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We simulate space weathering of Phobos’ surface due to both sputtering by solar wind ions (H+ and He2+)
and planetary protons, and surface material vaporization by micrometeoroids impact. Assuming an Iron-
rich composition of Phobos’ regolith, we find that densities of neutral species (Fe, O, Al, Ca, Mg, Na) in the
martian environment are in the range (10�4–10�1 cm�3), and observe an ejecta disk with a radius of 6
martian radii in the equatorial plane and a thickness of 3 martian radii in the perpendicular plane. In
order to determine the observability of such species from space based instruments, we also estimate their
solar scattering emission line intensities. We conclude that Magnesium would be the only potential can-
didate suitable for spectral detection.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction derived from that recently used at Europa (Leblanc et al., 2005;
Phobos is a non spherical body (mean radius 11 km) with a quasi-
circular and equatorial orbit located only 9377 km from Mars centre.
Phobos’ orbital period is only 7.65 h, about 30% of a Mars day. The
existence of gas/dust tori at Phobos and Deimos orbits has been pre-
viously postulated (Soter, 1971; Ip and Banaszkiewicz, 1990). How-
ever Earth based optical observations have failed to detect their
signatures. Recent observations from Hubble Space Telescope fix
an optical depth limit for Phobos dust ring of 10�8 in a wavelength
range 440–740 nm (Showalter et al., 2006). Moreover, the presence
of ring structures has recently been ruled out (Øieroset et al., 2010)
as the cause of the plasma perturbations events detected during
the Phobos-2 mission (Dubinin et al., 1990) close to Phobos orbit.
The density of such structures, if they exist, is therefore very low.
In the present paper we use a 3D Monte Carlo model to simulate
sputtering of Phobos surface by solar wind ions and material vapor-
ization due to micrometeoroid bombardment in the martian envi-
ronment. We derive densities (covering a range �10�4–10�1 cm�3)
of neutral species assumed to be in Phobos’ regolith as Fe, O, Mg,
Al, Ca, Na, outgassed in the martian environment, and study the mor-
phology of the ejecta cloud. In order to infer observability of the neu-
tral cloud from ground or space based instruments, we give
estimates of solar scattering emission brightness for each species.

2. Monte Carlo model

We carried out a 3D Monte Carlo numerical simulation of
neutral species ejected from Phobos’ surface. Our model has been
ll rights reserved.

.

Cipriani et al., 2008, 2009). In this model trajectories of neutral par-
ticles are followed in a gravitational system formed by Mars, Pho-
bos and Deimos. Particles are also subject to the solar radiation
pressure determined for an average Mars–Sun distance and using
photon fluxes at Doppler shifted absorption lines of Fe, O, Mg, Al,
Ca, Na. Simulations are carried out at solar minimum conditions.
We consider that Phobos’ surface is mainly subject to sputtering
by solar wind ions or planetary ions, and micrometeoroid bom-
bardment. Therefore other sources of ejection, such as impact of
atoms from the hot corona or dusts rings/ejecta particles (i.e., self
sustaining ring), as well as thermal outgassing, are neglected. Neu-
tral particles are lost when they impact Mars surface, or escape the
martian gravitational field, or become ionized either by solar pho-
tons or in charge exchange reactions with solar wind protons. From
assumptions on the surface composition given in Section 2.1, the
neutral species considered are Na, Ca, Al, Fe, O and Mg. We use
charge exchange cross sections with H+ from Kuback and Sidis
(1981) for Na, Rutherford and Vroom (1972) for Fe, Pandey et al.
(2007) for Ca, Mg and Al, Stebbings et al. (1964) for O. For all spe-
cies we assume slow variations of the cross sections around 1 keV,
the average energy of the solar wind protons distribution. That is,
charge exchange reaction cross sections do not depend on particle
energy in our simulation. Photoionization rates at Mars’ distance
are derived from Huebner et al. (1992), Fulle et al. (2007), and
Molina-Cuberos et al. (2003).
2.1. Surface composition

