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Abstract 

Among the scientific objectives of the GAIA mission, 

there is great scientific interest in detecting asteroids 

and comets in our Solar System. In the next years, 

GAIA is expected to strongly contribute to this 

search because of its unprecedented sensitivity to 

faint, moving objects. We investigate how to use the 

spectrophotometric data of asteroids that GAIA is in 

the process of acquiring (scientific mission started in 

summer 2014 for 5 years) to evidence space 

weathering processes. 

Along with asteroid spectral reflectivities, one of the 

products are the Spectra Shape Coefficients, a sort of 

colours obtained by integrating the spectra in 

predefined bands.  

To this end we have checked which colours, among 

those chosen by the GAIA team as wavelengths for 

the spectral shape coefficients, can be more useful to 

evidence the spectral alteration induced by space 

weathering as simulated in the laboratory by 

irradiation with energetic ions and pulsed lasers. 

We show that a diagram  plotting the  colour index 

SSC530-SSC953 vs the SSC752-SSC953 one, well defines 

a region where the GAIA observations of S-type 

asteroids and Vestoids can evidence the space 

weathering experienced by the observed objects.    

1. Introduction 

The surfaces of atmosphere-less bodies are irradiated 

by a large variety (in terms of energy and mass) of 

cosmic and solar wind ions, by UV photons, and 

collide with interplanetary dust. These effects are 

globally known as “space weathering” and have been 

evidenced on several asteroid types on the basis of 

laboratory studies on terrestrial silicates and 

meteorites (for a recent review see [1]).  

An enormous advance in the understanding of 

asteroid space weathering may come from the Gaia 

mission (ESA) that is surveying the entire sky and it 

is expected to observe about 400,000 asteroids, for 

which high precision astrometry and photometry will 

be obtained [2]. It has been estimated that a spectral 

characterization will be obtained for at least 100,000 

asteroids from the low-resolution spectra (0.35-0.95 

µm) obtained by Gaia [3].  

 

Here we discuss how to use the spectrophotometric 

data of GAIA to evidence space weathering of S-type 

asteroids and Vestoids. Our investigation is based on 

many experimental data we have collected in the 

laboratory after ion bombardment of terrestrial 

silicates and meteorites [4, 5] or pulsed laser 

irradiation [6] or even from RELAB database [7]. We 

show that GAIA observations may be used to provide 

a deeper and statistically stronger view of asteroid 

weathering.  

 

2. Spectral analysis 

The GAIA spectrophotometers are based on two low-

resolution prisms, one (BP) is optimized for the “blue” 

wavelengths (330–680 nm) and one (RP) for the “red” 

wavelengths (640–1000 nm).  

Eight spectral shape coefficients (SSC) have been 

suggested to characterize at the best the spectral 

response of the two filters. These SSCs are peaked at 

380, 467, 530, 639, 668, 752, 824 and 953 nm (see 

Figure 7 in [3]). We have measured the reflectivity of 

our laboratory samples at these wavelengths before 

and after energetic processing, to find the best colour 

indexes that evidence the effect of the processing. As 

an example we show the spectra of a bulk sample of 

the meteorite Kosice before and after ion irradiation 

(Fig. 1). Also indicated in the figure are the positions 

of the three wavelengths (corresponding to the 
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wavelengths of three of the SSCs listed above) that 

we use to determine the two color indexes found to 

best represent the effects of space weathering. These 

indexes are SSC530-SSC952 and SSC752-SSC952. 

The two color indexes measured for several samples 

of silicates and meteorites irradiated by energetic 

ions or laser pulses are plotted one vs. the other in 

Fig. 2. It is evident from the figure that there is a 

trend for all samples to exhibit color indexes that 

increase because of the energetic processing. The 

increase in the SSC530-SSC952 color index testifies for 

the reddening of the sample [5], the increase of the 

SSC752-SSC952 one reflects the monotonic decreases 

of the 1 µm band with ion bombardment [4]. 

Figure 1: Scaled (to 530 nm) reflectance spectra of a 

bulk sample of the meteorite Kosice before and after 

ion irradiation. 

Figure 2: The colour index SSC530-SSC952 is 

plotted vs the SSC752-SSC952 one. The data refer to 

samples of silicates and meteorites irradiated by 

energetic ions or laser pulses (arrows indicate the 

increasing dose). 

 

Conclusion 
 

In this work, we discuss how the data provided by the 

GAIA mission may be used to evidence space 

weathering of S-type asteroids and Vestoids. Our 

investigation is based experimental data we have 

collected in the laboratory after ion bombardment of 

terrestrial silicates and meteorites, pulsed laser 

irradiation, or even from RELAB database.  

 

We show that GAIA observations may be useful to 

provide a deeper and statistically stronger 

understanding of asteroid space weathering.  
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Abstract 

A proto-planetary disk cools very quickly, so that the 

snowline is expected to move inwards of 2 AU 

within a My. However, ordinary chondrites, which 

formed presumably in the asteroid belt at about 3 My, 

contain very little water and show little signs of water 

alteration. In this talk we propose a scenario that 

explains why the chemistry of the objects of the solar 

system reflects the position of the snowline fossilized 

at the time the proto-Jupiter achieved a mass of the 

order of 20 Earth masses. 
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Abstract 

Asteroid surface space weathering has been 

investigated both observationally and experimentally, 

mostly focusing on the effects on the visible-near 

infrared (VNIR, 0.4-2.5 µm) spectral range. Here we 

present laboratory near-UV (NUV, 200-400 nm) 

reflectance spectra of ion irradiated (30-400 keV) 

silicates and meteorites as a simulation of solar wind 

ion irradiation. These results show that the induced 

alteration can reproduce the spread observed in the 

VNIR vs. NUV slope diagram for S-type asteroids. 

We expect the evidence of weathering processes in 

the NUV part of spectra before these effects becomes 

observable at the longer wavelengths [1].  

1. Introduction 

Asteroid surfaces are continuously altered by solar 

and cosmic ion irradiation, and micrometeorites. 

These processes are known as “space weathering”. 

As a consequence of the chemical-physical 

alterations induced by space weathering, optical 

properties of asteroid surfaces may change, thus 

affecting the interpretation of their spectral properties 

and the efforts to establishing a solid meteorites-

asteroids link (e.g., [2], [3]). Direct evidence of the 

effect of space weathering has been recently provided 

by the laboratory analyses of particles returned from 

asteroid 25143 Itokawa by the Hayabusa mission [4].  

A number of experimental studies have focused on 

the spectral alteration induced by irradiating OC 

meteorites and terrestrial silicates. The results of ion 

and laser irradiation experiments are, besides other 

applications, used to estimate timescale for which 

spectral alterations observed in laboratory may occur 

in the space environment. As UV bluing occurs with 

a lower amount of weathering than the VIS-NIR 

reddening [5], [6], the study of space weathering 

processes in this spectral region is very actual. 

2. Experiments 

 
Samples of different materials – meteorites and 

terrestrial silicates – have been irradiated with 

different ions at room temperature, inside a stainless 

steel vacuum chamber (P<10
−7

mbar) faced to 

different spectrometers (see e.g., [7], [8]). Spectra of 

samples were obtained in- and ex-situ after 

irradiation. We also consider the results obtained 

after pulsed laser irradiation of silicate samples [9], 

and meteorites published in the RELAB database 

[10]. 

 

3. Results and discussion 

 
Following the procedure described in [5] we have 

measured two spectral indexes - the spectral slopes, 

per nm and computed for the spectra normalized to 

0.55 µm - that well represent the colour variations for 

our samples, before and after irradiation. Results for 

meteorites are shown in Fig. 1 and compared with 

those of S-type asteroids and OC meteorites [5]. Also 

enclosed in Fig. 1 are the data obtained after ns 

pulsed laser irradiation (from [9] and RELAB [10]). 

For some samples we can look at the rate of spectral 

changes with the increasing of ion fluence or 

cumulative laser energy. We calculated the first 

derivative of the NUV and VNIR slopes as functions 

of ion fluence or laser energy accumulation (Fig.2). 

We have estimated the astronomical time-scale on an 

asteroidal surface at a distance of 2.7 AU and 

exposed to space weathering (Fig.2). 
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Fig.1: The VNIR spectral index is vs the NUV one.  

Laboratory results here presented demonstrate that 

space weathering of meteorites and terrestrial 

silicates can reproduce the slope spread shown by S-

type asteroids in the VNIR vs NUV slope diagram. 

This represents a not obvious confirmation of the 

suggestion by Hendrix and Vilas [5] that was only 

based on the comparison between the results of 

observations of asteroids and the laboratory spectra 

of lunar materials, and indicates the space weathering 

as the mechanism responsible for the observed spread 

of slopes. 

Fig.2: Absolute values of the first derivative of 

spectral slopes as functions of increasing ion fluence 

for meteorite Kosice and cumulative laser energy for 

meteorite Chateau Renard (from RELAB). 

For two studied meteorite samples we found the 

higher rate of changes of NUV spectral slope with 

respect to the VNIR slopes as the derivative of the 

NUV spectral slope is always greater than that of the 

derivative of the VNIR slopes. 

We attribute the NUV bluing, analogously to the 

VNIR reddening, to the formation of iron 

nanoparticles accompanied by structural modifi-

cations (amorphization) of surface silicates.  

We expect the evidence of weathering processes in 

the NUV part of spectra before these effects become 

observable at longer wavelengths [1], thus searching 

for the SW effects in the UV range would allow 

establishing the grade of space weathering for very 

young asteroidal families.  
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Abstract
Asteroid polarimetry has experienced important ad-
vancements in recent years. This includes the discov-
ery of new classes of objects, a new assessment of
the relation between geometric albedo and a variety
of different polarimetric parameters, the first attempt
to use in situ analyses of asteroid (4) Vesta to bet-
ter understand the relation between local surface prop-
erties and disk-integrated polarimetric measurements,
and the first applications of spectro-polarimetry to the
physical characterization of the asteroids. The most
recent results in the above topics are briefly summa-
rized.

1. Introduction
Polarimetry is a powerful tool for the physical charac-
terization of atmosphereless solar system bodies. For
a long time, however, this technique has been rarely
applied in a systematic way to the study of asteroids,
due to the difficulty in obtaining several polarimet-
ric measurements per object taken at different epochs,
which are needed to successfully exploit the potential
of this technique. Moreover, the lack of general phys-
ical models of light-scattering phenomena, capable to
provide firm and detailed explanations of the variety
of polarimetric data exhibited by bodies like the as-
teroids, has contributed for a long time to discourage
many researchers, who considered asteroid polarime-
try as a fairly exotic discipline.

The situation has started to change since the 80s and
has been rapidly evolving in recent years. New teams
of researchers made important efforts to increase the
database of asteroid polarimetric data, and to improve
our capability to use the results of these measurements
as a primary source of information about physical pa-
rameters of asteroid surfaces that are very difficult
to obtain by means of other techniques. This paper

briefly summarizes the situation and presents the most
recent advances in the field.

2. Polarimetry as the best tech-
nique to derive asteroid albedos

The determination of the geometric albedo is a very
important tool for the physical characterization of as-
teroid surfaces. The geometric albedo, which quanti-
ties the reflectance of a planetary surface, is a funda-
mental parameter, being related to the composition and
particle size distribution of the minerals present in the
regolith, that is the most external surface layer. The
determination of the albedo from polarimetric data is
based on some known relations, first tested in lab-
oratory experiments some decades ago, between the
geometric albedo and some parameters that describe
the polarimetric properties of different materials. In
particular, what is observed in asteroid polarimetry is
the variation of linear polarization as a function of the
phase angle (the latter being the angle between the di-
rections to the Sun and to the observer, as seen from
the target body). Polarimetric data obtained at differ-
ent epochs, corresponding to different phase angles,
allow the observers to obtain the so-called phase - po-
larization curves, which are characterized by a com-
mon kind of general morphology, described tradition-
ally by means of a small number of parameters, but
with differences that are known to be a function of the
albedo.

In the past, different authors have carried out anal-
yses to establish quantitative relations between the pa-
rameters describing phase - polarization curves and the
geometric albedo. The situation has long been quite
confused, since there has never been a convergence to
a unique approach, and due to the fact that the calibra-
tion of the adopted relations (like the so-called slope
- albedo law) has been for a long time a difficult task,
limiting the practical application of polarimetric stud-
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ies to the derivation of asteroid albedos. As a conse-
quence, most catalogues of asteroid albedos adopted
in these years have been obtained by means of other
techniques, primarily thermal radiometry.

In a recent paper, [1] have carried out a new exten-
sive analysis of currently available polarimetric data
and have proposed updated calibrations of different re-
lations between different polarimetric parameters and
the geometric albedo. According to these authors, sev-
eral reliable relations can be successfully established,
and can provide albedo determinations much more ac-
curate than those obtained by means of thermal ra-
diometry.

2.1 The ground truth from Vesta
The asteroid (4) Vesta, visited by the DAWN probe,
is an ideal target to better understand the relation be-
tween albedo and polarization properties. The reason
is that Vesta is the only one asteroid for which a clear
variation of linear polarization as a function of rotation
has been convincingly proven. After the detailed study
of Vesta’s surface by the instruments aboard DAWN,
it is now possible to carry out analysis aimed at es-
tablishing the relation between physical properties of
the surface, like albedo, texture and composition, and
the disk-integrated polarimetric signal measured from
the ground as a function of time, due to the rotation
of the asteroid. This exercise has been attempted by
[2], who have obtained the first indication about the
“ground truth” in asteroid polarimetry.

3. The Barbarians
The discovery of the peculiar polarimetric properties
of asteroid (234) Barbara dates back to 2006 [3]. Since
then, a small number of other “Barbarian” asteroids
have been discovered. Up to a couple of years ago,
only a handful of Barbarians were known. The pecu-
liar feature of Barbarians is an unusually large “nega-
tive polarization branch”, namely an interval of phase
angles at which the plane of linear polarization turns
out to be parallel to the plane of scattering (the plane
containing the Sun, the observer and the asteroid).
More recently, it has been discovered that Barbarian
asteroids are also peculiar for exhibiting very large
abundances of the spinel mineral in their reflectance
spectra [4]. This suggests that Barbarians might be
among the most ancient and primitive solid bodies
present in our solar system, having been accreted dur-
ing the very early epochs of formation of the first plan-
etesimals. Their rarity could be interpreted as being

due to the fact that only a few objects belonging to
this first generation of planetesimals have been lucky
enough to survive the early processes that led to the
removal of the vast majority of the planetesimals ini-
tially accreted between Mars and Jupiter.

An important recent discovery has been that one
dynamical family of asteroids, named after the high-
inclination asteroid (729) Watsonia, is composed of
Barbarian asteroids [5]. This opens new possibilities
for a better physical characterization and interpretation
of Barbarians by means of polarimetric and visual and
near-IR spectroscopy, with potential implications for
our general understanding of the early phases of the
solar system history.

