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巨大天体衝突による “ばらまき”
Genda et al., in prep., 玄田他 2012年度連合大会
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新たな海形成機構の提案



原始海洋 ＋ Fe → 水素大気発生

H2O+ Fe → FeO + H2 

H2大気の形成

マントルへ

岩石 金属鉄

原始海洋

未分化な衝突破片中の金属鉄が集積（レイトベニア）
  金属鉄 Fe と原始海洋が反応して水素大気を生成

大量の水素大気をまとった原始地球の誕生
↓



水素大気への火山ガス付加

CO2 + hν → CO + O（J: 2×10-9）
　：還元的大気中での酸素源になる
H2 + O → OH + H（k: 3×10-18）

　：高圧水素大気中で OH をつくる多分一番速い反応
H2 + OH → H2O + H（k: 7×10-15）

　：高圧水素大気中で水をつくる多分一番速い反応

H2 + CO2 → H2O + CO



海の再形成シナリオ

H2大気

CO2ガス

H2 + CO2 → H2O + CO

海の再形成

大気中に残る
~2.7Gy
炭酸塩固着

太陽EUV

原始海洋 + Fe → 海の消失 + 大量の水素大気
水素大気：ハイドロダイナミックエスケープ
水素大気への火山ガス付加 → 水をつくる反応



初期地球で想定される環境

初期の水素大気量：30 - 300 bar（7.6×1022 - 7.6×1023 mol）
（現在の海洋を全て H2 にするとおよそ 30bar の水素大気になる）

H2 のハイドロダイナミックエスケープ：energy-limited escape

（太陽 EUV のフラックスで散逸率が決まる [Zahnle et al. 1988]）

火山ガスとして噴出する CO2 フラックス：1012 - 5×1013 mol/yr

（現在の火山ガスのフラックスはおよそ 1012 mol/yr  [Holland 2009]）



海洋質量 と H2 大気保持期間

横軸：初期 H2 量（現在の海洋を全て H2 大気にした場合を１とする）
縦軸：火山ガスからの CO2 フラックス（現在の値を１とする）

海洋質量/現在の海洋質量 H2 大気の保持期間（年）

10億年程度の時間をかけて, 1海洋質量を作り出すことが可能



大気と海の時間進化

水素大気の散逸 海の形成

・初期の水素大気量：300 bar（現在の海洋の10倍）
・火山ガスの CO2 フラックス：3×1013 mol/yr（現在の30倍）

海洋質量は火山ガスの噴出とともに線形で増加
　→ 初期7億年間で現在の海洋質量の半分以上を獲得する



獲得可能な海洋質量
海
洋
質
量

/現
在
の
海
洋
質
量

1e+08 1e+09 1e+10

2
4
6
8

10

H2 大気の保持期間（年）

・初期の水素大気量：30 - 1500 bar（現在の海洋の1倍 - 50倍）
・火山ガスの CO2 フラックス：1012 - 5×1013 mol/yr（現在の1倍 - 50倍）

数十億年間H2大気を保持する場合
（H2大気を数十億年で失う場合）
　　　　　　　↓
　  最大数倍の海洋質量を獲得

地球のH2Oの量は
数海洋質量に制限される



地球は還元的大気を長期間保持

これまで：酸化的な原始地球マントル + 大気とマントルは平衡状態
　　　　　　→ 2.5Ga まで大気を低O2, CO2濃度にしておくことは困難

本研究：大量の H2 大気が系を支配（大気とマントルは非平衡）
　　　　　　→ 10億年ほど H2 大気持続, その後も CO, CH4 が残る

硫黄同位体異常 → 2.5Ga まで低O2, CO2濃度

felsic melts, as indicated by multiple geochemical signatures6,8,9.
Oxygen isotopes, for example, demonstrate that the vast majority of
terrestrial Hadean zircons fall outside the zircon mantle equilibrium
field (d18OVSMOW 5 5.3 6 0.3 % (1s))5,20, which is a strong argument
for the input of supracrustal material into the source melts. Moreover,
most zircon crystallization temperatures are consistent with formation
in water-saturated or near-water-saturated melts7,8.

