
地球惑星圏物理学 
惑星表層環境：地球型惑星



金星：乾燥した灼熱の惑星
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平均気温 約460℃ 
厚いCO2の大気 
大気中に僅かな水蒸気

探査機ベネラ13号が撮影した金星の地表 (credit: NASA)



火星：冷たく乾いた表層環境

credit: NASA/JPL-Caltech/MSSS

INTRODUCTION
Water has long been recognized as a major morphological
agent on Mars (Baker this issue), but its present abundance
and location remain enigmatic. A possible reservoir for a
substantial amount of water is surface and subsurface ice at
the poles and mid-latitudes. Recent observations have sub-
stantially improved our knowledge of this reservoir, but
major questions remain as to its volume, age, and history.
Oscillations in the axial tilt, eccentricity, and timing of clos-
est approach to the Sun cause major changes in surface
heating, which produce cyclic changes in Martian climate
on timescales of 105 to 106 years (e.g. Pollack and Toon
1982). These changes redistribute polar ice, transferring it
to lower latitudes as snow and ice during Martian “ice ages”
(e.g. Jakosky et al. 1995). Today the major ice-bearing fea-
tures are the polar ice caps, the layered units that surround
them at both poles, and the mid-latitude permafrost zones
that present morphologies strongly suggestive of subsurface
ice. Each of these has unique properties, water abundances,
and histories, and contributes to the water cycle in 
varying ways.

POLAR CAPS
The polar caps of Mars (FIG. 1) have been observed since the
17th century and are assumed to be composed of some
combination of H2O and CO2 ice. The Martian atmosphere
is composed of >95% CO2 with a pressure of only a few
millibars. This fact led to the prediction that CO2 would
accumulate at the poles during winter (Leighton and Murray
1966). This prediction was confirmed by orbital tempera-
ture measurements (e.g. Kieffer 1979), and global mapping
has shown that seasonal CO2 caps grow well into the mid-
latitudes during winter, with perennial ice caps surviving

the summer at both poles. The
thickness of the seasonal CO2 ice
caps has been estimated from Mars
Global Surveyor (MGS) Mars Orbiter
Laser Altimeter (MOLA) observa-
tions to reach approximately 1.5 m
near the pole in both hemispheres
(Smith et al. 2001), corresponding
to ~25% of the total mass of the
Martian atmosphere.

As the seasonal caps condense,
they incorporate minor amounts
of dust and H2O ice, which signifi-
cantly affect the sublimation rates
the following spring. Assuming a
water vapor mass fraction of 

1 × 10-5 in the condensing atmosphere, the amount of
water stored in the seasonal caps is estimated at ~3 × 1010 kg
(~3 × 10-2 km3) (the Martian atmosphere contains ~10-1

km3 of water). Overall, however, the water within the sea-
sonal caps plays a relatively minor role in the global inven-
tory or annual cycle of water on Mars. 
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The poles and mid-latitudes of Mars contain abundant water in ice caps,
thick sequences of ice-rich layers, and mantles of snow. The volume 
of the known reservoir is ≥≥5 x 106 km3, corresponding to a layer ~35 m

thick over the planet. Hydrogen in subsurface H2O ice has been detected 
at latitudes poleward of 50°. Morphological features show downslope flow 
of ice-rich sediment, and recent gullies have been produced from subsurface
aquifers or melting snowpacks. Variations in Mars’ orbit on timescales of
50,000 to 2,000,000 years produce significant changes in climate, which
result in the transport of water from the poles, where it currently resides, 
to the lower latitudes, where it may play a critical role in surface geology,
mineralogy, and geochemistry.
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Water at the Poles 
and in Permafrost Regions
of Mars

E L E M E N T S , V O L .  2 ,  P P .  1 5 1 – 1 5 5

The north polar cap of Mars as seen by Viking. This mosaic of images was
acquired during northern summer when the ice had retreated to its

perennial size. The relatively bright material is H2O ice. The cap has shrunk to essentially
the same location every year that it has been imaged by spacecraft (1971 to present)
(James and Cantor 2001). Image width is ~900 km. IMAGE CREDIT NASA/JPL

FIGURE 1

平均気温 約マイナス60℃ 
希薄なCO2大気 
強力な紫外線 
北極・南極に僅かな氷が存在
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地球型惑星の表層環境の違い

地球において液体の水が果たした役割： 
生命誕生, 大気CO2の除去, プレートテクトニクス(?)  
惑星の表層環境を隔てた要因は何か？

Credit: ESA

太陽からの距離 0.7 AU 1 AU 1.5 AU
大気圧 90気圧 1気圧 0.006 気圧

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)

高温・乾燥 温暖・湿潤 寒冷・乾燥
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ハビタブルゾーン (Habitable Zone)
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門屋他 (2012) 日本惑星科学会誌, Vol. 21, No. 3.