A good agreement is observed between Phobos IR surface spec-
tra and spectra of D-types asteroids (see for instance Rivkin et al.
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Table 2
Ejection rates of material due to micrometeoroid bombardment.
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(2002). From composition of analog Iron-rich meteorites (Vernazza
et al., 2010), we assume a putative Iron-rich composition of Pho-
bos’ surface regolith (see Table 1). This is also consistent with a
large reddening of the IR spectra due to preferential removal of
Oxygen leaving Iron in a reduced state during the weathering pro-
cess (e.g. Johnson and Baragiola, 1991; Hapke, 2001). Since Phobos’
near surface bulk density is close to 1.8 g cm�3 (Jacobson, 2008),
and reasonably close to Mercury’s regolith bulk density (Cintala,
1992), we derive estimates of surface concentration of species from
comparison of mass fraction of elements assumed to be present on
both (as Sodium).

2.2. Sputtering

Phobos’ surface is subject to weathering by protons and alpha
particles from the solar wind. At solar minimum the average flux
at Mars’s orbit is close to 9 � 107 cm�2 s�1, with 5% of the flux
being He2+ ions. He2+ ions significantly contribute to the sputtering
process (Johnson and Baragiola, 1991). The ratio of (momentum
transfer) sputtering yields for H+ and He2+ ions is close to �0.1,
and is taken into account in our simulation. Sputtering yields of
oxidized Iron have been derived by Behrisch (1980). In the present
work we assume such yields can be taken as proxy for sputtering of
Phobos’ surface, and use a yield of 0.06/ion, accounting for Phobos’
high porosity (possibly much larger than 40% after Busch et al.
(2007)). This yield value is very similar to the yield used by Leblanc
and Johnson (2003) at Mercury (though consistent with a silicate
dominated matrix). We assume that no change of stoichiometry
occurs in the regolith due to sputtering, that is, composition does
not change within the timescale of the simulation. In practice,
since Fe and O are the main sputtered species (sputtered atoms
essentially escape Phobos’s very low gravity field), yields of other
species are scaled to Iron by multiplying the Iron yield by their sur-
face concentration. Plasma conditions at Phobos orbit (ions densi-
ties and velocities) are computed from outputs of a Hybrid
simulation of the solar wind interaction with Mars (Modolo
et al., 2005) carried out at solar minimum conditions. Since all
ejected particles basically escape Phobos’ field, simulation results
are not very sensitive to the energy distributions of ejecta. There-
fore, we use energy distributions scaled to that of Sodium sput-
tered from Mercury’s regolith as given in Leblanc and Johnson
(2003), except for Iron and Oxygen for which we use the distribu-
tions measured by Matsuda et al. (1988).

2.3. Micro-meteoritic bombardment

The flux of meteoroids at Mars (in the mass range 10�3/10 g)
represents about half the flux at the Earth (Christou and Beurle,
1999). An estimate of 10�6 meteoroids km�2 h�1 can be derived
from Domokos et al. (2007) and Molina-Cuberos et al. (2003).
The number Sa (in cm�2 s�1) of atoms of species a vaporized during
an impact is given by (see for instance Bruno et al. (2007)) Sa = M-
vap � (fa/ma) � NA where Mvap is the flux of vaporized material
(g cm�2 s�1), fa is the mass fraction of a in the regolith, ma is the
atomic mass, and NA the Avogadro number. Mvap can be computed
from a number of assumptions on surface and impactors properties
as regolith density, size and velocity distributions of impactors,
and impact pressure (e.g. Killen et al., 2001), to which large uncer-
tainties are associated. However in the present study, based on
Table 1
Mass fraction of the main elements composing Phobos’ regolith, used in this study.

