10.

11

12.

13.

14.

17.
18.

19.

20.

21.

volume of depolarization solution [10 mM Hepes
(pH 7.4), 170 mM KCl, 1.3 mM MgCl,, and 0.9 mM
CaCl,]. Control cultures were either untreated or
treated with vehicle (water or dimethyl sulfoxide)
or 0.41 volume of NaCl solution [10 mM Hepes
(pH 7.4), 170 mM NaCl, 1.3 mM MgCl,, and 0.9
mM CaCl,]. To prevent excitotoxic cell death,
sodium kynurenate (1 mM) and MgCl, (11.3 mM)
(final concentrations) were added to the medium
10 minutes after stimulation. Total RNA was col-
lected 50 minutes after stimulation and analyzed
by Northern blot analysis.

. H. Bading and M. E. Greenberg, unpublished

observation.

P. I. Hanson and H. Schulman, Annu. Rev. Bio-
chem. 61, 559 (1992).

M. Sheng, M. A. Thompson, M. E. Greenberg,
Science 252, 1427 (1991); P. K. Dash, K. A. Karl,
M. A. Colicos, R. Prywes, E. R. Kandel, Proc. Natl.
Acad. Sci. U.S.A. 88, 5061 (1991).

K. A. Ocorr and H. Schulman, Neuron 6, 907
(1991); S. S. Molloy and M. B. Kennedy, Proc.
Natl. Acad. Sci. U.S.A. 88, 4756 (1991).

M. MacNicol, A. B. Jefferson, H. Schulman, J. Biol.
Chem. 265, 18055 (1990).

Labeling medium consisted of a mixture of buff-
ered salt-glucose-glycine (SGG) solution [10 mM
Hepes (pH 7.4), 114 mM NaCl, 26.1 mM NaHCO,,
5.3 mM KCI, 1 mM MgCl,, 2 mM CaCl,, 30 mM
glucose, 1 mM glycine, 0.5 mM sodium pyruvate,
and 0.001 percent phenol red] and phosphate-
free Eagle’s minimum essential medium (MEM)
(99:1 vol:vol), supplemented with insulin (7.5 ng/
ml), transferrin (7.5 pg/ml), sodium selenite (7.5
ng/ml), penicillin G (50 U/ml), and streptomycin
sulfate (50 pg/ml). Neurons were washed once in
labeling medium and incubated in the same me-
dium for 20 to 30 minutes at 37°C in an atmo-
sphere of 7.5 percent CO, and 92.5 percent air.
Subsequently, [32P]Jorthophosphate (0.3 to 0.5
mCi/ml) was added to the medium. After 3 hours,
the neurons were stimulated for 2 minutes with
glutamate (10 uM) or 0.41 volume of KCI depo-
larization solution [10 mM Hepes (pH 7.4), 170
mM KCI, 1 mM MgCl,, and 2 mM CaCl,]. Cell lysis
and immunoprecipitation with a mixture of two
monoclonal antibodies to the a and B subunits of
CaM kinase were done as described (13).

. S. G. Miller and M. B. Kennedy, Cell 44, 861

(1986); F. S. Gorelick, J. K. T. Wang, Y. Lai, A. C.
Nairn, P. Greengard, J. Biol. Chem. 263, 17209
(1988); P. |. Hanson et al., Neuron 3, 59 (1989).

. H. Bading, D. D. Ginty, M. E. Greenberg, unpub-

lished observation.

H. Van Belle, Cell Calcium 2, 483 (1981).

H. Tokumitsu et al., J. Biol. Chem. 265, 4315
(1990).

Calmidazolium (5 pM) inhibited the increase in
CaM kinase activity in response to KCI and gluta-
mate by 41 + 5 and 58 + 14 percent, respectively
(means = SEM, n = 3); KN-62 (5 uM) inhibited the
increase in CaM kinase activity in response to KCI
and glutamate by 76 + 11 and 67 * 16 percent,
respectively (means = SEM, n = 3).

