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THE INITIAL FORMATION PHASE
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Building blocks are embedded in the disk and 
contain initial (solar) abundances of noble gases 
(i.e., 20Ne/22Ne, 36Ar/38Ar, etc.) and elements 
(i.e., K/U, etc.) 

Average disk lifetime: ~3-5 Myr; latest ~10 Myr
[Montmerle et al., 2006]  
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Venus: Atmospheric
36Ar/38Ar, 20Ne/22Ne
closer to solar 

Earth: Atmospheric
36Ar/38Ar, 20Ne/22Ne
a mixture of solar and
CI-CM chondrites

Orgueil Murchison

Mars: Atmospheric
36Ar/38Ar, 20Ne/22Ne, 
Xe, Kr closer to solar 

CI-CM chondrites

CI-CM chondrites

[Lammer et al., under preparation 2017]

FAST OR SLOW(ER) ACCRETION?

K, U, Th, 
Nd, Sm, Ar, 
Ne, Kr, Xe

etc.

K, Ar, Ne, Kr, Xe
etc.
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[Nimo and Kleine, 2015]

[Morgan and Anders, 1980]

[Lammer et al., under preparation 2017]

Potassium (K) IS DEPLETED ON EVERY 
PLANET

[Murthy et al., Nature 2003]

Initial

K: condensation temperature ~1000 K  
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MODEL
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Ø Hydrodynamic hydrogen escape & heavy isotopes/element
dragging, including fractionation

Ø Losses and elemental fractionation as a function of different 
young Sun XUV radiation track evolution scenarios

Ø Hydrogen envelope radius – mass law
Ø Mass additions and gravity change form proto-planet core to

final planet
Ø Atmospheric mass loss by Moon and Mars size impactors

(mass loss is randomly between the low and max cases according
to SPH model simulations)

Ø Initial ratios: solar
Ø Chondritic (CC) ratios are added by impactors when mass is added
Aim: Reproduction of observed K/U (Venus, Earth & Mars), and 
atmospheric 20Ne/22Ne, 36Ar/38Ar (Venus & Earth) and 84Kr/130Xe (Venus)
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REPRODUCTION OF 20NE/22NE, 36AR/38AR, K/U  

CC chondrites

0.67ME

Young Sun: EUV weak, slow rotator
fat = 4.5 × 10-5

0.93MV = 0.76ME

Young Sun: EUV weak, slow rotator
fat =4.05 × 10-4

Venera 8

Vega 1, 2, Venera 9, 10

Venus: 0.7 AU

Earth: 1 AUVega 1, 2, Venera 8, 9, 10: K/U surface

Earth atmosphere

Earth atmosphere

Earth mantle/crust
Venus surface rocks

Venus atmosphere

Venus atmosphere
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Mars Odyssey: γ-ray spectrometer 
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MARS: REPRODUCTION OF K/U RATIO

[Lammer et al., under preparation 2017]
[Debaille et al., 2007]

Young Sun: EUV weak

Magma ocean solidifcation
and outgassing at ~5 Myr
Steam atmosphere:
85 bar H2O, 15 bar CO2, 5 bar H2 

Mars: 1.5 AU

[Taylor et al., 2007]
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• Initial core masses (~ 5 Myr): 
Venus: ~0.93MV (~0.76ME)
Earth: ~0.67 ME 

• Earth formed within ≤ 30 Myr

In agreement with:  

Hf - W chronometry of terrestrial rocks
[e.g., Wetherill, 1986; Harber and Jacobsen, 1996; Kleine et al., 2002; 
Yin et al. 2002; Ju and Jacobsen 2011], 

Ar and Ne isotope analysis
[Porcelli et al. 2001; Yokochi and Marty 2004; Marty 2012; ],

and the

Grand Tack formation scenario
[e.g., O`Brien et al. 2014]

• Only a slow rotating weakly active young Sun 
reproduces the observations

Young Sun

[Tu et al., 2015]

182 182

[Ju and Jacobsen, 2011]

0.67ME

5Myr

THE SOLAR SYSTEM
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K/U RATIO ON HYPOTHETICAL 
EXO-EARTH´S INSIDE THE HABITABLE ZONE
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0.8ME

Young G-star: EUV weak, slow rotator
fat = 1.0 × 10-3

0.8ME

Young G-star: EUV average
moderate rotator
fat = 1.0 × 10-3

• The temperature profile of the planetary mantles will vary to a great extent
• Strong connections: bulk composition, geodynamics and habitability of Earth-like planets

[under preparation 2017]

Interior cooler; plate tectonics? Interior hot; plate tectonics?
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CONCLUSION

• Initial (~5 Myr) core masses: 0.93 MVenus 0.76 MEarth (Venus) and 0.67 MEarth (Earth)

• A weakly active young Sun reproduces the observed isotope (Ne, Ar) and K/U fractionation 
on Venus & Earth & Mars (K/U)

• A fast formation scenario is favoured and magma ocean related steam atmospheres can not 
reproduce the K/U and noble gas isotope fractionations on Venus and Earth

• Magma ocean related outgassed steam atmospheres between 80 – 120 bar H2O, 8 - 15 bar 
CO2 and about 5 bar H2 can reproduce the observed K/U ratio which agrees with the 
Mars Odyssey data and the Wänke and Dreibus (1988) silicate bulk Mars model

• Stellar X-ray and EUV activity, impact history, accretion time and delivery of volatiles by 
carbonaceous chondrites set the initial stage for the evolution of Earth-like planet’s: 

- bulk composition, 

- geodynamics and 

- habitability, especially the evolution of long time geological active habitats
(i.e., plate tectonics, outgassing, secondary atmosphere evolution, water, etc.)

- because of many different formation possibilities, one may expect that many 
terrestrial planets evolve to  
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MULTISPECIES UPPER ATMOSPHERE
HYDRODYNAMIC MODELS
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H escape

Escape of dragged 
particles

Mixing ratios

Fractionation factors

Multi-species hydrodynamic code & modified energy-limited formula & hydrodynamic drag

[e.g., Hunten, JAS 1973; Icarus 1987; Zahnle et al., Icarus 1990; 
Odert et al., Icarus 2017]

[in test phase at the IWF/ÖAW]


