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Abstract—Micrometeoroids with 100 and 200 um size dominate the zodiacal cloud dust. Such
samples can be studied as micrometeorites, after their passage through the Earth atmosphere,
or as microxenoliths, i.e., submillimetric meteorite inclusions. Microxenoliths are samples of
the zodiacal cloud dust present in the asteroid Main Belt hundreds of millions years ago.
Carbonaceous microxenoliths represent the majority of observed microxenoliths. They have
been studied in detail in howardites and H chondrites. We investigate the role of
carbonaceous asteroids and Jupiter-family comets as carbonaceous microxenolith parent
bodies. The probability of low velocity collisions of asteroidal and cometary micrometeoroids
with selected asteroids is computed, starting from the micrometeoroid steady-state orbital
distributions obtained by dynamical simulations. We selected possible parent bodies of
howardites (Vesta) and H chondrites (Hebe, Flora, Eunomia, Koronis, Maria) as target
asteroids. Estimates of the asteroidal and cometary micrometeoroid mass between 2 and
4 AU from the Sun are used to compute the micrometeoroid mass influx on each target. The
results show that all the target asteroids (except Koronis) receive the same amount (within the
uncertainties) of asteroidal and cometary micrometeoroids. Therefore, both these populations
should be observed among howardite and H chondrite carbonaceous microxenoliths.
However, this is not the case: carbonaceous microxenoliths show differences similar to those
existing among different groups of carbonaceous chondrites (e.g., CI, CM, CR) but two
sharply distinct populations are not observed. Our results and the observations can be
reconciled assuming the existence of a continuum of mineralogical and chemical properties
between carbonaceous asteroids and comets.

INTRODUCTION

The inner solar system is pervaded by a population of
small objects, from submicrometer-sized dust grains to
centimeter-sized meteoroids, that form the zodiacal
cloud, visible in a clear night sky as the zodiacal light.
Forces such as the gravity of the Sun and the planets, the
radiation pressure, the Poynting—Robertson effect,
the solar wind drag as well as mutual collisions act to
shape the zodiacal cloud (Gustafson 1994). Direct
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measurements from satellite (performed by the Long
Duration Exposure Facility; Love and Brownlee 1993)
and models based on lunar cratering and on
measurements of the Pioneer spacecraft (Griin et al.
1985) showed that at 1 AU from the Sun the zodiacal
cloud mass distribution is dominated by micrometeoroids
with a size of 200 um. Micrometeoroids with size
>100 pm have a lifetime; determined by collisions (Leinert
et al. 1983), which fragment them in smaller dust
particles in approximately 5 x 10° yr (Griin et al. 1985;
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Nesvorny et al. 2010). Therefore, to maintain the
observed steady state of the zodiacal cloud, it is necessary
that larger bodies act as sources of micrometeoroids.
Such bodies are asteroids and comets. Micrometeoroids
can derive from asteroids and comets via collisional
cascade processes and comets, in addition, expulse
micrometeoroid-sized fragments when they are active.

There are two possibilities to study in our laboratories
the micrometeoroids that dominate the zodiacal cloud: the
first is represented by micrometeorites (and, for the lowest
tail of the size distribution, by interplanectary dust
particles); the second by microxenoliths, i.e., inclusions
that have an origin different from that of their host
meteorites.

Micrometeorites have been recovered from different
places: deep sea sediments, sedimentary rocks, Greenland
ice-caps, and Antarctica (Taylor and Brownlee 1991;
Engrand and Maurette 1998; Duprat et al. 2007). The
great abundance of micrometeorites recovered from
Antarctica in the last years allowed an extended and
in-depth study of their composition, petrography, and
mineralogy (see, e.g., Genge et al. 2008; Dobrica et al.
2009). About 84% of micrometeorites are samples of
carbonaceous material, with the other 16% being
associated with ordinary chondrites (Genge 2006), while
very rare are basaltic micrometeorites (Gounelle et al.
2009).

A complicated issue concerning micrometeorites is
that of identifying their parent bodies. Several
arguments have been presented to support both the
hypothesis that micrometeorites originate from asteroids
(see, e.g., Flynn 1995; Levison et al. 2009) and the
hypothesis that they come from comets (Maurette et al.
2000; Duprat et al. 2010; Nesvorny et al. 2010). Indeed,
due to their smaller dimensions, the dynamical evolution
of micrometeorites toward the Earth is different from
that of larger meteorites (Gustafson 1994). This leads (1)
to the idea that micrometeorites represent a more
uniform sampling of the whole asteroid Main Belt than
meteorites (Genge et al. 1997; Meibom and Clark 1999),
and (2) to the possibility that cometary micrometeorites
arrive at the Earth on orbits reminiscent of those of
asteroidal particles (Nesvorny et al. 2010). This
complicates the task of identifying the micrometeorite
parent bodies.

Microxenoliths are commonly observed in meteorites
(Wilkening 1977; Lipschutz et al. 1989; Bischoff et al.
2006). The most abundant microxenoliths are those that
present mineralogical and petrographic properties similar
to those of carbonaceous chondrites (Wilkening 1977;
Lipschutz et al. 1989; Meibom and Clark 1999; Bischoff
et al. 2006; Rubin and Bottke 2009). A detailed study
has been realized for howardite microxenoliths (Gounelle
et al. 2003, 2005). In a companion paper (Briani et al.
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Forthcoming), we describe a systematic analysis of
carbonaceous microxenoliths in H chondrites.

