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Abstract—Asteroid 4 Vesta is typically thought to be the parent body of the HED
(howardite, eucrite, and diogenite) meteorites due to spectral similarities. The discovery of
asteroids far from Vesta with HED-like spectra like (1459) Magnya and HED-like
meteorites (e.g., NWA 011) with anomalous oxygen isotopic values compared to typical
HEDs is evidence that other Vesta-like bodies formed. We broadly define a Vesta-like body
as a differentiated object with a crust composed primarily of low-Ca pyroxene and
plagioclase feldspar. We estimate the number of Vesta-like bodies that did form by looking
at the astronomical evidence; the oxygen isotopic, chemical, and petrologic evidence; and
the iron meteorite evidence. Assuming that fragments of Vesta were scattered from Vesta by
giant planet migration, we conservatively estimate that at least two Vesta-like bodies (Vesta
and the Magnya parent bodies) existed. From the oxygen isotopic, chemical, and petrologic
evidence, we also conservatively estimate that seven Vesta-like bodies formed. Analyses of
iron meteorites indicate that there may be as many as 23 Vesta-like bodies (Vesta, 10
magmatic iron groups, South Byron trio, Emsland/Mbosi duo, 10 ungrouped irons). This
estimate from iron meteorites is most certainly an overestimation due to the existence of a
number of non-HED crustal/mantle fragments that potentially originated from bodies with
magmatic iron cores. Using our three estimates as a guide, we predict that there were ~10
Vesta-like bodies (including Vesta) that formed in the early solar system. Only Vesta
remains intact with the others being disrupted early in solar system history.

INTRODUCTION

Asteroid 4 Vesta has long been known to have
a distinctive reflectance spectrum (Figure 1) very similar
to the spectra of the pyroxene-rich basaltic HED
(howardite, eucrite, and diogenite) meteorites (e.g.,
Larson & Fink, 1975; McCord et al.,, 1970). Vesta
(Figure 2) is the second largest body in the asteroid belt
with a diameter of ~525 km. Spectral and geochemical
analyses by the Dawn spacecraft (e.g., McSween
et al., 2014; Russell et al., 2012) are also consistent with
HED-like surface for Vesta.

Many smaller bodies in and near the Vesta family
were also found to have HED-like spectra (Binzel &
Xu, 1993). These objects with HED-like spectra are
generally referred to as V-types. Binzel and Xu (1993) did
classify some bodies with visible spectra similar to those
observed in diogenites as J-types for the Johnstown
diogenite; however, the J-type classification is currently
not used and these objects are given V-type designations.
V-type objects have very distinctive absorption features
due to low-Ca pyroxene (Figure 1). Low-Ca pyroxene
spectra tend to have two strong absorption bands centered
at ~0.9 (Band I) and ~1.9 pum (Band II). However, near-
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FIGURE 1. Normalized reflectance spectra of 4 Vesta (filled
red squares), (1929) Kollaa (filled black squares), the
monomict eucrite Bouvante (green line), howardite Elephant
Moraine (EET) 87503 (blue line), and diogenite Johnstown
(orange line). The visible asteroid spectra of Vesta and Kollaa
are from Bus and Binzel (2002a, 2003). The IRTF (Infrared
Telescope Facility) spectrum of Vesta is from Reddy and
Sanchez (2016) and the IRTF spectrum of Kollaa is from
Bus (2011). The visible and near-infrared spectra for each
asteroid are spliced together. The Bouvante spectrum is from
Burbine et al. (2001), the EET 87503 spectrum is from Hiroi
et al. (1994), and the Johnstown spectrum is from Hiroi
et al. (1995). All of the meteorite reflectance spectra were
acquired at RELAB and are normalized to unity at 0.55 pm.
The particle sizes of the meteorites are less than 25 pm. The
uncertainties for the asteroid reflectance spectra are one-sigma.
The uncertainties for the meteorite reflectance spectra are not
plotted since they are extremely small. Band I is at ~0.9 um
and Band II is at ~1.9 pum.

infrared spectral observations are much more conclusive
since both pyroxene bands can be characterized. V-types
that can be potentially linked to Vesta are typically called
vestoids. V-type bodies can be identified through both
visible and/or near-infrared observations.

It is now generally accepted that Vesta is the
parent body of HEDs due to its spectral similarity,
large size, and the presence of vestoids between Vesta and
meteorite-supplying resonances. However, Lazzaro et al.
(2000) identified a body (1459) Magnya, with an HED-
like near-infrared spectrum out to ~1.65 um in the outer
part of the asteroid belt (3.15 au), far from Vesta
(2.36 au). The HED-like characteristics of Magnya
were confirmed by Hardersen et al. (2004) using a longer
wavelength coverage (Figure 3). Subsequently, a
meteorite originally classified as a eucrite, Northwest
Africa (NWA) 011, due to its texture and bulk
mineralogy was found to have oxygen (O) isotopic
composition values very different from typical HEDs
(Yamaguchi et al., 2002). Subsequently, more V-types
have been observed in the outer belt (e.g., Licandro
et al.,, 2017) and more HEDs with anomalous oxygen

isotopic values (e.g., Bunburra Rockhole) compared to
typical HEDs have been identified (e.g., Benedix et al.,
2017; Greenwood et al., 2017; Mittlefehldt et al., 2022; Scott
et al., 2009; Wiechert et al., 2004).

In this work, we will discuss the evidence for other
Vesta-like bodies in the asteroid belt, in addition to Vesta
itself. We first discuss what we define as a Vesta-like
body. We then look at the astronomical evidence for V-
types not related to Vesta. We also review the relevant
isotopic, chemical, and petrologic analyses of HEDs; and
implications from iron meteorites. Our overall objective
was to estimate how many Vesta-like bodies originally
existed and gain an insight into how widespread were the
processes that led to the formation of differentiated crusts
in the asteroid belt.

VESTA-LIKE BODIES

We broadly define a Vesta-like body as a
differentiated asteroid-sized object with a crust composed
predominantly of low-Ca pyroxene and plagioclase
feldspar. HEDs contain varying amounts of these two
components. During differentiation, denser materials,
such as Fe-Ni metal and sulfides, tend to sink to the core,
while lighter materials tend to rise to the surface. Eucrites
are primarily composed of a variety of pyroxenes and
anorthite-rich plagioclase, while diogenites are primarily
composed of magnesian-rich low-Ca pyroxenes
(Mittlefehldt et al.,, 1998). Howardites are polymict
breccias that contain both eucritic and diogenitic
fragments. Eucrites have been subdivided into a number
of subtypes based on compositional or petrographic
criteria due to the large variety of igneous processes and
impact events occurring on their parent body.

