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Abstract

The exosphere of Mercury has been the object of many investigations and speculations regarding its composition, formation, depletion

and dynamics. While vapourization of Mercurian surface materials by meteorite impacts has been often considered to be a less important

contributor to the exosphere than other potential processes, larger objects coming from the Main Asteroid Belt could cause high local

and transient enhancements in the density of the exosphere. Vapourization by such impacts is an almost stoichiometric process, and thus

would contain valuable information about the surface composition. We investigate some exospheric effects of impact vapourization for

meteorites with radii of 1, 10 cm, and 1m, with particular reference to the missions that will explore Mercury during the next decade

(MESSENGER and BepiColombo). Because of their higher probabilities, impacts of objects in the two smaller size ranges will surely

occur during the lifetimes of the two missions. The enhancement of the exospheric density on the dayside of Mercury would be

appreciable for the 10-cm and 1-m meteorites (some orders of magnitude, especially for Al, Mg, Si, and Ca). Such events could allow

detection, for the first time, of refractory species like Al, Mg, and Si, which are expected to exist on the surface but have not yet been

detected in the exosphere. Ca could be detectable in all cases, even if produced by impacting objects as small as 1 cm in radius. The lower

exospheric background on the night side should allow easier identification of Na and K produced by impulsive events, even if their

generally high background values make this eventuality less likely.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last few years, two missions devoted to the
exploration of Mercury have been approved: the NASA
MESSENGER mission (Vaughan et al., 2006) and the
ESA-JAXA BepiColombo mission (Balogh et al., 2000;
Yamakawa et al., 2004; Langevin et al., 2005). MESSEN-
GER was launched in August 2004 and should enter
Mercurian orbit in 2011. The BepiColombo mission is
scheduled to be launched in 2013, and to arrive at Mercury
e front matter r 2007 Elsevier Ltd. All rights reserved.
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in 2019. The two missions have enormously revived interest
in this fascinating planet.
One of the most intriguing aspects for investigation at

Mercury is its behaviour under the extreme conditions of
temperature gradients, solar radiation, and plasma pre-
cipitation. In particular, mechanisms of generating the
Hermean exosphere, as well as its composition and
configuration, could provide crucial insights into the
planet’s current state and its evolution. In fact, one of the
main scientific objectives of the BepiColombo/Mercury
Planetary Orbiter (BC/MPO), with periherm at 400 km and
apoherm at 1500 km, is characterization of the planet’s
exosphere. To this end, an ultraviolet spectrometer
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(PHEBUS) and a particle-instrument package (SERENA)
are included in the BC/MPO payload.

The first insights into the exospheric environment were
provided by Mariner 10 measurements of H, He, and O
during its fly-bys in 1974–1975 (Broadfoot et al., 1976);
later, ground-based observations demonstrated the pre-
sence of Na (Potter and Morgan, 1985; 1990), K (Potter
and Morgan, 1986), and Ca (Bida et al., 2000). Actual
knowledge about the morphology of this extremely
tenuous atmosphere is still very poor and significant
volumes of new data will have to await the arrival of the
spacecraft. Many theories and models have been con-
structed to make up for the lack of observational data and
to try to understand the generation and dynamical
evolution of the exosphere (e.g. Wurz and Lammer, 2003;
Leblanc and Johnson, 2003; Killen and Ip, 1999). Among
the many aspects of this issue, the roles played by the
different sources and sinks in the dynamical balance of
active exospheric processes are challenging topics, and they
continue to be debated (see Milillo et al., 2005, for a
review).

In the past, the process of impact vapourization caused
by micrometeorites that come from the population present
in the inner part of the Solar system has been generally
considered as a secondary source of Hermean exospheric
particles. For example, Killen et al. (2001) calculated that
impact vapourization produces only about a quarter of the
sodium in the exosphere, and that photon-stimulated
desorption is consistently the dominant source process
for this species. Wurz and Lammer (2003) estimate the
micrometeoritic contribution to be one or two orders of
magnitude smaller than other processes in their exospheric
model. In particular, they use a Maxwellian-like energy
distribution with a peak at 4000K for the gas released by
micrometeoritic impacts; they based this value on the
experimental impact studies by Eichhorn (1978), in which
the released gas was in the range of 2500–5000K.

The contribution of vapourization by micrometeoroid
impact to the global exosphere of Mercury still must be
explored, particularly as it is expected to be the only
process constantly active over the whole surface of the
planet. In fact, other more effective processes, such as ion-
and photo-sputtering and thermal desorption, are mainly
active in specific regions of the dayside. In addition, they
involve mainly volatile species, while impact vapourization
is an almost stoichiometric process, meaning that it
vapourizes all the species present in the regolith, even if
with a higher percentage of volatile elements (Gerasimov
et al., 1998); therefore, impact vapourization provides a
contribution to the exosphere that is expected to contain
valuable information about the surface composition.

