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Emergence of two types of terrestrial planet on
solidification of magma ocean
Keiko Hamano1, Yutaka Abe1 & Hidenori Genda1,2

ref. 11 for a further explanation). Because the net incoming stellar
radiation in the zone of formation of terrestrial planets can be smaller
or larger than this radiation limit, it can be speculated from heat
balance that the presence of such a limit would produce an evolutionary dichotomy between terrestrial planets. The effect of the radiation
limit, however, was neglected in a previously proposed coupled model
for a deep magma ocean and steam atmosphere6. In addition, the
greenhouse effect of water vapour has not been fully considered.
Here we perform radiative–convective equilibrium calculations to
enable our model to be used to calculate the radiation limit for a saturated steam atmosphere. In addition we take into account the water loss
associated with hydrodynamic escape12, which is expected to occur in
parallel with magma-ocean solidification. Competition between degassing and water loss determines whether the steam atmosphere grows or
escapes. This would affect not only the thermal evolution of planets but
also the planetary water inventory at the time of complete solidification.
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Understanding the origins of the diversity in terrestrial planets is a
fundamental goal in Earth and planetary sciences. In the Solar
System, Venus has a similar size and bulk composition to those
of Earth, but it lacks water1–3. Because a richer variety of exoplanets
is expected to be discovered, prediction of their atmospheres and
surface environments requires a general framework for planetary
evolution. Here we show that terrestrial planets can be divided into
two distinct types on the basis of their evolutionary history during
solidification from the initially hot molten state expected from the
standard formation model4,5. Even if, apart from their orbits, they
were identical just after formation, the solidified planets can have
different characteristics. A type I planet, which is formed beyond a
certain critical distance from the host star, solidifies within several
million years. If the planet acquires water during formation, most
of this water is retained and forms the earliest oceans. In contrast,
on a type II planet, which is formed inside the critical distance, a
magma ocean can be sustained for longer, even with a larger initial
amount of water. Its duration could be as long as 100 million years
if the planet is formed together with a mass of water comparable to
the total inventory of the modern Earth. Hydrodynamic escape
desiccates type II planets during the slow solidification process.
Although Earth is categorized as type I, it is not clear which type
Venus is because its orbital distance is close to the critical distance.
However, because the dryness of the surface and mantle predicted
for type II planets is consistent with the characteristics of Venus, it
may be representative of type II planets. Also, future observations
may have a chance to detect not only terrestrial exoplanets covered
with water ocean but also those covered with magma ocean around
a young star.
Theoretical studies on planet formation suggest that Earth-sized
planets (Earth and Venus) should form as a result of giant impacts
between protoplanets4, and probably all start their lives in a globally
molten state5. The earliest phase of planetary evolution is thus solidification of a magma ocean, which provides the initial conditions for
mantle differentiation and distribution of volatiles between the interior
and the surface6. The timing of the end of this phase also determines
the starting point for subsequent events such as water ocean formation,
and possibly the onset of plate tectonics and the development of life.
The thermal evolution of a magma ocean is closely linked to the
formation of a steam atmosphere6–8. A massive steam atmosphere
decreases outgoing radiation from the planet through its strong greenhouse effects, and thus delays the solidification process. Degassing
from a solidifying magma ocean can in turn greatly increase the
amount of the steam atmosphere6. Therefore, evaluating the outgoing
radiation during atmospheric evolution is the key to understanding the
earliest thermal history of the planet.
Particularly for a hot steam atmosphere above a magma ocean,
previous studies have shown that the outgoing radiation has a lower
limit (about 300 W m22) owing to saturation of the upper troposphere
with water vapour9–11. This is because its thermal structure is uniquely
determined by the saturated-vapour-pressure curve of water (see
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Figure 1 | Typical evolution of a type I planet. Evolution of a planet located at
1 AU, with an initial water mass of five times the current ocean mass on Earth
(MEO, 1.4 3 1021 kg). The grey dotted lines in the bottom panel indicate the
radiation limits11. At ,0.7 Myr, the planetary radiation reaches the
tropospheric radiation limit. After that, the heat flux from the magma ocean
(MO) becomes constant. This results in rapid solidification at ,4 Myr. The
solidification time and final water partitioning are comparable to those
reported in ref. 6 for a MO 2,000 km deep on Earth and a total water mass of
,10MEO.
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Figure 1 shows the typical evolution of an Earth-sized planet located
at a distance of 1 AU from its parent star. Because of the high solubility
of water in silicate melts, a sizeable fraction of the water dissolves in the
initial deep magma ocean. As the magma solidifies, degassing of water
from the interior leads to an increase in the atmospheric mass. At
about 0.2 million years (Myr), because of the growth of the atmosphere
combined with the decrease in temperature, the atmosphere starts to
be saturated with water vapour at the tropopause. As the saturation
front moves deeper into the troposphere, the planetary radiation
decreases until it finally becomes equal to the tropospheric radiation
limit at about 0.7 Myr. The outgoing radiation flux then remains constant throughout the subsequent solidification period.
The overall solidification time is about 4 Myr in this case, and is
mainly determined by the minimum net heat flux; this is defined as the
difference between the radiation limit and the net incident stellar
radiation. The existence of a minimum heat flux after saturation gives
rise to rapid solidification because further atmospheric growth has no
effect on the cooling rate of the planet. Hydrodynamic escape makes
little contribution to the water inventory during the short magmaocean period. We refer to this type of planet as type I.
This mechanism does not apply to the evolution of a planet at 0.7 AU
(Fig. 2), in which the net incident stellar radiation exceeds the tropospheric radiation limit. In the earlier stages up to ,0.2 Myr, its
evolution is similar to that of a type I planet. However, at ,1 Myr
the outgoing radiation almost balances the net incident stellar radiation before a sufficiently deep part of the troposphere becomes saturated. This results in an extremely low heat flux so that the magma
ocean is sustained for about 100 Myr, much longer than the value of
4 Myr at 1 AU, for an initial water amount of five times the current
ocean mass on Earth (5MEO). During this period there is a large
decrease in the total water inventory of the planet.
The solidification rate is mainly governed by the water loss rate due
to hydrodynamic escape. Because the outgoing radiation must exceed

