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a b s t r a c t

Reflectance spectra of multiple grain sizes and slabs of a suite of 13 howardite–eucrite–diogenite (HED)
meteorites have been characterized from 1.7 to 25.4 lm. The 4.5–5.1 lm region, which is accessible by
the Dawn VIR spectrometer, shows multiple absorption bands that vary among the HED groups and
can be related to underlying mineralogy. These bands are overtones of asymmetric Si–(Al–)O fundamen-
tal stretches in the 9–11 lm region. They appear in HED reflectance spectra ranging from fine-grained
powders to slabs. The strongest absorption bands in eucrite spectra are found in the 4.74–4.78, 4.86–
4.91, and 4.99–5.05 lm regions, and are attributable to the various pyroxenes in eucrites. Less frequent
bands are found near 4.35, 4.47, and 4.64–4.67 lm in larger grain size eucrite spectra, and are likely
attributable to high-An plagioclase feldspar. A shocked eucrite (JaH626) shows some differences from
presumed unshocked samples, with bands near 4.68, 4.83, and 5.02 lm, the first two of which fall outside
the range of the presumed unshocked eucrites. The strongest absorption bands in diogenite spectra are
found near 4.70 and 4.83–485 lm, and are attributable to the abundant low-Ca pyroxene. At larger grain
sizes and in slabs, an additional band can appear near 4.79 lm. When olivine is dominant, an absorption
band is found near 4.93 lm, which coincides with the strongest olivine absorption band in this region.
The addition of olivine can lead to a progressive shift of the 4.70 lm diogenite band toward 4.65 lm
(where olivine has an additional weaker absorption band). Howardite spectra, as expected, are more
diverse. The most persistent absorption features are in the 4.73–4.77, 4.84–4.85, and 4.94–5.00 lm
regions, and can be attributed to contributions by both diogenitic and eucritic components.

For all of the HEDs, with the exception of PRA 04401, a CM xenolith-bearing howardite, the <45 lm
fraction has the highest overall reflectance. The <45 lm HED spectra generally have the shallowest
absorption bands compared to the larger grain sizes, with the exception of the diogenites. Relative band
depths change with grain size, likely due to different bands saturating at different grain sizes, leading to
merging of adjacent absorption bands (causing movement of apparent band minima) and changes from
resolvable absorption bands to inflections. The number of bands that appear in the HED reflectance spec-
tra varies with both composition and grain size. In general, weak absorption bands become more resolv-
able in slab and coarse grain spectra, but multiple diagnostic absorption bands are present for all classes
of HED meteorites regardless of grain size. Because these 4–5 lm region absorption bands are due to dif-
ferent mechanisms than those responsible for shorter wavelength absorption bands (e.g., Fe2+ crystal
field transitions), they provide complementary information on the composition of HEDs and the surface
of Vesta. Importantly, these longer wavelength bands can provide direct evidence for the presence of pla-
gioclase feldspar, which is difficult to derive from shorter wavelength observations. Finally, we have
found that HEDs and their constituent minerals exhibit even stronger absorption bands just beyond
the range of the Dawn VIR spectrometer, from 5.15 to 5.60 lm, that are also attributable to Si–(Al–)O
overtones.

� 2013 Elsevier Inc. All rights reserved.
ll rights reserved.
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1. Introduction

Asteroid 4 Vesta represents the largest intact differentiated
small body in our Solar System. It has long been linked to the
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howardite–eucrite–diogenite (HED) meteorite clan on the basis of
a number of criteria, such as spectroscopic similarities (McCord
et al., 1970), and other criteria (e.g., Gaffey, 1997). It has been
the target of a year-long detailed mapping campaign by the Dawn
spacecraft that began in July 2011 (Russell and Raymond, 2011).
The asteroid is being investigated in detail using a variety of instru-
ments, including the Visible and Infrared spectrometer (VIR). VIR
consists of two data channels; the visible–infrared channel covers
the 0.25–1.07 lm interval with 1.8 nm resolution per band, and
the infrared channel covers the 0.95–5.1 lm interval with 9.8 nm
resolution per band (De Sanctis et al., 2011).

Vesta’s 0.3–2.5 lm spectrum is dominated by absorption bands
near 1 and 2 lm attributable to pyroxene, with occasional lesser
contributions from olivine (McCord et al., 1970; Gaffey, 1997).
The 2.5–4 lm region of Vesta’s spectrum does exhibit absorption
features. Whole disk spectra indicate that an absorption feature
may be present in the 3 lm, but it is shallow (<1% deep), consistent
with an anhydrous mafic silicate assemblage (Hasegawa et al.,
2003; Vernazza et al., 2005; Rivkin et al., 2006). A weak or non-
existent 3 lm absorption feature is also consistent with little or
no solar-wind implanted hydrogen and 10% or less CM-like mate-
rial on its surface (Rivkin et al., 2006; Reddy et al., 2012a,b). How-
ever, high spatial resolution observations of Vesta by the Dawn VIR
instrument have found an absorption feature near 2.8 lm that is
likely due to the presence of CM chondrite like material on the sur-
face (Combe et al., 2012; De Sanctis et al., 2012).

Prior to Dawn, observational data in the 4–5.1 lm region for
Vesta were sparse. Larson and Fink (1975) observed Vesta to
10 lm, but were not able to confidently identify any features in
this region due to the low signal to noise ratio of their data. The
average spectrum of Vesta presented by Combe et al. (2012) shows
possible absorption features near 4.3, 4.6, and 4.7 lm, all superim-
posed on a rapidly rising I/F spectrum due to thermal emissions.
The average spectrum of Vesta presented by De Sanctis et al.
(2012) shows possible superimposed absorption features near 4.5
and 4.7 lm. However, neither paper discusses these possible
features.

The possible presence of such features was the impetus for
examining reflectance spectra of HEDs and their constituent min-
erals in this wavelength region. We also expect that the 2.5–
5.1 lm wavelength region would provide complementary or un-
ique information concerning Vesta, as it could exhibit absorption
features due to Si–(Al–)O stretching overtones and combinations.
Such overtones and combinations could be more intense than the
fundamental bands for powdered surfaces (Salisbury et al., 1987).
We focus our analysis on the region between 4.4 and 5.1 lm as this
is the wavelength region that is expected to exhibit overtones and
combinations of Si–(Al–)O fundamentals, while the upper wave-
length is the limit of the Dawn VIR spectrometer (De Sanctis
et al., 2011). Analysis possible using a wider wavelength range will
be the subject of an upcoming paper.
2. Mineralogy of HEDs

HED meteorites consist of three main types: howardites, eu-
crites, and diogenites, and collectively make up a suite of crustal
igneous rocks. Diogenites, as originally described, are coarse-
grained orthopyroxenites, typically containing from �84 to
�100 vol.% orthopyroxene (Bowman et al., 1997). The orthopyrox-
ene is generally of uniform composition, close to Fs23Wo3 (Mit-
tlefehldt et al., 1998), although Fs content may extend from Fs15

to as high as Fs31 (Barrat et al., 2008; Mittlefehldt et al., 2011).
Common accessory minerals, present at the few percent level or
less, include chromite, diopside (�Fs4Wo45), troilite, metal, and a
silica phase (Bowman et al., 1997; Mittlefehldt et al., 1998). Oliv-
ine, usually an accessory phase, is present at higher abundances
in a number of newly discovered olivine-rich and dunitic dioge-
nites, with abundances ranging as high as �95 vol.%; its composi-
tion is generally �Fo70–75 (Krawczynski et al., 2008; Beck and
McSween, 2009).

Eucrites are of two main types, cumulate and basaltic. Cumulate
eucrites are coarse-grained gabbros consisting of approximately
equal amounts of low-Ca pyroxene and calcic plagioclase (Delaney
et al., 1984). The original pyroxene was pigeonite which under-
went subsolidus exsolution of augite. Pyroxene composition is
�Fs30–40Wo8–10, and plagioclase composition is �An90–95 (Delaney
et al., 1984; Mittlefehldt et al., 1998). Basaltic eucrites are finer-
grained and also composed predominantly of pigeonite and plagio-
clase feldspar. The pigeonite is generally more Fe- and Ca-rich than
that in the cumulate eucrites: �Fs45–60Wo15–20, and the plagioclase
is less Ca-rich, �An80–90 (Mittlefehldt et al., 1998).

Howardites are polymict breccias, containing varying propor-
tions of eucritic and diogenitic components, and are intermediate
members of a continuous series from diogenites to eucrites. Being
polymict breccias, they frequently contain glassy and fine-grained
materials. Glassy materials in howardites, as well as eucrites and
diogenites show compositional variations beyond the range of
unaltered HED minerals (Barrat et al., 2012).
3. Experimental procedure

Our analysis has focused largely on powdered samples of HEDs
because of observational evidence suggesting that the surface of
Vesta consists of a fine-grained regolith with a mixture of coarse
(>50 lm) and fine (<10 lm) grains (Le Bertre and Zellner, 1980;
Hiroi et al., 1994). Reflectance spectra of 13 HEDs and pure pyrox-
enes, olivines, and plagioclase feldspars were measured over the
1.67–25.38 lm (5987–394 cm�1) range at 7.7 cm�1 spectral reso-
lution using the University of Winnipeg’s Planetary Spectropho-
tometer Facility’s Bruker Vertex 70 FTIR spectrometer. Spectra
were measured relative to a calibrated diffuse Infragold� standard
at i = 30� and e = 0� using a Specac bidirectional reflectance acces-
sory. A total of 2500 spectra were acquired and averaged to im-
prove the signal-to-noise ratio. The samples were placed in a
sealed sample compartment which was purged with dry nitrogen
cycled through Drierite� to remove atmospheric water, and were
kept in the chamber for a minimum of 6 h prior to the spectral
measurements. When present, features in the 2.68, and 4.2–
4.3 lm region in some of the spectra are due to incomplete re-
moval of CO2 from the sample chamber. Fortunately these fall out-
side the wavelength interval of most interest here (4.4–5.08 lm).

