Available online at www.sciencedirect.com

ScienceDirect

ICARUS

ELSEVIER

Icarus eee (eeee) eee—ocee

www.elsevier.com/locate/icarus

Impacts as sources of the exosphere on Mercury

Alexey A. Berezhnoy *™*, Boris A. Klumov ¢

& Sternberg Astronomical Institute, Moscow State University, Universitetskij pr., 13, 119991 Moscow, Russia
b Rutgers University, Department of Chemistry and Chemical Biology, 610 Taylor Road, Piscataway, NJ 08854-8087, USA
¢ Max-Planck-Institut fiir Extraterrestrische Physik, D-85740 Garching, Germany

Received 29 August 2007; revised 13 January 2008

Abstract

Chemical processes associated with meteoroid bombardment of Mercury are considered. Meteoroid impacts lead to production of metal atoms
as well as metal oxides and hydroxides in the planetary exosphere. By using quenching theory, the abundances of the main Na-, K-, Ca-, Fe-,
Al-, Mg-, Si-, and Ti-containing species delivered to the exosphere during meteoroid impacts were estimated. Based on a correlation between
the solar photo rates and the molecular constants of atmospheric diatomic molecules, photolysis lifetimes of metal oxides and SiO are estimated.
Meteoroid impacts lead to the formation of hot metal atoms (0.2-0.4 eV) produced directly during impacts and of very hot metal atoms (1-
2 eV) produced by the subsequent photolysis of oxides and hydroxides in the exosphere of Mercury. The concentrations of impact-produced
atoms of the main elements in the exosphere are estimated relative to the observed concentrations of Ca, assumed to be produced mostly by ion
sputtering. Condensation of dust grains can significantly reduce the concentrations of impact-produced atoms in the exosphere. Na, K, and Fe
atoms are delivered to the exosphere directly by impacts while Ca, Al, Mg, Si, and Ti atoms are produced by the photolysis of their oxides and
hydroxides. The chemistry of volatile elements such as H, S, C, and N during meteoroid bombardment is also considered. Our conclusions about
the temperature and the concentrations of impact-produced atoms in the exosphere of Mercury may be checked by the Messenger spacecraft in

the near future and by BepiColombo spacecraft some years later.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Mercury has a tenuous exosphere; the content of atoms in
this exosphere is controlled by the dynamical balance between
different sinks and sources. The concentrations and temperature
of Na and K in the exosphere can be explained by photon stim-
ulated and thermal desorption (Yakshinskiy and Madey, 2000).
The release of ions, atoms, and molecules from the surface oc-
curs by chemical sputtering (Potter, 1995) and also by solar
wind sputtering (Potter and Morgan, 1990). Sudden increases
of the Na emission flux on Mercury may be explained by me-
teoroid impacts (Leblanc et al., 2006). Meteoroid impacts are
considered to be one of the main sources of calcium in the ex-
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osphere of Mercury (Killen et al., 2005). Killen and co-workers
proposed that calcium is delivered in the form of calcium oxide.
Other sources of exospheric Ca discussed in the literature in-
clude ion sputtering (Killen et al., 2005) and solar wind (Koehn
and Sprague, 2007). Meteoroid bombardment is a more impor-
tant source for the night side of the planet because ion sputtering
produces atoms in the exosphere only on the day side.

Study of the composition of the impact-produced exosphere
of Mercury is also useful for estimating the elemental com-
position of the surface of the planet, which is still poorly
known. For a detailed study of the exosphere of Mercury, op-
tical and ultraviolet spectrometers on board the NASA Mes-
senger (McClintock and Lankton, 2007) and ESA-JAXA Bepi-
Colombo (Yamakawa et al., 2004) spacecraft will be used.
These missions have significantly revived interest in the near-
est planet to the Sun. The monitoring of the concentrations of
impact-produced atoms in the exosphere of Mercury by these
spacecrafts can be used to study of meteor showers on Mercury

doi:10.1016/j.icarus.2008.01.005

Please cite this article in press as: A.A. Berezhnoy, B.A. Klumov, Impacts as sources of the exosphere on Mercury, Icarus (2008),



http://www.elsevier.com/locate/icarus
mailto:aaberezh@yandex.ru
http://dx.doi.org/10.1016/j.icarus.2008.01.005

2 A.A. Berezhnoy, B.A. Klumov / Icarus eee (eeee) eee—eee

and to estimating the mass flux of meteoroids to the planetary
surface.

The main goal of this paper is to predict the abundances and
the temperatures of impact-produced atoms of the main ele-
ments in the exosphere of Mercury. Our results can be checked
by NASA Messenger mission in the near future. Recently,
Mangano et al. (2007) estimated the probability that instru-
ments aboard BepiColombo and/or Messenger would detect
impact-produced metal atoms. Mangano and co-workers as-
sumed that meteoroid impacts produce only metal atoms and
not molecular species in the exosphere. A possible indirect ef-
fect on their results, the influence of molecular photolysis on the
temperature of metal atoms, was not taken into account. More
generally, the chemistry of impact-induced clouds (or fireballs)
produced by meteoroid impacts has not yet been considered in
detail. We investigate this problem by modeling theoretically
the concentrations of species containing Na, K, Ca, Fe, Al, Si,
Mg, Ti, O, H, S, C, and N as an impact-induced cloud evolves.
For this purpose we adapt the model of Berezhnoi and Klu-
mov (1998), which was developed to treat larger impacts on
the Moon, for the case of smaller impactors. In the original
treatment of Berezhnoi and Klumov (1998), only the behavior
of volatile elements during impact processes on the Moon was
considered. We extended this work to study refractory elements
as well.

The paper is organized as follows. First, we estimate the
initial parameters of the impact-induced vapor cloud expan-
sion and its elemental composition and use quenching theory
to model the physical and chemical evolution of the fireball.
Limitations of the quenching theory are also discussed. Sec-
ond, we estimate the photolysis lifetimes of metal monoxides
and SiO based on a known correlation between solar photolysis
rates and molecular constants for known atmospheric diatomic
molecules. We find that photolysis lifetimes are shorter than
ballistic flight times for major diatomic species. Thus, the pho-
tolysis of molecular species increases the content of atoms in
the exosphere of Mercury. Then we estimate the temperature
and the concentration of impact-produced atoms of major el-
ements both with and without considering condensation and
compare our predictions with available observational data. It
is shown that ionization of neutral atoms decreases the content
of atoms in the exosphere by a few percent at most.

2. Physics and chemistry of meteoroid impacts
2.1. Formation and cooling of the fireball

Collisions of meteoroids with Mercury with typical impact
speeds of 10-80 km/s lead to vaporization of the impactor, va-
porization, melting, and fragmentation of the regolith, and then
to the ejection of multiphase impactor matter and planetary soil.
While impact-induced cloud consists of a mixture of vapor, lig-
uid, and solid we consider only vapor because only gas-phase
compounds are delivered to the exosphere by impacts. We first
estimate the initial temperature and pressure in the fireball. The
initial temperature of the impact-induced cloud T can be esti-

mated as
To = nM;V;2/(2Cy M), (1)

where 7 is the part of kinetic energy of the impactor released
for heating of the impact-produced vapor, Mj, V; are the mass
and velocity of the impactor, respectively, M, is the mass of
the impact-produced vapor, Cy &~ 3000 Jkg~! K~! is the heat
capacity of the gas at constant volume, a value typical for the
considered case.