4. Spectro-polarimetry
Recently, the first pioneering attempts to apply the
technique of spectro-polarimetry to asteroid studies
have started to give interesting results [6]. In addi-
tion to spectral reflectance and phase-dependent po-
larimetric data, spectro-polarimetry also provides an-
other piece of information, namely the relation be-
tween the degree of linear polarization and wave-
length. According to the first results, it seems that
this new parameter can be used to distinguish between
objects having different albedo. Moreover, the fairly
complicated variation of the polarization gradient ob-
served at different phase angles seems able to produce
some important new constraint to modern models of
light-scattering phenomena from planetary surfaces.
If the first impressions will be confirmed, spectro-
polarimetry might soon become the best and fastest
technique for the physical characterization of asteroid
surfaces, the most important limitation being that of
the need of large telescopes to obtain useful data for
faint objects.

5. Summary and Conclusions
Asteroid polarimetry is experiencing in these years a
general Renaissance. The important results obtained
in this field indicate that it is no longer possible to dis-
regard the study of the polarimetric properties of small
solar system bodies, since this is one of the major tools
to be exploited for the purposes of physical characteri-
zation of these bodies, with immediate applications, as
an example, to the topic of defense systems against the
impact hazard posed by near-Earth objects. Moreover,
polarimetry is also important for taxonomic classifica-
tion purposes. A first interesting application will be a
test of the future taxonomic classification that will be



obtained by the Gaia mission. In particular, it will be
interesting to see whether the sampling of the blue part
of the reflectance spectrum perfomed by Gaia will be
able to produce a distinction between asteroids belong-
ing to the current B taxonomic class, and asteroids that
were previously classified as F -class. These objects,
which are now included in the modern B-class, are
known to exhibit well-defined polarimetric properties
that clearly distinguish them with respect to other low-
albedo taxonomic classes ([7]).
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Abstract 
Among L-type asteroids, a peculiar category of 
objects exists: it includes the so-called “Barbarians”, 
known to have very specific features in the phase-
polarization curve. Such objects are thought to 
contain a high percentage of Calcium-Aluminum-
rich-Inclusions, responsible of a spinel absorption 
feature in the near infrared (around 2.1-2.2 µm). 
However, Barbarians are also peculiar in some other 
physical properties: in particular they seem to have 
unusually high rotation periods, and large amplitude 
light curves. We started a campaign of NIR 
spectroscopy and photometry to shed a light on such 
properties and to compare the Barbarians to the other 
objects belonging to the same taxonomic type. 

1. Properties of the Barbarians 
The Barbarians were discovered by A. Cellino with 
the detection of the first objet giving the name to this 
category: 234 Barbara. They have a strong 
polarization parallel to the scattering plane at small 
phase angles, and a transition to perpendicular 
polarization at unusually high phase angles. Futher 
details about their nature are provided in the abstract 
by [1].  

Sunshine et al. (2007) [2] suggested that Barbarians 
could contain a very high percentage of CAIs (up to 
30%), not found in the current meteorite sample. If 
this was true, they could be very ancient objects, 
formed in a refractory-rich environment.  

Also, it appears that Barbarians have irregular shapes 
and long rotation periods [3], but such properties are 
verified on a small sample of objects for which they 
are available.  

We thus decided to run a systematic campaign for the 
acquisition of NIR spectra at IRTF and of light 
curves of Barbarians – or candidate Barbarians. 

2. Our campaign, preliminary 
results 
We were awarded two nights at IRTF that were fully 
exploited. During our presentation, we will illustrate 
the results obtained on the NIR spectra of several L-
type asteroids, some of them known to be Barbarians. 
We will discuss the presence of the spinel absorption 
and its possible relation to photometric properties and 
albedo.  With our observations we have strongly 
expanded our knowledge on this category of objects. 

 
Fig. 1 – Example of spectrum of 122 Gerda, obtained 
at IRTF by our team. The spinel absorption shows up 
above 2 µm, over a globally red-sloped spectrum. 
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Abstract

A problem of observing selection effect in photomet-
ric studies of asteroids is sketched. An observing cam-
paign aimed to reduce these effects is described, with
its first results concerning corrected period determina-
tions.

Introduction

Physical studies of asteroids strongly depend on
lightcurve data. However the abundance of lightcurves
for a particular object strongly depends on its phys-
ical features like brightness, period of rotation, and
lightcurve amplitude.

When the period of rotation is much longer than typ-
ical observing run, or the amplitude is close to the
noise level, there are difficulties in determining the
unique synodic period. However, thanks to the work
of dedicated observers, practically all larger main belt
asteroids (with absolute magnitude H≤11 mag) have
their synodic periods determined with a certain level
of confidence (LCDB, [1]). But once the period of
rotation is established, and is known to be long, such
targets are avoided by most of further observing stud-
ies due to instrumental or time limitations. This way
their synodic periods often remain unconfirmed by an
independent source.

Observing selection effects

Due to such selection effects asteroids with slow rota-
tion (P≥12 hours) and/or rounded shape (amax ≤0.25
mag) rarely have enough data to be spin and shape
modelled, because there is a lack of data from mul-
tiple apparitions and viewing geometries, or the data

are of insufficient quality. In spin and shape studies
of asteroids, targets with short periods of rotation and
large lightcurve amplitudes are thus preferred. This
led to the situation displayed in the figure, where a
large fraction of population of targets easy to observe
and analyse is spin and shape modelled, while the re-
maining populations are spin and shape modelled in
much smaller fraction. As a consequence knowlegde
on e.g. spatial spin axis distributions or on asteroid
shapes elongation and internal structure can be biased
by these selection effects.

Figure 1: Distribution of periods and ampli-
tudes among all bright (H≤11mag) main-belt aster-
oids, based on these two parameters simultaneously.
A number of spin and shape modelled targets is
marked within each group [2].
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Initial results
We are conducting an observing campaign of a few
dozens of long-period (P≥12 hours) and low ampli-
tude (amax ≤0.25 mag) asteroids, aiming to decrease
these selection effects. First results of our campaign
show that a substantial fraction of periods longer than
12 hours and considered reliable, have actually differ-
ent values [2]. Around one quarter of studied pop-
ulation displays longer synodic periods than previ-
ously accepted, which can somewhat alter e.g. the
widely known frequency-diameter plot. Since this fact
was found among bright targets, even more profound
biases are expected in the range of fainter (smaller) as-
teroids where observing selection effects are stronger.

We will also present first spin and shape models of
our long-period and low-amplitude targets. As judged
from their lightcurves, the shapes of these asteroids
must be irregular with global asymmetries.
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Abstract

The Themis family is a natural laboratory to study the
asteroids-comets continuum and space weathering ef-
fects. Recently water ice and organics were detected
on 24 Themis indicating that the Themis family may
be an important reservoir of ice. Moreover, some main
belt comets may be related with the Themis family
because of orbital proximities and spectral properties
analogies. Within the old Themis family members, a
young sub-family, Beagle, formed less than 10 Myr
ago, has been identified. Thus the Themis family is
very important to shed light on the asteroid-comet con-
tinuum, to constrain the abundances of water ices in
the outer part of the main belt, and to probe space
weathering effects on old Themis and young Beagle
families’ members.

1. Introduction
Themis is one of the most statistically reliable fam-
ily in the asteroid belt. First discovered by Hirayama
(1918), it has been identified as a family in all sub-
sequent works, and has 550 members as determined
by Zappalà et al. [1]. The Themis family is charac-
terized by asteroids with 3.05≤ a ≤ 3.22 AU, 0.12
≤ e ≤0.19, and0.7o ≤ i ≤ 2.22o [2] and spec-
trally dominated by primitive C- and B-type asteroids,
as reported by spectroscopic investigation in the visi-
ble range of some members [3,4]. The family formed
probably∼ 2.3 Gyr ago as a result of a large-scale
catastrophic disruption event of a parent asteroid∼
400 km in diameter colliding with a 190 km projectile
[5]. Interestingly, recent observations by Rivkin and
Emery [6] and Campins et al. [7] found spectroscopic
evidence of the presence of water ice and organics on
the surface of asteroid Themis. Analyzing the infrared
spectrum of the asteroid, Rivkin and Emery [6] con-
cluded that the surface of Themis contains very fine
water frost, probably in the form of surface grain coat-
ings, and that the infrared spectral signatures can be
fully explained by a mixture of spectrally neutral ma-

terial, water ice, and organics. Contemporaneously,
Campins et al. [7] derived that water ice is evenly dis-
tributed over the entire Themis surface using spectra
obtained at four different rotational phases. Neverthe-
less the nature of the 3.1µm feature on 24 Themis
is still a matter of debate, and very recently Beck et
al. [8] proposed the hydrated iron oxide goethite as
alternative interpretation of this feature. However, Je-
witt & Guilbert-Lepoutre [9] stress that goethite, when
found in meteorites, is a product of aqueous alteration
in the terrestrial environment and that extraterrestrial
goethite in freshly fallen meteorites is unknown.

The discovery of the presence of water ice and/or
hydrated minerals such goethite on 24 Themis indi-
cates that Themis family may be an important reser-
voir of ice and that possibly ice may exists in the mem-
bers of the family. Indeed, absorption band in the vis-
ible region related to hydrated silicates have been de-
tected on the surface of 15 Themis family members
[4]. These materials are produced by the aqueous al-
teration process, that is a low temperature (< 320 K)
chemical alteration of materials by liquid water [10].
The presence of hydrated minerals implies that liquid
water was once present on these asteroids, and sug-
gest that post-formation heating took place. Further-
more the Themis family seems to be the source of the
main belt comets (MBC) 133P, 238P, 176P, and P/2006
VW139. Nesvorny et al. [11] propose that 133P could
potentially be one member of the younger (< 10 Myr)
Beagle sub-family of the Themis group. This sub-
family has 65 members up to 2 km of diameter.

2. Results
We carried out a spectroscopic survey in the visible
and near infrared range at the 3.6 m Italian telescope
TNG (la Palma, Spain) during 6 nights in February
and December 2012. We got new spectra of 8 Beagle
and 22 Themis members using the DOLORES (with
the LR-R and LR-B grisms) and the NICS (with the
Amici prism) instruments. To look for possible coma
around the targets, we also performed deep imaging in
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R filter.
All the objects investigated belong to the C or B

types. None of the investigated spectra show water
ice absorption features at 1.5 and 2 micron, but five
Themis members have visible absorption bands asso-
ciated with hydrated silicates and thus they have expe-
rienced the aqueous alteration process in the past.
Spectra of the Themis family members show a range
of spectral slope much wider than the Beagle mem-
bers: ’old’ Themis members exhibit a wide range
of spectra, including asteroids with blue/neutral and
moderately red spectra (relative to the Sun), while the
young Beagle members investigated are bluer than the
Themis one. The analysis of the spectral slope ver-
sus the albedo of the objects, derived from the WISE
data, indicates that the young Beagle members are also
brighter than most of the old Themis members.
To explain these differences, we propose two possible
scenarios: a) The Themis/Beagle family parent body
was heterogeneous in composition, and the diversity
we see nowdays reflects different source regions in the
parent body; b) the family parent body was homoge-
neous and the spectral variability we see is related to
space weathering effects. In the second scenario, our
observations imply that on the Themis/Beagle primi-
tive asteroids the space weathering processes acts in a
similar way than in silicate rich asteroids, producing a
reddening of the spectra and a darkening of the albedo.
The analysis of our observations will be presented, and
compared to the results of recent laboratory experi-
ments on irradiation of carbonaceous chondrite mete-
orites.
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Abstract

We investigate the importance of thermal cracking of
the near-Earth asteroid (3200) Phaethon for the ori-
gin of the Geminid meteors. This is the densest an-
nual meteoroid stream and potential meteorite dropper.
Geminds are associated with Phaethon. The latter is
likely a chip of the large main-belt asteroid (2) Pallas.
Different models have been investigated for the origin
of the Geminids, but none of these resulted completely
satisfactory to explain the formation of this massive
meteor stream.

1. Introduction
While meteor streams are in general associated with
comets, the Geminids, which have their yearly peak
activity near December 13, are parented by the unusual
near-Earth asteroid (NEA) 3200 Phaethon [1].

Phaethon’s nature has always been mysterious:
while comet nuclei release material due to the subli-
mation of volatile species, leaving behind dust parti-
cles that become meteors when they encounter Earth’s
atmosphere, most of NEAs do not have activity [2].
Because Phaeton did show activity, it was initially
thought to be dormant comet. However, spectro-
scopic observations showed that Phaethon has an ex-
tremely blue reflectance spectrum [3], whereas comet
nuclei are usually very red [4]. This observation ar-
gued against a cometary nature of Phaethon. Further
spectroscopic and dynamical investigation suggested
a link with the asteroid (2) Pallas and its collisional
family [5]. Moreover, the Geminids have composi-
tion and densities consistent with some carbonaceous
chondrites that are believed to be of asteroidal origin
[6]. From bolide observations, the same authors also
pointed out that the Geminids may drop meteorites
[6], leading to the tantalising idea that we can receive
pieces of Pallas on Earth.

After several attempts, recent observations con-
firmed the activity of Phaethon near perihelion [7].
The activity was only 10−4 of the Geminid stream
mass, but, quoting [8], "this raises the possibility that
the decay of Phaethon is a continuing process" .This
is the position along its orbit where dynamical cal-
culations have shown that the Geminids had to be re-
leased [9]. However, the mechanisms responsible for
the productions and release of dust from Phaethon re-
main unknown, albeit several hypothesis have been put
forward [8].

1.1. Phaethon’s orbit and temperatures

Phaethon has an extremely eccentric orbit, that brings
the body at 0.14 au at perihelion, where its surface
temperature can reach more than 1000 K (see Fig. 1).
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Figure 1: The orbit of Phaethon projected on the plane
of the ecliptic. A circle is drawn every day. The colour
of the circle gives the asteroid surface temperature at
the sub-solar point.
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2. Thermal Cracking
It has been recently shown that the variation of the
temperatures due to diurnal illumination cycle on as-
teroids induce thermal fatigue of the surface mate-
rial [10]. Thermal fatigue is the progressive growth
of cracks caused by temperature gradients and differ-
ential temperature expansions in inhomogeneous ma-
terials, both resulting in mechanical stresses. Even-
tually cracks reaches a critical size and the material
fragment. This is a very effective regolith production
mechanisms. It was estimated that for NEAs, mars-
crosser and for the inner Main Belt asteroids, ther-
mal cracking produces regolith faster than microme-
teorite bombardment, the classical process invoked for
regolith formation and development on asteroids [11].

The velocity of crack propagation and thus the time
needed for a crack to grow from the surface through
the entire rock so that it becomes fragmented, is a
strong function of the distance of the asteroid from the
sun [10].

2.1. Thermal Cracking at Phaethon’s per-
ihelion

We will show here that the rock survival time, or the
time it takes a crack to grow through the rock is pro-
portional to (∆T )−n where ∆T is the day-to-night ex-
cursion temperature on the asteroid and n is the ex-
ponent of the Paris law that governs the crack growth
rate. In particular, since the rock survival time at 1
au is of the order of 104 year for carbonaceous miner-
alogies and the exponent n ∼4 [10], the rock survival
time on Phaethon is of the order of few years at the
perihelion temperatures.

Moreover, regolith production by thermal cracking
is a continuos process, whose rate strongly increases
near each perihelion passage.