The HED samples were received as slabs or chips. Surface spec-
tra were acquired for a representative area on the as-received slab
or chip prior to crushing; the slabs had non-specular saw-cut sur-
faces. The meteorites were crushed with an alumina mortar and
pestle and dry sieved to prepare the various powder size fractions.
The samples were poured into aluminum sample holders and a flat
surface was prepared by drawing a glass slide across the sample
surface. The mineral samples were prepared in the same way as
the meteorites. The HED and mineral samples included in this
study are listed in Table 1 and available meteorite descriptions
are provided in Appendix A.

Mineral abundances in the <45 lm fractions of the samples
were determined by Rietveld refinement of their X-ray diffraction
(XRD) patterns. XRD data acquisition involved acquiring continu-
ous scan data from 5� to 100� 2h on a Bruker D8 Advance with a
DaVinci automated powder diffractometer. A Bragg–Brentano
goniometer with a theta–theta setup was equipped with a 2.5�
incident Soller slit, 1.0 mm divergence slit, a 2.0 mm scatter slit,
a 0.2 mm receiving slit, a curved secondary graphite monochroma-



Table 1
HEDs and other meteorites used in this study.

Meteorite name Type

JaH626 Shocked polymict eucrite
Millbillillie Monomict or polymict eucrite
Murchison CM2.5/2.7 carbonaceous chondrite
NWA 1836 Cumulate monomict eucrite
NWA 1942 Howardite
NWA 1943 Howardite
NWA 2968 Dunitic diogenite
NWA 5748 Howardite
NWA 5751 Howardite
NWA 6013 Olivine-rich diogenite
NWA 6477 Eucrite
PRA 04401 CM2-bearing howardite
Talampaya Cumulate eucrite
Tatahouine Diogenite
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tor, and a scintillation counter collecting at an increment of 0.02�.
The line focus Co X-ray tube was operated at 40 kV and 40 mA,
using a take-off angle of 6�.

Rietveld refinement was carried out to find the best fit of the
model parameters to the X-ray diffractogram (Rietveld, 1969;
Young et al., 1977; Bish and Post, 1993; Young, 1993; Gualtieri,
2000; Shankland, 2004; Wilson et al., 2006) using BrukerAXS TO-
PAS4 version 4.2 software, in fundamental parameters (FPs)
mode. Because the purpose of this analysis was to quantify mete-
orite major mineralogy, the atomic co-ordinates and compositions
of the minerals were not refined. Instead, ‘standard’ crystal struc-
tures and compositions were used, with chemical compositions
fixed to average values for the meteorites in question where
available, or to reasonable values for the class of meteorite where
average values were not available. Starting structural models
were created using published crystal structures as follows: anor-
thite – Angel (1988) and Facchinelli et al. (1979); pigeonite
(clinopyroxene in space group P21/c) – Morimoto and Güven
(1970); augite (clinopyroxene in space group C2/c) – Gualtieri
(2000); orthopyroxene (low-Ca pyroxene in space group Pbca) –
Hugh-Jones and Angel (1994); olivine – Smyth and Hazen
(1973); ilmenite – Wechsler and Prewitt (1984); chromite – Le-
naz et al. (2004); troilite – Skála et al. (2006); a-cristobalite –
Downs and Palmer (1994); anatase – Howard et al. (1991). Errors
in the mineral abundances from the covariance matrix of the
least-squares fit are less than 1% (2r) for all refinements here.
The weighted profile residual of the Rietveld refinements are all
less than �10%, and while there is no rigorous standard for the
maximum Rwp that constitutes an acceptable fit, an Rwp value of
610% is considered reasonable by many authors (Bish and Post,
Table 2
Modal mineralogy of HED and related samples measured by Rietveld refinement of XRD d

Sample Description Plagioclase Pigeonite Augite Orthopyro

JaH626 Shocked polymict
eucrite

40 59 n.d. n.d.

Millbillillie Polymict eucrite 49 24 12 14
NWA 1836 Cumulate monomict

eucrite
28 55 n.d. 17

NWA 1942 Howardite 35 34 n.d. 30
NWA 1943 Howardite 43 27 15 15
NWA 2968 Dunitic diogenite n.d. n.d. n.d. Tr.
NWA 5751 Howardite 28 13 7 50
NWA 6013 Olivine-rich diogenite 7 n.d. n.d. 65
NWA 6477 Eucrite 54 33 13 n.d.
Talampaya Cumulate eucrite 65 32 1 n.d.
Tatahouine Diogenite n.d. n.d. n.d. 97

Tr = trace mineral (<1 wt.%); detected by XRD but not quantified (not included in Rietv
profile residual. Errors in the mineral abundances from the covariance matrix of the least-
included in the analysis due to the unavailability of sufficient sample.
1993; Gualtieri, 2000; Pecharsky and Zavalij, 2005; Shankland,
2004; Young, 1993). The mineral abundances determined for
our samples are provided in Table 2.

The main purpose of this study was to determine how Dawn
VIR spectra could best be analyzed to search for, isolate, and quan-
tify absorption features. Given that wavelength coverage of the VIR
instrument stops at �5.1 lm, we limited the long wavelength side
of any continua to this wavelength. For the �4–5.1 lm region, we
used three types of straight line continuum removal: (1) a contin-
uum at fixed wavelengths (4.61 and 5.08 lm) and applied to the
spectra regardless of whether the continuum points may result
in continuum-removed reflectance of >100% or whether the con-
tinuum end points are truly tangent to the spectrum; (2) a contin-
uum specific to each spectrum, where the characteristics of each
spectrum are taken into consideration for pinning the ends of the
continuum, so that they are tangent to the spectrum at the end
points of the continuum (with the end points of the continuum
limited to >4.4 lm and <5.08 lm); and (3) a continuum specific
to each meteorite or mineral, using the <45 lm fraction spectrum
to determine the continuum tangent points to be used for all the
spectra for a particular sample (again with the end points of the
continuum limited to >4.4 lm and <5.08 lm). In each case, a
reflectance spectrum is divided by a continuum to provide ‘‘contin-
uum-removed’’ reflectance. We fully recognize that limiting the
continuum to <5.08 lm is not optimum as additional absorption
features exist beyond 5.08 lm (e.g., Fig. 1). In addition, absorption
features in the 4.4–5.08 lm region are weaker than longer wave-
length features, and appear to be superimposed on a broader slop-
ing continuum. As a result, these apparently weak absorption
bands isolated using only a short wavelength interval will differ
in position and intensity than if a longer (and perhaps more valid)
continuum were used. The longer wavelength absorption features,
and impacts of using different, wider wavelength range continua,
are the subject of a future paper. Here we focus on the develop-
ment of tools and techniques most applicable to Dawn VIR spectra.

Each continuum removal approach has specific merits and dis-
advantages. Using fixed end points for all the spectra would make
automation of continuum removal easiest to implement. The other
two approaches are less amenable to automation, but may be more
suitable for capturing spectral differences between or among spe-
cific HEDs. The third approach is probably better suited than the
second approach for analysis of spectra of Vesta, which should be
dominated by a fine-grained regolith. In the ensuing discussion
we present results for all three approaches that provide potential
insights into the causes of variations in HED spectra.

In order to provide results amenable to analysis of Dawn VIR
data, we limited the continua to wavelengths shorter than
ata, values in wt.%.

xene Ilmenite Olivine Chromite Troilite Cristobalite Anatase Rwp

1 n.d. n.d. n.d. n.d. n.d. 5.95

1 n.d. Tr Tr n.d. n.d. 4.60
Tr n.d. n.d. n.d. n.d. n.d. 6.28

n.d. 1 n.d. n.d. n.d. 5.41
n.d. n.d. n.d. n.d. n.d. n.d. 5.04
n.d. 89 5 3 n.d. n.d. 2
n.d. 1 Tr n.d. n.d. n.d. 5.64
n.d. 27 1.00 n.d. n.d. n.d. 6.07
Tr n.d. Tr Tr n.d. n.d. 6.55
2 Tr Tr n.d. n.d. 9.32
n.d. Tr Tr n.d. Tr 2 8.83

eld refinement) due to very low concentration. n.d. = Not detected. Rwp = weighted
squares fit are less than �1% (2r) for all refinements here. Note: NWA 5748 was not



Fig. 1. Reflectance spectra of constituent HED minerals. (a and b) Low-Ca pyroxenes and pigeonite. (c and d) Straight line continuum-removed spectra from (a) and (b). (e)
Two different grain sizes of a low-Ca pyroxene. (f) Straight line continuum-removed spectra from (e). (g) High-Ca pyroxenes. (h) Straight line continuum-removed spectra
from (g). (i) Two different grain sizes of a high-Ca pyroxene. (j) Straight line continuum-removed spectra from (i). (k) Olivines. (l) Straight line continuum-removed spectra
from (k). (m) Two different grain sizes of an olivine. (n) Straight line continuum-removed spectra from (m) – two straight line continuum segments fitted to the data. (o and p)
Plagioclase feldspars. (q) Two different grain sizes of a plagioclase feldspar. (r) Straight line continuum-removed spectra from (q).
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5.1 lm (the limit of the Dawn VIR instrument), and longer than
4.3 lm (to avoid any CO2-associated features in the laboratory
spectra). We also focused our analysis on the <45 lm powder spec-
tra, as Vesta’s surface is almost certainly fine-grained.
4. Reflectance spectra of HED constituent minerals

In order to understand the reflectance spectra of HEDs, it is nec-
essary to begin with an examination of the spectral properties of



Fig. 1. (continued)
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their major constituents. As discussed above, these include low-
and high-calcium pyroxenes (LCPs and HCPs, respectively), pigeon-
ite, olivine, and plagioclase feldspar (Mittlefehldt et al., 1998). In
addition, CM carbonaceous chondrite material may be present on
some areas of Vesta, as inferred from the presence of this material
in a number of howardites, such as PRA 04401 (McCoy and Rey-
nolds, 2007; Herrin et al., 2010, 2011), and low albedo features
and regions on Vesta (Reddy et al., 2012a,b,c; McCord et al.,
2012; Pieters et al., 2012; Prettyman et al., 2012). The wavelength
region below 2.5 lm of HED constituents is dominated by Fe2+



Fig. 1. (continued)
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crystal field absorptions. The region longward of �9 lm (�9–
12 lm) is dominated by various Si–(Al–)O stretching vibrations.
Consequently, we expect first order overtones and combinations
of these fundamentals to appear in the 4.5–6 lm region (Salisbury
et al., 1987).
4.1. Pyroxene

LCPs show variations in the wavelength position of Si–O
stretching bands in the 10 lm region as a function of composition
(Hamilton, 2000; Boffa Ballaran et al., 2001; Tarantino et al., 2002).
Salisbury et al. (1987) found that low-Fe2+ LCP has two absorption
features, near 4.8 and 5.1 lm. With increasing Fe2+ content, the
4.8 lm band transforms to an inflection and becomes progressively
weaker, while the 5.1 lm band moves to longer wavelengths. HCPs
are less well-studied than LCPs, but are much less common in
HEDs. Diopside appears similar to high-Fe LCP with a weak inflec-
tion near 4.9 lm, on the shoulder of an absorption band centered
near 5.1 lm (Salisbury et al., 1991). Tompkins and Pieters (2010)
found an inflection at �4.85 lm in a lunar LCP separate.

