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Abstract With a Monte Carlo model we investigate the escape of hot oxygen and carbon from the
Martian atmosphere for four points in time in its history corresponding to 1, 3, 10, and 20 times the present
solar EUV flux. We study and discuss different sources of hot oxygen and carbon atoms in the thermosphere
and their changing importance with the EUV flux. The increase of the production rates due to higher
densities resulting from the higher EUV flux competes against the expansion of the thermosphere and
corresponding increase in collisions. We find that the escape due to photodissociation increases with
increasing EUV level. However, for the escape via some other reactions, e.g., dissociative recombination
of O+

2 , this is only true until the EUV level reaches 10 times the present EUV flux and then the rates start
to decrease. Furthermore, our results show that Mars could not have had a dense atmosphere at the end
of the Noachian epoch, since such an atmosphere would not have been able to escape until today. In the
pre-Noachian era, most of the magma ocean and volcanic activity-related outgassed CO2 atmosphere could
have been lost thermally until the Noachian epoch, when nonthermal loss processes such as suprathermal
atom escape became dominant. Thus, early Mars could have been hot and wet during the pre-Noachian era
with surface CO2 pressures larger than 1 bar during the first 300 Myr after the planet’s origin.

1. Introduction

Throughout their evolution, planetary atmospheres are strongly influenced by the radiation and particle emis-
sions from their host star. Different studies have shown that the Sun’s radiation in the extreme ultraviolet (EUV)
part of the solar spectrum was higher in the past [Ribas et al., 2005; Tu et al., 2015], and thus, the planetary
atmospheres are exposed to varying external conditions. Tu et al. [2015] have shown that the star’s initial rota-
tion rate and its rotational evolution play an important role for the EUV flux enhancement and the evolution
of the atmospheres of terrestrial planets.

The timescales of different epochs in the Martian history depend on the evolution of the solar EUV flux
[e.g., Tu et al., 2015]. As shown by Tian et al. [2009] for EUV fluxes higher than about 20 times that of today’s
Sun, Mars’s CO2 atmosphere will experience high thermal loss rates, such that one cannot expect the buildup
of a dense atmosphere [Lammer et al., 2013; Erkaev et al., 2014]. Because of the high EUV flux (≥20 EUV) of
the young Sun, a large fraction of IR-cooling molecules in the thermosphere, such as CO2 (also a greenhouse
gas), has been dissociated. Due to Mars’s low gravity, the upper atmosphere expanded hydrodynamically, so
that hydrodynamic blowoff of hydrogen and strong thermal escape rates of heavier species, such as O and C
atoms, occurred independently of the early Mars’s magnetic field [Tian et al., 2009].

There is geomorphologic evidence [e.g., Craddock and Maxwell, 1993; Malin and Edgett, 2003] that the early
Martian climate during the Noachian (4.1–3.7 Gyr ago) and Hesperian (3.7–2.0 Gyr ago) epochs should have
been warm enough for liquid water flow, at least sporadically, on the surface. Remote sensing from Mars
orbiters and in situ analyses of the surface mineralogy by Mars rovers indicate also the local presence of min-
erals such as clay/phyllosilicates, clathrates, opalia silica, sulfates, and chlorides, which require liquid water for
their formation [e.g., Gendrin et al., 2005; Bibring et al., 2006; Osterloo et al., 2008; Squyres et al., 2008]. From
these observations it is clear that the environmental conditions on early Mars varied substantially throughout
the Noachian and Hesperian era.

RESEARCH ARTICLE
10.1002/2016JE005175

Key Points:
• Escape of suprathermal atoms from

Mars’s atmosphere with increasing
EUV flux is studied

• Mars could not have had a dense
atmosphere at the end of the
Noachian epoch

• Mars’s surface pressure could have
been larger than 1 bar during the first
300 Myr after the planet’s origin

Correspondence to:
U. V. Amerstorfer,
ute.amerstorfer@oeaw.ac.at

Citation:
Amerstorfer, U. V., H. Gröller,
H. Lichtenegger, H. Lammer, F. Tian,
L. Noack, M. Scherf, C. Johnstone,
L. Tu, and M. Guedel (2017), Escape
and evolution of Mars’s CO2
atmosphere: Influence of suprathermal
atoms, J. Geophys. Res. Planets, 122,
1321–1337, doi:10.1002/2016JE005175.

Received 19 SEP 2016

Accepted 18 MAY 2017

Accepted article online 22 MAY 2017

Published online 17 JUN 2017

©2017. American Geophysical Union.
All Rights Reserved.

AMERSTORFER ET AL. EVOLUTION OF MARS’S CO2 ATMOSPHERE 1321

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9100
http://orcid.org/0000-0003-1516-5441
http://orcid.org/0000-0001-6327-2757
http://orcid.org/0000-0003-0468-9610
http://orcid.org/0000-0002-8053-1041
http://orcid.org/0000-0001-9818-0588
http://dx.doi.org/10.1002/2016JE005175


Journal of Geophysical Research: Planets 10.1002/2016JE005175

However, it is unknown if the conditions suitable for liquid water were stable on longer timescales, or if
they were the consequences of episodic, possibly catastrophic events. Recent sophisticated 3-D global cli-
mate simulations of the early Martian atmosphere suggest that the annual mean temperature could not have
reached values above 0∘C anywhere on the planet by a CO2 atmosphere and that the conditions do not allow
long-term liquid water on the surface [Forget et al., 2013; Wordsworth et al., 2013]. The models predict a col-
lapse of the atmosphere into permanent CO2 ice caps for pressures higher than 3 bar or, if the obliquity is low
enough, for pressure values less than 1.0 bar. These model results indicate a cold early Mars, where noncli-
mate processes have to be responsible for liquid water. Other studies included greenhouse effects by gases
such as CH4 and SO2 [Johnson et al., 2008; Halevy and Head III, 2014]. These gases are also unable to raise the
surface temperature because CH4 causes stratospheric warming at the expense of surface warming [Ramirez
et al., 2014] and SO2 forms sulfate aerosols which act as coolers for the climate, too [Tian et al., 2010; Kerber
et al., 2015]. The latest hypothesis on the Martian climate is related to global cirrus cloud decks in a CO2-H2O
atmosphere with at least 250 mbar of CO2, which might have been able to keep Mars warm [Urata and Toon,
2013]. Recently, Ramirez and Kasting [2017] showed that this process works only for special cloud properties
and if cirrus clouds cover about 75–100% of the planet. Therefore, these authors conclude that it is most likely
that the cirrus cloud hypothesis does not provide the necessary warming, which indicates the need for other
greenhouse mechanisms.

