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太陽系の惑星
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質量 (1) 半径=1) 密度　　m3]
水星 0.055 0.38 5.43

金星 0.815 0.95 5.20

地球 1 1 5.52

火星 0.107 0.53 3.93

木星 317.89 10.97 1.33

土星 95.18 9.14 0.688

天王星 14.54 3.98 1.27

海王星 17.15 3.86 1.64

地球質量 ， 
地球半径 

M⊕ = 5.97 × 1024 kg
6.371 × 106 m

[M⊕] [R⊕] [103 kg m−3]

岩石惑星 (地球型惑星) 
(cf. 0気圧の岩石 )∼ 3 × 103 kg m−3

巨大ガス惑星

巨大氷惑星 
(cf. 水 )∼ 1 × 103 kg m−3



太陽系の元素存在度
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 で規格化Si = 106

o 地球の主要元素

太陽系の組成 ≒ 太陽の組成 
(∵ 太陽は太陽系総質量の を占める) 

(原始)太陽系の組成(質量割合)： 
水素 ，ヘリウム ， 
その他 (“重元素”)  

地球はわずか 程度しかない元素から形成 
→ 惑星形成は元素の分化過程

99.87 %

X ≃ 0.71 Y ≃ 0.28
Z ≃ 0.015

1 %

Lodders (2003) Astrophys. J.



“進化”する地球
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マグマオーシャン 有機物ヘイズ？ スノーボールアース 現在の地球
時間

地球は歴史を通じてその姿を変えてきた 
大気組成・気候・水量・大陸地殻…



地球の構造
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岩石の地殻 + マントル： ，金属鉄のコア(外核 + 内核)：  

大気：海洋：固体地球 = ：　　 　　：  
→ 大気・海洋は惑星の“薄皮”であり，固体地球の影響を強く受ける

67.5 wt . % 32.5 wt . %

8 × 10−6 2 × 10−4 1

← 内核(固体の金属鉄)

← 外核(液体の金属鉄)

← マントル(固体の岩石)

大気・海洋・地殻 →

レポート課題



地球表層と内部の物質循環
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門屋他 (2012) 日本惑星科学会誌, Vol. 21, No. 3.

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
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例：地球の carbonate-silicate cycle

プレートの 
沈み込み

海洋プレート上の鉱物に取り込まれて水(-OH), 炭素(-CO3), 窒素(NH4+-)がマントルへ還流 
大気-海洋-地殻系での炭素循環タイムスケール  年∼ 106−7



太陽の活動と進化
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ニュートリノで観測された太陽の中心核 (核融合領域)

Image credit :東京大学宇宙線研究所 神岡宇宙素粒子研究施設

紫外線で観測された太陽の質量放出

Image credit: NASA

太陽放射と太陽風は惑星の環境に大きな影響を及ぼす 
太陽も進化する 
核融合反応  → 密度上昇 → 自重を支えるために光度が上昇 
太陽風 → 自転角速度低下 → 極端紫外線・X線光度低下，太陽風フラックス低下

(41H →4 He + 2e+ + 2ν)



暗い太陽のパラドックス
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on core temperature as / T4
core for the net pp chains near

Tcore= 15!106 K (Carroll and Ostlie, 2007, p. 311). The
extra energy produced within the Sun’s core must even-
tually be released at its surface, and so the Sun and other
H-burning stars get brighter as they age.

Gough (1981) expressed the results of his own solar
evolution modeling in a parametric form that remains
reasonably accurate when compared to later models
(e.g., Bahcall et al. (2001))

L tð Þ
L0

¼ 1
1þ 0:4 t=4:6ð Þ (11.3)

Here, L(t) is the solar luminosity at time t, L0 is the present
solar luminosity, and t is time before the present in units
of Ga. Equation (11.3) predicts that the Sun was 1/1.4 =
0.71 times as bright as today at 4.6 Ga and that it has
brightened roughly linearly with time since then. In real-
ity, the rate of brightening is accelerating with time. The
current rate of increase, according to eq. (11.3), is about
1% every hundred million years. Gough’s formula is
represented by the solid curve in Fig. 11.1.