Reflectance spectra of a suite of LCPs (Fig. 1a and b) that were
measured for this study show that the wavelength position of
the major absorption band in the 5 lm region increases with
increasing Fe2+ content, ranging from 5.12 lm (for Fs0.1) to 5.22
(for Fs41.5). The pigeonite (Fs26.9) spectrum’s band is located near
the same position as LCPs of similar Fs content: near 5.17–
5.18 lm (Table 3). We also see a general decrease in overall reflec-
tance with increasing Fe2+ content.

The continuum-removed 5 lm region spectra (Fig. 1c and d)
show that the 4.5–5.1 lm region exhibits two absorption features,
in the 4.7 and 4.8 lm regions, and that both bands move to longer
wavelength with increasing Fe2+ content. There is also evidence of
an additional band near 5.0 lm that initially appears as an inflec-
tion near 4.98 lm around Fs25 and as a resolvable band near
5.01 lm at Fs41.5. The cause of this band is not known, but likely
relates to structural changes in LCP that accompany increasing
Fe2+.

With increasing grain size (Fig. 1e), reflectance decreases and
absorption features in the 5 lm region appear to become broader
– e.g., the 5.2 lm band (Salisbury et al., 1987; Salisbury and Wal-
ter, 1989). Continuum removal in the 4.5–5.1 lm region (Fig. 1f)
shows that in spite of the lower reflectance, bands are deeper in
the coarser fraction spectrum. Both spectra show absorption fea-
tures in this region, but with some differences, including relative
band depths. Both exhibit bands near 4.77 and 4.85 lm, as ex-
pected. The band near 5.01 lm in the <45 lm spectrum appears
as an inflection in the 250–500 lm spectrum. We attribute these
differences to band saturation occurring in the 250–500 lm spec-
trum, leading to the ‘‘merging’’ of adjacent absorption features.

HCP reflectance spectra measured for this study are shown in
Fig. 1g. The spectra have not been separated on the basis of visi-
ble–near infrared spectral types (Adams, 1974), because this spec-
tral difference is sensitive to small variations in M1–M2 site
occupancy by Fe2+ (Cloutis and Gaffey, 1991). Superficially, the
HCPs resemble the LCPs in having their strongest absorption fea-
ture longward of 5 lm and prominent inflections in the 4.5–
5.1 lm interval. The 5 lm region feature is centered between
5.08 and 5.13 lm, and we did not find a strong correlation of its
position with Fe2+ content. Band depths, as measured by the ratio
of reflectance at 4 lm to reflectance of the 5 lm region absorption
band, as well as overall reflectance, both generally decrease with
increasing Fe2+ content. All of the HCPs exhibit an absorption fea-
ture in the 4.6–5.1 lm region (Fig. 1h) that appears to be composed
of two or three absorption bands. This feature is deepest near
4.87 lm, but beyond this there is no other ubiquitous absorption
band that can be clearly delineated in all the spectra (Table 3). This
feature seems to move to shorter wavelength with increasing Fe2+

content, from �4.87 to �4.85 lm.
Reflectance spectra of two size fractions of the HCP PYX039

(Fig. 1i) show the expected decrease in reflectance and increase
in band depths with increasing grain size (Fig. 1j). The point of low-
est reflectance moves from 4.86 lm for the <45 lm fraction to
�4.78 lm for the 250–500 lm fraction. This is likely due to the
‘‘merger’’ of two absorption features seen in the <45 lm spectrum
near 4.77 lm (inflection) and 4.87 lm. We speculate that the mer-
ger results from one or both bands becoming saturated in the coar-
ser fraction spectra. The 4.66 and 5.04 lm region inflections are
seen in both spectra; the latter transforms from a resolvable band
to an inflection with increasing grain size.
4.2. Olivine

Olivine is characterized by four or five main absorption bands in
the 820–960 cm�1 (10.4–12.2 lm) region, that are attributable to
Si–O stretching vibrations (Duke and Stephens, 1964; Burns and
Huggins, 1972; Iishi, 1978; Hofmeister, 1987; Reynard, 1991; Salis-
bury et al., 1991; Lane et al., 2011). The strength of these bands, the
amount each band moves with changing composition, as well as
how consistently they change, differs for the different bands (e.g.,
Tsang et al., 2009; Lane et al., 2011) and can be affected by expo-
sure to the space environment (Keller and Christoffersen, 2007).

For the overtone/combination region, Tompkins and Pieters
(2010) found a weak absorption band centered at 4.95–5.0 lm in
lunar olivine separates. Salisbury et al. (1991) found a series of
absorption bands in olivine reflectance spectra in the 4.9–5.9 lm



Table 3
Location of absorption features in HED and mineral spectra (<45 lm grain size): continuum-removed band centers for the 4.4–5.1 lm region, band minima for the other
wavelength regions.

Sample 5 lm region bands (lm) 9–11 lm region bands (lm)

LCPs
PYX070 (Fs0.1) 4.64, 4.81, 5.12 9.6, 9.9, 10.3, 11.3
PYX023 (Fs9.4) 4.66, 4.82, 5.14 9.7, 10.3, 11.1
PYX042 (Fs12.8) 4.67, 4.83, 5.15 9.75, 10.35, 10.7, 11.05
PYX117 (Fs24.6) 4.72, 4.83, 5.16 9.85, 10.45, 11.0
PYX003 (Fs28.2) 4.73, 4.85, 5.17 9.25, 9.9, 10.5, 11.05
PYX032 (Fs41.5) 4.76, 4.86, 4.95, 5.00, 5.22 9.3, 10.0, 10.5, 10.9

Pigeonite
PYX112 (Fs26.9 Wo8.3) 4.73, 4.84, 4.95, 5.18 9.25, 9.95, 10.5, 10.95

HCPs
PYX131 (Fs1.8 Wo61.0) 4.75, 4.87, 5.04, �5.1 9.7, 11.1

PYX017 (Fs8.1 Wo44.4) 4.75, 4.86, 4.98, 5.04, 5.08 9.3, 9.7, 10.05, 10.65

PYX009 (Fs9.7 Wo50.5) 4.65, 4.77, 4.87 9.2, 9.75, 10.1, 10.7, 11.2
PYX039 (Fs20.1 Wo50.3) 4.65, 4.77, 4.87, 5.04 9.2, 9.8, 10.05, 10.7, 11.2

PYX038 (Fs35.2 Wo53.8) 4.68, 4.84, 4.96 9.6, 10.1, 11.05

Olivines
OLV007 (Fa2.7) 4.93, 5.2, 5.43, 5.62 9.95, 10.3, 10.9, 11.9
OLV003 (Fa9.6) 4.95, 5.23, 5.45, 5.62 9.98, 10.3, 11.0, 11.85
OLV011 (Fa99.9) 4.86, 4.98, 5.38, 5.50, 5.68 10.2, 10.35, 10.75, 12.0

Plagioclase feldspars
PLG103 (An0.1 Or0.1) 4.4, 4.65, 4.77, 4.88, 5.0, 5.2, 5.57, 5.7 8.45, 9.02, 9.31, 9.8, 10.35
PLG115 (An23.5 Or0.1) 4.4, 4.7, 5.2, 5.6 8.45, 9.2, 10.7
PLG113 (An53.7 Or0.7) 4.4, 4.7 8.45, 9.25, 10.25, 10.8
PLG109 (An67.3 Or0.7) 4.4, 4.7 8.45, 9.25, 10.25, 10.8
PLG130 (An76.5 Or0.4) 4.4, 4.7 8.45, 9.3, 10.2, 11.1
PLG108 (An84.7 Or0.1) 4.35, 5.5 8.7, 9.25, 9.8, 10.2, 11.1
PLG117 (An85.8 Or0.1) 4.35, 4.45 4.6, 5.45 8.8, 9.35, 9.85, 10.3, 11.0
PLG114 (An94.2 Or0.0) 4.35, 4.45, 4.65, 5.45 8.9, 9.35, 9.9, 10.3, 11.25

