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Oxygen as a biosignature? 

Meadows (2017) Astrobiology

After Lyons et al. 2014

Need alternatives to 
oxygen to avoid false 

negatives!



Disequilibrium 
The co-existence of incompatible species
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Chemical disequilibrium as an exoplanet biosignature
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CH4O2

Oxygenic 
photosynthesis 
replenishes O2

Decaying organic 
material 
replenishes CH4
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Chemical disequilibrium as an exoplanet biosignature



Quantify chemical disequilibrium
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( ,P) ( ,P)Available energy, ( ) ( )T TG G initial G equilibriumD = -



Earth has largest disequilibrium in the solar 
system
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  2N2(g)+5O2(g)+ 2H2O(l)! 4H+ (aq)+ 4NO3
− (aq)

J. Krissansen-Totton, D. Bergsman, D. C. Catling (2016) Astrobiology 16, 39-
67.

( ,P) ( ,P)Available energy, ( ) ( )T TG G initial G equilibriumD = -



Lyons et al. 2014

BUT O2-N2-H2O and O2/O3-CH4 are 
variations on oxygen as a biosignature!
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- The early Earth is the only example we have of an anoxic biosphere!

Archean
Proterozoic Phanerozoic

After Lyons et al. 2014
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Archean atmosphere-ocean disequilibrium
Atmosphere species

Ocean species
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The Evolution of Earth’s thermodynamic disequilibrium



+ -
2 2 2 35O + 2N + 2H O 4H + 4NO®

+ -
2 2 4 2 4 35CO + 4N +3CH +14H O 8NH +8HCO®

The Evolution of Earth’s thermodynamic disequilibrium

Modern mars
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Would a CH4+CO2 disequilibrium combination be a 
good exoplanet biosignature?

- Methanogenesis is an ancient and “primitive” 
metabolism
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Would a CH4+CO2 disequilibrium combination be a 
good exoplanet biosignature?

- Methanogenesis is an ancient and “primitive” 
metabolism

- CH4 has short lifetime, perhaps ~30,000 yrs for 
diffusion limited escape.

- Would not expect CH4+CO2 atmospheres to 
persist without replenishing flux. Could there be 
large abiotic fluxes of CH4?
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Possible false positives for biogenic CH4 + CO2?

Credit: Jennifer Glass



Could a planet outgas CH4 and CO2?

Wogan et al. (2019) in prep
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Output: CO, CH4, CO2, H2O, H2 abundances

Output: CO, CH4, CO2, 
H2O, H2 abundances

Input: variable 
atmospheric 
pressure

Input: variable continental and 
submarine contributions

Submarine magma chamber

Input: variable 
ocean depth

Continental magma chamber

Inputs: variable 
temperature, 

pressure, 
composition

Inputs: variable temperature, 
pressure, composition

Key outputs: CO/CO2 and CO/CH4 outgassing ratios

Wogan et al. (2019) in prep



Wogan et al. (2019) in prep

Key point: simultaneous outgassing of CO2 and CH4 without CO is very unlikely

Earth



Wogan et al. (2019) in prep

Key point: simultaneous outgassing of CO2 and CH4 without CO is very unlikely

Possible false positives
Earth
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Possible false positives for biogenic CH4 + CO2?

Credit: Jennifer Glass
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Possible false positives for biogenic CH4 + CO2?

Credit: Jennifer Glass
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Mass of surface ocean 
(wt% planet mass)

0.1 wt% 
water

1.0 wt% water 10 wt% 
water

50 wt% water

Lifetime of CH4 (Myr) 2 20 200 1000

Table: Estimated photochemical lifetimes of CH4 for Earth-sized planets with surface 
oceans of varying size, and Titan-like initial volatile inventories.

Tobie et al. 2012, ApJ



27

Possible false positives for biogenic CH4 + CO2?

Credit: Jennifer Glass
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Maximum abiotic methane from 
serpentinization << biological fluxes
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Maximum abiotic methane from 
serpentinization << biological fluxes
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Oxygen as a biosignature? 

Meadows (2017) Astrobiology
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Transient
Debris disk?
Young system?

CH4
CO2

Low bulk density
Limited lifetime

True Archean analog Reduced mantle Extensive 
hydrothermal systems

Warm Titan analog High impact flux

pCH4 < 0.1 %

Methane as a biosignature? 

CO
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The bottom line:
The simultaneous detection of atmospheric CO2 and >1 part per 

thousand CH4 (and little/no CO) on a habitable planet is a 
promising disequilibrium biosignature.

Is this detectable with the James Webb Space Telescope?

Also: CO2/CH4 pair more common O2/O3 biosignatures?