In the early pre-Noachian epoch after the solidification of an early Martian magma ocean, as it was shown
by Erkaev et al. [2014], catastrophically outgassed volatiles with the amount of 50–250 bar H2O and about
10–55 bar CO2 [Elkins-Tanton, 2008] could have been lost during the EUV saturation period of the young Sun, if
the EUV flux was larger than 100 times the present solar value. Especially, if the majority of CO2 molecules had
been dissociated and if the impact-related energy flux of large planetesimals and small embryos to the planet’s
surface lasted long enough, the steam atmosphere could have been prevented from condensing [Maindl et al.,
2015]. However, if the solar EUV flux was lower, so that CO2 molecules might not have been effectively disso-
ciated or dragged away by the thermally escaping hydrogen flux, then the results suggest temporary periods
(e.g., through impacts or episodic volcanic outgassing), where some amount of liquid water might have been
present on the planet’s surface.

Besides the catastrophic outgassing due to magma ocean solidification, later degassing by volcanic processes
could have built up a secondary CO2 atmosphere during the Noachian and Hesperian epochs [e.g., Phillips
et al., 2001; Grott et al., 2011; Lammer et al., 2013]. Investigating such a scenario, Tian et al. [2009] assumed
volcanic outgassing rates in analogy to Earth based on studies of Phillips et al. [2001]. In such cases, high
atmospheric CO2 surface pressures of the order of about 1.5 bar are obtained for the outgassing associated
with the formation of Tharsis alone [Phillips et al., 2001]. Assumptions of higher volatile amounts as in Tian
et al. [2009], which yield atmospheres with a surface pressure of about 3 bar during the late Noachian/early
Hesperian era, do not agree with recent paleopressure studies of Kite et al. [2014]. These authors considered
the estimates from the size-frequency distribution of small ancient craters (>3.6 Gyr ago) interspersed with
river deposits in the Aeolis region in combination with simulations of the effect of atmospheric pressure on the
crater flux and obtained upper limits for the surface pressure values of approximately 0.9–1.9 bar (depending
on model assumptions). In agreement with Kite et al. [2014], Hu et al. [2015] found that the current atmo-
spheric isotope ratio 13C∕12C and carbonate measurements hint at an early Martian atmosphere with less
than 1 bar surface pressure. They considered sputtering and photochemical escape of C and extrapolated the
current escape rates to the past. They underline, however, that the understanding of how the photochemi-
cal escape rates change with the EUV flux is of great importance to minimize the uncertainties in the surface
pressure estimates.

Moreover, Hirschmann and Withers [2008] and Stanley et al. [2011] reinvestigated the CO2 content of Martian
magmas and found that apart from pressure and temperature conditions in the magma source regions, the
CO2 content primarily depends on oxygen fugacity. For a plausible range of pressure-temperature conditions,
their estimates yield CO2 contents in Martian magmas of about 0.01–0.1 wt %, indicating that the magmatic
CO2 content has probably been overestimated in previous models. A lower CO2 content reduces of course
the amount of CO2 released to the atmosphere by volcanoes. Hirschmann and Withers [2008] estimated that
approximately 0.1–1 bar of CO2 could have been outgassed after 0.7 Gyr, which agrees well with the lower
value of the paleopressure estimates by Kite et al. [2014].
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Based on the findings of Hirschmann and Withers [2008], Grott et al. [2011] applied a parameterized thermo-
chemical evolution model [Morschhauser et al., 2011] for volcanic outgassing on early Mars by considering
two end-member melting models. They calculated self-consistently the amount of outgassed CO2 and H2O
during the Martian evolution. It was found that outgassing rates depend primarily on the bulk mantle water
content, the mantle oxygen fugacity, and the local melt fraction in the magma source regions. By assuming a
global melt channel, outgassing is most efficient in the pre-Noachian era (up to 4.1 Gyr ago: about 750 mbar)
but still significant during the Noachian epoch, where about 250 mbar of CO2 could be outgassed between
4.1 and 3.7 Gyr ago. Outgassing decreases significantly during the Hesperian (3.7–2 Gyr ago: about 20 mbar)
and Amazonian (2 Gyr ago to present) eras. In case one assumes that melting is restricted to localized man-
tle plumes, then approximately 240 and 365 mbar could have been outgassed during the Noachian and
Hesperian epochs, respectively. For both melt channel scenarios, a total of approximately 0.9–1 bar CO2 could
have been outgassed by volcanoes.

From these times until today, the Martian atmosphere was most likely modified by a complex interplay of
escape by suprathermal atoms [e.g., Fox, 2004], sputtering [Jakosky et al., 1994], ion escape, impacts, carbon-
ate precipitation, and serpentinization [Chassefière and Leblanc, 2011], which led to the present-day surface
pressure. Zhao and Tian [2015] calculated photochemical escape of oxygen from a Mars atmosphere exposed
to 1, 3, 10, and 20 times the present solar EUV flux. They focused on dissociative recombination of O+

2 as source
of the energetic oxygen atoms. Gröller et al. [2014], however, have shown that dissociative recombination of
CO+

2 also plays an important role in producing hot oxygen atoms in the present Martian atmosphere. This
finding was recently confirmed by Lee et al. [2015]. In the present work, we extend the study of Zhao and Tian
[2015] by including more source reactions for hot oxygen and by including hot carbon, since both species
are connected to the loss of CO2 throughout the Martian evolution. We also discuss thermal loss in the very
early times of Mars and several volcanic outgassing scenarios, which represent a CO2 input to the atmosphere.
Gillmann et al. [2009] and Gillmann et al. [2011] similarly studied the combined effect of volcanic outgassing
and atmospheric escape on the atmosphere of Mars. They extrapolated loss rates of different processes to
the past and used the scaling laws by Ribas et al. [2005] to relate different EUV levels to times in the past. The
results of Gillmann et al. [2011] suggest that the Martian atmospheric pressure was around 50 mbar 4 Gyr ago
and that today’s atmosphere consists, to a large part, of volcanic gases.

