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Meteoritic zircons are rare, but some are documented to occur in asteroidal meteorites, including those of
the howardite–eucrite–diogenite (HED) achondrite clan (Rubin, A. [1997]. Meteorit. Planet. Sci. 32, 231–
247). The HEDs are widely considered to originate from the Asteroid 4 Vesta. Vesta and the other large
main belt asteroids record an early bombardment history. To explore this record, we describe sub-
micrometer distributions of trace elements (U, Th) and 235,238U–207,206Pb ages from four zircons (>7–
40 lm £) separated from bulk samples of the brecciated eucrite Millbillillie. Ultra-high resolution
(�100 nm) ion microprobe depth profiles reveal different zircon age domains correlative to mineral
chemistry and to possible impact scenarios. Our new U–Pb zircon geochronology shows that Vesta’s crust
solidified within a few million years of Solar System formation (4561 ± 13 Ma), in good agreement with
previous work (e.g. Carlson, R.W., Lugmair, G.W. [2000]. Timescales of planetesimal formation and differ-
entiation based on extinct and extant radioisotopes. In: Canup, R., Righter, K. (Eds.), Origin of the Earth
and Moon. University of Arizona Press, Tucson, pp. 25–44). Younger zircon age domains (ca. 4530 Ma)
also record crustal processes, but these are interpreted to be exogenous because they are well after
the effective extinction of 26Al (t1/2 = 0.72 Myr). An origin via impact-resetting was evaluated with a suite
of analytical impact models. Output shows that if a single impactor was responsible for the ca. 4530 Ma
zircon ages, it had to have been P10 km in diameter and at high enough velocity (>5 km s�1) to account
for the thermal field required to re-set U–Pb ages. Such an impact would have penetrated at least 10 km
into Vesta’s crust. Later events at ca. 4200 Ma are documented in HED apatite 235,238U–207,206Pb ages
(Zhou, Q. et al. [2011]. Early basaltic volcanism and Late Heavy Bombardment on Vesta: U–Pb ages of
small zircons and phosphates in eucrites. Lunar Planet. Sci. 42. Abstract #2575) and 40–39Ar age spectra
(Bogard, D.D. [2011]. Chem. Erde 71, 207–226). Yet younger ages, including those coincident with the
Late Heavy Bombardment (LHB; ca. 3900 Ma), are absent from Millbillillie zircon. This is attributable
to primordial changes to the velocity distributions of impactors in the asteroid belt, and differences in
mineral closure temperatures (Tc zircon� apatite).

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Impact records from the first billion years of Solar System his-
tory have been all but erased on Earth (e.g. Abbott et al., 2012;
Abramov et al., 2013). Samples directly returned from the Moon
by the Apollo and Luna missions, however, have provided the
means to construct size–frequency/age relationships for various
well preserved cratered surfaces. Due to this degree of preservation
and as a consequence of direct sample returns as opposed to lunar
meteorites that randomly sampled the lunar surface, the Moon
serves as the baseline to which surface ages of solid objects have
been derived for the inner Solar System (e.g. Stöffler and Ryder,
2001), and extrapolated to icy worlds of the outer Solar System
(Zahnle et al., 2003; Chapman and McKinnon, 1986). The potential
for asteroidal meteorites to provide a separate and independent
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Fig. 1. The bombarded surface of 4 Vesta’s south polar region as imaged by the
framing camera on NASA’s DAWN spacecraft in September 2011. Credit: NASA/JPL-
Caltech/UCLA/MPS/DLR/IDA. The diameter of Vesta is approximately 530 km.
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record of the impact environment of the inner Solar System from
that of the Moon means that it makes sense to document ages
recorded in different meteoritic minerals – and domains within
these minerals – that are highly retentive and robustly preserve
daughter-to-parent ratios of radiogenic systems. Such data could
then be related back to models that describe and define the impact
history of the wider Solar System (e.g. Morbidelli et al., 2012).

In this paper, we explored the thermal and temporal evolution
of one of the largest asteroids, 4 Vesta, using zircon (Zr(SiO4))
crystal chemistry and geochronology. This was accomplished via
ultra-high spatial resolution (sub-micrometer) U–Th–Pb–Ti depth
profile analyses in single crystals extracted from bulk samples
of the brecciated eucrite Millbillillie. By measuring preserved
235–238U/207–206Pb ratios in different mineral domains (cores,
mantles) within individual zircon grains (e.g. Mojzsis and
Harrison, 2002), we show how the timing and extent of thermal
events that affected them can be documented. If impact-produced
recrystallized domains within meteoritic zircons can be correlated
to previously reported radiometric ages for eucrites, other classes
of asteroidal meteorites, martian meteorites, lunar rocks and
ancient terrestrial rocks, it would help broaden our knowledge of
the nature and extent of the earliest impact environments of the
Solar System and fill in key gaps in our knowledge of the first
hundred million years.

The asteroid belt as we know it emerged from the era of Solar
System impacts; its overall structure appears to be a result of the
early ‘‘hot’’ dynamical evolution of the inner Solar System that cul-
minated in the so-called Late Heavy Bombardment, or LHB (e.g.
Bottke et al., 2012; Minton and Malhotra, 2009, 2011; Morbidelli
et al., 2012). The exact nature and timing of the LHB (also termed
‘‘impact cataclysm’’ viz. Tera et al., 1974) remains a topic of debate
(Hartmann et al., 2000; Ryder, 2002; reviewed in Morbidelli et al.,
2012; Norman and Nemchin, 2014). The origin and tempo of
impacts prior to the postulated LHB, as well as before the Giant
Impact that formed the Moon, and as far back as those associated
with primary accretion of the planets, is even more mysterious.
2. Asteroidal meteorites as an archive of early Solar System
bombardments

The world’s catalogue of more than 50,000 meteorites is
thought to be derived from approximately 110–150 distinct parent
bodies in our Solar System (Burbine et al., 2002). The vast majority
of these (>99.6%) are sourced from asteroids. An important meteor-
ite group, the eucrites, are members of the so-called ‘‘E class’’ of the
HED achondrites (howardites–eucrites–diogenites) which crystal-
lized from melts in a large differentiated asteroid widely consid-
ered to be 4 Vesta (Keil, 2000). The battered surfaces of asteroids
are testimony to a protracted history of collisions (Fig. 1), and
Vesta is regarded as the only sizable object still left in the main belt
with the spectral reflectance characteristics that could link it with
the HEDs (McCord et al., 1970). It is worth noting that most HEDs
are actually thought to originate not from Vesta itself, but from the
group of Vesta family asteroids in the inner main belt between 2.1
and 2.5 AU dubbed ‘‘vestoids’’. These were originally linked to
Vesta based on similarities in the compositions of HEDs and the
surface mineralogy of Vesta as seen through spectroscopy (Binzel
and Xu, 1993; Vilas et al., 2000; Burbine et al., 2001; McSween
et al., 2011; McCoy et al., 2012). Most of the vestoid fragments
may have been created ca. 1000 Myr ago during a colossal impact
event that formed the large (500 km diameter) basin on Vesta
named Rheasilvia (Marchi et al., 2012).

