1CcARUS 132, 378-387 (1998)
ARTICLE NO. 1S975872

Meteorite Delivery via Yarkovsky Orbital Drift

Paolo Farinella

Dipartimento di Matematica, Universita di Pisa, Via Buonarroti 2, 56127 Pisa, Italy
E-mail: paolof@dm.unipi.it

David Vokrouhlicky
Institute of Astronomy, Charles University, V Holesovickdch 2, CZ-18000 Prague 8, Czech Republic

and

William K. Hartmann

Planetary Science Institute, 620 North Sixth Avenue, Tucson, Arizona 85705-8331

Received May 23, 1997, revised September 25, 1997

We provide a unified discussion of the Yarkovsky effect in
both the original, ‘“‘diurnal” variant and also for the “seasonal”
variant which has been recently shown by Rubincam (1995) to
be important for meteorite-sized, regolith-free asteroid frag-
ments. After computing the rate of the corresponding semima-
jor axis drift as a function of size and spin rate, and comparing
the relevant time scales with those for collisional disruption
and spin reorientation, we discuss some issues in meteorite
science which are put in a new light by the relevance of the
Yarkovsky effect. In particular, this mechanism provides a
good explanation for the fact that meteorite cosmic ray exposure
ages (in particular for irons) are much longer than the dynami-
cal lifetimes of objects delivered to the Earth-crossing region
through resonances. Thanks to the Yarkovsky effect, small
asteroid fragments in the belt undergo a slow drift in semimajor
axis (with a random-walk component related to their rotational
state) and therefore have enough mobility to reach the reso-
nances after comparatively long times spent in nonresonant
main-belt orbits. Metal-rich fragments have slower Yarkovsky
drift rates than stones, but their much longer collisional life-
times may explain why iron meteorites appear to sample a
larger number of asteroid parent bodies compared to ordinary
chondrites. 01998 Academic Press

1. INTRODUCTION

The canonical view of meteorite delivery from the main
asteroid belt to Earth (see, e.g., Greenberg and Nolan
1989, Farinella et al. 1993a,b) appeals to a combination of
collisionally imparted AV’s to asteroid fragments and their
subsequent chaotic orbital evolution due to gravitational
perturbations by the planets. Here we shall argue that an
important ingredient is probably missing from this general
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picture: nongravitational orbital drift caused by the so-
called Yarkovsky mechanism. As we shall show, this mech-
anism can cause significant changes in the orbits of rotating
asteroid fragments in the size range roughly 0.1 to
100 m, because of the asymmetry between the direction
of absorption of sunlight and the direction of reradiated
thermal infrared radiation. This size range includes the
typical preatmospheric sizes of meteorites, and therefore
if this mechanism is as significant as has been calculated,
it can lead to some important, but so far underappreciated
changes in the canonical view of meteorite delivery from
the asteroid belt.

The Yarkovsky effect has been known but obscure for
many years. It was pointed out by a Polish engineer, I. O.
Yarkovsky, around 1900 and described in a paper that
was apparently lost, according to Opik (1951). Radzievskii
(1952), Peterson (1976), Burns et al. (1979), and Afonso
et al. (1995) studied it in more detail, concluding that it
may be important for the delivery of meteorites from the
asteroid belt. Recent work by Rubincam (1995) and Vok-
rouhlicky and Farinella (in preparation) has shown that in
many realistic cases, the original formulation of Yarkovsky
(adopted as well in the subsequent investigations listed
above) does not apply, and a ‘“‘seasonal” variant of the
effect, sometimes also called thermal drag mechanism (see
below), is the dominant one. It is interesting to recall that
the original studies on this latter mechanism (Rubincam
1987, 1988) were aimed at understanding the observed
long-term semimajor axis decay of an artificial satellite,
Lageos, for which very accurate orbital data were available,
and that this is still a very active research field to date
(see Farinella et al. 1996, Farinella and Vokrouhlicky 1996,
Vokrouhlicky and Farinella 1997).
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Complex numerical modeling would be needed to ex-
plore fully some of the consequences of the Yarkovsky
effect, but we believe it is worthwhile reviewing some of
the possibilities in this preliminary survey. In particular,
an important conclusion is that this nongravitational mech-
anism can explain the apparent paradox that most meteor-
ite cosmic-ray exposure ages are much longer than the
typical dynamical lifetimes of asteroid fragments once they
have been inserted into resonant orbits.