With this study we want to address the following questions:

1. How does the importance of different production reactions of hot O and hot C vary with a higher EUV flux?
2. How much CO2 can approximately be lost through suprathermal atoms since the Noachian era?
3. How does loss through suprathermal atoms influence the evolution of the Martian surface pressure?

In section 2 we describe the Monte Carlo model, the atmospheric input parameters, and the production reac-
tions used to study the escape of hot O and C from the atmosphere of Mars for different EUV flux exposures.
Section 3 presents the results of our investigation, and section 4 discusses implications for the surface pressure
evolution. A summary and conclusions of our findings are presented in section 5.

2. Model Description and Input
2.1. Monte Carlo Model
Energetic hot atoms in the atmosphere of Mars are produced via different source reactions. For a specific
reaction, we determine the corresponding velocity distribution for the reaction products at discrete altitudes.
We follow these products along their three-dimensional path through the thermosphere up to the exobase
in the gravitational field of Mars. On their way, the hot particles interact with the background neutral atmo-
sphere via collisions and lose on average part of their initial energy, whereas background particles gain energy
through such collisions and may thus become hot. We adopt the following strategy for considering new sec-
ondary hot particles: Denoting the energy of the background particle before and after the collision by E and
E′, respectively, a new secondary hot particle is created if E < 1.5 Etherm and E′ > 1.5 Etherm (with Etherm being
the thermal energy). When E > 1.5 Etherm, the particle is only considered as hot if E′ > 1.5 E. The factor 1.5 is a
compromise between taking the relevant particles with high enough energies and simulation time. However,
the factor is chosen such that the error, when excluding some newly produced secondary hot particles, is not
significant, since those particles do not have high enough energies to be able to escape. In fact, for EUV levels
of 1 to 3 times the present solar EUV flux, we could even increase the factor and we would still be an order of
magnitude below the relevant escape energy at the exobase.
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Figure 1. Ion, electron, and neutral profiles for the four EUV flux cases. (a) The ion densities for the 1 (solid) and 3 EUV (dashed) cases. Please note that there is no
O+ density for the 1 EUV case. (b) The ion densities for the 10 (solid) and 20 EUV (dashed) cases. (c) The neutral densities for the 1 (solid) and 3 EUV (dashed)
cases; (d) the neutral densities for 10 (solid) and 20 EUV (dashed) (adopted from Tian et al. [2009]).

The collision probability and the energy transfer is calculated by means of total and differential cross sections.
At the exobase altitude, the energy distribution function of the suprathermal particles is determined, which
in turn serves as input for the exosphere density and loss rate calculations. More details of the Monte Carlo
model can be found in Gröller et al. [2010, 2012, 2014].

2.2. Input Profiles
Figure 1 shows the atmospheric profiles of O, CO, CO2, C, O+

2 , CO+
2 , CO+, and O+ used as background atmo-

sphere for our Monte Carlo simulations. These profiles were adopted from Tian et al. [2009], who simulated
the Martian atmosphere for four different solar EUV fluxes, namely, 1, 3, 10, and 20 times the today’s flux

Figure 2. Temperature profiles for the four EUV flux cases. The ion
temperature is assumed to be equal to the temperature of the neutral
species (adopted from Tian et al. [2009]).

(henceforth, we will denote these four
cases as 1, 3, 10, and 20 EUV cases).
In their calculations, the solar EUV
radiation is divided by a factor of 4
to account for global mean profiles.
Differences of the profiles in the iono-
sphere below 150 km compared to
other studies [e.g., Fox and Hać, 2009]
arise mainly from the lower boundary
conditions. However, since hot atoms
produced in such low altitudes do
not have a high escape probability
and since our Monte Carlo simula-
tion starts at 150 km, these differences
have no significant influence on our
results. The lower boundary condition
for the ionosphere is even less impor-
tant for the ionospheric structure for
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Table 1. Times in the Past for Different EUV Levels and Different Rotation
Evolution of the Young Suna

3 10 20 EUV

Slow rotator 2.6 3.8 4.3 (Gyr ago)

Moderate rotator 2.3 3.5 3.9 (Gyr ago)

Fast rotator 2.3 3.4 3.7 (Gyr ago)
aThe Noachian epoch lasts from 4.1 to 3.7 Gyr ago and the Hesperian

from 3.7 to 2.0 Gyr ago.

elevated EUV conditions. The enhance-
ment of the EUV flux leads to an increase
in exobase temperature and altitude,
which becomes strongly significant for
the 20 EUV case. The dip in the electron
density for the 20 EUV case (Figure 1)
results from the transition of an O+

2 dom-
inated ionosphere to an O+ dominated
one. Figure 2 shows the temperature
profiles for the four EUV cases. The tem-
perature of the ions is assumed to be the

same as the temperature of the neutral species. The dip in the electron temperature for the 20 EUV case is due
to a strong coupling of the neutrals, ions, and electrons in these altitudes. The model, with which the back-
ground profiles were obtained, is based upon the Earth model presented in Tian et al. [2008] and was used
to simulate the Martian atmosphere in Tian et al. [2009] and Zhao and Tian [2015], in which a subset of the
shown profiles is presented. Neither Tian et al. [2009] nor Zhao and Tian [2015] provide an O+ profile for the
1 EUV case. However, for our study, O+ does not play a role in producing hot O atoms, since we do not include
any reaction involving O+. From observations it is also clear that O+ does not contribute significantly to the
electron density in the altitudes that we are interested in, i.e., below 220 km [e.g., Benna et al., 2015]. Thus, the
neglection of O+ in the 1 EUV case does not alter our results.

