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Abstract: Thermodynamic disequilibrium is a necessary situation in a system in which
complex emergent structures are created and maintained. It is known that most of the
chemical disequilibrium, a particular type of thermodynamic disequilibrium, in Earth’s
atmosphere is a consequence of life. We have developed a thermochemical model for the
Martian atmosphere to analyze the disequilibrium by chemical reactions calculating the
entropy production. It follows from the comparison with the Earth atmosphere that the
magnitude of the entropy produced by the recombination reaction forming O3 (O + O2 +
CO2 ⇀↽ O3 + CO2) in the atmosphere of the Earth is larger than the entropy produced by the
dominant set of chemical reactions considered for Mars, as a consequence of the low density
and the poor variety of species of the Martian atmosphere. If disequilibrium is needed to
create and maintain self-organizing structures in a system, we conclude that the current
Martian atmosphere is unable to support large physico-chemical structures, such as those
created on Earth.
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1. Introduction

In thermodynamics, the entropy of a system is a more complex notion than a measure of spatial
disorder, and it is a quantity as fundamental as energy. Misconceptions about the macroscopic
and microscopical definitions of entropy have existed since its definition, and debates about if the
principles that govern evolution are minimizing or maximizing the entropy of the system are still open
nowadays [1]. Entropy calculations have been used in geophysics to study purely physical quantities,
such as temperature or heat fluxes on Earth [2], or for other planets, such as Mars or Titan [3], but the
study of entropy has gone beyond and has been applied to biogeophysical investigations [4,5], studying
the clouds on Earth or even modeling bacterial photosynthesis [6]. In this sense, it is believed by some
authors that the entropy production principles “govern” not only the evolution of nonequilibrium physical
and chemical systems, but also “guide” biological evolution [1].

The entropy concept is an essential quantity in equilibrium thermodynamics, and the entropy
production concept assumes this role in nonequilibrium thermodynamics. Regarding the investigations
in climate or meteorological sciences, a planetary atmosphere is an open system remaining in
a non-equilibrium state [7], and the entropy production concept seems appropriate to study its
displacement from equilibrium. As was noticed by Schneider and Kay [8], “in these dissipative systems,
the total entropy change in a system is the sum of the internal production of entropy in the system (which
is always greater than or equal tozero), and the entropy exchange with the environment which may be
positive, negative or zero”.

A planetary atmosphere is an evolving system with continuous temporal variations and is constantly
out of equilibrium. The solar flux reaching the atmosphere, biological and abiotic fluxes coming from
the surface and thermodynamic processes within the atmosphere impulse its state far from equilibrium.
A useful measurement of the atmospheric disequilibrium is the entropy, and particularly interesting for
life is the chemical disequilibrium in an atmosphere.

The Earth system is nowadays inside of the Habitable Zone, where liquid water exists, and its
atmospheric composition and structure is a consequence of the existence of life among others. The future
of the Earth’s system is uncertain, but it is believed that Mars was once in that same state. Until now,
no life activity has been discovered on Mars, and its atmosphere is much more simple than ours, with a
very low density and only a few compounds in significant amounts. Following the ideas of Boltzmann,
the entropy of the atmosphere of Mars has to be lower than the atmosphere of the Earth, since it contains
several times less compounds and less density. Despite the fact that our intuition might be correct, the
chemical entropy of the Mars atmosphere has not been calculated previously.

The analysis of the entropy production of the Earth system has been carried out successfully [9],
and the amount of data of the variables involved is widely available in the literature. However, the
determination of the entropy production for other planets is not always possible due to the lack of
necessary data.

From the biogeochemical point of view, the importance of the entropy production and disequilibrium
on Mars lies in the fact that far from equilibrium is where self-organizing structures can emerge in a
system [7]. The knowledge of the entropy production in a system can provide insights about its evolution
and constrain the processes that take place in it.



Entropy 2015, 17 5049

In this paper, we evaluate the entropy production of the present day Martian atmosphere at the surface
level. In Section 2, we present the formalism used to evaluate the chemical entropy production. In order
to correctly evaluate the entropy production, it is necessary to understand the thermodynamic parameters
involved in the calculation. We fully characterize the Gibbs free energy equation by taking into account
the variations of temperature, pressure and molar fraction and obtain a correct expression for the reverse
reaction rates.

It is known that the relatively high concentration of ozone in our atmosphere is mainly due to the
existence of life on Earth, which has increased the levels of oxygen in the atmosphere ever since the
Great Oxidation Event [10]. The little amount of O3 present in the atmosphere of Mars is due to purely
photochemical processes or at least no other mechanism is known up to now, since life has not been
discovered on the planet and there is no (or little) geological activity on the planet. In Section 3,
we determine the entropy production of the recombination reaction of ozone in Earth and Martian
environments and compare the results. The thermodynamic parameters necessary to calculate the entropy
production on Mars were obtained using the Laboratoire de Meteorologie Dynamique (LMD) General
Circulation Model [11], and the data of temperature and pressure in the lower Martian atmosphere
were taken from the Rover Environmental Monitoring Station (REMS) [12,13] on board the Curiosity
rover [14].

The results of the entropy production calculations are shown in Section 4 for all of the chemical
reactions considered. We discuss the results and summarize the main conclusions in Section 5.

