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Introduction: Organisms on an inhabited planet 

release waste gases into the atmosphere. On the mod-
ern Earth, such gases include all the major constituents 
of the atmosphere (except Ar) and many minor ones, 
e.g., O2, N2, CO2, CH4, N2O, (CH3)2S, COS and CS2. 
The result is a mixture of gases that is not in the ther-
modynamic equilibrium that would be expected for a 
“dead” world without biogenic gas fluxes. Conse-
quently, it is generally recognized that departure from 
chemical equilibrium of the Earth’s atmosphere 
strongly reflects the prodigious release and uptake of 
gases by the biosphere [1, 2]. For example, in thermo-
dynamic equilibrium not a single CH4 molecule should 
exist in an 21% O2 atmosphere the size of Earth’s. But 
abiotic free energy sources also promote disequilib-
rium through photochemistry and release of volcanic 
gases. Consequently, inferring life from thermody-
namic disequilibrium is a question of degree. In order 
to understand the issue properly, accurate quantifica-
tion is necessary. Disequilibrium can be calculated as 
the difference in the amount of energy per mole of 
atmosphere as observed compared to the gas mixture 
reacted to theoretical equilibrium Using this concept, 
we have begun to quantify disequilibrium for a variety 
of cases and develop methodologies that could be ap-
plied in the future to atmospheres of Earth-like 
exoplanets. 

Methodology: In thermodynamic equilibrium, the 
Gibbs free energy of a system is minimized. We can 
therefore calculate the difference between the Gibbs 
free energy of a mole of atmospheric gas as observed 
versus the free energy if the mixture were at equilib-
rium. This process results in a metric of chemical dise-
quilibrium given as the energy per mole of air. For 
example, for a system of gases at a total pressure P and 
absolute temperature T, the Gibbs free energy Gi of 
component i is as follows 
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0 is the Gibbs free energy at standard tempera-
ture and pressure, R is the universal gas constant, fi is 
the fugacity of species i, which can be expressed in 
terms of a fugacity coefficient φ (which takes account 
of non-ideal gas behavior for high pressure atmos-
pheres (e.g. Venus)), and ni is the moles of species i 

relative to total moles ntotal. We minimize the sum of 
the Gibbs free energies (eq. (1)) of all species i at a 
particular temperature and pressure, subject to atomic 
balance, i.e., conservation of atoms. Because atoms are 
conserved, the key reactions contributing to atmos-
pheric disequilibrium can be deduced from the model. 
This kind of mathematical system, a constrained non-
linear problem, has traditionally been solved using the 
method of Lagrange multipliers, but we have also suc-
cessfully implemented an interior points algorithm. To 
apply the algorithm to the planets with liquid water, 
which is a traditional requirement for habitability [3]), 
requires incorporating the liquid phase and aqueous 
ions into the Gibbs function, eq. 1. In addition to 
atomic mass balance, the more complicated minimiza-
tion of Gibbs free energies is then subject to an addi-
tional constraint of ionic charge balance for the aque-
ous solution. 

Application to Solar System Planets: We applied 
our algorithm to Solar System planetary atmospheres 
for which reasonable compositional data are well 
known [4].  For rocky planets, we examined the dise-
quilibrium of the surface atmosphere, whereas for gas 
giants we chose the 1 bar level. 

Certain planets are quite close to thermodynamic 
equilibrium and so have little free energy of disequilib-
rium, indicating their “deadness”. The giant planets fall 
into this category. For example, Jupiter has only 0.003 
J/mol. Likewise, the Venusian atmosphere, which is 
reducing and near equilibrium near the hot surface, 
only has 0.08 J/mol. Mars’s atmosphere has a com-
paratively large chemical potential energy of ~202 
J/mol. When the chemistry is examined (Fig. 1), this 
disequilibrium potential energy on Mars clearly results 
from the photochemical disequilibrium of gases of CO 
and NO and O2, which exists because of the free en-
ergy of sunlight and has nothing to do with biology. 

Fig. 1: Example: concentration of gases on Mars be-
fore (blue) and after (red) equilibrium. Quantitatively 
dominant disequilibria are abiotic and photochemical.  
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Key Martian disequilibria are 2NO = N2 + O2, 2CO + 
O2 = 2CO2, 2O3 = 3O2 and 2H2 + O2 = 2H2O. The tiny 
amount of CH4 purported to exist on Mars, ~10 ppbv, 
and proposed as possibly biological [5], is dwarfed by 
abiotic diequilibria by a factor of ~25,000 according to 
our calculations. A thermodynamic disequilibrium 
metric cannot distinguish between abiotic and biotic 
atmospheric disequilibria for exceptionally meager 
subsurface biospheres. This is mute point, anyway, 
because on exoplanets comparably minor constituents 
would be undetectable. 

For Earth, the dominant disequilibrium is between 
N2, liquid water and O2, which gives a disequilibrium 
~105 J/mol. (The disequilibrium between O2 and CH4 
is very minor, comparatively, in terms of potential 
chemical energy). Thus, our disequilibrium metric 
strongly sets the modern Earth apart from the other 
Solar System planets by several orders of magnitude. 
Application to Precambrian Earth and other plan-
ets:  Clearly, the Earth’s atmospheric composition has 
varied in the past 4 billion years quite drastically, be-
cause of its three main oxygenation stages, i.e., the 
Archean (~0.1 ppmv O2, ~103 ppmv CH4), Proterozoic 
(~0.2-1 × 10-2 bar O2) and modern (0.21 bar O2) eons 
[6]. Unfortunately, pN2 is unknown for the Archean, 
when the N cycle must have been substantially differ-
ent due to the prominence of oxygen in modern denitri-
fication. Since more O2 contributes to greater dise-
quilibrium, we will also discuss results indicating how 
the atmospheric disequilibrium metric has increased 
over geologic time. This helps us to assess the relative 
utility of a disequilibrium metric to distinguish bio-
spheres on an anoxic atmosphere of an inhabited planet 
versus an oxic one. 

False positives or not? Extremely volcanic 
exoplanets. Some exoplanets are likely to be ex-
tremely volcanic due to tidal forces and have been 
called “Super-Ios” [7] after Io, the Solar System’s most 
volcanic planet. We will also discuss the possibility of 
chemical disequilibrium that could be driven by vol-
canic gases. 

Summary: A disequilibrium metric could be ap-
plied to exoplanets if we gain sufficiemt knowledge of 
atmospheric compositions. In the Solar System, such a 
metric can provide information about abiotic dise-
quilibria on uninhabited planets, while it also clearly 
distinguishes the Earth’s atmosphere from those of the 
other planets by many orders of magnitude, indicating 
the presence of life. 
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