2.3. EUV Flux
To what times in the past do such solar EUV levels correspond? As pointed out by Johnstone et al. [2015], it is
quite common to use the scaling laws of Ribas et al. [2005] to estimate the evolution of the Sun’s radiation in
EUV. However, the radiation of a star depends, apart from other things, on its rotational evolution [Johnstone
et al., 2015; Tu et al., 2015]. About 70% of the solar mass stars examined by Johnstone et al. [2015] are slow rota-
tors, whereas there is a nonnegligible possibility for the Sun to have been a fast rotator, giving a completely
different rotational, and thus radiation, evolution. The EUV flux evolution model of Tu et al. [2015] takes into
account a broad observational sample of stars in clusters with ages from 30 Myr to 620 Myr. High-energy radi-
ation of a star decreases over time as a result of rotational spin down. Due to the high amount of observed
stars, the Tu-model can set the EUV evolution in correlation to the initial rotation rate of a star, in contrast
to the Ribas-model due to its limited sample of stars. Since the Tu-model covers much wider evolution sce-
narios for stars, it is used in the present work for estimating the rotational evolution of the Sun. We thus
consider three cases, slow, moderate, and fast rotators, to determine the times in the past, corresponding to

Figure 3. Radiation evolution of three different rotator types of stars. For
comparison, the scaling law by Ribas et al. [2005] is also shown. LEUV is the
EUV flux of the star and LEUV,Sun is the present EUV flux of the Sun. The
horizontal black dashed lines indicate three different EUV levels: 3, 10, and
20 times the present solar EUV flux (adapted from Tu et al. [2015)].

each EUV level case, as shown in
Table 1. Figure 3 illustrates the radia-
tion evolution of these three rotator
types obtained with the model of Tu
et al. [2015], together with the law of
Ribas et al. [2005]. The radiation evo-
lution model of Tu et al. [2015] is an
extension of the rotational evolution
model by Johnstone et al. [2015] and
is strongly dependent on the initial
rotation rate of the star. To constrain
their rotational model, they assume
that the percentiles of the rotational
distributions for star clusters of differ-
ent ages can be combined to derive
the rotational evolution of a solar-like
star. The rotational evolution model
always refers to the equatorial plane
and does not take averaged values
for the rotation. Thus, rotation period,
solar wind velocity, and density, as well
as solar magnetic field retrieved with
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Table 2. Sources of Hot O and C, and Their Coefficients for the Production Rate

Coefficients

Source Reaction Hot O
Dissociative Recombination

O+
2 + e → O + O Te ≤ 1200 K: 𝛼 = 2.4 × 10−7 cm3 s−1, 𝛽 = −0.7

Te > 1200 K: 𝛼 = 1.9 × 10−7 cm3 s−1, 𝛽 = −0.61

[Sheehan and St.-Maurice, 2004]

CO+ + e → C + O 𝛼 = 2.75 × 10−7 cm3 s−1, 𝛽 = −0.55

[Rosén et al., 1998]

CO+
2 + e → CO + O 𝛼 = 4.2 × 10−7 cm3 s−1, 𝛽 = −0.75

branching ratio: 96%

[Viggiano et al., 2005]

Chemical reaction

O+
2 + C → CO+ + O k = 5.2 × 10−11 cm3 s−1,

[McElroy et al., 2013]

Source Reaction Hot C
Dissociative recombination

CO+ + e → O + C 𝛼 = 2.75 × 10−7 cm3 s−1, 𝛽 = −0.55

[Rosén et al., 1998]

CO+
2 + e → O2 + C 𝛼 = 4.2 × 10−7 cm3 s−1, 𝛽 = −0.75

branching ratio: 4%

[Viggiano et al., 2005]

this model are only valid for the equatorial plane. To predict the EUV flux along the different rotational tracks,
Tu et al. [2015] use the relation between Rossby number and X-ray luminosity as derived by Wright et al. [2011]
and the power law by Sanz-Forcada et al. [2011] for converting the X-ray luminosity into the EUV flux.

2.4. Source Reactions and Production Rates
Dissociative recombination (DR) of O+

2 and CO+
2 are the main sources of hot oxygen in the atmosphere of

present Mars [e.g., Fox and Hać, 2009; Gröller et al., 2014; Lee et al., 2015]. In Gröller et al. [2014] the escape of
hot oxygen and carbon from the present Mars atmosphere was studied. Table 2 summarizes the production
reactions and their corresponding rate coefficients for the production of hot O and hot C considered in this
study. In addition, we also include photodissociation (PD) of CO as sources for hot oxygen and hot carbon.
Although some of these reactions are of little importance for present day Mars, they turn out to be important
in earlier times due to the larger EUV flux.

For dissociative recombination, the rate coefficient reads

k(Te) = 𝛼

(
Te

300

)𝛽

cm3 s−1, (1)

where Te is the electron temperature in Kelvin. For the chemical reaction O+
2 + C→ CO+ + O, the rate coefficient

is assumed to be constant and does not depend on the neutral temperature. The values used for 𝛼 and 𝛽 are
listed in Table 2. As in Gröller et al. [2014] we took a branching ratio of 4% for the reaction CO+

2 + e → O2 + C,
which is the maximum branching ratio as given by Viggiano et al. [2005] and gives the maximum contribution
for the production of hot C from this source reaction.

For photodissociation, the solar flux is taken from SUMER/SOHO observations [Curdt et al., 2001, 2004]. We
have chosen observations from 20 April 1997, for quiet Sun conditions. Details about the instrument, its detec-
tors, the observed solar spectrum, its calibration and the spectrum itself can be found in Curdt et al. [2001] and
Curdt et al. [2004]. We converted the data to the units of photons cm−2 s−1 A−1 and transferred them to the
orbit of Mars by dividing the photon flux by the square of the Sun-Mars distance in AU. The Chapman function
for an isothermal atmosphere is used to adopt the solar flux to the considered solar zenith angle. We assume
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Figure 4. Production rates for (a, c) hot oxygen and (b, d) hot carbon for different reactions and different EUV fluxes.

the input profiles to represent average dayside conditions and thus the solar zenith angle is taken to be 60∘.
The altitude dependent production rate P(r) for photodissociation of a neutral molecule is calculated by

P(r) = ns(r)∫
𝜆

𝜎PD
s (𝜆)F(r, 𝜆)d𝜆 , (2)

where ns(r) is the altitude-dependent density of the neutral species, F(r, 𝜆) the solar flux for a given wave-
length 𝜆 at the altitude r, and 𝜎PD

s (𝜆) the photodissociation cross section for the neutral at wavelength 𝜆. The
photodissociation and absorption cross sections are taken from Huebner et al. [1992], who provide the data
in the Photo Rate Coefficient Database.

