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Interaction of energetic particles and dust grains with asteroidal surfaces
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Low energy solar wind (SW) and solar energetic particles (SEP) interact with material exposed on the surface
of planetary objects devoid of an atmosphere and a global magnetic field such as the Moon and the asteroids.
Micrometeoroid impacts will produce microcraters on samples exposed on the surfaces of these bodies and also
cause microscale erosion and at times catastrophic rupture of the target rocks and soil grains. The impacting flux
of meteoroids thus controls the effective SW and SEP exposure durations of samples on the lunar and asteroidal
surfaces. The lunar samples contain abundant records of energetic particle interactions and micrometeoroid impacts
while such records found in gas-rich meteorites can be considered to be representative of asteroidal samples. These
records allow us to infer the composition and intensity of SW and SEP in the past as well as surface dynamical
processes operating on the Moon and asteroids at different epochs. However, unlike the lunar records that span the
time interval from the present to several billion years in the past, the asteroidal (gas-rich meteorite) records provide
information only for some distant epochs in the past. We do not have much information about the contemporary
energetic particle and dust grain environment in the asteroidal region. The Muses-C mission, that will bring back
near surface samples from an asteroid, will be extremely important in this regard.

1. Introduction
Direct exploration and study of energetic particles and

dust grains present in the interplanetary space using earth
orbiting as well as interplanetary spacecrafts have become
feasible during the last three decades with the advent of
the space age. However, to obtain information about their
nature and characteristics at more distant epochs, we have
to rely on indirect approaches. Our present understanding
of the past intensity and composition of energetic particles
present in the interplanetary space is mainly based on stud-
ies of interaction records of these particles with lunar sam-
ples and meteorites (see, e.g., Lal, 1972; Reedy et al., 1983;
Goswami et al., 1984; Caffee et al., 1988, 1991; Goswami,
1991). Similarly, studies of micrometeoroid impact induced
records in lunar samples and meteorites also provide use-
ful information about the nature of the dust grains present
in the interplanetary space at different epochs in the past
(see, e.g., Gault et al., 1972, 1974; Brownlee and Rajan,
1973; Morrison and Zinner, 1976, 1977; Goswami et al.,
1976, 1984; Ashworth, 1978; McDonnell, 1978; Grun et
al., 1985). The fossil records of energetic particle interac-
tions and of micrometeoroid impacts preserved in the lunar
samples and meteorites also allow us to infer about the sur-
face dynamical processes in the parent bodies of these sam-
ples, i.e., the Moon and the asteroids. In this paper a brief
review of the current status of our knowledge in this field is
presented along with a discussion on what more we may be
able to learn from studies of samples from asteroidal surface
that will be retrieved by the Muses-C mission.
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2. Energetic Particles and Dust grains in Inter-
planetary Space

Energetic particles present in the interplanetary space
comprise of two main components; the solar component
and the extra-solar (galactic, interstellar) component. The
Sun continuously emits low-energy (KeV/amu) ions in the
form of solar-wind (SW), and sporadically releases higher
energy (MeV/amu) ions termed as solar energetic particles
(SEP) during solar flare events. The extra-solar component
of energetic particles consists of the much higher energy
(∼a few GeV/amu) galactic cosmic rays (GCR), and a low-
energy (<30 MeV/amu), low intensity component, known
as the anomalous cosmic rays (ACR). The compositions of
the SW, SEP and GCR are very close to solar composition,
while the ACR particles have very unusual composition and
are enriched in elements of high ionization potential such
as He, N, O and Ne (see, e.g., Biswas et al., 1993; Klecker
et al., 1998). In addition to these well-defined components,
presence of energetic particle accelerated by interplanetary
shocks, solar wind pick-up ions and ambient thermal and
supra-thermal particles of solar origin have also been de-
tected in the interplanetary space. We shall restrict our dis-
cussion primarily to the interactions of SW and SEP com-
ponents with planetary materials as these components dom-
inate the time-averaged fluxes of energetic particles in inter-
planetary space at extremely low and intermediate energies
(Fig. 1).
Cometary debris is considered to be the primary source

of interplanetary dust particles. Additional contributions
come from collisional break-up of small bodies within the
asteroidal belt as well as from dust of interstellar origin that
are characterized by high orbital velocities due to their hy-
perbolic trajectories. The physical and chemical nature of
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Fig. 1. Contemporary energy spectra of solar wind, SEP, GCR and solar
quiet time protons in 1 AU space plotted in the rest frame of the solar
wind. The energy spectra of ACR and GCRHe, O, and C are also shown.