Small meteoroids with radii in the range 10781072 m typ-
ically strike Mercury with velocities between 10 and 40 km/s,
but 1-10 cm meteoroids collide with Mercury with velocities
between 20 and 70 km/s (Cintala, 1992). The impactor—target
mass ratio in the impact-induced cloud depends on impact ve-
locity. We use the approach of Ahrens and O’Keefe (1987) for
estimating the mass of the impact-produced vapor for the case
of vertical impacts

M, ~ M;(2[4(0y/v)**/ Vi)' —1). )

Formula (2) was obtained by Ahrens and O’Keefe (1987)
from numerical modeling of impact processes. The parameter v
was taken to be 0.33, a value typical for continuous media. The
evaporation heat of the target, O, was taken to be 1.3 MJ /kg, a
value typical for silicates. Using these assumptions, we find that
the mass of vapor in impact-induced cloud may reach 10 im-
pactor masses at 20 km/s and 60 impactor masses at 60 km/s.

From formulas (1) and (2) and assuming 1 = 0.3 we find
Tp = 10,000 K for 30 km/s impacts. The value of Tj increases
slightly with increasing impact velocity as (V;)".

The initial temperature and pressure can be determined by
numerical modeling of impact processes and by experiments.
Laboratory impacts at 6 km/s into water produce an average
initial temperature of about 5000 K and an average initial pres-
sure of about 10° bar (Lyzenda et al., 1982). Klumov et al.
(2005) obtained Ty = 10,000 K and Py = 10,000 bars, respec-
tively, for an impact into copper at 10 km/s. Pressure varies
within the fireball, however, and a significant portion has a
much lower initial pressure. Moreover, one of the main un-
certainties of our numerical simulations is caused by lack of
knowledge of the equations of state of meteoroids and the re-
golith of Mercury. We use in our calculations 7p = 10,000 K
and Py = 10,000 bars. The accuracy of estimation of initial
temperature is about 30% because this value may be estimated
during impact experiments and observations of impact events in
the Solar System. However, the initial pressure cannot be esti-
mated by this way, and the accuracy of its value is about a factor
of 3.

The impact-induced cloud is assumed to cool reversibly and
adiabatically so that

To/T = (Po/P)?Y =117, 3)

where T and P are the temperature and pressure in the fire-
ball during its expansion. The ratio of specific heats y is taken
to be 1.2 which is typical for mixtures of hot diatomic and
triatomic molecules. Pressure rapidly decreases with decreas-
ing temperature and is equal to 400, 40, and 0.6 bar at 6000,
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4000, and 2000 K, respectively. Changing the fireball chemical
composition and temperature changes y. The uncertainty in the
quenching pressure attributable to our assumption of constant
y value during impact-induced cloud expansion estimation is
about a factor of 10. For example, increasing y from 1.2 to 1.3
increases the quenching pressure by a factor of 10.

2.2. Elemental composition of the fireball and recapture of
ejected material

The chemical composition of the impact-induced cloud de-
pends in part on its initial elemental composition, which is
determined by the elemental composition of the surface of Mer-
cury and of the impactors, and by the impactor—target mass
ratio. The elemental composition of the mercurian regolith is
taken to be a mixture of 90% plagioclase and 10% pyroxene in
volume as proposed by Cremonese et al. (2005). The elemental
composition of impacting meteoroids is taken to be that of CI
chondrites (Lodders and Fegley, 1998).

We use in our calculations a target—-impactor mass ratio equal
to 30:1 which corresponds to an impact velocity of 40 km/s.
In this case the impactors are the main source of volatile ele-
ments such as N, C, and H in the cloud while the content of
non-volatile elements is determined mainly by the regolith el-
emental composition. Namely, the relative abundances of main
elements in the cloud by number of atoms are the follow-
ing: 0—60.64, Si—18.71, Al—10.16, Ca—3.94, Na—3.36,
H—1.33, Mg—1.1, Fe—0.37, C—0.19, S—0.11, K—0.068,
N—~0.015, and Ti—0.005. However, preferred vaporization of
volatile elements from the planet can lead to depletion of re-
fractory elements in the impact-induced cloud.

After a meteoroid impact, Mercury recaptures some of the
mass ejected. To estimate this mass we use the technique
of Berezhnoi and Klumov (1998). As numerical calculations
show, the velocity distribution V (r) along the radius r in the im-
pact vapor cloud is close to linear: V(r) ~ Vipaxr/ Rmax, Where
Vmax 1S the expansion velocity of the hot cloud and R,y is the
radius of the cloud. The expansion velocity of the hot cloud is
estimated as Viax & Vi(M;/ MV)0‘5. The spatial mass distribu-
tion function in the fireball is assumed to be the same as for
the case of a point explosion at y = 1.2 (Zel’dovich and Raizer,
1966). It is assumed that the impactor and target material are
well mixed.

Based on the spatial distribution function and velocity dis-
tribution in the fireball we can estimate the mass fraction of
the cloud captured by Mercury. Namely, the mass fraction of
impact-formed vapor captured by Mercury decreases slightly
with increasing impact velocity, from 0.1 at 20 km/s to 0.07
at 60 km/s impacts. In our calculations, the fraction of the
vapor cloud retained on the planet decreases with increasing
impact velocity more slowly than that in the calculations of
(Moses et al., 1999). This difference arises because we as-
sume M, ~ (V;)2~" based on formula (2) while Moses et al.
assume that the masses of impactor and target material in the
impact-induced cloud are equal and independent of impact ve-
locity.

2.3. Quenching of chemical reactions

At the beginning of impact-induced cloud expansion, the
chemical composition can maintain thermodynamical equilib-
rium because collisions occur frequently and chemical reac-
tions are fast. The equilibrium chemical composition of the
cloud at any moment depends on its temperature and pressure.
We describe next the use of quenching theory in estimating
the chemical composition of the cloud as it cooled to the point
where chemical reactions effectively stopped. It is assumed that
chemical reactions end or quench, and that the chemical com-
position is fixed when two quantities, the chemical and hydro-
dynamic time scales, become comparable. Let us estimate the
chemical and hydrodynamic time scales.

The hydrodynamic time scale can be estimated as R/V,
where R is the radius of the cloud at the time of quenching, and
V is the velocity of the cloud expansion. Based on Eq. (3) at
accepted y = 1.2, Tp = 10,000 K, and T ~ 2500 K as it is es-
timated below, the radius of the cloud at the time of quenching
is about 10 radii of the impactor. According to numerical mod-
eling of impact events (for example, Klumov et al., 2005) the
expansion velocity of an impact-produced cloud is of the order
of the sound speed. For this reason the cloud expansion speed is
taken to be the speed of sound in the hot vapor, about 1 km/s.
About 75% of the meteoroid mass flux is in the size range of
10732102 m; meteoroids in the size range 1072210~ m ac-
count for the rest of the mass flux (Cremonese et al., 2005).
Thus, the hydrodynamic time scale for majority of meteoroid
impacts can be estimated as 10~7-107 s.

