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『小さな火星，青かった火星の解明』
『地球と火星の “衛星” “水” の起源』
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太陽系科学の目標：惑星 ｢地球｣ の普遍性・特殊性の理解 
2. 多様な太陽系天体の形成と進化：惑星形成シナリオ
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1. 地球型惑星に水をもたらした小惑星の名残？
2. 地球の月と同じく衝突起源？

火星衛星サンプルリターンミッション： 
火星衛星起源の解明 
→ 地球型惑星・衛星形成シナリオの実証 
「地球と火星の “衛星” “水” の起源」
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3. 火星表面からの放出粒子を含有する可能性

火星衛星サンプルリターンミッション： 
火星史全体サンプリング（火星着陸探査では不可能） 
→ 火星環境進化の全体理解 
「小さな火星，青かった火星の解明」への第一歩
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太陽系科学の目標：惑星 ｢地球｣ の普遍性・特殊性の理解 
1. 銀河における太陽系の誕生と進化 
2. 多様な太陽系天体の形成と進化

火星衛星 (衝突起源)



サンプルリターンミッション：太陽系探査の潮流 
物質（組織，鉱物種，化学組成，同位体）に残される多次元情報 
現場での評価（リモートセンシング）と回収試料ナノスケール分析の融合が重要



火星衛星サンプル分析例：鉱物・酸素同位体
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Because new-PCP has magnetite-like diffraction
patterns, magnetite can be used as its proxy.
Magnetite can be formed by oxidation of Fe,
Ni-metal (23, 25), or troilite.

3Fe + 4H2O = Fe3O4 + 4H2 (2)

3FeS + 4H2O = Fe3O4 + 3H2S + H2 (3)

Oxidation of troilite or metal to form new-PCP
would occur below 360 K, independent of total
pressure of the solar nebula (Fig. 4). If the
nebular PH2O/PH2 ratio increases from a char-
acteristic value for a gas of solar composition
(25), formation of new-PCP occurs at higher
temperature. Although the complete chemical
equilibrium would not be expected in the cool
solar nebula (23), the new-PCP would be formed
inside the water sublimation front (snowline)
of the solar nebula, because water vapor is

the major oxidant in the solar nebula and the
sublimation temperature of water ice is below
200K even in the several-fold H2O-enriched
nebula (23).

Alternatively, new-PCP may have been formed
by aqueous alteration of metal and troilite on the
Acfer 094 parent body, like tochilinite in the
aqueously altered CM chondrites (22). To test
this hypothesis, we analyzed oxygen isotopic
compositions of tochilinite in the CM chon-
drite Murchison. In contrast to the Acfer 094
new-PCP, oxygen isotopic composition of the
Murchison tochilinite is plotted near the terres-
trial fractionation line, along the “CM waters”
line (26) (Fig. 3), that is considered to be a reac-
tion path between aqueous solution and matrix
silicates toward the isotope equilibrium (26).
These observations and the lack of mineralog-
ical and petrographical evidence of aqueous
alteration of Acfer 094 (27) exclude formation
of new-PCP by the aqueous alteration previ-
ously observed in chondrites. If new-PCP re-
sulted from oxidation of troilite or metal in a
planetesimal setting, a plausible oxidant would
be water vapor or aqueous solution that orig-
inated from accreted nebular ice and did not ex-
perience oxygen isotope exchange with the
matrix silicates. In contrast, the inferred oxygen
isotopic compositions (26, 28) and the observed
chondrite parent body water composition richest
in 17,18O (29) may have recorded equilibration of
aqueous solutions with the chondrite matrix
silicates.

We conclude that oxygen isotopic composi-
tions of new-PCP in Acfer 094 represent com-
position of the primordial water of the solar
system and the previously hypothesized 17O-
and 18O-rich reservoir in the early solar system.
The wide oxygen isotopic variations of at least
–80‰ <d17,18O < +180‰ found from hot and
cold origin materials must provide new guide-
lines for the origin of oxygen isotope anomalies
in the solar system.
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Fig. 2. Oxygen isotopic distribution and grain
shape for new-PCP embedded in chondrite
matrix. d17OSMOW (A and D), d18OSMOW (B and
E), and backscattered electron (C and F) images
for new-PCP #14 [(A) to (C)] and #21 [(D) to

(F)] in the Acfer 094 matrix. Arrow in (A) indicates small troilite grains attached to the new-PCP
#14. The new-PCP #21 is surrounded by troilite. Because troilite contains no oxygen, the troilite
area in (D) and (E) is masked by black color. The new-PCPs are highly enriched in 17O and 18O
isotopes relative to the matrix.
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Fig. 3. Oxygen isotopic compositions of the new-
PCP from the Acfer 094 matrix. Oxygen isotopic
compositions of matrix and amoeboid olivine ag-
gregate (AOA) from Acfer 094 and tochilinite from
Murchison are also plotted. The new-PCPs are
plotted on extrapolation of slope-1 line or car-
bonaceous chondrite anhydrous mineral mixing
(CCAM) line. The compositions of the Murchison
tochilinite are plotted near the terrestrial fraction-
ation (TF) line, along an aqueous alternation line
[CM waters (26)]. Isotopography: analyzed by
precise isotopic imaging with an isotope microscope
(16). Point SIMS: analyzed by conventional point
analysis by secondary ion mass spectrometry (16).
The data are listed in table S1.
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Fig. 4. Calculated equilibrium temperatures for
Fe-metal, troilite (FeS) and magnetite (Fe3O4)
as a function of PH2S/PH2 ratio. The magnetite
phase boundary is calculated assuming canonical
solar nebular H2O/H2 ratio of 5 × 10−4 (30).
Magnetite is considered as a proxy of a new-PCP.
Thermodynamic data from JANAF tables (31) were
used for calculations.
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火星衛星サンプル分析例：水素同位体