Fig. 2. Cumulative flux of meteoroids in the mass range 10−12 g to >1012 g in 1 AU space. The approximate ranges of meteoroid masses responsible for
gardening, mixing, turnover and blanketing of the lunar regolith are indicated.

dust particles from asteroidal, cometary and interstellar ori-
gin are expected to be different. Concerted effort to sam-
ple interplanetary dust grains present in the stratosphere was
initiated by NASA a few decades back and the “Stardust”
mission is expected to bring back cometary and interstel-
lar dust grain by 2006. Laboratory studies of interplane-
tary dust particles suggest that even though their chemical
characteristics are similar to some primitive meteorites, their
physical characteristics, particularly their porous and frag-
ile nature, are more compatible with a cometary origin (see,
e.g., Brownlee, 1985). Some useful information on the na-
ture of the interplanetary dust grains has also come from
studies of zodiacal lights and meteors (see, e.g., Weinberg
and Sparrow, 1978; Hughes, 1978). Additional information
come from studies of impact records of dust grains moni-
tored on board interplanetary spacecrafts and also from lab-
oratory studies of impact records in spacecraft components
following their return after long duration exposure in space.
However, to infer the properties of interplanetary dust grains
at more distant epochs, we have to rely exclusively on the
impact records left by them on material exposed on surfaces
of planetary bodies like the Moon and asteroids that are de-
void of an atmosphere. The long-term averaged flux of in-
terplanetary dust grains inferred from data obtained by using
various approaches is shown in Fig. 2.

3. Interactions of Energetic Particles and Dust
Grains with Planetary Material

The nature of interactions of energetic particles with plan-
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etary material depends primarily on the energy of the parti-
cles and the physical characteristics of the planetary mate-
rial. The compositions of SW and SEP are very close to
solar composition with proton and alpha particle being the
dominant species (with a α/p ratio of ≤0.1); the abundance
of heavier ions (Z ≥ 6) accounts for less than a few per-
cent of the total. The range of low energy (KeV/amu) SW
ions is less than a thousand angstrom in material of silicate
composition and direct implantation is the primary mode of
interaction of SWwith planetary material exposed on bodies
devoid of an atmosphere or a global magnetic field. Rocks
and soils exposed unshielded on the lunar surface have co-
pious records of implanted SW ions, and this should be true
for samples exposed on asteroidal surfaces as well. In fact, a
certain group of meteorites, known as gas-rich meteorite, do
contain records of implanted SW ions. Obviously, some of
the constituent components of the gas-rich meteorites were
exposed unshielded to SW ions on their parent bodies (aster-
oids) prior to their compaction leading to formation of these
meteorites (see, e.g., Goswami et al., 1984). The best tracers
of solar wind records in planetary materials are the isotopes
of light noble gases (e.g., 4He, 20Ne, 36Ar).
The SEP are characterized by relatively high energy (1–

100 MeV/amu) with an average range of a few millimeters
in material of silicate composition. Thus SEP interaction
records will be seen in samples exposed on Moon and as-
teroids with very little or no shielding. The low energy so-
lar particles may get directly implanted, while the relatively
higher energy solar proton and alpha particles can initiate
nuclear reactions leading to production of both stable and
radioactive nuclides; the nuclides produced will depend on
the composition of the planetary target material. The range
of the high energy GCR protons and alpha particles (typi-
cal energy a few GeV/amu) is more than a meter in material
of silicate composition and these particles can produce sta-
ble and radioactive nuclides in planetary materials up to a
shielding depth of couple of meters. A list of stable and ra-
dioactive nuclides produced by SEP and GCR interactions
with planetary materials are given in Table 1; these nuclides
are detected in lunar samples and meteorites.
Even though the abundance of heavier ions in SEP and