2. Entropy Production in the Mars Atmosphere

A planetary atmosphere is a mixture of gases with a particular distribution, and it is mainly governed
by the solar flux reaching the atmosphere and other incoming and outgoing fluxes of energy and matter.
It is common to refer to an atmosphere as a closed system where only energy is leaving the planet, the
total mass of the atmosphere being constrained. However, it can be mixed with different compounds
and quantities. The chemical entropy of a system after Boltzmann’s interpretation gives the number of
possible ways in which the system can be distributed. Using the Clausius interpretation, heat properties
of the atmosphere could be induced from the calculations of the chemical entropy.

The entropy production is linked to biogeological evolution, recognized as the vital force of life [15];
in the words of Boltzmann, “life is not a struggle for energy or food but rather for entropy”. Far from
equilibrium, self-organizing structures, such as hurricanes or life, can emerge. Self-organization is
usually understood as the process by which systems of many components tend to reach a particular
state, a set of cycling states or a small volume of their state space (attractor basins), with no external
interference.

In a chemical system, entropy depends directly on the chemical reactions in the system, and the
entropy production is directly related to the direction of the reaction. A chemical reaction can go in the
forward direction, when the reactants are combined to give products, but it is possible to have the reverse
reaction, as well, when products are recombined to produce the reactants. These reactions depend on
the concentration of the compounds and the variables of the system, such as temperature, pressure or
volume, as is explained by Le Chatelier’s principle.
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Given a forward reaction with a reaction rate constant, kf , the mathematical expression to determine
the reverse reaction rate constant as a function of the forward reaction is usually written as:

kr =
kf

e−
∆G0
RT

(1)

This expression comes from the Gibbs free energy expression in chemical equilibrium. In chemical
equilibrium ∆G=0, and the equilibrium constant becomes Keq = kf

kr
, where kf refers to forward reaction

and kr to reverse reaction. The mathematical expressions are as follows:

∆G = ∆G0 +RT ln(Q)

0 = ∆G0 +RT ln(Keq) (2)

where, as usual, Q is renamed Keq in equilibrium. In those equations, ∆G0 is the Gibbs free
energy at unit pressure, i.e.,, ∆G0 = ∆G0(p0, T ) (Equation 5.3.6 in Kondepudi and Prigogine [16]).
Usually, this expression is used independently of the pressure conditions, due to misconceptions
in the nomenclature [17–19]. Assuming an ideal gas, following Kondepudi and Prigogine [16]
(Equation 5.3.7), the appropriate expression valid for any temperature and pressure is:

∆G(p, T ) =
T

T0

∆G(p0, T0) + T ·
∫ T

T0

−Hm(p0, T
′)

T ′2
dT ′ +RT ln(p/p0)

where Hm is the molar enthalpy at standard conditions. Assuming that the heat capacity (Cp) is constant
with temperature, this equation can be solved obtaining:

∆G(p, T ) =
T

T0

∆G(p0, T0) + T · (Hm(p0, T0) − CpT0)

[
1

T
− 1

T0

]

− CpT ln(
T

T0

) +RT ln(Q) (3)

From this last equation, we can obtain at equilibrium (∆G(p, T ) = 0 and Q = Keq) an expression
useful for the values of the thermodynamic variables using the definition of reverse reaction, kr = kf

Keq
:

e−
T
T0

∆G(p0,T0)+T (Hm(p0,T0)−CpT0)[ 1
T

− 1
T0

]−CpT ln( T
T0

)

RT = Keq =
kf
kr

(4)

This expression accounts for the changes of pressure and temperature on the system. Although it
might be not very relevant for a low temperature environment like Mars, it is very important for high
pressures and temperatures.

Visscher and Moses [20] included recently a correction factor to consider the reactions with a number
of reactants different from the products. In such a situation, the relation between the forward and
backward reactions reads:

kr =
kf

e−∆G/RT

(pT
n

)∆n

(5)

where pT is the total pressure. Assuming an ideal gas, n = pT
kBT

, the complete reverse kinetics equation is:

kr =
kf

e−
∆G(p0,T )

RT

(1.38065 × 10−22 · T )∆n (6)
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The numerical value 1.38065 × 10−22 comes from the units used in the process. The Boltzmann
constant is given in CGS units (1.38065 × 10−16) and is divided by the standard pressure (1 bar =
1 × 106 dyn/ cm2), making the units consistent. The values of reaction rate constants for Mars are found
in [21].

Once the reverse reaction rate is determined, we can calculate the entropy production of the reaction.
The entropy production is the difference between the speed at which entropy is created by the forward
reaction and destroyed by the reverse reaction. Then, it is a measurement of the velocity of the variation
of entropy, a magnitude that is useful in far from equilibrium situations. The rate of reaction is defined as
the speed at which a chemical reaction happens. According to Kondepudi and Prigogine (Equation 9.5.11
in [16]), for a chemical reaction corresponding to an elementary step, the entropy production (diS

dt
) due

to its non-equilibrium steady state is given by:(
1

V

)(
diS

dt

)
= R(Rk,f −Rk,r) log

(
Rk,f

Rk,r

)
(7)

where R is the Boltzmann gas constant, and the forward and backward rates (Rk,f , Rk,r, respectively)
of the k-th reaction can be deduced by each reaction formula (still assuming a simple reaction step).
The values of Rk,f , Rk,r are easily calculated as Rk,f = kk,f · [Xrect1][Xrect2]...[Xrectk] and Rk,r = kk,r ·
[Xprod1][Xprod2]...[Xprodk], where [X] means the concentration of the compound X .

