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OXYGEN ISOTOPIC CONSTRAINTS ON THE ORIGIN AND PARENT BODIES OF
EUCRITES, DIOGENITES, AND HOWARDITES
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A few eucrites have anomalous oxygen isotopic compositions. To help understand their origin
and identify additional samples, we have analyzed the oxygen isotopic compositions of 18
eucrites and four diogenites. Except for five eucrites, these meteorites have A'’O values that lie
within 26 of their mean value viz., -0.242+0.016%o, consistent with igneous isotopic
homogenization of Vesta. The five exceptional eucrites—NWA 1240, Pasamonte (both clast and
matrix samples), PCA 91007, A-881394, and Ibitira—have A0 values that lie respectively 4o,
50, 50, 150, and 216 away from this mean value. NWA 1240 has a 8'%0 value that is 56 below
the mean eucrite value. Four of the five outliers are unbrecciated and unshocked basaltic eucrites,
like NWA 011, the first eucrite found to have an anomalous oxygen isotopic composition. The
fifth outlier, Pasamonte, is composed almost entirely of unequilibrated basaltic clasts. Published
chemical data for the six eucrites with anomalous oxygen isotopic compositions (including NWA
011) exclude contamination by chondritic projectiles as a source of the oxygen anomalies. Only
NWA 011 has an anomalous Fe/Mn ratio, but several anomalous eucrites have exceptional Na,
Ti, or Cr concentrations. We infer that the six anomalous eucrites are probably derived from five
distinct Vesta-like parent bodies (Pasamonte and PCA 91007 could come from one body). These
anomalous eucrites, like many unbrecciated eucrites from Vesta, are probably deficient in
brecciation and shock effects because they were sequestered in small asteroids (~10 km
diameter) during the Late Heavy Bombardment following ejection from Vesta-like bodies. The
preservation of Vesta’s crust and the lack of deeply buried samples from the hypothesized Vesta-
like bodies are consistent with the removal of these bodies from the asteroid belt by gravitational
perturbations from planets and protoplanets, rather than by collisonal grinding.
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1. INTRODUCTION

Oxygen isotopic compositions of igneous meteorites provide powerful constraints on their
genetic relationships and origins. The largest group of these meteorites, the howardites, eucrites,
and diogenites, commonly called HED meteorites, have a restricted range of oxygen isotope
compositions that distinguishes them from other achondrites and rocks from Earth, Mars and the
Moon (Clayton and Mayeda, 1996; Mittlefehldt et al., 1998). The HED meteorites fall into four
main groups. Basaltic (or non-cumulate) eucrites are basalts that formed originally in extrusive
flows or minor intrusions but are now mostly metamorphosed and brecciated. Cumulate eucrites
are coarse-grained gabbros, which are thought to have formed in shallow magma chambers
below the basaltic eucrites, and are mostly unbrecciated (Takeda, 1997). Diogenites are
orthopyroxenites, which were probably cumulates from the same or deeper magma chambers,
and are now mostly monomict breccias. Howardites are fragmental breccias composed of eucrite
and diogenite material that are derived from the regolith or mega-regolith of the HED parent
body (Keil, 2002). There is no consensus on the igneous processes that generated eucrites and
diogenites (Mittlefehldt, 2007), but cooling of a magma ocean appears to provide a more
comprehensive explanation for the diverse lithologies than partial melting (Righter and Drake,
1997; Ruzicka et al., 1997). Spectrometric studies of meteorites and asteroids strongly suggest
that HEDs are derived from Vesta, the third largest asteroid, and its family of sub-10 km
diameter asteroids (Drake, 2001; Pieters et al., 2005).

NWA 011 is mineralogically very similar to the basaltic eucrites but has a very different oxygen
isotopic composition and contains pyroxenes with significantly higher Fe/Mn ratios (~65 cf. 30-
40 in eucrites) showing that it probably comes from a separate parent body (Yamaguchi et al.,
2002; Floss et al., 2005). Although Vesta appears to be the only intact basaltic asteroid (Pieters et
al., 2005), there are many smaller asteroids (<30 km across) with reflectance spectra like those of
Vesta (called V-types) that have orbits outside Vesta’s family (e.g., Lazzaro et al., 2000;
Moskovitz et al., 2008). One of the V-type asteroids that lies beyond the 3:1 resonance marking
the outer edge of the Vesta family, such as 1459 Magnya, may have been the source of NWA
011.

Two groups, Wiechert et al. (2004) and Greenwood et al. (2005), have used infrared laser-
assisted fluorination to analyze the oxygen isotopic compositions of the HED achondrites to
much higher precision than had been achieved by Clayton and Mayeda (1996) using the
externally heated Ni-rod bomb technique. Both groups agreed that most HEDs have
indistinguishable A'’O values (see section 3 for a definition of this term), consistent with an
origin from a single homogeneous source, and that some howardites have significantly lower
A0 values because of contamination by a few vol. % of CM and CR carbonaceous chondrite
projectiles (Zolensky et al., 1996; Fig. 1). However, the two groups differed in their
interpretation of the data for the few eucrites that were found to have aberrant oxygen isotopic
compositions.

Wiechert et al. (2004), who analyzed 26 eucrites and diogenites, concluded that four of the
eucrites, Ibitira, Pasamonte, Caldera and ALHA78132, had significantly higher A0 values,
which deviated by 130, 30, 2.5¢ and 20, respectively from the mean value for the other eucrites
and diogenites. From this they inferred that Vesta retained some primary isotopic heterogeneity,



consistent with the formation of the basaltic eucrites by partial melting. However, they noted,
that an origin for Ibitira on a separate parent body could not be excluded. Such an origin was
subsequently favored by Mittlefehldt (2005), who identified additional unique chemical and
mineralogical features of Ibitira.

Greenwood et al. (2005), who analyzed 18 eucrites and diogenites, found only one sample,
Pasamonte, with an aberrant oxygen isotopic composition. (They did not analyze Ibitira, Caldera,
and ALHA78132.) Contrary to Wiechert et al. (2004), they attributed Pasamonte’s anomalous
oxygen isotopic composition to contamination by an ordinary or CI carbonaceous chondrite
projectile. More importantly, they inferred from the homogeneity of the 17 other meteorites that
Vesta had been isotopically homogenized and had therefore probably melted to form a magma
ocean, favoring an origin for eucrites and diogenites as residual liquids and cumulates.
Greenwood et al. (2005) also showed for the first time that the oxygen isotopic compositions of
the eucrites could be clearly resolved from those of the other major group of asteroidal basalts,
the angrites. Clayton and Mayeda (1996) had previously concluded that the two groups had
virtually indistinguishable oxygen isotopic compositions.

This study was stimulated by efforts to understand the chronology of basaltic meteorites
(Sanders and Scott, 2007a,b), and by the discovery of eucrites with anomalous chemical and
mineralogical properties and radiometric ages (e.g., Nyquist et al., 2003b) which led us to
speculate that additional eucrites may have aberrant oxygen isotopic compositions. Our goals
were to reanalyze oxygen isotopes in the anomalous eucrites identified by Wiechert et al. (2004)
and Greenwood et al. (2005), to search for other eucrites or diogenites with aberrant oxygen
isotopic compositions, and to clarify the origin of these anomalous meteorites. They could
represent parts of Vesta that were not homogenized during melting, or regions where projectiles
contaminated Vesta’s surface, or they might be derived from different parent bodies altogether.
Other possible causes for discrepant A'’O values are geological processes that generate mass-
independent isotope fractionation effects (Thiemens, 2006), and mass-dependent fractionation
processes with slightly different slope factors (Rumble et al., 2007). In addition, terrestrial
weathering may cause significant shifts in the oxygen isotopic composition of meteorite finds
(Greenwood et al., 2008a).

2. SAMPLES ANALYZED AND TERMINOLGY

We analyzed 18 eucrites (basaltic, cumulate, and polymict) and four diogenites, which are listed
with their classifications in Table 1. These include three of the four eucrites identified by
Wiechert et al. (2004) as having anomalous oxygen isotopic compositions: Ibitira, Pasamonte,
and Caldera. The fourth, ALHA78132, was not analyzed as it is probably paired with
ALHA76005 (see Scott, 1989) and the mean A'’O value obtained by Wiechert et al. (2004) for
these paired samples closely matches their mean eucrite-diogenite value (Fig. 1). To test whether
the Pasamonte samples could have been contaminated by projectile material, we analyzed a 2
mm black clast excavated from the friable matrix of lighter colored fragments. This clast
appeared to be typical of rare fine-grained clasts laden with very finely dispersed opaque grains.
Other eucrites were selected because they showed some of the characteristic features of Ibitira,
NWA 011, or Pasamonte, viz., unbrecciated like NWA 011 and Ibitira, vesicles as in Ibitira,



unequilibrated pyroxenes with diverse Mg/Fe ratios as in Pasamonte, or because they have other
exceptional compositional, textural or isotopic characteristics or unusual Ar-Ar ages (Table 1).

Three unmetamorphosed eucrites were selected for comparison with Pasamonte, which is classed
as a type 2 on the Takeda-Graham (1991) type 1-6 scale of metamorphic equilibration: two are
type 2-3 unbrecciated basaltic eucrites, NWA 1000 and Y-981651 (Warren, 2002; 2003), and the
third, Y-82202, is a monomict breccia composed of clasts with pyroxenes that show Pasamonte-
like zoning and textures overlain by a network impact-melted glass veins (Yamaguchi.and
Takeda, 1992; Buchanan et al., 2005). In addition we analyzed four polymict eucrites that
contain unequilibrated clasts with subophitic textures and pyroxene compositions like those in
Pasamonte: Yamato 75011 (Takeda and Graham, 1991; Warren and Kallemeyn, 2001), the
possibly paired samples Y-74159 and Y-74450 (Takeda et al., 1983), and Y-790260 (Antarctic
Meteorite Data Base; see http://metdb.nipr.ac.jp/am_db_public).

Although diogenites with anomalous oxygen isotopic compositions have yet to be identified, we
selected four diogenites with unusual properties as possible candidates. GRA 98108 is one of the
few unbrecciated diogenites, though it is moderately shocked, and also contains ~30% olivine,
cf. 0-3% in most diogenites (McCoy, 2000; Righter, 2001). GRO 95555 is classified as an
anomalous diogenite because it is unbrecciated, unshocked, and granular in texture (Papike et al.,
2000). NWA 1461 is the most magnesian diogenite known and has a coarse-grained, partly
cataclastic texture (Bunch et al., 2007). The fourth diogenite is Y-75032, a so-called Yamato
Type B diogenite, which is composed of heavily shocked clasts with especially Fe-rich pyroxene
in a glassy impact melt matrix (Takeda and Mori, 1985). In terms of major and minor elements it
is intermediate in composition between diogenites and cumulate eucrites and appears to be an
impact-melted mixture. However, trace elements suggest that it is one of only a few diogenites
that do not form an apparent igneous sequence (Mittlefehldt, 1994).

The classifications in Table 1 are based largely on those in the Meteoritical Bulletin Database
(see http://tin.er.usgs.gov/meteor/metbull.php). However, many HED meteorites are complex
mixtures of different rock types and these have not been classified in a consistent fashion. For
example, the Database lists 8 types of eucrites. According to the Database definition, monomict
eucrites are breccias that are composed of a single type of eucrite. However, some authors
include unbrecciated non-cumulate eucrites in the monomict eucrite group. By “unbrecciated”
we mean a rock that is not a fragmental or impact melt breccia. Eucrites with recrystallized
textures like Ibitira and EET 90020 are called unbrecciated, even though they may have been
brecciated before recrystallization (e.g., Yamaguchi et al., 2001).

An unresolved issue is what to call rocks with the major element composition and mineralogy of
eucrites but anomalous oxygen isotopic compositions, such as NWA 011, that do not appear to
be derived from the HED parent body. Can they be called ungrouped eucrites, or are eucrites, by
definition, derived only from the HED parent body? Here we adopt a broad definition of
“eucrite” that does not require the source body to be identified, and return to this question in the
final section. Note that the original eucrites were meteorites named by Rose in 1863 (e.g.,
Greshake, 2006), not terrestrial rocks as commonly believed (e.g., Marvin, 2006).

