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ARTICLE INFO ABSTRACT

MSC: Planetary atmospheres are commonly thought to result from the efficient outgassing of cooling magma oceans.
00-01 During this stage, vigorous convective motions in the molten interior are believed to rapidly transport the
99-00 dissolved volatiles to shallow depths where they exsolve and burst at the surface. This assumption of efficient
Keywords: degassing and atmosphere formation has important implications for both the early and long-term planetary
Terrestrial planets evolution, but has never been tested against fluid dynamics considerations. Yet, during a convective cycle, only
Imerwrs_ a finite fraction of the magma ocean can reach the shallow depths where oversaturated volatiles exsolution can
GeophySIC? ) occur, and a large-scale circulation can exist for vigorously convecting fluids in the presence of inertial effects.
Thermal histories . . . .

Atmospheres This can prevent a substantial magma ocean volume from rapidly reaching the planetary surface. Therefore,
Evolution we conducted computational fluid dynamics experiments of vigorous 2D and 3D Rayleigh-Bénard convection

at Prandtl number of unity to characterize the ability of the convecting fluid to reach shallow depths at which
volatiles are exsolved and extracted to the atmosphere. We find that the outgassing efficiency is essentially a
function of the magnitude of the convective velocities. This allows deriving simple expressions to predict the
time evolution of the amount of outgassed volatiles as a function of the magma ocean governing parameters.

We show that for plausible cases, the time required to exsolve all oversaturated water can exceed the
magma ocean lifetime in a given highly vigorous transient stage, leading to incomplete or even negligible
outgassing. Furthermore, the planet size and the initial magma ocean water content, through the convective
vigor and the exsolution depth, respectively, strongly affect magma oceans degassing efficiency, possibly
leading to divergent planetary evolution paths and resulting surface conditions. Overall, despite vigorous
convection, for a significant range of parameters, convective degassing appears not as efficient as previously
thought.

1. Introduction

By controlling both the surface temperature and pressure, atmo-
spheres play a fundamental role in planetary evolution and habitability
(defined as the ability of a planet to sustain liquid water at its sur-
face; e.g, Kasting et al.,, 1993). The formation of atmospheres is
thought to have occurred early in planetary history, through the out-
gassing of the molten interior, during the magma ocean phase. During
this period, accretional heating (e.g., Safronov, 1978; Kaula, 1979;
Tonks and Melosh, 1993; Nakajima et al., 2021), radiogenic heating by
the decay of short-lived elements (e.g., Merk et al., 2002; Bhatia, 2021),
and the conversion of gravitational potential energy into heat via
viscous dissipation during core formation (e.g., Sasaki and Nakazawa,

1986; Samuel et al., 2010), likely lead rocky bodies to experience
at least one episode of global mantle melting (Wood et al., 1970;
Stevenson, 1981; Elkins-Tanton, 2012).

In the classical scenario for magma ocean progressive cooling and
crystallization (e.g., Solomatov, 2015), the magma ocean undergoes
different major evolution stages that are essentially governed by the
rheology of the melt-crystal mixture and by the relationships between
the evolving geotherm and mantle melting curves (Fig. 1a), leading to
changes in the dynamics and in the thickness L of the fully (¢ = 1,
where ¢ is the melt fraction) or essentially (¢, < ¢ < 1, where ¢, is
a critical melt fraction at which the rheology of the partially molten
mixture becomes dominated by that of the solids) liquid magma ocean
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layer: (i) a global fully/essentially molten stage (Fig. 1b), where the
entire mantle thickness is either fully molten (because the temperature
is hotter than the liquidus at all magma ocean depths) or is partially
molten (crystals form and accumulate at the base of the mantle where
the geotherm intersects the liquidus first) but has a melt fraction that
exceeds the critical value ¢, ~ 0.4 at all depths (Abe, 1993, 1997). In
this case, the partially molten mixture behaves as a liquid throughout
the entire mantle thickness, i.e., L = Rpjypeq = Reore- (ii) The geotherm
of the cooling magma ocean reaches a temperature corresponding to
the critical melt fraction at which the crystals become interconnected,
leading to a rheology of the partially molten mixture dominated by the
solids. This transition yields an abrupt increase in viscosity (Fig. 1a).
The appearance of this evolving rheological front (where ¢ = ¢.) marks
the separation between two units that convect on very distinct time
scales (Fig. 1c): the lower, deep mushy unit characterized by a rela-
tively high crystal fraction and a considerably higher viscosity, and the
upper, essentially liquid, unit with relatively low crystal fraction, whose
rheology remains dominated by that of the melt (L < Rpjupe — Reore)-
The viscosity contrast between these two units implies a considerably
higher convective vigor with inertial effects in the upper unit, which is
the one of interest here. However, as the rheological front progresses
upward, the thickness L of the upper essentially liquid unit decreases,
leading to a progressive decrease of convective vigor. (iii) When the
rheological front reaches the surface, the entire mantle thickness enters
a global mushy stage (Fig. 1d) characterized by a relatively high
viscosity (dominated by the rheology of the interconnected solids) with
negligible inertial effects and convective vigor compared to that of the
earliest magma ocean stage (Abe, 1993; Lejeune and Richet, 1995).

The stages described above and depicted in Fig. 1 assume a bottom-
up magma ocean crystallization (e.g., Andrault et al., 2011) but the
reasoning would remain the same if the solidification initiates at the
mid-mantle as proposed for example in Labrosse et al. (2007) and
focuses on the upper region where the solidification front propagates
upward. The distribution of chemical elements would however be
considerably affected in the presence of several isolated melt reservoirs.

These major stages are composed of a succession of smaller “tran-
sient stages”, where the motions of the convecting fluid and its prop-
erties gradually evolve from a melt- to a crystal-dominated rheology.
The entire magma ocean solidification sequence is thus made out of
the succession of all these transient stages. The latter correspond to
the time intervals during which magma ocean degassing efficiency is
evaluated (analogous to the computational time steps used to discretize
the magma ocean evolution in numerical simulations).

The duration of each major stage varies according to several more or
less constrained quantities such as the initial thermo-chemical state, the
planet size, the orbital distance, the host star properties, or the initial
amount of volatiles and their influence on key quantities, such as tem-
perature, density, and viscosity. The first part of the earliest stage (i.e.,
the fully molten stage), is the shortest in duration (10-500 years; e.g.,
Solomatov, 2000; Lebrun et al., 2013; Salvador et al., 2017; Nikolaou
et al., 2019; Bower et al., 2019) but the most vigorous one. Despite
its short lifetime, this stage remains crucial from the point of view of
heat transfer and volatiles distribution because the vigor of convective
motions favors efficient mixing throughout the entire molten mantle.
Even though non-negligible outgassing can continue after the magma
ocean stage (Gillmann and Tackley, 2014; Gaillard and Scaillet, 2014;
Tosi et al., 2017; Gillmann et al., 2020; Ortenzi et al., 2020; Gaillard
et al., 2021), the absence of large-scale melting at the surface and the
presence of a stiff, impermeable, and insulating lid on top of the mantle
(stagnant-lid or tectonic plates), or even large amounts of water on top
of the solid surface of water worlds, limit direct exchanges between the
interior and the atmosphere and considerably reduce the outgassing
rate and the percolation of volatiles towards the surface (Kite et al.,
2009; Noack et al.,, 2017; Dorn et al., 2018; Kite and Ford, 2018;
Krissansen-Totton et al., 2021b). Consequently, planetary outgassing
during the earliest magma ocean stages essentially sets up the initial
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Fig. 1. (a) Viscosity of the silicate magma ocean as a function of its evolving
temperature/crystal fraction (modified from Lejeune and Richet, 1995; Salvador et al.,
2017). (b-d) Schematic representation of the succession of three main stages during
the progressive solidification of the magma ocean, from (a) a fully (¢ = 1)/essentially
(¢. < ¢ < 1) molten stage of global extent, to (b) a mixed essentially molten upper unit
coexisting with a lower mushy unit, to (c) a global mushy stage. Red and yellow areas
correspond to regions whose rheologies are dominated by the melt (¢ > ¢_.) and by the
crystals (¢ < ¢,), respectively. The rheological transition and associated viscosity jump
occur at the critical liquid fraction ¢, (black dashed lines in (a) and (c)). During the
magma ocean bottom-up solidification, from (b) to (d), the convective vigor decreases
as the viscosity increases and the temperature decreases. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Schematic representation of the magma ocean degassing process and associated
velocities. v, is the upward solidification velocity associated with the ascent of the
rheological front R, (black dashed line) where ¢ = ¢ (assuming that solidification
occurs from bottom-up), v.,,, is the liquid-state convection velocity, v, is the ascent
velocity of the gas bubbles rising towards the surface. d,,, is the exsolution depth (i.e.,
the dissolved volatile saturation limit) obtained from solubility laws and above which
oversaturated volatiles are exsolved out of the melt and start forming gas bubbles. The
rheological front separates the low viscosity molten mantle with zero or relatively small
crystal fraction (red) and the underlying mushy mantle with solid-dominated rheology
(yellow). The thickness L of the vigorously convective magma ocean extends from the
surface of the planet down to the rheological transition front. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

conditions from which rocky planets and their atmospheres evolve until
the present day. These early stages of planetary formation may entirely
determine the habitability of rocky planets (e.g., Kasting, 1988; Zahnle
et al.,, 2007; Hamano et al., 2013; Foley and Driscoll, 2016; Salvador
et al., 2017; Driscoll, 2018; Krissansen-Totton et al., 2021a; Miyazaki
and Korenaga, 2021, 2022).

Volatile materials are essentially delivered to a planet during its
accretionary phase (e.g., Morbidelli et al., 2012; Marty, 2012; O’Brien
et al.,, 2018; Venturini et al., 2020) and are first contained within
the molten silicate mantle before being outgassed from the interior
to progressively build up an atmosphere according to the following
sequence. (i) Volatile species initially dissolved within the molten
mantle are transported by convective motion (black arrows in Fig. 2).
(ii) As the magma travels up towards the planetary surface, the decrease
in lithostatic overburden pressure allows the volatile species to exsolve
out of the melt and form gas bubbles (Fig. 2). The depth at which
volatiles are exsolved, d.,, (blue dashed line in Fig. 2), corresponds
to the saturation limit of the melt and is given by the solubility of
the volatile species (i.e., the maximum amount of volatiles that can
be dissolved into a silicate melt) (Carroll and Holloway, 1994; Papale,
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Fig. 3. Results of the numerical experiments. Temperature fields at statistical
steady-state for the different Rayleigh number values considered and for Pr = 1.

1997; Berlo et al., 2011). (iii) The gas bubbles subsequently rise up
through the upper molten mantle (blue arrows in Fig. 2) and eventually
burst at the surface (e.g, Patocka et al.,, 2020), thus progressively
forming the atmosphere (e.g., Massol et al., 2016; Ikoma et al., 2018).
The solubility of the volatile species mainly depends on the pressure
and on the volatile concentration but is also a function of melt compo-
sition, volatile species mixture, and temperature (e.g., Pan et al., 1991;
Moore et al., 1998; Papale, 1999; Wallace and Anderson Jr., 1999;
Keppler and Bolfan-Casanova, 2006; Berlo et al., 2011). The outgassing
process continues as the melt becomes more and more enriched in
incompatible volatile species (i.e., the chemical species that prefer-
entially partition into the melt phase) with the gradual solidification
of the magma ocean (Elkins-Tanton, 2008; Lebrun et al., 2013). The
sequence described above implicitly refers to secondary (formed) atmo-
spheres rather than atmospheres resulting from impact degassing (e.g.,
Lange and Ahrens, 1982; Matsui and Abe, 1986a,b; Zahnle et al.,
1988; Hashimoto et al., 2007; Schaefer and Fegley, 2010; Sakuraba
et al., 2019; Zahnle et al., 2020). Conversely, primary or primordial
atmospheres are composed of the solar nebula gases gravitationally
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captured by the planet (Hayashi et al., 1979; Sasaki and Nakazawa,
1990; Ikoma and Genda, 2006; Lammer et al., 2014; Olson and Sharp,
2019; Lammer et al., 2020). Primary atmospheres are mainly composed
of light elements, i.e., H, and He, that are sensitive to escape processes
such as impact erosion or solar extreme-ultraviolet-driven planetary
wind, and these atmospheres would have dissipated when the solar
nebula disappeared (e.g, Zahnle et al., 2007, 2010; Schlichting et al.,
2015; Schlichting and Mukhopadhyay, 2018; Sakuraba et al., 2019;
Lammer et al., 2020).

So far, magma ocean degassing, and thus atmosphere formation, has
been considered efficient and quasi-instantaneous. This hypothesis is
primarily based on one a priori robust — yet debatable — assumption
that has not yet been fully tested by means of fluid dynamics experi-
ments. It stems from the fact that a magma ocean with a large thickness
and very low viscosity convects very vigorously (Fig. 1), leading to
large convective velocities (v, black arrows in Fig. 2) and therefore
short transit times. The solidification front velocity of the magma ocean
(vgo)» yellow arrow in Fig. 2) is expected to be significantly smaller
than the rapid convective velocities which would then carry volatiles-
supersaturated liquids to small pressures fast enough such that volatiles
above melt saturation exsolve into gas bubbles much faster than the
magma ocean solidification time (i.e., v, < Uy, ). Bubbles would
then rise up to the surface fast enough that they would burst into
the atmosphere before being carried back down by convective motions
(i.e, Veony <K Upgeent> With v, being the bubbles ascent velocity,
blue arrows in Fig. 2) (Elkins-Tanton, 2008; Ikoma et al., 2018). The
assumption of rapid ascent of gas bubbles seems reasonable for magma
oceans, as high temperatures, low viscosity magmas allow gas to easily
segregate from the melt in the form of small bubbles that can easily
merge leading to larger bubbles with a faster ascending speed (Sparks,
1978; Sparks et al., 1994; Lesher and Spera, 2015). Consequently, most
of the magma ocean would have “seen” the surface at least once and
lost its volatiles in excess of saturation on that occasion. Based on esti-
mates of convective velocities only, complete circulation of the magma
ocean up to the surface, and hence exsolution and degassing of all
oversaturated volatiles is thought to occur in one to three weeks (e.g.,
Elkins-Tanton, 2008).

However, for a vigorously convecting fluid in the presence of iner-
tial effects (such as a magma ocean), the fluid motions can be organized
according to large-scale circulations (e.g, Krishnamurti and Howard,
1981; Castaing et al., 1989; Lohse and Grossmann, 1992; Siggia, 1994),
which can isolate a significant part of the magma ocean from the
surface, thereby limiting the amount of volatile-supersaturated melt
reaching the exsolution depth, and restricting outgassing to the magma
ocean fraction reaching shallow depths only.

The implicit assumption of the complete and instantaneous de-
gassing of oversaturated volatile species in a convecting magma ocean
has strong implications in planetary atmosphere formation, and in
the coupled interior-atmosphere cooling, solidification, and chemical
differentiation. For example, coupled magma ocean-atmosphere nu-
merical models implicitly assume virtually instantaneous degassing of
all volatile species possibly in excess of saturation at all times. This
amounts to computing the transfer of volatile species between the
planetary interior and the atmosphere via the equilibrium between
their volatile content in the gas phase from either side of the planetary
surface at each computational time step (Zahnle et al., 1988; Elkins-
Tanton, 2008; Hamano et al., 2013; Lebrun et al., 2013; Hamano et al.,
2015; Schaefer et al.,, 2016; Salvador et al., 2017; Nikolaou et al.,
2019; Bower et al., 2019; Lichtenberg et al., 2021; Barth et al., 2021;
Krissansen-Totton et al., 2021a), such that exsolution and degassing of
all possibly oversaturation volatiles are assumed to be “instantaneous”
at each modeling time step. Although the assumption of efficient out-
gassing in high-velocity, vigorously convecting fluids may seem sound
in the frame of magma ocean modeling, the degassing efficiency in such
a context has never been tested against fluid dynamics considerations.
This is particularly important given the significant influence of early
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atmospheres and planetary thermo-chemical state on the subsequent
and long-term evolution of rocky bodies.

Addressing the fundamental question of magma ocean degassing ef-
ficiency therefore requires to constrain the amount of melt (containing
dissolved volatile species) that reaches the volatile exsolution depth
as a function of time, while considering the convective patterns of
the cooling magma ocean. To this end, we conducted computational
fluid dynamics experiments of Rayleigh-Bénard convection accounting
for inertial effects at a finite Prandtl number value of unity. These
experiments can characterize the magma ocean outgassing efficiency as
a function of the parameters governing its dynamics. Then, the resulting
description of outgassing efficiency allows one to predict the amount
of oversaturated volatiles outgassed during a magma ocean stage as a
function of time.

The paper is organized as follows: Section 2 provides details of the
numerical model and procedure. Section 3 presents the results of the
numerical experiments and relates the observed convective dynamics to
the amount of fluid reaching a given depth. This allows estimating the
time needed for the entire fluid volume to reach arbitrary exsolution
depths and fully exsolve and outgas all oversaturated volatile species.
In Section 4 we apply our model predictions to rocky planet magma
oceans in a vigorously convecting stage to assess water depletion
timescales and compare them to the time spent in such a stage. To this
end, we consider different initial water contents and associated realistic
exsolution depths, along with two different planet sizes: an Earth-sized
planet and a five Earth mass super-Earth, where we account for both an
enhanced and a weak degassing limit scenarios in addition to a more
conservative magma ocean parameters setup.

2. Methods

To model the dynamics of the magma ocean, we performed numer-
ical experiments using StreamV, a finite-volume code that models the
evolution of a convecting fluid by solving the Navier-Stokes and energy
equations (Samuel, 2012a), under the Boussinesq approximation. In
non-dimensional form, these equations are the conservation of mass:

V.u=0, (€9)

the conservation of momentum:

1 Du 2
— 22— _vp+Vu-RaTe, 2
Pr Dr pryvu-Rat @
and the conservation of internal energy:
DT _ gor, 3
Dt

where u is the velocity vector, ¢ is time, p is the dynamic pressure, T is
the potential temperature, e, is a vertical unit vector pointing upward,
and DX /Dt =0X /ot+u-VX is the Lagrangian derivative for the scalar
or vector quantity X.

The characteristic scales used to obtain the above non-dimensional
equations are the magma ocean thickness L for distance, the diffusion
scale L?/x for time (with x the thermal diffusivity), x/L for velocities,
the superadiabatic temperature difference between the base and the top
of the magma ocean AT for temperatures, and the viscous scale #x/L>
for pressure and stresses.

As seen in Eq. (2), the convective dynamics is entirely governed
by two dimensionless numbers. One is the Prandtl number, Pr, which
expresses the ratio of momentum to heat diffusion:

Pr=2, )
K

where v = /p is the kinematic viscosity, 7 is the dynamic viscosity, and
p is the fluid density. The second governing dimensionless parameter is
the thermal Rayleigh number, Ra, that compares the thermal buoyancy
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force that drives convection to the resisting effects of thermal and mo-
mentum diffusion, and therefore represents a measure of the convective
vigor:

agAT L3

Ra= ——, (5)
KV

where g is the gravitational acceleration, and «a is the thermal expansion
coefficient. Note that all the physical parameters that enter the Pr and
Ra numbers are assumed to be homogeneous, i.e., no temperature or
pressure dependence is considered.

The Rayleigh number for a terrestrial magma ocean can be as large
as 103! (Solomatov, 2000). Such a high value is out of reach for our nu-
merical experiments, because it would imply resolving extremely thin
boundary layers that would require a prohibitive associated amount of
computational time. However, our calculations span Rayleigh numbers
from 10% to 10'? and therefore reach the highly turbulent Rayleigh—
Bénard convection regime (e.g, Siggia, 1994; Grossmann and Lohse,
2000; Chilla and Schumacher, 2012), which allows for reasonable ex-
trapolations of our results to higher Rayleigh number values. Contrary
to the current solid-state planetary mantles (Schubert et al., 2001)
where inertial effects are negligible compared to viscous effects (i.e.,
the infinite Prandtl number approximation), inertia cannot be neglected
in the frame of a vigorously convective magma ocean. We therefore
considered a constant Prandtl number Pr = 1 in our numerical experi-
ments (consistent with experimental constraints on the small viscosity
of silicate melts; e.g., Urbain et al., 1982) and varied systematically the
Rayleigh number.