Dynamical observations connecting vestoids of the Vesta family
to several escape hatches from the inner main belt, two of the most
prominent being the 3:1 mean motion resonance with Jupiter at
2.5 AU and the t6 secular resonance, provides a pathway for these
asteroids to strike the Earth. This dynamical leakage makes them
the most plausible source for the bulk of the HED meteorites that
arrive to Earth. The HED meteorites have identical oxygen isotopic
compositions, show similarities in mineralogy and composition
(e.g. Fe/Mn elemental ratios of pyroxenes), and occur as polymict
breccias (e.g. howardites contain fragments of diogenites and
eucrites, etc.). As such, they derive from the same parent body
(Papike et al., 2003; Wiechert et al., 2004; Greenwood et al.,
2005; McSween et al., 2011).

Generally speaking, the eucrites are igneous rocks (basalts and
cumulates) or breccias composed of fragments of different igneous
rocks termed ‘‘polymict breccias’’. Numerous whole-rock and min-
eral separates from eucrites have been dated using various long-
lived and extinct radiometric systems (40–39Ar, 207Pb–206Pb,
182Hf–182W, 53Mn–53Cr, 147,146Sm–143,142Nd, 87Rb–86Sr, 26Al–26Mg
and 60Fe–60Ni) and the results of these studies show that the ther-
mal history of Vesta and the V-types is complex (Nyquist et al.,
1997; Tera et al., 1997; Ireland and Wlotzka, 1992; Bukovanská
et al., 1997; Lugmair and Shukolyukov, 1998; Srinivasan et al.,
1999; Carlson and Lugmair, 2000; Nyquist et al., 2001a,b; Bogard
and Garrison, 2003; Misawa et al., 2005; Srinivasan et al., 2007;
Bogard and Garrison, 2009; Zhou et al., 2013).

As is normally the case for rocks with such protracted histories
of alteration, it has been difficult to discriminate between (i) ages
that record igneous events associated with basaltic magmatism
such as that produced from decay of short-lived nuclides, or (ii)
partial to complete resetting of ages for different radiogenic iso-
tope systems induced by metamorphism and/or impact heating.
It is important to make this distinction so as to correctly interpret
the geochronological output of the different radiometric systems
noted above, and to draw inferences about impact events that
affected the wider Solar System including early Earth.

Different accessory minerals show different responses to ther-
mal events as a function of closure temperature; thus we may
use these input parameters to inversely model impact conditions
at different times in the past and eventually obtain a clearer pic-
ture of the early Solar System’s impact environment. Eucrites have
long been known (Rubin, 1997) to contain the accessory mineral
phases zircon (Zr(SiO4)), apatite (Ca5(PO4)3(OH,F,Cl)), baddeleyite
(ZrO2), whitlockite (Ca9MgH(PO4)7) and titanite (a.k.a. sphene;
CaTiSiO5) which also preserve daughter/parent ratios in the U–Pb
system. The range of Pb diffusivity in these accessory minerals pro-
vides a means to reconstruct detailed thermal histories of the rocks



Fig. 2. Pressure–temperature fields for progressive impact metamorphism of
silicate crusts in comparison to endogenic metamorphism of the terrestrial crust.
Basalt and granite solidi are from Herzberg (1995). The terms Si–Ky–Ad correspond
to the different Al2O3 polymorphs (sillimanite, kyanite, andalusite). Diagenesis
represents the lowermost bounds of endogenic metamorphism. Upper curve of P–T
field of shock metamorphism holds for porous regolith and regolith breccias
(Heisinger and Head, 2006) and lower curves are for dense crustal rocks. The
hatched field of solid state transformations is from Davies (1972). Shown are Tc

values for important accessory mineral phases that have been identified in
meteorites: zircon (Zr), baddeleyite (Ba), monazite (Mo), titanite (Ti), apatite (Ap)
and rutile (Ru).

Fig. 3. Back-scattered electron (BSE) image of a thin section of the Millbillillie
eucrite.
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that host them. The concept of closure temperature (Tc) of a geo-
chronological system can be described as is its temperature at
the time corresponding to its apparent age. Hence Tc is a function
of diffusivity, cooling rate and effective diffusion radius (Dodson,
1973). The condition of closure is that at a peak temperature equal
to Tc, the mineral is not retentive of the diffusing species over short
timescales, which can be constrained both by experimental and
field-based empirical studies. Estimates for diffusion of Pb in zircon
are for typical diffusion radii (1 lm–2 mm) and a cooling rate of
10 �C/Myr (Cherniak et al., 2004). Experimental work shows that
Tc for igneous zircon is commonly above 1000 �C under these con-
ditions. Fig. 2 shows a broad overview of the response of silicate
crusts to various pressure–temperature fields for progressive
impact heating compared to various terrestrial metamorphic
facies. Although Tc has not yet been evaluated for another common
meteoritic Zr-bearing accessory mineral – baddeleyite – field-stud-
ies indicate that it is near to that of zircon (Heaman and
LeCheminant, 1993, 2000). Diffusion analyses in apatites provide
consistent Tc of about 450–500 �C (Cherniak et al., 1991;
Chamberlain and Bowring, 2000). Some closure temperature stud-
ies have also been performed for the common meteoritic phos-
phate phase – whitlockite – that indicate its response is similar
to that of apatite (Mold et al., 1984; Sano et al., 2000). Studies of
these complementary mineral systems are important areas of
future research.

3. Sample description

It is evident from Fig. 1 that Vesta’s igneous crust was subjected
to impacts that excavated rocks from shallow, medium and deep
depths into the asteroid. Impact-mixing of eucrites that originated
in the crust and deeper mantle-derived diogenites, produced the
various polymict breccias including the howardites and polymict
eucrites cited above (Mittlefehldt et al., 1998). The eucrite meteor-
ites investigated in this work were Camel Donga, Dhofar 1286,
Dhofar 007, Millbillillie, NWA 1929, and NWA 2724 that come
from the meteorite collection at the Department of Geological Sci-
ences at the University of Colorado. The only sample in this collec-
tion that yielded analyzable zircons was from the Millbillillie
meteorite.