In a situation where one of the products is exactly zero, for example [Xprod1] = 0, the reverse reaction
does not exist, and it makes no sense to talk about entropy production in this context. According to
Kondepudi and Prigogine (below; Equation 9.5.11 in [16]), this expression “is valid only for elementary
steps where whose reaction rates are specified by the stoichiometry”. As Equation (7) is derived from
Equation (5), which represents an approximation close to the equilibrium, the entropy production is a
good approximation when close to the equilibrium.

According to Equation (7), in a situation where the reverse reaction rate is extremely small, the value
of the entropy production would go to infinity. However, once a small quantity of [Xprod1] is created,
the reverse reaction can occur, and the entropy production can be calculated, being able to determine the
entropy of the reaction, σ =

∫ tf
t0

(
dS
dt

)
dt. The value of diS

dt
under those circumstances will be tending to

infinity, but it will be a numerically finite value, meaning that the reverse reaction rate is so small, that
the reverse reaction takes a long time to occur. The bigger the value, the bigger the velocity at which
the reaction is tending to equilibrium. In time, the concentration of the compound [Xprod1] will increase,
and the diS

dt
value will be a smaller numerical value, i.e., the equilibrium is being reached, and therefore,

the entropy production (which is a velocity after all) decreases.
The infinite value is only obtained when the value of the products is exactly zero, in which case it is not

possible to talk about a “reaction”. Even with the smaller value of the products, the entropy production
will have a numerical value that represents the velocity of the reaction in reaching equilibrium.

It is important to notice that Equation (7) can by applied only to pure chemical reactions.
Photochemical reactions cannot be calculated using this expression, since the reverse reaction never
happens. In this paper, we limit our study of the entropy production to the case of pure chemical
reactions in the atmosphere of Mars, although photochemical reactions are considered to determine the
concentrations of the compounds in the atmosphere in the model.
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3. Entropy Production of the Ozone Recombination Reaction

The entropy production of chemical reactions depends on the concentration of the compounds, as
well as on the temperature and pressure of the environment. In this section, we estimate the entropy
production for the reaction O + O2 + M ⇀↽ O3 + M on Mars and Earth, with M = CO2. It is known that
the presence of oxygen, and then ozone, in the Earth’s atmosphere is a consequence of life [10], but the
concentration of ozone on Mars is purely photochemical.

We have performed calculations of the entropy production of the recombination reaction of ozone for
a single altitude on Earth and Mars, to analyze the chemical disequilibrium in both systems. On Mars,
we analyze the entropy production of this reaction at the surface level, while on Earth, we analyze the
reaction at an altitude of 100 km, where the amount of atomic oxygen is reasonable and the temperature
and pressure are similar to the Martian values, to be able to compare the results. Although on Earth, the
main collisional partners (M) in the ozone recombination reaction are N2, O2 and O, we consider M =
CO2 for Earth and Mars, because CO2 is the dominant species on Mars and because it provides a lower
limit of the magnitude of the entropy production.

For the determination of the disequilibrium of the Martian atmosphere, we have used a validated
photochemical model previously used to analyze the composition of the atmosphere. The current
version of the model includes a description of the atmosphere ranging from the surface to 150 km,
divided in 131 altitude layers, and consisting of 35 atmospheric species interacting in 35 reactions. The
distribution of the vertical layers is irregular, to enable greater precision at the ground level. The first
layer describes the first few meters above the ground, whereas the upper layers span several kilometers.
The photochemical model used to develop the thermodynamic calculations has been used before in Mars
atmospheric studies [22], proving the consistency of the model, and is currently a module of the LMD
General Circulation Model [23].

The calculation of the entropy production using the 1D model or the General Circulation Model
(GCM) is the same for short-term calculations. If one wants to study the effect of the reverse reaction
for long periods (including seasonality) and the change in the concentration of the species in the
atmosphere, then the GCM would be necessary. In the short term, the variations in the concentrations as
a consequence of the reverse reactions will not be appreciable, but in the long term, those small changes
will have an effect.

In this manuscript, we determine the entropy production near the surface of Mars, because it is the
hottest layer of the planet. Even though we only report the entropy production at the surface level, we
do take into account the upper layers of the atmosphere in the calculation of the concentrations of the
species and consider the photochemistry.

Despite the fact that we determine the disequilibrium using a 1D model for Mars, the results can
be seen as representative of the atmosphere. 1D models are widely used in atmospheric sciences to
analyze chemical features of the atmosphere, and models have been developed and applied to studies of
Martian [19] or exoplanet atmospheres [24,25].

The concentration of the species used for each environment is listed in Table 1. Values for the
concentrations at the surface level in the Martian environment have been taken from the LMD General
Circulation Model [11] for a solar longitude (Ls) of 180◦. The solar longitude is the Mars to Sun angle,
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measured from the Northern Hemisphere. Ls is 0◦ at the vernal equinox (beginning of northern spring),
90◦ at summer solstice, 180◦ at autumnal equinox and 270◦ at winter solstice [26]. Values for Earth
have been taken for an altitude of 100 km from the Naval Research Laboratory Mass Spectrometer and
Incoherent Scatter Radar Exosphere (NRLMSISE) model and the U.S. standard atmospheric profile for
mid-latitudes [27].