D. A. Greenberg, C. L. Carpenter, R. O. Messing,
Brain Res. 404, 401 (1987); P. A. Doroshenko, P.
G. Kostyuk, E. A. Luk'yanetz, Neuroscience 27,
1073 (1988); G. Li, H. Hidaka, C. B. Wollheim,
Mol. Pharmacol. 42, 489 (1992).

Transfection medium consisted of a mixture of
SGG solution (74) and MEM (9:1 vol:vol), supple-
mented as described (74). A total of 3 pg of DNA
[2 ng human c-fos plasmid and 1 pg of a-globin
plasmid (22)], diluted in 0.1 mi of 0.15 M NaCi,
was mixed with 0.1 ml of 0.15 M NaCl containing
160 uM dioctadecylamidoglycylspermine [J. P.
Loeffler et al., J. Neurochem. 54, 1812 (1990)].
After a 10- to 15-minutes incubation at room
temperature, the solution was diluted with 1.8 mi
of transfection medium and added to one 60-mm
dish of hippocampal neurons (8 days after plat-
ing) from which the growth medium had been
removed. The neurons were maintained for 3
hours at 37°C in an atmosphere of 5 percent CO,
and 95 percent air. The medium was then re-
placed with 3 ml of fresh transfection medium

186

containing CNQX (40 wM). Stimulation of the
neurons, 40 to 48 hours after transfection, was as
described (8), except that the KCI depolarization
solution contained 1 mM MgCl, and 2 mM CaCl,.
Total RNA was analyzed in RNase protection
assays (22).

22. M. Sheng, S. T. Dougan, G. McFadden, M. E.
Greenberg, Mol. Cell. Biol. 8, 2787 (1988); M.
Sheng, G. McFadden, M. E. Greenberg, Neuron
4, 571 (1990).

28. The relative increase (mean + SEM) in the amount
of mRNA transcribed from plasmid pF222 normal-
ized to the expression of a globin was 1.19 + 0.16
in the presence of glutamate and nifedipine (n =
4) and 4.6 = 1.14 after KCl-induced depolariza-
tion (n = 4).

24. V. M. Rivera and M. E. Greenberg, New Biol. 2,
751 (1990); R. Treismann, Sem. Cancer Biol. 1, 47
(1990). .

25. H. Bading and M. E. Greenberg, Science 253,
912 (1991).

26. H. Gille, A. D. Sharrocks, P. E. Shaw, Nature 358,
414 (1992); V. M. Rivera, R. P. Misra, R.-H. Chen, J.
Blenis, M. E. Greenberg, unpublished observation.

27. D. D. Ginty et al., Science 260, 238 (1993).

28. L. A. Berkowitz, K. T. Riabowol, M. Z. Gilman, Mol.
Cell Biol. 9, 4272 (1989).

29. R. P. Misra, C. K. Miranti, V. M. Rivera, M. E.
Greenberg, unpublished observation.

30. C. M. Ely et al., J. Cell Biol. 110, 731 (1990).

31. R. Yuste and L. C. Katz, Neuron 6, 333 (1991); A.
Frandsen and A. Schousboe, J. Neurochem. 56,
1075 (1991); H. Bading, N. J. Sucher, M. E.
Greenberg, unpublished observation.

32. We thank M. M. Segal for help in culturing
hippocampal neurons, H. Schulman for CaM
kinase antibodies, and J. P. Loeffler for advice
on the transfection technique. Supported by the
Deutsche Forschungsgemeinschaft (H.B.), by
NIH NRSA2F32 NS 08764, and American Heart
Association, Mass Affiliate, 13-466-912 (D.D.G.),
by NIH grant NS28829 (M.E.G.), and (to M.E.G.)
an American Cancer Society Faculty Research
Award (FRA-379) and a Scholar's Award from
the McKnight Endowment Fund for Neuro-
science.

