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EVOLUTIONARY IMPACT OF SPUTrERING OF THE MARTIAN ATMOSPHERE BY 0+ PICKUP IONS

J. G. Luhmanw, R. E. Johnson2, M.H.G. Zhang3

Abstract. Nonthermal processes such as dissociative
recombination of ionosphenc molecules are known to lead
to loss of atmospheric constituents (N, 0, C) at Mars
where the gravitational potential is easily overcome by the
energy imparted to the product atoms. Moreover,
observations of escaping planetary ions on the PHOBOS-2
spacecraft showed that the solar wind is presently
scavenging si~nificant amounts of both oxygen and
molecular specIes as it flows past the planet. Because both
the sun and the atmosphere of Mars have changed over
time, the evolutionary importance of these processes cannot
be estimated by simply multiplying the contemporary loss
rates by the solar system age. Models of these loss
mechanIsms must include consideration of the evolution of
the solar EUV intensity and solar wind and their effects.
Here we describe calculations of solar wind-induced loss
rates for evolving solar and atmospheric conditions like
those described by Zhang et al. [1992a], but includin~
sputtering of the Martian atmosphere by reentering 0
pickup ions. The inclusion of the sputter loss increases by
about 30% the cumulative, estimated loss of oxygen to that
in -50 m of water (global surface depth) over the last -
3.5 billion years, when contemporary loss mechanisms are
thought to have become dominant. More significant is the
result that these ions also sputter CO2 and its fra~ments in
substantial amounts. That integrated loss is equIvalent to
-0.14 bar atmospheric CO2 pressure, of the order of
some estimates of Mars' early atmospheric inventory.

Introduction

Mars is thought to have had both substantial amounts of
surface water and a much thicker atmosphere -3.5 billion
years ago [e.~., see McKay and Stoker, 1989 and
references thereIn]. Estimations of the planet's "inventory"
at this time place the pressure of the early atmosphere at -
0.1 bar or more (compared to the present -7 mb) and
include a planet-wide equivalent "ocean" of liquid water of
a few meters to a km depth. The evolution of the now thin
atmosphere is thought to have proceeded by some
combination of escape to space and surface adsorption. The
amounts of water ice and carbonate that remain on Mars
will be determined to some extent by Mars Observer [e.g.,
see Feldman and JakOSky, 1991], but the amount that has
escaped to space in the past must be determined by
modeling the escape processes over time. This requires
that one take into account all significant escape processes
adjusted for the evolving sun and atmosphere.

Several important atmospheric constituents at Mars,
namely N, 0, and C, are known to undergo nonthermal
escape to space due to dissociative recombination of N2 + ,
O2 + and CO+, respectively, in the ionosphere [McElroy,

1974; McElroy et al., 1977; Fox and Dal~arno, 1983].
This photochemical process can impart sufficient ener~y to
the product atoms that they escape the planet's gravitational

field (the required escape velocity at Mars is -5 kIn/s or
-0.125 eV/amu). The resulting neutral escape fluxes can
be calculated from models that require knowledge of the
atmospheric density and composition, and of the ionizing
EUV flux of the sun.

Atomic oxygen is the major heavy constituent of the
Martian exosphere according to current models [e.g. Nagy
and Cravens, 1988; Nagy et al., 1990; Ip, 1990]. This
oxygen" corona" is a direct consequence of the dissociative
recombination process in Mars' mainly O2+ ionosphere [see
McElroy et al., 1977]. The resulting "hot" oxygen atoms
can be lost if they are movin~ upward and have energies in
excess of -2 eV. In addition, the much greater number
of hot atoms that are left behind to populate the exosphere
can be ionized by a variety of mechanisms including
photoionization by solar EUV, charge exchange with solar
wind protons, and impact ionization by solar wind
electrons. The oxygen ions produced in the corona can be
picked up by the solar wind electric field and removed
from Mars [e.g., see Luhmann, 1990], or they can reenter
the atmosphere where they can sputter neutrals from the
region near the exobase [see Luhmann and Kozyra, 1991].
Note that there is a distinction between sputtering by solar
wind protons and helium ions [Watson et al., 1980], which
is assumed negligible here, and sputtering by the heavy
reentering pickup ions. The pickup ions do not suffer from
the same degree of deflection because of their large
gyroradii and they are more efficient sputtering agents than
protons and helium ions [Johnson, 1990]. These three loss
processes are coupled by their relationship to the generation
of the hot 0 corona and their various connections to the
solar EUV flux.