Total

Magma ocean

0.1

Atmosphere
Solid mantle

0.01
0.001
1600
0.001
0.001

0.0 1

1,200

0.1
1
Planetary radiation

10

0.1

0.01

0.0 1
Atmosphere

0.001

0.001
Interior

Radiation
limits11
Stratospheric
Tropospheric

400

1

10

Total

100

Heat flux
from MO

Net stellar radiation
0
0.001
0.01
0.1

0.1

l

2000
2,000
1500
1,500

Cumulates

1

l

Melts

Temperature

1

Ini
tia

Reservoir size (MEO)

3000
3,000
2500
2,500

1

800

10

Atmosphere

Atmosphere

Final size of water reservoir (MEO)

0
10
1

Total

Upper limit for cooling

50
50

1000

Energy flux (W m–2)

10

Ini
tia

100
100

b

a

MO solidification

Temperature (K)

Cumulate Atmospheric
fraction pressure (bar)

Saturation by water vapour at tropopause

the incident stellar radiation for cooling, the steam atmosphere must
be optically thinner for lower surface temperatures (Fig. 2), so that a
net loss of the steam atmosphere is required. We refer to this type of
planet as type II.
These two types of planet also have a different partitioning of water
between the atmosphere and the interior (Fig. 3). For the type I planet
at 1 AU, the total water inventory becomes less susceptible to loss for
larger initial water masses. The primary water reservoir is the steam
atmosphere, whereas the deep interior accounts for only a small percentage of the planetary water inventory. In contrast, the type II planet
at 0.7 AU becomes desiccated during the longer magma-ocean period.
The final total water inventory is less than 0.1MEO even for an initial
value of 10MEO. In addition, as the initial water inventory increases,
the interior reservoir becomes larger than that of the atmosphere.
Figure 4 shows the solidification time and final total water inventory
for Earth-sized planets within the terrestrial planet formation zone.
The solidification time (see Supplementary Information for analytical
expressions) is seen to peak at about 0.8 AU. Planets located beyond this
range are classified as type I, whereas those inside it are classified as
type II. Type I planets have maximum solidification times typically as
short as several million years owing to the minimum heat flux. Because
only a limited amount of hydrodynamic escape can occur within such
a short period, it has a reduced impact on the thermal history and
water budget of the planet. Soon after solidification, water oceans
would probably form on the surface.
For a type I planet, the initial total water inventory simply affects the
volume of the earliest oceans, whereas it has a strong influence on the
solidification time for a type II planet. As seen in Fig. 4, the duration of
the magma-ocean phase agrees well with the time required for total loss
of the primordial water. This reflects the fact that the type II planet must
lose water to cool down, and consequently a larger water endowment
results in a longer magma-ocean period. The final total water inventory
of type II planets never exceeds 0.1 MEO, irrespective of the initial value.
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Figure 2 | Typical evolution of a type II planet. As in Fig. 1, but for an orbital
distance of 0.7 AU. The net incident stellar radiation is larger than the
tropospheric radiation limit. At ,1 Myr, planetary radiation almost balances
the net stellar radiation. The subsequent heat flux from the MO is controlled by
the rate of water loss. The dashed black line in the top panel represents the
upper limit of atmospheric pressure for cooling, for which the planetary
radiation is equal to the net stellar flux. The MO period is ,100 Myr, much
longer than that for a type I planet.

