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Events on the Early Mars

• Formation by successive accretion of 
planetesimals

• Heating by the blanketing effect of the 
atmosphere

• Formation of “magma ocean”
• Metal-silicate segregation and formation of 

metallic core
• Giant impact(s) ?
• Cooling of magma ocean



A central star 
and 

a surrounding 
gas-dust disk



Dust formation and sedimentation



Formation of planetesimals

10-100km  in size

1010-11

Gravitational instability of the dust-rich layer



Collisions of planetesimals
=> protoplanets => planets

Dissipation of the gas disk





Planetesimal accretion



A Growing Planet



Accretion

Actual collision frequency -- 1 in 10000 yr  for 500km bodies

1 in 100yr for 100km bodies

Impact degassing  => atmosphere



Trap of accretional energy

• Σ1/2 mv2  ～　3/5 GM2/R

• If the gravitational energy is captured completely, 
Mars mean T ～ 25000K.

• But heat is easily lost by radiation.
• Blanketing effect of atmosphere should suppress 

heat escape.
=> Enhance surface T

• T > Tm around M ～ MMars



Blanketing effect of the atmosphere
Formation of “magma ocean”



Metal-silicate differentiation in the magma 
ocean => core formation



Metal-silicate differentiation in the magma 
ocean => core formation



Metal-silicate differentiation in the magma 
ocean => core formation



Giant Impacts?

Re-melting, mixing, degassing, etc….





Origin and evolution of the Martian 
atmosphere

• Primary atmosphere from the protoplanetary gas disk?
• Degassed atmosphere from impacts
• Impact erosion of the atmosphere
• Degassing through solidification of magma ocean
• Thick atmosphere of CO2 (a few bar)
• Later evolution of the atmosphere: 

– Volcanic supply / cometary supply 
– trapped into the interior / escape to the space 



Key compositional data

• Martian atmosphere data by Viking 
landers (1976)

• Meteorites from Mars



Meteorites from Mars

• Young age     mostly < 1.3 x 109 yr
• Close to terrestrial basalts and volcanic rocks

– Volcanisms of a large body?
• Different isotopic compositions from 

terrestrial rocks and other meteorites
– e.g.   Oxygen isotopes

• Composition of trapped gas – similar to 
atmospheric composition taken by Viking 
lander



ALH84001       Life?





Nakhla Chassigny

Shergotty ZagamiSNC meteorites





Martian meteorite age



Meteorite gas   vs Viking 
atmosphere measurements



Gas in shocked basalt  vs
atmosphere







Noble gas: He, Ne, Ar, Kr, Xe and 
their isotopes

• Evidence of physical / chemical processes 
- dissolution, partition, and degassing

• Rich in the solar gas but trapped amounts 
in solids are small

• Radiogenic noble gas isotopes and 
chronology

• Martian noble gas data: Viking 
measurements and Martian meteorites



Periodic table



Periodic table

Noble
Gas



Noble gas   atomic structures

He Ne Ar



Mass spectrometer



Noble gas stable isotopes

Species    Mass number of isotopes

• He 3, 4
• Ne 20, 21, 22
• Ar 36, 38, 40
• Kr 80, 82, 83, 84, 86
• Xe 124, 126, 128, 129, 130, 

131, 132, 134, 136
• Rn All are unstable



Noble gas

• No chemical reaction
• Changed mostly by physical processes
• Especially isotopic ratios are changed by 

radiogenic processes or by physical 
processes such as mass fractionation.

• Favor in melt and gas phases
Degassing atmosphere ( escape)



Noble gas in the atmosphere

• No chemical reaction with the surface
• Little adsorption onto the surface

• NG in the atmosphere
=  Remnant of early atmosphere

+  Accumulated degassed component
(- escaped component)

• NG story of atmosphere evolution



Noble gas in the course of a model of the 
atmosphere evolution

NG(solar)
Impact degassing
Degassing from MO

H2O, CO2

NG(planetary)

Loss of atmosphere by 
large impacts and 
hydrodynamic escape

UV

Degassing 
through the 
cooling of MO

Volcanic degassing

NG(planetary
+ radiogenic)



Noble gas

• Significant fractionation from the gas in the 
protoplanetary gas disk (which was 
enriched in noble gas species).

• Solar elemental composition

• Planetary elemental composition
• Venus >> Earth >> Mars



Noble gas abundance



“Planetary” noble gas

• Trapped from the nebular gas
– Elemental fractionated pattern ≠solar
– Q phase in meteorites

• Difference among Mars, Earth, Venus?
– Earth and Mars
– Difference of atmospheric loss during / just 

after accretion
– Venus: primary atmosphere of nebular gas?



Xe isotopic pattern

Enriched in 129Xe

Overall fracitonation
Enriched in heavier isotopes

Mass fractionation through
early hydrodynamic escape?

=> Decrease in “planetary”
noble gas



Xe isotopic pattern

Enriched in 129Xe

Overall fracitonation
Enriched in heavier isotopes

Mass fractionation through
early hydrodynamic escape?

=> Decrease in “planetary”
noble gas



?