Even if both micrometeorites and microxenoliths derive
from zodiacal cloud micrometeoroids, microxenoliths have
peculiar properties that make them unique samples. First,
microxenoliths can be considered as fossil micrometeorites.
The Earth geological activity destroys micrometeorites
in relatively short time periods. Micrometeorites and
cosmic spherules (totally melted micrometeorites)
recovered on the Earth show maximum ages of about
470 Myr (Meier et al. 2010). Instead microxenoliths
represent samples of the zodiacal dust population over
a time span much longer than that sampled by
micrometeorites. This is supported by the observation
that asteroids and comets have no important geological
activity, and therefore present favorable conditions to
preserve microxenoliths for long periods of time. Also,
we note that howardites and most of the H chondrites
that contain microxenoliths are regolith breccias, i.e.,
they formed from the compaction of regolith layers on
the parent body surfaces. Calculations based on asteroid
absolute magnitudes, colors, and ages show that the
gardening time scale (i.e., the time needed to refresh an
evolved surface) is ~4.4 Gyr (Willman and Jedicke
2011). Given these long time scales of regolith evolution,
microxenoliths have had the possibility of residing
undisturbed on the asteroid surfaces for hundreds of
millions years. Second, microxenoliths sample the
zodiacal cloud at distances corresponding to those of the
asteroid Main Belt, i.e., between 2 and 4 AU, whereas
micrometeorites are samples of the zodiacal cloud at
1 AU.

Here, we present a study on the possible parent
bodies of carbonaceous microxenoliths. We focused on
two classes of minor bodies that can produce
carbonaceous micrometeoroids: Jupiter-family comets
(JFCs) and primordial asteroids (C-, D-, and P-type
asteroids). Assuming that microxenoliths are intact
micrometeoroids embedded in the meteorite parent
bodies we performed dynamical simulations to evaluate
the micrometeoroid flux on selected target asteroids,
supposed to be the parent bodies of the meteorites in
which carbonaceous microxenoliths have been observed.
To perform such a calculation, we assume that the
observed microxenoliths are representative of the current
steady state of dust crossing the asteroid belt. As
microxenoliths can be very ancient samples, this may not
be appropriate, in principle. We elaborate on the validity
of this assumption in the Discussion section.

Our aim is to compare the microxenolith contributions
of primordial asteroids and JFCs with the microxenolith
populations observed in howardites and H chondrites.
This will help to understand if it is possible to positively
distinguish cometary and asteroidal samples among
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Fig. 1. Semimajor axis (a) versus eccentricity (bottom row) and inclination (top row) of the initial populations (1000 particles
each) of micrometeoroids originated from C-, D-, and P-type asteroids (A) and of micrometeoroids originated from Jupiter-family
comets (B). Note the different scales of the horizontal axis in (A) and (B). The two ellipses in (B) indicate the regions
corresponding to the initial conditions of asteroidal micrometeoroids shown in (A). The orbital elements of six planets—Venus to

Uranus—are shown in (B) for reference.

microxenoliths or if, instead, the observed microxenoliths
support the idea of a continuum between carbonaceous
asteroids and comets.

MODEL INPUTS

Here, we report the assumptions that we made and
previous results on which we rely to perform our
simulations. All this is justified in more detail in the
Discussion section.

Microxenoliths Parent Bodies

Given that among observed microxenoliths the vast
majority is represented by carbonaceous materials, as
possible microxenolith parent bodies we focus on
primordial asteroids and JFCs. As primordial asteroids
we consider here the asteroids of spectral type C, D,
and P (following the Tholen classification; Tholen
1989). JFCs have been recently proposed as the most
important sources of present-day zodiacal cloud particles
and of carbonaceous micrometeorites (Nesvorny et al.
2010).

Micrometeoroid Initial Conditions

To compute the micrometeoroid flux on the selected
target asteroids we started from two populations, each of
1000 particles, representative of JFC and asteroidal
micrometeoroids.

The initial orbital distribution of JFC micrometeoroids
has been prepared starting from the orbital elements of

JFCs that have perihelion ¢ < 2.5 AU for the first time
(i.e., the JFCs that become active and produce important
amount of micrometeoroids). Indeed, we considered
1000 synthetic JFC orbits, extracted from simulations for
the Kuiper Belt contribution to the JFC population
(Levison and Duncan 1997). Each of the 1000 JFC orbits
has been considered as the initial orbit of a
micrometeoroid.

For the initial orbital distribution of asteroidal
micrometeoroids, we selected the orbital elements of 310
C-, D-, and P-type asteroids, as listed in the JPL Small
Body Database (http://ssd.jpl.nasa.gov/sbdb.cgi). In
choosing the 310 asteroids, no limits have been imposed
on their size or on their magnitude. To obtain the initial
orbits of 1000 micrometeoroids, we cloned the 310
asteroidal orbits varying the mean anomaly M. for each
original orbit, three or four more orbits have been
obtained uniformly varying M over 360°. Initial
semimajor axis, eccentricity, and inclination of these two
populations of micrometeoroids are reported in Fig. 1.

Target Asteroids

We selected as targets those asteroids that have been
proposed as parent bodies of howardites, i.e., 4 Vesta
(Binzel and Xu 1993; Drake 2001), and of H chondrites:
6 Hebe, 8 Flora, 15 Eunomia, 158 Koronis, and 170
Maria (Farinella et al. 1993; Migliorini et al. 1997,
Gaffey and Gilbert 1998; Rubin and Bottke 2009). Their
orbital inclinations and eccentricities are shown in Fig. 2.
In Table 1 are reported the complete orbital properties
of the six selected target asteroids.
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Fig. 2. Semimajor axis (a), eccentricity, and inclination of the
six asteroids selected as targets in our simulations. Black dots
indicate possible parent bodies of H chondrites. Vesta, parent
body of howardites, has a different symbol.

Table 1. Orbital properties of the six asteroids selected
as targets in our simulations.