3. METHODS



Oxygen isotope analyses were carried out using an infrared laser-assisted fluorination system
(Miller et al., 1999). For most samples analyzed in this study, 50-150 mg interior chips were
crushed and homogenized, with replicate analyses undertaken on ~2 mg aliquots of these
powders. To maximize yields and decrease the risk of cross-contamination the powdered
samples were fused in vacuum to form a glass bead prior to fluorination. O, was liberated by
heating the glass beads using an infrared CO, laser (10.6 um) in the presence of 210 torr of BrFs.
After fluorination, the O released was purified by passing it through two cryogenic nitrogen
traps and over a bed of heated KBr. O, was analyzed using a Micromass Prism III dual inlet mass
spectrometer. All oxygen isotope measurements were made at the Open University using a pure
O, working reference gas that was directly calibrated against the reference standard, Vienna
Standard Mean Ocean Water (VSMOW)), at the Hebrew University of Jerusalem using the
procedures described by Barkan and Luz (2005). Oxygen isotopic analyses are reported in
standard & notation where §'°0 has been calculated as: 8'°0 = [(180 / 16Osample/ B0/ 16Oref)-1] X
1000 per mil (%o) and similarly for 5'’0 using the '’O /'°O ratio. A'’O, which represents the
deviation from the terrestrial fractionation line, has been calculated using the linearized format of
Miller (2002):

A0 =1000In (1+ 8'"0/1000) — A 1000In (1+ 8'*0/1000)

where A = 0.5247. (Note that some authors omit the factors of 1000 in both definitions.)
Published system precision (15) based on replicate analyses of international (NBS-28 quartz,
UWG-2 garnet) and internal standards, is approximately +0.04%o for 8'’O; £0.08%o for &'*0;
+0.02%o for A0 (Miller et al., 1999). Replicate analyses of the international UWG-2 garnet
standard measured during the course of this study gave somewhat smaller values for the 16
precision: £0.03%o for 8'70; £0.07%o for &'°0; +£0.01%o for A'’O. The quoted precision (1o) for
the meteorite samples is based on 2 or more replicate analyses. In cases where two replicates
showed relatively poor agreement or their mean value appeared anomalous, one or more
additional analyses were performed.

To check whether any of the anomalous A'’O values seen in meteorite finds could result from
terrestrial weathering, we conducted a series of leaching experiments using 6M HCI or
ethanolamine thioglycolate (EATG) (Cornish and Doyle, 1984), or both. A recent evaluation
study by Greenwood et al. (2008a) suggests that both methods are effective at removing the bulk
of the terrestrial weathering products in hot and cold desert finds.

4. RESULTS

Our oxygen isotope data for 18 eucrites and 4 diogenites are given in Table 2 and plotted in Fig.
2. (Individual analyses are presented in Electronic Annex Table EA1.) Figure 2 shows clearly
that there are five samples, Ibitira, A-881394, PCA 91007, Pasamonte, and NWA 1240 that lie
well outside the field defined by the remainder. To test whether A-881394, PCA 91007, and
NWA 1240 have aberrant oxygen isotopic compositions because of terrestrial weathering, we
conducted leaching experiments on these finds, as well as two NWA samples, and as a control,
the meteorite fall, Pasamonte. The results of these experiments are shown in Fig. 3. For all the
meteorite finds investigated except NWA 1000, the shifts between the oxygen isotopic



compositions of the acid leached samples and the corresponding untreated samples were not
significant. The A'’O shifts were <0.025%o and the 5'*O shifts were under 0.15%o, except for
NWA 1000, which shifted 0.19%o. This eucrite contains carbonate veins and is therefore likely to
have suffered significant alteration (Meteoritical Bulletin Database; see
http://tin.er.usgs.gov/meteor/metbull.php), thus it is probable that even the acid treatment has not
completely eliminated the effects of terrestrial oxygen isotope contamination. As the A'’O of the
untreated NWA 1000 sample is at the high end of the eucrite range, we infer that the A'’ O of the
acid leached sample is a better indication of this sample’s primary composition. The results of
these leaching experiments indicate that the anomalous isotopic compositions of A-881394, PCA
91007, and NWA 1240 are a primary feature and are not the result of terrestrial weathering
processes.

The close proximity of the 8'°O values of the abnormal eucrite, NWA 1240, and the four
diogenites in Fig. 2 suggests the possibility that the abnormal 8'°0 value'of NWA 1240 might
reflect an atypically high proportion of pyroxene in our analyzed sample: To test this possibility
we separated grains of pyroxene, both clear and translucent, from fresh samples of NWA 1240
leaving residual matrix samples that we infer are correspondingly plagioclase-rich. Mean
analyses of four replicates of each of the four samples are listed in Table 2 and shown in Fig. 4.
The two pyroxene samples have significantly lower 8'°O values than the two matrix samples,
consistent with the offset between normal eucrites and diogenites. In addition, all four phase
separates of NWA 1240 have lower 5'°O values than the diogenites. Thus the anomalously low
8'%0 value of NWA 1240 cannot be attributed to an abnormally high proportion of pyroxene.
The analyses of the NWA 1240 phase separates also confirm the abnormally low A'’O values
that were obtained for the bulk samples: The mean A'’O value of the phase separates of -
0.269+0.013%o (10) is close to that of the 7 bulk analyses of -0.272+0.009%o (15). Only the
translucent pyroxene sample hasa A'’O value (-0.250%o) inside the range observed for the
normal eucrites and diogenites (-0.255 to -0.226%o). Since the phase separates were not leached
in acids, both the translucency and the smaller A'’O value of this pyroxene sample may reflect
weathering.

All four diogenites and 13 of the eucrites have A'’O values lying within 26 (£0.016%o) of their
mean value of -0.242%o. The five abnormal eucrites have A'’O values that lie >4c from this
mean A'’O value: NWA 1240 plots 46 below the mean, Pasamonte and PCA 91007 are 56
above, and A-881394 and Ibitira lie respectively 156 and 21c above the mean value (Fig. 5).
One of these five eucrites, NWA 1240, also has a 'O value that differs significantly from that
of the normal eucrites, lying 56 below the mean value of normal eucrites. The 8'*O values for A-
881394 and Ibitira are nearly 2 above the mean value of normal eucrites.

The four analyzed diogenites have A'’O values that are indistinguishable from those of the
normal eucrites, but as noted by Greenwood et al. (2005), the 8'°0 values of diogenites are lower
than those of the normal eucrites (by 0.3-0.4%o), consistent with their much lower plagioclase
contents and high-temperature plagioclase-pyroxene equilibration (Clayton, 1993). With the
exception of NWA 1000, which was discussed above, the normal eucrites in Table 2 show a
narrow range of 8'°0 values: 3.68+0.12%o (10).



To provide some estimate of the expected spread of A'’O values assuming that the HED body is
isotopically homogeneous, we made 11 analyses over a 3 day period of the terrestrial garnet
standard UWG-2. The A'"O values of these analyses have a mean and standard deviation of
-0.007+0.010%o. This standard deviation is similar to those of 13 Pasamonte replicate analyses
measured over a 4 year period, 0.008%o. For comparison, the mean and standard deviation of all
40 individual analyses over a period of 14 months of the 17 normal eucrites and diogenites
(excluding the 5 eucrites with abnormal A'’O values) is -0.242+0.013%o. This scatter is only
~25% larger than we obtained for the 11 analyses of the UWG-2 standard over 3 days-and could
be due entirely to weathering of meteorites and experimental errors. We infer that thel7 normal
eucrites and the 4 diogenites could have been derived from an isotopically homogenized source.

4.1. Comparison with published data

To compare our eucrite and diogenite oxygen isotopic data with published data, we first exclude the
small number of outliers with A'’O values >3 from the mean. Table 3 and Fig. 5 show that our mean
A0 value for normal eucrites and diogenites, 0.242+0.004%o, is very close to that of Greenwood et al.
(2005), -0.239+0.003%o. The uncertainties quoted here are twice the standard error of the mean (SEM)
and are comparable, even though Greenwood’s samples were all falls and ours, except for Ibitira and
Pasamonte, are finds. Note that the 2c standard deviation of our A'’O values for eucrites and diogenites
excluding outliers (0.016%o) is ~10x smaller than the comparable value of Clayton and Mayeda (1996).
The mean A'’O value for 13 HEDs excluding Pasamonte reported by Ziegler and Young (2007),
0.238+0.031%o (10), is close to ours, but their standard deviation is much larger.

The precision of the analyses by Wiechert et al. (2004) is quite comparable to ours, but our mean A'’O
value for eucrites and diogenites, -0:242+0.004%o (2x SEM), is significantly different from that of
Wiechert et al., -0.218+0.004%o (2x SEM). Since 16 of the 29 eucrites and diogenites analyzed by
Wiechert et al. (2004) were not analyzed at the Open University and many are falls, the discrepancy
might be attributed to sample selection or weathering of finds. However, Table 3 shows that the
difference between the mean A0 values for 9 falls analyzed by both Wiechert et al. and Greenwood et
al., 0.02140.007%o (2x SEM), is the same as the difference for all analyzed eucrites and diogenites,
0.021+0.006%o (2x SEM). In addition, Fig. 1 shows that the falls and finds analyzed by Wiechert et al.
(2004) do not differ significantly in their means or ranges of A'’O values. Thus sample selection and
weathering of finds are not responsible for the difference.

Although Wiechert et al. (2004) used the same linearized form of the definition for A'’O that was
adopted in the other two studies (Miller, 2002), Wiechert et al. used a different slope factor A —
0.5305 rather than the value of 0.5247 recommended by Miller (2002) and used by Greenwood
etal. (2005) and this study. However, use of the same slope factor causes the difference between
the mean A'’O values for eucrites and diogenites to double in size to ~0.04%o. The most likely
explanation for the discrepancy between the Open University and Wiechert et al. data is that it
reflects differences in the procedures that were used to relate the working standard oxygen gas
for the mass spectrometer with the internationally accepted reference material: Vienna Standard
Mean Ocean Water (VSMOW). Current procedures used by the two labs for determinations of
A0 values appear to be well aligned (Rumble et al., 2007). We infer that the mean A'’O value
and normal range for eucrites and diogenites should not be determined by simply combining data



from Wiechert et al. (2004) and Greenwood et al. (2005). It is also clear that caution should be
exercised when using data from different investigators when differences of the order of 0.03% or
less in A'7O are critical, as in this study.

In Table 3, we also compare data for Caldera, Ibitira, and Pasamonte. With one exception, our
data agree well, after allowance for the systematic Wiechert-Greenwood offset. In the case of
Caldera, our A'’O value is very consistent with the eucrite-diogenite mean, unlike that of
Wiechert who found a 2.5¢ departure from the mean. We infer that the latter result, which came
from a single analysis, was affected by weathering or was a statistical anomaly. (Caldera has a
unique brown color due to weathering.) The results for Ibitira and Pasamonte are discussed in
detail below.

S. DISCUSSION
5.1. Eucrites with anomalous oxygen isotopic compositions

In this section we review the chemical, mineralogical and isotopic properties of the six eucrites
with anomalous oxygen isotopic compositions, i.e., the five that were analyzed in this study plus
NWA 011, to clarify whether they could be derived from contaminated impact melts, an
isotopically heterogeneous parent body, or whether they might be derived from separate bodies.

5.1.1. Asuka 881394

Asuka 881394 is clearly an exceptional achondrite on the basis of its mineralogy, chemical, and
isotopic composition and great antiquity (Takeda et al., 1997; Nyquist et al., 2003b). Our data
show very clearly that its oxygen isotopic composition is quite distinct from those of normal
eucrites, Ibitira, and other grouped and ungrouped achondrites. Although its bulk Fe/Mn ratio of
34 is typical for eucrites, A-881394 has extremely low concentrations of Na and K—Ilower than
in all other eucrites and closer to angrites—and an exceptionally low Ga/Al ratio (Warren et al.,
1996a,b). Siderophile abundances in A-881394 are comparable to those in eucrites (Warren,
1999) precluding an explanation for the oxygen isotope anomaly involving contamination by an
ordinary chondrite projectile. A-881394 has Mg-rich pyroxenes and low concentrations of
incompatible elements like cumulate eucrites but it has a unique granulitic texture (Fig. 6a). In
addition its plagioclase is even more calcic than in cumulate eucrites, Angg cf. Angj.9s and Anys_o3
in cumulate and non-cumulate eucrites, respectively (Nyquist et al., 2003b; Mittlefehldt, 2007).

