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emission became fainter, potentially
due to an increase in D and or H near
the terminator [Chaffin et al., 2015].
By orbit 1280 the D emission was
too faint to be detected. On switch-
ing to periapse limb scans starting
with orbit 2288 the D emission was
once more detected owing to the
limb enhancement. While the obser-
vations need to be carefully modeled
to derive quantitative densities, the
overall trend in brightness is clear.
The range of martian orbital positions
where observations have been
obtained is shown in Figure 3.

The entire data set is plotted in
Figure 4, showing the trend over
solar longitudes 240 through zero to
160 (near perihelion in late southern
summer through aphelion to early
southern summer). Over orbits 337–
596 a variation with the solar rotation
was seen in the H emission, which
varied with a 28 day period, and to a
less clear extent in the fainter D emis-
sion. This variation is consistent with
MAVEN EUVM measurements of the
solar Ly α flux at Mars, and this
reflects changes in the solar emission
and not the martian upper atmo-
sphere [Eparvier et al., 2015]. There is
also an increase in D emission over
orbits 400–600 that is not matched
by an increase in the H emission. At
this time the line of sight was moving
toward larger solar zenith angles. An
increase in the He density near dawn
and dusk has been found in the
MAVEN NGIMS data [Elrod et al.,
2017]. This helium “bulge” is consis-

tent with global circulation models [Bougher et al., 2015], and there may be a corresponding D bulge near
the terminator that appears in the echelle data. Further observations will test whether this is a persistent fea-
ture near the terminators.

We can conclude from the trends in Figure 4 that the H and D emissions exhibit a strong temporal variation
(likely seasonal variability in H and D), that they do not always vary together (e.g. over orbits 500–600), and
that the ratio of D to H brightness is not constant. The measured brightness depends on the solar Ly α flux
at Mars and also on the observing geometry, and these factors have been modeled using a radiative transfer
code [Bhattacharyya et al., 2016]. Figure 5 shows the ratio of the observed brightness to the modeled values
assuming that the martian atmosphere is spherically symmetric and did not change in density or tempera-
ture. The solar Ly α flux at line center for the modeled MAVEN orbits were obtained by applying the relation
presented in Emerich et al. [2005] to the line-integrated Lyman α flux from the SORCE database [Rottman et al.,
2006], corrected for solar rotation and distance toMars. The atmospheric temperature is taken frommodeling
for the value at the subsolar point for this season and solar activity [Bougher et al., 2015], and the density is

Figure 4. Measured brightnesses of the H and D emissions versus MAVEN
orbit number observed with the IUVS echelle channel during coronal scans
of the sunlit disc of Mars (disk) (orbits 337–1644) and during periapse limb
scans “Limb” (orbits 2288–3261) with one sigma error bars. The coronal and
periapse scans are not directly comparable due to different observing geo-
metries. On time scales of weeks to months both emissions decrease with
increasing distance of Mars from the Sun, and the solar rotation period is
seen in short-term changes in brightness.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023479
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boundary conditions are on hydrogen escape and the H2

mixing ratio. The reported H2 mixing ratio of 17 ppmv
[Krasnopolsky and Feldman, 2001] is approached in the
limit that veff ! vlim. This demands a hydrogen escape rate
of !4 " 108 H atoms cm#2 s#1. Lower hydrogen escape
fluxes correspond to greater amounts of H2 in the atmo-
sphere. The corresponding deposition velocity vdep = 0.02 cm
s#1. This is model A in Table 4.
[37] Figure 5 addresses how easily H escapes by chang-

ing veff while vdep is held fixed at 0.02 cm s#1; this is
effectively the partial derivative of the model with respect to
veff. Lowering veff makes the atmosphere more reducing.
The loss of oxidant to the surface is chiefly through H2O2.
This changes little as a function of veff while vdep is fixed.
Evidently, the H2O2 ground level mixing ratio is insensitive
to how easily H escapes. Consequently the H escape flux
changes little, and so the biggest response of the atmosphere
to changing veff is to make a compensating change in the H2

mixing ratio. Atmospheres with low veff have more H2 and
are more reducing.
[38] Figure 6 addresses the strength of the surface sink by

changing vdep, while leaving veff fixed at the diffusion limit.
This is effectively the partial derivative of the model with
respect to vdep. Raising vdep makes the atmosphere more
reducing. Again, the loss of oxidant to the surface is chiefly
through H2O2, and because the H2O2 ground level mixing
ratio is insensitive to how easily H escapes, the oxygen sink
is proportional to vdep. Bigger losses of H2O2 to the surface
require bigger losses of H to space, which for fixed veff is
accomplished by raising f(H2). The shading indicates the
range of models generally consistent with modern Mars.
Model A in Table 4 is for vdep = 0.02 cm s#1, in the middle
of the shaded region.
[39] Table 4 compares our nominal model results to other

published models and to Mars. Our nominal photochemical
model (model A) does a good job with O2, H2, and H2O2,
while falling a little short with CO. The simplest way to
improve the agreement with CO is to consider a drier
stratosphere. Model B shows that a globally averaged
relative humidity of 17% (the average relative humidity at
the ground), if imposed at all altitudes, raises the CO
abundance to match what is observed without affecting
the other major photochemical products. The success of
model B suggests that the Martian stratosphere might be
rather dry. To create a dry stratosphere would seem to
require efficient atmospheric circulation through effective
cold traps; this is not a good problem for a 1D model. It
would be better addressed with a GCM.
[40] There are enough differences between our models

and other published models that direct comparisons are
difficult to make. These differences include temperature
structure, eddy diffusion, chemical reaction rates, boundary
conditions, and numerical convergence. In our models the
H2 mixing ratio is a chemical product that we predict. Our
model predicts that the H2 mixing ratio should be!20 ppmv

Figure 5. How certain key observables vary with the
hydrogen effusion velocity (veff/vlim) when the dry deposition
velocity is held fixed. Here vdep = 0.02 cm s#1 for all reactive
species. By assumption vdep = 0 for CO, O2, and H2.

