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a b s t r a c t

Emission features in the mid-IR domain (7–25 lm) are quite ubiquitous among large asteroids and there-
fore offer the potential to uncover their surface composition. However, when comparing these spectra
with the actual laboratory spectra of both minerals and meteorites, they do not necessarily match. Here,
and in a companion paper by King et al. (in preparation, 2012), we show that by modifying the sample
preparation – typically by suspending meteorite and/or mineral powder (<30 lm) in IR-transparent
KBr (potassium bromide) powder – we are able to reproduce the spectral behavior of those main-belt
asteroids with emissivity features. This resulting good match between KBr-diluted meteorite spectra
and asteroid spectra suggests an important surface porosity (>90%) for the first millimeter for our aster-
oid sample. It therefore appears that mid-IR emission spectra of asteroids do not only carry information
about their surface composition but they can also help us constraining their surface structure (under-
dense versus compact surface structure), as suggested by Emery et al. (Emery, J.P., Cruikshank, D.P.,
van Cleve, J. [2006]. Icarus 182, 496–512) in the case of the Jupiter Trojans. The large surface porosity
inferred from the mid-IR spectra of certain asteroids is also implied by two other independent measure-
ments, namely their thermal inertia and their radar albedo. We further clarified how much compositional
information can be retrieved from the mid-IR range by focusing our analysis on a single object, 624 Hek-
tor. We showed that the mid-IR range provides critical constraints (i) on its origin and of that of the red
Trojans that we locate in the formation regions of the comets, and (ii) on the primordial composition of
the dust present in the outer region (>10 AU) of the Solar System’s protoplanetary disk. Future investiga-
tions should focus on finding the mechanism responsible for creating such high surface porosity.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Today’s asteroid belt may not only be populated by objects that
formed in situ, typically between 2.2 and 3.3 AU, but also by bodies
that formed over a very large range of radial distances. Bottke et al.
(2006) proposed that a small population of planetesimals that
formed in the terrestrial planet region might have been scattered
in the main belt by emerging protoplanets early in its history. Later
on, Levison et al. (2009) showed that the violent dynamical evolu-
tion of the giant-planet orbits required by the so-called Nice model
ll rights reserved.
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(Gomes et al., 2005; Tsiganis et al., 2005; Morbidelli et al., 2005)
led to the insertion of primitive trans-neptunian objects into the
outer belt. A new dynamical scenario proposed by Walsh et al.
(2011) – invoking an early inward migration of Jupiter to 1.5 AU
in order to explain Mars’ low mass – shows that the asteroid belt
region may comprise inner-belt (�1–3 AU) as well as outer-belt
(�4–13 AU) bodies. Taken together, these different studies suggest
that the current asteroid belt might be a condensed version of the
primordial Solar System, containing for example the long-lost pre-
cursors of Solar System planets such as the Earth. In this context,
constraining the surface composition of asteroids may both
provide constrains to these models and allow us to answer the
following key questions: ‘‘What was the compositional gradient
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1 http://www.planetary.brown.edu/relab/, http://speclib.jpl.nasa.gov/.
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in the Solar System at the time of planetary formation?’’, and
‘‘What was the composition of the building blocks of the telluric
planets and the giant planet cores?’’

Up to now, spectroscopy in the visible and near-infrared range
(VNIR, 0.4–2.5 lm) has proven to be a powerful tool for constraining
the surface composition of certain asteroid taxonomic classes that
display prominent spectral features (e.g., A-, S- and V-classes) and
has allowed researchers to determine the linkages between a few
meteorite classes (HEDs, OCs) and their parent bodies (V- types,
S-types), see works by McCord et al. (1970), Cruikshank and Hart-
mann (1984), Binzel and Xu (1993), Gaffey et al. (1993), Gaffey
(1997), Lazzaro et al. (2000), Binzel et al. (2001, 2009, 2010), Duffard
et al. (2004), Sunshine et al. (2004, 2007), Vernazza et al. (2005,
2008, 2009b), Roig et al. (2008), Moskovitz et al. (2008), Reddy
et al. (2009, 2010, 2011), de León et al. (2010, 2012), Ziffer et al.
(2011). However, for many asteroid classes that are featureless in
this wavelength range (e.g., the B-, C-, and D-classes; Hiroi et al.,
2001; Clark et al., 2010), VNIR spectroscopy remains ambiguous be-
cause some important minerals do not have features in this spectral
region.

