
Fig. 1: Gibbs free energy (observed-equilibrium) for each planetary 

atmosphere, measured in joules per mole of atmosphere. 
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Introduction: Earth’s atmospheric composition is pro-

foundly altered by the biosphere. All the major constit-

uents (except Ar) are cycled by biology [1], and the 

resultant mixture of gases is not in thermodynamic 

equilibrium. It has been argued that atmospheric dise-

quilibrium is a generalized biosignature, potentially 

accessible to remote sensing [2, 3]. However, dise-

qulibrium can also be maintained by abiotic processes 

such as photochemistry or volcanic outgassing, and so 

inferring life from disequilibrium is a question of de-

gree and context. Since the atmospheric composition of 

terrestrial exoplanets can be inferred from future tele-

scopic spectra, the question arises as to whether ther-

modynamic disequilibrium could be used to determine 

if exoplanets host life. Here, we quantify thermody-

namic atmospheric disequilibrium for the Solar System 

planets and develop methodologies that could be ap-

plied to future observations of Earth-like exoplanets.  

Methodology: For a closed system, chemical equi-

librium is achieved when the Gibbs free energy of the 

system, ( , )T PG , is minimized: 

   ( , ) ( , ) ln
rT P i i T P fi i tot

i

G n G RT P n n    (1.1) 

Here, 
in  is the number of moles of species i, ( , )ri T PG

 is 

the standard Gibbs free energy of species i at some 

reference pressure Pr and temperature T, P is the pres-

sure of the system, fi  is the fugacitiy coefficient of 

species i (corrects for non-ideality in high pressure 

atmospheres such as Venus), T is the temperature of 

the system, ntot is the total number of moles of all spe-

cies, and R is the universal gas constant. The equilibri-

um composition can be found by determining the mo-

lecular abundances, ni, that minimize ( , )T PG  subject to 

atom conservation. The equilibrium state of a planetary 

atmosphere is thus found by solving a constrained, 

non-linear optimization problem (we used Matlab’s 

fmincon function). For Earth, a purely gas phase ap-

proach is insufficient because the atmosphere is in con-

tact with a surface ocean, which requires a multiphase 

calculation. Following [4], we constructed a Gibbs free 

energy minimization method to calculate equilibrium in 

Earth’s atmosphere-ocean system. 

For both gas phase and multiphase systems, to 

quantify disequilibrium, we calculate the difference in 

the Gibbs free energy between the observed state and 

calculated equilibrium state.  

Results and Discussion: Fig. 1 shows the Gibbs 

free energy difference for each Solar System atmos-

phere. The large disequilibrium in Mars’ atmosphere 

(136 J/mol) comes from the photochemically induced 

coexistence of CO and O2. The purely gas phase dise-

quilibrium of Earth’s atmosphere (no ocean) is only 1.5 

J/mol, which is not unusual compared to other Solar 

System atmospheres. However, the disequilibrium in 

Earth’s atmosphere-ocean system, 2326 J/mol, is more 

than an order of magnitude larger than all other Solar 

System atmospheres. The largest contributor to this 

disequilibrium is the coexistence of O2, N2 and liquid 

water; in equilibrium these species react to form dis-

solved nitrate and H
+
 ions. This disequilibrium is main-

tained by life: O2 is produced almost exclusively by 

oxygenic photosynthesis, and N2 is modulated by 

micobial nitrification and denitrification. 

To calculate gas phase chemical equilibrium re-

quires only bulk atmospheric abundances, surface tem-

perature, and pressure, all of which are potentially ac-

cessible to future observations of exoplanets. In princi-

ple, multiphase calculations for atmosphere-ocean sys-

tems require knowledge of surface ocean volume, pH, 

and salinity, which is not accessible to remote observa-

tions. Fortunately, sensitivity analysis reveals that the 

disequilibrium in Earth’s atmosphere-ocean system is 

mostly insensitive to these variables. We conclude that 

thermodynamic disequilibrium is a potentially valuable 

life detection metric for  exoplanets. 
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