Figure 6. How certain key observables vary with deposition velocity (vdep) when the escape velocity is
held fixed at the limiting flux (veff = vlim). All reactive atmospheric species are subject to the same value
of vdep, while vdep = 0 for CO, O2, and H2. The shading indicates the range of vdep that provides a good
match to the Martian atmosphere. The model breaks down for vdep > 0.2 cm s#1: the surface oxygen sink
becomes so big that reducing sinks become saturated and the CO mixing ratio increases dramatically;
pCO2 is set to 6.28 mbar. The CO runaway may be artificial because we have not included a surface sink
on CO.
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boundary conditions are on hydrogen escape and the H2

mixing ratio. The reported H2 mixing ratio of 17 ppmv
[Krasnopolsky and Feldman, 2001] is approached in the
limit that veff ! vlim. This demands a hydrogen escape rate
of !4 " 108 H atoms cm#2 s#1. Lower hydrogen escape
fluxes correspond to greater amounts of H2 in the atmo-
sphere. The corresponding deposition velocity vdep = 0.02 cm
s#1. This is model A in Table 4.
[37] Figure 5 addresses how easily H escapes by chang-

ing veff while vdep is held fixed at 0.02 cm s#1; this is
effectively the partial derivative of the model with respect to
veff. Lowering veff makes the atmosphere more reducing.
The loss of oxidant to the surface is chiefly through H2O2.
This changes little as a function of veff while vdep is fixed.
Evidently, the H2O2 ground level mixing ratio is insensitive
to how easily H escapes. Consequently the H escape flux
changes little, and so the biggest response of the atmosphere
to changing veff is to make a compensating change in the H2

mixing ratio. Atmospheres with low veff have more H2 and
are more reducing.
[38] Figure 6 addresses the strength of the surface sink by

changing vdep, while leaving veff fixed at the diffusion limit.
This is effectively the partial derivative of the model with
respect to vdep. Raising vdep makes the atmosphere more
reducing. Again, the loss of oxidant to the surface is chiefly
through H2O2, and because the H2O2 ground level mixing
ratio is insensitive to how easily H escapes, the oxygen sink
is proportional to vdep. Bigger losses of H2O2 to the surface
require bigger losses of H to space, which for fixed veff is
accomplished by raising f(H2). The shading indicates the
range of models generally consistent with modern Mars.
Model A in Table 4 is for vdep = 0.02 cm s#1, in the middle
of the shaded region.
[39] Table 4 compares our nominal model results to other

published models and to Mars. Our nominal photochemical
model (model A) does a good job with O2, H2, and H2O2,
while falling a little short with CO. The simplest way to
improve the agreement with CO is to consider a drier
stratosphere. Model B shows that a globally averaged
relative humidity of 17% (the average relative humidity at
the ground), if imposed at all altitudes, raises the CO
abundance to match what is observed without affecting
the other major photochemical products. The success of
model B suggests that the Martian stratosphere might be
rather dry. To create a dry stratosphere would seem to
require efficient atmospheric circulation through effective
cold traps; this is not a good problem for a 1D model. It
would be better addressed with a GCM.
[40] There are enough differences between our models

and other published models that direct comparisons are
difficult to make. These differences include temperature
structure, eddy diffusion, chemical reaction rates, boundary
conditions, and numerical convergence. In our models the
H2 mixing ratio is a chemical product that we predict. Our
model predicts that the H2 mixing ratio should be!20 ppmv

Figure 5. How certain key observables vary with the
hydrogen effusion velocity (veff/vlim) when the dry deposition
velocity is held fixed. Here vdep = 0.02 cm s#1 for all reactive
species. By assumption vdep = 0 for CO, O2, and H2.

Figure 6. How certain key observables vary with deposition velocity (vdep) when the escape velocity is
held fixed at the limiting flux (veff = vlim). All reactive atmospheric species are subject to the same value
of vdep, while vdep = 0 for CO, O2, and H2. The shading indicates the range of vdep that provides a good
match to the Martian atmosphere. The model breaks down for vdep > 0.2 cm s#1: the surface oxygen sink
becomes so big that reducing sinks become saturated and the CO mixing ratio increases dramatically;
pCO2 is set to 6.28 mbar. The CO runaway may be artificial because we have not included a surface sink
on CO.
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DENSITY (Cl~ ~') 
FIo.  7. Dens i ty  d i s t r ibu t ions  of  H,  OH, HO2, O, and  O3 for a s sumed  surface reactions.  Solid 

lines cor respond to  cons t an t  eddy  diffusivi ty K = 4 x 10Scm2sec -I and  dashed  lines cor respond to  
K decreas ing  f rom 4 to 0.7 × 10Scm 2 sec -1 in the  ] 0 k m  above  the  surface (Gierash and  Goody,  
1968). 