Diogenites
Tatahouine 4.70, 4.83, 4.97, 5.15, 5.42 9.3, 9.8, 10.4, 11.0

NWA6013 4.69, 4.83, 4.97, 5.15, 5.42 9.3, 9.8, 10.4, 11.0
NWA2968 4.65, 4.77, 4.93, 5.25, 5.60 9.8, 10.2, 11.0

Eucrites
Millbillillie 4.77, 4.91, 4.99, 5.05, 5.28 9.4, 10.0–10.2, 10.9

NWA1836 4.76, 4.90, 5.03, 5.30 9.4, 10.2, 10.9

NWA6477 4.35, 4.78, 4.90, 5.03, 5.30 9.4, 10.2, 10.9

Talampaya 4.74, 4.86, 4.92, 4.99, 5.20, 5.43 9.3, 9.9, 10.9

Shocked eucrites
JaH626 4.68, 4.83, 5.02, 5.30 9.3, 10.3, 10.9

Howardites
NWA1942 4.64, 4.75, 4.85, 4.94, 5.00, 5.20–5.28, 5.57 9.3, 10.0, 10.9

NWA1943 4.77, 4.98, 5.27 9.4, 9.8–10.3, 10.9
NWA5748 4.65, 4.75, 4.98, 5.27, 5.57 9.5, 9.9, 10.9
NWA5751 4.73, 4.84, 4.97, 5.20, 5.45 9.3, 9.9, 11.0

CM-bearing howardites
PRA04401 4.69, 4.74, 4.81, 4.93, 4.98, 5.20 9.3, 9.9, 11.0

Note: Values in italics are for weak bands in the 4.3–5.1 and 9–11 lm region. Underlined values are for inflection points in the 4.3–5.1 lm region, therefore band position is
approximate.
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region, with the lowest wavelength band near 4.9 lm for an Fa9

olivine. Reflectance spectra of three olivines measured for this
study are shown in Fig. 1k. The highest-Fe olivine has the lowest
overall reflectance, as expected. The lower-Fe content olivines ex-
hibit a major absorption band near 4.93–4.95 lm, as well as a ser-
ies of bands near 5.2, 5.45, and 5.6 lm; continuum-removed
spectra for the 4.9 lm region are shown in Fig. 1l. There are sug-
gestions of very weak bands in the 4.4–4.75 lm region (Fig. 1m).
With increasing Fe content, reflectance decreases, and the absorp-
tion features appear to move to longer wavelengths (Table 3), con-
sistent with previous results (e.g., Duke and Stephens, 1964; Burns
and Huggins, 1972; Reynard, 1991; Lane et al., 2011). With increas-
ing grain size (Fig. 1m), we see the now familiar decrease in reflec-
tance and the apparent loss of spectral detail. The continuum-
removed spectra of the two size fractions of OLV003 show a possi-
ble weak absorption feature (�1% deep) near 4.6 lm, and an even
weaker feature in the larger size fraction (�0.5% deep) near
4.48 lm (Fig. 1n).

4.3. Plagioclase feldspars

Infrared spectra of plagioclase feldspar show a series of stretch-
ing vibration bands in the 10 lm region that are attributable to Si–
(Al–)O stretching vibrations (Iishi et al., 1971). The number and po-
sition of these bands changes in complex ways, with some bands
appearing or disappearing abruptly at specific compositions (Con-
el, 1969; Iishi et al., 1971; Nash and Salisbury, 1991; Milam et al.,
2007). Over the 4–6 lm region, both albite and anorthite are char-



Table 4
Location of absorption features in the fixed continuum-removed spectra of the HED meteorites as a function of grain size.

Sample Grain
size

Band position
(lm)

Band position
(lm)

Band position
(lm)

Band position
(lm)

Band position
(lm)

Band position
(lm)

Band position
(lm)

Diogenites
Tatahouine <45 4.70 4.83 4.93

45–90 4.70 4.83

90–250 4.70 4.83

250–500 4.70 4.79 4.83 5.00
Slab 4.70 4.79 4.85 4.94 5.00

NWA 6013 <45 4.69 4.83 4.97
45–90 4.69 4.83 4.94
90–250 4.69 4.83 4.97
250–500 4.73 4.79 4.85 4.97
Slab 4.63 4.73 4.79 4.85 5.00

NWA 2968 <45 4.65 4.77 4.93

45–90 4.65 4.79 4.93

90–250 4.65 4.79 4.93

250–500 4.70 4.79 4.97
Slab 4.67 4.79 4.93

Eucrites
Millbillillie <45 4.77 4.90 4.99 5.04

45–90 4.64 4.77 4.85 4.97 5.04

90–250 4.77 4.85 4.98 5.04
250–500 4.65 4.77 4.85 4.99

Slab 4.47 4.67 4.77 4.93 4.97

NWA 1836 <45 4.47 4.76 4.90 5.03

45–90 4.65 4.76 4.91 5.03

90–250 4.66 4.74 4.88 4.96 5.03
250–500 4.78 4.91 5.01
Slab 4.47 4.64 4.77 4.88 4.98 5.04

NWA 6477 <45 4.35 4.78 4.90 5.03

45–90 4.35 4.78 4.93 5.00
90–250 4.35 4.78 4.94 5.00
250–500 4.35 4.78 4.94 5.00
Slab 4.35 4.65 4.78 4.90 4.98

Talampaya <45 4.74 4.86 4.92 4.99
45–90 4.75 4.86 4.95
90–250 4.75 4.84 4.96
250–500 4.75 4.85 4.97
Slab 4.75 4.86 4.97

JaH626 <45 4.68 4.83 5.02
45–90 4.35 4.69 4.83 5.01
90–250 4.35 4.69 4.77 4.85 5.00

250–500 4.69 4.85 4.95 5.01

Slab 4.67 4.74 4.83 4.95 5.03

Howardites
NWA 1942 <45 4.64 4.75 4.85 4.94 5.00

45–90 4.63 4.76 4.87 4.96
90–250 4.65 4.76 4.87 5.00
250–500 4.63 4.74 4.85 4.93 5.00

Slab 4.38 4.67 4.73 4.84 4.96

NWA 1943 <45 4.77 4.98
45–90 4.77 4.85 4.91 4.97

90–250 4.78 4.85 4.98
250–500 4.78 4.86 4.93 5.00

Slab 4.65 4.78 4.84 4.90 4.97 5.02

NWA 5748 <45 4.65 4.75 4.98
45–90 4.75 4.86 5.01
90–250 4.78 4.88 5.00 5.03

250–500 4.65 4.77 4.84 4.98
Slab 4.47 4.67 4.80 4.95

NWA 5751 <45 4.73 4.84 4.97
45–90 4.75 4.84 4.97
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Table 4 (continued)

Sample Grain
size

Band position
(lm)

Band position
(lm)

Band position
(lm)

Band position
(lm)

Band position
(lm)

Band position
(lm)

Band position
(lm)

90–250 4.76 4.85 4.97
250–500 4.78 4.84 4.97

Slab 4.77 4.82/4.87 4.97

PRA 04401 <45 4.69 4.74 4.81 4.93 4.98
45–90 4.66 4.72 4.78 4.90 5.03
90–250 4.66 4.72 4.82 4.93 5.03

Note: Weaker bands are indicated in italics. Underlined values are for inflection points in the 4.3–5.1 lm region whose positions are approximate.

E.A. Cloutis et al. / Icarus 225 (2013) 581–601 589
acterized by decreasing reflectance longward of �4 lm. Albite
shows two weak absorption bands near 4.8 and 4.9 lm, while
anorthite is featureless. These features weaken and shift to longer
wavelength with increasing anorthite content (Nash and Salisbury,
1991). Anorthite shows its strongest absorption band near 5.4 lm
(Nash and Salisbury, 1991; Salisbury et al., 1991). These features
are almost certainly first order overtones of the 9–10 lm region
stretching fundamentals. The effect of shock is to cause a loss of
spectral detail (Johnson et al., 2003; Wright et al., 2006).

Fig. 1o shows reflectance spectra of a series of plagioclase feld-
spars ranging from An0.1 to An76.5. The lowest An content sample
(PLG103) exhibits the greatest number of absorption features,
and spectral changes with composition are not systematic, as also
noted by Nash and Salisbury (1991) for longer wavelength regions.
The major spectral changes for these samples in the 4.4–5.1 lm re-
gion are the loss of spectral detail, and an increasingly apparent
absorption feature at 4.4 lm. With the exception of the An0.1 sam-
ple, there are no other well-defined absorption bands. The 4.75 lm
band in the An0.1 spectrum transforms into an inflection with
increasing An content. As plagioclase feldspars in eucrites are An-
rich, we focused our analysis on such samples (Fig. 1p). Their spec-
tra are characterized by inflections/weak bands near 4.35, 4.45, and
4.65, and a local minimum near 5.45 lm. With increasing grain
size, reflectance decreases (Fig. 1q), but absorption bands appear
to become more resolvable. Continuum removal (Fig. 1r) shows
that band depths in the larger grain size are greater than in the fi-
ner grain size sample spectrum. Two main absorption bands at
4.73 and 4.82 lm and an inflection near 4.93 lm are more appar-
ent in the coarser grain size spectrum. This again illustrates that
coarser-grained spectra, in spite of lower reflectance, may be more
effective at displaying weak absorption bands. However, this is bal-
anced by the fact that lower reflectance data will have a lower sig-
nal to noise ratio, making robust band detection more difficult to
achieve.

4.4. Disorder effects

The widths of Si–(Al–)O stretching fundamentals in the 9–
11 lm region increase with increasing disorder, and can merge
into a broad region of absorption (Crisp et al., 1990; Dufresne
et al., 2009). In shocked plagioclase feldspars, bands can disappear
and shift in position (Johnson et al., 2001, 2003). Shocked pyrox-
enes show fewer spectral changes, although band strengths are re-
duced with increasing shock pressures (Johnson et al., 2001).
Similarly, lunar impact melts show no well-defined absorption
bands in the 4–5.1 lm region as compared to lunar mineral sepa-
rates (Tompkins and Pieters, 2010).

4.5. Non-diagnostic absorption bands

HED and constituent mineral spectra normally exhibit absorp-
tion bands in the 2.6–3.0, 3.4, and 3.9 lm region (e.g., Beck et al.,
2011). An absorption feature in the 2.6–3.0 lm region can be
attributed to H2O/OH in various forms, such as adsorbed atmo-
spheric water and hydrated phases formed during terrestrial alter-
ation; this feature could also be attributed to ‘‘native’’ OH in
nominally anhydrous silicates (e.g., Rossman, 1988; Kovàcs et al.,
2010). The 3.4 and 3.9 lm region features are best attributed to
carbonates formed during terrestrial weathering. Similarly, a
2.8 lm region absorption band seen in VIR spectra of Vesta is likely
attributable, at least in large part, to exogenous carbonaceous
chondrites (e.g., Combe et al., 2012; De Sanctis et al., 2012). These
features are excluded in our subsequent discussion.