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

（ 
度

光
の

星
心

中

中心星からの距離 ( 天文単位 )

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(HZ)：
地表面に液体の水を保持可
能な軌道範囲 
中心星光度に依存する(す
なわち星の質量, 年齢依存) 
金星：HZより内側(水は水
蒸気として存在) 
地球, 火星：大気温室効果
によって水を保持できる
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地表面温度上昇は水蒸気(温室効果ガス)の増加を招く 
入射量上限値(射出限界)を超えると暴走温室状態に至る

太
陽
光
入
射
量
 [W
 m
-2
]

地表温度 [K]

大気がない場合

海を持つ惑星

化学同人『アストロバイオロジー』より

海を持つ惑星の射出限界
一次元大気構造モデルによる入射量と地表温度の関係

射出限界
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地表温度が高いと大気の主成分が水蒸気になる 
水の飽和蒸気圧曲線で温度構造(同時に、放射量)が固定

水蒸気大気の温室効果フィードバック

　温度 [K]　

圧
力

 [P
a]

圧
力

 [P
a]

　水の混合比　

一次元大気構造モデルによる地表温度と大気構造の関係 (Nakajima et al. 1992)



暴走温室状態と大気散逸
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地球 金星

金星はHZの内側に位置し、暴走温室
状態 
※形成直後から暴走温室状態か、太陽光度
増加に伴って暴走温室状態に至ったかは議
論の余地がある 
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  
水素が大気散逸によって失われた 

太陽からの距離に応じて暴走温室状態・
大気散逸の効果が地球と金星の運命を分
けた



プレートテクトニクスのない金星・火星

ともにプレート境界に対応する地形は(ほぼ)ない 
火星は多数のクレーターに覆われている(古い地殻) 
金星はクレーターが少ない(~5億年前に地殻が更新？)
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火星の地表面画像 金星の地表面画像



地球と金星の大気組成

原始地球と金星の大気は類似していたと考えられる 
海形成 + プレートテクトニクス → 炭酸塩岩形成 
地球大気のCO2が除去された 
生命活動により酸素が付与
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金星地球 地球 ( -酸素 +炭酸塩)

N2

N2

CO2 CO2

N2
O2

Ar

化学同人『アストロバイオロジー』より



火星の流水地形

東京大学出版会『惑星地質学』より

アウトフロー・チャネル バレー・ネットワーク
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Figure 2 | Topography, geology and distribution of valleys and deltas onMars. a, Topography of Mars with superimposed deltas connected to the
northern plains (red squares) and in closed basins (green triangles and blue diamonds, see the Methods section). Some of the 52 deposits are located too
close to each other and thus overlap at this map scale (see Supplementary Table S1 for the complete list of deposits); the white contour indicates the
equipotential surface S . b, Martian valley networks (black lines)8 in relation to the three main geological epochs30,31 (main craters in yellow). c, Elevation
of the deltas as a function of longitude and the equipotential surface S (red line) inferred by considering only open deltas (S0, red dashed line, indicates the
mean highstand level of all of the 52 deltas); the error bars indicate the maximum water excursion for each delta. The grey dots represent elevation values
extracted from the ‘Arabia shoreline’4 and the black dashed line the linear trendline of these values.
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火星の古海洋

北部低地に海が存在したことを示唆

火星の三角州の分布 (Di Achille & Hynek, 2010)



初期火星の気候：温暖 or 寒冷？
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model or at the poles in a more realistic 3-D climate model14. The perceived difficulty in 

producing a stable, warm climate on early Mars has bolstered support for the impact hypothesis, 

along with other “cold early Mars” theories. 

 

Fig. 1: Mean surface temperature as a function of surface pressure for a fully saturated (95% 

CO2, 5% N2) early Mars atmosphere at different solar insolation levels. The assumed surface 

albedo is 0.216. These results agree to within a few degrees with those of ref. (8), largely 

because increased absorption in the far wings of CO2 and H2O lines (see Supp. Info) 

compensated for the loss of absorption arising from the updated CO2 CIA parametrization (from 

ref. 11).  

