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Because Mars does not have a strong intrinsic magnetic field, the atmosphere is eroded 
by interactions with the solar wind. Early solar-system conditions enhanced the sputtering 
loss. It is calculated that -3 bars of carbon dioxide (CO,) have been sputtered over the 
last 3.5 billion years. This significant increase over the previous estimate by Luhmann et 
a/. of -0.14 bar of CO, is the result of the development of a more complete model. The 
model also predicts slightly greater loss of water--80 meters instead of the -50 meters 
predicted by Luhmann et a/. Because estimates of CO, on early Mars range from 0.5 to 
5 bars, the 0.14-bar estimate is insignificant but the -3-barestimate will have a large effect 
on our understanding of the planet's evolution. 

Ma r t i an  geomorphology, notably the 
channels, appears to indicate that the plan- 
et once had significant quantities of water 
at or near the surface and a much higher 
surface temperature, possibly caused by an 
atmospheric greenhouse effect. Although 
there are questions about how much a 
greenhouse effect could raise the tempera- 
ture ( I ) ,  most current models require an 
atmosphere of at least 0.5 bar of CO, in 
order that liauid water be near the surface 
(2-5). Because the current martian atmo- 
sphere has only 7 mbar of CO, and only a 
small amount of H,O, an important ques- 
tion is the fate of the earlv water and CO,. 

There are two major possibilities:  ith her 
the earlv atmomhere is seauestered some- 
where in the plaLet (5) or it 'has been lost to 
space. McElroy et al. (6) pointed out that 
the water loss might have been determined 
by solar wind pickup of ionized exospheric 
O+, because H loss by Jeans escape is easily 
accomplished. However, neither Jeans es- 
cape nor solar wind pickup is capable of 
removing significant amounts of CO, or 
water over the lifetime of the olanet's "con- 
temporary" atmosphere. Luhmann and col- 
leagues (7,  8 )  proposed that atmospheric 
sputtering by exospheric Of could account 
for the loss of a significant amount of the O 
in the water but could not account for the 
CO, loss. In this process, O+ ions of exo- 
spheric origin are accelerated by the inter- 
action of the solar wind and interplanetary 
magnetic field with the upper atmosphere. 
These ions follow helical trajectories along 
interplanetary magnetic field lines draped 
over Mars and often reimpact the atmo- 
sphere with significant amounts of energy 
(upwards of 1 keV). During the impact, 
they can, through collisions, accelerate and 
cause other particles to escape (8). 

Luhmann et al. (7)  used a model to 
calculate the sputtering loss of CO, and 
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water from Mars over the last 3.5 X 10" 
years. They calculated the escaping flux at 
three epochs (3.5 Gyr ago, 2.5 Gyr ago, and 
the present), referred to as 6 EUV, 3 EUV, 
and 1 EUV, respectively (9), due to the 
enhancement of the extreme ultraviolet 
(EUV) over present values. A t  each epoch, 
they first calculated the flux of reimpacting 
O+ ions (1 0). Then they used an analytical 
model (1 1 ) to calculate the efficiency (the 
number of particles ejected per incident 
particle) of the C and 0. These values were 
used to calculate total fluxes integrated over " 

the planet. By assuming that the C and O 
come from CO, and H 2 0  (and adding in 
other escape fluxes of 0 ) ,  they were able to 
calculate the loss rate of CO, and H 2 0  at 
each epoch. These rates were then integrat- 
ed from 3.5 Gyr ago to the present. Luh- 
mann et al. (7) found that -0.14 bar of CO, 
and -50 m of water have been lost. Al- 
though this is sufficient water to form the 
erosional features, the calculations account 
for only a fraction of the necessary CO,. 

Luhmann et al. (7)  appear to have ne- 
elected several factors in their model. The  " 

first of these factors is a result of their 
treating CO, as atomic components when 
interacting with the initial ion. However, 
when a CO, molecule is involved in a 
collision, all components are affected and 
thus the C effectively has the cross section 
of the whole molecule. Moreover, they 
treated CO, as an indivisible particle dur- 
ing collisions with secondary particles. 
This greatly reduces the escape rate be- 
cause the escape energy of a CO, molecule 
is much greater than that of its compo- 
nents. Both of these assum~tions decrease 
escape efficiencies. 

