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A number of meteorites contain evidence that rocky bodies formed and differentiated early in our solar
system’s history, and similar bodies likely contributed material to form the planets. These differentiated
rocky bodies are expected to have mantles dominated by Mg-rich olivine, but direct evidence for such
mantles beyond our own planet has been elusive. Here, we identify olivine fragments (Mg# = 80-92) in
howardite meteorites. These Mg-rich olivine fragments do not correspond to an established lithology
in the howardite-eucrite-diogenite (HED) meteorites, which are thought to be from the asteroid 4
Vesta; their occurrence in howardite breccias, combined with diagnostic oxygen three-isotope signatures
and minor element chemistry, indicates they are vestan. The major element chemistry of these Mg-
rich olivines suggests that they formed as mantle residues, in crustal layered intrusions, or in Mg-rich
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meteorit?S basalts. The trace element chemistry of these Mg-rich olivines supports an origin as mantle samples, but
Pla“ﬂ_edsmlals other formation scenarios could be possible. Interpreted as mantle samples, the range of Mg-rich olivine
asteroids

compositions indicates that Vesta’s structure differs from that predicted by conventional models: Vesta
has a chemically heterogeneous mantle that feeds serial magmatism. The range of olivine major element
chemistries is consistent with models of an incompletely melted mantle such as in the model proposed
by Wilson and Keil (2013) rather than a whole-mantle magma ocean for Vesta. Trace element chemistries
of Mg-rich pyroxenes (Mg# = 85-92) provide support that some of these pyroxenes may represent initial
fractional crystallization of mantle partial melts.

magma ocean
partial melting

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Meteorites can sample separate portions of differentiated as-
teroidal bodies; for instance, iron meteorites represent cores and
basaltic achondrites correspond to crusts. While meteorite collec-
tions include samples that originate from up to 150 chemically
distinct parent bodies (Burbine et al., 2002), those representing the
ultramafic mantles of differentiated asteroids are rare. Most man-
tle samples should be characterized by Mg-rich olivine, based on
redox conditions inferred from crustal meteorite assemblages, and
assuming a chondritic bulk composition. The only meteorite exam-
ples are pallasites, which may be derived from mantle-core bound-
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aries, and are not tied to any known crustal meteorite groups
(Burbine et al., 2002). Mantle lithologies are also rare as collisional
fragments in the asteroid belt (Sunshine et al., 2007). The rarity
of mantle material, combined with the relative abundance of dif-
ferentiated samples represented by crustal and core material, has
confounded researchers.

One plausible location to search for samples containing man-
tle material is asteroid 4 Vesta, where the impact that created
the Rheasilvia basin excavated to mantle depths of 60-100 km
(McSween et al., 2013a; Jutzi et al., 2013). However, olivine has
not been detected in this basin, possibly because modest amounts
of coarse-grained olivine (<30%) are easily masked by orthopy-
roxene in visible/near-infrared spectra (Beck et al, 2013a). Al-
though olivine-rich areas have been identified elsewhere on Vesta,
the related olivine chemistry has not been determined and the
related geologic context is not consistent with mantle material
(Ammannito et al., 2013). The most abundant samples sourced
from a differentiated body are the howardite, eucrite, and diogen-
ite (HED) meteorites. HEDs are interpreted to represent samples of
the crust of Vesta and possibly its upper mantle, based on numer-
ous observations (McSween et al., 2013b); furthermore, the orbital
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distribution of Vesta-like asteroids in the asteroid belt is consistent
with their ejection from Vesta during the impact that produced
the Rheasilvia basin. Relatively small Vesta-like asteroids routinely
cross Earth’s orbital path and become meteorites. The vestan me-
teorites include a wide range of igneous lithologies, including
eucrites (basalts and gabbros), and diogenites (orthopyroxenites,
harzburgites). The howardites are brecciated samples of Vesta’s re-
golith and megaregolith (e.g., Cartwright et al., 2014). Howardites
incorporate fragments of eucrites, diogenites, impact-derived ma-
terials, exogenic chondritic components, and rare lithologies of un-
determined provenance (e.g., Barrat et al.,, 2012). In this study, we
investigate the provenance and petrogenesis of a howardite com-
ponent of unknown origin: olivine and pyroxene fragments that
are more Mg-rich than similar phases occurring in eucrite or dio-
genite meteorites.

2. Materials and methods
2.1. Meteorite samples

The 4 howardites in this study were all found within a ~4 km
area in the Grosvenor Mountains field area (GRO) in Antarc-
tica. These howardites—GRO 95534, GRO 95535, GRO 95574, GRO
95581—were proposed as a pairing group in their initial descrip-
tions. Their pairing is also supported by similarities in their bulk
geochemistry. Based on solar wind concentrations, these paired
howardites formed from regolith that was exposed on an as-
teroid’s surface, rather than from buried megaregolithic material
(Cartwright et al., 2014).

The following howardite thin sections were analyzed in this
study: GRO 95534,4; GRO 95535,16; GRO 95574,17; and GRO
95581,7. They all contain Mg-rich olivine of unknown provenance,
as well as less magnesian olivine grains having compositions typ-
ically associated with diogenites (Beck and McSween, 2010). To
evaluate the consistency of our methods with previous oxygen
isotope analyses on HED meteorites using laser fluorination an-
alytical methods, we also analyzed diogenite-composition olivine
in the howardites and two diogenites: GRA 98108,16 and LEW
88008,14, which respectively represent meteorites found in the
Graves Nunataks (GRA) and Lewis Cliff (LEW) sites in Antarctica.

2.2. Major element analyses & quantitative modal analyses

Electron microprobe analyses (EMPA) were performed with
a Cameca SX-100 EMP at the University of Tennessee using
wavelength-dispersive spectrometry (WDS). The mineral spot anal-
yses were conducted with a 1 pum beam at the following condi-
tions: 15 kV and 30 nA for olivine, and 20 kV and 100 nA for
pyroxene. Analyses used PAP corrections. Natural and synthetic
standards were analyzed daily, and >99% consistency with stan-
dards was maintained. The 30 detection limits for 20 kV and
100 nA EMPA on olivine (Table 1) are as follows or lower (in ppm):
Si 136, Mn 80, Fe 123, Mg 179, Al 122, Ca 120, Ti 77, Ni 44, Cr 111.
The 30 detection limits for 15 kV and 30 nA EMPA on pyroxene
(Table 2) are as follows or lower (in ppm): Si 202, Na 243, Mn 249,
Fe 349, Cr 249, Al 154, Ca 213, Ti 212, Mg 211, K 242. We calcu-
lated Mg# = Mg/(Mg + Fe) values from our molar EMPA data.

