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Utsunomiya et al., 2007)

4.5 Ga 4 Ga 2.5 Ga



⁸2014

Rino et al., 2008)
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(Catling & Zahnle, 2020)
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(Chen et al., 2022)
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(Beddard, 2020)

(Campbell & Griffiths, 1992)

(Maruyama & Liu, 1998)
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⌂ Late Noachian to Hesperian

(Di Achille & Hynek, 2010)

(Kite & Conway, 2024)

H2-CO2-N2

; 

H2-escape

low obliquity?

(Ehlmann et al., 2013)

3.7 Ga 3 Ga4 Ga



(Grott et al., 2013)

Time Gyr

(Solomon et al., 2005)
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(Grott et al., 2013)(Werner, 2014)

(Ehlmannet al., 2011)
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1/2 O CO2 + H2 

H2O + H2
C+ CO2

CO2
Ÿ C CO2



Mantle upwelling flow

basaltic crust

residue

degassing

The original mantle materials

surface boundary

core-mantle boundary



Magma eruption rate



The four-stage evolution (FSE) model of Mars

extensive magmatism

basaltic crust

crustal recycling

Stage I: 
crustal formation

Stage II: 
the dormant mantle

Stage III: 
plume magmatism

& outgassing

Stage IV: 
thermally driven convection

dry & depleted

compositional 
stratification

plumes
wet & enrichedwet & enriched

time Gyr

(Grott et al., 2013)



III

N

H N

H Volcanic degassing

Crustal hydration

(Schelleretal., 2021)

H2/H2O = 0.025-0.65

(Wordsworth et al., 2021)
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(Beddard, 2020) (Chen et al., 2022)



(Beddard, 2020)

(Chen et al., 2022)
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The four-stage evolution (FSE) model of Mars

extensive magmatism

basaltic crust

crustal recycling

Stage I: 
crustal formation

Stage II: 
the dormant mantle

Stage III: 
plume magmatism

& outgassing

Stage IV: 
thermally driven convection

dry & depleted

compositional 
stratification

plumes
wet & enrichedwet & enriched

> 4 Ga) < 2.5Ga)

4 Ga ~ 2.5 Ga)

3.5 Ga

(Kite & Conway, 2024)
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Large Igneous Province

4.022 Gyr4.027 Gyr
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(Ogawa, 2014)

─ ♃כ♦ ⱴfi♩ꜟ 100~150 ppm

ⱴfi♩ꜟ 500 ppm~2000 ppm?

3.9 km 

GEL

ρ



CO2

CaCO3

CO2

CaO

Perrier

●☻

⌂ ⌐♠꜠כ⸗─ ⌂⸗♦ꜟ

(Chen et al., 2022)

3.2 Gyr

4.0 Gyr

4.5 Gyr



e.g., Kite & Conway, 2024
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Noachian

400~2000 mGEL?

(e.g., Jakosky & Hallis, 2024)

(Ehlmann et al., 2011)



(Hirschmann& Withers, 2008)

CO2

⌐CO2╩ Ÿ№╕╡ ⇔⌂⅛∫√

(Grott et al., 2013)



CO2

(Schelleret al., 2021)

Noachian D/H



non- carbonaceous chondrite

(Kruijer et al., 2019)