The remainder of this paper is organized as follows. In
Section 2 we discuss the thermal parameters controlling
the magnitude of the Yarkovsky effect as a function of
body size, and in Section 3 we give explicit formulae for
the semimajor axis drift rates corresponding to the “‘diur-
nal” and ‘“‘seasonal” variants of the mechanism. These
formulae are applied with parameters appropriate for as-
teroid fragments in Section 4, whereas in Section 5 we
estimate the corresponding time scales for collisional dis-
ruption and spin axis reorientation. Finally, in Section 6
we discuss the relevance of our results for the meteorite
delivery problem.

2. THERMAL PARAMETERS

The physics of the Yarkovsky effect can be summarized
as follows. When a solid body (of density p, specific heat
C, thermal conductivity K) is illuminated by a visible radia-
tion flux varying with a typical frequency v, its temperature
is modified in a surface layer of characteristic thickness

Iy = \/%. 1)

If we assume a spherical shape, we can distinguish ‘‘large”
bodies, having radius R > [g, for which thermal effects are
limited to a thin surface shell, and ‘“small”’ bodies with R
smaller than or of the same order as /g, for which tempera-
ture changes occur throughout the interior of the body.
Note that vcan correspond either to a rotational frequency
(w, that is 27 over the rotational period, yielding a “diur-
nal” effect) or to the mean orbital motion n of the object
around the source body (in our case the Sun, yielding a
“seasonal” effect); in the former case, /g is much smaller
than in the latter. We will deal separately with the two
types of effects in Section 3 below. Of course, in either
case the solar radiation flux (and the corresponding tem-
perature variations) will contain higher harmonics of the
basic frequency v, but these will cause only minor quantita-
tive changes in our results.

Another thermal parameter is needed to specify how
well the body retains significant temperature changes over
acycle of frequency v. If 7= 27/vand 7, is the temperature
relaxation time over which infrared emission carries away
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the heat accumulated during a cycle 7, we can define “fast”
radiation influx changes (corresponding to poor efficiency
in building up temperature gradients across the body) as
those with ® = 7/7 > 1, and ‘“‘slow” radiation influx
changes (giving rise to large temperature gradients) as
those with ® < 1. For the diurnal effect described above,
this may be translated into a fast and a slow rotation re-
gime, respectively (see, e.g., Spencer et al. 1989). To obtain
a useful expression for ®, we note that for large bodies
(as defined above) the thermally affected surface shell con-
tains a thermal energy ~47R2[spCT (T being the average
temperature of the body), and radiates away an infrared
energy flux 47 R*T* (here & is the surface infrared emis-
sivity and o the Stefan-Boltzmann constant), so that 7.
is just the ratio between these two quantities. We end
up with

0= VpCK\/J_/’ @)

2me0T?

where V pCK is the “thermal inertia” quantity used, e.g.,
by Spencer et al. 1989. The average temperature 7 can be
estimated by the energy balance equation

7R*(1 — A)S = 4nR%e0T*, 3)

where A is the surface albedo and S is the solar energy
influx, that is, the solar constant S = 1370 W m™2 times
the squared semimajor axis ratio (ag/a)? between the Earth
and the body under consideration. Thus we obtain

o= (L AS ;8‘;‘)5. (4)

3. DIURNAL AND SEASONAL EFFECTS

As we have already anticipated, for a spinning body
orbiting around the Sun there are two variants of the Yar-
kovsky effect, corresponding to the two typical time scales
of the solar illumination cycle: the diurnal one due to the
rotational motion and the seasonal one due to the orbital
motion. The latter effect vanishes when the obliquity { (i.e.,
the angle between the polar axis and the perpendicular to
the orbital plane) is zero, while the former one vanishes
when ¢ = 90°. Simple diagrams showing the geometry of
the perturbing force in both cases are given by Burns et
al. (1979, p. 35) and Rubincam (1995, p. 1586, and 1998).
Both effects become weaker when the corresponding ©
parameter grows to values >1. Since we are mainly inter-
ested in semimajor axis changes due to the Yarkovsky force
(the recoil force from anisotropically re-emitted thermal
radiation), we need expressions for the along-track compo-
nent of the force: if fy is the along-track component of the
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Yarkovsky force per unit mass of the body, the correspond-
ing semimajor axis drift for a near-circular orbit is simply
a = 2fy/n (where n is the orbital mean motion, coinciding
with the seasonal frequency discussed above).