The 4 howardite thin sections were mapped with WDS for 8
elements: Mg, Si, Fe, Al, Ca, Cr, K (K-lines) and Ni (L-line). EDS
(energy-dispersive spectrometry) x-ray maps were collected simul-
taneously for S and Ti. Using methods similar to those of Beck et
al. (2012), we constructed lithologic distribution maps with ENVI
4.2 software to locate olivine and pyroxene grains with Mg-rich
compositions. The 10 x-ray maps were assembled into a multispec-
tral image cube for each thin section. Regions of interest (ROIs)

were defined based on mineral spot analyses for specific miner-
als or ranges of mineral chemistries. These ROIs and minimum
distance classification were used to map the distribution of each
phase (defined by ROIs) in these howardites, including those rele-
vant to this study: Mg-rich olivine, diogenite olivine, and Mg-rich
orthopyroxene. Grains of interest identified by our lithologic dis-
tribution mapping were analyzed by EMP prior to oxygen isotope
and/or trace element analysis.

2.3. Oxygen isotope analyses

In situ oxygen three-isotope analyses were conducted on a
Cameca IMS 1280, a large-radius double-focusing secondary ion
mass-spectrometer at the WiscSIMS Laboratory, University of Wis-
consin, Madison. Analytical conditions and data reduction are sim-
ilar to those of Kita et al. (2010) and Tenner et al. (2013). The
primary Cst beam was focused to a 15 pm diameter spot with
an intensity of 3 nA. The oxygen isotope data are reported relative
to the standard Vienna Mean Ocean Water (VSMOW) using delta
notation: §70 = [(170/%0)sampie/(}70/180)ysmow — 11 x 1000;
8180 =[("80/'%0)sampie/ (**0/®0)vsmow — 11 x 1000; and A'70 is
defined as §170-0.52 x §'80, representing the displacement from
the terrestrial fractionation line (TFL).

Matrix effects were evaluated from olivine standards (Fogp,
Fogg, and Foigg) and instrumental biases of unknowns were cor-
rected as a function of their Fo contents as determined by EMPA.
Four bracket analyses on the San Carlos olivine (Fogg) standard
were completed before and after sets of 12 unknown analyses.
Typical reproducibility (spot-to-spot or 20 standard deviation;
2SD) of San Carlos olivine standard was ~0.3% for 880, §170,
and A'70. A total of 81 unknown spot analyses were collected on
30 separate olivine grains in the howardite and diogenite thin sec-
tions: 14 of the grains were diogenite composition olivine (Mg# =
61-79) and 16 were Mg-rich olivine (Mg# = 80-92). Between
1 and 6 spots were measured per olivine grain. Available flat
fracture-free areas large enough to accommodate the 15 pm spot
analysis dictated the number of spots per grain. The oxygen three-
isotope contents of diogenite composition olivine fragments in the
GRO 95 howardites were measured along with the Mg-rich olivine
fragments. Most oxygen isotope analyses of HED meteorites have
been on bulk rock samples and, to our knowledge, no in situ SIMS
analyses of oxygen isotopes in HED minerals have been published.
Thus, we analyzed diogenite olivine to independently determine
the oxygen three-isotopic composition of slowly cooled HED (ves-
tan) olivine. The average A'70 compositions were calculated for
Mg-rich olivine (n = 47) and diogenite olivine (n = 34), respec-
tively. The 20 standard errors of the means of both unknowns and
San Carlos olivine standard (n = 40) were propagated into the final
uncertainties of the average A70 compositions.

2.4. Trace element analyses

In situ trace element analyses were conducted at Virginia Tech
using an Agilent 7500ce inductively coupled plasma mass spec-
trometer (ICP-MS) combined with an Excimer 193 nm ArF Geo-
LasPro Laser Ablation (LA) system. Laser spot sizes of 16-60 pum
were used to analyze single-phase olivine or pyroxene. We ana-
lyzed 13 Mg-rich olivine grains and 4 Mg-rich pyroxene grains in
the GRO 95 howardites. Between 1 and 5 spots were measured per
mineral grain. Available flat fracture-free areas dictated the size
and number of spots on each grain. The external standard used
was NIST SRM610 reference glass. Every 2 hr, we measured the
NIST standard twice for 60 s to correct for drift. For each of the
analyses, approximately 60 s of background signal was collected
before the ablation process was initiated. Sample ablation times
ranged from 30-50 s using a laser repetition rate of 5 Hz. The
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Table 1
Electron microprobe analyses of Mg-rich olivine from GRO 95 howardites.
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GRO 95534,4 GRO 95535,16

Grain 015 018 ol14 0l6 0110 019 on ol11 0112 ol13 Grain 0112 ol14 019 o117
n 2 1 1 2 1 1 14 1 1 1 n 2 2 1 1
Si0y 40.7 399 40.1 40.0 40.2 40.0 38.8 39.7 391 38.8 Si0y 40.5 40.3 40.3 39.7
TiOy b.d. 0.05 b.d. b.d. b.d. b.d. b.d. b.d. 0.015 b.d. TiOy b.d. b.d. b.d. 0.016
Al 03 0.02 0.07 0.03 0.03 0.03 b.d. b.d. b.d. 0.08 0.03 Al;03 0.03 0.02 0.02 b.d.
Cry03 0.07 0.05 0.06 0.05 0.07 0.04 0.03 0.04 0.12 0.15 Cry03 0.08 0.14 0.12 0.05
MgO 49.9 473 478 475 474 472 46.6 45.9 43.0 42.2 MgO 50.0 49.1 48.6 46.1
Ca0 0.09 0.07 0.04 0.05 0.08 0.07 0.05 0.09 0.12 0.12 Ca0 0.06 0.07 0.07 0.05
MnO 0.19 0.27 0.29 0.29 0.29 0.29 0.30 0.33 0.40 0.42 MnO 0.21 0.23 0.28 0.34
FeO 8.7 115 117 119 121 12.5 12.7 141 173 18.4 FeO 8.8 9.7 115 14.0
NiO b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.006 b.d. NiO b.d. 0.008 b.d. b.d.
Total 99.6 99.3 99.9 99.8 100.2 100.2 98.5 100.1 100.1 100.1 Total 99.7 99.5 100.9 100.2
Mg# 911 88.0 88.0 877 87.5 871 86.7 853 81.6 80.3 Mg# 91.0 90.1 88.3 85.5
Fe/Mn 44.6 421 399 409 40.8 419 41.5 42.6 42.8 43.5 Fe/Mn 40.5 414 40.6 40.2
GRO 95574,17 GRO 95581,7

