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観測的に求められている分子雲コアの典型的な物理量 (半径 

 , 回転速度 ) を用いて，円盤の
半径  を au単位で見積もれ(有効数字1桁)．ただし，原始
星は太陽質量 とする．1 pcは約 2×105 au である．

R0 ∼ 0.1 pc R0Ω0 ∼ 10−2 km/s
Rcentr

2 × 1030 kg

Why Do Stars Form with Disks?
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● Stars form from gravitationally 
collapsing molecular cloud cores gravity

centrifugal 
force

● Gravity (per unit mass) 

    ~ GM/R2 ∝ R–2  

where L = R2Ω = R02Ω0

● The centrifugal force takes over 
gravity at the “centrifugal radius” 

R0

Rcentr

Rcentr ~ L2/(GM) ~ (R02Ω0)2/(GM)

For R0 ~ 104 au and Ω0~10–14 s–1, 

one gets Rcentr ~ 10-100au 

Ω0

(angular momentum

per unit mass)

● Centrifugal force (per unit mass)

    ~ Ω2R  ~ L2/R3 ∝ R–3

分子雲コアから恒星が形成
• 重力

• 遠心力

角運動量の保存からある半径  で力が釣り合うRcentr
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角運動量：

̶ (1)

̶ (2)

̶ (3)

Fcentr ∼ RΩ2 ∼
L2

R3
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(1)‒(3)より 

 Rcentr ∼
L2

GM
=

(R2
0Ω0)2

GM
=

(0.1 × 2 × 105 × 1.5 × 1011 m × 10 m/s)2

6.7 × 10−11 m3/kg/s2 × 2 × 1030 kg

∼ 6.7 × 1011 m ∼ 50 au



溶融状態で誕生した地球

4

質量  の天体1に，質量  の天体2が巨大衝突して 
地球が形成した場合，巨大衝突による温度変化  は， 

熱エネルギー = 重力ポテンシャルエネルギーより， ．  ̶ (1) 

ここで 集積後の天体半径  ，比熱  とする． 

(1)より，   ̶ (2)． 

→ 岩石の典型的なソリダス温度  を上回るため，地球は溶融状態で誕生！ 

※ 巨大衝突でもペブル・微惑星集積でも，同じ質量が集積した場合の温度変化は同じ． 
　 →(冷却するより短時間で集積すれば)形成過程に依存せず，溶融する．

M1 = 0.9 M⊕ M2 = 0.1 M⊕

ΔT

(M1 + M2)CpΔT =
GM1M2

R1+2

R1+2 = R⊕ Cp = 1000 J K−1 kg−1

ΔT =
GM1M2

R1+2(M1 + M2)Cp
≃ 5000 K

Tsol ≃ 1500 K



マグマオーシャンとコアの分化
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大気

マグマ・オーシャン

固化マントル

コア

←マグマ中のメタル液滴

←メタル・ポンド

マグマオーシャン：全球的に溶融した岩石の層 

コアの分化 
メタルの液滴が沈降 
サイズ ~1 cm (Rubie et al. 2003, Earth Planet. Sci. Lett.) 

固化マントルの上に蓄積(メタル・ポンド) 
メタルと固化マントルの密度差があるため， 
ある程度蓄積すると不安定となり，コアへ



一次大気と二次大気
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大気の2つの起源 
原始惑星系円盤ガス(一次大気)：太陽組成でH, Heに富む → 巨大惑星 
集積天体中の揮発性元素(二次大気)：C, Nなど重たい元素に富む → 地球型惑星



マグマオーシャン期の元素分配
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リキダス温度での超苦鉄質マグマの粘性  (サラダ油程度) 
→ レイリー数  (e.g., Solomatov 2015) 
→ マグマオーシャンは激しい対流・乱流状態 
→ よく混ざるはず (マグマオーシャン全体が大気と平衡化) 

大気-マグマオーシャン-メタル液滴の間で元素分配 
大気・海・生命のもととなる揮発性元素 (H, C, N, O, P, S) の 
表層存在量に影響 
高圧実験 → 全て親鉄性 (マグマへの分配  メタルへの分配) 

現在の地球マントル中の揮発性元素量 ≧ 大気・海 

コアの密度欠損 ( ) 
→ 最大の揮発性元素リザーバー？

η ∼ 0.1 Pa s
Ra ∼ 1028−29

<

Δρ ∼ 10 %

大気

マグマ 
オーシャン

コア

固化マントル

溶解平衡

元素 
取り込み

対流

対流



レイト・ベニアと後期集積
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caused substantial melting. Surviving undifferentiated bodies must,
therefore, have grown relatively slowly, enabling heat to be radiated
away and after substantial decay of the most important radio-
nuclides. In small, differentiated bodies, the pressure at which
metal and silicate material equilibrated during core segregation
would generally have been less than 2GPa. Equilibration temperature
is more difficult to define because young objects can reach very high
temperatures from the heating processes discussed above and from
potential energy released during settling of metal21. Metal–silicate
equilibration in early-formed objects may therefore have occurred at
a wide range of high temperatures (for example, 1,500 to.3,000K).
By the end of the oligarchic growth stage the tens of surviving

planetary embryos were no longer constrained in well-regulated
orbits and began to interact gravitationally, setting up a final,
cataclysmic stage of accretion by collision which lasted
,107 years1,25. Many of these objects had proto-cores of iron alloy.
A large terrestrial planet like the Earth probably sustained a number
of big collisions during accretion, and a late-stage giant impact
between a Mars-sized object (,1026 g), sometimes referred to as
‘Theia’, and the proto-Earth (,1027 g) is the prevailing theory for the
formation of the Moon. This would have provided sufficient energy
to melt the proto-Earth completely.
In summary, the Earth accreted over a period of at least 107 years

from smaller bodies, most of which had already-segregated metallic
cores. The energies of impact and metal separation provided
sufficient heat to induce substantial melting episodically throughout
the accretion and core-formation process. It is in the context of
accretion, melting and metal segregation that the process of core
formation needs to be viewed.

Chemical signature of core formation
Growth of the Earth from planetary embryos and planetesimals
resulted in the substantial partitioning of siderophile elements into
the metallic core, leaving lithophile elements behind in the silicate
mantle. Observed metal–silicate partitioning behaviour can, in
principle, be used to understand the core separation process pro-
vided chemical compositions of the bulk silicate Earth (otherwise
known as the primitive mantle), the core and the bulk Earth are

known. Primitive mantle is estimated from analyses of mantle
peridotites3,26, bulk Earth from the compositions of undifferentiated
protoplanetary material, represented by the CI carbonaceous
chondrite meteorites and the core is obtained by calculating the
difference.
Figure 1 shows a plot of the ratios of elemental concentrations in

the bulk silicate Earth divided by those in CI chondrites, normalized
to ½Mg"Earth

½Mg"CI ¼ 1:0 to correct for the high volatile contents of the
meteorites. The elemental ratios are plotted as a function of the
temperature by which 50% of the element of interest would have
condensed during cooling of a gas of solar composition27. The most
important point is that, although the bulk Earth does not have an
exactly CI composition28, refractory lithophile elements such as Ca,
Sc, Ti and the rare earths are present in the silicate Earth in the
same relative proportions as in the carbonaceous chondrites3,26,29.
Carbonaceous chondrites represent undifferentiated protoplanetary
material, so the implication is that the bulk Earth contains the same
relative proportions of all refractory elements as carbonaceous
chondrites. This is the basis of the chondritic reference model.
As can be seen on the left-hand side of the diagram, there is a

decreasing relative abundance of elements in the silicate Earth with
decreasing condensation temperature or increasing volatility. This
demonstrates that the Earth is depleted in volatile elements with
respect to the chondritic reference, although the correlation with
increasing volatility is purely qualitative. Depletions of the silicate
Earth in refractory siderophile elements such asW,Mo, Re andOs are
due to partial extraction of these elements into the core. The extent of
extraction can be estimated by comparing silicate Earth concentrations
(ratioed to CI chondrites) to those of refractory lithophile elements
such as the rare-earth elements. This enables us to calculate, for each
element, a core–mantle partition coefficient D i defined as follows:

Di ¼
½i"core

½i"silicate Earth
where [i] is the concentration of element i. Lithophile elements haveD
values close to zero. Table 1 shows that siderophile elements exhibit a
very wide range of core–mantle partitioning behaviour, reflecting their
different chemical properties and the conditions under which core
segregation took place.
Core–mantle partitioning is best defined for those refractory

elements that are weakly or moderately siderophile and which, like
Ni and Co, are compatible in solid mantle silicates. The concen-
trations of these elements vary little in mantle samples, which means
thatD i values based on the chondrite model have small uncertainties.
Highly siderophile refractory elements such as the Pt group (Fig. 1)
are slightly less well-constrained. The abundances of these elements
in mantle samples are very low and, since they enter minor sulphide

Figure 1 | Elemental abundance in the silicate Earth versus temperature of
50% condensation. Elemental abundances in the silicate Earth are ratioed
to those in CI carbonaceous chondrites3 and normalized to ½Mg"Earth

½Mg"CI ¼ 1:0.
The abundances are plotted against the temperature by which 50% of the
element would have condensed from a gas of solar composition at a total
pressure of 1024 bar (ref. 27). We note that depletions of the silicate Earth in
refractory ‘Siderophile’ and ‘Highly siderophile’ elements relative to
‘Refractory lithophile’ elements are due to sequestration in the core. Core
contents of volatile elements that condense at low temperatures are more
difficult to constrain. REE, rare-earth elements.