An alternative to the faint young Sun is that the young
Sun shed considerable mass in a rapid solar wind so that
the Sun’s core wasn’t compressed as much as assumed
above, but this idea has not stood up to observational
scrutiny. While the theory of early mass loss has been
suggested numerous times (Boothroyd et al., 1991; Grae-
del et al., 1991; Guzik et al., 1987; Sackmann and Boot-
hroyd, 2003; Willson et al., 1987), empirical estimates of
the mass loss rate from young stars appear too small for
the theory to hold (Wood et al., 2002; Wood et al., 2005).

Wood et al. used the Hubble Space Telescope to measure
excess absorption on the blue-shifted side of the Lyman-α
emission (at 121 nm) from eight nearby young stars,
including ε-Eridani – a 400–500 million-year-old K dwarf.
They attributed this absorption to the buildup of neutral
hydrogen at the boundary of a stellar astrosphere. The
astrosphere, like the solar heliosphere, is the region of
space that is swept free of interstellar material by the
outflowing stellar wind. By using a 2-D hydrodynamic
model, Wood et al. were able to relate the intensity of
astrospheric absorption to the strength of the stellar wind.
They then correlated these data with data on x-ray emis-
sions to estimate stellar ages.

The bottom line is that young, solar-type stars do
indeed have winds that are ~ 1000 times stronger than
the solar wind; however, these winds decrease in intensity
rapidly as the star ages. Figure 11.2 shows cumulative
solar mass loss with time. As one can see, the best
estimate for the total mass loss for the Sun is about
0.6% of a solar mass (Mo), with an upper limit of about
0.03 Mo. The Sun’s luminosity is roughly proportional to
M 4.5 (eq. (2.4)). Furthermore, if the mass loss is not too
rapid, a planet’s semi-major axis, a, should expand so as
to conserve angular momentum, giving a ~ 1/M. The solar
flux, F, incident at a planet’s orbit obeys the inverse
square law: F ~ a&2. Putting all of this together yields
F ~ M 6.5. Thus, a young Sun that was 3% more massive
than today should have been brighter than the standard
solar model by 1.036.5 ' 1.19, i.e. a 19% increase. This is
roughly half the amount needed to compensate for the

Billions of years before present
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Figure 11.1 Diagram illustrating the faint young Sun problem. The
solid curve labeled “S/S0” represents solar luminosity S relative to
today’s value S0 (right-hand scale). The two dashed curves repre-
sent Earth’s effective radiating temperature, Teff, and its global
mean surface temperature, Ts, as calculated using a 1-D climate
model. The temperature difference between Ts (upper dashed
curve) and Te (lower dashed curve) at any time is a measure of
the greenhouse effect. A constant CO2 concentration of 300 ppmv
was assumed. (From Kasting et al. (1988).)
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Figure 11.2 Estimated cumulative mass loss from the Sun, based
on observations of Lyman-α absorption in the astrospheres of
nearby solar-type stars. The shaded area represents the range of
uncertainty in the calculations. (From Wood et al. (2002). Repro-
duced with permission. Copyright 2002, American Astronomical
Society.)
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Long-Term Climate Evolution
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度
 [K

]

太
陽
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度
 

 (現
在
 =
 1
)

S/
S 0

水の融点

現在の大気組成

大気なし

太陽光度と地球の表面温度の進化(モデル計算)

40億年前の太陽光度は現在の しかない 
→ 現在と同じ大気組成を仮定した場合，20億年以上前の地球は凍りついてしまう 
↔ 海が存在した地質学的証拠と矛盾 (Segan & Muller 1972, Science)

70 %

Kasting et al. (1988) Scientific Am.
Carl Segan



地球型惑星の表層環境
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水星 金星 地球 火星

軌道半径 [au] 0.4 0.7 1 1.5

地表面気圧 [気圧] — 90 1 0.006

大気主成分 — CO2 (>95%) N2, O2 CO2 (>95%)

地表平均気温 [K] 440 740 288 210

表層水量 [地球=1] — 10-5 (水蒸気) 1 (液体の水) 10-3 (氷)