remains  large a t  all a l t i tudes,  the  flux of 
odd oxygen into the  surface is 1.1 x 10 ~z 
cm-2sec  -~ out  of  a to ta l  p roduc t ion  of 
3.6 x 10~2cm-Zsec -~. The  flux of  odd H is 
1.3 × 10~lcm-2sec - l ,  while the  to ta l  pro- 
duct ion  is only  1.9 × 1011cm-2see-I .  On 
the  o ther  hand,  the  surface fluxes of  odd 
oxygen and  odd hydrogen  drop to  4 × 10 ~ 
and  4.5 × 10~°cm-'-sec -~ in the  second 
model.  

We  have  not  t r ied to  develop a com- 
ple te ly  self-consistent  model  wi th  surface 
losses accounted  for, a l though there  is no 
prob lem in doing so mechanical ly .  The 
problem is t h a t  we do not  know how to 
es t ima te  the  f ract ion of  H,  OH,  and  H O  2 
emerging f rom the surface as H z and  HzO ; ; 
the  f ract ion of  O and 03 emerging as O; 
and  the fract ion of  CO t h a t  recombines  to 
CO z on the  surface. I f  we leave the mixing 
rat io  of  CO a t  1.6 x 10 -3, then  the  a m o u n t  
recombined  is only 1.8 x 10 ~z out  of  
3.3 × 101Zcm-2sec-I produced,  because o f  
the  decrease in O H  densi ty  (i.e., the loss 
of  O H  to  the  surface). I t  would be necessary 
only to increase the  mixing ra t io  of  CO to 
abou t  2.9 × 10 -3 in order  to reestabl ish a 
s teady  s tate ,  if  we assume no surface re- 

combina t ion  of  CO. This value is still 
within the  limits set  by  Young (1971), 
though  not  if  t h a t  value is revised to ac- 
c o m m o d a t e  the  da t a  of  T u b b  and  Wil l iams 
(1972). [The da t a  of  Carleton and  T r a u b  
(1972) indicate  a range f rom 9 to 11 × ] 0 -4 
for the  vo lume mixing ratio.]  In  our  
opinion, unce r t a in ty  wi th  regard to aerosoI 
and  surface r emova l  of  CO and the  o ther  
species involved in the  chemis t ry  within 
10km of the  surface do not  allow much  
significance to be a t t a ched  to the  dis- 
pa r i t y  between the  calculated and  meas-  
ured CO mixing rat ios under  these 
circumstances.  

The ozone abundances  are 0.64 and  
0.86/zm-atm in the  two models considered 
here. Loss of  03 to the  surface pu t s  
the  to ta l  a m o u n t  in the  a tmosphe re  far  
below the  Mariner  9 l imit  for the  " w e t "  
a tmosphere .  

VI.  ARGON IN THE ATMOSPHERE 

There  has a lways  been some unce r t a in ty  
regarding the  a m o u n t  of  a rgon t h a t  migh t  
exis t  in the  Mar t ian  a tmosphere .  The  radio  
occul ta t ion results which are composi t ion  

&�@)�J�F7	����NLO
[Liu and Donahue, 1976]
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Fig. 14. The contours of the timescales of (a) the photochemical escape of N, (b) the 
sputtering of N, and (c) the sputtering of Ar, respectively, as functions of the time 
and atmospheric pressure. The timescale is defined as the total number of particles 
divided by the flux. We assumed that only two components are present: CO 2 and 
the species considered. The mixing ratio of the species to CO 2 is assumed to be, 
N N2 / N CO2 = 10 −2 and N Ar /N CO2 = 10 −6 , respectively. We note that the dependence on 
the mixing ratio is weak. 
assumed in this study. The decrease in the atmospheric pressure 
and the following atmospheric collapse would cause a climate 
change on Mars. The climate change might lead to a limited water 
exchange between the surface and subsurface reservoirs, resulting 
in heterogeneous D/H distribution on Mars ( Mahaffy et al., 2015; 
Usui et al., 2015; Kurokawa et al., 2016 ). 
4.2. Comparisons with previous studies on the atmospheric pressure 
on early Mars 

The lower limit of ∼0.5 bar on the atmospheric pressure at the 
time of ALH 84001 crystallization might be inconsistent with the 
upper limit of 0.4 bar that was argued to have existed at the same 
time by Cessata et al. (2012) ( Fig. 16 ). They used the high 40 Ar/ 36 Ar 
ratio (626 ± 100) of the trapped gas in ALH 84001 ( Cessata et al., 
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spheric collapse occurring at ∼4 Ga ( Fig. 5 b). The net decrease 
of the atmospheric pressure over time is consistent with the ge- 
ological evidence ( Section 1 ). Hereafter we assumed X gas = 1%. We 
note that this assumption—the late accretion was dominated by 
volatile-poor impactors—is supported by recent isotopic analyses 
of the late veneer in the terrestrial mantle ( Fischer-Go ̈dde and 
Kleine, 2017 ). 