Table 1 | Core–mantle partition coefficients

Element Refs 3 and 29 Ref. 26 Likely range Low-pressure experimental D i

(refs 30 and 31)

DFe 13.66 13.65 13.65 13.65
DNi 26.5 24.4 23–27 4,900
DCo 23.8 24.7 23–27 680
DV 1.83 NE 1.5–2.2 0.02
DW 16 NE 15–22 3
DPd 800 NE 600–1,000 7 £ 105

D Ir 800 NE 600–1,000 1011

DPt 800 NE 600–1,000 4 £ 106

DNb NE NE 0.2–0.8 NE
DCr 3.4 2.9 0.5–3.5* 0.2
DMn 0.29 5 0.2–2.0* 0.006
DSi 0.29 0.34 0.1–0.35* 1025

DS 76 NE 50–100* 50
DGa NE NE 0–1.5* 15
DP 22 45 20–50* 30

NE, not estimated.
*Value uncertain due to volatility.
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コアを除く地球の元素存在度とそれぞれの凝縮温度

Wood et al. (2006) Nature

凝縮温度 [K]
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レイト・ベニア (e.g., Chou 1978) 
マントルに含まれる強親鉄性元素(分配係数 ) 
マグマオーシャン期には全てコアに持ちさられた 
後期集積(下記)による再供給 

後期集積 
コア形成完了後の天体衝突 
レイトベニア元素存在度から，総量

≳ 102

∼ 0.01 M⊕強親鉄性元素

親鉄性元素



月に記録された後期集積
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プレートテクトニクスのない月： 
古い地殻を残している (↔ 地球) 

40億年以上前の記録はほぼないものの， 
過去に遡るほど指数関数的に天体衝突頻度が 
大きかったことがわかる (図) 

後期重爆撃 (e.g., Tera et al. 1974, Earth Planet. Sci. Lett.) 
41-38億年前の天体衝突頻度の増加 
≠ 後期集積 (後期重爆撃 ∈ 後期集積) 
太陽系規模の天体移動？ 
本当にあったのか疑問視もされている 
(e.g., Mobidelli et al. 2018 Icarus)

長 他 (2012) 遊星人

268 日本惑星科学会誌Vol. 21, No. 3, 2012

れている．月ではアポロ・ルナ計画で持ち帰られた岩
石試料の放射年代と着陸地点のクレータ密度の関係づ
けがなされている（この関係をクレータ年代学関数と
呼ぶ）[1]．それにより，太陽系内側における天体衝突
史の復元と，クレータ数密度計測にもとづく年代測定
手法（クレータ年代学）の構築が行われ，太陽系小天体
の衝突破壊・軌道進化史や月惑星表面の地質進化史に
関しての多くの知見が得られている．
　しかし，アポロ・ルナ岩石試料中で絶対年代と地質
イベントとの対応がとれているものは，30～39億年
前の海の玄武岩や，1億年よりも若いクレータに限ら
れているため，1～30億年前と40億年以前の年代範囲
のクレータ年代学関数には大きな不確定性が残されて
いる（図1）．例えば20億年付近に年代を持つ領域の場
合，用いる年代学関数によって得られる年代に6億年
以上の差異が生じる．また，月以外では火星起源と考
えられる隕石が発見されているが，これらの隕石の結
晶化年代が火星のどの地質ユニットの年代を反映して
いるのかは明らかでなく，試料の絶対年代と地質イベ
ントとの対応は取れていない．このように月惑星の年
代学における時間軸は確立されたとは言い難いのが現
状であり，今後の探査によって月面における未取得年
代範囲の試料と各惑星（特に火星）の試料を獲得し，表
層進化史に時間軸を入れることは最重要課題である．
以下では，3つの主要な問題に着目し，絶対年代を獲
得することの意義を概説する．

2.1　40億年以前の衝突史

　月における40億年以前の試料採取の意義は後期重
爆撃仮説の検証にある．アポロ試料中の衝突溶融岩の
放射年代は38～40億年に集中しており，このことか
ら一部の月科学者は39億年前に天体衝突が活発にな
った時期があったと考えている．これは後期重爆撃仮
説と呼ばれる[2]．一方，アポロ試料は特定の衝突盆
地からの放出物に汚染されているために一様な年代を
示しているにすぎない，という反対意見もある．この
ように後期重爆撃は仮説の域を出ていないにも関わら
ず，その原因はこれまで太陽系規模の軌道進化の枠組
みの中で議論されてきた．例えばGomes et al. [3]は
太陽系初期の巨大惑星の急激な軌道移動と関連づけて
後期重爆撃期の原因を説明している．今や後期重爆撃
仮説は太陽系形成の描像を左右する問題であり，月科
学における最優先課題の一つである．これを検証する
ためには，ネクタリス盆地などの古い衝突盆地の年代
を決定することで，40億年前以前の衝突率がどのよ
うに減少したのかを明らかにする必要がある（4.2節参
照）．

2.2　過去30億年の衝突フラックス

　太陽系内側の衝突フラックスに関するもう一つの問
題は，過去30億年の衝突頻度の長期的時間変化である．
小惑星帯の衝突進化の数値計算研究は，約30億年前
から現在にかけて天体衝突頻度が1/3程度減少した可
能性を示唆する[4]．一方で，放射年代が得られてい
る月の海のクレータ記録と若いクレータのクレータ数
密度の比較から，過去30億年間，月面におけるクレ
ータ生成率はおおよそ一定であったと解釈されている
[1]．35億年前以前の大規模なクレータ形成期が終了
した後の衝突フラックスの変動は，地球近傍天体
（NEOs）供給過程とNEOsソースの規模の時間変化を
制約するために重要な情報となる．この問題を決着さ
せるためには，25～5億年前に対応するクレータ密度
を持つ領域の放射年代を得ることが重要である．その
ような地点としては，コペルニクスクレータや月面で
最も若い溶岩流が挙げられる（4.2節参照）．

2.3　火星の絶対年代

　火星表面の年代推定に用いる年代学関数は，上述し

َ±  KఌᬂɁɹʶ˂ʉୣᩜޙ͍ࢳᴫཎᓨɁяɂɬʧʷˁʵʔᝁ

୳Ɂ͍ࢳߪȻɹʶ˂ʉୣ࣊߈ɁᩜΡɥᇉȬᴫ
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月のクレーター数密度と地殻年代の関係



後期集積の影響
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揮発性元素の供給・大気・海の剥ぎ取り (散逸) 
- 後期集積(地球質量の約1%)で大気は完全に入れ替わる可能性 (Sakuraba et al. 2019 Icarus) 
衝突地点付近の熱水環境・衝突地点の短期的な超高温環境 
- 前生命化学進化の場



ハビタブル・ゾーン
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門屋他 (2012) 日本惑星科学会誌, Vol. 21, No. 3. をもとに改変

78 第 7章 惑星表層環境進化

7.3 ハビタブル・ゾーン
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

状態

全球凍結

状態30
0 
W
/m

2

）1
=

陽
太
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光
の

星
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中
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地球

2.0

1.5

1.0

0.5

0
0.50 1.5 2.51.0 2.0 3.0

温室効果の低下

によって全球凍結

図 7-1. 地球型惑星の気候状態とハビタブル・ゾーン。門屋他 (2012), 日本惑星科学会誌 Vol.
21, No. 3より。

惑星の表面において H2Oが液体として存在できるかは、第一には惑星の受け取る中心星
放射の量に依存する。惑星系において液体のH2Oを保持するのに適した領域をハビタブル・
ゾーン (Habitable Zone, 生命居住可能領域)と呼ぶ (図 7-1)。液体のH2Oの存在は地球生命
の居住の必要条件に過ぎず、ハビタブルという言葉の本来の意味と同じではないが、アスト
ロバイオロジーの分野においては惑星の表層環境と生命の存在を議論する上で、便宜的にこ
のような定義を置いている。
惑星表面にH2O以外に温室効果ガスとなり得る物質が存在しない場合、ハビタブル・ゾー
ンは極めて狭い。これは受け取る中心星放射量が増加 (減少)すると、地表温度の上昇 (下降)
に伴い、H2Oのうち温室効果ガスである水蒸気として存在する量が増加 (減少)するためで
ある。このフィードバック機構は受け取る中心星放射量の変化に対する地表温度の変化を増
幅する働きがある (図 7-2)。受け取る中心星放射量がある閾値 (約 300 Wm−2)を超えると、
このフィードバック機構が暴走的に作用し、H2Oはすべて蒸発してしまう。このような状態
を暴走温室状態と呼ぶ。逆に受け取る中心星放射量が小さく、惑星表面のH2Oがすべて氷と
なった状態を全球凍結状態と呼ぶ。
一方で、ハビタブル・ゾーンの外側境界の位置はH2O以外の温室効果ガスの種類や存在量
に依存する。現在の太陽系の地球型惑星において、この温室効果ガスとして重要となるのは
CO2である。CO2の量が多いほどハビタブル・ゾーンの外側境界は遠方に位置するが、あま
りに受け取る中心星放射が小さいと CO2 が凝結して気体ではなく固体として存在してしま
う。この位置がCO2の温室効果によるハビタブル・ゾーンの最外縁である。また、太陽系に
は存在しないが、系外惑星においては H2大気の温室効果によって表面に海を持つ惑星の存
在可能性も議論されている。
現在の金星はハビタブル・ゾーンの内縁より太陽に近く、暴走温室状態にあると考えるこ
とができる。現在の地球は CO2の温室効果によるハビタブル・ゾーンの中にある。CO2の
温室効果によるハビタブル・ゾーンがどこまで広がっているかはよくわかっていないが、火

ハビタブル・ゾーン 
天体表面に液体の水を保持できる軌道範囲 
恒星(質量，年齢)・惑星(質量，大気組成)に依存 
狭義にはCO2(+N2)大気を仮定する 

暴走温室状態 
水が全て水蒸気となるような気候状態 
現在の金星 

全球凍結状態 
表面では水が全て氷となるような気候状態 
現在の火星



H2Oの気候フィードバック

12

altitudes, reaching values >150 km for surface tempera-
tures above 400 K. The reason, as explained originally
by Ingersoll (1969), is because of the large amount of
latent heat released when water vapor condenses. At high
surface temperatures, the atmosphere becomes water-
dominated, and so the tropospheric P–T profile approaches
the saturation vapor pressure profile given by the Clausius–
Clapeyron equation (1.49). The lapse rate in this water-
dominated regime can be derived from the differential form
of this eq. (1.48). If, for clarity, we replace the meteorolo-
gists’ symbol for saturation vapor pressure, es, with the
symbol we have been using in this chapter, Pv, eq. (1.48)
becomes

dPv

dT
¼ lcPv

RcT2 (13.19)