Most of our experiments were conducted in a 2D (x,z) Cartesian
domain, with a few cases in 3D Cartesian geometry (x,y,z), where
the z-axis is parallel to the gravity vector and oriented upward. The
top and bottom horizontal boundaries of the domain are isothermal,
with dimensionless temperatures 7T set to 0 and 1, respectively, corre-
sponding to Rayleigh-Bénard convection configuration where the fluid
is heated from below and cooled from above, which is relevant for
magma oceans. Along the vertical sidewalls and at the surface, we
considered free-slip boundary conditions, while the bottom boundary is
rigid (i.e., no-slip velocity boundary conditions), which accounts for the
location where the silicates are solid (or above the rheological threshold
at which the solid phase dominates the rheology; e.g., Lejeune and
Richet, 1995).

The domain is discretized using a uniform grid spacing that is fine
enough to properly resolve the thermal and viscous boundary layers
and small-scale convective features at all Rayleigh numbers. We used
a number of grid cells ranging between 512 and up to 2048 along
the vertical direction and between 512 and 1024 grid cells along the
horizontal direction. At the lowest Ra values considered here (10%), we
used domains of aspect ratio two to avoid the development of a single
cell quasi-steady flow, while higher Ra values cases are conducted
on square domains in which the convective vigor and smaller scale
convective features prevent the development of strictly steady flows,
given our boundary conditions. Given the smaller Ra values considered
in 3D geometry, we used up to 512 cells in the vertical direction,
128 cells along each horizontal directions, and we checked that both
viscous and thermal boundary layers were adequately resolved. This
choice of smaller horizontal resolution is acceptable given the free-slip
and thermally insulating boundary conditions applied to the vertical
sidewalls.

In 2D geometry, using a pure stream function formulation defined
as (dy/dz,—dy/ox) = (u,,u,;), the mass and momentum Egs. (1)
and (2) are recast into a single equation involving a general bihar-
monic operator (e.g., Kupferman, 2002). The algebraic system resulting
from the discretization of this equation is solved using a geomet-
ric multigrid method (Brandt, 1982). This implementation has been
successfully benchmarked against various analytical and numerical
solutions (Samuel, 2012a,b, 2014; Tosi et al., 2015; Samuel, 2018),
including high Reynolds numbers, turbulent flows (Ghia et al., 1982).
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For 3D domains, StreamV relies on primitive variable formulation of
the Navier—Stokes equations. The latter are solved using a second-order
in time projection method (Chorin, 1968) on a Staggered grid. This de-
composition yields a Poisson equation for the dynamic pressure, which
is solved using a parallel geometric multigrid method (Brandt, 1982) re-
lying on V-cycles with Jacobi relaxations. The gradient of the obtained
pressure is then used to correct the velocity to satisfy the incompress-
ibility constraint (Eq. (1)). Even though the benchmark of the approach
in the limit of infinite Prandtl number (which relies on another numer-
ical strategy) is documented elsewhere (Samuel and Evonuk, 2010),
the StreamV implementation in the finite Prandtl number case has
not been documented in 3D geometry, which is therefore shown in
Appendix C following a standard convection benchmark (Fusegi et al.,
1991).

For each case run, we first let the convecting system evolve until
statistical steady-state, which ensures that the system has forgotten its
initial condition. The statistical steady-state is reached when the top
and bottom heat fluxes are statistically equivalent, and when the Root
Mean Square (RMS) convective velocities oscillate around an asymp-
totic value. Then, we initiate the tracking of the fluid trajectories using
passive Lagrangian tracers initially randomly distributed within the
domain and passively advected by the flow field. Each tracer represents
a fluid parcel. We used a number of passive tracers at least equal to the
total number of grid cells of the computational domain, which ensures
a uniform density of tracers, and that their vertical distribution allows
resolving the boundary layers. The purpose of the tracers is to record
the shallowest depth reached by each parcel of the convecting fluid,
din» during the entire evolution. This quantity is updated every time
a Lagrangian tracer reaches a shallower depth, and will then be used
to determine the amount of convecting fluid that is able to reach the
exsolution depth as a function of time. After the passive tracers are
inserted, we let the system evolve for at least one hundred transit times
defined as the time spent by the convecting fluid to travel from one
horizontal surface to the other.

3. Results
3.1. Global properties of the convective flow

We conducted numerical experiments at Ra = 108, 10%, 1019, 10'!,
and 10'2, and Pr = 1, leading to turbulent convection relevant to
magma ocean dynamics. We describe below the convective dynamics
and detail the characteristics of the dynamical regime and associated
scalings. Then, in the next Section, we relate our experimental results
to the amount of fluid reaching any given depth to make quantitative
predictions of magma ocean outgassing efficiency.

Fig. 3 shows snapshots of the temperature field for the different
Rayleigh numbers at statistical steady-state. For the range of Rayleigh
numbers explored, we observe a large-scale circulation. The latter is
controlled by major ascending hot and major descending cold plumes
that define the boundaries of convective cells. The complexity of the hot
upwellings and cold downwellings increases with the Rayleigh number
through the development of numerous small-scale vortices (Fig. 3).
Therefore, the downwelling and upwelling structures responsible for
the large-scale circulation switch from major extended plumes at low
Ra numbers (Fig. 3a and b) to small-scale vortices detached from
the boundary layers at high Ra values (Figs. 3c—e). These small-scale
vortices are also present all over the domain at high Rayleigh numbers,
as a result of the increased turbulence. Such features are consistent
with the “hard” turbulent convective regime (Heslot et al., 1987),
characterized by the existence of a large-scale coherent circulation
within the turbulent fluid. This is further confirmed by the exponential
probability density function in the temperature distribution observed
in our experiments, which is another characteristic of this regime.
Features associated to this convection regime and emphasized here
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have been extensively described in the literature (e.g., Castaing et al.,
1989; Vincent and Yuen, 1999, 2000; Rogers et al., 2003).

We derived Nu — Ra and Re — Ra scaling relationships, linking
respectively the dimensionless Nusselt number, Nu, which measures
the convective efficiency (transport of heat) relative to diffusion (if
Nu = 1, the heat flux is purely conductive), and the Reynolds number,
Re, which is the ratio of inertial forces to viscous forces (associated with
momentum transport), to the Rayleigh number. The Nusselt number is
therefore the average dimensionless heat flux taken at either the top or
bottom boundary of the domain.

The dimensionless Reynolds number in our isoviscous numerical
experiments with Pr = 1 corresponds to the magnitude of the convec-
tive flow velocity, U, where we use the RMS of the magnitude of the
velocity vector in the model domain both as a representative measure
of U and as a representative measure of the large-scale turbulence in
the system (e.g., Chilla and Schumacher, 2012). Fig. 4a and b show the
(statistical) steady-state values of Nu and Re, respectively, measured in
the experiments as a function of the Ra values investigated. We observe
a power-law increase of Nu and Re with the Rayleigh number:

Nu ~ ay,Ra"Nu, 6)

Re ~ ap,Ra'Re. ()]

The dependence between these parameters relies on the still contro-
versial values of both the exponents y and pre-factors a (e.g., Malkus,
1954; Grossmann and Lohse, 2000; Chilla and Schumacher, 2012;
Stevens et al., 2013, 2018). For the calculations conducted here, we
found ay, = 0.51 and yy, = 0.25 (Fig. 4a, black line), using the data
points shown in Fig. 4a (black crosses), which correspond to time-
averaged values over the 100 convective transits achieved during the
second step of our numerical procedure (i.e., after statistical steady-
state has been reached). Because Nu fluctuates with time around a
value at statistical steady-state, the associated range for the power
exponent is y, = 0.21-0.32 (data points and corresponding uncertainty
bars in Fig. 4a). This is in good agreement with the analytic yy, = 1/4
scaling (regime 7; in Grossmann and Lohse, 2000, blue line in Fig. 4a),
and encompasses the classical experimentally-derived Nu ~ Ra?/7 scal-
ing (Castaing et al., 1989; Wu and Libchaber, 1992) as well as outcomes
of numerical simulations (Boussinesq model of Rogers et al., 2003, pink
line in Fig. 4a), that are closer to the canonical Ra!/3 scaling (green line
in Fig. 4a, also corresponding to regime IV, in Grossmann and Lohse,
2000) often considered in magma ocean parameterized convection
studies (e.g., Lebrun et al., 2013; Solomatov, 2015). The upper bound
Nu ~ Ra'/? scaling would induce significantly larger outgoing heat
fluxes at the top of the cell when extrapolating to magma oceans
relevant Rayleigh numbers (up to Ra = 103!), thus implying a more
efficient heat transport and cooling. Yet, an exponent lower than y, =
1/3 has been suggested for large-scale circulations (Lebrun et al., 2013)
and would thus be in agreement with the convective patterns observed
here (Fig. 3). For the Reynolds—Rayleigh scaling (Eq. (7)), the power-
law relationship obtained here takes ap, = 1.32 and yg, = 0.47, with the
associated uncertainty range yg, = 0.45 — 0.52 (Fig. 4b, black line and
data points’ error bars, respectively). This exponent value is consistent
with experimental results of Castaing et al. (1989) and Chavanne et al.
(1997) and with the numerical simulations of Rogers et al. (2003),
where yp, is found to be yg, = 0.49 for their Boussinesq model (Fig. 4b,
pink line). These studies agree with the regime I, scaling of Grossmann
and Lohse (2000) (yg, = 1/2, blue line in Fig. 4b), but the Re ~ Ra*/®
scaling of their IV, regime, associated with higher Rayleigh number
values, is even closer to our results. Note that both Nu — Ra and
Re — Ra scalings are sensitive to boundary conditions, aspect ratio, and
ranges of Rayleigh and Prandtl numbers considered (e.g., Ahlers et al.,
2009; Chilla and Schumacher, 2012; Roche, 2020). In our experiments,
the velocity and temperature boundary conditions are different from
the aforementioned previous studies that consider either rigid, free-
slip or periodic boundary conditions for the horizontal and vertical
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Fig. 4. (a) Nusselt and (b) Reynolds numbers obtained from our numerical experi-
ments as a function of Rayleigh number (black crosses with uncertainty bars). The
corresponding Nu — Ra and Re — Ra scalings derived are shown respectively (black
lines). For comparison, scalings obtained from analytic (Grossmann and Lohse, 2000,
referred to as GOO) and numerical models (Boussinesq model of Rogers et al., 2003,
RO3) are plotted in blue and pink, respectively. The Nu— Ra scaling usually considered
in magma ocean studies is shown in green (e.g., Siggia, 1994; Solomatov, 2015). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

surfaces. Similarly, the aspect ratio and the geometry differ among the
different studies. Given these differences and taking into account the
uncertainty ranges, we can confidently consider that our scalings are
compatible with those obtained in previous works. The obtained scaling
laws will be used to extrapolate our findings to magma oceans relevant
Ra numbers and corresponding parameters in Section 4.

3.2. Characterization of the fluid ability to reach shallow depths

As mentioned above, the outgassing efficiency of the magma ocean
first relies on the ability of the silicate magma to reach the exsolution
depth, regardless of the ability of exsolved volatiles to reach the surface
prior to possible re-injection and re-dissolution of oversaturated volatile
species at higher lithostatic pressures via downwelling motions. For
this reason, we characterize the ability of vigorously convecting fluid
parcels to reach shallow depths as a function of time. This can be seen
as the optimistic limiting case where gas bubbles, once formed at a
given exsolution depth, instantaneously reach the surface. In this case,
the degassing depth and the exsolution depths are equivalent.
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Fig. 5. Results of the numerical experiments in a 3D geometry. Temperature fields at
statistical steady-state, at Pr = 1, considering an aspect ratio of two in the horizontal
directions.

Lagrangian passive tracers track and record the minimum depth
reached by any convecting fluid parcel, d,,;,, with time. Resuming our
simulations from the statistical steady-state stage, Fig. 6 shows the
time evolution of d,;, for Ra = 10'2. The corresponding temperature
field at the initial time where the tracers are inserted is displayed in
Fig. 3e. At this time, d;, is initialized according to the vertical location
of the tracers (Fig. 6a), and therefore ranges from d,;, = 1 at the
bottom of the domain, to d,;, = 0 at the top of the domain. Since
the tracers are uniformly distributed within the domain, the initial
din distribution is uniform (albeit small fluctuations due to the initial
random seeding of tracer positions), with a spatially-averaged value
(dminy = 0.5, corresponding to 0.5L, ie., half of the domain height
(Fig. 6e).
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this article.)

min

To represent the time evolution of d;,, we plot the correspond-
ing field as a function of the number of transits achieved, N.nsts
(Figs. 6b—d), the latter being defined as:

t
Ntransits(t) = / U(@) dr, (8
I

where U is the time-dependent, dimensionless, spatially-averaged mag-
nitude of the flow velocity. Therefore, the time required to achieve one
transit, Ny nsiis = 1, corresponds to the time required for a convection-
driven fluid parcel to travel a distance equivalent to that between one
horizontal surface to the other. More generally, N,.,n.s cOrresponds to
the number of times fluid parcels have traveled on average to distances
equal to the thickness of the convective domain.

From the initial time + = 0 (Fig. 6a), d,;, only decreases and is
updatgd at each time step for each Lagrangian tracer i as dl"mn(t) =
max(d’ ., 1-z'), where 1-2z/(r) is the current depth of tracer i (Fig. 6b-d
and f-h). Therefore, if a tracer goes downward, deeper in the domain,
the value of its minimum depth reached, d,;,, is not updated and is kept
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at the smallest depth previously (and ever) reached. The snapshots of
din fields taken at different times and shown in Figs. 6a—-d thus allow
to qualitatively estimate the fraction of fluid that reached the surface
(dmin = 0, in gray), and that would be outgassed, for different numbers
of transit times. Tracking particles this way also gives an idea of the
degree of global mixing and homogenization with time. For example,
one can see that vortices are responsible for the formation of isolated
blobs of fluid that have been in contact with the surface and that could
then be of different composition if, for instance, chemical exchanges
would have occurred with the upper, atmospheric layer by the time
they were at the surface.

As the number of convective transits achieved increases, d,,;, glob-
ally decreases with time, as shown by the increase in gray areas
(Figs. 6a—d, for Ra = 10'2). This trend is clearly illustrated by the distri-
bution of the minimum depth reached by the tracers, which becomes
more and more asymmetrical and right-skewed with time (Figs. 6e—
h). After one transit time, almost none of the fluid has remained at
depths lower than 0.8L (red to magenta areas in Fig. 6b), while a
significant portion of the fluid has been entrained upward, such that
dnin values associated with individual tracers have globally decreased,
and so did their spatially-averaged value (d,;,) (Fig. 6f). After 15 transit
times, the entire fluid has traveled above the upper fifth of the domain
height such that d;, < 0.2 everywhere, as seen in Fig. 6¢ and g.
From then on, the distribution of d,;, is strongly asymmetric, right-
skewed, and peaks towards the surface (Fig. 6g and h). We further
discuss below how such a truncated asymmetric distribution can be
described by a Laplace probability density function (blue line in Fig. 6g
and h). After 30 transit times, almost all tracers have reached the upper
tenth of the domain height (d,;, < 0.1, Fig. 6d and h). Yet, a non-
negligible fraction of the convecting fluid has not reached the surface
and additional transits are required for the entire fluid volume to do so,
thus demonstrating that in spite of vigorous convection, the ascent of
fluid towards shallow depths is neither instantaneous nor negligible in
time, contrary to what is commonly assumed in the context of magma
ocean degassing studies (Elkins-Tanton, 2008; Hamano et al., 2013;
Lebrun et al., 2013; Hamano et al., 2015; Schaefer et al., 2016; Massol
et al., 2016; Salvador et al., 2017; Nikolaou et al., 2019; Bower et al.,
2019; Lichtenberg et al., 2021; Barth et al., 2021).

This description of the minimum depth reached by the fluid can
be used to estimate magma ocean outgassing efficiency, as previously
explained. For instance, if one considers that oversaturated volatile
species dissolved within the fluid are exsolved and outgassed as soon
as the fluid has reached the surface (d,;, = 0), this implies that the
corresponding gray areas in Figs. 6a—d have outgassed all the volatile
species above saturation. Therefore, even though outgassing increases
with the number of transits achieved, more than 30 transit times are
required for the entire fluid to reach the surface and to fully outgas
oversaturation volatiles.

To quantify the amount of fluid that reaches a given depth as a
function of time, we use the minimum depth reached by the tracers
averaged over the entire population of the particles used, (d,):

N racers !
() = = Cnin)
min N )

tracers

©)

where Ny, iS the total number of tracers. Fig. 7a shows the time
evolution of (d,;,) for the different Rayleigh number values considered
in this study. (d,;,) appears to strongly depend on the value of the
Rayleigh number. The decrease of (d,;,) is faster when the Rayleigh
number is larger. This is due to the fact that convective velocities,
and thus convective efficiency, increase with the Rayleigh number
so that the time needed to achieve the same degree of mixing and
homogenization is much shorter at higher Rayleigh numbers. However,
using the number of transits (Eq. (8)) instead of the dimensionless time
shows that the ability of the convective flow to bring melt upward
is mainly governed by the magnitude of the convective velocities (or
the effective Reynolds number). Indeed, by doing so, all the curves
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obtained for different Rayleigh numbers collapse and can be fitted by
a single master curve (Fig. 7b). Importantly, this result implies that
efficiency of outgassing mainly shows the same dependence on the
convective velocities regardless the value of the Rayleigh number. Note
that since convective velocities are related to the value of the Rayleigh
number (as seen in Fig. 4b) the convective outgassing efficiency does
depend on Ra.

We observed two distinct phases for the evolution of (d,,): first,
a strong and rapid decrease occurs, during the first two transit times
(required for the system to “forget” the initial position of the tracers),
followed by a more slowly decreasing trend of (d;,) (Fig. 7b). For
example, for Ra = 10'?, within the first transit time, the averaged
minimum depth reached by the tracers goes from (d,;,),—o = 0.5L to
(din) Ny =1~ 0-28L (first and second red crosses in Fig. 7b, and
vertical black dashed lines in Fig. 6e and f, respectively), while after 15
convective transits and during the 15 following transits, the averaged
minimum depth reached by the tracers goes from (dpin) N, qo=15 =
4 X 1072L t0 (dyin) N, =30 ~ 2 X 1072L (third and last red crosses in
Fig. 7b, and vertical black dashed lines in Fig. 6g and h, respectively).
This implies that for a L = 3000 km thick magma ocean, and after
30 convective transits, the convective fluid would have reached on
average a minimum dimensional depth of ~60 km. These results are in
agreement with the qualitative behavior described earlier in Fig. 6: the
first few transit times are characterized by a strong mixing and fluid
upwelling through the entire domain, while a consequent number of
subsequent transits need to be achieved to substantially decrease (d,),
and for the whole fluid to reach the surface or even shallow depths such
as 2.5 x 1072L (Fig. 7b).

For all Rayleigh numbers we found that (d,,;,) decreases exponen-
tially as a function of the number of transits and the different curves
obtained can be fitted by the following unique expression:

(dypin) = 0.4048 exp[—0.8172 Ny, neits] + 0.08618 exp[—0.0489 N, ,cies]- (10)

which is displayed with the yellow dashed line in Fig. 7b.

Similarly, o,  , the standard deviation of the minimum depth
reached by the fluid shows a decreasing exponential dependence with
the number of transit times (Fig. 8). For the different Rayleigh numbers,
the standard deviation of d,;, as a function of the number of transits
is well fitted by the following expression:

1+ 0.04936 exp[—0.01616 Nyyunies]- (11)

ransits

04, = 0-2356 exp[—-0.3726 N,

This fit is displayed by the yellow dashed curve in Fig. 8b, and its
expression will be used as the characteristic property of the distribution
of d;, in the next Section (in Eq. (12)).