We used a general Monte Carlo-type 
atmospheric sputtering model (1 2 )  adapted 
for Mars. The initial conditions were cho- 
sen to match those of Luhmann and col- 
leagues (7 ,  8) .  Apart from the polyatomic 
dissociation (13), our model uses elastic 
collisions with anisotropic scattering func- 
tions (14). Many of the cross sections used 

in the calculation are the hard-sphere geo- 
metric cross sections, but, where they exist, 
more realistic energy-dependent cross sec- 
tions were used (1 5). 

For modern Mars, an atmosphere from 
Nair et al. (16) ranging from 50 up to 240 
km was extrapolated hydrostatically up to 
450 k ~ n .  The model includes the seven most 
common species on Mars at these altitudes 
(CO,, CO, 0, H,, N,, N,  and H). The 
ancient atmospheres of 3.5 Gyr and 2.5 Gyr 
ago were taken from Luhmann et al. (7). 
They modeled only the two major species 
( 0  and CO,) between 150 and 300 km. 
Both atmospheres were extrapolated to cov- 
er the range from 125 up to 450 km. 

Our basic model was compared to the 
results in Luhmann and Kozyra (8)  for both 
Venus and Mars. When the model was 
modified to reflect the assumptions of their 
two-stream model (where the particles are 
treated as an upward and a downward flux), 
the results agreed to within 30% (see Table 
1). This is a reasonable difference, given the 
coarseness and uncertainties of both mod- 
els. The analytical models of Johnson (1 1 ,  
17) also have similar accuracies and match 
our model results to within 20%. Using 
these comparisons and considering the 
number of poorly constrained parameters, 
we believe that the calculated efficiencies 
of the models are probably accurate to with- 
in 50% (18). 

Although the efficiencies are accurate to 
within 50%, the total escape fluxes are 
much less accurate. The flux of impacting 
ions is an important parameter in calculat- 
ing the escape fluxes and integrated losses. 
There is a factor of 10 uncertainty in the 
modeling of the impacting flux, which af- 
fects the calculated escape fluxes and inte- 
grated losses and causes these values to also 
be uncertain to within a factor of 10. But 
because we used the impacting fluxes from 
Luhmann et al. (7), this is effectively a 
systematic error when we compare our re- 
sults to theirs. 

We  used our model to calculate the es- 
cape efficiency for C and O at each epoch 
(Table 1). The total efficiency (the number 
of atoms, regardless of species) does not vary 
much because it is controlled primarily by 
the escape energy, which depends only on 
gravity. Although the total number of atoms 
is fairly constant, the relative fraction of 
each species is controlled by the composi- 
tion of the atmosphere around the exobase 
(the altitude at which the integrated density 
above is one mean free path length). The 
precipitating O+ generally has its first colli- 
sion near the exobase (because of the defi- 
nition of the exobase). The exponential in- 
crease in density of the atmosphere results in 
a rapid decrease in the collisional path 
length below this point and causes most of 
the subsequent collisions to occur within a 
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relatively narrow altitude band around the 
exobase. Thus, the relative abundance of 
the atmospheric constituents in this area 
affects the relative escape efficiencies. 

Because the relative abundance of CO,  
at the exobase increases with time (19),  it 
is expected that the C : O  escape efficiency 
ratio will increase. A C:O ratio of -1: 2 is 
due to the fact that CO, is the dominant 
species. T h e  deviation is due to the pres- 
ence of other species in  the atmosphere, 
especially O and C O .  Also, because it is 
lighter, C is preferentially lost from the 
CO,. T h e  slight excess of C (compared to 
the 1:  2 ratio expected from CO,) escap- 
ing at  present is more than balanced by 
the O fluxes that are due to other escape 
mechanisms. 