We will investigate if and how rock break up at each
perihelion passage can produce fresh regolith, a poten-
tial source of material to explain the Geminids.
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Abstract 
We are investigating the effects of space weathering 
on primitive asteroids using ion irradiation on their 
meteoritic analogs. To do so, we exposed several 
carbonaceous chondrites (CV Allende, COs Lancé 
and Frontier Mountain 95002, CM Mighei, CI Alais, 
and ungrouped Tagish Lake) to 40 keV He+ ions as a 
simulation of solar wind irradiation using fluences up 
to 6.1016 ions/cm2 (implantation platform IRMA at 
CSNSM Orsay). As a test for our new experimental 
setup, we also studied samples of olivine and 
diopside. We confirm the reddening and darkening 
trends on S-type objects, but carbonaceous chondrites 
present a continuum of behaviors after ion irradiation 
as a function of the initial albedo and carbon content: 
from red to blue and from dark to bright. 

1. Introduction 
The exposition of airless bodies to the harsh 
environment in which they evolve (solar ion 
irradiations, micrometeorite bombardments, etc.) 
leads to surface alterations affecting spectra. This 
phenomenon is known as space weathering (SpWe). 
Lot of studies have been made on S-type asteroids 
and silicate materials, including laboratory 
experiments [1] and direct confirmation on Itokawa 
grains [2] of the well know darkening and reddening 
trends. On the contrary, few results have been 
obtained on C-type asteroids and no general trend has 
been found [3-5]. In order to understand the influence 
of SpWe on primitive asteroids, we conduct 
laboratory simulations on carbonaceous chondrites. 
The goal is to develop a model of SpWe which will 
also support sample return missions (OSIRIS-
REx/NASA and Hayabusa-2/JAXA). 

2. Previous experiment 
In a first step, we exposed fragments of CV Allende 
[6] and CM Murchison [7] to 40 keV He+ and Ar+ 
(fluences up to 3.1016 ions/cm2, platform SIDONIE at 

CSNSM). They showed different spectral behaviors 
after irradiation in the 0.425-1.25µm range. Allende 
clearly reddened and darkened while Murchison had 
small spectral variations difficult to interpret taking 
into account the sample heterogeneity concern. It 
appeared clearly on both samples that in the 10 µm 
region, bands of silicates and/or phyllosilicates move 
toward longer wavelength {Fig.1}. Murchison, which 
is an aqueous altered meteorite, also presents a band 
shift in the 3 µm region. These modifications toward 
the Fe-rich spectral region suggesting a loss of the 
element Mg are probably due to a preferential 
sputtering of Mg and/or amorphization of Mg-rich 
materials. These results cannot confirm the presence 
of npFe0, but do not disagree with the forming 
mechanism [8]. 

 
Figure 1: MIR confocal reflectance spectra (SMIS beam line at 
Synchron SOLEIL) of Allende around the silicate peak at 11 µm 
before and after the highest irradiation doses for both ions.     
Figure from Brunetto et al. 2014. 

3. Comparison with other ion 
irradiations 
We put together the results of other ion irradiations 
made by different teams [1, 3, 6, 7, 9]. We observe 
two distinct behaviours {Fig.2}. On one hand there 
are the brighter materials like ordinary chondrites 
(and olivine) showing clearly the well known 
darkening and reddening effects. On the other hand, 
we find the carbonaceous chondrites with transitional 
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trend that seems to depend on the original 
composition. 

 
Figure 2: Reflectance of ratioed spectra (irradiated/unirradiated) as 
a function of the initial albedo. The grey error bar indicates the 
variations due to our Murchison sample heterogeneity.            
Figure from Lantz et al. 2015. 

4. This new study 
We use a new vacuum chamber (project INGMAR) 
to perform spectroscopic studies from 0.4 to 2.5 µm. 
This setup allows us to collect diffuse reflectance 
spectra of the same region of the sample as a function 
of the increasing dose (fluences of 5.105, 1.106, 3.106, 
and 6.106 He+/cm2 are used here). An example is 
given in Fig.3 for irradiated olivine, where reddening 
and darkening are seen.  

 
Figure 3: Spectra before and after irradiations (the brighter color, 
the stronger dose) for olivine. 

 
Figure 4: Pellets (13mm in diameter) of CM Mighei (left) and CO 
Lancé (right). On the edge of the pellet, one can see an 
unirradiated area (corona of 500 µm): the altered region gets 
darker for the CO and brighter for the CM. 

Irradiated pellets of olivine, diopside, CV and CO 
meteorites show spectral reddening and darkening in 
the VIS-NIR, while the darker meteorites tend to 
brighten, as seen in Fig.4, and get bluer spectra after 
irradiation. 

Preliminary results in the MIR range show for all the 
carbonaceous chondrites and the silicate samples a 
shift toward longer wavelength of the 
silicate/phyllosilicate bands as seen in our previous 
study on Allende and Murchison. The aqueous 
altered meteorites also suffer a modification of the 
dedicated 3 µm band.  
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Abstract 
Ceres was recently linked to the dynamical family 93 
(Milani et al. 2014). However, asteroids belonging to 
this family are likely to be S-type, while Ceres is a C-
type. Different scenarios, dealing with a catastrophic 
disruption, compositional heterogeneity on the Ceres 
surface, or the overlapping of families with different 
origin, could explain this diversity. 
We propose to spectroscopically characterize family 
93 to add physical information that help constraining 
the dynamical models, through data acquired from 
ground-based and from space telescopes in the 
infrared.  
 

1. Introduction 
The classification of numbered asteroids in 
dynamical families, proposed by Milani et al. (2014), 
identifies 19 dynamical families with more than 1000 
members, and several medium to small families. 
However, one major issue of this study is the missing 
family of Ceres, despite the large size of the body. 
According to dynamical hypothesis, family 93 could 
be the source of bodies where we should look for the 
ancient Ceres’ family. The family 93 counts about 
1800 members, part of which could be the result of 
an impact event on Ceres’ surface (Milani et al. 
2014).  

Ceres and 93 Minerva are spectroscopically 
classified as C-type asteroids with an albedo lower 
than 0.1 (Li et al. 2006). However, family 93 
includes asteroids quite different one another and 
also different from 93 Minerva, their parent body, 
and Ceres. Most of them show an albedo higher than 
0.1 (Wright et al. 2010). For this reason, the 
identification of the family is quite difficult, and it 
was revised several times during the last decades. 
This asteroid group was formerly classified as the 
Ceres family (Zappalà et al. 1995) and as the Gefion 

family (Bus 1999). Subsequently, asteroid 93 
Minerva was identified as the parent body of this 
family (Mothé-Diniz et al. 2005); in their 
classification the family counts 865 members, 34 of 
which have an associated spectroscopic classification. 
The majority of these asteroids belong to the S-
complex (precisely 26 S class, 2 Sl class, 2 Sr class, 1 
Sq class, and 1 L class), while 2 asteroids belong to 
the C complex (1 Cb class and 1 Ch class), and 
finally there is one X class asteroid. This seems to 
contradict the hypothesis proposed in Milani et al. 
(2014) but at the same time arises a big question on 
the possible link between Ceres, family 93 and its 
parent body. 

2. Data analysis 
To search for Ceres’ family, we study the spectral 
properties of low albedo primitive asteroids, in 
comparison to Ceres and Minerva. Data were 
selected from the available ground-based dataset. In 
addition, a comparison with vis-NIR spectra acquired 
with the VIR instrument (De Sanctis et al. 2011) on 
board the NASA DAWN mission (Russell and 
Raymond, 2011) may shed light on the relationship 
between Ceres and the primitive asteroids belonging 
to family 93. It is worth noting that the Ceres and 
Minerva vis-NIR spectra show some differences (see 
Figure 1). VIR data, acquired while approaching 
Ceres and during the early phases of the spacecraft 
orbit about the body, could be used to associate the 
rest of the primitive asteroids in 93 family with Ceres 
or Minerva as parent bodies. 

Spectral slope in the infrared is quite peculiar in the 
Ceres and Minerva, as shown in Figure 1. Hence, this 
parameter, together with the low albedo, can be used 
as a diagnostic to infer if an asteroid can belong to 
the Ceres’ family. The same parameter will enable us 
to discriminate among C-type asteroids. 
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Figure 1: Comparison between the spectra of Ceres 

and Minerva. 

A proposal for new observations of selected asteroids 
from the family 93 was submitted to IRTF for the 
next observing period. This will complement the 
literature investigation with new and dedicated 
observations.  

 

6. Summary and Conclusions 
The present investigation is done using archive data 
of primitive asteroids associated with the family of 
93 Minerva, in comparison to the VIR data acquired 
in the recent observing campaign of Ceres. In 
combination with a campaign of ground-based 
observations that is on-going, it attempts to answer to 
the intriguing question about the missing family of 
Ceres. Our immediate objectives can be summarized 
as follows:  

1) Search for the Ceres family, by investigating the 
spectral propertied of low albedo asteroids in 
comparison to the Ceres’ spectra provided by VIR at 
DAWN.  

2) Characterize, at the same time, asteroids belonging 
to the Minerva family, through the investigation of 
differences in the spectral properties. 

3) Study the distribution of C and S type asteroids in 
the region from 2.5 AU to 2.8 AU, where Ceres and 
the family 93 are located. 
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1. Introduction 

During the flyby in 2010, the OSIRIS camera on-
board Rosetta acquired hundreds of high-resolution 
images of asteroid Lutetia’s surface through a range 
of narrow-band filters. While Lutetia appears very 
bland in the visible wavelength range, UV color 
variations were tentatively identified in the Baetica 
crater cluster (Fig. 1) [1]. As Lutetia remains a poorly 
understood asteroid, such color variations may 
provide clues to the nature of its surface. We take the 
analysis one step further and study color and albedo 
variability at a much higher spatial resolution than 
before. 

 

Figure 1: The crater complex in the Baetica region in 
which color variations were tentatively identified [1]. 

2. Method 

We concentrate our analysis on sets of images in 
which the images were taken through a sequence of 
color filters in rapid succession, such that the changes 
in phase angle and distance to the asteroid are small 
within the set. We orthorectify the images using the 
shape model and improved orientation data (orbit 

position and pointing) that were derived by stereo-
photogrammetric analysis [2]. We compensate for the 
effects of illumination and local topography by 
photometrically correcting the images. Alternatively, 
we apply a principal component analysis (PCA) to 
isolate subtle color variations by eliminating apparent 
brightness variations due to topography and albedo. 

3. Color variations 

First we photometrically correct the images with the 
Hapke model [3]. We find that subtle color variations 
are associated with the Baetica region (Fig. 2), where 
the interior of the central crater has an orange tint and 
a major landslide (Danuvius Labes) appears blue. 

 

Figure 2: Color composites of the Baetica crater 
complex. At left a composite of the absolute 

reflectance, at right a composite of photometrically 
corrected images (contrast enhanced). 

With the PCA we can separate brightness from color 
variations. The former are isolated in the first 
principal component whereas the latter are isolated in 
the higher components (Fig. 3). The associated eigen-
vectors show us the spectral nature of the dominant 
color variations. The PCA confirms that the bottom 
part of the crater cluster is the site of a major 
landslide that is bluer and darker than average. The 
top part of the cluster is redder and brighter than 
average with streaks of material that are oriented 
radially to the cluster center. We identify these 
streaks as crater rays. 
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Figure 3: Principal component analysis of a color 
cube acquired at low phase angle. At left the first 
principal component, at right a color composite of 

components 2, 3, and 4. 

We interpret the color and albedo variability in terms 
of the degree of soil maturation, or space weathering, 
where bright and blue equals fresh and dark and red 
equals mature. We envision the following scenario: 
An impact created the central crater and covered the 
crater floor with a reddish material of either endo-
genous or exogenous origin. The large landslide 
postdates the impact and has exposed blue, fresh 
material. 

4. Summary 

We analyze subtle color and albedo variations on the 
surface of asteroid Lutetia as seen by the Rosetta 
OSIRIS camera. We employ various techniques like 
photometric correction and principal component 
analysis. The variations can at least partly be 
explained in terms of space weathering. 
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The dramatic event of the 2029 close encounter (CE) between the Earth and the asteroid (99942) 
Apophis on April 13th.,2029 at a minimum distance of roughly 38 400 km constitutes an 
opportunity to deepen investigations concerning the orbital and rotational changes of an asteroid 
during such an event. 
 
Here, after summarizing the changes undergone by the asteroid orbital elements during the CE 
we evaluate the rotational changes of Apophis caused by tidal gravitational effects.  In particular 
we take into account not only the effects due to the dynamical flattening of Apophis but also the 
effects due to its triaxial form, on the precession-nutation motion of the axis of rotation in space. 
Moreoever we compute what should be the modifications of the angular rate of rotation due to 
tidal deformation. Our method is based on the determination of the disturbing potential due to the 
Earth, depending both on the asteroid flattening and triaxiality. Moreoever we estimate what 
should be the zonal deformation of the asteroid due to the tide exerted by the Earth.  
 
As results, we show that the variations of obliquity and precession in longitude of Apophis during 
the 2029 close encounter can reach very large values, at the level of 10° or more, depending on 
the initial values of a few physical and geometrical parameters. On the contrary, variations of the 
spin rate should be relatively small, but not negligible in view of the expected radar observations   
. 
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Abstract
Orbit determination from observations is one of the
classical problems in celestial mechanics. Here we
present a statistical approach to banary asteroids orbit
determination based on the algorithm of Monte Carlo
Markov Chain (MCMC). Furthermore, the present
method can be used on the orbit determination in the
Gaia mission program for the observations of binary
asteroids.

1. Introduction
The study of binary asteroids is of particular interest
because the process of their formation and evolution
have began since the formation of the Solar System.
Therefore, the detection of large number of them and
their study may have important implications for under-
standing and verifications of theoretical models of dy-
namical evolution of the Solar System. the determined
orbit allows to derive the mass, and consequently the
density if the size is known, which are essential phys-
ical characteristics of objects.
Calculate the orbit of a single asteroid with great accu-
racy is much easier than the orbit of binaries and this
problem is complicated by relative motion of its com-
ponents. Orbit determination is an inverse problem:
we determine orbital parameters from observations.

2. Orbital parameters and obser-
vations

Every complete observation of a visual binary asteroid
supplies with three data: the time of observation t, the
position angle θ of the secondary asteroid with respect
to the primary, and the angular distance ρ between the
two asteroids. The given coordinates are measured in
the tangent plane which changes for each observation.
We introduce a coordinate frame related to the tan-
gent plane, where x-axis is directed to the North, the
y-axis to the Est and the third z-axis is normal to the

tangent plane and directed towards observer, and we
transform visually observed coordinates of secondary
asteroid with primary asteroid in the origin to rectan-
gular coordinates x, y:

x = ∆δ = ρ cos θ
y = ∆α cos δ = ρ sin θ (1)

The elements which define the relative orbit are the
six Keplerian elements (a, e, i,Ω, ω, T ) and the period
of revolution P . The semi-major axis a and eccentric-
ity e define the form and the size of the orbit’s ellipse,
the inclination i, the longitude of the ascending node
Ω and the argument of periapsis ω define the the po-
sition of orbit plane relatively to the equatorial frame,
the time of periapsis passage and the period define the
relative position of components at specific time.