Spectroscopy in the mid-IR (7–25 lm) may provide additional
compositional information and a link between asteroids and mete-
orites (Emery et al., 2006). Most major mineral groups and silicate
glasses (such as the plagioclase feldspars) that lack useful diagnos-
tic features at visible to near-IR wavelengths do exhibit diagnostic
mid-IR features. However, it has recently been shown that, in the
case of asteroids, even if the meteoritic analog and/or the main sur-
face minerals are well known from the VNIR range, spectral decon-
volution using existing mid-IR spectral libraries do not indicate
their presence nor constrain their relative abundance (Vernazza
et al., 2010). This suggests as a testable hypothesis that a process
is taking place at the surface of some asteroids, that affects the reg-
olith and that is not presently reproduced in the preparation of the
laboratory samples.

Here, and in a companion paper by King et al. (in preparation,
2012, thereafter K12), we investigate whether the porosity of the
surface may be an important factor controlling the measured
mid-IR spectral properties of asteroids. We first demonstrate that
by modifying the sample preparation – typically by suspending
meteorite and/or mineral powder (<30 lm) in IR-transparent KBr
(potassium bromide) powder – we are able to reproduce the spec-
tral behavior of those main-belt asteroids with emissivity features.
This resulting good match between KBr-diluted meteorite spectra
and asteroid spectra implies an important surface porosity
(>90%) for the first millimeter for our asteroid sample. Such impor-
tant surface porosity is consistent with the one reported by Emery
et al. (2006) in the case of the Jupiter Trojans. Second, we present
independent evidences of the high surface porosity of large main
belt asteroids coming from their thermal inertia and their radar al-
bedo. Third, we investigate various mechanisms that may explain
this high surface porosity. Finally, we try to clarify how much com-
positional information can be retrieved from the mid-IR range by
focusing our analysis on a single object, 624 Hektor. In particular,
we show that the mid-IR range provides critical constraints on
its origin and of that of the red Trojans in general.

2. Mid-IR spectral properties of large main belt asteroids
suggest a high surface porosity

In Fig. 1, we show the emissivity spectra of several large main
belt asteroids over the wavelength range of 8–25 lm based on
published data as well as data to be presented in a forthcoming pa-
per by Marchis et al. (submitted for publication). A common fea-
ture to all spectra is the presence of a strong 10-lm emissivity
band, irrespective of an object’s taxonomic type, the latter being
derived from spectroscopic measurements in the VNIR range (see
Fig. 2; and DeMeo et al., 2009). Note that such 10-lm band has al-
ready been detected in the spectra of a few outer belt asteroids
(Licandro et al., 2011, 2012) and in the spectra of the Jupiter Tro-
jans (Emery et al., 2006).

To evaluate the information that can be retrieved from this
10-lm band, we searched for the presence of such an emissivity
feature both in mid-IR laboratory measurements of meteorites
and in the mid-IR spectra of solar and extra Solar System objects.
We found that such a band is only seen in the following cases.

Case A: only in some carbonaceous chondrite meteorite spectra
(mostly among COs and CVs) cataloged in the RELAB and ASTER
databases.1

Case B: in all new mid-IR laboratory measurements of KBr-
diluted meteorites obtained at the University of New Mexico
(Fig. 3; see K12).
Case C: in the spectra of young protoplanetary disks around
low-mass stars (Fig. 4), comets (e.g., Hale–Bopp observed with
ISO by Crovisier et al. (1997)), some outer belt asteroids (Lican-
dro et al., 2011, 2012) and Trojan asteroids (Emery et al., 2006).

In case A, an analysis of the position of the 10 lm band of the
carbonaceous chondrite meteorites shows that CO and CV types
provide the closest match (yet not satisfactory) to the asteroid
spectra shown in Fig. 1. It is therefore not surprising that CO and
CV meteorites have systematically been considered as the closest
– and sometimes as likely – meteoritic analogs during previous
investigations of asteroids displaying a 10 lm emissivity feature
(Barucci et al., 2002 for 10 Hygiea; Dotto et al., 2004 for 308 Poly-
xo; Barucci et al., 2008 for 21 Lutetia). Since the 10 lm band in the
meteorite spectra extends to longer wavelengths than in the aster-
oid data, and the spectral slope in the meteorite spectra is steeper
near 14 lm (i.e., a narrower transparency minimum), it is quite un-
likely that CO and CV meteorites would actually be the meteoritic
analogs of these objects (e.g., see Fig. A6 in Vernazza et al. (2011) in
the case of 21 Lutetia).

In case B, new mid-IR laboratory measurements show that all
kinds of meteorite have a similar spectral behavior in the mid-IR
when they are diluted in KBr (Fig. 3; see K12), namely they all dis-
play a 10 lm emissivity feature in their mid-IR spectrum. In addi-
tion, the property of the 10 lm band (position, width, intensity)
varies with the meteorite-class and therefore the composition of
a given sample (see K12). Overall, the spectral behavior resulting
from those experiments matches closely the global trend seen
among large asteroids: whatever the surface composition (we re-
call here that the 10-lm band is seen for different taxonomic types
which are in most cases a proxy for composition), a remarkable
variation of the 10-lm band profile (position, width, intensity) is
observed (Fig. 3). The similarity between the KBr-diluted meteorite
and the asteroid spectra suggests that the new sample preparation
method (Izawa et al., 2010; King et al., 2011, K12) better repro-
duces the actual properties of asteroid regolith. This suggests a
high level of porosity of the surface regolith for those asteroids
as independently indicated by both the objects thermal inertia
and radar albedo (see next section).

