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There is good evidence that the high-speed, porous, anhydrous chondritic interplanetary dust
particles (IDPs) collected in Earth’s stratosphere originated from short-period comets. How-
ever, by considering the structure of the solar-system dust bands discovered by IRAS, we are
able to show that asteroidal collisions are probably the dominant source of particles in the
zodiacal cloud. It follows that a significant and probably the dominant fraction of the IDPs
collected in Earth’s stratosphere also originated from asteroids. IDPs are the most primitive
particles in the inner solar system and represent a class of material quite different from that in
our meteorite collections. The structure, mineralogy, and high C content of IDPs dictate that
they cannot have originated from the grinding down of known meteorite types. We argue that
the asteroidal IDPs were probably formed as a result of prolonged mechanical mixing in the
deep regoliths of asteroidal rubble piles in the outer main belt.

1. INTRODUCTION

In our collections on Earth, we have an abundance of
meteorite samples from three major sources of extraterres-
trial material: the asteroid belt, the Moon, and Mars. Some
of the source bodies of these meteorites have experienced
major physical, chemical, and mineralogical changes since
the time of their formation; hence the resulting meteorites,
while providing vital information on the origin and evolu-
tion of the parent bodies, give limited information on the
nature of the primordial particles out of which these bod-
ies accreted. However, this broad statement does not apply
to unequilibriated ordinary chondrites. These primitive me-
teorites are composed almost entirely of particles that were
freely orbiting in the solar nebula and although they show
some signs of thermal metamorphism (McSween et al., 1988)
and aqueous alteration (Zolensky and McSween, 1988), they
do provide information on initial conditions.

A fourth class of extraterrestrial material consists of par-
ticles recently accreted by Earth from the zodiacal cloud.
These are the small, mostly 5–25-µm diameter, interplane-
tary dust particles (IDPs) collected, gently and mostly unal-
tered, in Earth’s stratosphere and the larger micrometeorites
(MMs) and cosmic spherules collected from polar ices and
deep-sea floors (Brownlee, 1985; Jessberger et al., 2001).
Some of the IDPs appear to be the most primitive material in
the solar system and, at present, provide our best source of

information on the nature of the particles in the preplanetary
solar nebula (Bradley, 1999). Observations of microcraters
on the Long Duration Exposure Facility (LDEF) confirmed
that each year Earth accretes 3 × 107 kg of dust particles, a
mass influx ~100× greater than the influx associated with
the much larger meteorites that have masses between 100 g
and 1000 kg. The action of sunlight on these small inter-
planetary particles causes their orbits to decay into the Sun
on timescales of less than 10 m.y. Thus, the dust is not orig-
inal but must be continuously replenished. The emphasis
of this chapter is on the origin of these IDPs and MMs and
whether they are asteroidal or cometary. There is now good
evidence that interstellar dust particles also penetrate the
inner solar system (Grün et al., 1993) and may provide a
significant contribution to the dust flux at 1 AU (Grün et al.,
1997). In addition, small dust particles that originate in the
Kuiper Belt may be transported to the inner solar system
(Flynn, 1996; Liou et al., 1996). However, the larger Kuiper
Belt particles, which have long orbital-decay periods, are
likely to be destroyed by collisions or removed by the giant
planets before reaching Earth.

In section 2, we give a brief description of our current
understanding of the nature of IDPs, emphasizing those fea-
tures that may separate the putative cometary particles from
those that are asteroidal. Despite the enormous advances
that have been made in recent years in our understanding of
these highly interesting particles, the question of their prov-
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enance, whether they are predominantly asteroidal, pre-
dominantly cometary, or a useful mixture of both, remains
controversial. In section 3, we attempt to answer this key
question by looking beyond the particles themselves to the
zodiacal cloud as a whole.

Observations by the Infrared Astronomical Satellite
(IRAS) in 1983 revealed that the zodiacal cloud is not de-
void of large-scale structure (Low et al., 1984). We now
know that the Sun is not at the center of symmetry of the
cloud (Kelsall et al., 1998; Dermott et al., 1999), that the
plane of symmetry is warped (Dermott et al., 2001), and
that clouds of dust trail Earth in its orbit that are associ-
ated with a circumsolar ring of dust particles in resonant
lock with the planet (Dermott et al., 1994a; Reach et al.,
1995). Ultimately, after more analysis, these features should
contribute significant information on the origin and evolu-
tion of the cloud (Dermott et al., 2001). However, for the
purposes of this chapter, it is clear that the most direct and
important source of information on the origin of the par-
ticles in the zodiacal cloud is provided by the solar-system
dust bands. Remarkably, these dust bands have now been
observed from the ground, without the aid of a telescope,
simply by using a wide-angle lens attached to a cooled CCD
camera (Ishiguro et al., 1999). In section 3, we show that
these dust bands must originate from the disintegration of
asteroids (Low et al., 1984; Dermott et al., 1984; Sykes and
Greenberg, 1986; Grogan et al., 2001), and we use the IRAS
observations to estimate, with comparative confidence, the
total asteroidal contribution to the zodiacal cloud.

In section 4, we discuss the collisional evolution of the
asteroid belt. Earlier discussions on the sources of the par-
ticles in the cloud were based on estimates of the dust pro-
duction rates from comets (Whipple, 1967; Delsemme, 1976)
and asteroids (Dohnanyi, 1976). In the case of comets, these
calculations may have been strengthened by the discovery
of cometary trails (Sykes and Walker, 1992), and the analysis
of these trails may lead to more accurate estimates of the
average cometary input to the cloud (Lisse et al., 1998;
Lisse, 2001). However, we consider that the uncertainties
in these types of calculation, both for the asteroidal and the
cometary sources, are still too large to provide definitive
results. We support this statement in section 5 by a discus-
sion of the current uncertainties in the asteroidal dust pro-
duction rate.

2. INTERPLANETARY DUST PARTICLES

Important reviews of the nature of IDPs and MMs have
been given by Brownlee (1985), Bradley et al. (1988), and
Rietmeijer (1988) and are to be found in the conference pro-
ceedings edited by Zolensky et al. (1994) and Gustafson and
Hanner (1996). The most recent summaries, on which the
comments in this chapter are largely based, have been given
by Bradley (1999) and Jessberger et al. (2001).

The extraterrestrial origin of IDPs has been confirmed by
the presence of solar-wind noble gases (Rajan et al., 1997),
solar-flare tracks, and solar-wind-irradiated rims (Bradley

et al., 1984). In addition, the nonsolar isotopic abundances
of D, H, and N (Messenger and Walker, 1996) of some of
these particles prove not only that they are extraterrestrial
but also that some of these particles existed in the presolar
nebula out of which the planets formed. Roughly 15% of
the particles are essentially single-mineral grains or a few-
mineral grains. However, the most common IDPs (75%) are
unequilibriated, fine-grained mixtures of thousands to mil-
lions of mineral grains and amorphous components. Their
composition is chondritic and similar, within a factor of 2,
to the most primitive, C-rich, CI carbonaceous chondrites
(Schramm et al., 1989; Thomas et al., 1996). Jessberger et
al. (2001) have noted that the fact that the composition of
these tiny particles is chondritic is remarkable “because
most chondritic meteorites do not typically have chondritic
elemental composition at the 10-micron size scale. Most
meteorites are coarser grained and common 15-micron vol-
umes are single mineral grains.” It follows that most IDPs
cannot be formed from the simple grinding down of known
meteorites, but must result “from the mechanical mixing of
large numbers of randomly selected tiny grains.” The com-
positions of MMs are similar to CM- and CR-type carbon-
aceous chondrites. However, there are some very important
differences between carbonaceous chondrites and both MMs
(Maurette et al., 1996) and IDPs. In particular, both MMs
and IDPs are markedly C-rich. In fact, some IDPs have C
contents about 2–3× higher than the most primitive, C-rich,
carbonaceous chondrites (Thomas et al., 1994). Moderately
volatile elements such as Zn and Ga also show systematic
enrichments in IDPs by a factor of 2–4 above CI chondrites
(Flynn et al., 1996).

On the basis of mineralogy, as revealed by transmission
electron microscopy (TEM), infrared (IR) spectroscopy, and
X-ray diffraction analyses, IDPs can be divided into two
major groups: chondritic and nonchondritic (Klöck and
Stadermann, 1994). The nonchondritic group is poorly stud-
ied, with only a few very refractory IDPs having received
thorough mineralogic and isotopic characterization (Zolen-
sky, 1987; McKeegan, 1987). The chondritic group is well
studied and has been further subdivided into hydrous and
anhydrous subgroups. The hydrous chondritic IDPs have
been extensively altered by liquid water inside a parent
body (Zolensky and McSween, 1988; Zolensky and Barrett,
1994), and this fact suggests that they are asteroidal. The
anhydrous chondritic IDPs have, in general, higher porosi-
ties (Corrigan et al., 1997) and consist mainly of olivine
and/or pyroxene. In particular, the pyroxene-rich particles
are physically, chemically, and isotopically more primitive
than any other materials available for laboratory study. Most
of these particles are complex admixtures of 0.1–5-µm-di-
ameter single-mineral grains (most commonly enstatite and
Fe-Ni sulfides), amorphous material, carbonaceous material,
and GEMS [submicrometer spheroidal grains of silicate
glass with embedded metal and sulfides (Bradley, 1999)].
Some anhydrous chondritic IDPs contain enstatite whisker
crystals (Fraundorf, 1981) believed to be early nebular con-
densates. Other chondritic IDPs have very large D/H and
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15N-isotopic anomalies (Messenger and Walker, 1996), and
these provide evidence for the survival of presolar inter-
stellar components. It has even been suggested that these
IDPs could actually contain a large quantity of well-pre-
served aggregates of circumstellar and/or interstellar ma-
terials (Bradley, 1999).