Millbillillie fell in 1960 near the town of Wiluna in Western
Australia, and to-date has a total recovered mass of �200 kg. It is
classified as a monomict brecciated eucrite. Pioneering work from
Bukovanská et al. (1997) reported zircons in Millbillillie that had a
weighted mean 207Pb/206Pb age of 4560 Ma when pooled with zir-
con ages derived from 4 other eucrites: Juvinas, Cachari, Jonzac,
and Pasamonte. Reported 244Pu–Xe ages suggest that Millbillillie
is composed of a mixture of materials which yield different ages
of 4507 ± 21 Ma and 4566 ± 24 Ma for coarse-grained and fine-
grained sections, respectively (Miura et al., 1998). The two pieces
of Millbillillie in our collections (7.0 and 8.3 g) contain coarse-
grained and fine-grained clasts of mainly pyroxene and plagioclase
with lesser amounts of ilmenite; regions of granulitic breccia and
impact melt from later recrystallization episodes are also apparent
in hand samples (Fig. 3). Of the four zircons (7–40 lm) extracted
from these samples, all are in contact with larger ilmenite and
pyroxene crystals (Fig. 4). As previously mentioned, this associa-
tion with ilmenite (general form: Fe(TiO3)) undermined the reli-
able use of Ti-in-zircon thermometry (Watson and Harrison,
2005). Backscattered-electron (BSE) images of one zircon (mb1_gr)
reveal that it is compositionally inhomogeneous (Fig. 5) whereas
the other zircons examined showed mundane internal structure.
4. Analytical techniques

4.1. Sample preparation and documentation

Our intent was to probe the conditions under which different
domains within individual zircon crystals could have formed after
the primary crust solidified on Vesta very early in its history. To do
this required that the largest possible individual zircon grains be
extracted. Bulk meteorite samples were divided into three parts:
one was used for preparation of standard petrographic thick
(100 lm) sections, a separate split was crushed for heavy mineral
extraction (see below), and the main mass was retained and
archived. Thick sections were examined for zircons by transmitted
and reflected optical microscopy and thereafter scanned on a LEO
1430 VP scanning electron microscope with an energy-dispersive
analyzer at the UCLA National Ion Microprobe Facility. No zircons
were found in the thick section mounts we examined. The second
fraction was gently crushed by hand in pre-cleaned agate mortars
to fine powders, sieved in dedicated nylon sieves, and passed over
with a hand magnet to concentrate non-magnetic fractions prior to
density separations. Heavy minerals – including zircon – were iso-
lated using heavy liquid techniques (reagent-grade Geoliquids�



Fig. 4. BSE images of Millbillillie zircons in contact with ilmenite and/or pyroxene grains.

40 µm

Fig. 5. BSE image of zircon mb1_gr1 that shows inhomogeneous composition from
differences in electron image contrast.
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methylene iodide). After extraction, the heavy mineral fraction was
cleaned in successive acetone and deionized water baths and care-
fully sprinkled into a cleaned glass funnel directed onto double-
sided adhesive tape. The remainder was stored for future use. This
procedure created a 0.8 cm2 circular mono-layer (‘‘sprinkle
mount’’) of high-density minerals. Hand-picked zircon standards
(AS-3; Paces and Miller, 1993; Black et al., 2003; Schmitz et al.,
2003) were placed in a halo around the grain target, and the entire
assembly was cast together in 2.2 cm diameter Buehler� epoxy
disks. Because of the low sample volume and small grain size of
most of the zircons thus far discovered (generally �10 lm) we
found that the method of casting all the heavy-mineral separate
together – winnowed to within the density range of zircon – yields
better results than the guesswork involved with individual grain
picking of very rare zircon. After hardening in a 50 �C vacuum oven,
the epoxy disks were removed from their adhesive backing,
cleaned in distilled water and lightly hand polished using
6–0.25 lm alumina paste in stages until grains were exposed.
The grain mounts were then mapped optically (transmitted and
reflected light) and by BSE, and the image maps were used to plan
ion microprobe analysis.
4.2. U–Th–Pb–Ti ion microprobe depth profiles

All depth-profile U–Th–Pb geochronology was performed on
the UCLA Cameca ims1270 ion microprobe in monocollection
mode following standard procedures (e.g. Cates and Mojzsis,
2009; Abbott et al., 2012). Optical and electron images of the grains
were created prior to depth profile analysis to help determine the
target area in which to begin sputtering on the grain as well as to
avoid cracks, inclusions, and other imperfections which have the
potential to show erroneously high degrees of Pb* loss or contam-
ination. After imaging studies were completed, the mount was
gently re-polished by hand for <30 s using a 0.25 lm alumina col-
loidal suspension, cleaned in alcohol and distilled water baths and
allowed to air dry in an oven at 55 �C. The sample was then Au
sputter-coated to ensure a conductive surface.

None of the Millbillillie zircons in our samples displayed euhe-
dral, or even subhedral habit. Furthermore, because our Millbillillie
zircons were small, they could not be plucked from the polished
epoxy grain mounts as is conventionally done for depth profiling
(Mojzsis and Harrison, 2002; Trail et al., 2007) because they were
deemed too thin and fragile to remove from the target mounts
for re-mounting without risk of disintegration. Instead, the zircons
remained in their epoxy target mounts along with co-existing pol-
ished AS3 standards and depth-profiled from the ‘‘inside-out’’.
More about this method follows.

Both 235,238U and 232Th concentrations were obtained first in the
conventional ion microprobe ‘‘spot mode’’ via comparison to a
working curve constructed using 238U+/94Zr2

16O+ and 232Th+/94Zr2
16-

O+ in the eucrite zircon unknowns with those in zircon standard
91500 (U = 81.2 ppm; Th/U = 0.3; Wiedenbeck et al., 2004). This
was done because our usual AS-3 zircon geochronology standard
shows highly variable U and Th abundances (Black et al., 2003)
rendering it unsuitable as a U and Th concentration standard.