31 August 1992; accepted 24 February 1993

Chips off of Asteroid 4 Vesta:
Evidence for the Parent Body of
Basaltic Achondrite Meteorites

Richard P. Binzel and Shui Xu

For more than two decades, asteroid 4 Vesta has been debated as the source for the
eucrife, diogenite, and howardite classes of basaltic achondrite meteorites. Its basaltic
achondrite spectral properties are unlike those of other large main-belt asteroids. Tele-
scopic measurements have revealed 20 small (diameters <10 kilometers) main-belt as-
teroids that have distinctive optical reflectance spectral features similar to those of Vesta
and eucrite and diogenite meteorites. Twelve have orbits that are similar to Vesta’s and
were previously predicted to be dynamically associated with Vesta. Eight bridge the orbital
space between Vesta and the 3:1 resonance, a proposed source region for meteorites.
These asteroids are most probably multikilometer-sized fragments excavated from Vesta
through one or more impacts. The sizes, ejection velocities of 500 meters per second, and
proximity of these fragments to the 3:1 resonance establish Vesta as a dynamically viable
source for eucrite, diogenite, and howardite meteorites.

About 6 percent of the meteorites falling
to Earth have an igneous composition in-
dicative of an origin in lava flows or basaltic
intrusions on other planetary bodies. Al-
though a few individual basaltic achondrite
meteorites are now generally recognized to
have been derived from the moon and Mars
(1), there remains a debate over the parent
body for most of these meteorites: the eu-
crites, diogenites, and howardites (2).
Compositionally, the eucrites have the
characteristics of basalt, the diogenites are
plutonic, and the howardites are polymict
breccias consisting of eucrite and diogenite
fragments.

Asteroid 4 Vesta has been at the center
of the debate over the parent body of the

The authors are in the Department of Earth, Atmo-
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howardite-eucrite-diogenite (HED) mete-
orites. Vesta’s optical spectrum, first mea-
sured by McCord et al. (3), contains a
strong absorption band attributed to pyrox-
ene centered near 9000 A. On the basis of
comparison with laboratory spectra of ba-
saltic achondrites and Apollo 11 Junarsam-
ples, McCord et al. concluded that Vesta’s
surface is basaltic. Subsequent researchers
(4) have interpreted that Vesta has a dif-
ferentiated basaltic crust composed of a
Mg-rich and Ca-poor pigeonite. Vesta’s
spectrum and apparent basaltic achondrite
composition is unlike those of any other
large main-belt asteroids, over 500 of which.
have been investigated (5). Drake (6) thus
argued that Vesta must be the source for the
basaltic achondrite meteorites. However,
apparent dynamical difficulties in delivering
fragments from Vesta to the Earth have




precluded any general consensus toward
this conclusion (7, 8). Vesta is far from

dynamically favored meteorite source re-

gions, the 3:1 Jovian and the vy secular

resonances, where asteroid orbits can dy-
namically evolve into Earth-crossing trajec-
tories (8, 9). Obtaining meteorite samples
from Vesta requires a seemingly implausible
first step in which large (kilometer-sized)
fragments must be ejected with sufficient
velocities to reach a resonance (10).

In this article, we report observational
and dynamical evidence that large (multi-
kilometer) fragments have been ejected
from Vesta with significant velocities. This
observation implies that substantial mete-
oroid parent body samples from Vesta can
reach the resonances.

Observations. We have used high quan-
tum efficiency charge-coupled device (CCD)
detectors to survey the spectroscopic proper-
ties of main-belt asteroids having apparent
magnitudes as faint as m, = 18 and estimated
diameters smaller than 10 km. In particular,
we obtained spectra of 15 of the ~30 asteroids

that have been proposed to be linked to Vesta
as a dynamical family (11, 12) and more than
80 other small main-belt asteroids in the
region nearby Vesta (Fig. 1 and Tables 1 and
2). All observations were obtained with the
2.4-m Hiltner telescope of the Michigan—
Dartmouth-Massachusetts Institute of Tech-
nology (MDM) Observatory (13) and were
reduced to normalized reflection spectra with
standard procedures (14).

