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Large Impacts, Magma Oceans, Steam Atmospheres, 
Hydrodynamic Escape!

The young planets existed in a swarm of impacting material.   
(So they were all �dwarf planets� according to IAU)    

On Earth and Venus (and Mars?) energy from large impacts would have created  
magma oceans and steam atmospheres. (Matsui & Abe; Zahnle et al., Elkins-Tanton) 

The earliest atmospheres were silicate, followed by hot water vapor plus CO2, CO, H2. 

 

 

 

 

Zahnle et al. 2007 �Emergence of a Habitable Planet� 



Did Venus Have Oceans?!
No direct evidence! (a central goal for future missions)!
!
But Venus surely accreted with substantially more water than it has now. !
Indirect/circumstantial evidence:!
!

* D/H ratio > 100 x ⊕. A large fractionation requires a severely depleted 
reservoir.  Requires that most of the water to have ever resided on the surface 
or in the atmosphere of Venus has escaped. Does not prove there was ever 
surface water.    !

!
* Formation: Did Venus and Earth accrete with the current factor of 105 
difference in water abundance? No formation model predicts, or can account 
for, this extreme segregation. Nature is not that neat and tidy and not prone to 
huge, random decreases in entropy. �Occam�s razor�: Venus formed with 
orders more water.!

* Almost surely all terrestrial planets formed quite wet (Matsui & Abe, Zahnle, 
Elkins-Tanton, etc.!

* Climate models: with faint young Sun: water would be liquid. (but depends on 
unknown albedo & cloud/radiation interactions) !

However,  early solar activity may have prevented surface water condensation and 
removed most hydrogen and water.!



The Faint Young Sun and Early Venus:!
!

!S ≈ 1.4 x present Earth.!
!
This is right on the edge of a runaway!
condition.!
!
!
!
!
Venus can have !
warm oceans and a !
�moist greenhouse�.!
!
!



Uncertainties in longevity of an early Venus ocean  are very large. 
 
• Clouds excluded from published models.   
• No cloud feedback which, qualitatively, is expected to stabilize surface temperatures 
against rising solar flux, and therefore extend the lifetime of the moist greenhouse. 

• Cloud feedback may have extended the longevity of Venus oceans to 2 GY 
(Grinspoon & Bullock, 2007) 
!
 
 

!



The young Sun’s (G-star) radiation environment  
and nebula life time  

[Montmerle!et!al.,!Earth,!Moon,!Planets,!2006]!

[Erkaev!et!al.,!PSS,!submi<ed,!2013]!

[Ribas et al., ApJ, 2005; Güdel, 2007; Lammer et al., EPS, 2012] 



Escape of early Venus` & Earth`s expected  
outgassed steam atmospheres 

Possible early Earth scenario Possible early Venus scenario 

[Lammer!et!al.,!OLEB,!2011;!Lammer,!Springer!Briefs!in!Astronomy,!2013]!!

Stepwise accretion → volatiles are lost during the growth of the 
protoplanets and impacts delivered Earth’s and Venus` water 
content during the late veneer  

Ocean formation by volatile outgassing → steam atmosphere condenses and forms ocean on 
Earth but remains in gaseous form on Venus [see also Hamano et al., Nature, 2013] 

[Albarède and Blichert-Toft, C. R. Geoscience, 2007; Albaréde, Nature, 2009] 
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Venus – Earth:  A divergence but when?!
 !
1) Before ocean had chance to condense?!

2) Moist greenhouse escape of condensed ocean?!
  ! ! ! !!
3) On what timescale?!
!
4) Observational tests?!

!Rare gases!
!D/H,!
!Other isotopes?  He?  Other stable isotopes.!
!Surface composition – Tesserae are Felsic?!

History!of!Water!!!



Noble!Gases!
•  Simple chemical & physical behavior.!

•  Major planetary reservoirs accessible in atmosphere (of 
particular importance for Venus).!

•  Often imprinted with strong isotopic signatures.!

•  Rarity makes weak radiogenic signals of mantle or 
crustal evolution detectable by sampling air.!

!



     Pioneer : 20Ne and nonradiogenic 36Ar nearly 100 x >  than on Earth! !

Contradicted hypothesis that 
noble gases were tracers for 
volatiles in general (Anders & 
Owen, 1977 based on Viking/
Mars)!
!
Late accreting volatile veneer !
-> Noble gases on Venus 
should be ≈ Earth.?!
!
Neon and argon 30-70 x more 
abundant on Venus. !
!
Nearly as rich as in the most !
gas-rich meteorites.!

Suggests differences in Venus & Earth composition, or evolution:!
Not yet possible to tell if Venus composition reflects solar wind, enstatite !
chondrites, carbonaceous chondrites, Earth & Mars, or none of these.!
  
 
 

Venus has suffered very little atmospheric escape compared to Earth?!



H2OVENUS = 10-5 x H2OEARTH !
!
(D/H)VENUS = 120 ± 40 x (D/H)EARTH  (Bezard et al, 2007)!
!

Due to 
fractionating 
escape.!
!

!

But when? !
And how much 
was lost?!
!



!
Observed!D/H!not!�primordial!residue�;!reflects!
fracTonaTon!in!the!last!1!G.Y.!
!(Grinspoon,!1993,!Donahue!1999)!
!
!
Escape!flux!of!H,!combined!with!postKMagellan!esTmates!
of!resurfacing!rate!allows!esTmate!of!magma!water!
content!!≈!50!ppm!H2O.!(Grinspoon,!1993)!
!



Presently,!the!problem!is!underdetermined.!
Grinspoon!(1993)!Taylor!and!Grinspoon!(2010)!



ASPERA!
Escape of H+ occurs mostly through the 
plasma wake. With a flux of  7.1 x 1024  
s-1 . (Federov, Barabash et al. 2008, 
2011)!
!
column escape flux of 1.5 x 106 cm-2 s-1!
!
!

!

Does this represent the time averaged 
Hydrogen escape flux? (Escape of 
neutrals?  Low energies?  Solar cycle 
variations?) 

An order of magnitude lower than fluxes 
commonly assumed in evolutionary 
models! 

 
If in steady state with outgassing from post-plains volcanism, 
Implies that magmas are very dry!  ≈ 5 ppm by mass. 
(2 orders of magnitude drier than driest terrestrial magmas!) 

Implies TH2O ≈ 1 GY 
(roughly ≈ Tsurface!) 

 



The!Physics!of!Venus’!Climate!

•  Solar!forcing!
•  Greenhouse!effect!–!CO2!Physics!
•  Greenhouse!effect!–!other!gases,!clouds,!Rayleigh!

–  Direct!cloud!forcing!
–  Indirect!cloud!forcing!

•  Atmospheric!chemistry!and!clouds!
•  Cloud!microphysics!
•  Atmospheric!dynamics!

–  Angular!momentum!transfer!with!surface!

•  CloudKRadiaTve!Feedback!
•  SensiTvity!of!climate!to!perturbaTons!





SurfaceKAtmosphere!Chemistry!





Venus!and!the!Future!of!Earth’s!Climate!
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