Marchi et al. (2005) provided the distribution of impact
probability as a function of impactor radius, up to objects
of 100m in radius. In particular, meteoritic impactors
coming from the Main Asteroid Belt are expected to
impact on Mercury as well. The contribution by these
larger meteorites to the global Hermean exosphere, as
investigated by Cremonese et al. (2005), is less than 1% of
the total contribution due to the micrometeoroids as
calculated by Cintala (1992); nevertheless, their impact
could produce strong, localized, but temporary increase in
the exospheric density, enriched of material coming from
deeper layers. The impact frequency of such objects
(especially in the lower size range) at Mercury is not
negligible relative to the nominal duration of the BepiCo-
lombo mission (one year nominal plus one year extension).
We investigate what would happen should a meteoritic

impact vapourization (MIV) event occur during the orbital
phase of the BC/MPO mission. In particular, we estimate
the density and composition of the cloud of impact vapour
and, as a consequence, the detectability of each gaseous
species already known or supposed to exist. The identifica-
tion and detection of such an event would be particularly
important on the night side, where the other exospheric
refilling processes do not operate, and it would give
additional information about the regolith’s composition
by way of remote sensing.
The models used for simulating the events are described in

Section 2, and in Section 3, the evolution, configurations,
and compositions of the clouds are examined for impactors
of various sizes. Results are summarized and discussed in
Section 4 and conclusions are presented in Section 5.

2. Models

To evaluate the vapour produced by a MIV event, we
need to know: (1) the composition of the target soil; (2) the
distribution and dynamical characteristics of the meteor-
oids; (3) a means of quantifying vapour production as a
function of the parameters of projectiles, and (4) the
dynamical evolution of the exospheric particles produced
by the impact.

2.1. Soil composition

The paucity of observational data for the Hermean
crustal composition leads to many uncertainties. While
many efforts to collect data on that composition have been
attempted (mainly from Earth-based spectroscopic obser-
vations), only a few constraints could be determined (Vilas,
1985; Emery et al., 1998, Sprague et al., 2000, 2002; Warell,
2004; Warell et al., 2006). Comparisons with laboratory
emission spectra of different minerals have been performed
(Sprague and Roush, 1998), and analogies with mature
lunar highland soils have been hypothesized to give at least
some general indications of its possible composition
(Blewett et al., 2002). Obviously, a compositional hetero-
geneity over the whole planet surface is expected, but in
general, a mixture of feldspar and pyroxene seems to match
the spectral features quite well. In addition, we may find
indications about the global composition of the planet
from the models proposed by Goettel (1988) to account
for the unusual high density of Mercury. Within the range
of variation allowed by the heliocentric gradients in
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temperature and pressure inside the primitive solar nebula,
a refractory-rich model, a volatile-rich model, and a whole
series of intermediate models can be hypothesized. Even
though the refractory-rich model, which is one end
member, is considered more probable than the other, an
intermediate model is usually preferred, at least until a
definitive value of the core’s radius or the moment of
inertia becomes available. Nevertheless, the uppermost
layers of the surface are probably better described by the
volatile-rich model. Hence, we use this model in our
computations as being representative of the surface
composition. Moreover, we add two other components:
K and S (see Table 1).

The abundance of potassium is constrained by the optical
measurements that discovered the existence of a potassium
exosphere (Potter and Morgan, 1986). Although the exo-
spheric abundance of K is found to be higher at Mercury
than at the Moon, the Mercurian Na/K ratio is even larger
by at least 1 or 2 orders of magnitude (Hunten and Sprague,
1997; Killen et al., 2004). The few available data have been
included in the volatile-rich model preserving the average
Na/K ratio of 100 (Table 1). K is an important target for
investigation, since its exospheric abundance on Mercury is
so different from the value detected at the Moon, and thus
this discrepancy needs an explanation.

On the other hand, evidence for sulphur in the exosphere
and, hence, on the surface would be important too, since it
could give some constraints for different mineralogical
models and also for the core composition. As there is no
proof of the existence of S, the only abundances available
are derived from models (Morgan and Killen, 1997);
however, S is assumed to be present in the core to allow
for the (partial) melting needed to explain the presence of
the magnetic field. If we assume that at least a giant impact
happened during the history of the planet (Benz et al.,
1988; Cameron et al., 1988), then some S is expected to be
present in the crust too.

2.2. Meteoritic distribution

The dynamic model of Marchi et al. (2005) investigates the
likelihood of meter-sized objects hitting the Hermean
Table 1

Composition of Mercury surface as derived from Goettel extreme volatile-

rich model (1988) by adding S and K (in wt%)

Species Abundance (wt%)

Al 1.911

Ca 2.151

Ti 0.083

Mg 19.193

Si 28.522

Fe 11.642

Na 0.582

O 35.304

S 0.578

K 0.034
surface. The origin of these meteoroids is the Main Belt,
due to the 3:1 and the n6 resonances, which change the
meteoroids’ orbital parameters and send them into the inner
solar system. This model has been tested and calibrated for
the case of the Earth (Morbidelli and Gladman, 1998).
The size distribution (shown in Fig. 1) gives the number

of impacts per year and per meter into Mercury’s surface as
a function of impactor radius. In particular, we note that
the impact of an object with radius in the range 0.5–1.5m
may happen twice every year; for objects of 5–15 cm the
frequency rises to 2.3/day and objects in the range 1–2 cm
should impact Mercury at a rate of 140/day. The velocity
distributions for such impactors are shown in Fig. 2.
According to Marchi et al. (2005), the velocities appear to
be mostly concentrated in the range 20–70 km/s, with two
peaks at approximately 30 and 40 km/s (their relative
magnitude depending on the size of the objects). We choose
the most probable velocity for each meteoroid size in our
calculations. Hence, for the cases of 1m and 10 cm, the
assumed velocity is 40 km/s, while 1-cm meteoroids will
impact at 30 km/s.
2.3. Vapour production

