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Overview of this talk

•  What is chemical disequilibrium

• How to calculate disequilibrium in 
chemical processes

• Atmospheric Disequilibrium of Earth

• Further applications
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Introduction 

What is chemical disequilibrium, and why should 
we use it
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“The general struggle for existence of animate being is struggle for entropy, which 
becomes available through the transition of energy from the hot sun to the cold 
earth” (Boltzmann, 1886) 

“Life feeds of high quality energy gradient” (Schrödinger, 1944)

Life & Disequilibrium



The emergence of life allowed the use of 
more degrees of freedom associated to 
geological and atmospheric cycles, and 
consequently the generation of more free 
energy from the same initial energy 
sources.  

The Earth atmosphere  [ Lovelock 1965; 1975. 
Hitchcock and Lovelock, 1967 ] 

Co-evolution of Earth geochemical cycles and life 
[ Grenfell et al., 2010. Lammer et al., 2010 ]

Life and Earth disequilibria

http://www.astronomynotes.com/lifezone/s4.htm

Simoncini E., Kleidon A., Gallori E.,  J. of Cosmology, Sept. 2010

“Once candidate disequilibria are identified, alternative explanations must be 
eliminated. Life is the hypothesis of last resort” (Sagan et al., 1993)

http://www.astronomynotes.com/lifezone/s4.htm


Atmospheric Chemical Disequilibrium



The contemporaneous presence of O2 and CH4 into the Earth’s atmosphere is maintained by a 
power of ~ 0.67 TW  

About 0.43 TW are given by living processes (animal enteric fermentation, 0.13TW; rice 
paddies 0.09TW).

Earth’s methane disequilibrium

 Simoncini, E., Virgo, N., Kleidon, A., Earth Syst. Dynam., 4, 317-331. 2013.



Atmospheric Chemical Disequilibrium

C\O ratio        -          Madhusudhan N.,  ApJ, 758:36, 2012

CO2 + H2O -> CO + 3 H2

2 Line et al.

2. THEORY

In order to address our hypothesis, we seek a quantity
that relates a planet’s composition to its temperature.
Given some measurement of the abundances of various
gases, one could try to determine if any one of those gases
are in or out of equilibrium. However, looking at indi-
vidual gases is di�cult because their abundances depend
on the planetary elemental abundances as well as tem-
perature. Therefore, we seek a relationship that relates
composition to temperature in a way that is independent
of metallicity and the C/O ratio. That quantity can be
derived as follows. In thermochemical equilibrium the
net reaction

CH4 +H2O = CO + 3H2 (1)

relates the abundances of CH4, CO, and H2O, and H2.
We choose these species because, generally, in extra-solar
planet and substellar object atmospheres, these species
are the most abundant and readily detectable or inferred
by infrared telescope facilities (Tinetti et al. 2007; 2010;
Grillmair et al. 2007; 2008; Swain et al. 2009a; 2009b).
From the law of mass action we have the relation

↵(fi, P ) =
fCH4fH2O

fCOf3
H2

P 2
= Keq(T ) (2)

where we have defined ↵(fi, P ) to be the combination of
the gas mixing ratios and pressure, fi is the mixing ra-
tio of species i, P is the pressure at some specified level
in the atmosphere (in bars), and Keq(T ) is the equilib-
rium constant at temperature T (Yung & DeMore 1999).
The equilibrium constant only depends on temperature
and the thermodynamic properties of the molecules and
generally has the form

Keq(T ) = e��G/RT = e�(�H/RT��S/R) (3)

where �G, �H and �S are the change in Gibbs free en-
ergy, enthalpy and entropy, respectively, of the molecules
involved. These quantities can be found in any thermo-
dynamic table (e.g., the NASA ThermoBuild website2).
From Equation 2 we see that if we can measure or infer
the abundances of CH4, CO, H2O, and H2 at a known
pressure level we can relate them to a quantity that solely
depends on temperature and the thermodynamic prop-
erties of each molecule.
Figure 1 shows the equilibrium constant (green curve)

in Equation 2 as a function of temperature. In equilib-
rium, ↵ at a specified pressure, is equal to the equilibrium
constant. We choose to evaluate ↵ at the 100 mbar pres-
sure level. This pressure level is where most secondary
eclipse thermal emission weighting functions tend to peak
(e.g., Line et. al. 2013), and hence temperature and
abundance determinations sample this region. If we de-
termine the abundances of the aforementioned gases and
find that ↵ has the same value as the equilibrium con-
stant, Keq, evaluated at the 100 mbar temperature, then
we might infer that those four gases are in thermochem-
ical equilibrium. 3 This is equivalent to the value of ↵