In all, 12 of the observed Vesta family
members and 8 of the other small main-belt
asteroids sampled displayed basaltic achon-
drite spectra, characterized most notably by
a strong absorption band near 9000-A (Fig.
2 and 3). Fourteen of these (Fig. 2) are
similar to Vesta, showing the spectral char-
acteristics of eucrite meteorites with absorp-
tion band centers near 9400 A. The only
significant differences they show from Ves-
ta’s spectrum are steeper slopes shortward of
7500 A, possibly attributable to slight vari-
ations in iron content. Particle size effects
either from solid rock surfaces or particulate
surface material might also produce the

Fig. 1. Distribution of asteroids in
proper orbital element space (20)
in the inner main belt for (A) semi-
major axis versus sin i (inclination)

and (B) semimajor axis versus ec- 3
0.15

centricity. Vesta’s position is de-
noted by an “X” (at 2.36 AU, sin /
= 0.11, and eccentricity of 0.10).
The symbol @ indicates the posi-
tions for the 12 predicted Vesta
family asteroids that we have ob-
served to display basaltic achon-
drite spectra. Positions for aster-
oids that we have also observed,
but which do not have spectral
properties like basaltic achon-
drites are denoted by o. Eight ad-
ditional  discovered  basaltic
achondrite asteroids, depicted by

020F °

000}

m, bridge the region between
Vesta and the 3:1 resonance Kirk-

wood gap (evidenced by the pau-
city of asteroids at 2.50 AU, right).
These latter objects are found only
within limited ranges of inclination
and eccentricity that encompass
Vesta.
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observed differences in band depths and
spectral slopes. Such slope variations are
readily seen in the class of eucrite meteor-
ites (15).

The remaining six asteroids (Fig. 3),
however, show more extreme basaltic
achondrite features: Their spectra peak
more sharply at a shorter wavelength and
show a much deeper and less broad 9000 A
absorption band that is centered at a shorter
wavelength than for eucrites. These char-
acteristics are suggestive of diogenite basal-
tic achondrite meteorites. A positive rela-
tion to diogenites, however, must await
additional spectroscopic measurements be-
tween 1.0 to 1.5 pm. At these wave-
lengths, diogenites are distinguished from
eucrites by their lack of a weak feldspar
absorption band. Because these spectra
(Fig. 3) are visibly distinguishable from
Vesta’s overall spectrum and fall far from
Vesta when translated into principal com-
ponent space (16), we propose that these

Table 1. Summary of asteroid observations.
The number of independent spectral image
exposures, N, is given for each night.

. Observation
Asteroid dates (UT) N
4 Vesta 91/10/31 3
1273 Helma 93/01/21 2
1646 Rosseland 92/11/26 2
92/11/27 2
1906 Naef 91/12/07 3
91/12/08 4
91/12/14 3
91/12/15 6
1929 Kollaa 92/11/27 2
1933 Tinchen 92/09/06 2
92/09/07 3
2011 Veteraniya 92/11/29 1
92/11/30 1
92/12/01 1
2024 McLaughlin 93/01/21 2
2113 Ehrdni 93/01/21 3
2442 Corbett 92/11/30 1
92/12/01 1
2590 Mourao 92/11/26 3
3153 Lincoln 92/11/28 1
92/12/01 1
3155 Lee 91/10/28 4
91/10/29 3
3268 De Sanctis 92/03/11 2
3657 1978 ST6 92/09/06 - 2
92/09/07- _ 4
3869 Norton 92/03/11 2
92/03/12 3
3944 Halliday 92/11/28 1
92/11/29 2
92/12/01 1
3968 Koptelov 92/09/06 3
4005 1972 TC2 91/12/07 2
91/12/08 6
4038 Kristina 91/10/29 4
4147 Lennon 92/09/05 3
92/09/06 3
4215 1987 VE1 93/01/21 2
4510 Shawna 93/01/21 1
4546 Franck 92/11/28 2
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asteroids represent a new taxonomic class,
which we denote by the letter ] (mnemonic
for the Johnstown diogenite meteorite).

Diogenites are plutonic rocks with
coarse grain sizes formed, perhaps at sub-
stantial depths (17), during crystal accumu-
lation in a subsurface magma chamber with-
in a body having a eucritic surface. Large
impacts could subsequently excavate dio-
genite samples. Gaffey (18) found at least
one pyroxene-rich region on Vesta, which
he interpreted as having a diogenite com-
position resulting from impact excavation.

