
地球型惑星の大気と海の形成と進化
黒川宏之 (ELSI)



2

地球型惑星の表層環境の違い

軌道長半径 0.7 AU 1 AU 1.5 AU
大気圧 90 bar 1 bar 0.006 bar

大気組成(主成分) CO2 N2, O2 CO2

平均地表気温 735 K 288 K 210 K
全球平均水深 30 mm (水蒸気) 2700 m (水) 20 m (氷) + 地下氷？

大気：多い 
水：少ない

大気：中 
水：多い

大気：少ない 
水：少ない？



大気と海の形成
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惑星形成の最終段階：巨大衝突 
•全球溶融 (マグマ・オーシャン) 
•固化に伴って大気と海が形成 

レイトアクリーション： 
巨大衝突以後の小天体衝突 
•~40億年間前まで継続 
•累積質量~惑星質量×1% 
•揮発性元素の供給？

These curves have a sawtooth profile, with the uptick at 4.1 Gy
representing the onset of the lunar cataclysm. This profile is very
different than the continuous exponential decay of NI94 for ages
older than 4.1 Gy, as shown by the blue line. The right panel
shows the cumulative lunar impact flux as measured by the
density of craters expected on a given surface as a function of its
age. The curves were obtained by integrating the values reported
on the left panel from 0 to t for all values of t.

5. Discussion and conclusions

We have taken our best models of the early solar system
evolution, determined the impact flux on the Moon over time and
then calibrated these results using the existing dynamical, geo-
chemical, and crater density constraints.

We infer that the evolution of the lunar bombardment rate is
somewhat intermediate between the two end-member views in this
historical controversy. Our model bombardment rate from 4.1 to
3.5 Gy ago agrees with the exponential decay illustrated by NI94,
the champions of the no-cataclysm view. We find that it is
impossible, however, to extrapolate their exponential flux backward
in time before 4.1 or possibly 4.2 Gy. We believe a discontinuity in
the evolution of the bombardment rate, or a lunar cataclysm, is the
easiest way to match constraints. The timeline of the Moon’s
bombardment that emerges from our study has a sawtooth profile,
with a moderate uptick at 4.1–4.2 Gy (see Fig. 3, left panel). This
stands in sharp contrast with the prominent impact spike usually
shown in sketches of the lunar cataclysm; instead it is in broad
agreement with the scenario of ‘‘weak cataclysm’’ promoted in
Fig. 3 of Hartmann et al. (2000).

Our impact flux model predicts the lunar bombardment from
4.1 Gy ago – which includes the cataclysm caused by the
destabilization of the main asteroid belt (! 15225% of cataclysm
impactors) and E-belt (! 75285% of cataclysm impactors) –

accounts for approximately 25% of the total bombardment suf-
fered by the Moon since it formed. This is in agreement with the
total number of basins on the Moon (! 50), of which only
! 12214 are Nectarian and early-Imbrian (i.e., younger than
! 4:1 Gy). We note that we could be underestimating the number
of basins because some ancient basins have probably been erased
(Frey and Romine, 2011). The best estimate at present is that the
total number of basins probably does not exceed ! 60 (Frey,
private communication), not far from our expectations for the
combined leftover planetesimal and E-belt models. We stress that
basin formation is necessarily a stochastic process which can
deviate from probabilistic expectations due to small number
statistics. Assuming Poisson statistics (i.e., the error bar on N
events is

ffiffiffiffi
N
p

), the number of basins formed in our model since
the destabilization of the E-belt is 1274, while the total number
of basins is 4577.

Large portions of the lunar highlands have a crater density that
is about twice that of Nectaris (Strom, 1977; Marchi et al., 2012),
with a value of N20 ¼ 1:73# 10$4. According to the cumulative
bombardment shown in Fig. 3, this would imply that these
portions of highlands started to retain craters about 4.38–
4.42 Gy ago, ages that are consistent with recent estimates of
the timescale for the thickening of the lunar lithosphere (Meyer
et al., 2010). This age also approximates the closure age of the
crust, as derived from zircons that crystallized in the remaining
urKREEP residue of the lunar magma ocean 4.38–4.48 Gy
(Nemchin et al., 2009; Taylor et al., 2009). Similarly, the value
of N20 for the SPA floor is 1.36#10$4 (Marchi et al., 2012).
This implies that craters started to accumulate on SPA since
4.33–4.39 Gy ago. This age should be considered as a lower bound
for the formation age of SPA, because the basin’s floor might have
solidified only after some time; it clearly shows that SPA is an old
basin, which definitely predates the cataclysm event.