The chemical time scale for destruction of a compound A
in a reaction of the form A + B = C can be approximated as
[A]/|d[A]/dt| or (k[B])~!, where [A] and [B] is the equilib-
rium abundance of compounds A and B, respectively, which
depends on temperature, pressure, and elemental composition,
and k(T) is the rate constant, which is expressed in the form
of koe™T2/T  where ko is the pre-exponential factor, 7' is the
temperature of the species, and T, is the so-called activation
temperature. To estimate the chemical time scale we use our
calculated equilibrium chemical composition and rate constants
taken from the NIST chemical kinetics database extrapolated to
higher temperatures. To determine the rates of formation and
destruction of a given compound we choose the fastest reac-
tions in which this compound participates.

The hydrodynamic time scale increases linearly with the ra-
dius of the cloud. The time scales of chemical reactions increase
even more rapidly with fireball expansion due to decreasing
concentrations of reagents and the exponential decrease of most
reaction rates with decreasing temperature. The quenching pa-
rameters are determined by the initial parameters of the fireball
expansion, the hydrodynamic and chemical time scales.

Comparisons of reaction rates reveal that the main processes
determining H,O, OH, SH, S, SO, SO, contents are the reac-
tions H+ HO=H; + OH, H, + OH=H;O +H, O+ SH =
SO+H,S+H,=SH+H, H+SO=S+OH, SO, + M =
SO + O + M, respectively. We find that reactions in which
H-, O-, and S-containing species participate typically quench
at Tq ~ 3500 K and Py ~ 30 bars.
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Fig. 1. Time scale of several chemical reactions involving Na-, K-, Ca-
containing species in the impact-induced cloud starting its adiabatical cool-
ing at Ty = 10,000 K and Py = 1000 bars. Curves NaOH, KOH, Na,
K, Ca, CaO represent the following chemical reactions: NaOH + M =
NaO+H+M, KOH+M =KO+H+ M, Na+ Oy + M =NaO, + M,
K+ 02 + M= K02 + M, Ca+ 02 = CaO + O, CaO + H20 = Ca(OH)z,
respectively.

The main and fastest reactions in which Na-, K-, Ca-
containing species participate are NaOH+M = Na+ OH+ M,
Na+ O + M =NaO; + M, KOH + M =KO + H + M,
K+03+M = KO, +M, Ca(OH), = CaOH + OH, Ca(OH), =
CaO+H,0, CaO+H30 = Ca(OH);, CaOH+ OH = Ca(OH);.
The time scales of these reactions are comparable with hydro-
dynamic time scale (1077107 s) for meteoroid impacts for
which Tq ~ 2500 K and Py ~ 3 bars (see Fig. 1). Reactions
in which Mg-, Al-, Fe-containing species participate also have
similar quenching temperatures and pressures.

2.4. Delivery of species to the exosphere by impacts

Having chosen the initial elemental composition, tempera-
ture, and pressure of the impact-induced cloud, we followed the
evolution of its equilibrium chemical composition using a ther-
mochemical code. Abundances of species were calculated by
standard methods of Gibbs free energy minimization. Our code
allows calculations of equilibrium compositions for up to 102
species made from up to 15 elements. Thermodynamic prop-
erties of the considered species were taken mainly from the
database of Gurvich et al. (1989). This database comprises data
for 1832 species including ions, atoms, and molecules.

At the high temperatures and pressures prevailing imme-
diately after an impact, atoms are more abundant than mole-
cules in the cloud. As the cloud expands and cools, com-
plex species form. At quenching, the major components of an
impact-induced cloud are Na, NaOH, and O». The elements K,
Al, Mg, Fe are present in the gas phase mainly as KOH, K, AlO,
Mg, MgOH, Fe (see Figs. 2 and 3). Even at 6500 K Ti is present

lg(mixing ratio)

4000
T, K

Fig. 2. Equilibrium fraction of gas-phase Na-, K-, Ca-containing species versus
temperature during cloud cooling. Initial temperature is 10,000 K, initial pres-
sure is 10,000 bar, y = 1.2. Ratio of matter of planetary and CI meteorite origin
is taken to be 30:1.
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Fig. 3. Equilibrium fraction of gas-phase Si-, Fe-, Mg-, Al-containing species
versus temperature during cloud cooling. Initial temperature is 10,000 K, initial
pressure is 10,000 bar, y = 1.2. Ratio of matter of planetary and CI meteorite
origin is taken to be 30:1.

not as atoms but as molecules of TiO(g), at lower temperatures,
TiO; is the main Ti-containing compound. For temperatures
lower than 3500 K, Ca is present mainly in the solid state,
the main gas-phase Ca-containing compound is Ca(OH)»(g).
Consistent with these findings, Killen et al. (2005) reported the
presence of very hot Ca atoms in the exosphere and attributed
them to the photodissociation of CaO released to the exosphere
by meteoritic impacts.

The abundances of gas phase species of refractory elements
rapidly decrease with decreasing temperature at 3000-5000 K
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Fig. 4. Equilibrium fraction of gas-phase H-, O-, S-, N-containing species ver-
sus temperature during cloud cooling. Initial temperature is 10,000 K, initial
pressure is 10,000 bar, y = 1.2. Ratio of matter of planetary and CI meteorite
origin is taken to be 30:1.

due to the formation of solid phases. However, species con-
taining Na or K do not condense even at 2000 K. In general,
condensation enriches volatile elements and depletes refractory
elements in the gas phase.

Molecular species have not yet been observed in Mercury’s
exosphere. For this reason we focus on the factors that control
the vapor-phase concentrations of metal atoms. At quenching
(2500 K and 3 bars), the fractions of Na(atoms)/Na(total) and
K(atoms)/K(total) in the fireball are estimated as 0.7 and 0.4,
respectively (see Fig. 2). The corresponding fractions are much
lower for more refractory Mg, Ca, and Al because these ele-
ments form molecules or condense to form solids (in equilib-
rium MgO, CaO, and Al,O3, respectively). We do not consider
condensation of minerals because minerals are not included in
thermochemical code used. Chemical reactions and condensa-
tion in the cloud significantly reduce the fraction of metallic
atoms delivered to Mercury’s exosphere directly by meteoroid
impacts (see Section 2.5).

For a wide range of Ty and Py and especially when im-
pact velocities are low, NaOH, water, and hydroxyl are the
main components among H-containing species in the cloud (see
Figs. 2 and 4). Thus, meteoroid impacts may be considered as
a significant potential source of water molecules on Mercury
if condensation does take place. Hydroxyl molecules can react
with the minerals on the surface and form hydrosilicates.

Sulfur is in the gas phase when the chemical composition
quenches because the formation of solid FeS is kinetically pro-
hibited in the fireball (Berezhnoy et al., 2003). The main S-
containing species at quenching are SO, and SO while the main
C-containing species are CO, and CO (see Fig. 4). The main
N-containing species are N, and NO while main O-containing
species are NaOH and O; (see Figs. 2 and 4).