In case C, the similarity between the asteroid (624 Hektor) and
both cometary and protoplanetary disk spectra (Fig. 4) implies not
only comparable compositions but also similar scattering proper-
ties suggesting a highly porous surface in the asteroidal case as
an analog to particles floating in space in the cometary and disk
cases.

In conclusion, the 10 lm band observed in the asteroid spectra
does therefore not only carry information about the surface
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Fig. 1. Emissivity spectra of 1 Ceres (Cohen et al., 1998), 10 Hygeia (Barucci et al., 2002), 21 Lutetia (Barucci et al., 2008), 45 Eugenia (Marchis et al., submitted for
publication), 87 Sylvia (Marchis et al., submitted for publication), 107 Camilla (Marchis et al., submitted for publication), 617 Patroclus (Mueller et al., 2010), and 624 Hektor
(Emery et al., 2006). We indicate the position (start and end) of the 10-lm peak with dotted red lines. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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composition but also about the surface structural condition (prom-
inently, compaction) of the regolith, as suggested by Emery et al.
(2006) in the case of the Jupiter Trojans.

3. Other indicators of surface porosity

In this section, we present independent evidences of the high
surface porosity of large main belt asteroids coming from their
thermal inertia and their radar albedo.

3.1. Thermal inertia

The thermal inertia defined by C = (qjC)1/2 where q is the den-
sity of the surface regolith, j its thermal conductivity and C its heat
capacity is a good indicator of the internal cohesion of the top layer
(�1–10 mm). It is indeed well known that porosity affects the ther-
mal conductivity of a material and consequently its thermal inertia
(Zimbelman, 1986). For a given surface composition, the higher the
porosity, the lower the values of both j and C.

For large asteroids (diameter >100 km), the value of the thermal
inertia of the surface has been found to be very low (in general
between �5 and �100 J m�2 s�0.5 K�1; Delbo’ et al., 2007 and refer-
ences therein, Delbo’ and Tanga, 2009; Mueller et al., 2010; Marchis
et al., submitted for publication) compared to the typical values of
meteorites as detailed below. Opeil et al. (2010) have measured the
value of j for different meteorites encompassing nearly all known
types, at temperatures ranging from 100 to 300 K. They found com-
position-dependent values for j ranging from 0.5 (carbonaceous
chondrites) to 22.4 W m�1 K�1 (iron meteorite). Because the den-
sity of these meteorites is well known (Consolmagno et al., 2008),
we could estimate the value of their thermal inertia (assuming a
given value for the heat capacity) and found a range of
645–8048 J m�2 s�0.5 K�1 (at 200 K). These values are at least two
orders of magnitude higher than those determined for large aster-
oids indicating that the surface of these objects must be highly
porous.

Several authors have studied the link between porosity and
thermal inertia. In the case of terrestrial basalts (lavas), Zimbelman
(1986) obtained a quasi-linear relation between the thermal iner-
tia and the quantity ‘1 – porosity’ from laboratory data acquired at
atmospheric pressure. It is however well known that the heat
transport of the gas plays an important role in the value of the
effective conductivity of a material. Consolmagno et al. (2010) per-
formed laboratory measurements under vacuum conditions of the
heat conduction in meteorites and showed that the thermal con-
ductivity is proportional to the inverse of the porosity of a sample.

Either way, in order to reduce the thermal inertia of a material
by at least two orders of magnitude (from the lowest measured
thermal inertia of a meteorite, 645 J m�2 s�0.5 K�1, to the typical
values for the largest asteroids, 25 J m�2 s�0.5 K�1), a very large
porosity (>90%) of the surface regolith is required. This is consis-
tent with a surface layer with a very under-dense or fairy-castle-
like structure (Emery et al., 2006).
3.2. Radar albedo

The propagation of centimeter waves in the top layer of a solid
body (�1 m) is known to be critically dependent upon its compo-
sition and density.

