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We have studied the spectral reflectance properties of the CM2 xenolith-bearing howardite PRA 04401, inti-
mate and areal mixtures of a eucrite (Millbillillie) and a CM2 chondrite (Murchison), and a mineralogically
diverse suite of 12 HED meteorites. The main goal is to ascertain whether the presence of CM2-type material
can be discriminated from grain size variations in HEDs. This project was motivated by the presence of CM2
material in a number of howardites. This study is of high relevance to Vesta because of the detection of low-
albedo features on its surface by the Framing Camera (FC) aboard NASA’s Dawn spacecraft. The addition of
CM2 material and increasing HED grain size both lead to decreasing overall albedo. However these two pro-
cesses can be recognized by how they affect pyroxene band depths and shapes and, to a lesser extent, band
widths. Pyroxene band depths and widths decrease with increasing CM2 abundance and increase with
increasing HED grain size, as do various FC reflectance ratios. HED pyroxene absorption bands appear to
reach saturation when grain size is in the region of 60–170 lm, with band I saturating at smaller grain sizes
than band II. Band I centers are largely insensitive to CM2 abundances or HED grain size variations, while
Band II center positions increase by up to 40 nm with increasing CM2 abundance, and vary non-systemat-
ically by up to 22 nm as a function of grain size. The variation with CM2 abundance is probably due to the
red-sloped nature of the CM2 spectrum and the broad and shallow nature of the pyroxene band II absorp-
tion. Band area ratios show less consistent behavior, likely due to CM2-induced slope changes in the mix-
tures and band saturation effects in the HEDs. Because HED pyroxene is so strongly featured, CM2
abundances must be well in excess of 80 wt.% to allow for the appearance of their much weaker CM2 phyl-
losilicate absorption bands. CM2 material may also cause a reddening of spectral slope and a shifting of
pyroxene band minima to shorter wavelengths, although CM2 chondrites can exhibit a range of spectral
slopes. The presence of submicron opaques (specifically chromite) in HED pyroxenes can lead to large vari-
ations in all spectral parameters. Discriminating the spectrum-altering effects of CM2 material from HED
grain size variations is possible, with the confidence in the interpretation increasing as a larger range of
spectral parameters are applied to the analysis.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction ferentiated asteroid (Russell et al., 2007; Russell and Raymond,
The Dawn spacecraft, which spent many months in orbit
around Asteroid 4 Vesta provided our first detailed look at a dif-
ll rights reserved.

utis), pompilio@irsps.unich.it
er@uni-muenster.de (H. Hie-
@mps.mpg.de (L. Le Corre),
edu (J.F. Bell III).
2011; Reddy et al., 2012a). Vesta has long been recognized as
having a mafic silicate-dominated surface assemblage, consistent
with its having undergone melting and differentiation (e.g.,
McCord et al., 1970). The Howardite–Eucrite–Diogenite (HED)
meteorite clan is also mafic silicate-rich (Mittlefehldt et al.,
1998), and Vesta has been suggested as the most likely HED par-
ent body on the basis of a number of criteria (recently summa-
rized in McSween et al., 2011).
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HEDs are a mineralogically diverse group of meteorites, con-
taining variable amounts of low-Ca pyroxene and pigeonite,
high-Ca pyroxene, olivine, and plagioclase feldspar, as well as a
number of minor phases (e.g., Mittlefehldt et al., 1998; Bunch
et al., 2010; Shearer et al., 2010; Garber and Righter, 2011). Previ-
ous spectroscopic studies of Vesta have demonstrated that it has a
geologically diverse surface, with an average surface composition
analogous to howardites and/or polymict eucrites, and with oliv-
ine- and diogenite-rich areas (Gaffey, 1997; Thomas et al., 1997;
Li et al., 2010; Reddy et al., 2010). Much of the spectroscopic diver-
sity seen on Vesta is consistent with the mineralogic diversity of
HEDs (e.g., Gaffey, 1997).

In addition to the variations in silicate chemistry and end mem-
ber abundances of HEDs, a number contain xenoliths of other mete-
orite types. The most widespread type of xenoliths in HEDs are CM2
type carbonaceous chondrites, although other types of carbona-
ceous chondrite clasts (e.g., CR, C1, C2) have also been identified
(e.g., Chou et al., 1976; Buchanan et al., 1993; Zolensky et al.,
1996; Buchanan and Mittlefehldt, 2003; Gounelle et al., 2003; Lor-
enz et al., 2007; McCoy and Reynolds, 2007; Herrin et al., 2010,
2011; Janots et al., 2012; Paniello et al., 2012). This exogenous mate-
rial is present at a variety of spatial scales ranging from intimately
mixed (submicron) to macroscopic clasts (e.g., Chou et al., 1976;
Herrin et al., 2010, 2011). The presence of CM2 type materials on
the surface of Vesta is suggested by the presence of many dark-toned
features on the surface that have been imaged by the Dawn space-
craft’s Framing Camera (FC) (Fig. 1) (Reddy et al., 2012a,c; McCord
et al., 2012). The evidence that this darkening agent is carbonaceous
chondrite material is discussed in more detail below.