The results indicate that the effects ne- 
glected by Luhmann et al. (7) in their ana- 
lytical model are important on  Mars. Treat- 
ing CO, as a polyatomic molecule that 
dissociates in collisions with the intial ion 
increases the efficiency, but this is a minor 
effect because these collisions account for 
only -10% of the escape efficiency. The 

maior increase in efficiencv comes from 
secbndary collisions that dlssociate CO, 
and occurs for three reasons. First, the cross 
section of C is about one-third that of CO,, 
and thus the mean free path for C is longer 
than for CO, and C can escape from deeper 
collisions. Second, energy is more efficient- 
ly transferred between particles with similar 
masses. The  mass of the incident particles is 
closer to the mass of the individual atoms 
than to that of the molecules, and thus the 
target particle will tend to receive more 
energy overall. The  final increase in effi- 
ciency arises from the fact that, in a colli- 
sion where CO, does not dissociate, the 
energy transferred to the CO, is distributed 
equally among all three atoms. If the CO, 
dissociates, the energy does not have to be 
equally distributed, and thus one atom can 
receive sufficient energy to escape from a 
collision that would not transfer sufficient 
energy to the entire molecule. The  last two 
effects are somewhat counterbalanced by 
the loss of the CO, binding energy in the 
inelastic collisions, but the three effects 
combined do result in an order-of-magni- 

Table 1. Sputtering efficlency per lncldent 0' calculated by the model for three epochs. The values for 
the current work are the complete model with dissociation and full accounting of all secondary particles. 
The simplified model is a modification of the full model that Implements the assumptions of Luhmann and 
Kozyra and the 1 EUVepoch should be compared to their calculated efficlency of 0.87. These are also the 
assumptions that Johnson (1 7 )  used when he calculated an efficiency of 0.57 for the present (I EUV) (8). 
The assumptions of the slmpllfled model ensure that no C will be sputtered. All of the efficiencies are in 
atoms per impacting I -keV O f .  All ages are slnce the formation of the solar system. 

Epoch 

Model 6 EUV 3 EUV 
(1 Gyr) (2 Gyr) 

1 EUV 
(4.5 Gyr) 

Current work 
0 
C 

Simplified model 
0 
C 

Table 2. Net escape fluxes from Mars for three epochs. Each flux (In particles per second) is integrated 
over the disk of Mars and over the range of energies for the initial particles (10). The first line, sputtered 0, 
is the loss of 0 from Mars due to sputtering calculated In the current work. The next two Ilnes, exospheric 
0 and pickup Ot,  are the two other major 0 loss processes. These values are taken from Luhmann eta/. 
(7). The sputtered CO, flux is the integrated value calculated in the current model. Because the model 
assumes that each C lost comes from a CO, molecule (assuming that the 0 escapes on its own), this IS 
just the carbon flux from Table 1.  The escaped H,O flux is the flux of water from the other two llsted 0 
escape mechanisms as well as sputtering. Here also it IS assumed that the necessary H atoms escape for 
each 0. The 0 escaping as part of the CO, is not counted for the water. All ages are since the formation 
of the solar system. 

Epoch 

Parameter 6 EUV 
(1 Gyr) 

3 EUV 1 EUV 
(2 G Y ~ )  (4.5 Gyr) 

Sputtered 0 3.1 x loz8 1.8 x 10" 4.7 x loz4 
Exospher~c 0 I x I oZ7 5 x 1 OZ6 8 X 1 024 
Plckup Of 3 x lo,7 4 x 1 026 6 x 1 OZ4 
Sputtered CO, 7.8 x loz7 6.4 x 2.4 x 
Escaped H,O 1 .9 x 1 o~~ 1.4 x 8.6 x loz5 

tude increase in escape efficiency. 
W e  multiplied the model efficiencies for 

each epoch by the precipitating O f  fluxes 
calculated bv Luhmann and colleaeues ( 7 ,  " . .  
8) to obtain ;he actual escaping fluxes (Ta- 
ble 2 ) .  As can be seen from Fie. 1, all fluxes " .  
have decreased with time. This is especially 
true for the sputtered species-ven for 
CO,, whose efficiency increases with time. 
The  closer it is to the present, the weaker 
are the EUV and solar wind and thus the 
smaller is the precipitating flux. The  large 
decrease in precipitation overwhelms any 
small increases in efficiency. 