The production rates of hot O and hot C are shown in Figure 4. Due to the lower boundary conditions of
the atmosphere model, some reactions do not show a maximum in their production rate profiles. How-
ever, the values at 150 km, where we start our simulation, and above are comparable to previous studies
[e.g., Gröller et al., 2014]. As shown and discussed in Gröller et al. [2014], it is not for all reactions true that
the production rates are higher for high solar activity than for low solar activity. Basically, the variation of
the input profiles (neutral and ion profiles) determines the variation of the production rates. The input pro-
files used in this study for the 1 EUV case lie in between high and low solar activity profiles of other studies
[e.g., Fox and Hać, 2009].

The kinetic energy attained by the hot atom via a DR source reaction is randomly chosen from the energy
distribution of this reaction. The energy distribution is obtained from the total kinetic energy in the cen-
ter of mass frame, which is given by Etot = Ecm + Ebr + Ev + Er . Ecm is the energy according to the relative
velocity of the ion and the electron in the center of mass frame, and Ebr is the released energy correspond-
ing to the reaction channel. Ev and Er are the vibrational and rotational energies, respectively. We assume
all molecules and atoms to be in vibrational and rotational ground states. Etot is then shared among the
reaction products according to their masses. The components of the ion and electron velocity are chosen
randomly from a 1-D Maxwell-Boltzmann distribution according to the temperature of the ions and the
electrons. Further details concerning the calculation of the energy of the produced hot atoms are given
in Gröller et al. [2010].
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2.5. Collisions Between Hot Atoms and Neutral Background Atmosphere
For the collisions between hot particles and the neutral background atmosphere, we use the same treatment
as Gröller et al. [2014]. Basically, collisions can be elastic, inelastic, or quenching. While in elastic collisions the
kinetic energy is conserved, in inelastic collisions, kinetic energy can be transformed into internal energy,
i.e., vibrational energy or electronic excitation. During quenching collisions, an excited reactant will be
deexcited and internal energy will be converted into kinetic energy.

Collisions between an energetic and a thermal O can be elastic or quenching. We do not consider inelastic
collisions between two oxygen atoms since the energy released during the collision is smaller than the excita-
tion energy. The total and differential cross sections for an elastic collision between a hot O atom in its ground
state, O(3P), and an O atom of the background atmosphere are taken from Tully and Johnson [2001]. For elastic
collisions between excited hot O atoms, O(1D) and O(1S), and a thermal O atom, the cross sections are taken
from Yee and Dalgarno [1987] and Yee and Dalgarno [1985], respectively. For the quenching O(1D)-O collisions,
the total cross section is taken from Yee et al. [1990], whereas the differential cross section is assumed to be the
same as for the corresponding elastic collision. The cross sections for the quenching collision of a hot O(1S)
with a thermal O are assumed to be the same as for the elastic collision.

Since there are no data for collisions between O and CO2 or CO, we follow the approach of Gröller et al. [2014]
and take the total and differential cross sections for O(3P, 1D, 1S)-N2 collisions. For elastic O(3P)-N2 collisions,
the total cross section is taken from Balakrishnan et al. [1998a] and the differential cross section is the same as
that for N-N2 collisions, due to lack of other data [Balakrishnan et al., 1998b]. For the corresponding inelastic
collisions, both cross sections are taken from Balakrishnan et al. [1998a]. The total cross section for the elastic
collision of O(1D) and N2 is taken from Balakrishnan et al. [1999], whereas the differential cross section for
this elastic collision and the cross sections for the corresponding inelastic collision are assumed to be the
same as for O(3P)-N2 collisions. For quenching O(1D)-N2 collisions, the total cross section is from Matsumi and
Chowdhury [1996] and the differential cross section is taken to be the same as for O(3P). For all O(1S) collisions,
the same cross sections as for O(1D) are employed.

We are not aware of cross sections for collisions between hot carbon atoms and thermal atoms or molecules
of our background atmosphere. Hence, we employed the total and differential cross sections as given for hot
oxygen atoms.

Since the simulated particles can reach energies of up to 10 eV, the total cross sections are extrapolated
up to this value. In this study, we are only interested in the production and escape of hot atoms and not
on their energy deposition into the background atmosphere. This means we do not consider any energy
or momentum transfer to the background atmosphere. Therefore, any possible modification of the back-
ground atmosphere by the hot particles is neglected. However, a future study will focus on this process and
its importance with changing EUV fluxes.

3. Results
3.1. Loss Rates of Suprathermal Atoms
From the energy distribution functions at the exobase altitudes we determine the loss rates of hot oxygen and
hot carbon. For the calculation of the loss rates we assume a uniform dayside escape flux and then integrate
over 2𝜋 h2

exo, where hexo is the exobase altitude. The exobase altitudes, as calculated in our Monte Carlo model,
are about 220 km, 380 km, 750 km, and 5400 km for the 1, 3, 10, and 20 EUV case, respectively. Figure 5 shows
the loss rates of hot O (top) and hot C (bottom) as a function of the EUV flux. All reactions, apart from DR of
CO+ and PD of CO, decrease for a higher EUV flux than 10 times the present level. Such a behavior has also
been reported by Zhao and Tian [2015] for DR of O+

2 .

Basically, we have two competing mechanisms that seemingly have an influence on the importance of the
production reaction for the loss of hot atoms. First, the production rates tend to increase with increasing EUV
level, due to an increase in density of the involved species for the DR reactions and due to the rising EUV flux
for the PD reactions. Second, due to the expansion of the atmosphere with higher EUV fluxes, there is a still
significant expanded atmospheric layer above the main production zone, resulting in more collisions, and
thus in increased energy loss of the hot particles on their way to the more distant exobase. We see in Figure 4
that the production rates of PD of CO and DR of CO+ for the 20 EUV case dominate above about 600 km,
where the production rate of DR of CO+ becomes larger than the one due to DR of O+

2 . Above this altitude, still
a significant amount of primary hot particles is produced. The densities of the neutral background species,
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Figure 5. Loss rates of (top) hot O and (bottom) hot C as a function of EUV flux normalized to the present EUV flux of
the Sun. The red curves display the total loss rates.

however, decrease with increasing altitude, and correspondingly, collisions become lesser and lesser. Thus,
most of these produced primary hot particles are able to reach the exobase at around 5400 km with energies
larger than the escape energy. In these cases, the first mechanism (increase of production rate) dominates over
the second one (expansion of atmosphere and thus more collisions). For all the other production reactions,
the second mechanism is stronger than the first one, and the loss rates start to decrease when the EUV flux
gets higher than 10 times the present level.

