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Abstract–Identifying and mapping olivine on asteroid 4 Vesta are important components to
understanding differentiation on that body, which is one of the objectives of the Dawn
mission. Harzburgitic diogenites are the main olivine-bearing lithology in the howarditeeucrite-diogenite (HED) meteorites, a group of samples thought to originate from Vesta.
Here, we examine all the Antarctic harzburgites and estimate that, on scales resolvable by
Dawn, olivine abundances in putative harzburgite exposures on the surface of Vesta are
likely at best in the 10–30% range, but probably lower due to impact mixing. We examine
the visible/near-infrared spectra of two harzburgitic diogenites representative of the 10–30%
olivine range and demonstrate that they are spectrally indistinguishable from
orthopyroxenitic diogenites, the dominant diogenitic lithology in the HED group. This
suggests that the visible/near-infrared spectrometer onboard Dawn (VIR) will be unable to
resolve harzburgites from orthopyroxenites on the surface of Vesta, which may explain the
current lack of identification of harzburgitic diogenite on Vesta.

INTRODUCTION
One of the primary goals of the Dawn mission at 4
Vesta is to test hypotheses that have been proposed for
the geologic evolution of that asteroid (Russell and
Raymond 2011). These hypotheses are largely based on
petrologic studies of howardite, eucrite, and diogenite
(HED) meteorites, a group of mafic achondrites
originating from Vesta (McSween et al. 2013). The
diogenites, which come from the lower crust/upper
mantle of Vesta, are primarily two different lithologies.
The majority of the samples are orthopyroxenites
composed almost entirely of orthopyroxene, and there
are a few of the more recently recognized harzburgites,
containing mixtures of orthopyroxene and olivine (Beck
and McSween 2010). The harzburgites have also been
called “olivine diogenites” (e.g., Sack et al. 1991), a
term which will not be used here. One brecciated dunitic
diogenite, composed almost entirely of olivine, was
also recently identified (A. Beck et al. 2011). It is

widely accepted that the diogenites formed through
fractional crystallization (versus partial melting),
although the geologic setting for that fractionation is
still unclear.
Magma ocean-style fractionation has traditionally
been preferred for the origin of the diogenites, and is
supported by a perceived uniformity in diogenite
pyroxene major element concentrations across many of
the samples (Ikeda and Takeda 1985; Ruzicka et al.
1997; Warren 1997). Fractionation from a magma
ocean would result in a layered sequence from an
Mg-rich dunitic mantle, to upper mantle/lower crustal
harzburgites, followed by an orthopyroxenite layer.
Magma ocean fractionation would probably lead to
these lithologies forming at relatively uniform depths
across Vesta. Other studies have proposed that
diogenite fractionation occurred in multiple plutons, not
a single magmatic system. Variation in trace element
concentrations (Mittlefehldt 1994; Fowler et al. 1995;
Barrat et al. 2008) and overlap in pyroxene major
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elements between harzburgitic and orthopyroxenitic
diogenite lithologies (Beck and McSween 2010; Shearer
et al. 2010) support a serial magmatism model.
Similarly, the petrology and geochemistry of the one
dunitic diogenite suggest that it may be crustal cumulate
as well (A. Beck et al. 2011), although the paucity of
this lithology in the HED suite dictates caution when
incorporating dunite into diogenite petrogenetic models.
In a serial magmatism scenario, multiple diogenite
plutons would be emplaced at varied depths within the
crust and fractionate to produce layered sequences of
harzburgite overlain by orthopyroxenite, with the
possibility of basal dunitic cumulates in some cases. On
a global scale, serial magmatism would lead to a
nonuniform distribution and depth of these lithologies
on Vesta. Note that the magma ocean and serial
magmatism models are not mutually incompatible for
the
formation
of
dunites,
harzburgites,
and
orthopyroxenites (i.e., the Moon); thus, it is also
possible that a hybrid model is appropriate for the
diogenites.
Different petrogenetic models proposed for the
diogenites can be tested by mapping the distribution of
harzburgite and orthopyroxenite, the most prominent
diogenite lithologies based on meteorite data, where
they are exposed on the surface of Vesta. Observations
have revealed several large impact basins, which
presumably sample to depths that expose these
diogenite lithologies (Thomas et al. 1997; Jaumann
et al. 2012). Mapping the distribution of harzburgite
and orthopyroxenite might be possible using reflectance
data returned by NASA’s Dawn spacecraft, which
recently finished orbital mapping of asteroid 4 Vesta. If
the diogenite lithologies are found consistently at an
approximately equal depth, this would support magma
ocean-style fractionation as the dominant method for
diogenite petrogenesis. Conversely, if diogenitic
lithologies occur at varied depths, diogenite formation
in multiple plutons would be favored.
Prior to trying to map the distributions of
diogenitic lithologies, however, it is important to
establish whether the harzburgite lithology is resolvable
from the more dominant orthopyroxenite lithology,
given the spectral and spatial resolution of the
instruments on board Dawn. VIR, a visible/nearinfrared (VNIR, 0.3–2.5 lm) spectrometer on Dawn, is
the primary instrument used to map the surface
mineralogy of Vesta (De Sanctis et al. 2011). VIR
collects hyperspectral data over two channels with
spectral ranges of 0.25–1.05 lm (VIS) and 1.0–5.0 lm
(IR), at spectral resolutions of 1.8 and 9.8 nm band 1,
respectively. At Dawn’s low altitude mapping orbit
(LAMO) VIR has an optimal spatial resolution of
approximately 70 m pixel 1 (De Sanctis et al. 2012a),