4.6. Grain size effects

Salisbury et al. (1991) have shown that Si–(Al–)O absorption
bands in the 5 lm region are most evident in finer-grained sam-
ples, which is advantageous for Vesta as the surface is composed
of a fine-grained regolith (Le Bertre and Zellner, 1980; Hiroi
et al., 1994). However, as discussed above, band depths, which de-
pend on how a continuum is constructed, may be deeper in coar-
ser-grained sample spectra. However, if such bands are saturated,
they may increasingly overlap, making their detection more
difficult.
5. HED reflectance spectra (2.5–5.1 lm)

Reflectance spectra of HEDs for the 2.5–5.1 lm region are
sparse. Beck et al. (2011) presented spectra of a number of HEDs
for the 0.4–4.6 lm region. Over the 4.0–4.6 lm interval, the spec-
tra show a variety of slopes, likely influenced by the 3 lm region
OH/H2O features, but no other well-defined absorption features
are present in their spectra. Moroz et al. (2011) found an absorp-
tion feature near 5.2 lm in reflectance spectra of cloudy pyroxenes
from the Millbillillie eucrite; however the nature of this feature
was not discussed. Izawa et al. (2010) found that enstatite chon-
drite reflectance spectra exhibit absorption features in the 4.5–
6.1 lm region that they attributed to Si–O stretching overtones.
The strongest of these bands was located between 5.40 and
5.43 lm, with weaker bands or inflections located between 4.6
and 5.3 lm.

The most comprehensive study of the 2.5–5.1 lm region of
HEDs was presented by Salisbury et al. (1991). They examined
reflectance spectra of 2 diogenites, 3 eucrites, and 4 howardites,
as well as a number of relevant silicate minerals. The diogenites
have the double band 4.9/5.1 lm feature. In howardites, the
4.9 lm inflection becomes weaker, and the 5.1 lm feature be-
comes wider, broadening toward longer wavelengths. In eucrites,
the inflection is essentially absent, and the absorption band is
shifted to �5.25 lm. The change in HED band positions is similar
to that seen in low-Ca pyroxenes, where the inflection disappears
and the 5.1 lm region absorption band moves to longer wave-
lengths with increasing Fe2+ content (Salisbury et al., 1991).



Fig. 2. Reflectance spectra of HEDs used in this study. Dashed line: slab spectrum. Solid lines in order of increasing thickness: <45, 45–90, 90–250, and 250–500 lm grain
sizes. The PRA 04401 spectra are only available for <45, 45–90, and 90–250 lm sized powders. Each spectrum is shown in two ways: 1.6–12 lm (first spectrum) and
normalized (at 4.4 lm) 4.4–6.0 lm (second spectrum). (a and b) Tatahouine diogenite. (c and d) NWA 6013 olivine-rich diogenite. (e and f) NWA 2968 dunitic diogenite. (g
and h) Millbillillie eucrite. (i and j) NWA 1836 cumulate eucrite. (k and l) NWA 6477 eucrite. (m and n) Talampaya cumulate eucrite. (o and p) JaH626 shocked eucrite. (q and
r) NWA 1942 howardite. (s and t) NWA 1943 howardite. (u and v) NWA 5748 howardite. (w and x) NWA 5751 howardite. (y and z) PRA 04401 CM xenolith-bearing
howardite.
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To supplement these few available HED reflectance spectra we
have measured 0.3–25 lm spectra of a suite of 13 HEDs. The
0.3–2.5 lm spectra are the subject of a companion paper (Cloutis
et al., 2013). Here we focus on the 2.5–5.1 lm region, with the long
wavelength limit coinciding with that of the Dawn VIR instrument
(De Sanctis et al., 2011), making our analytical approach directly
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relevant and applicable to the Dawn VIR instrument. As mentioned
above, our sample suite includes a number of rare HEDs, such as
olivine-rich diogenites and a CM xenolith-bearing howardite (Ta-
ble 1). Absorption band positions are listed in Tables 3 and 4. We
include the fundamental bands in the 9–11 lm region as their
positions relate to the positions of the overtone and combination
bands in the 4–5 lm region. We note again that band positions
in the 4–5 lm region are based on continuum removal limited to
<5.1 lm. We show both the 1.6–12 lm region reflectance spectra
(to show how reflectance varies as a function of grain size) as well
as the normalized 4.4–6.0 lm region spectra (to highlight differ-
ences in band depths) (Fig. 2).
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5.1. Diogenites

The diogenites included in this study were Tatahouine, a dunitic
diogenite (NWA 2968), and an olivine-rich diogenite (NWA 6013).
Their reflectance spectra are shown in Fig. 2a–f. The Tatahouine
spectra exhibit absorption bands at 5.15 and 5.42 lm, and inflec-
tions near 4.70 and 4.85 lm. These bands are best resolved in
the powdered samples, and overall reflectance decreases with
increasing grain size, with the slab having the lowest overall reflec-
tance. These bands are likely overtones of the strongest Si–O asym-
metric stretching vibrations located near 9.8, 10.6, and 11 lm. The
NWA 6013 spectra are less strongly featured than Tatahouine. The
overtone bands near 4.85, 5.15, and 5.42 lm are shallower and less
evident. The well-defined nature of these bands decreases with
increasing grain size, and overall reflectance decreases with
increasing grain size, except for the 250–500 lm fraction. We be-
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lieve that this is due to the difficulties inherent in producing a flat
sample surface for the larger grain size. The NWA 2968 spectra dif-
fer from the other diogenites in terms of exhibiting the longer
wavelength bands near 9.8, 10.3, 11.0, and 11.9 lm. The overtone
region is characterized by a stronger band near 4.93 lm, a weaker
band near 5.25 lm, and a stronger band near 5.60 lm. The slab
spectrum is also much more blue-sloped than the powder spectra.
5.2. Eucrites

Reflectance spectra of the four eucrites included in this study
are shown in Fig. 2g–n. Millbillillie shows gradually decreasing
reflectance toward longer wavelengths, and broad fundamental
absorption bands near 9.4, 10.0, and 10.9 lm. The 5 lm overtone
region is characterized by a broad absorption feature with a mini-
mum at 5.28 lm, most evident in the <45 lm and slab spectra; it
also has weak inflections near 4.75 and 5.05 lm. Overall reflec-
tance is highest for the <45 lm fraction, and lowest for the slab –
which is also the most blue-sloped spectrum, while the other three
grain sizes have similar reflectance. The spectra of NWA 1836 are
also generally blue-sloped with major 10 lm region absorption
bands near 9.4, 10.2, and 10.9 lm. The 5 lm region shows reason-
ably well-defined inflections near 4.75 and 5.0 lm, with a band
minimum at 5.3 lm. Reflectance decreases with increasing grain
size. The spectra of NWA 6477 also exhibit generally decreasing
reflectance to longer wavelengths and a similar series of absorp-
tion features in the 9.5–10.9 lm region as the other eucrites. The
spectra show a reflectance minimum near 5.30 lm and inflections
near 4.75 and 5.05 lm that are weaker than those in the Millbillil-
lie spectra. Reflectance decreases from <45 to 45–90 lm grain size,
while the two larger grain size and slab spectra are very similar to
each other. The reflectance spectra of Talampaya show better de-
fined (narrower, deeper) absorption bands in the 10 lm region.
The 5 lm region spectra exhibit bands near 5.20 and 5.43 lm,
and an inflection near 4.75 lm.
5.3. JaH626: shocked eucrite

JaH626 has been tentatively identified as a shocked eucrite.
Absorption features in the 10 lm region are generally broader
and less well-defined than for the other eucrites (Fig. 2o and p).
Its fundamental and overtone/combination bands have similar
wavelength positions to the NWA 1836 and NWA 6477 eucrites
(Table 3). Reflectance decreases with increasing grain size, and
the 250–500 lm and slab spectra are nearly identical. There is little
to distinguish this meteorite from the other eucrites except for
modest band broadening.
5.4. Howardites

Howardites are composed largely of varying proportions of
diogenitic and eucritic material, so we expect their reflectance
spectra to be intermediate between these two end members. Four
howardites were spectrally characterized for this study: NWA
1942, NWA 1943, NWA 5748, and NWA 5751 (Fig. 2q–x).

The 5 lm region spectra of NWA 1942 have a broader mini-
mum than the eucrites, ranging from �5.20 to 5.28 lm. This sug-
gests contributions from both diogenitic and eucritic components.
The reflectance spectra of NWA 1943 are similar to NWA 1942.
The 10 lm region spectrum is suggestive of a greater diogenitic
contribution. The minimum in the 5 lm region is located near
5.29 lm and is not as broad as the feature in NWA 1942, which
also suggests a smaller diogenitic contribution. There are also
weak inflections near 4.8 and 5.0 lm. The NWA 5748 howardite
spectra are characterized by a broad region of absorption with
poorly-defined bands located near 9.5, 9.9, and 10.9 lm. This lack
of well-defined bands results in weak absorption bands near 5.27
and 5.57 lm. The slab spectrum exhibits inflections near 4.68 and
4.9 lm that are not evident in the powder spectra. The 10 lm re-
gion of the NWA 5751 howardite spectra exhibit absorption
bands near 9.3, 9.9, and 11.0 lm, consistent with both diogenitic
and eucritic components. The 5 lm region spectra show an
absorption band near 5.20 lm (intermediate between diogenites
and eucrites), a band near 5.45 lm, and inflections near 4.70,
4.85 and 5.0 lm, again suggestive of both diogenitic and eucritic
contributions.