金星
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高温 (大気の温室効果)，乾燥 
濃硫酸の雲に覆われている 
ホスフィン (PH3) の発見が報告されて (反論もある) 
生命の存在可能性について議論 (e.g., Greaves et al. 2020) 

プレート・テクトニクスがない 
一様なクレーター分布 (表面年代) 
大陸・海洋地殻の標高の二分性の欠如

探査機ベネラ13号が撮影した金星の地表

distribution among NEOs on various orbits. Here, we follow
the proportion of dark objects of low density and bright objects
with higher density proposed by Stuart and Binzel (2004).
Within a factor of 2, both astronomical (snapshot) and

geologic (average for 100–400 Ma) estimates of the terrestrial
cratering rate are similar, and the correlation confirms the
relative constancy of the bombardment flux to Earth in recent
time (<0.5 Ga).
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Figure 14 Global spatial crater distribution for the Earth, the Moon, Mercury, Venus, and Mars and the related global crater SFD for the same objects.
The distributions for Venus and Earth include all craters, while for Mars, the Moon, and Mercury, only craters larger than 20 km are displayed.
Because of geologic activity, as well as atmospheric interaction of the projectiles in the cases of Venus and Earth, all curves significantly deviate from
the assumed crater-production function. Catalogs used for deriving the crater distributions are from Head et al. (2010) for the Moon, modified after
Barlow (1988) for Mars; Venus’ craters are plotted according to Herrick and Phillips (1994); for Earth, we used the Earth Impact Database (http://www.
passc.net/EarthImpactDatabase/index.html) and our own database for Mercury.
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distribution among NEOs on various orbits. Here, we follow
the proportion of dark objects of low density and bright objects
with higher density proposed by Stuart and Binzel (2004).
Within a factor of 2, both astronomical (snapshot) and

geologic (average for 100–400 Ma) estimates of the terrestrial
cratering rate are similar, and the correlation confirms the
relative constancy of the bombardment flux to Earth in recent
time (<0.5 Ga).
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Because of geologic activity, as well as atmospheric interaction of the projectiles in the cases of Venus and Earth, all curves significantly deviate from
the assumed crater-production function. Catalogs used for deriving the crater distributions are from Head et al. (2010) for the Moon, modified after
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Werner & Ivanov (2015) in Treatise on Geophysics 2nd Edition

金星と地球のクレーターマップ



火星
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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. 

151 JUNE 2006151

Philip R. Christensen1

1 Department of Geological Sciences
Arizona State University
Box 871404, Tempe, AZ 85287-1404, USA
E-mail: phil.christensen@asu.edu

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.

KEYWORDS: Mars, ice, water, polar caps

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

火星探査車 Curiosity の自撮り風画像 極冠の氷

低温，乾燥 (※ 極域には氷) 
全球に分布するダストが気候にも影響 (太陽光の吸収，砂嵐) 
頻繁に探査が行われてきたので，惑星の中では地球の次くらいには情報がある
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Figure 1 |Data and methodology used for the analysis of the martian deltaic deposits. Left: Context image of a sedimentary deposit in Nepenthes
Mensae (No 14 of Supplementary Table S1). The dots indicate the location of the available MOLA-shot measurements. Right: The topographic profile AB
shows the morphometry of the deposit (left panel for location). The bottom schematic diagram illustrates the morphometric indicators used for the
extraction of the elevation values for each delta. The error bar defines the maximum water level excursion; the black square corresponds to the delta front
(mean water highstand). See the Methods section for explanations.