Reflectance spectra of chondritic IDPs in the visible
wavelength range show that whereas most hydrous IDPs
have spectra similar to carbonaceous chondrites and C-type
asteroids, many of the most porous anhydrous chondritic
IDPs have spectra similar to outer-belt P- and D-type aster-
oids (Bradley et al., 1996). It has therefore been suggested
that the highly primitive and porous anhydrous chondritic
IDPs probably originate from comets and/or outer-belt (P-
and D-type) asteroids. However, a recently fallen unique
carbonaceous chondrite (Tagish Lake) with a hydrous min-
eral assemblage shows an IR reflectance spectra identical
to D-class asteroids, which might therefore preclude these
asteroids from being the parents of the anhydrous IDPs
(Hiroi et al., 2001). The mineralogy of the hydrous chon-
dritic IDPs is roughly similar (but not identical) to that of
the CI, CM, and CR carbonaceous chondrites, and these are
thus believed to derive from asteroids (Bradley, 1999). We
note that Keller et al. (1993) argue that these well-mixed
aggregates could be agglutinates from asteroidal regoliths.
Klöck and Stadermann (1994) have argued that anhydrous
chondritic IDPs, although mineralogically unlike known
meteorites, contain forsterite with a unique chemical sig-
nature that is also present in primitive chondrites, establish-
ing a possible link between these IDPs and meteorites.
Thus, there is some evidence that both hydrated and anhy-
drous chondritic IDPs could come from asteroids.

We should note that there may be very little difference
between an outer-belt P- or D-type asteroid and a cometary
nucleus (Brownlee, 1996). Nevertheless, the question of the
origin of the anhydrous chondritic IDPs is of outstanding
importance. We need to know if we already have samples
of comets originating in the Kuiper Belt in our collections
or whether, in order to analyze a real cometary particle, we
must have a sample-return mission. To try to settle this ques-
tion, Brownlee et al. (1995) have used the thermally stepped
He-release method developed by Nier and Schlutter (1993)
to determine the atmospheric entry speed of IDPs. Jackson
and Zook (1992) claim that there is little overlap between
the geocentric encounter velocities of asteroidal and com-
etary particles and thus that the high-speed, strongly heated
particles must be cometary, whereas the low-speed, un-
heated particles are probably asteroidal. The validity of this
entry-speed criterion is discussed in section 5. Brownlee et al.
(1995) analyzed a set of IDPs with computed entry veloci-
ties of 20 km s–1, which they consider to be almost certainly
cometary, and found that these particles are all porous an-
hydrous chondritic IDPs dominated by GEMS. This would
appear to be conclusive evidence that the porous anhydrous
chondritic IDPs are cometary. However, while accepting the
conclusion of Brownlee et al., we argue here that the domi-
nant source of the particles in the zodiacal cloud is prob-

ably asteroidal. The cometary particles are certainly of
particular interest, because comets may preserve unproc-
essed material from the presolar molecular cloud that gave
birth to our solar system. However, the asteroidal IDPs are
equally interesting, partly for the same reason, but also be-
cause they appear to be samples of asteroids, probably the
more friable and more distant asteroids, that are not well
represented in our meteorite collections.

3. SOLAR SYSTEM DUST BANDS

Observations made by IRAS were the first to reveal fine
structure in the zodiacal cloud. Figure 1 shows a Fourier-
filtered IRAS observation of the zodiacal cloud in the 25-
µm infrared wave band, illustrating the smooth low-fre-
quency background cloud and the high-frequency residual
structure that we associate with the solar-system dust bands
(Grogan et al., 2001). It is important to note here that be-
cause the low-frequency component of the dust bands is in-
distinguishable from the low-frequency background zodia-
cal cloud, the high-frequency residuals resulting from the
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Fig. 1. Fourier-filtered IRAS observation of the zodiacal cloud
in the 25-µm infrared wave band, showing the smooth low-fre-
quency background cloud (upper curve) and the high-frequency
residual structure (lower curve). This pole-to-pole observation was
made at 90° solar elongation (the angle between the telescope
pointing direction and the Earth-Sun line) in the direction lead-
ing Earth in its orbit when the planet was at an ecliptic longitude
of 293°. The high-frequency residuals, which we associate with
the solar-system dust bands, can be seen as projecting “shoulders”
in the unfiltered IRAS observation near latitudes of ±10° and a
central “cap” near 0°. The filtered dust-band profile above merely
represents the “tip of the iceberg” in terms of the dust-band ma-
terial in the zodiacal cloud (Dermott et al., 1994b). The structure
around 60° latitude (upper curve) is due to dust in the plane of
the galaxy (adapted from Grogan et al., 2001).
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filtering process will merely represent the “tip of the ice-
berg” in terms of the total contribution of dust-band material
to the zodiacal cloud (Dermott et al., 1994b). In the unfil-
tered IRAS observations, the dust bands appear as project-
ing “shoulders” near latitudes of ±10° and a central “cap”
near 0°. We argue that these dust bands are associated with
the collisional debris of the Hirayama (1918) asteroid fami-
lies (Dermott et al., 1984; Sykes and Greenberg, 1986; Gro-
gan et al., 1997; Reach et al., 1997), the near-ecliptic dust
bands with the Themis and Koronis families, and the 10°
band with the Eos family; as such they represent a unique
observational constraint on the contribution of asteroidal
material to the zodiacal cloud.

Our approach to generating a physical model for the
various components of the zodiacal cloud, including the
dust bands, is essentially a two-step process: (1) Given a
postulated source of dust particles, we numerically investi-
gate the orbital evolution of the particles due to Poynting
Robertson (P-R) light drag and solar-wind drag (Burns et
al., 1979), using equations of motion that also include the
effects of radiation pressure and planetary gravitational per-
turbations (Dermott et al., 1992). (2) Once these dust-par-
ticle orbits have been computed for a range of particle sizes,
their distribution is visualized in three dimensions via the
FORTRAN code SIMUL (Dermott et al., 1988; Grogan et
al., 1997), taking into account the thermal and optical prop-
erties of the particles and their variation with particle size.
Using this tool, the viewing geometry of any telescope can
be reproduced exactly, allowing IRAS-type brightness pro-
files to be created and compared with the observed profiles.

A dust band is a toroidal distribution of asteroidal dust
particles with common proper inclinations, common forced
inclinations, and common forced longitudes of ascending
node (Dermott et al., 1984). The particles’ common proper
inclination (representing their “intrinsic” inclination) derives
from their common source in a given asteroid family, and
their common forced inclinations and longitudes of ascend-
ing node [reflecting the effect of secular planetary perturba-
tions; for further explanation see, for example, Murray and
Dermott (1999)] result from the dominant perturbing force
of Jupiter on particles located in the outer part of the main
asteroid belt. Figure 2 shows some results from our numeri-
cal simulations, illustrating the variation of the forced incli-
nation and the forced longitude of ascending node with semi-
major axis at the present epoch (Julian Date 2450700.5)
for asteroid-family dust particles with diameters of 10, 100,
and 200 µm (Dermott et al., 2001). The forced inclination
and the forced longitude of ascending node of the asteroid-
family particles define the orientation of the mean plane of
the dust band associated with the family and are a function
of semimajor axis, time, and particle size. The low disper-
sion of the forced inclinations and longitudes of ascending
node of these asteroidal particles in the region of the main
asteroid belt (>2.5 AU), regardless of particle size, is the
fundamental reason why dust bands are observed. However,
the effects of secular perturbations on particles in highly
eccentric orbits, typical of particles that are cometary in ori-

gin, prevent such well-defined dust bands from being
formed (Liou et al., 1995).

As large dust particles (>100 µm in diameter) encoun-
ter the ν16 secular resonance at the inner edge of the as-
teroid belt (at ~2 AU), the effect of the resonance acts to
disperse their forced inclinations and forced longitudes of
ascending node. The ν6 secular resonance (also at ~2 AU)
produces analogous behavior in the forced eccentricities and
forced longitudes of pericenter of the dust particles. The
effects of passage through these secular resonances are far
more pronounced on the waves of large (~100-µm-diameter)
dust particles compared to the waves of small (~10-µm-
diameter) dust particles due to the weaker effects of P-R and
solar-wind drag on the large particles (Wyatt and Whipple,
1950) and their consequently slower inward evolution to-
ward the Sun. The large particles are thus acted on by the
resonances for longer periods of time. The orbital-element
distributions of the large asteroidal dust particles therefore
lose their characteristic family signatures in the inner region
of the main belt and diffuse into the (low-frequency) zodia-
cal background cloud. We continue to investigate the dy-
namics of even-larger particles, up to and beyond 500 µm.