In order to calculate the total fluxes, we 
assumed that each C atom comes from a 
CO, molecule whose O atoms escaDe seDa- 

A A 

rately. The escaping O that cannot be part 
of a CO, molecule (constrained by the C 
flux) is reported as the H,O flux. It con- 
tains not only the O lost through sputtering 
but also the O lost by the other major 
mechanisms such as dissociative recombi- 
nation. Photochemistry of the martian at- 
mosphere indicates that this O effectively 

Fig. 1. The sputtering loss rates over the history of 
the martian atmosphere. The loss rates have been 
Integrated over the planet and (for sputtering) over 
all lncldent energies. The actual fluxes were calcu- 
lated only at 1 Gyr, 2 Gyr, and 4.5 Gyr ago 
(present). The actual values are listed in Table 2. 
The sputtered flux for CO, (curve d) is based on 
the escape rate of C and assumes that sufficient 0 
will escape to compensate. The total H,O (curve 
a) represents all the rest of the 0 because the H IS 

easily lost (16). The 0 comes primarily from sput- 
tering (curve c) and exospheric loss (curve b). The 
exospheric 0 is from OZf dissociative recomblna- 
tlon. For comparison to the sputtered fluxes cal- 
culated In the current work (curves c and d for the 
0 and CO,, respectively) curves e and f ,  the sput- 
tered fluxesforo and CO, from Luhmann eta/. (3, 
are also included. Age IS since the formation of the 
solar system. 
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comes from H,O ( 16). 
When these planetary loss rates are in- 

tegrated over the past 3.5 Gyr, the total 
CO, and H 2 0  lost since the current atmo- 
sphere formed can be calculated: 1.6 X 
molecules of CO, and 4 x molecules 
of H 2 0 .  The sputtered C02  represents -3 
bars, and the H,O is equivalent to -80 m 
of water (20). 

The integrated fluxes are important for 
our understanding of the history of the mar- 
tian atmosphere and surface. Certain fea- 
tures, notably channels, seen on Mars have 
been interpreted as erosional features 
caused by liquid water on or near the sur- 
face. There has been a lot of modeling of 
possible early atmospheres and surface con- 
ditions on Mars in order to consider how 
these features could have formed. There are 
two important parameters: mean surface 
temperature and volume of water. The 
problem is that the models indicate that at 
least 50 m of water (21) and 0.5 bar of C02  
(3) are needed to create the features. Al- 
though CO, cannot itself raise the surface 
temperature to 273 K (1 ), sufficient heating 
could be achieved with as little as 0.5 bar of 
CO, [for ice-covered lakes ( 3 ) ] ,  and -1 bar 
meets the requirements of most models. 
Until now, the problem has been determin- 
ing where this water and CO, went. With 
our current modeling results, this is no long- 
er a problem: All of the water and CO, 
could have been lost to space by sputtering 
(and other escape mechanisms) over the 
age of the planet. 

Because most of the major sputtering 
occurred early in the history of Mars, it is 
difficult to test the model results. Actual 
measurements of the modem escape fluxes 
of heavier species from Mars would help to 
constrain at least the value for the present 
epoch and verify the validity of the sputter- 
ing model itself. This is especially the case 
for C, because sputtering appears to be ~ t s  
dominant escape mechanism (for 0 ,  the 
other escape mechanisms will overwhelm 
the contr~bution from sputtering). Atmo- 
spheric stable isotope data may also help to 
constrain the total amount of each species 
lost from the atmospheric reservoir, but 
there appear to be large uncertainties in the 
interpretation of the data (22). The best 
method of constraining the model of the 
early atmosphere is probably to make in situ 
geochemical and geological measurements 
on Mars. 
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