Grain ol13 ol8 on ol15 0l6 0118 Grain ol9 ol18 ol14 ol19 on o117 0l5 20l in MgPx1
n 2 3 5 3 4 2 n 1 1 1 1 5 1 1 1

Si0y 40.9 40.6 40.4 39.8 393 39.0 Si0; 40.6 40.1 399 40.0 39.8 39.2 389 40.7

TiO, b.d. b.d. b.d. b.d. b.d. 0.014 TiO, b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.

Al 03 0.04 0.03 0.02 0.03 0.03 0.03 Al03 0.03 0.02 0.03 0.03 0.03 0.03 0.11 b.d.

Cry03 0.14 0.09 0.04 0.08 0.14 0.08 Crp03 0.09 0.05 012 0.06 0.11 0.11 0.06 0.05

MgO 49.7 49.1 49.0 46.4 44.8 44.0 MgO 50.4 48.1 478 476 46.9 444 432 47.6

Ca0 0.12 0.07 0.04 0.07 0.07 0.08 Cao 0.07 0.07 0.11 0.07 0.09 0.11 0.15 0.03

MnO 0.22 0.24 0.24 0.31 0.36 0.39 MnO 0.22 0.28 0.29 0.29 0.32 037 0.41 0.30

FeO 8.9 9.4 9.6 131 153 16.5 FeO 8.4 117 11.6 12.0 12.6 16.2 17.0 12.8

NiO b.d. b.d. b.d. b.d. b.d. b.d. NiO b.d. b.d. b.d. b.d. b.d. 0.007 b.d. n.d.

Total 100.0 99.5 99.4 99.8 100.0 100.1 Total 99.8 100.2 99.9 100.1 99.8 100.5 99.8 101.4

Mg# 90.8 90.3 90.1 86.3 84.0 82.6 Mg# 91.5 88.0 88.0 87.7 86.9 83.0 819 86.9

Fe/Mn 40.0 393 39.6 417 423 423 Fe/Mn 36.9 40.8 40.2 413 391 43.0 40.4 43.7

4 Note: the grain ‘Ol in MgPx1’ in howardite GRO 95581,17 was analyzed with the conditions described for pyroxene.

samples were ablated in a helium atmosphere. The helium gas
carrying the ablated particles was then mixed with the make-up
gas (argon) before entering the ICP-MS system. The 30 analyti-
cal precision for the LA-ICP-MS system for the elements analyzed
in this study (compared to NIST612) is better than +5% rela-
tive (for V, Co, Cr, Ce, Zn, Ga); between +5 and 10% (for Ni, Rb,
Nb, Sr, Ba, Pr, Eu, Hf, Pb); between £10 and 20% (for Y, Zr, La,
Nd, Sm, Gd, Dy, Er, Yb, Ta, Lu, Th, Tb, Ho, U), and poorer than
+20% (Sc). Analytical precision was determined previously using
the NIST standard 610 as the reference, and then USGS standards
BCR-2G, BHVO-2G, BIR-1G, NKT-1G and NIST standards (NIST612
and NIST614) were analyzed according to established analytical
protocols. USGS standards BCR-2G, BHVO-2G and BIR-1G were pre-
pared from natural basalt glasses, and NKT-1G was prepared from
a natural nephelinite glass. Details of the analytical results re-
lated to these analyses are available at: http://www.geochem.geos.
vt.edu/fluids/laicpms/VT_LAICPMS_Accuracy_Precision.pdf.

The LA-ICP-MS detection limits are dependent on several fac-
tors, such as the element (isotope) being measured, spot size, and
duration of the analysis. Therefore, each analysis and element has a
different detection limit. For all of the trace elements listed above,
the detection limits obtained during our calibration runs were al-
ways less than 1 ppm. Data reduction for all analyses was con-
ducted with both the Analysis Management System (AMS) software
(Mutchler et al., 2008) and the SILLS software program (Guillong et
al., 2008), both enabling time-resolved signal analysis. We reduced
the data with the SILLS software program to calculate the 1o error
and limit of detection. Concentrations calculated by each of these
programs were consistent.

Time-resolved signal analysis provides easy recognition of sam-
ple heterogeneities during the ablation process, such as when
traversing from one phase into a different phase during ablation,
or if a solid inclusion is included in the ablated material. These

software packages allow the user to select a portion of the abla-
tion signal to process and eliminate signal from multiple phases in
order to obtain the composition of only the phase of interest.

3. Results
3.1. Description of Mg-rich olivine and pyroxene

The Mg-rich olivine and Mg-rich pyroxene in this study are all
fragmental grains. They are surrounded by a diverse range of other
fragmental grains or clasts, and the Mg-rich olivines and pyroxenes
exhibit no compositional or textural evidence of chemical equili-
bration with the surrounding material. The fragmental material in
these howardites is predominately from HED lithologies, although,
exogenic carbonaceous chondrite clasts do occur. There is no ap-
parent spatial correlation between the Mg-rich olivines and/or Mg-
rich pyroxenes, which appear to be randomly distributed in the
thin sections. The Mg-rich olivine and pyroxene grains are acces-
sory components within the GRO 95 howardites.

The Mg-rich olivines and pyroxenes are irregularly-shaped min-
eral fragments. The largest Mg-rich olivine grain we found is close
to 1 mm in its longest dimension (Fig. 1a); the rest of the Mg-
rich olivines are between 50-200 pm in their longest dimension.
Most of the Mg-rich pyroxene grains also are between 50-200 pm
in their longest dimension, but two are larger: a grain in GRO
9557417 (MgPx1) is close to 400 pm in its longest dimension
(Fig. 1b) and a grain in GRO 95535,16 (MgPx2) is about 700 pm
in its longest dimension.

