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揮発性成分 
…大気, 海洋の主構成要素 (H2O, CO2, SO2, Ar, …)  

Figure from Ballentine (2002)
マグマオーシャン地球の脱ガス 現在の表層 – 内部の揮発性物質の循環 

はじめに 
脱ガス…固体惑星内部からの揮発性成分の放出

表層環境を決定 (大気/海洋, 生命, マグマ活動…) 

44億年以前 



【地球】初期の大規模脱ガス 

Refs. [1] Hamano & Ozima (1978) Terrestrial Rare Gases; [2] Ozima & Podosek (2001) Noble Gas 
Geochemistry 2nd edition; [3] Pujol et al. (2013) Nature; [4] 佐野 & 高橋 (2013)  地球化学 

Figure from Kagoshima (2015) Ph.D. Thesis 
Original data: Hamano & Ozima (1978)
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図: 大気のAr蓄積量の時間進化 

初期数億年間に, 現在の大気 (希ガス) の80%以上を放出 

•  40K →40Ar 
•  U, Th → 4He 

Fig. Ballentine (2002)

44億年以前 



【地球】脱ガスフラックスの見積もり 

現在の火山活動の
直接的な情報 

X脱ガス = [X]/[He] × ヘリウム(He)脱ガス 
例) 元素Xの脱ガスフラックス(mol/年) 

Figure from Kagoshima et al. (2015) 
硫黄のグローバルフラックス 

•  海嶺玄武岩 　　
(Mid-Ocean Ridge Basalt)

•  ホットスポット火山 
(Ocean-Island Basalt)

火山ガラスの捕獲ガス 

MORBガラスなど
(イメージ)

破砕, 燃焼分析にて 
ガス組成を決定 

気泡

固相(溶融)

about 20% of that of MOR9. This percentage is consistent with the
estimate of global magma emplacement and volcanic output aver-
aged over the last 180 m.y.26. Recently, the MOR 3He flux was calcu-
lated to be 530 mol/y8 which would result in an ARC 3He flux of 110
6 20 mol/y. This flux is consistent with the value obtained by sum-
mation of 3He flux at arc volcanoes worldwide1. The average S/3He
ratio of (6.5 6 1.1) 3 109 (1s) is obtained from high-temperature
volcanic gases. Therefore, the ARC sulphur flux is estimated to be
(7.2 6 1.8) 3 1011 mol/y based on the 3He flux of 110 mol/y. This
value is considerably larger than MOR sulphur flux calculated in this
study. However the upper mantle contribution to ARC volcanic gases
is only (2.9 6 0.5)% of total sulphur, on average. The sulphur flux
from the wedge mantle at ARC then becomes (2.1 6 0.6) 3 1010 mol/
y, which is less than the mantle sulphur flux discharging into the
ocean at MOR. The major contribution of the ARC sulphur flux is
derived from subducted sedimentary pyrite and subducted sulphate
partly derived from the seawater component.

A summary of the global sulphur flux is depicted in Fig. 3a. Present
hot spot magmatism likely does not contribute substantially to the
global flux of sulphur (See Supplementary Discussion). The total vol-
canic flux of sulphur is estimated as 8.2 3 1011 mol/y and represents
about one-third of the anthropogenic emissions due to coal burning
and sulphide ore smelting27. This natural flux, if it has remained con-
stant over 4.55 billion years of geological time, engenders an accumula-
tion of 3.7 3 1021 mol. This value is greater than the surface inventory
of 5.3 3 1020 mol1. If we take the MOR flux together only with the
mantle wedge flux of 2.1 3 1010 mol/y, then the accumulation becomes
5.6 3 1020 mol in total, which is equivalent to the surface inventory.
When steady-state recycling of sulphur is applied, the total subducting
flux becomes 8.2 3 1011 mol/y.

As new 3He flux data at MOR have been reported8, we revise the
carbon geodynamics along with sulphur. The CO2/3He ratio at MOR

was calculated to be (2.2 6 0.7) 3 109 using CO2/3He data for MOR
basalt glass and hydrothermal fluids28. This ratio, combined with the
new MOR 3He flux, engenders the global MOR CO2 flux of (1.2 6
0.4) 3 1012 mol/y, which is consistent with the most recent estimate
based on vesicularities of MORB worldwide29.

For ARC volcanism, we selected 24 volcanic gas and steam well
data with temperatures higher than 200uC (Supplementary Table 3).
Their carbon source is well explained by the mixing of three compo-
nents: The upper mantle (M), organic sediment (S) and limestone
with a slab component (L) (Fig. 4; Ref. 30). These end-member
components are described in Supplementary Table 3. Using those
values, we calculate the respective percentages of the three compo-
nents in the ARC samples (Supplementary Table 3). The contri-
bution of the upper mantle carbon is 3.2%–36% (average 11%),
whereas a major part is attributable to subducted carbonate and
organic carbon. Because the average CO2/3He ratio of these data is
(2.0 6 0.3) 3 1010, the carbon flux from ARC is (2.2 6 0.5) 3
1012 mol/y using the ARC 3He flux of 110 6 20 mol/y, which is also
consistent with the recent estimate using volcanic gas observations
worldwide31.