5.5. PRA 04401: CM-bearing howardite

PRA 04401 is a howardite containing �40–60% CM2 clasts
(McCoy and Reynolds, 2007; Herrin et al., 2010, 2011). Insufficient
sample was available to allow for slab spectra to be acquired or to
produce a 250–500 lm powder. The <45, and 90–250 lm spectra
(Fig. 2y and z) are darker than the other howardites, while the
45–90 lm fraction spectrum is significantly brighter, within the
range of the other howardites. The strongest 10 lm region bands
are consistent with a significant diogenitic contribution. The
5 lm region spectra are nearly featureless, with a weak band at
5.20 lm, located intermediate between diogenites and eucrites.
There is no evidence of new or unique absorption bands that could
be attributed to the CM xenoliths.

6. Continuum-removed 5 lm region spectra

In order to better interpret features in the 5 lm region, we ap-
plied three types of continuum removal to the 5 lm region HED



Fig. 3. Straight line continuum-removed spectra shown in Fig. 2. Dashed line: slab spectrum. Solid lines in order of increasing thickness: <45, 45–90, 90–250, and 250–
500 lm grain sizes. (a) Tatahouine diogenite. (b) NWA 6013 olivine-rich diogenite. (c) NWA 2968 dunitic diogenite. (d) Millbillillie eucrite. (e) NWA 1836 cumulate eucrite. (f)
NWA 6477 eucrite. (g) Talampaya cumulate eucrite. (h) JaH626 shocked eucrite. (i) NWA 1942 howardite. (j) NWA 1943 howardite. (k) NWA 5748 howardite. (l) NWA 5751
howardite. (m) PRA 04401 CM xenolith-bearing howardite.
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spectra as described above. We also limited the range of the con-
tinuum to <5.1 lm to provide consistency with continuum re-
moval that could be applied to Dawn VIR data (De Sanctis et al.,
2011). We present results for all three approaches that provide po-
tential insights into the causes of variations in HED spectra.
6.1. HED spectra – fixed points continuum-removed spectra

The spectra of the HEDs with the continuum fixed at 4.61 and
5.08 lm are shown in Fig. 3. The fixed continuum approach shows
variability within and among the various HEDs. For the diogenites,
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both the Tatahouine and NWA 6013 spectra show their strongest
bands near 4.69–4.75 and 4.83 lm; the slab spectra are quite dif-
ferent from the powders, with either shifted, missing, or additional
bands and low band depths. It is likely that some of these effects
arise from using a fixed point continua coupled to the weakness
of many of the presumed absorption features. As NWA 6013 con-
tains some olivine, we would expect its spectrum to perhaps differ
from Tatahouine, but like Tatahouine, it exhibits its major absorp-
tion bands near 4.70 and 4.83 lm; however, there are also sugges-
tions of an additional feature near 4.98 lm in the powder spectra.
The NWA 2968 dunitic diogenite spectra differ from the other two
diogenite spectra in having a single strong band at 4.93 lm, and a
possible weak band near 4.75 lm; the slab spectrum shows both of
these features, but also has an additional feature near 4.67 lm that
is probably real, as it also appears, but much more weakly, in the
powder spectra. This indicates that grain size variations will affect
the detectability of HED absorption bands. It is notable that band
depths in 4.83 lm region of the Tatahouine spectra are much dee-
per than those of NWA 2968 and NWA 6013. We attribute this to
the fact that the latter two meteorites contain much more olivine
than Tatahouine (Table 2), and olivine does not have an absorption
band near 4.83 lm (see Fig. 1k and l).

The eucrite spectra show some variability in terms of absorp-
tion feature positions and depths. They all exhibit an absorption
feature near 4.75–4.78 lm, as well as a generally deeper band near
4.95–5.0 lm. Band positions vary among and between samples,
again likely due to the effects of using a fixed points continuum.
Some of the eucrite spectra also show additional absorption fea-
tures near 4.68 and 4.85 lm (Fig. 3). The Millbillillie powder spec-
tra have weak (<1% deep) apparent bands near 4.78 and 4.98 lm,
and the slab spectrum has much deeper absorption bands. The
NWA 1836 and NWA 6477 powder spectra exhibit apparent bands
near 4.78 and �5.0 lm, with some variability between different
powder fractions, and the slab. The Talampaya spectra also exhibit
these two bands as well as an additional band near 4.85 lm. The
JaH626 spectra (Fig. 3) differ from the other eucrite spectra in
terms of absorption feature positions. Its major bands are located
near 4.68 and 5.0 lm, as opposed to near 4.78 and 5.00 lm.

The fixed points continuum-removed howardite spectra (Fig. 3)
also show variability between and within samples. The howardite



Fig. 4. Straight line continuum-removed <45 lm HED spectra. (a) Diogenites: fixed continuum at 4.61 and 5.1 lm. (b) Diogenites: varying continuum (fixed at 5.1 lm). (c)
Eucrites: fixed continuum at 4.61 and 5.1 lm. (d) Eucrites: varying continuum (fixed at 5.1 lm). (e) Howardites: fixed continuum at 4.61 and 5.1 lm. (f) Howardites: varying
continuum (fixed at 5.1 lm).

Fig. 5. Comparison of fixed and variable straight line continuum-removed spectra
of the NWA 1836 eucrite for <45 and 45–90 lm size powders.

Fig. 6. Positions of major absorption bands in the HEDs and constituent minerals
(for <45 lm spectra).
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spectra generally show a greater number of possible absorption
features than the diogenites and eucrites. The most consistent fea-
tures are present near 4.73–4.77, 4.84–4.85, and 4.94–5.00 lm,
with an occasional feature near 4.64–4.65 lm.

The PRA 04401 spectra (Fig. 3) are nearly featureless. There is
very little similarity between the three grain size spectra, and
apparent absorption features are shallow (<1% deep), suggesting
that the CM xenoliths are very effective at suppressing any mafic
silicate features.

6.2. HED spectra – effect of fixed versus variable continuum

The spectra of the <45 lm fractions of the HEDs with a contin-
uum fixed at 4.61 and 5.08 lm versus a continuum allowed to vary
within the 4.4–5.1 lm interval are shown in Fig. 4. The diogenite
spectra (Fig. 4a and b) illustrate how the continuum affects the
detectability of some absorption bands. While band positions do
not vary appreciable for the two different continuum removal
methods, the variable continuum process allows a weak absorption
band near 4.65 lm in the NWA 2968 spectrum to be more easily
recognized. For the eucrites, changing the continuum from fixed
to variable does not appreciably affect absorption band positions
(Fig. 4c and d). With a fixed continuum some absorption bands
have >100% reflectance, but are still recognizable as absorption fea-
tures relative to adjacent, higher reflectance peaks (reflectance
>100% would generally be avoidable using variable point con-
tinua). The howardites (Fig. 4e and f) show similar behavior to
the eucrites in this regard. However, if absorption band recognition
algorithms are implemented that rely on recognizing bands on the
basis of <100% continuum-removed reflectance, this would require
variable continuum removal to be effective. If band recognition is
based on decreases in reflectance relative to adjacent wavelengths,
then fixed continuum removal could be applied.

The degree to which fixed versus variable continua will affect
interpretation of HED spectra will depend on many factors. Fig. 5
shows fixed and variable continua-removed spectra of the two fin-
est grain sizes of the NWA 1836 howardite. It can be seen that
allowing the continuum to vary does not appreciably affect the po-
sition, relative depth, or shape of the absorption bands in any sig-
nificant way. It can also be seen that a fixed points continuum can
lead to absorption bands with >100% reflectance, although the
same absorption features can still be recognized. Absolute band
depths will also vary depending on how a continuum is con-
structed. The degree to which different continuum-removal proce-
dures will affect spectral interpretation will depend on many
factors, such as the degree to which fixed and variable continua
differ, as well as the broadness and shape of absorption bands.
The apparent centers of absorption bands with broad minima will
be more sensitive to small changes in continuum slope than sharp
and deep bands.

7. Discussion

While there is little question that Vesta is a differentiated body,
its surface appears to be somewhat homogenized at a variety of
scales. Spectral analysis of Dawn FC and VIR data indicates that,
at the scale of the observations (as low as 0.016 km/pixel for FC
and �0.7 km for VIR), there is less spectral diversity than the full
suite of HEDs (Reddy et al., 2012a; De Sanctis et al., 2012). Mixing
at sub-meter scales is also evident from petrographic analysis of
howardites and related meteorites (e.g., Beck et al., 2012a). This
suggests that howardites are the most relevant meteorites for
mapping the surface of Vesta in the sense that pure diogenite or
eucrite terrains will be rare.
Diogenites and eucrites are most separable in terms of the posi-
tion of 1 and 2 lm region absorption bands (Beck et al., 2011). In
the case of olivine-bearing diogenites, the addition of olivine at
the 10–25% level has little effect on 0.7–2.4 lm region spectra of
diogenites, as their spectra are dominated by LCP in this region
(Beck et al., 2012b). The 2.5–5.1 lm region is most sensitive to
the nature of the silica tetrahedra that form the framework of
the major HED minerals – pyroxene, olivine, and plagioclase. Some
of the shortcomings of the 0.3–2.5 lm region, where pyroxene
dominates the spectral signature, such that low abundances of
olivine may be hard to discern, and where plagioclase is essentially
featureless, could potentially be mitigated by using the 2.5–5.1 lm
region.

Our analysis of HED constituent minerals reveals a number of
potentially useful spectral properties and trends. The locations of
the detected bands in our sample spectra are listed in Table 4.
The strongest of these bands are located near 4.72 and 4.84 lm
for LCP, and with increasing Fe2+ content these bands move to
higher wavelengths and become less apparent, while an additional
band appears near 4.95 lm. The strongest plagioclase feldspar
bands are located near 4.45 and 4.65 lm for high-An content sam-
ples, and the bands show complex behavior as a function of com-
position. The strongest olivine absorption band is located near
4.93 lm and moves to longer wavelengths with increasing Fe2+

content. While diogenitic olivine shows little compositional varia-
tion, it may be possible to constrain olivine abundance based on
the strength of its absorption bands. HCPs exhibit their strongest
absorption feature near 4.87 lm.