3. Statistical inversion problem
The statistical ranging method for simple asteroids has
been investigated by J.Virtanen et al. [2] and was ap-
plied for binary asteroids relative orbit determination
by D.Oszkievicz et al. [1]. The main distinction of
our method consists in the choice of proposal orbits:
on each iteration we vary directly the orbital parame-
ters to fit a new orbit, while in the previous methods
proposal orbits derived through the sampling of obser-
vational coordinates. Moreover, compared to [1] algo-
rithm, we combine MCMC method with the simulated
annealing for the global optimization problem in order
to find the best solution.

3.1. Bayesian statistical approach
The input data are made of N observations at times
t = (t1, ..., tN ), which are related with theoretical po-
sitions by the observational equation:

ϕ = ψ(S) + ε (2)

ϕ = (x1, y1; ...;xN , yN ) (3)

S = (a, e, i,Ω, ω, T, P ) (4)
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ε = (ερ1, εθ1; ...; ερN , εθN ) (5)

where ϕ is a set of N observations coordinates on the
tangent plane. ψ(S) is a computed sky-plane posi-
tions, S the orbit determination parameters, ε contains
the observational errors.
The problem leads to determination of the conditional
probability density of the elements S with given ob-
servations ϕ, that is the a posteriori probability. Using
the Bayes theorem and assuming that the probability
density of observations p(ϕ) is invariant for any orbits
, the a posteriori probability density of the elements
is related to the a priori probability and the likelihood
probability:

p(S|ϕ) ∝ p(S)p(ϕ|S) (6)

3.2. MCMC method
We use the Metropolis–Hastings algorithm with the
simulated annealing in order to obtain a sequence of
orbits through sampling parameters S. Thus, for each
iteration t randomly generate a candidate set of param-
eters S′ from a proposed distribution Q(S′ → St−1).
Namely, we introduce uniform random deviates with
a small variation of each parameter around the last ac-
cepted sampling. The acceptance criteria:

α = min

{
1,
[
p(S′|ϕ)
p(St|ϕ)

]1/T
Q(St → S′)
Q(S′ → St)

}
(7)

where T = h(T ), called the temperature, is a global
time-varying parameter. Each new orbit is accepted
St = S′ with probability α. The acceptance ratio α
indicates how probable the new proposed orbit is, ac-
cording to the distribution p(S|ϕ). Thus, we will tend
to stay in high-density regions of p(S|ϕ).

4. Summary and Conclusions
The MCMC method in form of the Metropo-
lis–Hastings algorithm, adding a globally convergent
coefficient, allows to derive one orbit with the biggest
probability density of orbital elements. Additionally,
the sequence of possible orbits derives through the
sampling of each orbital parameter determines the
phase space of every possible orbit considering each
parameter. Thus the proposed method can be used
for the preliminary orbit determination with relatively
small number of observations, or for adjustment of
orbit previously determined. The Gaia mission will
provide positional measurements with high accuracy,

which we will use for orbit determination. Asteroid
binaries with large (≈ 100 km) and small (≤ 10 km)
primary bodies will be observed in the course of the
Gaia program. For those objects improved orbits, and
consequently masses can be computed using our pro-
posed method.
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Abstract 

The NEOShield-2 (2015-2017) project has been 

recently approved by the European Commission in 

the framework of the Horizon 2020 programme with 

the aims  

 to study specific technologies and 

instruments to conduct close approach 

missions to NEOs or to undertake mitigation 

demonstration, and  

 ii) to acquire in-depth information of 

physical properties of the population of 

NEOs between 50 and 300 m, in order to 

design mitigation missions and assess the 

consequences of an impact on Earth. 

1. Introduction 

The physical characterization of  NEO surfaces is of 

fundamental importance, especially in view of the 

potential hazard some NEOs pose to human beings 

and more in general to life on our planet.  Moreover, 

it allows us to put constraints on the material in the 

protoplanetary nebula at different solar distances, and 

can give us insights into the early processes  that  

governed  the  formation  and the evolution of planets, 

including the delivery of water and organics to Earth. 

Unfortunately,  our  knowledge  of  the  structure  

and  composition  of  NEOs  is  still  rather  limited, 

since less than 15% of the known NEOs have 

physical properties determined from observations. 

2. Observations and Discussions 

In the framework of the EU project NEOShield-2, we 

will carry out these observations using guaranteed 

rapid access to Italian telescopes and facilities (e.g. 

Campo Imperatore, Asiago), as well as by 

competitive proposals to get access to medium/large 

and very large telescopes (e.g. TNG, LBT, and VLT). 

An operational interface will be maintained together 

with the ESA NEO Coordination Centre (NEOCC, 

http://neo.ssa.esa.int) in order to optimize 

observations devoted to physical characterization 

The programme, status and goals, will be presented 

and discussed.  
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Abstract 

We applied the photometric functions of Minnaert 

and Hapke to multiband, visible-wavelength images 

of asteroid Lutetia, taken by OSIRIS (Optical, 

Spectroscopic, and Infrared Remote Imaging System) 

onboard the European Space Agency’s Rosetta 

spacecraft during a close flyby in July 2010 [1, 2]. 

The modeled photometric parameters allowed to 

generate albedo ratio and phase ratio maps for an 

assessment of the overall light scattering behavior of 

Lutetia’s surface. We also generated color ratio maps 

of Lutetia to fully investigate the photometric 

variations across the surface. Further interpretation of 

photometric parameters of Lutetia is done through 

the comparison with the available laboratory 

reflectance measurements and reflectance results for 

other small bodies in the solar system. 

1. Introduction 

Studying reflectance from the surface of asteroids 

and other atmosphereless small bodies provides 

information about optical properties and other 

physical properties of the regolith on the surface. 

Resolved images of the flyby at asteroid (21) Lutetia, 

returned by the OSIRIS imaging system onboard 

Rosetta spacecraft, enable us to study its surface 

reflectance.  

In order to understand the surface evolution of 

Lutetia in the context of light scattering, we modeled 

the photometric parameters of the surface and 

scrutinized the photometric variations of regolith on 

Lutetia. 

 

2. Photometric modelling 

We employed two photometric models, i.e. that of 

Minnaert and of Hapke to model the disk-integrated 

and disk-resolved data of Lutetia in several filters. In 

order to extract the disk-resolved brightness, we 

developed a tool for extracting average intensity 

associated with geometric viewing angles per facet. 

The facet is the smallest element on the triangular 

shape model of Lutetia used in this analysis [3].  

The two well-constrained multi-wavelength Hapke 

parameters of Lutetia are the single scattering albedo 

(SSA) and the roughness parameter. We calculate the 

spectral slope of the modeled SSA spectrum is 

estimated to be (1.65±0.29) % per 100 nm. We found 

that the best-fit value of roughness parameter of 

Lutetia (θ =28
◦
) does not vary significantly with the 

wavelength. The best-fit values of Hapke parameters 

at 649.2 nm of Lutetia (SSA= 0.226±0.002, 

B0=1.79±0.08, h=0.041±0.003, g=-0.28±0.01, 

θ=28°±1°) are similar to those of average S-type 

asteroids, particularly the single scattering albedo and 

the asymmetry factor g.  

The modeled Minnaert k parameter of Lutetia at 

opposition (k0=0.526±0.002) indicates a flat 

distribution in the surface brightness without 

significant limb darkening. No wavelength 

dependence is found for the Minnaert k value of 

Lutetia. 

 

3. Comparison with laboratory 

reflectance measurement 

In order to interpret the modeled Hapke parameters, 

we compare the disk-resolved data of Lutetia 

extracted from OSIRIS images at λ= 649.2 nm with 

the reflectance measurements from available 

terrestrial and extraterrestrial samples in the literature 

and found best-matches samples by Chromium oxide 

in the packed state [4] and an Allende meteorite 

sample [5]. 

We infer that the close similarity of these samples 

with the reflectance data of Lutetia is related to the 

consistency of the material, either by optical or 

structural properties or both. 
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4. Photometric variations 

We generated albedo ratio maps (Figure 1) and phase 

ratio maps of Lutetia, using determined Minnaert 

parameters of the asteroid. The albedo variation on 

Lutetia is subtle (less than 10%) based on the albedo 

ratio maps of NAC F82 & F22 filter (649.2 nm) 

images at small phase angles (α < 30◦). However, 

from the albedo ratio maps produced at large phase 

angle, a larger variation is noted for the so called 

NPCC region on Lutetia. The phase ratio maps of the 

asteroid do not display variation over the surface 

which may be caused by phase function or/and the 

photometric roughness alteration. This is confirmed 

by corresponding simulated phase ratio maps. 

 

 

Figure 1: Upper panel displays the albedo ratio map 

of Lutetia from the NAC F82 image (λ =649.2 nm) at 

phase angle of 10.4°. Lower panel shows the 

corresponding weighted histogram of the albedo 

variations on Lutetia at α=10.4°. 

 

Since the spectrum of Lutetia is featureless, we 

studied the variation of the spectral slope of Lutetia’s 

spectrum across the surface. Color ratio map of the 

asteroid was produced using shape model registered 

images at 931.9-nm and 269.3-nm. The 

corresponding histogram of the color ratio map 

shows a symmetrical shape, indicating a rather 

uniform color variation across the surface. The 

FWHM of the distribution is 10%. In fact, on a large 

scale no obvious correlations between the color 

variations and the geological terrain on Lutetia were 

found. We note that on a smaller scale color 

variations are seen, for instance at the landslide 

location.  

6. Summary and Conclusions 

The uniform albedo and color contrast of Lutetia 

suggests two explanations; (a) the subsurface 

materials of Lutetia are similar to the regolith on 

surface at least for the reflectance of light, (b) the 

effect of space weathering is low for Lutetia and the 

surface is not altered displaying significant and large 

scale variations in its optical properties. 
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Abstract 

We use the observed effects of solar wind ion 
irradiation and the accumulation of solar flare 
particle tracks recorded in Itokawa grains to constrain 
the rates of space weathering and yield information 
about regolith dynamics. The track densities are 
consistent with exposure at mm depths for 104-105 
years.  The solar wind damaged rims form on a much 
faster timescale, <103 years. 

1. Introduction 

Space weathering processes such as solar wind ion 
irradiation and micrometeorite impacts are widely 
known to alter the properties of regolith materials 
exposed on airless bodies. The rates of space 
weathering processes however, are poorly 
constrained for asteroid regoliths, with recent 
estimates ranging over many orders of magnitude 
[e.g., 1, 2]. The return of surface samples by JAXA’s 
Hayabusa mission to asteroid 25143 Itokawa, and 
their laboratory analysis provides “ground truth” to 
anchor the timescales for space weathering processes 
on airless bodies.  

1.1 Samples and Analysis Methods 

Itokawa particles RAQD02-0211 (0211) and RA-
QD02-0125 (0125) were allocated by JAXA; particle 
RA-QD02-0192 (0192) was allocated by NASA. 
Multiple electron transparent thin sections of each of 
these samples were prepared via a hybrid 
ultramicrotomy-focused ion beam (FIB) technique 
using an ultramicrotome and a FEI Quanta 3D dual-
beam FIB-SEM [3]. Transmission electron 
microscope (TEM) analyses were acquired with a 
JEOL 2500SE 200kV field emission STEM.  

2. Results 

Itokawa particles 0211, 0192, and 0125 are olivine-
rich (Fo70) with minor Fe-sulfides. They have 
continuous solar wind damaged rims that are 
structurally disordered, nanocrystalline, and 
compositionally similar to the cores of the grains. All 
three particles have adhering mineral grains and melt 
particles, as well as solar flare particle tracks (tracks). 
Compared to lunar soil grains with a similar exposure 
history, the Itokawa grains are notable for a relative 
lack of abundant melt spherules and vapor deposits. 
Particle 0125 shows a track density of 9.8×108 
tracks/cm2) and a solar wind damaged rim thickness 
of ~50nm. Interestingly, the track densities and rim 
thicknesses vary across the other two particles. 
Particle 0211 exhibits a track density gradient across 
the grain that correlates with the rim thickness. The 
widest solar wind damaged rim (~80nm) is on the 
side of the particle with the highest track density 
(3.4×109 tracks/cm2), while the thinnest rim (~40nm) 
is on the opposite side of the particle (track density: 
9.2×108 tracks/cm2). Particle 0192 also shows a track 
density gradient (2.9×109 to 1.1×109 tracks/cm2) and 
has similar rim widths to particle 0211.  

Solar flare energetic particles (mainly Fe-group 
nuclei) have a penetration depth of a few millimeters 
and leave trails of ionization damage in insulating 
materials that are readily observable by TEM 
imaging. The density of solar flare particle tracks is 
used to infer the length of time an object was at or 
near the regolith surface (i.e., its exposure age), but 
requires the accurate determination of a track 
production rate in order to convert track density into 
years of exposure. We used FIB-TEM techniques to 
obtain such a calibration using the track 
density/exposure age relations for lunar rock 64455. 
The 64455 sample was used earlier by [4] to 
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determine a track production rate by chemical 
etching of tracks in anorthite. Lunar rock 64455 had 
a stable orientation during its exposure on the lunar 
surface and displays a well-developed track density 
gradient in both anorthite and olivine. We measured a 
maximum track density at the sample surface of 8.2 
±2.4 × 1010 tracks/cm2. Based on the measured track 
density and the Kr-Kr exposure age (2x106 y) for the 
splash glass on 64455 [4], we calculate a track 
production rate at 1 AU of 4.1 ±1.2 × 104 
tracks/cm2/y for a 2π exposure.  Applying this track 
production rate to the Itokawa particles gives surface 
exposure ages of ~80,000 years for 0211, ~70,000 
years for 0192, and ~24,000 years for 0125. 

3. Discussion 

Based on the solar flare particle track production rate 
in olivine at 1AU, the Itokawa grains recorded solar 
flare tracks over timescales of <105 years. 
Interestingly, the preservation of well-defined solar 
flare track gradients in two of the particles indicates 
that they maintained a relatively stable orientation at 
mm to cm depths for ~104−105 years in the Itokawa 
regolith.  Plots of track density vs. depth for the two 
particles showing track gradients reveal no changes 
or breaks in slope suggesting the particles 
experienced little or no erosion of their surfaces.   

Over timescales of a few 103 years, interaction with 
the solar wind produces ion-damaged rims on the 
outer ~100nm of grains that are exposed on the 
uppermost surface of lunar and asteroidal regoliths. 
The damaged rims on Itokawa grains are predicted to 
become amorphous and reach a steady state thickness 
of 80−100 nm within a few thousand years [5]. As 
the rims are not amorphous and portions are thinner 
than 60−70nm, this suggests their direct exposure to 
the sun was less than ~103 years. Although rims are 
generally continuous around the grain circumference, 
their thickness varies in a manner suggesting 
different sides of the grain had different solar wind 
exposure times. This indicates the Itokawa regolith 
was sufficiently dynamic for the grains to rotate, but 
no so dynamic that the grains become lost to space.   