Whereas the primitive isotopic compositions were preserved for 
a long time under a dense atmosphere, a thin atmosphere is in- 
fluenced by the escape and replenishment processes on a short 
timescale ( Section 3.2 ). Thus, the different evolutionary tracks in 
Fig. 5 have different isotopic signatures. We compare the simu- 
lated atmospheric compositions to the elemental and isotopic data 
of the present-day atmosphere obtained from exploration missions 
and from Martian meteorites for model calibration in the following 
paragraphs. 

We compared the elemental and isotopic compositions obtained 
from our model to those of the present-day atmosphere on Mars 
( Figs. 6–11 ). Elemental abundances are compared in Fig. 6 a–c. Be- 
cause the atmospheric C (CO 2 ) abundance in the collapsed cases is 
determined by the equilibrium with the surface reservoirs in our 
model, the abundance always equals the observed value. The atmo- 
spheric C on present-day Mars was mainly sourced from the vol- 
canic degassing. The baseline model (no comets) contained lower 
amounts of N and noble gases than the observed values ( Fig. 6 a). 
In addition, lighter elements (Ne and Ar) were depleted compared 
with the chondritic or volcanic elemental pattern as a result of 
the sputtering and photochemical escape. Changing the volcanic 
degassing rate C vol mainly affected the N abundance ( Fig. 6 a). In- 
creasing C vol to 5 resulted in an adequate amount of N, whereas 
noble gases were still depleted compared with the present-day 
Mars. This is because the volcanic gas is depleted in noble gases 
( Fig. 2 ). Hereafter we assume C vol = 5. 

Next, we changed C Ne,IDP and f comet to reproduce the noble 
gas abundances assuming their exogenous origins. Because Ne was 
rapidly lost from a thin atmosphere due to the sputtering, Ne 
supplied by impacts has been lost in the present-day Mars. The 
lifetime of Ne in the Martian atmosphere was estimated to be 
∼0.1 Gyrs ( Jakosky et al., 1994 ). The present-day abundance is con- 
trolled by continuous supply by IDPs. The model assuming Ne-rich 
IDPs is more suitable for reproducing the abundance in the Mar- 
tian atmosphere ( Fig. 6 b). We found that IDPs are only related to 
the Ne abundance (and vice versa) and do not affect the other el- 
ements in our model. We note that the origin of atmospheric Ne—
derived from IDPs in our model—may depend on the assumption 
for the history and composition of volcanic degassing. 

Apart from Ne, the observed noble gas abundances can be ex- 
plained by a small amount of cometary contribution ( Fig. 6 b). The 
suitable ratio of cometary to asteroid impacts ( f comet ) was ∼0.1%. 
The Ne abundance was insensitive to f comet because the episodi- 
cally supplied Ne by cometary impacts was rapidly removed from 
the Martian atmosphere. Hereafter, we refer to the model assum- 
ing C vol = 5, C Ne,IDP = 10, and f comet = 0.1%, as the best-fit model 
( Fig. 6 c). 

The best-fit model reproduced all of the observed isotopic com- 
positions of the present-day atmosphere on Mars except for Xe 
isotopes. The evolution of the N isotopic composition is shown 
in Fig. 7 . The results of Monte Carlo simulations showed two dif- 
ferent behaviors depending on whether the atmosphere collapsed 
or not ( Fig. 7 a). Whereas the N isotope ratio preserved the prim- 
itive value under a dense atmosphere, the value started to in- 
crease as the atmosphere became thinner. The 15 N/ 14 N isotope ra- 
tio evolved stochastically in a collapsed thin atmosphere due to 
episodic impact events and the following escape-induced fraction- 
ation ( Fig. 7 b). We note that the fractionation before 4.1 Ga was 
caused by the photochemical escape only (without sputtering) be- 
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Fig. 7. The evolution of the nitrogen isotope ratio (the δ15 N value) in the best-fit 
model ( X gas = 1%, C vol = 5, C Ne,IDP = 10, and f comet = 0.1%). (a) A hundred Monte Carlo 
simulations. (b) Selected three cases corresponding to Fig. 5 c. Collapsed and uncol- 
lapsed cases are shown by thick colored lines and thin black lines, respectively. The 
averaged value of the collapsed cases at 0 Ga is shown with 1- σ error bar (purple). 
Ranges of observed present-day atmospheric ratios are from Curiosity (red solid- 
line, Wong et al., 2013 ), Viking (red dashed-line, Nier and McElroy, 1977 ), and ALH 
84001 (red data point at 4.1 Ga, Mathew and Marti, 2001 ), respectively. (For inter- 
pretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

cause the magnetic protection was assumed. After the quasi-steady 
state between ∼3.5 Ga to ∼0.5 Ga, the N isotope ratio started to in- 
crease as the volcanic degassing diminished. The N isotope ratio in 
the collapsed cases successfully reproduced the present-day value 
obtained by Curiosity ( Wong et al., 2013 ). 