Shepard et al. (2010) have developed a heuristic model for the
radar reflectivity of asteroid surfaces covered by a regolith several
meters thick, in order to estimate its density. Of interest to the
present study is the fact that they were able to constrain the
surface porosity by comparing their estimated surface densities



Fig. 2. VNIR reflectance spectra of 1 Ceres, 10 Hygeia, 21 Lutetia, 45 Eugenia, 87 Sylvia, 107 Camilla and NIR spectra of 617 Patroclus and 624 Hektor. The NIR portion of the
spectra was acquired with the IRTF on Mauna Kea, Hawaii. The instrument SpeX (Rayner et al., 2003) was utilized in prism mode to obtain measurements covering the
wavelength range 0.8–2.5 lm in one exposure. The observing and reduction procedures are well described by Rivkin et al. (2004). Note: the NIR spectrum of 624 Hektor is
from Emery and Brown (2003). The visible portion of the spectrum was available from SMASS (see Bus and Binzel, 2002a,b). The taxonomic type of each asteroid (Demeo
et al., 2009) is indicated directly on the graph.
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to those of meteorite analogs. Using data from Ostro et al. (1985),
Garvin et al. (1985) and Magri et al. (2001), they found that the sur-
faces of large main belt asteroids are highly porous over the first
meter (40–50% porosity).

3.3. Photometric and polarimetric phase effects

Photometric phase effects, such as the opposition effect, the over-
all phase function, and the so-called amplitude-phase relationship,
provide insight into the physical characteristics of the surface, such
as surface roughness and porosity. Similarly, polarimetric phase ef-
fects, the negative degree of linear polarization in particular, unveil
single-particle properties (Muinonen et al., 2002, 2009, 2010).

In the case of the Moon, the strong optical opposition surge
(Hapke, 1981; Shkuratov et al., 2011) has been taken as evidence
of a high level of porosity within the upper few millimeters of
the surface regolith. Estimates of the porosity in the upper few cen-
timeters are consistently around 50% and drop to 40% within 60 cm
of the surface (Carrier et al., 1991). The ‘‘best estimate’’ of the
in situ porosity (intra- and inter-granular) for the upper 60 cm of
the lunar regolith amounts to 46% (Carrier et al., 1991) consistent
with the determination by Shepard et al. (2010) for the largest
asteroids.

In the case of TNOs, estimations of the opposition effect ampli-
tude and width also seem to indicate a high level of porosity of the
surface regolith (Belskaya et al., 2003).

In the case of asteroids, no firm conclusion has been reached yet
in terms of surface porosity based on photometric and/or polari-
metric phase effects (Muinonen et al., 2002, 2009, 2010; Belskaya
et al., 2009, 2010) although the actual measurements seem to favor
such conclusion.
In conclusion, the high surface porosities inferred from both ra-
dar reflectivities and thermal inertias of large main belt asteroids
imply high surface porosities, of the order of 50% within the first
meter, and �90% within the very first millimeters.

4. Mechanism at the origin of the surface porosity

Whereas macro-porosity (Marchis et al., 2008a,b; Consolmagno
et al., 2008) is a widespread bulk property of most asteroids re-ac-
creted as rubble piles following catastrophic disruption (Asphaug
et al., 2002), the presently inferred high-porosity of the regolith
is a priori unrelated to the internal structure (and therefore the
macro-porosity) of a given asteroid. Instead, it must be related to
either forces acting on the regolith grains or possibly cementing
agents such as glasses and salts (this latter aspect being described
in more detail in K12).

Scheeres et al. (2010) performed a survey of the known relevant
forces (electrostatic forces, solar radiation pressure forces, surface
contact cohesive – van der Waals – forces) acting on grains and
considered how these forces scale relative to each other as a func-
tion of grain size. Whereas their analysis remained to a large extent
qualitative, it clearly supports the idea that the interplay of these
forces may result in a fairly loose porous regolith. They found that
the van der Waals cohesive forces generally exceed electrostatic
and solar radiation pressure forces in competing with particle
weights. Assuming that the van der Waals forces are dominant,
then the overall porosity hardly exceeds �50% although a proper
computational model is required to validate this result. A typical
regolith structure would be as shown in Fig. 5 (upper right part).
Whereas this porosity value is coherent with that derived from
radar albedo measurements (see previous section), it would



Fig. 3. Comparison between the spectra of KBr-diluted (red or lower spectrum) and nonKBr-diluted (black or upper spectrum) meteorites (grain size <30 lm). The spectra
were collected at the University of New Mexico (see King et al. for more details). The meteorites and their type are indicated directly on the plot. Biconical reflectance spectra
were converted to emissivity using Kirchoff’s law (E = 1–0.03 � R; with E being emissivity and R being reflectance). [For reasonably small phase angles, under most conditions,
biconical reflectance spectra in the mid-IR can be converted to emissivity using Kirchoff’s law, with sufficient accuracy for qualitative use in the interpretation of remote
sensing data (Korb et al., 1996; Salisbury et al., 1994). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. Comparison between the emissivity spectrum of 624 Hektor and the spectra
of two protoplanetary disks (LkHA 325 and Sz96, Olofsson et al., 2009). The
similarity between the asteroid and disks spectra highlighted by the red dotted
lines implies not only similar compositions but also similar scattering properties (in
terms of empty space between particles) due to a highly porous surface in the
asteroidal case and to particles floating in space in the disk case. In the case of T
Tauri disks, the identified features are considered as indicative of the presence of
crystalline silicates (e.g. Olofsson et al., 2009, 2010). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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probably underestimate the mean porosity of the first millimeter
(�90%) as inferred from both mid-IR spectroscopy and thermal
inertia. In this specific case (�first millimeter), another mechanism
may be at work such as dust levitation (see upper left part of
Fig. 5), which would increase the overall porosity.