The sawtooth-like bombardment timeline has important
implications for Earth’s habitability. In the no-cataclysm view,
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Fig. 3. The timeline of lunar bombardment. The blue dash-dotted line is the exponential decay assumed by NI94. The red curves show our results combining a post-
accretion bombardment of leftover planetesimals in the 4.1–4.5 Gy time range and the asteroid main belt and E-belt bombardments for to4:1 Gy. The solid and dashed
curves for t44:1 Gy correspond to the two analytic functions that bracket the early decay of the cratering rate, as discussed in the text. The left panel shows the
bombardment rate as a function of time (measured in number of craters larger than 20 km produced per km2 and per Gy). The right panel shows the cumulative
bombardment suffered by a given terrain as a function of its age (measured in number of craters larger than 20 km per km2, i.e., N20). On the left panel, the equations of for
the curves are the following. For to4:1 Gy : dN20=dt¼ 2:7# 10$16e6:93tþ5:9# 10$7; for t44:1 Gy and the solid curve: dN20=dt¼ 2:5# 10$2e$½ð4:5$tÞ=0:003)0:34

; for the red
dashed curve: dN20=dt¼ 2:0# 10$2e$½ð4:5$tÞ=0:01)0:5 ; the time t is measured in Gy. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

A. Morbidelli et al. / Earth and Planetary Science Letters 355–356 (2012) 144–151150

月クレーターに基づく天体衝突史

Morbidelli et al. (2012)



マグマ・オーシャン固化と大気・海形成
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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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Hamano et al. (2013)

水はマグマ・オーシャン(MO)
への溶解度が高い 
MO固化(~Myr)に伴いマントル
からほぼ完全に脱水 
その後降雨して厚い水蒸気大気
から海が形成 
(Matsui & Abe 1986; Hamano et al. 2013) 

炭素Cや窒素Nの振舞は未知：
酸化的MOなら大気へ⇔ 
還元的MOならマントルへ 
(Hirschmann 2012; Mikhail & Sverjensky 2014)
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レイトアクリーションによる 
揮発性元素供給への寄与は未解明 
小天体衝突の影響： 
揮発性元素の供給 & 大気剥ぎ取り 

モデル計算 
多数の小天体衝突の寄与を統計的
に計算 
表層における元素分配を考慮： 
大気, 海, 鉱物(炭酸塩) 
地球表層のN, C量との比較から、
レイトアクリーション天体の組成
を制約

レイトアクリーションの影響

Sakuraba, Kurokawa & Genda in prep.
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レイトアクリーションによって大気量・組成は完全に更新される 
レイトアクリーションの天体は揮発性元素に枯渇？

Earth’s nitrogen budget

Preliminary Results



大気と海の進化
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門屋他 (2012)

リザーバー(大気, 海, 地殻, マントル)間の元素循環 
e.g. ) 炭酸塩形成：地球大気からCを取り除く主要過程, 海水沈み込み 

太陽風, 極端紫外線による大気散逸

295《フロンティアセミナー・テキスト》地球惑星環境進化論 第１回／門屋 他

の太陽系では2.4 AU付近）までハビタブルゾーンを広
げる可能性もある[4]（ハビタブルゾーンの境界につい
ての詳細は，阿部（2009）[5]を参照のこと）．
　以上の議論でも分かるとおり，ハビタブルゾーンと
いうのは液体の水が物理的に存在できる条件を満たす
領域のことであって，実際に水が液体として存在して
いることを保証するものではない．ハビタブルゾーン