GCR is much lower, the very heavy (Z > 20) ions in SEP
and GCR can produce solid state damage in silicate mate-
rial that can be permanent in nature. Such damage trails
are formed near the end of the range of the energetic heavy
ions when their ionization loss rate reaches very high val-
ues. Such damage trails can be seen directly by transmis-
sion electron microscope and may be enlarged by chemical
etching and seen using a scanning electron or optical micro-
scope and are termed as nuclear tracks (see, e.g., Fleischer et
al., 1975). The tracks produced by SEP can be easily distin-
guished based on the following features: i) the low energy
SEP tracks are seen only in the very near surface layers of
planetary material exposed to SEP, ii) SEP tracks are char-
acterized by a steep gradient in track density (#/cm−2) over
a small range (∼0.01 cm), a reflection of the steeply falling
energy spectrum characteristic of SEP (see Fig. 1) and iii)
SEP track densities are much higher than the background
GCR track densities because of the high flux of low energy
SEP heavy ions. Photomicrographs of SEP tracks in lunar

Table 1. Cosmogenic nuclides detected in lunar samples and meteorites∗.

Nuclide Half-life (yr) Major Targets
37Ar 0.096 Ca, K, Ti, Fe, Ni
56Co 0.213 Fe, Ni
54Mn 0.855 Fe, Ni, Mn
22Na 2.60 Mg, Al, Si
55Fe 2.7 Fe, Ni
60Co 5.26 Co, Ni
44Ti 59.2 Ti, Fe, Ni
39Ar 269 Ca, Ti, Fe, Ni
14C 5730 O
59Ni 7.6 × 104 Fe, Ni
41Ca 1.0 × 105 Ti, Ca, K
81Kr 2.1 × 105 Rb, Sr, Zr, Y
36Cl 3.0 × 105 Cl, Ca, K
26Al 7.1 × 105 Mg, Al, Si
10Be 1.5 × 106 O
53Mn 3.7 × 106 Fe, Ni
129I 1.57 × 107 Te, Ba, REE
40K 1.28 × 109 Ca, Ti, Fe, Ni

He stable O, Mg, Al, Fe, Ni

Ne stable Na, Mg, Al, Si

Ar stable Cl, Ca, Fe, Ni

Kr stable Br, Rb, Sr, Y, Zr

Xe stable Te, I, Ba, REE

∗Cosmogenic stable elements/isotopes other than the noble
gases are extremely difficult to detect and are not listed.

and asteroidal (meteorite) samples are shown in Fig. 3.
The primary mode of interaction of dust grains with rock

and soil grains exposed on the surface of a planetary body
devoid of an atmosphere is direct impact that leads to par-
tial or complete destruction of the impacting grain due to
localized melting and evaporation. Such impacts also pro-
duce microcraters, erosion of surface material by abrasion
and at times fracturing and catastrophic destruction of the
target rock/soil grains. Impact of dust grains on lunar or
asteroidal regolith lead to formation of microcraters on indi-
vidual regolithic components as well as formation of shock
melted glass, glassy spherules and glassy-bonded aggluti-
nates. They also cause microscale erosion of the rock/soil
target and induce small scale gardening of the surficial re-
golith layers. Impacts of relatively large meteoroids (mil-
limeter to centimeter in size) lead to mixing and turnover of
the top few centimeter of the regolith while impacts of much
larger objects lead to excavation and redistribution of mate-
rial and controls the growth of regolith on lunar/asteroidal
surface. A schematic representation of the various types of
interactions of energetic particles and dust grains in the case
of asteroidal/lunar regolith is shown in Fig. 4.
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Fig. 3. Photomicrographs of tracks produced by solar flare iron-group heavy ions in a lunar grain (a) and in a grain from the gas-rich meteorite Kapoeta
(b) taken by an electron microscope and an optical microscope, respectively. Scale bars are 2 and 10 microns.

Fig. 4. A schematic representation of approximate depths up to which
implantation of solar wind and production of nuclear tracks and stable-
and radio-nuclides by SEP and GCR can take place on asteroidal or lunar
regolith. The depths up to which micro- and macro-craters can induce
reworking of the lunar regolith is also indicated.