In thermodynamic calculations of vertical impacts by
different meteoroids into lunar regolith, Cintala (1992) gave
an estimation of the vapourized target volume (regolith) as a
function of the projectile’s velocity vp and its radius r:

Vvapðvp; rÞ ¼ 4
3
pr3ðcþ dvp þ ev2pÞ (1)

where c, d, and e are coefficients that depend on both the
temperature of the soil (vapourization will be slightly easier
for a higher-temperature regolith) and the composition of the
projectile (higher-density impactors will generate greater
shock stresses and thus vapourize more regolith).
We will use a surface temperature T s of 400K, which is

typical at Mercury for a mid-longitude dayside location. A
different soil temperature (the range being 100–700K for
the night side and the sub-solar point, respectively) will
affect the result less than �5% of the total vapour mass.
Diabase will be used as the projectile material; it is a
basaltic rock of about 3:0 g=cm3, mainly made of
plagioclase, pyroxene, and olivine; it should be a reason-
able representation of the Main Belt meteoroids. We
consider the projectile composition only for defining its
density, which determines the coefficients in Eq. (1); we
neglect its contribution to the vapour cloud, as it would
represent only about 2–3% of the vapourized soil mass.
The coefficients used in Eq. (1) are: c ¼ �0:848, d ¼

�0:0889 km�1 s and e ¼ 0:0217 km�2 s2.
Laboratory experiments have shown that a target’s

porosity is more important than composition in determin-
ing the amount of vapour produced in an impact
(Holsapple, 1993). Hence, the regolith density r used here
is a combination of the densities of the regolith’s
components and its porosity. By assuming stoichiometric
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Fig. 1. Number of impacts (per year and per unit of projectile radius) over the whole surface of Mercury in the range 1 cm to 5m.

Fig. 2. The impact probability versus the velocity of the impacting object. Note how the profile changes with the size of the projectile, even though

showing in any case two peaks at around 30 and 40 km/s.
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vapourization and a regolith density 1:8 g=cm3 (as used by
Cintala, 1992), the total mass M of the vapour cloud can be
computed. For a species x the number of atoms NR

generated by an impact is given by

NR ¼
rV x �NA

Zx

, (2)

where r is the regolith density, V x the vapourized
volume as derived from (1), Zx is the atomic number of
the species x, and NA is the Avogadro constant.
The parameter NR will be used as an input in our MIV
model (see next section), while the initial velocity of the
particles will resemble a Maxwellian distribution with
a characteristic temperature Tc of 4000K (Eichhorn,
1978).
We consider the simplest case of impact perpendicular to
the surface, which is expected to produce the highest
volumes of vapour, and a nearly hemispherical vapour
cloud. Different impact angles will produce less symmetric
clouds and less vapour (Schulz, 1996).

2.4. MIV dynamic model

The spatial distribution of the neutral exospheric
component produced by a MIV event is obtained by using
the Monte-Carlo, single-particle model originally devel-
oped to simulate the particles released by ion sputtering
(Mura et al., 2005). We first define a four-dimensional
(4D), spherical grid (radius r from 1 to 2 RM , latitude j,
longitude l, and time t from 0 to 6000 s) of 24� 24� 24�
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400 bins, respectively, and an associated 4D matrix Qijkl .
We then trace the trajectories of about one million test-
particles for each run using classical equations of motion,
including gravity in the Mercurian reference frame, starting
from the surface of Mercury at the impact point P0 (j ¼ 0,
l ¼ 0). The initial velocity v of the test-particle has random
direction (with flat distribution over 2p) and intensity
according to the Maxwellian distribution:

f ðvÞ ¼ exp �
mxv2

2kT c

� �
, (3)

where mx is the mass of the ejected particle x; the
distribution is reproduced by using the rejection technique
of Von Neumann (1951). A weight w is assigned to the test-
particle, taking into account the total, real neutral source
flux at P0:

wð0Þ ¼
NR

NS
(4)

where NS ¼ 106 is the number of simulated test-particles. A
test-particle trajectory ends at the surface of the planet or
when it is too far from the planet to be of further
consequence (i.e., 10RM ). Each time a test-particle crosses
a grid cell ijkl, a quantity q is added to Qijkl :

q ¼ wðtÞDt, (5)

where Dt is the time elapsed inside the cell. After all
trajectories have been simulated, the density in each grid
cell ijkl is calculated by dividing Qijkl by the 4D volume of
the cell.

3. Cloud formation

Given our model of the Hermean soil composition (see
Section 2.1), we have analysed specific atomic species of the
impact-generated cloud, including Na, Mg, Al, Si, S, K,
Ca, and O. Only some of these elements have actually been
detected, but they all are expected to exist, and upper
values or density profiles are available (Killen and Ip, 1999;
Wurz and Lammer, 2003).