に軌道を持つ惑星表面に，実際に水が液体状態で存在
するためには，十分な量の水が存在しなければならな
いほか，大気の（通常はCO2による）温室効果が必要で
ある．上述の議論では，これらの条件が暗に仮定され
ている．もし温室効果ガス（例えばCO2）が大気中に十
分存在しなければ，たとえ惑星の軌道がハビタブルゾ
ーンにあったとしても，H2Oは凍ってしまう．
　このことは，太陽放射と地球放射のつり合いで決ま
る地球の有効温度が－18 ℃であり，もし大気の温室
効果がなければ液体の水は安定に存在できないことや，
実際，過去において地球は繰り返し全球凍結したとい
う事実からも理解できるであろう．大気中にCO2等の
温室効果気体が含まれないとした場合，惑星表面に液
体のH2Oが存在できる軌道領域はきわめて限られる
（暴走温室限界より外側でかつ有効温度が273 K以上
の領域）[6]（図1）．
　つまり，惑星が水惑星として存在できるためには，
ハビタブルゾーン内部に軌道を持つことに加え，大気
中に十分な量の温室効果ガスを有していること，また
その温室効果が長期にわたって安定的に維持されるこ
とが本質的に重要な条件となる．
　地球の長期的な表層環境進化において二酸化炭素
（CO2）は重要な役割を担ってきたものと考えられてい
る．CO2は温室効果を持つこと，表層に多量に存在す
ること，そして光化学的にも安定であることがその理

大気の温室効果がなくても
液体の水が存在できる領域

ハビタブルゾーン暴走温室
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図1：	水惑星の気候状態とハビタブルゾーン（[6]に基づく）．内

側限界は暴走温室限界[3]，外側限界はCO2雲の温室効果限

界[4]を仮定した．大気（二酸化炭素など）の温室効果がな

い場合には，液体の水が存在しうる領域は非常に狭いこと

に注意．例えば，地球も十分な大気の温室効果がなければ

全球凍結状態に陥いることになる．

図2：	大気-海洋-地殻-マントル間の炭素循環の概念図（[8]に基づく）．大気中のCO2量は火成活動に伴う

CO2の脱ガスによる供給と風化を介したCO2の除去のバランスで決まっている．

■2012遊星人Vol21-3.indd   295 2012/09/13   18:53:02



暴走温室状態と大気散逸
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ハビタブル・ゾーンを外れ、 
金星は暴走温室状態  
形成時に獲得したH2Oは水蒸気として
大気上層まで存在 
(↔地球：成層圏のH2O混合比 ~ 10-6) 

上層大気でH2Oは紫外線によって解離  
大気散逸によって水素を失う 

⇒地球と金星は異なる進化を遂げた

成層圏H2O混合比の入射量依存性

Kasting et al. (1993)



地球の水循環
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プレートの沈み込みに伴って水(含水鉱物)がマントルへ還流 
太古代海洋の低いD/H比：大気散逸？ (Pope et al. 2012) 

現在の海とマントルのD/Hの違い：水質変成と沈み込み？(Lécuyer et al. 1998)



Model combined with D/H
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Oceans
Mo, Io

Mantle
Mm, Im

Seafloor
alteration Fse

Arc 
volcanism Far

Oceanic crust
Moc, Ioc

Atmospheric escape Fes

Continental 
Crust
Mcc, Icc

Degassing Fde

Chemical 
alteration Fch

Weathering Fwe

Regassing Fre

地球の水循環ボックスモデル 
大気散逸と水質変質によるD/
H比の時間進化を考慮 
パラメータ： 
沈み込みフラックス,  
大気散逸フラックス 

モデル計算結果とD/Hデータ
の比較からパラメータを制約
し、海水量の時間進化を解明

Kurokawa et al. submitted to Earth Planet. Sci. Lett.
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初期海水量 ~1.5-2 × 現在の海水量 
⇒ MO固化時のマントル脱水とその後の海からマントルへの還流

Kurokawa et al. submitted to Earth Planet. Sci. Lett.