Differentiation of early solar system bodies was most
likely caused by the decay of °Al, which produces
significant amounts of heat and whose decay products
have been identified by isotopic analysis of plagioclase in
some eucrites (e.g., Piplia Kalan; Srinivasan et al., 1999).
We want to emphasize that the differentiation and the
formation of an Fe-Ni core does not always result in an
HED-like crust. Jurewicz et al. (1991, 1993) found that
partial melts of carbonaceous chondritic material could
resemble eucrites at low oxygen fugacities and angrites at
high oxygen fugacities. Angrites have extremely oxidized
compositions relative to eucrites. Andesitic crusts also
formed in the asteroid belt (Day et al., 2009; Nicklas
et al., 2022; Srinivasan et al., 2018). Andesites are more
silica-rich than basaltic rocks. Also present among
meteorites are aubrites, which are enstatite-rich igneous
fragments (e.g., Watters & Prinz, 1979) from the crusts or
mantles of extremely reduced differentiated bodies.
Potential meteoritical crustal material such as angrites
and aubrites have very different spectral properties in the

85U80|7 SUOWIWOD A1) 3|cedl|dde 8y Aq peusenob afe saoiie YO ‘@SN JO s3I 104 Akeid1 78Ul UQ A8]1 UO (SUORIPUOD-PUR-SWBIW0D A8 |IMAeIq Ul [UO//:SANY) SUORIPUOD pue swie | 8U1 88S [202/S0/6T] Uo AkeiqiTaulluo A8|iMm 'S0 eluio}ieD JO AiseAn AQ vETHT Sdew/TTTT'0T/I0p/w0o A8 |m Areiq1jeul|uo//Sdny woly papeoumod ‘v ‘vZ0Z ‘00TSSYET



880 T. H. Burbine et al.

NASA/JPL-Caltech/UCLA/MPS/DLR/IDA

FIGURE 2. Image taken by Dawn’s Framing Camera of Vesta’s south pole. The Rheasilvia basin overlays the Veneneia basin.

Image credit: NASA/JPL-Caltech/UCLA/MPS/DLR/IDA.
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FIGURE 3. Normalized reflectance spectra of (1459) Magnya
(filled black squares). The visible asteroid spectrum of Magnya
is from Lazzaro et al. (2006) and the IRTF spectrum is from
Hardersen et al. (2004). The uncertainties for the Lazzaro
et al. (2006) spectrum are one-sigma while the Hardersen
et al. (2004) spectrum does not have published uncertainties
(Hardersen, 2016).

visible and near-infrared (Burbine et al., 2002, 2006)
than HEDs.

ASTRONOMICAL EVIDENCE

Most V-types are identified through visible spectral
(Alvarez-Candal et al., 2006; Binzel & Xu, 1993; Bus &
Binzel, 2002a, 2002b; Hicks et al., 2014; Lazzaro et al.,
2004; Xu et al., 1995) or color surveys in the visible
(Carvano et al., 2010; Oszkiewicz et al., 2023; Roig & Gil-

Hutton, 2006) or near-infrared range (Colazo et al., 2022;
Licandro et al., 2017, Mansour et al., 2020). Near-
infrared spectral surveys (e.g., DeMeo et al., 2009;
Duffard et al., 2004; Hardersen et al., 2014, 2015, 2018;
Moskovitz et al., 2010) have been used to “confirm” the
HED-like nature of these objects.

We do assume that most V-types have HED-like
mineralogies. Most HED spectra classify as V-types using
the Bus-DeMeo taxonomy (Burbine et al., 2019;
Khanani et al., 2021). Matlovi¢ et al. (2020) found a
success rate of over 85% in confirming V-type
classifications using near-infrared spectra from the
MOVIS (Moving Objects from VISTA Survey) catalog
but that most of the misclassifications occurred among
objects located past the 3:1 resonance. Silicates from
acapulcoites/lodranites (primitive achondrites) can have
spectral properties similar to HEDs (e.g.,, Lucas
et al., 2019) and these silicates could potentially classify
as V-types. However, acapulcoites/lodranites tend to be
rich in metallic iron. Since a significant metallic iron
component tends to reduce the pyroxene band strengths
of acapulcoite/lodranite material, we expect acapulcoite/
lodranite mineralogies to be relatively rare among
V-types. Modified Gaussian Modeling of some S-types
had high-Ca pyroxene to total pyroxene ratios (>0.4)
consistent with basaltic assemblages (Sunshine et al.,
2004) so not all HED and HED-like material in the
asteroid belt would just be present as V-types.

The source of most vestoids is thought to be the
Rheasilvia basin (e.g., Sykes & Vilas, 2001; Thomas et al.,
1997), which is located at Vesta’s south pole (Figure 2).
The Rheasilvia basin has an estimated age of ~0.8-0.9 Ga
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ago from the work of Schenk et al. (2022), which is
roughly consistent with the estimated formation age of
the Vesta family (e.g., Asphaug, 1997; Carruba et al.,
2007; Nesvorny et al., 2008). However, Schmedemann
et al. (2014) has estimated a much older age of 3.5 Ga for
the Rheasilvia basin. The Rheasilvia basin has a diameter
of ~500 km and a depth of ~19 km (Schenk et al., 2012).

The identification of the Magnya’s HED-like near-
infrared spectrum (Lazzaro et al., 2000) demonstrated that
basaltic material exists in the outer main belt. However,
Michtchenko et al. (2002) found that it was extremely
difficult to derive Magnya from Vesta. Magnya tends to be
much larger than other V-types (excluding Vesta), with an
estimated diameter of 17 km (Delbo et al., 2006). Almost
all known V-types have estimated diameters of 10 km or
less (e.g., Oszkiewicz et al., 2020). Brasil et al. (2017) argued
that Magnya’s relatively large size (~17 km) compared to
other vestoids, which have estimated diameters less than
10 km, is not consistent with Magnya being a fragment of
Vesta. Tens of vestoids with diameters of ~20 km should
exist if Magnya was a fragment of Vesta.

Hardersen et al. (2004) confirmed Magnya’s spectral
similarity to that of HEDs with longer wavelength
coverage but interpreted Magnya’s spectrum as
indicating a pyroxene chemistry that is ~10 mole%
ferrosilite (Fs) less than Vesta’s pyroxenes. Burbine
et al. (2023) interpreted Magnya’s mineralogy as being
consistent with eucrites.