Asteroid a(AU) e i(°) Qe w®) M)
4 Vesta 2.36 0.09 7.13 103.9 149.8 307.8
6 Hebe 2.42 0.20 14.8 138.7 239.5 331.8
8 Flora 2.20 0.16 5.89 111.0 2852 309.3
15 Eunomia 2.64 0.19 11.7 2932 97.8 270.2
158 Koronis  2.87 0.055 1.00 278.4 141.7 289.5
170 Maria 2.55 0.062 144 3014 157.7 278.1
Notes: Data are from the JPL Small Body Database (http://

ssd.jpl.nasa.gov/sbdb.cgi). a = semimajor axis; e = eccentricity;
i = inclination; Q = longitude of the ascending node; w =
argument of periapsis; M = mean anomaly.

Micrometeoroids—Asteroids Collision Velocity

We assume that microxenoliths are really embedded
micrometeoroids and not fragments of larger bodies
produced in the impact with the host meteorite. This
requires that micrometeoroids collide with the target
asteroids at low velocity, such that they can avoid strong
shock effects. Here, we do not treat in detail the problem
of low velocity collisions, but we assume a value of
1.5 km s™" as velocity below which micrometeoroids are
unaffected by the collisions. This means that, for the
evaluation of the probability of impact between
micrometeoroids and target asteroids, we do not take
into account those micrometeoroids that collide at speed
>1.5kms .

The collision velocity is calculated taking into
account the gravitational focusing of the target asteroids,
as described in more detail in the Appendix.

G. Briani et al.

Micrometeoroid Mass Between 2 and 4 AU

Nesvorny et al. (2010) estimate that the total mass of
the zodiacal cloud (within 5 AU from the Sun) is 5.2 x
10" g, 15% of which is due to asteroidal micrometeoroids
and the rest to cometary micrometeoroids. This value is
obtained considering spherical particles with diameter
200 pm and density 2 g cm™ as the most abundant
zodiacal cloud components. The total mass estimate is
uncertain by a factor of approximately 2, because it
depends on the assumed size and density of the zodiacal
cloud particles. Concerning the micrometeoroid radial
distribution, Nesvorny et al. (2010) report that
approximately 30% of JFC particles, equivalent to
1.6 x 10" g, is within 4 AU from the Sun, and that
approximately 10% (5.2 x 10'® g) is within 2 AU. For
asteroidal particles, the mass within 4 AU from the Sun
is 1.3x 10" g, that within 2 AU 5.3 x 10" g. Thus,
the total mass of cometary micrometeoroids between
2 and 4 AU is 1.08 x 10" g and that of asteroidal
micrometeoroidsis 7.7 x 10'7 g.

However, we do not use this total value of the
asteroidal micrometeoroid mass, because part of this
mass is due to noncarbonaceous micrometeoroids. As
possible micrometeoroid parent bodies we selected C-,
D-, and P-type asteroids on the basis of the Tholen
spectral classification (Tholen 1989). In Bus et al. (2002),
there is a table with the equivalence between the
asteroidal spectral classes of the Tholen and of the
SMASS II asteroid classification. Data for the number of
asteroids in the different SMASS II spectral classes are
present in Bus and Binzel (2002). Based on these
references, we assume the value 0.41 as the fraction of
C-, D-, and P-type asteroids and hence of carbonaceous
micrometeoroids. This gives, between 2 and 4 AU, a
carbonaceous micrometeoroid mass of 3.16 x 10! g, and
therefore a cometary to asteroidal mass ratio R = 34.

NUMERICAL SIMULATIONS

To estimate the collision probability of micrometeoroids
with the target asteroids, we need to know the steady-
state orbital distribution of asteroidal and cometary
micrometeoroids. For this, we performed numerical
simulations of their orbital evolution, assuming a
micrometeoroid density of 2 g cm™ and a micrometeoroid
diameter of 200 um. Numerical simulations have been
performed with the swift rmvs3 pr code (Nesvorny
et al. 2006). The code integrates the orbits of massless
particles under the action of gravity of the Sun and seven
planets (Venus to Neptune), radiation pressure, solar
wind, and Poynting-Robertson drag. The numerical
integration of a particle orbit is stopped if that particle
collides with a planet or if it is ejected from the solar
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Fig. 3. Semimajor axis (a) eccentricity and inclination of the steady-state orbital distribution of asteroidal (A) and Jupiter-family
comet (B) micrometeoroids (for clarity, only 10% of the considered orbits are reported in the figure). White diamonds in panel (A)
represent the six target asteroids. In the steady-state orbital distribution of asteroidal micrometeoroids, the effect of several mean

motion resonances is evident, in particular at ¢ = 3.28 AU (the Jupiter 2:1 mean motion resonance) and a =

mean motion resonance).

system or if it drifts to within 0.04 AU. We set 0.04 AU as
inferior limit to the particle distance from the Sun because
it is very unlikely that particles within 0.04 AU from the
Sun are scattered back into the 2-4 AU region (where our
target asteroids are) by encounters with the terrestrial
planets. Therefore, we can suppress these particles without
altering the population statistics in our region of interest.
We set the duration of our simulations to 10 Myr, a period
after which almost all the orbit integrations have been
stopped. The collection of all the simulated orbits over the
period of 10 Myr is assumed as representative of the
steady-state orbital distribution of micrometeoroids
(Fig. 3).