although the practical spatial resolution required to
resolve lithologic variation is probably somewhat
higher.
To test if the orthopyroxenitic and harzburgitic
diogenite lithologies are spectrally distinct, the spectral
characteristics of the minerals that make up each
lithology must be characterized. Orthopyroxene (opx)
exhibits two well-defined absorption features at
approximately 1 and 2 lm (BI and BII, respectively),
the former being the stronger of the two. In contrast,
olivine (ol) has a broader, asymmetric BI feature,
relative to opx, centered at approximately 1.2 lm and
has no BII absorption feature. These absorption
features result from electronic transitions in Fe2+
cations in the mineral structure and shift toward longer
wavelengths with increasing Fe2+ content, and
increasing Ca2+ content in pyroxene (e.g., Adams
1974). Because of the spectral differences in opx and ol,
rocks composed of opx + ol (harzburgites) should be
distinguishable from pure opx samples (orthopyroxenites)
via a broadening of the BI feature, a shift in BI center
to longer wavelengths, and a reduced BII feature with
increasing olivine abundance (Singer 1981). Thus, BI
center may be used to constrain olivine abundances in
mixtures of opx + ol, as it shifts to longer wavelengths
with the addition of olivine. However, BI may also shift
to longer wavelengths due to increasing Fe2+ and/or
Ca2+ content in opx (Adams 1974), and disorder of
Fe2+ and Mg2+ in the pyroxene M1 and M2 sites can
lead to decreased spectral contrast (difference in
reflectance intensities between continuum and absorption)
of the BI and BII features as well (Besancon et al.
1991). Minimizing variability in opx compositions and
mineral structure between samples where BI features are
being observed mitigates the probability of erroneously
attributing a shift in BI from mineralogic differences
(e.g., different opx composition) to varying proportions
of olivine and opx. In this study, we constrain
mineralogic differences between samples, so that shifts
in BI can be more accurately attributed to olivine
abundance. In studies involving remote sensing
techniques (i.e., VIR data from Vesta), other methods
should be used to constrain opx chemistry (i.e., BII
position) prior to examining variation in olivine
abundance between orthopyroxenitic and harzburgitic
lithologies to avoid the pitfalls discussed above.
The broadening of the BI feature and reduction of
the BII feature can be quantitatively represented by a
band area ratio (BAR), or BII area/BI area (Cloutis
et al. 1986). To calculate BAR, first two linear
continuums are fit to the BI and BII absorption
features. The BI continuum is a linear fit between the
wavelength of maximum reflectance near 0.7 lm and
the inflection between the BI and BII absorption at
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approximately 1.4–1.7 lm. Typically, the BII continuum
is a linear fit between the same wavelength of maximum
reflectance at the inflection (approximately 1.4–1.7 lm)
and 2.5 lm (as the longward wing of the BII absorption
is incomplete) (e.g., Cloutis et al. 1986). However, some
authors choose to anchor the BII continuum fit to
wavelengths <2.5 lm (e.g., 2.3 lm) due to laboratory
settings where atmospheric water can modify the BII
absorption feature (e.g., P. Beck et al. 2011).
Differences in conventions for fitting the BII continuum
do not allow BAR values to be directly compared
between techniques (e.g., Vernazza et al. 2008). For
example, selecting an anchor for the BII continuum at
shorter wavelengths leads to lower BAR values (higher
inferred olivine abundances) relative to those calculated
for the same spectrum using an anchor point at a longer
wavelength for the BII fit. Therefore, comparisons can
only be made between samples where BAR values are
calculated using the same BII continuum fit endpoints
(i.e., BAR values using a 2.3 lm anchor point cannot
be compared to the mixing models of Cloutis et al.
1986).
The areas of BI and BII are calculated by resolving
the area between the continuum and the spectrum, as
bound by the ranges reported above. These areas are
ratioed to achieve the BAR calculation for an individual
spectrum. An increase in BAR value is inferred as an
