise, 1974). However, as we will discuss at length in later
sections, numerical modelling and geological evidence do not support the constant freeboard

hypothesis.

Steady-state model

Armstrong (1981) made the case for important sediment recycling at subduction zones and for
a constant volume of continental crust through time. He stressed the uncertainty in estimating
the rate of crustal production and recycling, and carried out geochemical calculations to show
that the observed isotopic composition of Pb, Sr and Nd in the crust, mantle, sediments and sea
water are compatible with a constant volume of continental crust through time. Based on low
estimates of crustal addition rates and relatively elevated rates of subducting sediments, Fyfe
(1978) concluded that the amount of continental crust is currently decreasing. His estimate
constitutes the upper end-member of proposed crustal growth curves.

The accumulation of high precision isotopic evidence for an early silicate differentiation of the
Earth over the last decade has renewed the interest in steady-state models (see Harrison, 2009,
for a recent review). Positive *2Nd anomalies in rocks from the 3.8 Ga Isua greenstone belt
in West Greenland (Boyet et al., 2003; Caro et al., 2003) and the hafnium isotopic composition
of zircons older than 4 Ga from Jack Hills, Yilgarn Craton, Western Australia (Blichert-Toft
and Albarede, 2008) both point to an early extraction of continental material. They imply
that continental growth had started by ~ 4.3 Ga. It should be noted that Nd and Hf isotopic
anomalies in Archaean rocks have been reported since the 1980’s (e.g. Patchett et al., 1981)
but have been traditionally accommodated in the preferred delayed continental growth model
as deplored by Armstrong (1991).

Armstrong (1991) stressed that there is no need for continental growth on a plate tectonics
Earth. As we saw in section 1.3.1, it is not clear whether plate tectonics were widespread
before 2.7 Ga. Moreover, Rudnick (1995) pointed out that the bulk andesitic composition of the
continental crust is not compatible with the current main process of crustal addition in which the
protolith of the continental crust is basaltic. Possible mechanisms to make andesitic continental
crust in the Archaean include hot subduction, accretion of oceanic plateaus and intraplate
crustal growth by reworking of proto-continental crust as shown by Fig 1.5 (Rudnick, 1995;
Albarede, 1998b). Crustal addition and recycling processes were therefore probably different
in the Archaean compared to the present, which makes quantitative estimates of past crustal

volumes difficult.
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1.4.2 What was the volume of the Archaean oceans?

Despite being called the blue planet, the Earth is not a water-rich body: the mass of the oceans
(~ 1.5 x 10%* g) translates into only 0.025 wt.% H20O over the whole Earth (5.97 x 10?7 g).
The amount of water stored in the mantle is largely undetermined but probably adds up to a
few oceans worth, which means that the bulk water content of the Earth is < 0.2% (Marty and
Yokochi, 2006). This water-content is low compared to that of carbonaceous chondrites (10 wt.%
H50) and of comets (50 wt.% H20O) (Marty and Yokochi, 2006, and references therein). This
is readily explained by the fact that the Earth was formed in a volatile-poor part of the solar
nebula. It is estimated that around 90% of its water is probably of extraterrestrial origin (Marty
and Yokochi, 2006) and was acquired during an event that is called the “late veneer”. Marty
and Yokochi (2006) concluded from their review of isotopic constraints for the provenance of
Earth’s water that asteroids were the primary contributors to this late veneer, with comets and
interplanetary dust playing a minor role.

Even though early Earth possibly contained as little as 10% of its total present-day water,
the oceans possibly accumulated quickly at the surface of the Earth. The §'80 signature of
Hadaean zircons from Jack Hills, Yilgarn Craton, Western Australia was interpreted by Mojzsis
et al. (2001) and by Wilde et al. (2001) as indicating the presence of clay minerals in their
source. Because the only known processes to form clay minerals involve liquid water, this piece
of evidence has been interpreted as reflecting the presence of liquid water at or near the Earth’s
surface by ~ 4.3 Ga. There is also evidence for deep-water environments in Archaean greenstone
belts: sedimentary structures of the ~ 3.46 Ga Marble bar chert and Chinaman Pool chert in the
Pilbara Craton point to a deep-water environment (Dromart et al., 2008). A water depth greater
than 1000 m is also inferred from volcanic textures and sedimentary facies for the depositional
setting of the 3.235 Ga Sulphur Springs volcanogenic massive sulphide (Vearncombe et al., 1995).
More direct evidence for early oceans comes from the occurrence of pillow basalts in the 3.8 Ga
Isua greenstone belt, Southwest Greenland (Fig.1.10). In this last case, it is difficult to estimate
the deposition depth.

In the lack of strong constraints regarding the total amount of water stored in the mantle,
it is difficult to estimate past oceanic volume. The volume of Archaecan oceans could have
been smaller than present, which implies that water would have accumulated at the Earth’s
surface from the degassing mantle and from extraterrestrial sources. Alternatively, the volume
of Archaean oceans could have been greater than present, which implies that water would have
been recycled into the mantle at subduction zone over Earth’s history. The hypothesis of a

constant volume of ocean since ~ 3.8 Ga is often made, based on the evidence listed above.

1.5 Late-Archaean changes at the Earth’s surface

Cooling of the solid Earth, probable changes in the volume of continental crust, and possible

changes in the volume of ocean would have had important consequences on the Earth’s external
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Figure 1.10: Metric scale pillow lavas in the 3.8 Ga Isua greenstone belt, Southwest Greenland. Pillow lavas
indicate the eruption and fast cooling of mafic lavas in a subaqueous setting. (Photo: M. Boyet)

envelopes. The first likely consequence is a change in sea level. Several first order geological
observations indicate differences in sea level and in environment between the Archaean and
the Phanerozoic. Subaqueous flood volcanism on top of continental crust is widespread in the
Precambrian but rare to absent in the Phanerozoic (Arndt, 1999). A recent compilation by
Kump and Barley (2007) shows that only ~ 20% of Archaean large igneous provinces (LIPs)
and continental flood basalts (CFBs) are subaerial, compared to ~ 80% in the post-Archaean.
All post-Archacan CFBs are subaerial. This suggests higher sea levels in the Archaean. On the
other hand, there is evidence for emerged continents in the Archaean. The oldest unconformity
was reported in the Pilbara Craton, where subaqueous 3.46 Ga basalts were deposited at an
angle on an erosional surface in felsic volcanics (Buick et al., 1995). Clastic sediments are
also observed in Archaean cratons (Nisbet, 1987), but grain-size statistics on detrital zircons in
quartzite samples from the Slave Province suggests that Archaean clastic sediments are of more
localised provenance than Phanerozoic clastic sediments (Sircombe et al., 2001). Lowe (1994)
also noted that limited sediments were supplied to continental margins in the early Archaean.
This suggests that the area of emerged land was reduced in the Archaean compared to the
Phanerozoic. Continental margins would also have differed. Eriksson and Fedo (1994) reported
an increase in the amount of stable-shelf sediments throughout the Archaean. The first giant
carbonate platform occurs in the 2.9 Ga Steep Rock Group, Superior Province (Wilks and Nisbet,
1985) and Eriksson et al. (2005) noted an enlargement of epereic seas around the Archaean-
Proterozoic boundary. This suggests a change in sea level linked to continental stabilisation
throughout the Archaean.