Once the steady-state orbital distributions of asteroidal
and cometary micrometeoroids are obtained, it is
possible to calculate the amount of mass that each of
these two populations delivers to the target asteroids. To
do this, we take advantage of the fact that all target
asteroids are between 2 and 4 AU and that we have an
independent mass estimate of the amount of asteroidal
and cometary micrometeoroids in the 2-4 AU annulus
from the work of Nesvorny et al. (2010). Thus, we
consider only the micrometeoroid orbits that intersect
the 2-4 AU annulus and, for each orbit j (j = 1 ... N),
we compute the fraction F; that is contained in this
annulus. Once selected a target asteroid, the intrinsic
collision probability p; between the micrometeoroid and
the target is calculated following the Wetherill (1967)
algorithm. This algorithm, given the semimajor axis a,
eccentricity e, and inclination 7 of the two orbits, assumes

1 AU (the Earth 1:1

that the angles M, », Q (mean anomaly, argument of
perihelion, and longitude of the ascending node) of
the micrometeoroid and the target have a uniform
probability distribution over the range 0-2m; then it
computes which fraction of these angles corresponds to
the two objects being closer to each other than 1 km;
finally, this fraction 1is translated into a collision
probability per year (p;), using the orbital periods of the
two objects and assuming that they are not in resonance
with each other. As we are interested only in collisions
that can produce unshocked microxenoliths, we modified
this algorithm to take into account only orbital
intersections corresponding to relative speeds smaller
than 1.5 km s~'. Once all p; computed, the micrometeoroid
mean collision probability with the target is computed
as

ji=1Dj
Deoll = N (1)
> Fj

Finally, this allows us to compute the ratio of cometary
to asteroidal micrometeoroid flux for each target as

PJFUC
¢ = 5o X R, (2)
pcoll

where R = 34 is the cometary to asteroidal micrometeoroid
mass ratio in the 2-4 AU annulus.
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Table 2. Mean collision probability and mean collision
velocity of asteroidal and Jupiter-family comet
micrometeoroids for each of the considered targets
(only micrometeoroids colliding with impact speed
< 1.5 km s™! are considered).

Mean collision Mean
probability collision
(x1072! velocity

Source Target km™2 yrh (ms™)

C-, D-, 4 Vesta 89 + 3 416 £ 5
P-type 6 Hebe 7.5 £ 0.2 167 £ 10
asteroids 8 Flora 24.1 £ 0.7 255 £ 6

15 Eunomia 49 + 0.1 198 + 8
158 Koronis 211 = 7 1135 £ 4
170 Maria 36 £ 1 101 + 0.6

Jupiter- 4 Vesta 2.0 £ 0.7 410 £ 5
family 6 Hebe 1.6 £ 0.7 167 &+ 10
comets 8 Flora 42 + 0.7 273 + 5

15 Eunomia 1.3+ 04 202 + 8

158 Koronis 02 +£ 04 985 + 4

170 Maria 0.5+ 04 83 + 0.6
RESULTS

The values of the mean collision probability and of
the mean collision velocity of asteroidal and JFC
micrometeoroids for each considered target are reported
in Table 2. Using Equation 2, we obtained the cometary
to asteroidal micrometeoroid flux ratio ¢ for each
selected target asteroid: our results are shown in Fig. 4.
In this figure, error bars correspond to uncertainties
estimated as reported in the Appendix (Equation A6).
They are calculated from the uncertainties on the
cometary to asteroidal micrometeoroid mass ratio
between 2 and 4 AU (Nesvorny et al. 2010) and on the
mean collision probability. In particular, to evaluate
the uncertainty on p.,; we took into account both the
uncertainty due to our numerical simulations and that
due to the fact that micrometeoroids with different
physical properties (in particular size and density) follow
different orbital evolutions (see Appendix for the
details).

Results in Table 2 show that the mean collision
velocity between micrometeoroids and target asteroids
are very low. We point out again that such values are
calculated without considering collisions for which the
impact speed is >1.5km s '. However, collisions
selected with such a threshold happen on average at very
low speed, always less than about 400 m s~ (except for
Koronis). This makes us confident that such impacts can
produce unshocked microxenoliths as those observed in
howardites (Gounelle et al. 2003) and H chondrites
(Briani et al. Forthcoming).

G. Briani et al.
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Fig. 4. Jupiter-family comet to asteroidal micrometeoroid flux
ratio for the six target asteroids considered in this work. Error
bars correspond to the uncertainties calculated as shown in the
Appendix.

Our results (Fig. 4) show that for Vesta, Hebe, and
Maria the value of ¢ is consistent with 1 (within the
estimated uncertainty), for Flora and Eunomia the flux
of JFC micrometeoroids is slightly larger than the flux of
asteroidal micrometeoroids (¢ > 1), while Koronis is
the only target asteroid for which the flux of asteroidal
micrometeoroids is clearly larger than the flux of JFC
micrometeoroids (¢ < 1).

These results indicate that in howardites, as they
originate from Vesta, two populations of microxenoliths,
cometary and asteroidal, should be present. The same is
true for H chondrites if they originate from Hebe and/or
Maria. Instead, if H chondrites originate from Flora
and/or Eunomia, then cometary microxenoliths should
be more abundant, while if Koronis is the H chondrite
parent body, then asteroidal microxenoliths prevail.

DISCUSSION

In our simulations, we focused on the orbital
evolution of particles that are possible precursors of
carbonaceous microxenoliths because these represent
the vast majority of microxenoliths in both howardites
and H chondrites. The general mineralogical and
petrographic properties of carbonaceous microxenoliths
are similar in both howardites and H chondrites,
indicating that these samples belong to the same class of
extraterrestrial objects. They are dominated by a fine-
grained matrix, mainly composed of submicrometric
grains of phyllosilicates, which supports different
amounts of larger anhydrous silicates, carbonates,
sulfides, magnetite, and metal grains. Carbonaceous
microxenoliths can be classified in different groups on
the basis of their petrography and mineralogy (Gounelle
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et al. 2003). Indeed, carbonaceous microxenoliths are
usually compared to CI, CM, and CR chondrites
(Greshake et al. 2002; Gounelle et al. 2003; Nakashima
et al. 2003; Briani et al. Forthcoming).

The asteroids of spectral type C, D, and P are
usually supposed to be the parent bodies of carbonaceous
chondrites. In particular, C-type asteroids have
reflectance spectra similar to those of CM and CI
carbonaceous chondrites, characterized by the presence
of an absorption band near 3 um due to hydrated
silicates (Johnson and Fanale 1973; Vilas and Gaffey
1989; Hiroi et al. 1993a, 1993b), while reflectance spectra
of D- and P-type asteroids, which do not show the 3 pm
absorption band, have been linked to chondritic porous
IDPs (Bradley et al. 1996). We did not consider S-type
asteroids as possible microxenolith parent bodies because
their spectroscopic signatures suggest links with ordinary
chondrites, but not with carbonaceous materials
(Burbine et al. 2002).