Element Fe Si O Mg Al Na Ca

Mass fraction 0.21 0.1300 0.4100 0.10 0.017 0.005 0.001
vaporized fluxes estimates at Mercury (5 � 10�15 g cm�2 s�1) and
the Moon (7 � 10�17 g cm�2 s�1) (Cintala, 1992, Bruno et al.,
2007) we assume a vaporized flux of 6 � 10�19 g cm�2 s�1 for pres-
ent calculations at Mars orbit. Due to the small size of Phobos we
assume a uniform flux at Phobos’ surface. Corresponding ejection
rates per species are given in Table 2. We follow the same approach
as in Leblanc and Johnson (2003) who modelled ejection of Sodium
atoms due to impact vaporization of Mercury’s regolith. Here we
also use an Maxwellian energy distribution of ejected particles
with a temperature of 3000 K, in good agreement with the temper-
ature of vapour produced by hypervelocity particle impacts on so-
lid target reported in Eichhorn (1978).

3. Simulation results

The phase angle a used in the text and figures to define Phobos’
orbital position is drawn in Fig. 1 over a distribution of the mag-
netic field intensity in Mars’ equatorial plane (X–Y) derived by
Modolo et al. (2005) with an angle between the solar wind velocity
vector and Interplanetary Magnetic Field of 56�. The X axis is along
the Sun–Mars direction. The phase angle origin is when Phobos is
on the dusk side of Mars.

3.1. Ejecta densities and neutral cloud morphology

Variations of average ejecta densities within 500 km from Pho-
bos surface are shown for each species in the lower panel of Fig. 2
as a function of Phobos phase angle, while the middle and upper
panels respectively showing variations of the protons velocity
component collinear to the Mars–Sun axis (blue line), and the solar
wind proton density at Phobos’ orbit (red line). The evolution of the
degassing is clearly correlated with the sputtering source rather
than with micrometeoroid bombardment. When Phobos is in the
solar wind (phase angles larger than 172.6� and lower than 10�),
sputtering is a dominant source of material ejection. The stoichi-
ometry of species in the surface is roughly conserved in the ejecta
cloud. This is due to our assumption that the sputtering yields
being scaled with that of Iron (i.e., sputtering is stoichiometric),
whereas for the regolith’s of Mercury and the Moon the most vol-
atile species, such as Sodium, would be primarily desorbed but can
return to the surface and be recycled. The average ejecta densities
in the disk indeed are: 7.15 � 10�2 cm�3 for Oxygen (dashed line),
7.17 � 10�2 cm�3 for Iron (line with disks), 3.32 � 10�2 cm�3 for
Magnesium (plain line), then 1.2 � 10�3 cm�3 for Aluminium (line
with crosses), 2.0 � 10�4 cm�3 for Sodium (line with squares) and
calcium (line with diamonds). While crossing the plasma cavity
(phase angles between 46.7� and 130�), the dominant ejection pro-
cess becomes micrometeoroid bombardment competing with a
flux of planetary protons impacting the surface (density close to
1 cm�3), leading in both cases to low degassing rates. In this region,
the proton flux at Phobos’ surface (not shown) quickly decreases by
4 orders of magnitude (from about 3 � 107 to 104 cm�2 s�1). An in-
crease of the degassing by a factor of 2 is observed in the shocked
region and the magnetosheath (see for instance between 130� and
172�), where the proton density becomes higher than in the SW
Element Ejection rate (s ) Average ejecta speed (km s )

Fe 3.04 � 1016 0.94
O 1.17 � 1017 1.76
Mg 2.58 � 1016 1.44
Al 2.89 � 1015 1.36
Ca 2.89 � 1014 1.11
Na 4.55 � 1014 1.47



Fig. 1. Sketch of Phobos’ orbit in Mars equatorial (X–Y) plane showing the phase
angle a, and drawn over a distribution of the magnetic field intensity derived by
Modolo et al. (2005) with an angle between the solar wind velocity vector Vsw and
BIMF of 56�. The X axis is along the Sun–Mars direction. The phase angle origin is
when Phobos is on the dusk side of Mars (Y axis < 0).
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Fig. 2. Upper panel: solar wind protons density at Phobos’ orbit. Middle panel: solar wi
average ejecta densities within 500 km from Phobos’ surface as a function of Phobos’ phas
dotted line: Magnesium, green solid line: Aluminium, blue line with circles: Sodium and
position of the Bow Shock in the hybrid simulation of Modolo et al. (2005), while black d
Boundary crossed by Phobos.
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region by a factor of �5. We note that heavy planetary ions (not ta-
ken into account in the present study), such as O+, Oþ2 and COþ2 ,
formed from neutrals escaping the planet and then convected by
the electric field (e.g. Kallio et al., 2008) may also increase the sput-
tering rate while Phobos’ orbit crosses the magnetosheath region.