increase in the proportion of opx to olivine. The
advantage of using the BAR versus the BI center
calculation is that BAR is relatively unaffected by
grain size variation, as long as both phases have
similar particle size distributions, and that a linear
relationship exists between % opx/(opx + ol) and BAR,
resolvable to 5–10% abundances (e.g., Cloutis et al.
1986).
Olivine distribution in harzburgitic diogenites is
very heterogeneous (e.g., Bowman et al. 1997) and the
olivine abundance expected for a hypothetical  70 m
(one LAMO VIR pixel) exposure of pure harzburgite
on Vesta is not well constrained. The petrologic portion
of this study aims to constrain the olivine abundance
expected for harzburgite exposures on the surface of
Vesta by measuring olivine abundances from multiple
thin sections of each of the Antarctic harzburgites.
Although the total number of Antarctic harzburgites is
small (four meteorites, approximately 1.7 kg total
mass), by utilizing all samples, we present the best
estimate of olivine abundance given the data that are
available. Results from the petrologic portion of this
study were then used to select a subset of harzburgite
samples for spectral analysis that have olivine
abundances most representative of a putative large-scale
harzburgitic lithology. We then test the resolvability of
the harzburgitic diogenites from the more common
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orthopyroxenitic diogenites by comparing laboratory
VNIR spectra of the selected samples from the two
lithologic groups. If the two lithologies are not
resolvable in a laboratory setting, it is unlikely that
Dawn will be able to accurately map their distribution
on the surface of Vesta, leaving one of the main
questions about vestan petrogenetic history unanswered.
METHODS
We examine 3-6 thin sections and splits from all of
the harzburgitic diogenites recovered in Antarctica,
which include: Asuka (A) 881548, Allan Hills (ALH)
77256, Graves Nunataks (GRA) 98108, and Miller
Range (MIL) 07001. The individual thin section and
split numbers used in this study are listed in Table 1.
While members of the LaPaz Icefield (LAP) 03979
pairing group have been described as unbrecciated
harzburgites (McCoy and Welzenbach 2004), other
studies propose that they may be olivine-rich polymict
breccias (Beck and McSween 2010), and they will not be
considered here. We exclude harzburgitic diogenites
recovered in Northwest Africa (NWA), primarily
because they are from hot desert environments, which
can lead to alteration materials having a significant
effect on the VNIR spectra (e.g., calcite and iron oxide).
We also restrict our study to Antarctic meteorites due
to the well-characterized nature of those collections, a
crucial component to the petrologic portion of this
work. All petrographic observations and analyses were
conducted using a FEI Nova Nano Scanning Electron
Microscope 600 (SEM) and a JEOL 8900 Superprobe
Electron Microprobe (EMP) at the Smithsonian
National Museum of Natural History. SEM imaging
was conducted using a ≤5 nA electron beam under both
high- and low-vacuum modes (high vac = thin sections,
low vac = sample splits). EMP thin section analyses
were conducted using a 15 kV, 20 nA electron beam
with a 2 lm spot size. Elemental count times on the
EMP ranged from 20 to 30 s. Thin section modal
abundances were calculated from backscatter electron
(BSE) images using the image processing software
Environment for Visualizing Images (ENVI 4.8, ITT
Visual Information Solutions, Boulder, Colorado,
USA), similar to methods described in Beck et al.
(2012b).
Approximately 500 mg sample splits of harzburgites
GRA 98108 and MIL 07001 were requested for spectral
analysis. The reason for choosing these two harzburgites
is explained in the Petrology and Spectra sections. The
splits were first coarsely crushed into a few pieces and
examined on the SEM to confirm olivine abundances
that were observed in thin section. The coarsely crushed
splits were then ground to <45 lm powders and
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Table 1. Olivine abundances and grain sizes in the Antarctic harzburgitic diogenites.
Normalized mode
Section no.