5. Summary and Conclusions 

Space weathering of regolith particles on airless 
bodies results in a number of morphological changes, 
including cosmic ray exposure tracks, solar flare 
particle tracks and solar wind damaged rims. Each of 

these space weathering effects yields information 
about particle histories at different depths and over 
multiple timescales. Together, they give us 
information about the regolith dynamics on asteroid 
Itokawa. The heterogeneous distribution of the space 
weathering effects on two Itokawa particles is 
consistent with both particles maintaining a relatively 
fixed orientation in the Itokawa regolith throughout 
the time they were being irradiated by incoming solar 
flare ions. Solar flare particle tracks were formed 
over timescales of 104−105 years, during which the 
Itokawa particles were shielded, at mm to cm depths, 
from direct exposure to the solar wind. The presence 
of track gradients in the particles indicates that the 
regolith in the Muses-C region on Itokawa was 
relatively stable at millimeter to centimeter-depths 
for the last ~105 years, implying little overturn. We 
conclude that only late in their history (<103 years) 
were the particles exposed to the solar wind. The 
continuous nature of the damaged rims on the 
Itokawa particles however, requires grain movement 
on the uppermost surface of Itokawa in order to 
expose all sides of the particles to the solar wind. 

Acknowledgements 

We thank JAXA and NASA for allocating particles 
for this study.  This work was supported by a grant 
from the NASA Laboratory Analysis of Returned 
Samples program to LPK. 

References 
[1] Willman, M. et al.: Using the youngest asteroid clusters 
to constrain the space weathering and gardening rate on S-
complex asteroids, Icarus, 208, 758-772, 2010. 

[2] Vernazza, P. et al.: Solar wind as the origin of rapid 
reddening of asteroid surfaces, Nature, 458, 993-995, 2009. 

[3] Berger, E. L. and Keller, L. P.: A hybrid 
ultramicrotomy-FIB technique for preparing serial electron 
transparent thin sections from particulate samples.  
Microscopy Today, 23, 18-22, 2015. 

[4] Blanford, G. E., Fruland, R M. and Morrison, D. A.: 
Long-term differential energy spectrum for solar-flare iron-
group particles, Proceedings of the Lunar and Planetary 
Science Conference, 6, 3557-3576, 1975. 

[5] Christoffersen, R. and Keller, L. P.: Solar ion 
processing of Itokawa grains: Constraints on surface 
exposure times, Lunar and Planetary Science Conference, 
46, #2084, 2015. 



Survival of the impactor during hypervelocity collisions.
An analogue for icy bodies.

Ch. Avdellidou (1), M.C. Price (1) and M.J. Cole (1)
(1) Centre for Astrophysics and Planetary Science, University of Kent, Canterbury, CT2 7NH, UK (ca332@kent.ac.uk)

Abstract
The majority of laboratory and simulation studies of
hypervelocity impacts are dedicated to the investiga-
tion of the fate of the target bodies. However interest
has increased in the fate of the projectile, as a result of
several observational findings on asteroid surfaces, in-
dicating the presence of material which does not match
the overall lithology of the body. A possible explana-
tion is that these materials are products of inter aster-
oid impacts in the Main Belt. Additionally, during the
dynamical studies of asteroids collisions, the fate of
the impactor was mainly neglected. We present the re-
sults of our laboratory programme devoted to measur-
ing the survivability, fragmentation and state of the im-
pactor, along with an estimation of the mass that was
implanted on the target body, over a speed range of
0.38 - 3.5 km/s. Forsterite (Fo) projectiles were fired
onto low porosity, water-ice targets, using the Univer-
sity of Kent’s Light Gas Gun (LGG).

1 Introduction
Impacts have shaped asteroids, and their size fre-
quency distribution, through 4.5Ga of Solar System
evolution. The appearance and morphology of aster-
oidal surfaces are also the result of impact processes,
which are responsible, for instance, for the formation
of craters and the production of regolith. Over the last
four decades, a plethora of laboratory experiments and
computer simulations have provided insights into col-
lision processes, but our understanding of the fate of
the impactor at impact speeds of several km/s is still
poorly understood. The fate of the projectile and pro-
jectile debris will potentially explain phenomena such
as the source of the olivine and dark material deposits
observed on Vesta [1] and the "Black Boulder" on
(25143) Itokawa [2]. Asteroid 2008 TC3 consists of a
peculiar case of a multi-lithology body whose origin is
still unknown. A recent study [3] has shown that there
is a little chance that foreign material remained on the

surface of the body after low speed collisions with as-
teroids which orbits lay in a limited area in a-e space.
There have been performed several laboratory experi-
ments firing onto water-ice and regolith [4], studying
the collision, as result from the aspect of the impactor.
However, the collisional speed range that was tested
was too low to simulate asteroid collisions. Consider-
ing an average impact speed of v = 5.3 km/s for Main
Belt asteroid collisions [5], we show that material can
be embedded on the target body at higher speeds.

2. Experiments

The gun used to perform these experiments is the hori-
zontal two-stage LGG of the Impact Lab of the Univer-
sity of Kent. We used 3mm diameter Mg-rich peridots
(Fo) as projectiles, fired with speeds 0.38-3.50 km/s
onto low porosity (<10%) water-ice targets. As one of
the aims of this project is to measure the size distribu-
tions of the projectile’s fragments after the impact we
built a set up with a water-ice layer to collect all the
ejecta.

2.1 Fragment identification

After melting and filtering the ice from the target and
the ejecta collecting set up, we ended up with filters
that contain the projectile’s fragments mixed with con-
taminating material from the gun. The majority of the
contaminating material is C, Fe and Si. This led us
to develop a different way to count and measure the
olivine fragments. By using a Scanning Electron Mi-
croscope (SEM) and performing Energy-dispersive X-
ray spectroscopy (EDX) we obtained raw images from
scanning the filters that contained the projectile’s frag-
ments. Considering that (i) Fo projectiles have a very
strong Mg signal and (ii) there is no Mg contamina-
tion from the gun, we used the EDX maps of Mg to
identify the projectile fragments.
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2.2 Photometry with Source Extractor
We applied a photometry technique to each image
using the Source Extractor (SExtractor) open source
software for astronomical photometry. SExtractor is
able to extract every "light source" from the image and
returns information about each source (such as the to-
tal number and the detected area of each fragment, ma-
jor and minor axes, etc.).

3. Results
3.1 Size distribution of the ejecta
Following the procedures described above we con-
structed size frequency distributions for the range of
speeds 0.92-3.50 km/s. The size frequencies follow
log-normal distributions with a noticeable shift of the
mode towards smaller sizes as the impact speed is in-
creased.

3.2 Examination of the largest fragments
After each shot we collected the biggest fragment of
the impactor found in the ejecta. The energy density at
the time of the impact is Q [J/kg], and its general form
is given by:

Q =
1
2

Mim

Mt + Mim
v2 (1)

where Mim is the mass of the impactor and Mt the
mass of the target, and represents the kinetic energy of
the impactor divided by the total mass of the system
(see Fig. 1). Raman spectra were obtained of recov-
ered fragments to ascertain whether the shock caused a
shift in the olivine lines. Changes in the Raman spectra
may also be indicative of changes to the crystallisation
and/or the elemental composition of the olivine [6].
By comparing the spectra we collected before and af-
ter each shot we noticed a small shift of the two promi-
nent olivine lines which increased with increasing col-
lisional speed (approximate maximum shift 3 cm−1).
Additionally, simulations performed with AUTODYN
hydro-code giving pressure and temperature values at
the moment of the impact.

3.3 Contamination of the target
The general method we applied in order to estimate
the mass of the impactor on the target filters is similar
to the one described in §2. The goal was to calcu-
late the volume of each fragment and derive its mass.

104 105 106 107

Energy density, Q [J/kg]

10−4

10−3

10−2

10−1

100

M
l,

f/
M

im

Ml, f =0.5Mim

0.378 0.608
0.92

1.33
1.59

1.95

2.0

2.05
2.16

2.71

Figure 1: Mass ratio of the largest surviving fragment
of the impactor versus the energy density Qim. Catas-
trophic disruption occurred, when Ml,f /Mim=0.5
[numbers denote impact speed].

After having extracted the 2D area of each fragment,
as projected on the detector, we had to estimate a z-
axis that corresponds to the fragment’s height. Tests
were performed in order to show the randomness of
the way that each fragment sits on the filter. By prov-
ing that there is not a preferable position of the frag-
ments we were able to adopt simple estimations of the
z-axis which had to follow similar distributions as x
and y axes.
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Abstract

Polarimetric study of atmospherless bodies is a power-
ful tool to determine their physical properties (albedo,
diameter) [1]. The “Calern Asteroids Polarimetric
Survey” polarimeter has been designed for this pur-
pose. It is a “single shot” CCD polarimeter based on a
“double-Wollaston” configuration [3, 4]. This allows
to measure simultaneously the three Stokes parame-
tersI, Q andU without any moving parts. This instru-
ment has been designed for the F/12.5 Cassegrain fo-
cus of the1 meter West telescope of the “Centre Péd-
agogique Planète et Univers” facility (C2PU, Obser-
vatoire de la Côte d’Azur, Plateau de Calern, France).
We present in this talk the first calibration and mea-
surements made with CAPS. The results show that the
instrument remained stable with a precision of10−4

during the whole observing campaign (two months).
We also present the very first polarimetric measure-
ments on30 main belt asteroids, in good agreement
with previously published results.

1. Introduction
Usually, the degree of polarization for an asteroid is
defined as the flux difference between the lights scat-
tered with polarizations perpendicular and parallel to
the scattering plane (normalized to their sum) :

Pr =
I⊥ − I‖
I⊥ + I‖

. (1)

It is well known that the degree of polarization de-
pends on the phase angle,i.e. on the angle between
the Sun and the observer, as seen from the object.

For asteroids, the morphology of the “degree of po-
larizationvs phase” curvePr = f(α) has some gen-
eral properties which are mainly dependent on their

albedo. A feature common to all asteroids is a “neg-
ative polarization branch” for small phase angles (the
polarization parallel to the scattering plane exceeds the
polarization in the perpendicular direction). The tran-
sition from negative to positive polarization occurs for
a critical value of the phase angle called the “inversion
angle”. For most asteroids this inversion angle has a
relatively small value, around20◦.

The CAPS (Calern Asteroid Polarimetric Survey) is
a new polarimeter dedicated to the observation of as-
teroids. This instrument aims at producing high qual-
ity “degree of polarizationvs phase” curves for rel-
atively bright asteroids (magnitude smaller than 16).
One of CAPS major science case is to improve our
knowledge about the relation between the polarization
and the albedo [1]. In this context an interesting family
of asteroids is the recently identified “Barbarian” fam-
ily which display unusual polarimetric features [2].

2. Instrument description
The CAPS polarimeter is installed at the Cassegrain
focus of the “Omicron” (West) telescope of the C2PU
facility (Calern plateau, Observatoire de la Côte
d’Azur, France; UAI code :010). This telescope has
an entrance pupil of1.04 meter. For the Cassagrain
focus, this leads to an aperture ratio ofF/12.5. CAPS
has been designed so as to allow simultaneous mea-
surement of four polarization states (0◦, 45◦, 90◦, and
135◦ w.r.t. the instrument’s reference plane) on a sin-
gle CCD frame. This is done by a double Wollas-
ton prism [3, 4]. The common edge of those two
Wollaston prisms subdivides an intermediate pupil im-
age into two parts of equal surfaces. Each Wollaston
prism splits the incoming light into two beams with
complementary polarization states. The upper Wol-
laston prism separates polarizations0◦ and90◦. The
lower one separates polarizations45◦ and135◦. Con-
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sequently, four replicas of the same field of view are
formed at the surface of the CCD sensor which corre-
spond to the four polarization states.

3. Data reduction
After dark frame subtraction, a standard aperture pho-
tometry algorithm is applied separately to the four im-
ages of the same source. This yields the four polarized
fluxesI0, I90, I45, andI135 for the target. The Stokes
parametersq and u are then computed according to
their standard definitions :

q =
I0 − I90

I0 + I90
, u =

I45 − I135

I45 + I135
(2)

Finally, the total polarizationP and the polarization
angleθ w.r.t. the instrument’s reference direction are
computed as follows :

P =
√

q2 + u2, θ =
1
2

arctan
( q

u

)
(3)

4. Observations
In the early 2015, a series of polarimetric standard cal-
ibration stars have been observed. These observations
were used to calibrate the instrumental polarization
and to measure the angular bias between the instru-
ment’s reference direction and the on-sky North direc-
tion (usually taken as the angular zero direction for on-
sky polarization measurements). Repeating these ob-
servations on several polarimetric standard stars leads
to an estimate of our measurements repeatability.

The optical components of the telescope and of the
CAPS instrument are likely to introduce polarization
biases. Those effects can be calibrated by the obser-
vation of a series of unpolarized standard stars. Since
these stars are supposed to be unpolarized, any mea-
sured polarization is assumed to be due to these biases

The measurements on 17 unpolarized standard stars
during 8 different nights shows a median instrumental
polarization for the V band :

qV (%) = 3.82±0.018, uV (%) = 0.27±0.007 (4)

and for the R band :

qR(%) = 3.61±0.011, uR(%) = 0.30±0.017 (5)

whereq andu are the reduced Stokes parameters (i.e.
q = Q/I andu = U/I).

The standard polarized stars are used to calibrate the
angular bias between the instrument’s zero direction

and the on-sky North direction and to check if the in-
strumental component of the polarization are correctly
subtracted. The measurements on 5 polarized standard
stars during 5 different nights show that the CAPS in-
strument is rotated by0.4◦±0.4◦ respectively with the
IAU convention for the zero direction of polarization.
The average difference between previously published
polarization for these stars and the polarization found
by CAPS after removing the instrumental component
differ by 1.7× 10−4 ± 2.7× 10−4

5. Results on asteroids
The CAPS instrument is dedicated to the observation
of asteroids. Consequently, the full validation of the
instrument requires observing asteroids for which the
polarizationvs phase relationship is well known. We
have observed30 asteroids during 8 nights. The results
show that the polarization found is in agreement with
the previously published measures.

6. Summary and Conclusions
The CAPS (Calern Asteroid Polarimetric Survey) in-
strument has been intensively tested during a two
months validation run. The results show that the
CAPS instrument provide reliable polarimetric mea-
surements. In the meantime, the observation of stan-
dard polarimetric stars allowed us to test the instru-
ment stabilibity, which is on the order of10−4.
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Abstract 
The fragments of an asteroid that had crashed over 
Norway  were found in a few locations in Oslo at the 
beginning of March 2012. Later on some pieces of 
meteorite from the most South area were collected by 
the Meteoritical Section members of Comet and 
Meteor Workshop (PKiM) with the help of local 
meteoritical authorities. One meteorite fragment of 
32g was used to measure cosmogenic radionuclides 
using non-destructive high-resolution gamma 
spectrometry technique. Five radioisotopes such as 
Al-26,  Na-22, Mn-54, Co-57 and Co-60 were 
detected.  

1. Introduction 

The Oslo meteorite which fall was not observed is 
still a puzzle. We collected information about the 
meteorite and analyzed the data to bring us closer to 
this unknown Norwegian phenomenon.  

2. Meteorite finds 

The first meteorite that had crashed through the roof 
of a cottage house was found  in the central Oslo 
quarter Rodeløkka. Some days later the second 
discovery occurred in the melting snow of 
Ekebergsletta hilltop plateau. Pieces of the third 
meteorite, broken by cars and spread out by 
snowplow, were discovered on an asphalt road side 
by Maciek Burski, the member of Polish Meteoritical 
Society and by members of Meteoritical Section of 
PKiM. The last known pieces of the largest broken 
specimen were found in April 2012 in Grefsen 
approx. 2.5 km North from the cottage in Rodeløkka 
[1],[3],[4]. 