A summary of global carbon flux is depicted in Fig. 3b. The total
volcanic flux of carbon is 3.4 3 1012 mol/y, which is two orders of
magnitude smaller than anthropogenic emission by fossil fuel com-
bustion and cement production32. The MOR flux combined with the
wedge mantle flux is 1.4 3 1012 mol/y. This value, if accumulated for
4.55 billion years, results in 6.6 3 1021 mol of carbon, which closely
approximates the surface inventory of 7.0 3 1021 mol1. If steady-state
recycling of carbon is applied, then the total subduction flux becomes
3.4 3 1012 mol/y. This estimate is consistent with the influx of
carbon1.

In conclusion, the best estimates of MOR sulphur and carbon flux
are 1.0 3 1011 mol/y and 1.2 3 1012 mol/y, respectively at present,

Figure 3 | Schematic diagrams of (a) the global sulphur cycle and (b) the
global carbon cycle. Each flux is given in units of 109 mol/y. It should be
noted that steady-state surface environments of these elements were
applied.

Figure 2 | Correlation diagram between d34 S and S/3He ratios of high-
temperature volcanic gases in circum-Pacific regions. Model end-
members of the upper mantle, sedimentary pyrite and subducted sulphate
are included. The curve shows mixing among the end-members. #Data are
of the following volcanoes: (#1) Avacha, (#2) Mutonovsky, (#3) Kudryavy,
(#4) Usu, (#5) Kuju, (#6) Satsuma-Iwojima, (#7) Lewotolo, (#8) White
Island, (#9) Ngauruhoe, (#10) Momotombo, (#11) Galeras, (#12) Colima.
All data are from Table 2.

www.nature.com/scientificreports
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【地球】現在の揮発性成分の循環 

図: 地球の内部−表層の物質循環イメージ 

宇宙空間 

表層 
大気 海洋 地殻 

内部 

リサイクル 脱ガス 

散逸 外部供給



宇宙空間 

表層
地殻 大気 (海洋) 

内部 

リサイクル 脱ガス 

散逸 外部供給

【火星の場合】揮発性成分の放出 

図: 火星の脱ガス, 大気散逸のイメージ 
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図: 表層, 内部の揮発性成分量の時代進化 

【火星】脱ガス進化史の重要性 

表層の
蓄積量 脱ガス量 散逸量 外部

供給＝ - ＋ 
※隕石など 



【火星】地質年代 
41億年 37億年 30億年前 現在 

Noachian  Hesperian Amazonian Pre-N 時代 

(Squyres et al., 2004a) and Opportunity in Meridiani Planum
(Squyres et al., 2004b). Orbital observations had earlier shown
that the rim of Gusev was breached by an outflow channel, but
Spirit observations indicated that any fluvial sediments within
the crater have been buried by basaltic lavas and soil. Crater
counting suggests that Gusev crater is Noachian (4.0–3.8 Ga),
and the volcanic plains on its floor have an age of !3.65 Ga
(Parker et al., 2010). Spirit’s traverse into the Columbia Hills
(Crumpler et al., 2011; Squyres et al., 2006a) and Inner Valley
(Squyres et al., 2007) found aqueously altered rocks of uncer-
tain origin, soils, and pyroclastic deposits. Meridiani Planum
was chosen as a MER landing site because of the orbital deter-
mination that hematite was present. The age is uncertain, but
Meridiani plains materials disconformably overlie Noachian
cratered terrane and could be as old as 3–4 Ga. Opportunity
fortuitously came to rest within a small crater that exposed
layered outcrops rich in evaporitic salts. The plains around
the crater are covered with extensive lag deposits of resistant
hematitic concretions that eroded out of the underlying sedi-
mentary rocks. Other, larger craters encountered during
Opportunity’s long traverse (Squyres et al., 2006b) have
extended the evaporite-bearing stratigraphy (called the Burns
formation) to greater thicknesses. Opportunity’s arrival at
Endeavour crater in mid-2011 has opened a new phase of
exploration at a Noachian impact site (Squyres et al., 2012).

Phoenix landed in 2008 on the polygon-patterned northern
plains of the Vastitas Borealis formation (Smith et al., 2009)
and excavated samples of regolith and permafrost using a

robotic arm. The lander carried amicroscopy, electrochemistry,
and conductivity analyzer instrument suite but did not have
the capability of determining major element chemistry of rocks
or soils. Chemical measurements thus were restricted to the
water-soluble component of the soils.

In August 2012, the Curiosity rover successfully landed in
Gale crater to begin a full Martian year primary mission. The
rover has the capacity to obtain a wide variety of data relevant to
geochemical investigations, including chemical, mineralogical
(XRD), and isotopic compositions of rocks and soils and atmo-
spheric chemistry. However, at the time of writing, the rover had
just begun its investigations and no results have been published.