If the Pb-Pb age of 4566.5+0.3 Myr of A-881394 dates crystallization as Amelin et al., (2006)
infer, it cannot have formed in the environment of the HED achondrites, which crystallized no
earlier than their whole rock Al-Mg, Hf-W, and Mn-Cr ages of 4562-3 Myr (e.g., Sanders and
Scott, 2007b). However, the **Mn-">Cr and *°A1-**Mg ages of A-881394 (Wadhwa et al., 2005)
are 2-3 Myr younger than its **’Pb-"°Pb age, which raises some concerns about the validity of
the latter (Sanders and Scott, 2007a). Even though its oxygen isotope composition appeared at
that time to be typically eucritic, Wadhwa et al. (2005) suggested that Asuka 881394 may have
originated on another parent body as its bulk composition clearly lies above the eucrite-diogenite
whole rock isochron on the >*Cr/>*Cr vs. >>Mn/**Cr diagram. Although some eucrites lie off the
isochron (e.g., Nyquist et al., 1997; Yamuguchi et al., 2001), the great antiquity of the A-881394
suggests its deviation from the isochron requires a very different source region from the eucrites



and diogenites. [The eucrite, Bunburra Rockhole, has an oxygen isotopic composition suggesting
it may be derived from the same body as A-881394 (Bland et al., 2009).]

5.1.2. Ibitira

Ibitira has long been considered an archetypal eucrite, and until Caldera was found (Boctor et al., 1994),
it was considered to be the only known unbrecciated non-cumulate eucrite (Fig. 6b). Prompted by the
discovery of its highly aberrant oxygen isotope composition by Wiechert et al. (2004), Mittlefehldt
(2005) identified many other distinctive or unique mineralogical and chemical features of Ibitira and
concluded that it formed on a separate body. The Fe/Mn ratio in Ibitira’s pyroxenes of 36 is above the
range of 31-33 commonly found in eucrites (Mittlefehldt, 2005), although Mayne et al. (2009) report
some compositional overlap. Lentz et al. (2007) also note that Bouvante, which has normal eucrite
oxygen isotopic composition (Wiechert et al., 2004), has a pyroxene Fe/Mn ratio of 40 (Mittlefehldt et
al., 1998). Pyroxenes in Ibitira have a lower Fe/Mg ratio (1.42+0.03) than those of other basaltic eucrites
(1.57-1.73), according to Mittlefehldt (2005). Ibitira has an anomalously low concentration of alkali
elements. Its Na/Ca ratio is 0.035 x CI chondrites cf. 0.07-0.10 in normal eucrites and this is reflected in
its plagioclase composition of Angs cf. Anss.93 in normal basaltic eucrites (Mittlefehldt et al., 1998).
However, Ibitira’s plagioclase composition is matched by that of ALHA81001 (Mayne et al., 2009),
which has a normal oxygen isotopic composition (Table 2). Titanium is enriched in Ibitira relative to
other refractory lithophiles, e.g., Ti/Hf is above the basaltic eucrite range (Mittlefehldt, 2005). However,
Ibitira plots nicely on the eucrite-diogenite whole rock isochron on the **Cr/**Cr vs. >>Mn/**Cr diagram
(Lugmair and Shukolukov, 1998).

Gomes and Keil (1980) suggested that the presence of vesicles and low volatile content of Ibitira could
be accounted for by an origin in a superheated impact melt. Contamination by an impactor might also
account for the unusual oxygen isotope composition. However as Mittlefehldt (2005) noted, a chondritic
projectile would leave enhanced siderophiles, which are not found in Ibitira. An achondritic projectile
cannot be excluded but the simplest explanation is that Ibitira comes from a separate differentiated
asteroid.

Our oxygen isotopic data for Ibitira, which are indistinguishable from those of Wiechert et al. (2004)
after allowance for the systematic offset between data sets (Table 3), show that Ibitira’s A0 value is
indistinguishable from those of the angrites (Fig. 2), suggesting that they might come from the same
body. Ibitira and the angrites are both more depleted in Na and K than the basaltic eucrites (Warren et
al., 1996b) and eucrite-like and angrite-like partial melts can be produced from a single source by
changing the oxygen fugacity (Jurewicz et al., 1993). However, we lack breccias containing both types
of basalt and it is more plausible that they come from separate bodies. The coincidence of A'’O values
for lithologies that come from distinct parent bodies is not unreasonable, as can clearly be demonstrated
for terrestrial rocks, aubrites and enstatite chondrites (Newton et al., 2000). [The achondrite, NWA
2824, has an oxygen isotopic composition like that of Ibitira suggesting that it may come from the same
parent body (Bunch et al., 2009).]

5.1.3. NWA 011

Although the mineralogy and major element composition of NWA 011 resemble those of the non-
cumulate eucrites, Yamaguchi et al. (2002) and Floss et al. (2005) inferred from its unique oxygen
isotopic composition (A'’O is -1.6%o cf. -0.2%o in HEDs) that it formed on a separate parent body.
Mineralogical evidence for a different source for NWA 011 (and the paired specimens 2400, 2976, and



4587) comes from its uniquely high Fe/Mn ratio in pyroxene, ~65 cf. 30-40 in other eucrites
(Yamaguchi et al., 2002). In addition, Floss et al. (2005) reported high concentrations of Fe’ in
ulvospinel and pyroxene. NWA 011 is unshocked and unbrecciated (Fig. 6¢), though it appears to be a
recrystallized impact breccia (Yamaguchi, 2001; Yamaguchi et al., 2002). Like most eucrites, NWA 011
has pyroxenes with equilibrated Fe/Mg ratios.

Yamaguchi et al. (2002) noted from their analyses that NWA 011 was unusually high in Ti and Fe and
low in Si, but other analyses suggest that these elements are close to or within the eucrite range (Floss et
al., 2005). Isa et al. (2008) conclude that NWA 011 is significantly depleted in Mn and Cr relative to
eucrites and enriched in siderophiles (e.g., 180 ppm Ni), from which they infer some projectile
contamination. Note that the large difference between the oxygen isotopic compositions of NWA 011
and normal eucrites cannot plausibly be attributed to projectile contamination as it would require over
50% contamination from an unknown type of achondrite projectile.

Isotopically, NWA 011 shows two other kinds of anomalies. It has **Ti and **Cr excesses like those in
CR chondrites whereas other differentiated meteorites show *°Ti and **Cr deficits (Trinquier et al.,
2007a,b). On the *Cr/**Cr vs. *>Mn/**Cr diagram, the bulk composition of NWA 011 lies below the
eucrite-diogenite whole rock isochron (Bogdanovski and Lugmair, 2003). However, as noted for A-
881394, this is not definitive evidence for a separate origin. NWA 011, like A-881394, crystallized
early, ~5 Myr after CAls (Sugiura and Yamaguchi, 2007), so impact processing of NWA 011 to shift its
bulk composition seems unlikely. The O, Ti, and Cr anomalies provide convincing evidence that NWA
011 is not from the HED body.

5.1.4. NWA 1240

This unbrecciated vesiculated eucrite was interpreted by Barrat et al. (2003) to be an impact
melted cumulate eucrite as it has a positive Eu anomaly and low concentrations of incompatible
elements like cumulate eucrites, but it has a porphyritic texture with very fine-grained matrix
(Fig. 6d) and unequilibrated pyroxenes. However, NWA 1240 lacks any unmelted clasts, which
are characteristic of many impact melts (though admittedly the meteorite is small: 98 g) and one
would not expect an impact melt to be formed solely from a single deeply buried lithology such
as cumulate eucrites. The bulk Fe/Mn, Ga/Al, and Na/Al ratios of NWA 1240 appear normal for
eucrites, but both Na and Al appear low. Plagioclase compositions are unusually high in Mg and
Fe. The bulk CaO in NWA 1240 is low for eucrites (8.1 wt.% vs. 8.4-11.1 in eucrites), and FeO
is high for cumulate eucrites (20.2 vs. 12-17) (Kitts and Lodders, 1998).

NWA 1240 shows anomalous A'’O and 8'*0 values: the former lies 46 below the mean ED
value and the latter is 5o below the mean value of the 12 normal eucrites. One might attribute the
shiftin A'’O to contamination by 1% of carbonaceous chondrite projectile but this would raise
the Ni concentration to ~100 ppm and yet only 5 ppm Ni is present (Barrat et al., 2003). In
addition, such an admixture would not shift the 8'°0 value sufficiently to account for the
observed value. An impact melt contaminated by an achondritic projectile with a unique oxygen
isotopic composition might account for the oxygen isotopic composition of NWA 1240, but
unless the HED body is heterogeneous, a separate body for NWA 1240 is a much simpler and
more plausible alternative.

5.1.5. Pasamonte
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Pasamonte is the only anomalous eucrite that is a breccia (Fig. 6¢). Greenwood et al. (2005)
inferred that its anomalously high A'’O value was due to the addition of 3% of ordinary
chondrite material. In support they cited Metzler et al. (1995), who found an equilibrated clast in
Pasamonte and inferred from its siderophile concentrations that it was derived from an impact
melt contaminated with either H or CI chondrite material. However, Wiechert et al. (2004)
argued that Pasamonte itself could not have been contaminated by 1-3% of ordinary chondrite
material as this would have raised concentrations of Ni and Ir and other siderophiles to levels
that are ten times higher than observed.

Our analyses of a black clast, the light fragmental matrix, and a third uncharacterized Pasamonte
sample give A'’O values that are indistinguishable from one another (Table 2)‘and from the data
in Greenwood et al. (2005) and Wiechert et al. (2004), after allowance for the systematic offset
between labs (Table 3). We infer that the basaltic material in Pasamonte was derived from a
single isotopically homogeneous source. Given that Pasamonte shows none of the textural or
chemical characteristics expected for an impact melt and lacks chemical evidence for
contamination by chondritic projectiles, its anomalous oxygen isotopic composition is unlikely to
reflect such contamination.

Unlike most eucrites, which have been metamorphosed and contain compositionally equilibrated
pyroxenes, Pasamonte contains pyroxenes with extensive igneous Mg/Fe zoning and it is classed
as a rare type 2 eucrite on the Takeda-Graham type 1-6 scale of metamorphism (Takeda and
Graham, 1991). If Pasamonte comes from an isotopically heterogeneous HED parent body, one
might expect to find other unmetamorphosed eucrites with similarly anomalous oxygen isotopic
compositions. Alternatively, if all unequilibrated eucrites come from bodies that have oxygen
isotopic compositions that are homogeneous and unlike the normal eucrite-diogenite value, then
even eucrites with a few unequilibrated clasts should have aberrant A'’O values. Instead, we
found that the seven unmetamorphosed eucrites and polymict eucrites with unmetamorphosed
clasts that we selected for comparison with Pasamonte have A'’O values that are
indistinguishable from these of “normal” eucrites lying within +2c of the mean value; none have
values like those in Pasamonte or even intermediate in nature. This argues against Pasamonte
originating on an isotopically heterogeneous HED parent body.

The composition of Pasamonte does not appear abnormal for a eucrite (Kitts and Lodders, 1998),
although Ni and Ir concentrations are at the high end of the eucrite range. The mean Fe/Mn ratio
in Pasamonte’s pyroxene (29) lies at the low end of the eucrite range (28-40; Lentz et al., 2007),
and its chromite composition appears to be exceptional with very high ALOs (18 wt.% vs. 7-9%
in other eucrites) and very low TiO; (1.4 wt.% vs 3-6% in eucrites) (Bunch and Keil, 1971;
Mittlefehldt et al., 1998).

If Pasamonte formed on Vesta, it must be derived from a unique region that was homogeneously
contaminated with an unknown type of projectile, for which we see no evidence in the HEDs. A
more plausible explanation is that Pasamonte comes from another body.

5.1.6. PCA 91007
The A0 value of PCA 91007 (-0.197+0.008; 2x SEM) lies 5o from the mean eucrite-diogenite
value and is indistinguishable from that of Pasamonte (-0.204:0.004; 2x SEM). The 8'°0 values
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of these two eucrites are also indistinguishable. Although PCA 91007 has been classified as a
brecciated eucrite, it is largely unbrecciated (Warren et al., 1996b,c). Some regions appear to be
truncated by deformation surfaces, but its fine-grained igneous texture is largely preserved (Fig.
6f). PCA contains vesicles, like Ibitira (Gomes and Keil, 1980; McCoy et al., 2006), but unlike
Ibitira, it does not have sub-eucrite levels of alkalis. Its concentration of Ni, Os, and Ir (Warren
1999) are high for a basaltic eucrite and approach the levels in polymict eucrites, as in
Pasamonte. However, as noted for Pasamonte, these levels are much lower than would be
expected if the oxygen anomaly were caused by contamination with an ordinary chondrite
projectile. On balance, we infer that PCA 91007 and Pasamonte could be derived from the same
body, which is probably not Vesta. Although the main group pallasites have a mean A'’O value
of -0.187+0.018 (20), which is close to those of PCA 91007 and Pasamonte, the absence of
plutonic achondrites with the same A'’O value suggests that main group pallasites are not from
the same body.