Jupiter-family comets appear to be the main sources
of submillimetric zodiacal cloud particles (Nesvorny
et al. 2010). However, the contribution of primordial
asteroids to the microxenolith population can be as
important, because we consider targets in the asteroid
Main Belt, ie., the same place where asteroidal
micrometeoroids are produced.

Among the target asteroids, we sclected Vesta
because it is usually considered the parent body of
howardites: its reflectance spectrum is similar to those
of howardites (and eucrites) and Vesta fragments
(asteroids <10 km in size) have been observed between
the vg secular resonance and the 3:1 mean motion
resonance with Jupiter (at 2.5 AU), attesting that
meteoroids from Vesta could have been transported into
Earth crossing orbits (Binzel and Xu 1993; Drake 2001).

Hebe was proposed as a possible parent body of H
chondrites, because its fragments can be driven to the
Earth by the v¢ secular resonance or the 3:1 mean
motion resonance with Jupiter (Migliorini et al. 1997,
Gaffey and Gilbert 1998), and because its reflectance
spectra are consistent with those of H chondrites
(Farinella et al. 1993). More recent studies have
highlighted that Hebe is not likely the parent body of H
chondrites and that ordinary chondrites (i.e., H, L, LL
chondrites) more probably derive from the Flora,
Eunomia, Koronis, and Maria asteroid families (see
Rubin and Bottke (2009) for a critical and detailed
discussion). However, Bottke et al. (2010) argued once
again that Hebe is the real H chondrite parent body
because: (1) the Ar-Ar shock degassing ages of H
chondrites range from today to 4.5 Ga, without evidence
of a family-forming event; (2) the H chondrites cosmic
ray-exposure age distribution shows a peak around 7-
8 Myr that can be explained as due to impact with
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fragments generated by the Veritas family-forming event;
and (3) a new model to study the origin of meteorites
shows that three out of six H chondrites with known
orbits come from the 3:1 mean motion resonance, and
the other three come from the vg secular resonance, both
path being consistent with the Hebe location. In
conclusion, the parent body of H chondrites is not
known with confidence, and therefore we included
several asteroids in our target list. In particular, Rubin
and Bottke (2009) suggest the Flora, Eunomia, Koronis,
and Maria asteroid families as possible H chondrite
parent bodies. We therefore selected as targets the four
asteroids from which these families take their names.

The absence of evident shock effects in microxenoliths
and the differences with respect to larger carbonaceous
xenoliths found in the same groups of meteorites
(Zolensky et al. 1996; Briani et al. Forthcoming) suggest
that they are not fragments of larger bodies disrupted
in violent impacts. Rather microxenoliths are
micrometeoroids embedded at low velocity in their host
meteorites. Laboratory experiments have shown that for
an impact speed of 1.8 kms~', ordinary chondritic
projectiles launched in quartz sand produce intact
fragments that have up to 3.7% of the projectile mass
(Bland et al. 2001). In these experiments, for impact
speeds between 1.4 and 1.8 km s™', the largest fragments
recovered have a dimension of several hundred
micrometers, i.e., those of microxenoliths observed in
howardites and H chondrites. However, carbonaceous
material has probably lower strength than ordinary
chondritic material. Indeed, Gounelle et al. (2003),
performing numerical simulations similar to those
presented here, assumed 1 km s™' as maximum velocity to
avoid alterations caused by the increase of temperature
and shocks. In Chappelow and Sharpton (2006), the
adopted value is 1.5 km s'. A more conservative value,
300 m s~', is indicated in Rubin and Bottke (2009).
Clearly the maximum value of speed at which significant
alterations are avoided strongly depends on the projectile
and target properties and also on the angle of impact.

The effects of mutual disruptive collisions between
micrometeoroids are neglected in our simulations. This
may affect the results, in principle, but it is done because
accounting for the full collisional cascade of the dust
particles is very complicated in the dynamical
simulations. Nesvorny et al. (2010) showed that, for
modeling IRAS observations of the zodiacal cloud,
collisional disruptions can be neglected as long as the
collisional lifetime is longer than 5 x 10° yr, which is the
case for particles larger than 100 pm in diameter. This
gives us confidence that neglecting collisional disruption
is an appropriate approximation also in our case.

To evaluate the uncertainties on our collision
probabilities of dust particles with a target asteroid, we
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also performed simulations for micrometeoroids with
diameter 100 pm. The relative differences of collision
probability between the case of 200 pm particles and
the case of 100 um particles are between 1% and
3% for asteroidal micrometeoroids, whereas for
JFC micrometeoroids these differences are as follows:
34% for Vesta, 45% for Hebe, 16% for Flora, 29% for
Eunomia, 215% for Koronis, and 77% for Maria. The
absolute differences between collision probabilities are
used to estimate the uncertainties on our collision
probabilities as described in the Appendix (Equation A3).
We chose the simulations for 200 um diameter
micrometeoroids as the reference simulations because in
this way we can use the Nesvorny et al. (2010) zodiacal
cloud mass estimations to calibrate our results.