Martian meteorites (McSween, 2008), other than ALH
84001, have magmatic crystallization ages of 180 Ma–1.3 Ga
and are generally thought to have been launched by impacts
from younger volcanic centers, which unfortunately are spec-
trally obscured by dust. Recent, rayed craters in young volcanic
terrains identified in Mars Odyssey THEMIS TIR imagery may
be sources (Tornabene et al., 2006). Cosmic-ray exposure ages
for these meteorites indicate discrete, multiple ejection events,
implying that sampling of the Martian crust has been highly
biased toward young igneous rocks. Older crust may be too
pulverized by impacts to transmit the shock waves required to
accelerate ejecta to Martian escape velocity, or the older rocks
may be too fragile to survive the ejection mechanism. An
exception is 4.1-Ga-old ALH 84001, the only meteoritic sample
of the ancient Martian crust. Although spacecraft imagery
shows that layered deposits (Malin and Edgett, 2000) and
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(Squyres et al., 2004a) and Opportunity in Meridiani Planum
(Squyres et al., 2004b). Orbital observations had earlier shown
that the rim of Gusev was breached by an outflow channel, but
Spirit observations indicated that any fluvial sediments within
the crater have been buried by basaltic lavas and soil. Crater
counting suggests that Gusev crater is Noachian (4.0–3.8 Ga),
and the volcanic plains on its floor have an age of !3.65 Ga
(Parker et al., 2010). Spirit’s traverse into the Columbia Hills
(Crumpler et al., 2011; Squyres et al., 2006a) and Inner Valley
(Squyres et al., 2007) found aqueously altered rocks of uncer-
tain origin, soils, and pyroclastic deposits. Meridiani Planum
was chosen as a MER landing site because of the orbital deter-
mination that hematite was present. The age is uncertain, but
Meridiani plains materials disconformably overlie Noachian
cratered terrane and could be as old as 3–4 Ga. Opportunity
fortuitously came to rest within a small crater that exposed
layered outcrops rich in evaporitic salts. The plains around
the crater are covered with extensive lag deposits of resistant
hematitic concretions that eroded out of the underlying sedi-
mentary rocks. Other, larger craters encountered during
Opportunity’s long traverse (Squyres et al., 2006b) have
extended the evaporite-bearing stratigraphy (called the Burns
formation) to greater thicknesses. Opportunity’s arrival at
Endeavour crater in mid-2011 has opened a new phase of
exploration at a Noachian impact site (Squyres et al., 2012).

Phoenix landed in 2008 on the polygon-patterned northern
plains of the Vastitas Borealis formation (Smith et al., 2009)
and excavated samples of regolith and permafrost using a

robotic arm. The lander carried amicroscopy, electrochemistry,
and conductivity analyzer instrument suite but did not have
the capability of determining major element chemistry of rocks
or soils. Chemical measurements thus were restricted to the
water-soluble component of the soils.

In August 2012, the Curiosity rover successfully landed in
Gale crater to begin a full Martian year primary mission. The
rover has the capacity to obtain a wide variety of data relevant to
geochemical investigations, including chemical, mineralogical
(XRD), and isotopic compositions of rocks and soils and atmo-
spheric chemistry. However, at the time of writing, the rover had
just begun its investigations and no results have been published.

Martian meteorites (McSween, 2008), other than ALH
84001, have magmatic crystallization ages of 180 Ma–1.3 Ga
and are generally thought to have been launched by impacts
from younger volcanic centers, which unfortunately are spec-
trally obscured by dust. Recent, rayed craters in young volcanic
terrains identified in Mars Odyssey THEMIS TIR imagery may
be sources (Tornabene et al., 2006). Cosmic-ray exposure ages
for these meteorites indicate discrete, multiple ejection events,
implying that sampling of the Martian crust has been highly
biased toward young igneous rocks. Older crust may be too
pulverized by impacts to transmit the shock waves required to
accelerate ejecta to Martian escape velocity, or the older rocks
may be too fragile to survive the ejection mechanism. An
exception is 4.1-Ga-old ALH 84001, the only meteoritic sample
of the ancient Martian crust. Although spacecraft imagery
shows that layered deposits (Malin and Edgett, 2000) and

     Hellas

Arabia 

Isidis

 Utopia

Vastitas Borealis

Argyre

Syrtis
Major

Thaumasia

Tempe
  

Hesperia
 

Malea

Alba

Olympus
Chryse

Lunae

Acidalia Deuteronilus

Syria

Amazonis

Arcadia

Daedalia

Aonia

Sabea

Xanthe

Margaritifer

GEOLOGIC UNITS

A polar layered deposits

EA Vastitas Borealis unit

LH–LA volcanic materials

H materials

LN–EH knobby materials

LN–EH materials

N–EH volcanic materials

N materials

EN massif material

60° N

30° N

0° N

30° S

60° S

0° E 60°120° 180° 240° 300°

90° S

90° N

Tharsis 

Elysium
 

   Valles
Marineris

Noachis
  

Tyrrhena

Promethei Sirenum

Cimmeria

Australe

Boreum

Figure 1 Generalized geologic map of Mars. The ages of units are abbreviated as early (E) and late (L) Noachian, Hesperian, and Amazonian (N, H,
and A, respectively). Reproduced from Nimmo F and Tanaka KL (2005) Early crustal evolution of Mars. Annual Reviews of Earth and Planetary Sciences 33:
133–161. With permission from Annual Reviews.