Interestingly, electrostatic transport of charged dust particles
has been invoked on a variety of Solar System bodies including
the Moon (see Grün et al., 2011 for a review; Zook et al., 1995;
Zook and McCoy, 1991; Berg et al., 1974, 1976; Rennilson and
Criswell, 1974; McCoy and Criswell, 1973), asteroids (Lee, 1996;
Colwell et al., 2005; Hughes et al., 2008), Saturn’s rings (Nitter
et al., 1998; Goertz, 1989), Saturn’s satellite Atlas (Hirata and
Miyamoto, 2011), Mercury (Ip, 1986), and comets (Mendis et al.,
1981).

Based on observations of lunar dust motion, electrostatic dust
levitation and transport has been proposed as a possible explana-
tion for the observed Eros ponds (Cheng et al., 2002; Robinson
et al., 2001; Colwell et al., 2005). This explanation was anticipated
by Lee (1996) who recognized that levitated charged dust grains
over asteroids could be transported to ‘‘smooth, flat, and/or peren-
nially shaded areas, or where the particles become physically
trapped, e.g., in topographic asperities and/or lows in dynamic
height.’’

Motivated by these observations, considerable research has fo-
cused on understanding the electrostatic environment in the sun-
set/sunrise (terminator) region of the Moon and asteroids. The
most recent work by Hartzell and Scheeres (2011) showed that
by quantifying the various forces affecting dust particles resting
on stationary and seismically active surfaces, the electric field
strength required to raise a particle above the surface is at least
an order of magnitude larger than the most optimistic current esti-
mates of the electric fields thought to be present in the terminator
region, when particle charging is assumed to be governed by



Fig. 5. Schematic model of the asteroid surface structure as deduced from both the good correspondance between the KBr-diluted meteorite spectra and the asteroid spectra
(for the first millimeter) and the low surface density inferred from radar measurements (for the first meter). The high porosity within the first millimeter may be due to
cohesive forces (see model on the upper right-hand side) and/or dust levitation (see model on the upper left-hand side).
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Gauss’ law. Additional investigations are therefore needed, as the
physical mechanism(s) responsible for the high surface porosity
of large asteroids remains unknown [see discussion by Hartzell
and Scheeres (2011) for ideas].
Fig. 6. Comparison between the emissivity spectrum of 624 Hektor and the
emissivity spectra of the KBr-diluted ordinary chondrite Greenwell Springs (LL4)
and the KBr-diluted carbonaceous chondrite Leoville (CV3). The similarities of the
spectral features in both the asteroid and meteorite spectra are highlighted by the
red dotted lines. As in Fig. 4, the similarity between the asteroid and meteorite
spectra implies not only similar compositions (dominated by olivine which we
verified with our spectral decomposition model, see Fig. 9 and Table 1) but also
similar scattering properties (in terms of empty space between particles) due to a
highly porous surface in the asteroidal case. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
5. Deriving compositional information from mid-IR spectra

In this last section we try to clarify how much compositional
information can be retrieved from the mid-IR range. We first focus
our analysis on a single object, 624 Hektor, whose spectrum dis-
plays the clearest/strongest emissivity features. We next show
how this composition helps constraining the origin of Trojan aster-
oids. Finally, we briefly discuss the necessary/useful wavelength
range in the mid-IR for detailed compositional investigation of
asteroid surfaces.

5.1. Comparison of 624 Hektor’s spectrum with KBr-diluted meteorite
spectra

We performed a detailed comparison of Hektor’s spectrum with
the new mid-IR laboratory measurements of meteorites obtained
at the University of New Mexico (King et al., 2011, K12). To search
for plausible meteoritic analogs, we used the location of the follow-
ing diagnostic features: (i) residual reststrahlen features, which oc-
cur as reflectance peaks, (ii) absorption bands due to overtone/
combination tone bands, which occur as reflectance troughs, and
(iii) the Christiansen feature, which also occurs as a trough in
reflectance (Salisbury et al., 1991).