Previous studies reported on the fact that a third spatial degree of
freedom may affect both the global (i.e., Nu and Re numbers) and
local properties of the convective flow, especially at low Pr number
values (e.g., Schmalzl et al., 2004; van der Poel et al., 2013). In particu-
lar, Schmalzl et al. (2002, 2004) suggested that differences between 2D
and 3D convection may appear as a result of (i) the constrained motion
of the large-scale circulation in 2D flows compared to 3D geometry, and
(ii) the increasing partitioning of energy in the toroidal component of
the velocity in 3D flows at Pr < 1, otherwise absent in 2D geometry,
thus strengthening the large-scale component of the flow (Breuer et al.,
2004). However, other parameters such as the boundary conditions, the
aspect ratio, or the existence of multiple states and potential multi-
stability observed around Pr = 1 may also play a significant, yet
not sufficiently constrained, role in these discrepancies (e.g, van der
Poel et al., 2011, 2012, 2013). Therefore, to test the aforementioned
influences on our results we performed a series of numerical exper-
iments using a 3D geometry. These experiments considered a larger
aspect ratio (of two in the horizontal directions) to ensure that the
flow motions were not artificially constrained to a unit cell in our 2D
experiments. Fig. 5 shows snapshots of the temperature field for the
different Rayleigh numbers considered at statistical steady-state. The
convective features and their variations with the Rayleigh number are
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Fig. 7. Results of the numerical experiments. Spatially averaged minimum depth
reached by the tracers, (d,;,), as a function of (a) the dimensionless time, and (b)
the number of transits achieved for different Ra values. Crosses indicate the values of
(dyin) for the snapshots shown in Fig. 6 for Ra = 10'2. The expression of the fit common
to all curves (yellow dashed curve) is given in Eq. (10). Results of 3D simulations are
shown with the dotted lines. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

in good agreement with the qualitative description made for the 2D
simulations. The main parameters controlling the distribution of d,,
(hence the ability of the magma to reach a given exsolution depth)
obtained for the 3D simulations are shown in Figs. 7 and 8 (dotted
lines). As in the 2D simulations, when plotted as a function of the
number of convective transits, both the spatially-averaged, (d,;,), and
standard deviation, o, , of the minimum depth reached by the tracers
collapse onto a master curve for all Rayleigh numbers (Figs. 7b and 8b),
supporting the fact that the ability of the magma to reach given depths
is essentially governed by the magnitude of the convective velocities,
as shown in the 2D experiments. Moreover, the master curves fitting
2D data (yellow dashed lines in Figs. 7b and 8b; Egs. (10) and (11))
are in good agreement with the 3D calculations. This demonstrates
that the ability of the convecting fluid to transport material to shallow
depths remains comparable in 3D. This confirms that the main quantity
that affects the convecting outgassing efficiency is the magnitude of
vertical velocities, regardless of the existence of toroidal motion. The
observed good agreement between 2D and 3D cases implies that we can
confidently apply the scalings derived from our 2D experiments.
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Fig. 8. Results of the numerical experiments. Standard deviation of the minimum
depth reached by the tracers over the entire domain, 04,.> aS @ function of (a) the
dimensionless time, and (b) the number of transits for different Ra values. Crosses mark
VVVVV for the snapshots displayed in Fig. 6 for Ra = 10'2. The expression
of the fit common to all curves (yellow dashed curve) is given in Eq. (11). Results of
3D simulations are shown with the dotted lines. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

3.3. Description of the global distribution of the minimum depth reached by
fluid parcels

In addition to the values of (dy,) and o, , a more general de-
scription of the distribution of the minimum depth reached by the
tracers (Fig. 6e to h) is required to accurately predict the magma ocean
outgassing efficiency. As seen in Fig. 6e to h, when the number of
transit times increases, the distribution of d,;, becomes asymmetric as
a result of convective motion. Using ¢,  to constrain its spread, such
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Fig. 9. (a) Results from the numerical experiments. Field of the dimensionless
minimum depth reached by the passive Lagrangian tracers, d,,,, for Ra = 10'? after 15
transits, and (b) corresponding normalized distribution (red histogram). The spatially
averaged d,;, and standard deviation are shown by the vertical dashed black and
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magma ocean exsolved fraction corresponding to the tracers that have reached a given
critical depth since the initial time ¢+ = 0, d, ~ 8.85 x 1073, corresponding to 26.55
km when considering a 3000 km deep magma ocean (horizontal dashed line). (b)
The corresponding theoretical value is computed through the integration of the yellow
shaded area (Eq. (14)). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

a distribution can be approximated by a truncated asymmetric Laplace
distribution, whose probability density function writes:

d.. —
La(d,y;,) = % exp <—M> 12)

b

where the parameters y = 0 (leading to a truncated asymmetric distri-
bution) and b = o-jm_“ /2, with o, given by Eq. (11). In principle,
Eq. (12) needs to be i‘ntegrated between d;, = —o0 and d;, = +o
for its integral to equal unity, i.e., for encompassing the entire range of
values that can be taken, which is nonphysical in our case since d;,
ranges between 0 and 1. Therefore, we normalize Eq. (12) such that the

10
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probability density function equals unity when integrated for depths
ranging between 0 and 1:

La(d ;)

L= .
La(dmin) ddmin

(13)

dpin=1

/ dmin=0

The above normalized probability density function, £, is shown by the
blue curve in Figs. 6g, h, and 9b.

3.4. Magma ocean dynamic outgassing model and simple predictions

Eq. (13) can be used to estimate the amount of fluid that has reached
a certain critical depth, d., for a given number of transit times, by
computing its integral between d,;, = 0 and d,;, = d, (yellow shaded
area in Fig. 9a and b). If we assume this critical depth to be the
exsolution depth, i.e., d, = d.,, we can compute the exsolved fraction
of the fluid denoted X,

dpin=d,
Xexsolved =
diyin=0

mi

exsolved*

L dd 14

min>
which corresponds to the fraction of the melt that has reached the
exsolution depth and thus has been able to exsolve its oversaturated
volatiles. This predicted value for X,,.q can be compared to the value

obtained in our numerical experiments, X0 . given by:
exp _ Ntracers(dmin < dc) (15)
exsolved N ’

tracers

where Nycers(dpin < d.) is the number of tracers that have reached
the critical depth. This comparison allows one to estimate the un-
certainty on the predicted magma ocean exsolved fraction computed,
AX exsotved = Xexsolved = X onnpveqe 11lUStrated by the deviation between the
theoretical Laplace distribution (blue curve in Figs. 6g, h, and 9b) and
the observed, empirical distribution of d,,;, (red histogram in Figs. 6g,
h, and 9b). Note that AX . weq depends both on the critical depth,
d,, and on the number of convective transits considered. Out of 200
critical depth values for more than 50 number of transits tested, we
found that the standard deviation of the error of the theoretical magma
ocean exsolved fraction is 4X, e.q = +£6%. Even though the error was
computed for Ra = 10'? only, choosing our maximum value for Ra
is reasonable given the fact that Rayleigh number values for global
magma oceans are high.

Fig. 10 displays the predicted exsolved fraction of a magma ocean,
Xexsolveds @S @ function of the number of transits achieved, for differ-
ent critical depths, d., that can be considered as arbitrary exsolution
depths, d.,,. Note that the exsolution depth of volatile species in-
versely varies with its solubility in silicate melts so that larger exsolu-
tion depths would correspond to less soluble volatile species. The values
of the parameters used to compute the different curves correspond to
those of the reference case listed in Table 1. Fig. 10 shows that X  ieq
strongly depends on the critical depth considered. Indeed, the number
of transits required to exsolve 100% of the magma ocean ranges from
about 425 for d, = 1 km, to about 850 transits for d. = 0.001 km
(blue and red curves, respectively). This demonstrates that a substantial
number of convective transits can be required for the oversaturated
volatiles to be fully exsolved. Consequently, for several values of d.,
the exsolution of oversaturated volatiles and therefore their degassing
may not be considered to be essentially instantaneous, contrary to what
is generally assumed during each computational time step in magma
ocean modeling studies (Elkins-Tanton, 2008; Hamano et al., 2013;
Lebrun et al., 2013; Hamano et al., 2015; Schaefer et al., 2016; Massol
et al., 2016; Salvador et al., 2017; Nikolaou et al., 2019; Bower et al.,
2019; Lichtenberg et al., 2021; Barth et al., 2021). The times spent
in the magma ocean transient stage associated to parameters given in
Table 1 are shown for comparison (vertical dashed lines in Fig. 10).
Details on the relationship between the number of transits and the
duration of a given magma ocean transient stage, fyo, are given in
the next Section. For the hypothetical 3000 km deep magma ocean
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dashed black lines. Standard properties for a terrestrial magma ocean are chosen
(reference case) to compute these duration and are listed in Table 1. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

considered in our reference case (Table 1), about 35 years are sufficient
to fully outgas the magma ocean if the exsolution depth is d,,, ~ 1 km,
while almost 69 years are required if d, ~ 0.001 km (Fig. 10, blue
and red curves, respectively). Indeed, large exsolution depths require
less transit times to be reached by the entire fluid. This implies that
the degassing efficiency of magma oceans increases with the exsolution
depth, and with the duration of the magma ocean stage (i.e., the entire
melt volume has more time to reach the exsolution depth). Importantly,
these timescales are much larger than what coupled magma ocean—
atmosphere models typically assume for complete circulation of the
melt up to the surface (based on high convective velocities only),
and hence exsolution and degassing of all oversaturated volatiles, to
proceed (in about one to three weeks; e.g., Elkins-Tanton, 2008). As the
magma ocean experiences successive different transient stages during
its solidification, from a vigorously convecting fully molten mantle to
a solid-state slowly convecting mantle, each of them being associated
with significantly different parameters (such as paired values of Ra and
Pr numbers, convective velocities, magma ocean depths) and mixing
rates, the exsolved fraction speed rates will considerably vary during
the entire evolution sequence (Lebrun et al.,, 2013; Salvador et al.,
2017; Nikolaou et al., 2019). For the time spent in a given transient
stage (corresponding to a given set of Ra and Pr numbers), magma
ocean degassing efficiency can be estimated by comparing the time
required to fully exsolve the magma ocean in such transient stage,
which we define as the time required to reach X .q = 100%, with
the time spent in the transient stage considered, tyo. This indicates
that constraining the outgassing of a magma ocean through its entire
lifetime requires the evaluation of the relevant outgassing efficiency
for each transient stage encountered during the entire magma ocean
evolution sequence (i.e., for each set of Ra and Pr numbers experienced
during the entire cooling sequence). While the above estimates of mama
ocean degassing efficiency remain crude and based on arbitrary exsolu-
tion depths, more accurate outgassing efficiency predictions based on
realistic exsolution depths for water and magma ocean dynamics are
discussed in the following Section, focusing on highly vigorous stages.
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Fig. 11. Theoretical model predictions. Plausible range of the magma ocean fraction
that has reached the exsolution depth as a function of time for (a) an Earth-sized
planet (blue shaded area), and (b) a 5 Earth mass super-Earth (red shaded area). The
exsolution depth is computed considering the mass fraction of 1 Earth ocean of water
dissolved within a magma ocean of thickness an Earth-like planet-to-mantle radius ratio.
Reference cases (plain lines) parameters for the Earth-sized planet and super-Earth are
given in Tables 1 and 3, respectively. Parameters considered for the enhanced and weak
degassing limits (blue and red dashed lines) are listed in Table 4. Vertical black dashed
lines indicate the minimum and maximum duration of the magma ocean in the fully
molten transient stage from Lebrun et al. (2013) coupled magma ocean-atmosphere
model. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

4. Application to outgassing in vigorously convecting silicate
planetary magma oceans

In the previous Section our estimates of the magma ocean out-
gassing efficiency rely on two sets of parameters arbitrarily chosen: (1)
the parameters that govern the magma ocean dynamics considered to
estimate the time spent by the magma ocean in a given regime, fy;o
(chosen here to correspond to the hard turbulent convection regime,
see Table 1), and (2) the volatile species exsolution depth, d.,,,. Note
that we do not consider the “ultimate” convective regime proposed
in e.g, Kraichnan (1962), Chavanne et al. (1997) and Lepot et al.
(2018) because the existence of this regime remains controversial (e.g.,
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Fig. 12. Theoretical model predictions. Plausible range of the magma ocean fraction that has reached the exsolution depth as a function of time on (a-b) an Earth-sized planet
(blue shaded area), and (c-d) a super-Earth (red shaded area), for an exsolution depth out of (a, ¢) 0.1 Earth ocean, and (b, d) 10 Earth oceans dissolved within the magma
ocean. The values of the governing parameters for the reference cases (plain lines) for the Earth-sized planet and super-Earth are listed in Tables 1 and 3, respectively. Parameters
considered for the enhanced and weak degassing limits (blue and red dashed lines) are listed in Table 4. Vertical black dashed lines indicate the minimum and maximum duration
of the magma ocean in the fully molten transient stage from Lebrun et al. (2013) coupled magma ocean-atmosphere model. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Lohse and Toschi, 2003; Roche et al., 2010). Depending on the values
of these sets of parameters, the degree of magma ocean outgassing
changes significantly, because the time required to exsolve all the
oversaturated volatile species at a given evolution stage may vary over
several orders of magnitude. These two parameters are self-consistently
computed in several magma ocean thermal evolution models (e.g,
Elkins-Tanton, 2008; Hamano et al., 2013; Lebrun et al., 2013; Hamano
et al., 2015; Massol et al., 2016; Schaefer et al., 2016; Salvador et al.,
2017; Nikolaou et al., 2019; Bower et al., 2019; Lichtenberg et al.,
2021; Barth et al., 2021). While such models could be used together
with the relationships derived in this current study to compute a more
accurate magma ocean outgassing sequence by considering a realistic
exsolved fraction along each transient stage of the thermal evolution,
this is out of the scope of this paper. Nevertheless, in what follows,
we consider the effect of realistic exsolution depths and magma ocean
dynamics along with their associated time scales to make reasonable
predictions of volatile outgassing in vigorously convecting planetary
magma oceans.

4.1. Estimation of the exsolution depths

Realistic exsolution depths can be determined out of solubility laws,
as a function of the abundance of volatile species present in the melt.
These laws give the lithostatic saturation pressure of a given volatile
species as a function of its dissolved amount within the melt, which
is usually expressed in terms of volatile mass fraction relative to the
mass of the melt, X 3310 Or reciprocally, they give the maximum amount
of a given volatile species that can be dissolved within the melt at a
given pressure. Thus, they control the partitioning of a volatile species
between the silicate melt and gas phase according to a power-law
relationship between saturation pressure and volatile abundance in the
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Table 1

Vigorously convecting, fully molten magma ocean typical set of parameters (reference
case) used to calculate the times spent by such an hypothetical Earth-sized planet
magma ocean in the hard turbulent convection regime, Ra = 6.62 x 10 — Pr=1.
Value

Parameter, Symbol

Planetary radius, Rg 6.378 x 10° m

Melt density, p 4200 kg m™3
Gravity, g 9.81 m s72
MO thickness, L 3 x 10° m
Temperature difference, AT 250 K
Thermal capacity, Cp 103 J kg™! K™
Thermal conductivity, k 4Wm'! K!
Thermal diffusivity, 1076 m? s~!
Thermal expansion, a 1075 K!
Angular velocity, Q 1074 57!

p X K

Dynamic viscosity, #

magma following (e.g., Carroll and Holloway, 1994; Holloway and
Blank, 1994; Papale, 1997; Wallace and Anderson Jr., 1999):
MO

X Byol
): ( vol ) ,

gvol

where XMO = M, /My is the mass fraction of the volatile species
expressed as the mass of the volatile species within the melt, M,
relative to the mass of the melt, My,y, ¢, is a constant, and f,, is
the power law coefficient (see Table 2 for values considered here). For
a given species, the saturation pressure, vagl‘, is the overburden pressure
threshold below which (above in terms of depth) no more volatile can
be dissolved within the melt, i.e., the maximum amount of dissolved
volatiles within the liquid is reached, and any extra oversaturated
volatile is then extracted out of the solution (i.e., “exsolved”) to form

psat XMO (1 6)

vol vol
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gas bubbles. In coupled magma ocean-atmosphere studies, the satura-
tion pressures computed out of solubility laws are directly considered to
be equivalent to the atmospheric gas partial pressures, i.e., Pv‘gl‘ =Py,
and thus sometimes referred to as the gas pressures within the melt, and
are used to compute the corresponding atmospheric mass of the volatile
species, M"‘/‘;‘l", following (e.g., Elkins-Tanton, 2008; Pierrehumbert,
2010; Hamano et al., 2013; Lebrun et al., 2013; Hamano et al., 2015;
Schaefer et al., 2016; Salvador et al., 2017; Nikolaou et al., 2019; Bower
et al., 2019; Lichtenberg et al., 2021; Barth et al., 2021):

2
=‘ﬂ<m>
g )

where u,,,/ /i is the ratio of the molar mass of the volatile species to the
mean molar mass of the atmosphere, which equals one when consider-
ing single-component atmospheres and is thus omitted in such a case.
As discussed earlier, this direct correspondence between the volatile
species mass fraction in the magma ocean and its partial pressure in
the atmosphere, and the resulting implicit partial pressures equilib-
rium between the gas phase in the melt and the atmosphere implies
the instantaneous, and thus efficient, outgassing of any oversaturated
volatile species at each computational time step (efficient outgassing
hypothesis), thus neglecting the effect of magma ocean convective
dynamics on the amount of melt actually reaching the exsolution depth
and able to form gas bubbles. Again, here we revisit this assumption of
efficient and instantaneous outgassing by realistically computing the
amount of melt reaching the exsolution depth as a function of time.
The depth at which volatile species are exsolved out of the melt and
start forming gas bubbles is thus the exsolution depth, d.,,,, which
is calculated from the corresponding saturation pressure. Assuming
hydrostatic equilibrium, the saturation pressure of a given volatile
species, ijf, is:

atm
vol

psat ( XMO),

vol Y vol

a7)

PYXMOY = 5 g diyeor-

vol ¥ vol
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For the sake of simplicity, the above quantity is assumed to be
constant for a given magma ocean transient stage (and corresponding
pair of Ra — Pr numbers) at which outgassing efficiency is evaluated.
Two main mechanisms favor volatile exsolution during magma ocean
cooling. For a given transient stage, in a convective mantle upwelling,
the ambient overburden (lithostatic) pressure of an ascending volume
of melt decreases, and as soon as the saturation pressure is reached,
volatiles in excess of saturation exsolve out of the melt and form gas
bubbles (Figs. 2 and A.1) (e.g., Lesher and Spera, 2015). Furthermore,
volatiles are incompatible species: during melt crystallization they
partition preferentially in the liquid rather than in the solid phase.
Thus, in evolving magmatic systems such as magma oceans, volatiles
concentrate into the melts, which become more and more enriched
in volatiles, such that saturation occurs more easily and at increasing
depths with cooling and crystallization, leading to enhanced volatile
species exsolution with time (Fig. A.1).

The coexistence of several volatile species dissolved into the melt,
such as H,O and CO,, influence their respective solubility, leading
to more complex relationships between the volatile abundances and
saturation pressures (e.g, Papale, 1999; Berlo et al.,, 2011; Massol
et al., 2016). For the sake of simplicity, we will restrict our analysis
to the case of a single-component atmosphere, made of pure water
vapor H,O, which is one of the most important greenhouse gas and
plays a fundamental role in planetary habitability (e.g., Wallace and
Hobbs, 2006; Pierrehumbert, 2010; Westall and Brack, 2018). For the
solubility of water within the magma ocean, we use the law classically
referred to as Carroll and Holloway (1994) (whose parameters are
given in Table 2), which is commonly used in coupled magma ocean—
atmosphere studies (e.g., Lebrun et al., 2013; Salvador et al., 2017;
Nikolaou et al., 2019; Bower et al., 2019). Implications of other water
solubility laws are discussed in Appendix A. Although the uncertainty
related to the choice of the solubility law is not negligible, it would
not affect the conclusions. We assume a given water budget, expressed
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Table 2
Parameters determining the partitioning of water between the melt and the gas phase
to be used in Eq. (16).

Parameter

Value Reference

1/0.7
6.8 x 1072 ppm Pa™!