Long-duration profile analyses of very small meteoritic zircons
presented a considerable analytical challenge. Normally, the depth
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Fig. 6. Profile of zircon sample mb1_gr1 fitted with 3rd order polynomial allowing
for a correction for the instrumental fractionation effect from increasing pit depth.
This was used to estimate zircon concordance with depth for all zircon depth
profiles reported herein. This effect can be monitored by a comparison of a depth
profile for mb1_gr1 (200 cycles, black open squares) to concordant zircon standard
AS-3 (100 cycles, red open squared) under identical experimental conditions. Note
the 207Pb/206Pb ages for both mb1_gr1 (black circles) and AS-3 (red circles) remain
invariant with depth of pit. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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profile method makes use of previously analyzed zircons that have
been removed from their original mounts and re-cast with the
unpolished side up. Depth profiles are then initiated from the ‘‘out-
side-in’’, or from ‘‘rim to core’’ so that they sample in the reverse
order of sense of growth in the zircon. Owing to the fragility of
our samples, all depth-profiles reported in this work were instead
initiated in the core regions of already polished meteoritic zircons
and profiled towards the outside rim of the zircon grain so as to
create ‘‘inside-out’’ depth profiles. This technique not only works
well for depth-profiles in general, but also avoids several common
technical problems inherent in the standard approach as originally
described in Mojzsis and Harrison (2002). Because the reflected
light optics and imaging capability of the Cameca ims1270 SIMS
is poorly suited for high-resolution microscopy, a recurring chal-
lenge to the depth profile technique has been to accurately re-
locate spots for targeted analysis once the sample is in the instru-
ment. These problems are rendered moot with the new ‘‘inside-
out’’ approach taken here because the profile always begins on a
uniform polished surface at maximum crystal exposure, and it is
thus trivial to re-locate the spot for continued analysis. Contamina-
tion from common Pb and Ti from the sample preparation process
is also minimized in this way because the mount has already been
cleaned, polished and pre-sputtered.

The internal distributions of U–Th–Pb in each zircon were
obtained utilizing a 15 kV, �5 nA 16O� primary beam defocused
to a �25 lm spot for extended periods. The analytical sessions in
depth profiling mode consist of a continuous collection of 50–
200 ion microprobe cycles which corresponds to pit depths of sev-
eral micrometers. Since it is established that internal error
increases with increasing pit depth due to changes in ion counts
and other factors (Trail et al., 2007), depth profile runs were con-
cluded before 200 cycles were completed (see below). In the data
analysis, cycles from each of the four depth profile analyses were
grouped to define a single data block (1 block = 10 cycles). A depth
profile from a �100% concordant zircon standard (AS-3) cast in
each mount was used to correct for induced errors from increasing
pit depth as a function of depth of the pit into the crystal via a
MicroXAM� surface profilometer (10 cycles were found to corre-
spond to 0.38 lm; Supplementary Table S2. Zircon grains mb1_gr1
and mb7_gr1 were analyzed in session 1, and mb14_gr1 and
mb17_gr1 in session 2 (Supplementary Table S1). All U–Pb plots
were generated using the Isoplot software package (Ludwig,
2003), with results reported in Supplementary online materials
(Fig. S1; Tables S1 and S2).

Although it was found that the Pb–Pb age and Th/U ratio remain
constant with depth for a concordant and isotopically homoge-
neous grain during a zircon depth profile, Trail et al. (2007) noted
a predictable inter-element discrimination that occurs due to vary-
ing ion counts of Pb and U as a function of depth. This secular
change influences the apparent U/Pb concordance calculation (i.e.
[206Pb/238Pb age]/[207Pb/235Pb age] * 100, expressed as % concor-
dance). To monitor and correct for this effect, we performed a
depth profile for mb1_gr1 for 200 cycles (7.69 lm) and exactly
the same experimental condition was applied to a neighboring zir-
con standard grain AS-3 for 100 cycles (3.8 lm). The degree of
apparent concordance vs. depth for mb1_gr1 follows a function
that changes slope sign after about 3 lm into the crystal, where-
upon apparent concordance decreases from �100% to 70%
(Fig. 6). Afterwards, apparent concordance increases from 3 to
7.5 lm depth and ends at a value of �100%. The 100-cycle profile
of standard AS-3 shows a near-identical trend, with a slight offset
(Fig. 6). This offset is to be expected in the data, as mb1_gr1 is less
concordant than AS-3. Because apparent concordant variations are
the result of a change in the ion yields of U, UO, and Pb with depth
of the sputter pit, in a homogeneous grain the relative ion yields of
Pb isotopes should vary little with pit depth. This is similar to how
a Pb+, U+ vs. UO+/U+ calibration line has no bearing on the Pb–Pb
age. Fig. 6 proves this point and demonstrates that there is little
to no variation in the Pb/Pb age with respect to depth for both
the mb1_gr1 and AS-3 depth profiles. The apparent concordance
vs. depth profile of sample mb1_gr1 can be fitted with a third order
polynomial and this correspondence can be used to correct appar-
ent discordance for pit depth and reveal the true concordance of
the unknown grain. The shape of the polynomial curve will likely
vary from analytical session to analytical session (similar to the
variation of the Pb+, U+ vs. UO+/U+ calibration line), so that a com-
parison of AS-3 depth profiles vs. mb14_gr1 and mb17_gr1 depth
profiles was repeated for session 2; in that case the experiment
yielded similar results.
5. Results

5.1. U–Pb depth profile geochronology

5.1.1. Mb1_gr1 zircon
Zircon mb1_gr1 was continuously analyzed for 200 cycles cor-

responding to a �8 lm depth profile (Fig. 7a). The depth profile
appears to show two Pb–Pb age plateaus which may represent
two distinct events (see Section 5). The first preserves a concordant
207Pb–206Pb core age of 4555 ± 17 Ma (2r; MSWD = 0.71; n = 10
analysis blocks) up until 4 lm depth, then drops to a �4 lm-wide
rim domain age at 4531 ± 20 Ma (2r; MSWD = 0.59; n = 10).
5.1.2. Mb7_gr1 zircon
Grain mb7_gr1 (Fig. 7b) was depth profiled for �5 lm and

shows one domain 207Pb–206Pb age of 4537 ± 18 Ma (2r;
MSWD = 0.65; n = 14) over the 135 analysis cycles.
5.1.3. Mb14_gr1 zircon
A �3 lm (75 cycles) depth profile of grain mb14_gr1 shows one

domain 207Pb–206Pb age of 4520 ± 70 Ma (2r; MSWD = 0.26; n = 8)
(Fig. 7c).



Fig. 7. Results from 207Pb/206Pb vs. depth plots of all analyzed grains (black squares indicated age variation with depth at the 1r level, blue line shows age analyses included
in weighted mean); Pb* concordance vs. depth is represented by the solid red line, while apparent concordance (before the correction was applied) is represented by the
dashed red line. Th/U values and their errors are shown in green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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5.1.4. Mb17_gr1 zircon
Grain mb17_gr1 was depth profiled for �2 lm (50 cycles) with

one domain 207Pb–206Pb age of 4494 ± 52 Ma (2r; mswd = 0.28;
n = 5; Fig. 7d).
5.2. U–Pb concordance and Th/U related to zircon depth profiled
regions

Changes in Th/U ratios ([Th/U]zrc) and U–Pb isotopic concor-
dance with depth can be used to probe the timing of new growth
or alteration/modification of pre-existing zircon (Cates and
Mojzsis, 2007; Mojzsis and Harrison, 2002). These changes arise
from the chemical partition between the zircon and melt during
diffusional magmatic exchange, solid-state recrystallization, or zir-
con and fluid exchange during metamorphism. While the degree of
U–Pb concordance allows us to determine if mineral domains
within the zircon have remained closed (i.e. no exchange of U
and Pb with the environment), the [Th/U]zrc is a separate crystal-
chemical monitor of external processes that affect the zircon.