The comparison reveals that the closest spectral matches to 624
Hektor are found among ordinary chondrites and carbonaceous
chondrites (yet only among CVs, see Fig. 6), that is among oliv-
ine-rich meteorites. At first glance, these spectral matches could
appear as very surprising since the VNIR spectral properties of or-
dinary chondrites carbonaceous chondrites (CVs) are at odds with
those of Hektor. However, considering that the KBr-diluted sam-
ples are very good proxies for small silicate grains being embedded
in a highly porous surface layer, the spectral matches make sense.
If the grain sizes of the surface particles were very small (<2 lm) as
suggested by Emery et al. (2006) in the Trojan case (hence the case
of Hektor), then we would not expect to see any absorption band in
the VNIR range (as the appearance of such band requires larger
grain sizes). The presence of mostly fine-grained olivine particles
on these object surfaces would also provide a natural explanation
for their red colors, olivine being very sensitive to so-called space
weathering processes which tend to redden its VNIR reflectance
spectrum (e.g., Vernazza et al., 2009a and references therein).
Interestingly and supporting this hypothesis, Emery et al. (2011)
successfully modeled the VNIR spectra of red Trojans (note that
there are two compositional groups among Trojans – the red and
the blue – and Hektor belongs to the red group; see Emery et al.,
2011) using amorphous and crystalline silicates (olivine and
pyroxene) embedded in a mid-IR transparent matrix as end-mem-
bers. It thus appears that both their (VNIR range) and our (the mid-
IR range) studies predict that the surfaces of red Trojans may be
covered by very small silicate grains (mainly olivine) embedded
in a highly porous upper surface layer.



Fig. 8. Comparison between Hektor’s spectrum (before blackbody removal) and the
best-fit model (see Table 1 for the values of the best-fit, the reduced v2 for the best-
fit is 1.39), which includes the blackbody contribution (T = 140 K; thermal emission
from the subsurface). Note that the temperature derived from our model cannot be
directly compared with the temperature at the sub solar point calculated by Emery
et al. (2006) with the STM as our temperature is a mean value for the entire surface.
We also include the schematic model of the asteroid surface structure from Fig. 5 in
order to clarify the meaning of both the best fit and the blackbody contribution.
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5.2. Spectral decomposition model applied to 624 Hektor

To further test the idea of the surface of 624 Hektor (hence the
surface of red Trojans) being covered by small silicate (olivine,
pyroxene) grains, we investigated its surface composition using a
spectral decomposition model as commonly implemented by other
researchers in the case of cometary and protoplanetary disks spec-
tra (Lisse et al., 2006; Olofsson et al., 2010; Morlok et al., 2010), the
physics being roughly the same (i.e., silicate grains being embed-
ded in a transparent medium, see Fig. 4). This is the first time that
such technique is applied to an asteroid spectrum.

Hektor’s spectrum was modeled as the sum of two contribu-
tions originating from two distinct layers as illustrated in Fig. 8:

– The thermal emission of a blackbody at a single temperature
(Tbb) representing the contribution of the ‘underlying surface’
(i.e., the contribution from the �1 m layer underlying the ‘first’
millimeter layer in Fig. 8).

– The thermal emission of the grains forming the ‘first’ millimeter
layer assumed to be at a single temperature (Tdust) for
simplicity.

Concerning the composition of these grains, we used eight dif-
ferent dust species (Table 1), including amorphous and crystalline
silicate grains for both olivine and pyroxene species, as well as
crystalline silica and amorphous carbon. As grains larger than
10 lm do not show any significant emission features at the ex-
pected temperatures on asteroid surfaces, we only considered
grain sizes between 0.1 and 10 lm. To quantify the contribution
to the total emission of small grains with respect to larger grains,
we assumed that the number of grains per bin size obeys a
Fig. 7. Opacities (in units of cm2 g�1) used to model Hektor’s spectrum are directly co
coefficients for three members of the pyroxene groups and right column shows the sam
crystalline species, all other four phases are amorphous. This qualitative comparison show
the pyroxene group. It is especially true for the crystalline grains, where enstatite feat
interesting comparison.
power–law distribution (dn(a) apda) with power exponent p (p
being negative).

In order to compute the mass absorption coefficients, we relied
on the DHS theory combined with optical constants derived from
laboratory measurements. The DHS theory, which considers a
distribution of hollow spheres (Min et al., 2005), is appropriate
mpared to the asteroid emissivity spectrum. Left column shows mass absorption
e for three members of the olivine groups. Besides forsterite and enstatite that are
s that overall, grains from the olivine group provide a better match than grains from

ures do not match emission features seen in the data, while forsterite provide an



Table 1
Results of the fit of 624 Hektor’s spectrum (see Fig. 9).