Inverting this equation and using the barometric law and
the perfect gas law gives

dT
dz

¼ ρg
dT
dPv

¼ RcT2ρg
lcPv

¼ gT
lc

(13.20)

The latent heat of condensation, lc ffi 2.5#106 J kg–1, so
at 288 K the predicted lapse rate from eq. (13.20) is

~1.1 K km–1. By comparison, the dry adiabatic lapse rate
for Earth’s present atmosphere is: Γdry ¼ g=cp ffi
10 K km–1. The moist adiabatic lapse rate for a water-
dominated atmosphere is clearly very much smaller, so the
troposphere must extend to very high altitudes before the
temperature drops to the assumed stratospheric tempera-
ture (Tstrat) of 200 K. One could argue that it is artificial to
keep Tstrat fixed during such a calculation. However, by
analogy to the gray atmosphere solution, as the tropopause
moves higher and higher, Tstrat should approach the skin
temperature of the planet, which is given by eq. (2.97) as

Tskin ¼ Teff =21=4, where Teff is the effective radiating tem-
perature. Thus, Tstrat varies only as the fourth root of the
outgoing infrared flux. As the stratosphere becomes higher
and thinner it emits less radiation, and so any deviations in
Tstrat make little difference to the overall planetary radi-
ation balance (Kasting, 1988).

The assumption that an upper stratosphere approaches
the skin temperature has been challenged. Leconte
et al. (2013) point out (following Pierrehumbert, 2010,
p. 289 ff.) that the temperature at low optical depths in a
non-gray atmosphere can be much lower than the gray
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Figure 13.12 Schematic vertical temperature profiles for moist (a)
and runaway (b) atmospheres. (From Kasting (1988). Reproduced
with permission from Elsevier. Copyright 1988.)
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Figure 13.13 Vertical profiles of temperature (a) and water vapor
mixing ratio (b) for atmospheres with different surface tempera-
tures, Ts. A 1-bar N2/O2 background atmosphere is assumed.
(From Kasting, (1988). Reproduced with permission from Elsevier.
Copyright 1988.)
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dominated, and so the tropospheric P–T profile approaches
the saturation vapor pressure profile given by the Clausius–
Clapeyron equation (1.49). The lapse rate in this water-
dominated regime can be derived from the differential form
of this eq. (1.48). If, for clarity, we replace the meteorolo-
gists’ symbol for saturation vapor pressure, es, with the
symbol we have been using in this chapter, Pv, eq. (1.48)
becomes

dPv
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¼ lcPv

RcT2 (13.19)

Inverting this equation and using the barometric law and
the perfect gas law gives

dT
dz

¼ ρg
dT
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¼ RcT2ρg
lcPv

¼ gT
lc

(13.20)

The latent heat of condensation, lc ffi 2.5#106 J kg–1, so
at 288 K the predicted lapse rate from eq. (13.20) is

~1.1 K km–1. By comparison, the dry adiabatic lapse rate
for Earth’s present atmosphere is: Γdry ¼ g=cp ffi
10 K km–1. The moist adiabatic lapse rate for a water-
dominated atmosphere is clearly very much smaller, so the
troposphere must extend to very high altitudes before the
temperature drops to the assumed stratospheric tempera-
ture (Tstrat) of 200 K. One could argue that it is artificial to
keep Tstrat fixed during such a calculation. However, by
analogy to the gray atmosphere solution, as the tropopause
moves higher and higher, Tstrat should approach the skin
temperature of the planet, which is given by eq. (2.97) as

Tskin ¼ Teff =21=4, where Teff is the effective radiating tem-
perature. Thus, Tstrat varies only as the fourth root of the
outgoing infrared flux. As the stratosphere becomes higher
and thinner it emits less radiation, and so any deviations in
Tstrat make little difference to the overall planetary radi-
ation balance (Kasting, 1988).

The assumption that an upper stratosphere approaches
the skin temperature has been challenged. Leconte
et al. (2013) point out (following Pierrehumbert, 2010,
p. 289 ff.) that the temperature at low optical depths in a
non-gray atmosphere can be much lower than the gray
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Figure 13.12 Schematic vertical temperature profiles for moist (a)
and runaway (b) atmospheres. (From Kasting (1988). Reproduced
with permission from Elsevier. Copyright 1988.)
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Figure 13.13 Vertical profiles of temperature (a) and water vapor
mixing ratio (b) for atmospheres with different surface tempera-
tures, Ts. A 1-bar N2/O2 background atmosphere is assumed.
(From Kasting, (1988). Reproduced with permission from Elsevier.
Copyright 1988.)
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H2O混合比温度 [K]

高
度
 [k

m
]

簡略化した地球大気の温度構造と水蒸気の混合比：地表面温度上昇への応答
高
度
 [k

m
]

Kasting (1988) Icarus

地表温度が高い(e.g., 恒星に近い) → 地表付近のH2O混合比大 →  小 → 上空のH2O混合比大−dT/dz



ハビタブル・ゾーンの内側境界：暴走温室状態
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暴走温室状態となるような閾値となる入射光フラックスはどのように決まっているのか？ 
→ 射出限界 (表面に海を持つ惑星の放射光フラックスの上限値) として理解できる(※) 

成層圏の射出限界 (Komabayashi-Ingersoll limit) 

対流圏の射出限界 (Simpson-Nakajima limit) 

の2つの射出限界が存在 

※ “放射フラックスの上限”によって制約されるため，中心星からの入射光が射出限界を 
　 下回っていても，内部熱源によって暴走温室状態となることもありうる 
　 (例：形成直後の熱い地球は暴走温室状態と見なせる)
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two-component model, the opacity along a vertical path
is given by

dτ ¼ " κvxvmv þ κnxnmnð Þ dP
mg

(13.18)

Here, mv and mn are the molecular masses of water vapor
and the non-condensable species, m is the mean molecular
mass, and xv and xn are the respective volume mixing
ratios. The variation of temperature with pressure in the
troposphere is assumed to be given by the moist adiabatic
lapse rate (eq. (1.56)). In the model considered here, mn =
mv = m, and κn = 0, i.e., the non-condensable component
has the same molecular mass as water vapor and does not
absorb radiation. Results of two separate calculations are
shown in Fig. 13.10. The lower curve shows the outgoing
infrared flux as a function of surface temperature for a
pure water vapor atmosphere, while the middle curve
shows the flux for an atmosphere with a non-condensable
gas partial pressure of 1 bar, similar to modern Earth. The
flux from a blackbody, σT 4, is shown for comparison. In
neither case does the outgoing infrared flux reach the
Komabayashi–Ingersoll limit (dashed line). Other model
atmospheres with larger non-condensable components
can reach this limit, but in thin atmospheres this does
not happen. Instead, the radiation being emitted to space
comes mostly from the troposphere. This tropospheric

radiation reaches an asymptotic limit of ~293 W m–2 at
surface temperatures >400 K. The physical reason for
this behavior is straightforward: As the surface tempera-
ture becomes higher and higher, the lower atmosphere
becomes increasingly opaque to infrared radiation. Even-
tually, none of the outgoing radiation comes from the
surface; rather, it all comes from the upper troposphere.
The amount of radiation being emitted depends on the
absorption coefficient of water vapor, along with the slope
of the moist adiabat. This same asymptotic behavior is
exhibited in non-gray models, as well (Abe and Matsui,
1988; Kasting, 1988; Pollack, 1971; Watson et al., 1984).
Although all of these models preceded the paper of Naka-
jima et al. (1992), it was the latter authors who most
clearly elucidated the physics behind this tropospheric
emission limit and, as mentioned earlier, it was Simpson
(1927) who discovered it. Hence, following Goldblatt and
Watson (2012), we will term this the Simpson–Nakajima
(SN) radiation limit.

The SN limit on the outgoing infrared flux is substan-
tially lower than the KI limit and similar to the approxi-
mate runaway greenhouse threshold derived in the
previous section. Under the same assumptions as above
(no albedo change) the calculated value of 293 W m–2

corresponds to an increase in solar flux by a factor of 1.23
compared to present Earth. This result depends on the
assumed atmospheric composition because one needs to
get over the “hump” in the middle curve in Fig. 13.10,
and that hump can be as high as the KI limit. As we shall

Figure 13.9 Diagram illustrating the Komabayashi–Ingersoll limit
on the runaway greenhouse outgoing thermal infrared flux, FIR.
The dashed line represents the saturation vapor pressure of
water. The three solid curves show the variation of temperature
with altitude calculated from eq. (13.8). A gray atmosphere is
assumed. (From Nakajima et al. (1992). Reproduced with per-
mission. Copyright 1992, American Meteorological Society.)

Komabayashi-Ingersoll limit

Water vapor only

Figure 13.10 Outgoing infrared flux FIR, as a function of surface
temperature Ts for a gray atmosphere consisting of pure water
vapor (bottom curve) or water vapor plus 1 bar of non-
condensable, non-absorbing gas (middle curve). The flux calcu-
lated from the Stefan–Boltzmann law is shown for comparison.
(From Nakajima et al. (1992). Reproduced with permission.
Copyright 1992, American Meteorological Society.)
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光
学
的
深
さ
 τ

温度 [K]

放射平衡の大気構造(実線)と飽和蒸気圧曲線(破線) 水蒸気 100 % の大気を想定する． 

放射平衡の大気構造は， 

  ̶ (1)．(実線) 

一方，   ̶ (2)，   ̶ (3) より， 

  ̶ (4)． ∴   ̶ (5) ( とした) 

(5)式を用いて飽和蒸気圧曲線を  で表すと， 

  ̶ (6)．(破線) 

 とする時， 
(1)と(6)は  で交わらない． 
→ 成層圏と対流圏 (水蒸気で飽和) が接続しない 
→ 平衡解がない！

πB = σSBT4(τ) =
Fnet

2
(Dτ + 1)

dτ = − ρκdz dp = − ρgdz
dp
dτ

=
g
κ

τ =
κ
g

p κ = const .