Large, stable continental shelves and carbonate platforms are particularly important since

they are associated with the occurrence of stromatolites formed by photosynthetical micro-
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organisms (Buick, 1992; Lepot et al., 2008). The enlargement of stable shelves would have
favoured the spreading of such photosynthetical micro-organism, and the burial of reduced car-
bon. Both of these processes could have contributed to the possible accumulation of oxygen in
the atmosphere from around 2.3 Ga, an event referred to as the Great Oxidation Event (e.g.
Holland, 1999). The increase in emerged land area suggested by more widespread subaerial flood
volcanism in the post-Archaean would also have resulted in enhanced weathering and erosion
processes. This would in turn have had an impact on the composition of the atmosphere regu-
lated by weathering processes and on the composition of the oceans due to an increased input

of continental material (Rey and Coltice, 2008).
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Problematic and outline

Archaean cratons are a characterised by thick, depleted lithospheric roots and low surface
heat flow. The Archaean rock record is probably biased, because the continental material under
which such lithospheric roots were formed was preferentially preserved, and because no Archaean
oceanic material has been preserved in ophiolites. Despite this sampling bias, it can be inferred
from the petrological and geochemical data that the Archaean mantle was 200 + 100°C than
present. Because of a higher radiogenic heat production, the continental crust was also hotter
in the Archaean, and gravity played a more important role in crustal dynamics than in the
Phanerozoic. This is notably indicated by the preservation of crustal diapirs that are unique to
the Archaean. Because of these higher temperatures, plate tectonics differed from present-day.
It is not clear whether plate tectonics were operating at all before ~ 3 Ga.

The volume of continental crust and of oceans are poorly constrained through time. In
the Archaean, the volume of continental crust was possibly reduced compared to present, but
estimates largely differ between crustal growth models. It is possible that the oceans accumulated
relatively quickly (by ~ 3.8 Ga) at the Earth’s surface. Subaqueous flood volcanism was common
in the Archaean whereas it is absent in the Phanerozoic. This suggests higher sea levels in the
Archaean.

As the mantle and the continental crust cooled down, plate tectonics and crustal deformation
became more similar to present-day ones. Features of modern-like plate tectonics are more
widespread in the geological record from ~ 2.7 Ga. Towards the Archaean/Proterozoic boundary,
subaerial continental flood basalts and large epereic seas on stable continental shelves became
more common, and the atmosphere became oxidant.

The present contribution focuses on the impact of the secular cooling of the solid Earth on
the evolution of its exogenic envelopes. In a first chapter, we will consider the consequences of
higher mantle temperatures and of a reduced continental area on sea level and on the area of
emerged land. To this end, we developed numerical isostatic models. The results of this work
suggest that the area of emerged land was less than 15% in the Archaean, compared to 27.5%
today. In a second chapter, we will discuss the consequences of a hotter continental crust on
sea level. Thermal-mechanical models suggest that lower crustal flow was an efficient process
maintaining Archaean continental flood basalts below sea level. Confronted to our modelling
results, field observations from the Fortescue Group in the Pilbara Craton suggest that the
continental crust has cooled by approximately 200°C over the last 2.7 billion years. In a last
chapter, we will couple thermal evolution models to crustal growth curves to investigate the
impact of the timing of crustal growth on mantle temperature and on the area of emerged land.
These models show that early crustal growth model do not account for geological observations
that suggests some land was emerged in the Archaean. They also reconcile early crustal growth
models with the evolution of the composition of the oceans in radiogenic strontium constrained

by marine carbonates.
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2.1 Sea level change and the area of emerged land

The area of emerged land depends on sea level and on the distribution of continental elevations
as a function of continental area that is given by the continental hypsometric curve. Due to the
occurrence of plate tectonics, the Earth displays a unique hypsometric curve that consists of a
continental domain and an oceanic domain (Fig. 2.1). A change in the area of emerged land
can thus be due to a change in sea level, to a change in the continental part of the hypsometric
curve, or both.

Sea level change is an actual topic in a context of global warming (be it anthropogenic or not)
and sea level rise. The predictions of the Intergovernmental Panel on Climate Change (IPCC)
for the next century are of between 0.2 and 0.6 m (Intergovernmental Panel on Climate Change,
2007). This sea level rise is at the centre of the political and economical debate because it would
imply the flooding of coastal areas on which many large cities are built. Fig. 2.1 shows that
small changes in sea level trigger flooding of large areas because of the gentle slope described by

the continents between 200 m and -200 m.

Depth or elevation [km]
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Figure 2.1: Hypsometry of the Earth compiled from eTOPO2 data (NOAA, 2006). The histogram illustrates
the bimodal distribution of elevations on Earth with a peak at ~ 500 m for the continents and a peak at ~ -4500 m
for the oceans.

Despite being a serious concern for humanity, the present sea level rise is small compared
to sea level change on geological time scales. An estimation of Phanerozoic sea level change
and flooded continental area are presented in Fig. 2.2. These curves show variations in sea level
of ~ 350 m and variations in the flooded area of continents of up to 40 x 10% km? (8% of the
Earth’s surface). The difference of more than two orders of magnitudes between sea level change
at human scale and sea level change on a geological time scale is due to the fact that several
mechanisms affect sea level at different amplitudes and over different time periods (Tab. 2.1,

and Fig. 2.3). When studying sea level change, it is thus necessary to consider mechanisms of
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relevant time scale and amplitude. For instance, if thermal expansion of seawater and melting
continental ice sheets are relevant to global warming (Fig. 2.3), they describe high-order cycles

that are not relevant to the study of secular! sea level change.
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Figure 2.2: Estimates of Phanerozoic sea level change and flooded continental area. EPR stands for Exxon
Production Research. From Miller et al. (2005) - see therein for references.

In sea level change studies, a distinction must also be made between absolute (eustatic) sea
level change, with reference to a fixed datum such as the centre of the Earth, and relative sea
level change, with reference to a moving point at the surface of the Earth (see Eriksson, 1999,
for a recent review). The production of global eustatic curves such as shown in Fig. 2.2 is based
on the interpolation of relative sea level change from different study areas using the methods
of sequence stratigraphy (Vail et al., 1977). These methods consist in identifying unconformity
bound sedimentary units at different scales (also called orders) and explain these units in terms
of sea relative sea level change and sedimentary supply, as a function of geological time. Because
of abundant sedimentological and geochronological data, and because of the interest of fossil fuel
industries, Phanerozoic sea level changes of time scale as short as 0.1-0.5 Myr can be identified
(Eriksson, 1999). Geochronology is facilitated by the occurrence of hard shelled fossils in the
Phanerozoic. Fossils are used to define biostratigraphic stages that can be calibrated in time
where absolute geochronological data are available. However, there are virtually no hard shelled
fossils in the Precambrian, which results in a poorly defined stratigraphy. Stratal preservation
is also often poorer in the Precambrian record. For these reasons, and because of more erratic
tectonic controls on the formation of Precambrian basins, the principles of sequence stratigraphy
cannot be applied directly to Precambrian terranes (Catuneanu et al., 2005). This in turn

impedes global studies of Precambrian sea level change based on the sedimentary record. In a

L«Secular” is taken herein in the geological sense and refers to a long-term evolution over millions of years
rather than centuries.

28



2.1 Sea level change and the area of emerged land

study of relative sea level change on several cratons, Eriksson et al. (2007) nevertheless identified
the effect of a global glaciation event between 2.4 Ga and 2.2 Ga and of two superplume events
at 2.7 Ga and 2.2 Ga on global sea level.

Table 2.1: Amplitude, rate and time period of mechanisms responsible for sea level change (modified after
Eriksson, 1999).