In this new large particle regime, we will need to incor-
porate the effects of particle-particle collisions into our sim-
ulations, as the timescales for the particles’ orbits to decay
into the Sun due to P-R and solar-wind drag become com-
parable with the particles’ collisional lifetimes (Grün et al.,
1985; Wyatt et al., 1999). Some particles may therefore not
penetrate far into the inner solar system. The nature of the
size-frequency distribution of the particles will be a com-
plex function of dust production rates, P-R and solar-wind
drag rates, collisional lifetimes and the nature of particle-
particle collisions, and will, presumably, vary with helio-
centric distance. The situation is further complicated by the
fact that even if the size distribution of the debris resulting
from an asteroidal collision could be described by a power
law (Dohnanyi, 1969), the size-frequency power-law index,
q, will reflect the characteristics of the parent. The equilib-
rium size distribution of the collisional cascade originating
from a single asteroid has been shown to be a function of the
impact strength of that asteroid (Durda and Dermott, 1997).
Thus, it is possible for the value of q associated with a given
family to be different from that of other families and differ-
ent from the value for the background cloud. In the case of
a “rubble pile” (Davis et al., 1989), the value of q associated
with the initial disruption may be significantly higher than
that associated with the disruption of a solid, coherent aster-
oid. This provides us with further motivation to relate the
dust bands to given parent bodies in the main belt. However,
as a first step in answering the fundamental question of the
extent to which large and small particles contribute to the
dust-band emission, we model the size-frequency distribu-
tion as a single power law. We will refine this assumption in
the future when we have a better understanding of the role
of the complicating factors outlined above.

The forced elements of dust particles obtained from nu-
merical simulations, combined with the proper elements of
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Fig. 2. Variation of the forced inclination (left) and the forced longitude of ascending node (right) with semimajor axis at the present
epoch (Julian Date 2450700.5) for asteroidal dust particles composed of astronomical silicate (Draine and Lee, 1994) of density 2500 kg m–3

with diameters 10, 100, and 200 µm. The dashed lines show the present osculating inclination (left) and osculating longitude of ascending
node (right) for Jupiter (Dermott et al., 2001).
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the source bodies (see Table 1), are provided as input data
to the SIMUL algorithm. For a given range of particle sizes
and a given size-frequency power-law index q, the total sur-
face area of material associated with the model bands is
adjusted until the amplitudes of the 25-µm model dust bands
matches the 25-µm observations; q can then be varied un-

til a single model provides a match in amplitude to the 12-,
25-, and 60-µm observations simultaneously. An estimate
for the low-frequency component of the dust bands is ob-
tained by employing the same filter in the modeling pro-
cess that we use to define the observed dust bands and
iterating. Figure 3 shows the best results of our modeling,

TABLE 1. Dust band model parameters: proper element distributions
(semimajor axis, a, eccentricity, e, and inclination, I) of the source

bodies (mean, σ) and cross-sectional area of material required.

Asteroid Family a, σa (AU) e, σe I, σI (°) Area (109 km2)

Eos 3.015, 0.012 0.076, 0.009 9.35, 1.5 4.0
Themis 3.148, 0.035 0.155, 0.013 1.43, 0.32 0.35
Koronis 2.876, 0.026 0.047, 0.006 2.11, 0.09 0.35

Dust particles originating from each family are distributed into the inner solar system as
far as 2 AU according to a 1/r Poynting-Robertson drag distribution, where r specifies the
radial distance from the Sun (Grogan et al., 2001).
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Fig. 3. Filtered IRAS dust band profiles (solid lines)
in the 12-, 25-, and 60-µm wave bands are compared
with models (dotted lines) having a size-frequency distri-
bution with power-law index q = 1.43, at three different
ecliptic longitudes of Earth (λ ). All profiles were made
at 90° solar-elongation angle in the leading (L) direc-
tion of Earth in its orbit. The model dust bands were con-
structed using particles from the Themis and Koronis
families for the central band pair and from the Eos family
for the 10° band pair. A dispersion of 1.5° was imposed
on the proper inclination of the Eos material in this
model and all the material was confined to the asteroid
belt (2.0 AU < r < 3.1 AU, where r specifies the radial
distance from the Sun). The low value of q (<1.66) im-
plies that large particles (diameters ~102 µm) dominate
the surface area distribution (adapted from Grogan et al.,
2001).
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comparing the dust band observations (solid curves) to the
dust-band models (dotted curves) in the 12-, 25-, and 60-µm
wave bands (Grogan et al., 2001). The model includes parti-
cles with diameters in the range 1–100 µm and has a size-
frequency power-law index q equal to 1.43. As q < 5/3, large
particles dominate the total surface area of this distribution
(Dohnanyi, 1969). The amplitudes in all wave bands are
well matched, and the shapes of the dust-band profiles
describe the variation in shape of the observations around
the sky very well.

A clear result from our modeling is that a high size-fre-
quency power-law index q, in which small particles domi-
nate (Dohnanyi, 1969), fails to account for the observations
of the solar-system dust bands. This index has to be reduced
to the point where large particles dominate the size distribu-
tion, and we place an upper limit of q = 1.4. This is consis-
tent with the cratering record on the LDEF satellite (Love
and Brownlee, 1993), which suggests a value for q of ~1.15
at Earth and a peak in the particle diameter at ~100–200 µm.
Since the Fourier filter preferentially isolates material exte-
rior to the 2 AU secular resonance (in the inner solar system
the dust-band material is dispersed into the low-frequency
background cloud due to the action of secular resonances),
our results are more indicative of the size-frequency index
of dust particles in the main asteroid belt.

We also find that models confining the dust-band mate-
rial to the main asteroid belt (exterior to 2 AU) better match
the IRAS observations, as the integrity of the dust bands is
lost interior to 2 AU due to the action of secular resonances.
In the future, we will incorporate the results from our simu-
lations of large particle dynamics into our models and will
populate the inner solar system as well as the main-belt
region, allowing the dust bands to disperse naturally into
the background cloud. However, we can obtain an estimate
for the dust-band contribution to the zodiacal cloud as a
whole by simply extending our best fit dust-band models
to populate the inner solar system artificially. The distribu-
tion of orbits obtained in this manner will not be exactly
correct, due to our insufficient treatment of the secular reso-
nances and the effects of jovian mean-motion resonances
and gravitational scattering by the terrestrial planets, but it
will still be reasonably accurate in terms of the total sur-
face area associated with the dust bands. Figure 4 compares
the thermal emission obtained from this raw dust-band
model to the corresponding unfiltered profile in the IRAS
25-µm wave band (Grogan et al., 2001). The result is shown
for inner solar-system distributions of material correspond-
ing to 1/rγ, where r is the radial distance from the Sun and
γ = 1.0, as expected for a system evolved by P-R drag, or
γ = 1.3, as observed by the Helios and Pioneer 10/11 space
probes (Leinert et al., 1983) and predicted in parametric
models of the zodiacal cloud, most recently by Kelsall et al.
(1998). We expect the radial distribution of material in the
zodiacal cloud to be a function of the particles’ eccentrici-
ties (Dermott et al., 1999) and note that the orbital eccen-
tricities of large asteroidal particles are strongly influenced
by resonances and gravitational scattering as they evolve

into the inner solar system. The effects of particle collisions
will also influence the radial distribution, as some collisional
debris will be deposited into the cloud, whereas a fraction
will be blown out by radiation pressure. The net effect of
all these processes has yet to be calculated. For the values
of γ assumed above, the dust bands appear to contribute ap-
proximately 30% to the total thermal emission. Also shown
is the amplitude of the emission from dust-band material
confined to the main asteroid belt (exterior to 2 AU). This
indicates that ~4% of the in-ecliptic IR emission from the
zodiacal cloud is produced by dust-band particles that or-
bit exterior to 2 AU and also clearly demonstrates the ex-
tent to which the dust band contribution is underestimated
if it is assumed that the filtered dust-band observations rep-
resent the entirety of the dust-band component of the cloud.

Figure 5 shows the ratio of the area of collisionally
evolved material associated with the entire main-belt aster-
oid population to that associated with all the asteroid fami-
lies combined, for asteroid diameters greater than 1 km
(Grogan et al., 2001). The best-fit lines have a slope cor-
responding to a size-frequency power-law index q = 1.795
(Durda and Dermott, 1997), slightly less than the Dohnanyi
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Fig. 4. Contribution of dust-band material to the zodiacal cloud.
This figure shows a comparison of the thermal emission obtained
from the raw best fit dust-band model to the corresponding unfil-
tered IRAS profile in the 25-µm wave band. The result is shown
for inner-solar-system distributions of material corresponding to
1/rγ, where r is the radial distance from the Sun and γ = 1.0, as
expected for a system evolved by Poynting-Robertson drag, or γ =
1.3, as observed by the Helios and Pioneer 10/11 space probes
(Leinert et al., 1983) and predicted in parametric models of the
zodiacal cloud, most recently by Kelsall et al. (1998). The dust
bands appear to contribute approximately 30% to the total ther-
mal emission. Also shown (bottom profile) is the amplitude of the
dust-band material if confined to the main asteroid belt [exterior
to 2 AU (Grogan et al., 2001)].
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(1969) value of q = 1.83, which is only expected if the
breakup criterion for an asteroid is independent of its size.
This diagram can be used to make a rough estimate of the
total contribution of main-belt asteroid collisions to the dust
in the zodiacal cloud, by extrapolating the observed size
distributions of larger asteroids in both populations assum-
ing a collisional equilibrium power-law size-frequency dis-
tribution. The result is that the main-belt asteroid population
contributes approximately 3× the dust area of the Hirayama
families alone, and therefore the total asteroidal contribu-
tion to the zodiacal cloud could account for almost the
entirety (~90%) of the interplanetary dust complex (Grogan
et al., 2001). However, as noted above, employing the same
single power-law size-frequency distribution to character-
ize both the main-belt and family asteroid populations is
probably an oversimplification, and while this implies some
uncertainty in the precise contribution of asteroidal mate-
rial to the zodiacal cloud, the asteroidal contribution must
still be significant and is probably dominant.