7.1. HED versus constituent mineral spectra

Comparison of the HED and mineral spectra allows us to deter-
mine how the two sets of spectra are related and which phases
most influence the HED spectra. We focus our discussion here on
the <45 lm spectra and the 4.4–5.1 lm region. The diogenite spec-
tra are characterized by two prominent absorption bands near 4.70
and 4.83 lm that coincide very well with the LCP spectra of similar
composition (Table 4, Fig. 6). The dunitic diogenite, NWA 2968,
which is composed almost entirely of olivine, has its strongest
absorption band near 4.93 lm, coinciding with the strongest
absorption band of olivine (Table 4, Fig. 6). However, this feature
is much shallower than in pure olivine spectra. We note that over-
all reflectance in the 5 lm region is similar between pure olivine
and these meteorites, and are unable, at this time, to determine
why the band depths in this region are so different.

The eucrites have a bit more spectral diversity. The strongest
bands are generally found in the 4.74–4.78, 4.86–4.91, and 4.99–
5.05 lm regions, and can all be attributed to the various LCPs that
they contain. The 4.90–5.00 lm region often exhibits a complex or
broad absorption feature, suggesting contributions from different
pyroxenes, such as LCP, exsolved HCP, and pigeonite.

The howardites, as expected, have the most complex reflectance
spectra. The strongest bands generally appear near 4.73–4.77 lm,
4.84–4.85, and 4.94–5.00 lm (Table 4, Fig. 6). Once again, these
are attributable to contributions from LCPs in diogenites and eu-
crites, and their relative strengths and positions probably reflect
different degrees of influence by diogenitic and eucritic
components.

There are also some difficulties with the spectra in terms of
clear identification of minerals in the HED spectra. For example,
the continuum-removed Millbillillie slab spectrum (Fig. 3d) shows
a prominent absorption feature in the 4.92–4.97 lm interval that is
superficially similar to olivine; however no olivine has been re-
ported in Millbillillie. The prominence of this band is probably
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attributable to the overall low reflectance of the slab spectrum,
whereby weak bands are accentuated in the continuum-removed
spectra. In addition, we suspect that the main absorption feature
near 5.3 lm may be saturated in the slab spectrum, which will
cause the low wavelength wing of this band to move toward pro-
gressively shorter wavelengths. As a result, reflectance at 5.08 lm
is on the wing of this band rather than outside it, and the way in
which the continuum is constructed (fixed at 5.08 lm) causes
the appearance of an apparent band in the 4.92–4.97 lm region.
It should also be noted that the 4.92–4.97 lm absorption feature
of Millbillillie is dissimilar to the absorption feature in olivine,
which shows a single absorption band at 4.92–4.93 lm. However,
superficially, the absorption feature in the Millbillillie slab spec-
trum could be mistaken for the presence of olivine.
7.2. Grain size effects

For all of the HEDs, with the exception of PRA 04401, the
<45 lm fraction has the highest overall reflectance. The slab spec-
tra are usually, but not always the darkest. This behavior is consis-
tent with the results of Salisbury et al. (1987). We also found that
the <45 lm spectra generally had the shallowest absorption bands,
with the exception of the diogenites. We believe that this is likely
due to band saturation effects, specifically that diogenitic pyroxene
(and olivine) saturate at a larger grain size than eucritic (and
howarditic) pyroxene.

The grain size series spectra illustrate some of the spectral
changes that accompany variations in grain size. Changes that
can occur include an absorption feature changing from an inflec-
tion point to a resolvable absorption band (e.g., NWA 6013
(4.7 lm region) and NWA 1943 (4.77 lm region; Fig. 3). In other
cases, the change from inflections to resolvable bands can cause
differences in apparent band minima. This can be seen in the
NWA 1836 spectra (Fig. 3e), where a band near 4.9 lm, which is
weak in the finest powder spectra, becomes increasingly intense
with increasing grain size. This likely accounts for the absorption
feature near 5.03 lm shifting to shorter wavelengths as the
4.9 lm feature becomes deeper.

Differences in the grain size required to reach band saturation
are also inferred from how absorption bands change with grain
size. As an example, the continuum-removed spectra of the NWA
1836 cumulate eucrite (Fig. 3) show two absorption features near
4.9 and 5.0 lm. In the <45 lm powder spectrum, the 5 lm feature
is deeper than the 4.9 lm feature, which appears only as a weak
inflection. With increasing grain size, the depth of the 5 lm feature
remains relatively constant, while the 4.9 lm feature deepens and
has approximately the same band depth as the 5 lm feature in the
slab spectrum. Such variability in degree of saturation as a function
of grain size likely accounts for some of the other changes seen
in the spectra in terms of the presence or not of specific bands,
and changes in apparent band position of partially overlapping
bands.

Increasing grain size may also allow weaker absorption bands
to become more evident. The best examples of this are the appear-
ance of a likely plagioclase absorption feature near 4.65 lm in slab
spectra of eucrites, such as Millbillillie (Fig. 3d), NWA 1836
(Fig. 3e), and NWA 6477 (Fig. 3f). This is the strongest plagioclase
absorption band in this region (Fig. 1p). However, this band could
also be plausibly attributed to pyroxene, as an absorption feature
in this region appears in larger grain size spectra of LCPs as well
(Fig. 1f). However, the presence of plagioclase in at least some eu-
crite spectra is suggested by the presence of a band near 4.45 lm in
the slab spectrum of Millbillillie (Fig. 2h) and possibly in the spec-
tra of NWA 1836 (Fig. 2j). This feature appears to be unique to
high-An plagioclase.
7.3. Differences between howardite, eucrite and diogenite reflectance
spectra

The fact that absorption band positions differ between the ma-
jor HED components, as well as due to compositional variations,
indicates that absorption band positions can be used to discrimi-
nate diogenites from eucrites from dunitic diogenites. (In this
study we do not address the possible spectrum-altering effects of
varying temperature and phase angle). Absorption band positions
(Tables 3 and 4) show the variability in 4.4–5.1 lm region absorp-
tion bands for HEDs and their constituent minerals. If we restrict
our analysis to fine-grained (<45 lm) powders, we can see that
diogenites have their major bands near 4.70 and 4.83 lm, eucrites
near 4.75, 4.87, and 5.00 lm, and dunitic diogenites near 4.95 lm.
These differences can allow for rapid discrimination of at least the
three ‘‘end members’’. Howardites have more diverse spectra, as
expected. When grain size is allowed to vary, band positions be-
come more variable, and while this tends to blur boundaries be-
tween groups, it also allows weaker absorption bands, such as
those associated with plagioclase feldspar to appear.
7.4. Shock effects

With only a single sample of a presumed shocked eucrite, it is
difficult to draw any firm conclusions. What we have found is that
the JaH626 spectra have band depths similar to the other eucrites,
but that its 4.7 and 4.8 lm region absorption bands are at shorter
wavelengths than the other eucrites, but do not overlap those of
the diogenites or howardites. XRD analysis indicates that JaH626
contains both crystalline and amorphous components, but we are
unable to quantify their relative abundances.
7.5. PRA 04401

The PRA 04401 howardite has much more subdued absorption
bands than the other howardites – band depths are generally
<1% and show little consistency between the three different size
fractions. This may be due to differences in CM:howardite ratio be-
tween the different size fractions, but it appears that the addition
of CM type material makes detection of HED silicate absorption
bands difficult to accomplish.
7.6. Implications for Dawn VIR

The Dawn VIR instrument is capable of acquiring spectral data
out to 5.1 lm (De Sanctis et al., 2011). Our laboratory analysis sug-
gests that the silicate components of HEDs, in particular the LCPs,
exhibit multiple absorption bands in the 4.4–5.1 lm region that
could be detectable by VIR. The information that this wavelength
region can provide is largely complementary to that available at
shorter wavelengths. However, it has also been determined that
it may be possible to detect the presence of both olivine and pla-
gioclase feldspar, particularly in coarser-grained assemblages.
The phases are generally difficult to identify when present in mod-
est amounts (a few tens of percent) in the presence of Fe2+-bearing
pyroxene using the 0.3–2.5 lm interval (Cloutis et al., 1986; Nash
and Conel, 1974).
8. Summary and conclusions

We focused our analysis on the 4.4–5.08 lm region primarily to
support analysis of Dawn VIR data, which extends only to 5.08 lm,
but also because: (1) it has not been as well-studied as longer and
shorter wavelength regions; (2) it lies outside interferences from
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OH/H2O; and (3) was expected to exhibit absorption bands attrib-
utable to Si–(Al–)O overtones.

HED spectra ranging from fine-grained powders (<45 lm) to
slabs have been found to exhibit resolvable absorption bands in
this wavelength region that can be related to the major silicate
mineralogies of HEDs. The appearance of these bands is also af-
fected by grain size: larger grain sizes can result in saturation,
causing bands to deepen, band shapes to change, and bands to
merge, with deeper bands generally associated with larger grain
sizes. These bands likely saturate at different grain sizes.

The strongest diogenite absorption bands are found near 4.70
and 4.83–4.85 lm. When olivine is dominant, the strongest
absorption band is found near 4.93 lm. This feature may serve as
a useful indicator of olivine, as shorter wavelength spectral
parameters are often unable to clearly distinguish between impact
melt- versus olivine-induced spectral changes. Eucrite spectra are
characterized by ubiquitous absorption bands near 4.74–4.78,
4.86–4.91, and 4.99–5.05 lm. In coarser-grained eucrite samples
and slabs, additional weaker bands may appear near 4.45 and
4.65 lm that are attributable to plagioclase feldspar. The shocked
eucrite, JaH626, has its shortest wavelength bands at shorter
wavelengths than presumed unshocked eucrites. Howardite spec-
tra, as expected, are more diverse. The most persistent absorption
features are present in the 4.73–4.77, 4.84–4.85, and 4.94–5.00 lm
regions and can be attributed to both diogentic and eucritic
components.