complete closure within and along the margins of the northern
lowlands (Fig. 2 and Supplementary Fig. S2), delineating the
boundary of the basin within which the deposits formed. The
standard deviation (177m) of S is remarkably small if spread across
the entire length of the global contour, comparable to the total
variation of the terrestrial geoid (⇠200m), and significantly smaller
(up to one order ofmagnitude) than the dispersed values previously
obtained for the elevations of Contact 1 (Arabia shoreline, Fig. 2c)
and Contact 2 (Deuteronilus shoreline)3. Therefore, the deposits
topographically connected to the site occupied by the putative
ocean define the closest approximation of an equipotential surface
as would be expected if they formed in a single large body of
standing water encompassing the northern hemisphere of Mars.
Moreover, the S level is consistent with large portions of the
‘Arabia shoreline’ previously identified from geomorphologic and
topographic analyses1,4 (Fig. 2c) and is also close to its average
value (�2,499m, compare the trendline of this contact with
S in Fig. 2c). In particular, S is consistent with the previous
observational evidence at (1) Terra Sirenum, (2) in the northern
part of Tempe Terra, (3) along the circum-Chryse Planitia
region, (4) within northern Arabia Terra and the fretted terrain
regions of Deuteronilus Mensae and finally (5) across the crustal
dichotomy along the Nepenthes and Aeolis Mensae regions and the
surroundings of Gale crater (Fig. 2).

Notably, a further twelve deltas that formed in closed basins
(green triangles in Fig. 2) fall within the error bars of the S level.
However, to include these deposits in the same group of the
S level, thus totalling ⇠55% of the present global database, it
must be assumed that a water table should have intersected the
surface at this base level all over the planet. Indeed, the S level
(�2,540± 177m) is virtually the same as the �2,550m elevation
suggested by theoretical calculations for the global distribution of
water during the Noachian4. Moreover, the latter value was derived
from thermophysical properties of Mars with the assumption
that water was saturating the crust and ponding in hydrostatic
equilibrium on the surface of the planet4. Therefore, the analysis

of 29 sedimentary deposits (⇠55% of total deltas) supports
this thermal-hydraulic reconstruction, implying that a vast ocean
and large seas were present in the northern hemisphere and in
Argyre and Hellas basins, respectively. Several groundwater-fed
palaeolakes would have contemporarily emerged within a region
of a few hundreds of kilometres wide upslope from the S ocean
boundary and the crustal dichotomy and around the rim of
Argyre and Hellas within craters deep enough to reach the S
level (Fig. 2a and Supplementary Fig. S2). The palaeolakes would
have been almost entirely concentrated in the topographically
gradational zone of Arabia Terra, a province where sedimentary and
morphological studies support the occurrence of palaeolakes19,20
and indicate that putative spring deposits exist within craters21.
Furthermore, an anomalous concentration of craters with extensive
exposures of eroded layered sedimentary deposits19–22 and other
distinguishable spectral and elemental properties (including also
an elevated hydrogen content) have been reported for Arabia
Terra and interpreted to be the results of a past volatile-rich
history19–22. Similar layered sequences and other evidence suggestive
of past lacustrine activity have also been suggested for Hellas and
Argyre4,22,23 and increasingly reported during the past years also for
craters along the rim of the main Hellas basin24,25, thus making
the case for the occurrence of a Noachian basin-wide sea within
Hellas23 and a series of surrounding palaeolakes within a range
of elevations compatible with the S level24,25. Finally, although the
analysis of deltas cannot uniquely confirm the occurrence of large
seas in Hellas and Argyre, if there was an ocean on the northern
plains as a component of a martian global hydrosphere, water must
have ponded also in these two basins4.

The reconstructed equipotential surface is also generally con-
sistent with the distribution and terminations of martian valley
networks8 excluding the region between 30� W and 60� E, that
is, the topographically gradational zone of Arabia Terra (Fig. 2).
Arabia Terra is characterized by smooth elevation variations5 and
it is possible that the S surface may mark a different level of the
same ocean previously mapped here at slightly higher elevations
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cemented and made up of rounded to subangular
rock fragments larger than 2 mm in diameter in
a finer-grained matrix of sand or silt).

Additional evidence for a fluvial interpreta-
tion is the stratification at Hottah. Alternating
pebble-rich and sand layers (Fig. 3C) indicate
fluctuations within sediment transport that result
in size sorting of the deposits. In bedload trans-
port, the presence of sand mixed with fine peb-
bles leads to a sorting instability within flows that
produces shallow migrating bedforms (bedload
sheets), resulting in fine-scale vertical variations
in grain sorting (23), as observed at Hottah.