Table 1. Concentrations (in molec/cm3) for solar longitude (Ls) 180 at noon at the surface
level on Mars and typical concentrations for Earth at an altitude of 100 km.

O O2 O3 CO2

Earth 5.741×1011 1.625×1012 3.189×106 7.206×108

Mars 1.253×109 4.129×107 1.383×10−3 3.929×1010

The concentrations of O, O2, CO2 and O3 on Earth are several orders of magnitude larger than Mars,
as explained because the processes creating ozone on Earth are different than those on Mars. The values
of the concentrations on Mars are different for each layer. In Table 1, we show the values for the surface
level on Mars, but the atmospheric profile is not uniform, in the same way that it is not uniform on Earth.
The initial atmospheric profile is generated by the GCM and used as an initialization of the 1D model.
The values shown in the table are very close to those used for the initialization of the model, since the
system is in steady state, and concentrations do not change much in one day. In principle, the 1D model
gives results close to those of the GCM, provided that the simulation is not too long, because there is no
transport and in particular no vertical redistribution of the chemical species. The use of the 1D model
for a few days there is generally correct and simplifies the calculation.

The reaction rate constant for Reaction 1, O + O2 + CO2 ⇀↽ O3 + CO2, is given by (from JPL
Evaluation 14 in [28]):

kf = 2.075 · 6.0 × 10−34 ·
(
T

300

)−2.4

(8)

which is valid for both Earth and Mars. The value of 2.075 is due to the fact that CO2 is the collisional
molecule; it is a correction to include the efficiency of CO2 as a third body [29], and it is the value
currently used in the LMD-GCM.

This reaction rate constant for the forward reaction, i.e., the creation of ozone, is dependent on
the total concentration (density) of the atmosphere. The total density of Mars at the surface level
after the General Circulation Model is ρM = 4.37E + 10 molec/cm3 and for Earth at 100 km is
ρE = 9.584E + 12 molec/cm3.

Assuming those concentrations, we can calculate the reverse reaction rate constant (i.e., the speed at
which the ozone is destructed into molecular and atomic oxygen) for both environments.

Table 2 shows the reaction rate constants for forward and reverse reactions for the Martian
environment. The reverse reaction (kr) has been calculated using the proper dependence on the Gibbs
free energy explained in Equation (4) and using the usual expression in Equation (1) (kr,classic), where
kr,classic does not account for the temperature-dependent correction term. Our calculations show that
the reverse reaction rate constant is smaller when it is calculated using the temperature dependence
in the chemical potential. The temperature of Mars is below the standard temperature of 298 K, and
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therefore, the molecular velocities are slower. It is therefore logical to think that the rate of reaction
will be slower in an environment where the temperature is lower. The reverse reaction rate constant is
usually miscalculated because of the use of the Gibbs free energy for the standard state instead of the
correct Gibbs free energy. We show in this table the importance of the correct characterization of the
thermodynamic potentials.

Table 2. Reaction rate constants for the ozone recombination reaction at the surface level on
Mars. Values for forward and reverse rates are shown. kr is the reverse reaction rate constant,
including in the chemical potential the proper dependence on temperature, and kr,classic is the
reverse reaction rate constant considering standard state values.

Time (h) kf kr kr,classic T (K) ∆ G (J·mol−1)

00 1.28×10−22 1.20×10−22 4.04×10−19 210.0 −78,662.42
01 1.35×10−22 3.10×10−23 1.69×10−19 205.0 −79,238.84
02 1.37×10−22 2.34×10−23 1.40×10−19 204.0 −79,354.13
03 1.40×10−22 1.33×10−23 9.71×10−20 202.0 −79,584.69
04 1.44×10−22 7.45×10−24 6.72×10−20 200.0 −79,815.28
05 1.44×10−22 7.45×10−24 6.72×10−20 200.0 −79,815.28
06 1.29×10−22 9.13×10−23 3.40×10−19 209.0 −78,777.70
07 1.15×10−22 1.49×10−21 2.05×10−18 220.0 −77,509.58
08 1.08×10−22 4.82×10−21 4.37×10−18 225.0 −76,933.16
09 1.05×10−22 9.46×10−21 6.77×10−18 228.0 −76,587.28
10 0.99×10−22 3.49×10−20 1.56×10−17 234.0 −75,895.56
11 8.96×10−23 2.17×10−19 5.07×10−17 243.0 −74,858.00
12 8.27×10−23 1.19×10−18 1.50×10−16 252.0 −73,820.42
13 8.03×10−23 2.03×10−18 2.13×10−16 255.0 −73,474.58
14 8.03×10−23 2.03×10−18 2.13×10−16 255.0 −73,474.58
15 7.96×10−23 2.42×10−18 2.37×10−16 256.0 −73,359.30
16 8.19×10−23 1.42×10−18 1.69×10−16 253.0 −73,705.14
17 9.63×10−23 5.32×10−20 2.05×10−17 236.0 −75,665.00
18 1.04×10−22 1.19×10−20 7.81×10−18 229.0 −76,471.98
19 1.07×10−22 6.06×10−21 5.07×10−18 226.0 −76,817.86
20 1.12×10−22 2.40×10−21 2.79×10−18 222.0 −77,279.00
21 1.15×10−22 1.17×10−21 1.76×10−18 219.0 −77,624.84
22 1.20×10−22 4.36×10−22 9.30×10−19 215.0 −78,086.02
23 1.24×10−22 2.62×10−22 6.70×10−19 213.0 −78,316.56