Mars 253

古
≥37億年 

新
30億年~ 

図: 火星の地質年代マップ (クレーター年代による) 

Figure from McSween 
et al. (2013)

Original data: Nimmo 
& Tanaka (2005) 



【火星】太古の火山活動 

一部地域に集中
活発 
主要な
山体形成 
Tharsis 

南半球高地
rigid plain 
patera

Tharsis & Elysium 

？ 火山
活動 

Archean Proterozoic Hedean 

41億年 37億年 30億年前 現在 

Noachian  Hesperian Amazonian Pre-N 

表層
(地殻–水) 

時代 

地球の
時代区分 

流水地形, 水質変成 
地下水(氷)循環 

Refs: Phillips et al. (2001); Carr & Head (2010) EPSL; Ehlmann et al. (2011); Grott et al. (2013) 



現在、得られる物質記録 

① 火星隕石
Ø  火星由来の岩石（ほとんどが火成岩）

② 火星の岩石
Ø  探査機による “その場”分析 

③リモートセンシング
Ø  鉱物, 元素組成などのグローバル情報

④ 地球の記録
Ø  比較, 類推



Refs. [1] Nyquist et al. (2001) Chronology & Evol. Mars; [2] Agee et al. (2013) Science; [3] Humayun et al. 
(2013) Nature; [4] Lapen et al. (2017) Sci. Adv.  

① 火星隕石 
火星の過去の火山活動 (マントル進化) の記録
形成年代にバリエーション (44億~2億年) [1] 

Zagami NWA7034 

火
星
マ
ン
ト
ル

の
水
の
量
 

45億年前 現在 

隕石からの制約 

•  Shergottite

•  Nakhlite
•  Chassignite

SNC group: 1.3–0.2 Ga 
•  ALH84001

•  NWA 7635/8159 [4]

•  NWA 7034 [2,3]

irregulars:  4.4–2.2 Ga 



② 火星の岩石 

Figure from Filiberto (2017)

[B] 火星リモセンデータからの “ マントル含水量の時代進化 ” 推定

p. 9

①リモセンデータ+ ②マグマ含水量計 + ③隕石、着陸機データ 
❖ 本研究手法 [B] の特色 

①リモートセンシング

火星表層の元素分布 . Si 濃度例
Boynton+’ 08

火星の地質年代 (クレーター法による )
大部分が古い地質 (30-41 億年 ) だが , 新しい
火山地域も存在する .  McSween+’ 14

古新

火星表層の鉱物組成.リモセン, 
着陸探査機 , 火星隕石のデータ

McSween+’ 11

火星の周回探査機による知見 . 詳細な地形 , 
標高 , 鉱物スペクトル , 元素組成などの
データが蓄積されている . 

②火星マグマ含水量計

H2O(ppm)

鉱
物
組
成

(e.
g.  
Mg
含
有
量
) コントロール試料

を用いて決定

鉱物組成の含水量依存性
マグマ組成に応じて変わる

経験的 マグマ含水量推定法
マグマの元素組成 , 温度 , 圧力
条件既知のとき , マグマの水の
量は , 鉱物組成に反映される . 

e.g. Armienti+’ 13
H2O wt% = a X1 + b X2 +... +f(P, T) 
a, b ... 実験的に決める係数 ; X1 ...鉱物組成 

③隕石、着陸探査機データ
②の検証 
   & 補正

火星隕石の鉱物組成と含水量の
データ ([A] の成果 ) + 探査機着
陸地点 (Gale クレータ等 )の , 
岩石その場分析データを利用

Mars Science Laboratory 
Curiosity on Mars; NASA 図: 火星の岩石 + 隕石の鉱物組成 

Gusev Crater 
Gale Crater  

3.65 Ga pyroclastic deposit (MER Spirit) 

4.2± 0.4Ga igneous rocks (MSL Curiosity) 

e.g.) 



③リモセンでの鉱物/元素情報 

Figures from Boynton et al. (2008)
火星表層の元素濃度 (GRS, Odyssey) 

シリコン Si 

鉄 Fe 

トリウム Th 

Figure from McSween et al. (2009)
火星表層の鉱物組成 

Gamma Ray Spectrometer on Odyssey 
Thermal Emission Spectrometer on Mars Global Surveyor e.g.) 