PLAG

A-881548

31-1
51-2
23 (split)
Average (1s)

n.d.
n.d.
n.d.

54
20
100a
58

46
80
0a
42 (40)

ALH 77256

99
116
115
128
5
Average

n.d.
n.d.
n.d.
<1
n.d.

64
100
99
89
97
90

36
0
1
11
3
10 (15)

1.35
–
–
1.90
0.95
1.40 (0.5)

Sack et al. (1991)
Bowman et al. (1997)
Bowman et al. (1997)
Beck and McSween (2010)
This study

GRA 98108

16
2
15
Average

<1
<1
<1

81
68
70a
73

19
32
30a
27 (7)

0.35
0.30
0.45
0.36 (0.1)

Beck and McSween (2010)
This study
Righter (2001)

MIL 07001

2
6
16 (slab)
40
55
54
Average

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

91
87b
90a
87
91
90
89

9
13b
10a
13
9
10
11 (2)

0.15
0.10
–
0.10
0.15
0.20
0.14 (0.1)

This
This
This
This
This
This

77

23 (15)

Group average

OPX

OL

Average OL
grain size (mm)

Sample

10
10
–
10

Reference
Yamaguchi et al. (2011)
Yamaguchi et al. (2011)
Barrat et al. (2008)

study
study
study
study
study
study

PLAG = plagioclase; OPX = orthopyroxene; OL = olivine; n.d. = either not determined, or measured and <0.1 vol%; <1 = value between 0.1
and 0.9 vol%.
a
Estimated modes, all others calculated from BSE images.
b
13 vol% olivine is a more accurate abundance for this section than that reported in Tkalcec and Brenker (2012) (Tkalcec, personal communication).

analyzed
using
the
UV-VIS-NIR
bidirectional
spectrometer at Brown University’s KECK/NASA
Reflectance Experiment Laboratory (RELAB). All
measurements were made at 30° incidence and 0°
emission angles, and spectra were sampled at 5 nm
intervals in the 0.28–2.6 lm spectral range. We compare
the harzburgite spectra to those of the orthopyroxenitic
diogenite Tatahouine, which were acquired by Michael
J. Gaffey at RELAB under similar conditions to those
described above for the harzburgitic diogenites. As this
study focuses on spectral variations between the
orthopyroxenitic and harzburgitic diogenite lithologies
that can be linked to olivine abundance, care was taken
to assure that olivine abundance was the only VNIR
spectra-altering feature that differed between the
samples from each lithology. The constraining of other
variables that could affect VNIR absorption features is
explained in the Spectra section.
The linear continuum removal procedure described
in the Introduction for determination of BI and BII was
applied to the harzburgitic and orthopyroxenitic
diogenite spectra. Then, BARs, BI, and BII centers were
all calculated using the continuum-removed spectra. BI

and BII centers are typically calculated using an nthorder polynomial fit to the continuum-removed region
around the BI and BII absorption features, respectively,
where n is a value between 3 and 8, determined by the
fit that minimizes the linear least square residual (e.g.,
Gaffey et al. 1993). The regions surrounding the BI and
BII absorption minimums were set at 10 channels (or
100 nm) for the determination of the band centers via
polynomial fitting.
We calculate BAR values using the methods
described in the Introduction after Cloutis et al. (1986),
and thus a comparison of BAR values between this
study and Cloutis et al. (1986) is justified. We calculated
uncertainties in our BAR calculations by propagating
1r variations from the original reflectance data, which
are a combination of system noise and variation in
reflectance as the sample is spun. The individual errors
in reflectance at each wavelength were combined
through standard propagation of error with the
calculation of each band area. As band areas are
approximated by finding the area between the spectrum
and a line, the propagation of errors for each area was
relatively
straightforward
(linear
combinations),
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Fig. 1. a) Olivine (Ol), orthopyroxene (Opx), plagioclase (Plag) abundances for multiple thin sections (small colored circles) from
the four Antarctic harzburgitic diogenites (color coded, one per quadrilateral). Samples are listed in order of decreasing
intrasample variation in olivine abundance from left to right. Average sample olivine abundances (larger, translucent circles) and
average olivine abundance across the entire group (gray dashed line, 1r gray area) are also shown. b) Average olivine grain
size in the thin sections is plotted under each associated sample quadrilateral, where decreasing average grain size (left to right)
correlates with decreasing intrasample variation in olivine abundance shown above.