The total known mass of this unobserved fall of the 
ordinary chondrite (OC) is about 6.22 kg in five 

known findings spread out in the eight km-long N-S 
strewnfield with ~4.65kg and ~178g meteorites on 
the opposite ends. The list of meteorites with the 
location (listed from N to S) is shown in Table 1. 

Table 1: List of known meteorite finds in Oslo 

Location Mass (g) Notes 
 Grefsen ~4650 main mass 

~3.5kg 
 Rodeløkka ~550  in 2 fit pieces 
 Ekeberg ~700+26  in 2 fit pieces 
 Frierveien - 
  - kindergarten 178 many fragments 

 “Unknown” 115 complete stone 

TOTAL : ~6219 g  
 

3. Measurements and analysis 
Measurements and interpretation of gamma spectra 
were performed in the laboratories of National Centre 
for Nuclear Research suited in Otwock near Warsaw, 
in the Laboratory of Radioactivity Standards (RC 
POLATOM) and in the Laboratory of Environmental 
Analysis. The activity of samples was measured 
using a non-destructive method with the high 
resolution gamma ray spectrometers equipped with 
semi-conductor high purity germanium crystals 
cooled with LN2 (-196oC). The detectors with 20% - 
45% relative efficiency and typical 2.0 keV energy 
resolution at 1332.5 keV have been used. To 
minimalize the background counting rate of 
measurements the detectors were enclosed in Pb-
based shielding chambers. The acquisition system 
was realized by DSP analyzer connected to PC. The 
identification of radionuclides was obtained by 
analysis of spectra with GENIE-2K software. 
Detector efficiencies  were calibrated for 1.0 ml vial 
by the series of radioactive solutions. To calculate the 
real efficiencies of the measurement geometries the 
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Monte Carlo methods were used. The corrections 
were obtained by PENELOPE and MCNP codes 
[2],[8]. The measurements of whole meteorite sample 
weighting 32g were carried out at distance of 1cm 
from detector top and acquisition time up to 200 
hours [2],[8]. The list of isotopes usually detected in 
the meteorite samples is shown in Table 2. The 
analysis of the collected spectra does not indicate the 
presence of short live isotopes. Preliminary results of 
selected isotopes are presented on Fig.1 (on right). 

 Table 2: Isotopes expected in 32g Oslo sample 

Isotope Half-life Detected 
Cr-51 27.2 d NO 
Be-7 53.2 d NO 
Co-56 77.3 d NO 
Co-57 278.1 d YES 
Mn-51 312.1 d YES 
Na-22 2.60 y YES 
Co-60 5.21 y YES 
Al-26 7.2 ×105 y YES 

 

4. Summary and Conclusions 

The studies of “fresh fallen” meteorites show that the 
content of Be-7 always reaches quite high value 
[2],[5],[6],[7]. Since we could not get the signal from 
this isotope we can conclude that it had decayed to a 
level undetectable by the techniques used. Assuming 
its highest  “invisible” final content it can be possible 
to estimate the approximate minimal terrestrial age of 
the meteorite. The analysis are presented in Figure 1. 
where the extrapolation of specific radioactivity level 
for selected isotopes is shown for two meteorites: 
Oslo and Ghopij L3-5 breccia. We chose Ghopij 
breccia chondrite for comparison because Oslo 
meteorite is very similar to OC type breccia [1]. The 
comparisons started with the Be-7 MDA (Minimal 
Detectable Activity) value calculated as ~3 dpm/kg 
(decays/ minute/ kg) for Oslo. Tracking back in time 
the activity to the observed minimal value of Be-7 as 
measured in Ghopij chondrite we obtained the period 
of 170 days.  The estimates calculated with the 
contents of other isotopes observed in Oslo (Fig.1) 
confirm the corresponding isotopes concentrations in 
Ghopij. The content of Mn-54 and within the limits 
of uncertainty, the level of Co-57, fit to the proposed 
terrestrial age of about 3 half-lives of Be-7. On the 
other hand the result of Na-22 calculation shows to 
low concentration in Oslo comparing to Ghopij. This 
may indicate the several months stay on Earth or very 
low initial Na-22 concentrations in Oslo meteorite.  

 

Figure 1: Extrapolation of logarithm radionuclide 
activity (log A) change in time in Oslo and Ghopij 
meteorites for selected isotopes based on the decay 
law. The preliminary results obtained for Oslo are 
presented on right (ref. date 15.04.2012) and for 
Ghopij L3-6 on left-side (ref. date = time of fall) [5]. 
Dashed orange line presents the MDA - Minimal 
Detectable Activity, the minimum threshold of Be-7 
detection in measurement conditions.   
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Abstract 

The present NEA discovery rate has overcome 1500 

objects per year thus calling for extensive 

observation campaigns devoted to physical 

characterization. A tool is presented which, through a 

prioritization algorithm, aims to optimize the 

planning and the execution of NEA physical 

observations. 

1. Introduction 

The problem of efficiently planning and executing 

NEO follow-up observations has been originally 

addressed by the Spaceguard Central Node to ensure 

that the highest possible percentage of these objects, 

and in particular the newly discovered ones, is 

recovered at other apparitions. Therefore a 

prioritization algorithm, which ranks the observable 

objects according to an urgency criterion, was 

developed [1]; since more than 10 years it produces a 

list of targets needing astrometric observations 

ranked in term of urgency. These lists are publicly 

available at the Spaceguard Central Node and at the 

ESA NEO Coordination Centre web sites. In the 

present work a similar approach has been followed 

for addressing the prioritization of NEA physical 

observations. 

2. Prioritization algorithm 

The prioritization algorithm has been substantially 

revised in order to account for the technical 

requirements of the NEOShield-2 project [2] 

(recently approved by the European Commission in 

the framework of the Horizon 2020 programme), i.e. 

increase the number of NEAs for which physical 

characterization is available by focusing on objects in 

the 50-300 m size range and which are potentially 

accessible for a space mission.  

Various parameters have been taken into account: the 

sky uncertainty, the visibility period, the phase range, 

an estimate of the object apparent motion and of its 

accessibility (provided by a best-case transfer 

strategy). Two ranking criteria are introduced, 

“urgency” and “importance”, which correspond to 

different observing scenarios. The former is a 

function of the number of visibility days and of the 

magnitude trend and applies especially for newly 

discovered objects at risk of being again observable 

only after a long time span, thus calling for rapid 

response times. The latter is a function of the object 

size and accessibility, providing the rationale for 

planning large observing programs.  

 

 

3. Figures 

The dimension function (DIM) used in the 

“importance” ranking computation is modeled as 

shown in Figure 1. It is closely related to the absolute 

magnitude of the object [3]. 

 

Figure 1: DIM function used in the “importance” 

ranking computation.  
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6. Summary and Conclusions 

The prioritization of NEA follow-up observations has 

been extended to physical characterization. The 

resulting tool will generate a daily table of 

observable targets and it can be also run as a stand-

alone tool in order to provide future observing 

opportunities at a specific date of interest. It is 

planned to make these data publicly available 

through the NEOShield-2 web site. 

 

References 

[1] Boattini A., D’Abramo G., Valsecchi G.B., and Carusi 

A.: A New Protocol for the Astrometric Follow-up of Near 

Earth Asteroids, Earth, Moon and Planets, Vol. 100, pp. 

31-41, 2007. 

[2] NEOShileld-2: Science and Technology for Near-Earth 

Object Impact Prevention. EU Horizon 2020 Programme 

PROTEC-2, 2014. 

[3] Chesley S.R., Chodas P.W., Milani A, Valsecchi G.B., 

and Yeomans D.K.: Quantifying the Risk Posed by 

Potential Earth Impacts, Icarus, Vol. 159, pp. 423-432, 

2002. 



Terrestrial planet formation constrained by the structure of
the asteroid belt

Andre Izidoro (1), Sean N. Raymond (2) , Alessandro Morbidelli (3) and Othon C. Winter (4),
(1) Université de Bordeaux, Laboratoire d’Astrophysique de Bordeaux, Floirac, France. (izidoro.costa@gmail.com)
(2) CNRS, Université de Bordeaux, Laboratoire d’Astrophysique de Bordeaux, Floirac, France.
(3) CNRS, Université de Nice-Sophia Antipolis, Observatoire de la Côte D’Azur, Nice, France.
(4) Unesp, Univ. Estadual Paulista, Grupo de Dinâmica Orbital e Planetologia, Guaratinguetá, São Paulo, Brazil

Abstract
Reproducing the large mass ratio between the Earth
and Mars requires that the protoplanetary disk had a
strong mass depletion in solids between roughly 1 AU
and 3 AU. The Grand Tack model invokes a specific
migration history of the giant planets of the Solar Sys-
tem to remove most of the mass initially beyond 1 AU
and to leave the asteroid belt on an excited dynami-
cal state. However, one could also invoke that a steep
density gradient was created by the inward drift and
pile-up of a large amount of small particles induced by
gas-drag. Using a series of N-body numerical simu-
lations in disks with steep surface density profiles we
show that that disks with shallow density gradients re-
produce the dynamical excitation of the asteroid belt
by gravitational self-stirring, but inevitably form Mars
analogs that are significantly more massive than the
real planet. In contrast, a disk with a surface den-
sity gradient proportional to r−5.5 beyond 1 AU repro-
duces the Earth/Mars mass ratio but leaves the asteroid
belt in a dynamical state that is far colder than the real
belt. We conclude that a steep mass distribution in the
protoplanetary disk cannot produce the inner solar sys-
tem. Thus, the asteroid belt has to have been depleted
and dynamically excited by an external agent as, for
instance, in the Grand Tack scenario.

1. Introduction
In classical numerical simulations, the assembly of
the terrestrial planets is simulated from the accretion
of Moon-mass to Mars-mass planetary embryos and
smaller planetesimals orbiting between ∼0.5 and ∼4
AU [1]. This scenario has been proven successful
in producing a variety of constraints as for example:
Earth and Venus analogs, accounting for the origin of
Earth’s water and its accretion within the timescale
consistent with radioactive chronometers [2]. De-

spite these appealing achievements, classical simula-
tions also suffer from some important drawbacks. One
of the most important ones is that the planet formed
around 1.5 AU is about 5-10 time more massive than
the real planet in these simulations [3]. One solution
to the so-called “Mars problem” is to invoke that the
terrestrial planets formed from a narrow annulus, with
a steep mass density gradient beyond 1 AU [4].

The Grand Tack model [5] invokes a specific migra-
tion history of Jupiter and Saturn during the gas-disk
phase to remove most of the mass initially beyond 1
AU, creating a narrow annulus of mass around 1 AU,
and to leave the asteroid belt on an excited dynami-
cal state. An alternative to the Grand Tack scenario to
produce the confined disk and a mass deficient asteroid
belt could be invoke that a lot of solid material drifted
to within 1 AU by gas drag, leaving the region beyond
1 AU substantially depleted in mass. This idea is very
appealing in a broad context of planet formation. This
is because it is often invoked to produce a large pile-
up of mass in the inner disk to explain the formation of
close-in super-Earths (eg. [6-7]). Therefore, the goal
of this paper is to test whether any of these gradients
could explain at the same time the small mass of Mars
and the properties of the asteroid belt (mass deficit and
inclination excitation).

2. Methods
The simulations presented in this paper fit in the con-
text of the classical scenario of terrestrial planet forma-
tion. We perform simulations starting from disks with
a wide range of surface density profiles. We tested
disks with surface density profiles given by Σ1r

−x,
where x = 2.5, 3.5, 4.5 or 5.5 and r is the heliocen-
tric distance. Σ1 is the solid surface density at 1 AU.
Our disks extends from 0.7 to 4 AU. We adjusted Σ1

to fix the total mass in the disk between 0.7 and 4 AU
at 2.5M⊕, comparable to the sum of the masses of the
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terrestrial planets. Our simulations also included fully-
formed Jupiter and Saturn on orbits consistent with the
latest version of the Nice Model [8]. During our simu-
lations, we neglect gas drag and gas-induced migration
of the planetary embryos.

3. Results
Our results show that steeper disks (higher x) pro-
duce smaller planets around 1.5 AU. This is to be
expected since steeper disks have less mass in their
outer parts (for a fixed disk mass). Therefore, they are
closer to the idealized initial conditions proposed by
[4], namely a disk truncated at 1 AU. The simulations
with x of 2.5, 3.5 and 4.5 do not reproduce the ter-
restrial planets because they produce planets at around
1.5 AU that are systematically too massive compared
to Mars. Only our steepest disk profiles (x = 5.5)
produced good Mars analogs, but those simulations
yielded an under-excited asteroid belt. Simulations
with flatter disk profiles formed Mars analogs far more
massive than the actual planet. Those simulations ex-
cited the asteroid belt to roughly the right amount but
failed to adequately match observations because too
many embryos were stranded in the belt, for example.

4. Conclusions
Using a series of simulations of terrestrial planet for-
mation in disks with steep surface density profiles we
show that the asteroid belt orbital excitation provides
a crucial constraint against the inward migration and
pile up pf small particles induced by gas-drag, for the
solar system. Simulations with a surface density gra-
dient proportional to r−5.5 can indeed to reproduce
the Earth/Mars mass ratio, but leaves the asteroid belt
on a dynamical state way too cold compared to the
real belt. In contrast, shallow density gradients allow
the dynamical excitation of the asteroid belt by a self-
stirring process, but lead inevitably to the formation
of a Mars analog which is significantly more massive
than the real planet.

We find the small mass of Mars and the dynamical
excitation of the asteroid belt have diametrically oppo-
site scalings; Mars’ small mass requires a mass deficit
but producing asteroids with inclinations above ∼ 10
degrees requires a significant amount of mass in em-
bryos. Therefore, we conclude that no disk profile can
explain at the same time the structure of the terrestrial
planet system and of the asteroid belt. Thus, the as-
teroid belt has to have been depleted and dynamically

excited by an external agent as, for instance, in the
Grand Tack scenario.
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Abstract
The majority of basaltic V-type objects, found in the 
inner  main  belt,  are  dynamically  linked  to  the 
asteroid  Vesta, the only large basaltic differentiated 
object  in  the  main  belt.  The  discovery  of  small 
basaltic  objects  in  the  middle/outer  main  belt 
(MOVs) not dynamically linked to Vesta points out 
that Vesta could not  be the parent  body for all  the 
basaltic objects in the Solar System. 
We performed an improved statistical analysis using 
several  spectral  parameters  in  the  visible,  near-
infrared  and  VNIR  range  in  order  to  assess 
similarities  and  differences  in  the  surface 
composition of Vesta family objects and other V-type 
asteroids. Our results strongly suggest that MOVs do 
not have an origin compatible with Vesta. 