The importance of the different reactions regarding the loss rate for hot O and hot C is illustrated in Figure 6.
While DR of O+

2 is contributing most to the loss of hot O atoms in the 1, 3, and 10 EUV cases, PD of CO
is dominating for the 20 EUV case. DR of CO+

2 also contributes significantly (about 20%) to the escape of
hot O atoms for the 1 EUV case, but becomes negligible for higher EUV cases. PD of CO is the major con-
tributor to escaping hot C for all considered EUV cases, with DR of CO+ becoming also important for the
10 and 20 EUV cases.

Figure 7 shows examples of the energy distribution functions (EDFs) at the corresponding exobases for hot O
and hot C. Figure 7a shows the EDFs for hot O from DR of O+

2 , which is the most important reaction for 1, 3,
and 10 EUV, and from PD of CO, which is the most important reaction in the 20 EUV case. Figure 7b displays
the EDFs for hot C originating from PD of CO, which dominate all EUV cases. The cutoff energy at low energies
is the energy corresponding to our stop condition for tracing hot particles, i.e., 1.5 Etherm , which of course is
different for the different EUV cases. The cutoff energies are all well below the corresponding escape energies,
which are about 2 eV for the 1 and 3 EUV cases, about 1.7 eV for the 10 EUV case, and about 0.7 eV for the
20 EUV case.
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Figure 6. Contributions of the different production reactions of (top) hot O and (bottom) hot C to the loss for different
EUV fluxes.

Table 3 summarizes the loss rates for hot oxygen and hot carbon for the reactions considered in this study.
Especially, the loss rate of hot C due to PD of CO in the 1 EUV case is higher than the loss rates of previous
studies [e.g., Fox and Bakalian, 2001; Nagy et al., 2001; Gröller et al., 2014]. Fox and Bakalian [2001] used a com-
pletely different approach, the “exobase approximation,” in which only those hot atoms produced above the
exobase contribute to the loss. As mentioned in their study, this approach underestimates the suprathermal
loss due to PD of CO, since the photodissociation rate decreases with increasing altitude, and thus we can
assume that a large portion of escaping hot C may come from altitudes below the exobase. Additionally, they
used different photoabsorption cross sections and a different solar flux than we do in our study. Nagy et al.
[2001] obtained a higher escape flux than Fox and Bakalian [2001], but still a lower one than ours. They also
used a different method, the “two-stream model,” to obtain their escape fluxes, and a different solar flux as
well as a different cross section for photodissociation than we do in our study. It should also be noted that in
our Monte Carlo simulations, newly produced secondary hot C atoms also contribute to the loss rate of PD
of CO, whereas in Fox and Bakalian [2001] the escape rates/fluxes are due to only the reaction itself and not
due to secondary produced hot C atoms. In the present study, we use the same Monte Carlo model and colli-
sion cross sections described in Gröller et al. [2014]; only the solar flux and the input profiles are different. The
ion profiles used in our study compare to the low solar activity eroded profiles of Fox and Hać [2009], used by
Gröller et al. [2014]. The neutral profiles of our study lie in between the low solar activity and high solar activ-
ity profiles of Fox and Hać [2009]. The use of a different solar flux and different input profiles results in higher
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Figure 7. Energy distribution functions at the corresponding exobases for (a) hot O and (b) hot C. Shown are the most
important reactions for each of the EUV cases.

loss rates than in Gröller et al. [2014]. The main difference comes from the use of the SUMER quiet Sun solar
flux. We take these measurements, because they have a very high resolution. Also, since we do not know the
activity of the Sun in earlier times, we decided to take the high resolved flux of the quiet Sun conditions for
today and for higher EUV fluxes (i.e., earlier times).

Table 3. Loss Rates of Hot Oxygen and Hot Carbon Atoms

Loss Rate (s−1)

1 EUV 3 EUV 10 EUV 20 EUV

Hot O

CO + h𝜈 → C + O 9.6 × 1021 1.1 × 1023 1.4 × 1024 3.9 × 1026

O+
2 + e → O + O 4.8 × 1025 1.9 × 1026 3.4 × 1026 1.1 × 1026

CO+ + e → C + O 6.6 × 1020 3.0 × 1023 1.4 × 1025 1.1 × 1026

CO+
2 + e → CO + O 1.1 × 1025 1.2 × 1025 9.8 × 1024 5.4 × 1023

O+
2 + C → CO+ + O 4.7 × 1022 2.7 × 1024 1.7 × 1025 2.3 × 1024

Total 5.9 × 1025 2.1 × 1026 3.8 × 1026 6.1 × 1026

Hot C

CO + h𝜈 → O + C 9.3 × 1024 5.1 × 1025 1.3 × 1026 6.3 × 1026

CO+ + e → O + C 1.0 × 1023 5.0 × 1024 9.6 × 1025 2.3 × 1026

CO+
2 + e → O2 + C 1.3 × 1023 1.2 × 1023 8.1 × 1022 9.3 × 1020

Total 9.5 × 1024 5.6 × 1025 2.3 × 1026 8.6 × 1026
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Table 4. Loss of Atmospheric CO2 Pressure Due To Hot Atoms for Different Times in the Past Until Today for a Slow,
Moderate, and Fast Rotatora

2.3 2.6 3.4 3.5 3.7 3.8 3.9 4.3 (Gyr ago)

Slow rotator 41 51 104 115 138 151 168 312 (mbar)

Moderate rotator 45 59 132 145 191 228 274 553 (mbar)

Fast rotator 45 59 137 157 234 291 361 765 (mbar)
aThe slanted values for the moderate and fast rotator cases beyond 3.9 and 3.7 Gyr ago, respectively, are for EUV fluxes

larger than 20 times the present solar flux. These values were linearly extrapolated, since we do not have input data for
simulations. As discussed in the text, extrapolation of loss rates into past times is a rather insecure method, and hence,
these extrapolated values have to be taken with care. The Noachian era is from 4.1 to 3.7 Gyr ago and the Hesperian era
from 3.7 to 2.0 Gyr ago.