resulting in BAR uncertainties of 0.01. P. Beck et al.
(2011) conducted a more complete calculation of
uncertainties associated with laboratory-derived BAR
values in HEDs. In that study, P. Beck et al. (2011)
collected 17 spectra from a single eucrite, each spectrum
collected with different measurement angles. They then
calculated the variance in 17 BAR values derived from
each of the eucrite spectra, resulting in a BAR
uncertainty of 0.05. We will use the P. Beck et al.
(2011) BAR uncertainties for the duration of this work.
In an effort to compare our diogenite results to a
more robust set of BAR values from mixtures with
known opx + ol abundances, we also calculate BARs
from spectra of opx/ol mixtures created by Corrigan
et al. (2007) and McCoy et al. (2007). The mixtures
analyzed in those studies consist of San Carlos olivine
and opx from the Johnstown diogenite in proportions
ranging from 10% ol: 90% opx to 90% ol: 10% opx in
20% steps (i.e., 90% ol, 70% ol, etc.). Spectra of pure
San Carlos olivine and Johnstown opx were also
collected. The spectra of these mixtures were obtained
at RELAB using the bidirectional spectrometer, and
measured at similar conditions to those used for the
orthopyroxenitic and harzburgitic diogenite splits

(<45 lm grain size, 5 nm data interval, e = 30°, i = 0°).
BARs of the San Carlos ol/Johnstown opx mixtures
were calculated with the same method used for the
orthopyroxenite and harzburgite diogenite splits. As it is
a diogenite, Johnstown opx compositions are
comparable to those from other samples in the group,
while San Carlos olivine (Fo90, Jarosewich et al. 1980)
has a higher Mg# than diogenitic olivine (max diogenite
ol Fo = 78, Shearer et al. 2010).
RESULTS
Petrology
The Antarctic harzburgites have a range of
intrasample (between thin sections from one sample)
variations in olivine abundance. Olivine/opx abundances
for multiple thin sections of each sample appear in
Table 1 and are plotted in Fig. 1a, where they are listed
in order of decreasing intrasample variation from top to
bottom (Table 1) and left to right (Fig. 1a). Large
intrasample olivine abundance variation was observed
in A-881548 and ALH 77256, while harzburgitic
diogenites GRA 98108 and MIL 07001 are relatively
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more uniform in olivine distribution. Variation in
olivine abundance within the samples appears to be
correlated with mean olivine grain size (Table 1;
Fig. 1b). Samples with average olivine grain sizes in the
order of millimeters to a centimeter (A-881548 and
ALH 77256) have much larger intrasample variation in
olivine abundance than samples with grain sizes in the
approximately 100–400 lm range (GRA 98108 and
MIL 07001). The large variation in olivine abundance
for samples with millimeter- to centimeter-sized grains is
probably due to the fact that thin section size (the
sampling size) is on the order of centimeters as well.
Average olivine abundances for entire samples were
calculated by averaging all the thin section abundances
together. Weighted averages were not used; all thin
sections modes within a sample were valued equally.
Average sample olivine abundances range from 11%
(MIL 07001) to 42% (A-881548). These sample averages
were used to calculate average olivine abundance for the
entire group, which is 23% with a 15% 1r deviation
from the mean (Table 1; Fig. 1a). Weighted averages
were not used to compute the group average either. The
large 1r (relative to the mean) is primarily due to the
limited number of samples (n = 4) combined with a
single outlier, A-881548 (42% olivine). If A-881584 is
omitted, the sample averages fall within a tighter
approximately 10–30% range in olivine abundance,
which may be a better estimate for olivine abundance for
a putative large harzburgite exposure on Vesta. The total
number of samples examined here is too small to
statistically rule out A-881548 as an outlier. However, the
tighter 10–30% olivine range hypothesized for putative
harzburgite exposures on the surface of Vesta can be
tested by examining the abundance of olivine in brecciated
harzburgites. In theory, a brecciated harzburgite should
be a homogenized sampling of a relatively large
harzburgite exposure on the surface of Vesta. Beck and
McSween (2010) note that dimict diogenite breccias (a
breccia mixture of harzburgitic + orthopyroxenitic
diogenite clasts) Lewis Cliff (LEW) 88679 and Meteorite
Hills (MET) 01084 contain 14.6 and 6.1 vol% olivine,
respectively. Here, we calculate the olivine abundances in
only the harzburgitic portions of those two dimict breccias
using fig. 3 of Beck and McSween (2010), where
brecciated areas that are clearly harzburgite are denoted.
Note that we threshold image values to exclude all phases
in the orthopyroxenitic portion of the breccias from our
calculations and only measure the abundance of olivine
relative to other phases in the harzburgitic portions
of those breccias. We calculate olivine abundances of
26 vol% in the harzburgitic portion of LEW 88679,8 and
12 vol% in the harzburgitic portion of MET 01084,5.
These calculations support the approximately 10–30 vol%
range in olivine abundance predicted previously, not the