Kr





Radiogenic noble gas and Martian 
degassing history

• Difference between the Earth and Mars
• Constraints on Martian platetectonics –

efficient degassing process
• Contribution from long-term volcanism



Estimate of Mars degassing from 
radiogenic noble gas species

40K => 40Ar     half life 1.25x109yr
129I => 129Xe   half life 1.57x107yr



Radiogenic species
40K => 40Ar     half life 1.25x109yr
129I => 129Xe   half life 1.57x107yr

Radiogenic     Non-radiogenic

0.44                   6.06

10.34                 6.06

Mostly radiogenic 40Ar Same initial ratio is assumed
between the Earth and Mars



Estimate of Mars degassing from 
radiogenic noble gas species

R(X) :  Relative X abundance in the atmosphere 
[kg / planetary mass]



Estimate of Mars degassing from 
radiogenic noble gas species

Radiogenic gas = Initially 0 in the atmosphere

Degassing from the interior should supply radiogenic gas into the 
atmosphere.

2 - Stage Degassing Model --- α, β,  degassing fractions   

t = 0 t = t1 t = t2

α β



Estimate of Mars degassing from 
radiogenic noble gas species

If  τ1/2(129Xe) < t1 << τ1/2(40Ar)   and     t2 ~ τ1/2(40Ar)

fAr = 0.1048
branching ratio



Estimate of Mars degassing from 
radiogenic noble gas species



Estimate of Mars degassing from 
radiogenic noble gas species

If timings of degassing events are similar between the Earth and Mars,



?

t = 0 t = t1 t = t2

α β

Early degassing 107-108yr Mars ~ Earth

Later degassing 108-109yr Mars << Earth



?

t = 0 t = t1 t = t2

α β

Early degassing 107-108yr Mars ~ Earth
Magma ocean cooling ?

Later degassing 108-109yr Mars << Earth
Volcanic activities



More quantitative analysis.

• Volcanic degassing   

• Vocanisms in overall histories    Hot spots?
– Estimated from the surface volcanics
– Vocanic volume + crater age

+
• Early (Hadean) platetectonics



NW, HT   different crater age models



Degassing by hot-spot type volcanism from the surface area/volume







Martian platetectonics

First advocated to explain 
the flatness of northern 
lowland (Sleep, 1994)

Volcanoes around the 
northern plane
= subduction volcanism?

No geomorphological and 
other evidence.





Magnetic field





Stripes of remnant magnetic fields
= Evidence of ancient platetectonics ?

Sea floor spreading model
under frequent magnetic reversals.

No geomorpholoriccally correlated evidence on 
the surface



Melt production – degassing model
by platetectonics

• Case 1   Apply the Earth’s melt production 
rate  q = 2x1010 m3/yr, melt fraction 0.2

• Case 2   Apply the Earth’s melt production 
rate  q = 2x1010 m3/yr, melt fraction = melt 
fraction of hot-spot type

• Case 3    Use a detailed melt generation 
model from Martian mantle temperature



Case 3
Increase melt generation ~ degassing with higher 

mantle temperature



Degassing rate at ridges
• F = K [40Ar]man = q [40Ar]man / ξ Vman

• Case 1    A (20km3/yr) [40Ar]man / 0.2 Vman
• Case 2    A (20km3/yr) [40Ar]man / ξ Vman
• Case 3   (0.64km2/yr) d(Tp) [40Ar]man / ξ (Tp) Vman

• A = (0.3 / 0.6)  (RM/RE)2 = 0.13
• Tp: mantle potential temperature
• d(Tp) : melt thickness



Under appropriate melt fraction, 
platetectonics duration is short



40Ar in Mars atmosphere

Hot spot (volcanic)  

+ Platetectonics

PT

PT

PT

HS

HS

HS

Platetectonics

Short duration
Limited contribution in 40Ar

But maybe significant contribution 
to the atmospheric mass
(CO2/40Ar in degassed gas  would 
be large in early stage)





Detection of 4He

• Residence time of helium in the Martian atmosphere is considered to be 
order of 106yr.

• No direct deteciton at Mars
• UV observation from the Earth orbit by EUVE

– 43 R (1R = 106 photons/cm2 s)   - 2 x 1010kg

232Th => 208Pb  6 4He        Half life  1.40x1010yr
238U => 206Pb    8 4He        Half life  4.47x109yr

Detection of 4He => Evidence of continuous volcanic activity

Escape velocity



Recent volcanic activity on Mars

< 108 yr

Magma eruption and water outflow



Useful to decipher the degassing 
from the Martian interior

Radiogenic noble gas isotopes



Martian degassing activity from 
radiogenic noble gas data

• Early degassing:  Mars ~ Earth
– Cooling of magma ocean

• Later degassing:  Mars << Earth
– Weaker volcanic activity

• Compatible with surface morphology
– Mars should have cooled more rapidly

• Platetectonics – short duration if existed





Martian evolution based on noble 
gas and other trace elements



Metal-silicate differentiation in the magma 
ocean => core formation

The timing is OK?



Core formation

• 182Hf => 182W    Half life   9x106yr

• Metal-silicate fractionation
– Hf 100% to silicate
– W     mainly to metal



If core formation >> 107 yr    εW ~ 0



Some Martian meteorites have εW > 0
Core formation age    around 107yr