For session 1, the results of [Th/U]zrc vs. Pb–Pb dates for grain
mb1_gr1 show that [Th/U]zrc gives a value ranging from �0.8 to
1.1 (Fig. 7a). The U/Pb corrected concordance % of mb1_gr1 and
mb7_gr1 remains concordant throughout the profile (Fig. 7a and
b). The [Th/U]zrc for mb7_gr1 shows a variation from 0.2 to 0.5
throughout the depth profile (Fig. 7b).
In session 2, mb14_gr1 displays a scatter of [Th/U]zrc values
from 0.4 to 9.4 (Fig. 7c), while results for mb17_gr1 show smaller
variations in [Th/U]zrc with values that range from 0.9 to 1.6
(Fig. 7d). The U/Pb concordance % for both mb14_gr1 and
mb17_gr1 is highly variable. They have not had an IMF correction
applied to their profiles because the AS3 profiles and the unknown
profiles do not exhibit the same behavior through the depth profile
(Fig. S2). Thus the geological significance with respect to concor-
dance cannot be evaluated in this particular example.
6. Discussion

6.1. Interpretation of Millbillillie zircon depth profile geochronology

The ion microprobe depth-profile session 1 for grain mb1_gr1
shows a core age (4555 ± 17 Ma; 2r), which overlaps in time with
other more precise Pb–Pb ages previously reported for Millbillillie
(Bukovanská et al., 1997). We postulate that a second age domain
is present in grain mb1_gr1 that corresponds to 4531 ± 20 Ma (2r),
an age that is similar to the young age obtained for grain mb7_gr1
(4537 ± 18 Ma; Section 5.1.3). Since the two age plateaus in the
mb1_gr1 profile are close in age to one another when the margin
of error is considered, we applied a statistical K–S (Kolmogorov–
Smirnov) test to determine whether these two ages differ in a sta-
tistically significant way. The aim of the K–S test is to assign num-
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bers to the test results; P-values report if the numbers differ signif-
icantly and we can reject the null hypothesis if P is ‘‘small’’ (<0.05).
In applying the K–S test, the 20 analysis blocks collected during the
mb1_gr1 depth profile were split in half to define each of the data-
set values of 10 blocks each. Results show that the maximum dif-
ference between the cumulative distributions (D) is 0.7000 with a
corresponding P of 0.007; thus suggesting that the two ages are
statistically different. Student’s t-test was also applied to these
data and yielded similar results with a P value of 0.002.

Two different age populations in the mb1_gr1 data are statisti-
cally plausible, the next step is to determine how the younger zir-
con mantle could have formed onto the older existing core. The fact
that the age domain from mb7_gr1 (4537 ± 18 Ma) is similar to the
younger mantle age seen in mb1_gr1, means that an explanation
must exist as to why both zircon ages are present in the same grain
of the same rock from an asteroid that was effectively geologically
moribund after the extinction of 26Al at about 5 Myr after Solar
System formation.

Admittedly, the significant analytical challenges associated with
depth profiling such small grains as mb14_gr1 and mb17_gr1 in our
analytical session 2 mean that these data are of lower quality.
Results from mb14_gr1 yielded a 207Pb/206Pb age of 4516 ± 100 Ma
(2r) and mb17_gr1 has a 207Pb/206Pb age of 4489 ± 76 (2r). Both zir-
con ages are so imprecise that they overlap with both the primary
crystallization and rim age domains reported in mb1_gr1 and
mb7_gr1 and are therefore not useful in our model for the formation
of different zircon ages in Millbillilie.

We now consider four plausible formation scenarios to explain
how a younger zircon age domain could be present in mb1_gr1
that is the same as the domain age in mb7_gr1 (about 30 Myr after
crystallization of Vesta’s crust):

(i) younger magmatic overgrowths formed from recrystalliza-
tion in an impact-generated melt;

(ii) younger magmatic overgrowths arose from recrystallization
from continued (late) basaltic magmatism in Vesta;

(iii) diffusion-controlled age resetting from impact shock heating
resulted in these different zircon age domains; or

(iv) metamorphic overgrowth not related to shock effects from
impact (non-shock metamorphism associated with fluids
in the asteroid’s crust) generated these younger age
domains.

We made use of both compositional ([Th/U]zrc) and geochrono-
logical (U–Pb concordance) data from our four zircons to distin-
guish between the different scenarios cited above. Values of [Th/
U]zrc for mb1_gr1 range from �0.8 to 1.1 (Fig. 7a), while the corre-
sponding values for mb7_gr1 vary from 0.2 to 0.5, and mb17_gr1
from 0.9 to 1.1. In Earth rocks, the range of [Th/U]zrc values from
�0.5 to 1.0 are consistent with exchange equilibrium of U and Th
with zircon grown in an igneous (melt) environment (Hoskin and
Schaltegger, 2003). Although the [Th/U]zrc from mb14_gr1 has a
slightly wider range (0.4–9), the large internal errors muddle inter-
pretation. Our first order assessment of [Th/U]zrc suggests that sce-
nario (iv; non-shock metamorphism induced by fluids) was not
responsible for the 4530 Ma age seen in mb1_gr1 and mb7_gr1 zir-
cons because a much higher degree of variability in [Th/U]zrc is
expected under such fluid-mediated circumstances (e.g. Mojzsis
and Harrison, 2002). Fortunately, whole rock compositional data
are available for various fragments of Millbillillie (Shukolyukov
and Begemann, 1996; Miura et al., 1998) that can be compared
with the chemistry of the eucrite zircons. We find that the range
of [Th/U]zrc for the mb1_gr1 zircon (0.8–1) is consistent with
exchange equilibrium of bulk Millbillillie melt with [Th/
U]WR = 4.45 as reported in Shukolyukov and Begemann (1996). If
we assume Dzircon=melt

Th=U ¼ 0:2 (e.g. Mojzsis and Harrison, 2002 and
references therein), the predicted [Th/U]zrc = 0.89 agrees well with
the mean of measured values (0.9) shown in Fig. 7a. This result
appears to weaken scenario (iii) which requires the zircon to have
formed from diffusion-controlled age resetting because the expec-
tation is that Th and U would also be mobilized under such condi-
tions. It renders scenario (iv) as implausible for the younger age
shared by mb1_gr1 and mb7_gr1 because non-magmatic [Th/U]zirc

(i.e. values that cannot be reconciled with the whole-rock compo-
sitions) are not observed. Owing to the fact that scenarios (i) and
(ii) would yield similar [Th/U]zrc values, however, we can cannot
distinguish between the two using this criterion. Conversely, the
single age domain in mb7_gr1 (Fig. 7b) preserves consistently
lower [Th/U]zrc values (0.2–0.5), which cannot be explained via
simple partial melting and/or with exchange equilibrium of bulk
Millbillillie melt ([Th/U]WR). The composition of mb7_gr1 does,
however, comport with the [Th/U] composition of Millbillillie
matrix (0.2–0.7; Miura et al., 1998). We interpret this to mean that
scenarios (i), (ii) and (iv) are the least-likely explanations for the
origin of the young age of mb1_gr7 that resembles the young age
in mb1_gr1. This analysis leaves scenario (iii), diffusion-controlled
age resetting of zircon from impact, as a distinct possibility.