Alternative sediment transport mechanisms to
water flows are inconsistent with the observed
rock characteristics. For example, thewell-developed
rounding of the pebbles together with clast fabric,
specifically the grain-to-grain contact and local
imbrication, makemass transport as a debris flow
unlikely. Likewise, pebble clusters and the rela-
tively wide size range of pebbles within the de-
posit are inconsistent with transport and deposition
by wind. The largest grains mobilized by wind
will move via creep driven by impacts from abun-
dant saltating finer grains. On Mars, 1- to 2-mm
grains are driven by creep, leading to formation
of megaripples observed at both Mars Explora-
tion Rover landing sites [e.g., (24)]. The result of
this process is a relatively thin surface layer of
uniformly sized clasts due to size-dependent down-
wind (creep) migration rates, which differs in
both geometry and the coarse grain size range
(2 to 40 mm) within the martian conglomerates
described here. The higher density of liquid fluids
relative to air results in higher bed shear stress
(and a buoyancy force on the particle), which can
mobilize coarse sediment.

A number of factors influence the develop-
ment of rounded clast perimeters in fluvial trans-
port, including the original clast size, shape, and
lithology, as well as the grain size of the bed
material (21, 25). Sand commonly acts as an
abrasive agent when transported with pebbles in
fluvial systems, causing the coarser particles to
round more rapidly (21, 22). The presence of
coarse sand and rounded pebbles in the martian
rocks is consistent with a highly abrasive flow.
For clasts of the same size, lithology is the major
factor affecting the rate of downstream rounding
[e.g., (25–27)]. On the basis of published data for
pebbles in natural streams and fluvial abrasion
experiments for a range of compositions [e.g.,
(25–27)], and assuming an initial angular pebble,
we estimate aminimum transport distance of a few
kilometers to produce a rounded pebble surface.
On Mars, the elastic collisions within the flow
may have had lower energy due to the reduced
gravity, resulting in lower abrasion rates and lon-
ger transport distances to achieve similarly rounded
pebbles. Overall, the rounded pebbles of apparently
diverse lithology within the martian conglomerates
are strong evidence for sustained fluvial transport.

The grain size distribution can be used to es-
timate the critical shear stress for sediment mo-
bility, and in turn the flow depth andmean velocity

assuming a water surface slope between 0.1 and
1% (17, 28–30) (tables S3 to S5). This range of
slope values corresponds to the nearby alluvial
fan slope (1%) and an approximate lower value
(0.1%) for gravel-bedded streams [e.g., (31, 32)].

For the clast size distributions observed in the three
conglomerates, the minimal flow depth (suffi-
cient to initiate motion) is 0.03 to 0.9 m and the
corresponding average flow velocity is estimated
to be 0.20 to 0.75 m/s. In all cases, the estimated

Fig. 2. Comparison of pebbles at Link and a terrestrial analog site. (A) Link was imaged with the
100-mmMastcam on sol 27 (17). (B) Rounded clasts of similar size and shape are observed in comparably
sized distal alluvial fan deposits on Earth, such as this example from the Atacama Desert, Chile.

Fig. 3. Examples of sedimentary texture and fabric in the Hottah outcrop. (A) The Hottah outcrop
has fractured and gently tilted (~30°) blocks, as seen in this mosaic of Mastcam images taken on sol 39
(17). (B) The perimeter of a well-rounded pebble protruding from the outcrop (upper black arrow, long
axis ~3 cm) is smooth. White arrow points to parallel stratification. (C) In places, there are alternating
protruding, pebble-rich layers (black arrows) and recessive layers. An example of a clast-supported pebble
cluster is marked by the yellow circle. (D) Example of imbricated clasts.
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液体の水が存在した数多くの記録 
渓谷, 三角州，堆積岩 
含水鉱物
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火星の三角州地形の分布