We plot proper sine of inclination versus proper
semi-major axis (au) for V-types classified using visible
spectra or visible or near-infrared colors with no
corresponding near-infrared spectra (~3700 bodies), V-
types with near-infrared spectra (~130), Vesta family
members (~15,000), and all asteroids with calculated
proper elements (~585,000; Figure 4; Novakovié et al.,
2022). Vesta and Magnya are plotted separately. We do
not plot objects with visible or near-infrared spectra that
are not consistent with typical V-type spectra, such as
(2579) Spartacus (Angrisani et al., 2023; Moskovitz
et al., 2010), (5051) Ralph (Bus & Binzel, 2002a, 2002b),
(7302) 1993 CQ (Hardersen et al., 2018; Matlovic et al.,
2020), (7472) Kumakiri (Burbine et al., 2011), (10537)
1991 RY ¢ (Moskovitz et al., 2008), (11699) 1998 FL s
(Hardersen et al., 2018), (14390) 1990 QP,, (Matlovic¢
et al., 2020), (24014) 1999 RB;s (Hardersen et al., 2018),
and (26417) Michaelgord (Hardersen et al., 2018).
The distribution of V-types in the inner main belt is cut
by the sloping ve secular resonance (Carruba et al.,
2018) at the inner edge of the belt and the 3:1 mean-
motion resonance at 2.5 au. Other secular resonances
appear to have affected the orbits of a number of other
V-types (Carruba et al., 2005). We do not plot objects in
strong secular resonances due to the difficulty in
calculating “accurate” proper elements for these objects.
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05 ] . ® (1459) Magnya
04 -
03 F
02 f

Proper Sine of Inclination

0.1 F

Proper Semi-Major Axis (au)

FIGURE 4. Plot of proper sine of inclination versus proper
semi-major axis (au) for all asteroids (yellow dots; Novakovié
et al., 2022), V-types (black dots) that have been identified by
various visible spectra surveys or visible or near-infrared color
surveys with no near-infrared spectral data, Vesta family
members (green dots) (Nesvorny, 2015), Vesta (red filled
circle), V-types that have near-infrared spectra consistent with
an HED-like mineralogy (orange open circles), and Magnya
(orange filled circle). Our V-types include objects with HED-
like visible spectra or colors that have been classified as either
V-types, J-types, or Vp-types. The plotted Vesta family
members have been identified just by dynamical criteria since
most of the ~15,000 family members have not been classified
since they have not been observed as part of spectral or color
surveys. The vg secular resonance at the inner edge of the belt
and the 3:1 mean-motion resonance are also identified.

In Figure 4, the distribution of V-types in the inner
main belt can be seen to be much more spread out than
can be accounted for just by recognized members of the
Vesta family. This large spread could be due to a
number of factors such as large ejection velocities from
Vesta, Yarkovsky drift, and/or gravitational interactions
with Vesta (e.g., Carruba et al., 2007). Fragments of
Vesta also appear to have passed through the 3:1 mean-
motion resonance to larger semi-major axes. Roig
et al. (2008) calculated that a ~5-km-diameter vestoid
would have an ~1% probability of crossing the 3:1
resonance due to the Yarkovsky effect. Larger bodies
would have a lower probability of crossing the
resonance due to the Yarkovsky effect having less of an
effect for bigger objects. However, modeling by Brasil
et al. (2017) found that giant planet migration early in
solar system history could affect the orbits of fragments
of Vesta and produce the current distribution of Sloan
Digital Sky Survey (SDSS) and MOVIS V-types except
for Magnya. These V-types located past the 3:1
resonance could have been produced by an impact that
predated by billions of years the impact that produced
the current Vesta family. The Veneneia basin was
estimated to have a formation age lower limit of
~3.7 Ga (Schmedemann et al., 2014) and its formation
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could have produced some of the V-types that are
located far from Vesta.

As seen in Figure 4, most V-types located past the 3:1
resonance have not been spectrally observed in the near-
infrared and, therefore, have not had their HED-like
nature confirmed. There are also some high-inclination
V-types in the inner belt that also have not been
spectrally observed in the near-infrared. Many of these
high-inclination V-types are in the Hungaria region,
which have semi-major axes between ~1.78 and ~2.06 au
(Correa-Otto & Canada-Assandri, 2018). There is also a
V-type located at ~4 au, which has also not been
spectrally observed in the near-infrared.

Other sources for middle and outer belt V-types have
also been proposed. Carruba et al. (2014) looked at the
distribution of V-types past the 3:1 resonance and
proposed that these bodies dynamically evolved from the
Eunomia and Merxia/Agnia families on a time scale of
~2 Ga. Huaman et al. (2014) identified three asteroidal
sources that could explain the distribution of V-types
located far from Vesta.

A conservative estimate for the number of Vesta-like
bodies from the astronomical evidence would be two:
Vesta and the Magnya parent body. However, many
more Vesta-like bodies most certainly existed if these
large bodies were disrupted very early in solar system
history and only a relatively few fragments from each of
these objects are observable today. The evidence for any
Vesta-like bodies disrupted in the inner belt would
probably be obscured by V-types resulting from the
impact that caused the Vesta family.

ISOTOPIC, CHEMICAL, AND PETROLOGIC
EVIDENCE

Over 2800 HED meteorites have currently been
identified on Earth (Meteoritical Bulletin Database,
2024). Several pieces of evidence suggest that more than
one ecarly solar system body experienced Vesta-like
melting and differentiation. Specifically, oxygen isotopic
analyses indicate that more than one other Vesta-like
body existed (Greenwood et al., 2020; Mittlefehldt et al.,
2022; Scott et al., 2009). Almost all HEDs have
chromium (Cr) and titanium (Ti) isotopic compositions
consistent with most other differentiated meteorites plus
ordinary and enstatite chondrites (Kleine et al., 2020;
Warren, 2011). Meteorites with these Cr and Ti
isotopic compositions are called non-carbonaceous (NC)
meteorites and plot distinctly away from the region
defined by Cr and Ti isotopic values for carbonaceous
chondrite (CC) meteorites. The identification of isotopic
differences between NC and CC meteorites indicates that
at least two reservoirs of material existed in the solar
system. NC meteorites are generally believed to have

formed in the inner part of the solar system, whereas CC
meteorites are thought to have formed in the outer solar
system (e.g., Warren, 2011).

An example of a CC achondrite is NWA 011.
Yamaguchi et al. (2002) described NWA 011 as a
eucrite in terms of texture and bulk mineralogy.
However, NWA 011 had a distinctly different oxygen
isotopic composition than typical HEDs (A0 =
0.24%,). NWA 011 has a A0 of —1.6%, (Floss
et al., 2005; Yamaguchi et al., 2002). NWA 011 also
has Cr and Ti isotopic compositions consistent with CC
meteorites, indicating that NWA 011 formed in the
outer solar system (Warren, 2011). A large number of
meteorites appear paired with NWA 011, including
NWA 2400, NWA 2976, NWA 4587, and NWA 4901
(Meteoritical Bulletin Database, 2024). NWA 011 has
also been linked to Magnya (Floss et al., 2005) due to
Magnya’s location in the outer asteroid belt and
apparent derivation from a basaltic body that is not
Vesta. The existence of NWA 011 indicates that Vesta-
like bodies formed in both the NC and CC regions of
the solar system.