 

 

Since the impact hypothesis was proposed, other workers have pointed out that the 

valleys are more extensive than originally realized16, and some have argued that the amount of 

　
地
表
気
温

 [K
]

S/S0：現在の値で規格化した太陽入射量

H2Oの融点

　地表圧力 [bar]
CO2の凝結により、CO2温室効果のみでは十分に温暖にならない 
H2, CH4など追加の温室効果ガスにより(一時的に)温暖化？

一次元CO2大気構造モデルによる大気圧と地表気温の関係 (Ramirez et al. 2014)



Early Mars as “Icy highlands”Mars ocean hypothesis (credits: NASA/GSFC)

14

Cassanelli & Head (2013)



水素/重水素(D/H)比
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大気散逸では軽い同位体が優先的に失われる(同位体分別) 
地球と比較して、金星大気D/Hは約100倍、火星大気D/Hは約6倍 
大気散逸により、かつて存在したH2Oが失われたことを示唆



火星の水の行方
火星大気のD/H比は地球海洋の約6倍 
一部は宇宙空間へ流出 (金星と比べて流出少ない？) 
いまでも地下に氷として存在？ (間接的証拠：低い誘電率など)

150 T. Usui et al. / Earth and Planetary Science Letters 410 (2015) 140–151

Fig. 9. Dielectric maps of the (a) southern and (b) northern hemispheres of Mars obtained from the Mars Express’s subsurface radar sounder modified after Mouginot et al.
(2012). A mapped area with a lower dielectric constant (shown as “cooler color”) is interpreted to contain less dense materials and/or greater water–ice. Dashed and full 
lines in (b) indicate putative paleo-shorelines, Arabia and Deuteronilus, respectively. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

6. Conclusions

This study conducted low-contamination ion microprobe analy-
ses of hydrogen isotope compositions (δD) and volatile abundances 
(H2O, CO2, F, Cl, S) of matrix glass phases in the three geochem-
ically different olivine-phyric shergottites: Y98 (depleted), EETA79 
(intermediate), and LAR06 (enriched). These glassy phases in the 
three shergottites individually exhibit linear negative trends in a 
δD vs. 1/H2O mixing diagram. These negative trends are explained 
by two-component mixing between Martian magmatic and sur-
ficial water/ice components. The surficial water/ice components 
observed in all the three shergottites have a relatively restricted 
range of δD values (∼1000–2000❤) regardless of the distinct δD
values of their magmatic sources, suggesting the presence of a 
common hydrogen reservoir with the intermediate δD value. Given 
the fact that the intermediate-δD component is observed in a di-
verse set of Martian samples including our studied shergottites, we 
conclude that this reservoir was not just a local feature, but in fact 
appears to represent either 1) hydrated crust or 2) ground ice in-
terbedded within sediments; these reservoirs could have existed 
globally and relatively intact over geologic time. The existence of 
such a long-lived, hydrogen reservoir is critical to our understand-
ing not only the evolution of surface water inventory but also the 
transition of climate and near-surface environments, and habitabil-
ity of life on Mars.
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Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2014.11.022.
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Figure 1 | Locations of confirmed recurring slope lineae (RSL). a, Confirmed RSL sites (black diamonds) on MOLA (ref. 9) colour-coded altimetry (latitude
60� S–60� N). MOLA elevation colours range from blue (low elevations) to red and white (high elevations). b, The same set of RSL (yellow diamonds) on a
global bolometric albedo map from the Thermal Emission Spectrometer40. Both maps show MOLA shaded relief and are in simple cylindrical projection.
All RSL sites plotted here are in areas with Thermal Emission Spectrometer albedo < 0.2.

100 m

Figure 2 | Portion of Coprates Chasma showing RSL on generally
north-facing slopes in northern summer and southern winter. North is
down, and most slopes face northwest. IRB colour (near-infrared, red and
blue–green band passes shown as red, green and blue, respectively) with
min–max stretch illustrates the ‘greenish’ fans and deposits associated with
RSL. Two of these fans transition downslope into ripples. All of the lineae
here and in the larger scene seem to originate from relatively bright
bedrock outcrops. The white arrows point out a few of the ⇠100 lineae in
this subscene from HiRISE image ESP_027815_1670.

100 m

Figure 3 | RSL on the south-facing slope of a crater on the floor of Melas
Chasma. IRB colour with minimum–maximum stretch as in Fig. 2, but north
is up. Black arrows point to some of the many individual lineae. The RSL
begin in narrow channels on the steep, rocky crater slope and spread out on
the smooth fans. They were active on this portion of crater wall in early
southern spring and summer (Table 1 and Supplementary Table 1). See
http://www.uahirise.org/sim/for a set of animated GIF files illustrating the
activity. Portion of image ESP_031059_1685.