A example of evolution

Archean D/H 
was reproduced

Present-day D/H 
was reproduced

沈み込みによる海水量減少



地球と火星の違い：気候変動
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~4 billion years ago Present-day

大気散逸によって火星の大気と海が失われた 
地球と火星の運命を分けた原因は何か？ 
:固有磁場の有無 (e.g., Jakosky et al. 2017), 惑星サイズ (e.g., Tian et al. 2009)?

Warm & Wet? Cold & Dry

or Cold & Wet?



Our model combined with isotopes
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Model Geochemical analysis

様々な大気量進化パスに対し、同位体組成の進化を計算(D/H, 15N/14N, 希ガス) 
火星隕石中の揮発性元素同位体組成データと比較することで、進化を制約

+
Martian meteorites



Evolution of atmospheric pressure

14

小天体衝突により大気圧が変動
Kurokawa et al. (2018) Icarus

(CO2 sublimation)



Evolution of atmospheric pressure
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Not collapsed

Collapsed after 4 Ga

Collapsed before 4 Ga

Kurokawa et al. (2018) Icarus

(CO2 sublimation)

小天体衝突により大気圧が変動



Evolution of nitrogen isotopes
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40億年前のN同位体比を再現するためには、 
0.5気圧以上の厚い大気が必要

Not collapsed

Collapsed after 4 Ga

Collapsed before 4 Ga Model average

Exploration

Martian meteorite

Kurokawa et al. (2018) Icarus
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Why did Mars lose volatiles?
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40億年前に厚い大気が存在し、その後散逸 (Kurokawa et al. 2018, Icarus) 

一方、火星の水D/Hから、40億年前までに初期海水量(>0.1×地球海水)
の50%以上が失われた 
(Kurokawa et al., 2014, Earth Planet. Sci. Lett.; Kurokawa et al., 2016, Geochem. J.) 

40億年前火星は固有磁場を保持していたことから、磁場の消失とその後
の太陽風による大気散逸が火星気候変動に寄与していることを示唆

Atmosphere
Water

Time

Mass 
(no scale)

Cessation of dynamo

H H, O, C, N, & noble gases
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Origin of volatiles on terrestrial planets

地球型惑星は惑星形成期に揮発性元素を獲得し、その後
の元素循環・大気散逸によって異なる進化を遂げた 
揮発性元素はどのようにもたらされたのか？



Explorations to unveil the origin

19

Dawn(Ceres), Hayabusa 2(asteroid Ryugu), and MMX(Martian moons) will constrain the 
abundances of volatiles on small bodies in the outer solar system
Because the accretion rate of pebbles differs significantly between Ceres(~1000 km) 
and asteroids(<100 km), these missions will unveil the process to deliver volatiles: 
planetesimals vs. pebbles



Bayesian analysis of Near-IR spectra

20

NH4-bearing minerals on Ceres may be a signature of icy pebble accretion  
(De Sanctis et al. 2015; 2016) 
Our approach enables us to estimate the probability distributions of the abundance

2017/10/27 12'07Google マップ

1 / 1 ページhttps://www.google.com/maps/space/ceres/@6.9586767,-125.3200424,11341721m/data=!3m1!1e3

画像 ©2017 NASA、地図データ ©2017 Google 2000 km 
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LETTER RESEARCH

in the instrument calibration in the 3.2–3.4-µm spectral region call for  
caution when interpreting band shapes, and this part of the spectra will 
not be emphasized in this analysis.

The absorption at around 2.2 µm can be due to a narrow hydroxide 
(OH) stretching and bending combination vibration in Al-phyllosilicates10 
or to ammoniated minerals that also have bands at around 2.21 µm  
(refs 13–15), such as NH4Cl and NH4HCO3 (Extended Data Fig. 6). The 
brightest regions in Occator (Fig. 3) are those where the 2.21-µm and the 
3.9-µm bands are stronger and the 3.07-µm band is weaker, as shown 

by the spectra and correlation trends (Figs 2 and 3d and e). Where the 
ammonium phyllosilicate band is weak or absent, another ammonium- 
bearing mineral (2.21-µm band) may be present, and the carbonate 
band at 3.9 µm is strongest.