For the diurnal effect we will use the expression for fy
derived by Peterson (1976) for large bodies; in this case it
is easy to show that this approximation is always valid (for
rotation periods up to several hours) at sizes greater than
about 10 cm, which are relevant for meteorites. On the
other hand, for the seasonal effect the transition from small
to large bodies occurs at a radius of about 10 m, so we
need to deal with both cases. Therefore, we have rederived
an expression of the seasonal perturbing force which is
valid over the entire size range from ~10 cm to 100 m.

Following Burns et al. (1979), in either case we can write

2 eoT*AT
— 7f(§),

fY:pR c

©)
where we are going to use different expressions for the
effective temperature difference AT and for the obliquity
function f(¢) in the two cases. Rewriting Peterson’s (1976)
Eq. (26b) in our notation, for the “diurnal” Yarkovsky
effect we have f({) = cos ¢ and

ATa_ 667 9.
T 7 (1+2030,+20402)

(6)

where 0, is the thermal parameter corresponding to the
rotational frequency v = w (apart from a numerical factor
of order unity, this is the same as Peterson’s P in his large
body case). Peterson’s result was derived by generalizing
to a spherical geometry a thermal model developed in a
cylindrical case; however, a self-consistent spherical model
(Vokrouhlicky 1998, in preparation) shows that Peterson’s
result is fairly accurate. Note that, as has been known for
a long time (see, e.g., Opik 1951), the diurnal Yarkovsky
force produces a drag-like effect (¢ < 0) for retrograde
rotations (7/2 < { < m), and vice versa. Also, as expected
from our earlier discussion of the significance of the ther-
mal parameter O, for large values of ®, we have AT/T o<
®,! and the force drops to zero.

For the seasonal effect, according to Rubincam (1995)
we have f({) = —sin? {; that is, a drag-like effect is always
produced, whose intensity depends on the obliquity. To
compute the effective temperature difference to be substi-
tuted into Eq. (5), we have followed Rubincam (1987, 1998)
and Afonso et al. (1995) in solving the heat conduction
equation for a homogeneous spherical body with appro-
priate boundary conditions, by assuming that the surface
temperature change 67 is always <7 and that both the
external irradiance and 67 can be expressed as Fourier
series of time. For the 6T Fourier component correspond-
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ing to a frequency v and to the degree-1 Legendre polyno-
mial of latitude (which is the only one affecting the Yarkov-
sky force in this approximation), we have

T _ (v 1
T 1+71+ T
1+7

: ™)
P(kR)

to be compared with Egs. (7) and (9) of Rubincam (1987),
where we have substituted the expressions for the spherical
Bessel function of degree 1 and its derivative. Here 7 =
(m12)(Is/ R)O(v), fi(v) is the Fourier spectrum of the quan-
tity (S/2) r-s (with r the heliocentric unit radius vector
and s the rotation axis unit vector), and the function ¢ of
the complex variable z is given by

(z2—3)sinz 4+ 3zcos z
sinz —zcosz

¥(z) = ; ®)

with z = V —i(R/l;). Then we have written the complex
function appearing in the right-hand side of Eq. (7) as

[1 +t Tl[f(kR)}_ = A, explis)), )

and used the amplitude A, and phase §, corresponding to
the frequency v = n to express the effective temperature
change due to the seasonal effect as

AT,

O
T 31+~

A, sin §,. (10)

Finally this was inserted into Eq. (5), together with
f(&) = —sin? £, to obtain fy. We have verified that our
results match those obtained independently by Rubincam
(1998) for the same case. We also note that an improved,
nonlinearized thermal model (Vokrouhlicky and Farinella,
manuscript in preparation) gives results in fair agreement
with those obtained above and those of Rubincam (1995,
1998) in the large body case, with a discrepancy of about
15% for the intensity of the force, and an exponent close
to 1.9— instead of 2—in the sin? ¢ factor.