Dynamics. Could large fragments, such
as these basaltic achondrite asteroids, be
excavated from Vesta? In our analysis we
explicitly examined impacts as the likely
excavation process.

For a fragment of mass m to escape a
parent body’s surface, its total kinetic ener-
gy E upon ejection must be greater than or
equal to the potential energy needed to
escape, E,.. We denote E, = E__ — E as
the additional kinetic energy of the frag-
ment beyond E, .. Thus

1 ., 1, L
E MW eject = E MU esc + E m-, (1)
where v, is the ejection velocity of the

fragment, v, is the surface escape velocity
for the parent body, and v, is the scaler
value for the additional velocity. For Vesta
we assumed that the mean diameter is 520
km (19) and the mean density is 3.5 g
cm™?; for these values v, = 365 ms~!. To
compute the v, that allows a fragment to
achieve an independent heliocentric orbit,
we first assume that the parent body has a
circular orbit. The orbital velocity can be
written as v, = (GM/a)'”2, and for a small
velocity change

1
Mv=—3GM) a8 Q)

where Aa is the change in semimajor axis a of
the fragment’s orbit with respect to the parent
body and M is the solar mass. The planar
tangential component of the fragment’s addi-
tional velocity is given by v, = —Av, where
for positive values of v, (in the direction of the
parent body’s orbital velocity) the semimajor
axis increases and v, decreases. The radial
and out-of-plane components serve to change
the fragment’s otbital eccentricity (¢) and
inclination (i). For a parent body in an eccen-
tric orbit, Ae and Ai for a fragment’s orbit are
highly sensitive to the position of the parent
body at the time of ejection. Because Vesta
has a modest orbital eccentricity (20), and
because e and i are subject to secular pertur-
bations, we cannot reliably use these orbital
elements to compute specific values for .
Thus, v, = |Av| represents our. only reliable
value for the magnitude of the additional

velocity of any specific fragment. However it .
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also represents a minimum for v,, being based
on only the planar tangential component. We
choose to account for the existence of all
three vector components by assuming that
they are equal and obtain v, = 3"/2|A¢| for the
three-dimensional resultant, where ejection
velocities based on this assumed isotropy
should give a reliable average for a sample
of fragments (Table 2). Individual ejec-
tion velocities for the isotropic and mini-

mum velocity cases are thus estimated by:
3
vzeject = vzesc + Z GMa_3 (Aa)Z
1
4

The largest fragments excavated from a
target body during an impact event are most
likely spalls originating from the surface

GMa—3(Aa)>  (3)

2 — 42
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Fig. 2. Optical reflectance spectra for 14 asteroids (diameters 4 to 8 km) that display a deep
absorption band near 9,000 A, characteristic of basaltic achondrites. A spectrum of Vesta (diameter
520 km), obtained with the same instrumentation is included for comparison. Given that Vesta's
spectrum is distinct among main-belt asteroids and the close dynamical relation of these small
asteroids, they are almost certainly fragments excavated from Vesta's crust. Spectral characteris-
tics for all of these asteroids fall within the range measured for eucrite meteorites, where
measurements for Bereba and Pasamonte (solid lines) (75) are included for comparison. Asteroid
1929 Kollaa may contain some fraction of olivine, which could account for the onset of the
absorption band shortward of 8,000 A and the less steep upturn at 10,000 A. All spectra have been
normalized to unity at 5,500 A and have been offset vertically for clarity.
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near the impact point (21). We can relate
the total volume of the spall fragments
(V) to the diameter of the impacting
projectile (d) by:

V, 08T 2 Vegeer\ 13
S = |l “4)
& prCLvu v )

where T is the dynamic tensile strength of
the target (taken to be 10® Pa), p is density
of the target (assumed to be 3.5 g cm™3),
C, is the wave propagation speed in the
target (assumed to be 6 km s~!), and v is
the projectile impact velocity (22).