過去の脱ガス量推定（一般に） 

脱ガス量 マグマ
噴出量

ガス成分
濃度

脱ガス
効率＝ × × 

summarized in Lammer et al. (2013) 

火星の地形データ

熱進化モデル計算
or 

地球の火山ガス

火星隕石
or 



Ø  37億年以前の脱ガス総量 

 H2O ~120 m GEL※ 
 CO2 ~ 1.5 bar 

(a) 太古の脱ガス量推定 

resulting from Tharsis loading. The Hellas
impact basin is also outside the realm of the
model, yet both the modeled and observed
topography show a downward slope in Hellas
rim topography (5) toward the South Pole.
This slope, in the direction of Tharsis, sug-
gests that a portion of the Hellas rim under-
went vertical motion during the formation of
the trough created by the Tharsis load. In both
the observed and modeled gravity anomaly
fields (l ! 10), there is a gradient across
Hellas and a high over Arabia Terra that
extends northward to the Utopia basin, mir-
roring features in the long-wavelength topog-
raphy (Fig. 2, C and D). The modeled gravity
clearly does not account for the smaller scale,
positive gravity anomalies at Elysium and the
central Utopia basin, which reflect subsurface
structures characterized, respectively, by vol-
canically thickened crust and a combination
of crustal thinning during basin formation
and infill of the basin depression (2). How-
ever, we conclude that the long-wavelength,
nonhydrostatic gravity field of Mars is ex-
plained simply by the Tharsis load and the
resulting global deformation of the litho-
sphere. Further, the shape of Mars is deter-
mined by these two quantities plus the north-
ward pole-to-pole slope that formed in earli-
est martian history (5).

Extensional structures radial to the Thar-
sis rise and compressional structures general-
ly concentric to the rise constitute the major-
ity of the tectonic features in the Tharsis
region (15). About half of these features are
Noachian (16) in age, suggesting that tecton-

ic activity peaked early and decreased with
time (17). The positions and orientations of
both types of structures are matched by elas-
tic shell loading models (18) constrained by
current gravity and topography fields (3).
Successful models are able to predict strain
levels comparable to those observed in Noach-
ian structures (19) and require that the extent
of the load in the Noachian be comparable to
that at present. Thus, the overall Tharsis load
must have been largely in place by the Late
Noachian. Because they are the direct re-
sponse to the Tharsis load, the Tharsis trough
and Arabia bulge must also have existed
since Noachian time.

The development of the Tharsis trough
and Arabia bulge thus should have influenced
the location and orientation of martian valley
networks and outflow channels. Valley net-
works are the most common drainage sys-
tems on Mars (20). Their similarity to terres-
trial river systems suggests that the genesis of
valley networks involved fluvial erosion, al-
though the style of this erosion (such as
surface runoff, groundwater discharge, or
sapping) remains controversial. Valley net-
work systems are confined mainly to the
southern highlands on Noachian terrain and
display variability in the number of tributar-
ies, stream order, and planimetric form (21).
Additionally, nearly all martian outflow
channels (20) originate in or flow into the
Tharsis trough (Fig. 3A).

We tested for control of valley network
orientations by Tharsis loading. Gradient di-
rections of both modeled [augmented with

the pole-to-pole slope (5)] and observed to-
pography were calculated at the downstream
ends of valley network trunks. The level of
agreement of topographic gradients with val-
ley network downstream azimuths (22) was
evaluated by forming the dot products, cos ",
of unit directional vector pairs (23). Histo-
grams of cos " distributions for the modeled
(Fig. 4A) and observed (Fig. 4B) topography
(l ! 10) support significant Tharsis influence
on long-wavelength topography and valley
network azimuths. Because of the multiscale
morphology of valley network systems, any
assessment of azimuth will depend on base-
line length. Our estimates of azimuth are
based on the long-baseline orientation of the
trunk valley. As such, they are most sensitive
to slopes with length scales comparable to the
size of the basin drained by the valley net-
work system, and not to slopes with shorter
length scales (24). For only a subset (# 60%)
of valley network systems—where local to-
pography is not dominated by short length
scales—do we find that valley network azi-
muths agree with the gradient directions of
the observed topography. Thus, it is appro-
priate to consider the relative success of mod-
eled topography as compared to observed
topography in predicting valley network azi-
muths. Using the two histogram modes
(0.8 ! cos " ! 1.0), the model-to-topography
ratio is 100% for an expansion limit of l ! 10
(# 1000 km minimum length scale) and ex-
ceeds 70% at l ! 180 (# 50 km minimum
length scale) (Fig. 4C). We conclude that the
model (Fig. 4D) does a satisfactory job of
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! Fig. 3 Schematic timeline of Martian volcanism as derived from crater statistics. It is not possible to deter-
mine the onset of volcanism for a particular area (i.e. the age of completely buried surfaces), so the start of
volcanic activity is uncertain for all regions. Volcanism first ended in the southern highlands (isolated mas-
sifs, circum-Hellas province), and focused afterwards at Tharsis and Elysium, where it continued almost until
present. The lengths of bars in the upper panel represent diverse ages in the respective volcanic provinces,
i.e. they do not represent error bars. The lower panel shows the dated ages of Martian meteorites and some
key events in Martian history that might have been related to volcanism. The lengths of bars of SNC mete-
orites represent error bars, since a given meteorite has, theoretically, a unique age. References: (1) (Xiao et al.
2012); (2) (Williams et al. 2008); (3) (Williams et al. 2007); (4) (Williams et al. 2010); (5) (Werner 2009);
(6) (Platz and Michael 2011); (7) (Vaucher et al. 2009); (8) (Hauber et al. 2011); (9) (Platz et al. 2011); (10)
(Lillis et al. 2008); (11) (Werner 2008); (12) (Lapen et al. 2010); (13) (Bouvier et al. 2008); (14) (Borg et al.
2005); (15) (Misawa et al. 2006); (16) (Park et al. 2009); (17) (Fassett and Head 2008); (18) (Neukum et al.
2010); (19) (Loizeau et al. 2010); (20) (Wray et al. 2009)