4. COLLISIONAL CASCADE

The size distribution of the collisionally evolved aster-
oids is given by

N D
q

D

D

q

( )
( )

( )

=
−

−1

3 1
0

3 1

(1)

where N(D) is the number of asteroids with diameter >D,
D0 is a constant, and q is the power-law index (Dohnanyi,
1969). If 5/3 < q < 2, then the total area in the cascade

population is dominated by contributions from the small-
est particles of diameter ~Dmin, where Dmin is the lower
cutoff of the size distribution, whereas the total volume, and
hence also the total mass, of the source population is domi-
nated by the contributions from the larger fragments. If Dvol
denotes the diameter of the sphere that would contain the
total volume of the source material, then observations of
the Hirayama families show that D0 = 0.83Dvol (Dermott et
al., 1984).

The importance of collisions in determining a particle’s
evolution depends on its collisional lifetime. For the par-
ticles of diameter Dtyp that constitute most of the zodiacal
cloud’s cross-sectional area (that is, those particles that are
expected to characterize its mid-IR emission), this lifetime
can be approximated (in years) by

t D r
t

rcoll typ
per

eff

( , )
( )4πτ

(2)

where r is the heliocentric radial distance and τeff(r) is the
zodiacal cloud’s effective face-on optical depth, which
would be equal to the zodiacal cloud’s true face-on optical
depth if its particles had unity extinction efficiency (Artymo-
wicz, 1997; Wyatt et al., 1999). The orbital period of the
particle in years is given by tper = ( )a/a 3 , where a is the
semimajor axis of the particle in AU and a  = 1 AU is the
semimajor axis of Earth’s orbit.

The combined effect of P-R light drag and solar-wind
drag acting on micrometer-sized dust particles results in an
evolutionary decrease in both the osculating semimajor axis,
a, and eccentricity, e, of the particles’ orbits, given by (Wyatt
and Whipple, 1950)

aPR = –(α/a)(2 + 3e2)/(1 – e2)3/2 (3)

ePR = –5(α/a2)e/2(1 – e2)1/2 (4)

where α = 6.24 × 10–4β(1 + sw) AU2 yr–1 and β is the ratio
of radiation pressure to the gravitational attraction of the
Sun on a particle. The effect of solar-wind drag on a par-
ticle is usually approximated as being 30% of the effect of
P-R drag (Gustafson, 1994); that is, sw is set to an average
value of 0.3. The effects of P-R and solar-wind drag there-
fore cause the orbit of a particle to spiral in toward the Sun.
However, it does not affect the orientation of the particle’s
longitude of pericenter, ϖPR = 0. Nor does it change the
orientation of the plane of the particle’s orbit, IPR = ΩPR = 0,
where I and Ω are the inclination and longitude of ascend-
ing node of the orbit respectively. The constant β depends
upon the size and other physical properties of a particle: a
useful approximation, valid for particles composed of astro-
nomical silicate with diameters D > 1 µm, is given by

β(D) = 1150/ρD (5)

where ρ is the particle’s density measured in units of kg m–3

and D is measured in µm.
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[Grogan et al. (2001); updated from Durda and Dermott (1997)].



Dermott et al.: Asteroidal Dust 431

For a particle with zero eccentricity, equation (3) can be
solved trivially to find the time it takes for the particle to
spiral in from a heliocentric radial distance r0 to rf

tPR = 400[(r0/a )2 – (rf /a )2]/β(1 + sw) (6)

where r0 and rf are specified in AU, and tPR is given in years.
For eccentric orbits, equation (4) can be solved in conjunc-
tion with equation (3) to find the time taken for the particle’s
orbital eccentricity to decay from an initial value e0 to a final
value ef

t
C e

e
dePR

e

e

f

=
−∫2

5 1

2 3/5

2 3/2

0

α ( )
(7)

where the constant C = a0(1 – e0
2)/e0

4/5, with a0 specified in
units of AU and α is defined as above to again obtain tPR in
years.

Now consider the fragments created in the breakup of
an asteroid at a heliocentric radial distance r. The largest
fragments, with D > Dcrit, are broken up by collisions before
their orbits have suffered any significant P-R drag evolu-
tion, while the smaller fragments, with D < Dcrit, for which
the P-R drag evolution is faster, can reach the Sun without
a catastrophic collision. By equating the collisional and P-R
drag lifetimes, Wyatt et al. (1999) estimate that

D
r

a
rcrit

eff

0 23.
( )ρτ

(8)

where r is measured in units of AU, ρ in kg m–3, and Dcrit in
µm. It is interesting to note here that if the effective normal
optical depth, τeff, were to increase, as expected following
the collisional disruption of a large rubble-pile asteroid (see
the discussion in section 5), then the value for Dcrit would
be proportionately lower.

The daughter fragments created in the breakup of an
“endless” supply of asteroids on orbits with semimajor axis
as flow toward the Sun due to the effects of P-R and solar
wind drag. If we ignore any further disintegrations of the par-
ticles that are involved in the flow, then the orbits of all the
particles in a given size range will be distributed between
the source and the Sun according to (e.g., see Gor’kavyi et
al., 1997)

N(a) ∝ 1/aPR ∝ a (9)

where N(a)da is the number of orbits with semimajor axes
in the range a to a + da and aPR is the rate of change of a
particle’s semimajor axis due to P-R and solar-wind drag
given by equation (3). Thus, the spacing of the orbits in-
creases as the particles approach the Sun, and this fact tends
to decrease the number density of the particles, defined as
the number of particles per unit volume. But given that both
the circumferences of the orbits and the vertical extent of
the particle distributions also decrease proportionally with

decreasing a, it follows that, for particles in near-circular
orbits, the number density of these particles, regardless of
their size, will increase inversely with heliocentric distance.

However, because the flow rate of a particle is inversely
proportional to its diameter, that is, because aPR ∝ 1/D (equa-
tions (3) and (5)), it follows that the size distribution of the
particles in the flow region interior to the asteroid belt, must
be quite different from that in the source region.

If the collisional processes leading to the size distribution
of the large parent bodies, Ns(D), still hold for the produc-
tion of the P-R drag-affected particles, then the size distri-
bution in the flow region is given by

N(D) ∝ Ns(D)/aPR ∝ Ns(D)D (10)

Thus, if Ns(D) is given by equation (1) with q = 1.83 [as
expected for a collisionally evolved system that has reached
an equilibrium state (Dohnanyi, 1969)], then the cross-sec-
tional area of the zodiacal cloud’s smaller, P-R drag-affected
particles is concentrated in the largest of these small par-
ticles, while the cross-sectional area of the particles that are
large enough to be unaffected by P-R drag (D > Dcrit) is
concentrated in the smallest of these larger particles. The
result is that most of the zodiacal cloud’s cross-sectional
area is expected to be concentrated in particles with Dtyp ≈
Dcrit, justifying the use of equation (2) for the collisional
lifetime of these particles.

Observations of the mean polar brightness of the zodia-
cal cloud at 1 AU can be used to estimate (the results are
somewhat model-dependent) that, near Earth, the effective
normal optical depth τeff ~ 4 × 10–8 (see also equation (11)).
If, as we believe, these zodiacal particles originated in the
asteroid belt and migrated to 1 AU due to P-R drag, then
the zodiacal cloud’s volume density should vary ~1/r and,
as its column height scales as r, the zodiacal cloud’s effec-
tive normal optical depth in the asteroid belt should be simi-
lar to that at 1 AU. Assuming the zodiacal cloud particles
to have a density 2500 kg m–3, the cross-sectional area of
material in the asteroid belt should be concentrated in par-
ticles with Dtyp ~ 103 µm (equation (8)), for which the col-
lisional lifetime and the P-R drag lifetime are both ~107 yr
(equations (5) and (6)).

However, because their collisional and P-R drag lifetimes
are similar, we must expect many of these large particles
to be broken up by collisions before they reach the inner
solar system, in which case we must expect the cross-sec-
tional area of material at 1 AU to be concentrated in parti-
cles smaller than that in the asteroid belt. This is in agree-
ment with the LDEF cratering record that shows the cross-
sectional area distribution at 1-AU peaks for particles with
D ~ 140 µm (Love and Brownlee, 1993) and other evidence
(see the review by Grün et al., 1985).