5.2. Comparisons between the anomalous eucrites and other HEDs

To evaluate the frequency of achondrites with anomalous oxygen isotopic composition among
the various HED classes, we list in Table 4 the numbers of meteorites in each class (see section
2), the numbers with oxygen isotopic compositions analyzed using laser fluorination techniques,
and the names of the six samples with anomalous oxygen isotopic compositions. Five of the six
are unbrecciated, though the three eucrites with recrystallized textures could once have been
breccias. The exception is Pasamonte, which is unusual in having unequilibrated pyroxenes. Four
of the anomalous HEDs are classed as non-cumulate eucrites and two as cumulate eucrites,
although as noted above, neither NWA 1240 nor A-881394 has the texture of a cumulate eucrite.
Table 4 shows that the two groups with anomalous samples account for only ~7% of HEDs.

We did not identify any diogenites or brecciated basaltic eucrites with equilibrated pyroxenes
that have anomalous oxygen isotopic compositions. Howardites with endogenous oxygen
isotopic anomalies wouldbe more difficult to recognize in view of their small admixture of
carbonacous chondrites. We anticipate that more unbrecciated basaltic eucrites with anomalous
oxygen isotopic compositions will be discovered, especially as the list in the Meteoritical
Bulletin Database (see http://tin.er.usgs.gov/meteor/metbull.php) is incomplete. Seven such
eucrites with precise oxygen isotopic compositions are classified in the Database as monomict
eucrite, eucrite breccia, or just plain eucrite (see footnotes to Table 4).

The six euerites with anomalous oxygen isotopic compositions have several properties that are
uncommon among monomict non-cumulate eucrites but relatively common among unbrecciated
non-cumulate eucrites. Table 5 compares some of these properties of the six anomalous eucrites
with those of seven unbrecciated non-cumulate eucrites that we found to have normal oxygen
isotopic compositions. Although three of the six anomalous eucrites have vesicles, they are not
unique to anomalous eucrites, as one of the seven normal eucrites also has vesicles. Both normal
and abnormal groups contain members with unequilibrated pyroxenes, which are rare among
eucrites. Although eucrites are commonly shocked, 12 of the 13 in Table 5 are unshocked; QUE
97053 is the only one with pervasive evidence for shock. The Ar-Ar ages of the eucrites in Table
5 are also unusual: all but one exceeds 4.45 Gyr, although the vast majority of HEDs have Ar-Ar
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ages of 3.4 to 4.1 Gyr (Bogard, 1995; Bogard and Garrison, 2003). Possible implications of these
Ar-Ar ages are discussed below.

Fe/Mn ratios, either bulk or pyroxene values, are useful for distinguishing basalts from different
planetary bodies (Papike 1998; Papike et al., 2003; Mittlefehldt 2005). Table 5 shows that one of
the six anomalous eucrites, NWA 011, has an Fe/Mn ratio (~65) that clearly lies outside the
range observed for normal eucrites of 28-40; Ibitira’s ratio lies at the high end of this range
(Lentz et al., 2007; Mayne et al., 2009). Chemical compositions of some of the abnormal eucrites
are outside the normal eucrite range. Ibitira and A-881394, for example, both have uniquely low
Na contents, much lower than in normal eucrites, which are already more depleted in Na than
any other planetary basalts. NWA 1240 appears to have a Ca concentration below the normal
eucrite range. PCA 91007, Pasamonte and NWA 011 appear to have rather high levels of
siderophiles compared to normal basaltic eucrites. However, some of the normal eucrites like
GRA 98098 have anomalous compositions also. The 8'*0 values of four of the six anomalous
eucrites are within £2¢ of the mean value for normal eucrites: only NWA 011 and NWA 1240
plot outside at 7o and 5o below the mean, respectively.

5.3. Source of eucrites with anomalous oxygen isotopic compositions

Wiechert et al. (2004) argued that the eucrites with anomalous oxygen compositions came from
an isotopically heterogeneous HED body, as their oxygen isotopic analyses suggested there was
overlap between the A'’O values of the normal and anomalous eucrites (Fig. 1), contrary to our
data (Figs. 2, 5). Two ways have been suggested for creating or preserving isotopically
anomalous basalts. If eucrites were partial melts from an isotopically heterogeneous body, we
would expect to find related isotopically heterogeneous residues, like ureilites. However, impacts
that excavated the HED body to considerable depths have failed to reveal any traces of
isotopically heterogeneous residue material. Without such complementary material it is difficult
to believe that isotopically heterogeneous basalts could have been formed this way.

Another possible mechanism for preserving isotopic heterogeneity on the HED body is through
an unmelted outer shell that might have generated anomalous basalts after core formation or
contaminated normal basalts (Wiechert et al., 2004). However, as Mittlefehldt (2005) notes, such
an unmelted chondritic layer would be enriched in metallic Fe,Ni, and liable to founder and mix
with a conyecting molten interior. No trace of such a layer has been found even though we have
several eucrites like ALH 81001 that crystallized near the surface of the HED body and have
normal oxygen isotopes. However, a possible piece of evidence favoring the preservation of
isotopic heterogeneity in the HED body is that Rai et al. (2005) found mass-independent S
isotopic effects in HEDs that they attributed to photochemical reactions in the solar nebula
(Thiemens, 20006).

Small anomalies in A'’O can be produced from an isotopically homogeneous parent body if there
are mass-dependent geological processes operating that have different slope factors (A). For
example, silica and garnet samples that formed under vastly different pressures and temperatures
appear to show small (~0.5%) differences in slope factors for oxygen isotopic fractionation
(Rumble et al., 2007). The eucrites are composed almost entirely of igneously formed minerals
but here is some evidence from quartz veins in Serra de Mage for early aqueous alteration on
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Vesta (Treiman et al., 2004). However, this eucrite appears to have a normal A'’O value
(Wiechert et al., 2004). Furthermore, the magnitude of the observed A'’O anomalies, even in
NWA 1240, which has the smallest anomaly of the six isotopically aberrant eucrites, seems far
beyond the reach of mass-dependent processes with different slope factors without resorting to a
sequence of large scale processes, probably requiring other phases like water (e.g. Young et al.;
2002).

Although the cosmic ray exposure ages of HEDs indicate that most come from a few impacts
during the last 50 Myr (Welten et al., 1997), earlier impacts appear to have mixed Vesta’s
surface very thoroughly. All HED samples that contain solar wind gases are howardites
suggesting that impact mixing on Vesta thoroughly mixed eucrites and diogenites over the
surface after deep excavation of the mantle. Because the HED breccias are isotopically normal
except for the few samples contaminated with carbonaceous chondrites (Wiechert et al., 2004;
Greenwood et al., 2005), it is appears unlikely that the anomalous eucrites are simply coming
from poorly sampled regions of Vesta’s surface.

One factor that increases the plausibility that eucrites with anomalous oxygen isotope
compositions may come from separate bodies is that HED meteorites are located in a crowded
region of oxygen isotope space occupied by many unrelated differentiated meteorites (Franchi,
2008). The oxygen isotopic compositions of HEDs were considered by Clayton and Mayeda
(1996) to be indistinguishable (or “virtually indistinguishable) from those of angrites, main-
group pallasites, mesosiderites, and IIIAB iron meteorites, consistent with a single parent body.
However, a ten-fold increase in the precision of A'’O measurements has allowed the angrites and
main-group pallasites to be clearly resolved from HEDs (Greenwood et al., 2005, 2006, 2008b).
Whether the mesosiderites and HEDs, which have overlapping oxygen isotopic compositions,
come from the same or closely related bodies is not known with any certainty (Rubin and
Mittlefehldt, 1993; Greenwood et al., 2006; Yamaguchi et al., 2006). Oxides in IIIAB irons have
not yet been analyzed with high precision, but these irons are unlikely to come from the HED or
main-group pallasite body as they cooled faster than main group pallasites underneath a layer of
silicate that was only a few kilometers thick (Goldstein et al., 2009). Thus, at least three groups
of differentiated meteorites plus a number of brachinites, IAB irons, winonaites, aubrites, and
some ungrouped.irons and differentiated meteorites plot in or near the oxygen isotope region
shown in Fig. 2, even though none comes from the HED parent body. This high density of
grouped and ungrouped meteorites increases the chances that the eucrites with anomalous
oxygen isotopic compositions are not from Vesta.

The anomalous eucrite, NWA 011, is clearly from a separate body as it has unique excesses of
*Piand **Cr (Trinquier et al., 2007a, b) in addition to its unique oxygen isotopic composition and
Fe/Mn ratio. For Ibitira and A-881394, the evidence for a separate body comes chiefly from their
A0 values. These are so far from the HED value that separate parent bodies seem very plausible
for both meteorites. In the case of NWA 1240, PCA 91007, and Pasamonte, which all have A'’O
values 4-5c from the mean of normal eucrites, the evidence for separate bodies is weaker but still
significant. We conclude that NWA 011, Ibitira, and A-881394, are probably derived from three
separate bodies and that NWA 1240, PCA 91007 and Pasamonte may come from two more. With
the possible exception of Ibitira, which has an oxygen isotopic composition that matches those of
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the angrites, the anomalous eucrites are not linked in any way with other types of differentiated
meteorites.

Palme (2002) speculated that NWA 011 was derived from Mercury, but chemical, mineralogical,
and isotopic similarities with the eucrites favor a smaller, Vesta-like source (Nyquist et al. 2003a,
Bogdanovski and Lugmair 2004). In addition, NWA 011 and A-881394 have Al-Mg and Mn-Cr
isochron ages of 3-5 Myr after CAls, like fine-grained angrites (Wadhwa et al., 2005; Sugiura and
Yamaguchi, 2007), clearly favoring an origin from asteroids, not from planets, which have much
younger surfaces. Since the number of eucrites with anomalous oxygen isotopic compositions
now exceeds the number of uncharacterized terrestrial planets, Vesta-like bodies should be
considered as more plausible sources for the eucrites with anomalous oxygen isotopic
compositions. The sizes of these Vesta-like bodies are poorly constrained, but bodies 200 km or
more across were probably large enough to retain partial melts and the *°Al, which would have
been necessary for further heating (Wilson and Keil, 1991).

How many Vesta-like bodies could have existed in the asteroid belt and how could they have
been removed, if Vesta is the sole intact basaltic asteroid (Pieters et al., 2005)? If they were
battered to bits by impacts over billions of years, as Burbine et al. (1996) proposed for the parent
bodies of differentiated meteorites, how did Vesta’s crust survive, and where are the diogenites,
pallasites and iron meteorites with A'’O values that match those of the anomalous eucrites? With
the possible exception of Pasamonte and PCA 91007, which have A'’O values close to those of
main-group pallasites (see §5.1.6), we lack igneous meteorites with A'’O values that match those
of the anomalous eucrites.

Unless Vesta was a unique body that was somehow emplaced after the asteroid belt had largely
formed, it seems likely that ~10°* Vesta-like bodies once existed in the belt, as the primordial
mass of asteroids is thought to have been ~10** higher than at present. These bodies would have
been largely removed by perturbations from protoplanets and Jupiter at ~4.5 Gyr, with perhaps a
smaller mass loss during the Late Heavy Bombardment (Petit et al., 2002; O’Brien et al., 2007).
In both cases, the asteroids would have been lost dynamically through orbital resonances, not
through collisional grinding. Thus, it is possible that we have samples from the crusts of several
other Vesta-like bodies, even though these bodies no longer exist and we lack other igneous
meteorites with A'’Ovalues that match those of the anomalous eucrites. Below we discuss the
Ar-Ar ages and shock and breccia characteristics of isotopically normal and anomalous eucrites,
which support this hypothesis.

5.4. Origin of unbrecciated eucrites

Unbrecciated basaltic eucrites are mostly unshocked (Mayne et al., 2009), suggesting that they
avoided the impacts that caused both shock and brecciation. The rare unbrecciated isotopically
normal eucrites could represent the few lucky rocks that survived unscathed on Vesta for four
billion years. However, their Ar-Ar ages suggest they many have a very different history. Bogard
and Garrison (2003) found that about two-thirds of their sample of unbrecciated eucrites, both
cumulate and non-cumulate, had Ar-Ar ages of 4.48+0.02 Gyr. All the 11 eucrites in the 4.48
Gyr cluster appear to have normal oxygen isotopic compositions except for EET 87520 and Y-
7308, which have not yet been analyzed, and Ibitira. Even allowing for possible *’K half-life
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errors that might increase the Ar-Ar age by ~30 Myr, this age is still ~50 Myr after the eucrites
crystallized (e.g., Sanders and Scott, 2007b). Brecciated eucrites, which are commonly shocked,
show consistently younger Ar-Ar ages which are mostly between ~3.4 and 4.1 Gyr, overlapping
the Late Heavy Bombardment of the Moon (Bogard, 1995).