Another group of achondrites have been found to
have low-Ca pyroxene-rich compositions but anomalous
A0 values (—1.1%,) and Cr and Ti isotopic
compositions consistent with CC meteorites. These
meteorites include NWA 6693 (Warren et al., 2013),
NWA 6704 (Hibiya et al., 2019), NWA 6926 (Ruzicka
et al., 2014), and NWA 10132 (Sanborn et al., 2018).
NWA 6704 was found by McGraw et al. (2020) to have a
visible and near-infrared reflectance spectrum that would
classify it as a V-type. However, NWA 6693 (Warren
et al., 2013) and NWA 6704 (Hibiya et al., 2019) have
siderophile (iron-loving) element abundances that are
nearly chondritic, which implies that their parent bodies
did not undergo differentiation.

Another well-studied anomalous HED is Bunburra
Rockhole (e.g., Benedix et al., 2017; Spivak-Birndorf
et al., 2015; Spurny et al., 2012). Bunburra Rockhole was
observed to fall in Australia by the Desert Fireball
Network and approximately 300 g was recovered
(Spurny et al., 2012). This meteorite’s calculated orbit
indicates that it most likely originated from the innermost
main belt by the vs secular resonance (Spurny
et al., 2012). Bunburra Rockhole has a mineralogy and
petrology similar to noncumulate eucrites (Spivak-
Birndorf et al., 2015). Bunburra Rockhole’s mean A'’O
of —0.1349, is distinctly different from HEDs (Benedix
et al., 2017). Bunburra Rockhole has a Cr isotopic
composition consistent with being a NC meteorite but its
e*Cr value is different than most HEDs (Benedix
et al., 2017).

Meteorites from different planetary bodies tend to
define distinct trend lines (slope ~0.5) on a three-oxygen
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isotope diagram (e.g., Clayton, 2003; Greenwood et al.,
2020). This characteristic likely reflects the fact that these
bodies underwent early extensive melting and isotopic
homogenization (Greenwood et al., 2005, 2006). The
basaltic and cumulate eucrites and the diogenites define a
relatively uniform O-isotope trend line (Figure 5),
consistent with being derived from a parent body that
underwent this type of melting and isotopic homogenization
(Greenwood et al., 2005). Cumulate eucrites are distinguished
from basaltic eucrites by trace element patterns or petrologic
features indicative of crystal accumulation (e.g., Mittlefehldt
& Lindstrom, 1993). We call these typical HEDs. Thus,
samples that have O-isotope compositions that deviate from
the typical HED trend line may be derived from parent
bodies other than Vesta. We call these anomalous HEDs.
The incorporation of carbonaceous chondritic precursors or
impactors will tend to decrease (move down in the plot) the
calculated A'7O of an HED while the incorporation of
ordinary chondritic precursors or impactors will tend to
increase (move up in the plot) the calculated A'O of
an HED.

As discussed by Mittlefehldt et al. (2022), there is a
certain level of circular reasoning about how isotopically
“normal” and “anomalous” HED meteorites are defined.
Wiechert et al. (2004) argued that isotopic outliers such
as Pasamonte indicated that the HED parent body may
be isotopically heterogeneous. However, one argument
against this possibility is the fact that anomalous samples
do not show a symmetrical distribution about the HED
mean value. Most identified isotopically anomalous
HEDs plot between the EFL (eucrite fractionation line)
and angrite fractionation line (AFL) (Figure 5). This
variation is not a consequence of terrestrial weathering as
Emmaville and Pasamonte are falls and most of the
anomalous finds have been chemically treated to remove
weathering products, without any evidence for significant
isotopic shifts that might reflect incorporation of a
terrestrial component (Greenwood et al., 2017,
Mittlefehldt et al., 2022; Scott et al., 2009). In addition,
there is clear petrologic and geochemical evidence that
the HED parent body underwent extensive melting,
leading to the development of a magma ocean (e.g.,
Mandler & Elkins-Tanton, 2013; Righter & Drake, 1997,
Ruzicka et al., 1997). Under these conditions, it is likely
that complete oxygen isotope homogenization of the
HED parent body would have taken place (Greenwood
et al., 2005).

The Fe/Mn molar ratio in pyroxenes is known to vary
for basalts from different planetary bodies such as the
Earth, the Moon, Mars, and typical HEDs (Papike
et al., 2003). NWA 011 is known to have a significantly
higher Fe/Mn ratio than typical eucrites (Floss et al., 2005;
Yamaguchi et al., 2002). Mittlefehldt et al. (2022) found
that some eucrites such as brecciated eucrite EET 87542
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FIGURE 5. Plot of A0 versus 8'®0 for diogenites (orange
diamonds), basaltic and cumulate eucrites (green squares), and
anomalous basaltic achondrites (purple and white squares).
TFL is the terrestrial fractionation line, AFL is the angrite
fractionation line, and EFL is the eucrite fractionation line.
The gray lines are two-sigma uncertainties for the AFL and
EFL. AV0 is effectively a measure of the isotopic “distance”
from the TFL and is determined using the linearized format of
Miller (2002). Data are from Greenwood et al. (2017) and
Mittlefehldt et al. (2022). BR-av is an abbreviation for the
average oxygen isotopic composition for Bunburra Rockhole.
Two fractions (A and B) of EET 92023 were measured. NWA
011 and related meteorites (A'’O of —1.6%,; Floss et al., 2005;
Russell et al., 2005; Yamaguchi et al., 2002) fall far from this
region of the oxygen isotope diagram and, therefore, is not
plotted. NWA 11916 (A'70O of —0.449%,) (Meteoritical Bulletin
Database, 2024) is also not plotted since it also falls below the
HEDs. Dhofar (Dho) 778 is the only identified anomalous
diogenite. NWA 1240 is an impact melt (Barrat et al., 2003).
The impact may be causing NWA 1240 to fall below the EFL
if some impactor material had been incorporated into it
(Mittlefehldt et al., 2022).