RSL suggests that RSL activity may gradually erode the channels,
but no topographic changes have been confirmed. The large gullies
observed to be active today are in times and places where seasonal
CO2 frost is present on the ground12. CO2 frost is insignificant at
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火星RSLの分布

Recurring Slope Lineae (RSL)： 
・火星の赤道付近の斜面に 
　春夏のみ現れる黒い影 
・地下の氷が溶けて 
　水が流れている？ 
・赤道付近の地下にも氷がある？

火星の水の行方
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Liquid water also may have been present within the near-surface
crust very recently, based on the presence of pristine gullies on the
exposed walls of impact craters and valleys84. These are identical in
size, shape and appearance to gullies on Earth carved by liquid water
seeping from aquifers on exposed scarps. Liquid CO2 has been 
suggested as a possible eroding agent, based on the similarity of the
depth of seeping to that at which the overburden pressure equals the
CO2 liquefaction pressure85. However, the absence of a viable charge
or recharge mechanism for liquid CO2 and the inability of CO2 to 
discharge as a liquid under martian conditions preclude its role as a
significant erosive agent86. Rather, liquid water is much more plausi-
ble geologically (ref. 84, and see review by Baker, pages 228–236).
Recent calculations of the stability of liquid water in the crust, and of
the ability of cyclical oscillations in temperature to freeze and release
water, suggest that this is a viable mechanism87. There is no means to
uniquely determine the age of the features, but they are unweathered
and gully debris overlies features such as sand dunes that are 
themselves thought to be extremely young. If these interpretations
are correct, liquid water has been present within a few hundred
meters of the surface within the past few million years, and may reside
there today84.

There also is geological evidence for liquid water at the surface,
possibly during the later epochs of martian history. Most intriguing is
the evidence for standing lakes within impact craters88 and the Valles
Marineris canyon system17. Potential crater lakes are identified by the
presence of channels flowing into and/or out of the craters, providing
a source or sink for water. Some deposits within craters have an
appearance similar to deltas, sedimentary terraces and shorelines, as
might be formed by flowing water. Although most of the craters
themselves are relatively old, the age of the lakebed deposits is uncer-
tain. There are few craters on the lakebed deposits, which indicates
either that they are very young88 or that they were buried for long
periods and were exhumed very recently89; stratigraphic relation-
ships of layered sedimentary deposits within Valles Marineris suggest
an old age despite the absence of craters89. Well-defined layering
within these deposits supports the idea of standing water, although
layered lakebed deposits cannot be distinguished uniquely from
windblown sediments89. But even if these sediments were 
windblown, they would have required either liquid water at least in
trace amounts or water ice that might be stable at other epochs in
order to cement the grains together to form coherent layers.

The catastrophic outflow channels all drain into the northern 
lowlands17. Possible shoreline features have been identified, suggest-
ing that the water may have accumulated in the lowlands to form a
large, long-lived body of water (that is, an ocean)90,91. The crudely con-
stant elevation of the innermost of the two main proposed shorelines92

and the extreme smoothness of the lowlands are held to be consistent
with the presence of an ocean93. However, the proposed shoreline 
features are not visible in recent high-resolution images94 and thus
cannot be ascribed with certainty to wave action at an ocean bound-
ary. Features described originally as ‘high stands’ or shorelines created
by a retreating ocean92 are now recognized as being wrinkle ridges of
tectonic derivation95. These ridges underlie the Vastitas Borealis 
formation, a deposit that may in part be sedimentary in origin96.

The smoothness of the lowlands97,98 may have resulted from flu-
vially transported sediments associated with channel emplacement
during the Hesperian99; such a process allows but does not require the
presence of an ocean. Erosion of material in the Margaritifer Sinus
region and an adjacent area in northwestern Arabia Terra may have
provided a significant source of sediments36. About a kilometre of
material seems to have been stripped away during the Late Noachian,
and geological evidence points to erosion by liquid water (Fig. 5). The
resulting debris could have filled the northern plains to a depth of
about 100 m north of 30! N (ref. 36). The corresponding equivalent
depth of water necessary to transport this sediment would have been
several times the sediment volume100. Whether or not this resulted in
a Late Noachian ocean would have depended on the relative rates of

erosion and of water removal by ground infiltration, evaporation and
so on. Linear gravity anomalies trending northward from Chryse
Planitia may be indicative of early channels buried in the northern
plains, analogous to the main catastrophic flood channels seen to the
east of Valles Marineris101. These could be Noachian-era pathways
that moved water and sediment from the southern highlands to the
northern lowlands.