Conclusions about the oxidation state of the Hadean mantle based
on zircons of crustal affinity are admittedly indirect. However, a subset
of the Hadean zircon population does appear to be mantle-derived.
(We note that direct partial melts of the mantle cannot crystallize
zircon, but the fractionation products (residuals) of such melts do
eventually saturate in zircon21.) Five of the Hadean crystals have
d18O values that fall within the mantle equilibrium field, which has
been shown to be constant (60.2%) for the past 4.4 Gyr (ref. 20). If
these d18O values are primary, then these zircons crystallized from
uncontaminated, mantle-derived melts that did not interact with the
hydrosphere. The five zircons in the d18O mantle equilibrium field—
including two crystals with U–Pb ages approaching 4,400 Myr—give a
calculated oxygen fugacity of FMQ 1 1.4 (62) (Fig. 3). As a com-
parison, zircons crystallized from residual liquids of present-day
mantle-derived mid-ocean ridge basalts22–24 yield calculated fO2 values
of FMQ 1 0.4 (62.6), which agrees with estimates of the oxidation
state of the upper mantle10. This also implies that the redox conditions
in residual, zircon-saturated liquids of present-day mid-ocean ridge
systems did not undergo significant changes in fO2 (relative to the
buffer curve) along the liquid line of descent from basalt. This is also
consistent with observations from lunar zircons. Finally, we note that
Martian basalts (for example, shergottite meteorite Dar al Gani 476)
exhibiting little or no interaction with a crustal component are only
about 1 log unit higher than the estimated fO2 of the upper mantle25.
Furthermore, calculated oxygen fugacities from the same meteorite are
all within a log unit of the average (FMQ 2 2.5), even though phases
cover a crystallization range of .300 uC.

As in all studies in which mantle fO2 is estimated from mantle-
derived glasses or minerals3,9, it is important to emphasize that the
calculated fO2 may not directly reflect that of the mantle source region.
We note, however, that mantle-derived Hadean zircons would have had
to crystallize from residual melts that underwent ,4 log units of change
in fO2 to be reconcilable with mantle source regions in equilibrium
with the IW buffer. At present and in the Archaean, relative fO2

changes along magmatic liquid lines of descent are broadly of the
order of ,1 log unit4,10,26,27. If the evolution of Hadean melts was
similarly constrained, then our results imply that the mantle reached
its present-day oxidation state ,4,350 Myr ago (Fig. 3). This inter-
pretation is consistent with core formation models calling for physical
and chemical isolation from the (upper) mantle ,30 Myr after planet
formation28.

If our deductions regarding the oxidation state of Hadean magmas
are correct, then the speciation of gases emanating from the Earth at this
time would have been dominated by CO2, SO2, H2O and N2 (ref. 26).
An atmosphere of this composition is known to yield a lower abund-
ance of sugars and especially amino acids and nucleotides1. If a highly
reduced atmosphere is required for the origin of life, then it may have
occurred exceptionally early on our planet. However, pre-4,400-Myr
outgassing of H2 coupled with slow escape29 may have resulted in an
atmosphere out of equilibrium with Earth’s interior. Alternatively, a
‘late veneer’ may have served as a source of pre-biotic molecules. These
alternative scenarios notwithstanding, our results offer the first glimpse
into the oxidation state of terrestrial magmas before 3,900 Myr ago, and
the data presented here open up the possibility of exploring the oxida-
tion state of zircon-bearing rocks throughout the geologic record. This
calibration will be especially valuable in the early Archaean or Hadean
eons, for which zircon is often the only source of primary chemical
information.

METHODS SUMMARY
Starting materials were contained in platinum (Pt) or silver (Ag) capsules, and fO2

was buffered by placing ruthenium and ruthenium dioxide (Ru1RuO2; RRO) in
direct physical contact with the experimental charge or by use of a separate buffer
chamber separated by a Pt or silver-palladium (Ag-Pd) membrane (NNO or
MMO). Quenched glasses were analysed by electron microprobe, with at least
one measurement made at the top and bottom of the capsule to assess melt
homogeneity. Synthesized zircons were small (,3–20mm) and in some cases
the glass was dissolved with hydrofluoric acid (HF) and the zircons recovered in
order to obtain more accurate measurements.

