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Talk Outline

• Gas giant atmospheres
• The transition to ‘metallic’ atmospheres
• Atmospheric escape processes
• Venus water loss and the runaway greenhouse 
• Cold-trapping and climate on Mars (and Earth)
• Icy satellite / exomoon water loss
• Abiotic oxygen production on exoplanets



• xxx



Elemental Abundances

https://upload.wikimedia.org/wikipedia/commons/7/70/SolarSystemAbundances.jpg

neutron capture
big bang 
nucleosynthesis

thermonuclear fusion 
in main sequence stars



Gas Giant Planets

• Icy/rocky core formation, 
followed by capture of 
H2/He envelope from 
nebula
• Core likely dissolves into 

envelope on 
Jupiter/Saturn 
subsequently: there are 
no solid boundaries 
anywhere (although 
maybe some layered 
convection)

https://oxfordre.com/planetaryscience/view/10.1093/acrefore/9780190647926.001.0001/acrefore-9780190647926-e-175

Wahl et al., 2017



Gas Giant Planets
• H2-dominated so in upper 

atmosphere equilibrium 
species are CH4, H2O, NH3 etc.
• Modified by condensation 

processes
• Modified by photochemistry, 

e.g.

CH4 + hv à C2H6 + 2H

C2H6 + H2 à 2CH4

HIGH ATMOSPHERE

DEEP ATMOSPHERE



Gas Giant Habitability: 
A wonderful idea…

Adolf Schaller



Gas Giant Habitability: 
A wonderful idea… entirely 
unsupported by evidence

Adolf Schaller



The Rocky Planet Transition

• Planets with radius > about 
1.6 rE usually retain a 
hydrogen envelope; those 
with smaller radii do not 
(e.g. Rogers, 2016)
• Transition corresponds to   

5-10 ME range
• Evolution of higher Z

‘metallic’ atmospheres is 
generally much more 
complex and nonlinear!

Zeng et al. 2016



Data from Linus Pauling. “The Nature of the Chemical Bond,” 3d ed., Cornell University 

Press, Ithaca, N.Y., 1960. 

Elemental Electronegativities

etc.

https://en.wikipedia.org/wiki/Electronegativity#/media/File:Electrostatic_Potential.jpg

e.g. for H
2
O:



Oxidizing vs. reducing species

reduced 
iron (Fe0)

oxidized 
iron (Fe3+)

oxidized 
surface (Mars)

reduced 
surface (Titan)

oxidation is loss of 
electrons, 

reduction is gain

Example:
4Fe + 3O2 à 2Fe2O3

Fe electronegativity ~ 1.8
O electronegativity ~ 3.5

O oxidizes Fe from Fe0 to Fe3+



Galactic elemental abundances + gravity à
oxidation of rocky/icy planet surfaces

Wordsworth, Schaefer & Fischer, 2018

The 8 most abundant elements

Fe

H

O, C, N volatiles

Si, Mg 
minerals



Ganymede

Quick quiz: Why is Titan so different?Yung & McElroy 1977

Hall+ 1998

O(I) 1356A 
airglow

Thin oxygen atmosphere!



Physics of atmospheric escape

• Can start by thinking about 
escape velocity of individual 
gas molecule
• Compare with thermal velocity 

to get escape parameter χ
• Jeans escape for high χ values



Key atmospheric escape processes

• Impact-driven escape: 
Hydrodynamic blowaway of 
atmosphere by bolide impacts. 
Net atmospheric loss only 
under certain conditions.
• XUV-driven hydrodynamic 

escape: High-energy stellar 
photons power outflow. A 
major player early on (we 
think!)
• Non-thermal processes: Varied, 

complex, generally most 
important for elements heavier 
than He
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Hydrodynamic drag of heavier species

• Planetary upper atmospheres are not well-
mixed: lighter species expand upwards 
above the homopause

• Nonetheless, for a high enough H escape 
flux, heavier species can be dragged along 
too during XUV-driven escape

Wordsworth, Schaefer & Fischer 2018
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Enriched deuterium: a smoking 
gun for past atmospheric escape?