Energetic ion observations recently obtained on the
PHOBOS-2 spacecraft [e.g. Lundin et al., 1990; Verigin et
al., 1991] have inspired quantitative estimates of the net
loss of atmospheric constituents by solar wind scavenging.
Some of these calculations invoke momentum conservation
arguments [e.g. Perez-de-Tejada, 1989; Lundin et al.,
1991] which are based on the assumption that the planetary
obstacle has a particular cross section to the incident solar
wind within which it extracts the incident momentum. One
of the difficulties with such approaches is the lack of
constraints concerning both the efficiency of the momentum
transfer and the size of the region of transfer. Another is
the lack of specificity regarding the physics involved,
which makes it difficult to evaluate the effects of the
process through the history of the solar system. Our
current understanding of solar wind interactions with the
atmospheres of the weakly magnetized planets [e.g., see the
review by Luhmann and Bauer, 1992] allows us to model
some of the details of the scavenging process over time.
Of course, this presumes that the contemporary loss
processes have been dominant since a solar system age of
-1 billion years (- 3.5 byr ago), and implies that the
magnetic field of Mars was not a consideration after that
time as suggested by the dynamo models of Schubert and
Spohn [1990].

Of the aforementioned processes (non thermal escape of
neutrals due to photochemistry, ion pickup by the solar
wind, and sputtering of neutrals by reentrant pIckup ions)
Zhang et al. [1992a] calculated the oxygen loss rates of the
first two for three epochs in the history of the solar system
corresponding to solar EUV intensities of 6, 3, and 1 times
the present value. According to the solar evolution model
of Zahnle and Walker [1982], these values reJ?resent solar
system ages of -1.0, 2.0, and 4.5 bIllion years,
respectively. In this note we present the corresponding
results for the sputtering process. We show that oxygen
sputtering losses are comparable to those from the other
mechanisms. However, the accompanying CO2 losses,
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Table

Epoch (in
terms of
present
EUY
flux)

Exospheric Pickup 0+ Sputtered Sputtered
0 escape ion 0 escape CO2
(atoms/s) (ions/s) (atoms/s) (nrlt:x:Ules/s)

receiving an energy transfer T > Uj, where Uj is the
gravitational potential energy at the exobase, and O"d is the
cross section for escape of the struck particle. The
constants (3/r) and a are obtained from the transport
equation and So is the energy transfer cross section
[Johnson, 1990].

Because the incident 0+ (or neutralized 0) makes hard
energy transfer collisions only with the atomic constituents
in CO2 (i.e. with either C or 0) the molecule often
dissociates [Sieveka and Johnson, 1984], Therefore we
have shown that it is a good approximation to use atomic
quantities [Johnson, 1990, 1992], treating the CO2 as a sum
of a C and 2 O's. Further, the cross sections 0" (T > U;)
and So vary much more slowly with incident ion energy
[Johnson, 1990] than does the incident ion flux. Since the
angular dependence is also found to be steep, we estimate
the escape using the integrated flux and evaluate the
effective yield at 1 keY 0+ with the average cos8 = 0.577
[Luhmann and Kozyra, 1991]. Using this, the expression
above has been applied recently to calculate the ejection of
0 from the exobase of Mars [Johnson, 1992] givIng Yo =
co. (6.3). Here co. is the atomic concentration of atomic 0
at the exobase. We have also estimated the yield of C, as
either C, CO, or CO2, for an incident 1 keY 0+ at cos8 =
0.577 to be Yo = Cool (0.67). These values are rough
lower limits as we have ignored any heating at the exobase,
have only included in the sin~le collision contribution the
cross section for directly striking C, and have not included
0 loss from 0 originating in CO2, The collision cross
sections and energy loss cross sections used were obtained
from the so-called universal cross section [Ziegler et al.,
1985], These assumptions allow us to estimate the
contribution of sputtenng to the loss of material from
Mars.
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Results