We include in our analysis the effects of impacting
objects with radii of 1m, 10 and 1 cm on the surface of
Mercury. In particular, we focus on the density variations
at the BC/MPO periherm and apoherm altitudes (400 and
1500 km, respectively) and on the illumination conditions
of the Hermean surface. In fact, on the full night side
hemisphere the only refilling process expected to act is due
to meteorites (even if, locally, planetary ion-sputtering
process could take place, Delcourt et al., 2003), providing a
lower average exospheric density than on the dayside.
Hence, a MIV event would be identified more easily on the
nightside because of its higher enhancement with respect to
the local average value.

According to the exospheric model of Wurz and
Lammer (2003), among the average density values of
species of our interest, Na and K are expected to vary from
dayside to nightside because of photon-stimulated deso-
rption acting only on the dayside. In fact, if we consider the
dayside average value as the sum of the contributions due
to all refilling processes, we note that ion-sputtering is the
only one other than impact vapourization that is expected
to operate for Mg, Al, Si, S, Ca, and O, acting in specific
regions and under specific boundary conditions. Hence, the
sole process continuously refilling these species over the
entire surface of the planet (both dayside and nightside) is
micrometeorites impact vapourization. Therefore, the
average density values for Mg, Al, Si, S, Ca, and O are
assumed to be the same over the whole planet, regardless of
the illumination conditions. Hence, these species will be
treated separately from Na and K.
As an example of the evolution of the vapour cloud’s

shape and intensity, the Na cloud at different times t after
impact ðtimpact ¼ 0 sÞ of a 1m-sized object is shown in
Fig. 3. Hereafter, we will use the model of Wurz and
Lammer to have mean exospheric densities at the altitude
of interest, for all investigated species. The density
evolution of the same Na cloud at 400 and 1500 km above
the impact point is plotted in Fig. 4 (for both dayside and
nightside conditions). Because they are complementary,
Figs. 3 and 4 should be viewed at the same time.
This MIV event produces a cloud that reaches 400 km

altitude after 75 s (Fig. 3a), and it is visible above the
average dayside exospheric density 100–900 s after the
event. The enhancement is more than one order of
magnitude at its maximum (about 4� 1010 m�3 for
tX200 s, Fig. 3b). The expanding Na cloud arrives at
1500 km altitude at about t ¼ 550 s, but on the dayside the
increase is negligible with respect to the average value, and
it would not be detectable in any case. During the night
time, the lower average values allow the Na cloud to be
detectable at both altitudes. The cloud reaches 400 km
altitude after 75 s and it lasts for almost 3000 s; the
enhancement is now more than three orders of magnitude.
At 1500 km altitude the cloud becomes visible after 300 s
and it grows for more than one order of magnitude; it
disappears at about t ¼ 3000 s.
Having described the specific case of Na, hereafter we

will discuss all eight of the species in light of three different
parameters: the intensification I of the cloud at its
maximum; the duration of intensification Dt above back-
ground from the time of the initial enhancement; and the
extension d of the cloud, defined as its angular width
(calculated from the centre of the planet) at the location
where the enhancement is one order of magnitude above
the average exospheric value. These results are summarized
in Table 3, and Fig. 5 shows the evolving cloud densities at
400 km resulting from the impact of a projectile 1m in
radius.
At 400 km (Fig. 5, top), the leading edge of the O cloud

arrives 60 s after the impact; Mg, Al, Si, and S arrive after
75 s, and Ca after 90 s. The delays are longer as the atomic
weight of the species increases. Mg, Al, Si, and Ca show the
highest relative density increases at maximum, while the
greatest duration is for Si and Ca, followed by Mg, Al, and
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Fig. 3. Evolution of the sodium cloud with time for the case of 1m (from

bottom to top): (a) after 75 s the cloud reaches 400 km altitude; (b) after

200 s the enhancement at this altitude maximizes becoming more than one

order of magnitude over local average value; (c) after 550 s the cloud

reaches 1500 km altitude; (d) the highest intensification at this altitude is

reached after 900 s. Dotted white lines represent the apoherm and

periherm of BC/MPO (400 and 1500 km, respectively).
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O. Considering the average densities at this altitude as
listed in Table 2, this event would cause an enhancement of
at least a factor of 104 for each of these species. In the cases
of Na and K (Fig. 5, bottom) the nightside background
appears to be two orders of magnitude weaker than that of
the dayside. The enhancement for K is an order of
magnitude on the dayside but three on the nightside. The
durations of enhancement for Na and K are lower than for
the others by a factor of 3 on the nightside and even less on
the dayside. Cloud extensions are in the range 50–701 for
the first group, between 01 and 201 for the dayside Na and
K, and between 201 and 401 for the nightside Na and K.
Fig. 6 shows the same situation for 1500 km altitude. The