The isotopic compositions of Ne ( 20 Ne/ 22 Ne), Ar ( 38 Ar/ 36 Ar), and 
Kr ( 86 Kr/ 84 Kr as a representative ratio) in the Martian atmosphere 
were also reproduced in our model, while Xe ( 136 Xe/ 130 Xe as a rep- 
resentative ratio) was not ( Figs. 8–11 ). As well as N, the evolution- 
ary tracks of Ne and Ar are classified into two branches depend- 
ing on the presence/absence of the atmospheric collapse ( Figs. 8 a 
and 9 a). In contrast to the isotope ratios moderately evolving in a 
dense atmosphere, stochastic fractionation was observed after the 
atmospheric collapse and the cessation of the dynamo assumed at 
4.1 Ga (when the sputtering started to operate) because of episodic 
impact events and the following escape-induced fractionation. The 
averaged value of the present-day 38 Ar/ 36 Ar ratios in our simula- 
tions matched the data measured by Curiosity ( Atreya et al., 2013 ). 
Our model also reproduced the 20 Ne/ 22 Ne ratio of the present-day 
atmosphere estimated from Martian meteorites ( Pepin, 1991 ). 

[Kurokawa et al., 2018]
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4.1 Ga (dashed curve in Figure 4) and could have reached
1012 cm!2 s!1 at 4.5 Ga. The corresponding timescales
required to lose 1 bar of CO2 from Mars (3.7 " 1043 carbon
atoms) are 10 and 1 Myrs respectively. Hence, these dense
atmospheres could not have been maintained during the
early Noachian unless the loss of CO2 was balanced by
rapid rates of volcanic outgassing.
[10] We estimate CO2 outgassing rates on Mars during

the early Noachian in the following manner: At present,
both Earth and Venus have about 100 bar of CO2 at their
surfaces. On Venus, it is in the atmosphere; on Earth, it is
mostly in carbonate rocks. 100 bar of CO2 on the Earth is
#7 " 1045 molecules. Mars has about 1/10th of Earth’s
mass, 1/5th of Earth’s surface area, and 40% of Earth’s
gravity. Hence, if Mars was formed from the same material
as Earth, its total CO2 reservoir could have been as much as
7.5 " 1044 molecules, or 20 bars. This is consistent with the
estimate based on geomorphology [Carr, 1986]. Consider-
ing that Mars formed farther from the Sun than the Earth
and thus could contain materials with volatile content 2"
richer than Earth, a maximum 40-bar (1.5 " 1045 mole-
cules) total CO2 inventory is possible. If most of Mars’ CO2

were emplaced in its atmosphere at 4.5 Ga, immediately
following the planet’s formation, the entire inventory could
have been lost within 40 Myrs.
[11] Alternatively, Mars could have released CO2 gradu-

ally and thus avoided the initial fast volatile loss episode. It
is estimated that #1.5 bar of CO2 was released volcanically
through the formation of the Tharsis bulge during the late
Noachian [Phillips et al., 2001]. This estimate is based on
the assumption that the CO2 content in the Tharsis magmas
is the same as that of Hawaiian basalts. If Martian magma
contains more volatiles, 3 bar of CO2 could have been
released by the Tharsis system. If we assume that the
outgassing rate decayed exponentially from 4.56 billion
years ago and use 40 bars as the total CO2 inventory and

3 bars as the Tharsis CO2 inventory, the upper solid line in
Figure 4 is obtained. The lower solid line in Figure 4 is for
20 bars as the total CO2 inventory and 1.5 bars as the
Tharsis CO2 inventory. For purposes of comparison, the
dot-dashed line marks the CO2 outgassing rate for present
Earth [Sleep and Zahnle, 2001]. By these estimates, this is
roughly equal to the Martian outgassing rate at #4 Ga.
Using these assumptions of the outgassing history, carbon
loss rate from Mars was greater than the CO2 outgassing
rate throughout the early Noachian - a dense early Noachian
Martian atmosphere could not have been formed. Outgas-
sing of CO2 might have been episodic instead of continu-
ous. Nevertheless, considering the short time scale (1#10
Myrs for 1 bar CO2) for carbon to escape from early Mars,
the total time during which a dense CO2 atmosphere could
have been maintained prior to 4.1 Ga should have been
brief.
[12] Because of Mars’ weak gravity, the planet could also

have lost significant atmosphere through impact erosion
[Melosh and Vickery, 1989], which could have further
reduced the total CO2 inventory. This only strengthens our
conclusion that Mars could not have sustained a dense CO2

atmosphere for time scale of #10 Myrs, and thus was
initially cold. (With few greenhouse gases present, the

Figure 3. The calculated upper atmospheric structure of
early Mars: (left) neutral temperature profiles and (right)
number density profiles. Blue, green, and red colors
represent different solar EUV energy flux levels. Curve
styles represent different atmospheric pressures. The black
curves in Figure 3 (right) are the number density profile of
CO2 (dashed), atomic carbon (solid), and atomic oxygen
(dotted) in Case 3.