2.5. Limitations of quenching theory

In estimating the quenching parameters of the impact-
induced cloud, we considered only gas-phase reactions. In real-
ity, appreciable concentrations of condensed phases are proba-
bly present and may influence the course of chemical reactions.
For example, dust grains with a size of about 1077 m were
effectively produced for about 1073 s in the fireballs formed af-
ter the Comet Shoemaker—Levy 9-Jupiter collision (Friedson,
1998). Dust is a very effective catalyst of chemical reactions at
low temperatures and for this reason our estimates of Py and Ty
may be too high.

We make several other assumptions in modeling the chemi-
cal composition of the impact-induced cloud. The parameters of
impacts such as the initial temperature and pressure, and target/
impactor mass ratio in the cloud are assumed to be independent
of impactor size and velocity, and of the elemental composi-
tion and density of both the impactors and the regolith. In our
modeling calculations we assume that the cloud can be char-
acterized by a single temperature and pressure. In reality the
impact-induced cloud is highly non-uniform. The inner portion
of the cloud has a higher temperature and pressure while in the
outer parts temperatures may be too low to achieve thermal
equilibrium. Different reactions have different rate constants
and therefore different quenching parameters. Increasing the
size of the impactors and the initial pressure lead to decreases
of the quenching temperature and pressure.

Thus, the assumption of the same quenching parameters for
all impacting meteoroids, all reactions and all parts of the cloud
is a significant simplification of the problem. However, as we
will show later, the exact estimation of the chemical composi-
tion of the cloud at the time of quenching is not the final step
of changing of the chemical composition of the cloud because
the chemical composition of impact-produced species in the
exosphere of Mercury is determined by photolysis of species
originally delivered to the exosphere by impacts. Due to limi-
tations of quenching theory the accuracy of estimated fractions
of minor compounds in the impact-induced cloud at the time of
quenching is about a factor of 3. This value is estimated bet-
ter for major compounds because for these compounds some
uncertainties like dust formation, and errors of quenching para-
meters are not as significant as for minor compounds.

3. Photolysis of molecules in the exosphere
3.1. Ballistic flight times

Let us estimate the impact of photolysis processes on the
chemical composition of impact-produced species. Photoly-
sis of metal oxides and hydroxides by solar photons leads to
the formation of atoms of metals, hydrogen atoms, and oxy-
gen atoms. The fraction of molecules destroyed during ballistic
flight may be estimated by comparing ballistic flight times and
photolysis lifetimes.

The ballistic flight time ¢ can be estimated as 2 x Vi (2)/g,
where Vin(z) is z-component of the thermal velocity of mole-
cules, and g = 3.7 m/s? is the surface gravity on Mercury. For
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an ideal gas, the thermal velocity of molecules Vy, is propor-
tional to (T'/ Mr)O'S, where T is the gas temperature; M; is the
molecular mass of the considered species. So ballistic flight
times can be estimated as 2 x (RT/M;)%3 /g, where R is the
gas constant. The gas temperature is taken as the same as the
quenching temperature of chemical reactions. On Mercury, the
ballistic flight time of species such as O, NaOH, KOH, AlO,
MgO, CaO, FeO is about 250-500 s for a gas temperature of
about 2000-3000 K and typical molecular masses in the range
of 0.03-0.07 kg/mol.

3.2. Method of estimation of photolysis lifetimes of metal
oxides

Photolysis lifetimes t can be determined from solar photo
rates J~!. Solar photo rates J in units of s~! of a given com-
pound can be calculated as

sza(,\,T)qj(x)F(,\)d,\, “4)

1

where o is the cross section of photolysis, ¢ is photolysis quan-
tum yield, and F is the unattenuated solar flux. Only photons
with energies exceeding the binding energy of a molecule cause
dissociation. Due to the rapid decrease of the solar photon flux
with decreasing wavelength, molecules with high dissociation
energies are more stable against solar photolysis than are mole-
cules with low dissociation energies. Typically the photolysis
cross section has a maximum at 20-50 nm shorter than the bind-
ing energy equivalent wavelength. We assume that the photol-
ysis lifetimes of molecules are proportional to the solar flux at
the binding energy equivalent wavelength because the solar flux
typically is similar at the binding energy equivalent wavelength
and at the wavelength of maximal photolysis cross section.

The photolysis lifetimes of major metal oxides and hydrox-
ides at the orbit of Mercury are unknown. We therefore estimate
them based on the photolysis lifetimes and molecular constants
of atmospheric diatomic species on the Earth. We assume that
photolysis quantum yields and photolysis cross sections are the
same for all molecules and independent of wavelength. The
unattenuated solar flux, solar photo rates, binding energy equiv-
alents and dissociation energies of atmospheric species were
taken from Huebner et al. (1992). The correlation between so-
lar photo rates for quiet Sun and the unattenuated solar flux at
Abind for atmospheric diatomic species such as O,, Clp, CH,
HF, Cy, Np, OH, SO, CN, BrO, HCI, NO is strong (r> = 0.9),
the fit matches available data to within a factor of 10. Differ-
ences between predicted and measured solar photo rates are
caused by different photolysis cross sections for different mole-
cules. Thus, solar photo rates J at 1 a.u. correlate with the
unattenuated solar flux at binding energy equivalent wavelength
F (Abing) for atmospheric diatomic species as

J=3x10"" x F(pind), 5)
where F is in photonscm™2s~'nm™' and Apjng (nm) =
1240/ E (eV) is the binding energy equivalent wavelength.

3.3. Photolysis of impact-produced molecules in the exosphere
of Mercury

Let us use Eq. (5) for estimation of photolysis lifetimes at
1 a.u. of metal oxides and SiO. However, all atmospheric di-
atomic species are covalent while metal oxides are ion com-
pounds. It may cause even worse accuracy of used approach
than a factor of 10 for estimation of photo rates of metal oxides.
The dissociation energies of metal oxides are 2.6 eV for MgO
(Bauschlicher et al., 1982), 2.8 eV for KO (Lee et al., 2002),
4.0 eV for CaO (Kalff et al., 1965) and FeO (Murad, 1980),
4.5 eV for SiO (Hildenbrand and Murad, 1969), 5.2 eV for A1O
(Reddy et al., 1998), 6.9 eV for TiO (Naulin et al., 1997). So-
lar photo rates increase with decreasing distance to the Sun r
as r—2. From these data and Eq. (5) used for mean heliocentric
distance of Mercury (0.39 a.u.) instead of 1 a.u. photolysis life-
times on Mercury were estimated to be 80, 80, 200, 200, 600,
2000, and 30,000 s for MgO, KO, FeO, CaO, SiO, AlO, TiO,
respectively.

Let us note that expression (5) is obtained for atmospheric
species with low dipole moments and at 300 K. Metal monox-
ides have high dipole moments and, respectively, high tran-
sition dipole moments. The typical temperature of impact-
produced species is about 2500 K while photolysis lifetimes
also decrease with increasing temperature of the species. Both
factors can lead to a decrease of the photolysis lifetimes.
For example, the experimental NaO photolysis lifetime (Self
and Plane, 2002) is 50 times shorter than that estimated by
Eq. (5).