Figure 3 shows the calculated precipitating pickup ion
fluxes as a function of both energy and zenith an~le for the
6, 3 and 1 times present EUV cases. Application of the
sputter yields described above using these distributions,
together with the "target" atmospheres shown in Figure 1,
gives the escape fluxes in Table 1. These include both 0
and CO2 since they are the major constituents of the target
gas at the exobase. The non thermal loss rates and 0+
pickup results of Zhang et al. [1992b] are also given for
comparison. Using the Zahnle and Walker [1982] solar
evolution model, we can convert these to the time series in
Figure 4 which can be integrated to estimate the total
amounts of 0 and C~ (or its fragments) lost to space in
the last -3.5 billion years. We obtain values of -2 x
1044 atoms for oxygen and -6 x 1042 molecules for CO2.
This oxygen loss IS equivalent to that in -50 m of water
(about 30% greater than the estimate of Zhang et al.
[1992a] without sputtering), while the sputtered CO2 would
have supplied an atmosphere of -0.14 bar.

The relative importance of the history of the solar EUY
flux, as opposed to the solar wind, on this result can be
roughly assessed in the following way. The neutral

exosphere escape rate evolution (except for the sputtered
component) is, of course, completely determined by the
EUV change. On the other hand, while the EUV controls
the density of the exospheric seed population for pickup ion
scavenging, either the EUV or the solar wind parameters
can dominate the pickup ion production rate and thus also
the flux of the sputtenng agents. (Impact ionization by
solar wind electrons is found to be more important than
photoionization at Mars in the current epoch [Zhang et al.,
1992a]). At the same time, the relative amount of
sputtenng of 0, as °l?posed to CO2, depends on the EUV-
determined composition at the exobase (see Figure la).
The relationship between the loss rates and parameters such
as solar EUV flux is thus highly nonlinear even in the
absense of solar wind changes. Nevertheless, it is useful
to think of the present model for escape as being most
dependent on the EUV flux except in the area of pickup ion
production rates. Because this coml?lex interplay of
parameters and processes is combined WIth the uncertainty
In the historical solar luminosity and solar wind, one can
appreciate that orders of magnitude changes in the
calculated escape rates could result from the use of
different EUV flux and solar wind histories. Thus the
present results should be regarded mainly as an illustration
of the potential importance of the included processes given
our present understanding of the sun's history.

Discussion and Conclusion

The earliest evolutionary period for planetary
atmospheres, in the first billion years of the solar system's
"life", was probably catastrophiC in nature. Dunng this
period, post-accretionary outgassing, delivery and removal
of volatiles by impactors, and perhaps hydrodynamic
outflow of a hydrogen-rich original atmosphere probably
dominated the sources and sinks [see references in McKay
and Stoker, 1989, for details]. It may be that we can never
fully understand what occurred during this primary epoch.
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Fig. 4. Summary of the loss rates in Table 1 plotted
versus solar system age, using the Zahnle and Walker
[1982] model of solar EUV flux evolution to make the
transformation.



However, if contemporary escape .mechanisms have
dominated since these more violent processes ceased, we
can arguably extrapolate backward from the present using
models such as that described here.