4. SEMIMAJOR AXIS DRIFT RATES

In order to estimate the rate of the Yarkovsky-driven
semimajor axis drift as a function of size, we still need
estimates both for the relevant thermal/physical properties
for meteoritic/asteroidal material (p, C, K, A, &) and for
the rotation rates and their size dependence. As for the
former quantities, we have assumed A = 0, ¢ = 1 for the
sake of simplicity, whereas three sets of representative
values of K, C, and p for stony, metal-rich, and regolith-
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The maximum semimajor axis drifts vs size for bare basalt fragments at @ = 2 AU. The full line corresponds to the seasonal effect for

¢ = 90°, the long-dashed line to the diurnal effect assuming a size-independent spin period of 5 h, and the short-dashed line to the diurnal effect

with w o« R™!. Diurnal effects are calculated for { = 0.

covered bodies are listed in Table I; these values are the
same adopted by Rubincam (1995) for basaltic and rego-
lith-covered bodies, and by Burns et al. (1979) for metal-
rich objects.

As for the spin rates, we shall make two different as-
sumptions: (i) a size-independent spin period of 5 h, close
to the average value for small asteroids (see, e.g., Binzel
etal. 1989, Harris 1996), as previously assumed by Peterson
(1976); and (ii) a spin period of 5 hr X (2R/1 km). In our
opinion, assumption (ii) is more realistic, because at 0.1-1
km diameter the transition between gravitationally bound
“piles of rubble” and competent fragments is likely to
occur among asteroids (Love and Ahrens 1996, Melosh and
Ryan 1997), and for solid fragments a linear relationship
between period and size is supported by both laboratory
data from breakup experiments (Fujiwara and Tsukamoto
1981, Fujiwara 1987, Yaganisawa et al. 1991, Giblin et al.
1994) and theoretical modeling (Harris 1979, Paolicchi et
al. 1989). The above relationship yields spin periods of a
few seconds for cm-sized bodies, in agreement with experi-
mental results. We also note that according to Adolfsson
(quoted in Ceplecha 1996), the spin period of the meter-
sized Lost City bolide has been determined to be 3.3 =
0.3 s, which is comparable to that inferred from our sug-
gested relationship.

Figure 1 shows the Yarkovsky-driven d (in AU/Myr) as
a function of R, at @ = 2 AU and using basalt-like material
properties. The three curves correspond to the seasonal

effect (the solid one bending down on the left side) and
to the diurnal effect with size-independent w and with
o < 1/R (long- and short-dashed lines, respectively). In
the seasonal case, at sizes smaller than ~10 m fy and 4 start
decreasing owing to the onset of the small body regime, in
which the decrease of AT more than compensates for the
larger area-to-mass ratio. In all cases we have taken
f(&) = 1, corresponding to the maximum amplitude of fy:
if collisions reorient the spin axis frequently enough, the
seasonal effect will yield a secular semimajor axis decay
at an average rate ~2/3 of that shown in Fig. 1 (assuming
that all spin axis positions are equally likely), whereas the
diurnal effect will just cause a random walk in a.

Taking this into account (see Section 5), plus the fact
that the w o« 1/R relationship (short-dashed line) looks
more plausible, we conclude that at sizes of interest for
meteorites and their immediate parent bodies (=1 to 10
m) the seasonal effect is likely to yield the dominant long-
term orbit decay, corresponding to ¢ ~ 10~> AU/Myr. On
this average trend, a random-walk behavior is probably
superimposed, owing to the diurnal effect. The latter is
probably dominant at R =~ 0.1 m.

Of course, the rates shown in Fig. 1 depend also on
semimajor axis and composition. As for the dependence
on a, it is not a very sensitive one: as shown in Fig. 2, the
changes in the seasonal a4 values when one moves from 3
to 1 AU are very small in the large body regime and reach
about a factor of 10 at sizes of about 1 m. For metal-rich
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FIG. 2. The seasonal semimajor axis drift shown in Fig. 1 at a = 2 AU has been replotted here for the range of semimajor axes between 1 and

3 AU. The labels of the curves correspond to semimajor axes in AU.

bodies, the drift rates are in general lower than for stones:
the difference is only about a factor of 2 in the large body
(R larger than about 30 m) seasonal case, but it becomes
much larger for small bodies and is about one order of
magnitude for the diurnal effect (see Fig. 3). In the metal-
rich case, the diurnal effect is already the dominant one
at R =~ 1m.