Mineral species Abundance (in mass) Abundance of the silicates (in mass)

Silica (SiO2) 0.00 –
Crystalline olivine 0.68 22.74
Crystalline pyroxene 0.05 1.67
Amorphous olivine [(MgFe)SiO4, Mg2SiO4] 2.19 73.25
Amorphous pyroxene [MgSiO3, (MgFe)Si2O6] 0.07 2.34
Amorphous carbon 97.01 –
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when attempting to model the emissivity of particles floating in
space. Accordingly, it has been employed by other researchers to
model the spectra of protoplanetary disks (e.g., Olofsson et al.,
2010). We used filling factors of fmax = 0.7 for amorphous grains
(Min et al., 2007) and fmax = 1.0 for enstatite crystalline grains. Con-
cerning forsterite and silica grains, we utilized the laboratory data
acquired with the aerosol technique (e.g., Tamanai et al., 2009) as
this approach provides measurements that are less subject to envi-
ronmental effects, such as electromagnetic polarization of the
embedding medium (KBr, cesium iodine, polyethylene) when
using them for the pellet technique.

Finally, we computed for each dust specie an averaged opacity
(emission efficiency of the particle due to its composition),
weighted by the number of grains per bin size according to the size
distribution function. All resulting averaged opacities were then
multiplied by a Planck function at temperature Tdust. Finally, the
best fit to the spectrum of Hektor was obtained as a linear combi-
nation of these average opacities. The free parameters (the relative
contribution of the eight dust species, Tdust, Tbb, p) were deter-
mined using a Levenberg–Marquardt minimization algorithm.

The best-fit solution characterized by a reduced v2 of 1.39 cor-
responds to Tbb = 140 K, Tdust = 150 K and relative contributions of
the different dust species listed in Table 1. The model spectrum
is shown in Figs. 8 and 9 and the mass absorption coefficients of
the different dust species are directly compared to Hektor’s emis-
sivity spectrum in Fig. 7.

Whereas the match is satisfactory, one should keep in mind the
very low contrast of the emission features in the asteroid data so
that the result of the fitting procedure must be carefully inter-
preted. Specifically, we do not claim to determine the dust compo-
sition at a level of a few percent; yet, we can distinguish
compositional trends that seem quite robust. It first appears that
both amorphous and crystalline grains are present on Hektor’s sur-
face (75% versus 25%, see Table 1). Second, it seems that olivine are
much more abundant than pyroxene grains (96% versus 4%,). These
trends are supported by both the presence of emission features in
Hektor’s emissivity spectrum, especially around 24 lm and 28 lm,
which are consistent with those of crystalline olivine grains
(Fig. 7), and also by our analysis presented in the previous section.
Fig. 9. Comparison between Hektor’s spectrum and the best-fit model (see Table 1 for th
and crystalline grains are present on Hektor’s surface. Second, it seems that olivine grai
5.3. Origin of the red Trojans

The presence of both amorphous and crystalline silicates on
Hektor’s surface indicates that its bulk material has not been
heated above �1000 K for any significant length of time since its
assemblage. If its surface material had experienced such heating,
then the amorphous components would have annealed and crys-
tallized (Roskosz et al., 2011). An analogy may be made with
slightly-metamorphosed carbonaceous chondrites, which contain
abundant high-temperature components (e.g., feldspathic glass,
crystalline pyroxene and olivine, presolar diamond and SiC grains)
intimately mixed with low-temperature components (e.g., organic
compounds, hydrous phases). What we know of cometary materi-
als (from infrared observations and analysis of samples from the
Stardust mission) also shows that comets contain high-tempera-
ture components (including glasses) intimately mixed with slightly
metamorphosed material. These phase assemblages indicate that
the comets and carbonaceous chondrite parent objects (or at least
the parts of them that we can see/sample) have not undergone
bulk heating over significant timescales.

An explanation to the simultaneous presence of low-tempera-
ture (amorphous) and high-temperature (crystalline) solar nebular
condensates on the surface of Hektor is that crystalline silicates
were thermally processed prior to accretion (which is also the case
for comets) and have been subsequently mixed from the hot inner-
solar nebula into the Trojan forming zone perhaps by turbulent
diffusion (Wehrstedt and Gail, 2003; Wooden et al., 2007) or by
large-scale radial flows (Keller and Gail, 2004; Ciesla, 2007). The
presence of crystalline silicates at large distances in both our Solar
System (e.g., in comets, see Lisse et al., 2006; Brownlee et al., 2006)
and in disks around other stars (Olofsson et al., 2010) suggests that
the presence of such grains at large distances is a fundamental con-
sequence of protoplanetary disk evolution.