(τ, T )

τ =
κ
g

psat(T )

κ = 0.01 m2 kg−1, g = 9.8 m s−2

Fnet > 385 W m−2

Nakajima et al. (1992) J. Atmos. Sci.
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放射対流平衡の大気構造

two-component model, the opacity along a vertical path
is given by

dτ ¼ " κvxvmv þ κnxnmnð Þ dP
mg

(13.18)

Here, mv and mn are the molecular masses of water vapor
and the non-condensable species, m is the mean molecular
mass, and xv and xn are the respective volume mixing
ratios. The variation of temperature with pressure in the
troposphere is assumed to be given by the moist adiabatic
lapse rate (eq. (1.56)). In the model considered here, mn =
mv = m, and κn = 0, i.e., the non-condensable component
has the same molecular mass as water vapor and does not
absorb radiation. Results of two separate calculations are
shown in Fig. 13.10. The lower curve shows the outgoing
infrared flux as a function of surface temperature for a
pure water vapor atmosphere, while the middle curve
shows the flux for an atmosphere with a non-condensable
gas partial pressure of 1 bar, similar to modern Earth. The
flux from a blackbody, σT 4, is shown for comparison. In
neither case does the outgoing infrared flux reach the
Komabayashi–Ingersoll limit (dashed line). Other model
atmospheres with larger non-condensable components
can reach this limit, but in thin atmospheres this does
not happen. Instead, the radiation being emitted to space
comes mostly from the troposphere. This tropospheric

radiation reaches an asymptotic limit of ~293 W m–2 at
surface temperatures >400 K. The physical reason for
this behavior is straightforward: As the surface tempera-
ture becomes higher and higher, the lower atmosphere
becomes increasingly opaque to infrared radiation. Even-
tually, none of the outgoing radiation comes from the
surface; rather, it all comes from the upper troposphere.
The amount of radiation being emitted depends on the
absorption coefficient of water vapor, along with the slope
of the moist adiabat. This same asymptotic behavior is
exhibited in non-gray models, as well (Abe and Matsui,
1988; Kasting, 1988; Pollack, 1971; Watson et al., 1984).
Although all of these models preceded the paper of Naka-
jima et al. (1992), it was the latter authors who most
clearly elucidated the physics behind this tropospheric
emission limit and, as mentioned earlier, it was Simpson
(1927) who discovered it. Hence, following Goldblatt and
Watson (2012), we will term this the Simpson–Nakajima
(SN) radiation limit.

The SN limit on the outgoing infrared flux is substan-
tially lower than the KI limit and similar to the approxi-
mate runaway greenhouse threshold derived in the
previous section. Under the same assumptions as above
(no albedo change) the calculated value of 293 W m–2

corresponds to an increase in solar flux by a factor of 1.23
compared to present Earth. This result depends on the
assumed atmospheric composition because one needs to
get over the “hump” in the middle curve in Fig. 13.10,
and that hump can be as high as the KI limit. As we shall

Figure 13.9 Diagram illustrating the Komabayashi–Ingersoll limit
on the runaway greenhouse outgoing thermal infrared flux, FIR.
The dashed line represents the saturation vapor pressure of
water. The three solid curves show the variation of temperature
with altitude calculated from eq. (13.8). A gray atmosphere is
assumed. (From Nakajima et al. (1992). Reproduced with per-
mission. Copyright 1992, American Meteorological Society.)

Komabayashi-Ingersoll limit

Water vapor only

Figure 13.10 Outgoing infrared flux FIR, as a function of surface
temperature Ts for a gray atmosphere consisting of pure water
vapor (bottom curve) or water vapor plus 1 bar of non-
condensable, non-absorbing gas (middle curve). The flux calcu-
lated from the Stefan–Boltzmann law is shown for comparison.
(From Nakajima et al. (1992). Reproduced with permission.
Copyright 1992, American Meteorological Society.)
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2 ]

表面温度 [K]

放射対流平衡大気の表面温度と惑星放射量

対流圏の射出限界
≃ 300 W m−2

Nakajima et al. (1992) J. Atmos. Sci.

放射対流平衡大気モデルで，対流圏は水蒸気で飽和を仮定し，表面温度をパラメータに計算 
表面温度が上昇すると，大気の主成分が水蒸気となり，対流圏の構造が飽和蒸気圧曲線に固定 (左図) 
→ KI-limit とは独立に，対流圏の構造が決定する  に漸近 (対流圏の射出限界 = HZの内側境界)Fnet



increased Rayleigh scattering. More sunlight is reflected
back to space, causing FS to decrease. The behavior of the
solar radiation is easier to visualize if one realizes that
FS = S0(1–A)/4, where S0 is the present solar constant,
1360 W m–2 in this particular calculation. Turning this
relationship around allows one to calculate the albedo
from the following.

A ¼ 1" 4FS

S0
(13.22)

The albedo can be seen to dip slightly at first and then
increase to an asymptotic value of 0.35 as the surface
temperature increases and the atmosphere becomes water-
dominated (Fig. 13.14(b)). The dashed line in the figure
shows the assumed surface albedo of 0.22. The surface
albedo was adjusted in this cloud-free model to yield the
correct surface temperature for modern Earth, given the
present solar constant.

The planetary albedo of an H2O-dominated atmos-
phere has also changed in newer models. Goldblatt et al.
(2013) calculate an asymptotic value of 0.17 at high
surface temperatures, and Kopparapu et al. (2013) calcu-
late 0.19. As explained by Goldblatt et al., the reason why
these albedos are much lower than previously found is
because the absorption coefficients for H2O are being
calculated from the new HITEMP database, which
includes weak absorption lines shortward of 500 nm that
are not found in the older HITRAN database.

13.4.5 Evolution of Venus’ Atmosphere: the
“Moist Greenhouse”

Figure 13.15 summarizes the Kasting (1988) results. The
runaway greenhouse threshold is determined by the

relationship between surface temperature Ts, and a solar
flux Seff, normalized to the solar constant. Although Seff
was calculated as a function of Ts in the model, the axes
have been inverted in Fig. 13.15 to show Ts as a function
of Seff (solid curve). Again, imagine that the Earth is
slowly sliding toward the Sun. Seff will of course increase
according to the inverse square law, Seff # S

S0
¼ r0

r

! "2.
As this happens, Ts increases, slowly at first, then

more rapidly, as the atmosphere becomes more and more
water-dominated. At Seff ffi 1.4, Ts shoots up sharply from
~600 K to ~1600 K. The critical temperature is 647 K, so
any surface temperature in excess of this is too hot to
allow liquid water. The reason that Ts levels out around
1600 K is that the moist convective layer is now suffi-
ciently optically thin that radiation from the dry convect-
ive region below it can now radiate to space. Note that
1600 K is above the melting temperature for typical
silicate rocks, so a planet in this state should have a
magma ocean at its surface, similar to that predicted for
the accretional models of Matsui and Abe (1986a, b), Abe
and Matsui (1988), and Zahnle et al. (1988). This run-
away greenhouse threshold occurs at Seff ffi 1.06 in the
newer model of Kopparapu et al. (2013).

Figure 13.15 shows something else, though, that is
even more important in terms of planetary habitability.
The dashed curve in the figure, which goes with the scale
on the right, shows the stratospheric water vapor mixing
ratio as a function of Seff. Stratospheric water vapor
increases rapidly with surface temperature, as we have
already seen in Fig. 13.13(b). When expressed in terms of
Seff, the behavior is quite dramatic: the stratosphere goes
from being dry to water-dominated as Seff increases
beyond 1.1 (or 1.015 in the Kopparapu et al. (2013)
model). Once this happens, the planet is likely to become

Early
Venus

Critical
point

loss

Figure 13.15 Surface temperature Ts
(solid curve, mapping to the left-hand
vertical axis), and stratospheric water
vapor volume mixing ratio (dashed curve,
mapping to the right-hand axis) as a func-
tion of effective solar flux, Seff = FIR/FS.
(From Kasting, (1988).)
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成
層
圏
の
水
蒸
気
混
合
比
 (破
線
)

太陽光フラックス [地球=1]

地
表
面
温
度
 [K
] (
実
線
) 成層圏 

H2O

H2Oの 
臨界温度 

現在の地球
現在の金星

表面温度

Kasting (1988) Icarus

暴走温室状態：水が全て水蒸気 
湿潤温室状態：海はあるが成層圏が湿潤 

初期金星 
暴走温室と湿潤温室の境界付近 
暴走温室状態であった場合， 
H2Oを全て失うまでMOは固化しない 
  (e.g., Hamano et al. 2013 Nature) 

H2Oの解離と水素散逸 

地球 
海を保持できる 
H2Oはコールドトラップされる

暴走温室状態
湿潤温室状態

初期金星↓

入射光フラックスに対する表面温度と成層圏水蒸気混合比の変化
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CO2-H2O大気の表面気圧と温度の関係

: 現在の火星の受け取る入射光 

(40億年前は )

S0

S/S0 = 0.7

Wordsworth (2016)

CO2が増加するにつれて，温室効果は頭打ち 
レイリー散乱 
CO2の凝結 
温度勾配が緩やかに(湿潤断熱温度勾配) 
大気量に上限 (  で ) 

→ ハビタブル・ゾーンの外側境界を決定 
※ CH4, N2, H2など凝縮温度の低いガスが 
　 大量に存在すれば，ハビタブル・ゾーンは広がる 

初期火星は狭義のHZ(CO2大気を仮定)の外 
→ 全球凍結？

273 K ≃ 30 bar

EA44CH15-Wordsworth ARI 10 June 2016 9:3

Finally, one independent constraint on atmospheric pressure comes from the size distribution
of craters on ancient terrain. In a thick atmosphere smaller impactors burn up before they reach
the surface, so observation of the smallest craters leads to an upper limit on atmospheric pressure.
Recent analysis of the Dorsa Aeolis region near Gale Crater using this technique has led to an
approximate upper limit of 0.9–3.8 bar on atmospheric pressure 3.6 Ga (Kite et al. 2014).