The situation is quite different when one considers rego-
lith-covered bodies. As remarked by Rubincam (1995),
assuming the lunar-like regolith parameters given in Table
1, a relatively thin regolith is enough to affect the thermal
conductivity in the critical surface layer of the bodies. For
the seasonal effect, Eq. (1) yields a critical thickness of
~10 cm. We believe that such regoliths are unlikely on
meter-sized bodies (relevant for meteorites), because of
their negligible self-gravity and likely rapid rotation (re-
sulting into loss of ejecta or loose surface material), but
may exist on objects ~100 m in diameter and larger, for
which gravitational effects are important in determining
their response to collisions (Love and Ahrens 1996).

However, for the diurnal effect the critical regolith thick-
ness is only =1 mm for spin periods of order 1 h, and even
less for faster rotations, owing to the v /2 factor in Eq.
(1). It seems possible (although by no means certain) that
even meter-sized meteoroids could develop such a thin
surface layer of dusty or porous material with a relatively
low thermal conductivity. As shown in Fig. 4 (correspond-
ing again to a = 2 AU and f({) = 1), for regolith-covered

bodies the diurnal effect is the dominant one at all sizes.
At diameters =100 m typical 4 values are ~107> AU/Myr.
Meter-sized regolith—covered stones would drift faster, at
typical rates of a few hundredths AU/Myr. Note that Fig.
4 was plotted by assuming the regolith parameters of Table
I, but a basalt-like bulk density; for irons, with the same
regolith properties, a values would be about a factor of
two smaller due to the higher bulk density.

5. COLLISIONAL TIME SCALES

The Yarkovsky orbital drift is limited by the fact that
small asteroids have collisional lifetimes much shorter than
the age of the solar system (Davis ef al. 1989). Moreover,
as we have already noted, the orbital effects of the two
variants of the Yarkovsky force have some important dif-
ferences: (1) the seasonal mechanism always yields drag-
like effects (i.e., a secular decay) for the semimajor axis,
whose intensity depends on the obliquity of the spin axis,
whereas the orbital eccentricity can be either increased or
decreased (Vokrouhlicky and Farinella 1998, in prepara-
tion); (2) the semimajor axis effect of the diurnal mecha-
nism changes in sign when the rotation axis is reversed
and the spin is changed from prograde to retrograde, or
vice versa, by a collision. Therefore, collisions interact in
an important way with the Yarkovsky orbital effects and
are especially important for regolith-covered bodies (domi-
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FIG. 3. The same as Fig. 1 but for bare iron-rich fragments (parameters given in Table 1).

nated by the diurnal effect). Here, we shall try to estimate
the relevant collisional time scales.

As for impact disruption, the typical collisional lifetime
for a target of radius R can be expressed as

1

PRN(raw)’ (b

Tdisr =

where P; is the intrinsic collision probability according to
Wetherill (1967) and N(rg.) is the number of asteroids of
radius exceeding the minimum value g, which is required
to shatter the target. The average value of P;in the asteroid
belt is 2.85 X 107'® km 2 yr~! (Farinella and Davis 1992).
According to Davis et al. (1989), rq; is related to the impact
strength S of the target, the material density p, of the
projectile, and the average collision velocity V by

TABLE I
Thermal Parameters for Different Materials
p (kg/m®) K (W/m/K) C (J/kg/K)
Basalt 3500 2.65 680
Iron-rich 8000 40 500
Regolith-covered 1500 0.0015 680

Note. The entries have been taken from Rubincam (1995) for basaltic
and regolith-covered bodies and from Burns ef al. (1979) for metal-
rich objects.