Both the Mg-rich olivine and pyroxene commonly display un-
dulatory extinction and are crosscut by fractures (Fig. 1). In some
of the larger grains planar fracturing is evident, but most grains
are too small for a pervasive fracture pattern to be observed. A few
grains contain small opaque inclusions, but most are inclusion-free.
The olivine and pyroxene grains do not appear to be altered or cor-
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Table 2

Electron microprobe analyses of Mg-rich pyroxene from the GRO 95 howardites.
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Fig. 1. Backscatter electron (BSE) images of fragmental Mg-rich olivine and pyroxene
grains. a.) Mg-rich olivine fragment (Mg# 90.1) from GRO 95574,17 with LA-ICP-MS
pits (32-44 pm laser spots) and SIMS pits (15-pm beam spots). b.) Mg-rich pyrox-
ene fragment (Mg# 90.2) from GRO 95574,17 with LA-ICP-MS pits (24-44 pum laser

spots).
60
= 0
N
)
L
’a Legend
— O GRO 95 Olivine Fragments
=} Diogenite Olivine Compositional Range
= 20 g g
Olivine from a Carbonaceous
Chondrite Clast in GRO 95535,16
+ . Gounelle et al. 2003 Representative
+ Mg-rich Olivine from Howardite CR Clasts
100 90 80 70 60

Mg#

Fig. 2. Fe/Mn ratio versus Mg# of fragmental olivine grains from the GRO 95
howardites. Each green open circle corresponds to an individual olivine fragment;
where multiple analyses were collected the symbol corresponds to an average value.
Olivines in a carbonaceous chondrite clast in GRO 95535,16 were measured in
this study. The representative composition of olivine in CR chondrite clasts in the
howardite Kapoeta is calculated from data in Gounelle et al. (2003). Error bars are
the propagated analytical error on Mn. The diogenite compositional field is based
on published data (Beck et al., 2012; Mittlefehldt et al., 1998).

roded under plane polarized light microscopy. We looked for but
did not find any terrestrial weathering byproducts such as calcite
or gypsum in our thin sections.

3.2. Major element analyses

Each grain we studied is compositionally homogeneous based
on multiple EMPA when size and fracturing permitted, and by ob-
servations using backscattered electron microscopy. The Mg-rich
olivine fragments have Mg# = 80-92 and Fe/Mn = 37-45. Mg-
rich pyroxenes have Mg# = 85-92 and Fe/Mn = 23-40 (Fig. 2,
Tables 1 and 2).

3.3. Oxygen isotope analyses of olivine

The weighted average of the oxygen three-isotope analyses of
Mg-rich olivine grains (n = 16) is 8180 = 3.49 + 0.32%c and 5170
= 1.50 &+ 0.17%c. The unweighted average of all Mg-rich olivine
oxygen isotope spot analyses (n = 47) is A170 = —0.29540.080%.
The weighted average of all diogenite olivine grains (n = 14) ana-
lyzed is §180 =3.25 + 0.33%0 and §'70 = 1.41 + 0.31%c. The un-
weighted average of all diogenite olivine spot analyses (n = 34) is
A0 = —0.259 + 0.077%.

These diogenite analyses, which were conducted for the pur-
pose of methods testing, demonstrate that in situ SIMS analyses
of diogenite olivine yield results (Figs. 4 and A.1, Tables A.1-2)
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Ni and Co concentrations for Mg-rich olivine from GRO 95 howardites. Abridged LA ICP-MS data, Table A.5 includes extended trace element data for each grain. 1o refers
to the error of the analyses calculated by the SILLS program using the Longerich method (Guillong et al., 2008). 1o is given in terms of the last decimal place, for instance
34.4+4.7 is listed as 34.4 (47). Mg# listed in this table were calculated from EMPA data (Table 1).

GRO 95534,4 GRO 95535,16
Grain 015 019 ol 0ol6 Ool14 0ol19
Mg# 91.1 871 86.7 87.7 90.1 88.3
ng/g lo ng/g 1o ng/g 1o ng/g 1o ng/g 1o ng/g lo
Ni 344 (47) 10.1 (38) 141 (19) 18 (5) 52 (4) 30 (4)
Co 16.2 (6) 12.2 (6) 1422 (3) 52 (5) 26 1) 25 1)
GRO 95574,17 GRO 95581,7
Grain 0l8 ol1 Ol15 ol6 0ol19 o118 ol1
Mg# 90.3 90.1 86.3 84 91.5 88 86.9
ng/g lo ng/g 1o ng/g lo ng/g lo ng/g lo ng/g 1o ug/g 1o
Ni 6.3 (38) 5.6 (18) <8.09 13 ) 26 (5) 24 7) 29.4 (46)
Co 8.3 (9) 9.1 (4) 18 ) 21 1) 18 1) 16 (1) 15.5 (8)
10 . R . .
0.0 Terrestrial Fractionation Line
-01F
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5 = -0.2F
R Bulk HED - I 1
=~ o - 3 . .
§ IS 0.3 Mesosiderites
& <]
©
o 0.4
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-0.5 Brachinites
0.6 . : 1 : 1
25 3.0 3.5 4.0 4.5 5.0 5.5
380 (%0) VSMOW
-5
1 1 1
-5 0 5 10 15 Fig. 4. Oxygen three isotope compositions of Mg-rich olivine and diogenite olivine
8"%0g, 0w (%0) determined in this study. The open circle is the average oxygen isotope composition

Fig. 3. Oxygen three-isotope compositions of Mg-rich olivine. The open circle is
the average oxygen isotope composition for 47 Mg-rich olivine spot analyses on
16 grains: the error bars include 2o standard error and the analytical uncertainty.
The bulk HED field includes the eucrite fractionation line and bulk HED analyses,
representing Vesta. TFL refers to the terrestrial fractionation line. CCAM refers to
the carbonaceous chondrite anhydrous mineral line. Bulk CR and Bulk CM fields
refer to bulk analyses of CR chondrites and CM chondrites, respectively. Oxygen
three-isotope compositions of other meteorite groups are from Krot et al. (2006)
and references therein.

consistent with HED whole-rock analyses collected using laser flu-
orination methods (e.g., Greenwood et al.,, 2012; Day et al., 2012).

3.4. Trace element analyses

The Mg-rich olivines contain 6-52 ppm Ni and 5-26 ppm Co
(Table 3). For the relatively incompatible trace elements we ana-
lyzed, the Mg-rich olivines are depleted relative to CI chondrites.
For instance, in the Mg-rich olivine the Y concentration range
is 0.03-0.37 ppm (Table A.3) and the Cl-normalized Y range is
0.02-0.24. REE in the Mg-rich olivine are depleted relative to CI
chondrites and frequently do not have concentrations above ana-
lytical detection limits (Table A.3), which are all below CI chondrite
REE concentrations.