broader approximately 10–45 vol% range when A-881548
is included.
Spectra
Given the results from the petrologic portion of this
study, harzburgitic diogenites GRA 98108 (GRA) and
MIL 07001 (MIL) appear to be the best candidates for
spectral characterization: They have olivine abundances
within the 10–30% range hypothesized for putative
harzburgite exposures on the surface of Vesta and have
limited intrasample olivine abundance variation.
Limited intrasample variation in olivine abundance
increases the chance that the splits used for spectral
analysis will have olivine abundances like those
observed in thin section. Orthopyroxenes in GRA and
MIL are very similar in composition, approximately
Wo2 En76 and Wo1 En76, respectively. Olivine is also
similar in both samples (approximately Fo72). GRA and
MIL also contain negligible (<1%) amounts of high-Ca
pyroxene. Like olivine, the presence of high-Ca pyroxene
(HCP) and increased Fe concentration in opx can shift
BI and BII absorption features in the VNIR (Adams
1974). If opx Fe concentrations and the presence of HCP
are not constrained between the harzburgitic and
orthopyroxenitic diogenites examined here, we cannot
conclusively identify differences in spectra solely
attributable to olivine abundance. We select the
orthopyroxenitic diogenite Tatahouine for spectral
comparison to the harzburgites because: (1) it has very
similar opx compositions to the harzburgites examined
here (Tatahouine = Wo2 En75, Mittlefehldt 1994;
harzburgites GRA and MIL = approximately Wo2 En76),
(2) it is well characterized as lacking olivine and HCP
(Bowman et al. 1997), and (3) as an observed fall it
should be relatively free of alteration materials. Likewise,
the powders of Tatahouine used for spectral analysis are
similar in size to those of the two harzburgitic diogenites
(Tatahouine = <25 lm, harzburgites GRA and MIL =
<45 lm). Also, given the protracted cooling time of both
the orthopyroxenitic and harzburgitic diogenite
lithologies, it seems unlikely that there would be variation
in the ordering in pyroxene structures between
harzburgite and orthopyroxenite to sufficiently change
the reflectivity of BI and BII absorption features between
samples.
As mentioned previously, the splits of GRA and
MIL were examined on the SEM prior to grinding for
spectral analysis to confirm the petrology observed in
thin section. In the split of MIL, relatively small,
equigranular olivine grains were observed in roughly the
same abundance as observed in thin section (Fig. 2).
Likewise, the split of GRA had a similar petrology to
the thin sections observed in this study.
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Fig. 2. BSE images from the MIL 07001,2 thin section (left) and the MIL 07001 coarsely ground sample split prior to powdering
for spectral analysis (right). The thin section and split show similar phase abundances and textures. Note the images were taken
at different magnification levels and at different analytic conditions; the latter leading to phases having different grayscale
thresholds between images.

Fig. 3. a) VNIR reflectance spectra of harzburgitic diogenites
(ol + opx) MIL 07001 and GRA 98108 compared to the spectra
of orthopyroxenitic diogenite (opx) Tatahouine. b) Reflectance
spectra of all three samples with the continuum removed via a
linear fitting procedure described in the Introduction. Spectra
have been offset for clarity by intervals of 0.1.