Finally, the corrected U/Pb concordance % for grains mb1_gr1
and mb7_gr1 remain broadly concordant throughout the depth
profiles (Fig. 7a and b). Although this feature rules out scenario
(iv), it provides a non-unique solution to distinguish between sce-
narios (i)–(iii). Apparent U/Pb concordance % was highly variable
throughout each depth profile in grains mb14_gr1 and mb17_gr1.

6.2. Analytical impact models of thermally-induced zircon age
resetting on Vesta

In this section, we present the output of an analytical method
(e.g. Abramov et al., 2013) to assess impact heating as a means
to evaluate the probability of impact-induced age resetting in zir-
con from scenario (iii) in Section 6.1. The goal was to probe the
likelihood that impact-generated melt sheets could be produced
on Vesta after its formation such that these thermally alter the
asteroid’s crust to the degree that zircon ages could be re-set.
The model also assesses the likelihood that a single large event –
rather than multiple smaller events – could have been responsible
for radiometric ages younger that the crystallization ages of Vesta’s
crust.

A key parameter in calculating post-impact temperature distri-
butions is shock pressure as a function of distance from the center
of impact, which follows the power law:

P ¼ A
r

Rp

� ��k

ð1Þ

where Rp is the radius of the projectile, r is distance, k is the decay
exponent, and A is pressure in the isobaric core, which approxi-
mately corresponds to the radius of the projectile (e.g., Pierazzo
et al., 1997; Pierazzo and Melosh, 2000). The decay exponent k var-
ies with impact velocity such that:

k � 0:625 logðv iÞ þ 1:25 ð2Þ

with vi in kilometers per second (Ahrens and O’Keefe, 1977). Initial
shock pressure A is based here on an estimate by Collins et al.
(2002) and corrected for the impact angle h using the results of
Pierazzo and Melosh (2000):

A ¼ qm2
i

4
sin h ð3Þ

where q is impactor and target density, both of which are assumed
to be about 3000 kg m�3. This value was chosen because it is consis-
tent with estimates of Vesta’s bulk silicate density from results of
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the DAWN mission (Russell et al., 2012) and the measured bulk den-
sities of HED meteorites (Britt et al., 2010). This density is also gen-
erally appropriate for rocky impactors. An impact angle of 45� is
assumed due to it being the most probable impact trajectory
(Gilbert, 1893; Shoemaker, 1962).

In the model, shock pressure is converted to a temperature
increase using an expression for specific waste heat (DEw) based
on the Murnaghan equation of state (Kieffer and Simonds, 1980).
Vesta’s crust has an approximately basaltic composition (e.g.
McCord et al., 1970), so that the requisite parameters for basalt as
given by Kieffer and Simonds (1980, and references therein) were
used in our model. To obtain the temperature increase DT, the spe-
cific waste heat DEw is divided by the heat capacity of the target rock,
which is �800 J kg�1 K�1 for basalt. To obtain the final post-impact
temperature distribution, DT is added to the internal temperature
of Vesta, which is estimated at �95 �C based on Herschel mission
observations of the surface temperature (Leyrat et al., 2012) and
modeled diurnal averages (e.g., Müller and Lagerros, 2003).

Parameter space for impactor diameters (km) and velocities
(km s�1) were modeled in increments of 1 km and 1 km s�1,
respectively, between values of 1 and 50. For each parameter com-
bination, temperatures were calculated as a function of distance
from the impact point, and volumes of material that exceeded
the threshold temperature needed to age-reset zircon were deter-
mined. The closure temperature (Tc) is based on Pb diffusion
behavior in zircon (Cherniak and Watson, 2001) and varies
depending on the size of the mineral grain and the exposure time
at a given temperature. For the >50 lm3 grains analyzed in this
work, predicted reset temperatures range from �1000 �C for zir-
cons emplaced several kilometers underneath the surface, to
�1200 �C for zircons in a 100 m thick surface ejecta blanket
(Abramov et al., 2013); an intermediate value of �1100 �C was
used in the calculations here.

The results, shown in Fig. 8, show that the impact velocity
needed to achieve any age-resetting in zircons on Vesta must far
exceed 5 km s�1. The mean velocity of asteroids striking Vesta in
the pre-LHB time period is estimated as somewhat less than this
(4.67 km s�1; Marchi et al., 2013), which means that faster-than-
normal impacts were necessary to meet or exceed Tc. Our results
show that most age resetting of the U–Pb system in zircon should
have been caused by impactors striking at velocities greater than
�10 km s�1. The probability of a projectile hitting Vesta at impact
speeds >10 km s�1 is relatively low, but the volume of reset
material made by such impacts increases sufficiently that one
Impactor diameter (km)

Im
p

ac
t 

ve
lo

ci
ty

 (
km

 s
-1

)

10 20 30 40 50

5

10

15

20

25

30

35

40

45

50
Reset volume
       (km3)

1.5E+07
5.9E+06
2.3E+06
9.1E+05
3.5E+05
1.4E+05
5.5E+04
2.1E+04
8.4E+03
3.3E+03
1.3E+03
5.0E+02
2.0E+02
7.7E+01
3.0E+01
1.2E+01
4.7E+00
1.8E+00
7.2E-01
2.8E-01
0.0E+00

Reset volume
     fraction

2.0E-01
7.9E-02
3.1E-02
1.2E-02
4.7E-03
1.9E-03
7.3E-04
2.9E-04
1.1E-04
4.4E-05
1.7E-05
6.7E-06
2.6E-06
1.0E-06
4.0E-07
1.6E-07
6.2E-08
2.4E-08
9.6E-09
3.7E-09
0.0E+00

Fig. 8. Volume shock-heated to a temperature required for complete age-resetting
in zircon (�1100 �C) as a function of impactor diameter and velocity. Reset volume
is expressed as both km3 and as a fraction of Vesta’s total volume.
would expect many impact-generated zircon U–Pb age-resetting
events to have been made by such projectiles (Marchi et al.,
2012, 2013).