48

1/3
isr — |\ 1,2 R
o <ppV2)

Here we can take as reasonable values V = 5.8 km/s
(Farinella and Davis 1992, Bottke et al. 1994a), p, = 2500
kg/m® (Belton et al. 1995), and S = 3 X 10° J/m? (for
silicate targets; see Fijiwara et al. 1989) or 5 X 10% J/m?
(for metals; Davis and Ryan 1997, private communication).
Finally, for the size distribution of small asteroids we as-
sume that the number of bodies of radius >r is

ro\ 52
1 km

(see Farinella and Davis 1994 for a discussion of the nor-
malizing factor; the —5/2 exponent is consistent with colli-
sional steady state according to Dohnanyi 1969). The re-
sulting collisional lifetimes are

(12)

N(r) =35 x 10° ( (13)

R 1/2
Taisr = 2.0 X 107 yr <m> (14)
for silicate bodies and
R\
Tdisr — 14 X 109 yr (m) (15)
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FIG. 4. The same as for Fig. 1 but for regolith-covered bodies. Here we have used the regolith thermal parameters given in Table I, but a bulk

density of 3500 kg/m?>.

for irons. Although several parameters used for these esti-
mates are quite uncertain, the fact that the resulting values
of 74, are comparable to the cosmic ray exposure (CRE)
ages of stony and iron meteorites (see Section 6) raises
the possibility that collisions do in fact control the CRE
ages and suggests that the above calculation gives the cor-
rect order of magnitude for the collision time scales. Note
also that Eq. (12) yields a lifetime ~10° yr for a 10-km
asteroid such as 951 Gaspra, in good agreement with esti-
mates by the Galileo team (Belton et al. 1992) and other
workers (Farinella et al. 1992, Greenberg et al. 1994).
Now, in order to completely change the spin axis of a
body, the angular momentum of the projectile must be
comparable to the preimpact rotational angular momen-
tum of the target. If the target’s spin rate and density are
w and p,, the radius of the required projectile is
<2\/§p,wR>1/3
ot =\~ 2z - R (16)
5p,V

The corresponding time scale 7, computed as above but
using N(r.o) instead of N(rgs.) in Eq. (9), is

R |43
Trot = 1.88 X 10% yr (m) 17)

if we assume a size—independent rotational period of
5h and

R\
Trot = 3.34 X 10% yr <m> (18)

if we assume @ o« R™! and a period of 5 h at a diameter
of 1 km. These estimates have been obtained by assuming
p: = pp; for iron bodies a better assumption is p,/p, = 3,
and the lifetimes (15) and (16) should be increased by a
factor 3% ~ 2.5. Also, we have neglected any angular
momentum carried away by impact ejecta; if angular mo-
mentum loss is important, 7, might be somewhat longer
than estimated above.

These results indicate that spin axis reorientation is very
frequent (compared to the collisional lifetime) in the con-
stant-w case, but is also likely to occur several times in a
collisional lifetime in the more realistic @ o< R™! case. This
implies that: (i) when the seasonal effect is the dominant
one (that is, for bare fragments larger than ~1 m; see Fig.
1), taking the average value 2/3 for the sin? { factor gives
the correct average value of ¢; (ii) when the diurnal effect
is the dominant one (e.g., for regolith-covered surfaces),
the semimajor axis evolution is likely to resemble a real
random walk and the body is expected to move (in either
direction) by an amount roughly proportional to the square
root of the elapsed time.

For instance, according to Egs. (14) and (18), for a 1-m
radius stony fragment about six spin-reorienting events are
expected within the collisional lifetime 74, and therefore
the fragment is typically shifted by two or three times the
distance covered over a timestep 7,.. Figures 1 and 4 show
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that this typical shift is <0.01 AU for bare fragments, but
~(0.1 AU if they have a thin regolith. The corresponding
typical shift for irons is larger, because the longer colli-
sional lifetime more than compensates for the slower ran-
dom-walk evolution. Also, 100-m stony bodies may survive
for =100 Myr vs collisional disruption without frequent
spin axis changes, which suggests that even at a rate of
~10~* AU/Myr the diurnal Yarkovsky effect may play a
significant role in their delivery to Earth-crossing orbits,
provided some regolith is present on their surfaces.