Marty 2012

https://www.usgs.gov/media/images/heavy-ice

VENUS

[D]/[H] ~ 0.016

H

D

XUV

HDO + hv à O + H + D

Lincowski et al. 2019 [see also Mollière & Snellen, 2019]



Venus Water Loss

Goldblatt+ (2013)

• Habitable early Venus…
maybe up to 0.7 Ga? (e.g. 
Way et al. 2016)
• Then, runaway 

greenhouse event
• Oceans boil off, H2O 

reaches high atmosphere, 
photolyzes, and H is lost to 
space

• But where is the oxygen? 
Most escape models 
indicate substantial 
amounts should be left 
behind (e.g. Kasting & 
Pollack, 1983)

H2O minor constituent H2O major constituent

tropopause cold trap

PRE-RUNAWAY RUNAWAY

liquid water hot or molten surface

H, some O



Gillmann et al. (2009)Fegley et al. (1997)

• Another possibility: early 
magma ocean phase
• Fits noble gas isotopic ratios, 

estimated surface / interior 
oxidation state

Venus Water Loss



Wordsworth 2016, EPSL Gillmann et al. (2009)

Venus Water Loss



Earth Water Loss
• Current 1 bar atmosphere 

keeps H2O cold-trapped in the 
troposphere

• Stratosphere remains dry, very 
little hydrogen is lost

• Was this always the case?
• What role did H2/CH4 loss play?

Genda & Ikoma (2008) [see also Zahnle et al. 2018]

Wordsworth & Pierrehumbert (2014)
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Mars Water Loss

• H2O is also generally cold-trapped 
(thinner atmosphere, but colder surface)

• In addition, photochemical feedbacks 
prevent oxidation when H2O photolysed
in lower atmosphere

• However, this can be circumvented by 
intense H2O lofting events during dust 
storms (Chaffin et al. 2017; Heavens et 
al. 2018)

• D/H ratio suggests early H2O inventory 
was several times greater than today

• Early Martian atmosphere could have 
been more reducing, with possible 
climate implications (e.g. Wordsworth et 
al. 2013; Ramirez et al. 2014; Batalha et 
al. 2016)

http://photojournal.jpl.nasa.gov/catalog/PIA16834
https://www.pnnl.gov/science/highlights/highlight.asp?id=871

MSL rover drill core

Heavens  et al., 2018



Wordsworth, Ann Rev EPS, 2016

Data from: Tanaka 1986; Scott & Tanaka 1986; Tanaka 
& Scott 1987; Williams et al. 2013; Malin & Edgett
2003; Howard et al. 2005; Head & Pratt 2001

Flowing water on early Mars

Amazonian: 0-3 Ga
Hesperian: 3-3.5 Ga
Noachian: More than 3.5 Ga



Hydrodynamic Water Loss from Icy 
Satellites / Exomoons

Arnscheidt, Wordsworth & Ding, 2019
[see also Goldblatt, 2015 and Lehmer et al. , 2017]

?



Using Atmospheric Sulfur to Diagnose 
Surface Liquid Water

Loftus, Wordsworth & Morley, in prep, 2019



How far could water loss and abiotic O2
buildup proceed on exoplanets?

Luger & Barnes 2016

• M-stars have an extended 
pre-main sequence phase 
• M-stars have high XUV levels, 

stellar activity à enhanced 
atmospheric loss (likely 
including heavy gases like N2)
• M-star planets should suffer 

significant H loss + oxidation
• Will planets around them 

develop abiotic O2
atmospheres?



How far could water loss and abiotic O2
buildup proceed on exoplanets?

total potential oxidation 
via water loss

plausible mantle FeO range

atmospheric O2

Wordsworth, Schaefer and Fischer, 2018
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How far could water loss and abiotic O2
buildup proceed on exoplanets?

Snellen et al. 2013



A Redox Goldilocks Zone

OVER-OXIDIZED

UNDER-OXIDIZED

Both oxidized and reduced 
surface/atmosphere reservoirs

?
?

?

Fertile conditions for biogenesis…



Conclusions
• Gas giant atmospheres are not in chemical equilibrium, 

but dilution makes them poor places to search for life
• Rocky planet atmospheres tend to be out of chemical 

equilibrium and relatively oxidized in galactic terms 
because H escapes to space and Fe sinks to the core, 
leaving O-rich volatile species at the surface
• Venus and Mars both underwent extensive water loss + 

surface oxidation. Earth perhaps underwent less, thanks 
to its efficient N2 cold trap, but questions remain.
• Extreme oxidation may occur on many Earth-like 

exoplanets. This has major implications for false 
biosignatures and for the likelihood of prebiotic 
chemistry / biogenesis