The probability P of photolysis during a single hop is esti-

mated from:
P=1-¢"", (6)
where ¢ is the ballistic flight time and t is the photolysis
lifetime. Using Eqgs. (5) and (6) we see that the probability
of dissociation of MgO, KO, CaO, FeO during its ballistic
flight is significantly higher than 90%, and that the probabil-
ities of SiO, AlO, and TiO dissociation are about 60%, 30%,
and 5%, respectively. Thus, the chemical composition of an
impact-produced exosphere is strongly affected by photochem-
ical processes. Photodissociation leads to the appearance of
metal atoms in the exosphere with high velocities comparable to
the escape velocity from Mercury of 4.2 km/s. For further elu-
cidation of the behavior of atoms of refractory elements in the
Hermean exosphere, laboratory and theoretical measurements
of photolysis lifetimes of the oxides considered above are re-
quired.

Photolysis lifetimes (Huebner et al., 1992) and ballistic flight
times are comparable for main S-containing species in the
cloud, SO and SO;. Thus, a significant fraction of sulfur will
be delivered to the exosphere in atomic form. Due to the long
photolysis lifetimes of the main N-, C-containing compounds,
Nj, NO, CO,, and CO (Huebner et al., 1992), only about 1%
of molecules of these species will be destroyed during its first
ballistic flight.
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4. Properties of impact-produced atoms in the exosphere
4.1. Energy of impact-produced atoms in the exosphere

The photolysis lifetimes of NaOH and NaO at 90 km alti-
tude in the Earth’s atmosphere and at 300 K are equal to 42
and 11 s, respectively (Self and Plane, 2002). Photolysis life-
times of NaOH and NaO on Mercury are 7 and 2 s, respectively.
These species will be destroyed by solar photons during bal-
listic flight on Mercury because the photolysis lifetimes are
shorter than their ballistic flight times. Thus, meteoritic bom-
bardment leads to formation of two different components of
sodium in the exosphere of Mercury, a low-energy component
(0.2-0.4 eV) released directly during impact processes, and a
high-energy component produced by the photodissociation of
NaO and NaOH. The typical excess energy of photolysis prod-
ucts of diatomic molecules is about 1-2 eV, an energy that
corresponds to a temperature of 10,000-20,000 K. Thus, the
energy of the second component of Na atoms is about 1-2 eV.
We now argue that these same two components are represented
in the atoms of other elements, in particular K, Ca, Al, Si, and
Ti. The typical excess energy of photolysis products slightly
increases with increasing dissociation energy of diatomic mole-
cules (Huebner et al., 1992). Thus, the temperatures of Al, Si,
Ti atoms formed during the photolysis of their oxides may be
higher than those of other elements due to the high values of the
AlQ, Si0O, and TiO dissociation energies.

Short NaOH photolysis lifetime as the main O-, H-contain-
ing compound in impact-induced cloud leads to delivery of hot
OH molecules to the exosphere. Due to long OH photolysis life-
time, about 10* s (Huebner et al., 1992), only about 10% of OH
molecules will be destroyed by solar photons during its single
hop. Due to the existence of a strong OH resonance line hy-
droxyl molecules may be detected in the exosphere of Mercury
(Killen et al., 1997).

The thermochemical calculations show that metal hydrox-
ides are produced during meteoroid impacts. Let us make the
approximation that photolysis lifetimes of metal hydroxides are
the same as those of oxides based on similar photolysis life-
times of NaOH, NaO (Self and Plane, 2002) and H,O, OH
(Huebner et al., 1992). We find that MgOH, KOH, CaOH, and
FeOH are almost completely photolyzed during their single bal-
listic flight while AIOH is more stable against solar photons.
The temperatures of atoms formed by a chain of photolysis re-
actions (for example, Ca(OH), — CaOH — CaO and H — Ca
and O) are higher than those formed by photolysis of monox-
ides because each photolysis process boosts the energy of the
photolysis products.

On the night side of the planet photolysis does not occur.
Only atoms of several elements such as Na, K, and Fe, which
are mainly produced directly by impacts can be detected on the
night side. We predict that the energy of the night-side atoms
will be about 0.2-0.4 eV.

The search for impact-produced molecules in the Mercury’s
atmosphere is useful for the determination of the main impact-
produced species and for the study of photolysis rates and paths
of these species.

4.2. Description of used model for estimation of the
composition of impact-produced exosphere

The quantitative theory of Hermean exosphere was already
discussed by Morgan and Killen (1997). Let us present Egs. (1)
and (2) of this article in the form S(X) = (My — 1) Fn Fs(X) R/
Ar(X) + Fin Fi(X)Rimp/Ar(X), where S(X) is the source rate
of considered element X, Fy, is meteoroid impact flux, F(X)
and Fj(X) are fractions of element X in the regolith and im-
pactor, respectively, by mass, A;(X) is atomic mass of element
X, and Rg and R; are fractions of the cloud of planetary and
impactor origin, respectively, captured by Mercury. Transform-
ing to column densities and taking into account the elemental
composition of the cloud we obtain

[X]= FyRF (X)Tioss/ Ar(X), @)

where [ X] is the zenith column density of element X, Fy is the
vapor production rate, F(X) is the fraction of element X by
mass in the cloud, R is the fraction of the cloud captured by
Mercury, and tjss(X) is the typical time scale of loss processes
of element X. However, condensation and photolysis were not
considered by Morgan and Killen (1997). For this reason we
estimate

Fx = Fune ) (fi(X) + fon(X)){X]}, ()

where F is the fraction of atoms of element X in the gas phase,
{X} is the fraction of element X in the cloud by number of
atoms, Fync(X) is the fraction of uncondensed species of ele-
ment X in the gas phase, fi(X) and fpn(X) are ratios between
abundance of atoms produced directly during impacts and by
photolysis, respectively, and the total abundance of species in
the gas phase of the cloud for element X.

We can estimate the concentrations of impact-produced
metal atoms in the exosphere of Mercury based on measured
Ca concentration. We take the Ca column density as a refer-
ence; this approach helps us to avoid estimation of the mass
flux of meteoroids on Mercury. We do not take the Na or K
column density as reference because atoms of these elements
have a low temperature (1500 K) and meteoroid bombardment
is a minor mechanism of delivery of Na and K atoms to the ex-
osphere. We consider only impacts as a source of Ca atoms in
the exosphere. Normalization of Eqgs. (7) and (8) to the mea-
sured Ca column density leads to the following equation:

[X] = Fme(Ca)[Cal{X} fxTioss (X) Func (X)
/ fcaTioss(Ca){Ca} Fync(Ca), )

where Fpe(Ca) is the fraction of observed Ca atoms delivered
to the exosphere by meteoroid bombardment, [X], [Ca] are the
zenith column densities of considered element X and Ca in the
exosphere in cm2, {X}, {Ca} are the partial concentrations of
considered element and Ca in the cloud, Tjoss(X), T1oss(Ca) are
typical lifetimes of considered atoms X and Ca atoms in the
exosphere, fx and fc, are sum of ratios between abundance of
atoms produced directly during impact f;(X) and by photolysis
Sfpn(X) and total abundance of species in the gas phase of the
cloud for X and Ca, respectively, Fync(X) and Fypc(Ca) are the
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fractions of uncondensed species of element X and Ca in the
gas phase, respectively.