Exponent fy o
Constant {y o

Carroll and Holloway (1994)
Carroll and Holloway (1994)

as a number of current Earth ocean mass that translates to a given
mass fraction of dissolved water relative to the melt mass, X 1-1\14(())’ which,
together with the solubility law (Eq. (16)), constrains the vazlue of the

exsolution depth, d, (Eq. (18)).
4.2. Magma ocean governing parameters and convective timescales

The number of transits achieved, N> relates to the time spent
in a given magma ocean transient stage, o, following:

Mo = Ntransits X Tiransits» (19)

where 7, iS the transit timescale corresponding to the time required
for a parcel of the convecting fluid to travel from one horizontal surface
to the other, which is written:

L

Tiransits — U

; (20)

where L is the thickness of the molten layer, and U, refers to the
convective velocity accounting for the effect of planetary rotation.
The latter may influence convection and the magnitude of the associ-
ated fluid motion (Solomatov, 2000; Maas and Hansen, 2015, 2019).
Therefore, following Solomatov (2000, Equation (11)), this effective
convective velocity is written:

agF 1/2
UQ = Uconv m >

where Q is the planet’s angular velocity, Cp is the specific heat at
constant pressure, v, = Re (pL/r])_l is the convective flow velocity
computed using our Re — Ra scaling (Eq. (7)), and F is the convective
heat flux at the surface of the magma ocean:

F=Nu£,
L

where Nu is the Nusselt number computed using Eq. (6) and k is the
thermal conductivity. The values of the different parameters introduced
above are listed in Tables 1 and 3. Solomatov (2000) estimated an
uncertainty of a factor 3 on the hard turbulence convective velocities
accounting for the effect of rotation, ie., [U,/3; 3 Ug]. In addition
to the plausible range of convective velocities, we considered the un-
certainty on two poorly constrained parameters that affect the magma
ocean dynamics: its thermal expansion, «, and the temperature differ-
ence across the upper thermal boundary layer, AT. To account for the
possible range of variation of these three parameters (U, «, and AT)
and their influence on the magma ocean dynamics, we considered two
end-member cases in addition to our reference case: (i) an “enhanced
degassing limit”, where convection is the most efficient due to high
convective velocities (3 Uy,), a large temperature difference across the
thermal boundary layer (AT = 1000 K; e.g, Lebrun et al., 2013),
and a large thermal expansion (@ = 107 K~!), and (ii) a “weak
degassing limit” associated with less vigorous convection, and with
smaller convective velocities (U, /3), smaller temperature difference
(AT = 20 K; e.g., Lebrun et al., 2013), and smaller (¢ = 107% K1)
thermal expansion (Table 4).

We compared the time required to fully exsolve all the oversaturated
water from the magma ocean for the three different cases to the time
spent by the magma ocean in a given transient stage, y;o. To do so,
we evaluate the degassing efficiency of the global, fully molten magma
ocean (corresponding to our transient stage) and consider the pair of
Ra and Pr numbers and associated parameters as constant, for a given

(21)

(22)
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Table 3

Vigorously convecting, fully molten magma ocean set of parameters considered for
the Super-Earth reference case and differing from those given in Table 1, Ra =
552 x 10¥ — Pr=1.

Parameter, Symbol Value

Planet to Earth mass ratio, M,/ Mg, 5

Planetary radius®, R, 10.65 x 10° m
Gravity, g 17.6 m s72
MO thickness, L LgR,/Rg

aUsing the mass-radius relationship given in Kopparapu et al. (2014) and based on the
exoplanets.org known exoplanets database (Wright et al., 2011).

Table 4
Parameters used for the enhanced and weak degassing limit cases for both Earth-sized
and super-Earth planets.

Parameter, Symbol Enhanced degassing limit =~ Weak degassing limit

Temperature difference, AT 1000 K 20 K
Thermal expansion, « 107> K~! 1076 K-!
Convective velocity prefactor 3 1/3

water content. This corresponds to the earliest and most vigorously
convecting magma ocean stage described in Fig. 1b. Coupled magma
ocean—atmosphere models (e.g., Solomatov, 2000; Lebrun et al., 2013;
Nikolaou et al.,, 2019) show that depending on the ability of the
growing atmosphere to efficiently lose heat to space, the duration of
such a deep, vigorously convecting, fully molten stage can vary from
fmo min & 10 years, when no atmosphere is present, to up to fyo max ~
500 years when a thick and thermally opaque atmosphere overlies the
magma ocean and buffers the heat loss to space (e.g, Lebrun et al.,
2013). Considering these two end-member scenarios, the complete
solidification of the terrestrial magma ocean, commonly defined as the
time at which the rheological transition front reaches the surface (i.e.,
when the “mush” stage is reached; panels a and d in Fig. 1) ranges
from a thousand years to several millions years (e.g., Elkins-Tanton,
2008; Lebrun et al., 2013; Hamano et al., 2013, 2015; Salvador et al.,
2017; Nikolaou et al., 2019; Bower et al., 2019; Krissansen-Totton et al.,
2021a). Note that if one extends the atmospheric composition to other
species and/or abundances, or consider different stellar, atmospheric,
surface, and mantle conditions, this time interval could be even larger,
and complete solidification could require more than a hundred million
years (e.g., Zahnle et al., 1988; Abe, 1993; Lupu et al., 2014; Hamano
et al., 2015; Schaefer et al., 2016; Monteux et al., 2016; Bonati et al.,
2019; Zahnle et al., 2020; Lichtenberg et al., 2021; Barth et al., 2021).

4.3. Results: outgassing model predictions

The outgassing efficiency of a magma ocean depends on the dura-
tion of the magma ocean stage in the considered transient stage, and on
the ability of convective motions to bring molten material to shallow
depths at which the oversaturated volatiles can exsolve within such
a time interval. We considered these two aspects as described below.
In addition, we make the assumption that water rapidly reaches the
surface once exsolved, without being recycled/ingassed back deeper in
the mantle by downwelling currents, and we neglect the influence of
water concentration on magma ocean viscosity.

4.3.1. Influence of the convective strength and of the planet size

Fig. 11 shows the magma ocean exsolved fraction as a function of
the time spent in the fully molten state for (a) an Earth-sized planet
and (b) for a 5 Earth-mass planet. The corresponding magma ocean
parameters are listed in Tables 1 and 3, respectively, for the reference
cases (plain blue and red curves, respectively), and in Table 4 for
the enhanced and for the weak degassing limits (dashed blue and red
curves, respectively). The magma ocean thickness for the super-Earth
case is scaled based on Earth’s mantle-to-planet radius ratio. For both
planets, the water content is fixed to one Earth ocean mass, 1 Mgy =
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1.4 x 10?! kg, initially dissolved and homogeneously distributed within
the magma ocean. For the 3000 km deep Earth-sized magma ocean, this
corresponds to a mass fraction of dissolved water relative to the magma
ocean mass equal to XMO = 100x 11\;4—50 =3.6x 1072 wt%, which yields

H0 MO

an exsolution depth, d g, of 5x 103 km (Egs. (16) and (18)). For the
5 Earth mass rocky planet, X ]’_\1’12% =7.73x 1073 wt%, i.e., the same mass
of water diluted within a larger magma ocean volume corresponds to a
smaller exsolution depth d,,, = 3.14x 10~ km. The plausible volatiles
exsolved fraction range corresponding to the plausible variation range
of parameters explored (U, a, and AT) lies within the blue and red
areas of Fig. 11a and b, respectively.

For the reference cases (Tables 1 and 3), 767 and 969 convective
transits are required for the entire magma oceans volumes to reach
the corresponding exsolution depths, i.e., for the entire oversaturated
water to be exsolved and outgassed, for the Earth-sized planet and
for the super-Earth planet, respectively. This corresponds to 61 and
59 years (Eq. (19)), respectively. Despite significantly different exsolu-
tion depths, the resulting time required to fully exsolve oversaturated
H,0 from the melt is similar. This is due to the fact that the larger
magma ocean thickness and gravity on larger planets increase the Ra
number, leading to more vigorous convective motions on super-Earths.
This offsets the effect of shallower exsolution depths (requiring more
convective transits to be achieved to outgas volatiles), and results in a
more efficient degassing on super-Earths. Overall, magma ocean exso-
lution starts slightly later on super-Earths than on Earth-sized planets,
but full degassing is reached after similar amounts of time spent in
the considered magma ocean transient stage, fy;o, leading to a slightly
faster magma ocean degassing on super-Earths.

For both types of planets (Fig. 11a and b, respectively), the timing
of degassing for the reference case lies between the shortest and longest
magma ocean fully molten stage duration [fyomin; fyomax]. This
implies that apart from the tiny amount in the magma ocean layer
initially in contact with the surface and above the exsolution depth,
none of the potentially available oversaturated water would have been
exsolved and outgassed in the fast cooling case (ty;omin), while it
would be fully exsolved and outgassed in the slow cooling scenario
(t\o max). Furthermore, this indicates that for a conservative set of
magma ocean governing parameters, complete or partial outgassing
remain possible. However, if one considers a weak degassing limit,
apart from the most superficial layers, exsolution never starts before
the end of the magma ocean transient stage considered, even for its
longest duration, tyo max, regardless of the planet size (Fig. 11a-b).
In contrast, the enhanced degassing limit shows the opposite behavior
since the complete outgassing always occurs before the end of the
magma ocean transient stage considered, even for its shortest duration,
vo min, associated with the fastest cooling rate (Fig. 11a-b). Yet, the
cooling rate itself is controlled by the amount of greenhouse gases in the
atmosphere and thus by the outgassing rate. Therefore, if the outgassing
is not efficient and slow as in the weak degassing limit scenario or for
small planets, the cooling rate will be high, allowing less time for the
magma ocean to outgas, thus making the degassing efficiency weaker
and so on. Conversely, for the fast, enhanced degassing limit scenario
and for large planets, the amount of greenhouse gases outgassed will
slow down the solidification, making the degassing more efficient
by increasing the duration of the magma ocean transient stages and
leaving more time for the melt to reach the exsolution depth.

Therefore, between the extreme enhanced and weak degassing lim-
its, various combinations of parameters governing magma ocean dy-
namics would result in either a fast and complete outgassing, an
incomplete degassing, or no degassing at all (excluding the tiny magma
ocean layer that is above the exsolution depth and whose volatiles are
initially already exsolved and outgassed). These results emphasize the
fact that magma ocean degassing strongly depends on its dynamics
and associated parameters, and underline once again that complete
outgassing during the most vigorously convecting, fully molten magma
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ocean stage (and by extension, during subsequent, less vigorous tran-
sient stages) is far from being certain even for magma oceans lasting
for several thousands of years in the fully molten state (Fig. 11a-b).

Since we assumed that the same amount of water is dissolved
within a smaller magma ocean volume, the Earth-sized magma ocean
is more concentrated in water compared to that of the super-Earth
case, as it would be in a super-Earth magma ocean at an advanced
crystallization stage (because water partitions preferentially into the
remaining melt, whose volatile concentration increases with solidifica-
tion). This, in addition to its smaller magma ocean thickness, Rayleigh
number, and associated convective vigor, makes the Earth-sized case
the analog of a more advanced crystallization stage than the super-
Earth case. While we focused on the most vigorous fully molten stage,
similar outgassing timings between these two different planetary cases,
that would be representative of two slightly different convection effi-
ciency/crystallization stages, suggest that our conclusions would apply
for later transient crystallization stages and associated less vigorous
convective dynamics (characterized by other pairs of Ra — Pr values
experienced during subsequent cooling stages). This suggests that de-
gassing efficiency would decrease with time, along the solidification of
the magma ocean due to the decrease of its convective vigor buffering
the increase of the exsolution depth associated with water enrichment
of the melt.

4.3.2. Influence of the initial volatile content

Fig. 12 compares the exsolved fractions of oversaturated water as
a function of time for two different initial water contents: 0.1 and
10 Earth ocean mass, for the Earth-sized and the super-Earth cases.
For both types of planets, the higher the concentration of dissolved
water, the earlier degassing starts. Indeed, larger concentrations of
dissolved water result in larger saturation pressures and exsolution
depths (Eq. (16) and Fig. A.1), while other parameters governing the
dynamics are unaffected (under the assumption that the liquid-state
mantle viscosity is not influenced by the dissolved water content). It
is therefore easier and faster for the entire magma ocean volume to
travel up and to reach these deeper exsolution levels, while shallow
exsolution depths closer to the surface require more transit times to
be reached (Figs. 12b, d, and B.4). For completeness, the influence of
the exsolution depth on the exsolution time is discussed in Appendix B.
This behavior is even more pronounced on highly water-concentrated
Earth-sized magma oceans, where a tiny fraction of their volume almost
instantaneously reaches the large exsolution depth associated to 10
My (lower left corner in Fig. 12b). Conversely, smaller water contents
decrease the exsolution depth (Fig. A.1) and slow down degassing,
regardless of the planet size (Fig. 12a and c). For magma oceans
with such a low water content, the time required to exsolve 100% of
oversaturated water is generally longer than the time spent in the fully
molten stage (Fig. 12a and c), implying that water degassing is more
likely to be incomplete or may not even have started before the end of
the fully molten stage.

The fact that early degassing of water may be incomplete or even
nonexistent in some cases has strong implications regarding the entire
cooling history of the magma ocean, the resulting planetary surface
conditions, and even the chemical differentiation and subsequent long-
term evolution of the planet (Maurice et al., 2017; Ballmer et al., 2017).
Indeed, if degassing is not efficient, the weak thermal blanketing effect
of the resulting tenuous steam atmosphere will allow for efficient heat
escape to space and rapid magma ocean cooling, making degassing less
efficient. Such a feedback would favor water storage in the mantle,
resulting in early dry surface conditions, after rapid magma ocean solid-
ification, with a water-rich solid-state mantle. This may have important
implications regarding its properties and long-term evolution, including
dynamics, convective regime, melting and degassing (e.g, Lange,
1994; Regenauer-Lieb et al., 2001; Demouchy and Bolfan-Casanova,
2016; Ni et al., 2016; Ohtani, 2020; Miyazaki and Korenaga, 2021,
2022). Conversely, a large initial concentration of water would induce
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an efficient and rapid exsolution of the magma ocean oversaturated
water, which would, in turn, slow down the magma ocean cooling
because of the efficient greenhouse effect of a thick steam atmosphere
overlying the molten surface, and therefore leave time for the magma
ocean to fully outgas its oversaturated volatile content during the slow
solidification process. The slow solidification of a magma ocean due
to the presence of its thick steam atmosphere and the resulting loss of
water through atmospheric escape has been proposed, as a consequence
of the orbital distance, to explain the divergence between the Earth
and Venus (Hamano et al., 2013). In addition, the atmospheric water
content affects the spectral properties of exoplanets (Robinson, 2020;
Smith et al., 2020) and high water contents atmospheres even likely
experience a runaway greenhouse radius inflation that changes their
mass—-radius relationship in a possibly future detectable manner (Turbet
et al.,, 2019, 2020). These aspects emphasize the crucial role that
magma ocean outgassing efficiency may play in planetary evolution,
habitability, and exoplanets detectability and characterization.

4.3.3. Model limitations and future directions

By highlighting the influence of the dynamics of the fully molten
magma ocean stage on its early degassing, our results motivate further
investigations to characterize magma ocean degassing efficiency dur-
ing its entire lifetime. This implies extending the approach presented
here to values of Prandtl numbers larger than one, to better cover
the different transient stages experienced throughout magma ocean
solidification. One should note that due to the possible differences in
convective dynamics in 2D and 3D simulations at Pr < 1 (Schmalzl
et al., 2004; Breuer et al., 2004), the validity of our results may be
limited to Prandtl numbers of unity and larger. Nevertheless, such
values are relevant for terrestrial magma oceans (e.g., Hoink et al,,
2006; Solomatov, 2015; Maas and Hansen, 2015, 2019, and references
therein). In addition, even though we accounted for the effect of
rotation on the magnitude of convective velocity in a simplified way in
our planetary outgassing model (Eq. (21)), the influence of planetary
rotation in 3D geometry (Maas and Hansen, 2019) should also be
explicitly considered in the fluid dynamics experiments. Furthermore,
our computational fluid dynamics experiments assumed homogeneous
density and viscosity. Yet, these fluid properties may be strongly influ-
enced by the volatile content (e.g., Lange, 1994; Nikolaou et al., 2019),
possibly leading to dynamic feedback mechanisms that may affect the
efficiency of the magma ocean to exsolve oversaturated volatiles, which
we could not directly evaluate in the presented numerical experiments.
Such influences can be implemented since local changes in density and
viscosity due to the volatile content can be numerically accounted for.
Conducting a systematic exploration of this aforementioned governing
parameter space will allow for a complete characterization of the
exsolution efficiency (i.e., in the form of the time evolution of the d,;,
distributions) of magma oceans at various stages of their evolution.

While such a task is out of the scope of the present paper, our
numerical experiments and outgassing predictions show that for a
significant range of magma ocean governing parameters, the degassing
is not as efficient as previously thought (alike localized and minimal
to no degassing scenarios proposed in Ikoma et al., 2018). Therefore,
the assumption of instantaneous outgassing of oversaturated volatile
species may not always be valid and should be considered with care.

Since the cooling rate of the magma ocean is controlled by its
degassing via the amount of outgassed atmospheric greenhouse gases,
our results suggest that magma ocean simulations shall consider the in-
fluence of magma ocean dynamics to self-consistently infer the magma
ocean lifetime and the associated surface conditions.

The expressions we derived to predict the spectrum of the minimum
depth/pressure reached by the convective fluid with time can be used
in coupled atmosphere-mantle models. This may reveal additional
complexities during and after the magma ocean evolution, due to the
influence of volatile content on several key physical quantities that
govern magma ocean and the subsequent solidified mantle convective



A. Salvador and H. Samuel

dynamics, such as viscosity or density (e.g., Lange, 1994; Litasov
and Ohtani, 2007; Karki and Stixrude, 2010; Nikolaou et al., 2019).
Ultimately, this coupled approach will provide a considerably more
accurate picture of the outgassing history of terrestrial magma oceans
together with the formation of planetary atmospheres.

5. Conclusions

We investigated the influence of magma oceans convective dy-
namics on their degassing efficiency using numerical fluid dynamics
modeling of thermal convection in 2D and 3D geometry at Prandtl
number of unity and for various values of the Rayleigh number up to
102, We measured and characterized the distribution of the minimum
depth reached by the convecting fluid parcels at all times. We found
that the main characteristics of these distributions (average value and
standard deviation) can simply be expressed as a function of the
number of convective transits achieved, regardless of the value of the
Rayleigh number. This indicates that the ability of the magma ocean to
exsolve volatiles is mainly governed by the magnitude of the convective
velocities (or the effective Reynolds number), which is a function of
the Rayleigh number considered. This simple relationship between
convective velocity and outgassing efficiency allows deriving simple
expressions that reproduce the results of our numerical experiments.

We used our experimentally-derived expressions to estimate the
magma ocean volume fraction that reaches any given exsolution depth
as a function of time. We found that a substantial number of convective
transits needs to be achieved for the entire vigorously convecting
magma ocean volume to reach the exsolution depth, and thus, for all
oversaturated volatile species to be exsolved out of the melt, form
gas bubbles and degas at the surface. This is particularly important
for volatile species that are highly soluble in the melt, such as water.
Depending on the value of the governing parameters considered, the
time required to fully exsolve oversaturated volatile species can be
comparable or even longer than the time spent in a fully molten
transient stage. Therefore, in some cases, a fully molten mantle can start
to crystallize before its entire volume has reached the exsolution depth.
For example, despite vigorous convection, we found that complete
outgassing of water can require more than 10* years in a fully molten
global terrestrial magma ocean, a duration that may be one order of
magnitude larger than the lifetime of this earliest magma ocean tran-
sient stage. Consequently, volatile species remaining in the melt should
be accounted for accordingly in the mass balance distributing them
between the different planetary reservoirs during subsequent magma
ocean evolution. Degassing is generally less efficient in smaller planets
due to their less vigorous convection that reduces the magnitude of
convective velocities and exsolution rates. Conversely, on large planets,
the convective vigor results in higher mixing rates that offset the
additional transit times required by shallow exsolution depths.

Furthermore, if the convective vigor is low, the degassing is less
efficient, which results in rapid cooling rates and short solidification
timescales (due to the weak thermal blanketing effect of the tenuous
outgassed atmosphere), which, in turn decreases outgassing efficiency
by reducing the time available for the entire magma ocean to reach
shallow depths. On the contrary, if the convective vigor is high, such as
on large planets, the efficient outgassing will produce a thick and ther-
mally opaque atmosphere, preventing efficient cooling of the magma
ocean, and increasing its degassing efficiency since volatiles will have
enough time to be fully exsolved during the slow solidification process.
Thus, the magma ocean convective dynamics, through the control
of the outgassed atmosphere and resulting cooling rate may lead to
divergent planetary evolution paths.