4. SW, SEP and Micrometeoroid Records on Lu-
nar and Asteroidal Surface

Extensive studies of interactions of SW, SEP and microm-
eteoroids with lunar surface material were carried out during
the last three decades. While the samples collected from the
lunar surface contain records of the current epoch, the sam-
ples of drive core and drill core tubes provide information on
SW, SEP and micrometeoroid activity at distant epochs go-
ing back to a couple of billion years in the past. Some of the
lunar regolith breccia contains individual components that

were exposed to SW and SEP at even earlier epochs. It is,
however, important to note that all these records represent
long-term averages integrated over time periods of 103 to
106 years, the effective surface exposure duration of the an-
alyzed samples. In contrast to the abundant records of low
energy SW, SEP and micrometeoroid interactions in lunar
samples, similar records in the case of asteroids are limited
to those preserved in gas-rich meteorites and they refer to
the precompaction era of these meteorites. Unfortunately, it
is rather difficult to measure the compaction ages of mete-
orites. The presently available data suggest that the precom-
paction records seen in the gas-rich carbonaceous meteorites
could be from a very early epoch in the evolution of the so-
lar system dating back to >4.2 Ga before present (see, e.g.,
Goswami et al., 1984; Caffee and Macdougall, 1988). In the
following, a brief summary of some of our present under-
standing of the evolution of asteroidal regoliths is presented
along with a comparison with the lunar case. Information
about characteristics of energetic particles and dust grains
in the asteroidal space and about asteroidal surface dynami-
cal processes that we may be able to obtain from analyses of
asteroidal surface samples to be returned by the MUSES-C
mission is also discussed.

5. Asteroid Regolith Dynamics
The evolution of regolith on planetary objects such as

the Moon or asteroids depends on the nature and flux of
the impacting meteoroids and impact crater dynamics. The
growth of regolith in these objects is considered to be due
to the widely spread distribution of impact ejecta follow-
ing large impacting events. Thus, at any given point on
the surface of these bodies, regolith grows in discrete steps
with deposition of impact ejecta blankets as well as occa-
sional removal of material. The growth process also de-
pends on the size, mass and other physical properties of the
planetary objects. For example, the low gravity of the as-
teroids leads to a much wider distribution of impact ejecta
over its surface compared to that on the lunar surface. The
physical/compositional properties of the asteroids also affect
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Table 2. Features characteristic of micrometeoroid impacts and SW and SEP irradiations observed in gas-rich meteorites and lunar soils and breccias∗.

Gas-rich Meteorites

Characteristic features Chondrites Carbonaceous Lunar samples

and Achondrites chondrites

Impact glass rarely >1% — Up to 50%

Agglutinates rare — Up to 60%

Glassy spherules rare — Up to 10%

Shock features common not obvious common

Micrometeoroid impact craters rare rare ubiquitous

Helium-4 (cc STP/g) 104–105 103–104 >107

Grains with SEP tracks (%) 1–15 <1–10 10–100
∗For source of data, see, Goswami et al. (1984).

crater dynamics and hence regolith characteristics (Housen
et al., 1983; Asphaug et al., 1996). Impact induced seismic
disturbance can also play an important role in shaping re-
goliths on smaller asteroidal bodies. Theoretical modeling
of asteroidal regoliths (Housen et al., 1979; Langevin and
Maurette, 1980; Housen and Wilkening, 1982; see also ar-
ticles in this volume) suggest that strong (basaltic) asteroids
of a few hundred kilometers in size can develop regoliths
that may extend up to a kilometer or more in depth. Obvi-
ously, the rate of growth of such regoliths has to be much
higher than in the Moon (average regolith thickness ∼10
meters) and this will result in much lower surface exposures
of asteroidal regolithic components compared to the lunar
case. One would therefore expect the asteroidal regolith to
be immature by lunar standard in the sense that the magni-
tude of various effects caused by interaction of low energy
SW and SEP (e.g., implanted SW ions, SEP produced nu-
clides and nuclear tracks) and by impact of micrometeorites
(e.g., microcraters, comminution of grains and fragments,
shock melted glass, glassy spherules, agglutinates etc.) will
be significantly lower in asteroidal regoliths. The modeling
studies also indicate that relatively small (<10 km) aster-
oids that are compositionally strong will hardly have any
regolith, while compositionally weak (e.g., carbonaceous)
small asteroids may have centimeter- to meter-scale regolith
(Housen et al., 1979; Michikami, 2001). The possibility
that larger asteroids may have experienced cycles of regolith
growth, fragmentation and reassembly is also suggested.
Direct information about the nature of asteroidal regoliths