3.2. Loss of Atmospheric CO2 Pressure Through Suprathermal Atoms
To get the total loss of hot O and hot C and the corresponding amount of atmospheric pressure over approxi-
mately the last 4 Gyr, we integrate the interpolated loss rates over time. Interpolation is done linearly between
the times corresponding to the considered EUV fluxes. For the loss of CO2, the loss of C is an important factor,
since C (suprathermal or not) is definitely produced primarily from CO2, whereas O can also originate from dis-
sociation of H2O. Thus, the loss of C is a direct indication of the loss of CO2. For the calculation of the lost CO2,
we assume that for one escaping C atom, we have two escaping O atoms. Table 4 shows the loss of atmosphere
pressure, i.e., loss of CO2, from different times in the past until today for the three different rotator cases.

From Table 3 we see that the 2:1 relation for O:C is not fulfilled for the 10 and 20 EUV cases. For the 20 EUV case
the loss of suprathermal C is even larger than the loss of suprathermal O. Thus, oxygen additionally has to be
lost through other processes, as there are, for example, ion pickup [e.g., Curry et al., 2013] or chemical surface
weathering, such as oxidation [e.g., Lammer et al., 2003, 2013]. This means that the lost CO2 pressures for the
10 and 20 EUV cases as calculated in this study have to be seen as maximum values that can be lost through
suprathermal atoms.

4. Surface Pressure Evolution of Mars’s CO2 Atmosphere

Catastrophic outgassing of an initial steam atmosphere, related to a magma ocean, may have occurred after
proto-Mars finished its formation within the first 10 Myr after the origin of the Sun [e.g., Walsh et al., 2011;
Brasser, 2013]. Consequently, condensation of H2O and the possible formation of large lakes or even an ocean
in a warm and wet environment could have happened [Hamano et al., 2013; Lebrun et al., 2013]. Figure 8
shows the surface pressure evolution (magenta curves) resulting from thermal (grey curve) and suprathermal
(blue curve) CO2 escape and assuming different magma ocean-related outgassed CO2 amounts between

Figure 8. Evolution of the Martian surface pressure as a result of an
initially magma ocean-related outgassed CO2 atmosphere between 13 and
14 bar and thermal as well as suprathermal loss. The young Sun was
assumed to be a slow rotator.

13 and 14 bar (we discuss in the next
paragraph, why these specific values
are taken). The radiation evolution of
the Sun corresponds to a slow rotator
for this figure. The thermal loss rates
are taken from the study of Tian et al.
[2009]. For this figure, we take an ini-
tial CO2 amount (13.5, 13.7, 13.8, and
14 bar) and subtract the lost CO2 pres-
sure due to thermal and suprather-
mal loss processes. In the beginning of
Mars’s atmospheric evolution, thermal
loss is much higher than suprathermal
loss. The initially outgassed CO2 atmo-
sphere is significantly reduced due to
thermal loss processes. However, the
magma ocean-related outgassed CO2

atmosphere would have been larger
than 1 bar during the pre-Noachian
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Figure 9. Different volcanic CO2 outgassing scenarios. The different cases
refer to different assumptions of the initial bottom temperature at the
core-mantle boundary for different superheated core scenarios (Tb) and
the initial mantle temperature below an initially 100 km thick
lithosphere (Tm).

epoch (until about 0.4 Gyr after Mars’s
formation). Thus, Mars may have
had standing bodies of liquid water
during the pre-Noachian era due to
the postmagma ocean surface tem-
peratures and the possibility of the
H2-CO2 greenhouse effect [Ramirez
et al., 2014].

According to the results of the study
by Tian et al. [2009], which is based
on the atmospheric background also
used in the present study, C atoms
flow out hydrodynamically with a loss
rate of the order of about 1030 s−1

from the EUV heated and extended
exobase level for a 20 times higher
EUV flux. A slight decrease of the EUV
flux enhancement reduces the ther-
mal escape rates dramatically. For the
10 EUV case, the C and O loss rates are
in the Jeans escape domain and negli-

gible compared to the suprathermal loss rates of about 2.3 × 1026 s−1 and 3.8 × 1026 s−1, respectively, shown
in Table 3. Thus, in the late Noachian era (about 0.6–0.8 Gyr after Mars’s formation), the loss of suprather-
mal atoms takes over (Figure 8). An initially 14 bar CO2 atmosphere, which is lessened due to thermal loss
to about 500 mbar at 0.6 Gyr after Mars formed, would not have completely escaped to space until today
via suprathermal loss processes and approximately 220 mbar CO2 would have remained (Figure 8). Thus, our
results suggest that 14 bar are an upper limit for an initially outgassed CO2 atmosphere, when considering
thermal and suprathermal loss. Initial atmospheres with pressure values of less than 13.7 bar could have been
lost completely by a combination of thermal and suprathermal loss. For similar initial outgassing amounts
but higher EUV fluxes, as would be the case for a moderate or fast rotating young Sun, the initial Martian CO2

atmosphere would have vanished much earlier resulting in a dry and cold environment during most of the
pre-Noachian era.

To estimate different volcanic outgassing scenarios, we use a mantle convection model for a 2-D spherical
annulus [Noack et al., 2016] to investigate the thermal evolution of Mars and consequent volcanic outgassing
of CO2. The model parameters mainly follow Grott et al. [2011], where we assume that 100 ppm of CO2 in the
melt (limited by oxygen fugacity of Mars’s mantle) and 40% extrusive volcanism.