Although the results presented in Fig. 8 suggest that a 50 km
diameter, 50 km s�1 impactor can age-reset a large percentage of
Vesta’s volume (�20%), the very low probability of such an impact
coupled with the question of whether Vesta would have mechani-
cally survived such an event (Fig. 9) render this scenario unlikely.
The three panels shown in Fig. 9 re-create the relevant parts of
Marchi et al. (2012, their Fig. S3). The top panel in Fig. 9 shows
how the baseline output from the analytical code results in signifi-
cantly higher temperatures than the hydrocode. The middle panel
accounts for the vertical component of impact velocity only as per
Marchi et al. (2012); we note that the energy deposited by the hor-
Fig. 9. Results of our analytical models of the bombardment of the Vesta under
different impact regimes. The top panel shows the output from our baseline model
that resulted in significantly higher temperatures than the hydrocode model
reported in Marchi et al. (2012). However, after considering only the vertical
component of impact velocity the match between the two models was significantly
improved (middle panel). The final correction (bottom panel) was for the location of
the impact center, which shows that faster impacts penetrate deeper into the
subsurface. This has little effect on age-reset volumes, but does affect temperature
as a function of depth.



M.D. Hopkins et al. / Icarus 245 (2015) 367–378 375
izontal velocity component should not be neglected. The final cor-
rection to our model (Fig. 9, bottom panel) was for the location of
impact center. Faster impacts penetrate deeper into the subsurface
which appears to not affect age-reset volumes very much, but does
affect temperature as a function of depth. After the necessary cor-
rections outlined above, the analytical method matches the hydro-
code results quite well and lends confidence to the output generated
in Fig. 8.

The impact structure Rheasilvia, at 505 km in diameter, is the
largest so far documented on Vesta. Its size corresponds to a pro-
jectile diameter of �37 km for a 10 km s�1 impact, or �15 km for
a 50 km s�1 impact, assuming an impact by a rocky asteroid and
using p-group scaling laws (Schmidt and Housen, 1987) and the
Croft (1985) final-to-transient crater relationship. The model pre-
dicts that at 10 km s�1, the Rheasilvia impact event would have
been sufficient to age-reset (in zircon) only �0.2% of Vesta’s vol-
ume and �1% of its surface area. If age-resetting in the 40–39Ar sys-
tem is considered, these values are 40–60% higher due to a lower
reference temperature of 727 �C (Marchi et al., 2012). In addition,
Vesta’s low escape velocity of �0.35 km s�1 would likely cause a
substantial fraction of high-energy, hot, age-reset ejecta to be per-
manently lost. If Rheasilvia is as young as has been argued
(�1000 Ma), and most HED meteorites actually originate from
the Vestoids that formed earlier than Rheasilvia, this would explain
why such a young age is absent from our analyses.

6.3. Thermal and bombardment history of Vesta as seen through other
radiometric systems

Vesta’s initial formation, where timing is constrained by short-
lived chronometers such as Hf–W, Mn–Cr and Al–Mg, took place
within the first few million years of Solar System history
(Srinivasan et al., 1999; Carlson and Lugmair, 2000; Nyquist
et al., 2001a,b). The 53Mn–53Cr abundances from the basaltic
eucrite Chervony Kut yields an age of 4563.6 ± 0.9 Ma, which is
only about 4 Myr younger than the formation of CAIs (Lugmair
and Shukolyukov, 1998). Further studies using 26Mg from the
decay of 26Al (half-life 0.73 Myr; Srinivasan et al., 1999; Nyquist
et al., 2001a,b) and 60Ni from the decay of 60Fe (half-life 1.5 Myr;
e.g. Tang and Dauphas, 2012), whole rock 40–39Ar ages of unbrecci-
ated eucrites (Bogard and Garrison, 2003), and Hf–W data (Kleine
et al., 2004) also support the interpretation that early crust forma-
tion occurred probably about 3 Myr after CAI formation; this is
consist both with accretion timescales for the planetesimals, and
of Mars (Kita et al., 2005; Kleine et al., 2009; Dauphas and
Pourmand, 2011). In addition, thermal models based on the decay
of short-lived nuclides predict formation times relative to CAI for-
mation that are broadly consistent within constraints for accretion
(2.85 Myr), core formation (4.58 Myr) and solidification of crust
(6.58 Myr) on Vesta (Ghosh and McSween, 1998).

Other isotopic systems applied to whole-rock and mineral sam-
ples such as U–Pb, Pb–Pb, 147Sm–143Nd, 40Ar–39Ar have previously
been examined to constrain formation times, subsequent basaltic
magmatism, and later impact heating and metamorphism for the
HED meteorites (Wadhwa and Lugmair, 1996; Bogard and
Garrison, 2003; Misawa et al., 2005; Nyquist et al., 2008; Zhou
et al., 2013); these studies yield a wide range of ages (Fig. 10).
For instance, Zhou et al. (2013) reported U–Pb and Pb–Pb ages of
non-cumulate basaltic eucrite zircons in Béréba, Cachari, Caldera,
Camel Donga, and Juvinas that they viewed were consistent
between mean Pb–Pb age and mean U–Pb concordia age; their
interpretation was that there was insignificant Pb-loss from ther-
mal heating in HED zircons. These authors proposed, however, that
a small spread in ages likely represents Vesta’s initial core–mantle
differentiation at �4564 Ma followed by peak basaltic magmatism
at �4552 Ma that gradually diminished over the next 50 Myr. We
wish to point out that this is not the only plausible formation sce-
nario that would yield such results. If zircons formed under the
conditions in our scenario (ii) described in Section 5.1, where
younger zircon grew in an impact-generated melt, we would
expect the U–Pb and Pb–Pb ages to be similar. In addition, the var-
iability in the Th/U ratios (0.05–3.57) from the largest zircon pop-
ulation (Camel Donga) reported in Zhou et al. (2013) supports (iii)
and (iv) as possible formation scenarios.

As previously mentioned, no Eucrite zircons thus far found
appear to record events coinciding with either a ca. 4200–
4300 Ma events recorded on the Moon and eucrite apatites, nor
with the later Solar System-wide LHB at about 4100–3900 Ma. This
lack of later records of impacts may be due to Vesta’s small size
(�530 km diameter), locally low impact velocities (<5 km s�1) at
its contemporary semi-major axis distance from the Sun
(2.36 AU), and fewer high velocity impacts than during early
bombardment.