and unbrecciated eucrite Queen Alexandra Range (QUE)
94484 with typical oxygen isotopic values had low-Ca
pyroxenes with anomalously low values of Fe/Mn
compared to typical eucrites. Mittlefehldt et al. (2022)
argue that the low Fe/Mn ratio for these meteorites was
due to solid-state reduction by sulfur and that these
meteorites could have originated on the HED parent body.
Mittlefehldt et al. (2022) also found that some eucrites
with anomalous oxygen isotopic values had low-Ca
pyroxenes with typical ecucritic Fe/Mn values. The
anomalous monomict eucrite Ibitira (Mittlefehldt, 2005) is
known to have a low-Ca pyroxene Fe/Mn ratio distinctly
different than typical HEDs while anomalous eucrite
Bunburra Rockhole (Benedix et al., 2017) has a low-Ca
pyroxene Fe/Mn ratio consistent with typical HEDs.
These anomalous HEDs (Figure 5) have a wide
variety of compositional, petrologic, and isotopic
characteristics. Only NWA 11916, which is pigeonite-rich
(Meteoritical Bulletin Database, 2024), has not been
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widely studied. Ibitira is vesicle-rich, which is an
extremely rare characteristic in meteorites (e.g., McCoy
et al., 2005). The unbrecciated eucrite Pecora Escarpment
(PCA) 82502 and the brecciated eucrite PCA 91007,
which are paired, are two vesicle-rich eucrites that have
slightly anomalous to normal oxygen isotopic values but
typical low-Ca pyroxene Fe/Mn ratios. Polymict eucrite
Pasamonte is isotopically similar to PCA 82502 and PCA
9100 but petrologically distinct (Mittlefehldt et al., 2017).
Basaltic eucrite Emmaville is petrologically similar to
other basaltic eucrites but has oxygen isotopic values
similar to Bunburra Rockhole, Asuka (A-) 881394, and
EET 92023 (Barrett et al., 2017).

A-881394, Bunburra Rockhole, Ibitira, Pasamonte,
and PCA 91007 have Cr isotopic compositions offset
from typical HEDs (Wimpenny et al., 2019) while EET
92023 has values that are not offset. Within two-sigma
error bars, the chromium isotopic compositions for A-
881394 and EET 92023 do overlap so derivation from the
same parent body for these two meteorites appears
reasonable. Benedix et al. (2017) argued that the
differences in texture and plagioclase compositions for A-
881394 and Bunburra Rockhole imply that these two
meteorites come from different parent bodies; however,
Wimpenny et al. (2019) argue that the two meteorites
could originate from two different magmatic systems on
the same parent body due to similarities in A'’O and
e>*Cr values. A-881394 has an extremely old Pb-Pb age
(4.565 Ga) (Wimpenny et al., 2019), whereas the Pb-Pb
age of Bunburra Rockhole appears to have been reset by
an impact (Spivak-Birndorf et al., 2015).

Mesosiderites are a mixture of basaltic material and
Fe-Ni metal. Silicates from mesosiderites have oxygen
isotopic values consistent with typical HEDs. This
mixture of crustal and core material is thought to have
formed from the impact of an iron core into the basaltic
crust of an asteroid with intimate mixing of the two
lithologies. However, the pyroxenes in mesosiderites tend
to have a wide variation in the Fe/Mn ratio but a
relatively small range in the Fe/Mg ratio, whereas HEDs
tend to have a wide variation in the Fe/Mg ratio and a
relatively small range in the Fe/Mn ratio (LeLarge
et al., 2022; Mittlefehldt, 1990). These chemical
differences may imply a separate parent body for
mesosiderites than Vesta (LeLarge et al., 2022), but this is
by no means certain (Haba et al.,, 2019). However,
whether one or two bodies are required for the HEDs and
mesosiderites, their closely similar oxygen isotope
compositions imply that these lithologies come from
asteroids that formed in close proximity to each other in
the solar nebula. Cumulate eucrite Dho 007 has been
potentially linked to mesosiderites due to experiencing a
two-stage thermal history and an enrichment in
siderophile elements (Yamaguchi et al.,, 2006) even

though mesosiderites have distinctly different oxygen
isotopic compositions (Greenwood et al., 2006; LeLarge
et al.,, 2022). The diogenite Dho 778 has oxygen and
chromium isotopic compositions similar to Dho 007 but
contains ~44% olivine by volume (Pang et al., 2020).

Using previously published HED oxygen isotopic
data, Zhang et al. (2019) estimated that HEDs with
anomalous oxygen isotopic values originated from at
least five different parent bodies. Scott et al. (2009)
argued that NWA 1240, Pasamonte/PCA 91007, A-
881394, Ibitira, NWA 011/2400/2976/4587, and NWA
4901 originated from five distinct parent bodies.
Greenwood et al. (2020) estimated that basaltic
meteorites with a non-HED O-isotope composition may
be derived from between five and 11 parent bodies.

Looking at the available oxygen isotopic data, we
estimate (Table 1) that there is evidence for seven Vesta-
like bodies, which includes the HED-parent body.
Greenwood et al. (2020) also proposed seven Vesta-like
bodies. We do not include NWA 1240 since it is an
impact melt and may have had its oxygen isotopic
composition affected by the impactor. As discussed by
Mittlefehldt et al. (2022), not all HEDs with anomalous
oxygen isotopic data also have anomalous Fe/Mn ratios,
which makes it difficult to use the Fe/Mn ratio to solely
identify HED parent bodies. Our estimate is very
conservative since it is extremely difficult to rule out
multiple HED parent bodies with similar oxygen isotopic
compositions. The spread in A0 for A-881394,
Bunburra Rockhole, Emmaville, Dho 007/778, and EET
92023 is also larger than that for the typical HEDs;
however, different Vesta-like bodies may have varying
spreads in A'70.

While the available isotopic and geochemical
evidence seems to favor seven distinct primordial HED-
like asteroids (Table 1) in the main belt, this estimate
comes with a caveat concerning the possible involvement
of impact-related processes in modifying the bulk oxygen
isotope composition of a sample. This situation is well
illustrated by the howardite impact breccia Jiddat al
Harasis (JaH) 556 (Janots et al.,, 2012). Non-HED-
meteorite fragments have been found in a wide range of
howardites (e.g., Buchanan et al, 1993; Lunning
et al., 2016). The O-isotope bulk rock composition of JaH
556 is anomalous with respect to normal HEDs but the
meteorite consists of a mixture of isotopically normal
HED clasts in a vesiculated matrix containing H
chondrite-derived material. The addition of H chondrite
material gave the sample its anomalous bulk
composition. In the case of JaH 556, the involvement of
an H chondrite impactor was clear from the enhanced
siderophile element content of the meteorite. However, in
the case of an achondritic impactor, identifying the
impact origin of the anomalous sample would be less
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TABLE 1. List of HEDs or HED-like meteorites proposed to originate from different Vesta-like parent bodies.