We estimated v following the methods
described by Namiki and Binzel (23). From
a bias-free set of 536 known asteroids larger
than 30 km in diameter whose orbits cur-
rently cross that of Vesta, we determined
the distribution of relative encounter veloc-
ities and collisional probabilities using the

equations in (24). The mean encounter
velocity was found to be 5.24 km s™!, and
the mean collisional probability was 5.90 X
10718 km=2 yr~! (Fig. 4).

We estimated V,, from the basaltic
achondrite asteroid diameters (Table 2);
their total volume was equivalent to that of
a sphere 8 km in radius. For their mean
value, v ., = 450 m s, our solution of
Eq. 4 implies that an impactor 130 km in
diameter is required to produce this volume
of spall fragments. If the remainder of the
30 or so predicted family members are also
spall fragments from Vesta, then a 160-km
impactor is required. ’

The sizes of the largest observed frag-
ments and their ejection velocities can also
be used as a constraint for impact dynamics
models. For current models (21), the esti-
mated maximum thickness of spall frag-
ments (z,) is:

T T T T

-

Bereba Eucrite

2442 Corbett

| 3155 Lee

| 3657 1978 ST6,

Johnstown Diogenite

‘Relative reflectance

T T T

—— —
-4 Vesta r—_———-
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T T T T T T T

v~

Q3
e

| 4215 1987 VE1 ]
a A
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Wavelength (A)

Fig. 3. Optical reflectance spectra for six additional basaltic achondrite main-belt asteroids
(diameters 6 to 10 km). Vesta and the Bereba eucrite meteorite are included for comparison.
Compared with eucrite spectra, these asteroids show steeper slopes below 7,500 A, sharper peaks,
and deeper 9,000 A absorption bands centered at a shorter wavelength. Their spectral properties
are more analogous to the diogenite class of basaltic achondrite meteorites. A spectrum of the
Johnstown diogenite meteorite (75) is included for comparison. A new taxonomic class J is
proposed for diogenite-analog asteroids. Asteroid 2442 Corbett may contain some fraction of
olivine, which could account for the less steep upturn at 10,000 A. All spectra have been normalized
to unity at 5,500 A and have been offset vertically for clarity.
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We tested this relation using z,, = 8 km as a
boundary condition and 500 m s~! as a
representative ejection velocity based on the
six largest fragments (Table 2). The result
was that Eq. 5 unrealistically requires an
impactor diameter larger than Vesta itself. If
we allow that these Vesta fragments could be
considerably elongated such that the spall
thickness represents the smallest triaxial di-
mension (a speculation not based on light-
curve information), a spall thickness of 2 to
3 km might be reasonable. For values of z,,
in this size range and an ejection velocity of
500 m s~!, the required impactor diameter is
200 to 300 km.

How do these impactor sizes compare
with the largest that Vesta can withstand?
To investigate Vesta’s survival, we used
dimensionless pi-scaling (25). We followed
the analysis in (26) to establish a disruption
criterion that the excavated volume equals
the total volume of the target. For this
criterion, Vesta could survive the impact of
a projectile 240 km across, and therefore
likely survive the impact events suggested
by spallation models.
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Fig. 4. Distributions of (A) intrinsic collisional
probabilities and (B) relative encounter velocities
for 536 numbered asteroids (diameters =230 km)
whose orbits intersect Vesta's, computed using
the methods of Namiki and Binzel (23). Their
mean collisional probability is 5.90 x 1018 km~2
yr=' and mean relative velocity is 5.24 km s~ .
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Links to Vesta and implications. The
circumstantial evidence linking the 12
Vesta family basaltic achondrite asteroids to
Vesta appears to be overwhelming. Their
mean orbital velocities are all within 200 m
s~ 1 of Vesta and their spectral properties are
distinctive and match those of Vesta (18).
These observations thus establish confirmed
members of the previously proposed Vesta
family (11, 12).