Bogard and Garrison (2003) inferred that the 4.48 Gyr Ar-Ar ages of the 11 eucrites may have
resulted from a major impact on Vesta that excavated deeply-buried cumulate eucrites and
unbrecciated and metamorphosed basaltic eucrites from the hot crust, allowing them to cool
rapidly. To explain why the 4.48 Gyr Ar-Ar ages of these eucrites, which are nearly-all
unshocked, were not reset by impacts during the Late Heavy Bombardment of the Moon, Bogard
and Garrison (2003) suggested that these rocks were ejected from Vesta at 4.48 Gyr and
reaccreted to form a much smaller asteroid. Although many smaller asteroids would have been
easily demolished during the Late Heavy Bombardment, those that survived would not have
contained many shocked rocks. Bogard (1995) argued from the Ar-Arages of HEDs and
ordinary chondrites that only bodies as large as Vesta or the Moon could acquire a crust largely
composed of rocks and debris that were impact-heated during the Late Heavy Bombardment.

Scott and Bottke (2007) used similar arguments to those of Bogard and Garrison (2003) to
explain why angrites are unshocked and unbrecciated unlike eucrites, which are commonly
shocked and brecciated, even though many angrites have textures indicating they crystallized
rapidly near the surface. One might surmise that smaller bodies are more efficient at producing
shocked meteorites and meteorite breccias as their surface-to-volume ratios are much higher than
those of larger bodies. However, two factors oppose this effect. First, shocked rocks on smaller
bodies are more likely to be accelerated above the escape velocity. A body 10 km across, for
example, receives 50x more kinetic energy from projectiles per kg of target each year than
Vesta, but its escape velocity is 50x smaller. Second, the maximum impact energy deposited per
kg of target during a near-catastrophic collision will be ~100x higher for Vesta than for a 10 km
body (Love and Ahrens, 1996). Because of the size distribution of projectiles in the asteroid belt,
the large rare events do much more damage to an asteroid than all of the more numerous smaller
cratering events. If an appreciable fraction of 10 km bodies can survive for 4.5 Gyr, as Scott and
Bottke (2007) inferred, then rocks from Vesta could have been safely stored for 4.5 Gyrina 10
km body, which was broken up in the last ~50 Myr to provide unshocked and unbrecciated
eucrites with 4.5 Gyr Ar-Ar ages.

The absence of eucrite breccias and shocked eucrites with Ar-Ar ages of ~4.48 Gyr or older
suggests that these samples were not abundant on Vesta’s surface at that time. Several factors
may have been responsible. High ambient temperatures in the crust would have ensured that
rocks like EET 90020 that were involved in impacts prior to 4.48 Gyr were quickly annealed
back into unbrecciated rocks (Yamaguchi et al., 2001). In addition, planetesimals as large as
Ceres may have formed by gravitational collapse via a streaming instability in a turbulent nebula
(Johansen et al., 2007), rather than by binary accretion of km-sized and larger planetesimals. In
this case, there may have been numerous Vesta-sized asteroids but few smaller bodies that could
fragment and shock their surface rocks, form breccias, or even catastrophically disrupt them.

The Bogard-Garrison model for the ~4.48 Gyr old unbrecciated eucrites with normal oxygen
isotopic compositions provides a plausible explanation for the chemical and petrographic

16



similarities between the anomalous eucrites and the unbrecciated eucrites with normal oxygen
isotopes (Table 5). The anomalous eucrites could have avoided being shocked and brecciated
during the Late Heavy Bombardment because at that time they were residing in small asteroids
(~10 km in diameter) that had been derived earlier from Vesta-sized bodies. If the iron and
stony-iron meteorites come from bodies that formed inside 2 AU and were eviscerated by
protoplanetary impacts before reaching the asteroid belt (Bottke et al., 2006; Asphaug et al.,
2006), this would help to explain why some differentiated asteroids were catastrophically
destroyed but others were not. Vesta and the parent bodies of the anomalous eucrites might have
escaped catastrophic disruption because they formed in the asteroid belt or because they were
scattered there without being eviscerated.

6. SUMMARY AND CONCLUSIONS

Our results show that 18 of the 23 eucrites and diogenites that we analyzed, including Caldera,
which was previously inferred to have an anomalous oxygen isotopic composition (Wiechert et
al., 2004), have A'’O values consistent with an origin on an isotopically homogenized body. The
other five meteorites are outliers, with A'’O values located more than 4 sigma from the HED
mean. They include Ibitira and Pasamonte, and three eucrites not previously known to have
anomalous oxygen, namely A-881394, NWA 1240 and PCA 91007. We infer that contamination
by chondritic projectiles during impacts on Vesta cannot account for the anomalies, and that the
five outliers plus NWA 011 (which we did not analyze) may come from five different parent
bodies (Pasamonte and PCA-91007 may come from the same body).

For NWA 011, the size of the oxygen isotopic anomaly, the *°Ti and **Cr excesses, and the high
Fe/Mn ratio provide unambiguous evidence for a separate parent body. For Ibitira and A-881394,
the oxygen isotopic anomalies are smaller but together with the high Fe/Mn ratio of Ibitira and
the antiquity and Mn-Cr isotopic¢ anomalies of A-881394 they provide compelling evidence for
two additional parent bodies. In the case of NWA 1240, PCA 91007, and Pasamonte, the
existence of their oxygen isotopic anomalies is well established, but their relatively small size (4-
50) and the more ambiguous nature of their mineralogical and chemical anomalies provide
somewhat weaker evidence for separate parent bodies.

We would prefer that the term "eucrite" be used merely as a rock type, like “pallasite”, with no
implication about the parent body, consistent with the meaning of its Greek root (eukritos: easily
distinguished). Then, NWA 011, Ibitira, and A-881394 could be simply classified as ungrouped
eucrites. However, because the concept of an HED parent body, almost certainly Vesta, is really
well established, and because the letter E in HED stands for eucrite, any meteorite referred to as
a eucrite could be taken as a sample of Vesta. Consequently, NWA 011, Ibitira, and A-881394
are probably best referred to as "ungrouped basaltic achondrites", at least until the term "eucrite"
is widely used in the way we suggest. For NWA 1240, PCA 91007, and Pasamonte, the term
"anomalous eucrite" seems appropriate, although an origin on the parent body of the normal
eucrites seems unlikely.

Given that several meteorite types including main-group pallasites and angrites have oxygen

isotopic compositions that were previously indistinguishable from those of HEDs, it is not
surprising that the anomalous oxygen isotope compositions of five of the six anomalous eucrites
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were only discovered by laser-assisted fluorination techniques. For three of the isotopically
anomalous eucrites, the differences between their A0 values and those of normal eucrites and
diogenites are comparable to inter-laboratory differences between published laser-assisted
oxygen isotopic analyses for normal eucrites. This highlights the need for better standardization
procedures and the problems in combining existing data for HEDs from different labs.

Since the chemical compositions of basaltic eucrites cluster around the low-pressure
pseudoperitectic composition for olivine, pigeonite and plagioclase (e.g., Ruzicka et al., 1997),
eucritic basalts from asteroids of broadly similar sizes and oxidation states should be
indistinguishable on the basis of their major element mineral composition and mineralogy, as is
observed for the isotopically anomalous eucrites.

The existence of many Vesta-like bodies in the asteroid belt is entirely consistent with current
models for the asteroid belt in which the primordial mass of asteroids'was 10°* times its current
mass. Removal of these Vesta-like bodies by orbital excitation of Jupiter and protoplanets rather
than collisional grinding accounts for the absence of interior samples of the Vesta-like bodies
and the preservation of Vesta’s basalt-like surface. We suggest that the six anomalous eucrites
largely escaped post-metamorphic shock and brecciation as they were sequestered in small
asteroids during the Late Heavy Bombardment when the surface of Vesta was battered by
impacts to produce the shocked and brecciated features typical of most HED meteorites.

ACKNOWLEDGEMENTS

We thank Jenny Gibson for her help with the oxygen isotopic analyses, Martin Miller, Don
Bogard, Bill Bottke, and Jean-Alix Barrat for valuable discussions, and Akira Yamaguchi and
Paul Buchanan for their helpful reviews. Meteorite samples and sections were kindly provided
by Jean-Alix Barrat, Akira Yamaguchi and Hideyasu Kojima at the NIPR, Japan, Tim McCoy of
the Smithsonian Institution, Caroline Smith at the Natural History Museum, London, Paul
Warren, and members of the Antarctic Meteorite Working Group. This work was partly
supported by grants from NASA (ES) and a rolling grant from STFC (IAF and RCG).

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data associated with this article can be found in the online version, at doi:
10.1016 etc.

18



References

Amelin Y., Wadhwa M. and Lugmair G. (2006) Pb-isotopic dating of meteorites using ***Pb-
295pp double-spike: Comparison with other high-resolution chronometers. Lunar Planet. Sci. 37,
1970.

Asphaug, E., Agnor, C. B. and Williams, Q. (2006) Hit-and-run planetary collisions. Nature 439,
155-160.

Barkan E. and Luz B. (2005) High precision measurements of '’0/'°O and '*0/'°0 ratios in H,O.
Rapid Commun. Mass Spectrom. 19, 3737-3742.

Barrat J. A., Jambon A., Bohn M., Blichert-Toft J., Sautter V., Gopel C., Gillet P., Boudouma O.
and Keller F. (2003) Petrology and geochemistry of the unbrecciated achondrite Northwest
Africa 1240 (NWA 1240): an HED parent body impact melt. Geochim. Cosmochim. Acta 67,
3959-3970.

Barrat J. A., Beck P., Bohn M., Cotten J., Gillet Ph., Greenwood R. C. and Franchi 1. A. (2006)
Petrology and geochemistry of the fine-grained, unbrecciated diogenite Northwest Africa 4215.
Meteorit. Planet. Sci. 41, 1045-1057.

Barrat J. A., Yamaguchi A., Greenwood R. C., Bohn M., Cotten J., Benoit M. and Franchi I. A.
(2007) The Stannern trend eucrites: Contamination of main group eucritic magmas by crustal
partial melts. Geochim. Cosmochim. Acta 71, 4108-4124.

Barrat J. A., Yamaguchi A., Greenwood R. C., Benoit M., Cotten J., Bohn M. and Franchi L. A.
(2008) Geochemistry of diogenites: Still more diversity in their parent melts. Meteorit. Planet.
Sci. 43, 1759-1775.

Bland P. A., Spurny P., Greenwood R. C., Towner M. C., Bevan A. W. R., Bottke W. F. Jr.,
Shrbeny L., McClafferty T. P., Vaughan D., Benedix G. K., Franchi I. A. and Hough R. M.
(2009) Bunburra Rockhole: A new anomalous achondrite. Meteorit. Planet. Sci. 44, A34.

Boctor N. Z., Palme H., Spettel B., El Goresy A. and MacPherson G. J. (1994) Caldera: A
second unbrecciated noncumulate eucrite. Meteoritics 29, 445.

Bogard D. D. (1995) Impact ages of meteorites: A synthesis. Meteoritics 30, 244-268.

Bogard D. D. and Garrison D. H. (2003) *’Ar-*’Ar ages of eucrites and thermal history of
asteroid 4 Vesta. Meteorit. Planet. Sci. 38, 669-710.

Bogard D. D. and Garrison D. H. (2003) I Ar-*Ar dating of unusual eucrite NWA-011: Is it
from Vesta? Lunar Planet. Sci. 35, 1094.

19



Bogdanovski O. and Lugmair G. W. (2003) Manganese-chromium isotope systematics of a
highly unusual differentiated meteorite. Meteorit. Planet. Sci. 38, A54.

Bogdanovski O. and Lugmair G. W. (2004) Manganese-chromium isotope systematics of
basaltic achondrite Northwest Africa 011. Lunar Planet. Sci. 35, 1715.

Bottke W. F., Nesvorny D., Grimm R. E., Morbidelli A., O’Brien D. P. (2006) Iron meteorites as
remnants of planetesimals formed in the terrestrial planet region. Nature 439, 821-824.

Buchanan P. C., Noguchi T., Bogard D. D., Ebihara M. and Katayama I. (2005) Glass veins in
the unequilibrated eucrite Yamato 82202. Geochim. Cosmochim. Acta 69, 1883-1898.