Figure 4. Comparison between atmospheric escape and
outgassing on early Mars. The dashed curve represents the
thermal escape flux of atomic carbon from a CO2-
dominated atmosphere. The triangles represent the thermal
escape fluxes of carbon from an atmosphere with an H2

mixing ratio of (3–5) " 10!4 and with associated H escape
fluxes of the order of 1010 cm!2 s!1. The two solid lines
represent possible CO2 volcanic outgassing fluxes on early
Mars. The dash-dotted horizontal line marks CO2 outgassing
flux (6" 1012 moles per year, or 2.3" 1010 cm!2 s!1) on the
present Earth. The dotted curve represents 10% of the
energy-limited escape flux of carbon, Flim = eFEUV

4Egrav
, where

FEUV is11.04 the solar EUV energy flux (ergs cm!2 s!1),
Egrav = GMm/r (ergs) is the potential energy of one single
escaping particle, e includes both the heating efficiency (the
conversion factor between the absorbed solar EUV energy
and the thermal energy, <1) and the altitude variation of
energy absorption (>1). Here, e is set to be unity. The factor
of 4 accounts for the difference between the solar energy
absorption area and the surface area of the planet.
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Figure 4. Comparison between atmospheric escape and
outgassing on early Mars. The dashed curve represents the
thermal escape flux of atomic carbon from a CO2-
dominated atmosphere. The triangles represent the thermal
escape fluxes of carbon from an atmosphere with an H2

mixing ratio of (3–5) " 10!4 and with associated H escape
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flux (6" 1012 moles per year, or 2.3" 1010 cm!2 s!1) on the
present Earth. The dotted curve represents 10% of the
energy-limited escape flux of carbon, Flim = eFEUV

4Egrav
, where

FEUV is11.04 the solar EUV energy flux (ergs cm!2 s!1),
Egrav = GMm/r (ergs) is the potential energy of one single
escaping particle, e includes both the heating efficiency (the
conversion factor between the absorbed solar EUV energy
and the thermal energy, <1) and the altitude variation of
energy absorption (>1). Here, e is set to be unity. The factor
of 4 accounts for the difference between the solar energy
absorption area and the surface area of the planet.
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4.1 Ga (dashed curve in Figure 4) and could have reached
1012 cm!2 s!1 at 4.5 Ga. The corresponding timescales
required to lose 1 bar of CO2 from Mars (3.7 " 1043 carbon
atoms) are 10 and 1 Myrs respectively. Hence, these dense
atmospheres could not have been maintained during the
early Noachian unless the loss of CO2 was balanced by
rapid rates of volcanic outgassing.
[10] We estimate CO2 outgassing rates on Mars during

the early Noachian in the following manner: At present,
both Earth and Venus have about 100 bar of CO2 at their
surfaces. On Venus, it is in the atmosphere; on Earth, it is
mostly in carbonate rocks. 100 bar of CO2 on the Earth is
#7 " 1045 molecules. Mars has about 1/10th of Earth’s
mass, 1/5th of Earth’s surface area, and 40% of Earth’s
gravity. Hence, if Mars was formed from the same material
as Earth, its total CO2 reservoir could have been as much as
7.5 " 1044 molecules, or 20 bars. This is consistent with the
estimate based on geomorphology [Carr, 1986]. Consider-
ing that Mars formed farther from the Sun than the Earth
and thus could contain materials with volatile content 2"
richer than Earth, a maximum 40-bar (1.5 " 1045 mole-
cules) total CO2 inventory is possible. If most of Mars’ CO2

were emplaced in its atmosphere at 4.5 Ga, immediately
following the planet’s formation, the entire inventory could
have been lost within 40 Myrs.
[11] Alternatively, Mars could have released CO2 gradu-

ally and thus avoided the initial fast volatile loss episode. It
is estimated that #1.5 bar of CO2 was released volcanically
through the formation of the Tharsis bulge during the late
Noachian [Phillips et al., 2001]. This estimate is based on
the assumption that the CO2 content in the Tharsis magmas
is the same as that of Hawaiian basalts. If Martian magma
contains more volatiles, 3 bar of CO2 could have been
released by the Tharsis system. If we assume that the
outgassing rate decayed exponentially from 4.56 billion
years ago and use 40 bars as the total CO2 inventory and

3 bars as the Tharsis CO2 inventory, the upper solid line in
Figure 4 is obtained. The lower solid line in Figure 4 is for
20 bars as the total CO2 inventory and 1.5 bars as the
Tharsis CO2 inventory. For purposes of comparison, the
dot-dashed line marks the CO2 outgassing rate for present
Earth [Sleep and Zahnle, 2001]. By these estimates, this is
roughly equal to the Martian outgassing rate at #4 Ga.
Using these assumptions of the outgassing history, carbon
loss rate from Mars was greater than the CO2 outgassing
rate throughout the early Noachian - a dense early Noachian
Martian atmosphere could not have been formed. Outgas-
sing of CO2 might have been episodic instead of continu-
ous. Nevertheless, considering the short time scale (1#10
Myrs for 1 bar CO2) for carbon to escape from early Mars,
the total time during which a dense CO2 atmosphere could
have been maintained prior to 4.1 Ga should have been
brief.
[12] Because of Mars’ weak gravity, the planet could also

have lost significant atmosphere through impact erosion
[Melosh and Vickery, 1989], which could have further
reduced the total CO2 inventory. This only strengthens our
conclusion that Mars could not have sustained a dense CO2

atmosphere for time scale of #10 Myrs, and thus was
initially cold. (With few greenhouse gases present, the

Figure 3. The calculated upper atmospheric structure of
early Mars: (left) neutral temperature profiles and (right)
number density profiles. Blue, green, and red colors
represent different solar EUV energy flux levels. Curve
styles represent different atmospheric pressures. The black
curves in Figure 3 (right) are the number density profile of
CO2 (dashed), atomic carbon (solid), and atomic oxygen
(dotted) in Case 3.

