






cratered, or obscured by Rheasilvia. A third older
basin ~250 kmwide (5°N, 315°E) is also cross-
cut and heavily mantled by Rheasilvia (fig.
S4) (11).

Independent crater counts of Rheasilvia floor,
central massif, and proximal ejecta by three
different workers all converge on a relatively
young crater retention and formation age for
Rheasilvia on the order of 1.0 T 0.2 billion years
(Fig. 4) (11). Crater counts also suggest a crater
retention age for Veneneia of 2.1 T 0.2 billion
years (Fig. 4), predating Rheasilvia. Mantling
of Veneneia by Rheasilvia ejecta may allow for
an older age, but the relatively intact rim topog-
raphy of Veneneia suggests that it is not ancient.

The proximity of the two large basins of
similar age near the south pole suggests the
possibility of a binary asteroid impact. However,
the arcuate rim of Rheasilvia clearly truncates
Veneneia, and there is no indication that the ex-
panding ejecta or basin of Veneneia interfered
with the development or shape of Rheasilvia,
as would have been expected during an impact
of binary objects (19). This indicates a minimum
formation interval of at least several hours, dur-
ing which the putative second object would likely
have missed Vesta (20). Thus, while Rheasilvia
and Veneneia are both relatively young impact
features, they likely formed at different times.

The two large impact events at the south pole
also excavated large amounts of rock that may
have been the source of Vestoids and HEDs (1).
A provisional estimated minimum volume of
excavated material at Rheasilvia based on the
observed concavity and the nominal volume of
the modeled transient excavation crater (15) is
~1 × 106 to 3 × 106 km3, or ~2 to 4% of the total
volume of Vesta. Some Rheasilvia ejecta were
retained on the surface (Fig. 3), however. Ob-
literation of preexisting craters � 20 km wide out
to ~50 km from the rim implies ejecta thicknesses
of order 4 to 5 km at this range, increasing to the
rim and decreasing outward to negligible thick-
ness north beyond a range of about 100 km.Mod-
eling of impact ejecta on Vesta (12) also predicts
average thicknesses on this order.

Assuming an average ejecta thickness of 5 km
over a range of 100 km, we obtain a provisional
volume of ejecta on the surface Vesta of roughly
5 × 105 km3 (15), suggesting that more than
half of Rheasilvia’s ejecta was lost to space,
which is a relatively high fraction. The fraction
lost to space is significantly more than the es-
timated <1 × 105 km3 volume of the Vesta family
(21), which is consistent with the ejection into
space of Rheasilvia ejecta to form theVestoids. The
suggestion of a smaller second dynamical family

of Vestoids (21) could potentially be explained by
ejecta from the somewhat older giant Veneneia
basin (Fig. 1), which has a nominal excavation
volume ~65% that of Rheasilvia and likely
excavated an additional several 105 km3 to space.

As discussed in (11), the young ages we
find for these basins are consistent with the
preservation of the Vesta family’s steep size dis-
tribution (22, 23). Fugitive V-type asteroids take
~1 billion years or more to migrate away from
the family (21), so many could have originated
from Rheasilvia, or from an older large family–
populating impact event such as Veneneia.

At least seven basins larger than 150 km have
been identified on Vesta, including Rheasilvia
and Veneneia (fig. S4) (11). Most of the thermal
alteration recorded in the argon-argon (Ar-Ar)
ages of HED meteorites (24–26) may have oc-
curred in thick slow-cooling units such as ejecta
or basin floor deposits rather than directly dur-
ing the impact events themselves (27), and Vesta’s
surface may be a patchwork of basin-formed
units of distinct ages (11). The geologically re-
cent formation of Rheasilvia into at least two
preexisting large basins and their associated floor
and ejecta deposits could have easily provided a
ready source of large volumes of thermally al-
tered rocks with different resetting ages that could
be launched to form the Vestoids and the HED
meteorite suite.
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Spectroscopic Characterization of
Mineralogy and Its Diversity
Across Vesta
M. C. De Sanctis,1* E. Ammannito,1 M. T. Capria,1 F. Tosi,1 F. Capaccioni,1 F. Zambon,1

F. Carraro,1 S. Fonte,1 A. Frigeri,1 R. Jaumann,2 G. Magni,1 S. Marchi,3 T. B. McCord,4

L. A. McFadden,5 H. Y. McSween,6 D. W. Mittlefehldt,7 A. Nathues,8 E. Palomba,1

C. M. Pieters,9 C. A. Raymond,10 C. T. Russell,11 M. J. Toplis,12 D. Turrini1

The mineralogy of Vesta, based on data obtained by the Dawn spacecraft’s visible and infrared
spectrometer, is consistent with howardite-eucrite-diogenite meteorites. There are considerable
regional and local variations across the asteroid: Spectrally distinct regions include the south-polar
Rheasilvia basin, which displays a higher diogenitic component, and equatorial regions, which
show a higher eucritic component. The lithologic distribution indicates a deeper diogenitic crust,
exposed after excavation by the impact that formed Rheasilvia, and an upper eucritic crust.
Evidence for mineralogical stratigraphic layering is observed on crater walls and in ejecta. This is
broadly consistent with magma-ocean models, but spectral variability highlights local variations,
which suggests that the crust can be a complex assemblage of eucritic basalts and pyroxene
cumulates. Overall, Vesta mineralogy indicates a complex magmatic evolution that led to a
differentiated crust and mantle.

Telescopic visible and near-infrared spec-
troscopy shows that the asteroid Vesta has
a basaltic surface dominated by the spec-

tral signature of pyroxene. Vesta spectra show
many similarities to those of howardite-eucrite-
diogenite (HED) meteorites (1), leading to the
consensus that Vesta is differentiated and is the
parent body of the HED achondrites (2–4). Nu-

merous basaltic asteroids provide further support
for this hypothesis: Their orbits are distributed
from near Vesta to the 3:1 Kirkwood gap and
the secular n-6 resonance that results in gravita-
tional perturbations. These, combined with colli-
sions, provide a convenient mechanism for their
delivery to Earth-crossing orbits (5–8).

Geochemical, petrologic, and geochronologic
studies of HEDs have led to the development
of models for the magmatic evolution of their
parent body. The consensus is that the body was
substantially melted early in its history through
heating by decay of 26Al and 60Fe, forming a
molten core topped by a shell of molten silicates.
Cooling and crystallization of a global magma
ocean could have produced an olivine-dominated
mantle, a lower crust rich in low-Ca pyroxene
(diogenites), and an upper crust of basaltic flows
and gabbroic intrusions (eucrites) (9, 10). How-
ever, some HEDs are inconsistent with this sce-
nario, leading to models involving less melting
and serial magmatism (11–14). The spatial dis-
tribution of lithologies within the crust of the
HED parent body would thus provide essential
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Fig. 1. (Top left) Spectra (nor-
malized at 0.7 mm) of regions A
and B indicated in the VIR im-
age. (Top right) VIR color com-
posite (red = 0.92 mm, green =
0.62 mm, blue = 0.44 mm). Spa-
tial resolution is ~25 km. Arrow
indicates the southpole. (Bottom)
Average Vesta spectrum with
T1 SD of the average. The data
between 2.5 and 2.8 mm have
been removed because they are
not yet fully calibrated in this
region.
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