14

NATURE GEOSCIENCE DOI: 10.1038/NGEO891 LETTERS

60° S

Terra Sirenum Tempe
Terra

Chryse
Planitia

Arabia Terra
Denteronilus Mensae

Nepenthes/Aeolis MensaeTharsis
rise

30° S

0° 

30° N

60° N

150° W180° 120° W 90° W 60° W 30° W

Xanthe Terra

Tharsis rise

S

S

S

S
S

Argyre Planitia

Arabia Terra

¬8,208 21,249
Ocean Land

S

S

MOLA elevation (m)

Hellas Planitia

0° 30° E 60° E

Amazonian Hesperian Noachian

90° E 120° E 150° E 180°

150° W180° 120° W 90° W 60° W 30° W 0° 30° E 60° E 90° E 120° E 150° E 180°

M
O

LA
 e

le
va

tio
n 

(k
m

)

3

2

S0

S

S0

S

1

0

¬1

–2

–3

–4

–5
–180 –120 –60 0

Longitude (°)
60 120 180

a

b

c

60° S

30° S

0° 

30° N

60° N

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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赤：北部低地に流入 
青, 緑：盆地に流入

三角州が北部低地を取り囲むように存在 → かつての海？
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約40億年前？ 現在



火星の大気散逸
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探査機MAVENによる火星の散逸大気観測 (credit: Univ. Corlado, NASA)



水星

17

地球型惑星の内部構造の模式図

水星

金星 地球 月
火星

Image credit: NASA/LPI

大気を持たない 

巨大なコアを持つ(質量の  ↔ 地球 ) 

ダイナモ磁場を持つ (地球型惑星では地球と水星のみ)

≃ 60 − 70 % 33 %



巨大ガス惑星の構造
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Image credit: NASA/LPI

← 分子水素層 (≒太陽組成)

← 金属水素層 (≒太陽組成)

← 岩石/氷コア

木星 土星

質量の大部分  が水素・ヘリウム 
高圧(>100万気圧)の内部では水素が金属化 (自由電子を持つ) → ダイナモ磁場

( ≃ 70 − 90%)



巨大ガス惑星の構造
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Image credit: NASA/LPI

← 分子水素層 (≒太陽組成)

← 高圧氷層

← 岩石/氷コア

天王星 海王星

高圧氷層：導電性のあるスーパーアイオニック層 (自由電子的に水素イオンが振る舞う) 
天王星は自転軸が97°傾いている (↔ 海王星は28°)



衛星

Image credit: NASA

惑星 衛星の数

水星 0

金星 0

地球 1

火星 2

木星 79

土星 82

天王星 27

海王星 24

半径：1737 km

半径：11 km, 6.2 km

※2020年5月時点
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月の地震波計測

21

アポロ 12, 14-16 の 着陸地点に設置された地震計ネットワーク (~1977) 

小さいコア 170-360 km (Nakamura et al. 1974) → 巨大衝突の破片からの形成

2005). Given its low seismic noise, the Moon has also been
proposed as a good place for detecting astrophysical gravita-
tional waves (e.g., Gusev and Kurlachev, 1976; Weber, 1960),
and a gravimeter designed for that purpose was installed
onboard Apollo 17. This gravimeter failed to operate properly,
however, due to a design failure. More recently, the possibility
of strange quark matter detection (Banerdt et al., 2006) has
been proposed, reigniting interest in the Moon as a site for
the placement of seismic or gravity sensors for astrophysics
research.

In this chapter, we summarize the experimental and seis-
mological data in Section 10.03.2. We devote some attention
to 1D seismic-velocity models for the Moon’s crust andmantle,
and we discuss differences among current models, especially
with regard to their likely causes and implications. We also
explore the current understanding of the Moon’s mineralogical
structure derived by integrating the Apollo seismic data with
other geophysical and petrological constraints, and, in
Section 10.03.3, we discuss the seismic activity of the Moon
in the context of other terrestrial planets.

We address the field of atmospheric seismology in
Section 10.03.4, including the basic theory behind the cou-
pling of solid-body modes to the atmosphere and ionosphere.
We also discuss the giant planets, especially Jupiter, given that,
for about 20 years, Earth stations have monitored Jupiter’s
atmospheric signals associated with continuously excited
global oscillations (Lognonné and Mosser, 1993; Mosser,

1995). We then develop a comparative study of atmosphere-
interior seismic coupling on Mars and Venus and discuss the
prospect of remotely sensed seismology.