Figure 3 | Water partitioning between steam atmosphere and planetary
interior. The amount of water depends on the rate of loss and the duration of
the MO period. a, Planet at 1 AU (type I). Most of the primordial water remains
and contributes to the steam atmosphere at the time of complete solidification.
b, Planet at 0.7 AU (type II). The final total mass of water is less than 0.1MEO.
The planetary interior may become the dominant reservoir if water is
incorporated before the silicate melts become desiccated. The effect of a surface
thermal boundary layer is discussed in Supplementary Information.
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Figure 4 | Two distinct types of terrestrial planet. The upper x axis shows the
corresponding initial net stellar radiation. The arrow indicates the tropospheric
radiation limit. The critical orbital distance acr of ,0.76 AU separates the orbital
regimes of the two types of planet. a, Solidification time. The dotted lines show
the time required for complete loss of primordial water. This provides a good
approximation of the solidification time of type II planets. The maximum
solidification time for type I planets is also shown (see Supplementary
Information). b, Total water inventory at the time of complete solidification. A
strong transition is exhibited at about acr.

The different mechanisms determining the solidification rate thus also
lead to a sharp transition in the planetary water budget.
Whether a type I or a type II planet is formed around a star depends
on the critical orbital distance acr, which is defined as the distance at
which the net stellar flux that the planet receives equals the tropospheric radiation limit Flim of the steam atmosphere,


{1=2 
 
Flim
Sstl (t0 ) 1=2 1{a 1=2
AU ð1Þ
acr <0:76
0:7S8
1{0:3
294 W m{2
where Sstl(t0) is the stellar constant at a stellar age t0 when solidification starts. S[ is the current solar constant and a is the planetary
albedo. acr, which is about 0.76 in our model, can range from about
0.6 to 0.8 AU, as a result of parameter uncertainties and the atmospheric
model used.
Earth is located at a distance of 1 AU from the Sun, which is sufficiently far for it to be a type I planet. Its deep interior would probably
have solidified within about 5 Myr, even if it had acquired as much or
more water than the current total inventory (,1.25–5MEO)13. This
would support the rapid solidification and ocean formation condition
suggested from geochemical data14,15. The overall water budget would
have been only slightly affected by hydrodynamic escape, but this modest loss might still have contributed to oxidization of the interior through
selective escape of hydrogen over oxygen. If a simple assumption is made

that all of the dissociated oxygen atoms were consumed by oxidation of
ferrous iron, the bulk Fe2O3 content in the early mantle would have
increased by up to about 0.07wt% during the first several million years
of Earth’s history. This value is comparable to the current Fe2O3 content
in the upper mantle (.0.2wt%)16 and is consistent with the idea of an
oxidized mantle possibly as early as 4.4 Gyr ago (ref. 17).
Because Venus’s orbital distance of about 0.72 AU places it on the
border zone, it is not exactly clear which planetary type it should be
classified as. However, the significant water loss for a type II planet
during the magma-ocean period might explain its dry interior and the
fate of the remnant oxygen. The absence of water on its surface1 and
interior2,3 is conventionally explained in terms of an inherently dry
origin18 or hydrodynamic escape after ocean evaporation19. The latter
situation corresponds to the case in which Venus is a type I planet in
our classification. In this case, the dryness of its interior depends on
degassing efficiency during the subsequent evolution. Alternatively, if
Venus belongs to type II, the occurrence of planetary desiccation during solidification can explain the dryness of its current mantle2,3, even if
it accreted with a certain amount of water. The presence of a dry
mantle during the earliest stages might also have led to a subsequent
tectonic evolution different from that of Earth20,21 and possibly to the
absence of a magnetic field22.
One problem associated with the hydrodynamic escape of water is
the accumulation of dissociated oxygen in the atmosphere as a result of
the preferential escape of hydrogen23, which would possibly lead to a
shutdown of the hydrogen escape process itself. However, if Venus
belongs to type II, the remnant oxygen issue can be avoided, regardless
of the initial amount of water, because the abundant surface magma
can act as a massive oxygen sink. Although the effects of other gaseous
species such as carbon dioxide will need to be addressed in future work,
the slight difference in the orbital distances of Earth and Venus might
have been the critical factor making these planets totally different after
solidification.
Although we have so far discussed only Earth-sized planets orbiting
a Sun-like star, the conclusions can be qualitatively extended to all
terrestrial planets that experienced global melting through giant
impact. More than 750 exoplanets have already been confirmed24,
and 2,300 candidates25 have been identified. Future space missions
such as the Terrestrial Planet Finder and Darwin will provide us with
a catalogue of atmospheres and surface environments for terrestrial
planets of various ages. The present results indicate that for habitable
planets, rapid ocean formation would have occurred within several
million years of planet formation. In addition, the prediction that
type II planets undergo a long-lived (,100 Myr) magma-ocean stage
suggests that, apart from permanently molten planets very close to the
host star, there may be a chance of detecting still-molten terrestrial
planets as a consequence of planetary formation, especially around
young stars. Although the molten surface would be hard to detect
through the thick atmosphere, it can in principle be identified by
detecting gaseous species such as NaOH and KOH that are indicative
of hot atmospheres26.