O cloud reaches this altitude first after 250 s, because it is
the lightest atom; after 300–400 s Mg, Al, Si, and S arrive.
Because it is the heaviest of the studied species, Ca is also
the slowest, requiring more than 400 s to attain 1500 km.
The enhancement factors are in the range 1032106, and the
durations are X5500 s. Once again, Ca is the most
enhanced (a factor of 106 above the background values),
with typical durations well above 6000 s. The Na and K
enhancements, however, do not rise above the background
values on the dayside. On the nightside they exceed the
background exosphere by two orders and one order of
magnitude, respectively; durations are in the range
2000–3200 s. Cloud extensions are in the range of
120–1301 for the six species, and between 01 and 101
(dayside) and 701 and 1001 (nightside) for Na and K.
Similar results are obtained for the case of a meteorite of

10 cm radius. The most probable velocity is still 40 km/s
(Fig. 2), so the density versus time plots are exactly the
same as before, but decreased by three orders of magnitude
to correspond with the smaller impactor mass (Figs. 7 and
8). Mg, Al, Si and Ca are again the most enhanced
elements, showing persistence in the range of 1900–3500 s
(highest value for Ca) at 400 km (Fig. 7). The enhance-
ments of the different species begin after the same time
from impact found for the 1-m meteoroid, because the
initial velocity of the expanding cloud is the same.
Nevertheless, they start to become appreciable over the
background exospheric density a short time after the cloud
arrival. The density of the K cloud does not rise above the
background value for either dayside or nightside; Na
exceeds the background density, but only on the nightside.
Cloud dimensions are in the range of 25–501.
At 1500 km, the S enhancement remains below the

average exospheric density, while the enhancements in the
other species are appreciable only tens of seconds later than
seen in the previous case (Fig. 8, bottom). The O cloud is
the last to be appreciable and the first to vanish, with a
poor enhancement of less than a factor of 10. Mg, Al, Si
and Ca are once again the most enhanced, in this case by a
factor of 100. Average exospheric densities of Na and K
always remain above the cloud contribution in this case;
hence, their enhancement is no longer visible on either the
dayside or nightside. The duration of the overall density
enhancement is more than 2200 s and the cloud dimension



ARTICLE IN PRESS

Fig. 4. Sodium enhancement versus time for an impact of 1m-sized object at 400 km (solid line) and at 1500 km altitude (dashed line). The horizontal lines

represent the night side and dayside mean Na densities at the two altitudes, according to the exospheric model of Wurz and Lammer (2003) (see Table 2).

Table 2

Average exospheric density values (in part=m3) at 400 and 1500 km altitudes for the different species here analysed (from Wurz and Lammer model, 2003)

Species density

Naa Mg Al Si S Ka Ca O

At 400km 2� 109 d 3� 106 2:5� 105 106 1:5� 106 9� 107 d 7� 103 108

1:5� 107 n 9� 105 n

At 1500km 4� 108 d 4� 105 3� 104 1:5� 105 2� 105 2:5� 107 d 1:5� 103 1:5� 107

4� 106 n 2:5� 105 n

aThe two species Na and K show different daily and night average values (designated by d and n, respectively).

Table 3

The intensifications, durations and spatial dimensions of the enhancements for a MIV event at both altitudes of 400 and 1500 km in the cases of two

meteorite sizes are shown: note, in particular, the case of 0.1m as the most interesting. The extension d of the cloud is obtained by considering the spatial

dimensions of the cloud where the density is one order of magnitude higher than the average value at that altitude

Meteorite of 1m

Altitude: 400 km

Species Na Mg Al Sia S O K Caa

Intensification I 410 d 4105 4105 106 104 4104 �10 d 4106

4103 n �103 n

Duration Dt 800 d 46000 46000 b6000 �4000 �6000 700 d b6000

3000 n 2200 n

Extension d 201 d 601 601 601 501 501 01 d 701

401 n 201 n

Altitude: 1500 km

Species Na Mga Ala Sia S O K Caa

Intensification I �0 d 4104 4104 105 103 4103 / d 106

4102 n 410 n

Duration Dt 0 d b6000 b6000 b6000 �5500 46000 0 d b6000

V. Mangano et al. / Planetary and Space Science 55 (2007) 1541–1556 1547



ARTICLE IN PRESS

Table 3 (continued )

Meteorite of 1m

�3200 n �2000n

Extension d 101 d 1201 1301 1201 1301 1201 01 d 1301

1001 n 701 n

Meteorite of 0.1m

Altitude: 400 km

Species Na Mg Al Si S O Kb Ca

Intensification I / d �103 n �103 103 10 410 – o104

�3 n –

Duration Dt 0 d 1900 2000 �2500 800 �900 – 3500

300 n –

Extension d –d 401 501 451 251 301 –d 501

01 n –n

Altitude: 1500 km

Species Nab Mg Al Si Sb O Kb Ca

Intensification I – o102 o102 102 – o10 – 4102

– –

Duration Dt – 2700 �2200 �3200 – 1200 – 3500

– –

Extension d –d 1001 701 801 201 201 –d 901

–n –n

Meteorite of 0.01m

a1m Meteorite: the most enhanced species ð1042106Þ and for longer time ðb6000Þ.
b0.1m Meteorite: some species go below the average values.
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is in the range of 70–1001 for Mg, Al, Si, and Ca. The cloud
diameter is just 201 for S and O.