Two of the Mg-rich pyroxene grains analyzed (Mg# = 919
and 90.1) have Sr and LREE concentrations that are depleted
relative to their HREE concentrations: Cl-normalized La/Tm ra-
tios = 0.02-0.04. The Mg# 919 and Mg# 90.1 pyroxenes have
Cl-chondrite normalized Eu/[(Sm + Gd)/2] = Eu/Eu* ratios of 0.1
and 0.2, respectively; these negative Eu anomalies exceed the 1o
errors on Sm, Eu, and Gd. Cl-normalized La, Ce, and Pr concen-

for 47 Mg-rich olivine spot analyses on 16 grains. The filled gray circle is the aver-
age oxygen isotope composition for 34 diogenite olivine spot analyses on 14 grains.
The error bars include 20 standard error and the analytical uncertainty. The EFL is
the eucrite fractionation line, which represents the HED meteorites associated with
4 Vesta. The EFL and oxygen isotope fields for other meteorite parent bodies are
from data in Greenwood et al. (2012).

trations of these 2 pyroxenes (Mg# = 91.9 and 90.1) are within
1o errors of each other, and therefore do not have detectable Ce
anomalies: Ce/[(La + Pr)/2] = Ce/Ce* (Fig. 5; Table 4; Table A.4).
The REE patterns of these 2 Mg-rich pyroxenes (Mg# = 91.9 and
90.1) are reliable sources of petrologic processes because they do
not have Ce anomalies (Floss and Crozaz, 1991), and they exhibit
patterns of HREE enrichment relative to LREE that are typical of
pyroxene.

In the other two Mg-rich pyroxenes (Mg# = 88.8 and 85.0)
analyzed, the pattern of LREE depletion relative to HREE is not ev-
ident or is less pronounced (Cl-normalized La/Tm ratios >0.09).
These particular pyroxenes appear to have negative Ce anomalies:
Mg# = 85.0 pyroxene has a Ce/Ce* = 0.26 and Mg# = 88.8 pyrox-
ene has Ce/Ce* = 0.14; however, the latter anomaly represents the
maximum possible anomaly because the La concentration is below
1o detection limit so we used the La 1o detection limit to calcu-
late this Ce anomaly (Fig. 5; Tables 4 and A.4). We chose not to
use data from these particular pyroxenes (Mg# = 88.8 and 85.0)
to interpret petrologic processes, as they have Ce anomalies consis-
tent with Antarctic weathering (which is not necessarily apparent
in major element chemistry but mobilizes REE; Floss and Crozaz,
1991). The fact that they do not have the typical pyroxene HREE
enrichment relative to LREE is further evidence that their REE may
have been mobilized by terrestrial weathering.
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Fig. 5. Trace element patterns of Mg-rich pyroxene fragments from GRO 95
howardites. Closed symbols represent concentrations above 1¢ limit of detection
(LOD). The source data for this plot are listed in Tables 4 and A.4. Open symbols
correspond to elements for which the analyses were below the 1o LOD, and there-
fore each open symbol marks a maximum value, the 10 LOD. When two adjacent
data points represent values that are both above the LOD they are connected by
a solid line, and dashed lines are used to connect concentrations that were deter-
mined based on an LOD.

4. Discussion

The Mg-rich olivine fragments are not restricted to the how-
ardites we studied: olivine fragments with Mg#s = 80-92 have

Table 4
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been noted in at least 9 other howardites (Delaney et al., 1980;
Beck et al., 2012; Desnoyers, 1982; Fuhrman and Papike, 1981;
Ikeda and Takeda, 1985; Shearer et al., 2010). Thus, the Mg-rich
olivine is likely from a lithology broadly mixed into the vestan re-
golith.

4.1. HED-Vesta parent body provenance

To rigorously establish their vestan provenance, the Mg-rich
olivines must be distinguished from olivines found in exogenic
chondritic clasts within howardites. The most common exogenic
components in howardites are clasts of CM and CR chondrites,
and olivine grains in CM and CR chondrites are predominately
very Mg-rich with Mg# 97-100 (e.g., Tenner et al, 2015;
Gounelle et al., 2003). A few percent of CM chondrite-like material
has been inferred in Vesta’s regolith via remote sensing of spatially
correlated H- and OH-bearing dark materials by the DAWN space-
craft (e.g., De Sanctis et al,, 2013; Prettyman et al.,, 2012).

To assess parent body origin, we used Fe/Mn ratios in olivine
and pyroxene because they fall within specific ranges for differ-
entiated parent bodies (Papike et al., 2003). The Mg-rich olivines
in GRO 95 howardites have Fe/Mn = 37-45 (Fig. 2, Table 1) and
are consistent with vestan olivine Fe/Mn = 40-60 (Beck et al.,
2012), within analytical uncertainty. The Mg-rich pyroxene frag-
ments have Fe/Mn = 23-32 (Table 2) in agreement with the range
of Fe/Mn reported for vestan pyroxene (Mittlefehldt et al., 1998),
Fe/Mn = 23-40.

To further constrain the parent body provenance, we ana-
lyzed oxygen three-isotope compositions of olivine (Goodrich et
al., 2010). The average GRO 95 Mg-rich olivine oxygen isotope
composition does not overlap those of CR and CM chondrites

Trace element chemistry of Mg-rich olivine from GRO 95 howardites determined by LA ICP-MS. 1o refers to the error of the analyses calculated by the SILLS program using
the Longerich method (Guillong et al., 2008). 1o is given in terms of the last decimal place, for instance 74 + 3 is listed as 74 (3). Mg# listed in this table were calculated

from EMPA (Table 2).