METHODS SUMMARY
Water reservoirs and budgets. Partition of water between planetary reservoirs
was treated in basically the same way as in ref. 6. We used water solubility in
basaltic-composition melts calculated from a solubility model in ref. 27. Water
partition coefficient into cumulates and mass fraction of interstitially trapped
melts were fixed at 1024 and 0.01, respectively.
The water-loss rate was calculated from energy-limited escape rate of hydrogen12 with a heating efficiency of 0.1 by assuming that all the dissociated oxygen
would have been absorbed into the magma ocean. For the effects of the higher
heating efficiency, see the online-only Methods and Supplementary Information
section 4. We adopted an observational compilation of Sun-like stars for timedependent extreme ultraviolet radiation28.
Thermal evolution model. Assuming that the atmosphere has a negligible heat
capacity, the thermal evolution model was formulated on the basis of heat balance:
3 0 M AY 2 0 1 3 | VO L 4 9 7 | N AT U R E | 6 0 9

©2013 Macmillan Publishers Limited. All rights reserved

RESEARCH LETTER
dTm
~{4pR2 (Fpl {Fstl )
ð2Þ
dt
where Cp,pl(Tm) is the heat capacity of the planet at potential temperature Tm of the
interior, and R is the planetary radius. Fpl and Fstl are the outgoing planetary
radiation and the incoming net stellar radiation, respectively. Calculation starts
from temperature of 3,000 K, which corresponds to a mostly molten state of the
mantle, and stops when it reaches the solidus temperature at the surface
(,1,370 K). We assumed that the whole silicate portion could transfer heat by
convection and therefore contribute to the heat capacity. We obtained the heat
capacity, including latent heat of fusion, as a function of potential temperature,
from its adiabatic temperature profile calculated according to ref. 29.
The planetary radiation was calculated with a modified radiative–convective
equilibrium model of grey atmosphere11. We also performed non-grey calculations
(Supplementary Information). We adopted a solar standard model for luminosity
enhancement with stellar age30. A planetary albedo of 0.3 was assumed for the net
stellar radiation.
Cp,pl (Tm )