According to Equation (7), the entropy production for this particular reaction can be calculated as:(
1

V

)(
diS

dt

)
= R(kf [O][O2][CO2] − kr[O3][CO2]) ln

(
kf [O][O2]

kr[O3]

)
(9)

Using the values in Tables 1 and 2, we can calculate the entropy production for Earth and Mars at any
time. For example, at noon, the entropy production per second for a unitary volume for Reaction 1 on
Mars is 6.86 ×107 J/mol/K and for Earth is 8.18 ×1015 J/mol/K.
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In Figure 1, we show the entropy production per second for the O + O2 + CO2 ⇀↽ O3 + CO2 reaction
at the surface level in the Martian atmosphere. The results are shown for Ls 180 as an example of
the evolution of the chemical entropy within a day. The sign of the reaction is positive, meaning
that the entropy is increasing as a consequence of this chemical reaction, and it changes during the
day. The profile is regulated by the changes in thermodynamic variables and the composition of the
atmospheric species. As can be seen, the system usually reaches equilibrium almost instantaneously for
a given value of temperature and pressure, and the variation in entropy production is almost constant
for a given temperature. However, some points at certain hours show a different behavior, as for
example those points at Hour 6 and Hour 18. The non-constant behavior in the entropy production
at those hours is a consequence of the changes in the concentration of the compounds and changes
in the thermodynamic variables at the crater Gale. The chemistry is “disturbed” by the changes in
temperature and pressure, and it takes a while until it goes back to normality. In Figure 2, we show
the concentration of ozone in the Martian atmosphere at the surface level at Ls 180. When the sun
rises around Hour 6, the ozone concentration decreases drastically in two orders of magnitude as a
consequence of photochemical reactions, creating a perturbation in the entropy production. At Hour
18, with sunset, the ozone concentration starts to increase, creating also a perturbation in the entropy
production.

O + O2 + CO2 O3 + CO2

En
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n
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50

100
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Time (Hour)
0 5 10 15 20

Figure 1. Entropy production per second (J·mol−1·K−1) of O + O2 + CO2 ⇀↽ O3 + CO2 on
Mars at the surface level for Ls 180◦. The y-axis scale is linear, i.e., values are multiplied
by 106 J·mol−1·K−1.
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Figure 2. Ozone concentration (molec/cm3) in the Martian atmosphere at the surface level
during one Martian day at Ls 180◦.

4. Results

In this section, we evaluate the chemical entropy production at the surface level in the Martian
atmosphere for a set of 35 reactions. Some of them are exothermic, and this is taken into account in the
calculations of the Gibbs free energy, necessary to determine the entropy production. As temperature,
pressure and molar fractions are changing during the day, the entropy production, i.e., the rate at which
entropy is produced, is also changing.

Table 3. Concentration of the compounds in molec/cm3 at noon (Ls 180◦).

Compound Concentration Compound Concentration Compound Concentration

O 1.253 ×109 H2O 4.261 CH4 73.803
O2 4.129 ×107 HO2 1.077 ×10−7 CH2O 0.728
O3 1.383 ×10−3 H2O2 6.350 ×10−14 CH3O 1.032 ×10−4

OH 3.045 CO2 3.929 ×1010 NO 26.239
H2 824479.5 CH3 6.854 ×10−4 NO2 1.347 ×10−14

The composition of the Martian atmosphere is determined by physico-chemical processes. An
example of the concentration of the compounds used in this work is shown in Table 3 for Ls 180 at
noon in molec/cm3. Using our thermochemical model, we are able to determine the instant entropy
production for the current Mars’ atmosphere. In Table 4, the entropy production by chemical reactions
for a set of 35 reactions is shown for Ls 180 at noon. The reactions used in this model are consistent
with the Martian atmosphere and have been used previously to analyze the Martian atmosphere [22].
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Table 4. Entropy production per second (J/mol/K) by chemistry in the Martian atmosphere
for Ls 180 at noon.

Number Reaction σ (J/mol/ K)