All in all, the composition of the grains at the surface of Hektor
inferred from this work is close to that composition of cometary
grains (Brunetto et al., 2011), which may imply a similar – yet
not necessarily identical – formation location for both comets
and red Trojans. Emery et al. (2006) also noticed the striking sim-
ilarity between the mid-IR spectra of these two populations.
e values of the best-fit). Based on the best-fit model, it appears that both amorphous
ns are more abundant than pyroxene grains (see Table 1).
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Importantly, both the compelling match between Hektor’s spec-
trum and the spectra of KBr-diluted ordinary chondrites and KBr-
diluted carbonaceous chondrites (yet only among CVs) on the
one hand, and the composition of Hektor derived from the spectral
decomposition model on the other hand indicate that its composi-
tion (and thus the surface composition of red Trojans) is dominated
by olivine. Assuming that Hektor and the red Trojans in general
formed in the same region as comets [as suggested by Emery
et al. (2011) and our own result], this work provides an important
constraint on the primordial composition of the dust present in the
outer part (>10 AU) of the Solar System’s protoplanetary disk. Putt-
ing this result in the global picture of many different types of
circumstellar disks (Olofsson et al., 2009, 2010) may help decipher-
ing the early evolution of our own protoplanetary disk.
5.4. Which is the mid-IR wavelength range that carries the most
relevant compositional information?

Although it has not been the main focus of the paper, this study
has shown that the 7.5–13 lm range alone is not always sufficient
for constraining the surface composition of an asteroid; on the po-
sitive side, this ‘limited’ wavelength range gives important con-
straints on the surface structure (low/high surface porosity
determined by the presence/absence of the 10-lm emissivity
band).

Although it covers well the 10-lm emissivity band of all ob-
served asteroids, this range does not include additional features
that play an important role when deciphering the composition of
an asteroid as already noticed by Lim et al. (2011) in the case of
956 Elisa and by Vernazza et al. (2011) in the case of 21 Lutetia.
Specifically, one would hardly make the distinction between for in-
stance 21 Lutetia and 624 Hektor based on spectral information
within this range, confirming its sometimes-limited diagnostic
capabilities (Vernazza et al., 2010). Note the paramount impor-
tance of sample preparation (KBr-diluted or nonKBr-diluted) for
the correct interpretation of asteroid data in the mid-IR range as
demonstrated in the present work.

Based on the specific cases of both Lutetia and Hektor, the com-
plementing spectral range 13–25 lm unveils additional emission
bands (e.g., �19 and �24 lm in the case of Hektor), which help
deciphering their surface composition. Altogether, the mid-IR do-
main (7–25 lm) reveals itself as a powerful tool for constraining
the surface composition of asteroids with porous surfaces and
therefore their origin (the region of terrestrial planets in the case
of Lutetia and the formation region of comets in the case of
Hektor).

Similarly, in the case of protoplanetary disks, it is also found
that extending the wavelength coverage to �30 lm allows con-
straining the presence/abundance of crystalline material more rig-
orously than with the �7–13 lm emission spectrum alone. This is
because some of the crystalline species exhibit several spectral sig-
natures from 13 to 30 lm.
6. Conclusions

Emission features in the mid-IR domain (7–25 lm) are quite
ubiquitous among large asteroids and therefore offer the potential
to uncover their surface composition. However, when comparing
these spectra with the actual laboratory spectra of both minerals
and meteorites, they do not necessarily match. Here, and in a com-
panion paper by King et al. (in preparation, 2012), we show that by
modifying the sample preparation – typically by suspending mete-
orite and/or mineral powder (<30 lm) in IR-transparent KBr
(potassium bromide) powder – we are able to reproduce the spec-
tral behavior of those main-belt asteroids with emissivity features.
This resulting good match between KBr-diluted meteorite spectra
and asteroid spectra suggests an important surface porosity
(>90%) for the first millimeter for our asteroid sample. It therefore
appears that mid-IR emission spectra of asteroids do not only carry
information about their surface composition but they can also help
us constraining their surface structure (under-dense versus com-
pact surface structure), as suggested by Emery et al. (2006) in
the case of the Jupiter Trojans. The large surface porosity inferred
from the mid-IR spectra of certain asteroids is also implied by
two other independent measurements, namely their thermal iner-
tia and their radar albedo.

According to our result, one should use measurements of KBr-
diluted minerals and meteorites in order to interpret the surface
composition of asteroids with porous surfaces. Since such mea-
surements are still rare, many more laboratory measurements of
KBr-diluted minerals and meteorites need to be performed. Con-
versely, the correspondence between KBr-diluted meteorite spec-
tra and asteroid spectra is not expected for objects with a low
surface porosity (high thermal inertia). In those cases, one would
expect the usual meteorite spectra (available in the RELAB and AS-
TER databases) to provide the relevant comparison. These non-di-
luted meteorite spectra are suitable for comparison with high
thermal inertia asteroids in agreement with the flat spectra of
25143 Itokawa (Vernazza et al., 2010) and of 1999 RQ36 (Emery
et al., 2010).

Our detailed compositional analysis of the spectrum of Hektor
has allowed us to ascertain its composition and place its origin in
the formation regions of comets.

Finally, future investigations should focus on finding the mech-
anism responsible for creating such high surface porosity.
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