Our calculations indicate that when the evolution of the
solar EUV flux and solar wind are taken into account,
escaPE to space of major atmospheric constituents is
signIficant compared to current estimates of early
inventories for Mars water and CO2 pressure. The CO2
loss determined here is due solely to sputtering by
reentering 0+ pickup ions. We consider the present
estimates to be conservative because we did not Include
potential enhancements to the loss by effects such as the
expansion of the exosphere by the ion impact (not all
energized atoms or molecules will directly escape)
[Johnson, 1990; McGrath and Johnson, 1987]. We also
did not consider extreme situations that might have
occurred if the sun had been much more active in the past,
or other 'possible ion scavenging mechanisms suggested by
observatIons at Venus [e.g., see Luhmann and Bauer,
1992].

In the post-hydrodynamic outflow eras, the only other
potentially important escape mechanism for carbon is likely
to be the dissociative recombination of CO+ which is not
considered here. Since McElroy [1972] estimated a current
loss rate due to this process that is about equal to the 1
EUV CO2 sputtering rate found here [Table 1], the
"ancient" loss rates need to be evaluated at some point.
(This evaluation would require calculations of the evolving
ionospheres which allowed for the minor species CO+.)
Since the addition of another escape process can only make
the present estimates of esca~e to space larger, we
conclude that escape to space is lIkely to have been a major
factor in atmosphere evolution at Mars, and that the solar
wind interaction has played a significant role in CO2
removal through sputtering by pickup ions.

Acknowledgements. This work was supported in part by
NASA grant NAGW-2295 to J.G.L. as part of the MSATT
program and NASA grant NAGW-461 to R.E.J. from the
Planet2:ry Atmospheres Program. The authors wish to
recognize the essential role of the atmospheric and
exospheric models of S. W. Bougher and A. F. Nagy, and
the solar wind interaction model of J. R. Spreiter and S. S.
Stahara, in enabling us to carry out the present
calculations. Helpful discussions with J. Kozyra, A.I.F.
Stewart, J. Fox, and L. Paxton on the subject of
exospheres are also gratefully acknowledged. Lastly, we
thank B. JakoSky for his constructive comments.

References

distributions, energy deposition and consequences, J.
Geophys. Res., 2.6:, 5457, 1991.

Lundin, R., E. M. Dubinin, H. Koskinen, O. Norberg, N.
Pissarenko and S. W. Barabash, On the momentum
transfer of the solar wind to the Martian topside
ionosphere, Geophys. Res. Lett., 18,1059,1991.

Lundin, R., A. Zakharov, R. Pel1inen, S. W. Barabasj, H.
Borg, E. M. Dubinin, B. Hultqvist, H. Koskinen, I.
Liede and N. Pissarenko, ASPERA/Phobos
measurements of the ion outflow from the Martian
ionosphere, Geophys. Res. Lett., l'Z, 873, 1990.

McElroy, M. B., Mars: An evolving atmosphere, Science,
ill, 443, 1972.

McElroy, M. B., T. Y. Kong and Y. L. Yung,
Photochemistry and evolution of Mars' atmosphere: A
Viking perspective, J. Geophys. Res., ~, 4379, 1977.

McGrath, M. and R. E. Iohnson, Magnetospheric plasma
sputtering of Io's atmosphere, Icarus, .62, 519, 1987.

McKay, C. P. and C. R. Stoker, The early environment
and its evolution on Mars: Implications for life, Rev.
Geophys., 21, 189, 1989.

Nagy, A. F. and T. E. Cravens, Hot oxygen atoms in the
upper atmospheres of Venus and Mars, Geophys. Res.
Lett., li, 433, 1988.

Nagy, A. F., I. Kim and T. E. Cravens, Hot hydrogen and
oxygen atoms in the upper atmospheres of Venus and
Mars, Annales Geophysicae, .8., 251, 1990.

Newkirk, G., Ir., Solar variability on time scales of 105
years to 109.6 years, in The Ancient Sun, edited by R.
O. Pepin, I. A. Eddy, and R. B. Merrill, Geochemica
et Cosmo de chemica Acta Suppl., 1.3., 293pp.,
Pergamon Press, 1980.

Perez-de- Tejada, H., Solar wind erosion of the Mars early
atmosphere, J. Geophys. Res., 21, 3159, 1992.