comes from studies of gas-rich meteorites belonging to the
chondrite, achondrite and the carbonaceous group. We show
in Table 2 a comparison of several features charcteristic of
near surface exposure of lunar samples and gas-rich mete-
orites on lunar and asteroidal regoliths, respectively. The
features for the non-carbonaceous gas-rich meteorites (low
SW content, lower SEP track densities, lack of microcraters,
impact glass and agglutinates) clearly suggest that the re-
goliths on their parent asteroids were extremely immature
compared to the lunar regolith. These features are compat-
ible with the theoretically modeled fast growth rate of re-
goliths in parent bodies of strong meteorites noted earlier.
The case for the gas-rich carbonaceous chondrites is more

complex and it appears that regolithic activity in the parent
bodies of these meteorites was very minimal. As already
emphasized, these features of asteroidal regoliths refer to
the precompaction era of the gas-rich meteorites (see, e.g.,
Goswami et al., 1984; Caffee and Macdougall, 1988).
Our knowledge of contemporary regolith on asteroidal

surfaces is rather scanty and restricted to remote observa-
tion by various flyby missions to several minor objects that
include Phobos (Mars Global Surveyer), 243 Ida and 951
Gaspra (Galileo) and 253 Mathilde and 433 Eros (Near
Shoemaker).The mean size of these objects ranges from
about 12 to 53 km and of the four asteroids, three belong
to S type and one (Mathilde) to C type. High resolution
imaging of the surfaces of these objects provided detail in-
formation on crater morphology, distribution and extent of
burial of ejecta blocks and downslope movement of mate-
rial along crater walls or inclined slopes. Analysis of these
features suggest the presence of a few tens to several tens
of meters of regolith consisting of loosely consolidated fine
material as well as meter-sized blocks on these objects (Carr
et al., 1994; Sullivan et al., 1996; Veverka et al., 1997,
2001; Thomas et al., 2000). While the spacecraft observa-
tions confirm the presence of regolith in moderate-sized as-
teroids, the regolith thickness in such objects appears to be
much larger than model predictions. A sample return mis-
sion like the Muses-C will be extremely important in this
context. Analysis of features representative of regolithic ac-
tivity (see Table 2) in the returned samples will allow us to
compare the nature of the contemporary asteroidal and lunar
regoliths and test model predictions.

6. SW and SEP Records in Lunar and Asteroidal
Space

The records of energetic particle (SW, SEP and GCR) in-
teractions with lunar samples have provided a wealth of in-
formation about the energetic particle environment in the lu-
nar (1 AU) space during the contemporary as well as distant
epochs in the past. Studies of SW implanted noble gases and
nitrogen in lunar soils and breccias suggest possible tempo-
ral variations in solar wind He and N isotopic compositions
as well as abundance of Xe over the last 3 billion years. Sev-
eral proposals have been put forward to explain these obser-
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vations (see, e.g., Kerridge et al., 1991; Geiss and Bochsler,
1991). Differences in SW and SEP isotopic compositions of
specific elements have also been observed. The most thor-
oughly studied example being isotopic composition of Ne;
the 20Ne/22Ne abundance ratio in SEP is found to be about
25% lower than in SW (see, e.g., Wieler, 1998). Studies
of activity of SEP produced radionuclides of different half-
lives in lunar samples have also provided information on the
flux of solar protons averaged over the mean-lives of the ra-
dionuclides. The presently available data suggest that the
solar proton flux averaged over the last few million years
is less than the value averaged over shorter time scales of
∼104 to 105 years (see, e.g., Reedy, 1998). Studies of nu-
clear track records in lunar samples indicate that the spectral
shape of the solar flare heavy ion energy spectra remained
nearly the same over the last few billions years although
variation in solar flare intensity during different epochs in
the past cannot be ruled out. Further, these studies also led
to the first observation of preferential enhancement of very
heavy nuclei (Z ≥ 30) over Fe group nuclei in solar flares;
such enhancement has also been seen later in contemporary
solar flares (see, e.g., Goswami, 1991).
Interaction records of SW and SEP present in gas-rich