The spectroscopic properties of the HED clan have been the sub-
ject of a number of studies (e.g., Hiroi et al., 1995, 2001; Sunshine
et al., 2004; Duffard et al., 2005; Burbine et al., 2007; Donaldson
Hanna and Sprague, 2009; Moskovitz et al., 2010; Mayne et al.,
2010, 2011; Beck et al., 2011; Reddy et al., 2012b). In the present
study we examine the spectral reflectance properties of intimate
and areal mixtures of the Millbillillie eucrite and the Murchison
CM2 carbonaceous chondrite, as well as multiple grain size pow-
ders and slabs of the CM2-bearing howardite PRA 04401, and a
mineralogically diverse suite of HEDs, most of which have not been
Fig. 1. Dawn FC image of a portion of the surface of Vesta showing regions of darker
material (http://dawn.jpl.nasa.gov/multimedia/imageoftheday/image.asp?-
date=20111118). Image Credit: NASA/ JPL-Caltech/UCLA/MPS/ DLR/IDA.
previously characterized. We included both intimate and areal
mixtures in our analysis because carbonaceous chondrite-type
xenoliths in HEDs range from macroscopic clasts to ‘‘invisible’’
inclusions, where the presence of carbonaceous chondrite materi-
als is only evident from elemental abundances (Chou et al., 1976;
Herrin et al., 2010, 2011). Our main goal is to determine how the
spectrum-altering effects of the presence of CM2 material can be
discriminated from HED grain size variations. A secondary goal is
to better ascertain the spectral diversity of HEDs, as our sample
suite includes a shocked eucrite and olivine-rich diogenites. The
spectral variability of some of these samples deconvolved to Dawn
FC band passes was the subject of earlier papers (Le Corre et al.,
2011; Reddy et al., 2012c). As HEDs are examined in more detailed,
greater petrologic diversity is being revealed in this meteorite
group (e.g., Barrat et al., 2012).

2. Mineralogy and spectroscopy of HED constituents

HEDs contain a variety of pyroxenes, including low-calcium
ortho- and clinopyroxenes, pigeonites, and high-calcium clinopy-
roxenes (Mittlefehldt et al., 1998). Abundant plagioclase feldspar
is present in eucrites, and olivine is present in some diogenites
(e.g., Krawczynski et al., 2008; Beck and McSween, 2010). Opaque
minerals are rare in HEDs, generally occurring at the <1% level. The
diversity of HEDs, and similarities in oxygen isotopes suggests that
the bulk of them derived from a single geologically differentiated
and diverse body (e.g., Drake, 2001; Beck et al., 2011).

Fe–Mg–Ca pyroxenes are of two main spectral types: A and B
(Adams, 1974). Low-calcium pyroxenes (LCPs), pigeonites, and
high-calcium pyroxenes (HCPs) containing <50 mol% Wo are all
broadly similar, and are termed spectral type B. Spectral type B
pyroxenes are characterized by prominent absorption bands near
1 (band I) and 2 lm (band II), attributable to crystal field transi-
tions in Fe2+ located in the M2 site. Spectral type A pyroxenes
are characterized by two absorption bands near 0.9 and 1.15 lm
that are attributable to crystal field transitions in Fe2+ located in
the M1 site (Burns, 1970). When Ca fully occupies the M2 site,
Fe2+ is forced into the M1 site, giving rise to type A spectra
(Fig. 2a) (Cloutis and Gaffey, 1991; Schade and Wäsch, 1999). M1
absorption bands are approximately an order of magnitude weaker
than M2 bands, and as a result, a high M1/M2 Fe2+ ratio is required
for these bands to be evident. Mixed type A–B spectra are also pos-
sible when appropriate amounts of Fe2+ are present in both sites
(Klima et al., 2008).

The Ca content of HED pyroxenes is not high enough to fully ex-
clude Fe2+ from the M2 site (Mittlefehldt et al., 1998) and as a re-
sult, HED spectra are of type B (e.g., Gaffey, 1974). The wavelength
positions of band I and II vary with both Fe2+ and Ca content, mov-
ing to generally longer wavelengths with increasing content of
both cations (Cloutis and Gaffey, 1991). Pigeonites and LCPs have
similar spectra, while type B HCPs exhibit their absorption bands
at generally longer wavelengths.