We have shown (see Table 1) that the total cross-sec-
tional area of dust associated with the three major Hirayama
families that we need to model the dust bands is 4.7 ×
109 km2, and that 85% of this dust is associated with the
Eos family alone. However, the dust in these models is
constrained between approximately 2 and 3 AU, whereas
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the actual dust associated with the Hirayama families must
migrate to the inner solar system due to the effects of P-R
and solar-wind drag. We therefore estimate that, as N(a) ∝ a
(equation (9)), the total area of dust associated with these
families in the zodiacal cloud is a factor of 9/5 greater. How-
ever, we also estimate that the area of dust needed to ac-
count for the whole of the zodiacal cloud must be 3× greater
than the total contribution from the Hirayama families
alone, that is, Acloud ~ 2.5 × 1010 km2. Note that if this dust
is distributed between the Sun and r = 3 AU, then it follows
that the effective face-on optical depth

τeff = Acloud/πr2 ~ 4 × 10–8 (11)

in agreement with the observations discussed above.
If Acloud is characterized by N particles with diameter

Dtyp, then

Acloud = (π/4)ND2
typ (12)

and it follows that the total mass of the cloud, Mcloud, is
given by

Mcloud = (2/3)AcloudρDtyp (13)

At 1 AU, Dtyp ~ 140 µm and hence Mcloud ~ 6 × 1015 kg.
However, in the asteroid belt, Dtyp is probably closer to
500 µm, and it follows that the total mass of the cloud must
be between 6 × 1015 kg and 2 × 1016 kg. This is roughly a
factor of 2 less than the estimate made by Whipple (1967)
of a zodiacal cloud mass between 1.1 × 1016 kg and 4.5 ×
1016 kg.

It is worth noting that if all this dust were gathered to-
gether into one object with a diameter of Dequiv, then

Dequiv = (4AcloudDtyp/π)1/3 (14)

giving Dequiv ~ 25 km, assuming Dtyp ~ 500 µm. Neglecting
the effects of collisions, this dust will reside in the cloud for
a period of about 3.0 × 106 yr, the time taken for the orbit
of a 500-µm-diameter dust particle composed of astronomi-
cal silicate with density 2500 kg m–3 to decay into the Sun
under the effects of P-R and solar-wind drag from 3 AU
(equations (5) and (6)). Any calculation of the dust produc-
tion rate must therefore be averaged over this period of time.

Alternatively, we may consider the average mass loss
rate from the zodiacal cloud due to infall under the effects
of P-R and solar-wind drag, which can be expressed as

Mcloud = Mcloud/tPR (15)

where, in this case, tPR ~ 3.0 × 106 yr for Dtyp ~ 500 µm, giv-
ing Mcloud ~ 6.7 × 109 kg yr–1. This value compares favor-
ably with the estimated ~8.2 × 109 kg yr–1 total Poynting-
Robertson mass loss rate inside 1 AU (Grün et al., 1985).

The value determined above for Mcloud must also be
equivalent to the average rate at which material from the
zodiacal cloud flows past Earth. According to the results

from LDEF (Love and Brownlee, 1993), Earth accretes mass
from the cloud at the rate of Maccrete ~ 3 × 107 kg yr–1. If
Pcapture is the total probability of Earth capturing a particle
from the zodiacal cloud then Earth’s mass accretion rate can
be expressed as

Maccrete = McloudPcapture (16)

Rearranging this equation allows Pcapture to be written di-
rectly in terms of the observable quantities Maccrete and
Acloud, giving

Pcapture = 3.6Maccrete/Acloud ~ 4.3 × 10–3 (17)

or roughly 0.4%, where Maccrete is specified in units of
kg yr–1 and Acloud in km2. It is interesting to note that this
estimate of Pcapture does not explicitly depend upon the as-
sumed value of ρDtyp.

The total probability of Earth capturing a particle from
the zodiacal cloud may also be written as

Pcapture = Pcapturetaccrete (18)

where Pcapture is Earth’s annual rate of capture of particles
and taccrete is the timescale, in years, over which these par-
ticles are accreted. Particles in the zodiacal cloud are dis-
tributed on tori of width 2ae (Dermott et al., 1985; Wyatt
et al., 1999) and so this timescale is given by the time taken
for a torus of particles to flow past Earth under the effects
of P-R and solar-wind drag. The first particles to be accreted
by Earth from such a torus will be those that initially have
pericenters, q0 = a0(1 – e0) at 1 AU, while the last particles
to be accreted will be those that have final apocenters, Qf =
af(1 + ef), at 1 AU. Both the semimajor axis and eccentric-
ity of the particles in this torus will decrease with time due
to the effects of P-R and solar-wind drag, and so taccrete is
given by equation (7) with e0 specified such that q0 = 1 AU;
ef is determined such that Qf = 1 AU, consistent with de-
caying from its initial value, e0, due to P-R and solar-wind
drag; and C = q0(1 + e0)/e0

4/5. As both Pcapture and taccrete
depend on the orbital-element distributions of the particles
in each torus, which in turn are determined by the orbital
elements of the source body of the particles, this calcula-
tion needs to be performed separately for each class of orbit.
Results from LDEF (Love and Brownlee, 1993) indicate that
the mass distribution of particles accreted by Earth reaches
a peak for particles near 200-µm diameter (see also Grün
et al., 1985), thus this is the value we adopt here for Dtyp
in order to determine a β value for these particles (equa-
tion (5)), which we assume to have a density of 2500 kg m–3

irrespective of source.
The average values of Pcapture and e0 determined numeri-

cally (Kortenkamp and Dermott, 1998a) for 10-µm-diam-
eter dust particles from three different sources are shown
in Fig. 6 and listed in Table 2, along with corresponding
values for the typical accretion timescale, taccrete. Using these
values, we calculate that Pcapture for particles in the zodia-
cal cloud with typical asteroidal orbits is 4.6 × 10–3, con-
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sistent with the value derived above (equation (17)) from
observable quantities. This value for Pcapture in turn implies
a mass-accretion rate by Earth of 3.1 × 107 kg yr–1, in close
agreement with the value determined from the LDEF crater-
ing record. Particles released from comets and then trapped
into a mean-motion resonance with Jupiter, which then acts
to reduce the orbital eccentricities of the particles to near-
asteroidal values (Liou and Zook, 1996), could also account
for the observations. Note that the values shown for the
mass-accretion rate, Maccrete, in Table 2 were calculated in
each case by making the simplifying assumption that all
particles in the zodiacal cloud were produced by the single
particle source in question. In reality, dust particles from
the three sources shown in Table 2, plus a variety of others,
all contribute to the zodiacal cloud in differing proportions.

It is worth noting here that the calculated value of Pcapture
for cometary particles not previously trapped in jovian
mean-motion resonances is only a factor of a few less than
the observed value. While this implies a mass-accretion rate
by Earth that is still probably too small to account for the
observed value, even assuming that such cometary particles
do comprise the entire zodiacal cloud, previous studies of
the capture of dust particles by Earth have suggested a much
stronger bias towards accreting asteroidal over cometary
dust particles. Flynn (1990), for example, came to this con-
clusion based upon the lower geocentric-encounter veloci-
ties, and hence greater effective capture cross-section of
Earth due to gravitational focusing, of particles on near-cir-
cular, near-ecliptic orbits. Kortenkamp and Dermott (1998a),
however, did appreciate that the lower geocentric-encounter
velocities of particles on these “asteroidal-type” orbits also
impinged negatively upon the effective volume swept out
by Earth per unit time (see Fig. 6), but were still led to con-
clude that Earth would have a strong preference for accret-
ing asteroidal rather than cometary particles. We now realize
that the latter conclusion may be misleading. It is important
here to distinguish between the annual rate of capture of
particles from a given torus, while Earth is inside that torus,
Pcapture, and the total probability of a particle being accreted
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Fig. 6. Mean geocentric encounter velocities (prior to accelera-
tion by Earth) for 10-µm-diameter dust particles from several dif-
ferent source populations are plotted against the mean gravitational
capture cross-section of Earth (measured in units of the geometric
cross-section of Earth at 100 km altitude, σ  = 1.32 × 108 km2;
top), the mean effective volume of each population swept up by
Earth (measured in units of veσ , where ve = 11.1 km s–1 is the
escape velocity of Earth at 100 km altitude; middle), and the log of
the mean capture rate (bottom). E, K, and T labels indicate par-
ticles from the Eos, Koronis and Themis asteroid families respec-
tively, while A indicates other nonfamily asteroidal particles. Open
points labeled C indicate cometary particles that were previously
trapped in jovian mean-motion resonances. Solid points labeled
C indicate cometary particles that were not previously trapped in
jovian mean-motion resonances. Reprinted from Kortenkamp et
al. (2001) with kind permission from Kluwer Academic/Plenum
Publishers.

TABLE 2. Estimates of the total capture probability, Pcapture, and mass accretion rate, Maccrete,
by Earth for dust particles derived from three different sources: asteroidal particles,

cometary particles previously trapped in jovian mean-motion resonances,
and cometary particles not previously trapped in resonance.

