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There is a wide variety of the amounts and compositions of the atmospheres on the 

terrestrial planets in our solar system, and only Earth has oceans. The existence of liquid 

water and atmosphere has been thought to be essential for the emergence and evolution of life. 

In my talk, I reviewed mechanisms of supply and loss of volatiles that consist of atmospheres 

and oceans on the terrestrial planets. Then I discussed the effects of giant impacts during the 

last stage of terrestrial planet formation and the effects of late veneer (late heavy 

bombardment) on the formation of the atmospheres and oceans. 

Planets form in a protoplanetary disk composed of dust and gas. If the main building 

blocks of the terrestrial planets have no volatile, some mechanisms to supply or produce 

volatiles on the Earth are required to possess the ocean and atmosphere. Supply process of 

volatile-rich objects from outside the terrestrial planet region is highly related to the planet 

formation process. Recent planet formation theory suggests that the behavior of forming 

Jupiter have a great influence on this supply process. Loss of volatiles from planets also has 

an influence on the volatile budget on the terrestrial planets. Several volatile loss mechanisms 

have been discussed, such as hydrodynamic escape, loss by giant impact, and so on. Loss of 

water from Venus is important to the habitability of planets. 

It is generally accepted that many giant impacts occur during the last stage of terrestrial 

planet formation. The energy released by a giant impact is huge, and it can raise the 

temperature of the whole proto-Earth by about 5000K in average. Therefore, the planet should 

be wholly molten just after a giant impact. Cooling process from molten terrestrial planets is 

important to formation of the ocean and atmosphere. We investigated the cooling process 

using coupled model of magma ocean, atmosphere, and space, and discussed the beheivior of 

volatiles on the Earth and Venus. Steam atmosphere formed just after the solidification of 

magma ocean rapidly cools, and the ocean forms in 1000 years through the intense rainfall. 

The rain drops are very hot (~ 300 oC) and the rain fall rate is very high (~ 500 cm/yr).  
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地球型惑星の形成と 
大気・海の起源について 

 

地球の海水量： 
地球の質量： 

1.4 × 1021kg 
6.0 × 1024kg�

わずか全体の 0.023wt% 
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mantle can provide information concerning the water con-
centration. The electrical conductivity has been ascer-
tained based on electromagnetic induction theory by
measuring magnetic and electric fields both on the ground
and using artificial satellites (Olsen, 1999; Kuvshinov and
Olsen, 2006; Püthe and Kuvshinov, 2013). Combining the
observed data with the experimentally determined elec-
trical conductivity of high-pressure hydrous minerals, the
water contents have been estimated at 10–900 ppm in the
upper mantle (Wang et al., 2008), and at <0.1 wt%
(Yoshino et al., 2008) and at 0.1–0.2 wt% (Huang et al.,
2005) in the transition zone. There is no reliable data con-
cerning the lower mantle.

The transition zone, ranging from 410 to 660 km, is
thought to be a potentially huge water reservoir.
Wadsleyite and ringwoodite are high-pressure polymorphs
of olivine, and dominate the transition zone. High-pres-
sure experiments on the solubility of H2O in these miner-
als show that wadsleyite and ringwoodite can contain 3.3
wt% (Inoue et al., 1995, 1998) and 2.2 wt% H2O
(Kohlstedt et al., 1996), respectively. Since about 60 wt%
of the transition zone is composed of these minerals, the
transition zone could potentially contain a mass of water
equal to 5 Moce. However, the water content estimated by
electrical conductivity measurements of the transition
zone (approximately 0.1 wt%) does not support a water
saturated transition zone (Yoshino et al., 2008; Huang et
al., 2005).

Recently, Pearson et al. (2014) found a hydrous
ringwoodite inclusion in a diamond sourced from Juína,
Brazil. This was the first discovery of ringwoodite in natu-
ral samples on Earth, although this mineral has been iden-
tified in meteorites and synthesized in laboratories. The
water-rich nature of this inclusion was direct evidence
for a wet transition zone, at least locally. Pearson et al.
(2014) estimated that the transition zone contains approxi-
mately 1 wt% water.

Geochemical studies of oceanic island basalts (OIBs)
suggest that the water content of the OIB source ranges
from 300 to 1000 ppm (Dixon et al., 1997, 2002; Hauri,
2002). If OIBs come from the lower mantle, this region
could also represent a significant water reservoir. High-
pressure experiments of lower mantle minerals support

the prediction of a large amount of water in the lower
mantle. Murakami et al. (2002) reported that the major
minerals of the lower mantle could hold water up to 0.2
wt% for Mg-perovskite, 0.4 wt% for Ca-perovskite, and
0.2 wt% for magnesiowüstite.