The most probable impact velocity for a meteoroid 1 cm
in radius is 30 km/s, corresponding to the first peak of
Fig. 2. Following Eq. (1), a lower impact velocity will result
in production of less vapour per unit mass of projectile.
Hence, as can be deduced from the trend from the 1- to 10-
cm case, the vapour cloud would now always remain below
the threshold of the average exospheric levels. Only Ca, due
to its low background density, would be visible for a short
time at 400 km altitude, with an enhancement of about a
factor 3, a duration of 450 s, and a spatial dimension of just
101.

4. Discussion

These results demonstrate a real probability that such
clouds will be identified during the lifetime of a devoted
mission to Mercury. In particular, we consider the
characteristics of the BC/MPO probe, which will be in a
polar orbit with a period T of two and half hours. The
probability of detection of the cloud generated by a MIV
event can be calculated as

P ¼ ½1� ðPnoxÞ
f
� ¼ ½1� ð1� PxÞ

f
� ¼ ½1� ð1� Pj � PlÞ

f
�,

(6)
where f is the number of impacts derived from the
frequency in Fig. 1, and Px expresses the detection
probability of a single event, which is composed of two
terms: Pj and Pl, accounting for the latitude for the
longitude contributions, respectively. They represent the
‘coverage’ in latitude and longitude along one polar orbit.

Pj is composed of two parts: the first is the amplitude of
the cloud with respect to a whole polar orbit; the second is
the duration of the event with respect to the orbital period,
giving the portion of an orbit that the probe can cover and
arrive in time to detect the cloud enhancement. The sum of
these two ratios gives the coverage in latitude (see Fig. 9).

Pl is given by the portion of the planet covered by the
cloud with respect to the half of the planet’s surface as seen
from the altitude of the probe. Hence, the two probabilities
can be expressed as

Pj ¼
d þ oDt

2p
¼

d

2p
þ

Dt

T
, (7)

Pl ¼
d

p
,

where d is the angular width of the generated cloud,
Dt is the duration of the intensification above the
average exospheric density at the altitude of interest, and
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T ¼ 9000 s is the period of one orbit. Pj must obey the
condition: Pjp1.

We calculate the probability at the periherm and
apoherm of the orbit, and consider the average value
between the two as representative of the whole orbit. The
probability is the sum of the two for the cases of Na and K,
because they have different reference values on the dayside
and nightside.

Since notable enhancements would be caused by the
1- and 10-cm meteoroids, we will consider them here. From
Fig. 5. Density versus time for an impacting object of 1m radius, at 400 km a

day- and night-time (on top); separately, for Na and K (bottom). As in the fig
the durations and spatial extents of the clouds that are
expected to be generated, Eq. (6) provide the detection
probabilities summarized in Tables 4 and 5. Even though
the impact frequency of 1-m meteoroids is only 2 events/
year, the large enhancements and spatial dimensions of the
generated cloud result in a reasonable detection probability
over one year; at 400 km altitude, the detection probability
is in the range of 30–61% and it increases to 91–97% at
1500 km. This gives an average value in the range 60–79%.
Na and K are not expected to be visible on the dayside,
ltitude for the species whose mean density value does not change between

. 4, horizontal lines represent the exospheric background for each species.



ARTICLE IN PRESS

Fig. 6. Density versus time for an impacting object of 1m radius, at higher altitude of 1500 km (same division among species as in previous figure).
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while they reach almost 20% and 9% over one year on the
nightside, respectively. The probabilities are generally quite
low with respect to the other species because of the high
background exospheric values on both sides of the planet.
This is probably because Na and K are refilled not only by
the micrometeoritic impact vapourization, but also by ion-
sputtering, which seems to be particularly efficient.

The probabilities of detection for the 10-cm case also
depend on the species under consideration due to the
different values of cloud diameter and duration, but
detection becomes likely after only one month. The first
group of species has lower probabilities for S (detectable
only at 400 km altitude) and higher for Mg, Al, and Si that
reach almost 100% after one month. The Na and K
probabilities are almost zero, while O reaches more than
5% after one day, and 82% after one month.
The smallest objects (1 cm in radius) with an impact

frequency of 140/day should provide a contribution that
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Fig. 7. Density versus time for an impacting object of 0.1m radius, at 400 km altitude for the species whose mean density value does not change between

day- and night-time (on top); separately, for Na and K (bottom). As in the previous two figures, horizontal lines represent the exospheric background for

each species.
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barely overcomes the average exospheric density, and
could be detectable only by way of a calcium enhance-
ment. With spatial dimension of 101 and duration of 450 s,
the cloud produced by such an impact would give a
probability of 1% over one day, 25% over one month,
and 97% over one year. In this case, vapour pro-
duction is undoubtedly shifting towards the non-impulsive
processes, and towards continuous refilling by the much
smaller and more abundant micrometeorites (Cremonese
et al., 2005).
5. Conclusions

The previous two sections have demonstrated that large
individual MIV events on Mercury should be observed
during the BepiColombo mission because they would have
reasonable probabilities of causing detectable, elemental
enhancements in the planet’s exosphere. Among the release
processes active on Mercury, refractory species are released
most efficiently by impact events; hence, MIV could be a
valid mechanism by which species like Mg, Al, and Si
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Fig. 8. Density versus time for an impacting object of 0.1m radius, at higher altitude of 1500 km (same division among species as in previous figures). Note

that now S, K and Na enhancements never approach mean exospheric values.
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might be detected. The frequent impact of meteoroids
10 cm in radius makes them particularly interesting from
our point of view.