4.3. Content of impact-produced atoms in the exosphere

Let us estimate each component of Eq. (9). The fireball el-
emental composition ({X}, {Ca} values) is discussed in Sec-
tion 2.2 of the paper.

Our thermochemical results (see Fig. 2) and the compari-
son of ballistic and photolysis lifetimes for CaO show that most
impact-associated Ca found in the exosphere of Mercury was
not injected directly, but was produced in place by the pho-
todissociation of CaO, CaOH, Ca(OH);, which formed in the
cooling fireball. These results are consistent with the detection
of very hot Ca atoms (7 ~ 12,000 K) in the exosphere of Mer-
cury (Killen et al., 2005). While the processes that we have
described may account for the very high-energy Ca observed,
they may not account for all of the Ca. Ca column densities
are known to correlate weakly with solar activity (Killen et al.,
2005). Killen and co-workers suggested that ion sputtering of
surface materials as the main mechanism of Ca delivery can
explain the observed correlation of Ca concentration with so-
lar activity. However, this correlation can also be explained by
lower probability of CaO, CaOH, and Ca(OH), photodissocia-
tion during quiet Sun conditions if the photolysis lifetimes of
Ca-containing species are comparable to their ballistic flight
times. But our estimation of CaO photolysis lifetime is one or-
der of magnitude shorter than CaO ballistic flight time and it
gives indirect evidence that ion sputtering and solar wind are
the main sources of Ca in the exosphere.

The increasing intensity of the observed Ca emission line at
the poles of Mercury (Bida et al., 2000) cannot be explained by
meteoroid bombardment because the meteoroid flux is almost
isotropic. Based on the discussion above we use Fpet(Ca) value
equal to 0.1. Additional observations of Ca during different lev-
els of solar activity, experimental and theoretical estimations of
photolysis lifetimes of Ca-containing species are required for
better understanding of the role of impacts and ion sputtering
as mechanisms of Ca delivery to the exosphere of Mercury.

According to Killen et al. (2005) the Ca tangent column den-
sity on Mercury is about 1.3 x 108 cm™2. The Ca zenith column
density [Ca] is calculated as 7 x 107 cm~2 for the temperature
of Ca atoms equal to 12,000 K and the spherical symmetry of
Ca atmosphere and taking into account increasing of typical
height scale with distance from the planet. The error of this es-
timation is about 20% because the Ca number density increases
near the poles according to Bida et al. (2000).

We assume that atoms and X-containing species of refrac-
tory elements are captured by the surface after their first ballis-
tic flight. Then we can take ballistic flight times as lifetimes for
atoms of refractory elements. According to Killen et al. (2005)
the temperature of Ca atoms is about 12,000 K. We assume that
the temperature of Mg, Al, Ti, Si, O atoms is also 12,000 K be-
cause they are produced mainly by photolysis of their oxides
and hydroxides while the temperature of Na, K, Fe atoms is
assumed to be 2500 K because atoms of these elements are pro-
duced mainly directly during meteoroid impacts. These values

of temperature were used for calculation of ballistic flight times
t by the technique described in Section 3.1 of the paper.

If we do not consider the condensation of refractory ele-
ments in the cloud we can use Fync(X) = 1 and Fy,c(Ca) = 1.
The condensation of refractory elements changes the elemental
composition in the gas phase and leads to a change of the chem-
ical composition of gas-phase species. The main compounds of
the impact-induced cloud at the time of quenching without con-
sidering condensation are shown in Table 1.

On the night side of the planet photolysis does not oc-
cur and impact-produced atoms are delivered to the exosphere
only during impacts, not by photolysis of molecules. To esti-
mate the night-side concentrations of impact-produced atoms
we need to use the ratio f (night) between abundances of atoms
of each considered element X only produced directly by im-
pacts and the total abundance of all X-containing species in
the gas phase of the cloud in Eq. (9), and fx(night) = fi(X).
Photolysis is an additional source of atoms in the day-side ex-
osphere, fx(night) < fx(day) for all elements, and fy(day) =
filX) + fpn(X). However, at quenching parameters Na, K,
and Fe are the main components of the cloud among Na-,
K-, Fe-containing species, respectively. Accordingly, for these
elements fx(night) &~ fx(day) and the expected day-side and
night-side concentrations of impact-produced Na, K, and Fe
atoms are comparable. The fraction of atoms produced directly
by impacts with energies of about 0.2-0.4 eV is estimated based
on the quenched chemical composition of the cloud at 2500 K
and 3 bars. At quenching parameters (2500 K, 3 bars) fi(X)
is 0.1, 0.02, 0.002, 1078, and 10~? for Mg, Ca, Al, Si, and Ti,
respectively, if condensation takes place. Without considering
condensation f;(X) is 0.9, 0.8, 0.4, 0.2, 0.2, 107, 1078, and
10~? for Na, K, Fe, Mg, Ca, Al, Si, and Ti, respectively. The
accuracy of these values is low, about a factor of 10, for Al,
Si, and Ti, because equilibrium abundances of gas-phase atoms
rapidly decrease with decreasing quenching temperature.

The fraction of molecular species photolyzed during their
first ballistic flight can be estimated by comparing ballistic and
photolysis lifetimes based on Eq. (6). Photolysis lifetimes of
S-, N-, C-containing compounds were taken based on available
photolysis lifetimes of SO,, N>, CO, (Huebner et al., 1992),
respectively, because these species are main species of con-
sidered elements. Photolysis lifetimes of Ca-, Al-, Mg-, Si-,
Ti-containing species were taken as CaO, AlO, MgO, SiO, TiO
photolysis lifetimes calculated in Section 3.3 of the paper. This
approach is suitable for Mg because MgO is the main Mg-
containing compound in the cloud. Al,O3, Ca(OH);, SiO», and
TiO, are main Al-, Ca-, Si-, Ti-containing species and using of
AlQ, Ca0, SiO, and TiO photolysis lifetimes means that Al,Os,
Ca(OH);, TiO», and SiO; photolysis lifetimes are assumed to
be equal to AlO, CaO, TiO, and SiO photolysis lifetimes, re-
spectively. NaOH is the main O-, H-containing compound in
the cloud if condensation does take place. The NaOH pho-
tolysis lifetime is very short (see Section 4.1) and it leads to
formation of Na and OH. For this reason photolysis lifetimes of
O-, H-containing species are taken to be OH photolysis lifetime
(Huebner et al., 1992). Without considering condensation SiO;
is the main O-containing compound and the photolysis lifetimes
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Table 1

Summary of behavior of the main elements during meteoroid bombardment of Mercury

Element Main compounds delivered to the Main mechanisms of delivery of atoms to Day-side concentration of
exosphere during meteoroid bombardment the day-side exosphere during impacts impact-produced atoms, cm—2
Without With Without With
condensation condensation condensation condensation