As is clear from this discussion, orbital evolution under
Yarkovsky effects is a complex process, due to the different
size dependence of the diurnal and seasonal variants and
the sensitivity to thermal properties and the possible pres-
ence of a regolith. Moreover, the Yarkovsky drift has an
intrinsically stochastic character associated with collisional
events: since collisions affect the rotation rates and spin
axes, they can change the pace of the orbital evolution and
even, in some cases, the relative importance of the seasonal
and diurnal modes.

6. IMPLICATIONS FOR METEORITES

Both the observed CRE ages (Caffee et al. 1988, Marti
and Graf 1992) and the estimated collision rates (Eqs. (14)
and (15) above) suggest that in the main belt the lifetimes
of small stony asteroids vs collisional disruption range from
~10 to 50 Myr for sizes between 1 and 10 m; similar iron
bodies typically survive for times of several hundred Myr
to a few Byr. Together with the semimajor axis drift rates
discussed in Sections 4 and 5, this implies that the Yarkov-
sky effects may provide these bodies with significant semi-
major axis mobility. For regolith-free fragments (Figs. 1
and 3), the combination of seasonal decay and diurnal
random walk can probably shift semimajor axes by a few
hundredths AU between two breakup events. If a thin,
poorly conductive regolith layer is present (Fig. 4), the
diurnal effect may move the orbits farther, by ~0.1 AU.
It is likely that iron bodies are more mobile (if slower)
than stones, due to their much longer collisional lifetimes.

Now, in the main asteroid belt the most prominent gaps
associated with secular and mean motion resonances are
located at a = 2.1, 2.5, 2.8, and 3.3 AU, and therefore
the typical distance to a nearby Kirkwood gap (or secular
resonance) is ~0.2 AU. This suggests that the Yarkovsky
effect is probably important in delivering asteroid frag-
ments to resonances and removing them from the main
belt population. This possibility was mentioned in passing
by Rubincam (1995, p. 1592), but was not elaborated upon
in that paper.

Actually, more modeling work needs to be done to clar-
ify the interaction between the Yarkovsky effect and colli-
sions for small main-belt objects. Collisions erode and shat-
ter the bodies, thus reducing their size and also reorient
the spin axis, affecting the Yarkovsky drift rate. However,
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the existence and nature of the impact-induced effects
(both disruption and reorientation) is a complex, nonlinear
problem. The rate of impacts depends on the number den-
sity of smaller objects, and if the smaller objects are effi-
ciently cleared from the belt, the rate would be lower and
objects would move more efficiently toward the reso-
nances, hence maintaining the low impact rate—a feed-
back effect.

Meteorite CRE data and size distributions suggest that
most preatmosphere meteorite bodies are in the 1-m size
range—near the size that is most affected by Yarkovsky
forces. The conventional non-Yarkovsky delivery mecha-
nism of this material from main-belt parent asteroids to
resonances (where the orbital eccentricity is rapidly
pumped up to Earth-crossing values by planetary perturba-
tions) is directly by collision-induced AV, resulting into
instantaneous orbital element changes (see Farinella ef al.
1993a and references therein). But there are now some
convincing arguments to support the alternative view that
many meteorites stay in the main belt for comparatively
long times, undergoing a slow Yarkovsky-driven semima-
jor axis drift, after being collisionally ejected from their
parent bodies and before ending up in a resonance.

As a consequence, the Yarkovsky effect could solve a
conundrum concerning meteorite ages. Recent dynamical
work (e.g., Farinella et al. 1993b, 1994, Valsecchi et al.
1995, Migliorini et al. 1997a, Gladman et al. 1997) has
shown that, once in the chaotic zone associated to a reso-
nance (either the v, secular, or the 3:1, jovian mean mo-
tion, at @ =~ 2.1 and 2.5 AU, respectively), asteroid frag-
ments have a dynamical lifetime of only a few Myr before
falling into the Sun or being ejected from the solar system
by a Jupiter encounter. Only along the edges of the main
gaps or within higher-order resonances can some “‘sticky”
regions be found with longer orbital evolution time scales
(see, e.g., Milani and Farinella 1995), but the volume in
orbital element space of the chaotic regions where typical
lifetimes are in the range from 107 to 10° yr appears to be
very small. Moreover, even when asteroid fragments are
extracted from the resonances by planetary close encoun-
ters and attain semimajor axes in the inner planet region
(<2 AU), their dynamical lifetimes are of the order of 10’
yr only (Gladman et al. 1995, 1996, 1997).