to 120% higher than that of comet Halley). In
contrast to previous JFC measurements, this
estimate matches models that predict a mono-
tonic radial increase of the enrichment profile
(16–18). From the ROSINA measurements on
comet 67P/Churyumov-Gerasimenko, we con-
clude that the D/H values of JFCs may be highly
heterogeneous, possibly reflecting the diverse
origins of JFCs. If this is the case, then the new
measurement supports models advocating an
asteroidal (carbonaceous chondrite–like) rather
than cometary origin for the oceans, and by ex-
tension for the terrestrial atmosphere (1, 2).
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Fig. 3. D/H ratios in different objects of the solar system. Data are from (1, 2, 5–7, 26–28) and
references therein. Diamonds represent data obtained by means of in situ mass spectrometry measure-
ments, and circles refer to data obtained with astronomical methods.
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火星衛星サンプル分析例：衝突年代測定 (Ar-Ar)

衝突年代分布 
→ 捕獲時期 or 
 形成時期の 
 推定



火星衛星サンプル分析例：火星表層サンプル

鉱物 (粘土/硫酸塩/酸化
鉄/炭酸塩/リン酸塩)・ 
年代 (U-Pb / K-Ar) 
→ 火星表層史 
 の構築

redistributed by atmospheric and aeolian pro-
cesses across the planet.

Derived Mars history. Our analysis of
OMEGA mineralogical assignments in the con-
text of the geologic history of Mars indicates
three sequential eras characterized by the surface
alteration products (Fig. 5): (i) a nonacidic aque-
ous alteration, traced by phyllosilicates (the
‘‘phyllosian’’ era); (ii) an acidic aqueous alter-
ation, traced by sulfates (the ‘‘theiikian’’ era);
and (iii) an atmospheric aqueous-free alteration,
traced by ferric oxides (the ‘‘siderikian’’ era)

The transition between the first two eras oc-
curred early in time and during a critical epi-
sode of Mars global climate change from an
alkaline, possibly moist, environment to an acidic

environment. This change was driven by the ex-
tensive outgassing of volatiles, including sulfur,
coupled to the volcanic activity that modeled
Mars’ surface. If phyllosilicates had formed in the
subsurface, the Mars environment might have al-
ways been tenuous, cold, and dry, except for
transient episodes.

If instead phyllosilicates formed at or close
to the surface, this would require the Mars early
atmosphere to be dense. The global change to
an acidic environment would then have been
coupled to a rapid drop in atmospheric pressure.
A number of processes can be invoked to ac-
count for it. The heavy bombardment of Mars,
given its low mass, could have resulted in an
efficient escape of its early atmosphere (32). The

global change could also have been triggered
by a rapid drop of the internal dynamo and its
resulting magnetic shield, favoring efficient at-
mospheric sputtering (32, 33).

The era during which Mars might have been
most likely to have hosted habitable conditions is
the first one, indicated by the presence of phyl-
losilicates. If indeed living organisms formed,
these clay minerals could be the sites in which
this biochemical development took place (34).
The low level of the further surface alteration,
in perennial cold and dry conditions, under a
tenuous atmosphere, could have preserved most
of the record of biological molecules, struc-
tures, or other diagnostic features in clay-rich
surface or subsurface rocks. These areas of high
habitability potential offer exciting targets for
future in situ exploration.
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Fig. 5. Sketch of the
alteration history of
Mars, with phyllosili-
cates formed first, then
sulfates, then anhy-
drous ferric oxides.

Fig. 4. Magnification of one area of the global map of hydrated minerals (Fig. 3), mapping the hydrated sites in the Marwth Vallis region, with its context in a
MGS MOLA altimetry map. Hydrated minerals are not found in the channel (blue arrow) but in the eroded flanks and the cratered plateau (red arrow).
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太陽系科学の目標：惑星 ｢地球｣ の普遍性・特殊性の理解 
1. 銀河における太陽系の誕生と進化 
2. 多様な太陽系天体の形成と進化 

多様な天体の探査で太陽系の時空間を埋め尽くす「ネットワーク」の構築
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火星衛星サンプルリターン

火星衛星起源の解明 
→ 地球型惑星・衛星形成シナリオの実証 
「地球と火星の “衛星” “水” の起源」

火星史全体サンプリング（火星着陸探査では不可能） 
→ 火星環境進化の全体理解 
「小さな火星，青かった火星の解明」への第一歩



火星衛星サンプルリターン『小さな火星，青かった火星の解明』 

小さな火星　火星のでき方・月のでき方（惑星・衛星形成論） 
　小惑星　 … 火星が捕獲した材料 
　火星起源 … 火星形成期の巨大衝突

青かった火星　温暖湿潤であった火星の初期条件 
　小惑星　…火星が捕獲した材料　　 
　火星起源…火星形成期の巨大衝突 
　火星表層物質…火星の時空間進化の全体理解