Fig. 4 Crustal production rate as a function of time as obtained from photogeological estimates based on
Viking data (Greeley and Schneid 1991). The total amount of produced crust has been calculated using
terrestrial ratios of extrusive to intrusive volcanism between 1:5 and 1:12 (White et al. 2006). For comparison,
crustal production rates for two numerical models assuming melt generation in a global melt layer (solid line)
and melt generation in localized plumes (dashed line) are also shown (Grott et al. 2011; Morschhauser et al.
2011). Total average thickness of produced crust in these models is ∼50 km

in the Tharsis region), radar instruments will not be able to detect any interface, and to date
SHARAD has identified only a few subsurface interfaces in volcanic settings (Simon et al.
2012). The Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) on
board Mars Express has a longer wavelength than SHARAD and can probe the subsurface
to greater depths, but the strong attenuation of radar signals in basalt prevents the large pen-
etration depths required to see the base of km-thick lava sequences. For large-scale analyses
it is therefore necessary to infer the thicknesses and volumes of geologic units from circum-
stantial evidence, such as the record of ancient crater populations not fully buried by more
recent deposits (De Hon 1974). Another difficulty concerns the distinction between intrusive
and extrusive materials. In the absence of subsurface knowledge, their volumetric ratio can-
not be determined. Geophysical methods such as the analysis of the topography and gravity
fields can help to assess magmatic volumes at very large scales (e.g., Phillips et al. 2001;
Grott and Wieczorek 2012), but the limited spatial resolution of geophysical data sets pre-
vents their application on more local scales.

The most comprehensive analysis of erupted volumes to date was performed using Viking
data, i.e. prior to the detailed global topographic information from MOLA. According to
this study (Greeley and Schneid 1991), the total volume of extrusive and intrusive magma
generated over the last ∼3.8 Ga is about 654×106 km3, or 0.17 km3 per year (see Table 2 for

火星形成からの時間(億年) 
10 20 30 40 0 

地
殻
の
形
成

速
度

 [k
m

3 /
yr

] 
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many large impact craters and basins tens to hundreds of kilome-
ters in size. Potentially even the volcanic edifices would have been
partially destroyed by impact cratering. In order to bury a Noa-
chian cratered surface with an average relief of 8–10 km a mini-
mum of 10 km of volcanic material must have been emplaced on
the Tharsis-rise during the Amazonian. These problems are not ad-
dressed in the Phillips et al. (2001) model, and thus it is difficult to
accept their interpretation that the Tharsis volcanics are Noachian
in age.

Another caveat to consider is the effect the ambient atmo-
spheric pressure may have had on the style of volcanic eruption
that occurred on Mars. Wilson and Head (1983) suggest that under
current atmospheric pressures magmas containing volatiles
>0.01 wt.% would have erupted explosively. Because the highland
patera are some of the oldest central vent volcanoes on the martian
surface (!3.7–3.9 Gy) and younger materials do not appear to have
been erupted explosively (Williams et al., in press), it has been pro-
posed that the volatile content of the martian mantle may have
changed with time (Francis and Wood, 1982; Schubert et al.,
1989). Local, young deposits of pyroclastic materials have been
identified on Mars, however (Mouginis-Mark et al., 1988, 1992),
and it has been suggested that there was some heterogeneity in
the volatile content of the mantle or that near-surface waters were
assimilated into the shallow magma reservoirs (Schubert et al.,
1989). A majority of the volcanic materials included in our analy-
ses, however, were erupted effusively, and we assume that the vol-
atile content was the same over time.

2.3. The influence of volcanism on surface temperatures

On Earth large volcanic eruptions are well known for their abil-
ity to create short-term climatic variations (Gow and Williamson,
1971; Lamb, 1971; Bray, 1974). For example, the 109 tons of gas
and dust placed into the stratosphere by the 1991 eruption of
Mount Pinatubo is estimated to have decreased the average global
temperature of the Earth by 0.3–0.5 !C for a 2- to 4-year period fol-
lowing the eruption (Robock et al., 1991). Because most people are
familiar with such dramatic decreases in temperatures from terres-
trial volcanic eruptions, it is not immediately obvious how martian
volcanism could have the opposite effect. In actuality either de-
creases or increases in surface temperatures are possible, but it de-
pends on the style of eruption.