Our results have been obtained assuming that the
fraction of micrometeoroids originated from primordial
asteroids is equal to the fraction of C-, D-, and P-type
asteroids in the Main Belt (fraction estimated on the
basis of the Tholen classification). However, Tomeoka
et al. (2003) and Flynn et al. (2009) showed that,
under the effect of hypervelocity impacts, hydrous
asteroids produce larger amounts of micrometeoroid-
sized fragments than anhydrous asteroids. Therefore,
among asteroidal micrometeoroids the fraction of the
hydrous ones is probably larger than the fraction of C-,
D-, and P-type asteroids (41%) that we assumed. Indeed
we are interested in hydrous micrometeoroids, because
carbonaceous microxenoliths in both howardites and H
chondrites are dominated by a fine-grained, hydrous
matrix. Changing the fraction of micrometeoroids
originated from primordial asteroids implies a small but
important change in our results. If we assume that the
fraction of carbonaceous asteroidal micrometeoroids is
50% of the mass reported in Nesvorny et al. (2010), then
our results (Fig. 5) show that also for Flora the JFC to
asteroidal micrometeoroid flux ratio is consistent with 1
(within the uncertainties). And if the fraction of
carbonaceous asteroidal micrometeoroids is as high as
65% of the mass reported in Nesvorny et al. (2010), then
also for Eunomia the JFC to asteroidal micrometeoroid
flux ratio is consistent with 1 (Fig. 5). This implies that
all the possible H chondrite parent bodies considered in
present work, with the only exception of Koronis, can
receive similar amount of JFC and asteroidal
micrometeoroids, and therefore that H chondrites should
contain both cometary and asteroidal microxenoliths, as
it ought to be for howardites.

IMPLICATIONS

We compare here our results to the observed
populations of carbonaceous microxenoliths in howardites
and H chondrites. For the sake of reasoning, we assume
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Fig. 5. Jupiter-family comet to asteroidal micrometeoroid flux
ratio for the six target asteroids considered in this work. As part
of asteroidal micrometeoroids derives from noncarbonaceous
asteroids, we estimated this ratio assuming different values of the
fraction of asteroidal carbonaceous micrometeoroids.

that primordial asteroids and comets are sharply different
bodies.

If one considers the error bars on the results for Vesta,
Fig. 5shows that Vesta receives at least approximately 10%
of cometary micrometeoroids. However, if such a fraction
of cometary microxenoliths, clearly distinct from asteroidal
microxenoliths, was present in howardites, then these two
populations would have been observed, while they are not
(Gounelle et al. 2003, 2005). Figure 5 also shows that, if the
H chondrites originate from Hebe, Flora, or Eunomia, it is
possible that the majority of H chondrite microxenoliths
are cometary and hence different from howardite
microxenoliths. However, radical differences between H
chondrite microxenoliths (Briani et al. Forthcoming) and
howardite microxenoliths are not observed.

Our simulations show that the considered target
asteroids (with the exception of Koronis) receive similar
fluxes of micrometeoroids originated from primordial
asteroids and of micrometeoroids originated from
JFCs. Therefore, two distinct groups of carbonaceous
microxenoliths, asteroidal and cometary, should be
observed in the meteorites originated from these asteroids.
However, this is not the case. Certainly, carbonaceous
microxenoliths observed in both howardites (Gounelle et al.
2003, 2005) and in H chondrites (Briani et al. Forthcoming)
present petrographic and mineralogical differences, such
that they can be classified in different groups (usually on the
basis of similarities with carbonaceous chondrite groups),
but not sufficient to justify the hypothesis of two radically
distinct classes of parent bodies.

The hypothesis that primordial asteroids and comets
are sharply different implies that asteroidal and cometary
micrometeoroids have different structure. This means, in
particular, that they have different mechanical strength
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and therefore different abilities to survive impacts with a
target asteroid. If cometary micrometeoroids are mostly
similar to cluster IDPs, i.e., porous aggregates of small
grains, then they have a significantly lower mechanical
strength than more compact, asteroidal micrometeoroids.
This would imply that the vast majority of microxenoliths
are of asteroidal origin and this would explain why two
sharply different populations of microxenoliths are not
observed in howardites and H chondrites. Indeed, for
certain cometary particles (namely the Draconid
meteoroids) a very low density (0.3 gcm™) and high
porosity (90%) have been deduced from observations,
corresponding to a mechanical strength of 5-20 kPa
(Borovicka et al. 2007). However, other stream meteoroid
families (associated with cometary parent bodies) show
higher mean density, between 0.4 and 2.9 gcm™
(Borovicka 2006; Babadzhanov and Kokhirova 2009). In
addition the meteoroid mineralogical density, i.e., the
density of the constituent grains, is even higher, with values
ranging between 2.25 and 3.4 g cm™ (Babadzhanov and
Kokhirova 2009). Such constituent grains have mechanical
strength up to 2 MPa (Borovicka 2006). They have mean
sizes between 40 and 110 pm, i.e., the same order of
magnitude of carbonaceous microxenoliths, while the
observed stream meteoroids have sizes > 1 mm. Therefore,
a density of 2 gcm™, as assumed in this work, is not
unrealistic for cometary micrometeoroids, and we can
safely assume the same mechanical strength for asteroidal
and cometary micrometeoroids.

All these considerations do mnot validate the
hypothesis that there exist strong differences between
microxenolith parent bodies, as those that are usually
supposed to exist between asteroids and comets.

Comets and asteroids (even primordial asteroids) are
usually supposed to have different properties (e.g.,
composition, mineralogy, density) that reflect their
different histories. Comets formed in the cold outer solar
system are expected to be rich in ices and not to have
suffered secondary processes like aqueous alteration and
thermal metamorphism (see, e.g., Cottin et al. 1999;
Brownlee 2003), which instead have been essential for
asteroidal material (Brearley 2006; see, e.g., Huss et al.
2006). With this template in mind, the most unaltered
extraterrestrial samples have been supposed to be
associated with comets. For instance, a cometary origin
has been proposed for chondritic porous IDPs (Bradley
2003), which do not contain minerals formed by aqueous
alteration and are rich in carbonaceous material.
Isotopic properties also support the idea that some IDPs
and micrometeorites come from comets. Indeed certain
comets (e.g., 17P/Holmes and Hale-Bopp) show a
nitrogen isotopic composition enriched in >N (Manfroid
et al. 2005; Bockelée-Morvan et al. 2008), and similar
values of the '">’N/'*N ratio have been observed in some
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IDPs (Floss et al. 2006). Also, elevated D/H ratios are
observed in long-period comets (Balsiger et al. 1995;
Eberhardt et al. 1995; Bockelée-Morvan et al. 1998; Meier
et al. 1998). Dupratet al. (2010) described micrometeorites
with very high content of organic matter (up to 85% of the
analyzed surface for a single micrometeorite), which show
very elevated D/H ratios (up to [4.6 = 0.5] x 1072, about
31 times the terrestrial reference value of 1.5 x 10™%). Both
the high content of organic matter and the elevated
D/H ratios support a cometary origin of these
ultracarbonaceous micrometeorites.