Figure 9 shows a few scenarios of volcanic CO2 outgassing with different initial bottom temperatures at the
core-mantle boundary for different superheated core scenarios (Tb) [Breuer and Spohn, 2003] and initial mantle
temperatures below an initially 100 km thick lithosphere (Tm). We consider four cases:

1. Case 1: Tm = 1500 K, Tb = 1900 K
2. Case 2: Tm = 1600 K, Tb = 1900 K
3. Case 3: Tm = 1700 K, Tb = 2100 K
4. Case 4: Tm = 1700 K, Tb = 2300 K

We see that the larger the Tb, the earlier the outgassing starts. Figure 10 represents the CO2 pressure evolution
due to different volcanic outgassing cases and escape to space (top: moderate rotator; bottom: slow rotator;
the evolution of the fast and moderate rotator do not differ much for the EUV fluxes considered here, thus
we only compare two cases). Due to the high thermal loss rates (gray curves), the outgassed CO2 amount
before 0.6 (slow rotator) and 0.94 (moderate rotator) Gyr after Mars’s formation cannot accumulate in the
atmosphere, but is lost to space. Thus, the accumulation of outgassed CO2 pressure starts when the thermal
loss has ceased. Everything that is outgassed from then on, will be reduced due to loss through suprathermal
atoms (blue curves). If too much gets outgassed at the end of the Noachian or beginning of the Hesperian
era (case 1 for moderate rotator, case 3 for slow rotator), it cannot be lost through suprathermal atoms. If too
less gets outgassed (case 2 for moderate rotator, case 4 for slow rotator), then all of the outgassed CO2 can be
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Figure 10. Evolution of the Martian surface pressure as a result of volcanic outgassing and thermal as well as
suprathermal loss for a (top) moderate rotating and (bottom) slow rotating young Sun. The different cases are described
in the text.

lost by suprathermal loss. If about 250 mbar of atmospheric CO2 pressure were in the Martian atmosphere at
around 1 Gyr after Mars formed for a slow rotator (case 3), then there would be approximately 100 mbar in
today’s atmosphere—if there had been escape only through suprathermal atoms, which was certainly not the
case. For a moderate rotator, the atmospheric pressure at about 1.5 Gyr after Mars’s formation can be larger,
since more is lost due to higher loss rates at these times, corresponding to different EUV flux levels. Our results
show a higher atmospheric pressure in the past than the value given by Gillmann et al. [2011], who predict
about 50 mbar about 4 Gyr ago. One reason for this difference is that our loss rate due to suprathermal atoms
is higher than their loss rate, which was extrapolated to the past assuming the EUV flux evolution of Ribas et al.
[2005]. In agreement with Gillmann et al. [2011], our study also indicates that most of a primordial atmosphere
must have been lost thermally rather rapidly within the first 0.5 to 1 Gyr after Mars’s formation, since it could
not have been removed by nonthermal loss processes afterward and that today’s atmosphere of Mars is built
up mostly of volcanic gases, outgassed after the loss of the primordial atmosphere.

The time span between the decrease of the EUV flux from 20 to 10 EUV is an important factor. If one assumes
that the young Sun was a fast rotator, the 20 EUV case would have been reached at about 0.8 Gyr after Mars’s
formation with a decrease of the EUV flux to about 10 EUV at about 1.1 Gyr. However, this fast rotator case is
very unlikely. If the solar EUV flux was 20 EUV at 0.8 Gyr and 10 EUV at 1.1 Gyr after Mars formed, Earth would
have lost its nitrogen atmosphere during the Archean epoch, because of the absence of sufficient amounts of
CO2 required as a thermospheric IR cooler [Lichtenegger et al., 2010]. The mineralogy of Archean sediments,
such as the ubiquitous presence of mixed-valence Fe(II-III) oxides (magnetite) in banded iron formations
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[e.g., Rosing et al., 2010] is also inconsistent with the necessary amount of CO2 that would act as a cooler of
the upper atmosphere against the high EUV fluxes related to a fast rotator during that time period. The same
is true for the moderate rotator case, whose radiation evolution does not differ much from a fast rotator.

Nonetheless, even if we assume that the early Sun was a slow rotator and Mars experienced a hotter and wetter
period during the pre-Noachian era, after the main loss of its initial CO2 inventory, loss due to hot atoms most
likely eroded not more than about 150 mbar during the past 3.7 Gyr. In a follow-up study, we will investigate
the solar wind-induced escape of planetary C and O from the hot atom coronae in the past (ion pickup and
sputtering). These processes could additionally increase the loss of CO2 over the last 4 Gyr, which means that
the surface pressure could have been higher at the end of the Noachian era. Additionally, to the escape of CO2

to space, a few 10 to 100 mbar may have also been lost to the surface during the Hesperian and Amazonian
epochs due to carbonate precipitation and serpentinization [e.g., Chassefière and Leblanc, 2011]. If we roughly
estimate that ion pickup and sputtering are of the same order of magnitude and surface weathering less
effective than suprathermal loss processes, the amount of CO2 present in the Martian atmosphere at the end
of the Noachian epoch was probably not more than about 500 mbar.

5. Summary and Conclusions

We conducted Monte Carlo simulations of hot oxygen and hot carbon in the atmosphere of Mars for different
EUV fluxes (1, 3, 10, and 20 EUV), corresponding to different times in the past. We use a background atmo-
sphere with four neutral species (O, CO, CO2, and C) and four ion species (O+

2 , CO+
2 , CO+, and O+). For the

production of the hot atoms we consider five source reactions for oxygen and three reactions for carbon. We
calculate the energy distribution functions at the exobase altitude and determine the loss rates of hot oxygen
and hot carbon. For hot oxygen, DR of O+

2 appears to be always an important contribution to the loss of hot
O, while DR of CO+ and PD of CO become significant only in the 20 EUV case. For hot carbon, PD of CO is the
major contributor to escaping hot C for all EUV cases, with DR of CO+ becoming also important for the 10 and
20 EUV levels. The loss rates due to DR of CO+ and PD of CO increase with increasing EUV level, whereas the
escape due to the other reactions decreases when the EUV flux is higher than 10 times the present level.

Considering different possible radiation evolution models for the Sun, i.e., the slow, moderate, and fast rotator,
we can relate the different EUV levels to different times in the past of the Martian history. Taking these points
in time, we integrated the loss rates and estimated the lost atmospheric CO2 pressure due to hot atoms. For
this estimation we assumed a 2:1 relation for lost hot O to lost hot C. Depending on the radiation evolution of
the Sun, we find that atmospheric pressures ranging from approximately 200 to 400 mbar were able to escape
to space during the last 4 Gyr (Table 4). There are good reasons to believe that the Earth could not have kept
its nitrogen atmosphere if the early Sun was a moderate or fast rotator, as discussed in section 4. Therefore,
assuming that the Sun has been a slow rotator, our results indicate that Mars could not have had a significant
CO2 atmosphere at the end of the Noachian epoch. If the atmosphere was denser, it could not have been lost
through nonthermal loss and surface weathering processes until today. In the pre-Noachian era, however,
Mars could have had a magma ocean-related outgassed CO2 atmosphere of a few bar for about 300 Myr.
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