Figure 4. Comparison between atmospheric escape and
outgassing on early Mars. The dashed curve represents the
thermal escape flux of atomic carbon from a CO2-
dominated atmosphere. The triangles represent the thermal
escape fluxes of carbon from an atmosphere with an H2

mixing ratio of (3–5) " 10!4 and with associated H escape
fluxes of the order of 1010 cm!2 s!1. The two solid lines
represent possible CO2 volcanic outgassing fluxes on early
Mars. The dash-dotted horizontal line marks CO2 outgassing
flux (6" 1012 moles per year, or 2.3" 1010 cm!2 s!1) on the
present Earth. The dotted curve represents 10% of the
energy-limited escape flux of carbon, Flim = eFEUV

4Egrav
, where

FEUV is11.04 the solar EUV energy flux (ergs cm!2 s!1),
Egrav = GMm/r (ergs) is the potential energy of one single
escaping particle, e includes both the heating efficiency (the
conversion factor between the absorbed solar EUV energy
and the thermal energy, <1) and the altitude variation of
energy absorption (>1). Here, e is set to be unity. The factor
of 4 accounts for the difference between the solar energy
absorption area and the surface area of the planet.
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present Earth. The dotted curve represents 10% of the
energy-limited escape flux of carbon, Flim = eFEUV

4Egrav
, where

FEUV is11.04 the solar EUV energy flux (ergs cm!2 s!1),
Egrav = GMm/r (ergs) is the potential energy of one single
escaping particle, e includes both the heating efficiency (the
conversion factor between the absorbed solar EUV energy
and the thermal energy, <1) and the altitude variation of
energy absorption (>1). Here, e is set to be unity. The factor
of 4 accounts for the difference between the solar energy
absorption area and the surface area of the planet.

L02205 TIAN ET AL.: CARBON ESCAPE FROM EARLY MARS L02205

3 of 5

Tian et al. [2009]

SHE ?

20 EUV

O
C

�+,
$(*
���


��



41�����O1,��4�
):P

• 41-35���

– =>KGD?<DH ALJE=>K��0 1 ����195
�%+-#

– BFDCIK@M=>K��628:��3�&�(N4�'3$1!P
• �����3��0 ��4
9;:4*

– 	�2�/.�7�"4* 17

2007). Barabash et al. (2007a) found that the loss of ions
through the plasma wake occurs mainly in regions where
the magnetic field reverses its direction in the tail. These au-
thors suggested that the resulting near-Venus magnetic field
line configuration, i.e., the curved and reversing magnetic
fields in the nightside ionosphere and near wake, could lead
to the acceleration of plasma into the tail.

Figure 10 shows the altitude profiles of the modeled to-
tal ion number density, horizontal velocity (Vh), and total

ion flux across the terminator plane in the polar area of the
planet !4.5 Ga. It can be seen that, due to the acceleration
by the magnetic field tension force, the horizontal flow ve-
locity in the ionosphere exceeds the escape velocity from the
planet (!5 km/s) from the ionopause down to about
500–600 km altitude (that is slightly below the exobase),
which allows the ionospheric cold ions to escape into space.
The nightward cold ion flux F ! [O"] Vh has a peak of !1012

cm#2 s#1 at an altitude of about 700 km in the polar areas.
Note that the acceleration due to the magnetic field tension
force of the draping IMF is effective only around the mag-
netic poles, so that the ion loss due to this process is negli-
gible in the other areas, such as the magnetic equator. Inte-
grating the flux over altitude and around the planet in the
terminator plane, we obtain a total loss rate of about 1.8 $
1028 s#1 for the cold O" ion outflow in our MHD model. Be-
cause the extreme young Sun period considered in our study
lasted for about 100–150 million years after the Sun arrived
at the ZAMS, we calculated the total O" ion and related wa-
ter loss over a period %t ! 150 million years. A global mar-
tian ocean of liquid water with a depth of 1 m would con-
tain about 8 $ 1042 molecules (Pérez-de-Tejada, 1992).
Assuming that the cold O" loss rate of about 1.8 $ 1028 s#1

lasted for %t ! 150 million years, we estimate that Mars
could have lost an amount of water equivalent to an ocean

TERADA ET AL.10

TABLE 3. THREE-DIMENSIONAL MHD MODEL RESULTS FOR
O", O2

", AND CO2
" ION PICKUP AND ESTIMATED COLD

ION OUTFLOW LOSS RATES FROM EARLY MARS
!4.5 BILLION YEARS AGO

Ion pickup loss Cold ion outflow
!4.45–4.6 Ga !4.45–4.6 Ga

O": !1.5 $ 1028 s#1 O": 1.8 $ 1028 to 1.2 $ 1029 s#1

O2
": !5 $ 1025 s#1

CO2
": !3 $ 1025 s#1

The loss rates correspond to the extreme solar wind parameters
given in Table 1 and under the assumption that Mars had no intrinsic
magnetic field at that early period.