Forward model

NEMESIS

The inverse problem

Solve inverse 
problem

JWST simulator

Mass = 0.772 MEarth

Radius = 0.91 REarth

pCO2 = 5%
pCH4 = 0.5%
pCO = 0%
pH2O = 1%
T_strat = 200 K
P_surf = 1 bar

Mass = 0.81±0.2 MEarth

Radius = 0.901±0.003 
REarth

pCO2 = 3±2%
pCH4 = 0.3±0.29%
pCO = 0.001±0.0002%
pH2O = 0.5±0.48%
T_strat = 188±54 K
P_surf = 2.3±1.3 bar

Compare to “true” 
properties
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J. Krissansen-Totton, R. Garland, P. Irwin, D. C. 
Catling (2018) Detectability of biosignatures in 
anoxic atmospheres with the James Webb Space 
Telescope: A TRAPPIST-1e case study, The
Astronomical Journal.

Results: Observing TRAPPIST-1e with James Webb for 10 transits

J. Krissansen-Totton, R. Garland, P. Irwin, D. C. 
Catling (2018) Detectability of biosignatures in 
anoxic atmospheres with the James Webb Space 
Telescope: A TRAPPIST-1e case study, The
Astronomical Journal.
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J. Krissansen-Totton, R. Garland, P. Irwin, D. C. 
Catling (2018) Detectability of biosignatures in 
anoxic atmospheres with the James Webb Space 
Telescope: A TRAPPIST-1e case study, The
Astronomical Journal.

Results: Observing TRAPPIST-1e with James Webb for 10 transits
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Is CH4+CO2 biosignature easier to observe than O3? 

JWST 
observing an 
early Earth 
analog

Can constrain 
biogenic CH4
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modern Earth 
analog in 
thermal IR
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Reasons to be cautious…



Would low productivity preclude Archean-like CH4+CO2 biosignatures?
- If oxygenic photosynthesis has evolved -> definitely not
- If anoxygenic photosynthesis has evolved -> probably not
- If purely chemoautotrophic -> depends on H2 flux

- Empirical evidence from Xe isotopes (Zahnle et al. 2019) Schwieterman et al. (2019) ApJ

Kharecha et al. (2005) Geobiology

6x modern H2 outgassing rate



Reasons to be cautious…
Schwieterman et al. (2019) ApJ



Reasons to be cautious…
Schwieterman et al. (2019) ApJ



Reasons to be cautious…

Vs.

Schwieterman et al. (2019) ApJ



Conclusions

- Chemical disequilibrium is a useful conceptual 
framework for thinking about exoplanet 
biosignatures.

- The Earth has had a sizeable biogenic disequilibrium 
in its atmosphere-ocean system throughout its 
history.

- The coexistence of carbon dioxide and abundant 
methane is difficult to explain with known non-
biological processes and could be a compelling 
exoplanet biosignature (as it was in the Archean)

- This biosignature combination is potentially 
detectable with JWST



Thanks!



Gilbert Lewis (1923): “starting with air and water…nitric acid should form. It is to be hoped that 
nature will not discover a catalyst for this reaction, which would… turn the oceans into dilute nitric 
acid”.

Available energy,
2326D =G J /mol

  2N2(g)+5O2(g)+ 2H2O(l)! 4H+ (aq)+ 4NO3
− (aq)

Earth (atmosphere-ocean fluid envelope)
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Ocean species
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Sensitivity test



What does disequilibrium mean?

- In the absence of life, lightning would convert all oxygen to 
nitrate within a few million years.

- Thus the coexistence of N2, O2 and liquid water is a more 
compelling biosignature than O2 alone.

  CO2 + H2O→O2 + CH2O

2O 2N

3NO-

Biological nitrate 
reduction 
(denitrification)

Oxygenic 
photosynthesis

Respiration

Biology: fixation + nitrification

Krissansen-Totton, J., D. S. Bergsman, and D. C. Catling (2016), On detecting 
biospheres from chemical thermodynamic disequilibrium in planetary 
atmospheres, Astrobiology, 16(1), 39-67.



Archean range Proterozoic range
Atmospheric 

species
Mixing ratio Reference/Explanation Mixing ratio Reference/Explanation

Min. 

diseq.

Max 

diseq.

Min. 

diseq.

Max 

diseq.
N2(g) 0.98 0.5 Mixing ratios sum to 1. But 

see also Som et al. 2016; 

Marty et al. 2013

0.99 0.86 Mixing ratios sum to 1.

O2(g) 1×10-10 2×10-7 Zahnle et al. 2006 0.0001 0.03 Lyons et al. 2014

CH4(g) 0.0001 0.01 Kasting and Brown 1998 3×10-6 1×10-4 Olson et al. 2016

CO2(g) 0.001 0.5 Sheldon 2006; Kanzaki 2015 0.0001 0.1 Sheldon 2006; Kanzaki 

2015
H2(g) 0 0.0001 Kharecha et al. 2005 0 2×10-6 Segura et al. 2003
N2O(g) 0 0 No denitrification 0 1×10-6 Roberson et al. 2011
NH3(g) 0 1×10-9 Pavlov et al. 2001 0 0 NA
O3(g) 0 0 Negligible 0 0 Negligible
CO(g) 0 0.001 Kharecha et al. 2005 0 2×10-7 Segura et al. 2003

Ocean 
species

Molality (mmoles/kg) Reference/Explanation Molality (mmoles/kg) Reference/Explanation

Min. 

diseq.