Pcapture e0 taccrete Pcapture Maccrete
Particle Source (10–9 yr–1) (q0 = 1 AU) (103 yr) (× 103) (106 kg yr–1)

Asteroidal 180 0.05 25 4.6 31
Resonant cometary 34 0.2 96 3.3 22
Nonresonant cometary 4.6 0.6 380 1.7 11

The typical accretion timescales, taccrete, were calculated by assuming that the first particles to be
accreted from each source had initial pericenters q0 at 1 AU with eccentricities e0, and the last par-
ticles to be accreted had final apocenters Qf at 1 AU, while allowing the particles’ orbits to decay
under the effects of Poynting-Robertson and solar-wind drag. Values for the annual capture rate, Pcapture,
were obtained from the results of numerical simulations [source data from Kortenkamp and Dermott
(1998a)].
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by Earth, Pcapture. While a bias toward preferentially accret-
ing asteroidal particles certainly exists in the annual cap-
ture rates shown in Table 2, and this bias must be included
when calculating Pcapture and hence the average rate of cap-
ture of particles from the asteroidal and cometary sources,
this asteroidal bias in the annual rates is almost entirely
compensated for by the much longer timescale (taccrete) over
which cometary particles, with their wider tori, are accreted
by Earth. Note that there are still significant uncertainties
in the values for Pcapture, mainly because the values for
Pcapture and e0 were determined from numerical simulations
of 10-µm-diameter dust particles only. These particles are
much smaller than those indicated by the peak in the LDEF
mass distribution. The orbits of the 10-µm-diameter parti-
cles evolve more rapidly under the effects of P-R and solar-
wind drag than the orbits of larger particles, and are there-
fore less prone to the effects of secular resonances, trapping
into mean-motion resonances, or gravitational scattering by
the terrestrial planets. Larger particles will therefore typi-
cally arrive at 1 AU with higher orbital eccentricities and
inclinations than the 10-µm-diameter particles and will suffer
lower annual rates of capture by Earth (Kortenkamp and
Dermott, 1998a). These numerical simulations therefore
need to be extended to much larger particle sizes.

5. DISCUSSION

Our modeling and analysis of the solar system dust
bands indicate that large particles with diameters between
102 and 103 µm dominate the dust-band structures (Grogan
et al., 2001). Numerical investigation of the dynamical
behavior of these large particles demonstrates that the ac-
tion of secular resonances at the inner edge of the main
asteroid belt disperses the inclinations and nodes of the par-
ticles into the broad-scale zodiacal background cloud, ac-
counting for the natural inner edge of the dust bands just
exterior to 2 AU. This leads us to estimate that ~4% of the
in-ecliptic infrared emission from the zodiacal cloud is pro-
duced by dust-band particles that orbit exterior to 2 AU.
However, some of these asteroidal dust particles must mi-
grate to the inner solar system under the effects of P-R light
drag and solar-wind drag (Wyatt and Whipple, 1950), where
they are both warmer and closer to Earth. We therefore con-
clude that IR emission from the asteroidal dust particles as-
sociated with the dust bands alone is likely to be much
greater than 4% of the total emission. If these asteroidal
particles migrate to the inner solar system without further
breakup, we calculate that the contribution is 30%. If the
particles are broken up and blown out of the solar system
before reaching the inner solar system, then our estimate
would, of course, remain closer to 4%. However, it is cer-
tainly possible, and perhaps even more likely, that particle
breakup leads to an increase in the effective area of the dust,
in which case our estimate would be greater than 30%.
Whether the effective area of the dust actually increases or
decreases is not known and thus 30% is, at present, our best
estimate of the contribution of asteroidal dust, from the

dust-band particles alone, to the zodiacal cloud. But 30%
must be an underestimate of the total asteroidal contribu-
tion. From a separate discussion of the ratio of the average
rate of dust production in the asteroid belt as a whole to
that due to those asteroids in the Eos, Koronis, and Themis
families alone, which we estimate to be 3:1, we are led to
conclude that asteroidal dust may effectively constitute the
entirety of the zodiacal cloud, with a quarter (85% of 30%)
of the whole cloud originating from the Eos family alone.

This conclusion is, however, contrary to the long-held
belief that comets are the dominant source of particles in
the zodiacal cloud (e.g., see Whipple, 1967), and is still a
matter of considerable debate. Zook (2001), for example,
estimates that the cometary contribution to the near-Earth
flux of particles is ~75%, based on cratering rates from an
ensemble of Earth- and lunar-orbiting satellites, in complete
contrast to our result. In the argument above we have as-
sumed that the dust production rate in asteroid families is
similar to that in the nonfamily asteroidal population. If,
however, the dust production rate in asteroid families is
significantly greater than that in the nonfamily asteroidal
population, as suggested by Dell’Oro et al. (2001), then the
total asteroid-to-family asteroid dust ratio would be less
than 3:1 and our estimate of total asteroidal contribution
to the zodiacal cloud would be correspondingly lower.

Weak support for a dominant asteroidal component to
the zodiacal cloud is provided by our analysis linking the
total cross-sectional area of the cloud needed to account for
the observed IR flux, Acloud, to the observed value of the
annual mass-accretion rate of particles from the zodiacal
cloud by Earth, Maccrete, as measured by LDEF. Particles at
1 AU in near-circular asteroidal orbits (note that this in-
cludes particles originating from comets that have had their
orbits circularized by resonance with Jupiter) can account
for the observed accretion rate, whereas particles originating
from comets that have not been affected by resonances give
an accretion rate that is probably too small. However, some
caution needs to be exercised here as the numerical simu-
lations from which these results were obtained (Kortenkamp
and Dermott, 1998a) need to be extended to determine the
effect of particle size on average rates of capture. There is
also roughly a factor of 2 uncertainty in the mass-accretion
rates estimated from the LDEF cratering record (Love and
Brownlee, 1993). In fact, on the basis of elemental abun-
dances in stratospheric aerosols, Murphy (2001) argues for
an extraterrestrial mass-accretion rate in the lower range of
that indicated by LDEF (see also Cziczo et al., 2001), in
agreement with previous estimates of the mass-accretion
rate obtained by Hughes (1978) (using both visual and radio
meteor observations and also satellite data) and Grün et al.
(1985) (based upon in situ spacecraft measurements and the
lunar microcratering record) that are indeed closer to half
the value determined from LDEF. Until the actual mass flux
to Earth of extraterrestrial material is more tightly con-
strained, the predicted fluxes from the various dust sources
cannot be usefully employed as a discriminant of the ac-
tual source.
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More importantly, perhaps, our calculation of the area
of dust in the dust bands associated with the three most
prominent Hirayama families is consistent with the colli-
sional cascade model of Dohnanyi (1969). Figure 7 links the
cumulative surface areas associated with the Eos, Koronis,
and Themis asteroid families to the observed volumes of
the source material in these families for a range of values
of the size-frequency power-law index q (Dermott et al.,
1984; Grogan et al., 2001). In each case, we see that the
area of dust in each family with D > Dcrit ~ 500 µm (the
particles largely unaffected by P-R drag) needed to satisfy
the dust-band observations can be accounted for if q is close
to 1.83, the value predicted by Dohnanyi (1969). This is a
comparatively robust conclusion, although more work is
needed on calculating the area of dust in the transition re-
gion between collisional evolution and P-R drag evolution.
However, even though we know the orbits of the asteroids
in the collisional cascade, and we have an accurate mea-
sure of their total volume, we do not know how the strength

of these bodies varies over the size range from microme-
ters to kilometers. Furthermore, we are not entirely confi-
dent that a simple power law is an adequate description of
the size-frequency distribution. Hence, we do not claim that
Dohnanyi-type supply arguments can be employed to pre-
dict, with useful precision, the observed quantity of dust
from first principles, without the crucial input of the IR
dust-band observations. Only consider, for example, that an
error in the assumed average value of q of 0.1 would re-
sult in an error in the cumulative area of material of ~103

(see Fig. 7). This leads us to state that in the case of com-
ets these supply-type arguments are also not good enough
to be decisive, largely because of our ignorance of the num-
bers and sizes of the comets that may have contributed to
the zodiacal cloud over the past 107 yr.

There are some outstanding problems with linking the
dust bands with the prominent Hirayama families. Firstly,
there is a discrepancy between the mean proper inclination
of the 10° dust-band model (9.35°; see Table 1) and the
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Fig. 7. Cumulative area of dust associated with the
Eos, Koronis, and Themis asteroid families [as defined
by Zappalà et al. (1995)] assuming three different size-
frequency distributions for each with power-law indexes
q = 1.73, 1.83, and 1.93. The solid lines represent the
geometrical area, while the broken lines are the cross-
sectional area of emission calculated for spheres of as-
tronomical silicate of density 2500 kg m–3, using Mie
theory. In each panel, the cumulative area of dust from
each family (Table 1) needed to model the IRAS obser-
vations of the dust bands is represented by a heavy,
horizontal line. A vertical line corresponding to a diam-
eter of 500 µm is shown for reference. In order to ac-
count for the amplitude of the dust bands associated
with the three prominent Hirayama families, the aver-
age size-frequency power-law index q in each case has
to be close to the value of 1.83 predicted by Dohnanyi
(1969). Adapted from Grogan et al. (2001).
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mean proper inclination of the Eos asteroid family (10.08°).
This suggests that the 10° dust-band material does not trace
the orbital-element distribution of the Eos family as a whole,
as would be expected from the equilibrium model (Dermott
et al., 1984) in which the dust bands represent the continual
grinding down of family asteroids. There are two possible
explanations for this discrepancy. Forces may have acted
on the dust particles in this band, or on the small bodies in
the collisional cascade that produced these particles, to re-
duce their inclinations. The Yarkovsky effect, which pref-
erentially acts upon meter- to kilometer-sized bodies, may
be responsible for the migration of the dust particle parent
bodies in orbital-element space (see Bottke et al., 2001,
2002). Recent work by Vokrouhlický (2001), for example,
speculates about the possibility of a jet of small asteroids
from the Eos family streaming along the z1 = g + s – g6 – s6
secular resonance to lower-inclination orbits due to the
dynamic mobility induced by the Yarkovsky effect. This
interesting possibility needs to be investigated more fully.
More prosaically, we could simply be observing the latest
disintegration of a small member of the Eos family, or even
an unrelated background asteroid with the appropriate
proper inclination. The origin of the large dispersion in
proper inclination (1.5°) required to successfully model the
10° dust band (see Table 1), in rough agreement with the
1.4° found by Sykes (1990) and the 2° found by Reach et al.
(1997), remains unclear, although the most likely source of
the dispersion is simply the action of the ν16 secular reso-
nance near 2 AU. However, this leaves open the question
of why a large dispersion is required to model the 10° band,
and only the small dispersion of the Koronis and Themis
families is required to successfully reproduce the central
band observations. One answer may be that the emission
associated with the central band is due to relatively recent
collisions within these families.