On the other hand, the Na and K enhancements caused by
MIV events offer few possibilities of being detected by the
spacecraft, even on the nightside and in the most favourable
case. This is mainly due to the high values of their average
exospheric density that mask the main part of the MIV
contribution. In particular, Na and K enhancements on the
dayside would never be detectable for impactors smaller than
10 cm in radius. Even oxygen has a high exospheric reference
density, but in this case the high abundance in the impact-
produced cloud would permit a good probability of detection
in the BepiColombo mission’s lifetime.
A special point must be made for Ca: in this case the

MIV event and the low background exospheric density
assure a detectable enhancement and the production of a
wide cloud. The detection probabilities are then very high,
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even for the case of the 1-cm meteoroid. In fact, in this case
Ca appears to be the only element still enhanced above the
background values.

We split the produced cloud in its many different
components, considering the point of view of an instru-
ment devoted to the detection of a single species. Never-
theless, also global effects of such MIV events should be
evaluated. In fact, the global density increase with respect
to the background exosphere produced by a MIV event
surely will be detectable. Such an event would be an
interesting object of study in itself, in the context of gaining
a better knowledge of transient exospheric effects as well as
for determining the current cratering rate at Mercury.
Fig. 9. A simple sketch of the BC/MPO polar orbit (circular, for

simplicity) around Mercury (dashed line). If d is the cloud angular

extension at the orbit altitude, the latitude contribution to probability will

be the sum of d and that part of the orbit ðo � DtÞ that the probe can cover

and arrive still in time to detect the cloud enhancement.

Table 4

Probability to detect the cloud generated by a MIV event for a projectile of 1m

(day and night probabilities are explicitly written for Na and K) and average

Duration Species

Na Mg (%) Al (%) Si (%)

400 km

1 month 0.15% d þ 5.6 5.6 6

0.9% n

1 year 1.6% d þ 50 50 53

9.4% n

1500 km

1 month 0% d þ 20 25 20

3.5% n

1 year 0% d þ 93 97 93

29% n

Average

1 month 0.15% d þ 12.8 15.3 15.3

2.2% n

1 year 1.6% d þ 71.5 73.5 73

19.2% n
The validity of this study is intended to be more
qualitative as zero-order estimation than quantitative; in
fact, there are many quantities that have had to be
estimated and there are various neglected effects. Let us
summarise them:
�

for

val
The observational constraints of the composition of the
Hermean surface are very poor and different surface
composition models can be assumed. The model that we
chose may not be the most representative.

�
 As already pointed out (see Section 2.3), we considered

only vertical impacts, even if for a randomly oriented
flux the most probable impact angle could be different
from 901. If all possible impact angles were included, the
average vapourization efficiency would be lower
(Schulz, 1996), resulting in clouds of smaller magnitude
and hence lower detectabilities.

�
 We extended the Cintala’s (1992) study, that separately

considered vapour and melt production from the soil
when small projectiles ðro10�3 mÞ impact the Hermean
surface, to bigger meteorites. Given an adequate depth
of regolith, the contributions to vapour and melt would
not be very different over the impactor size considered
here (Cintala, private communication).

�
 As the result of an impact, ejections of vapour together

with melt and solid material will occur. Moreover,
vapourized material is expected to be present not only in
the atomic but also in molecular form. For example, it
may happen that the oxygen is released, at least partly,
in molecular form, O2; conversely, it could be ejected as
an oxide component, e.g. CaO as suggested by Killen et
al. (2005). On the other hand, it could also be that part
of the tetrahedral structure typical of the silicates (4
oxygen atoms and 1 silicon atom) maintains its original
configuration when released as vapour. (The vapour
temperature is 4000K in this analysis, but it probably
all the considered species, for a circular orbit of 400 or 1500 km altitude

ues

S (%) O (%) K Ca (%)

3 4 0% d þ 7.5

0.3% n

30 40 0% d þ 61

3.3% n

18 18 0% d þ 25

1.5% n

91 91 0% d þ 97

15% n

13 10.5 11% d þ 16.2

0.9% n

60.5 60.5 0% d þ 79

9.1% n
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Table 5

Probability to detect the cloud generated by a MIV event for a projectile of 0.1m for all the considered species, for a circular orbit of 400 or 1500 km and

average values

Duration Species

Na Mg (%) Al (%) Si (%) S (%) O (%) K Ca (%)

400 km

1 day �d 15.5 21 21 5 6.8 �d 30

�n �n

1 month �d 99.3 99.9 99.9 77.8 87.8 �d 99.9

�n �n

1500 km

1 day �d 20 22.5 27 — 4.7 �d 58

�n �n

1 month �d 99.8 99.9 99.9 — 76.3 �d 99.9

�n �n

Average

1 day �d 17.7 21.7 24 0–5 5.7 �d 44

�n �n

1 month �d 99.5 99.9 99.9 0–77.8 82 �d 99.9

�n �n

The probability of the most enhanced species (Mg, Al, Si and Ca) reaches almost the certainty after just one month. Na and K have no probability to be

visible, neither at night.