Na Na Na, NaOH, NaO Directly by impacts, photolysis 4 x 109 4 x 108

K K KOH, K, KO Directly by impacts, photolysis 6 x 10* 6 x 10°

Ca CaO Ca(OH),, CaOH, CaO Photolysis 7 x 100 (reference) 7 x 100 (reference)

Al Al,O3 AlO, AIOH, AI(OH); Photolysis 6 x 100 2 x 103

Fe FeO, Fe Fe, FeO, Fe(OH), Directly by impacts, photolysis 5% 107 3 x 107

Mg MgO, Mg MgO, Mg(OH),, Mg, MgOH  Photolysis 2 x 109 8 x 107

Si Si0,, Si0 Si0,, Si0 Photolysis 2 x 107 2x 108

Ti TiO, TiO, Photolysis 4 x 10 4x10*

e} Si0,, SiO NaOH, O, Photolysis 2 x 108 6 x 108

H CaOH, Ca(OH);  NaOH, H,0 Photolysis 2 x 100 2x 108

S SO, SO,, SO Photolysis 3 x 100 8 x 100

N NO, N, N,, NO Photolysis 4x 103 4x10°

C CO, CO,, CO Photolysis 10° 107

of O-containing species are taken to be the same as the SiO
photolysis lifetime. Based on the photolysis lifetimes described
above we estimate the fx(day) value as 1, 1, 0.3, 0.6, and 0.05
for Mg, Ca, Al, Si, and Ti, respectively. Thus the night-side con-
centrations of impact-produced atoms of Mg, Ca, Al, Si, and Ti
are much lower than those at the day side of the planet because
fx(night) < fx(day) for these elements.

Based on our modeling calculations described above, we es-
timate the impact-produced Na, K, Si, Al, Mg, Fe, Ti column
densities (see Table 1). We use Eq. (9) for estimation of col-
umn densities of atoms of volatile elements such as O, H, S,
C, and N also. In this case Fy,c(X) =1 for X =H, S, C, N
and Fy,c(O) < 1 because metal oxides can condense and form
solids. Let us note that volatile species such as S, CO, CO,,
H,0, OH, SO, SO;, N», NO, and O; are not captured by the sur-
face after their ballistic flight time. For example, sulfur atoms
may migrate on the surface and form polar caps as discussed
by Sprague et al. (1995). Loss of atoms of volatile elements is
controlled by slow processes such as photolysis (typical photol-
ysis lifetimes are about 10° s for CO, CO,, N», and NO), and
photoionization (typical photoionization lifetimes are 10°—10°
s for O and S). Let us assume that the typical loss time Tjogs 1S
equal to S photoionization lifetime, OH, N», and CO photolysis
lifetimes (Huebner et al., 1992) for S, H, O, N, and C, respec-
tively. The values of column densities of O, S, N, C presented
in Table 1 are very preliminary because we do not know the
mechanisms of interaction of atoms of volatile elements with
the surface of the planet.

The condensation of solid phases can significantly reduce
the content of metal-containing species in the gas phase in the
fireball. To take condensation into account we need to estimate
fractions Fyne(X) and Fy,c(Ca). Let us assume that fractions of
uncondensed species of each element correspond to the equilib-
rium chemical composition of the fireball at quenching parame-
ters of chemical reactions (2500 K and 3 bars). For our quench-
ing parameters, we expect Fyn.(X = Na, K, Fe, Mg, Ti) >
Fune(Ca), and Fype (X = Si) & Fye(Ca), but for Al Fyn (X =
Al) < Fypc(Ca). Our equilibrium condensation model gives

higher values of exospheric content than our model without
condensation for all considered elements except Al because Ca
is condensed at higher temperatures than all these elements ex-
cept Al

We think that the real impact-produced concentrations of
the main elements will be intermediate between those mod-
eled without condensation and those modeled with equilibrium
condensation. The reason is that condensation is highly dise-
quilibrium process at such short hydrodynamic time scales. For
example, during impact experiments the relative volatility of
Al>O3 and CaO is higher than that of the usually more volatile
MgO (Gerasimov et al., 1998).

4.4. Comparison of our models with observations

Sodium atoms mainly are delivered to the exosphere of the
planet by photon simulated and thermal desorption (Yakshins-
kiy and Madey, 2000). On Mercury the Na zenith column den-
sity is 3 x 10!" cm™2 and the K zenith column density is about
10% cm—2 (Leblanc et al., 2007). The observed temperature of
Na atoms in the exosphere is too low to explain on the basis of
impacts as the main source of sodium. In particular, Killen et
al. (1999) estimate the exospheric abundance of hot Na atoms
with a temperature of about 6500 K—a value two times higher
than typical for meteoroid impacts—to be less than 1% from
the total Na content or 3 x 10° cm~2. The fraction of Na atoms
with a temperature of 2500 K which is typical for meteoroid im-
pacts is still unknown, but higher than that with temperatures of
about 6500 K. Our model without condensation gives the col-
umn density of impact-produced Na atoms as 5 x 10° cm™2.
This value is too low to be checked by current techniques.
At assumed parameters of equilibrium condensation (2500 K,
3 bars) Fync(Na) = 1 while Fyp(Ca) < 1. The fraction of Ca-
containing species Fync(Ca) in the gas phase is 0.2, 0.01, and
3 x 10™* at equilibrium condensation temperature of 4500,
3500, and 2500 K, respectively. Due to the rapid decrease of
Fync(Ca) with decreasing temperature the column density of
impact-produced Na atoms increases with decreasing tempera-
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ture [see Eq. (9)]. For this reason, our model with equilibrium
condensation at 2500 K gives very high values of the concen-
tration of impact-produced Na atoms (2 x 10' cm~2), which
contradicts the observations of the sodium tail of Mercury con-
firming that ion sputtering is main mechanism of delivery of
energetic Na atoms to the tail (Potter and Killen, 2008). The
equilibrium condensation in the impact-induced cloud at tem-
peratures lower than 3000 K gives too high an amount of hot Na
atoms in the exosphere. For this reason during calculations of
column densities of impact-produced atoms in the exosphere
we assume that the temperature and pressure of equilibrium
condensation is 3500 K and 20 bars, respectively (see Table 1).
The accuracy of the calculated column densities is about a
factor of 3 because equilibrium fractions of uncondensed gas-
phase species rapidly decrease with decreasing condensation
temperature. Future observational data will place stronger con-
straints on the role of condensation of main elements during
meteoroid impacts.

Let us compare our predictions of abundances of impact-
produced exospheric atoms with the model of Morgan and
Killen (1997). Based on the estimated meteoroid mass flux
on Mercury, Morgan and Killen (1997) obtain column den-
sities of 5 x 10 em™2 for Al, 7 x 10'°cm™? for Mg, 3 x
10° cm~2 for Ca, 2 x 109 cm=2 for Si, and 7 x 108 cm—2
for Fe. These values are higher by 1-3 orders of the magni-
tude than those estimated by our models. For example, with
use of intermediate elemental composition of the surface of
the planet (Goettel, 1988) the model of Morgan and Killen
predicts a Ca content that is about 20 times higher than the
observed value. As we use the measured Ca content as a ref-
erence, our estimated abundances of impact-produced atoms
of refractory elements are much lower than those predicted
by Morgan and Killen (1997). Differences between our mod-
els and the model of Morgan and Killen can be explained
mainly by the fact that they use another technique and do
not consider the condensation of solid phases in the fire-
ball. In any case, we would argue that the condensation of
solid phases must reduce the content of atoms in the gas
phase.