Typically most terrestrial eruptions are contained within the
Earth’s troposphere (Fig. 1), which contains >80% of the mass of
the entire Earth’s atmosphere. Most of the solar radiation at wave-
lengths >0.35 lm (i.e., visible wavelengths) is capable of penetrat-
ing the Earth’s atmosphere and falling incident on the surface. This
radiation is subsequently re-emitted by the surface in the infrared
where it is trapped by gases in the troposphere. The efficiency of
the troposphere to insulate the surface is generally dependent
upon the abundance, composition and phase of gases it contains.
A gas that is inefficient at absorbing solar radiation passed through
the atmosphere in the visible wavelengths, but which is efficient at
absorbing the infrared radiation re-emitted by the surface is re-
ferred to as a ‘‘greenhouse” gas, which includes many of the gases
released from volcanic eruptions. However, the amount of green-
house gases released into the troposphere by a typical volcanic
eruption is small when compared to the amounts released by
anthropomorphic mechanisms (e.g., CO2; Gerlach, 1991) and even
smaller when compared to the total amount of gas already con-
tained within the troposphere. The potential increase in surface
temperature from most terrestrial volcanic eruptions is thus very
small.

Occasionally a large explosive eruption will occur on Earth.
Such eruptions, like Mt Pinatubo, are capable of reaching into the
Earth’s stratosphere !10 km above the surface. The stratosphere

is characterized by very little vertical mixing of materials, unlike
the troposphere, and volcanic gases and dust particles placed into
this portion of the atmosphere behave very differently as a result.
Sulfur dioxide gas quickly combines with water vapor to form
droplets of sulfuric acid, which are spread laterally throughout
the stratosphere. The haze created by these droplets reduces the
amount of solar radiation capable of passing to the Earth’s surface.
This decrease in solar radiation thus in turn decreases surface
temperatures.

On Earth, temperature decreases associated with explosive
eruptions into the stratosphere are much more dramatic than the
small increases that could occur in association with volcanic out-
gassing within the troposphere. On Mars, however, the mass of
the atmosphere is much less, and volcanic outgassing within the
troposphere may have been capable of increasing the surface tem-
perature significantly (e.g., Postawko and Fanale, 1993). Decreases
in temperatures may have also been possible, if a martian volcano
erupted explosively or, alternatively, if some of the larger volca-
noes grew into the martian stratosphere over time.

2.4. Composition of martian volcanics

There are many lines of evidence indicating that martian volca-
nic materials are predominately basaltic in composition, including
in situ analyses conducted by lander spacecraft, geomorphic
assessments of landforms, and remotely sensed data. For example,
Viking (Mutch et al., 1976b; Binder et al., 1977; Garvin et al., 1981;
Greeley and Spudis, 1981; Sharp and Malin, 1984; Arvidson et al.,
1989), Mars Pathfinder (Golombek et al., 1997; Smith et al.,
1997), and the Spirit Rover (Squyres et al., 2004; Bell et al., 2004)
have imaged many rocks containing vesicles and vugs. Measure-
ments made by the Viking landers’ X-ray fluorescence spectrome-
ter indicate that the composition of the martian regolith is
consistent with altered mafic igneous rocks (i.e., palagonite) (Toul-
min et al., 1977; Allen et al., 1981). Soils with similar compositions
as identified by alpha proton X-ray spectrometers (APXS) were also
found at the Mars Pathfinder landing site (Rieder et al., 1997) and
in Gusev Crater (Gellart et al., 2004). The ubiquitous nature of these
soils is due to global mixing of fine particles driven by dust storms
(Bell et al., 2004). At Meridiani Planum the surface was seen to be
relatively dust-free, but the soils there were found to be composed

Fig. 1. Recent outgassing from Kilauea is composed primarily of water vapor with
elevated amounts of sulfur dioxide. Released into Earth’s troposphere these gases
would help retain solar radiation that is re-radiate from the surface in infrared
wavelengths, but their abundances are small relative to the ambient atmosphere,
thus the resulting increase in temperature is negligible. On Mars, however, effusive
eruptions could have potentially released more gas into the lower atmosphere than
is present currently. This would result in an increase in the atmosphere’s capacity
for retaining re-radiated solar radiation, thus increasing surface temperatures.
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! Fig. 3 Schematic timeline of Martian volcanism as derived from crater statistics. It is not possible to deter-
mine the onset of volcanism for a particular area (i.e. the age of completely buried surfaces), so the start of
volcanic activity is uncertain for all regions. Volcanism first ended in the southern highlands (isolated mas-
sifs, circum-Hellas province), and focused afterwards at Tharsis and Elysium, where it continued almost until
present. The lengths of bars in the upper panel represent diverse ages in the respective volcanic provinces,
i.e. they do not represent error bars. The lower panel shows the dated ages of Martian meteorites and some
key events in Martian history that might have been related to volcanism. The lengths of bars of SNC mete-
orites represent error bars, since a given meteorite has, theoretically, a unique age. References: (1) (Xiao et al.
2012); (2) (Williams et al. 2008); (3) (Williams et al. 2007); (4) (Williams et al. 2010); (5) (Werner 2009);
(6) (Platz and Michael 2011); (7) (Vaucher et al. 2009); (8) (Hauber et al. 2011); (9) (Platz et al. 2011); (10)
(Lillis et al. 2008); (11) (Werner 2008); (12) (Lapen et al. 2010); (13) (Bouvier et al. 2008); (14) (Borg et al.
2005); (15) (Misawa et al. 2006); (16) (Park et al. 2009); (17) (Fassett and Head 2008); (18) (Neukum et al.
2010); (19) (Loizeau et al. 2010); (20) (Wray et al. 2009)