Fig. 10. Effects of cloud temperature on the density versus time plot, for the sodium component and for a 10 cm-radius projectile. Solid line for

Tc ¼ 2500K, dashed line for Tc ¼ 4000K, dotted line for T c ¼ 5000K. Upper curves are for 400 km altitude, bottom ones for 1500 km altitude.
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was much hotter at the impact point.) In the first case,
the results would be affected only by a scaling factor for
the oxygen curve in our plots; in particular, this would
result in an overestimation of the curves of both oxygen
and bound species, while molecular species not con-
sidered here would be detectable in the exosphere
instead. After some time, the molecules should dis-
sociate, adding some energy to the exospheric compo-
nents and permitting the involved species to reach higher
altitudes (Killen et al., 2005). The occurrence of such
cases would produce variations in the density profiles
versus time of less than one order of magnitude; hence,
it would not noticeably affect our results.

�
 We have not considered the processes like photo-

ionization and charge-exchange that would decrease
the cloud density; nevertheless, the typical lifetime of
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such processes (e.g. Orsini et al., 2001; Killen and Ip,
1999) is much longer than the time scale of MIV events.
Hence, we can assume that these processes are
negligible.

�
 Because so much target material should be vapourized

at these impact velocities, inclusion of the projectile’s
mass in the vapour cloud would change our results by a
small amount (2–3%). This effect should be added to
our vapour estimation, but it would not affect our
conclusions in any appreciable sense.

�
 The temperature of the cloud is assumed to be 4000K,

but it is an unknown parameter. In any case, its value is
expected to be in the range 2500–5000K (Eichhorn,
1978). Higher values will result in a higher density
enhancement and in a longer duration at BC/MPO
altitudes; lower temperature will act in the opposite
direction (Fig. 10). Even in this case, this would change
the density enhancements by less than one order of
magnitude.

�
 We choose a mean value of 400K for the temperature of

the soil, but the range between night- and dayside is
100–700K. To choose one of these extreme values
would imply maximum variations in the vapourized
mass of only �5%.

�
 All reference values for the dayside and nightside

average exosphere are obtained from a model, hence
they could be improved whenever more precise data
become available or when the contributions from the
different processes and their relative combinations
become better known.

�
 The radiation pressure, which is known to act differently

over different species, will surely affect the shape and
local density of the clouds, depending on the impact
position and on true anomaly angle. Such an effect
cannot be quantified without loosing generality.
Nevertheless, even by considering all of those approx-
imations in evaluating the effects of meteoritic impacts on
the Hermean surface, the results of our analysis make us
confident that MIV events during the BepiColombo
mission could be identified and their vapour clouds studied
as they occur. In fact, the noticeable increase of some
species over the average exospheric density, the amplitude
of the produced cloud, and the favourable detection
probability of the MIV event all work in the direction of
positive detections. This would aid in evaluating the
surface composition and in assessing the refilling and
escape mechanisms occurring at Mercury. Moreover, such
events could help to detect for the first time several
refractory species in the exosphere, and to increase our
understanding of the still poorly known Ca exosphere.

Larger projectiles impacts vapourize the regolith deeper
layers, which are less contaminated by space weathering
(Hapke, 2001). The vapourized hemispherical volume
could reach the dimension of meters, depending also on
the density and porosity of the regolith. Hence, the
detection of the vapourized soil could be the only way to
remote sense the endogenous material.
The individual effects of the smallest objects analysed in

our simulation are small compared to those of larger
impactors, but, at a rate of 140 impacts/day, their global
effects should be analysed further in the context of their
contribution to the average exosphere. Moreover, over the
lifetime of the BC/MPO mission, multiple MIV events
could probably be detectable over the average exospheric
density values. No asymmetry in the spatial distribution of
those objects over the planet’s surface is considered.
Nevertheless, the possibility of asymmetries in the distribu-
tion of the infalling objects over the Hermean surface
should be better investigated and not be excluded a priori

(Marchi et al., 2005). In doing so, it would be necessary to
include a local, time-dependent model of surface tempera-
ture and preferred impact velocity.
In the context of our study, the SERENA particle

detector and the PHEBUS UV spectrometer onboard the
BC/MPO module could have important roles in detecting
the effects of MIV events (see ESA ‘BepiColombo/MPO
Payload Definition Document (PDD)’, issue 4, revision
0–19 December 2003). In particular, SERENA is designed
to work regardless of surface-illumination conditions, so it
will also collect data on the nightside of the planet. As
already discussed, Na and K enhancements could be
detectable almost exclusively on the nightside of Mercury.
Moreover, we cannot exclude the possibility of the
detection of species whose dayside exospheric background
has been underestimated.
Exospheric spatial inhomogeneities of refractory species

with similar time scale could be generated also by ion-
sputtering. Anyway, in this case the shape and intensity of
the cloud would be significantly different (e.g. Mura et al.,
2005). Furthermore, the generated cloud would be
characterized by an energy spectrum reaching higher
energies (Wiens et al., 1997). The energy resolution of
SERENA will allow discriminating between these two
processes.
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