However, the existence of a radical distinction
between asteroids and comets has been questioned in
recent years. Comets that have orbits indistinguishable
from those of Main Belt asteroids have been observed
(Hsieh and Jewitt 2006). Very recently, water ice,
previously supposed to be present only in comets, has
been detected for the first time on the surface of an
asteroid (Campins et al. 2010; Rivkin and Emery 2010).
The study of comet Wild 2 samples, returned by the
Stardust mission, showed that high temperature phases, as
those present in meteorites, exist in cometary material,
and that cometary and meteorite organic matter are quite
similar (Brownlee et al. 2006; Sandford et al. 2006;
Zolensky et al. 2006; Rotundi et al. 2008). Chondritic
porous IDPs have reflectance spectra consistent with those
of D- and P-type asteroids (Bradley et al. 1996), and
spectra of hydrated, chondritic smooth IDPs are
consistent with those of C-type asteroids (Bradley 2003).
High "N enrichments, at the level measured in IDPs,
have been observed also in samples usually considered of
asteroidal origin: the CR and CH carbonaceous
chondrites, where bulk N enrichments have been
observed (Krot et al. 2002); and the insoluble organic
matter (IOM) extracted from carbonaceous chondrites
(Busemann et al. 2007). Similarly, elevated D/H ratios
have been measured in IOM of carbonaceous chondrites
(Busemann et al. 2006; Remusat et al. 2006; Alexander
et al. 2007, 2010). Even if no meteorite shows definitive
evidence of a cometary origin, different studies proposed
that CI carbonaceous chondrites, in many respects similar
to the asteroidal CM and CR carbonaceous chondrites,
originate from comets (Campins and Swindle 1998;
Lodders and Osborne 1999; Gounelle et al. 2006, 2008).
Also, recent results (Nesvorny et al. 2010) show that a
large fraction of the micrometeorites that enter the Earth
atmosphere originated from JFCs, implying that the
collected carbonaceous micrometeorites represent both
cometary and asteroidal samples.

Based on these observations, the idea of a
continuum between carbonaceous asteroids and comets
has been proposed (Gounelle et al. 2008; Gounelle 2011).
This idea can explain why we do not see two clearly
distinct classes of microxenoliths in howardites and H
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chondrites, despite that our study in this article shows
that howardites and H chondrite parent bodies should
receive roughly equal proportion of cometary and
asteroidal dust.

However, it is possible that the microxenoliths that
we see in howardites and H chondrites are not
representative of the current steady state of dust onto
Main Belt asteroids, which was the basic assumption
behind our work. Rubin and Bottke (2009) proposed that
most microxenoliths have been accreted during specific
events in the history of the asteroid belt, when the dust
population was dominated by one source. For instance,
the microxenoliths could have in vast majority a cometary
origin if they have been accreted during the so-called Late
Heavy Bombardment phase (about 3.9 Ga), presumably
characterized by a much more intense flux of comets than
at the current time (Gomes etal. 2005). Or the
microxenoliths could have in vast majority an asteroidal
origin if they have been accreted in the aftermath of the
break-up of a big carbonaceous asteroid family. The fact
that microxenoliths are very similar to the
micrometeorites that fell on Earth in more recent times
makes us think that the former are also representative of
the dust distribution in the current steady state, rather
than of the dust distribution during specific, sporadic
events. If this is right, then the continuum of
mineralogical and chemical properties within the
microxenolith population argues in favor of a continuum
between carbonaceous asteroids and comets.

Such a continuum might imply that the environment
in which primordial asteroids formed in the asteroid
belt was similar to that of the outer planctesimal disk, in
the region of the giant planets and beyond, in which
comets formed. However, it could also suggest that
primordial asteroids did not form in the asteroid belt,
but have been implanted into the belt from the outer
planetesimal disk. Recent dynamical studies seem to
support this idea. Levison et al. (2009) showed that during
the Late Heavy Bombardment some planetesimals from
the trans-Neptunian disk should have been implanted into
the asteroid belt, and made a case that these implanted
objects are the asteroids currently identified as P- and D-
type. Morbidelli (2009) and Walsh et al. (2010) proposed
that C-type asteroids have been captured from the region
of the giant planets during the gas-disk phase, while the
giant planets were growing and/or migrating. If all these
dynamical studies are correct, then the continuum between
primitive asteroids and comets is self-evident, as they come
from basically the same parent reservoir.

CONCLUSIONS

In this article, we analyzed possible different sources
for carbonaceous microxenoliths observed in howardites
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and H chondrites. We performed numerical simulations
to calculate the orbital evolution of micrometeoroids
originated from JFCs and primordial asteroids (of
spectral type C, D, and P) and their collision probability
with targets represented by six Main Belt asteroids,
proposed as the parent bodies of howardites and H
chondrites. To quantify the micrometeoroid mass flux
toward the target asteroids, we used recent estimations of
the zodiacal cloud mass and of the relative contributions
of asteroids and JFCs to it.