Are the eight other basaltic achondrite
asteroids that bridge the region between Vesta
and the 3:1 resonance (Fig. 1 and Table 2)
also genetically related to Vesta? The obser-
vations lead us to argue in favor of such a link
for three reasons. First, they are spectrally
indistinguishable from the confirmed Vesta
family members and Vesta itself. Second, all
of their orbits cross that of Vesta. Third, these
additional basaltic achondrite fragments are
found to have nearly equal orbital inclinations
with Vesta and also have similar orbital ec-
centricities (Fig. 1). This last argument estab-
lishes a strong dynamical constraint in that for
an object launched from a parent body with a
velocity v, the changes in eccentricity and
inclination scale proportional to v, /v, and
tan ™! (Ve Vo) » Tespectively. For Vesta’s he-

Table 2. Summary of dynamical and physical properties for observed Vesta
family members and near-resonance asteroids. Basaltic achondrite aster-
oids are classified as V or J (new class proposed here) on the basis of their
eucrite-like or diogenite-like spectra. Their diameters are based on abso-
lute magnitudes (H) and an assumed albedo of 0.38, the IRAS measured
value for Vesta. Vesta's diameter is based on occultation results (79).
Proper elements are from (20). Separate columns list the predicted family

liocentric orbital velocity of 19.4 km s}, the
maximum inferred ejection velocity of 0.88
km s~ (if optimally directed) would change e
or sin i values by about 0.05 from those of
Vesta itself. For all eight asteroids, these
elements are within 0.03 of Vesta’s values.

How likely is it that the orbital element
similarities between Vesta and the near-reso-
nance basaltic achondrites are due to random
chance? Over the semimajor axis range of
2.38 to 2.50 AU, we have sampled 50 aster-
oids. For the case of sin i, 22 are within =0.03
AU of Vesta; thereby, the probability is 44
percent (22/50) that any one basaltic achon-
drite would fall in this range. The probability
that all eight discovered basaltic achondrites
would fall within this range of Vesta is there-
fore 0.44%, or 0.2 percent. For the case of
eccentricity, the analogous individual and
group probabilities are 48 percent and 0.3
percent. The combined random probability
for the observed coincidence in both orbital
elements is thus only 0.06 percent.

The conclusions that the family and near-
resonance basaltic achondrite asteroids are
derived from Vesta pose a challenge for im-
pact mechanics models to demonstrate that
fragments 4 to 10 km across can be produced

with ejection velocities of at least 500 m s~ 1.

Current spallation models seem to require
nearly catastrophic impacts into Vesta to gen-
erate such fragment sizes and velocities. Such
impacts are unlikely to have occurred if Ves-
ta’s observed eucritic crust is relatively thin, as
the spectral signature of this crust could not
have been retained in the face of a consequent
disorganized reaccumulation (27). If Vesta’s
eucritic crust has substantial thickness (17),
the constraint against it having experienced a
nearly catastrophic impact is less severe. The
largest observed eucritic fragment (10 km)
sets a lower limit on the crustal thickness.
Possible resolution to this problem-may come
from spallation models that allow for a target
to be previously fractured or to be inhomoge-
neous with a lower density crust overlaying a
higher density mantle. Such a model may
allow thicker spall fragments to be produced
from modest impacts. _

Crater studies of the moon and terrestrial
planets also suggest evidence for the ability of
impacts to produce large ejecta units with
high velocities. For the 93-km lunar crater
Copernicus, several large secondary craters are
inferred to have been formed from impact of
1- to 2-km fragments ejected at 500 m s™!

identifications (77, 12). Z31 and W169 denote the Vesta family. Z35 and
W196 denote the Tinchen family, predicted to be related to Vesta. W165
refers to the Ausonia family (72). Three predicted Vesta-related asteroids,
1646, 2024, and 4510, have compositional classes unlike Vesta and are
likely interlopers (37). Velocity estimates (derived in the text) are given for
probable Vesta fragments. The last entries give velocities necessary for
fragments from Vesta to reach the 3:1 and vg resonances.