Bunch T. E. and Keil K. (1971) Chromite and ilmenite in non-chondritic meteorites. Amer.
Mineral. 56, 146-157.

Bunch T. E., Irving A. J., Wittke J. H., Kuehner S. M. and Rumble D. (2007) Distinctive
magnesian, protogranular, and polymict diogenites from Northwest Africa, Oman, and United
Arab Emirates. Meteorit. Planet. Sci. 42, A27.

Bunch T. E., Irving A. J., Rumble D., Korotev R.L., Wittke J. H. and Sipiera P. P. (2009)
Northwest Africa 2824: Another eucrite-like sample from the Ibitira parent body? Meteorit.
Planet. Sci. 44, A45.

Burbine T. H., Anders M. and Binzel R. P. (1996) Mantle material in the main belt: Battered to
bits? Meteoritics 31, 607-620.

Clayton R. N. (1993) Oxygen isotopes in meteorites. Ann. Rev. Earth Planet. Sci. 21, 115-149.

Clayton R. N. and Mayeda T. K. (1996) Oxygen isotope studies of achondrites. Geochim.
Cosmochim. Acta 60, 1999-2017.

Cornish L. and Doyle A.M. (1984) Use of ethanolamine thioglycollate in the conservation of
pyritised fossils. Palaeontology 27, 421-424.

Delaney J. S., Takeda H., Prinz M., Nehru C. E. and Harlow G. E. (1983) The nomenclature of
polymict basaltic achondrites. Meteoritics 18, 103-111.

Drake M. J. (2001) The eucrite/Vesta story. Meteorit. Planet. Sci. 36, 501-513.

Floss C., Taylor L. A., Promprated P. and Rumble D., III (2005) Northwest Africa 011: A
"eucritic" basalt from a non-eucrite parent body. Meteorit. Planet. Sci. 40, 343-360.

Franchi I. (2008) Oxygen isotopes in asteroidal materials. Rev. Mineralogy & Geochem. 68, 345-
397.

20



Goldstein J. 1., Scott E. R. D., and Chabot N. L. (2009) Iron meteorites: Crystallization, thermal
history, parent bodies, and origin. Chemie der Erde doi:10.1016/j.chemer.2009.01.002.

Gomes C. B. and Keil K. (1980) Brazilian Stone Meteorites. Univ. New Mexico Press.

Greenwood R. C., Franchi I. A., Jambon A. and Buchanan P. (2005) Widespread magma oceans
on asteroidal bodies in the early Solar System. Nature 435, 916-918.

Greenwood R. C., Franchi I. A., Jambon A., Barrat J. A. and Burbine T. H. (2006) Oxygen
isotope variation in stony-iron meteorites. Science 313, 1763-1765.

Greenwood R. C., Gibson J. M. and Franchi I. A. (2008a) Hot and cold weathering: Determining
the oxygen isotope composition of achondrites. Meteorit. Planet. Sci. 43, A182.

Greenwood R. C., Franchi I. A. and Gibson J. M. (2008b) How useful are high-precision
A0 data in defining the asteroidal sources of meteorites? Evidence from main-group pallasites,
primitive and differentiated achondrites. Lunar Planet. Sci. 39, 2445.

Greshake A. (2006) History of the meteorite collection at the Museum fiir Naturkunde, Berlin. In
The History of Meteoritics and Key Meteorite Collections: Fireballs, Falls and Finds (eds. G. J.
H. McCall, A.J. Bowden, and R. J. Howarth). Spec.Pub. Geol. Soc. Lond. 256, 135-151.

Isa J., Shinotsuka K., Yamaguchi A. and Ebihara M. (2008) Chemical characteristics of
Northwest Africa 011 and Northwest Africa 2976. Meteorit. Planet. Sci. 43, A64.

Johansen A., Oishi J. S., Mac Low M.-M., Klahr H., Henning T. and Youdin A. (2007) Rapid
planetesimal formation in turbulent circumstellar disks. Nature 448, 1022-1025.

Jurewicz A. J. G., Mittlefehldt D. W. and Jones J. H. (1993) Experimental partial melting of the
Allende (CV) and Murchison (CM) chondrites and the origin of asteroidal basalts. Geochim.
Cosmochim. Acta 57,2123-2139.

Keil K. (2002) Geological history of asteroid 4 Vesta: The “smallest terrestrial planet”. In
Asteroids III (eds. W. F. Bottke et al.). Univ. of Arizona Press, Tucson, pp. 573-584.

Kitts K. and Lodders K. (1998) Survey and evaluation of eucrite bulk compositions. Meteorit.
Planet. Sci. 33, A197-A213.

Lazzaro D., Michtchenko T., Carvano J. M., Binzel R. P., Bus S. J., Burbine T. H., Mothé-Dinez
T., Florczak M., Angeli C. A. and Harris A. W. (2000) Discovery of a basaltic asteroid in the
outer main belt. Science 288, 2033-2035.

Lentz R. C. F., Scott E. R. D. and McCoy, T. J. (2007) Anomalous eucrites: Using Fe/Mn to
search for different parent bodies. Lunar Planet. Sci. 37, 1968.

21



Love S. G. and Ahrens T. J. (1996) Catastrophic impacts on gravity dominated asteroids. Icarus
124, 141-155.

Lugmair G. W. and Shukolyukov A. (1998) Early solar system timescales according to *Mn-
3Cr systematics. Geochim. Cosmochim. Acta 62, 2863-2886.

Marvin U. B. (2006) Meteorites in history: an overview from the Renaissance to the 20™ century.
In The History of Meteoritics and Key Meteorite Collections: Fireballs, Falls and Finds (eds. G.
J. H. McCall, A.J. Bowden, and R. J. Howarth). Spec.Pub. Geol. Soc. Lond. 256, 15-71.

Mayne R.G., McSween Jr., H.Y., McCoy T.J., Gale A. (2009) Petrology of the unbrecciated
eucrites. Geochim. Cosmochim. Acta 73, 794-819.

McCoy T. J. (2000) Thin section description of GRA 98108. Antarctic Meteorite Newsletter 23
(1), 20. (Also available at http://www-curator.jsc.nasa.gov/antmet/amn/amn.cfm.)

McCoy T. J., Ketcham R. A., Wilson L., Benedix G. K., Wadhwa M. and Davis A. M. (2006)
Formation of vesicles in asteroidal basaltic meteorites. Earth Planet. Sci. Lett. 246, 102-108.

Metzler K., Bobe K. D., Palme H., Spettel B. and Stéffler D. (1995) Thermal and impact
metamorphism on the HED parent asteroid. Planet. Space Sci. 43, 499-525.

Miller M. F. (2002) Isotopic fractionation and the quantification of '’O anomalies in the oxygen
three-isotope system: an appraisal and geochemical significance. Geochim. Cosmochim. Acta 66,
1881-1889.

Miller M. F., Franchi L. A., Sexton‘A. S. and Pillinger C. T. (1999) High precision 'O isotope
measurements of oxygen from silicates and other oxides: Method and applications. Rapid
Commun. Mass Spectrom. 13, 1211-1217.

Mittlefehldt D. W. (1994) The genesis of diogenites and HED parent body petrogenesis.
Geochim. Cosmochim. Acta 58, 1537-1552.

Mittlefehldt D. W. (2005) Ibitira: A basaltic achondrite from a distinct parent asteroid and
implications for the Dawn mission. Meteorit. Planet. Sci. 40, 665-677.

Mittlefehldt D. W. (2007) Achondrites. In Meteorites, Comets and Planets (ed. A. M. Davis)
Chapter 1.11, Treatise on Geochemistry Update 1, Elsevier, pp. 1-40 doi:10.1016/B0-08-
043751-6/01064-1.

Mittlefehldt D. W. and Lee M. T. (2001) Petrology and geochemistry of unusual eucrite GRA
98098. Meteorit. Planet. Sci. 36, A136.

Mittlefehldt D. W., McCoy T. J., Goodrich C. A. and Kracher A. (1998) Non-chondritic

meteorites from asteroidal bodies. In Planetary Materials (ed. J. J. Papike). Reviews in
Mineralogy 36, 4-1 to 4-195.

22



Moskovitz N. A., Jedicke R., Gaidos E., Willman M., Nesvorny D., Fevig R. and Ivezic Z.
(2008) The distribution of basaltic asteroids in the Main Belt. Icarus 198, 77-90.

Newton J., Franchi I. A. and Pillinger C. T. (2000) The oxygen-isotopic record in enstatite
meteorites. Meteorit. Planet. Sci. 35, 689-698.

Nyquist L. E., Wiesmann H., Reese Y., Shih C.-Y. and Borg L. E. (1997) Samarium-neodymium
age and manganese-chromium systematics of eucrite Elephant Moraine 90020. Meteorit. Planet.
Sci. 32, A101-A102.

Nyquist L. E., Shih C.-Y., Wiesmann H., Yamaguchi A. and Misawa K. (2003a) Early volcanism
on the NWA 011 parent body. Meteorit. Planet. Sci. 38, A59.

Nyquist L. E., Reese Y., Wiesmann H., Shih C.-Y. and Takeda H. (2003b) Fossil *°Al and *>Mn
in the Asuka 881394 eucrite: Evidence of the earliest crust on asteroid 4 Vesta. Earth Planet. Sci.
Lett. 214, 11-25.

O’Brien D. P., Morbidelli A. and Bottke W. F. (2007) The primordial excitation and clearing of
the asteroid belt—Revisited. Icarus 191, 434-452.

Palme H. (2002) A new solar system basalt. Science 296, 271-272.

Papike J. J. (1998) Comparative planetary mineralogy: Chemistry of melt-derived pyroxene,
feldspar, and olivine. In Planetary Materials (ed. J. J. Papike). Reviews in Mineralogy 36, 7-01—
7-11.

Papike J. J., Shearer C. K., Spilde M. N. and Karner J. M. (2000) Metamorphic diogenite
Grosvenor Mountains 95555: Mineral chemistry of orthopyroxene and spinel and comparisons to
the diogenite suite. Meteorit. Planet. Sci. 35, 875-879.

Papike J. J., Karner J. M. and Shearer C. K (2003) Determination of planetary basalt parentage:
A simple technique using the electron microprobe. Amer. Mineral. 88, 469-472.

Petit J.-M., Chambers J., Franklin F. and Nagasawa M. (2002) In Asteroids 11l (eds. W. F. Bottke
et al.). Uniy. of Arizona Press, Tucson, pp. 711-723.

Pieters C. M., Binzel R. P., Bogard D., Hiroi T., Mittlefehldt D. W., Nyquist L., Rivkin A. and
Takeda H. (2005) Asteroid-meteorite links: the Vesta conundrum(s). In Asteroids, Comets,
Meteors, Proceedings IAU Symposium 229 (eds. D. Lazzaro. S. Ferraz-Mello and J. A.
Fernandez). Cambridge Univ. Press, pp. 273-288.

Rai V. K., Jackson T. L. and Thiemens M. H. (2005) Photochemical mass-independent sulfur
isotopes in achondritic meteorites. Science 309, 1062-1065.

23



Righter K. (2001) Petrography, mineralogy and petrology of two new HED meteorites:
Diogenite GRA98108 and howardite GRA98030. Lunar Planet. Sci. 32, 1765.

Righter K. and Drake M. J. (1997) A magma ocean on Vesta: Core formation and petrogenesis
of eucrites and diogenites. Meteorit. Planet. Sci. 32, 929-944.

Rubin A. E. and Mittlefehldt D. W. (1993) Evolutionary history of the mesosiderite asteroid - A
chronologic and petrologic synthesis. Icarus 101, 201-212.

Rumble D., Miller M. F., Franchi I. A., and Greenwood R. C. (2007) Oxygen three-isotope
fractionation lines in terrestrial silicate minerals: An inter-laboratory comparison of
hydrothermal quartz and eclogitic garnet. Geochim. Cosmochim. Acta 71, 3592-3600.

Ruzicka A., Snyder G. A. and Taylor L. A. (1997) Vesta as the howardite, eucrite and diogenite
parent body: Implications for the size of a core and for large-scale differentiation. Meteorit.
Planet. Sci. 32, 825-840.

Saiki K., Takeda H. and Ishii T. (2001) Mineralogy of Yamato-791192, HED breccia and
relationship between cumulate eucrites and ordinary eucrites. Antarct. Meteorite Res. 14, 28-46.