Our results suggest that reflectance spectra of Vesta, regardless
of whether the terrains are diogenitic, eucritic, or howarditic,
should exhibit absorption features in the 4.5–5.1 lm region that
can be attributed to the major mafic silicates that comprise them,
and appear regardless of grain size. Because these 5 lm region
absorption bands are due to different mechanisms than those
responsible for shorter wavelength absorption bands (e.g., Fe2+

crystal field transitions), they provide complementary information
on the composition of HEDs and the surface of Vesta. Importantly,
these longer wavelength bands can provide direct evidence for the
presence of plagioclase feldspar, which is difficult to derive from
shorter wavelength observations. While not discussed explicitly
here, accurate analysis of these features will likely require robust
removal of the thermal infrared components from Dawn VIR data
for Vesta.
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Appendix A. Description of meteorite used in this study

A.1. JaH626 – shocked eucrite

JaH626 is a 466 g shocked eucrite found in Oman in 2000. It is a
polymict breccia containing basaltic and cumulate eucrite clasts. It
contains pigeonite of various compositions (some exhibiting exso-
lution lamellae of clinopyroxene within orthopyroxene), calcic pla-
gioclase, silica polymorph, chromite, troilite and rare zircon. The
plagioclase has been transformed by shock into aggregates of fine
anisotropic blades in a subspherulitic texture, indicative of
quenching from melt. Compositions of the pyroxenes include
low-Ca pigeonite (Fs32.1–39.3Wo6.3–5.1), with clinopyroxene exsolu-
tion lamellae (Fs30.6–33.5Wo31.9–29.8), and pigeonite (Fs51.8Wo12.7)
(http://www.lpi.usra.edu/meteor/index.php). XRD Rietveld analy-
sis of our sample indicates 40 wt.% plagioclase, 59 wt.% pigeonite,
and �1 wt.% ilmenite.

A.2. Millbillillie – eucrite

Millbillillie is described as a metamorphosed (equilibrated)
monomict or polymict eucrite that contains coarse- and fine-
grained clasts, as well as granulitic breccias and impact melts (Ma-
son et al., 1979; Fitzgerald, 1980; Yamaguchi et al., 1994). Its host
pigeonite and augite lamellae are homogenous and show partial
inversion to orthopyroxene. Pyroxene compositions fall along a
tie line from Ca2Mg32Fe66 to Ca45Mg29Fe26, while plagioclase feld-
spar ranges from �An81 to An94 (Yamaguchi et al., 1994). Minor
minerals include submicron chromite, ilmenite, and troilite (Yam-
aguchi et al., 1994). Its modal mineralogy includes 57.2% pyroxene
and 37.1% plagioclase feldspar (Kitts and Lodders, 1998). Our XRD
Rietveld analysis indicates the following phase abundances:
49 wt.% plagioclase, 24 wt.% pigeonite, 12 wt.% augite, 14 wt.%
orthopyroxene, and minor amounts (<1 wt.%) of ilmenite, chro-
mite, and troilite.

A.3. NWA 1836 – cumulate monomict eucrite

NWA 1836 is a very fresh-appearing 1102 g cumulate monom-
ict eucrite found in Morocco in 2002. The eucrite clasts have con-
torted shapes and are surrounded by cataclastic zones that are in
turn covered by mantles of partially melted to recrystallized
material. Compositions: clast orthopyroxene, Fs56.4–59Wo2.5–4;
exsolution lamellae, Fs43.4–46.3Wo23–25.6; recrystallized zone,
Fs54.5–57.5Wo8.4–13.5; plagioclase, An91–93.6. Shock levels range from
S1 to S5 (Russell et al., 2005). Our XRD Rietveld analysis indicates
28 wt.% plagioclase, 55 wt.% pigeonite, 17 wt.% orthopyroxene, and
minor ilmenite.

A.4. NWA 1942 – howardite

NWA 1942 is a 457 g howardite found in northwest Africa in
2002. It is coarse-grained with diogenite clasts up to 12 mm. The
clast mode is: diogenites, 83 vol.%; granular eucrites, 8 vol.%; basal-
tic eucrites, 2 vol.%; and shocked clasts, 7 vol.%. The diogenite
pyroxenes are Fs16.8–41.3Wo1.2–9.8, and the plagioclase clasts are
An92. It was characterized as shock level S2, and is slightly weath-
ered (Russell et al., 2004). Our XRD Rietveld analysis shows 35 wt.%
pigeonite, 34 wt.% pigeonite, 30 wt.% orthopyroxene, and minor
olivine.

A.5. NWA 1943 – howardite

NWA 1943 is a 1220 g howardite found in Morocco in 2001. It is
mostly fine-grained with rare, large clasts of fine-grained eucrite
breccias. The mode of the clasts is: diogenites, 44 vol.%; basaltic eu-
crites, 17 vol.%; cumulate eucrites, 13 vol.%; basaltic breccias,
6 vol.%; and shocked clasts, 20 vol.%. The diogenite pyroxenes are
Fs22.5–57.3Wo3–13.5. The meteorite appears very fresh with no oxida-
tion apparent on the metal grains (Russell et al., 2004). Our Riet-
veld XRD analysis shows 43 wt.% plagioclase, 27 wt.% pigeonite,
15 wt.% augite, and 15 wt.% orthopyroxene.

http://www.lpi.usra.edu/meteor/index.php
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A.6. NWA 2968 – dunitic diogenite

NWA 2968 consists of a total mass of 268 g and was obtained in
Morocco in 2005 and officially classified as an ungrouped achon-
drite. It is a massive olivine-rich rock of very large grain size (17
to >25 mm), with curved to linear compression and shear fractures.
Olivine accounts for >95 vol.% with small amounts of tiny grains
(<0.03 mm) of orthopyroxene, metal, troilite, and pyrrhotite com-
monly found within fractures and as rare inclusions in olivine.
Large domain offset, isolated mosaicism, and undulatory extinction
are prevalent in olivine. The olivine is equilibrated (Fa7.5±0.2), and
orthopyroxene is Fs6.7Wo1.5 (Connolly et al., 2007). Our XRD Riet-
veld analysis indicated 89 wt.% olivine, 5 wt.% chromite, 3 wt.%
troilite, 2 wt.% goethite (likely the result of terrestrial weathering),
and a trace amount of orthopyroxene.

A.7. NWA 5748 – howardite

NWA 5748 (provisional name) is a 37 g howardite obtained in
northwest Africa in 2008. No published description is available
for this meteorite. It has been tentatively categorized as a howar-
dite of shock stage S2, a weathering grade of W1, a pyroxene com-
position of Fs31.5±9, and a plagioclase composition of An90.5±4.5 (A.
Bischoff, pers. comm., 2013).

A.8. NWA 5751 – howardite

NWA 5751 (provisional name) is a 30 g howardite obtained in
northwest Africa in 2008. No published compositional information
is available. XRD Rietveld analysis of our sample gave the following
mineral abundances: 28 wt.% plagioclase, 13 wt.% pigeonite, 7 wt.%
augite, 50 wt.% orthopyroxene, and minor olivine and chromite.

A.9. NWA 6013 – olivine-rich diogenite

NWA 6013 (provisional name) is a 357 g olivine-rich diogenite
obtained in northwest Africa in 2009. No published compositional
information is available. Our XRD Rietveld analysis found 7 wt.%
plagioclase, 65 wt.% orthopyroxene, 27 wt.% olivine, and �1 wt.%
chromite in this sample.

A.10. NWA 6477 – eucrite

NWA 6477 is a 385 g eucrite found in northwest Africa in 2010.
This is a provisional name, and no published description is avail-
able. Our XRD Rietveld analysis found the following mineral abun-
dances: 54 wt.% plagioclase, 33 wt.% pigeonite, 13 wt.% augite, and
minor ilmenite, chromite, and troilite.

A.11. PRA 04401 – CM2-bearing howardite

PRA 04401 is a howardite that contains � 60% CM2 clasts
(McCoy and Reynolds, 2007; Herrin et al., 2010, 2011). The original
description of PRA 04401 is ‘‘a groundmass of comminuted pyrox-
ene and plagioclase (up to 0.5 mm) with fine- to coarse-grained
basaltic clasts ranging up to 5 mm’’ (McCoy and Reynolds, 2007).
Its orthopyroxene is compositionally diverse (Fs16–60 Wo1–3) and
plagioclase feldspar composition is An87–90 (McCoy and Reynolds,
2007). Our sample of PRA 04401 contains �40% visible CM2 clasts,
ranging in size up to �4 mm.

A.12. Talampaya – cumulate eucrite

Talampaya is a 1421 g cumulate eucrite that fell in Argentina in
1995. It is a monomict breccia with a cataclastic texture, containing
some millimeter-sized unbrecciated clasts. Pyroxene compositions
are En58.6–60.0Wo1.2–1.6 and En40.5Wo45.7; plagioclase composition is
An89–95, mean An92 (Grossman, 1999; Kaneda et al., 2000). Our XRD
Rietveld analysis found 65 wt.% plagioclase, 32 wt.% pigeonite,
1 wt.% augite, 2 wt.% ilmenite, and trace chromite and troilite.

A.13. Tatahouine – diogenite

The Tatahouine diogenite consists of fragments with a total
mass of 12 kg that fell in Tunisia in 1931. Tatahouine consists
mostly of unbrecciated orthopyroxene crystals that are green to
light olive-gray. It has fractures and dark bands (up to 2 mm wide)
running through the material. The texture is similar to that of some
terrestrial cumulates. Most pyroxene crystals are >5 mm. Thin
chromite patches (<3 mm in diameter) are often observed on clast
surfaces. Pyroxene composition is uniform, clustering around
En75.0 Wo1.5. They contain many inclusions (<6% of the volume)
of silica, troilite, chromite, and metal. Recently collected samples
show evidence of alteration: Fe stains replace metal or troilite,
and yellowish to light orange calcitic aggregates (Barrat et al.,
2008). Our XRD Rietveld analysis found 97% orthopyroxene, 2%
anatase, and trace amounts of olivine, chromite, and cristobalite.
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