For the inset plot of Fig. 1, Prx 5 2/3(La)x 1 1/3(Nd)x for ref. 14, where x
represents a normalized value, either to CHUR or the melt. Ce anomalies for
natural zircons6,19,23–25,30 are calculated in a similar fashion to equation (1) in the
text: (Ce/Ce*)CHUR 5 CeCHUR/(LaCHUR 3 PrCHUR)1/2, where LaCHUR and so on
represents normalization to the chondritic uniform reservoir rather than the melt
concentration. Ce anomalies are plotted for Hadean zircons with U–Pb ages that
are $94% concordant, and with REE1Ti measurements that reflect primary
igneous chemistry5,6,17. Zircon crystallization temperatures in Fig. 2 are calculated
assuming unity Ti-activity7; sub-unity Ti activity (for example, ,0.5) results in
systematic shifts of all data to higher values of fO2, though shifts are within error of
the standard deviation of each population. Lunar zircons are from Apollo 14
polymict breccias 14304, 14305 and 1432119 and are normalized to an average
fO2 of IW at 700 uC, for direct comparison with the other data in the probability
distribution plot of Fig. 2. For the inset of Fig. 2b, average fO2 values calculated
from zircon Ce anomalies are plotted against independent estimates from lunar
basaltic igneous rocks (IW 2 0.6)18, terrestrial mid-ocean ridge basalts10 (FMQ),
and average oxygen fugacities returned from Bishop Tuff titanomagnetite-ilmenite
pairs (NNO)27.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 3 | Oxygen fugacities of Hadean melts plotted against zircon
crystallization age. Errors for individual points are based on the standard
deviation of the entire data set (n 5 20; 1s 5 6 2.3 log units). Zircons with
mantle signatures are within error of the estimated oxidation state of the present-
day and Archaean upper mantle3,10,26. On average, oxygen fugacities are lower for
younger zircons, though this trend is not robust given the present data set.
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マントルはFMQ@4.35Ga
[Farquhar et al., 2000] [Trail et al., 2011]



海の再形成＠金星

横軸：初期 H2 量（現在の海洋を全て H2 大気にした場合を１とする）
縦軸：火山ガスからの CO2 フラックス（現在の値を１とする）

海洋質量/現在の海洋質量 H2 大気の保持期間（年）

10億年程度の時間をかけて, 1海洋質量を作り出すことが可能



金星大気散逸への制約

熱的に散逸させる → H2 のH.E.では一緒に散逸しない [Sasaki & Abe, 2008]

非熱的に散逸させる → O+ pick up による散逸 [Kulikov et al., 2006]

　　　　　　　　　　　　　average solar で 15-20% 地球海洋の O が散逸
金星表面を酸化 → 現在の地球程度のテクトニクスが45億年間続くと

　　　　　　　　  地球海洋の O を消費 [Lewis & Prinn, 1984]

金星からの水の散逸：
　H2O + hν → H2 + O を散逸

H2 は H.E. するが,  O は大気中にたまっていく

暴走温室状態
水蒸気大気の散逸



金星の海は２度死ぬ

原始海洋の消失, 水素大気の発生, 海の再形成
暴走温室状態での海の蒸発 と 水蒸気大気の発生
H2: Hydrodynamic Escape,    O: CO2大気を形成

CO2ガス

H2 + CO2 → H2O + CO

海の再形成

太陽EUV

H.E.

大気中に残る

CO + O → CO2

海の蒸発

太陽EUV

H.E.

H2O + hν → H2 + O

CO2大気の形成
太陽光度
上昇



レイトベニア
海の消失

H2大気出現

火山ガス付加
海の再形成

COの炭酸塩固定
大気の酸化

地球
1海洋存在

暴走温室状態
海の蒸発

H.E.によるH2散逸
CO2の形成

金星
CO2大気

太陽光度上昇

地球・金星大気の初期進化

還元的大気



まとめ

・原始海洋 + Fe → 海の消失 + 大量の水素大気の発生

・水素大気への火山ガス付加 → 海の再形成

・10億年程度の時間をかけて, 1海洋質量の海が形成

・海の質量は最大で数海洋質量に制限

・地球：酸化的なマントルと還元的な大気が共存

・金星：2度の海洋消失イベントによるCO2大気の形成