To summarize, many aspects of Mars’s atmospheric evolution are highly uncertain. It is likely
that Mars had a thicker CO2 atmosphere in the late Noachian. This atmosphere could have
been as dense as 1–2 bar, but likely no more than this. If the early atmosphere was denser than
approximately 0.5 bar, it cannot have all escaped to space and the difference will now be buried
in the deep crust as carbonate. Several recent studies have suggested that this reservoir may be
small, but the observational search for carbonate deposits on Mars should continue, along with
theoretical study of the interaction between atmospheric CO2 and pore water in deep martian
hydrothermal systems.

3.2. The Failure of the CO2 Greenhouse
Constraining the early atmospheric CO2 content is necessary to build a complete picture of the
Noachian climate, but it is not sufficient. In a seminal paper, Kasting (1991) demonstrated that
regardless of the atmospheric pressure, a clear-sky CO2-H2O atmosphere alone could not have
warmed early Mars. There are two reasons for this. First, CO2 is an efficient Rayleigh scatterer,
so in large quantities it significantly raises the planetary albedo. In addition, CO2 condenses
into clouds of dry ice at low temperatures. As surface pressure increases this leads to a shallower
atmospheric lapse rate, reducing the greenhouse effect (Figure 3). At high enough CO2 pressures,
the atmosphere collapses on the surface completely. This conclusion, which was reached by Kasting
using a one-dimensional clear-sky radiative-convective climate model, has recently been confirmed
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Figure 3
The two plots that began the modern era of research on the early martian climate (from Kasting 1991). (a) Temperature-pressure
profile for the early martian atmosphere assuming a surface pressure of 2 bar. The dashed line shows the case where CO2 condensation
is (correctly) included, leading to a weaker greenhouse effect. (b) Surface temperature versus pressure produced from a clear-sky
one-dimensional radiative-convective climate model for several values of solar luminosity relative to present day. The dashed line shows
the saturation vapor pressure of CO2. Note that these surface temperatures are now regarded as overestimates, due to the problems in
representation of the CO2 collision-induced absorption described in Halevy et al. (2009) and Wordsworth et al. (2010).
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マグマオーシャン固化直後の地球大気
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C, Nのマグマへの溶解度は小さい 
→ 分配量：大気 >> マントル 
(e.g., Hirschmann 2016) 

現在のマントル中の元素量： 
CO2換算 数100 bar, N2換算 数 bar 
→ 金星のような厚いCO2(+N2)大気 

当時のマントル組成によっては 
より還元的な大気組成になる



地球：海の形成と炭素固定
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門屋他 (2012) 日本惑星科学会誌 遊星人, Vol. 21, No. 3.

海が形成されるとCO2を炭酸塩岩として固定 
大陸地殻のない初期地球において炭酸塩岩固定がどの程度進むかは議論がある (Krissansen-Totton et al. 2018, PNAS)

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
状態

全球凍結
状態30

0 W
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光
度
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温室効果の低下
によって全球凍結

火山活動

脱ガス
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風化・侵食

熱水交換反応 Ca2+

HCO-3
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大陸
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沈殿

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

気温上昇で風化率増大 → CO2減 
気温下降で風化率減少 → CO2増
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累代 期間 特徴

冥王代 46億-40億年前 岩石や地層記録なし

太古代 40億-25億年前 貧酸素・CO2に富む大気？ 
化学合成(+光合成？)原核生物

原生代 25億-5.42億年前 酸素濃度上昇，大陸地殻増加 
酸素発生型光合成，真核生物

顕生代 5.42億年前-現在 酸化的な大気 
生物化石豊富，生物大型化
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古い地殻はプレート運動で失われる 
冥王代：岩石記録がない時代 

43億年前のジルコン結晶 
低温の水と反応した証拠 (酸素同位体) 
→ 海が存在した？ (Wilde et al. 2001) 

39.5億年前の炭素の低い13C/12C比  
(生体有機物の特徴) 
→ 生命が誕生していた？ (Tashiro et al. 2017)

冥王代

生命の誕生

図は 飯塚 (2015), 東京大学大学院地球惑星科学専攻ウェブマガジン を改変 
http://www.eps.s.u-tokyo.ac.jp/webmagazine/wm006.html

液体の水があった記録

生命が存在していた記録



還元的な初期大気モデル
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近代的な惑星形成モデルが確立する前に好まれていた 
生命誕生につながる有機化学進化に有利 (Millerの放電実験) 
暗い太陽のパラドックスを還元的な CH4-NH3大気で解決？ 
NH3  で十分な温室効果 (Sagan & Mullen 1972) ．しかし… 

地球形成モデルはCO2大気を予想 
O2に欠乏した大気中では，NH3は  の紫外線で解離・分解 (Kasting, 1982; Kuhn & Atreya, 1979)

10 − 100 ppmv

< 230 nm

The Astrophysical Journal, 792:90 (15pp), 2014 September 10 Domagal-Goldman et al.
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Figure 1. (a) UV stellar energy distributions for σ Boötis (F2V), the Sun (G2V),
ε Eridani (K2V), AD Leonis (M3.5V), and GJ 876 (M4V) for a planet receiving
the integrated energy Earth receives from the Sun (1360 W m−2), with a slight
correction applied to account for how the albedo of a planet will change around
different star types (after Segura et al. 2005). (b) Absorption cross sections for
CO2, O2, and O3, corresponding to Reactions (R1), (R2), and (R4), respectively.
The two panels are on the same scale, allowing estimates of the relative rates of
these photolysis reactions expected around the stars studied here.
(A color version of this figure is available in the online journal.)

of Earth and early Mars (Sagan & Mullen 1972). O atoms can
be liberated from CO2 via photolysis:

CO2 + hν(λ < 175 nm) → CO + O. (R1)

Atomic O thus created through Reaction (R1) or photolysis
of other O-bearing gases may recombine to form O2, and
eventually O3. The distribution of those O atoms between O2
and O3 is critical to the concentration of either species and
is controlled by four reactions that are very well known from
research on Earth’s O3 layer. This set of reactions is collectively
known as the Chapman mechanism:

O2 + hν(λ < 240 nm) → O + O, (R2)

O + O2 + M → O3 + M, (R3)

O3 + hν(λ < 340 nm) → O2 + O, (R4)

O + O3 → O2 + O2. (R5)

Here hν represents photons of the indicated wavelength (ν =
c/λ, c = speed of light), and the “M” in Reaction (R3) is a
third molecule that only participates in the reaction to carry off
excess energy but is not consumed in the reaction. Because
reactions (R1), (R2), and (R4) require photons of different
energy levels (see also Figure 1), both the abundance and
distribution of O atoms between O, O2, and O3 is subject to
the wavelength-dependent stellar flux of the planetary host star.

O3 concentrations should be particularly dependent on the
wavelength distribution of the ultraviolet (UV) photons emitted
by the host star (Figure 1). Far-UV (FUV, λ < 200 nm) photons
drive CO2 and O2 photolysis and subsequent O production (R1)

and therefore O3 production (R2). By contrast, ozone destruc-
tion (R4) is primarily driven by mid-UV (MUV, 200 nm < λ <
300 nm) photons and can additionally be driven by near-UV
(NUV, 300 nm < λ < 440 nm) and visible (∼440–800 nm)
photons (Sander et al. 2006). Because the sources and sinks
of ozone drive the amount of O3 in an atmosphere, both FUV
(O3 production) and MUV–NUV-visible radiation (O3 destruc-
tion) will have a significant impact on O3 concentrations. FUV
photons are primarily produced by processes that correlate
with stellar activity (Pace & Pasquini 2004), and MUV–NUV-
visible photons are primarily generated from a star’s blackbody
radiation.

By definition, planets that are in the habitable zones of cooler
stars absorb similar total amounts of energy as planets in the
habitable zones of Sun-like stars (Kopparapu et al. 2013), but the
wavelength distribution of that energy will be different. Cooler-
type stars such as main-sequence M stars (M dwarfs) produce
relatively less NUV radiation than the Sun but can produce
comparable amounts of, or in some cases more, FUV radiation
(Walkowicz et al. 2008; France et al. 2012, 2013). Hotter-type
stars such as main-sequence F stars have more radiation across
the UV than the Sun, but this increase is more prevalent in the
FUV. As a result, the FUV contributions to the stellar energy
distributions of both M- and F-type stars can be much higher that
that of the Sun, and planets in the habitable zones of these stars
can accumulate greater amounts of atmospheric O2 and O3. This
has been demonstrated for biologically mediated, oxygenated
atmospheres similar to modern Earth (Selsis et al. 2002; Segura
et al. 2003, 2005, 2010; Rugheimer et al. 2013). However, the
most likely atmospheric composition for rocky habitable planets
is CO2, H2, and N2 (e.g., Zahnle et al. 2010; Seager & Deming
2010). Selsis et al. (2002) were the first to study the potential
for O2 and O3 to accumulate on planets devoid of life, but their
work did not properly account for sinks of these gases (Segura
et al. 2003). Tian et al. (2014) found a similar result using
the spectrum of the M dwarf GJ 876. Neither of those studies
systematically studied the effects of atmospheric composition
on the accumulation of detectable O2 and O3 or included hotter-
type stars in the study. The lack of this parameter coverage
limited the ability of these prior studies to discriminate between
false and true positives for life.