Thus, although an exact determination of the water
content in the entire Earth’s mantle is difficult, the value
evidently is in the range of 1–10 Moce (see Table 1).

Hydrogen in the core
Experimental studies of hydrogen partitioning between

the hydrous silicate melt and molten iron show that more
than 95% of H2O reacts with Fe to form FeHX at 7.5 GPa
(Okuchi, 1997). Therefore if Earth had held water during
the magma ocean stage, a significant fraction of the hy-
drogen in the water would have been incorporated into
the Earth’s core.

Seismic velocity data shows that the density of the
Earth’s liquid outer core is 5–10 wt% less than that of
pure iron (Birch, 1952; Dubrovinsky et al., 2000; Dewaele
et al., 2006). To account for this density deficit, the core
must contain a considerable amount of light elements,
such as Si, O, S, C and/or H (e.g., Poirier, 1994; Hirose
et al., 2013). In the extreme case in which H is consid-
ered as the only light element in the core, the density defi-
cit could be entirely reconciled by assuming 0.5–1.0 wt%
H in the form of FeHX (X = 0.28–0.56) (Narygina et al.,
2011). Since the mass of the outer core is 1.9 ¥ 1024 kg,
this amount of H corresponds to H in the water of 60–
120 Moce.

Recently, Nomura et al. (2014) showed experimen-
tally that the solidus temperature of pyrolite (a theoreti-
cal rock representing the mantle) is 3570 K at the core-
mantle boundary (CMB), a value that is about 400 K lower
than previously thought. Since a lower temperature at the
CMB also implies a lower temperature at the core, the
melting temperature of the outer core must be greatly
depressed in order for the inner part of the core to so-
lidify. Since such a large depression is impossible with-
out the presence of hydrogen in the core (Alfè et al., 2007;
Sakamaki et al., 2009), Nomura et al. (2014) concluded
that the outer core must contain high concentration of
hydrogen corresponding to an amount of water equal to

Mantle Mass (1021 kg) Natural samples Electrical conductivity High-pressure experiments Water mass (Moce)

Upper mantle 615 50-200 ppm[1] <0.09 wt%[4] <0.4 wt%[6] 0.02-2

Transition zone 415 ~1 wt%[2] ~0.1 wt%[5] ~2 wt%[7] 0.3-5

Lower mantle 2955 300-1000 ppm?[3] æ ~0.2 wt%[8] 0.6-4

Table 1.  Estimated water contents in the Earth’s mantle

Data from [1] Hirschmann (2006), [2] Pearson et al. (2014), [3] Dixon et al. (1997, 2002), Hauri (2002), [4] Wang et al. (2008), [5] Yoshino et
al. (2008), Huang et al. (2005), [6] Bell et al. (2003), Koga et al. (2003), [7] wadsleyite: Inoue et al. (1995, 1998), ringwoodite: Kohlstedt et al.
(1996), [8] Murakami et al. (2002), Litasov et al. (2003).
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地球大気はいつ形成したか？ 
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否！かなりの量の揮発性元素が生き残る

大気・海の完全散逸 
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        Initial ground velocity         

GIによる大気・海の散逸 
Genda & Abe (2003, 2005 Nature) 
かなりの量の揮発性元素が生き残る
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マグマオーシャンの形成 

= 5×106 J/kg
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マグマオーシャン 
固体マントル 

水蒸気大気 

底から固化 
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地球の場合 
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Emergence of two types of terrestrial planet on
solidification of magma ocean
Keiko Hamano1, Yutaka Abe1 & Hidenori Genda1,2

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 solidi-
fication 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 green-
house 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

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 evolution-
ary 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 satu-
rated 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 degass-
ing 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.

1Department of Earth and Planetary Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 2Earth-Life Science Institute, Tokyo Institute of Technology, 2-12-1 Ookayama,
Meguro-ku, Tokyo 152-8551, Japan.
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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 con-
stant 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 magma-
ocean 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 tro-
pospheric 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 radi-
ation before a sufficiently deep part of the troposphere becomes satu-
rated. 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

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 per-
centage 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.

Saturation by water vapour at tropopause
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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.
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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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