A0 Fe/Mn (molar) ratio for
Meteorite %) low-Ca pyroxenes Other characteristics
Typical HEDs —-0.24 29.2-334 NC
NWA 011/2400/2976/4587/4901 -1.6 ~67 CC
Mesosiderites —0.245 ~17-35 NC; contain abundant Fe-Ni metal
Ibitira -0.07 36.5 NC; vesicle-rich
A-881394, Bunburra Rockhole, Dho 007/ —-0.14 ~31 NC; tend to have Cr isotopic compositions
778, EET 92023, Emmaville offset from “typical” HEDs
Pasamonte, PCA 82502/91007 —-0.21 ~33 NC; PCA 82502/91007 are vesicle-rich
NWA 11916 -044 — Primarily pigeonite

Note: The A'7O values are from Yamaguchi et al. (2002), Floss et al. (2005), Russell et al. (2005), Greenwood et al. (2017), and Mittlefehldt
et al. (2022). The Fe/Mn molar ratios are from Hibiya et al. (2019), Mittlefehldt et al. (2022), and LeLarge et al. (2022). The NC and CC
(carbonaceous chondrite) designations are from Warren (2011) and Benedix et al. (2017).

straightforward. A recent study of quenched angrites,
previously regarded as being free from impact-related
deformation features, has shown that xenocrysts and
matrix in these meteorites are in isotopic disequilibrium,
most likely as a result of impact mixing (Rider-Stokes
et al., 2023). In light of this, further work is needed to
establish whether some anomalous HEDs were formed by
impact processes on Vesta, rather than being derived
from distinct parent bodies. We would note that impact
rocks were likely formed in the event that produced the
earlier Veneneia basin on Vesta. Such lithologies would
then have been removed from Vesta during the impact
event that created the Rheasilvia basin (Figure 2) and the
Vesta asteroid family (Figure 4).

IRON METEORITES

Iron meteorites, primarily consisting of Fe-Ni phases,
are the remnants of metallic solids that formed in the
early solar system. Dawn observations (Russell et al.,
2012) of Vesta indicate that it has an iron core. Based
on their crystallization processes, iron meteorites can
be classified as magmatic and non-magmatic types.
Magmatic irons originate from the metallic cores of
differentiated asteroids. These asteroids experienced
core—mantle differentiation and iron meteorites from a
single core have siderophile element variations consistent
with fractional crystallization (Jones & Drake, 1983,
Scott, 1972; Scott & Wasson, 1976; Willis & Goldstein,
1982). Fractional crystallization is the removal from a
melt of early-forming mineral precipitates. Non-
magmatic iron meteorites likely originated as metallic
melt pools on asteroids, and these irons are formed by
crystal segregation (Wasson, 2017; Wasson & Kallemeyn,
2002; Wasson & Wang, 1986). Iron meteorites have
cosmic ray exposure (CRE) ages up to ~I Ga while
HEDs have CRE ages only up to ~100 Ma (Eugster,

2003), which indicates that irons can survive as meteorite-
sized bodies much longer in space than HEDs.

In the magmatic iron-meteorite parent bodies,
although overlaid by a silicate lid, their irons usually do
not contain silicates. Except for Fe-Ni phases, magmatic
irons can have sulfides (such as troilite [FeS] and
daubréelite [FeCr,S4]), phosphides [schreibersite ((Fe,
Ni);P)], carbides (cohenite [Fe;C]), and oxides (chromite
[FeCr,04]) (Buchwald, 1975). In most cases, the silicate
portion of magmatic iron-meteorite parent bodies might
have differentiated and did not mix with the cores on a
large scale. If these iron-meteorite parent bodies had
survived to this day, then their silicate part might have a
lithology similar to that of Vesta (a basaltic crust on
top of a peridotitic mantle). In contrast, although non-
magmatic irons can have abundant rock-forming
silicates, such as olivine, pyroxene, and feldspar
(Buchwald, 1975), these mineral phases are found to have
a chondritic (undifferentiated) origin (Scott, 2020). The
non-magmatic iron groups formed rapidly in the metallic
melt pools and did not go through mantle—core
differentiation processes. Therefore, in this study, we will
primarily discuss magmatic iron meteorites.

Magmatic iron meteorites are grouped based on their
elemental concentrations and metallographic structures,
and members of each iron-meteorite group have similar
Ga, Ge, and Ni concentrations, as well as similar textures
(Goldberg et al., 1951; Lovering et al., 1957; Scott et al.,
1973; Wasson, 1967, 1969, 1970a, 1970b; Wasson &
Kimbeblin, 1967; Wasson & Schaudy, 1971). It has been
found that Ga and Ge concentrations varied by an order
of magnitude of 4 among iron-meteorite groups, and
individual groups form distinctive clusters on the Ga,
Ge versus Ni diagrams (Scott, 2020). Based on this
classification scheme, 11 magmatic groups (member
number >5) and a trio (so-called the South Byron trio;
Table 2) have been found in our current collections. Each
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of the magmatic groups/trio is derived from the metallic
core of an asteroid, except that groups IIAB and IIG are
believed to originate from two different layers of a single
core (Wasson & Choe, 2009). Isotopic differences in
elements such as Molybdenum (Mo), Nickel (Ni), and
Tungsten (W) (e.g., Burkhardt et al., 2011; Kruijer et al.,
2017; Nanne et al.,, 2019; Worsham et al., 2019)
indicate that both NC and CC irons exist (Table 2). The
identification of both NC and CC achondrites and NC
and CC irons appears to indicate that core formation
with resulting HED-like crusts occurred in both the inner
and outer solar system.

The iron-meteorite parent bodies accreted less than
~1 Ma, and differentiated <4 Ma, after CAI formation
(Kruijer et al., 2017; Spitzer et al., 2021). The iron-
meteorite parent bodies therefore represent the earliest-
formed differentiated terrestrial bodies in the solar
system. After core-mantle differentiation, most of the
cores were cooled under their respective insulating
mantle. Thus far, no achondrites have been confidently
assigned to share a common parent body with an
iron-meteorite group. Pallasites are a class of stony-iron
meteorites mainly composed of Fe-Ni metal and olivine
(sometimes low-Ca pyroxene), and typically thought
to have formed at the core-mantle boundary of
differentiated asteroids (e.g., Greenberg and Chapman,
1984; Mittlefehldt et al., 1998). This scenario is now
disputed and pallasites may represent assemblages
formed during impact mixing (Tarduno et al., 2012;
Windmill et al., 2022).