Sanders I. S. and Scott E. R. D. (2007a) The chronology of basaltic meteorites and the history of
their parent bodies. Workshop on the Chronology of Meteorites and the Early Solar System,
Lunar Planet. Inst. Contrib. No. 1374, pp.147-148.

Sanders I. S. and Scott E. R. D. (2007b) Vesta comes of age: An appraisal of eucrite chronology
and petrogenesis. Lunar Planet. Sci. 38, 1910.

Scott E. R. D. (1989) Pairing of meteorites from Victoria Land and the Thiel Mountains,
Antarctica. Smithsonian Contrib. Earth Sci. 28, 103-111.

Scott E. R. D. and Bottke W. F. (2007) Understanding diverse shock and brecciation histories of
basaltic and other meteorites. Meteorit. Planet. Sci. 42, A140.

Sugiura N. and Yamaguchi A. (2007) Al-Mg and Mn-Cr ages of Northwest Africa 011
achondrite. Lunar Planet. Sci. 38, 1431.

Takeda H. (1997) Mineralogical records of early planetary processes on the howardite, eucrite,
diogenite parent body with reference to Vesta. Meteorit. Planet. Sci. 32, 841-853.

Takeda H. and Graham A. L. (1991) Degree of equilibration of eucritic pyroxenes and thermal
metamorphism of the earliest planetary crust. Meteoritics 26, 129-134.

Takeda H. and Mori H. (1985) The diogenite-eucrite links and the crystallization history of a
crust of their parent body. J. Geophys. Res. 90, Suppl., C636 - C648.

24



Takeda H., Wooden J. L., Mori H., Delaney J. S., Prinz M. and Nyquist L. E. (1983) Comparison
of Yamato and Victoria Land polymict eucrites: A view from mineralogical and isotopic studies.
Proc. 14™ Lunar Sci. Conf., J. Geophys. Res. 88, B245-256.

Takeda H., Ishii T., Arai T. and Miyamoto M. (1997) Mineralogy of the Asuka 87 and 88
eucrites and crustal evolution of the HED parent body. Antarct. Met. Res. 10, 401-413.

Thiemens M. H. (2006) History and applications of mass-independent isotope effects. Ann. Rev.
Earth Planet. Sci. 34, 217-262.

Treiman A. H., Lanzirotti A. and Xirouchakis D. (2004) Ancient water on asteroid 4 Vesta:
evidence from a quartz veinlet in the Serra de Magé eucrite meteorite. Earth Planet. Sci. Lett.
219, 189-199.

Trinquier A., Bizzarro M. and Ulfbeck D. (2007a) *°Ti anomalies in primitive and differentiated
meteorites (abstract). Geochim. Cosmochim. Acta 71 Suppl. A1038.

Trinquier A., Bizzarro M., Ulfbeck D., Krot A. N. and Connelly J. N. (2007b) Origin of titanium
isotope heterogeneity in the protoplanetary disk (abst.). LPI Workshop on Chronology of
Meteorites, #4954.

Wadhwa M., Amelin Y., Bogdanovski O., Shukolyukov A. and Lugmair G. W. (2005) High
precision relative and absolute ages for Asuka 881394, a unique and ancient basalt. Lunar
Planet. Sci. 36, 2126.

Warren P. H. (1999) Differentiation of siderophile elements in the Moon and the HED parent
asteroid (abstract). Antarctic Meteorites XXIV, Tokyo, NIPR, pp. 185-186.

Warren P. H. (2002) Northwest Africa 1000: A new eucrite with maskelynite, unequilibrated
pyroxene criss-crossed by fayalite-rich veins, and Stannern-like geochemistry. Lunar Planet. Sci.
33, 1147.

Warren P. H. (2003) Yamato 981651, a new variety of thermally unmetamorphosed eucrite:
Vesicular, magnesian and incompatible element-poor. Meteorit. Planet. Sci. 38, A153.

Warren P. H. and Kallemeyn G. W. (2001) Eucrite Bluewing 001: A Stannern-like bulk
composition and its linkage with other unequilibrated HED basalts. Lunar Planet. Sci. 32, 2114.

Warren P. H., Kallemeyn G. W. and Kaneda K. (1996a ) Cumulate eucrites: Volatile-depleted
Asuka 881394, chromium-loaded EET 87548 and cumulate versus noncumulate relationships. In
Workshop on Evolution of Igneous Asteroids: Focus on Vesta and the HED Meteorites, Lunar
Planet. Inst. Tech. Rpt. 96-02, 37-38.

Warren P.H., Kallemeyn G.W., Arai T. and Kaneda K. (1996b) Compositional-petrologic
investigation of eucrites and the QUE94201 shergottite. Antarctic Meteorites XXI, 195-197.

25



Warren P. H., Kallemeyn G. W. and Arai T. (1996¢ ) Compositional-petrologic investigation of
quench-textured eucrites: microporphyritic ALH 81001 and vesicular PCA 91007. In Workshop
on Evolution of Igneous Asteroids: Focus on Vesta and the HED Meteorites, Lunar Planet. Inst.
Tech. Rpt. 96-02, 35-37.

Welten K. C., Lindner L., van der Borg K., Loeken T., Scherer P. and Schultz L. (1997) Cosmic-
ray exposure ages of diogenites and the recent collisional history of the howardite, eucrite and
diogenite parent body/bodies. Meteorit. Planet. Sci. 32, 891-902.

Wiechert U. H., Halliday A. N., Palme H. and Rumble D. (2004) Oxygen isotope evidence for
rapid mixing of the HED meteorite parent body. Earth Planet. Sci. Lett. 221, 373-382.

Wilson L. and Keil K. (1991) Consequences of explosive volcanism on small Solar System
bodies: The case of the missing basalts on the aubrite parent body. Earth Planet. Sci. Lett. 104,
505-512.

Yamaguchi A. (2001) Mineralogical study of a highly metamorphosed eucrite: Northwest Africa
011. Lunar Planet. Sci. 32, 1578.

Yamaguchi A. and Takeda H. (1992) Mineralogical study of some brecciated Antarctic eucrites.
Proc. NIPR Symp. Ant. Meteorites 5, 242-257.

Yamaguchi A., Taylor G. J., Keil K., Floss C., Crozaz G., Nyquist L. E., Bogard D. D., Garrison
D. H,, Reese Y. D., Wiesmann H. and Shih C.-Y. (2001) Post-crystallization reheating and
partial melting of eucrite EET90020 by impact into the hot crust of asteroid 4Vesta ~4.50 Ga
ago. Geochim. Cosmochim. Acta 65, 3577-3599.

Yamaguchi A., Clayton R. N., Mayeda T. K., Ebihara M., Oura Y., Miura Y. N., Haramura H.,
Misawa K., Kojima H. and Nagao K. (2002) A new source of basaltic meteorites inferred from
Northwest Africa 011. Science 296, 334-336.

Yamaguchi A., Setoyanagi, T. and Ebihara, M. (2006) An anomalous eucrite, Dhofar 007, and a
possible genetic relationship with mesosiderites, Meteorit. Planet. Sci. 41, 863-874.

Young E. D., Galy A., and Nagahara H. (2002) Kinetic and equilibrium mass-dependent isotope
fractionation laws in nature and their geochemical and cosmochemical significance. Geochim.
Cosmochim. Acta 66, 1095-1104.

Ziegler K. and Young E. D. (2007) Pallasite, mesosiderite and HED A'’O signatures: The details.
Lunar Planet. Sci. 38, 2021.

Zolensky M. E., Weisberg M. K., Buchanan P. C. and Mittlefehldt D. W. (1996) Mineralogy of

carbonaceous chondrite clasts in HED achondrites and the Moon. Meteorit. Planet. Sci. 38, 518-
537.

26



Table 1. Names of 18 eucrites and 4 diogenites analyzed for oxygen isotopic composition with
classifications, sources, and reasons for selection.

Name® Class” Source® Why analyzed?  References
ALHAS81001 Unbr. non-cumulate ,45 Quench texture;  Warren et al. (1996¢)
unbrecciated
A-881394 Cumulate-anom. ,76 Granulitic Takeda et al. (1997),
texture; old age ~ Nyquist et al., (2003b)
Caldera Unbr. non-cumulate  SI 6394 Anomalous O Wiechert et al. (2004)
isotopes Boctor et al. (1994)
EET 90020  Unbr. non-cumulate ,48 Rare eucrite Yamaguchi et al. (2001)
GRA 98098  Unbr. non-cumulate ,53 Unusual eucrite ~ Mittlefehldt & Lee (2001);
GRA 98108  Diogenite ,24 Rare unbr.; 30% ' Righter (2001)
olivine
GRO 95555  Diogenite ,35 Unusual unbr. Papike et al. (2000)
diogenite
Ibitira Unbr. non-cumulate  Burton K. W. Unique eucrite,  Mittlefehldt (2005)
Oxford Univ. Aberrant O isot.  Wiechert et al. (2004)
NWA 1000  Unbr. non-cumulate UCLA Extraordinarily =~ Warren (2002)
unequilibrated
NWA 1240  Cumulate-anom. Barrat J. A. Unique eucrite Barrat et al. (2003)
NWA 1461  Diogenite UCLA Mg-rich Bunch et al. (2007)
Pasamonte’  Polymict SI 897 Anomalous O Wiechert et al. (2004)
non-cumulate BM1937.379 isotopes Greenwood et al. (2005)
PCA 91007  Unbr. non-cumulate ,2 Unusual Warren et al. (1996¢)
vesicular eucrite
QUE 97053  Unbr. non-cumulate ,21 Old Ar-Ar age Bogard & Garrison (2003)
Y-74159 Polymict ,66 Pasamonte-like =~ Takeda et al. (1983)
clasts
Y-74450 Polymict ,67 Pasamonte-like ~ Takeda et al. (1983)
clasts
Y-75011 Polymict ,63 Pasamonte-like ~ Takeda and Graham (1991)
clasts
Y-75032 Diogenite ,55 Unusual diog. Takeda and Mori (1985)
Y-790260 Polymict ,55 Pasamonte-like ~ Antarctic Meteorite Data
clasts Base®
Y-791192 Polymict 72 Unique breccia Saiki et al. (2001)
Y-82202 Polymict ,73 Unusual eucrite  Buchanan et al. (2005)
Y-981651 Unbr. non-cumulate ,77 Unequil. eucrite ~ Warren (2003)

* Abbreviations: A Asuka, ALH Allan Hills, EET Elephant Moraine, GRA Graves Nunataks, GRO
Grosvenor Mountains, NWA Northwest Africa, PCA Pecora Escarpment, QUE Queen Alexandra

Range, Y Yamato.
® Classifications from listed reference or Meteoritical Bulletin Database (see
http://tin.er.usgs.gov/meteor/metbull.php).
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“Source abbreviations: SI, U.S. National Museum; BM, Natural History Museum, London;
UCLA, University of California at Los Angeles. Asuka and Yamato specimens are from NIPR,
Tokyo; other Antarctic specimens are from Meteorite Working Group, NASA-JSC, Houston.

4 Although Pasamonte appears to lack diogenite material, it is listed as polymict as it contains a
small fraction of diverse clasts (Metzler et al., 1995).

¢ See http://metdb.nipr.ac.jp/am_db public.
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Table 2. Oxygen isotopic compositions” of 10 non-cumulate eucrites, 2 anomalous cumulate
eucrites, 6 polymict eucrites, 4 diogenites, and separated phases in NWA 1240.

SAMPLE" N° 30 %o Io 8"%0 %o Io A0 %o Io
Non-cumulate Eucrites (Basaltic Eucrites)

ALHAS81001 2 1.767 0.004 3.832 0.002 -0.241 0.003

Caldera 2 1.804 0.020 3911 0.030 -0.246 0.004

EET 90020,48 2 1.690 0.047 3.689 0.098 -0.244 0.004

GRA 98098,53 2 1.679 0.007 3.640 0.022 -0.229 0.019

Ibitira 4 1.959 0.016 3.868 0.044 -0.069 0.017

NWA 1000 2 2.001 0.011 4.245 0.011 -0.224 0.005
EATG residue 2 1.883 0.097 4.056 0.180 <0.243 0.002

Pasamonte (BM) 8 1.797 0.052 3.817 0.107 -0.204 0.010
dark clast (SI) 2 1.853 0.064 3913 0.115 -0.198 0.004
light matrix (SI) 2 1.769 0.037 3.767 0.054 -0.206 0.009
EATG residue (BM) 1 1.780 3.799 -0.211
Mean 3 1.800 0.052 3.823 0.100 -0.204 0.008

PCA 91007, 2 3 1.720 0.080 3.657 0.139 -0.197 0.007
HCl residue 2 1.766 0.001 3.767 0.033 -0.208 0.016
Mean 5 1.738 0.062 3.701 0.116 -0.202 0.011

QUE 97053,21 3 1.653 0.012 3.585 0.048 -0.226 0.014

Y-981651 2 1.688 0.025 3.682 0.024 -0.242 0.013

Cumulate Eucrite - Anom.