BI and BII absorption features between the
harzburgites and the orthopyroxenite are nearly
indistinguishable (Fig. 3). In the continuum-removed
spectra, the BI centers calculated for both harzburgitic
diogenites (MIL and GRA = 0.92 lm) are identical to
the wavelength calculated for the orthopyroxenitic
diogenite BI center (Tatahouine = 0.92 lm). Similarly, the
BII centers calculated for the harzburgitic diogenites
(MIL = 1.89 and GRA = 1.89 lm) are very near and
almost indistinguishable to the orthopyroxenitic diogenite
BII center (Tatahouine = 1.88 lm). There does not appear
to be any reduction in the BII feature of the harzburgitic
diogenites, which is quantitatively expressed by BAR. The
harzburgitic diogenites have BARs of 1.89  0.05 and
1.88  0.05 (GRA and MIL, respectively), and, again, are
very similar to the orthopyroxenitic diogenite Tatahouine,
which has a BAR of 1.74  0.05. Given analytic
uncertainty, the BAR values of the harzburgitic and
orthopyroxenitic diogenites vary only by approximately
0.04. Because BAR values can vary within the
orthopyroxenitic
diogenite
lithology
alone
by
approximately 0.3 (P. Beck et al. 2011), a 0.04 difference
between the two lithologies is likely insignificant.
The BARs of the ol/opx mixtures calculated for this
study follow the trend previously established by Cloutis
et al. (1986); BARs decrease with increased olivine
abundance in the mixtures. However, a discernible
decrease in BAR is not observed in the Cloutis et al.
(1986) data until olivine concentrations are ≥30%, with
BAR values for mixtures with 0–25% overlapping
within a 1r variance (Beck et al. 2012a). Thus, the data
by Cloutis et al. (1986) support the conclusion that
diogenites with 10–25% olivine (harzburgites) will be
difficult to discern from 100% opx diogenites
(orthopyroxenites) using BAR (Fig. 4).
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Fig. 4. Band area ratio for orthopyroxene (Pyx)/olivine (Ol) mixtures from this study and Cloutis et al. (1986), along with those
from two harzburgitic and one orthopyroxenitic diogenite measured here. The estimated range of olivine abundances for large
exposures of harzburgite on Vesta is also shown. Olivine abundances in harzburgitic diogenites are too low to resolve them from
orthopyroxenitic diogenites using BAR, suggesting that it will be difficult to distinguish harzburgites and orthopyroxenites on
Vesta with VIR data.

DISCUSSION
The lack of significant shift in absorption features
to longer wavelengths, lack of a reduction in the BII
feature, and lack of decreased BAR in the harzburgites
relative to the orthopyroxenite would seem to suggest
that the harzburgite splits measured here do not contain
any olivine. This cannot be the case because the splits
were examined with an SEM prior to powdering, and
olivine abundances representative of those observed in
thin section were confirmed (Fig. 2). An alternative
hypothesis is that olivine abundances in harzburgitic
diogenites MIL and GRA are too low to effectively alter
their spectra, making them spectrally indistinguishable
from the orthopyroxenitic diogenite Tatahouine. The
hypothesis that the olivine abundance is too low to alter
the BI and BII features can be tested by examining
changes in absorption features from opx mixtures with the
addition of various amounts of olivine. As previously
discussed, Cloutis et al. (1986) conducted an experiment
examining the effect on BAR of Wo0 En86 opx mixtures
with the addition of various amounts of Fo89 olivine.
Note that the olivine and opx grains used in those
mixtures are more Mg-rich than those in the diogenites
examined here (mixtures = olivine Mg# 89 and opx Mg#
86 [Singer 1981; Cloutis et al. 1986] versus diogenites =
olivine Mg# 73 and opx Mg# 77 [this study]). Cloutis
et al. (1986) calculated the BAR of several sets of