There is some evidence linking “differentiated”
silicates and iron meteorites. For example, some pallasite
subgroups have been linked with iron-meteorite groups.
The main group pallasites, the main compositional
cluster of pallasites, have been argued to have formed at
the core-mantle boundary in the IITAB parent body
(Wasson & Choi, 2003). Wasson (2013) argued that even
the HEDs could be related to the disrupted IIIAB parent
body, instead of Vesta due to oxygen and chromium
isotopic similarities; however, this similarity may just
indicate that Vesta and the IIIAB parent body formed in
the same region of the solar nebula. The postulated
occurrence of pallasites in the IIIAB parent body would
indicate that its core was likely mantled by differentiated
silicates. The Milton pallasite is found to have identical
elemental (siderophiles) and isotopic (Mo and Ru)
compositions to the South Byron trio irons, which
implies that this pallasite and the trio may share a
common parent body (e.g., McCoy et al., 2019). The
Eagle Station pallasites and two ungrouped low-Ca
pyroxene-bearing pallasites (Zinder and NWA 1911) were
first speculated to be related to groups IIF (Kracher
et al., 1980) and IIIF (Zhang et al., 2022), respectively,
based on the similarities in the elemental compositions of

TABLE 2. List of magmatic iron groups/trio/duo and
proposed magmatic irons that could potentially
originate from different Vesta-like parent bodies.

Grouped or ungrouped Linked group or NC or
iron meteorite CcC
1C NC
1IC CcC
11D CcC
IIAB/IIG NC
ITF CcC
11TAB Main group pallasites NC
1IIE NC
IITF CcC
IVA NC
IVB CcC
South Byron trio Milton pallasite CcC
Emsland/Mbosi duo CcC
Bacubirito —
Cambria NC
Campinorte —
Denver City —
Grand Rapids CC
La Caille cC
Laguna Manantiales —
Morradal —
New Baltimore CC
Reed City NC

Note: We also list linked pallasites (McCoy et al., 2019; Wasson &
Choi, 2003) to magmatic iron groups/trio. The median Ir/Au (g g~")
ratios for the magmatic iron groups are from Rubin (2018) and the
Ir/Au (g g ') ratios for the trio, the duo, and the single ungrouped
irons are from Wasson (2013). The Ir/Au ratio becomes highly
fractionated during fractional crystallization (e.g., Wasson, 2013).
The NC (non-carbonaceous) and CC (carbonaceous chondrite)
designations for the magmatic iron groups are from Rubin (2018),
Mbosi is from Burkhardt et al. (2011), and the South Byron trio and
the ungrouped irons are from Spitzer et al. (2020).

metals. However, further Mo isotopic investigations
show that these two subgroups of pallasites are not
genetically related to IIF (Hilton et al., 2020) or IIIF
(Pape et al., 2022). Two IVA members, Sao Joao
Nepomuceno and Steinbach, contain orthopyroxene,
silica, and minor amounts of high-Ca pyroxene.
The silicate liquids might have been ejected into the
two IVA irons through shock-induced cracks (Wasson
et al., 20006). If the highly evolved silicate liquids originate
from the mantle, it would imply that the IVA parent
body was covered by differentiated silicates. The
formation of pallasites and the occurrence of evolved
silicate phases in irons are good indicators for a
number of iron-meteorite parent bodies being Vesta-like.
For irons, “Vesta-like” indicates disrupted differentiated
bodies with petrologically distinct mantles and possible
HED-like crusts.
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The sizes of these iron-meteorite bodies may be
comparable to those of Vesta. For example, the IVA core
may have had a diameter of 150 km (Yang et al., 2008),
which comprises ~20 wt% of the total mass (Hilton
et al., 2022), so the IVA parent body is likely ~300 km in
diameter (assuming a core density = 7.5 gcm > and a
silicate density = 4.5 g cm ™). The IVB parent body is
estimated to have a size of ~140 km with a core of 70 km
in diameter (Yang et al., 2010). The sizes of other iron-
meteorite parent bodies are currently unknown due to the
lack of estimates on their core sizes.

Some iron-meteorite parent bodies may not have a
long-lasting thick mantle, which may not have allowed
the silicate liquids to differentiate and evolve long enough
into a Vesta-like lithology. Irons from a well-insulated
core should have uniform cooling rates at different stages
of crystallization. The earliest crystallized IVB iron has
the lowest cooling rate (475 K Ma™ '), and the latest
crystallized IVB iron has a ~10 times higher cooling rate
(5000 K Ma~'; Yang et al., 2010). The drastically
different cooling rates for the earliest and the latest IVB
irons imply that the core crystallized concentrically
outward and did not have a silicate mantle (Yang et al.,
2010). The mantle might have been removed by a glazing
impact event with another body (Yang et al., 2010). A
similar scenario was proposed for the IVA core. The
earliest crystallized IVA iron has the highest cooling rate
(6327 K Ma ') while the latest crystallized IVA iron has
a much lower cooling rate (373 K Ma~'; Yang et al.,
2008). Therefore, the IVA core may have been enclosed
only by a thin silicate layer and crystallized concentrically
inward (Yang et al., 2008). The thermal history proposed
by Yang et al. (2008) is inconsistent with the one
proposed by Wasson et al. (2006), which shows that
further work must be done to understand the differences
in calculated cooling rates for fragments in the same iron
meteorite group. If the impact had taken place much
earlier before the silicate liquids were fully differentiated
and evolved, the IVA and IVB parent bodies, although
the mantle and the core were segregated, may not have
developed a Vesta-like crust or mantle. Alternatively, if
the silicate liquids were fully differentiated and evolved
before the glazing impact occurred, then the IVA and
IVB parent bodies would be Vesta-like. In either
scenario, the mantle materials of the IVA and IVB parent
bodies were destroyed within the first few million years in
the solar system. A few olivine-rich meteorites that
appear to be fragments of differentiated parent bodies
have been discovered (Vaci et al., 2021). Other
iron-meteorite cores that fully cooled under an insulated
mantle may also have lost the mantle material very early
in solar system history (Scott, 2020). In comparison,
HEDs are typically thought to have been launched ~1 Ga
ago from Vesta during the formation of the Rheasilvia

basin (Schenk et al., 2022) and the resulting Vesta family
(e.g., Asphaug, 1997; Carruba et al., 2007; Nesvorny
et al., 2008). The very early destruction of the mantle of
iron-meteorite parent bodies may also explain the scarcity
of olivine-rich achondrites in our collections (Burbine
et al., 1996; Scott, 2020). Olivine-dominated asteroids,
usually classified as A-types, are also rare in the asteroid
belt (DeMeo et al., 2019).