The sputtering source is very sensitive to binding energies (ener-
gies needed to remove atoms/molecules from the surface) of species
in Phobos’ regolith, which are basically not well constrained by lab-
oratory data. In the present study we use values ranging from
0.27 eV for Na up to 0.64 eV for Fe, which may differ significantly
from actual binding energies of atomic species in minerals but are
consistent with energies derived from measurements of energy dis-
tributions of sputtered elements from mineral matrices (see e.g.
Wiens et al. (1997)). Therefore density values derived from our sim-
ulations have to be considered with caution. We carried out a sensi-
tivity test of ejecta rates with respect to this parameter in the case of
Mg, leading to density variations plotted in Fig. 3. The binding en-
ergy of Mg is assumed to be equal to 0.23 eV in the case of Fig. 1.
For the sensitivity test, the binding energy has been varied between
0.1 and 2 eV. Ejecta densities are seen to vary by about 40% of the
average values show in Fig. 3 (plain line) in this range. Such varia-
tions, that we consider as representative over the different ejected
elements species, do not imply drastic changes on the composition
of the ejecta cloud previously discussed.

In Fig. 4 we have plotted the spatial distribution of the main
species: Fe (right column), O (middle column) and Mg (left col-
umn) present in the neutral cloud. The X axis is along the Sun–
Mars axis (the Sun towards X > 0). The structure of the cloud is
mainly constrained by the gravitational influence of Mars com-
bined with the effect of radiation pressure. However, in our case
radiation pressure forces are derived for an average position of
Mars around the Sun, so that there are no seasonal effects similar
to that observed on the dust torus by Krivov and Hamilton
(1997). A disk structure of the ejecta cloud can be defined from
density variations of the ejecta in the equatorial plane and in the
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Fig. 3. Average density variations of Magnesium within 500 km of Phobos surface.
Errorbars show the standard deviation of the density due to variation of the binding
energy in the range (0.1–2 eV).
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perpendicular plane, which are shown in Fig. 5 in the case of Mg.
The disk morphology does not vary significantly between species.
A ten fold decrease of the density appears within about 6 martian
radii along the Sun–Mars axis (panels (a)–(c) of Fig. 4), and within
over 3 martian radii in the perpendicular plane (mostly panels (d)–
(f) of Fig. 4). This ejecta disk is not centered on Mars, but slightly
shifted northward and towards the anti-sunward side in the case
of Phobos at the subsolar point. The one order less dense cloud
Fig. 4. Morphology of Phobos’ ejecta disk for Mg, Fe, and O centered on Mars (distances
perpendicular (panels (d)–(i)). The Z is oriented towards the North pole of Mars, while t
subsolar point (X = 2 RM, Y = 0 RM), whereas its position is anti-solar in panels (g)–(i) (X =
cm�3 (LOG SCALE).
when Phobos is inside the magnetotail (panels (g)–(i)) results from
a weakening of the weathering process in the plasma cavity on the
nightside of Mars. Such a large difference implies that the Phobos
cloud should be observed preferentially when it is in the solar wind
and that significant variations of in the cloud density a expected
during Phobos’ orbit and with respect to the solar activity.
3.2. Emission brightness