1 O + O2 + CO2 ⇀↽ O3 + CO2 6.86×107

2 O + O + CO2 ⇀↽ O2 + CO2 1.75×1010

3 O + O3 ⇀↽ O2 + O2 3.44×10−7

4 O(1d) + CO2 ⇀↽ O + CO2 −7.87×105

5 O(1d) + H2O ⇀↽ OH + OH −2.84×10−4

6 O(1d) + H2 ⇀↽ OH + H 7.63
7 O(1d) + O2 ⇀↽ O + O2 −284.42
8 O(1d) + O3 ⇀↽ O2 + O2 3.25×10−6

9 O(1d) + O3 ⇀↽ O2 + O + O −1.03×10−7

10 O(1d) + CH4 ⇀↽ CH3 + OH 1.66×10−3

11 O(1d) + CH4 ⇀↽ CH3O + H 4.54×10−4

12 O(1d) + CH4 ⇀↽ CH2O + H2 9.33×10−4

13 O + HO2 ⇀↽ OH + O2 2.45×10−6

14 O + OH ⇀↽ O2 + H 30.87
15 H + O3 ⇀↽ OH + O2 4.46×10−7

16 H + HO2 ⇀↽ OH + OH 8.72×10−11

17 H + HO2 ⇀↽ H2 + O2 1.47×10−12

18 H + HO2 ⇀↽ H2O + O 7.13×10−13

19 OH + HO2 ⇀↽ H2O + O2 4.56×10−15

20 HO2 + HO2 ⇀↽ H2O2 + O2 0.00
21 OH + H2O2 ⇀↽ H2O + HO2 7.92×10−23

22 OH + H2 ⇀↽ H2O + H 1.15×10−6

23 H + O2 + CO2 ⇀↽ HO2 + CO2 2.02×105

24 O + H2O2 ⇀↽ OH + HO2 9.64×10−18

25 OH + OH ⇀↽ H2O + O 1.74×10−9

26 OH + O3 ⇀↽ HO2 + O2 3.88×10−14

27 HO2 + O3 ⇀↽ OH + O2 + O2 1.04×10−12

28 HO2 + HO2 + CO2 ⇀↽ H2O2 + O2 + CO2 0.00
29 OH + OH + CO2 ⇀↽ H2O2 + CO2 0.00
30 H + H + CO2 ⇀↽ H2 + CO2 9.36
31 NO2 + O ⇀↽ NO + O2 2.06×10−14

32 NO + O3 ⇀↽ NO2 + O2 2.08×10−13

33 NO + HO2 ⇀↽ NO2 + OH 7.26×10−15

34 OH + CO ⇀↽ CO2 + H 0.12
35 O + CO + m ⇀↽ CO2 + m 3.35×10−5

Total 1.75×1010

With the calculations show in Section 3 and Table 4, it is demonstrated that the entropy production
per second on Earth for a single reaction (ozone recombination reaction, σ = 8.18 ×1015 J/mol/K) is
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several orders of magnitude larger than the total entropy production per second on Mars (35 reactions
listed in Table 4, σ = 1.75×1010 J/mol/K). In order to make a numerical comparison between the entropy
production on the two planets, a model for the Earth atmosphere entropy production should be done,
although it is clear that the entropy production of the Earth’s atmosphere will be greater than that on Mars.

5. Conclusions

We have demonstrated that the entropy production of the recombination reaction of ozone (O + O2

+ CO2 ⇀↽ O3 + CO2) on Earth is several orders of magnitude larger than 35 chemical reactions on the
Martian atmosphere. Note that the surface level is the hottest place in the atmosphere, but these results
can be applied for every altitude on Mars. The low density and number of chemically-active species on
Mars are responsible for the low entropy production of its atmosphere. On Earth, it is well known that
the chemical disequilibrium in its atmosphere is due to living beings, but the small disequilibrium on
Mars is believed to be a consequence of abiotic causes, such as the solar flux.

A large portion of life on Earth uses the molecular oxygen of the atmosphere in the respiration
processes. During the day, oxygen is released to the atmosphere and is a consequence of photosynthetic
life, and during the night, that oxygen is used by plants to complete the respiration process. Oxygen is
necessary for photosynthesis and, at the same time, is increasing in our atmosphere as a consequence
of it. The same applies for disequilibrium, which is a requirement for life, but is also a consequence
of it [30]. Disequilibrium is important in nature, and it is intimately related to life. One of the first
requirements for the formation of living beings is disequilibrium, but this is not only limited to life.
When a system is far from equilibrium, organized structures can emerge. Hurricanes are an example
of a structure that needs disequilibrium to occur [31]. In view of these results, the disequilibrium of
Mars’ atmosphere is several orders of magnitude lower than on Earth, which could be interpreted as the
small potential of the Mars atmosphere to create organized structures at a large scale as occurs on Earth.
However, the existence of “complex” structures on Mars has been verified, such as dust devils. These
little “hurricanes” are small compared to the Earth’s hurricanes and are pure dynamical processes; only
physical processes are involved. Hurricanes on Earth involve water and the water cycle, but on Mars,
only dust particles are involved. With the low chemical thermodynamic disequilibrium existing in the
atmosphere of Mars nowadays, it seems very hard to create and maintain living structures on the surface.

The existence of disequilibrium as a biomarker has been proposed [32–35]. However, although it
is true that in some cases, it can be related to life, such as the case of the Earth, abiotic processes can
create and maintain chemical disequilibrium. Jupiter’s atmosphere is a mixture of gases with dynamical
properties that can generate structures that are visible, even from the Earth, and no one believes that
there is life on the planet. The determination of life cannot be done by simply analyzing the amount of
disequilibrium of an atmosphere.

The entropy production in a system is a measurement of the disequilibrium of a system, which is a
requirement for life. As has been noticed in the literature [30,36,37], disequilibrium is needed to create
and maintain life, since it is far from equilibrium, where self-organizing structures can emerge.

In order to calculate the chemical disequilibrium of the atmosphere of Mars, we have developed a
1D thermochemical model of the Martian atmosphere and calculated the forward and reverse reaction
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rate constants. As the thermodynamic variables of the system are changing, the values of the reaction
rate constants are also changing. We determine the chemical potential of the compounds, including the
correct dependence on pressure and temperature, and use those calculations to calculate the reverse rate
of reactions. By comparison with previous approaches that do not include the changes in temperature
and pressure, we find that the obtained reverse reaction rate constants are a few orders of magnitude
lower at all altitudes in the atmosphere than previously thought.