Sieveka, E. M., and R. E. Iohnson, Ejection of atoms and
molecules from 10 by plasma-ion impact, Astrophys. J.,
2..8], 418, 1984.

Schubert, G., and T. Spohn, Thermal history of Mars and
the sulfur content of its core, J. Geophys. Res., 95,14095, 1990. -

Spreiter, I. R. and S. S. Stahara, A new predictive model
for determining solar wind-terrestrial planet interactions,
J. Geophys. Res., .8..1., 6769, 1980.

Verigin, M., K. I. Grin~auz, G. A. Kotova, N. M. Shutte,
H. Rosenbauer, S. LIVi, A. K. Richter, W. Riedler, K.
Schwingenschuh and K. Szego, On the problem of the
Martian atmosphere dissipation: Phobos 2 TAUS
spectrometer results, J. Geophys. Res., 96, 19315,1991. -

Watson, C. C., P. K. Haff and T. A. Tombrello, Solar

wind sputtering effects in the atmospheres of Mars and

Venus, Proc. Lunar Planet. Sci. Conf. 11th, 2479,

1980.

Zahnle, K. I., and I.C.G. Walker, The evolution of solar
ultraviolet luminosity, Rev. Geophys. Space Phys., 2.0,
280,1982.

Zhang, M.H.G., I. G. Luhmann, S. W. Bougher and A.
F. Nagy, The ancient oxygen exosphere of Mars:
Implications for atmosphere evolution, J. Geophys.
Res., submitted, 1992a.

Zhang, M.H.G., I. G. Luhmann, A. F. Nagy, I. R.
Spreiter and S. S. Stahara, Oxygen ionization rates at
Mars and Venus: Relative contributions of impact
ionization and charge exchange, J. Geophys. Res.,
submitted, 1992b.

Ziegler, I. F., I. P. Biersak, U. Littmank, The Stol2l2ing
and Range of Ions in Solids, Pergamon, N. Y., 1985.

Feldman, W. C. and B. M. JakOSky, Detectability of
Martian carbonates from orbit using thermal neutrons,
J. Geophys. Res., 2.6:, 15589, 1991.

Fox, J. L. and A. Dalgarno, Nitrogen escape from Mars,
J. Geophys. Res., .8..8., 9027-9032, 1983.

Ip, W. H., The fast atomic oxygen corona extent of Mars,
Geophys. Res. Lett., 11, 2289, 1990.

Johnson, R. E., Energetic Charged Particle Interactions
with Atmosl1heres and Surfaces, 232pp., Springer
Verlag, New York, 1990.

Johnson, R. E., Comment on "Dayside pick-up oxygen ion
precipitation at Venus and Mars," J. Geophys. Res.,
21i, 13,911, 1992.

Kasting, J. F., Caz Condensation and the climate of early
Mars, Icarus, 2.4, 1, 1991.

Luhmann, J. G., A model of the ion wake of Mars,
Geophys. Res. Lett., 11, 869, 1990.

Luhmann, J. G. and S. J. Bauer, Solar wind effects on
atmosphere evolution at Venus and Mars, p.417 in
Venus and Mars: Atmosoheres. Ionosl1heres. and Solar
Wind Interactions, edited by J. G. Luhmann, M.
Tatrallyay and R. O. Pepin, Geophysical Monograph
66, American Geophysical Union, 1992.

Luhmann, J. G. and J. U. Kozyra, Dayside pickup oxygen
ion precipitation at Venus and Mars: Spatial

R. E. Johnson, Engineering Ph):'sics, Thornton, Hall,
University of Virginia, CharlottesvIlle, V A 22903.

J. G. Luhmann, Institute of Geophysics and Planetary
Physics, UCLA, Los Angeles, CA 90024-1567.

M.H.G. Zhang, Space Research Institute, Austrian
Academy of Sciences, Dept. f. Space-Physics,
Halbaerthgasse 1, A-80l0 Graz, Austria.

(Received: August 14, 1992;
accepted: September 21, 1992.)