For each species we have computed line-of-sight column densi-
ties N (cm�2) as seen from the Earth. In order to estimate solar
scattering emission intensities as a function of Phobos’ phase angle
we have calculated photon scattering efficiencies (or g-factors in
s�1) using a high resolution solar flux model at solar minimum
activity (Lemaire et al., 2005; VanHoosier et al., 1988; Kurucz
et al., 1984) and absorption oscillator strengths given in Morton
(2003, 2004). Emission intensities are given in units of Rayleigh
by (4p) � I = 10�6 � N � g where the g-factor is in s�1. Their values
for the brightest emission lines are given in Table 3. Emissions
intensities generally remain very weak, that is, except in the case
of Mg, well below 10�1 R. After (Bertaux et al., 2006; Leblanc
et al., 2006) UV spectrometers as MEX/SPICAM around Mars could
typically detect 1 R/nm at the Magnesium emission line which has
a brightness of �1.4 � 10�3 R/nm, requiring unrealistic integration
times. In practice emissions lower than 102 R are difficult to ob-
serve with MEX/SPICAM. In comparison, state of the art space
based UV spectrograph as HST/STIS using an echelle grating would
are given in martian radius), in the equatorial plane (panels (a)–(c)), and in a plane
he X axis is aligned with the Mars–Sun direction. In panels (a)–(f), Phobos is at the
�2 RM, Y = 0 RM). The colorscale on the right of each panel gives the ejecta density in



Fig. 5. Density of Magnesium along the Mars–Sun axis (left panel) and along a perpendicular axis (right panel). The disk extension (as defined in the text) along both
directions is indicated by the red dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Variabilities of solar scattering emission brightness in the vicinity of Phobos along
Phobos orbit. Values for Fe and O are not shown because typically lower than 10�5 R.

Element Wavelength
(Å)

Min (R) Max (R) Avg (R) g-factor
(s�1)

Ca 4226.728 2.1 � 10�3 2.7 � 10�2 1.2 � 10�2 0.66
Na 5895.924 1.5 � 10�3 1.0 � 10�1 7.3 � 10�3 0.54
Al 3944.006 8.7 � 10�4 9.5 � 10�3 4.4 � 10�3 4.25 � 10�2

Mg 2852.9631 1.2 2.1 1.5 0.41
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have a limit sensitivity of �4 � 10�3 R at 2852.9631 Å with S/
N = 10 and 1 h integration time and R � 30,000 resolution, indicat-
ing that Magnesium may be detectable in the UV range depending
on observing conditions. However, intensity values we shown here
can be taken as lower limits since calculations are carried out at so-
lar minimum conditions. Since the solar UV flux varies by up to a
factor 2 from solar minimum to solar maximum, we can expect
that emissions to be slightly higher at solar maximum. Moreover,
Solar Energetic Particles Events may actually drive large increase
of the ejection rate from the surface and therefore of the emission
brightness. Therefore, observations of the Phobos cloud are likely
under such conditions.
4. Discussion and conclusion

Assuming an Iron-rich composition of Phobos’ surface, we car-
ried out 3D Monte Simulation of space weathering due to both
sputtering by solar wind H+ and He2+ ions, and micrometeoroid
bombardment, for solar minimum conditions. Following such
assumptions, and assuming the principal ejecta are atomic and
not molecular, the main neutral species populating the cloud is
Iron, Oxygen, and Magnesium with typical densities between
10�2 and 10�3 cm�3. We note that for non reactive incident ions,
a significant fraction of Oxygen would be released as O2. However,
for protons, some atoms could recombine and be released as H2O, a
process also discussed at the Moon. The sputtering source is seen
to globally dominate the weathering process along Phobos’ orbit,
except on the nightside of Mars where planetary protons and
micrometeoroid bombardments are similar. The ejecta cloud mor-
phology is basically driven by Mars’ gravitation and radiation pres-
sure forces. By calculating the solar scattering emission intensities
for the brightest lines of each species, we derive a lower limit of a
few Rayleigh in the case of Magnesium. Based on the present sim-
ulations, and keeping in mind large uncertainties associated with
the calculated emission brightness values, Magnesium would
therefore be the only species potentially detectable from space
based telescopes or sufficiently sensitive space based UV
spectrometers.
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