Finally, we show that degassing is strongly sensitive to the initial
volatile content and that it is less efficient on planets with low water
contents. This positive feedback between the initial water content and
the degassing efficiency can in turn also lead to significantly different
magma ocean evolutions: planets with low water contents would tend
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Fig. A.1. H,O solubility laws in silicate melts. The saturation curve gives the location
of the exsolution depth, d,,, reported on Fig. 2 (blue dashed line). At a given cooling
transient stage, an ascending fluid parcel undergoes decompression, ie., a decrease of
ambient lithostatic pressure, and goes from the right hand side to the left hand side of
the diagram. As solidification proceeds, the silicate melt volume decreases and water
partitions readily into the melt such that evolving magma ocean liquids are enriched
in water, and the mass fraction of dissolved water X f_ﬁ% increases along the saturation
curve, from the bottom to the top of the diagram. In this study, we used the Carroll and
Holloway (1994) solubility law (black, parameters given in Table 2). Other solubility
laws parameters are given in Table A.1. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

to poorly outgas and solidify quickly, rapidly leading to dry surface
conditions, tenuous atmosphere and wet interiors propitious to melting,
long-term tectonic and volcanic activity. In contrast, magma oceans
with high initial water contents would lead to enhanced degassing,
favoring a slow solidification under a thick steam and thermally opaque
atmosphere, responsible for hot and extreme surface conditions, pre-
venting the formation of water oceans and propitious to hydrodynamic
escape that would desiccate the evolving planet. On the other hand,
moderate, Earth-like water contents would imply moderate outgassing
efficiency and intermediate solidification rates that are more adequate
for temperate climates and stable liquid water at the planetary sur-
face, with moderately dry interiors. Therefore, the influence of magma
ocean dynamics on its outgassing efficiency can significantly affect its
subsequent thermal and chemical evolution.

Even though further investigations considering explicitly broader
ranges of Rayleigh and Prandtl numbers, the influences of volatiles
on rheology and density, or rotation are required to better charac-
terize the full degassing sequence of solidifying magma oceans, our
results demonstrate that contrary to what is commonly assumed, even
in a vigorously convecting magma ocean, degassing can be far from
instantaneous or efficient.
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Fig. A.2. Plausible range of the magma ocean exsolved fraction, i.e., that reached the exsolution depth, as a function of time for different solubility laws, on (a—c) an Earth-sized
planet and (d-f) a 5 Earth mass super-Earth, when considering 0.1 Earth ocean of water dissolved into the magma ocean. Solubility laws used to compute the exsolution depths
are taken from (a,d) Lichtenberg et al. (2021) (Li21), (b,e) Carroll and Holloway (1994) (CH94), and (c,f) Papale (1997) (Pa97), and are shown in Fig. A.1 using the same
color code (see Tables 2 and A.1 for solubility laws parameters). Reference cases (plain lines) parameters for the Earth-sized planet and super-Earth are listed in Tables 1 and 3,
respectively. Parameters considered for the enhanced and weak degassing limits (blue and red dashed lines) are listed in Table 4. Vertical black dashed lines indicate the minimum

and maximum duration of the magma ocean in the fully molten transient stage from Lebrun et al. (2013) coupled magma ocean-atmosphere model.

(For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)
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Appendix A. Effect of solubility laws

Solubility laws provide the saturation pressure, vasl‘, of any given
volatile species as a function of its concentration in the melt. Thus, they

give the overburden lithostatic pressure where a given volatile species
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has reached its maximum concentration in the melt and below which
no more can be dissolved into the melt and start forming gas bubbles.
Assuming hydrostatic equilibrium, the corresponding exsolution depth,
doysol, 1S obtained from Eq. (18). Fig. A.1 shows different solubility
laws for water in silicate melts (see Table A.1 for the corresponding
solubility laws coefficients). In this study, we considered the Carroll
and Holloway (1994) solubility law for water (Eq. (16), Table 2, black
line in Fig. A.1), which has been used in several magma ocean modeling
studies (e.g, Lebrun et al., 2013; Salvador et al., 2017; Nikolaou et al.,
2019; Bower et al., 2019) and gives intermediate saturation pressures
compared to others. Solubility laws obtained for basaltic systems are
generally more appropriate for magma oceans as basalts, i.e., relatively
low silica content melts, have high temperatures, low viscosities and
high gas diffusivities (e.g., Sparks et al., 1994; Lesher and Spera, 2015).
However, they tend to have more modest volatile contents than more
viscous, silicic melts such as rhyolitic or dacitic melts. However, note
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Fig. A.3. Plausible range of the magma ocean exsolved fraction, i.e., that reached the exsolution depth, as a function of time for different solubility laws, on (a—c) an Earth-sized
planet and (d-f) a 5 Earth mass super-Earth, when considering 10 Earth oceans of dissolved water. Solubility laws used to compute the exsolution depths are taken from
(a,d) Lichtenberg et al. (2021) (Li21), (b,e) Carroll and Holloway (1994) (CH94), and (c,f) Papale (1997) (Pa97), and are shown in Fig. A.1 using the same color code (see Tables 2
and A.1 for solubility laws parameters). Reference cases (plain lines) parameters for the Earth-sized planet and super-Earth are given in Tables 1 and 3, respectively. Parameters
considered for the enhanced and weak degassing limits (blue and red dashed lines) are given in Table 4. Vertical black dashed lines indicate the minimum and maximum duration

of the magma ocean in the totally molten transient stage from Lebrun et al. (2013) coupled magma ocean-atmosphere model.

this figure legend, the reader is referred to the web version of this article.)

that the viscosity of mafic and ultramafic melts (such as basalt and
komatiite, respectively), is comparatively much less affected by the
dissolved water content than that of polymerized, low temperatures,
rhyolitic or dacitic melts (e.g., Lesher and Spera, 2015, their Figure
5.5 and references therein). To test the sensitivity of our model results
to the solubility law considered, we plotted additional solubility laws
obtained for basalts (light blue and yellow curves in Fig. A.1, fitted
from Figures 10C and A.1b in Holloway and Blank (1994) and Papale
(1997), respectively), and derived from rhyolitic melts (green line in
Fig. A.1, from Table 1 in Lichtenberg et al. (2021) and references
therein). For each solubility law considered, symbols mark the satura-
tion pressure for three different water contents spanning three orders
of magnitude, from 0.1 (circles) to 10 Earth ocean mass (squares),
with one Earth ocean mass (1 Mg, crosses) equal to 1.4 X 102! kg.
Note that for the same mass of water, the mass fraction of dissolved
water, Xﬁ"o , which is the absolute mass of water relative to the mass

0
of the mel%, is larger for Earth-sized planets than for super-Earths as the
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(For interpretation of the references to color in

same amount of water is dissolved and diluted within a larger, more
massive, molten mantle in the latter. Considering such similar water
contents for planets of different sizes implicitly makes the assumption
that water endowment does not scale with planetary mass during the
accretion sequence. Consequently this does not account for the possible
effect of planet size on volatile abundance and assumes that water
delivery is relatively less efficient on larger planets. This accretion
scenario could be in agreement with the stochastic nature of volatile
delivery, which may then be weakly dependent on planetary mass (e.g.,
Raymond et al., 2006, 2007). However, the uncertainties associated
to volatile delivery sources and timing do not allow for a conclusive
statement yet (e.g., Marty, 2012; Morbidelli et al., 2012; O’Brien et al.,
2018; Venturini et al., 2020). As seen in Fig. A.1, for a given water
content, the solubility law chosen strongly influences the saturation
pressure and thus the exsolution depth at which gas bubbles start to
form. Conversely, the amount of water that can be dissolved into and
outgassed out of the melt strongly varies depending on the solubility
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in this figure legend, the reader is referred to the web version of this article.)

law chosen. These differences become more and more important when
decreasing the mass fraction of dissolved water and are thus (i) larger
for low water contents, and (ii) always larger for super-Earths than
for Earth-sized planets for a given dissolved water mass. As a result,
on super-Earths, the saturation pressure of 0.1 Earth ocean mass can
vary over more than four orders of magnitude solely depending on the
arbitrary solubility law choice (red circles). As shown in this study,
the exsolution depth, and thus the choice of the solubility law, play a
fundamental role regarding magma ocean degassing efficiency as the
latter is determined by comparing the time required for the entire
molten volume to reach this very depth and the time spent in a
given transient stage (of given convective dynamics). The solubility law
considered is thus of fundamental importance when constraining the
timing of atmospheric formation and magma ocean solidification, as
well as the surface conditions reached at the end of this early thermal
evolution stage.

Figs. A.2 and A.3 show how these other solubility laws would affect
the timing of magma ocean oversaturated water exsolution for 0.1
and 10 Mgg, respectively. As emphasized above, the influence of the
solubility law on degassing efficiency is always more important on
super-Earths than on Earth-sized planets and low water contents are
more sensitive to the solubility law choice. Finally, as discussed in the
main text, one can note that regardless of the water content, degassing
starts always earlier on Earth-sized planets due to their larger water
concentrations and their larger associated exsolution depths compared
to super-Earths (compare Fig. A.2b with Fig. A.2e and Fig. A.2c with
Fig. A.2f). This effect is always more pronounced for the largest exso-
lution depths such as for 10 Mg or with Papale (1997) solubility law
(compare Fig. A.3b with Fig. A.3e and Fig. A.3c with Fig. A.3f). Yet,
despite an earlier degassing start on Earth-sized planets, the more vigor-
ous convection on super-Earths overcomes the effect of their shallower
exsolution depths. This leads to faster and therefore more efficient
outgassing on super-Earths. This leads to similar times to fully outgas
oversaturated volatiles for both planet types for 10 Mg, (Fig. A.3c and
f) and is even responsible for slightly earlier complete exsolution times
for super-Earths with 1 My and 0.1 Mg, whose shallow exsolution
depths make convective vigor the primary governing parameter for
degassing efficiency (Figs. 11, A.2¢ and f), while the exact timing is
influenced by the solubility law considered.
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Appendix B. Influence of the exsolution depth on the magma
ocean exsolution time

One can estimate the efficiency of magma ocean outgassing using
the exsolution time, .., defined as the time required for 99.99%
of the magma ocean to reach a given exsolution depth at which its
oversaturated water is fully exsolved and outgassed. This quantity is
displayed as a function of the exsolution depth in Fig. B.4 for the
Earth-like and super-Earth reference cases (blue and red plain lines,
whose parameters are given in Tables 1 and 3, respectively), with
the corresponding plausible ranges included between the weak and
efficient degassing limits (blue and red areas in Fig. B.4a and b,
respectively, whose parameters are listed in Table 4). As discussed
above, an increase of the exsolution depth can result either from an
increase of the initial concentration of dissolved water within a magma
ocean of given size, or from the water incompatibility and resulting
enrichment of the residual melt during magma ocean crystallization.
Regardless of planetary size, the timing for complete magma ocean
exsolution decreases when increasing the exsolution depth (Fig. B.4a
and b), since deep exsolution pressures are more rapidly reached,
implying that magma ocean degassing is more efficient for larger
water contents, as discussed above. Yet, one cannot state that magma
ocean degassing becomes more and more efficient as crystallization
proceeds only by looking at the exsolution depths and based on the
fact that melt becomes more water-concentrated. Indeed, the decrease
of the convection vigor with solidification would buffer the effect of
larger exsolution depths. This underlines the importance of considering
these two competing effects to accurately characterize magma ocean
degassing efficiency. Finally, depending on the duration of the fully
molten stage, almost all scenarios in the parameters space explored
predict that the magma ocean complete exsolution time is larger than
fvo min = 10 years, thus generally preventing complete magma ocean
degassing for this transient stage. Even when considering slow magma
ocean cooling associated with the longest duration of the fully molten
stage (fy;o max = 500 years), about half of the scenarios, excluding the
reference case, lead to incomplete or no degassing (fo,;; > fmo)- In
such cases, the amount of water that remained dissolved within the
melt (because part or none of the latter have reached the exsolution
depth) must be accounted for when considering the entire magma
ocean cooling sequence.
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Table A.1

Parameters of the solubility laws shown in Fig. A.1 and to be used in Eq. (16).
Parameter Value Reference
Exponent fy o 1/0.61428 Fitted from Figure 10C in Holloway and Blank (1994)
Constant (o 0.045314 wt% bar™' Fitted from Figure 10C in Holloway and Blank (1994)
Exponent fy,o 1/0.67404 Fitted from Figure A.1b in Papale (1997)?
Constant ¢y o 14.483 wt% GPa™! Fitted from Figure A.1b in Papale (1997)"
Exponent fy,o 1.747 Table 1 in Lichtenberg et al. (2021)

Constant ¢ o 1.033 x 10° ppmw Pa~!

Table 1 in Lichtenberg et al. (2021)

2Solubility law of the form: Pt = ((XMO

o Mo *0.20882) /gHzo)ﬂuzo.

Table C.2

Results of the 3D convection test between two vertical plates. Comparison of the results
obtained with StreamV on a regular grid with the results obtained in Tric et al. (2000)
on their finest grid for each case considered.

Quantity This study Tric et al. (2000) Relative error
in percents
Ra=10°
Nu 1.0715 1.0700 0.14
max[v,(y = 0.5)] 3.5360 3.54356 0.21
max[v,(y = 0.5)] 3.5365 3.54477 0.23
Uy 3.5360 3.54356 0.21
- 0.1723 0.17331 0.58
3.5365 3.54469 0.23
Ra = 10*
Nu 2.0604 2.0542 0.30
max[v,(y = 0.5)] 16.693 16.71986 0.16
max[v,(y = 0.5)] 18.619 18.6825 0.34
Uy 16.6928 16.7199 0.16
o, 2.1401 2.15657 0.76
v, 18.8847 18.9836 0.52
Ra=10°
Nu 4.3446 4.3370 0.18
max[v,(y = 0.5)] 43.1249 43.0610 0.15
max[v,(y = 0.5)] 65.2327 65.4362 0.31
Uy 43.9553 43.9037 0.12
vy 9.7256 9.6973 0.29
70.9028 71.0680 0.23
Ra=10°
Nu 8.6985 8.6407 0.67
max[v,(y = 0.5)] 123.3032 123.4777 0.14
max[v,(y = 0.5)] 216.2094 218.2578 0.94
[ 126.7283 126.9731 0.19
e 25.3554 25.5650 0.82
234.9607 236.7203 0.74

Appendix C. Benchmark results of the StreamV code in 3D geom-
etry and in the finite Prandtl number context

We considered a convection benchmark proposed in Fusegi et al.
(1991), which is an extension of the 2D test proposed in Davis and
Jones (1983) to 3D geometry. It consists in a cubic domain in which two
opposite vertical sidewalls (chosen here to be located perpendicular
to the x-coordinate, while the z-axis is vertical and oriented opposite
to the gravity vector) have homogeneous distinct temperatures. The
four other walls are insulating, and no-slip conditions are imposed on
all boundaries. The material properties are homogeneous, and in this
case the system is governed by the Prandtl number and the Rayleigh
number already defined (with Ra being defined here in terms of the
temperature difference between the two isothermal vertical sidewalls).
The Prandtl number is set to 0.71, but the Rayleigh number is varied
between 103 and 10°. Convective currents progressively develop and the
system is evolved until reaching steady state at which several quantities
are compared: (i) the average Nusselt number taken at the isothermal
boundaries. In the conservative finite-volume formulation, the latter is
the same on both isothermal boundaries at the steady state; (ii) the
maximum values for the x and z components of the velocity field:

oMP e = max[v, (y = 0.5)], oM = max[v,(y = 0.5)] in the symmetry
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plane (y=0.5); (iii) the maximum values for each component of the
velocity field in the entire domain: v, , v, , v, . We performed
a comparison with the study by Tric et al. (2000) that documents all
the diagnostics mentioned above. Cases for which Ra is lower than 10°
are computed on a grid using 64 x 64 x 64 cubic cells, while the other
cases use 128 x 128 x 128 cubic cells. The results displayed in Table C.2
show that the agreement is good with a relative error smaller than one
percent for each quantities for each case considered.

References

Abe, Y., 1993. Thermal evolution and chemical differentiation of the terrestrial magma
ocean. Evol. Earth Planets 41-54. http://dx.doi.org/10.1029/GM074p0041.

Abe, Y., 1997. Thermal and chemical evolution of the terrestrial magma
ocean. Phys. Earth Planet. Inter. 100 (1-4), 27-39. http://dx.doi.org/10.1016/
S0031-9201(96)03229-3, URL: http://www.sciencedirect.com/science/article/pii/
S$0031920196032293.

Ahlers, G., Grossmann, S., Lohse, D., 2009. Heat transfer and large scale dynamics
in turbulent Rayleigh-Bénard convection. Rev. Modern Phys. http://dx.doi.org/10.
1103/RevModPhys.81.503.

Andrault, D., Bolfan-Casanova, N., Nigro, G.L., Bouhifd, M.A., Garbarino, G.,
Mezouar, M., 2011. Solidus and liquidus profiles of chondritic mantle: Implication
for melting of the Earth across its history. Earth Planet. Sci. Lett. 304, 251-259.
http://dx.doi.org/10.1016/j.epsl.2011.02.006.

Ballmer, M.D., Lourenco, D.L., Hirose, K., Caracas, R., Nomura, R., 2017. Reconciling
magma-ocean crystallization models with the present-day structure of the earth’s
mantle. Geochem. Geophys. Geosyst. 18, 2785-2806. http://dx.doi.org/10.1002/
2017GC006917.

Barth, P., Carone, L., Barnes, R., Noack, L., Molliére, P., Henning, T., 2021. Magma
ocean evolution of the TRAPPIST-1 planets. Astrobiology http://dx.doi.org/10.
1089/ast.2020.2277.

Berlo, K., Gardner, J.E., Blundy, J.D., 2011. Chapter 11. Timescales of magma
degassing. In: Timescales of Magmatic Processes: From Core to Atmosphere. http:
//dx.doi.org/10.1002/9781444328509.ch11.

Bhatia, G.K., 2021. Early thermal evolution of the embryos of Earth: Role of 2°Al and
impact-generated steam atmosphere. Planet. Space Sci. 207, 105335. http://dx.
doi.org/10.1016/j.pss.2021.105335, URL: https://www.sciencedirect.com/science/
article/pii/S0032063321001744.

Bonati, 1., Lichtenberg, T., Bower, D.J., Timpe, M.L., Quanz, S.P., 2019. Direct imaging
of molten protoplanets in nearby young stellar associations. Astron. Astrophys.
621, A125. http://dx.doi.org/10.1051/0004-6361,/201833158, URL: https://www.
aanda.org/10.1051/0004-6361,/201833158.

Bower, D.J., Kitzmann, D., Wolf, A.S., Sanan, P., Dorn, C., Oza, A.V., 2019. Linking
the evolution of terrestrial interiors and an early outgassed atmosphere to as-
trophysical observations. Astron. Astrophys. 631, http://dx.doi.org/10.1051/0004-
6361/201935710.

Brandt, A., 1982. Guide to multigrid development. Lect. Notes Math. 960, 220-312.
http://dx.doi.org/10.1007/BFb0069930.

Breuer, M., Wessling, S., Schmalzl, J., Hansen, U., 2004. Effect of inertia in Rayleigh-
Bénard convection. Phys. Rev. E 69 (2), 26302. http://dx.doi.org/10.1103/
PhysRevE.69.026302, URL: https://link.aps.org/doi/10.1103/PhysRevE.69.026302.

Carroll, M.R., Holloway, J.R., 1994. Volatiles in Magmas, Vol. 30. Mineralogical Society
of America, Washington, DC, United States.

Castaing, B., Gunaratne, G., Heslot, F., Kadanoff, L., Libchaber, A., Thomae, S.,
Wu, X.-Z., Zaleski, S., Zanetti, G., 1989. Scaling of hard thermal turbulence in
Rayleigh-Bénard convection. J. Fluid Mech. 204, 1-30. http://dx.doi.org/10.1017/
$0022112089001643.

Chavanne, X., Chilla, F., Castaing, B., Hébral, B., Chabaud, P.D., Chaussy, J., 1997.
Observation of the ultimate regime in Rayleigh-Bénard convection. Phys. Rev. Lett.
http://dx.doi.org/10.1103/PhysRevLett.79.3648.

Chilla, F., Schumacher, J., 2012. New perspectives in turbulent Rayleigh-Bénard
convection. Eur. Phys. J. E 35 (7), 58. http://dx.doi.org/10.1140/epje/i2012-
12058-1.