4.5. lonization of atoms in the exosphere

We have not considered the ionization of atoms by solar pho-
tons, but this process can significantly reduce the concentrations
of neutral atoms in the exosphere if the photoionization life-
times of atoms are much shorter than their ballistic flight times.
Let us estimate the ionization lifetimes of elements considered.
Using ionization rates and ionization energies for atmospheric
atoms such as C, N, O, Na, F, S, Cl, Ar, K, Xe (Huebner et al.,
1992) we find that the correlation between ionization rates J;
at 1 a.u. and ionization energies Ej for these atoms is strong
(r2 = 0.9). Values of photoionization rates predicted with this
correlation are though to be good within a factor of 2:

Log J; (s™') = —0.18 x Ej (eV) — 4. (10)

Using Eq. (10) and the ionization energies of atoms at http://
physics.nist.gov/PhysRefData/ we can estimate ionization life-

times at the heliocentric distance of Mercury as 20,000-
40,000 s for other atoms like Ca, Al, Mg, Ti, Fe, and Si.
Ionization lifetimes of Na and K are equal to 10,000 and 7000 s,
respectively (Huebner et al., 1992). Thus, only several percent
of the atoms under consideration can be ionized during a ballis-
tic flight lasting about 250-500 s. However, using much shorter
ionization lifetime of Ca atoms equal to 2300 s Killen et al.
(2005) obtain higher fraction of ionized Ca atoms in compari-
son with our results.

4.6. Solar wind as a source of Ca exosphere

Noting the similarity between Ca/O ratio of about 0.002
in the Mercury’s exosphere and in the solar wind, Koehn and
Sprague (2007) proposed that solar wind, rather than mete-
oroids or the planet itself, is the main source of calcium in
Mercury’s exosphere. If so, then the abundances and tempera-
tures expected for main elements in the exosphere will be quite
different from those calculated in our modeling of impacts. Ac-
cording to our model without condensation, the Ca/O ratios are
similar for the exosphere and the regolith surface, which is esti-
mated as 0.07 on Mercury (Cremonese et al., 2005). This value
is significantly higher than the observed Ca/O ratio in the ex-
osphere and in the solar wind. Condensation of dust grains in an
impact-induced cloud can significantly reduce the content of re-
fractory elements in the exosphere. Release of hot O atoms dur-
ing photodissociation of O-containing species decreases Ca/O
ratio in the exosphere also. The Ca/O ratio is about 0.01 at
temperature of condensations of refractory elements of about
3500 K. Thus, both our models give higher Ca/O ratio than ob-
served value and meteoroid bombardment is only minor source
of atomic oxygen in the exosphere of Mercury.

5. Conclusions

The behavior of main elements released during/after me-
teoroid bombardment of Mercury is summarized in Table 1.
The main compounds of impact-produced cloud at the quench-
ing point are presented. Column densities of impact-produced
atoms of main elements normalized to the Ca column den-
sity were calculated without considering condensation of dust
grains in the cloud and for the assumption of equilibrium con-
densation at 3500 K and 20 bars. The real column densities
probably lie between these two values because condensation is
a very slow process and it cannot occur at equilibrium condi-
tions for the very short times typical of expansion of the cloud.
Values of column densities of impact-produced atoms are valid
only on sunlit side of Mercury, since no photodissociation takes
place on the night side.

Based on quenching theory, we have estimated the chemi-
cal composition of gas-phase species released to the Hermean
atmosphere during meteoroid impacts. Chemical reactions in
the fireball effectively cease at the point when Ca, Mg, Al, Si,
and Ti have formed oxides. Hydroxides of Na, K, Ca, and Mg
are also produced during collisions between meteoroids and
Mercury. Once formed, however, a significant fraction of these
oxides and hydroxides is destroyed by solar photons because
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for these compounds ballistic flight times are longer than pho-
tolysis lifetimes. The photolysis of MgO, KO, FeO, CaO occurs
on average at a distance of about 300 km from the place of me-
teoroid impact. Accordingly, measurements of abundances of
Mg, K, Fe, Ca atoms—atoms that come primarily from vapor-
ized regolithic material—with high spatial resolution may be
useful for mapping of the abundances of these elements at the
surface. Our results predict that the content of impact-produced
Ca and Mg atoms in the planetary exosphere is almost inde-
pendent of solar activity because CaO and MgO photolysis
lifetimes are significantly shorter than CaO and MgO ballistic
flight times for all levels of the solar activity. Al and Ti con-
tent in the exosphere may be higher during periods of active
Sun and at perihelion because photolysis lifetimes are longer
than the ballistic flight times for AlO and TiO. A weak depen-
dence of exospheric content of impact-produced atoms on the
distance of the planet from the Sun may also reflect changes of
meteoroid impact flux with heliocentric distance.

Based on the model of chemistry of impact-induced cloud
without condensation of solid phases, the content of impact-
produced atoms of Na, K, Ca, Fe, Mg, Si in the exosphere will
be proportional to the content of these elements at the surface
of the planet while Al and Ti are depleted in the exosphere
due to the long photolysis lifetimes of their oxides. However,
condensation of dust grains does take place and it leads to sig-
nificant decreases in the content of non-volatile elements in the
gas phase such as Al, Ca, Fe, Mg, Ti, and Si.

Meteoroid bombardment leads to the appearance of hot
metal atoms (E ~ 0.2-0.4 eV) produced directly by impacts
and of very hot atoms (E ~ 1-2 eV) formed during photodisso-
ciation of metal oxides and hydroxides. Atoms of Na, K, and Fe
are produced mainly directly by impact while atoms of Ca, Al,
Mg, Si, and Ti are delivered to the exosphere by photolysis of
their oxides and hydroxides. It will be possible to measure frac-
tions of hot and very hot atoms by high-resolution spectroscopy
by modeling of temperatures and concentrations of metal atoms
as function of the altitude based on intensity of atomic lines as
function of the altitude.

The chemistry of volatile elements such as H, N, C, and
S is also studied. Only sulfur is delivered to the exosphere
mainly in atomic form due to the short photolysis lifetime of
the main S-containing compound in the impact-induced cloud,
SO;. The main impact-produced H-containing compound in the
exosphere is hydroxyl OH formed by photolysis of metal hy-
droxides.

We have used model calculations to estimate the abundances
of impact-produced atoms in the exosphere of Mercury. The
main uncertainties in the predicted abundances are caused by
the use of the same quenching parameters for all parts of the
impact-induced cloud, by the unclear role of the dust grain for-
mation during such impacts, and by limited knowledge of the
elemental composition of the surface of Mercury. A comparison
of day-side and night-side abundances of refractory elements
in the exosphere of Mercury will be useful for understanding
the role of meteoroid bombardment in the formation of the ex-
osphere of the planet. Laboratory impact experiments would be

useful for a more accurate determination of the quenching pa-
rameters.
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