2 http://www.grc.nasa.gov/WWW/CEAWeb/ceaThermoBuild.htm
3 There is a caveat here. There are some situations in which

the veritcal mixing of species can result in a combination of abun-
dances that can mimic equilibrium at a given pressure level. This
is discussed in more detail in the next section

Model 
Uncertainties

Fig. 1.— Log of the equilibrium constant as a function of 1/ tem-
perature (Keq(T ), green) compared with vertical transport models.
Each point represents an evaluation of both sides of Equation 2 at
the 100 mbar level from the models in Figure 2. The open circles
represent these values for atmospheres in thermochemical equilib-
rium. The solid circles represent the atmospheres under an eddy
di↵usion coe�cient of 107 cm2s�1, the star, an eddy di↵usion co-
e�cient of 109 cm2s�1, and the triangle with an eddy di↵usion
coe�cient of 1011 cm2s�1. At hot temperatures all four points fall
on top of each other, suggesting that the atmosphere is in thermo-
chemical equilibrium at the 100 mbar pressure level. The model
uncertainty introduced (red) due to the uncertainty in the H2 mole
fraction and sensed pressure level is also shown.

falling on the line in Figure 1. If however, ↵ is not equal
to the equilibrium constant at that temperature, then we
can infer that the four gases are not in thermochemical
equilibrium and that there must be some process driving
those species away from equilibrium. For instance, as
we will show in the next section, for cool atmospheres if
vertical mixing is operating, CO will be dredged up from
deeper, more CO rich regions thus causing ↵ to be less
than the equilibrium constant value. In this investiga-
tion we again simply choose to focus on CH4, CO, H2O,
and H2, but in principle, any set of gases can be related
to an equilibrium constant.
We note that in most instances, H2 is not readily spec-

troscopically constrained. It can, however, be deter-
mined through mass balance arguments by assuming the
sum of the mixing ratios of all species must be unity and
that H2 or some known or assumed combination of H2
and other spectroscopically inactive gases are the only
filler gases. Additionally, through interior modeling of
the mass-radius relationship of a planet/substellar ob-
ject we may also be able to put reasonable constraints
on the bulk H2 abundances (Fortney et al. 2007; Bara↵e
et al. 2008; Rogers et al. 2011; Mordasini et al. 2012).
We will explore the impact of the uncertainties in the
H2 in the discussion section. In any case, the key is to
choose gases that can be constrained to within reason
with current observational capabilities.

3. APPROACH VALIDATION WITH VERTICAL
TRANSPORT MODELS

We use a 1-D chemical kinetics model (Allen et al.
1981) modified for exoplanets (Line et al. 2010; 2011)
to explore the consequences of vertical mixing on the
relationship established in Equation 2 as a function of

Line, M. R.,  Yung Y. L.,  ApJ 2013a
Line, M. R.,  Yung Y. L.,  ApJ 2013b
Line, M. R.,  Yung Y. L.,  ApJ 2013c

2 Line et al.
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How to calculate (and compare) 
disequilibrium in chemical processes
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Atmospheric Chemical Disequilibrium  

The extent of chemical disequilibrium

In order to measure the extent of disequilibrium, we 
have to deal with the thermodynamics of non-
equilibrium (irreversible) processes. 

The distance of a system from its equilibrium 
condition (i.e. the measure of its irreversibility) is given 
by the entropy production within a system:

diS/dt

Kondepudi & Prigogine, Modern Thermodynamics, 1998.