Chorin, A., 1968. Numerical solution of the Navier-Stokes equations. Math. Comp. 22,
745-762. http://dx.doi.org/10.2307/2004575.


http://dx.doi.org/10.1029/GM074p0041
http://dx.doi.org/10.1016/S0031-9201(96)03229-3
http://dx.doi.org/10.1016/S0031-9201(96)03229-3
http://dx.doi.org/10.1016/S0031-9201(96)03229-3
http://www.sciencedirect.com/science/article/pii/S0031920196032293
http://www.sciencedirect.com/science/article/pii/S0031920196032293
http://www.sciencedirect.com/science/article/pii/S0031920196032293
http://dx.doi.org/10.1103/RevModPhys.81.503
http://dx.doi.org/10.1103/RevModPhys.81.503
http://dx.doi.org/10.1103/RevModPhys.81.503
http://dx.doi.org/10.1016/j.epsl.2011.02.006
http://dx.doi.org/10.1002/2017GC006917
http://dx.doi.org/10.1002/2017GC006917
http://dx.doi.org/10.1002/2017GC006917
http://dx.doi.org/10.1089/ast.2020.2277
http://dx.doi.org/10.1089/ast.2020.2277
http://dx.doi.org/10.1089/ast.2020.2277
http://dx.doi.org/10.1002/9781444328509.ch11
http://dx.doi.org/10.1002/9781444328509.ch11
http://dx.doi.org/10.1002/9781444328509.ch11
http://dx.doi.org/10.1016/j.pss.2021.105335
http://dx.doi.org/10.1016/j.pss.2021.105335
http://dx.doi.org/10.1016/j.pss.2021.105335
https://www.sciencedirect.com/science/article/pii/S0032063321001744
https://www.sciencedirect.com/science/article/pii/S0032063321001744
https://www.sciencedirect.com/science/article/pii/S0032063321001744
http://dx.doi.org/10.1051/0004-6361/201833158
https://www.aanda.org/10.1051/0004-6361/201833158
https://www.aanda.org/10.1051/0004-6361/201833158
https://www.aanda.org/10.1051/0004-6361/201833158
http://dx.doi.org/10.1051/0004-6361/201935710
http://dx.doi.org/10.1051/0004-6361/201935710
http://dx.doi.org/10.1051/0004-6361/201935710
http://dx.doi.org/10.1007/BFb0069930
http://dx.doi.org/10.1103/PhysRevE.69.026302
http://dx.doi.org/10.1103/PhysRevE.69.026302
http://dx.doi.org/10.1103/PhysRevE.69.026302
https://link.aps.org/doi/10.1103/PhysRevE.69.026302
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb13
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb13
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb13
http://dx.doi.org/10.1017/S0022112089001643
http://dx.doi.org/10.1017/S0022112089001643
http://dx.doi.org/10.1017/S0022112089001643
http://dx.doi.org/10.1103/PhysRevLett.79.3648
http://dx.doi.org/10.1140/epje/i2012-12058-1
http://dx.doi.org/10.1140/epje/i2012-12058-1
http://dx.doi.org/10.1140/epje/i2012-12058-1
http://dx.doi.org/10.2307/2004575

A. Salvador and H. Samuel

Davis, G.D.E.V., Jones, L.P., 1983. Natural convection in a in a square cavity: A
comparison exercise. Internat. J. Numer. Methods Fluids 3 (July 1982), 227-248.
http://dx.doi.org/10.1002/fld.1650030304.

Demouchy, S., Bolfan-Casanova, N., 2016. Distribution and transport of hydrogen in
the lithospheric mantle: A review. Lithos 240-243, 402-425. http://dx.doi.org/10.
1016/j.1ithos.2015.11.012.

Dorn, C., Noack, L., Rozel, A.B., 2018. Outgassing on stagnant-lid super-Earths. Astron.
Astrophys. 614, A18. http://dx.doi.org/10.1051/0004-6361/201731513.

Driscoll, P.E., 2018. Planetary interiors, magnetic fields, and habitability. In: Deeg, H.J.,
Belmonte, J.A. (Eds.), Handbook of Exoplanets. Springer International Publishing,
pp. 2917-2935. http://dx.doi.org/10.1007/978-3-319-55333-7_76.

Elkins-Tanton, L.T., 2008. Linked magma ocean solidification and atmospheric growth
for Earth and Mars. Earth Planet. Sci. Lett. 271 (1-4), 181-191. http://dx.doi.org/
10.1016/j.epsl.2008.03.062.

Elkins-Tanton, L.T., 2012. Magma oceans in the inner solar system. Annu. Rev.
Earth Planet. Sci. 40, 113-139. http://dx.doi.org/10.1146/annurev-earth-042711-
105503.

Foley, B.J., Driscoll, P.E., 2016. Whole planet coupling between climate, mantle, and
core: Implications for rocky planet evolution. Geochem. Geophys. Geosyst. 17 (5),
1885-1914. http://dx.doi.org/10.1002/2015GC006210.

Fusegi, T., Hyun, J.M., Kuwahara, K., 1991. A numerical study of 3D natural convection
in a cube: effects of the horizontal thermal boundary conditions. Fluid Dyn. Res.
8 (5-6), 221-230. http://dx.doi.org/10.1016/0169-5983(91)90044-J.

Gaillard, F., Bouhifd, M.A., Fiiri, E., Malavergne, V., Marrocchi, Y., Noack, L., Or-
tenzi, G., Roskosz, M., Vulpius, S., 2021. The diverse planetary ingassing/outgassing
paths produced over billions of years of magmatic activity. Space Sci. Rev. 217 (1),
22. http://dx.doi.org/10.1007/5s11214-021-00802-1.

Gaillard, F., Scaillet, B., 2014. A theoretical framework for volcanic degassing chem-
istry in a comparative planetology perspective and implications for planetary
atmospheres. Earth Planet. Sci. Lett. 403, http://dx.doi.org/10.1016/j.epsl.2014.
07.009.

Ghia, U., Ghia, K.N., Shin, C.T., 1982. High-Re solutions for incompressible flow using
the Navier-Stokes equations and a multigrid method. J. Comput. Phys. 48, 387-411.
http://dx.doi.org/10.1016/0021-9991(82)90058-4.

Gillmann, C., Golabek, G.J., Raymond, S.N., Schonbachler, M., Tackley, P.J., Dehant, V.,
Debaille, V., 2020. Dry late accretion inferred from Venus’s coupled atmosphere
and internal evolution. Nat. Geosci. 13 (4), 265-269. http://dx.doi.org/10.1038/
$41561-020-0561-x.

Gillmann, C., Tackley, P.J., 2014. Atmosphere/mantle coupling and feedbacks on
Venus. J. Geophys. Res.: Planets 119 (6), 1189-1217. http://dx.doi.org/10.1002/
2013JE004505.

Grossmann, S., Lohse, D., 2000. Scaling in thermal convection: a unifying theory. J.
Fluid Mech. 407, 27-56. http://dx.doi.org/10.1017/50022112099007545.

Hamano, K., Abe, Y., Genda, H., 2013. Emergence of two types of terrestrial planet on
solidification of magma ocean. Nature 497 (7451), 607-610. http://dx.doi.org/10.
1038/nature12163.

Hamano, K., Kawahara, H., Abe, Y., Onishi, M., Hashimoto, G.L., 2015. Lifetime and
spectral evolution of a magma ocean with a steam atmosphere: its detectability by
future direct imaging. Agron. J. 806 (2), http://dx.doi.org/10.1088/0004-637X/
806/2/216.

Hashimoto, G.L., Abe, Y., Sugita, S., 2007. The chemical composition of the early
terrestrial atmosphere: Formation of a reducing atmosphere from CI-like material.
J. Geophys. Res.: Planets 112 (E5), http://dx.doi.org/10.1029/2006JE002844.

Hayashi, C., Nakazawa, K., Mizuno, H., 1979. Earth’s melting due to the blanketing
effect of the primordial dense atmosphere. Earth Planet. Sci. Lett. http://dx.doi.
org/10.1016/0012-821X(79)90152-3.

Heslot, F., Castaing, B., Libchaber, A., 1987. Transitions to turbulence in helium gas.
Phys. Rev. A 36 (12), 5870-5873. http://dx.doi.org/10.1103/PhysRevA.36.5870,
URL: https://link.aps.org/doi/10.1103/PhysRevA.36.5870.

Hoink, T., Schmalzl, J., Hansen, U., 2006. Dynamics of metal-silicate separation in a
terrestrial magma ocean. Geochem. Geophys. Geosyst. 7 (9), http://dx.doi.org/10.
1029/2006GC001268, URL: https://agupubs.onlinelibrary.wiley.com/doi/abs/10.
1029/2006GC001268.

Holloway, J.R., Blank, J.G., 1994. Chapter 6. Application of experimental results to
C-O-H species in natural melts. In: Carroll, M.R., Holloway, J.R. (Eds.), Volatiles
in Magmas. Mineralogical Society of America, Washington, DC, United States,
http://dx.doi.org/10.1515/9781501509674-012.

Tkoma, M., Elkins-Tanton, L., Hamano, K., Suckale, J., 2018. Water partitioning in
planetary embryos and protoplanets with magma oceans. Space Sci. Rev. 214 (4),
76. http://dx.doi.org/10.1007/s11214-018-0508-3.

Ikoma, M., Genda, H., 2006. Constraints on the mass of a habitable planet with water
of nebular origin. Astrophys. J. 648, 696-706. http://dx.doi.org/10.1086/505780.

Karki, B.B., Stixrude, L.P., 2010. Viscosity of MgSiO; liquid at earth’s mantle conditions:
Implications for an early magma ocean. Science 328 (5979), 740-742. http://dx.
doi.org/10.1126/science.1188327.

Kasting, J.F., 1988. Runaway and moist greenhouse atmospheres and the evo-
lution of Earth and Venus. Icarus 74 (3), 472-494. http://dx.doi.org/10.
1016/0019-1035(88)90116-9, URL: http://www.sciencedirect.com/science/article/
Ppii/0019103588901169.

21

Icarus 390 (2023) 115265

Kasting, J.F., Whitmire, D.P., Reynolds, R.T., 1993. Habitable zones around main
sequence stars. Icarus 101 (1), 108-128. http://dx.doi.org/10.1006/icar.1993.1010,
URL: http://www.sciencedirect.com/science/article/pii/S0019103583710109.

Kaula, W.M., 1979. Thermal evolution of earth and moon growing by planetesimal
impacts. J. Geophys. Res.: Solid Earth 84, 999-1008. http://dx.doi.org/10.1029/
JB084iB03p00999.

Keppler, H., Bolfan-Casanova, N., 2006. Thermodynamics of water solubility and
partitioning. Rev. Mineral. Geochem. 62 (1), 193-230. http://dx.doi.org/10.2138/
rmg.2006.62.9.

Kite, E.S., Ford, E.B., 2018. Habitability of exoplanet waterworlds. Astrophys. J. 864,
75. http://dx.doi.org/10.3847/1538-4357 /aad6e0.

Kite, E.S., Manga, M., Gaidos, E., 2009. Geodynamics and rate of volcanism on massive
earth-like planets. Astrophys. J. 700 (2), 1732-1749. http://dx.doi.org/10.1088/
0004-637X/700/2/1732.

Kopparapu, R.K., Ramirez, R.M., SchottelKotte, J., Kasting, J.F., Domagal-Goldman, S.,
Eymet, V., 2014. Habitable zones around main-sequence stars: dependence on
planetary mass. Astrophys. J. Lett. 787 (2), http://dx.doi.org/10.1088/2041-8205/
787/2/L29.

Kraichnan, R.H., 1962. Turbulent thermal convection at arbitrary Prandtl number.
Phys. Fluids 5 (11), 1374-1389. http://dx.doi.org/10.1063/1.1706533, URL: https:
//aip.scitation.org/doi/abs/10.1063/1.1706533.

Krishnamurti, R., Howard, L.N., 1981. Large-scale flow generation in turbulent
convection. Proc. Natl. Acad. Sci. http://dx.doi.org/10.1073/pnas.78.4.1981.
Krissansen-Totton, J., Fortney, J.J., Nimmo, F., 2021a. Was venus ever habitable?
Constraints from a coupled interior-atmosphere-redox evolution model. Planet. Sci.

J. 2, 216. http://dx.doi.org/10.3847/psj/ac2580.

Krissansen-Totton, J., Galloway, M.L., Wogan, N., Dhaliwal, J.K., Fortney, J.J., 2021b.
Waterworlds probably do not experience magmatic outgassing. Astrophys. J. 913,
107. http://dx.doi.org/10.3847,/1538-4357 /abf560.

Kupferman, R., 2002. A central-difference scheme for a pure stream function for-
mulation of incompressible viscous flow. SIAM J. Sci. Comput. 23 (1), 1-18.
http://dx.doi.org/10.1137/51064827500373395.

Labrosse, S., Hernlund, J.W., Coltice, N., 2007. A crystallizing dense magma ocean at
the base of the Earth’s mantle. Nature 450, 866-869. http://dx.doi.org/10.1038/
nature06355.

Lammer, H., Leitzinger, M., Scherf, M., Odert, P., Burger, C., Kubyshkina, D., John-
stone, C., Maindl, T., Schéfer, C.M., Giidel, M., Tosi, N., Nikolaou, A., Marcq, E.,
Erkaev, N.V., Noack, L., Kislyakova, K.G., Fossati, L., Pilat-Lohinger, E., Ragoss-
nig, F., Dorfi, E.A., 2020. Constraining the early evolution of Venus and Earth
through atmospheric Ar, Ne isotope and bulk K/U ratios. Icarus http://dx.doi.org/
10.1016/j.icarus.2019.113551.

Lammer, H., Stokl, A., Erkaev, N.V., Dorfi, E.A., Odert, P., Giidel, M., Kulikov, Y.N.,
Kislyakova, K.G., Leitzinger, M., 2014. Origin and loss of nebula-captured hydrogen
envelopes from ’sub’-to ’super-Earths’ in the habitable zone of Sun-like stars. Mon.
Not. R. Astron. Soc. 439 (4), 3225-3238. http://dx.doi.org/10.1093/mnras/stu085.

Lange, R.A., 1994. Chapter 9. The effect of H,0, CO, and F on the density and viscosity
of silicate melts. In: Carroll, M.R., Holloway, J.R. (Eds.), Volatiles in Magmas.
Mineralogical Society of America Washington, DC, United States, pp. 331-370.
http://dx.doi.org/10.1515/9781501509674-015.

Lange, M.A., Ahrens, T.J., 1982. The evolution of an impact-generated atmosphere.
Icarus 51 (1), 96-120. http://dx.doi.org/10.1016/0019-1035(82)90031-8.

Lebrun, T., Massol, H., Chassefiére, E., Davaille, A., Marcq, E., Sarda, P., Leblanc, F.,
Brandeis, G., 2013. Thermal evolution of an early magma ocean in interaction with
the atmosphere. J. Geophys. Res.: Planets 118 (6), 1155-1176. http://dx.doi.org/
10.1002/jgre.20068.

Lejeune, A.-M., Richet, P., 1995. Rheology of crystal-bearing silicate melts: An exper-
imental study at high viscosities. J. Geophys. Res. 100, 4215-4229. http://dx.doi.
org/10.1029/94JB02985.

Lepot, S., Aumaitre, S., Gallet, B., 2018. Radiative heating achieves the ultimate regime
of thermal convection. Proc. Natl. Acad. Sci. 115 (36), 8937-8941. http://dx.
doi.org/10.1073/pnas.1806823115, URL: https://www.pnas.org/doi/abs/10.1073/
pnas.1806823115.

Lesher, C.E., Spera, F.J., 2015. Chapter 5. Thermodynamic and transport properties of
silicate melts and magma. In: Sigurdsson, H. (Ed.), The Encyclopedia of Volcanoes
(Second Edition). Academic Press, pp. 113-141. http://dx.doi.org/10.1016/B978-
0-12-385938-9.00005-5, URL: https://www.sciencedirect.com/science/article/pii/
B9780123859389000055.

Lichtenberg, T., Bower, D.J., Hammond, M., Boukrouche, R., Sanan, P., Tsai, S.-
M., Pierrehumbert, R.T., 2021. Vertically resolved magma ocean—protoatmosphere
evolution: H,, H,0, CO,, CH,, CO, O,, and N, as primary absorbers. J. Geophys.
Res.: Planets 1-25. http://dx.doi.org/10.1029/2020je006711.

Litasov, K.D., Ohtani, E., 2007. Effect of water on the phase relations in Earth’s mantle
and deep water cycle. In: Ohtani, E. (Ed.), Advances in High-Pressure Mineralogy,
Vol. 421. Geological Society of America, http://dx.doi.org/10.1130/2007.2421(08).

Lohse, D., Grossmann, S., 1992. Scaling in hard turbulent Rayleigh-Benard Row. Phys.
Rev. A 46 (2), 903-917. http://dx.doi.org/10.1017/CB0O9781107415324.004.

Lohse, D., Toschi, F., 2003. Ultimate state of thermal convection. Phys. Rev. Lett. 90
(3), 34502. http://dx.doi.org/10.1103/PhysRevLett.90.034502, URL: https://link.
aps.org/doi/10.1103/PhysRevLett.90.034502.


http://dx.doi.org/10.1002/fld.1650030304
http://dx.doi.org/10.1016/j.lithos.2015.11.012
http://dx.doi.org/10.1016/j.lithos.2015.11.012
http://dx.doi.org/10.1016/j.lithos.2015.11.012
http://dx.doi.org/10.1051/0004-6361/201731513
http://dx.doi.org/10.1007/978-3-319-55333-7_76
http://dx.doi.org/10.1016/j.epsl.2008.03.062
http://dx.doi.org/10.1016/j.epsl.2008.03.062
http://dx.doi.org/10.1016/j.epsl.2008.03.062
http://dx.doi.org/10.1146/annurev-earth-042711-105503
http://dx.doi.org/10.1146/annurev-earth-042711-105503
http://dx.doi.org/10.1146/annurev-earth-042711-105503
http://dx.doi.org/10.1002/2015GC006210
http://dx.doi.org/10.1016/0169-5983(91)90044-J
http://dx.doi.org/10.1007/s11214-021-00802-1
http://dx.doi.org/10.1016/j.epsl.2014.07.009
http://dx.doi.org/10.1016/j.epsl.2014.07.009
http://dx.doi.org/10.1016/j.epsl.2014.07.009
http://dx.doi.org/10.1016/0021-9991(82)90058-4
http://dx.doi.org/10.1038/s41561-020-0561-x
http://dx.doi.org/10.1038/s41561-020-0561-x
http://dx.doi.org/10.1038/s41561-020-0561-x
http://dx.doi.org/10.1002/2013JE004505
http://dx.doi.org/10.1002/2013JE004505
http://dx.doi.org/10.1002/2013JE004505
http://dx.doi.org/10.1017/S0022112099007545
http://dx.doi.org/10.1038/nature12163
http://dx.doi.org/10.1038/nature12163
http://dx.doi.org/10.1038/nature12163
http://dx.doi.org/10.1088/0004-637X/806/2/216
http://dx.doi.org/10.1088/0004-637X/806/2/216
http://dx.doi.org/10.1088/0004-637X/806/2/216
http://dx.doi.org/10.1029/2006JE002844
http://dx.doi.org/10.1016/0012-821X(79)90152-3
http://dx.doi.org/10.1016/0012-821X(79)90152-3
http://dx.doi.org/10.1016/0012-821X(79)90152-3
http://dx.doi.org/10.1103/PhysRevA.36.5870
https://link.aps.org/doi/10.1103/PhysRevA.36.5870
http://dx.doi.org/10.1029/2006GC001268
http://dx.doi.org/10.1029/2006GC001268
http://dx.doi.org/10.1029/2006GC001268
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2006GC001268
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2006GC001268
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2006GC001268
http://dx.doi.org/10.1515/9781501509674-012
http://dx.doi.org/10.1007/s11214-018-0508-3
http://dx.doi.org/10.1086/505780
http://dx.doi.org/10.1126/science.1188327
http://dx.doi.org/10.1126/science.1188327
http://dx.doi.org/10.1126/science.1188327
http://dx.doi.org/10.1016/0019-1035(88)90116-9
http://dx.doi.org/10.1016/0019-1035(88)90116-9
http://dx.doi.org/10.1016/0019-1035(88)90116-9
http://www.sciencedirect.com/science/article/pii/0019103588901169
http://www.sciencedirect.com/science/article/pii/0019103588901169
http://www.sciencedirect.com/science/article/pii/0019103588901169
http://dx.doi.org/10.1006/icar.1993.1010
http://www.sciencedirect.com/science/article/pii/S0019103583710109
http://dx.doi.org/10.1029/JB084iB03p00999
http://dx.doi.org/10.1029/JB084iB03p00999
http://dx.doi.org/10.1029/JB084iB03p00999
http://dx.doi.org/10.2138/rmg.2006.62.9
http://dx.doi.org/10.2138/rmg.2006.62.9
http://dx.doi.org/10.2138/rmg.2006.62.9
http://dx.doi.org/10.3847/1538-4357/aad6e0
http://dx.doi.org/10.1088/0004-637X/700/2/1732
http://dx.doi.org/10.1088/0004-637X/700/2/1732
http://dx.doi.org/10.1088/0004-637X/700/2/1732
http://dx.doi.org/10.1088/2041-8205/787/2/L29
http://dx.doi.org/10.1088/2041-8205/787/2/L29
http://dx.doi.org/10.1088/2041-8205/787/2/L29
http://dx.doi.org/10.1063/1.1706533
https://aip.scitation.org/doi/abs/10.1063/1.1706533
https://aip.scitation.org/doi/abs/10.1063/1.1706533
https://aip.scitation.org/doi/abs/10.1063/1.1706533
http://dx.doi.org/10.1073/pnas.78.4.1981
http://dx.doi.org/10.3847/psj/ac2580
http://dx.doi.org/10.3847/1538-4357/abf560
http://dx.doi.org/10.1137/S1064827500373395
http://dx.doi.org/10.1038/nature06355
http://dx.doi.org/10.1038/nature06355
http://dx.doi.org/10.1038/nature06355
http://dx.doi.org/10.1016/j.icarus.2019.113551
http://dx.doi.org/10.1016/j.icarus.2019.113551
http://dx.doi.org/10.1016/j.icarus.2019.113551
http://dx.doi.org/10.1093/mnras/stu085
http://dx.doi.org/10.1515/9781501509674-015
http://dx.doi.org/10.1016/0019-1035(82)90031-8
http://dx.doi.org/10.1002/jgre.20068
http://dx.doi.org/10.1002/jgre.20068
http://dx.doi.org/10.1002/jgre.20068
http://dx.doi.org/10.1029/94JB02985
http://dx.doi.org/10.1029/94JB02985
http://dx.doi.org/10.1029/94JB02985
http://dx.doi.org/10.1073/pnas.1806823115
http://dx.doi.org/10.1073/pnas.1806823115
http://dx.doi.org/10.1073/pnas.1806823115
https://www.pnas.org/doi/abs/10.1073/pnas.1806823115
https://www.pnas.org/doi/abs/10.1073/pnas.1806823115
https://www.pnas.org/doi/abs/10.1073/pnas.1806823115
http://dx.doi.org/10.1016/B978-0-12-385938-9.00005-5
http://dx.doi.org/10.1016/B978-0-12-385938-9.00005-5
http://dx.doi.org/10.1016/B978-0-12-385938-9.00005-5
https://www.sciencedirect.com/science/article/pii/B9780123859389000055
https://www.sciencedirect.com/science/article/pii/B9780123859389000055
https://www.sciencedirect.com/science/article/pii/B9780123859389000055
http://dx.doi.org/10.1029/2020je006711
http://dx.doi.org/10.1130/2007.2421(08)
http://dx.doi.org/10.1017/CBO9781107415324.004
http://dx.doi.org/10.1103/PhysRevLett.90.034502
https://link.aps.org/doi/10.1103/PhysRevLett.90.034502
https://link.aps.org/doi/10.1103/PhysRevLett.90.034502
https://link.aps.org/doi/10.1103/PhysRevLett.90.034502