meteorites provide information on the characteristics of SW
and SEP during the precompaction era of these meteorites.
Noble gas studies of bulk samples of gas-rich meteorites re-
veal excess abundance of light noble gases (He, Ne, Ar) and
the isotopic composition of Ne in these meteorites clearly
indicates the presence of a solar (SW) component in addi-
tion to the trapped and GCR components. The difference in
SW and SEP neon isotopic composition inferred from lunar
sample studies is also seen in data obtained for bulk samples
(mineral separates) of gas-rich meteorites. However, quan-
titative studies of interaction records of SW and SEP in gas-
rich meteorites are rather difficult as only a small fraction
(typically a few percent) of the individual mineral grains of
these meteorites contain records of precompaction SW and
SEP interactions (Table 2; see also Goswami et al., 1984).
Identification of individual grains with solar flare tracks in
gas-rich meteorite samples provides a way for attempting
a quantitative approach. High track densities compared to
the background GCR track densities and a gradient in track
density (see Fig. 3) are the two criteria used for identify-
ing individual grains exposed to SEP. Studies of solar flare
track records in such grains from different gas-rich mete-
orites suggest a similarity in the shape of the Fe-group nu-
clei energy spectra during the precompaction era of these
meteorites with those seen in lunar samples exposed to SEP
during more recent epochs. This similarity also extends to
SEP track record for the contemporary era as recorded in the
Surveyer Camera glass that was retrieved from the Moon af-
ter an exposure for a 2.6 year period during 1967 to 1969
(Fig. 5; see also Goswami, 1991). The similarity in the
records from such widely separated epochs suggest that the
electromagnetic processes involved in flare acceleration and
propagation have not changed significantly over the last four
billion years.
Individual grains from gas-rich meteorites with solar flare

track records have also been analyzed to look for solar pro-
ton produced stable nuclides using laser ablation mass spec-

Fig. 5. Solar flare heavy ion track density profiles in lunar and asteroidal
(gas-rich meteorite) samples. The approximate epoch of solar flare
irradiation of the different samples is also indicated. Contemporary data,
based on studies of Surveyer camera glass, is also shown (L.B. = lunar
breccia; C.C. carbonaceous chondrite; see Goswami, 1991 for source of
data).

trometry or in vacuo step-etching and on-line mass spec-
trometry (see, e.g., Hohenberg et al., 1990; Wieler et al.,
1986). Results obtained from a combined study of nuclear
track and noble gas records in individual grains from several
gas-rich meteorites belonging to the carbonaceous chondrite
group provided the first experimental evidence to suggest
that the Sun has gone through an active early (T-Tauri) phase
(Hohenberg et al., 1990; Caffee et al., 1991). Theoretical
modeling of early evolution of solar type stars as well as as-
tronomical observations of young Sun-like (T-Tauri) stars do
suggest an active early phase for the Sun (see, e.g., Feigelson
et al., 1991). However, unlike the lunar case, we do not
have information about the composition and intensity of SW,
SEP and GCR particles during the present epoch for the re-
gion of interplanetary space span by the asteroids. Studies
of samples to be returned by the Muses-C mission will be
extremely useful in this regard. Specific questions such as
possible temporal variation in the SW isotopic composition
in the asteroidal space, similar to those seen at 1 AU (lu-
nar) space, can also be addressed by comparing the data for
the returned samples with those for the gas-rich meteorites.
Studies of activity of SEP produced radionuclides of differ-
ent half-lives will also allow us to check if the SEP flux av-
eraged over the last few 104 to 105 years is indeed higher
than the long-term (≥Ma) averaged value, as indicated by
the lunar sample data. Most of the important diagnostic ra-
dionuclides (e.g., 14C, 41Ca, 36Cl, 26Al, and 10Be) can be
analyzed in small samples using accelerator mass spectro-
metric techniques.
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Fig. 6. A comparison of frequency distribution of microcraters on samples from Moon and gas-rich meteorites Murchison and Kapoeta. The lunar data
are arbitrarily normalized at 0.5 micron for comparison with the meteorite data.

Fig. 7. Impact microcrater on the surface of an olivine grain from the carbonaceous chondrite, Murchison (a) and on the surface of a lunar grain (b). Crater
diameters are 0.85 and 2.2 microns, respectively.