In addition, the Hesperian outflow flood channels can be traced
northward into Acidalia Planitia. There, they converge into a basin
(not presently closed) with an area ~6"105 km2, south of the high-
standing Noachian inlier Acidalia Mensa at 45! N latitude (Fig. 3b).
Acidalia Mensa itself has erosional boundaries on the south and east
that are channels (Fig. 3c), and may at one time have formed a natural
barrier to water flow. This region of channel convergence coincides
closely with one of two main occurrences of kilometre-scale polygo-
nally fractured terrain102. The origin of polygonally fractured terrain
is controversial103,104, but many of the processes proposed involve
water. Thus, it is likely that water (and thus sediments) were carried
far into the northern lowlands during the Hesperian, perhaps form-
ing lakes. The region of channel convergence in Acidalia Planitia may
mark the largest possible extent of any standing bodies of surface
water. If there ever was a Hesperian northern ‘ocean’, it may have been
more of a large lake about the size of the Caspian Sea (~4"105 km2).

Synthesis of the observations and interpretations 
It is clear that there are a number of strong constraints on the history
of water on Mars. They tell us that water was present at the surface
early in the planet’s history, and within the crust throughout time.
They also allow us to construct a self-consistent scenario of the 
history of martian volatiles and climate, although such a scenario is
not unique.

The history of martian volatiles involved the following (see Fig. 2).
1. Most of the earliest atmosphere of Mars was lost during the Early
Noachian by impact erosion and hydrodynamic escape.
2. A secondary atmosphere was created by water and CO2 released to
the atmosphere as a direct result of Tharsis volcanism, and this may
have had a strong influence on climate. It is likely that volatiles were
also released by non-Tharsis Noachian volcanism presumed to have
been responsible for forming the ancient highland crust.
3. Water and CO2 were lost from the surface and atmosphere system
to space, to the polar caps and to carbonate deposits within the crust.
There is compelling evidence for the existence of each of these sinks,
as described above, although it is not possible at this time to 
determine uniquely the relative or absolute importance of each.
4. There is a coincidence in the timing of major events in martian 
history. The decrease in the impact rate at the end of heavy bombard-
ment, the formation of the bulk of the Tharsis construct by 
magmatism, the decline in the intensity or existence of an intrinsic
magnetic field, the change in climate inferred from the morphologi-
cal characteristics of the surface, and the loss of substantial volatiles to
space all occurred at nearly the same time and marked the end of the
Noachian epoch about 3.7 Gyr ago. Many of these events are likely to
have been causally connected to each other, although some of the
similarity in timing may be coincidental. However, the loss of 
atmospheric protection by the shutdown of the global magnetic field
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Table 1 Martian isotope ratios and atmospheric loss*
Isotope ratio Measured value† Amount lost to space (% )‡
D/H 5 ~60–74
38Ar/36Ar 1.3 ~50–90
13C/12C 1.05–1.07 ~50–90
15N/14N 1.7 ~90
18O/16O 1.025 ~25–50
*Values taken from refs 57–59, 62, 77 and 78, and references therein.
†Value estimated, observed or derived for martian atmosphere relative to terrestrial.
‡Calculated assuming Rayleigh fractionation. D/H range includes uncertainty in escape
processes. Other ranges are based on uncertain timing of outgassing relative to escape.
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火星大気の同位体比 (地球で規格化) (Jakosky & Phillips, 2001)

火星大気中の元素が重い同位体に富む 
火星はサイズが小さい・過去40億年間ダイナモ磁場がない 
→ 水と同様に大気も宇宙空間へ流出 
→ 火星の寒冷化・残った水が地下氷になった？ 

※磁場を持たないが厚い大気を持つ金星との比較からは、 
　サイズの違いも重要だった可能性が示唆される



まとめ

Credit: ESA

HZ：H2Oが液体で存在
↓ 

H2Oが水蒸気として存在 
↓ 

H2Oが大気を通じて散逸 
↓ 

厚い大気の温室効果で 
高温・乾燥した惑星

↓ 
(+プレートテクトニクス) 
大気中のCO2が炭酸塩化 

↓ 
ウォーカー・フィードバック 

気候の安定化 
↓ 

温暖・湿潤な惑星

↓ 
約40億年前は厚い大気で温暖？ 

H2Oが液体で存在 
↓ 

小さい重力 & 磁場消失 
大気とH2Oの散逸 

↓ 
薄い大気しか持たない 
寒冷・乾燥した惑星 
(極冠 + 地下氷?)