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
Water reservoirs and water budget. The partitioning of the total water inventory
between planetary reservoirs was treated in basically the same way as in ref. 6.
Three water reservoirs were considered: atmosphere, magma ocean (a wholly or
partly molten region) and solid mantle. The partial pressure of water was calculated at each time step by assuming a solution equilibrium between the atmosphere
and the silicate melts at the surface. The water solubility values used were for
basaltic melts taken from ref. 31 and were calculated by using the model reported
in ref. 27 for a temperature of 2,000 K (see Supplementary Information for the
effect of this degassing assumption).
For the incorporation of water into solidifying silicates, two processes were
considered: interstitial trapping of water-enriched melts and water partitioning
between silicate melts and cumulates. The mass fraction of interstitially trapped
melts was assumed to be 1%, as in ref. 6. Although the actual value for a solidifying
magma ocean is highly uncertain, a value of 1% is likely to be an overestimate,
taking into account the degree of melting estimated for abyssal peridotites when
melt separation begins32. Few experimental results have been reported on the
partition coefficient of water for minerals such as perovskites that make up the
deep mantle. We adopted a water partition coefficient of 1024 in our calculations.
However, it should be noted that increasing this to 1022 increases the amount of
water in the interior at the time of complete solidification by only a factor of 2. This
is because interstitial trapping of water-enriched melts dominates.
Because all surface water is in the vapour phase on a solidifying planet, intense
hydrodynamic escape of hydrogen is expected to occur during the magma ocean
period. We also considered a reduction in the total amount of water due to
hydrodynamic escape. The water loss rate was calculated from the energy-limited
escape rate for hydrogen12 by assuming that all of the oxygen produced by dissociation of water vapour would be lost from the atmosphere by oxidation of the
magma ocean. Extreme ultraviolet radiation levels for the host star were based on
compiled observational data for Sun-like stars, taken from ref. 28, in which the
decay with time is expressed as a power-law function of stellar age. A heating
efficiency of 0.1 was used throughout all the calculations. Using the higher heating
efficiency has less effect on the evolution of type I planets, whereas the solidification time of type II planets becomes shorter in inverse proportion to the heating
efficiency (see Supplementary Information).
Thermal evolution model. A high degree of melting implies an extremely turbulent magma ocean with a viscosity probably as low as 0.1 Pa (ref. 33). This
suggests that the magma ocean is effective in transporting internal heat to the
surface. Planetary radiation into space would therefore be the main factor limiting
the heat flux from the deep magma ocean. We assumed that the heat flux is given
by the difference between the outgoing planetary radiation Fpl and incoming net
stellar radiation Fstl. On the assumption that the atmosphere has a negligible heat
capacity, a thermal evolution model can be formulated on the basis of the heat
balance for a planet,
dTm
~{4pR2 (Fpl {Fstl )
ð2Þ
dt
where Cp,pl(Tm) is the heat capacity of a planet with an interior potential temperature Tm, and R is the planetary radius. Heat flux from the core and heat production by radiogenic elements are neglected. The simple assumption is made that the
potential temperature matches the surface temperature Ts—that is, Tm 5 Ts—
during the solidification period of the magma ocean. The calculation starts with
potential and surface temperatures of 3,000 K, implying a mostly molten mantle,
and stops when the solidus temperature at the surface (,1,370 K) is reached.

We calculated the planetary heat capacity, including the latent heat of fusion, as
a function of the potential temperature by assuming that the entire silicate portion
can transfer heat by convection, and not only the molten part as considered in
ref. 6. The heat capacity calculated in this way corresponds to the maximum value,
thus providing a conservative estimate of the maximum solidification time for a
type I planet. However, both assumptions about the interior temperature profile
result in an almost identical solidification time for a type II planet, because the
solidification rate is mainly determined not by the heat capacity but by the water
loss rate. The adiabatic thermal structure in the interior was calculated according
to ref. 29 by using the parameters therein, except for recent experimental data
for the solidus and liquidus temperatures at great depth (see Supplementary
Information). Differentiation of the mantle and its mineralogy on solidification
were not considered in the calculations of the temperature profile, because these
would be expected to make a smaller contribution to the overall heat capacity of
the planet. See the next section for calculations of planetary radiation and net
stellar radiation.
Atmospheric model. Planetary radiation was calculated by using a modified
version of the radiative–convective equilibrium model in ref. 11, which was originally designed for a steam atmosphere saturated with water vapour and for
moderate surface temperatures. However, in the present study the surface temperatures considered are extremely high, exceeding the critical temperature of
water. In addition, the relative humidity of the atmosphere can vary because the
partial pressure of water is determined by solution equilibrium at the surface. We
have extended the grey atmosphere model in ref. 11 to be applicable to the conditions considered herein. The critical point of water was simply treated as the
temperature above which no water condensation would occur. For atmospheric
layers that were unsaturated by water vapour or for which the temperature was
above the critical point, the temperature lapse rate in the troposphere was assumed
to be a dry adiabatic temperature gradient, whereas for saturated parcels the lapse
rate was assumed to be a pseudo-moist adiabatic temperature gradient, as in
ref. 11. The atmosphere is considered to consist of 1 bar of N2 in addition to water
vapour, the amount of which is determined by the water budget. See
Supplementary Information for results calculated with a non-grey atmospheric
model in ref. 9, instead of our simple grey model.
For calculations of the net stellar radiation, the solar standard model30 was
adopted to describe the change in stellar luminosity with time. The planetary
albedo was fixed at 0.3 in all calculations. The actual value of planetary albedo is
highly uncertain, especially because of the unpredictability of cloud coverage with
a one-dimensional atmospheric model. In the previous studies (refs 9, 10) a
planetary albedo for a thick steam atmosphere was estimated as large as 0.4–0.5,
whereas a recent study34 with a non-grey atmospheric model using the HITEMP
database has shown that including weak H2O lines significantly lowers the planetary albedo.
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