We recognize, of course, that the asteroid belt will con-
tribute dust to the zodiacal cloud one asteroid at a time.
Figure 8 shows a simulation of the variation with time of
the total cross-sectional area of dust associated with the
main belt (Grogan et al., 2001) and describes both the
steady decline in the total area of the dust and the inevi-
table stochastic variations. This numerical approach to de-
scribing the collisional evolution of the asteroid belt is
detailed by Durda and Dermott (1997). The initial main-
belt mass is taken to be approximately 3× greater than the
present mass (Durda et al., 1998); this population evolves
after 4.5 b.y. to resemble the current main belt. The calcula-
tion is performed for particles from 100 µm to the largest
asteroidal sizes, with an arbitrary fragmentation power-law
index q = 1.9. The “spikes” in dust production are due to
the breakup of small- to intermediate- (diameter ~40 km)
sized asteroids. Therefore, while the volume of the source
material in the zodiacal cloud may decay at a fairly constant
and well-defined rate, the total area of dust associated with
the cloud during that time, given a breakup value of q =
1.9, may fluctuate by an order of magnitude or more. On the
surface this appears to be evidence for a catastrophic (non-

equilibrium) origin for the dust bands (Sykes and Green-
berg, 1986), in which the dust bands are produced by the
disruption of random main-belt asteroids. However, we note
that the grinding down of an asteroid family is also a sto-
chastic process. Spikes in the dust-production rate corre-
spond to the breakup of individual asteroids and can there-
fore originate from any asteroid within the family. The dust
band associated with the family, produced by the fresh in-
jection of material from the most recent fragmentation, may
therefore shift in latitude over time.

Dust particles generated by the collisional evolution of
the asteroid belt eventually spiral into the inner solar sys-
tem under the effects of P-R light drag and solar-wind drag.
Variations in the production rate of these particles, as sug-
gested by the results of the modeling shown in Fig. 8,
should therefore result in a variation in the rate of accre-
tion of dust particles by Earth. With certain caveats, it is
possible to determine this variation by measuring the con-
centration of 3He contained in sedimentary layers in Earth’s
crust, with the 3He acting as a proxy for dust particles of
extraterrestrial origin (Farley, 2001). Important information
on the dust flux at 1 AU should therefore be contained in
the geologic record. In fact, exciting data on the variation
of the extraterrestrial dust accretion rate over a period of
tens of millions of years has recently been published by
Mukhopadhyay et al. (2001).

Interplanetary dust particles acquire He from the implan-
tation of solar-wind or flare particles in space, and its con-
centration is therefore strongly surface-correlated. LDEF
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Fig. 8. Variation with time of the total cross-sectional area of
dust associated with the breakup of an asteroid that was big
enough to supply all the observed collision products of the main
belt. This simulation modeled the stochastic breakup of asteroi-
dal fragments down to a diameter of 100 µm. A size-frequency
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more detail a 200-m.y. period of evolution centered on 4 b.y. fol-
lowing the start of the simulation [Grogan et al. (2001); adapted
from Durda and Dermott (1997)].
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results (Love and Brownlee, 1993) indicate that the cross-
sectional area distribution of these particles at 1 AU peaks
for those with diameters of ~140 µm. However, Farley et al.
(1997) calculate that due to the effect of heating during
atmospheric entry, volatile components are stripped from
large dust particles, and most of the extraterrestrial He
(>70%) reaching the sedimentary layers is carried into
Earth’s atmosphere by particles between about 3 and 35 µm
in diameter, with the dominant peak occurring at ~7 µm.
The size distribution and total mass of He-bearing particles
on the seafloor is therefore distinct from the size distribu-
tion and total mass of the parental dust-particle population.
Farley et al. (1997) estimate that only ~4% of the total
surface area and ~0.5% of the total mass of accreted dust
particles are delivered to the surface of Earth at tempera-
tures below which He is released (~600°C). Platinum-group
elements, on the other hand, have proven to be the most
sensitive nonvolatile tracers of extraterrestrial matter in
marine sediments (Peucker-Ehrenbrink, 2001). Iridium and
Os, specifically, can therefore be employed as a proxy for
the flux of dust particles across the entire size spectrum and
in particular for the large particle population not registered
by the He proxy. Furthermore, differences in the dust par-
ticle flux estimates based upon these different proxies may
indicate variations in the size-frequency distribution of
extraterrestrial material accreted by Earth over geologic
time (B. Peucker-Ehrenbrink, personal communication,
2001). However, as pointed out by Farley et al. (1997),
mass-correlated nonvolatile tracers such as Ir are subject to
extreme undersampling that may require the use of extraor-
dinarily large sediment samples (many kilograms) in order
to accurately infer the dust-particle flux. A comprehensive
suite of papers reviewing many aspects of the accretion of
extraterrestrial material by Earth has recently been compiled
by Peucker-Ehrenbrink and Schmitz (2001).

The resolution of the debate between a collisional equi-
librium or catastrophic model for the origin of the dust
bands depends on whether the disruption of a single aster-
oid can liberate a large enough cross-sectional area of dust
to account for the total emission from any given dust band.
In this connection, we note that there is now substantial
evidence for the existence of a large population of rubble-
pile asteroids in the main belt. For example, asteroids with
diameters between about 0.2 and 10 km show a cut-off in
rotation period of ~2 h, indicating that they lack tensile
strength and are probably “loosely bound, gravity-domi-
nated aggregates” (Pravec and Harris, 2000). Larger as-
teroids (>10 km) may also be rubble piles, but the rotational
statistics are insufficient to confirm this possibility (Pravec
and Harris, 2001). Asteroids smaller than a few hundred
meters in diameter typically have spin rates faster than the
rotational breakup limit for rubble-pile asteroids, implying
that they must have some tensile strength and may possi-
bly be monolithic bodies. It has been argued that these
bodies are the collisional fragments of larger rubble-pile
asteroids and that the sharp division between the rotational
periods of these small bodies and the rubble-pile asteroids

indicates that the characteristic size of the largest rubble-
pile fragments must be ~0.2 km (refer to Pravec et al.,
2002). Recent spacecraft missions and telescopic observa-
tions of asteroids have also provided measurements of a
number of surprisingly low bulk densities in the 1300 kg m–3

range (see Hilton, 2002; Britt et al., 2002), indicating bulk
porosities of ~50% (Britt and Consolmagno, 2001; Britt et
al., 2002). This has led some authors to conclude that such
asteroids are loosely bound rubble piles containing large
voids (e.g., see Britt et al., 2002). The increasing body of
evidence suggesting the existence of gravitational aggre-
gates is discussed in more detail in Richardson et al. (2002).

If all the dust in the zodiacal cloud is released from the
final catastrophic disruption of a single rubble pile of diam-
eter Drubble, then the equivalent depth of the regolith layer,
dregolith, needed to account for the present observed cross-
sectional area is given by

d
A D

Dregolith
cloud typ

rubble

=
2

3 2π
(19)

where we have assumed that the regolith forms a uniform,
shallow layer on a deep rubble pile. In the case of a 200-
km-diameter rubble pile, similar in size to the precursor of
the Eos family, the whole of the zodiacal cloud with Acloud ~
2.5 × 1010 km2 could have been released from a regolith of
depth dregolith ~ 70 m, if we assume that Dtyp ~ 500 µm.
However, in the case of a rubble pile, Dtyp is not determined
by considerations of the balance between the collisional and
P-R drag timescales and Dtyp could be very much smaller
than 500 µm, perhaps by a factor of 10–102. The depth of
the regolith on an ancient rubble pile is also likely to be
very much greater than 70 m, perhaps by a factor as large
as 102. These considerations suggest that the disruption of
those large asteroids that were the precursors of the major
asteroid families (Hirayama, 1918; Zappalà and Cellino,
1993), if these precursor bodies were rubble piles (Michel
et al., 2001, Richardson et al., 2002), could have resulted
in an increase in the mass of dust in the zodiacal cloud by
a factor of 102 (equation (13)) and an increase in the cross-
sectional area of dust in the zodiacal cloud by a factor of
103–104 (equation (19)).