Considering a wide range of possible planetary atmospheric
compositions is critical, because sinks for O2 and O3 are
primarily controlled by the chemical context of the atmosphere
and oceans. In anoxic atmospheres, the greatest sinks for O2
and O3 are reactions with reduced radicals in the atmosphere,
such as

CH3 + O2 → H2CO + OH. (R6)

As the concentration of reduced species such as CH4 in-
creases in the atmosphere, so do the concentrations of radicals
such as CH3, and these should react with O2 and O3, keeping
their concentrations low. It is therefore very difficult to maintain
high levels of O2, O3, and CH4 (or other reduced gases) in the
atmosphere simultaneously. Major abiotic sources of reduced
species include volcanic outgassing of H2 and submarine pro-
duction of CH4, and their sinks are primarily determined by the
redox state of the oceans. These are ultimately controlled by
the redox state of the atmosphere and by the redox state of the
oceans. Including the effects of the redox state of the oceans
becomes critical for such simulations, and we developed a new
methodology to ensure redox balance of the atmosphere–ocean
system.

2

Domagal-Goldman et al. (2014) Astrophys. J.

CO2解離
NH3解離
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1. CO2の温室効果 (次ページ) 

2. CO2-CH4 大気 (e.g., Pavlov et al. 2000) 

3. 少ない大陸地殻と雲 → 低いアルベド (e.g., Rosing et al. 2010) 

4. N2-H2の衝突励起吸収 (Wordsworth & Pierrehumbert 2013) 

5. 厚い N2 大気の pressure broadening (Goldblatt et al. 2009) 

6. OCSの温室効果 (Ueno et al. 2009) 

7. CH4-NH3 大気 (Sagan & Muller 1972) 

8. 太陽は重たく明るかった (e.g., Whitmire et al. 1995)
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The Organic Carbon Cycle
The organic carbon cycle begins with oxygenic photosyn-
thesis and converts CO2 and H2O into organic matter, 
CH2O, and O2. This process is reversed by respiration, 
carried out by both animals and plants, and by aerobic 
decay, performed by bacteria. This cycle is rapid enough 
to recycle all the atmospheric CO2 in ~10 years. But it 
is also in approximate balance, except for a small leak 
of organic matter into marine sediments. Burial of this 
organic matter forms a net source for O2 and a net sink 
for CO2. The O2 that is generated eventually reacts with 
fossil organic matter on the continents in a process termed 
oxidative weathering, and this closes off the long-term cycle.

British scientist James Lovelock suggested that the organic 
carbon cycle kept atmospheric CO2 concentrations high 
on the early Earth (Lovelock 1979). He dubbed his theory 
the Gaia hypothesis, named after the Greek goddess of 
Mother Earth. In Lovelock’s view, photosynthetic organ-
isms pull CO2 out of the atmosphere at just the right rate 
to compensate for gradually increasing solar luminosity. 
But this is unlikely to have been the case. The organic 
carbon cycle, which controls atmospheric O2, cannot also 
be the primary control on atmospheric CO2 because the 
feedbacks which regulate O2 are quite different from those 
that affect climate. Or, to say this another way, in order for 
atmospheric O2 to remain constant, organic carbon burial 
must be balanced by organic carbon weathering, so the 
net effect on atmospheric CO2 should be zero over long 
timescales. To be fair, later versions of the Gaia hypothesis 
included the effect of land plants on silicate weathering, 
which is part of the inorganic carbon cycle described below. 
Thus, most researchers would agree that life influences 
atmospheric CO2 levels, probably keeping them somewhat 
lower than they would be in its absence. But the funda-
mental control mechanism lies elsewhere (see Porder 2019 
this issue).

The Carbonate–Silicate Cycle
Today, atmospheric CO2 is (probably) primarily controlled 
by the inorganic carbon cycle, also known as the carbonate–
silicate cycle. It is inorganic because CO2 is not reduced to 
organic carbon, and so no O2 is produced. This cycle is 
depicted in FIGURE 1.

We begin with the weathering part of the cycle. 
Atmospheric CO2 dissolves in rainwater to produce 
carbonic acid (H2CO3). Carbonic acid is a weak acid but it is 
strong enough over long timescales to dissolve continental 
silicate rocks by the silicate weathering process. Carbonate 
rocks dissolve as well—indeed, they dissolve faster than 
do silicates—but this has little effect on long-term CO2 
concentrations because no net carbon exchange takes place 
between the atmosphere–ocean system and sediments. 
On short timescales, weathering of carbonates transfers 
CO2 from the atmosphere to the oceans, but that added 
carbon is eventually removed by carbonate precipitation. 
The by-products of silicate weathering include calcium and 
magnesium ions (Ca2+ and Mg2+), bicarbonate ions (HCO3

−), 
and dissolved silica (SiO2). These dissolved products are 
carried by streams and rivers down to the ocean where 
various organisms use them to make shells of calcium 
carbonate (CaCO3) or silica. Today, much of this carbonate 
precipitation is carried out by organisms that live in the 
surface ocean, such as the planktonic foraminifera. During 
the Precambrian, this function was performed primarily 
by benthic, mat-forming organisms, creating stromato-
lites. But carbonate would precipitate anyway, even on an 
abiotic planet, as the products of weathering—specifically, 
alkalinity ≅ [HCO3

−] + 2[CO3
2−]—accumulated in the ocean.

When organisms such as foraminifera die, they sink into 
the deep ocean. The deep ocean is slightly more acidic 
than the surface ocean, and so most of the carbonate redis-
solves. A portion of it is preserved, however, and forms 
carbonate sediments that coat parts of the seafloor. When 
this seafloor is subducted, some of the carbonate is scraped 
off, but some of it is carried down to great depths. There, 
the heat and pressure cause calcium and magnesium to 
recombine with silica (which by this time is the mineral 
quartz), reforming Ca/Mg silicates and releasing gaseous 
CO2. This CO2 is restored to the atmosphere by volcanism. 
Ignoring Mg, the entire cycle can be represented by the 
reaction

 CaSiO3 + CO2 ↔ CaCO3 + SiO2 (1)

Reaction (1) running to the right represents silicate weath-
ering plus carbonate deposition. Running to the left, it repre-
sents carbonate metamorphism, also referred to as silicate 
reconstitution. Written as is, with a double arrow, this 
reaction is sometimes termed the Urey equilibrium. The 

FIGURE 1 Diagram illustrating the carbonate–silicate cycle. 
The operation of the cycle is described in the text. 

CREDIT: KATERINA KOSTADINOVA
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炭素循環 (carbonate-silicate cycle)

CO2の脱ガスと炭酸塩岩への固定のサイクル (時定数  年) 
太陽光度変化(  年)の影響を打ち消すように働く (Walker et al. 1981 J. Geophys. Res.)

∼ 106−7

∼ 108−9

気温上昇で風化率増大 → CO2減 
気温下降で風化率減少 → CO2増
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Fig. 5 shows model outputs where we have assumed 100 ppm
Proterozoic methane and 1% Archean methane levels (SI Appendix
E). The temperature changes are smaller than what might be expected
if only methane levels were changing. This is because pCO2
drops in response to the imposed temperature increase—pCO2
must drop otherwise weathering sinks would exceed source fluxes.
The pCO2 distribution at 4.0 Ga is shifted downward relative to the
nominal case with no other greenhouse cases, and ocean pH in-
creases in response to this pCO2 drop. Note that for parts of parameter
space where CO2/CH4 J 0.2 (50), our temperatures should be
considered upper limits because a photochemical haze would form,
cooling the climate (SI Appendix E).
Thus, even with considerable warming from an additional

greenhouse gas, the median temperature at 4.0 Ga is below
300 K, and the temperature distribution extends to 320 K, again
excluding a hot Archean. SI Appendix, Fig. S7 shows the results
for the most extreme case of no Archean land and high methane
abundances. Even in this extreme scenario, the seafloor weath-
ering flux successfully buffers the climate to a median 4.0 Ga
value of ∼310 K. Archean pH values are closer to circumneutral
when methane is included due to lower pCO2, but there is still a
monotonic evolution in pH over Earth history.

Discussion
Previously, Sleep and Zahnle (12) modeled the evolution of the
geological carbon cycle over Earth history and reported the
Hadean and Archean mean surface temperatures below 0 °C,
unless atmospheric methane abundances were very high. In con-
trast, we find that Archean temperatures were likely temperate,
regardless of methane abundances. This disparity can be ascribed
to the differing treatments of seafloor weathering. Sleep and
Zahnle (12) did not include ocean chemistry in their model (they
effectively fix pH), and were thus forced to parameterize seafloor
weathering using a power-law pCO2 dependence with a fitted ex-
ponent. This parameterization overestimates the role of Archean
seafloor weathering. Experiments with basalt dissolution reveal a
weak pH dependence and a moderate temperature dependence,
but no direct pCO2 dependence (see discussion in ref. 36).
The change from a CO2-dependent parameterization to a

temperature-dependent parameterization means the seafloor
weathering feedback better stabilizes climate against increasing
luminosity. For a purely temperature-dependent weathering

feedback, decreasing luminosity does not change climate, as
the weathering flux must remain constant to maintain carbon
cycle balance. Instead, CO2 adjusts upwards to maintain the
same temperature at lower insolation. In contrast, for a purely CO2-
dependent weathering feedback, a decrease in solar luminosity will
result in a temperature decrease (see also SI Appendix B). In short,
the pH-dependent and temperature-dependent seafloor weathering
parameterization we apply stabilizes climate and prevents a globally
glaciated early Earth. This result is broadly consistent with a single
time point at 3.8 Ga that calculated equilibrium surface tempera-
tures using a GCM and geological carbon cycle model (13).
The only way to produce Archean climates below 0 °C in our

model is to assume the Archean outgassing flux was 1–5× lower
than the modern flux (SI Appendix, Fig. S12). However, dra-
matically lowered Archean outgassing fluxes contradict known
outgassing proxies and probably require both a stagnant lid
tectonic regime and a mantle more reduced than zircon data
suggest, which lowers the portion of outgassed CO2 (SI Appendix
C). Moreover, even when outgassing is low, frozen climates are
not guaranteed (SI Appendix, Fig. S12).
Our model gives a monotonic evolution of ocean pH from