A-88139%4 3 1.939 0.030 3.943 0.081 -0.128 0.013
EATG residue 2 1.884 0.023 3.829 0.006 -0.123 0.019
HCI residue 1 1.890 3.806 -0.105
Mean 6 1.912 0.036 3.882 0.084 -0.122 0.015

NWA 1240 4 1.324 0.057 3.043 0.105 -0.271 0.007
EATG residue 1 1.363 3.097 -0.260
HCl residue 2 1.334 0.042 3.076 0.064 -0.279 0.008
Mean 7 1.332 0.046 3.060 0.082 -0.272 0.009
Matrix, grey 1 1.378 3.164 -0.280
Matrix, light grey 1 1.325 3.054 -0.276
Pyroxene, clear 1 1.229 2.859 -0.270
Pyroxene, translucent 1 1.279 2917 -0.250

Polymict Eucrites

Y-74159,66 2 1.660 0.011 3.607 0.006 -0.230 0.008

Y-74450,67 2 1.680 0.017 3.668 0.034 -0.242 0.001

Y-75011,63 2 1.665 0.008 3.634 0.005 -0.239 0.011

Y-790260 3 1.733 0.044 3.794 0.110 -0.255 0.016

Y-791192,72 2 1.607 0.003 3.521 0.001 -0.238 0.002

Y-82202 2 1.617 0.028 3.553 0.078 -0.246 0.013

Diogenites

GRA 98108,24 2 1.447 0.020 3.233 0.030 -0.247 0.004

GRO 95555,35 4 1.407 0.145 3.171 0.255 -0.255 0.015

NWA 1461 2 1.556 0.050 3.443 0.095 -0.249 0.000
HCl residue 2 1.602 0.021 3.524 0.035 -0.246 0.002
Mean 4 1.579 0.041 3.483 0.075 -0.247 0.002

Y-75032,55 2 1.446 0.053 3.210 0.123 -0.237 0.011

3'70 and 8'70 values are reported in the standard notation; A'’O is calculated using the linearized format of Miller

(2002); see text.

® Abbreviations as in Table 1. Samples untreated unless otherwise noted.
¢ Number of replicate analyses. These are listed in the Electronic Annex Table EA1.
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Table 3. Comparison of A0 values (%o) for eucrites (E) and diogenites (D) with published data.

Samples This work Greenwood et~ Wiechert et Greenwood
al. (2005) al. (2004) —Wiechert
E & D" +2c -0.242+0.016*  -0.239+0.014* -0.218+0.024 -0.021
2 x SEM +0.004 +0.003 +0.004  +0.006
No. Falls 0 17 11
No. finds 17 0 13¢
No. anal. 38 43 29
Nine E & D falls” +20 -0.239+0.012*  -0.218+0.018 - -0.021
2 x SEM +0.004 +0.005 +0.007
No. anal. 27 12
Caldera -0.246+0.006 -0.1894+0.018
Ibitira -0.069+0.016 -0.064+0.013
Pasamonte -0.202+0.004 -0.205+0.011 -0.184+0.011

* 20 standard deviations calculated from replicate means for each meteorite rather than from

individual analyses.
® Eucrites lying >3c from mean (Ibitira and Pasamonte) are excluded.

¢ ALHA76005 and ALHA78132 are counted as separate finds (though probably paired), and
“Binola” is inferred to be an error for “Binda,” as there is no Binola meteorite.

30



Table 4. Number of howardites, eucrites, diogenites by class listed in the Meteoritical Bulletin
Database®; number analyzed for oxygen isotopes by laser fluorination®, and classifications of
achondrites with anomalous oxygen isotopic compositions.

Class Number of Number with Achond. with
meteorites precise oxygen anomalous O
isotopic comp. isotopic comp.©
Howardites 174 10 0
Monomict non- 145 11 0
cumulate eucrites®
Unbrecc. non- 35 13 PCA 91007,
cumulate eucrites® Ibitira
NWA 011
Cumulate eucrites 20 7 A-881394
NWA 1240
Polymict eucrites 141 7 Pasamonte
Other eucrites’ 132 1 0
Diogenites® 177 14 0
Polymict diogenites 8 1 0
Total 831 61 6

* http://tin.er.usgs.gov/meteor/metbull.php as of 11-17-08.

b,Analyzed by Wiechert et al. (2004), Greenwood et al. (2005), Floss et al. (2005), Barrat et al.
(2006, 2007, 2008) and this study. Analyses in abstracts and the Meteoritical Bulletin were
excluded.

¢ Four howardites contaminated with carbonaceous chondrite are excluded.

4 Total includes 66 eucrite breccias and NWA 4523 (Barrat et al., 2007).

¢ Total includes Caldera, Chervony Kut, HH 262, NWA 1000, PCA 91007, ALH 81001, EET
90020, Y-981651, and NWA 011 (Floss et al., 2005).

"Includes unclassified eucrites, 1 anomalous eucrite and 4 Mg-rich eucrites.

& Includes 1 olivine diogenite, and 2 anomalous diogenites.
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Table 5. Comparison of eucrites with abnormal oxygen isotopic compositions with unbrecciated
non-cumulate eucrites with normal oxygen isotopic compositions.

Meteorite Class Vesi- Equil./ Ar-Ar age Fe/Mn Compositional and
cles? Unequil® (Gyr)° ratio®  other quirks

Abnormal

A-881394 Unbr. Anom. no Equil. 31 Low Na; Angg
cumulate 4566 Myr Pb-Pb age

Ibitira Unbr. Non- yes Equil. 4.49+0.02 35-36 Low Na; Anos
cumulate High Ti/Hf

NWA 011 Unbr. Non- no Equil. 3.15+0.03 65-67°  Low Mn, Cr; high
cumulate Fe3+; excess 50Ti,54Cr

NWA 1240  Unbr. Anom. yes Unequil. 316 .~ Low Ca, low 8'°0,
cumulate

Pasamonte Polymict Brec.!  no Unequil.  4.45+0.05 29+2  Unique breccia of
Non-cumulate 4.0+0.1 unequil. clasts

PCA 91007  Unbr. Non-cum.  yes Equil. >4.44 34

Normal

ALHAS81001 Unbr. Non-cum. no Equil. 32-34  High Cr, high Mg/Fe

Caldera Unbr. Non-cum.  no Equil. 4.49+0.01 30-32

EET 90020  Unbr. Non- no Equil. 4.49+0.01 31 Complex thermal
cumulate history

GRA 98098  Unbr. Non- no Equil. 4.49+0.02 30-33  High Na, Cr
cumulate 4.45+0.01

NWA 1000  Unbr. Non-cum. no Unequil. 38 High Ti

QUE 97053  Unbr. Non-cum. - no Equil. 4.480+0.015 28-35

Y-981651 Unbr. Non-cum: - yes Unequil. Low-Ti? Al-rich pyx.

*Eucrites containing pyroxene with equilibrated or unequilibrated Fe/Mg ratio: QUE 97053 from
Mayne et al. (2009), others from references in text and Table 1, or Meteorite Bulletin Database
(see http://tin.er.usgs.gov/meteor/metbull.php).

® Ar-Ar ages from Bogard and Garrison (2003) except for EET 90020 (Yamaguchi et al., 2001),
NWA 011 (Bogard and Garrison, 2004), and Pasamonte (see Bogard, 1995). Where two ages
are listed the first dates primary cooling and the second, impact degassing. See text for

references to other data.

“Fe/Mn ratios are from pyroxene analyses by Mayne et al. (2009) except for Ibitira (Mittlefelhdt,
2005), NWA 011 (Yamaguchi et al., 2002; Floss et al., 2005), NWA 1240 (Barrat et al., 2003),
Pasamonte (Lentz et al., 2007), and the following for which bulk data were used: A-881394 and
PCA 91007 (Warren et al., 1996b), and NWA 1000 (Warren, 2002).
4'Monomict according to Delaney et al. (1983).
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Figure Captions

Fig.1. Histograms showing published A'’O values for eucrites and diogenites obtained by laser-assisted
fluorination with outliers identified: (a) 29 analyses by Wiechert et al. (2004) of 24 eucrites and
diogenites; (b) mean values of 17 eucrites and diogenites from 43 analyses by Greenwood et al. (2005).
Horizontal bars show +2c of the individual values and £2x the standard error of their mean (SEM). The
howardite mean in (a) and data for howardite matrix samples in (b) are significantly offset from the
mean values for eucrites and diogenites (excluding Ibitira and Pasamonte) because of carbonaceous
chondrite projectiles. The mean eucrite-diogenite values in the two studies differ by 0.02%o because of
different laboratory calibration procedures (see section 4.1). The two Pasamonte analyses in (a) appear
to lie on the tail end of a skewed distribution for eucrites and diogenites, but in (b), Pasamonte appears
quite distinct. Abbreviations: A76: ALHA76005, A78: ALHA78132, Ca: Caldera, and St: Stannern.
Main group (MG) pallasite mean from Greenwood et al. (2006).

Fig. 2. Oxygen isotope variation diagram showing mean values of A'’O vs. 8'%0 for the 18 eucrites, 4
diogenites and the Pasamonte matrix and clast samples listed in Table 1. Line drawn through HED data
excludes five eucrite outliers: Ibitira, A-881394, Pasamonte, PCA 91007, and NWA 1240. Angrite data
and angrite fractionation line (AFL) are from Greenwood et al. (2005); TFL= terrestrial fractionation
line.

Fig. 3. Oxygen isotope variation diagram showing A'’O vs. §'*0 for achondrites that were leached in
ethanolamine thioglycolate (EATG) or 6M HCI1 (HCI) and for the unleached samples (Untreat).
Unlabelled data are from Fig. 2. Meteorite abbreviations: A: A-881394, P: Pasamonte, PCA: PCA
91007, 1000: NWA 1000, 1461: NWA 1461, 1240: NWA 1240. The oxygen isotopic compositions of
the acid leached samples do not differ significantly from those of the corresponding untreated samples,
except for NWA 1000, showing that isotopic compositions of the outliers do not result from terrestrial
weathering. Compositions of a dark clast in Pasamonte (P-Dark), light matrix (P-Light), and other
Pasamonte samples are indistinguishable from one another with respect to A'’O.

Fig. 4. Oxygen isotope variation diagram showing the mean values of A'’O vs. §'*0O for two samples of
pyroxene and two residual matrix samples from the anomalous eucrite, NWA 1240. The bulk data for
treated and untreated samples of NWA 1240 and the other eucrites and diogenites are from Fig. 3. The
pyroxene and matrix data for NWA 1240 confirm that this eucrite has anomalous A'’O and §'*0 values,
and that the 8'*0 anomaly in the whole rock samples was not due to an enrichment of pyroxene in the
bulk samples that were analyzed.
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Fig. 5. Histogram showing A'’O values for eucrites and diogenites from this study and Greenwood et al.
(2005). The six eucrites with abnormal oxygen isotopic compositions, NWA 011 (Floss et al., 2005),
NWA 1240, Pasamonte, PCA 91007, A-881394, and Ibitira, have A'’O values that are >4c from the
values for the other eucrites and diogenites. Data for normal eucrites and diogenites from this study are
very similar to those of Greenwood et al. (2005) and in both cases plot within 2c of the mean value.
Angrite data are from Greenwood et al. (2005). Horizontal bars show £2c of the individual values and
+2x the standard error of their mean (SEM).

Fig. 6a-e. Photomicrographs of six eucrites with anomalous oxygen isotopic compositions in crossed-
polarized transmitted light except for (d), which is in reflected light. All six eucrites appear unshocked
and unbrecciated except for Pasamonte (e), which is a fragmental breccia. A-881394 (a), Ibitira (b), and
NWA 011 (c) have recrystallized textures (and may have been brecciated prior to recrystallization),
whereas NWA 1240 (d), the clasts in Pasamonte (e), and PCA 91007 (f) have mostly fine-grained
igneous textures. (Fig. 6¢ courtesy of A. Yamaguchi.)
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ACCEPTED MANUSCRIPT

Electronic Annex Caption

Electronic Annex Table EA1: Replicate analyses of oxygen isotopic compositions of eucrites
and diogenites.
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