Mechanism Maximum size (m) Average rate (mm ky ') Time period (Ma)
Oceanic crustal thickness 2800 0.5° 1000
Crustal growth 2000 0.3-2.6 ° 100-1000 °
Local tectonism 1000 10 000 <10
Mid-ocean ridges (secular) © 240-1000 0.06-0.4 * © 1000
Mid-ocean ridges (pulse) 350 7.5 70
Glacioisostacy 250 10 000 <0.1
Geoid relief 250 5000 <0.1
Hot-spot seafloor movements 100 Very slow 100
Intraplate stress 100 10-100 10
Orogeny 10-70 1.0 70
Sedimentation onto seafloor 60 1.1 70
Tsunamis and landslides 27 Instantaneous Hours
Flooding/desiccation, small basin 15 Instantaneous <0.013

@ Assuming a secular cooling of the mantle of 50 K Ga~1.
¥ The rate and time period of crustal growth depend on crustal growth models.
¢ The amplitude and rate of the effect of seafloor spreading depends on thermal evolution models.

Mechanisms such as glaciations and superplumes are however transient and thus not rele-
vant to the study of the secular evolution of sea level. The only mechanisms relevant to the
study of the secular evolution of eustatic sea level are global mechanisms of large amplitude
(> 50 m) occurring over time scales longer than 50 Myr. From Tab. 2.1, and Fig. 2.3, this
leaves only six known mechanisms: changes in the thickness of the oceanic crust, in the area of
continents (crustal growth), in the activity of mid-oceanic ridges (seafloor spreading), hot-spot
seafloor movement, continental orogeny, and sedimentation onto the seafloor. Three of these six
mechanisms (thickness of the oceanic crust, seafloor spreading, hot spots) are directly related
to the temperature of the mantle. The secular evolution of sea level is thus closely related to
the thermal evolution of the Earth.

Changes in the activity of mid-oceanic ridges have long been identified as a potential mecha-
nism for sea level change: based on tectonic reconstructions of the volume of mid-oceanic ridges
between 110 and 10 Ma, Hays and Pitman (1973) attributed Cretaceous high sea level to a
pulse in the activity of mid-oceanic ridges. However, Cogné and Humler (2004) argued from
the measurement of remaining oceanic surfaces and isochron maps that spreading rates at mid-
oceanic ridges have been constant over the last 180 Ma. They suggest that a change in mantle
temperature rather than a change in seafloor spreading rate could explained the observed Cre-
taceous sea level high. Assuming that the effect of mid-oceanic ridges controls the evolution of
sea level, Turcotte and Burke (1978) used the observed Phanerozoic sea level change to estimate

the evolution of the heat flux from the mantle. They suggested that high sea level reflect high
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Figure 2.3: Amplitude of sea level change mechanisms as a function of time period (modified after Miller et al.,
2005).

heat flow at mid-oceanic ridges and that in periods of high sea level, the ridge contribution to
total surface heat flow can be of up to 50%. The way that changes in heat flux affect seafloor
bathymetry can be explained as follows. New oceanic crust and lithosphere are produced at
the mid-oceanic ridge, and the oceanic lithosphere gets cooler and thus denser as it spreads
away from the ridge. In an isostatic model in which the mid-oceanic ridge is the reference, the
seafloor gets deeper away from the ridge (Fig. 2.4). Faster seafloor spreading for a higher heat
flux (or a hotter mantle) results in the subduction of younger oceanic lithosphere and thus in
a less pronounced bathymetry (Fig. 2.4). Ultimately, this translates into higher sea levels for a
hotter mantle. The effect on sea level of a pulse in mid-oceanic ridge activity, over a time scale
of approximately 70 Myr, and of a secular change in seafloor bathymetry, over a time scale of
approximately 1 Gyr, are separated in Tab. 2.1 and in Fig. 2.3. The secular change is of greater

amplitude (1000 m compared to 350 m) because of greater changes in heat flux.

Fig. 2.4 also illustrates that the amplitude of the effect of seafloor spreading on sea level
depends on the thermal model adopted: the change in bathymetry is four times more important
for a conventional parametrised convection model compared to an empirical thermal evolution
model assuming a triangular age distribution of ocean floor (Labrosse and Jaupart, 2007). Be-
cause the effect of seafloor spreading depends on the rate of seafloor spreading, it is also different
in a model predicting sluggish plate tectonics for a hotter mantle (Korenaga, 2006) compared
to conventional parametrised models (Fig. 2.5). In the model of Korenaga (2006), the oceanic

bathymetry is more pronounced in the Archaean because of slower spreading rates, which results
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Figure 2.4: Effect of a change in mantle temperature on oceanic bathymetry calculated in a half-space cooling
model. Results are shown for a triangular distribution of subduction age and for a rectangular distribution (see
Labrosse and Jaupart, 2007, for details on the age distribution of seafloor).

in a lower sea level in the Archaean. Because of such differences, it is important to compare the
secular evolution of sea level predicted by different thermal evolution models.

Galer (1991) pointed out that a thicker Archaean oceanic crust because of higher mantle
temperature would trigger important changes in eustatic sea level. Indeed, this is potentially
the largest effect to consider when studying secular sea level change (Tab. 2.1 and Fig. 2.3). As
for sea level change related to crustal growth, its amplitude is similar regardless of the crustal
growth model: redistributing the volume of oceans over the whole Earth would result in a change
in sea level of up to 2000 m. However, there is no consensual crustal growth curve to date (see
Fig. 1.9), and the rate of sea level change due to crustal growth depends on the adopted model
(Tab. 2.1).

The presence of hot spots below the ocean floor results in an uplift of the ocean floor, and
thus in a decrease of the volume of the oceanic reservoir. This translates into higher sea level.
It is worth noting that hot spots can also occur below continents. In this case, they trigger an
uplift of the continent and a high relative sea level, as in the case of present-day Africa. Sea
level change associated to hot spot seafloor movement occurs on a timescale ten times shorter
(100 Myr compared to 1 Gyr) and with an amplitude ten times smaller (100 m compared to
between 1000 and 3000 m) than that of the mechanisms mentioned above. Hot spot seafloor
movement is thus a second order mechanism when studying the secular evolution of sea level.
If anything, a hotter Archaean mantle would have resulted in more frequent hot spots, possibly
affecting larger areas. One notable example is that of the superplume event at 2.7 Ga that is
recorded over all Archaean cratons. However, in the lack of Archaean oceanic crust, oceanic hot

spots cannot readily be identified. One possibility is that oceanic hot spots would have resulted
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Figure 2.5: Oceanic spreading rate normalised to present day as a function of mantle temperature predicted by
a conventional parametrised thermal evolution model (BLT) and by the model of Korenaga (2006) (K06).

in the formation of buoyant oceanic plateaus that were later reworked into continental crust by
magmatic processes (Rudnick, 1995; Albarede, 1998b, see also section 1.4.1). Hot spot seafloor
movement is not taken into account in the present study because this second-order effect is hard

to reconstruct for distant geological time.