mixtures with the same opx/ol abundance, but varied
grain sizes ranging from 63 to 125 lm. We combine these
data with the BAR calculations of our opx/ol mixtures
and present them in Fig. 4, where the BARs of the
diogenite samples are also shown. The BAR data from
opx/ol mixtures compiled here demonstrate that samples
with 10–25% olivine are very difficult to distinguish from
100% opx samples using BAR. Significantly lower BARs
appear in samples with ≥30% olivine; however, these are
greater olivine abundances than hypothesized for largescale vestan harzburgite exposures based on our analysis of
meteorites in the collection. The BAR mixture data are
consistent with the findings of this study, where
harzburgitic diogenites with 11 and 27% olivine have
nearly identical BARs to an orthopyroxenitic diogenite
with approximately 100% opx.
Cloutis et al. (1986) also examined another BAR
(henceforth BAR*) defined as BII area*/BI area*, where
BII area* is the area on the shorter side the BII
minimum that is enclosed by the spectral curve, a
tangent line from the 1.4–1.7 lm infliction point, and a
line perpendicular to the BII minimum. BI area* is BI
area multiplied by a ratio of the 0.4/0.7 lm reflectance.
The primary reason for BAR* is to mitigate spectral
interfaces from OH, which can have absorption features
in the longer wavelength regions of the BII feature. In
their study Cloutis et al. (1986) report BAR* values
ranging from 0.82 to 1.11 for 100% opx. GRA and
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MIL, the harzburgitic diogenites from this study, both
have BAR* values of 1.10, suggesting that BAR*
cannot be used to distinguish orthopyroxenite from
harzburgite on the surface of Vesta either.
It is important to note that a large exposure of pure
dunitic diogenite on Vesta, which would contain ≥90%
olivine (A. Beck et al. 2011), would presumably be
distinguishable using BAR from surrounding opxdominated rocks. A study by P. Beck et al. (2011)
examined the spectral properties of diogenite NWA
4223. A report in the Meteoritical Bulletin identifies
NWA 4223 as an “olivine diogenite” (aka harzburgitic
diogenite) and reports one section containing
approximately 50% olivine and very coarse olivine
grains, up to 4 mm (Connolly et al. 2007). P. Beck
et al. (2011) report a BAR of approximately 1.2 for
NWA 4223, distinguishing this sample from all
orthopyroxenitic diogenites in that study, which had
BARs of approximately 1.5–2.5. No petrologic
information about NWA 4223 is reported in the
spectral study by P. Beck et al. (2011); however, given
the identification of millimeter-sized grains by Connolly
et al. (2007), it is presumable that the approximately 1 g
split used for spectral analysis (P. Beck et al. 2011)
contained a few, large olivine grains. As discussed in the
Petrology section, and plotted in Fig. 1, harzburgitic
diogenites with very large olivine grains (like A-881548
and ALH 77256) are the most heterogeneous samples of
the group, and small splits from those samples are likely
not representative of harzburgite exposures on the
surface of Vesta that are on scales resolvable by VIR.
Thus, the spectra reported for the 1 g split of NWA
4223 is probably not applicable to distinguishing
harzburgite from orthopyroxenite on the surface of
Vesta. However, it does demonstrate that opx/ol
mixtures with diogenitic compositions do follow BAR
trends anticipated for higher concentrations of olivine.
Therefore, if diogenitic lithologies that contain very
high concentrations of olivine (i.e., dunite) are exposed
over large scales on the surface of Vesta, they should be
discernible using BAR.
In the Petrology section, we hypothesize that a
putative harzburgite exposure on the surface of Vesta
that is on the scale of one VIR LAMO pixel will have
olivine abundances in the 10–30% range. Given this
estimate, and given the spectral results presented earlier
in this section, it is likely that VIR will have difficulty
distinguishing harzburgite from orthopyroxenite on the
surface of Vesta. Therefore, one interpretation for the
current lack of identification of harzburgite exposures
on surface Vesta by Dawn (DeSanctis et al. 2012b) is
that they are present, but spectrally irresolvable from
surrounding orthopyroxenitic diogenite. It is important
to note that the 10–30% range predicted here would be
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for “pristine” harzburgite exposures. As Vesta is one of
the oldest stable surfaces in the solar system, and as
diogenites are hypothesized to come from the lower
crust, it is unlikely that diogenitic lithologies, which
formed approximately 4.5 Ga (Takahashi and Masudat
1990), remain as “pristine” intact surface exposures, at
least on VIR-pixel scales. Thus, the 30% upper limit of
olivine abundance we hypothesize for approximately
60 m exposures of harzburgite is a best-case scenario.
A realistic upper limit is somewhat lower due to
impact mixing and dilution of olivine abundance.
Perhaps the range of olivine abundances observed in
bulk dimict diogenite breccias, like the 6–16% range
observed in the breccias MET 01084 and LEW 88679
(Beck and McSween 2010), is more appropriate.
Therefore, the lack of olivine detection on the surface
of Vesta is probably due in most part to the relatively
low initial abundance of olivine in the primary rocks,
but also resultant from olivine dilution through impact
gardening.
CONCLUSIONS
1. Grain size and sample homogeneity are important
factors to consider when selecting meteorite samples
for representative spectral analyses of planetary
surfaces.
2. Here, we demonstrate that harzburgitic diogenite
meteorites (opx + ol) are heterogeneous in olivine
abundance, and we hypothesize that pristine
exposures of harzburgite on the surface of Vesta
will contain 10–30% olivine on spatial scales
resolvable by the Dawn spacecraft.
3. Laboratory VNIR spectral results show that
representative harzburgitic samples are not spectrally
distinct from the more dominant, orthopyroxenitic
diogenite lithology (pure opx). Analysis of BARs of
ol/opx mixtures strongly suggests that the lack of
resolvability of the harzburgites is due to their
relatively low olivine abundances.
4. This study provides an explanation for the current
lack of definitive harzburgite detection on the surface
of Vesta by the Dawn spacecraft. While the lack of
detection is primarily attributable to the relatively
low olivine abundances in the harzburgites, the
protracted impact history of the surface of 4 Vesta
was probably also a factor, diluting olivine
concentrations through impact gardening.
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