It can be also written as:

Kondepudi & Prigogine, Modern Thermodynamics, 1998. 
Stucki, The Optimal Efficiency and the Economic Degrees of Coupling of Oxidative Phosphorylation. Eur. J. Biochem, 109, 269-283, 1980 
Caplan and Essig, Bioenergetics and linear nonequilibrium thermodynamics; the steady state, 1999

The extent of chemical disequilibrium



www.kromepackage.org

- Python pre-processor provides Fortran routines
- Creates modules from chemical network
- Dust evolution, cooling heating photoionization
- Large test suite 
- Highly optimized, fast solvers
- Open source, bitbucket community
- Grassi T. et al., MNRAS 2014. doi:10.1093/mnras/stu114

http://www.kromepackage.org


Atmospheric disequilibrium of the Earth
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Earth Atmospheric Chemical Disequilibrium

Simoncini, Brucato, Grassi, sub. to OLEB 
S. O. Danielache, E. Simoncini,Y. Ueno, Archean Atmospheres Modeled with the KROME Chemistry Package, JPGU 2014 
Simonicni E., Virgo N., Kleidon A., Quantifying drivers of chemical disequilibrium: theory and application to methane in the Earth’s atmosphere. Earth System Dynamics 4, 1-15, 2013.
Angerhausen D., Sapers H., Simoncini E., and coworkers,  An astrobiological experiment to explore the habitability of tidally locked M-Dwarf planets, IAU 2013 Proceedings.

* Model: Kasting, J. F., and Donahue, T. M., J. Geophys. Res., 85,3255-3263. 1980 (K-80); 

* 64 layers (~1km each); 

* Eddy diffusion; 

* Entropy production and the power dissipation:



Earth Atmospheric Chemical Disequilibrium
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Earth Atmospheric Chemical Disequilibrium
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Earth Atmospheric Chemical Disequilibrium



Oxygen reactions in the K-80 network



Earth Atmospheric Chemical Disequilibrium
The energetic structure

Present Earth

Present Earth
without photochemistry

(W)

(W)



Earth Atmospheric Chemical Disequilibrium



Earth Powers

Kleidon A., Physics of Life Reviews, 7, 2010. 424-460

J  ~ W m-2



Earth Atmospheric Chemical Disequilibrium

Simoncini, Brucato, Grassi, sub. to OLEB
Kaltenegger et al., ApJ 658, 598, 2007

Kasting, J. F., Scientific American Magazine; 80  2004
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point and linearly add on the effects of an increase in CH4 and CO2 for each layer as calculated 
by Pavlov et al. (2000) for an atmosphere without oxygen.  
 
Kasting and Catling (2003) and Kasting (2004) established a guideline for the Earth’s atmosphere 
evolution. Pavlov et al. (2000) calculated Earth atmosphere profiles for a young sun with 0.71 
times the present luminosity for no oxygen but different levels of CH4 and CO2. Pavlov’s model 
provides mixing ratio and temperature profiles up to 30 km. We adapt a constant temperature 
structure between 30 km and the exosphere on the basis that there are no stratospheric-heating 
species that could act as an analog to today’s stratospheric ozone layer (see also Walker 1977). 
Segura et al. (2003) calculated Earth atmosphere profiles for varying levels of oxygen in a 
present day atmosphere and current solar output.  

 

 
Fig. 4: Schematic evolution of abundances of key atmospheric species over geological time (based on Kasting 

(2004)) 

 
Table 1: Evolution of surface abundances over geological time (based on Kasting (2004)) 

Epoch Age 
(Ga) 

CO2 (mixing 
ratio) 

CH4 (mixing 
ratio) 

O2 (mixing 
ratio) 

O3 (mixing 
ratio) 

N2O (mixing 
ratio) 

0 3.9 1.00E-01 1.65E-06 0 0 0 
1 3.5 1.00E-02 1.65E-03 0 0 0 
2 2.4 1.00E-02 7.07E-03 2.10E-04 8.47E-11 5.71E-10 
3 2.0 1.00E-02 1.65E-03 2.10E-03 4.24E-09 8.37E-09 
4 0.8 1.00E-02 4.15E-04 2.10E-02 1.36E-08 9.15E-08 
5 0.3 3.65E-04 1.65E-06 2.10E-01 3.00E-08 3.00E-07 

 
 
From the schematic evolution of abundances shown in Fig. 4, we chose 6 epochs that reflect 
significant states in the chemical composition of the atmosphere. These epochs and the 
corresponding ages and tropospheric mixing ratios are listed in Table 1.  Following standard 
practice, we use the term mixing ratio to mean the fractional number density of a species.  With 

 

 

8

8

point and linearly add on the effects of an increase in CH4 and CO2 for each layer as calculated 
by Pavlov et al. (2000) for an atmosphere without oxygen.  
 