The next mechanism to consider is sedimentation onto the seafloor. The maximum amplitude
of this mechanism (~ 60 m) is between 4 and 50 times lower, and its time scale between 10
and 1000 times shorter than that of crustal growth, secular seafloor spreading and oceanic
crustal thickness. Moreover, a sedimentary load is compensated by subsidence in the long term,
which further decreases the amplitude of sea level change it triggers. The possible increase
of sedimentary input to the oceans with increasing crustal fraction could be of interest to the
modellisation of the secular evolution of sea level. This would result in lower sea level back
in geological time. However, Precambrian sedimentation rates are poorly constrained, and
they depend on weathering and erosion rates with complex climatic feedback. The effect of
sedimentation onto the seafloor is thus not taken into account in the present study. The opposing
effect of hot spot seafloor movement that occurs on a longer timescale and a greater amplitude,

and is also neglected here, could cancel out the effect of sedimentation onto the seafloor.

The amplitude of change in sea level due to continental orogeny is also relatively low (< 70 m),
and orogenies occur over a timescale of the order of 70 Ma (Tab. 2.1). On a plate tectonics
Earth, orogenies are not transient despite their short timescale. They are dynamically necessary
in the theory of plate tectonics that are a continuous process. The effect of a secular change
in mountain building due to the strengthening of the lithosphere as it cools down (Rey and
Houseman, 2006) can readily be incorporated in the hypsometric curve. While a change in the

hypsometric curve does not significantly affect sea level, its effect on the area of emerged land
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is important (Fig. 2.1) and is thus relevant to the present study.

Most, if not all, studies of the secular evolution of sea level are based on the hypothesis of
a constant freeboard through time since the end of the Archaean. This assumption is based
on the observation that eustatic sea level has remained within ~ 200 m of its present value
throughout the Phanerozoic (Fig. 2.2) and that plate tectonics were operating by 2.5 Ga. For
constant freeboard to be maintained over time, there must be a balance between crustal growth
and secular cooling. This would be coincidental since two mechanisms of thermal origin, a
thicker oceanic crust and a less pronounced oceanic bathymetry, can counter-balance crustal
growth (Fig. 2.3). Furthermore, the observation of common submarine flood volcanism in the
Precambrian as opposed to the Phanerozoic (Arndt, 1999) points to higher sea level in the
Precambrian. This is not in agreement with the hypothesis of a constant freeboard through
time. For this reason, we do not make the assumption of a constant freeboard in the modelling
study presented in the next section. The main questions motivating this study are: Under which
conditions can freeboard be constant? What was the area of emerged land in the Archaean?
What is the effect of thermal evolution models on the predicted evolution of sea level? Did the
geological record preserve any evidence of the secular evolution of sea level and of the area of

emerged land?

33



Consequences of the secular cooling of the Earth for the emergence of the continents

2.2 A case for late-Archaean continental emergence

Foreword

We saw in the previous section that in the long-term, the evolution of sea level is mainly con-
trolled by the temperature of the mantle and by the total area of continental crust. In the
following article, we build an isostatic freeboard model (e.g. Galer, 1991) to investigate the ef-
fect of a hotter mantle and of a reduced continental area on sea level. We make the assumption
of a constant oceanic volume and of a constant thickness of the continental crust, and we carry

out a Monte Carlo analysis to assess the sensitivity of our models to these two parameters.

In order to evaluate the area of emerged land, we incorporate the continental hypsometric
curve to the models, which is the main novel aspect of this study. Because of the shape of the
continental hypsometric curve, taken from Harrison et al. (1981), solving for the emerged area of
continents involves the evaluation of the Gauss hypergeometric function oF;. We evaluate this
function numerically. We also investigate the effect of a lower maximum continental elevation
as suggested by thin sheet modelling of hot continental lithospheres in convergent regime (Rey
and Coltice, 2008).

Modelling results are presented for a range of mantle temperatures and crustal fraction since
both probably varied during the Archaean. They suggest that in the Archaean, the area of
emerged land was reduced by half compared to the present. This result is consistent with many

first order geological and geochemical observations.

The following is an article entitled A case for late-Archaean continental emergence from
thermal evolution models and hypsometry by Nicolas Flament, Nicolas Coltice and Patrice Rey
(2008) published in Earth and Planetary Science Letters 275, p. 326-336.
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2.2 A case for late-Archaean continental emergence

Abstract

The secular cooling of the Earth’s mantle and the growth of the continental crust together
imply changes in the isostatic balance between continents and oceans, in the oceanic bathymetry
and in the area of emerged continental crust. The evolution of these variables is of fundamental
importance to the geochemical coupling of mantle, continental crust, atmosphere and ocean. To
explore this further, we developed a model that evaluates the area of emerged continental crust
as a function of mantle temperature, continental area and hypsometry.

In this paper, we investigate the continental freeboard predicted using different models for the
cooling of the Earth. We show that constancy of the continental freeboard (4 200m) is possible
throughout the history of the planet as long as the potential temperature of the upper mantle
was never more than 110-210°C hotter than present. Such numbers imply either a very limited
cooling of the planet or, most likely, a change in continental freeboard since the Archaean. Dur-
ing the Archaean, a greater radiogenic crustal heat production and a greater mantle heat flow
would have reduced the strength of the continental lithosphere, thus limiting crustal thicken-
ing due to mountain building processes and the maximum elevation in the Earth’s topography
[Rey, P. F., Coltice, N., Neoarchean strengthening of the lithosphere and the coupling of the
Earth’s geochemical reservoirs, Geology 36, 635-638 (2008)]. Taking this into account, we show
that the continents were mostly flooded until the end of the Archaean and that only 2-3% of
the Earth’s area consisted of emerged continental crust by around 2.5 Ga. These results are
consistent with widespread Archaean submarine continental flood basalts, and with the appear-
ance and strengthening of the geochemical fingerprint of felsic sources in the sedimentary record
from ~ 2.5 Ga. The progressive emergence of the continents as shown by our models from
the late-Archaean onward had major implications for the Earth’s environment, particularly by
contributing to the rise of atmospheric oxygen and to the geochemical coupling between the

Earth’s deep and surface reservoirs.

Keywords: Archaean; continental emergence; continental freeboard; crustal growth; hypsome-

try; thermal evolution Cretaceous

2.2.1 Introduction

The analysis of eustatic sea level (e.g. Vail et al., 1977; Haq et al., 1987; Miller et al., 2005) has led
to the conclusion that continental freeboard (the average elevation of emerged continental crust
above sea level) has remained constant throughout the Phanerozoic. This hypothesis has been
extended throughout the entire Proterozoic on the premise that tectonic processes have been
the same since the end of the Archaean (2.5 Ga) (Wise, 1974). This constancy in continental
freeboard has also been used to constrain the evolution of other interdependent parameters such
as crustal growth rates (Reymer and Schubert, 1984; Schubert and Reymer, 1985), sedimentation

rates (McLennan and Taylor, 1983), ocean volume (Kasting and Holm, 1992; Harrison, 1999),
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crustal thickness (Hynes, 2001), depth of mid-oceanic ridges (Galer, 1991; Kasting and Holm,
1992) and mantle temperature (Galer, 1991; Galer and Mezger, 1998).

However, the widespread occurrence of continental flood basalts emplaced on top of immersed
continents (Arndt, 1999; Kump and Barley, 2007) suggests higher sea levels in the Archaean.
Furthermore, the geochemical fingerprints of felsic sources do not appear in the geological record
before the end of the Archaean (Veizer and Compston, 1976; McLennan and Taylor, 1980; Taylor
and McLennan, 1985; Shields and Veizer, 2002; Valley et al., 2005). These observations could
indicate that the differentiated continental crust was mostly isolated throughout the Archaean
(Rey and Coltice, 2008) because it was widely covered by mafic volcanism, and because the
continents were largely immersed throughout the Archaean. The timing of continental emergence
has long been questioned. Despite a lack of data and physical models, Hargraves (1976) proposed
a late emergence during the Proterozoic, a hypothesis disputed by Windley (1977) and by Vlaar
(2000) who both argued in favour of a continental emergence near the Archaean/Proterozoic

boundary.