Using these phase identifications, we modelled the Occator brightest 
material with a mixture of sodium carbonate (Na2CO3), low-albedo 
material, illite or montmorillonite, and a small quantity of ammonium- 
bearing species, including NH4Cl or NH4HCO3 (Fig. 4). A common 
result of these mixture model fits is that carbonates are the most abundant 
species, (roughly 45–80 vol%, depending on the end-member spectra;  
see Extended Data Tables 1 and 2, and Methods). A small quantity  
of ammonium chlorides or bicarbonates and Al-phyllosilicate (a few 
volume per cent), is also needed in these models to account for the 
band at 2.21 µm and the overall spectral shape (Extended Data Fig. 7).

Delivery of exogenous materials cannot account for the Occator 
bright areas, because the spectra are unlike other asteroids and comets. 
The morphologies of the bright areas (nearly circular shapes and cor-
relation with fractures) argue against a direct impact origin, although 
the central mound of Occator and the presence along fractures  
(Fig. 1d) suggests that their emplacement may be related to the impact 
that formed Occator. However, it is unclear whether the bright material 
in Occator was formed from local aqueous processing triggered by the 
impact or if it represents an exposure of deeper material that found 
its way to the surface via fractures generated by that impact, or some 
combination of those two processes. In either case, these materials were 
derived from the interior of Ceres.

The central bright area in Occator is especially rich in carbonate, 
and it appears to represent the most concentrated known occurrence 
of km-scale carbonates beyond the Earth. Carbonates also occur in 
carbonaceous chondrites but in amounts of only a few volume per cent. 
Calcite, aragonite and dolomite together constitute <3 vol% of CM16 
and CI17 chondrites. All these carbonates formed by aqueous alteration 
on their parent bodies within several Ma after formation of the solar 
system18. Despite the complexity of the carbonate mineralogy in CM 
and CI chondrites, no natrite has been reported.

On Ceres, the occurrence of ammonium salts, as well as the unex-
pectedly high proportion of carbonates in Occator bright materials, 
points to a formation mechanism that is distinct from that which 
produces meteoritic carbonates. On Earth natrite is a magmatic 
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Figure 1 | Occator crater. a, Mosaic of Occator crater obtained with VIR 
data at 2 µm. The continuous colour from white to dark grey corresponds 
to reflectance from high (0.28) to low (0.03). b, Enlargement of the 
brightest central area. The coloured circled numbers correspond to the 
spectra in Fig. 2. c, Context image obtained with the Dawn Framing 
Camera during the High Altitude Mapping Orbits. d, Dawn Framing 
Camera image of the secondary bright areas acquired during the 375-km 
Low Altitude Mapping Orbits.
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Figure 2 | Spectra of bright and dark areas in Occator. a, Reflectance 
spectra from the circled regions in Fig. 1a. Gaps correspond to removed 
instrumental artefacts or saturated channels. b–e, Continuum-removed 
spectra from selected wavelength regions. A 2.2-µm absorption is visible in 
the spectra of the brightest pixels. The 2.7-µm absorption shifts longward 
and an absorption at 2.87 µm appears, going from the crater floor to the 

brightest pixels. The 3.05-µm absorption weakens, while the 3.4-µm and 
3.9-µm absorptions strengthen in the brightest areas. The shaded region 
indicates the band positions and widths for anhydrous carbonates. Dashed 
lines indicate absorption positions in dark materials and solid lines 
indicate absorption positions in bright materials.
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揮発性元素の供給 
小惑星・彗星の衝突、氷ペブル降着 
惑星形成期(GI前)に揮発性元素供給、レイトアクリーションは揮発性元素枯渇 
今後の小天体探査を通じて供給過程を解明 

元素分配・循環 
マグマオーシャン固化に伴いマントルから脱ガス、大気と海形成 
その後、プレートテクトニクスにより水がマントルに還流 

大気散逸 
金星は太陽に近いことで、暴走温室状態と大規模な水散逸を経験 
火星は固有磁場を失ったことで厚い大気が散逸