A. Salvador and H. Samuel

Lupu, R.E., Zahnle, K., Marley, M.S., Schaefer, L., Fegley, B., Morley, C., Cahoy, K.,
Freedman, R., Fortney, J.J., 2014. The atmospheres of earthlike planets after giant
impact events. Astrophys. J. 784, 27. http://dx.doi.org/10.1088/0004-637X/784/
1/27.

Maas, C., Hansen, U., 2015. Effects of Earth’s rotation on the early differentiation of
a terrestrial magma ocean. J. Geophys. Res.: Solid Earth 120 (11), 7508-7525.
http://dx.doi.org/10.1002/2015JB012053.

Maas, C., Hansen, U., 2019. Dynamics of a terrestrial magma ocean under planetary
rotation: A study in spherical geometry. Earth Planet. Sci. Lett. http://dx.doi.org/
10.1016/j.epsl.2019.02.016.

Malkus, W.V.R., 1954. Discrete transitions in turbulent convection. Proc. R. Soc. A 225
(1161), 185-195. http://dx.doi.org/10.1098/rspa.1954.0196.

Marty, B., 2012. The origins and concentrations of water, carbon, nitrogen and noble
gases on Earth. Earth Planet. Sci. Lett. 313-314, 56-66. http://dx.doi.org/10.1016/
j.epsl.2011.10.040.

Massol, H., Hamano, K., Tian, F., Ikoma, M., Abe, Y., Chassefiére, E., Davaille, A.,
Genda, H., Giidel, M., Hori, Y., Leblanc, F., Marcq, E., Sarda, P., Shematovich, V.I.,
Stokl, A., Lammer, H., 2016. Formation and evolution of protoatmospheres. Space
Sci. Rev. 1-59. http://dx.doi.org/10.1007/s11214-016-0280-1.

Matsui, T., Abe, Y., 1986a. Evolution of an impact-induced atmosphere and magma
ocean on the accreting Earth. Nature 319 (6051), 303-305. http://dx.doi.org/10.
1038/319303a0.

Matsui, T., Abe, Y., 1986b. Impact-induced atmospheres and oceans on Earth and Venus.
Nature 322 (6079), 526-528. http://dx.doi.org/10.1038/322526a0.

Maurice, M., Tosi, N., Samuel, H., Plesa, A.-C., Hiittig, C., Breuer, D., 2017. Onset
of solid-state mantle convection and mixing during magma ocean solidifica-
tion. J. of Geophy. Res.: Planets 122 (1-2), 577-598. http://dx.doi.org/10.1002/
2016JE005250.

Merk, R., Breuer, D., Spohn, T., 2002. Numerical modeling of >°Al-induced radioactive
melting of asteroids considering accretion. Icarus 159, 183-191. http://dx.doi.org/
10.1006/icar.2002.6872.

Miyazaki, Y., Korenaga, J., 2021. Inefficient water degassing inhibits ocean forma-
tion on rocky planets: An insight from self-consistent mantle degassing models.
Astrobiology 22, 713-734. http://dx.doi.org/10.1089/ast.2021.0126.

Miyazaki, Y., Korenaga, J., 2022. A wet heterogeneous mantle creates a habitable world
in the Hadean. Nature 603 (7899), 86-90. http://dx.doi.org/10.1038/s41586-021-
04371-9.

Monteux, J., Andrault, D., Samuel, H., 2016. On the cooling of a deep terres-
trial magma ocean. Earth Planet. Sci. Lett. 448, 140-149. http://dx.doi.org/10.
1016/j.epsl.2016.05.010, URL: https://www.sciencedirect.com/science/article/pii/
$0012821X16302199.

Moore, G., Vennemann, T., Carmichael, I.S.E.,, 1998. An empirical model for the
solubility of H20 in magmas to 3 kilobars. Am. Mineral. 83 (1), 36-42. http:
//dx.doi.org/10.2138/am-1998-0103.

Morbidelli, A., Lunine, J.I., O’Brien, D.P., Raymond, S.N., Walsh, K.J., 2012. Building
terrestrial planets. Annu. Rev. Earth Planet. Sci. 40, 251-275. http://dx.doi.org/
10.1146/annurev-earth-042711-105319.

Nakajima, M., Golabek, G.J., Wiinnemann, K., Rubie, D.C., Burger, C., Melosh, H.J.,
Jacobson, S.A., Manske, L., Hull, S.D., 2021. Scaling laws for the geometry of
an impact-induced magma ocean. Earth Planet. Sci. Lett. 568, 116983. http://dx.
doi.org/10.1016/j.epsl.2021.116983, URL: https://www.sciencedirect.com/science/
article/pii/S0012821X21002429.

Ni, H., Zhang, L., Guo, X., 2016. Water and partial melting of Earth’s mantle. Sci. China
Earth Sci. 59 (4), 720-730. http://dx.doi.org/10.1007/s11430-015-5254-8.

Nikolaou, A., Katyal, N., Tosi, N., Godolt, M., Grenfell, J.L., Rauer, H., 2019. What fac-
tors affect the duration and outgassing of the terrestrial magma ocean? Astrophys.
J. 875 (1), 11. http://dx.doi.org/10.3847,/1538-4357/ab08ed.

Noack, L., Rivoldini, A., Van Hoolst, T., 2017. Volcanism and outgassing of stagnant-lid
planets: Implications for the habitable zone. Phys. Earth Planet. Inter. 269, 40-57.
http://dx.doi.org/10.1016/j.pepi.2017.05.010.

O’Brien, D.P., Izidoro, A., Jacobson, S.A., Raymond, S.N., Rubie, D.C., 2018. The
delivery of water during terrestrial planet formation. Space Sci. Rev. 214 (1), 47.
http://dx.doi.org/10.1007/s11214-018-0475-8.

Ohtani, E., 2020. The role of water in Earth’s mantle. Natl. Sci. Rev. 7, 224-232. http:
//dx.doi.org/10.1093/nsr/nwz071, URL: https://academic.oup.com/nsr/article/7/
1/224/5514012.

Olson, P.L., Sharp, Z.D., 2019. Nebular atmosphere to magma ocean: A model for
volatile capture during Earth accretion. Phys. Earth Planet. Inter. http://dx.doi.
org/10.1016/.pepi.2019.106294.

Ortenzi, G., Noack, L., Sohl, F., Guimond, C.M., Grenfell, J.L., Dorn, C., Schmidt, J.M.,
Vulpius, S., Katyal, N., Kitzmann, D., Rauer, H., 2020. Mantle redox state drives
outgassing chemistry and atmospheric composition of rocky planets. Sci. Rep. 10
(1), 10907. http://dx.doi.org/10.1038/s41598-020-67751-7.

Pan, V., Holloway, J.R., Hervig, R.L., 1991. The pressure and temperature dependence
of carbon dioxide solubility in tholeiitic basalt melts. Geochim. Cosmochim. Acta
55 (6), 1587-1595. http://dx.doi.org/10.1016/0016-7037(91)90130-W.

Papale, P., 1997. Modeling of the solubility of a one-component H,O or CO, fluid in
silicate liquids. Contrib. Mineral. Petrol. 126 (3), 237-251. http://dx.doi.org/10.
1007/5004100050247.

22

Icarus 390 (2023) 115265

Papale, P., 1999. Modeling of the solubility of a two-component H,0+CO, fluid
in silicate liquids. Am. Mineral. 84 (4), 477-492. http://dx.doi.org/10.1007/
5004100050247.

Patocka, V., Calzavarini, E., Tosi, N., 2020. Settling of inertial particles in turbu-
lent Rayleigh-Bénard convection. Phys. Rev. Fluids 5 (11), 114304. http://dx.
doi.org/10.1103/PhysRevFluids.5.114304, URL: https://link.aps.org/doi/10.1103/
PhysRevFluids.5.114304.

Pierrehumbert, R.T., 2010. Principles of Planetary Climate. Cambridge Univ. Press,
Cambridge, URL: https://geosci.uchicago.edu/~rtpl/PrinciplesPlanetaryClimate/
index.html.

van der Poel, E.P., Stevens, R.J.A.M., Lohse, D., 2011. Connecting flow structures and
heat flux in turbulent Rayleigh-Bénard convection. Phys. Rev. E 84 (4), 45303.
http://dx.doi.org/10.1103/PhysRevE.84.045303, URL: https://link.aps.org/doi/10.
1103/PhysRevE.84.045303.

van der Poel, E.P., Stevens, R.J.A.M., Lohse, D., 2013. Comparison between two-
and three-dimensional Rayleigh-Bénard convection. J. Fluid Mech. 736, 177-
194. http://dx.doi.org/10.1017/jfm.2013.488, URL: https://www.cambridge.org/
core/product/identifier/S0022112013004886/type/journal_article.

van der Poel, E.P., Stevens, R.J.A.M., Sugiyama, K., Lohse, D., 2012. Flow states in two-
dimensional Rayleigh-Bénard convection as a function of aspect-ratio and Rayleigh
number. Phys. Fluids 24 (8), 85104. http://dx.doi.org/10.1063/1.4744988.

Raymond, S.N., Mandell, A.M., Sigurdsson, S., 2006. Exotic earths: Forming habitable
worlds with giant planet migration. Science 313 (5792), 1413-1416. http://dx.doi.
org/10.1126/science.1130461.

Raymond, S.N., Quinn, T., Lunine, J.I., 2007. High-resolution simulations of the
final assembly of earth-like planets. 2. Water delivery and planetary habitability.
Astrobiology 7 (1), 66-84. http://dx.doi.org/10.1089/ast.2006.06-0126.

Regenauer-Lieb, K., Yuen, D.A., Branlund, J., 2001. The initiation of subduction:
Criticality by addition of water? Science 294 (5542), 578-580. http://dx.doi.org/
10.1126/science.1063891, URL: http://science.sciencemag.org/content/294/5542/
578.

Robinson, T.D., 2020. Earth as an exoplanet. In: Planetary Astrobiology. pp. 379-416.
http://dx.doi.org/10.2458/azu_uapress_9780816540068-ch015.

Roche, P.-E., 2020. The ultimate state of convection: a unifying picture of very
high Rayleigh numbers experiments. New J. Phys. 22 (7), 073056. http://dx.doi.
org/10.1088/1367-2630/ab9449, URL: https://iopscience.iop.org/article/10.1088/
1367-2630/ab9449.

Roche, P.-E., Gauthier, F., Kaiser, R., Salort, J., 2010. On the triggering of the Ultimate
Regime of convection. New J. Phys. 12 (8), 85014. http://dx.doi.org/10.1088/
1367-2630/12/8/085014.

Rogers, T.M., Glatzmaier, G.A., Woosley, S.E., 2003. Simulations of two-dimensional
turbulent convection in a density-stratified fluid. Phys. Rev. E http://dx.doi.org/
10.1103/PhysRevE.67.026315.

Safronov, V.S., 1978. The heating of the Earth during its formation. Icarus 33 (1), 3-12.
http://dx.doi.org/10.1016,/0019-1035(78)90019-2.

Sakuraba, H., Kurokawa, H., Genda, H., 2019. Impact degassing and atmospheric ero-
sion on Venus, Earth, and Mars during the late accretion. Icarus 317, 48-58. http://
dx.doi.org/10.1016/J.ICARUS.2018.05.035, URL: https://www.sciencedirect.com/
science/article/pii/S0019103518301052?via%3Dihub.

Salvador, A., Massol, H., Davaille, A., Marcq, E., Sarda, P., Chassefiére, E., 2017. The
relative influence of H,0 and CO, on the primitive surface conditions and evolution
of rocky planets. J. Geophys. Res.: Planets 122, 1458-1486. http://dx.doi.org/10.
1002/2017JE005286.

Samuel, H., 2012a. A re-evaluation of metal diapir breakup and equilibration in
terrestrial magma oceans. Earth Planet. Sci. Lett. 313-314, 105-114. http://dx.
doi.org/10.1016/j.eps1.2011.11.001.

Samuel, H., 2012b. Time-domain parallelization for computational geodynamics.
Geochem. Geophys. Geosyst. http://dx.doi.org/10.1029/2011GC003905.

Samuel, H., 2014. A level set two-way wave equation approach for Eulerian interface
tracking. J. Comput. Phys. 259, 617-634. http://dx.doi.org/10.1016/j.jcp.2013.11.
027.

Samuel, H., 2018. A deformable particle-in-cell method for advective transport in
geodynamic modelling. Geophys. J. Int. 214, 1744-1773. http://dx.doi.org/10.
1093/gji/ggy231.

Samuel, H., Evonuk, M., 2010. Modeling advection in geophysical flows with particle
level sets. Geochem. Geophys. Geosyst. 11 (Q08020), http://dx.doi.org/10.1029/
2010GC003081.

Samuel, H., Tackley, P.J., Evonuk, M., 2010. Heat partitioning during core formation
by negative diapirism in terrestrial planets. Earth Planet. Sci. Lett. 290, 13-19.
http://dx.doi.org/10.1016/j.epsl.2009.11.050.

Sasaki, S., Nakazawa, K., 1986. Metal-silicate fractionation in the growing Earth: Energy
source for the terrestrial magma ocean. J. Geophys. Res.: Solid Earth 91 (B9),
9231-9238. http://dx.doi.org/10.1029/JB091iB09p09231, URL: https://agupubs.
onlinelibrary.wiley.com/doi/abs/10.1029/JB091iB09p09231.

Sasaki, S., Nakazawa, K., 1990. Did a primary solar-type atmosphere exist around the
proto-earth? Icarus http://dx.doi.org/10.1016,/0019-1035(90)90101-E.

Schaefer, L., Fegley, B.J., 2010. Chemistry of atmospheres formed during accretion of
the Earth and other terrestrial planets. Icarus 208 (1), 438-448. http://dx.doi.org/
10.1016/j.icarus.2010.01.026, URL: http://www.sciencedirect.com/science/article/
pii/S001910351000045X.