In this paper, we propose a model to quantify emerged crustal area as a function of mantle
temperature, hypsometry (the global areal distribution of the Earth’s surface elevations) and
continental area. Because there is no consensual thermal evolution model for the Earth as yet,
we present the continental freeboard and area of emerged continental crust as calculated using
three different thermal evolution models: two models based on marginal stability analysis of the
oceanic lithosphere (Korenaga, 2006) and one model based on the observation of the present-day
distribution of seafloor ages (Labrosse and Jaupart, 2007). The choice of thermal evolution model
is critical in the calculation of continental freeboard. For realistic thermal evolution models
(Korenaga, 2006; Labrosse and Jaupart, 2007), constancy of continental freeboard (£ 200 m)
can be achieved if the potential temperature of the mantle was never more than 110-210°C
hotter than present. Previous results from continental freeboard models (Galer, 1991; Galer and
Mezger, 1998) fall within this range.

For a late-Archaean balance of parameters (mantle potential temperature 150°C hotter than
present and 80% of present continental area) and for constant hypsometry, we calculate that
the area of emerged continental crust was less than 12% of the Earth’s area. Physical models
suggest that mountain building processes were less efficient during the Archaean, due to a
reduced strength of the continental lithosphere (Rey and Houseman, 2006; Rey and Coltice,
2008). Including this effect in the evolution of the hypsometry has a major impact on the
calculated emerged area of continental crust. For the late-Archaean, we calculate that the
emerged area of land was only 2-3% of the Earth’s area and therefore predict that the continents
were largely flooded. These results are of fundamental importance to the understanding of the
coupling of the Earth’s geochemical reservoirs. We show that they are consistent with a large

number of global geochemical trends in the late-Archaean record.

36



2.2 A case for late-Archaean continental emergence

2.2.2 Model formulation
Isostasy

Because of isostatic equilibrium between continents and oceans, a change in sea level h; with

respect to present-day can be written as

Ahy = Ad, < - pw) + Adye (1 - p“) — Ade, (1 - p“) , (2.1)
Pm Pm Pm

where Ad,, Ad,. and Ad,. are changes in the depth of ridge crests (Reymer and Schubert, 1984),
the thickness of the oceanic crust (Galer, 1991) and the thickness of the continental crust (Galer
and Mezger, 1998) respectively (all parameters are listed in Tab. 2.2). The densities are p,, for

the mantle, p,. for the oceanic crust, and p,, for seawater.

Table 2.2: Variables used in the models. Asterisks indicate present values.

Symbol  Meaning Value Std deviation  Unit

aR coefficient of thermal expansion (rectangular system) 2.3x10~° KT

ag, coefficient of thermal expansion (triangular system) 2%x10~2 K1

K thermal diffusivity 8x10~7 m?2 g1

Pee mean density of the continental crust 2800 + 100 ¢ kg m—3

Poc mean density of the oceanic crust 3000 + 100 # kg m—3

Pm mean density of the upper mantle 3300 + 100 @ kg m—3

Pw mean density of sea water 1030 + 102 kg m—3

Ax, total area of continents 2.17x10 b m?

Ag area of the Earth 5.1x1014 m?

A; area of emerged continents 1.4x1014 m?

Ax. total area of oceans 2.93x1014 P m?

A% area of the continents, shelf included 1.75%x 104 m?

a constant in the hypsometric function 0.0388

b constant in the hypsometric function 0.608

d average depth below ridges 1859 m

d. continental crustal thickness 41.1 ¢ +62° km

dec Archaean continental crustal thickness 41.1 +7d km

dmazx maximum depth of the continental slope 2446 m

d}, oceanic crustal thickness 7075 £ 700 ° m

doc oceanic crustal thickness for TI;‘ = 1430°C 20870 + 2500 4 m

dr ridge depth 2446 m

E activation energy in the viscosity law 300 kJ

f* continental freeboard 8850 m

h} sea level above the edge of the continental shelf 200 m

h}aw maximum elevation above continental shelf 9050 m
universal gas constant 8.314 J mol—1K—1

(38 mean subduction age of the ocean floor 90 Ma

thax maximum age of the oceanic lithosphere 180 Ma

Ty potential temperature of the upper mantle 1280 °C

u* oceanic half-spreading rate 2.59 cma~!

Vo total volume of oceans 1.36x 108 + 2x1017 9 m?

z exponent in the hypsometric function 0.706

“Galer (1991)

¥Schubert and Reymer (1985)
“Christensen and Mooney (1995)
dGaler and Mezger (1998)
“White et al. (1992)

fCogné and Humler (2004)
9Harrison (1999)
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The thickness of continents may have changed over the Earth’s history, although seismic stud-
ies (e.g. Christensen and Mooney, 1995) show that the present mean thickness of Precambrian
shields and platforms (41.5 £ 5.8 km) is similar to the average thickness of the continental crust
(41.1 £ 6.2 km). We therefore assume a constant thickness of the continental crust (Ade = 0
in Eq. 2.1) in this study.

Change in Ad,, is a function of the mantle temperature, and change in Ad, depends upon

both mantle temperature and ocean volumetric budget.

Thickness of the oceanic crust

Sleep and Windley (1982) suggested that a hotter mantle in the Archaean would imply a thicker
oceanic crust. Models of isentropic decompression melting have been developed to predict the
thickness of the oceanic crust as a function of mantle potential temperature 7}, (McKenzie, 1984),
eventually taking into account the limiting effect induced by the pressure of the crustal overbur-
den (Vlaar and van den Berg, 1991). However, this effect is significant only when considering
high mantle temperatures (7}, > 1560°C). When using isentropic decompression melting models,
the thickness of the oceanic crust is generally assumed to be equal to the calculated thickness of
melt, which completely ignores the role of dynamic extraction that could significantly affect the
results (Sramek et al., 2007). Therefore, changes in oceanic crustal thickness should be assigned
+ 2.5 km uncertainties for a given temperature (Galer and Mezger, 1998). We compared the
oceanic crustal thickness calculated using the model of McKenzie (1984) and the parametri-
sation of the peridotite solidus and liquidus given by McKenzie and Bickle (1988) with that
calculated using the model of Korenaga (2006). The difference between both parametrisations
for a mantle potential temperature 200°C hotter than present is very close to the uncertainty
range: the oceanic crustal thickness calculated by McKenzie and Bickle (1988) is only 2.7 km
thicker than the one calculated by Korenaga (2006). The melt height produced for present-day
upper mantle potential temperature (7, = 1280°C) fits the observed 7 km-thick oceanic crust
for both parametrisations. Due to the lack of a two-phase model taking dynamic extraction into
account, the model of McKenzie (1984) is used in this study.