We compare the disequilibrium in the atmosphere of Mars with one reaction in Earth’ atmosphere
and conclude that that reaction on Earth is able to create more disequilibrium than the entire Martian
atmosphere at all altitudes. The Mars system is not as far from equilibrium as the Earth is, and the
complex structures that are possible to be created on Earth, such as life itself, might not be able to be
created on Mars.

On Earth, chemical disequilibrium is a consequence of life on Earth, but it cannot be called a
biomarker for other planets. Big complex structures are created on Jupiter and other planets by purely
abiotic processes, which directly contradicts the idea that disequilibrium is a biomarker for that planet.
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Nomenclature

Cp heat capacity (J/mol/K) R gas constant (J/mol/K)
∆ G Gibbs free energy (J/mol) dS

dt
entropy production (J/mol/K/s)

H enthalpy (J/mol) t time (s)
kb Boltzmann constant (J/K) T temperature (K)
kf forward reaction rate V volume (L)
kr reverse reaction rate 0 standard conditions
Keq equilibrium constant ρ density (molec/cm3)
Ls solar longitude (◦) σ integrated entropy per second (J/mol/K)
p pressure (Pa)



Entropy 2015, 17 5060

References

1. Martyushev, L.M. Entropy and Entropy Production: Old Misconceptions and New Breakthroughs.
Entropy 2013, 15, 1152–1170.

2. Ozawa, H.; Ohmura, A.; Lorenz, R.D.; Pujol, T. The second law of thermodynamics and the global
climate system: A review of the maximum entropy production principle. Rev. Geophys. 2003, 41,
1018–1042.

3. Lorenz, R.D.; Lunine, J.I.; McKay, C.P.; Withers, P.G. Entropy Production by Latitudinal Heat
Flow on Titan, Mars and Earth. Geophys. Res. Lett. 2001, 28, 415–418.

4. Kleidon, A. Beyond Gaia: Thermodynamics of life and Earth system functioning. Clim. Chang.
2004, 66, 271–319.

5. Kleidon, A. How does the Earth system generate and maintain thermodynamic disequilibrium and
what does it imply for the future of the planet?. Phil. Trans. R. Soc. A 2012, 370, 1012–1040.

6. Juretic, D.; Zupanovic, P. Photosynthetic models with maximum entropy production in irreversible
charge transfer steps. Comp. Biology Chem. 2003, 27, 541–553.

7. Nicholls, G.; Prigogine, I. Selforganization in Nonequilibrium Systems; Academic Press:
New York, NY, USA, 1977.

8. Schneider, E.D.; Kay, J.J. Order from Disorder: The Thermodynamics of Complexity in Biology.
In What is Life: The Next Fifty Years; Reflections on the Future of Biology; Murphy, M.P.,
O’Neill, L.A.J., Eds; Cambridge University Press: Cambridge, UK, 1997; pp. 161–172.

9. Kleidon, A.; Lorenz, R.D. Non-Equilibrium Thermodynamics and the Production of Entropy;
Springer: Berlin, Germany, 2004; ISBN 3540224955.

10. Lane, N. Oxygen: The Molecule that Made the World; Oxford University Press: Oxford, UK, 2004.
11. Forget, F.; Wordsworth, R.; Millour, E.; Madeleine, J.-B.; Kerber, L.; Leconte, J.; Marcq, E.;

Haberle, R.M. 3D modelling of the early martian climate under a denser CO2 atmosphere:
Temperatures and CO2 ice clouds. Icarus 2013, 222, 81–99.

12. Gómez-Elvira, J.; Armiens, C.; Castaner, L.; Domínguez, M.; Genzer, M.; Gómez, F.; Haberle, R.;
Harri, A.-M.; Jimenez, V.; Kahanpää, H.; et al. REMS: An Environmental Sensor Suite for the
Mars Science Laboratory. Space Sci. Rev. 2012, 170, 5–56.

13. Gómez-Elvira, J.; Armiens, C.; Carrasco, I.; Genzer, M.; Gómez, F.; Haberle, R.; Hamilton, V.E.;
Harri, A.-M.; Kahanpää, H.; Kemppinen, O.; et al. Curiosity’s Rover Environmental
Monitoring Station: Overview of the First 100 Sols. J. Geophys. Res.: Planets 2014,
doi:10.1002/2013JE004576.

14. Grotzinger, J.P.; Crisp, J.; Vasavada, A.R.; Anderson, R.C.; Baker, C.J.; Barry, R.; Blake, D.F.;
Conrad, P.; Edgett, K.S.; Ferdowski, B.; et al. Mars Science Laboratory Mission and Science
Investigation. Space Sci. Rev. 2012, 170, 5–56.

15. Karo, M. Entropy Production and the Origin of Life. J. Mod. Phys. 2011, 2, 595-601.
16. Kodepudi, D.; Prigogine, I. Modern Thermodynamics: From Heat Engines to Dissipative

Structures; Wiley: New York, NY, USA, 1998.
17. Jakosky B.M.; Shock, E.L. The biological potential of Mars, the early Earth and Europa.