Kasting and Catling (2003) and Kasting (2004) established a guideline for the Earth’s atmosphere 
evolution. Pavlov et al. (2000) calculated Earth atmosphere profiles for a young sun with 0.71 
times the present luminosity for no oxygen but different levels of CH4 and CO2. Pavlov’s model 
provides mixing ratio and temperature profiles up to 30 km. We adapt a constant temperature 
structure between 30 km and the exosphere on the basis that there are no stratospheric-heating 
species that could act as an analog to today’s stratospheric ozone layer (see also Walker 1977). 
Segura et al. (2003) calculated Earth atmosphere profiles for varying levels of oxygen in a 
present day atmosphere and current solar output.  

 

 
Fig. 4: Schematic evolution of abundances of key atmospheric species over geological time (based on Kasting 

(2004)) 

 
Table 1: Evolution of surface abundances over geological time (based on Kasting (2004)) 

Epoch Age 
(Ga) 

CO2 (mixing 
ratio) 

CH4 (mixing 
ratio) 

O2 (mixing 
ratio) 

O3 (mixing 
ratio) 

N2O (mixing 
ratio) 

0 3.9 1.00E-01 1.65E-06 0 0 0 
1 3.5 1.00E-02 1.65E-03 0 0 0 
2 2.4 1.00E-02 7.07E-03 2.10E-04 8.47E-11 5.71E-10 
3 2.0 1.00E-02 1.65E-03 2.10E-03 4.24E-09 8.37E-09 
4 0.8 1.00E-02 4.15E-04 2.10E-02 1.36E-08 9.15E-08 
5 0.3 3.65E-04 1.65E-06 2.10E-01 3.00E-08 3.00E-07 

 
 
From the schematic evolution of abundances shown in Fig. 4, we chose 6 epochs that reflect 
significant states in the chemical composition of the atmosphere. These epochs and the 
corresponding ages and tropospheric mixing ratios are listed in Table 1.  Following standard 
practice, we use the term mixing ratio to mean the fractional number density of a species.  With 



Earth Atmospheric Chemical Disequilibrium

Life origin and development
The weight of photochemistry

Simoncini, Brucato, Grassi, in preparation
Kaltenegger et al., ApJ 658, 598, 2007



-> Earth + fluxes (steady state)
-> Earth + simplified biosphere (not stable LV model)
-> Analysis of reaction pathways
-> Deeper analysis of sulfur chemistry
-> Influence of Sun luminosity variability

Atmospheric extent of disequilibrium

Further studies

-> Atmospheric spectra
-> Mars atmosphere 
-> Rocky and warm/hot exoplanets 
    (new models)
-> Other Solar System planets and moons

basis for habitability studies



Modeling exoplanets with KROME

KROME + Planetary Atmosphere 
Applications

+    Y. Miguel
Observatoire de Côte d’Azur, Nice, France

Miguel, Y, Simoncini, E., in prep.



Hot rocky exoplanet

=> 45 reactions

* M = 10· Me

* Star = Sun (Tsuperf = 5777 K)
* T ~ 2200 K (temperature profile by Ito et al., ApJ 801 144, 2015)
* 30 species from accretion (Y. Miguel code) 

—> part of them condensates 

* Build-up abundances and pressure profile using the Scale Height:

Miguel, Y, Simoncini, E., in prep.

* Using the T, p conditions, take out not gaseous species
* Kzz = 106 (low Martian atmosphere)
* Build-up the network: NIST, KIDA, exoplanets literature, Mercury 
atmosphere



Hot rocky exoplanet: effect of diffusion

O2

Na

Kzz ~ 105 106 107 cm2 /s

105 106 107 

Miguel, Y, Simoncini, E., in prep.
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