Ocean volumetric budget

As depicted in Fig. 2.6, the volume of the ocean V, is divided into V, the reservoir above the
mid-oceanic ridge, V; the reservoir below the mid-oceanic ridge, Vs the reservoir above the
continental slope, and V; the volume due to change in the hypsometric curve after water loading
or unloading:

Vo=Va+ Vo +Vs+V. (2.2)
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2.2 A case for late-Archaean continental emergence

The volume V, depends on the total oceanic area A,. and depth of the ridges d, and is written

Vo= Ay d, . (2.3)
h ———————
max — etopo2 data
0% LJo7
—- BLT
[}
=]
2
2 h
o A e IS, A

Cumulative area

Figure 2.6: Schematic diagram illustrating the parameters relating to the area of emerged continents (see Tab. 2.2
for definitions). Changes in continental freeboard f are equal and opposite to changes in sea level h¢. The oceanic
portion of the observed hypsometry is flipped horizontally to better illustrate tectonic processes. Both rectangular
(BLT) and linear (LJOT) seafloor age distributions are shown. The inset diagram shows the relationships between
reference level h = 0, sea level hy, continental shelf and continental slope (not to scale). The volume caused by
isostatic adjustment of the continent V; is also illustrated in the inset diagram for a hypothetical raise in sea level.
Note that V;* =0.

Bathymetry

The volume of the reservoir V;, depends on the seafloor bathymetry, caused by cooling of the
ocean lithosphere, which is modelled here with the theory of semi-infinite half-space cooling
combined with isostasy (e.g. Turcotte and Schubert, 1982):

2omaT, [kt
db(t)zm mt
Pm = Puw ¥V T

where dp is the depth below ridge axis, « is the thermal expansivity, « is the thermal diffusivity
and t is the age of the oceanic floor. For a given distribution of area of the ocean floor with age

dA/dt, the volume of the reservoir V;, can therefore be written as

tmax dA
Vb:/ () 2t |
" a0

where ty,4, is the maximum age of the ocean floor. Different age distribution models can be de-
rived, depending on the mode of mantle cooling (Labrosse and Jaupart, 2007). In the following,

we explore changes in bathymetry as a function of the potential temperature of the mantle 7},
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and of the area of continental crust A.. for different distribution models.

Two different approaches can be used to calculate the distribution of seafloor ages, but
they are mutually exclusive. The first is based on boundary layer stability analysis, stating
that subduction starts when a plate reaches a threshold age at which the thermal boundary
layer becomes gravitationally unstable. As a consequence, such models imply a rectangular

distribution of seafloor ages:
dA

= =

where Cj is the global rate of seafloor spreading and ¢, is the age of subduction of the oceanic

Cy for t<t,,

floor. For this distribution, the total area of the ocean floor is:
Aoc = COts ’

and the present-day subduction age is t; = 90 Ma. The boundary layer theory implies that the

age of subduction depends on mantle convective vigour through convection velocity:
ts =tiu"/u,

where u is the half spreading rate at mid-oceanic ridges. For Rayleigh-Bénard convection, a

given potential temperature 7}, gives u as

o\ 2/3
T ndy) ) , (2.4)

ullp) = <T; W)

where the viscosity itself depends on the potential temperature of the mantle T" as (Davies, 1980)

[$)
= X —_—
n 1o p RT ;

where E is the activation energy. This model is referred to hereafter as the Boundary Layer The-
ory (BLT). It implies a strong feedback between T}, and heat flow, suggesting larger radiogenic
heat production or core heat flow than what is usually proposed from cosmochemical arguments

(see Jaupart et al., 2007, for a recent review).

For this reason it has been proposed (Arndt, 1983; Korenaga, 2006) that the positive buoy-
ancy of the oceanic lithosphere could delay the onset of subduction if the oceanic crust is thick
enough. The positive buoyancy of the oceanic lithosphere is due to the change of partitioning
intrinsic density between the oceanic crust and the underlying depleted mantle with change in
mantle temperature. Including this chemical effect and small scale convection in the classical
boundary layer theory reduces the dependence of u on T,. This model, hereafter referred to
as K06, proposes a moderate thermal evolution of the mantle which is more consistent with

petrological constraints on the mantle temperature in the Archaean (Abbott et al., 1994). The
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2.2 A case for late-Archaean continental emergence

advantage of the boundary layer approaches BLT and K06 is that the distribution of seafloor

ages can readily be calculated for any given mantle temperature.

However, these models could be in contradiction with the observed present-day distribution
of ages of the seafloor. Indeed, different oceanic lithospheres have different ages of subduction
and the probability of subduction is approximately the same for any age (Sclater et al., 1981;
Parsons, 1982; Rowley, 2002; Cogné and Humler, 2004; Labrosse and Jaupart, 2007). Hence the

distribution is triangular:
t
(a:) = CO <1 — T > 5
tmax

where tpq, i1s the maximum age of the lithosphere and = = A../A}, is the areal fraction of

dA
dt

present continental crust. For this distribution, the area of oceans can be derived as

(2 — :E)Co tma:}c

Aoc = 9

One problem of this approach is that there is no physical model as yet for a relationship between
the maximum age of the lithosphere ¢4, and T),. Labrosse and Jaupart (2007) inferred from
their parametrisation of the thermal evolution of the Earth that t,,,, must be larger than 104
Ma at all ages. The authors also proposed that the deviation from the rectangular distribution
of ages is caused by the presence of continents. Hence, as in their models, our model for the
seafloor age distribution evolves from rectangular to triangular as a linear function of x (Labrosse
and Jaupart, 2007). This model is referred to hereafter as LJO7.

For each model, the coefficient of thermal expansion « is adjusted so that the calculated
ridge depth is equal to the present-day ridge depth (see Tab. 2.2). The area of continents at a
depth greater than d,,., is neglected in all models. The depth of mid-oceanic ridges is allowed
to change through time (Eq.2.1). The plots of present-day bathymetry for both distribution
systems are shown in Fig. 2.6. The triangular distribution gives a better fit to the data as

expected since it is an empirical model.

Hypsometry

The volume V; of the water reservoir over the continent is a function of the hypsometric curve

f(A):

ACC
Vs = (ACC - Af)(hf + dmaz) - " f(A) dA (25)
f

where Ay is the area of emerged continents. The hypsometric curve is described by a function
modified from Strahler (1952) and Harrison et al. (1981) until the edge of the continental shelf,

and the continental slope is taken as a linear function. This can be written as

b- hmam (i;i?ﬁzz : G)Z if A < Ash

f(A) = (2.6)

A—A, .
Koo Auy, dmaz if A> Ag,
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where h,q. is the maximum elevation of the continents, and a, b and z are constants determined
to fit the eTOPO2 data (NOAA, 2006). Values are given in Tab. 2.2 for a correlation coefficient
R? = 0.999. Sea level is always above the reference level (h = 0), defined at the edge of the
continental shelf in A = Agy,.

The volume Vj, caused by isostatic adjustment after a sea level change over the continent
(see Fig. 2.6), is given by

A cc - ] .
% [fAff(hf_h) dA—'_f,?f (hf —hy) dA] it hy > hy

g [fjff(h —hy) dA+ [15(hy = p) dA] if by < By
with Af and h + being respectively the area of emerged continents and sea level before water
loading or unloading. h is defined using the hypsometric curve f(A) (Eq. 2.6). For a transgres-
sion, Ay < Af < Ac. and V] is positive. As for a regression, Af < Ay < Ace, and V] is negative,
therefore the continent is uplifted. V; is zero today since the observed hypsometric curve is the
reference.

FEustatic sea level is determined by iterative computing of V,, from Eq. 2.2 until constancy of
ocean volume is reached. In this process, V, is calculated from Eq. 2.3 with d, computed from

Eq. 2.1 and the integral of f(A) in Eq. 2.5 is calculated numerically.