http://dx.doi.org/10.1088/0004-637X/784/1/27
http://dx.doi.org/10.1088/0004-637X/784/1/27
http://dx.doi.org/10.1088/0004-637X/784/1/27
http://dx.doi.org/10.1002/2015JB012053
http://dx.doi.org/10.1016/j.epsl.2019.02.016
http://dx.doi.org/10.1016/j.epsl.2019.02.016
http://dx.doi.org/10.1016/j.epsl.2019.02.016
http://dx.doi.org/10.1098/rspa.1954.0196
http://dx.doi.org/10.1016/j.epsl.2011.10.040
http://dx.doi.org/10.1016/j.epsl.2011.10.040
http://dx.doi.org/10.1016/j.epsl.2011.10.040
http://dx.doi.org/10.1007/s11214-016-0280-1
http://dx.doi.org/10.1038/319303a0
http://dx.doi.org/10.1038/319303a0
http://dx.doi.org/10.1038/319303a0
http://dx.doi.org/10.1038/322526a0
http://dx.doi.org/10.1002/2016JE005250
http://dx.doi.org/10.1002/2016JE005250
http://dx.doi.org/10.1002/2016JE005250
http://dx.doi.org/10.1006/icar.2002.6872
http://dx.doi.org/10.1006/icar.2002.6872
http://dx.doi.org/10.1006/icar.2002.6872
http://dx.doi.org/10.1089/ast.2021.0126
http://dx.doi.org/10.1038/s41586-021-04371-9
http://dx.doi.org/10.1038/s41586-021-04371-9
http://dx.doi.org/10.1038/s41586-021-04371-9
http://dx.doi.org/10.1016/j.epsl.2016.05.010
http://dx.doi.org/10.1016/j.epsl.2016.05.010
http://dx.doi.org/10.1016/j.epsl.2016.05.010
https://www.sciencedirect.com/science/article/pii/S0012821X16302199
https://www.sciencedirect.com/science/article/pii/S0012821X16302199
https://www.sciencedirect.com/science/article/pii/S0012821X16302199
http://dx.doi.org/10.2138/am-1998-0103
http://dx.doi.org/10.2138/am-1998-0103
http://dx.doi.org/10.2138/am-1998-0103
http://dx.doi.org/10.1146/annurev-earth-042711-105319
http://dx.doi.org/10.1146/annurev-earth-042711-105319
http://dx.doi.org/10.1146/annurev-earth-042711-105319
http://dx.doi.org/10.1016/j.epsl.2021.116983
http://dx.doi.org/10.1016/j.epsl.2021.116983
http://dx.doi.org/10.1016/j.epsl.2021.116983
https://www.sciencedirect.com/science/article/pii/S0012821X21002429
https://www.sciencedirect.com/science/article/pii/S0012821X21002429
https://www.sciencedirect.com/science/article/pii/S0012821X21002429
http://dx.doi.org/10.1007/s11430-015-5254-8
http://dx.doi.org/10.3847/1538-4357/ab08ed
http://dx.doi.org/10.1016/j.pepi.2017.05.010
http://dx.doi.org/10.1007/s11214-018-0475-8
http://dx.doi.org/10.1093/nsr/nwz071
http://dx.doi.org/10.1093/nsr/nwz071
http://dx.doi.org/10.1093/nsr/nwz071
https://academic.oup.com/nsr/article/7/1/224/5514012
https://academic.oup.com/nsr/article/7/1/224/5514012
https://academic.oup.com/nsr/article/7/1/224/5514012
http://dx.doi.org/10.1016/j.pepi.2019.106294
http://dx.doi.org/10.1016/j.pepi.2019.106294
http://dx.doi.org/10.1016/j.pepi.2019.106294
http://dx.doi.org/10.1038/s41598-020-67751-7
http://dx.doi.org/10.1016/0016-7037(91)90130-W
http://dx.doi.org/10.1007/s004100050247
http://dx.doi.org/10.1007/s004100050247
http://dx.doi.org/10.1007/s004100050247
http://dx.doi.org/10.1007/s004100050247
http://dx.doi.org/10.1007/s004100050247
http://dx.doi.org/10.1007/s004100050247
http://dx.doi.org/10.1103/PhysRevFluids.5.114304
http://dx.doi.org/10.1103/PhysRevFluids.5.114304
http://dx.doi.org/10.1103/PhysRevFluids.5.114304
https://link.aps.org/doi/10.1103/PhysRevFluids.5.114304
https://link.aps.org/doi/10.1103/PhysRevFluids.5.114304
https://link.aps.org/doi/10.1103/PhysRevFluids.5.114304
https://geosci.uchicago.edu/~rtp1/PrinciplesPlanetaryClimate/index.html
https://geosci.uchicago.edu/~rtp1/PrinciplesPlanetaryClimate/index.html
https://geosci.uchicago.edu/~rtp1/PrinciplesPlanetaryClimate/index.html
http://dx.doi.org/10.1103/PhysRevE.84.045303
https://link.aps.org/doi/10.1103/PhysRevE.84.045303
https://link.aps.org/doi/10.1103/PhysRevE.84.045303
https://link.aps.org/doi/10.1103/PhysRevE.84.045303
http://dx.doi.org/10.1017/jfm.2013.488
https://www.cambridge.org/core/product/identifier/S0022112013004886/type/journal_article
https://www.cambridge.org/core/product/identifier/S0022112013004886/type/journal_article
https://www.cambridge.org/core/product/identifier/S0022112013004886/type/journal_article
http://dx.doi.org/10.1063/1.4744988
http://dx.doi.org/10.1126/science.1130461
http://dx.doi.org/10.1126/science.1130461
http://dx.doi.org/10.1126/science.1130461
http://dx.doi.org/10.1089/ast.2006.06-0126
http://dx.doi.org/10.1126/science.1063891
http://dx.doi.org/10.1126/science.1063891
http://dx.doi.org/10.1126/science.1063891
http://science.sciencemag.org/content/294/5542/578
http://science.sciencemag.org/content/294/5542/578
http://science.sciencemag.org/content/294/5542/578
http://dx.doi.org/10.2458/azu_uapress_9780816540068-ch015
http://dx.doi.org/10.1088/1367-2630/ab9449
http://dx.doi.org/10.1088/1367-2630/ab9449
http://dx.doi.org/10.1088/1367-2630/ab9449
https://iopscience.iop.org/article/10.1088/1367-2630/ab9449
https://iopscience.iop.org/article/10.1088/1367-2630/ab9449
https://iopscience.iop.org/article/10.1088/1367-2630/ab9449
http://dx.doi.org/10.1088/1367-2630/12/8/085014
http://dx.doi.org/10.1088/1367-2630/12/8/085014
http://dx.doi.org/10.1088/1367-2630/12/8/085014
http://dx.doi.org/10.1103/PhysRevE.67.026315
http://dx.doi.org/10.1103/PhysRevE.67.026315
http://dx.doi.org/10.1103/PhysRevE.67.026315
http://dx.doi.org/10.1016/0019-1035(78)90019-2
http://dx.doi.org/10.1016/J.ICARUS.2018.05.035
http://dx.doi.org/10.1016/J.ICARUS.2018.05.035
http://dx.doi.org/10.1016/J.ICARUS.2018.05.035
https://www.sciencedirect.com/science/article/pii/S0019103518301052?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0019103518301052?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0019103518301052?via%3Dihub
http://dx.doi.org/10.1002/2017JE005286
http://dx.doi.org/10.1002/2017JE005286
http://dx.doi.org/10.1002/2017JE005286
http://dx.doi.org/10.1016/j.epsl.2011.11.001
http://dx.doi.org/10.1016/j.epsl.2011.11.001
http://dx.doi.org/10.1016/j.epsl.2011.11.001
http://dx.doi.org/10.1029/2011GC003905
http://dx.doi.org/10.1016/j.jcp.2013.11.027
http://dx.doi.org/10.1016/j.jcp.2013.11.027
http://dx.doi.org/10.1016/j.jcp.2013.11.027
http://dx.doi.org/10.1093/gji/ggy231
http://dx.doi.org/10.1093/gji/ggy231
http://dx.doi.org/10.1093/gji/ggy231
http://dx.doi.org/10.1029/2010GC003081
http://dx.doi.org/10.1029/2010GC003081
http://dx.doi.org/10.1029/2010GC003081
http://dx.doi.org/10.1016/j.epsl.2009.11.050
http://dx.doi.org/10.1029/JB091iB09p09231
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JB091iB09p09231
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JB091iB09p09231
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JB091iB09p09231
http://dx.doi.org/10.1016/0019-1035(90)90101-E
http://dx.doi.org/10.1016/j.icarus.2010.01.026
http://dx.doi.org/10.1016/j.icarus.2010.01.026
http://dx.doi.org/10.1016/j.icarus.2010.01.026
http://www.sciencedirect.com/science/article/pii/S001910351000045X
http://www.sciencedirect.com/science/article/pii/S001910351000045X
http://www.sciencedirect.com/science/article/pii/S001910351000045X

A. Salvador and H. Samuel

Schaefer, L., Wordsworth, R.D., Berta-Thompson, Z., Sasselov, D., 2016. Predictions
of the atmospheric composition of GJ 1132b. Astrophys. J. 829 (2), 63, URL:
http://stacks.iop.org/0004-637X/829/i=2/a=63.

Schlichting, H.E., Mukhopadhyay, S., 2018. Atmosphere impact losses. Space Sci. Rev.
214 (1), 34. http://dx.doi.org/10.1007/s11214-018-0471-z.

Schlichting, H.E., Sari, R., Yalinewich, A., 2015. Atmospheric mass loss during planet
formation: The importance of planetesimal impacts. Icarus http://dx.doi.org/10.
1016/j.icarus.2014.09.053.

Schmalzl, J., Breuer, M., Hansen, U., 2002. The influence of the Prandtl number on
the style of vigorous thermal convection. Geophys. Astrophys. Fluid Dyn. 96 (5),
381-403. http://dx.doi.org/10.1080,/0309192021000049929.

Schmalzl, J., Breuer, M., Hansen, U., 2004. On the validity of two-dimensional
numerical approaches to time-dependent thermal convection. Europhys. Lett. (EPL)
67 (3), 390-396. http://dx.doi.org/10.1209/epl/i2003-10298-4.

Schubert, G., Turcotte, D., Olson, P., 2001. Mantle Convection in the Earth
and Planets. Cambridge University Press, Cambridge, http://dx.doi.org/10.1017/
CB09780511612879.

Siggia, E., 1994. High Rayleigh number convection. Annu. Rev. Fluid Mech. 26 (1),
137-168. http://dx.doi.org/10.1146/annurev.fluid.26.1.137.

Smith, A.J.R.W., Feng, Y.K., Fortney, J.J., Robinson, T.D., Marley, M.S., Lupu, R.E.,
Lewis, N.K., 2020. Detecting and characterizing water vapor in the atmospheres of
earth analogs through observation of the 0.94 pm feature in reflected light. Astron.
J. 159 (2), 36. http://dx.doi.org/10.3847/1538-3881/ab5a8a.

Solomatov, V., 2000. Fluid dynamics of a terrestrial magma ocean. In: Origin of the
Earth and Moon. pp. 323-338.

Solomatov, V., 2015. 9.04 - Magma oceans and primordial mantle differentiation. In:
Schubert, G. (Ed.), Treatise on Geophysics (Second Edition), second ed. Elsevier,
Oxford, pp. 81-104. http://dx.doi.org/10.1016/B978-0-444-53802-4.00155-X.

Sparks, R.S.J., 1978. The dynamics of bubble formation and growth in mag-
mas: A review and analysis. J. Volcanol. Geotherm. Res. 3 (1), 1-37. http://
dx.doi.org/10.1016,/0377-0273(78)90002-1, URL: https://www.sciencedirect.com/
science/article/pii/0377027378900021.

Sparks, R.S.J., Barclay, J., Jaupart, C., Mader, H.M., Phillips, J.C., 1994. Chapter 11a.
Physical aspects of magma degassing I. Experimental and theoretical constraints
on vesiculation. In: Carroll, M.R., Holloway, J.R. (Eds.), Volatiles in Magmas.
Mineralogical Society of America Washington, DC, United States, pp. 413-446.
http://dx.doi.org/10.1515/9781501509674-017.

Stevens, R.J.A.M., Blass, A., Zhu, X., Verzicco, R., Lohse, D., 2018. Turbulent thermal
superstructures in Rayleigh-Bénard convection. Phys. Rev. Fluids 3 (4), 041501.
http://dx.doi.org/10.1103/PhysRevFluids.3.041501, URL: https://link.aps.org/doi/
10.1103/PhysRevFluids.3.041501.

Stevens, R.J.A.M., van der Poel, E.P., Grossmann, S., Lohse, D., 2013. The unifying
theory of scaling in thermal convection: the updated prefactors. J. Fluid Mech. 730,
295-308. http://dx.doi.org/10.1017/jfm.2013.298, URL: https://www.cambridge.
org/core/product/identifier/5002211201300298X/type/journal_article.

Stevenson, D.J., 1981. Models of the Earth’s core. Science 214, 611-619. http://dx.doi.
org/10.1126/science.214.4521.611.

Tonks, W.B., Melosh, H.J., 1993. Magma ocean formation due to giant impacts. J.
Geophys. Res.: Planets 98 (E3), 5319-5333. http://dx.doi.org/10.1029/92JE02726.

Tosi, N., Godolt, M., Stracke, B., Ruedas, T., Grenfell, J.L., Honing, D., Nikolaou, A.,
Plesa, A.C., Breuer, D., Spohn, T., 2017. The habitability of a stagnant-lid Earth.
Astron. Astrophys. 605, http://dx.doi.org/10.1051/0004--6361/201730728.

Tosi, N., Stein, C., Noak, L., Hiittig, C., Maierova, P., Samuel, H., Davies, D.,
Wilson, C.R., Kramer, C., Thieulot, C., Glerum, A., Fraters, M., Spakman, W.,
Rozel, A., Tackley, P.J., 2015. A community benchmark for viscoplastic thermal
convection in a 2-D squared box. Geochem. Geophys. Geosyst. 16, http://dx.doi.
org/10.1002/2015GC005807.

23

Icarus 390 (2023) 115265

Tric, E., Labrosse, G., Betrouni, M., 2000. A first incursion into the 3D structure of
natural convection of air in a differentially heated cubic cavity, from accurate
numerical solutions. Int. J. Heat Mass Transfer 43, 4043-4056. http://dx.doi.org/
10.1016/50017-9310(00)00037-5.

Turbet, M., Bolmont, E., Ehrenreich, D., Gratier, P., Leconte, J., Selsis, F., Hara, N.,
Lovis, C., 2020. Revised mass-radius relationships for water-rich rocky planets
more irradiated than the runaway greenhouse limit. Astron. Astrophys. 638, A41.
http://dx.doi.org/10.1051/0004-6361/201937151.

Turbet, M., Ehrenreich, D., Lovis, C., Bolmont, E., Fauchez, T., 2019. The runaway
greenhouse radius inflation effect - An observational diagnostic to probe water on
earth-sized planets and test the habitable zone concept. Astron. Astrophys. 628,
A12. http://dx.doi.org/10.1051,/0004-6361/201935585.

Urbain, G., Bottinga, Y., Richet, P., 1982. Viscosity of liquid silica, silicates
and alumino-silicates. Geochim. Cosmochim. Acta 46 (6), 1061-1072. http://
dx.doi.org/10.1016,/0016-7037(82)90059-X, URL: https://www.sciencedirect.com/
science/article/pii/001670378290059X.

Venturini, J., Ronco, M.P., Guilera, O.M., 2020. Setting the stage: Planet formation and
volatile delivery. Space Sci. Rev. 216 (5), 86. http://dx.doi.org/10.1007/s11214-
020-00700-y.

Vincent, A.P., Yuen, D.A., 1999. Plumes and waves in two-dimensional turbulent
thermal convection. Phys. Rev. E http://dx.doi.org/10.1103/PhysRevE.60.2957.
Vincent, A., Yuen, D., 2000. Transition to turbulent thermal convection beyond Ra=10'"
detected in numerical simulations. Phys. Rev. E 61, http://dx.doi.org/10.1103/

PhysRevE.61.5241.

Wallace, P., Anderson Jr., A.T., 1999. Volatiles in magmas. In: Encyclopedia of
Volcanoes, first ed. Academic Press.

Wallace, J.M., Hobbs, P.V., 2006. Atmospheric Science: An Introductory Survey, second
ed. Academic Press, http://dx.doi.org/10.1016/C2009-0-00034-8.

Westall, F., Brack, A., 2018. The importance of water for life. Space Sci. Rev. 214 (2),
50. http://dx.doi.org/10.1007/s11214-018-0476-7.

Wood, J.A., Dickey, Jr., J.S., Marvin, U.B., Powell, B.N., 1970. Lunar anorthosites and
a geophysical model of the moon. Geochim. Cosmochim. Acta Suppl. 1, 965-988,
Proceeding of the Apollo 11 Lunar Science Conference.

Wright, J.T., Fakhouri, O., Marcy, G.W., Han, E., Feng, Y., Johnson, J.A., Howard, AW.,
Fischer, D.A., Valenti, J.A., Anderson, J., Piskunov, N., 2011. The exoplanet
orbit database. Publ. Astron. Soc. Pac. 123 (902), 412. http://dx.doi.org/10.1086/
659427.

Wu, X.Z., Libchaber, A., 1992. Scaling relations in thermal turbulence: The aspect-ratio
dependence. Phys. Rev. A http://dx.doi.org/10.1103/PhysRevA.45.842.

Zahnle, K.J., Arndt, N., Cockell, C., Halliday, A., Nisbet, E., Selsis, F., Sleep, N.H.,
2007. Emergence of a habitable planet. Space Sci. Rev. http://dx.doi.org/10.1007/
$11214-007-9225-z.

Zahnle, K.J., Kasting, J.F., Pollack, J.B., 1988. Evolution of a steam atmosphere
during Earth’s accretion. Icarus 74 (1), 62-97. http://dx.doi.org/10.1016/0019-
1035(88)90031-0.

Zahnle, K.J., Lupu, R., Catling, D.C., Wogan, N., 2020. Creation and evolution of impact-
generated reduced atmospheres of early earth. Planet. Sci. J. 11. http://dx.doi.org/
10.3847/PSJ/ab7e2c, URL: https://iopscience.iop.org/article/10.3847/PSJ/ab7e2c.

Zahnle, K.J., Schaefer, L., Fegley, B., 2010. Earth’s earliest atmospheres. Cold Spring
Harbor Perspect. Biol. 2 (10), a004895. http://dx.doi.org/10.1101/cshperspect.
2004895, URL: http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.
a004895.


http://stacks.iop.org/0004-637X/829/i=2/a=63
http://dx.doi.org/10.1007/s11214-018-0471-z
http://dx.doi.org/10.1016/j.icarus.2014.09.053
http://dx.doi.org/10.1016/j.icarus.2014.09.053
http://dx.doi.org/10.1016/j.icarus.2014.09.053
http://dx.doi.org/10.1080/0309192021000049929
http://dx.doi.org/10.1209/epl/i2003-10298-4
http://dx.doi.org/10.1017/CBO9780511612879
http://dx.doi.org/10.1017/CBO9780511612879
http://dx.doi.org/10.1017/CBO9780511612879
http://dx.doi.org/10.1146/annurev.fluid.26.1.137
http://dx.doi.org/10.3847/1538-3881/ab5a8a
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb125
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb125
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb125
http://dx.doi.org/10.1016/B978-0-444-53802-4.00155-X
http://dx.doi.org/10.1016/0377-0273(78)90002-1
http://dx.doi.org/10.1016/0377-0273(78)90002-1
http://dx.doi.org/10.1016/0377-0273(78)90002-1
https://www.sciencedirect.com/science/article/pii/0377027378900021
https://www.sciencedirect.com/science/article/pii/0377027378900021
https://www.sciencedirect.com/science/article/pii/0377027378900021
http://dx.doi.org/10.1515/9781501509674-017
http://dx.doi.org/10.1103/PhysRevFluids.3.041501
https://link.aps.org/doi/10.1103/PhysRevFluids.3.041501
https://link.aps.org/doi/10.1103/PhysRevFluids.3.041501
https://link.aps.org/doi/10.1103/PhysRevFluids.3.041501
http://dx.doi.org/10.1017/jfm.2013.298
https://www.cambridge.org/core/product/identifier/S002211201300298X/type/journal_article
https://www.cambridge.org/core/product/identifier/S002211201300298X/type/journal_article
https://www.cambridge.org/core/product/identifier/S002211201300298X/type/journal_article
http://dx.doi.org/10.1126/science.214.4521.611
http://dx.doi.org/10.1126/science.214.4521.611
http://dx.doi.org/10.1126/science.214.4521.611
http://dx.doi.org/10.1029/92JE02726
http://dx.doi.org/10.1051/0004--6361/201730728
http://dx.doi.org/10.1002/2015GC005807
http://dx.doi.org/10.1002/2015GC005807
http://dx.doi.org/10.1002/2015GC005807
http://dx.doi.org/10.1016/S0017-9310(00)00037-5
http://dx.doi.org/10.1016/S0017-9310(00)00037-5
http://dx.doi.org/10.1016/S0017-9310(00)00037-5
http://dx.doi.org/10.1051/0004-6361/201937151
http://dx.doi.org/10.1051/0004-6361/201935585
http://dx.doi.org/10.1016/0016-7037(82)90059-X
http://dx.doi.org/10.1016/0016-7037(82)90059-X
http://dx.doi.org/10.1016/0016-7037(82)90059-X
https://www.sciencedirect.com/science/article/pii/001670378290059X
https://www.sciencedirect.com/science/article/pii/001670378290059X
https://www.sciencedirect.com/science/article/pii/001670378290059X
http://dx.doi.org/10.1007/s11214-020-00700-y
http://dx.doi.org/10.1007/s11214-020-00700-y
http://dx.doi.org/10.1007/s11214-020-00700-y
http://dx.doi.org/10.1103/PhysRevE.60.2957
http://dx.doi.org/10.1103/PhysRevE.61.5241
http://dx.doi.org/10.1103/PhysRevE.61.5241
http://dx.doi.org/10.1103/PhysRevE.61.5241
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb142
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb142
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb142
http://dx.doi.org/10.1016/C2009-0-00034-8
http://dx.doi.org/10.1007/s11214-018-0476-7
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb145
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb145
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb145
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb145
http://refhub.elsevier.com/S0019-1035(22)00357-8/sb145
http://dx.doi.org/10.1086/659427
http://dx.doi.org/10.1086/659427
http://dx.doi.org/10.1086/659427
http://dx.doi.org/10.1103/PhysRevA.45.842
http://dx.doi.org/10.1007/s11214-007-9225-z
http://dx.doi.org/10.1007/s11214-007-9225-z
http://dx.doi.org/10.1007/s11214-007-9225-z
http://dx.doi.org/10.1016/0019-1035(88)90031-0
http://dx.doi.org/10.1016/0019-1035(88)90031-0
http://dx.doi.org/10.1016/0019-1035(88)90031-0
http://dx.doi.org/10.3847/PSJ/ab7e2c
http://dx.doi.org/10.3847/PSJ/ab7e2c
http://dx.doi.org/10.3847/PSJ/ab7e2c
https://iopscience.iop.org/article/10.3847/PSJ/ab7e2c
http://dx.doi.org/10.1101/cshperspect.a004895
http://dx.doi.org/10.1101/cshperspect.a004895
http://dx.doi.org/10.1101/cshperspect.a004895
http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a004895
http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a004895
http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a004895

	Convective outgassing efficiency in planetary magma oceans: Insights from computational fluid dynamics
	Introduction
	Methods 
	Results 
	Global properties of the convective flow
	Characterization of the fluid ability to reach shallow depths
	Description of the global distribution of the minimum depth reached by fluid parcels
	Magma ocean dynamic outgassing model and simple predictions

	Application to outgassing in vigorously convecting silicate planetary magma oceans 
	Estimation of the exsolution depths
	Magma ocean governing parameters and convective timescales
	Results: outgassing model predictions
	Influence of the convective strength and of the planet size
	Influence of the initial volatile content
	Model limitations and future directions


	Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A. Effect of solubility laws
	Appendix B. Influence of the exsolution depth on the magma ocean exsolution time
	Appendix C. Benchmark results of the StreamV code in 3D geometry and in the finite Prandtl number context
	References