1. Introduction
In the last decades several main belt asteroids have 
been found showing a basaltic composition, similar 
to  those  of  Vesta  and  basaltic  HED  achondrite 
meteorites. The majority of these objects, classified 
as V-type according the most recent  taxonomy [1], 
are thought to be originated from a huge collisional 
event on the south pole of Vesta [2], and show orbital 
parameters (a,e,i) close to Vesta itself.
V-type  asteroids  were  also  found  outside  the 
boundaries  of  the  dynamical  family:  while  at  least 
one  group  could  be  considered  as  “fugitives” [3] 
from the Vesta family through resonant and/or non-
gravitational effects, it is difficult to explain other V-
types not dynamically linked to Vesta. Some of them 
reside  on  the  other  side  of  the  3:1  mean  motion 
resonance  with  Jupiter  [4,5]  and,  according  to  the 
current dynamical models, it would be very unlikely 
that a fragment survived through the passage of such 
a powerful resonance. 

The  classical  scenario  suggested  that  in  the  early 
Solar System only Vesta has achieved the size and 
conditions  to  retain  large  amounts  of  radioactive 
elements,  in order  to produce the necessary heat  to 
melt the original chondritic material and form a core, 
a  mantle  and  a  basaltic  crust. Recent  laboratory 
studies on meteorites [6] has proven that at least five 
other large asteroids (D > 150 - 300 km) in the main 
belt  should  have  undertake  a  complete 
differentiation.   These  elusive  basaltic  bodies, 
probably “battered to bits” in the early phases of our 
Solar System, could be the parent bodies of basaltic 
asteroids  not  dynamically  linked  to  Vesta;  or  our 
understanding  of  differentiation  processes  in  the 
early Solar System could be incomplete [7].

2. Results
In  order  to  highlight  similarities  and differences  in 
the  surface  composition of  V-types,  belonging  and 
not  belonging  to  the  Vesta  dynamical  family,  we 
performed  a  statistical  analysis  on  spectral 
parameters (reflectivity gradients, band centres, band 
separation)  computed for 115 V-type asteroids.  We 
divided our sample in six dynamical classes: vestoids 
(or  Vesta  family),  fugitives,  low-inclination,  Inner 
Other (IOs), V-type NEAs and Middle/Outer V-types 
(MOVs).  We also compared our sample with HED 
meteorites spectra  taken from the RELAB database 
[8] and spectra of the surface of Vesta taken by the 
VIR spectrometer on board of the Dawn mission [9]. 
Our analysis has proven that while V-type dynamical 
classes  in  the  inner  main  belt  (Vesta  family, 
fugitives,  low-inclination,  IOs)  show  compatible 
spectral parameters, this seems not to be the case for 
V-type NEAs and MOVs.  The extreme variation of 
spectral properties found on NEAs could be due to a 
balance  between space  weathering  processes  and  a 
rejuvenation of surfaces,  although a different origin 
could  not  be  excluded.   MOVs  show  spectral 
parameters,  location  in  the  main  belt  and  sizes 
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incompatible  with Vesta,  strongly pointing towards 
an origin from a different basaltic parent body.
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1. Introduction 

The Zakłodzie meteorite is an achondritic-like rock 
with enstatite chondrite parentage [1,2,3]. Its texture 
indicative for complicated thermal history and 
various processes were proposed to account for this 
[1,2,3]. Based on the mineral composition it was 
concluded that the rock represents EL7 enstatite 
chondrite [1]. Twinned enstatite and zonal feldspar 
crystals in Zakłodzie were interpreted as formed by 
impact melting and rapid crystallization [2]. On the 
other hand, cumulate structure was considered to 
result from igneous processes and slow cooling of the 
meteorite [3]. The aim of presented study was to 
define whether Zakłodzie formed by shock event on 
chondritic parent body or by slow cooling from high 
temperatures typical for achondritic meteorites. 

2. Samples and methods 

The  FIB-TEM measurements were performed on 
twinned pyroxene crystals from achondritic-like 
Zakłodzie meteorite. Several striated low-Ca 
pyroxene crystals were examined by Tecnai F20x-
twin transmission electron microscope in GFZ, with 
a field emission gun electron source, operating at 200 
kV. 

3. Results 

Analysis of thin foils reveals that the pyroxene has 
striated structure and consists of disordered mixture 
of both orthorhombic and monoclinic polymorphs. In 
high resolution images (Fig. 1) the polymorphs are 
heterogeneously distributed.  Domains of monoclinic 
pyroxene are relatively broad (up to 40 nm in size i.e., 
they consist of more than 40 unit cells of cpx). The 
thickness of cpx domains is highly heterogeneous, 
and in some parts very thin lamella of cpx overgrown 
with opx are also abundant. Orthorhombic 
polymorph of pyroxene is minor. It forms usually 

very thin lamella, only limited number of lamella up 
to 20 nm in width was observed.  

 
Figure 1: HR-TEM images and SADP of Zakłodzie 

meteorite showing high heterogeneity of 
clinopyroxene (cpx) and orthopyroxene (opx) 

distribution with dominance of cpx. 

Electron diffraction patterns (Fig. 1) show strong 
streaking, confirming high degree of disorder of 
pyroxene. Streaking observed in diffraction patterns 
is most probably the result of the stacking disorder 
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produced by the coherent interleaving of blocks of 
ortho- and clinoenstatite. However, strong diffraction 
maxima at 9Å are observed, characteristic of the 
domination of clinopyroxene (Fig. 1). 
In regions of strong striation, pyroxene reveals 
additional diffraction contrast, manifesting in 
presence of short, up to 200 nm, domains located 
along individual lamella (Fig. 2a). Presence of such 
heterogeneously distributed domains is interpreted 
here as a result of kinking. 

 
Figure 2: STEM  images of Zakłodzie meteorite. a. 

Kinked lamella of pyroxene. b. Annealed crack. 

In spite of being sheared and kinked, lamella are also 
cracked. In many cracks, traces of recrystallization 
and annealing are observed (Fig. 2b). 

4. Discussion 

Intergrowths of ortho- and clino- polymorphs of 
pyroxene can develop by a number of different 
mechanisms. They may form in response to high-

temperature inversion from protoenstatite during 
cooling [4,5] or may result from annealing of 
clinopyroxene within orthopyroxene stability field, or 
in opposite conditions [4]. Additionally, intergrowths 
may form in sustained shearing, either homogeneous 
or heterogeneous (i.e., shock-related) [6].  
Nanostructure of the rock-forming pyroxene in 
Zakłodzie i.e., heterogeneous distribution of 
orthorombic and monoclinic polymorhps, domination 
of clinopyroxene and large thickness of its domains 
(Fig. 1) are suggestive of pyroxene inversion due to 
shearing and shock [6]. Kinking of lamella (Fig. 2a) 
is in good agreement with such model of formation. 
Thus, the results suggest that Zakłodzie meteorite 
experienced severe shock event on the parent body, 
which was main event in its evolution. However, 
shock event itself is not sufficient to cause strong 
annealing observed in pyroxene of Zakłodzie (Fig. 
2b). We suggest that after the shock event, the 
meteorite was buried in deep part of warm ejecta and 
thermally annealed. The temperatures attained for 
pyroxene annealing might have been sufficient to 
cause partial melting of plagioclase, observed in 
meteorite by [2,3]. Presented results demonstrate that 
the Zakłodzie meteorite is most probably genetically 
related to enstatite chondrites rather than to aubrites 
or primitive achondrites, despite of its achondritic-
like texture. 
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Tidal Disruption of Phobos as Cause of Surface Fractures 
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Abstract 
Phobos displays an extensive system of grooves that 
are mostly symmetric about its sub-Mars point. The 
~20 km diameter satellite is spiraling in due to the 
tides it raises. It will undergo tidal disruption [1, 2] 
before crashing into Mars in tens of millions of years 
[3]. We compute the tidal evolution of the de-orbiting 
satellite and show that most of its prominent grooves 
have excellent correlation with the resulting stress in 
a thin elastic shell. The model requires a very weak 
interior (rubble pile) overlain by a somewhat 
cohesive exterior (~1 MPa), similar to interpretations 
[4] of comet 67P/C-G and consistent with the 
predicted behavior of microgravity regolith [5, 6, 7]. 

 
Figure 1. Stresses in a 10 m elastic shell computed for the 
last 10% of orbital decay (Fig. 2) for a spherical Phobos 
with much weaker interior. Stresses are in tension radial to 
the tidal bulge (0° and 180°) and in compression concentric 
to it; both axes are in tension near the bulge. Most observed 
grooves experience tensile stress across their strike (red); 
anomalous grooves (blue; mostly in leading hemisphere) 
require a different mode or time of origin. 

Methods 

Shortly after Viking obtained the first geomorphic 
images of Phobos, it was proposed [8] that stresses 
from orbital decay cause grooves. The idea proved 
unworkable in the context of a homogeneous 
spheroid. We apply a two-layer stress model [9] with 
ρav=1.88 g/cm3, inner rigidity µ=106 Pa, and outer 
rigidity µ=1010 Pa in a 10 m thick shell. As the 
satellite de-orbits, the tidal deformation increases, 
resulting in a growing surface stress that we compute 
using a spherical thin shell approximation [10, 11].  

We then mapped ~200 of the most prominent linear 
features on Phobos. Using the latitude, longitude and 
strike for multiple points along these fractures, we 
calculated: the principal tidal stress experienced 
along their tracks, the orbital decay stress parallel and 
perpendicular to each fracture, and the shear stress 
across each fracture. The magnitudes of the 
computed stresses, and the correlation between 
principal stress orientations and the azimuths of 
observed fractures, provide the critical tests of the 
tidal fracturing model. 

For a range of parameters where a weak Phobos is 
overlain by a more rigid surface layer, we obtain 
(Figure 1) a strong correlation between the surface 
stress field due to orbital decay and the geometry of 
grooves. Orbital decay from 3.04 to 2.77 Rmars can 
produce >1 MPa of surface tensile stress (Figure 2). 
The majority of grooves (red) align with the local 
tensile stress, indicating that they could have formed 
(or are forming) by tensile failure of the surface.  

Tidally-aligned grooves are absent S/SE of the sub-
Mars point. This might be attributed to the absence of 
a cohesive surface layer in this location (nothing to 
record the strain), or to structural collapse or impact 
reverberation. In our model, fracture walls are weak 
(~1 MPa) and only strong in comparison to the 
rubble pile interior. Non-aligned grooves (blue) 
require an alternative explanation. They could have 
formed earlier when Phobos was in a different tidally 
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locked orientation [12]. The are found predominately 
in the leading hemisphere, perhaps consistent with 
the idea that Phobos swept up co-orbiting debris [e.g., 
13]. By quantifying the grooves according to their 
goodness of fit to the tidal stress, we set the stage for 
comparative geomorphic analysis, that awaits higher 
definition imaging of Phobos.  

A weak interior with an elastic shell is more 
commonly associated with terrestrial planets and icy 
moons than with small bodies. But another such body 
is the Jupiter family comet 67P/C-G, which has 
regional-scale strength of tens of Pa based on cliff 
heights [4], and a surface strength >4 MPa based on 
Philae lander operations [14]. For a presumably 
refractory body like Phobos, instead of considering 
surface ice we note that a thin outer layer of powdery 
regolith may be more coherent than a blocky interior 
due to intergranular forces [5, 6, 7]. Our calculations, 
taken alongside surface observations, support the 
hypothesis that Phobos has a weak interior (rubble 
pile) overlain by meters of fine regolith, and that the 
regolith is developing fissures as the global body 
deforms due to increasing tides. This is consistent 
with thermal inertia [15] that indicates the surface or 
Phobos is fine powder to >~0.1-1 m depth. 

 

Figure 2. The maximum tensile stress experienced on 
Phobos for various amounts of orbital decay, from an 
orbital distance ai to af. Significant stresses could be 
generated early in Phobos’ history, allowing for several 
generations of surface fractures to evolve. 

Discussion 
Just because Phobos is fracturing in a thin surface 
layer does not mean its catastrophic disruption is 
imminent. A friction angle ~3° is sufficient to 
prevent downslope movement even in the absence of 
cohesion [2]. It just means that the interior is weak 
enough to permit tidal deformation and build up 
fracture stresses in an outer shell. The deformation 
computed from Phobos’ orbital decay leads to a 
surface stress field closely aligned with most of the 
observed grooves. More detailed study by an orbiter 
or lander will provide better constraints on the 
satellite’s past and near-term geologic evolution, and 
its suitability for human exploration given what may 
be an active and evolving surface. 
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Abstract
NEOs cannot only be studied dynamically to address
their impact hazard, but also physically to undestand
various properties important to constrain models of
their potential hazard, and also to know what they can
tell us about the origin of the solar system and its ongo-
ing processes. But this can only efficiently be done if
NEOs are observed with different instruments to cover
as much as possible a large portion of the electromag-
netic spectrum. Therefore setting up a network of tele-
scopes to observe simultaneously Near-Earth Objects
with different instruments in different bands will pro-
vide complemetary properties that will help to under-
stand them.

1. Introduction
Our project is to take advantage of the two-meter-
class telescopes around Tucson, in Arizona in USA
to observe fast rotator NEOs (H > 22) synoptically
at three different locations: VATT (Vatican Advanced
Technology Telescope) at Mount Graham (longitude:
-109.8719, latitude: 32.7016, elevation: 10469 feet),
Bok 2.3 m at Kitt Peak (longitude: -111.6004, lati-
tude: 31.9629, elevation: 6795 feet) and Kuiper 1.5-
m at Mount Bigelow (longitude: -110.7345, latitude:
32.4165, elevation: 8235 feet). All three telescopes
will aim simultaneously at the same object, each with
a different instrument. Since 2013, The VATT-4K, op-
tical imager mounted on the VATT, is used for pho-
tometry. In the future we plan to utilize the BCSpec
(Boller & Chivens Spectrograph) for visible spec-
troscopy on Bok 2.3 meter and a near-infrared instru-
ment on Kuiper 1.5 meter.

2 Instrument and data
VATT (Vatican Advanced Technology Telescope) is a
telescope operated by the Vatican Observatory. It has
1.8-m f/1.0 primary mirror, and 0.38-m f/0.9 Zero-
dur concave secondary mirror. VATT4k, an imager, is
mounted on the VATT for photometry and astrometry.

It has a field of view of 12.5 arcmin square with a scale
of 0.375"/pixel. The resolution of images acquired
with this instrument have a resolution of 2016x2016
pixels, covering 300 to 1000 nm with a quantum effi-
ciency of 96% at 450 nm. Broadband BVRI filters are
used for color estimation of NEOs. Data gathered are
from April 2013 to March 2015.

Figure 1: NEO 2011PT.

3 Reduction and Analysis
Iraf commands like ccdphot, digiphot, apphot are used
to perform photometry reduction. Radii of the sky an-
nulus are fixed. Imexam is used to estimate the object
radius for each frame and twice the value is inserted
as the object aperture. 3 BVRI photometric standard
stars are used each night [1] at different magnitude and
different airmass. For each standard star, total mag-
nitude is given by catalog magnitude - Instrumental
magnitude. Linear fit of total magnitude versus air-
mass gives zero point (intercept) and slope (extinc-
tion coefficient). Object magnitude on one frame is
given by (zero point magnitude + Instrumental mag-
nitude) - object air mass* extinction coeeficient. As-
teroid Lightcurve Analysis program by Petr Pravec is
used to estimate the rotation of the object [2] and also
the color indexes B-V, V-R and I-R. Some NEOs with
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their different spinning rates are shown below.

Figure 2: 2009 SQ104 (6.85 ± 0.03 h).