2.2.3 Influence of thermal evolution models on continental freeboard

In this section, we explore the dependencies of continental freeboard and area of emerged con-
tinents on mantle potential temperature and continental area, assuming constant hypsometry

and ocean volume.

Continental freeboard

For a given continental area, sea level increases as temperature increases, due to the combination
of two processes: thickening of the buoyant oceanic crust and flattening of the seafloor. The
former process has an identical effect in the BLT, K06 and LJ0O7 models. However, models
differ in the parametrisation of the flattening of the bathymetry. Indeed, in the BLT model,
spreading rates are very sensitive to mantle temperature. Hence, for mantle temperatures more
than 100°C hotter than present-day, the bathymetry is almost flat, the volume of the reservoir
below ridges V} is reduced and sea level is high. The K06 model, however, proposes a reduced
sensitivity of spreading rate to temperature and the LJ07 model proposes a modest change in
the maximum age of the ocean floor. Flattening of the bathymetry is thus buffered in these two
models. As a consequence, K06 and LJ07 models have a lower sensitivity to T, than the BLT

model.
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2.2 A case for late-Archaean continental emergence

Continental freeboard is also sensitive to the fraction of the Earth’s area covered by continen-
tal plates. As new continental crust is produced, the total area of the continents A.. increases
while the total area of the oceans decreases. Removing the continental crust entirely would
result in a decrease in sea level of ~ 1000 m. The dependency of continental freeboard on conti-
nental area is the same in the BLT and K06 models but is slightly different in the LJ07 model,
in which the seafloor age distribution changes with continental area.

Fig. 2.7 shows the contours of constant continental freeboard as a function of continental area
and mantle temperature for each model. The constant freeboard hypothesis allows for sea level
variations of + 200 m, which is the amplitude of Phanerozoic sea level change (Haq et al., 1987;
Miller et al., 2005). The slope of the contours shows that continental freeboard calculated using
the BLT model is more sensitive to mantle temperature than other thermal evolution models.
Constant freeboard (£ 200 m) can be achieved if mantle temperature did not exceed its present-
day value by more than 90°C (75-110°C) for the BLT model, 160°C (130-190°C) for the K06
model, 190°C (165-210°C) for the LJ07 model with t,,4, = 180 Ma, and 140°C (120-165°C) for
the LJO7 model with ¢,,,, = 104 Ma. The temperature calculated by the K06 model is close to
the temperature suggested by Galer (1991). Both the K06 and LJ07 models can accommodate

a greater mantle temperature than the BLT model, keeping continental freeboard constant.
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Figure 2.7: Contours of constant continental freeboard as a function of continental area and mantle temperature,
for present hypsometry. Results are presented for each model. The shaded area shows the variability of the
continental freeboard with ¢4, for the linear seafloor age distribution model (LJ07). The box shows the possible
range of parameters in the Archaean: the mantle was probably 150-200°C hotter than present and the continental
area increased from 20% to 80% of present.

To achieve constancy of the freeboard, a change in mantle temperature must be counter-
balanced by a change in continental area (Schubert and Reymer, 1985). For the BLT model,
a cooling of 30°C is necessary to balance 30% of crustal growth, while a cooling of ~ 60°C is

required for other models. If most of the continents were produced very early in the Earth’s
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history, the constancy of continental freeboard within the Archaean and Proterozoic could not
be achieved because cooling is supposedly between 50 and 100°C Ga~! (Jaupart et al., 2007).
For all thermal evolution models, keeping continental freeboard constant throughout most of the
Earth’s history could be very difficult if the episodicity of crustal production (Rudnick, 1995;

Condie, 2000) is not matched by an episodicity of mantle cooling.

Area of emerged continental crust

One novel aspect of our approach is the calculation of the area of emerged continental crust.
Today, continents represent 42.5% of the Earth’s area (Schubert and Reymer, 1985), and emerged
crustal area represents only 27.5%. At constant freeboard, the change in the fraction of emerged
crust is proportional to the change in continental area (see Fig. 2.8). However, as expected from
the freeboard equations, the greater the mantle temperature, the higher the sea level and the
smaller the emerged crustal area. For present-day continental area and hypsometry, an increase
in mantle temperature of 100°C would reduce the area of emerged continental crust to ~ 9-16%
depending on the thermal evolution model.

All other parameters being constant, the area of emerged continental crust varies with the
total area of continental crust. However, there is a trade-off between continental area and
emerged area: a larger continental area generally leads to a greater emerged area, but it also
triggers an increase in sea level. As expected, the BLT model presents the highest sensitivity
to mantle temperature. For a hotter mantle, this model thus proposes an emerged continental
area much lower than that proposed by the more conservative LJO7 and K06 models (Fig. 2.8).

For low temperature and large continental area, the area of emerged continental crust is not
sensitive to continental growth. The emerged area can only increase with continental growth
for a hot mantle, where continental freeboard is highly sensitive to mantle temperature. Hence,
a pulse of crustal growth during the Archaean would have resulted in a net increase of emerged
area. The area of emerged continental crust depends mainly upon mantle temperature whereas

continental freeboard depends on the ratio of crustal growth to mantle cooling.

2.2.4 Area of emerged continental crust in the Archaean
Mantle temperature and continental area in the Archaean

It is generally agreed that the temperature of the mantle has decreased over time while the
continental area has increased. The main argument for a hotter mantle in the Archaean is
based on the petrography and geochemistry of komatiites (Green et al., 1975; Nisbet et al.,
1993). Temperature estimates depend on the water content of komatiites. Arndt et al. (1998)
argued that while some komatiites formed from hydrous melt, most were dry. Dry komatiites,
erupted in a plume environment, would suggest a mantle temperature 200-300°C hotter at 3.5 Ga
(Nisbet et al., 1993) compared to a 100-200°C hotter mantle for hydrated komatiites erupted in
a subduction environment (Grove and Parman, 2004). Abbott et al. (1994) concluded from their
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Figure 2.8: Contours of the area of emerged continental crust (in % of the Earth’s area) as a function of
continental area and mantle temperature for present hypsometry. Results are presented for each model. The
shaded area in each diagram shows the conditions within which the continental slope would emerge. The thick
black lines are the contours of constant continental freeboard. The boxes are as defined in Fig. 2.7.
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petrological and geochemical study on mid-ocean ridge basalts that the potential temperature
of the mantle at 2.8 Ga was 137-187°C greater than present. Using these constraints, we assume
that the mantle was 150-200°C hotter during the Archaean.

Most models of continental growth show that the volume of continental crust has increased
over time (e.g. Campbell (2003) and Rino et al. (2004) for recent reviews), with many pointing
toward a major growth pulse during the Neoarchaean (2.9-2.5 Ga). Following the work of
Campbell (2003) based on Nb/U ratios in Archaean basalt-komatiite suites, we assume that the
continental crust grew from ~ 20% of the present continental area at around 4 Ga to 80% by
2.5 Ga.

Putting these considerations of mantle temperature and crustal growth together, and assum-
ing constant hypsometry, the calculated area of emerged continents in the Archaean is between
1 and 12% of the Earth’s area (Fig. 2.8).

