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Introduction: Differentiated bodies with chon-

dritic starting compositions should have olivine-rich 
lithologies [1]. Models of asteroid 4 Vesta, one of the 
largest differentiated bodies in the asteroid belt, sug-
gest that it is likely to contain significant olivine [2]. 
This hypothesis is supported by HST spectra, which 
have been interpreted to show olivine-rich regions, 
excavated in a huge crater at Vesta’s south pole [3]. 
Although a few diogenites contain up to 60% olivine, 
it is an uncommon phase in HED meteorites, which are 
believed to be samples from Vesta [4]. The brecciated 
dunite (≥90% olivine) MIL 03443 (hereafter referred 
to as MIL), which was initially classified as a mesosid-
erite, may in fact be a sample of a lithology dominated 
by olivine and part of the HED suite [5].  

Petrologic analyses conducted by [6] support the 
grouping of MIL with the HEDs, although not conclu-
sively. Similarities in phase abundances, specifically 
the lack of metal, provide the strongest support linking 
MIL to the HEDs. Similarities in mineral compositions 
between MIL and mesosiderites however, present 
some ambiguity. Also disconcerting is the presence of 
diopside+chromite+troilite inclusions discovered in 
MIL olivine phenocrysts [6,7], which have yet to be 
reported in any olivine-bearing HED. 

Here we compare analyses from MIL with 12 other 
olivine-bearing HEDs to help clarify the linkage be-
tween these meteorites. We also present a petrogenetic 
interpretation for the inclusions in MIL and consider 
how it fits into petrologic scenarios for Vesta.   

Results: The modal analysis (vol. %) of MIL,17 is: 
olivine 91%, orthopyroxene 5%, chromite 1%, clino-
pyroxene 0.7%, troilite 2.3%, metal <1%. Olivine 
normally occurs as ≤500 µm fragments in a brecciated 
matrix, however one ~3 mm grain can be seen (Fig. 
1a). Orthopyroxene also occurs as ≤500 µm fragments 
in matrix, but also as symplectic intergrowths with 
opaques at some olivine grain boundaries. While 
chromite and troilite do occur as larger anhedral to 
subhedral grains in matrix (Fig. 1a), the dominant oc-
currence is as inclusions in olivine phenocrysts. Along 
with diopside, they form ≤40 µm circular to angular 
inclusions (Fig. 1b-c) which resemble negative crystal 
shapes. This suggests the inclusions were trapped 
melts. 

Orthopyroxene is homogeneous Wo3.2 En74.6 with 
Mg# 77.1 and Fe/Mn of 28.0. This composition is in 
equilibrium with the olivine in MIL, which is homoge-

neous Fo73.7. Chromite grains show two distinct com-
positions and occur in two different textural settings. 
Larger chromite grains in the matrix are more Al-rich 
with Cr# 76.4. The chromite grains occurring as inclu-
sions in olivine however, are more Cr-rich with a mean 
Cr# of 93.0. These chromite inclusions are much more 
Cr-rich than spinel found in the diogenites (Fig. 2). A 
similar Cr-rich spinel included in olivine has been re-
ported in other sections of MIL [7]. 

Troilite and rare metal found associated with these 
Cr-rich chromite inclusions are of typical HED compo-
sition. Several diopside grains, found exclusively as 
inclusions in olivine, were analyzed. Their composi-
tions is Mg-rich, with Wo43.4 En47.4, Mg# 83.8 and 
Fe/Mn 21.9. These compositions are similar to a single 
diopside inclusions in MIL olivine, reported by [6]. 