Our results show that two groups of carbonaceous
microxenoliths, asteroidal and cometary, should be
present among observed microxenoliths. However, these
results do not indicate a clear prevalence of primordial
asteroids or comets as source of microxenoliths. Instead,
both populations of microxenoliths should be present on
the considered asteroids (with the only exception of
Koronis, which appears to receive more asteroidal than
cometary micrometeoroids). This is somewhat in contrast
with observations of microxenoliths in howardites and H
chondrites: two different populations, clearly distinct by
their composition, structure, and mineralogy, have never
been observed. Indeed, differences among microxenoliths
are present, such that it is possible to compare them with
different groups of carbonaceous chondrites. However,
just as for carbonaceous chondrites, such differences do
not suggest that these microxenoliths derive from two
groups of sharply different parent bodies.

Therefore, this work joins recent results in
supporting the idea of an asteroids—comets continuum,
i.e., that the differences in structure and composition
between primordial asteroids and comets are less sharp
than previously thought.
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APPENDIX

The cometary to asteroidal ratio of micrometeoroid
flux ¢ is calculated as

s

co

Peol g — PR, (A1)
coll

where p!fC and pAST are the mean probability of

collision for asteroidal and cometary micrometeoroids,
respectively, and R is the cometary to asteroidal ratio
of micrometeoroid mass between 2 and 4 AU from the
Sun.

The value for R is derived from estimates of Nesvorny
et al. (2010) and is referred to particles with diameter

= 200 um and density p = 2 g cm™. Therefore, we
take as the best value of p.. those obtained considering
micrometeoroids with these properties. For each target
asteroid, the value of the uncertainty Ap.o; is estimated
taking into account both the uncertainty due to our
numerical simulations and that due to the fact that
micrometeoroids with different physical properties (in
particular size and density) follow different orbital
evolutions. The error due to our numerical simulations is
estimated from simulations performed for micrometeoroid
populations that have equal size and density
(diameter = 200 pm, density = 2 g cm™) and the same
initial values of the orbital parameters ¢ (semimajor axis), e
(eccentricity), 7 (inclination),  (argument of perihelion),
and Q (longitude of the ascending node), but different
initial mean anomalies M (i.e., changing the initial positions
of micrometeoroids on their orbits). Starting from the
results of these simulations, we estimate the relative error
on the collision probability as

A pNUM

6 /i i 2
2 : Por M — Prew_
coll _ < o M,— ew M) ’ (A2)

Peoll dstermds i—1 Por_m

where Nggeroids 18 the total number of target asteroids
(here equal to 6, given the asteroids that we considered
as targets), pl ,, is the micrometeoroid collision
probability with the ith target asteroid calculated using
results of the simulations with the original values of M,
and p'., ,, is the micrometeoroid collision probability
with the ith target asteroid calculated using results of the
simulations with the new values of M. With this
procedure the collision probability relative error, for both
asteroidal and JFC micrometeoroids, is approximately
3%. To evaluate the error due to the different orbital
evolution of micrometeoroids with different physical
properties, we use the difference between the collision
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probability of D = 200 um micrometeoroids and the
collision probability of D = 100 um micrometeoroids; in
other words:

ApEa”® = [peon(200um)

- pcoll(loolum”' (A3)

The total error on the mean collision probability, for
both asteroidal and cometary micrometeoroids, is then
obtained as

2+(ApPHYS)2

coll

Apean =/ (ApRYM) (A4)

and consequently the relative error on P = p!FC/pAST is

AP ApJFC N ApAST

coll coll
P JFC AST ~ (A 5 )
P coll Peon

For the cometary to asteroidal mass ratio between 2 and
4 AU, Nesvorny et al. (2010) indicate that their mass
estimations have an uncertainty of a factor 2. Assuming
that the errors on the masses of asteroidal and cometary
dusts are uncorrelated and that both are of a factor of 2
(which is probably a pessimistic assumption), the value of
R can be as large as four times or as little as one-fourth of
the reference value that we used (34). Therefore, the
cometary to asteroidal ratio of micrometeoroid flux ¢
comprised between

=(P+AP)x4R and o, =

q)max

(P — AP) x %R.
(A6)

The velocity v of collisions between micrometeoroids
and each target asteroid is estimated taking into account
the gravitational focusing of the target. Therefore,

Vooll = 4/ V3o + Vase

with v, is the micrometeoroid velocity on its orbit,
calculated by the swift rmvs3 pr code, and v is the
target asteroid escape velocity. The escape velocities for
the six asteroids selected as targets are reported in
Table A1, along with the values of radius and mass used
to calculate ve,.. The error on v, reported in Table 2 is
estimated as

(A7)

Aveo = —

(VOC Ave + VescAVesc) s
Veoll

(A8)

where the error Av,., is calculated in the same way
described above for Apor.
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Table Al. Physical properties of the six asteroids selected as targets in our simulations.
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Radius® Mass® Escape velocity
Asteroid (km) (x10"® kg) (ms™h
4 Vesta 261 = 5 266 + 8 369 £ 5
6 Hebe 93 £ 1 13 £2 139 £ 12
8 Flora 81 + 12 8 +£ 0.9 119 £ 11
15 Eunomia 134 + 8 26 £ 3 160 + 10
158 Koronis 35 £ 1 0.05 = 0.006 19 £ 1
170 Maria 44 £ 1 0.09 + 0.006 23 £ 1

“Data of asteroid dimensions for Vesta, Hebe, Flora, and Eunomia are from Baer et al. (2009) and references therein. The value reported here is
the radius of a sphere equivalent in volume to the ellipsoid that has the axes reported in Baer et al. (2009). For Koronis and Maria, the radius is

that reported in the JPL Small Body Database.

"Data of asteroid masses for Vesta, Hebe, Flora, and Eunomia are from Baer et al. (2009) and references therein. For Koronis and Maria, the

mass is calculated assuming a density of 2 g cm™.