Hypsometry in the Archaean

The hypsometric curve is an expression of the balance between mountain building processes and
erosion processes. Orogenies are expected to produce high plateaus and high peak elevations that
erosion processes can flatten down in a few hundred million years (Harrison, 1994). Considering
the present-day variation in hypsometry from one continent to another (e.g. Harrison et al., 1981)
we propose that the global hypsometry could have fluctuated during the Phanerozoic between an
orogenic end-member and an anorogenic end-member (see Fig. 2.9). The orogenic end-member
for the Phanerozoic is illustrated by the present-day hypsometry of Asia, which supports the
highest plateau and highest peak on Earth, built over the last 50 Ma. The Earth’s present-day
hypsometry is actually very close to this end-member. In contrast, the global hypsometry during
the upper-Jurassic/lower-Cretaceous, a time of continental flooding, is likely to have been closer
to that of the anorogenic end-member, present-day Australia.

Assuming that the overall shape of the end-member hypsometric curves (described by Eq. 2.6)
has remained constant over time, the secular evolution of the global hypsometry depends only
upon the maximum elevation. Harrison (1994) proposed that early in the Earth’s history, a
greater generation of radioactive heat would imply greater rates of mountain building and thus
higher continental elevations. In contrast, Rey and Houseman (2006) argued that a greater pro-
duction of radiogenic crustal heat and a greater mantle heat flow would reduce the strength of
the continental lithosphere and thus its ability to sustain high mountain belts (Rey and House-
man, 2006). Assuming conservative present-day strain rates (10~ to 10~ s71), the maxi-
mum elevation of orogenic plateaus during the Neoarchaean would have been 1800-2200 m (Rey
and Coltice, 2008), allowing for a dynamically supported maximum elevation up to ~ 3600 m.
Fig. 2.9 shows possible orogenic and anorogenic hypsometry end-members for the Neoarchaean.
The proposed Neoarchaean orogenic end-member is very close to the present-day anorogenic
end-member.

This reduced maximum elevation is at odds with some previous works, which have argued
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Figure 2.9: Variability of continental hypsometric curves for the present-day and for the Neoarchaean. The
area is normalised. The datum of the ordinate axis is the altitude at the edge of the continental shelf (currently
-200 m). The hypsometric curves for Asia and Australia are built using parameters from Harrison et al. (1981).
The world hypsometric curve is that compiled from the eTOPO2 data.

that Archaean orogenic processes and mountain belts were similar to their modern counterparts.
For instance, England and Bickle (1984) argued that orogenic crustal thicknesses could have been
up to 70 km in the Archaean “by noting that pressures in high-grade gneiss belts of 8-10 kb
imply overburdens of 28 to 35 km [...] with 35 km of crust preserved beneath the sampled
locality”. Their paper is one of the cornerstones of uniformitarianism as it concludes that
Archaean geothermal gradients were similar to present-day ones. A quarter of a century of
research has shown that erosion following instantaneous thickening is not the only process able
to exhume high-grade metamorphic terranes. Firstly, it should be noted that exhumation of
deep crustal levels may occur with little finite crustal thickening when erosion rates are similar
to crustal thickening rates. Secondly, exhumation of deep crustal levels in metamorphic core
complexes occurs in association with horizontal extension and thinning of the crust. Thirdly, the
coeval sagduction of dense greenstone covers and exhumation of their felsic basement, a process
described in many Archaean cratons (McGregor, 1951; Dixon and Summers, 1983; Bouhallier
et al., 1995), is known to have exhumed kyanite bearing assemblages (Delor et al., 1991; Collins
et al., 1998). Therefore, one cannot assume that 8-10 kb high-grade gneiss terranes are proof
of a 70 km-thick orogenic crust in the Archaean, nor that Archaean continental geotherms were

similar to modern ones.

Flooded continents in the late-Archaean

Assuming that the hypothesis of warmer and weaker continental lithospheres in the Archaean is
valid, the effect of decreasing the maximum elevation in the present-day global hypsometric curve

is a decrease in the area of emerged continental crust as shown in Fig. 2.10. Note that, however,
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the relationship between maximum elevation and area of emerged continental crust can differ
depending on mantle temperature. We represent a late-Archaean configuration in Fig. 2.11,
based on the hypsometry of our proposed Neoarchaean orogenic end-member (see Fig. 2.9). We
use the LJO7 model, allowing the maximum age of the ocean floor to vary between 104 and
180 Ma, since the results for the K06 model fall within these limits. For a maximum oceanic
floor age tpqe of 180 Ma, the calculated emerged crustal area is 3.1% of the Earth’s area. For
tmaz =104 Ma, it is 1.8%. It is worth noting that a small increase in total continental area from
34% to 42.5% since the end of the Archaean has resulted in a large increase in emerged area, of
approximately 25% of the Earth’s area. Our models show that large submerged continental areas
existed in the late-Archaean. For a maximum oceanic floor age of 180 Ma (104 Ma) we calculate
that ~ 24% (~ 25.5%) of the Earth’s area is covered by water ~ 800 m (~ 1100 m) deep. Note

that these are maximum depths, as sedimentation processes are not taken into account here.

30 L | L | L 1 L | L

1

—_— Tp:Tp F
——- Tp:Tp +150K|

N
a
|

n
o
|
I

-
=)
1

Emerged land area [% of the Earth’s area]
o o
| |
T

1

0 . ,
10000 8000

T T

I I
6000 4000 2000 0
Maximum elevation h__ [m]

Figure 2.10: Changes in the area of emerged continental crust as a function of the elevation of the highest peak
on Earth, for present-day continental area (z = 1) and hypsometry. The thick curve is calculated for present
mantle temperature and is the same for all models. The thin curves are illustrated for each model and for a mantle
temperature 150°C greater than today. The shaded area shows the variability of emerged area with ¢4, for the
linear seafloor age distribution model (LJO7). In this calculation the results for the K06 model are very close to
those for the LJO7 model with t,,, = 180 Ma. The dotted line shows the present-day maximum elevation.

Uncertainty in the calculation of the area of emerged land

We have shown that the calculation of the area of emerged land depends upon the chosen
thermal evolution model for the Earth. The results of the calculation are also affected by the
natural variability associated with each of the parameters used for the computation, especially
the thickness of the continental crust and the volume of the ocean. To illustrate the uncertainty
in the calculation of the area of emerged land due to this natural variability, we performed a

Monte Carlo analysis for the model presented in Fig. 2.11 assuming a maximum oceanic floor age
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2.2 A case for late-Archaean continental emergence

of 104 Ma. The input parameters are described by Gaussian distributions using the mean values
and standard deviations listed in Tab. 2.2. From 10° realisations, we predict a distribution of

the area of emerged land and of sea level.
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Figure 2.11: Calculated hypsometry, bathymetry and sea level for a late-Archaean configuration (~ 2.5 Ga,
z =0.8, T, = 1430°C, hmae = 3615 m) for the LJO7 model. The plain dark lines are for a maximum oceanic
floor age of 180 Ma and the dashed lines for a maximum oceanic floor age of 104 Ma. The lighter lines represent

present-day hypsometry, bathymetry and sea level for the LJO7 model.

We analyse both the predicted distributions for the effect of density, crustal thicknesses and
ocean volume variabilities. Three types of configurations can be obtained in which continents are
(a) entirely emerged, (b) partially flooded or (c) entirely flooded. The input and output of these
analyses are summarised in Tab. 2.3. The predicted distributions have large standard deviations,
up to 100% of the mean value for Ay and 50% for hy. This is caused by the large variability we
have considered for densities, thicknesses and ocean volume. The predicted distributions of the
area of emerged land present a positive skew which explains the observed differences between
mean and median. The medians for A; range between 1.79 and 2.84% of the Earth’s surface.
Hence, the model presented before in Fig. 2.11 is one of the most probable.

Taking all variabilities into account, the input parameters of models predicting partial flood-
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