7. Energetic Dust Grains in Lunar and Asteroidal
Space

Extensive studies of micrometeoroid impact induced fea-
tures, such as, microcraters, impact glass, glassy spherules
and glassy-bonded agglutinates in lunar samples have pro-
vided us very useful information on the flux of interplane-
tary dust grains at 1 AU space and also their physical char-
acteristics, such as density and velocity. Similar informa-
tion is meager in the case of asteroidal samples due to the

paucity of micrometeoroid impact records in gas-rich me-
teorites. Further, identification of such records in gas-rich
meteorites is very difficult. It is necessary to isolate indi-
vidual grains in these meteorites that were exposed on as-
teroidal surface (using solar flare tracks as tracer) and then
look for possible presence of impact induced features on
the surfaces of these grains. Brownlee and Rajan (1973)
first reported observation of microcraters on the surface of a
chondrule-like object isolated from the gas-rich howardite,
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Kapoeta. This was followed up by a detail study of the gas-
rich carbonaceous chondrites (Goswami et al., 1976). Sev-
eral salient features of the dust grain population in the aster-
oidal belt that can be inferred from the available data are: i)
the size-frequency distribution of the dust grains in the as-
teroidal space is similar to that in the lunar (1 AU) space
(Fig. 6), ii) the lower depth to diameter ratio of microcraters
on meteoritic grains compared to those on lunar grains (see
Fig. 7) suggest that the impact velocity of dust grains on as-
teroidal surface is much lower (∼5 km s−1) compared to the
typical impact velocity of ∼20 km s−1 on the lunar surface,
and iii) the dust grain flux in asteroidal space at >4.2 Ga be-
fore present could have been about twenty times higher than
the contemporary flux at 1 AU. Unfortunately, our knowl-
edge of contemporary flux of dust grains in the asteroidal
space is limited to the data obtained by dust detectors on
board interplanetary spacecrafts such as Pioneer 10 and 11
as they traversed the asteroidal zone (see, e.g., Dohnanyi,
1976; McDonnell, 1978). The Muses-C mission assume
significance in this context as the samples returned by this
mission will hopefully provide new information on the dust
grain population in the asteroidal space for the contempo-
rary epoch.

8. The Muses-C Mission and New Possibilities
The Muses-C mission that will bring back surficial sam-

ples from a small size asteroid will be extremely important
for advancing our knowledge of the energetic particles and
dust grains in the asteroidal region during the present epoch.
Comparative studies of lunar and asteroidal surface samples
will also improve our understanding of the surface dynami-
cal processes operating in these two distinctly different types
of planetary objects. Studies of SW, SEP, GCR and dust
grain impact records in the returned asteroidal surface sam-
ples and in gas-rich meteorites will provide information on
possible temporal variations in the characteristics of ener-
getic particles and dust grains in asteroidal space.
The sample collection technique to be utilized in the

Muses-C mission is expected to mix up material from the
top layer of the asteroidal regolith and the retrieved sam-
ple will be analogous to the scoop samples of lunar regolith
collected during the Apollo missions. It will be important
to identify individual components that were residing on the
very surface of the asteroidal regolith as well as those with
varying degree of shielding at the time of sampling. Non-
destructive approach such as studies of microcraters and nu-
clear tracks produced by SEP and GCR particles will be
ideal to infer shielding conditions of the returned samples.
The samples thus labeled can be analyzed for SW and SEP
and GCR produced stable- and radio-nuclides, using suit-
able techniques developed to handle microscopic samples.
The resultant data set will allow us to infer the composition
and intensity of SW and SEP in the asteroidal region dur-
ing the present epoch and also the details of asteroid surface
dynamical processes. The target asteroid of Muses-C mis-
sion [(25413)1998SF36] is smaller than a km in size and al-
though very little is known about its composition, there is a
distinct possibility that it may have a sub-meter to meter-
sized regolith. Theoretical modeling of regolith develop-
ment on small asteroids suggests that compositionally weak

kilometer-sized asteroids may develop regolith that could
extend up to a meter in depth. The recent spacecraft ob-
servations also suggest that regolith thickness even in com-
positionally stronger small asteroid could be higher than
model prediction. We may therefore look forward to obtain
a wealth of information on contemporary energetic particle
and dust grain environment in the asteroidal zone from the
samples to be returned by the Muses-C mission.
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