Starting with the 1976 deployment of the Viking seismom-
eters, the seismic exploration of Mars has been much less
successful than the exploration of the Moon (Anderson et al.,
1977a,b). During the initial mission, only the Viking 2
seismometer worked, as the seismometer on Viking 1 lander
failed to unlock. The sensitivity of the Viking 2 seismometer
was one order of magnitude less than the SP Apollo seismom-
eter for periods shorter than 1 s, and five orders less than the LP
seismometer for periods longer than 10 s (see Figure 1). No
events were convincingly detected during the seismometer’s 19
months of nearly continuous operation, and, as shown by
Goins and Lazarewicz (1979), this absence of recorded events
was probably related to the inadequate sensitivity of the seis-
mometer in the frequency bandwidth of teleseismic body
waves, as well as the device’s high sensitivity to wind noise
(Nakamura and Anderson, 1979). In 1996, the Mars 96 mis-
sion was launched, with each of the mission’s two small sta-
tions (Linkin et al., 1998) carrying an OPTIMISM seismometer
in its payload (Lognonné et al., 1998a). The sensitivity of the
OPTIMISM seismometer was improved by about two orders of
magnitude relative to the Viking seismometers at frequencies
of 0.5 Hz, and as a result, the OPTIMISM devices were better
adapted to teleseismic body-wave detection. The Mars 96 mis-
sion was lost shortly after its launch, however, and the seismic

(Some data)

(Some data)

15
(Network data) 17

11

16

1412

Luna
Apollo
Surveyor

Figure 2 Configuration of the Apollo seismic network, with each Apollo seismometer represented by a green triangle. A12 is in the Oceanus
Procellarum area at 3.01

!
S, 23.42

!
W. A14 is located near the crater Fra Mauro at 3.64

!
S, 17.47

!
W. A15 is at the foot of the Apennine Mountains at

26.13
!
N, 3.63

!
E, and A16 is just north of the crater Dolland at 8.97

!
S, 15.50

!
E. Note that all stations were on the near-side, making core seismic studies

almost impossible. Additional seismic data have also been recorded at the Apollo 11 and Apollo 17 sites. The soviet Luna and early US Surveyor landing
sites are given for completeness. Base map credit: NASA.

Planetary Seismology 69

月の地震計ネットワーク 
Lognonné & Johnson (2015) 



土星の衛星 タイタン
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大気：約1.5気圧．N2 + 数%のCH4 
光化学によるヘイズ(高分子有機物粒子)  
← 太古代地球的？ 
液体 CH4, C2H6 の湖 
内部には液体 H2O の層  
(大型氷衛星に共通の性質)

Image credit: NASA

水氷層 →

内部海 →

高圧氷層 →

含水鉱物 or 氷+無水岩石？ →



土星の衛星 エンセラダス

23

Cassini探査機がプルーム(噴泉)を発見 
プルーム中にナトリウム塩や高分子有機物 
内部海での海底熱水活動．生命の可能性

化学同人社『アストロバイオロジー』



太陽系小天体

24

たくさんある(1km以上だけでも約100万体)が， 
総質量は小さい (地球の約 3000 分の1) 
小惑星帯，太陽系外縁天体群 
惑星形成過程の名残 (?) 
H2Oスノーライン(水氷昇華線)は小惑星帯に位置する 
→ 小惑星が地球に水をもたらした?

主要な4つの小惑星 67P/C‒G

©ESA



さまざまな小惑星タイプの混在
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Cracking the ‘compositional code’ of the map
Earlier planetesimal-formation theories that explained the history of the
asteroid belt invoked turbulence in the nebula, radial decay of material due
to gas drag, sweeping resonances and scattered embryos47,48. Individually,
each mechanism was, however, insufficient, and even together, although
many of these mechanisms could deplete, excite and partially mix the
main belt, they could not adequately reproduce the current asteroid belt49.