Diam-

Proper elements

i ili Va Vejecl Vmin
Asteroid (ekt;; ; N T Families Class (ms-) (M5 (m's™)
"Observed Vesta family members
4 Vesta 520 2.36154 0.0994 0.1106 Z31 W169 \Y
1646 Rosseland 26 2.36030 0.1015 0.1363 W169 C
1906 Naef 6 2.37362 0.0990 0.1116 Z31 W169 \'% 86 375 368
1929 Kollaa 8 2.36260 0.1147 0.1230 W165 \Y% 8 365 365
1933 Tinchen 6 2.35296 0.0933 0.1169 235 W196 \Y 61 370 367
2024 McLaughlin 10 2.32540 0.0945 0.1139 235 W196 A
2590 Mourao 6 2.34250 0.0958 0.1174 Z35 W196 Vv 135 389 373
3155 Lee 7 2.34263 0.0974 0.1165 Z35 W196 J 134 389 373
3268 De Sanctis 5 2.34680 0.1002 0.1223 Z35 W169 \'% 105 380 370
3657 1978 ST6 7 2.31262 0.0882 0.1146 W196 J 348 504 417
3944 Halliday 5 2.36840 0.1085 0.1177 W165 \% 49 368 366
3968 Koptelov 7 2.32151 0.0928 0.1180 235 W196 \Y 284 463 400
4038 Kristina 4 2.36618 0.0987 0.1102 Z31 W169 \Y 33 366 365
4147 Lennon 6 2.36197 0.1027 0.1141 231 W169 \' 3 365 365
4510 Shawna 7 2.36000 0.0977 0.1189 Z31 W169 S
4546 Franck 4 2.35560 0.0905 0.1136 Z31 W196 \% 42 367 366
Basaltic achondrites discovered between Vesta and the 3:1 resonance
1273 Helma 6 2.39370 0.1222 0.1085 \Y 229 431 388
2011 Veteraniya 6 2.38695 0.1108 0.1109 \Y 181 407 380
2113 Ehrdni 5 2.47380 0.0731 0.1057 \'% 798 877 588
2442 Corbett 6 2.38767 0.0974 0.0945 J 186 410 380
3153 Lincoln 5 2.42290 0.1049 0.1216 \Y 436 569 443
3869 Norton 6 2.45247 0.1002 0.0921 J 646 742 522
4005 1979 TC2 7 2.45195 0.1128 0.1045 J 642 739 520
4215 1987 VE1 10 241710 0.0993 0.1151 J 395 538 430
3:1 Resonance 2.50 984 1049 675
vg Resonance 2.18 1290 1341 829
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(28). Secondary craters related to the 225-km
crater Mozart on Mercury were likely formed
from fragments 2 to 4 km across ejected at
similar velocities (29). For these secondary
crater progenitors, it remains an open ques-
tion whether they were coherent intact frag-
ments or clumps of ejecta. Analogously for
the discovered basaltic achondrite asteroids, it
is uncertain whether they are intact fragments
or rubble pile accumulations. The latter could
form from proximate material having nearly
identical ejection velocities that is able to
re-accrete through self-gravity into bodies
whose ultimate sizes are substantially greater
than that of the largest intact fragment.
Finally, the discovery of basaltic achon-
drite asteroids spanning the region between
Vesta and the 3:1 resonance provides a trail of
evidence for a dynamical link between Vesta
and basaltic achondrite meteorites. Equation
5 suggests that the sizes of spalled fragments
are inversely proportional to their ejection
velocities. Based on the mean ejection veloc-
ity of 590 m s~ ! for the eight near-resonance
fragments with diameters of 5 to 10 km, many
more numerous meteoroid parent body frag-
ments (0.1 to >1 km) could be ejected from
Vesta with velocities exceeding the 700 to
1000 m s™! necessary to fall within the 3:1
resonance. Velocities 200 to 300 m s~! higher

could allow Vesta fragments to reach the vy -

resonance. These scaling arguments make it
plausible that the three known V-type near-
Earth asteroids with diameters of 1 to 4 km
(30) are derived from Vesta. Injection of such
large fragments to the resonances for subse-
quent delivery to the inner solar system is a
critical step toward yielding a measurable sam-
ple of meteorites (10).
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