FIG. 9. Three-dimensional visualization of modeled magnetic field lines and O" ion density at Mars !4.5 Ga ago under
the extreme solar wind conditions given in Table 1. The field lines are color-coded with their magnetic field strength val-
ues. A density of N(O") ! 100 cm#3 is indicated with a blue transparent isosurface contour.namo, would reduce the incoming flux of solar wind pro-

tons and picked-up planetary ions into the thermosphere,
where they would act as sputtering agents. Recent observa-
tions of Venus Express have shown that an induced magne-
tosphere, analogous to an Earth-like magnetosphere pro-
duced by a planetary dynamo, can indeed provide effective
magnetic shielding against the penetration of the solar wind
into the atmosphere (Zhang et al., 2007). Our simulation re-
sults are clearly consistent with these present observations.
These results are also in agreement with the study by Ku-
likov et al. (2007), who investigated such magnetic protec-
tion by assuming that Mars had an active magnetic dynamo
during the Noachian epoch. They concluded, in agreement
with Hutchins et al. (1997), that it is difficult to explain how
Mars could have lost its initial atmosphere by considering
thermal and nonthermal atmospheric escape processes,
which did not include cold ion loss. Thus, it appears that the
only remaining escape process that could have contributed
to a major loss of the martian atmosphere and water inven-
tory is the outflow of cold ions into the ionospheric plasma
tail.

While ion pickup, sputtering, and cold ion outflow may
have made important contributions to the loss of the mart-
ian atmosphere and water inventory over evolutionary
timescales, these processes were probably too weak to erode
the entire initial atmosphere with bars of CO2 (e.g., Manning
et al., 2006) and bars of oxygen (e.g., Chassefière, 1996) left
behind by the hydrogen blowoff in the early period. There-
fore, it is likely that more efficient solar wind erosion chan-
nels for heavy species may have existed, such as non-sta-
tionary loss processes (e.g., Kaneda et al., 2007, 2008;
Vourlidas et al., 2007) during the early active period of the
young Sun. Also, impact erosion (e.g., Melosh and Vickery
1989; Brain and Jakosky, 1998; Chyba 1990; Pham et al., 2008,
this issue) should be considered as a possible efficient atmo-
spheric loss process from a low-gravity planet like Mars. Fu-
ture studies will have to include the atmospheric erosion and
production rates due to various impact scenarios and should
be combined with thermal and nonthermal loss models.

5. Conclusions

A 3-D MHD model was applied to a martian atmosphere
exposed to a solar XUV flux 100 times higher and a solar
wind about 300 times denser than they are today. The late

onset of a planetary magnetic dynamo was assumed, so no
intrinsic magnetic field was taken into account. Because of
the extreme solar wind interaction with the upper atmo-
sphere and the high EUV flux of the young Sun, an obstacle
at an altitude of !1000 km was generated on the dayside of
the planet. At this altitude, the densities of O2

! and CO2
!

and other heavy ions are very low compared with the O!

density, which results in negligible loss rates for these heavy
molecular ions during the extreme young Sun period.

The magnetic field induced by the strong solar wind of
the young Sun could have provided effective magnetic
shielding for the upper atmosphere, which would have pro-
tected it from penetration by energetic solar protons and
picked-up planetary ions and, thus, significantly reduced the
sputtering loss of atmospheric constituents. Nevertheless,
oxygen ions could have been picked up by the dense early
solar wind with a loss rate of about 1.5 " 1028 s#1, which is
4 orders of magnitude higher than at present. However, even
this high loss rate from ion pickup could not have eroded
more than about 8 m of a global martian ocean.

If momentum transport from the early solar wind is as-
sumed to have been efficient in accelerating ionospheric ions
above the escape velocity, an estimate for the cold ion out-
flow loss rate of 1.8 " 1028 to 1.2 " 1029 s#1 would result in
an equivalent loss of a global martian ocean with a depth of
10–70 m during the first $150 million years. Hence, it ap-
pears that the outflow of cold ions into the ionospheric
plasma tail could have been one of the main loss processes
for oxygen and water from the martian atmosphere during
the first 100–150 million years after the young Sun arrived
at the ZAMS. Non-stationary loss processes, as well as im-
pact atmospheric erosion and delivery, could be important
processes for explaining the loss of a putative dense initial
atmosphere. Therefore, these processes need to be studied in
detail in the future.

Appendix

A note on the terminology for the escape processes

Since this paper is intended to be multidisciplinary, key
terms, especially in relation to the escape processes, are
clearly explained. In the following, we provide brief expla-
nations of the escape processes (especially nonthermal es-
cape processes for heavy ion and neutral species), which are
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TABLE 4. OXYGEN- AND CARBON-RELATED LOSS RATES FOR VARIOUS ESCAPE
PROCESSES FROM PRESENT-DAY MARS UP TO 3.5 BILLION YEARS AGO

(LAMMER ET AL., 2003B, AND REFERENCES THEREIN)

1 XUV 2 XUV 6 XUV
Solar period (present) (!2 Ga) (3.5 Ga)

Process [s#1]
Ion pickup [O!] 3 " 1024 3.8 " 1025 8 " 1026

Dissociative recombination [O*] !3 " 1024 3 " 1025 8 " 1025

Sputtering [O] !2 " 1023 7 " 1025 1.3 " 1027

Sputtering [CO] 3.5 " 1022 2.3 " 1024 4 " 1025

Sputtering [CO2] 5 " 1022 2 " 1024 2.5 " 1025

Plasma clouds [O!] 1 " 1024 8 " 1024 2 " 1026

Cold ion outflow [O!] $1 " 1025 $5 " 1026 $3 " 1027

Total O loss $1.7 " 1025 $6.5 " 1026 $5.4 " 1027

[Terada et al., 2009]
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