The concept of planetary migration—whereby the planets change
orbits over time owing to gravitational effects from the surrounding
dust, gas or planetesimals—was not new, but its introduction as a major

driver of the history of the asteroid belt came only recently. Migration
models began by explaining the orbital structure and mass distribution
of the outer Solar System, including the Kuiper belt past Neptune50.
Individual models could successfully recreate specific parts, but we still
sought to define a consistent set of events that would explain all aspects
of the outer Solar System. Every action of the planets causes a reaction in
the asteroid belt, so these models also needed to be consistent with the
compositional framework within the main belt that we see today.

The Nice model was the first comprehensive solution that could simulta-
neously explain many unique structural properties of the Solar System11–13,51,52,
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Figure 3 | The compositional mass distribution throughout the asteroid
belt out to the Trojans. The grey background is the total mass within each
0.02-AU bin. Each colour represents a unique spectral class of asteroid, denoted

by a letter in the key. The horizontal line at 1018 kg is the limit of the work from
the 1980s2,8,9. The upper portion of the plot remains consistent with that work,
but immense detail is now revealed at the lower mass range19.
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determine size and the average density39 for that asteroid’s taxonomic class. For
the smaller sizes we determine the fractional contribution of each class at each
size and semi-major axis, and then apply that fraction to the distribution of all
known asteroids from the Minor Planet Center (http://minorplanetcenter.org/)
including a correction for discovery incompleteness at the smallest sizes in the

middle and outer belt19. Asteroid mass is grouped according to objects within
four size ranges, with diameters of 100–1,000 km, 50–100 km, 20–50 km and
5–20 km. Seven zones are defined as in Fig. 1: Hungaria, inner belt, middle belt,
outer belt, Cybele, Hilda and Trojan. The total mass of each zone at each size is
labelled and the pie charts mark the fractional mass contribution of each unique
spectral class of asteroid. The total mass of Hildas and Trojans are
underestimated because of discovery incompleteness. The relative contribution
of each class changes with both size and distance.
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C型小惑星と炭素質コンドライトの差異

3

Ceres (C-type)

Astraea (S-type)

Polyxo (D-type)

OH NH4 CO3

分類に使われる地上観測 
(DeMeo et al. 2009; Hasegawa et al. 2017)

赤外天文衛星あかり 
(Usui et al. 2019)

異なるスペクトル的特徴を持つものが多数 
(Takie & Emery 2012; Rivkin et al. 2019; Usui et al. 2019) 

2.7 μm 吸収 

-含水鉱物 (OH) 

-炭素質コンドライトにも見られる 

3.1 μm 吸収 

-アンモニアを含む層状珪酸塩 (Ceres)  

or 氷 (Themis) 

-炭素質コンドライトには存在しない 

3.4 μm 吸収 

-炭酸塩 (CO3) 

-炭素質コンドライトでは存在量少

Ivuna (CI)

反
射
率
 (オ
フ
セ
ッ
ト
)

波長 [μm]
波長 

反
射
率

小惑星分類に用いるスペクトルの例



はやぶさ2による小惑星リュウグウ探査

26

2019年にサンプル採取に成功 → 2020年末に帰還 
サンプル初期分析が進行中



火星の小さい衛星

27

フォボス: ~20 km

デイモス: ~10 km

天体衝突破片からできた？捕獲された小惑星？
JAXAの火星衛星探査計画 MMX (2024年打上予定)



まとめ

28

太陽系 
惑星：岩石惑星，巨大ガス惑星，巨大氷惑星．表層環境の変遷 

太陽の進化：光度の増加，極端紫外線・太陽風フラックスの減少 → 惑星に影響 

衛星：巨大衝突や小惑星の捕獲による形成．氷衛星の生命存在可能性 

小天体：惑星形成過程の名残，揮発性物質(海，大気，生命の材料)の起源



小レポート課題(4/15 17時締切)

29

地球の表面は7割が海に覆われており，その平均深さは約
4kmである．海水の総質量をkgの単位で求めよ．また地球総
質量に占める海水の割合を求めよ(答えは有効数字1桁の精度
とする)．地球の質量・半径、水の密度は講義資料中の値を用
いてよい．