GRO 95534,4 GRO 95535,16 GRO 95574,17 GRO 95581,7
Grain MgPx8 MgPx2 MgPx1 MgPx1
Mg# 91.9 85.0 90.2 88.8

nglg 1o nglg 1o nglg lo nglg 1o
Sc 74 (3) 60 (1) 77 (2) 58 )
Ti 934 (35) 306 (3) 436 (11) 55 ()
\Y 142 (6) 73 (1) 113 2) 37 (1)
Co 7.0 (5) 13.7 (2) 7.7 (5) 6.4 (3)
Ni 48 (30) 5.0 (10) 3.3 (14) 8.4 (12)
Ga 0.28 (8) 0.090 (23) 0.250 (52) 0.036 (28)
Sr 0.030 (17) 0.015 (6) 0110 (15) 0.225 (16)
Y 3.12 (17) 0.224 (13) 0.738 (34) 0.088 (11)
Zr 6.81 (29) 0.075 (15) 0.377 (42) 0.027 (13)
Nb 0158 (48) <0.00605 <0.0133 <0.00808
Ba 0.020 (6) <0.00183 0.0053 (44) 0.0099 (21)
La 0.018 (11) 0.0065 (41) 0.0045 (46) <0.00266
Ce 0.068 (16) 0.0036 (23) 0.0270 (63) 0.0014 (21)
Pr 0.0142 (77) 0.0031 (16) 0.0028 (31) 0.0035 (9)
Nd 0.080 (68) 0.023 (16) <0.0287 0.040 (21)
Sm 0.097 (43) 0.0143 (85) 0.039 (19) <0.0100
Eu 0.0061 (77) <0.00237 0.0034 (38) 0.0033 (30)
Gd 0.243 (78) <0.00601 0.048 (28) 0.0181 (63)
Tb 0.059 (14) 0.0057 (18) 0.0086 (50) 0.0027 (20)
Dy 0.614 (92) 0.0408 (86) 0.087 (29) 0.020 (11)
Ho 0133 (18) 0.0069 (25) 0.0321 (51) 0.0016 (22)
Er 0.362 (48) 0.0269 (67) 0.094 (18) 0.0179 (43)
Tm 0.048 (13) 0.0079 (20) 0.0210 (51) 0.0023 (34)
Yb 0.292 (46) 0.069 (11) 0.108 (26) <0.00483
Lu 0.054 (18) 0.0113 (50) 0.024 (10) <0.00479
Hf 0.257 (37) 0.0070 (53) 0.0110 (94) 0.0101 (43)
Ta 0.0056 (85) <0.000780 <0.00507 <0.00227
w 0.010 (17) 0.0066 (31) <0.00718 <0.00756
Pb 0116 (42) 0.0260 (92) 0.059 (26) 0.017 (15)
Th 0.0159 (71) <0.00105 <0.00215 <0.000822
U 0.0049 (36) <0.000462 0.0032 (21) 0.0017 (13)
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(Fig. 3). However, the average Mg-rich olivine oxygen isotope
composition (Fig. A.1, Table A.1) overlaps those of the brachi-
nite, mesosiderite, and HED (vestan) meteorites (Greenwood et
al.,, 2012; Day et al.,, 2012). The brachinite parent body can be
eliminated as the source of Mg-rich olivine because brachinite
olivines are more Fe-rich (Mg# = 65-71) and have higher Fe/Mn
ratios (>59) (Gardner-Vandy et al., 2013). The mesosiderite par-
ent body can also be eliminated as a source because the Mg-
rich olivines analyzed in GRO 95 howardites have about an or-
der of magnitude less Ni (6-52 ppm Ni), when compared to
most mesosiderite olivines (88-980 ppm Ni; Kong et al., 2008;
Powell, 1971). Therefore, the oxygen isotope and elemental chem-
istry of the Mg-rich olivine fragments are consistent with a vestan
origin, and are not consistent with other possible sources.

In addition to major element ratios and oxygen isotope ratios,
siderophile elemental abundances in olivine can be used to exam-
ine parent body provenance. The concentrations of Ni and Co in
GRO 95 Mg-rich olivines (6-52 ppm and 5-26 ppm, respectively;
Table 3) overlap abundances estimated for the bulk vestan mantle
(4-80 ppm and 7-40 ppm, respectively; Righter and Drake, 1997).
Since Ni and Co are compatible in olivine, the similarity between
their concentrations in the Mg-rich olivine and the estimated bulk
composition of an olivine-dominated vestan mantle (Mandler and
Elkins-Tanton, 2013; Ruzicka et al., 1997) is consistent with an in-
terpretation that the Mg-rich olivine represent fragments of Vesta’'s
mantle.

4.2. Petrogenesis of Mg-rich olivine

The Mg#s of the GRO 95 Mg-rich olivine fragments resem-
ble those expected for the mantles of differentiated rocky bod-
ies, which formed from chondritic composition precursors (e.g.,
Ruzicka et al., 1997). Olivine with Mg#s overlapping these man-
tle compositions can sometimes form in Mg-rich basalts or crustal
layered intrusions, such as those respectively in Mg-rich basaltic
dikes through the Rum ultramafic complex (Kent, 1995) and in
the lunar Mg-rich suite (Shearer and Papike, 2005). These alter-
native scenarios invoke processes that would produce lithologies
that have not been recognized in HED meteorites nor predicted by
petrologic models. Regarding Mg-rich basalts, olivine is rare and
Fe-rich (e.g., Mg# = 18; Delaney et al., 1980) in basaltic eucrites.
Basaltic eucrites are also MgO-poor compared to terrestrial basalts
that contain non-xenolithic Mg-rich olivine. Mg-rich olivine-phyric
basalts/picrites have bulk rock ~15 wt.% MgO (e.g., Kent, 1995;
Larsen and Pedersen, 2000); whereas, basaltic eucrites have bulk
rock 5.5-9.2 wt.% MgO (Kitts and Lodders, 1998). Mg-rich olivine
phenocrysts in basalts typically exhibit major element zoning,
which is not present in the GRO 95 Mg-rich olivines. It is impor-
tant to note, that in addition to the lack of Mg-rich basaltic HED
meteorites, generation of Mg-rich basaltic/picritic melts would re-
quire substantially more heterogeneous serial magmatism on Vesta
than included in current models (i.e., Mandler and Elkins-Tanton,
2013).