 
Discussion: Similarities in olivine FeO/MnO ratios 

from MIL and olivine-bearing diogenites (Fig. 3) sug-
gest origination from a common parent body [8]. 
Moreover, the concentrations of FeO and MnO in MIL 
plot outside of the mesosiderites field, strengthening its 
classification as an HED. It is important to note 
though, that other sections of MIL are reported to con-
tain olivine with slightly lower FeO/MnO, overlapping 
the mesosiderites [6]. Orthopyroxene in MIL is also 
very similar in composition to that in diogenites. At 
first approximation, the diopside inclusions in MIL 
seem at odds with observations in other diogenites. 
These inclusions have much lower Fe/Mn ratios, and 
typically clinopyroxene is not a phase associated with 
the diogenites [4]. However, we found identical inclu-
sions in olivine phenocrysts from diogenites LAP 
03979, LEW 88679 and MIL 03368. A BSE image of 
one such inclusion is shown in Figure 4. Diopside 
compositions from these inclusions span a narrow 
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range from Wo42-46 En45-46 and Mg#s ≥78. Their Fe/Mn 
ratios are also low, ~23. Compositionally and textur-
ally, these diopside inclusions are almost indistin-
guishable from those in MIL. A single diopside grain, 
similar in composition (Wo45.3 En75.5 Mg# 84, Fe/Mn 
21) is found associated with chromite in diogenite 
GRA 98108. In this sample though, diopside is not 
included in olivine, but interstitial between olivine and 
opx grains. Chromite associated with these in-
cluded/interstitial diopside grains is not abnormal in 
composition. This is contrary to the chromite inclu-
sions in MIL, which are much more Cr-rich. The dis-
covery of these inclusions in olivine phenocrysts from 
diogenites strengthens the connection between MIL 
and HEDs. 

It is probable for chromite and olivine to be early 
crystallizing phases and thus chromite might occur as 
inclusions in olivine, as seen in MIL. However, clino-
pyroxene is not a magmatic phase in diogenites. A 
scenario used to explain the occurrence of similar in-
clusions in terrestrial basalts may alleviate this prob-
lem [9]. In this case, melt inclusions are trapped in 
olivine phenocrysts, and through diffusive Fe-loss to 
the host grain, Mg-rich diopside and sulfide eventually 
crystallize from the trapped melt. The resultant diop-
side inclusion is relatively more Mg-rich than as-
trapped melt [9]. Fe-loss from the melt inclusions 
would also lead to a lower Fe/Mn ratio in the diopside 
that would eventually crystallize. We see both of these 
manifestations (high-Mg#, low Fe/Mn) in the diopside 
inclusions in MIL and the 4 diogenites listed above.  

In the case of MIL, we propose that the high-Cr 
chromites, found as inclusions in olivine, were trapped 
in olivine phenocrysts along with some trapped melt. 
Through Fe-loss, the trapped melt eventually produced 
sulfide and Mg-rich, Fe/Mn-poor diopside. The occur-
rence of diopside-chromite-troilite inclusions in olivine 
found in the diogenites could be from incorporation of 
brecciated fragments, originating from a MIL-like 
lithology.  

Similarities in olivine FeO/MnO, and the occur-
rence of diopside-troilite-chromite inclusions in both 
MIL and the diogenites, suggests that these two are 
connected. Although it is possible that MIL may have 
been a mantle restite on Vesta, mineral compositions 
suggest it is an olivine cumulate [6]. The formation of 
diopside-troilite-chromite inclusions from trapped melt 
would support a cumulate origin. If MIL represents a 
depleted mantle from which melts had been removed, 
the melt should be depleted in Ca and thus not produce 
diopside in melt inclusions. Furthermore, the ex-
tremely Cr-rich chromites found in the inclusions also 
suggest a relatively primitive melt [9]. 

 
Figure 2.  Chromite in MIL 03443, with textural setting dis-
tinguished. Plot is an enlarged area of triangle at left. Arrow 
marks evolutionary path of diogenite compositions [9]. 
 

 
Figure 3. Olivine compositions in MIL 03443 compared to 
diogenite and mesosiderite compositions. Modified after [6]. 
 

 
Figure 4.  BSE image of diopside(cpx)-chromite(cm) inclu-
sion in olivine phenocryst from diogenite LAP 03979.  
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