6.3–7.7 in the Archean (95% confidence), to 6.5–8.1 (95% con-
fidence) in the Proterozoic, and increasing to 8.2 in the modern
surface ocean. This history is broadly consistent with that of Halevy
and Bachan (29) (Figs. 3 and 4). Halevy and Bachan (29) tracked
Na, Cl, Mg, and K exchanges with continental and oceanic crust,
and related these fluxes to the thermal evolution of the Earth.
Minor constituents such as HS, NH3, Fe2+, and SO4

2- were also
considered. However, they prescribe many features of the carbon
cycle rather than apply a self-consistent model as we have done
here. Specifically, they imposed pCO2 to ensure near-modern
temperatures throughout Earth history. Consequently, the ex-
plicit temperature dependence of both seafloor and continental
weathering were omitted. Additionally, subduction and outgassing
were assumed to be directly proportional, a limited range of heat
flow histories were adopted, and continental silicate weathering
was described using an overall pCO2 power-law dependence with
no allowance for changing land fraction or biogenic enhancement
weathering. Thus, the uncertainty envelopes for the early Earth
ocean pH are underestimated in ref. 29 as can be seen by their
uncertainty diminishing further back in time. Good agreement with
the results of ref. 29 confirms that the details of ocean chemistry
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confidence interval from Halevy and Bachan (29) plotted with red dashed lines for comparison. Our model predicts a monotonic evolution of pH from slightly acidic
values at 4.0 Ga to slightly alkaline modern values. (B) Atmospheric pCO2 plotted alongside proxies from the literature. (C) Global outgassing flux. (D) Mean surface
temperature plotted alongside glacial and geochemical proxies from the literature. Our model predicts surface temperatures have been temperate throughout Earth
history. (E) Continental silicate weathering flux. (F) Seafloor weathering flux plotted alongside flux estimates from Archean altered seafloor basalt. dep, deposit.

4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1721296115 Krissansen-Totton et al.

Fig. 5 shows model outputs where we have assumed 100 ppm
Proterozoic methane and 1% Archean methane levels (SI Appendix
E). The temperature changes are smaller than what might be expected
if only methane levels were changing. This is because pCO2
drops in response to the imposed temperature increase—pCO2
must drop otherwise weathering sinks would exceed source fluxes.
The pCO2 distribution at 4.0 Ga is shifted downward relative to the
nominal case with no other greenhouse cases, and ocean pH in-
creases in response to this pCO2 drop. Note that for parts of parameter
space where CO2/CH4 J 0.2 (50), our temperatures should be
considered upper limits because a photochemical haze would form,
cooling the climate (SI Appendix E).
Thus, even with considerable warming from an additional

greenhouse gas, the median temperature at 4.0 Ga is below
300 K, and the temperature distribution extends to 320 K, again
excluding a hot Archean. SI Appendix, Fig. S7 shows the results
for the most extreme case of no Archean land and high methane
abundances. Even in this extreme scenario, the seafloor weath-
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value of ∼310 K. Archean pH values are closer to circumneutral
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monotonic evolution in pH over Earth history.
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高いCO2分圧が暗い太陽光度を補い，初期地球を  以上に保つ (Krissansen-Totton et al. 2018, PNAS) 
暗い太陽のパラドックスは解決？(ただし，海洋底風化のモデル化などに結果が依存) 
他の温室効果ガスも共存してもいい (例：CH4)

273 K



初期地球のメタン大気？
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温室効果ガスとしてCH4は着目されてきた (e.g., Pavlov et al. 2000) 

 で有機物ヘイズ (e.g., タイタン大気) が 

生成 (e.g., Trainer et al., 2006) 
CH4による温暖化 or ヘイズによる寒冷化？  
(e.g., Pavlov et al. 2001; Arney et al. 2016)

[CH4]/[CO2] ≳ 0.1

CH4由来の有機物ヘイズに覆われた地球 
‘Pale Orange Dot’ (Arney et al. 2016)
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海が凍らない程度には温暖だった (どの程度かは議論がある) 
※ 氷河時代を除く(29-27.8億年前：ポンゴラ氷河時代) 
酸素に乏しい大気 
温室効果ガスに富んでいた(はず)：CO2(炭素循環), CH4(メタン菌)？ 
現在より小さな大陸 
ストロマトライト(藍藻類の化石)

左：現代, 右：太古代のストロマトライト 
https://ja.wikipedia.org/wiki/ストロマトライト

大陸氷床

＊氷床の流動によって削り取られた岩石が，
氷山によって沖合まで運ばれたもの

岩石片の落下

ドロップストーン

大陸氷床の証拠 “ドロップストーン”

氷山

氷河堆積物 
田近英一氏2011年フロンティアセミナー資料より

太古代



(弱)還元的な太古代大気と大酸化イベント
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海部他編『宇宙生命論』
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太古代大気はO2に乏しい 
24億年前にO2濃度が2-3桁上昇する大酸化イベント (光合成O2の蓄積)



全球凍結(スノーボール・アース)
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海部他編『宇宙生命論』

赤道域まで氷河に覆われる全球凍結を複数回経験 
全球凍結から回復するためには、 
継続的な温室効果ガスの供給(CO2脱ガス)が必要 
全球凍結状態になる原因は未解明 
24億年前の大酸化イベントと同時期に全球凍結 
→ 還元的な温室効果ガスが酸化で失われた？

青線：全球凍結 
黄線：氷河時代



地球気候の多重平衡解
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回復できると考えた．すなわち，全球凍結の間も火山
活動を通じてCO2は常に大気に供給されるが，大陸の
化学風化や生物による光合成活動による除去が起こら
ないため，CO2が大気中に蓄積する．これは，図5の
全球凍結解（氷線の末端の緯度が0）上で右方向に動く
ことに相当する．やがて，大量に蓄積したCO2の温室
効果によって，全球凍結状態から抜けだす．このとき，
アイスアルベド・フィードバックが機能するため，一
気に超温室状態（全球平均気温～60 ℃）へと気候ジャ
ンプが起こる．このようなプロセスを経て，地球は温
暖な状態に戻りうるというのである[58, 59]．
　スノーボールアース仮説により，上述の地質学的な
特異性はすべて整合的に説明できる．たとえば，縞状
鉄鉱床の成因に関して，Kirschvink [52]は以下のよう
な説明を提案した．全球凍結時は，海洋の表面が氷で
覆われるために，海洋は大気とのガス交換が遮断され
て貧酸素環境となり，海底熱水系から供給される水溶
性のFe2+が蓄積する（全球凍結すると，海洋表層は厚
さ1000 mほどの厚い氷で覆われてしまうが，海底か
らの地殻熱流量のために，氷はこれ以上厚くなること
はなく，海洋深層領域のH2Oは凍らない）．やがて海
洋を覆っていた氷が溶けると，海水中のFe2+は大気
中のO2と結びついて酸化され，酸化鉄として沈殿す
る（図6）．キャップカーボネートの成因も同じように

解釈できる．全球凍結中に大気中に蓄積した大量の
CO2は，融解後の超温暖状態において大陸の風化反応
を促進する結果，大量の陽イオンとともにHCO3-イオ
ンとして海洋に供給される．これらのイオンが海水中
で反応し，大量の炭酸塩の沈殿が起こる[54]（図6）．
さらに，全球凍結状態では，海洋表層水はすべて凍結
するため，光合成生物は大きなダメージを被ったであ
ろうことから，キャップカーボネート中の炭素同位体
比に光合成の影響がみられなくなることも自然である
[54]．
　以上のように原生代後期の氷河時代に関する一連の
特異な地質記録が整合的に説明できることから，スノ
ーボールアース仮説は広く受け入れられるようになっ
た．また，原生代後期（約7～6.5億年前）だけでなく，
原生代前期（約22億年前）においても低緯度氷床が存
在していた地質的証拠が発見され，より古い時代にお
いても地球が全球凍結状態に陥っていたらしいことが
明らかになってきた[53, 55]．
　全球凍結期の地球表層環境とそこからの脱出メカニ
ズムについては上述のようなシナリオが描かれている
が，全球凍結の発生メカニズムについては，さまざま
な可能性が示唆されてはいるものの，未だ決定的な説
はない[例えば60]．Hoffmanら[54, 55]は，約6.5億年
前の全球凍結イベントであるマリノアン氷河時代前後
の炭酸塩岩の炭素同位体比を分析し，興味深い挙動を
発見した．それは，炭素同位体比（δ13C値）が，全球
凍結に陥る直前に非常に高い値（約+10 ‰）から低い
値（約－6‰）へ急激に低下するということである（図
7）．全球凍結前の非常に高い炭素同位体比は，活発な
光合成活動の結果として有機炭素の埋没率が増加した
ことを示唆する．一方，炭素同位体比の低下の解釈は
難しい．Hoffmanら[54]は，全球凍結直前に寒冷化の
ために生物活動が衰退した可能性について言及してい
る．しかし，生物活動が停止すると光合成による有機
物への炭素固定が働かなくなり，結果としてCO2が大
気中に蓄積する．その結果，CO2の温室効果が増加し
て，全球凍結には陥りにくくなるという問題点がある．
　Schragら[61]は，この炭素同位体比の低下の原因を，
メタンハイドレートの分解と関連付けている．メタン
ハイドレートに含まれるCH4は，主としてメタン生成
菌によって生成される過程で非常に低い炭素同位体比
（～－70‰）を持つ．このメタンハイドレートが分解
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図5：	地球が取り得る気候状態（大気中のCO2レベルと氷床末端

緯度）．実線は数学的な安定解，破線は不安定解．現在の

太陽光度を仮定し，与えた氷床末端緯度を実現するCO2レ

ベルを南北一次元エネルギー収支モデルを用いて計算した

もの．同じCO2レベルでも惑星アルベドの違いに応じて複

数の解が存在する条件があることに注意．全球凍結状態に

陥っても大気CO2の蓄積に伴って無凍結状態へ気候ジャン

プが起こる（図は[59，60]に基づく）．
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アルベド(反射率)が高く寒冷な全球凍結状態は安定解 
何らかの要因によって温室効果が低下すると全球凍結 
再び温室効果ガスが蓄積すると温暖な解に移る



太古代の大気は現在よりも薄かった？
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Figure 1 | Geology of the Beasley River field area, southwestern Pilbara, and sampling localities. Flows 1–5 are at the Beasley River site (br), Flow 6 is at
the Beasley River North locality (brn), and Flow 7 was at Moona Well (mw).
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Figure 2 | Beasley River locality (‘br’ in Fig. 1) with the locations of five
conformable subaerial lava flows, along with the location of collected
samples. T, flow top; B, flow bottom. Flow 1 did not have a basal exposure.
Geologist (R.B.) in top-left box for scale. (Photos: S. Som.)

subsequent analysis (Supplementary Information). These selection
criteria reduced the seven flows studied to only three suitable for
analysis: flows 2, 3 and 5 of the Boongal Formation at Beasley
River (Fig. 2).