Max 

diseq.

Min. 

diseq.

Max 

diseq.
Na(+) 550 586 Charge balance 547 549 Charge balance
Cl(-) 546 546 Modern value 546 546 Modern value
SO4(2-) 0 0.2 Olson 0.25 5 Olson
H2S 0 0.004 Euxinic oceans like Black Sea 0 0.004 Euxinic oceans like Black 

Sea
NH4(+) 0 0.050 Set by P (N fixation evolved 

early)

0 0.050 Set by P

NO3(-) 0 0 Anoxic bulk ocean 0 0 Anoxic bulk ocean
ALK 4 40 Krissansen-Totton* 1.0 3.0 Krissansen-Totton*
pH 5.0 8.0 Carbon chemistry 

equilibrium**

6.0 8.0 Carbon chemistry 

equilibrium** 47
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Proterozoic atmosphere-ocean disequilibrium

 5O2 + 2N2 + 2H2O → 4H+ + 4NO3
-

( ,P) ( ,P)

Available energy,
( ) ( )
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T TG G obser G equil
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D = -

D =
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Proterozoic atmosphere-ocean disequilibrium

 5O2 + 2N2 + 2H2O → 4H+ + 4NO3
-

( ,P) ( ,P)

Available energy,
( ) ( )

884 J/mol
T TG G obser G equil

G

D = -

D =
 2O2 +CH4 → CO2 + 2H2O  2O2 + H2 S→ 2H+ + SO4

2-

 3O2 + 4N H4
+ → 4H+ + 2N2+ 6H2O



Ocean worlds, 100-1000 bar
Submarine + subaerial outgassing, 
0.01-100 bar

fO2: -4.5 to 2.0 FMQ, magma chamber 800-1200 bar, also varied CO2 and 
H2O composition host rock but secondary effect.



Reasons to be cautious…

Vs.

Failures of imagination
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TRAPPIST-1e, NIRSpec prism on JWST, 10 transits

J. Krissansen-Totton, R. Garland, P. 
Irwin, D. C. Catling (2018) Detectability 
of biosignatures in anoxic atmospheres 
with the James Webb Space Telescope: 
A TRAPPIST-1e case study, The 
Astronomical Journal.
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Is CH4+CO2 biosignature easier to observe than O3? 

JWST 
observing an 
early Earth 
analog

Can constrain 
biogenic CH4

Cannot detect 
biogenic O3

Pr
ob

ab
ili

ty
 d

en
sit

y
Pr

ob
ab

ili
ty

 d
en

sit
y

Pr
ob

ab
ili

ty
 d

en
sit

y Cannot detect 
biogenic O3

JWST observing 
a modern Earth 
analog in the 
NIR

JWST 
observing a 
modern Earth 
analog in 
thermal IR



Pavlov et al. 2001 





Archean sensitivity test

56



57

Getting from methane abundances to Pr(life)

+

Retrieved methane abundance Methane flux
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Getting from methane abundances to Pr(life)

+

Retrieved methane abundance Methane flux
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Getting from methane abundances to Pr(life)

+

Pr(explain with known abiotic process) = 9%

+

Typical 10 orbit case

Retrieved methane abundance Methane flux

M
et

ha
ne

 m
ixi

ng
 ra

tio
Required methane flux

Pr
ob

ab
ili

ty
 d

en
sit

y

Pr
ob

ab
ili

ty
 d

en
sit

y

Methane flux

Pr
ob

ab
ili

ty
 d

en
sit

y



60

Getting from methane abundances to Pr(life)

Pr(explain with known abiotic process) = 2%

+

+

50 orbit case

Retrieved methane abundance Methane flux
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Haze and vertical profiles
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Arney et al. 2016 Astrobiology
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Nested Sampling Retrieval algorithm

Feroz and Hobson 2008, MNRAS

Transform this horrible integral into 
a 1D integral over prior volume:

Can then calculate Bayesian evidence as 
summation over likelihood contours:

Posteriors can then be easily calculated:

Nested Sampling Produces same posteriors as MCMC 
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Does observing more transits help?

CO2

CO CH4

Radius

Mass

Tstrat



Archean Earth-like Trappist-1e with Earth-like, grey clouds  (10 transits with NIRSpec)
What about clouds?

CO2

CH4CO
τ

Pbase

Tstrat
No clouds

With clouds

“True” 
values