These dynamical lifetimes are shorter than the CRE
ages of most meteorites. Typical CRE ages are a few tens
of Myr for ordinary chondrites and HEDs and 108-10° yr
for irons; in both cases CRE ages shorter than a few Myr
are very rare. Note that CRE ages give just a lower bound
on the time since a meteoroid has been ejected from its
asteroidal parent, since they only measure the time scale
over which the material has stayed buried at a depth of the
order of a meter or less (Caffee et al. 1988). For instance, for
L-chondrites Ar—Ar impact ages and other data strongly
suggest a common origin from the disruption of a sizeable
parent asteroid some 500 Myr ago (Haack et al. 1996)—
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after which, several generations of smaller collisions have
resulted in the current meteorites (probably giving rise to
complex exposure histories; see Wetherill 1980). But such
later disruptive collisions are not very efficient in moving
debris toward resonances, because typical fragment ejec-
tion velocities do not exceed 10-100 m/s (corresponding
to semimajor axis shifts of only 0.001-0.01 AU) and have
random directions. Therefore we believe that the compara-
tively old ages of meteorites (in particular irons) can be
reconciled with the short dynamical lifetimes in the reso-
nances only by assuming that the corresponding asteroid
fragments have been drifting slowly and for comparatively
long times in main-belt nonresonant orbits, before eventu-
ally “falling” into short-lived resonant escape hatches. In
such a scenario, the near-absence of meteorites with very
short CRE ages may be due to the stochastic and discrete
nature of asteroidal collisional events.

Also, when coupled to Yarkovsky-driven mobility the
much longer collisional lifetimes of iron fragments may
explain why ordinary chondrites appear to come from a
small number of sizeable parent asteroids, probably lo-
cated near the edges (say, within several hundredths of
AU) of the resonances, such as 6 Hebe (Farinella et al.
1993a,b, Morbidelli et al. 1994, Gaffey 1996, Migliorini et
al. 1997b), whereas iron meteorites sample a larger number
(up to several tens) of presumably smaller parent asteroids
(Scott and Wasson 1975, Wasson 1990, Keil ef al. 1994).
Also, Hartmann ez al. (1997) have noted that due to the
longer lifetimes and the slower Yarkovsky drift of irons
compared to stones, the relative abundance of small iron
fragments in the main asteroid belt is probably higher than
that of stones. In other words, the belt would be depleted in
meter-scale stones, which are more rapidly ejected toward
planets, and the Earth could receive an excess of stones by
this mechanism, compared to irons (although the recovery
rate of iron meteorites on the Earth’s surface is higher
because of lesser atmospheric ablation, higher resistance
to weathering, and greater ease of identification).

Finally, as remarked by Rubincam (1995, 1998), the Yar-
kovsky effect may play a significant role in delivering to
Earth-crossing orbits asteroid fragments 10 to 100 m in
size, especially if their surfaces are covered by regolith
layers. The orbital distribution of these Tunguska-like bod-
ies in the near-Earth region is still poorly known and under-
stood (see, e.g., Rabinowitz 1993, 1994, Bottke et al. 1996,
Farinella and Menichella 1998), and it is possible that the
Yarkovsky effect will prove to be an important ingredient
of their dynamics. According to the estimates of Sections
4 and 5, regolith-covered 100-m sized bodies may move
by =~0.1 AU in a random direction before being disrupted,
and therefore the Yarkovsky effect might be responsible
for injecting many of them into the resonances. The Yar-
kovsky orbital drift may become even more important
when the aphelia of these bodies become decoupled from
the main asteroid belt (i.e., become <1.7 AU), since in

FARINELLA, VOKROUHLICKY, AND HARTMANN

this case the collisional time scales are much longer (Bottke
et al. 1994b). However, we believe that further work is
needed to model the orbital evolution of these objects, for
which a dominant diurnal effect results in a semimajor axis
random walk and a complex interplay is present between
gravitational and nongravitational effects.
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