6.3.1. Bombardment of the asteroids vs. the Moon
The growing database of ages for various Solar System objects

compels us to compare subsequent thermal events recorded in
eucrites to timing of bombardments to the Moon (and Earth).
Morbidelli et al. (2012) argued in their ‘‘Sawtooth’’ model that
were probably two major phases of early lunar bombardment: a
primordial phase between about 4200 and 4500 Ma dominated
by the leftover planetesimals of planet formation (see also Bottke
et al., 2007; Walsh et al., 2011), and a second (LHB) phase induced
at about 4100–4200 Ma by the later initiation of giant planet
migration (e.g., Gomes et al., 2005; Bottke et al., 2012). With
respect to the second phase, dynamical models that explain the
current orbital architecture of the outer planets (Gomes et al.,
2005; see also Nesvorný, 2011; Nesvorný and Morbidelli, 2012)
contend that the impact uptick was induced by planetary migra-
tion where comets and asteroids were expelled from previously
stable small body reservoirs. Such a scenario was not limited to
the Earth–Moon system and by extension the LHB should be man-
ifest in asteroid ages produced by impact heating.

Evidence for both an early bombardment phase and the LHB is
present in several asteroidal meteorites and lunar meteorites.
Ancient thermal events that pre-date the LBH are evident from
40–39Ar ages from eucrites and howardites and suggest they repre-
sent resetting by one or more major impact events between 4400
and 4500 Ma that may have produced the largest crater observed
on Vesta (Bogard and Garrison, 2003; Bogard, 2011). This sugges-
tion, however, would appear to be inconsistent with the revised
young age of Rheasilvia derived by superposed crater counts from
DAWN mission data (Marchi et al., 2012). Also, Bogard (2011)
reviewed the available data of early 40–39Ar ages (i.e., before
4300 Ma), and argued that many of those ages across the stony
meteorite samples analyzed to date may simply be from parent
body cooling. On the other hand, the presence of impact melts
and other tell-tale signs of collisions among those fragments sug-
gests that at least some of these ages were impact generated. A
U–Pb age from zircon in a lunar melt breccias and 40–39Ar ages
from 2 impact-melts clasts in howardites record similar impact
ages at �4300 Ma (Cohen, 2007; Pidgeon et al., 2010).

Impacts that coincided with the proposed timing of the LHB as
defined by U–Pb, K–Ar, and Rb–Sr isochrons (3800–3900 Ma) from
lunar highland breccias (Tera et al., 1974) are also seen in multiple
brecciated eucrites and igneous clasts in howardites which fall
between 3400 and 4100 Ma (Bogard and Garrison, 2003; Bogard,
2011; Cohen, 2013). These ages appear in impact melt breccias of
H-chondrites (3600–4100 Ma) and IIE irons (3700 Ma) (Bogard
et al., 2000; Swindle et al., 2009, 2012). Zhou et al. (2011) proposed
later thermal event age of 4195 ± 13 Ma for an apatite they mea-
sured in Béréba. These authors, presaging Morbidelli et al. (2012)
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suggest that the Béréba apatite age represents the start of the LHB in
the asteroid belt. Several studies on zircon, baddeleyite, and apatite
from lunar impact breccia samples show a range of ‘‘impact ages’’
from 4250 to 3900 (Pidgeon et al., 2007, 2010; Grange et al., 2009;
Arai et al., 2010; Norman and Nemchin, 2014). It has also been sug-
gested that the Moon’s impact history consisted of a series of intense
bombardment episodes interspersed with quite periods of relatively
low impact flux rather than as a single spike at �3900 Ma (Pidgeon
et al., 2007, 2010; Grange et al., 2009). The time period 4400–
4200 Ma appears to have been a quiet time on Vesta and the H chon-
drite parent body with relatively few impacts. Finally, Vesta meteor-
ites apparently show no impact reset ages younger than about
3300 Ma (Swindle et al., 2009).

In light of these results, further constraints on the timing and
duration of intense bombardments to the inner Solar System are
required to pin down ages as an actual episode of high impact flux
or simply evidence for a major impact event occurring on the Moon
at that time. Continued efforts on this research front are expected
to open the way to a more comprehensive picture of the impact
bombardment history and tie dates to the dynamical evolution of
the inner Solar System. A step in this direction is to make further
use of eucrite zircons as input parameters for thermal models of
Vesta’s crust during bombardment (Fig. 10).
7. Conclusions

The ultra-high resolution ion microprobe depth profile tech-
nique can reveal distinct age domains within individual zircon
grains previously unavailable using the conventional 2-D method.
These domains provide insights into the early thermal histories of
HED meteorites and show that zircon U–Pb systematics can be
wholly or partially re-set even in extraterrestrial samples. We
applied this technique to four zircons (>7–40 lm £) extracted
from the brecciated eucrite Millbillillie. The continuous U–Th–Pb
age profile for mb1_gr1 shows a core crystallization Pb–Pb age of
4555 ± 17 Ma, and evidence for a younger domain age of
4531 ± 20 Ma. The mb7_gr1 age profile yields a single domain
Pb–Pb age of 4537 ± 18 Ma which is statistically similar to the
younger age in mb1_gr1. Profiles for mb14_gr1 and mb17_gr1
show single domain Pb–Pb ages of 4520 ± 70 Ma and
4494 ± 52 Ma, respectively. Mb1_gr1 has [Th/U]zrc values that
range from 0.8 to 1.1 and a U/Pb age profile that remains concor-
dant throughout. These results lend support to the notion that
the younger rim age was formed by recrystallization in an
impact-generated melt. Although concordance remains consistent
throughout sample mb7_gr1, its [Th/U]zrc values (0.2–0.5) suggest
that later diffusion-controlled age resetting from impact shock
heating is a distinct possibility. Depth profiling very small zircon
grains in our sample set (mb14_gr1 and mb17_gr1) was analyti-
cally challenging, hence these data are of lower quality and overlap
with all age domains present in mb1_gr1 and mb7_gr1.

Our thermal modeling predicts that an impactor with a velocity
of at least 10 km s�1 and large enough to create the biggest known
basin on Vesta, would age-reset (in zircon)�0.2% of Vesta’s volume
and �1% of its surface area. Our expectation is that large objects in
a dynamically ‘‘hot’’ primordial asteroid belt would have had sig-
nificantly higher velocities, thus enhancing the feasibility that
impact-related zircons could exist on the surface. Future work that
makes use of this meteoritic zircon record, and expands it to
include other minerals in the same meteorite samples that have
different U–Pb closure temperatures (e.g. apatite, whitlockite and
sphene) will go far towards enhancing our direct understanding
of the impact history of the asteroid belt.
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