Regarding a scenario involving Mg-rich olivines forming as cu-
mulate minerals, the lunar Mg-rich suite is an analogous fraction-
ally-crystallized assemblage of dunites, harzburgites, pyroxenites,
spinel troctolites, troctolites, norites, and gabbronorites (Shearer
and Papike, 2005). The Co concentrations of olivine in the lunar
Mg-rich suite (37-160 ppm Co; Table 3) exceed those in the GRO
95 Mg-rich olivine (5-26 ppm Co: Table 3). The lunar Mg-rich suite
ultramafic lithologies and spinel troctolites contain Mg-rich olivine
(Mg# = 85-90 and Mg# = 90-93 respectively), but the olivines
in these lithologies are more Ni-rich (108-291 and 92-107 ppm
respectively) than the GRO 95 Mg-rich olivine (6-52 ppm Ni; Ta-
ble 3). As we later discuss, vestan mantle minerals are expected
to be relatively low in compatible siderophile elements such as

Ni and Co because they are thought to be in equilibrium with
core-forming FeNi metal liquids. The olivines in the lunar Mg-rich
suite norites and gabbronorites are more Fe-rich (Mg# = 70-78
and Mg# = 66-77 respectively). However, the olivines in the lu-
nar Mg-rich suite troctolites (Mg# = 80-90 and 28-113 ppm Ni)
overlap the Mg- and Ni-content of the GRO 95 Mg-rich olivine.
The whole rock chemistries of the lunar Mg-rich suite are en-
riched in incompatible elements (relative to chondrites), indicative
of crustal contamination of their parental melts, but the olivine
does not consistently record crustal contamination. For example,
in the lunar Mg-rich suite lithologies with olivine Mg# > 80, the
Y concentrations vary from 0.07-61 ppm (Cl-normalized 0.04-39;
Shearer and Papike, 2005). For comparison, the GRO 95 Mg-rich
olivines have 0.03-0.37 ppm Y (Table A.3) and thus do not record
crustal contamination.

Given the nature of our olivine samples as fragmental clasts
without additional petrologic context, we cannot definitively elim-
inate the possibility that the GRO 95 Mg-rich olivine originated in
crustal layered intrusion or a Mg-rich basalt. However, there is no
additional evidence that the GRO 95 Mg-rich olivine formed in a
crustal intrusion or basalt. Conversely, the relatively low concen-
trations of compatible siderophile elements (Ni and Co) provide
additional supporting evidence that the Mg-rich GRO 95 olivine
formed in the vestan mantle.

The Ni and Co concentrations (6-52 ppm Ni and 5-26 ppm Co)
in the Mg-rich olivine are consistent with modeled estimates for
the vestan mantle (Righter and Drake, 1997) and with formation in
an olivine-dominated lithology in chemical equilibrium with FeNi
metal. Buseck and Goldstein (1969) cited the Ni concentrations in
pallasite olivine (10 s of ppm) as evidence that the olivines formed
in the deep interior/mantle of their parent body. Although Ni is
compatible in olivine, Ni more readily partitions into FeNi metal
by factors of 100-1000 (e.g., Ehlers et al., 1992). If the Mg-rich
olivine originates from Vesta’s mantle, it is more likely to have
been in equilibrium with metal, either as part of the lower man-
tle in contact with the core or with metallic liquid that descended
through olivine residues to form the core during differentiation. In
contrast to the Mg-rich olivine, the ranges of olivine Ni content ex-
tend to higher concentrations in diogenites (6.3-277 ppm; Shearer
et al.,, 2010) and mesosiderites (88-980 ppm Ni; Kong et al., 2008;
Powell, 1971). The moderately higher Ni-concentrations in some
diogenite and mesosiderite olivines are consistent with the hy-
pothesized formation of these two lithologies in the upper mantle
and/or lower crust away from FeNi metals (Shearer et al., 2010;
Powell, 1971). Diogenites occasionally contain accessory tetrataen-
ite (ordered FeNi), but olivine is frequently the mineral phase into
which Ni would have most readily partitioned. Further, a moderate
abundance of Ni in diogenite parental melts may be explained by
post-core formation accretion of chondritic material to Vesta (Day
et al,, 2012).

4.3. Mantle of Vesta: magma ocean or partially melted?

Although other possible origins cannot be completely elimi-
nated, a mantle origin for the GRO 95 Mg-rich olivine fragments
is the only petrogenetic scenario supported by multiple lines of
evidence: Ni content consistent with equilibrium with FeNi metal
and Mg#s that span almost the entire range predicted by whole-
mantle magma ocean models for Vesta.

To date, no single vestan mantle model can fully account for
the characteristics of Mg-rich olivines and diogenites. For in-
stance, equilibrium crystallization models invoking whole-mantle
magma ocean crystallization (e.g., Mandler and Elkins-Tanton,
2013; Righter and Drake, 1997) inherently predict narrower ranges
in olivine Mg# than those measured here. Alternatively, the model
of Ruzicka et al. (1997), which invokes fractional crystallization and
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crystal settling in a whole-mantle magma ocean, predicts olivines
with Mg#s ranging from 80-93, similar to the range among GRO
95 Mg-rich olivine fragments (Mg# = 80-92). However, this frac-
tional crystallization model cannot produce magmas that would
lead to formation of the diogenites (McCoy et al., 2006).

As a result of the shortcomings of equilibrium and fractional
crystallization whole-mantle magma ocean models, we hypothe-
size that the vestan mantle experienced incomplete melting, simi-
lar to that described by the models of Wilson and Keil (2013) and
Neumann et al. (2014) in which differentiation occurs in the ab-
sence of a whole-mantle magma ocean. Such partial melting would
produce olivine residues with a wide range of Mg-compositions, as
observed among GRO 95 Mg-rich olivines. In addition, complemen-
tary partial melts could have fractionally crystallized Mg-rich py-
roxene (and some olivine) with compositions that may have graded
into the well-established range for the diogenites.

Regarding pyroxene, in whole-mantle magma ocean models
(e.g., Righter and Drake, 1997; Mandler and Elkins-Tanton, 2013;
Ruzicka et al., 1997), the most Mg-rich pyroxenes have Mg#s <
84. Such results do not match the GRO Mg-rich pyroxenes, which
have Mg# = 85-92. Further, and regardless of whether equilib-
rium or fractional crystallization dominates, vestan whole-mantle
magma ocean models consistently predict that large quantities
of Mg-rich olivine will crystallize before progressively lower Mg-
content pyroxene and olivine co-crystallize (Righter and Drake,
1997; Mandler and Elkins-Tanton, 2013; Ruzicka et al., 1997).
When Mg-rich olivine and pyroxene do co-crystallize, Mg#s of py-
roxene are typically greater than or equal to those of olivine (Beck
and McSween, 2010 and references therein). Thus, based on their
Mg#s, we hypothesize that the Mg-rich pyroxene (Mg# = 85-92)
could have co-crystallized with at least some Mg-rich olivine.
Lending support to this hypothesis is the observation that one of
the Mg-rich pyroxene fragments (Mg# = 88.8) includes a small
(~5 pm-wide) intergrown grain of Mg-rich olivine (Mg# = 86.9).