Fig. 4 Crustal production rate as a function of time as obtained from photogeological estimates based on
Viking data (Greeley and Schneid 1991). The total amount of produced crust has been calculated using
terrestrial ratios of extrusive to intrusive volcanism between 1:5 and 1:12 (White et al. 2006). For comparison,
crustal production rates for two numerical models assuming melt generation in a global melt layer (solid line)
and melt generation in localized plumes (dashed line) are also shown (Grott et al. 2011; Morschhauser et al.
2011). Total average thickness of produced crust in these models is ∼50 km

in the Tharsis region), radar instruments will not be able to detect any interface, and to date
SHARAD has identified only a few subsurface interfaces in volcanic settings (Simon et al.
2012). The Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) on
board Mars Express has a longer wavelength than SHARAD and can probe the subsurface
to greater depths, but the strong attenuation of radar signals in basalt prevents the large pen-
etration depths required to see the base of km-thick lava sequences. For large-scale analyses
it is therefore necessary to infer the thicknesses and volumes of geologic units from circum-
stantial evidence, such as the record of ancient crater populations not fully buried by more
recent deposits (De Hon 1974). Another difficulty concerns the distinction between intrusive
and extrusive materials. In the absence of subsurface knowledge, their volumetric ratio can-
not be determined. Geophysical methods such as the analysis of the topography and gravity
fields can help to assess magmatic volumes at very large scales (e.g., Phillips et al. 2001;
Grott and Wieczorek 2012), but the limited spatial resolution of geophysical data sets pre-
vents their application on more local scales.

The most comprehensive analysis of erupted volumes to date was performed using Viking
data, i.e. prior to the detailed global topographic information from MOLA. According to
this study (Greeley and Schneid 1991), the total volume of extrusive and intrusive magma
generated over the last ∼3.8 Ga is about 654×106 km3, or 0.17 km3 per year (see Table 2 for
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2.2. SIMS Analytical Conditions 

I performed the following analyses in order; 

(1) 238U-206Pb and 207Pb-206Pb dating of the 3 merrillite grains in ALH. 

(2) 238U-206Pb and 207Pb-206Pb dating of the several apatites and merrillites in 

LAR. 

(3) D/H analyses of the same 3 merrillite grains in ALH.  

(4) D/H analyses of the 3 merrillite grains in LAR.  

(5) D/H analyses of olivine phenocrysts, their melt inclusions, and matrix 

maskelynite in LAR.  

All measurements were achieved using a Cameca NanoSIMS 50 at AORI, Univ. of 

Tokyo (Figure 2.3). 
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surface residual contaminants. Positive secondary ions were extracted with an 

accelerating voltage of 8 kV. 238U-206Pb ages and 207Pb-206Pb ages were measured 

separately. For 238U-206Pb dating, 43Ca+, 204Pb+, 206Pb+, 238U16O+ and 238U16O2
+ were 

Figure 2.3. Photograph of a NanoSIMS 50 at AORI, Univ. of Tokyo.  
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火星隕石から分かってきた事 

Ø 火星隕石の含水鉱物、インクルージョンガラス  

Figure from McCubbin et al. (2016)  
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2.2. SIMS Analytical Conditions 

I performed the following analyses in order; 

(1) 238U-206Pb and 207Pb-206Pb dating of the 3 merrillite grains in ALH. 

(2) 238U-206Pb and 207Pb-206Pb dating of the several apatites and merrillites in 
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(4) D/H analyses of the 3 merrillite grains in LAR.  
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まとめ 
•  火星の内部の脱ガス進化史は重要＆未解明 

Ø 表層水量 ＝ 脱ガス量 ー 散逸量  (+隕石など外部供給) 

Ø 手がかり（入手可能な物質記録）が限られる 

•  過去の脱ガス量の推定 
Ø 脱ガス量 ＝ マグマ噴出量 × ガス濃度 × 脱ガス効率(定数) 

Ø 噴出量, ガス濃度ともに不確かさが大きい 

•  火星隕石の記録 
Ø 脱ガス史の, 複数の時代に, 物質記録から制約  
Ø 複雑な混合系 ⇒ 局所分析で (ある程度) 復元可能 
Ø 隕石+探査データ ⇒ 普遍的な火星内部進化の手がかり 