Figure 3: 2014 EC (0.54 ± 0.04 h).

4 Results and Conclusions
2009 SQ 4109, 2014 EC, 2014 FA44, 2014 KS40,
2014 SB145, 2014 AY28, 2011 PT, 2014 SC324, and
2014 WF201 showed clear spinning rate, but 2014
HM2 did not show any conclusive spinning rate. Using
Figure 5 of F. Yoshida et al (2004) [3], seven objects
are associated to different NEO groups. 2014 HM2,
2014 FA, 2014 SB145, 2011 PT fall among X-type
asteroids; 2014 KS40, 2014 WF201 are likely to be
C-type; and 2014 SC 324 is a D-type.
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Abstract

In the talk I will review the recent advances in the
theoretical understanding of the YORP effect. I de-
scribe the standard mathematical formalism used for
the YORP effect, with the special focus on the limi-
tations of the standard theory and its possible genaral-
izations. I discuss the sensitivity of the YORP effect to
small-scale structures and the novel concept of the tan-
gential YORP, a torque that alters even the rotation of
symmetric asteroids due to uneven heat conductivity
in small stones composing the surface. Finally, I con-
sider the overall evolution of an asteroid experiencing
the YORP effect.

1. Introduction
The Yarkovsky–O’Keefe–Radzievskii–Paddack (or
YORP) effect was first proposed by Rubincam in 2000
as recoil torque produced by light emitted or scat-
tered by an asteroid [6]. Since then it established it-
self as a primary driving force causing evolution of ro-
tation states of small asteroids, acquired many obser-
vational confirmations and a sophisticated theoretical
description[9].

2. Normal YORP effect
The YORP effect of a convex asteroid with no thermal
inertia can be expressed as a surface integral of a func-
tion depending on the properly averaged illumination
[8].

Equations from [8] deduced for convex asteroids ap-
pear to provide a descent approximation for moder-
ately concave shapes. This approach can also be gen-
eralized for the case of non-zero thermal inertia [4].
The genaralization is significant only for the obliquity
component of the effect, while the axial component of
YORP under very broad conditions does not depend
on the thermal model. Considering elliptical orbits and
scattering laws other then Lambert’s present additional
amendments of the YORP theory [4].

3. Sensitivity of YORP to small
scale structure

Most approachas to the normal YORP rely on local
flatness of the surface. But the YORP effect is sensi-
tive to roughness of the surface on the small scale [7].
Asteroid (25143) Itokawa is an especially interesting
case, as a high resolution shape model is available for
it, but still theoretical predictions for the magnitude of
the YORP acceleration differ greatly not only from the
observed acceleration, but even with each other [3].
Decomposing the shape of the asteroid into spherical
harmonics allows to estimate the error in the YORP
acceleration (see the talk by U. Pyrohova).

4. Tangential YORP
Tangential YORP (or TYORP) presents another alter-
ation of the notion of YORP originating from non-
flatness of the surface. TYORP appears due to uncom-
pensated heat fluxes through small stones on the sur-
face of an asteroid, causing preferrential emission of
infrared radiation eastward rather than westward, and
a recoil pressure spinning up the asteroid. TYORP al-
ways acts in concert with the normal YORP (or NY-
ORP), and although TYORP force is about two orders
of magnitude less than NYORP force, the two torques
can be comparable, as NYORP torques of different
parts of the surface tend to subtract, while TYORP
torques tend to add up. The effect was initially sim-
ulated in one-dimentional model [2], then with three-
dimentional spherical stones [3], but simulations in
more realistic models are still necessary.

5. Overal evolution of rotation state
Distribution of small asteroids over rotation rates and
obliquities is formed predominantly by the YORP
torques, which continiously alter the angular momen-
tum of the asteroid [5].

If in the course of this alteration an asteroid acquires
too big angular momentum, centrifugal forces acting
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on the surface can make the shape of the asteroid un-
stable. Then landslides will start changing the shape,
which will also influence the YORP acceleration and
possibli stop the further increase in the rotation rate.
If it does not happen, the asteroid can increase its ro-
tation so much, that matter starts escaping its surface.
The escaping matter can form a satellite, which will
eventually leave the primary asteroid, carying a sub-
stantial fraction of the angular momentum.

6. Unanswered questions
Still, many important questions remain unanswered.

1. Global evolution of rotation state. The question
of how the YORP torques translate into global
evolution of rotation state has been addressed
only in a simplified one-dimensional model with
no consideration of the obliquity change [5],
while the coupled evolution of obliquity could
substancially change the results.

2. Sensitivity to small-scale structure. YORP is
known to be sensitive to small-scale structure of
the surface [7], but a more elaborate error esti-
mate for real shape models of asteroids is nec-
essary. Moreover, Itokawa paradox still persists
[3].

3. Disruption of fast rotators. For fast rotators, the
mechanics of landslides, disruption, and satellite
formation are still poorly understood.

4. Tumbling. For slow rotators, there is still no self-
consistent description of tumbling, including the
YORP torque and inelastic energy dissipation.
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Abstract

We study YORP for an asteroid modelled as a triaxial
ellipsoids slightly perturbed by spherical harmonics.
The analyticaly obtain the YORP torque as a series
in terms of spherical function coefficients. Then we
analyze sherical fuction and determine, which spheri-
cal functions give vanishing contributions due to sym-
metries. We find that the largest contribution to the
YORP effect is provided by harmonic Y42. We devel-
oped a program computing YORP torque for several
specific asteroids, whose shapes are determined obser-
vationally. Results of the program are used to estimate
the error in the YORP effect, produced by neglecting
small-scale structures.

1. Introduction

The reemitted lite from the assymetric asteroid surface
recoil pressure which could produce the asteroid rota-
tion. As it was shown by [1] that torque can be caused
by external geometry of the body. The body must have
a certain amount of “windmill” asymmetry. Thus the
discribed effect was named as windmill effect. It is not
difficult to recignize that figures of revolution or even
triaxial ellipsoids wouldn’t be spun up.

Yarkovsky, O’Keefe, Radzievskii and Paddack
developed paradigm of non-gravitational forces
acting on asteroids [3]. And the mechanism for
changing the spin state of asteroids is colled
Yarkovsky–O’Keefe–Radzievskii–Paddack effect
(YORP effect for short). It is significant for kilometer-
and smaller-sized asteroids, especially in the near-
Earth region.

As the torque depends on asteroid shape it is inter-
esting to research the sensitivity of torques to different
scales of shape irragularity [2].

2 YORP of perturbed triaxial el-
lipsoids

In order to explore dependence of the YORP torque
of an asteroid on different scales of shape irregularity
we research a specific asteroid model. Persume aster-
oid as a sphere perturbed by spherical harmonics and
stretched along three mutually orthogonal axes. The
obtained spheroidal issue is close to a triaxial ellip-
soid. Consider the problem of analytical calculation
of the YORP effect for it. Fortunaly total YORP effect
turns in linearly series of YORP torques of spherical
functions.

Tz =
∑
l,m

τlmalm (1)

, here τlm – YORP torques of spherical functions (or
YORP coefficients), alm –coeffients of decomposi-
tion. From the sherical fuction analyze it is not dif-
ficult to recognize multiplicity of harmonics which
give vanishing contributions due to symmetries. It was
found that the largest contribution to the YORP effect
is provided by harmonic Y42. Found stong dependence
of YORP torque on asteroid elongation.

3 Decomposition of observed
shape models into spherical
harmonics

We take existing shape models of asteroids obtained
either via lightcorve inversion method, or from radar
observations, or from direct in situ observations by
spacecraft. We fit a triaxial ellipsoid to each shape
model, and decompose the residual into spherical har-
monics, finding coefficients alm. The coefficients of
the decomposition are assumed to be Gaussian random
variables, whose power spectrum is determined via av-
eraging of coefficients of several spherical harmonics.
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Then each asteroid appears to be just one single re-
alization of an ansamble of asteroids with the same
power spectrum.

For small l the observationally determined power
spectrum is very uncertain, because here no meaning-
ful averaging procedure can be applied. For big l the
power appears to bee very small, because small fea-
tures on the asteroid remain unresolved in the shape
model. Still, a power-law extrapolation can be done to
this area.

4 Sensitivity of YORP to unre-
solved features

We substitute the power spectrum of alm determined
in Section 3 and YORP coeffients τlm determined in
Section 2 into Eq. 1. To estimate the error in Eq.
1 due to unresolved features of the surface, we must
quadratically add errors due all terms beyond resolu-
tion of the shape model. In each of these terms the
YORP coeffient τlm is taken from Section 2, and the
variance of alm is taken from the power spectrum.

The obtained results depend on the validity of ex-
trapolations of the power spectrum to big l. But filter-
ing out high harmonics and calculating the YORP for
a smoothed model of an asteroid allows us to make a
more rigorous error estimate of the YORP effect.
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Abstract

Asteroid families are identified as statistically signifi-
cant concentrations of asteroids in the space of proper
elements. The purpose of family classifications is
meant to be the identification of the largest collisional
events occurred during the history of the asteroid main
belt. However, are the families as found in 1-1 corre-
spondence with ancient collisional events?

A recent analysis of larger classifications, based on
larger and more accurate datasets of proper elements,
indicates that this is not the case. There are multi-
ple cratering events on the same parent body. There
are collisional families split into two by the YORP ef-
fect. There are subfamilies arising from secondary col-
lisions after the one forming a larger family, and this is
not limited to recent events. There are families over-
lapping in proper elements space but with composition
incompatible with a common parent body. There are
cases not yet understood, but pointing to a complex
collisional history.

In total at least 10 cases of complex correpon-
dence between families and collisional events have
been identified, more are suspected but not yet sup-
ported by enough evidence. Finally, some information
can be obtained even from the absence of a family, as
in the case of Ceres. The disentagling of these com-
plex collisional histories is an essential step towards
the understanding of the asteroid collisional evolution.
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Abstract 

1. Introduction 
Particles on the surface of S-type Asteroid 25143 
Itokawa were successfully recovered by the 
Hayabusa mission of JAXA (e.g., [1,2]). They are not 
only the first samples recovered from an asteroid, but 
also the second extraterrestrial regolith to have been 
sampled, the first being the Moon by Apollo and 
Luna missions. The analysis of tiny sample particles 
(20-200 µm) shows that the Itokawa surface material 
is consistent with LL chondrites suffered by space 
weathering as expected and brought an end to the 
origin of meteorites (e.g., [2-4]). In addition, the 
examination of Itokawa particles allow studies of 
surface processes on the asteroid because regolith 
particles can be regarded as an interface with the 
space environment, where the impacts of small 
objects and irradiation by the solar wind and galactic 
cosmic rays should have been recorded.  

External 3D shapes and surface features of Itokawa 
regolith particles were examined. Two kinds of 
surface modification, formation of space-weathering 
rims mainly by solar wind implantation and surface 
abrasion by grain migration, were recognized. 
Spectral change of the asteroid proceeded by 
formation of space-weathering rims and refreshment 
of the regolith surfaces.  

External 3D shapes and surface morphologies of the 
regolith particles can provide information about 
formation and evolution history of regolith particles 
in relation to asteroidal surface processes. 3D shapes 
of Itokawa regolith particles were obtained using 
microtomography [3]. The surface nano-
miromorpholgy of Itokawa particles were also 
observed using FE-SEM [5]. However, the number of 

particles was limited and genial feature on the 
surface morphology has not been understood. In this 
study, the surface morphology of Itokawa regolith 
particles was systematically investigated together 
with their 3D structures.  

2. Experiments 
Eleven and nine particles picked up from Rooms-A 
and –B of the sample catcher, respectively. They 
were examined by analytical dual-energy 
microtomography [6] with the voxel size of about 
100 nm at BL47XU of SPring-8 for 3D structures 
and by FE-SEM (JEOL JSM-7001F, JSM-7800F, 
Hitachi S-5500, SU-8220) for micro-
nanaomorphology. In the SEM observation, the 
samples were not coated with any conducting 
materials to avoid possible decoration by the coating. 
To avoid charge up by electron irradiation, 
observation was made at a low accelerating voltage 
(1 or 2 kV) in vacuum.  

After the tomography and SEM observation, ultra-
thin sections were prepared using focused ion beam 
(FIB: FEI Quanta 200 3DS FIB) from one of the 
particles (RB-QD04-0043) for TEM/EDX analysis 
(JEM-2100F). A high-angle annular dark-field 
(HAADF) imaging in STEM mode was performed to 
observe distribution of materials with heavy elements 
in the sample.  

3. Results and Discussions 
Based on the SEM observation, the regolith surfaces 
can be classified into three-types. Type 1 surfaces are 
represented by nearly parallel and sometimes 
branched steps. They are regarded as fractured or 
cleaved surfaces by comparing with fractured and 
cleaved surfaces of terrestrial olivine and pyroxene 
grains. These surfaces were formed by impact on the 
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Itokawa surface. Type 2 surfaces are represented by 
parallel and/or concentric steps with polygonal 
shapes. Type 3 surfaces are covered with many 
micron-submicron mineral grains, which are 
connected to the substrates based on the CT 
observation. These grains usually have facets and 
show euhedral shapes. Type-2 and -3 surfaces 
resemble to products in vapor condensation 
experiments of olivine [7], and thus can be regarded 
as condensates from vapor. Particles having these 
surface types are porous in the CT images. They 
should be walls of closed cavities or “micro-druses”, 
which were formed from originally porous 
aggregates of fine materials such as matrix or fine 
regolith breccia at high temperatures during thermal 
metamorphism or post-shock heating.  

The surfaces can be also categorized into two 
different types; fresh surfaces having sharp edges, 
and matured surfaces having rounded edges. They 
are consistent with the external 3D shapes observed 
by the microtomography. The fresh and matured 
surfaces were observed regardless of Types 1-3. A 
single grain sometimes has the both surface types. 
The matured surfaces were considered to form from 
fresh surfaces by abrasion processes on Itokawa [3]. 

Blister structures were formed by solar wind 
implantation as a part of space-weathering rims [8]. 
The SEM and TEM studies of the same location of 
the same particle showed that blister structures, 
which were originally observed by TEM [8], were 
recognized as spotted structures on the particles 
surfaces by SEM. Eleven out of twenty regolith 
particles have space-weathered rims with blisters. 
These rims are heterogeneously distributed in a 
single particle and the rims often present in opposite 
surfaces of the same particle, suggesting migration of 
regolith particles on Itokawa. In addition, the blister 
distribution and the roundness of the particle surface 
are not correlated with each other. Thus, the abrasion 
process can be regarded as a different type of space 
weathering with a longer timescale, and should be 
called “space micro-erosion.” The abrasion is 
probably the result of grain migration, which is 
caused by seismic waves repeatedly reflecting off the 
surface of Itokawa after impacts [3]. Different 
potential mechanisms for the physical weathering, 
tidal disruption and YORP effect, was also proposed 
[9]. 

The present results indicate that space-weathering 
process of Asteroid Itokawa proceeded as follows. 

Space-weathered rims were developed on local 
surfaces of individual regolith particles, promoting 
the spectral change of Asteroid Itokawa, while 
refreshment of the regolith surfaces occurred, 
suppressing the spectral change, by mechanical 
abrasion due to grain migration and fragmentation 
due to impact. 
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