Vesicles in lava flows preserve the original dimensions of the gas
bubbles. The rocks underwent pre-compactional alteration during
which the vesicles were filled by the secondary minerals quartz,
calcite and chlorite to form amygdales17. Infilling occurred by
passive precipitation without deformation, shown by the absence
of expansion or contraction cracks around the amygdales17 in
thin section (Fig. 3c) and by their spherical shape in all but the
uppermost flow crusts, where they are ellipsoidal owing to viscous
stretching in the solidifying lava. Later low-grade metamorphism
(sub-greenschist to lowermost greenschist facies) transformed the
basalt matrix to a chlorite–albite–epidote–actinolite assemblage
with little concomitant deformation; in the field the rocks are
unfoliated and only openly folded with dips of less than 50�. These
post-depositional e�ects altered neither the thickness of the flows

nor the size of the amygdales, shown by spherical rather than oblate
or prolate shape of the amygdales.

Cores were drilled in samples collected from each UVZ and
LVZ for subsequent X-ray analyses. Amygdales were identified by
density contrast in the X-ray slices of the cores using a dynamic
thresholding algorithm17. Tomography software BLOB3D18 stacked
the resulting binary images to determine amygdale dimensions.
Mean amygdale volumes and their uncertainties were obtained
by bootstrap statistical resampling coupled with the Central Limit
Theorem (CLT) (Methods and Supplementary Information). The
CLT states that the means of samples taken randomly from a
population will be normally distributed, and the mean of this
distribution will be the mean of the population. The standard
deviation in the bootstrap sampling distribution of the mean gave
error bars for the amygdale volumes in the UVZ and LVZ.

In an uninflated flow of thickness H , the vesicle size di�erence
across the flow records atmospheric pressure. Fromequation (1), the
uncertainty in pressure results from combining the uncertainties in
the vesicle volumes in theUVZandLVZ, the flow thickness, and lava
density (Supplementary Information). Results are shown in Table 1.
The average pressure calculated from the three suitable flows sug-
gests that the sea-level air pressure at 2.74Gyr was 0.23 ± 0.23 bar
(2� error—see Methods). The ‘most probable’ air-pressure upper
limit obtained from nearly contemporaneous 2.73Gyr fossil rain-
drop impressions5 was 0.52–1.1 bar, whereas isotopic studies6 on
3.0–3.5Gyr rocks suggest an upper limit of 0.5–1.2 bar. By combin-
ing these previous results with this study, we obtain amore stringent
upper limit on the air pressure at ⇠2.7Gyr of ⇠0.5 bar.

A balance of N source and sink fluxes that di�ers from
the modern balance is needed to explain an unusually low
Archaean air pressure (much less than obtained by subtracting
0.2 bar of the current O2 level). At present, a N source flux of
0.33 ± 0.08 TmolN yr�1 (composed of 0.15 ± 0.03 TmolN yr�1
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Figure 3 | Beasley River geologic context and flow detail. a, The intrusion of brown lava toes (arrowed) with cracked glassy rinds from the base of the
lowermost basalt flow into underlying grey hyaloclastic breccia at the Beasley River site—30 cm modern human footprint in sand for scale (double arrow).
b, Underlying hyaloclastic breccia with 8.3-cm-long pocket knife for scale. (Photos: S. Som). c, Transmitted-light photograph of an amygdale-rich Boongal
basalt (top of Flow 2). Arrow shows a large amygdale with concentric filling; scale bar, 1 cm. Note the circular shape of the amygdales and lack of cracks,
showing that secondary mineral infilling did not alter the shape of the original vesicles. (Photos: T. Tobin, adapted from ref. 17.)

Table 1 |Results of amygdale size distribution from X-ray computed tomography.

Flow number Thickness
(m)

No. of vesicles
top (bottom)

rt
(mm)

Vt
(mm3)

�Vt
(mm3)

rb
(mm)

Vb
(mm3)

�Vb
(mm3)

Patm
(bar)

2�Patm
(bar)

2 2.24 885 (429) 0.81 2.25 0.14 0.47 0.43 0.03 0.14 0.04
3 1.52 328 (236) 0.88 2.83 0.29 0.53 0.62 0.08 0.11 0.05
5 0.93 627 (631) 0.61 0.97 0.09 0.53 0.61 0.04 0.40 0.23
Measured atmospheric pressures are according to equation (1). The various symbols in the table columns are as follows: rt = mean amygdale radius at flow top; Vt = mean amygdale volume of top flow
as determined by the bootstrap and CLT; �Vt = standard error in amygdale volume at flow top determined by the bootstrap and CLT; rb = mean amygdale radius at flow bottom; Vb = mean amygdale
volume of bottom flow as determined by the bootstrap and CLT; �Vb = standard error in amygdale volume at flow bottom determined by the bootstrap and CLT; Patm = sea-level atmospheric pressure;
2�Patm =2⇥standard error in Patm .

weathering of organic nitrogen plus 0.18 ± 0.07 TmolN yr�1

outgassing) is balanced by loss of N to organic burial19 of
0.4 ± 0.2 TmolN yr�1, which includes a minor input flux
into subduction zones of 0.094 ± 0.015 TmolN yr�1 today20
(Supplementary Information). Modern geologic N fluxes imply that
a lack of oxidative weathering before the Great Oxidation Event
(GOE) at ⇠2.4–2.3Gyr would remove about half of the N source
flux to the atmosphere. So, a lower Archaean nitrogen partial
pressure (pN2) is consistent with a smaller, pre-GOE nitrogen
source flux.

The subduction sink flux of N was also potentially greater in the
Archaean than today. If N was not in the atmosphere, it must have
been inside the solid Earth. The current amount of N2 in the mantle
and crust4 is estimated as ⇠2.1 ± 1 bar, with only 0.8 bar of N2 in
the air. At 4.5–4.4Gyr ago, most mantle nitrogen probably degassed
after the Moon-forming impact21. Abiotic nitrogen fixation fluxes
by lightning22 and HCN formation and deposition23 are less than

0.021 TmolN yr�1 each24. These could sequester only ⇠0.2 bar of
N2 over the 1.8Gyr from Earth’s accretion to Boongal deposition.
However, ammonification following biological nitrogen fixation
was present by 3.2Gyr (ref. 25), or even 3.8Gyr (ref. 26), which
should have sustained ammonium as the dominant form of nitrogen
in the anoxic deep ocean rather than nitrate as today27. Thus, a
hypothesis for sequestration of N into the solid Earth emerges
given that, in anoxic seawater, aqueous ammonium (NH4

+) will
substitute for K+ in phyllosilicate minerals. Following diagenesis
and metamorphism, refractory ammoniated silicates remained in
the crust or were subducted, thus burying formerly atmospheric
nitrogen. High NH4

+ levels in 3.8Gyr metasediments where the
original source minerals were clays26,28 support this hypothesis.

Following the onset of oxidative weathering after the GOE,
nitrogen must have returned to the atmosphere through biological
denitrification, although an alternative possibility is that oxidized
sediments that were subducted could have changed the speciation of
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上：27億年前の溶岩流, 下：気泡の透過光写真

1 cm

27億年前の溶岩流(@海抜0m)の中の 
気泡サイズから当時の大気圧 0.23 ± 0.23 bar

Som et al. (2016)

他の推定方法でも現在と同程度か低い大気圧 
- 雨痕 (Sam et al. 2012) 
- 流体包有物中の大気ガス N/36Ar (Marty et al. 2013)
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分化と初期進化 
集積エネルギーによる温度上昇 >> 岩石のソリダス温度 → 惑星は溶融状態で形成 
コアの分化：マグマオーシャン中をメタル液滴が沈降．メタルポンドを経てコアへ 
一次大気(円盤ガス)と二次大気(集積物質由来) 
後期集積：コア形成完了後に地球質量の 1% 程度の集積があった 
ハビタブル・ゾーン：天体表面に液体の水を保持できる軌道範囲．CO2大気の惑星を仮定． 
内側境界：射出限界の存在による暴走温室状態 
外側境界：CO2温室効果の限界 (CO2の凝結) 

地球史 
海の形成と炭酸塩固定 
生命の誕生 (約40億年前) 
暗い太陽のパラドックス → 炭素循環がCO2温室効果を調整．還元的なガス(CH4, H2)の寄与？
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1.小惑星帯における最大の天体であるセレス( )が地球に衝突した場合，
開放される重力ポテンシャルエネルギーを求めよ(有効数字1桁)． 

2.地球の海水( )をすべて蒸発させるために必要な熱エネルギーを求めよ
(有効数字1桁)．海水は0℃とする．水の潜熱は ，比熱は

である． 

3. 1, 2をもとに，セレス質量の天体衝突で地球の海が完全に蒸発するかを議論せよ．

9.1 × 1020 kg

1.4 × 1021 kg
2.5 × 106 J kg−1

4.2 × 103 J kg−1 K−1