J. Geophys. Res. 1998, 103, 19359–19364.



Entropy 2015, 17 5061

18. Tierney, L.L.; Jakosky, B.M. Assessing the habitability of Meridiani Planum, Mars, based on
thermodynamic energy requirements. In Proceedings of the 39th Lunar and Planetary Science
Conference, (Lunar and Planetary Science XXXIX), League City, TX, USA, 10–14 March 2008;
p. 1396.

19. Boxe, C.S.; Hand, K.P.; Nealson, K.H.; Yung, Y.L.; Saiz-Lopez, A. An active nitrogen cycle on
Mars sufficient to support a subsurface biosphere. Int. J. Astrobiol. 2012, 11, 109–115.

20. Visscher, C.; Moses, J.I. Quenching of Carbon Monoxide and Methane in the Atmospheres of Cool
Brown. Astrophys. J. 2011, 738, 72.

21. Yung, Y.L.; DeMore, W.B. Photochemistry of Planetary Atmospheres; Oxford University Press:
New York, NY, USA, 1999.

22. Lefevre F.; Forget, F. Observed variations of methane on Mars unexplained by known atmospheric
chemistry and physics. Nature 2009, 460, 720–723.

23. Lefèvre, F. Coupling a Photochemical Model and the LMD-GCM. Abstract, Granada, 2003.
Available online: http://www-mars.lmd.jussieu.fr/granada2003/abstract/lefevre.pdf (accessed on
17 July 2015).

24. Stevenson, K.B.; Harrington, J.; Nymeyer, S.; Madhusudhan, N.; Seager, S.; Bowman, W.C.;
Hardy, R.A.; Deming, D.; Rauscher, E.; Lust, N.B. Possible thermochemical disequilibrium in
the atmosphere of the exoplanet GJ 436b. Nat. Lett. 2010, 464, 1161–1164.

25. Moses, J.I.; Visscher, C.; Fortney, J.J.; Showman, A.P.; Lewis, N.K.; Griffith, C.A.; Klippenstein,
S.J.; Shabram, M.; Friedson, A.J.; Marley, M.S.; et al. Disequilibrium carbon, oxygen, and nitrogen
chemistry in the atmospheres of HD 189733b and HD 209458b. Astrophys. J. 2011, 737, 15.

26. Martian Seasons and Solar Longitude. Available online: http://www-mars.lmd.jussieu.fr/mars/
time/solar_longitude.html (accessed on 17 July 2015).

27. Fleming, E.L.; Chandra, S.; Barnett, J.J.; Corney, M. Zonal mean temperature, pressure, zonal wind
and geopotential height as function of latitude. Adv. Space Res. 1990, 10, 11–59.

28. JPL Publication 02-25. Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies,
Evaluation Number 14. Available online: http://jpldataeval.jpl.nasa.gov/pdf/JPL_02-25_rev02.pdf
(accessed on 17 July 2015).

29. Sehested, J.; Nielsen, O.J.; Egsgaard, H.; Wessel Larsen, N.; Pedersen, T.; Christensen, L.K.;
Wiegell, M. First direct kinetic study of isotopic enrichment of ozone. J. Geophys. Res. 1995, 100,
20979–20982.

30. Mast, C.B.; Osterman, N.; Braun, D. Disequilibrium first: the origin of life. J. Cosmol. 2010, 10,
3305–3314.

31. Kleinschmidt, E., Jr. Gundlagen einer Theorie des tropischen Zyklonen. Arch. Meteorol. Geophys.
Bioklimatol. Ser. A 1951, 4, 53–72.

32. Lovelock, J.E. A physical basis for life detection experiments. Nature 1965, 207, 568–570.
33. Hitchcock, D.R.; Lovelock, J.E. Life detection by atmospheric analysis. Icarus 1967, 7, 149–159.
34. Sagan, C.; Thompson, W.R.; Carlson, R.; Gurnett, D.; Hord, C. A search for life on Earth from the

Galileo spacecraft. Nature 1993, 365, 715–721.

http://www-mars.lmd.jussieu.fr/granada2003/abstract/lefevre.pdf
http://www-mars.lmd.jussieu.fr/mars/time/solar_longitude.html
http://www-mars.lmd.jussieu.fr/mars/time/solar_longitude.html
http://jpldataeval.jpl.nasa.gov/pdf/JPL_02-25_rev02.pdf


Entropy 2015, 17 5062

35. Catling, D.C.; Bergsman, D.S. On detecting exoplanet biospheres from atmospheric chemical
disequilibrium. In Proceedings of the Astrobiology Science Conference, League City, TX, USA,
26–29 April 2010.

36. Branscomb, E.; Russell, M.J. Turnstiles and bifurcators: The disequilibrium converting engines
that put metabolism on the road. Biochim. Biophys. Acta 2012, 1827, 62–78.

37. National Research Council. The Limits of Organic Life in Planetary Systems (“The Weird Life
Report”); National Academies Press: Washington, D.C., USA, 2007.

38. Levine, J.S.; Summers, M.E.Non-Equilibrium Thermodynamic Chemistry and the Composition of
the Atmosphere of Mars. In Proceedings of the Sixth International Conference on Mars, Pasadena,
CA, USA, 20–25 July 2003.

c© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).


	Introduction
	Entropy Production in the Mars Atmosphere
	Entropy Production of the Ozone Recombination Reaction
	Results
	Conclusions