If the final stage of dust production is indeed the release
of particles from both small and large rubble-pile asteroids,
we would expect there to be variations in the dust-produc-
tion rate in the past, and consequently, variations in Earth’s
accretion rate of dust particles (Kortenkamp and Dermott,
1998b). According to our calculations above, following the
collisional disruption of a large rubble pile, Earth’s mass-
accretion rate of dust particles could have been enhanced
by 2 orders of magnitude over the current estimated mass
flux of particles measured by LDEF (Love and Brownlee,
1993), resulting in mass-accretion rates that may have been
as high as several million tonnes per year. The potential ef-
fects of such enhanced dust loading of the atmosphere from
extraterrestrial sources has previously been considered by,
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among others, Muller and MacDonald (1997), who suggest
a possible causal link with glacial cycles. The consequences
of a large influx of cometary debris onto Earth is discussed
by Napier (2001).

The magnitude of any climatic effects caused by atmos-
pheric dust loading depends mostly on the quantity of sub-
micrometer particles deposited above the tropopause (Toon
et al., 1994), where they have a residence time on the order
of a year (Murphy, 2001). Results obtained by LDEF, how-
ever, indicate that the mass flux of dust particles accreted
by Earth peaks for particles of ~200 µm in diameter (Love
and Brownlee, 1993), and so the proportion of incoming
particles in the submicrometer size range may be relatively
small unless the size distribution of particles released from
rubble-pile asteroids differs significantly from the usual
background flux of particles, as noted above. Nevertheless,
particles in the correct size range can also be produced as
a result of ablation and fragmentation of incoming dust par-
ticles during atmospheric entry (e.g., see Hunten et al.,
1980; Love and Brownlee, 1991). At present, the fraction
of particles in the submicrometer size range resulting from
this incoming extraterrestrial dust flux that is retained in
the upper atmosphere is not precisely known, although
some constraints are provided by measurements of elemen-
tal abundances in stratospheric aerosols (e.g., see Cziczo et
al., 2001; Murphy, 2001). Consequently, there must be a
large uncertainty in the magnitude of the climatic effects
produced by this enhanced extraterrestrial dust loading. Fur-
ther, more detailed, modeling of this problem will need to
be performed to accurately quantify the anticipated accre-
tion rates of submicrometer particles by Earth during such
periods of enhanced dust flux and to ascertain any potential
climatic consequences this may have.

To place this atmospheric dust loading in the wider con-
text, Toon et al. (1994) estimate that the impact of a large
extraterrestrial body can pulverize and hurl into the atmos-
phere an amount of material equal to roughly 102× the mass
of the impacting bolide, of which 0.1% will be lofted into
the stratosphere as submicrometer-sized particles. The im-
pact event postulated by Alvarez et al. (1980) to have oc-
curred at the time of the Cretaceous-Tertiary (K-T) bound-
ary, for example, is estimated to have been caused by a
bolide with the equivalent impact energy of 108 Mt of TNT
and an entry velocity of ~25 km s–1, implying that on the
order of 1014 kg of submicrometer particles could have been
lofted into the stratosphere by this single event alone. The
resulting “impact winter” scenario would have been truly
devastating for life on Earth and likely played an important
role in the K-T mass extinction, although this is a matter of
ongoing debate.

Considered as an abbreviated event, the atmospheric
loading due to the enhanced accretion of asteroidal dust par-
ticles clearly pales in comparison to an event on the scale of
the K-T impact. In this regard, the climatic consequences of
volcanic eruptions may well serve as a more commensurate
parallel for the effects of such dust loading of the atmos-
phere (e.g., see Robock, 2000). In the case of volcanic erup-
tions, any long-term global effect on climate is largely de-

termined by the quantity of sulfur volatiles injected into the
stratosphere where they are converted into sulfuric acid
aerosols that have optical properties similar to fine dust par-
ticles (Toon et al., 1994) and an e-folding residence time
of ~1 yr (Robock, 2000). Large volcanic eruptions in recent
history are typically estimated to have injected tens of mil-
lions of tonnes of chemically and microphysically active
aerosol particles into the stratosphere (Robock, 2000), al-
though eruptions in the more distant past may have been
far more productive in this respect (Rampino et al., 1988).
Indeed, examples exist in the geologic record of massive
flood basalt eruptions (Hooper, 2000) that may have been
capable of sustaining, or episodically exceeding, this level
of atmospheric aerosol loading over million-year timescales.
As a wave of dust released by the destruction of a large
rubble pile would take between approximately 104 and
107 yr to drift inward past Earth under the effect of P-R and
solar-wind drag, the cumulative effects of such an eruption
perhaps serves as a more appropriate analog for the climatic
effects caused by the atmospheric loading of these asteroi-
dal dust particles. It is interesting to note in this context that
two of the largest known flood basalt eruptions, the Sibe-
rian Traps and the Deccan Traps, appear to coincide with
the Permian-Triassic and the K-T mass extinctions, respec-
tively, although no definite causal link has yet been estab-
lished (Stothers, 1993).

Potential impactors large enough to produce globally
catastrophic effects on Earth are likely to originate from the
complete collisional disruption of one of the larger aster-
oids and possibly a precursor of one of the major asteroidal
families (Zappalà et al., 1998). As discussed above, such a
massive collisional event would have certainly also gener-
ated an enormous quantity of dust. It follows from this argu-
ment that a large impact event on Earth would have also
been associated with the influx of a large wave of dust,
although the two events may well have been widely sepa-
rated in time due to the different dynamical mechanisms
and timescales involved in their delivery, with a wave of
dust associated with the smallest dust particles probably
arriving before the impactor. In this scenario, the extinc-
tion of life on Earth may have occurred not necessarily
because of the effects of the giant impact, although this
could have provided the coup de grâce (Hallam, 2001), but
because the production of potential large impactors in the
asteroid belt generates a wave of dust that Earth cannot
avoid. Most, and in some cases all, of the potential impac-
tors produced by the catastrophic disruption of a large as-
teroid may have missed Earth, but interaction with the con-
comitant wave of dust is unavoidable. In this regard, we
should not ignore the fact that large increases in the area
of dust in the zodiacal cloud between Earth and the Sun
could also affect Earth’s level of insolation.

We have strong, quantitative evidence that asteroidal dust
is a significant component of the zodiacal cloud. The final
question is whether this preponderance of asteroidal par-
ticles is reflected in our collections of IDPs, MMs, and
cosmic spherules that provide a sample of the zodiacal
cloud particles at 1 AU. As discussed in section 2, hydrous
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chondritic IDPs are generally believed to be derived from
asteroids because of their chondritic nature, their similar-
ity to C-type asteroids, and the evidence of their aqueous
alteration. Their remarkable fine-grained nature at the sub-
micrometer scale, which is more chondritic than the chon-
dritic meteorites (Jessberger et al., 2001), requires that they
had to be formed in environments where substantial me-
chanical mixing occurred. Natural locations for such pro-
cesses are found in the solar nebula itself or in asteroidal
regoliths (Keller et al., 1993), in particular, the surface layer
of rubble piles (Britt and Consolmagno, 2001; Britt et al.,
2002). On the other hand, it has been suggested that the
highly porous and primitive composition of anhydrous chon-
dritic IDPs is indicative of a cometary origin.

One of the most promising methods of discriminating be-
tween asteroidal and cometary IDPs on dynamical grounds
is to determine their precapture orbits from their thermal
histories. However, there are some problems with this
method of classification. The distinction between the orbital
elements of cometary and asteroidal dust particles may not
be as sharp as that displayed by the orbits of their parent
bodies. Cometary particles that are trapped in mean-motion
resonance with Jupiter can have their orbital eccentricities
decreased to asteroidal values (Liou and Zook, 1996). On
the other hand, large asteroidal particles, with diameters in
the range ~100–500 µm, move slowly through the inner so-
lar system toward the Sun under the effects of P-R and solar-
wind drag and can have their orbital elements increased to
the low end of the cometary range due to the action of
mean-motion and secular resonances, as well as gravita-
tional scattering by the terrestrial planets. Caution may
therefore be in order when classifying particles as either
asteroidal or cometary without an appreciation of their or-
bital histories.

This argument does not apply to those smaller dust par-
ticles (with diameters in the range ~5–25 µm) generated
directly by interasteroidal collisions in the main belt. These
particles traverse the inner solar system more rapidly and
arrive at 1 AU in near-circular, near-ecliptic orbits. Thus,
the result of Brownlee et al. (1995) that the very-high-speed
IDPs are dominated by porous anhydrous chondritic IDPs
could be strong evidence that these particles are cometary.
However, we believe that the other dust particles accreted
by Earth must be predominantly asteroidal in origin. Given
that these particles are quite different from known meteor-
ites, it follows that the composition of the asteroid belt is
largely unexplored and may consist largely of more friable
material not well represented by the strong meteorites in
our collections. However, it is interesting to note that be-
cause 85% of the dust-band material is associated with a
single family, Eos, it follows from our calculations that 25%
(85% of 30%) of all accreted dust particles could, in fact,
be samples of a single K-type asteroid.
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