Aside from the aforementioned iron-meteorite
groups, there are also over 150 recorded ungrouped iron
meteorites (Meteoritical Bulletin Database, 2024) that
cannot fit into the current groups plus ~100 iron
meteorites that have not been classified. Wasson (2013)
speculated that half of the current ungrouped iron
meteorites might belong to the IAB complex. Because
most ungrouped iron meteorites do not form fractional
crystallization trend lines, Wasson (2013) established new
compositional criteria to evaluate whether ungrouped (or
unclassified) iron meteorites are magmatic. These criteria
were that the (1) Mass =1.9 kg; (2) Ir/Au ratios <1.0 or
>9 g ¢! and (3) textures that implied slow cooling.
Large or small Ir/Au ratios were chosen as a way to
identify magmatic irons due to fractional crystallization
producing large fractionations in this ratio (Wasson,
2013). Irons that formed through fractional crystallization
would be expected to have Ir/Au ratios that differ
significantly from the chondritic ratio. Using these criteria,
Wasson (2013) concluded that at least 10 magmatic parent
bodies (Table 2) can be inferred from the current
ungrouped (or unclassified) iron meteorites. We have
removed ungrouped irons that have been subsequently
classified as part of one of the magmatic iron groups so
our ungrouped magmatic iron number is lower than the
number given by Wasson (2013). Wasson (2013) also
identified the South Byron trio and Emsland/Mbosi duo as
being magmatic. Thus far, the morphology and redox
conditions of the ungrouped iron-meteorite-related parent
bodies are unknown, but these asteroids may be Vesta-
like.

However, the existence of non-HED crustal/mantle
material in our meteorite collections almost certainly
implies that not all known magmatic irons had Vesta-like
crusts. Angrites (e.g., Zhu et al., 2019), aubrites (e.g.,
Casanova et al., 1993), and andesitic meteorites such as
Graves Nunatak (GRA) 06128/06129 (Day et al., 2009),
NWA 11119 (Srinivasan et al., 2018), and Erg Chech
(EC) 002 (Niclas et al. 2022) are all believed to possibly
be crustal/mantle material that would be expected to have
formed on bodies with iron cores. However, Anand et al.
(2022) argue that EC 002 is a crustal fragment from a
parent body of an undiscovered magmatic iron group due
to isotopic (¢**Cr and A'’0) differences between EC 002
and known magmatic irons. It is extremely difficult to
link an achondrite to a particular magmatic iron
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meteorite or iron meteorite group since these irons tend
not to contain fragments of the mantle or crust.
Modeling (e.g., Grewal et al., 2022) is underway to try to
link iron meteorites and crustal material using partition
coefficients for different elements.

In summary, all magmatic iron-meteorite parent
bodies appeared to have gone through core-mantle
differentiation processes, so these parent bodies could
possibly be Vesta-like objects, especially the groups/trio
that may have related pallasites (e.g., IIIAB, the South
Byron trio) or highly evolved silicate phases (e.g., IVA).
Non-magmatic iron-meteorite groups (IAB and IIE)
crystallized rapidly from metallic melt pools on asteroids,
and neither of these two groups formed Vesta-like bodies.
The sizes of many iron-meteorite parent bodies may also
be at the same scale as that of Vesta. The mantles of iron-
meteorite parent bodies may have been destroyed very
early in solar system history, which could be one of the
reasons that we, so far, have found limited potential
mantle material from iron-meteorite parent bodies. We
conclude that there are potentially up to 22 Vesta-like
asteroids inferred from iron meteorites with 10
accounting for the established magmatic iron groups, one
for the South Byron trio, and one for the Emsland/Mbosi
duo plus 10 accounting for the ungrouped irons. When
we include Vesta, we postulate that there were potentially
as many as 23 Vesta-like bodies. However, this number is
most likely an overestimation of the number of Vesta-like
bodies due to the existence of a number of non-HED
crustal/mantle material such as angrites, aubrites, and
andesitic meteorites that potentially originated from
bodies with magmatic iron cores.

CONCLUSIONS

Francis Galton (1822-1911) found that the median
and mean of the guesses of a weight-judging competition
for an ox better represented the true weight than the
closest guess (Wallis, 2014). Using that study as a guide,
we will take the average number of “guesses” for the
number of Vesta-like bodies from our different types of
evidence as the “best” number. We assume two Vesta-like
bodies once existed from the astronomical evidence;
seven from the isotopic, chemical, and petrologic
evidence; and 23 from the iron meteorite evidence.

Since it is hard to justify an exact number due to all
the uncertainties in our analyses, we estimate that there
were 10 or so Vesta-like bodies that once existed in the
main belt. The astronomical and the isotopic, chemical,
and petrologic evidence give insight on the number of
Vesta-like crusts that formed while the iron meteorite
evidence gives information on the number of disrupted
cores that formed. Most likely, the astronomical evidence
is underestimating the number of Vesta-like parent bodies

due to the difficulty identifying the original parent body
of thousands of V-type bodies while the iron meteorite
evidence is most certainly overestimating the number.
Not all magmatic iron cores would be expected to have
HED crusts. The isotopic, chemical, and petrologic
evidence could be underestimating or overestimating the
number of Vesta-like bodies. Crustal material would be
easier to break down than Fe-Ni metal so iron meteorites
would be expected to have a higher probability to survive
to the present day. However, impact contamination could
be potentially altering the oxygen isotopic composition of
some HED meteorites, which would inflate the number
of predicted Vesta-like bodies.

To really refine these estimates, further work must be
done. More V-types need to be spectrally observed in the
near-infrared region. More modeling needs to be done to
constrain how far fragments from Vesta could have
drifted from early in solar system history to the
formation of the Vesta family. Oxygen isotopic analyses
should be done on all HEDs to try to constrain how
many of these meteorites are anomalous and whether
there are any mineralogical or chemical traits that link
anomalous HEDs together. Further work needs to be
done on iron meteorites to try to constrain their crust and
mantle compositions of these disrupted parent bodies.
Future siderophile elemental and isotopic analyses of
currently and newly found achondrites may allow us to
test how much mantle material survived through solar
system history and give better constraints on whether
these bodies were Vesta-like. Sample return missions
from V-type bodies would help to answer many of these
questions on the variety of mineralogical, chemical, and
isotopic properties of these objects.

Our preferred scenario is that approximately 10
Vesta-like objects formed early in solar system history
and all but Vesta were disrupted. Vesta got extremely
“lucky” and survived two large impacts at its south pole
that resulted in the Rheasilvia and Veneneia basins but
surprisingly did not break apart the whole body. The
disrupted bodies had their crusts and mantles pulverized,
which resulted in a relatively small number of crustal
fragments surviving as meteorites or asteroids until the
present day. Our meteorite collections and the inner main
belt are filled with fragments of Vesta due to the relatively
recent impact that formed the Rheasilvia basin.
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