Two Mg-rich pyroxene grains, with Mg# 91.9 and Mg# 90.1, in-
dicate that they co-crystallized with plagioclase or in the presence
of Al-rich liquids. These two Mg-rich pyroxene grains have Eu and
Sr depletions (Fig. 5). Further, these Mg-rich pyroxenes have nega-
tive Eu anomalies (Eu/Eu* ratios of 0.1 and 0.2: Table A.4) that are
comparable to those from diogenite pyroxenes that co-exist with
plagioclase (Shearer et al., 2006; Beck et al., 2013b). As such, the
co-crystallization of these particular GRO 95 pyroxenes with pla-
gioclase or co-existent Al-rich liquids could explain their Sr and
Eu depletions. For reference, plagioclase preferentially incorporates
both Eu and Sr at an oxygen fugacity expected for vestan magmatic
systems (~IW-2: Righter and Drake, 1997). In addition, higher Al-
contents of co-existing melt would increase negative Eu anomalies
in pyroxene (Shearer et al., 2006). Alternatively, basaltic intersti-
tial liquid among cumulate pyroxene could deplete orthopyroxene
of Eu by subsolidus reactions, where depletions are positively cor-
related to the proportion of trapped melt (Barrat, 2004); such a
process typically involves co-existing plagioclase, but can also in-
clude other phases that preferentially partition Eu, such as some
phosphates (Shearer et al., 2006; Barrat, 2004). We note that py-
roxene crystallizing without plagioclase does fractionate Eu slightly
more than most other REE, but this partitioning is greater for
high-Ca pyroxene (augite) than for the low-Ca Mg-rich pyroxene
(orthopyroxene) we analyzed in this study.

If the initial fractional crystallization of mantle partial melts in-
cluded plagioclase or trapped Al-rich liquid, as suggested by Eu
and Sr anomalies in some GRO 95 pyroxenes, the vestan man-
tle would have incorporated 26Al, thereby retaining some portion
of the radiogenic heat source present in the early solar system
(McCoy et al., 2006); this would have enabled the mantle to re-
main partially molten longer than it would have without this
additional heat source. However, only very minor quantities of

plagioclase or trapped Al-rich liquids in the mantle can be rec-
onciled with (1) the relatively low bulk Al content calculated for
Vesta’s silicate fraction from a chondritic precursor (Toplis et al.,
2013), and (2) the concept that most Al would have been extracted
from the mantle by ascending basaltic magmas (Righter and Drake,
1997). For reference, a chondritic composition is the most appro-
priate estimate of Vesta’s precursor material, especially in light of
the calculation of Vesta’s FeNi core mass fraction from geophysical
data collected by the Dawn spacecraft (Russell et al., 2013), which
falls within the range predicted by models using chondritic bulk
compositions (Righter and Drake, 1997).

The suggestion that pyroxene co-crystallized with plagioclase or
Al-rich liquid, based on pyroxene Eu and Sr anomalies, is consis-
tent with differentiation by incomplete melting, rather than whole-
mantle magma ocean models. For smaller planetesimals (diameters
<100 km), partial melting is the most likely mechanism that drove
differentiation, and it has been proposed that even in Vesta-sized
bodies (diameter ~500 km) rapid magma ascent could preclude a
fully molten mantle (Wilson and Keil, 2013). Alternatively, Vesta
could have produced a shallow magma ocean, leaving an olivine-
rich solid residue in Vesta’s lower mantle (Neumann et al., 2014).
Partial melting models, with or without a shallow magma ocean,
are easy to reconcile with a broad range of Mg-rich olivine compo-
sitions, and are more consistent with Mg-rich pyroxene fractionally
crystallizing out of mantle partial melts. Thus, when compared to
whole-mantle magma ocean models, partial melting can more rea-
sonably generate magmas that are sufficiently enriched in Al to
crystallize Mg-rich pyroxene showing Eu and Sr depletions.

5. Conclusions

The Mg-rich olivine fragments found in the GRO 95 howardites
do not correspond to any established HED lithology. They may
be the first recognized mantle olivine from Vesta, the HED par-
ent body. Other petrogenetic scenarios that might account for the
Mg##s, such as formation in crustal layered intrusions or in Mg-
rich basalts, cannot be unequivocally eliminated. However, the rel-
atively low Ni and Co concentrations (6-52 ppm Ni and 5-26 ppm
Co) lend additional support that the GRO 95 Mg-rich olivine
formed as mantle residues.

The GRO 95 Mg-rich olivines are not exogenic. They share par-
ent body signatures with other HED meteorites:

e Fe/Mn ratios are consistent with other HED olivines and py-
roxenes.

e Oxygen three-isotope composition of Mg-rich olivine overlap
compositions for other HED (diogenite) olivine analyzed in this
study, as well as bulk rock values in previous studies.

e Major element chemistries and Ni contents definitively distin-
guish these olivines from the other meteorite parent bodies
with oxygen three-isotope ranges that overlap the HEDs.

Beyond their distinctive Mg#s and siderophile element concen-
trations, interpreted as evidence for a mantle origin, the Mg-rich
olivines contain chemical signatures that imply the mantle of Vesta
did not form from an equilibrated whole-mantle magma ocean;
instead, their signatures are more consistent with a mantle domi-
nated by partial melting and serial magmatism, perhaps producing
a shallow magma ocean. Specifically, the wide range in Mg#s of
the Mg-rich olivines indicates that the mantle of Vesta contained
regions that experienced different degrees of partial melting and
were not in chemical communication with each other.

Additionally, two of the Mg-rich pyroxenes (Mg#s 91.9 and
90.1) were likely in contact with an Al-rich liquid, based on de-
pletions in Eu and Sr, which suggest they co-crystallized with
plagioclase. Thus, these Mg-rich pyroxenes likely crystallized from
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mantle partial melts and may correspond to the most primitive
end members of the diogenite suite. However, Mg-rich olivine and
pyroxene co-exist, and provide evidence that the boundaries may
not be sharp between the earliest products of fractional crystalliza-
tion from mantle partial melts and the residues from which those
melts were extracted.
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