Plagioclase feldspar, which is a common phase in eucrites, is
generally spectrally featureless. However, when Fe2+ is present, it
gives rise to a weak absorption feature near 1.15–1.30 lm (Adams
and Goullaud, 1978) (Fig. 2b). The wavelength position of this band
shows some correlation with Na and Ca content but does not ap-
pear to be fully diagnostic of Na and Ca contents (Adams and Goul-
laud, 1978). A number of studies suggest that even when a 1.2 lm
region absorption feature appears in HED spectra, it is likely attrib-
utable to an Fe2+ M1 pyroxene band (Pieters et al., 2005; Mayne
et al., 2010). Bands that may be present near 1.4 and 1.9 lm are
due to some form of water/hydroxyl and are not characteristic of
anhydrous plagioclase feldspars.

The 0.3–2.5 lm reflectance spectrum of olivine is characterized
by an absorption feature centered near 1.05 lm that consists of
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Fig. 2. Reflectance spectra of HED constituent minerals. (a) Low-calcium pyroxene, pigeonite, and high-calcium type A and type B pyroxenes. (b) Plagioclase feldspars. (c)
Olivines. (d) Chromite, ilmenite, meteoritic metal, and meteoritic troilite.

Table 1
HEDs and other meteorites used in this study.

Meteorite name Type

JaH 626 Shocked polymict eucrite
Millbillillie 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

852 E.A. Cloutis et al. / Icarus 223 (2013) 850–877
three bands attributable to crystal field transitions in Fe2+ located
in the M2 site (band near 1.05 lm), and in the M1 site (bands near
0.85 and 1.3 lm) (Burns, 1970). With increasing Fe2+ content, these
bands become deeper and move to longer wavelengths (Fig. 2c),
with the combined band center located between �1.045 and
�1.085 lm (King and Ridley, 1987; Sunshine and Pieters, 1998).
Olivine spectra also commonly exhibit a weak absorption feature
near 0.6 lm of uncertain cause (Sunshine and Pieters, 1998).

The major opaque minerals in HEDs are chromite, ilmenite, Fe–
Ni metal, and troilite (Mittlefehldt et al., 1998). Chromite is charac-
terized by rising reflectance to �1.4 and a deep Fe2+ crystal field
transition band in the 2.1–2.3 lm region (Cloutis et al., 2004).
Ilmenite is characterized by low overall reflectance, an absorption
band near 0.5 lm (charge transfer) and a broad absorption feature
near 1.4 lm (Fe2+ crystal field transition) (Hunt et al., 1971). Metal
and troilite are both red-sloped and spectrally featureless (Britt
and Pieters, 1988; Britt et al., 1992; Cloutis et al., 2010) (Fig 2d).
It is expected that HED opaques are at too low abundances to con-
tribute distinct spectral features (Mayne et al., 2010). However,
Moroz et al. (2011) suggest that finely-dispersed chromite (and
ilmenite), which may result from thermal metamorphism, is
responsible for changing the spectral shape, band area ratios, and
band II position of a Millbillillie ‘‘cloudy’’ pyroxene separate.
3. Experimental procedure

To discriminate the effects of HED grain size variations from the
presence of CM2 material, and to better understand the spectral
diversity of HEDs, we spectrally characterized a suite of 12 HEDs,
a CM2 chondrite-bearing howardite, PRA 04401, and mixtures of
the Millbillillie eucrite + the Murchison CM2 carbonaceous chon-
drite (described below). The samples used in this study are listed
in Table 1 and described in Appendix A.

Mineral abundances in the <45 lm fractions of the samples
were determined by Rietveld refinement of their X-ray diffraction
patterns. The X-ray diffraction analysis involved acquiring contin-
uous 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-
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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 uses a model of the incident radiation, the
instrument, and the structure and composition of the scattering
matter to create a simulated diffraction pattern. The simulated dif-
fraction pattern is then compared with the measured X-ray diffrac-
togram for that sample, and nonlinear least-squares optimization
of the model parameters (instrumental parameters, abundance
and crystallographic parameters of the mineral(s) present) carried
out to find the best fit of the model parameters to the X-ray diffrac-
togram (Rietveld, 1969; Shankland, 2004; Young, 1993; Young
et al., 1977). Rietveld refinement is capable of accurately quantify-
ing the modal mineralogy of complex mixtures (e.g., Bish and Post,
1993; Gualtieri, 2000; Shankland, 2004; Wilson et al., 2006).

Rietveld refinement of the sample X-ray diffraction patterns
was performed using BrukerAXS TOPAS4 version 4.2 software, in
fundamental parameters (FP) mode. Because the purpose of Riet-
veld refinement in this study is the quantification of the mineral-
ogy of the meteorite samples, the atomic co-ordinates and
compositions of the minerals were not refined. Instead, ‘standard’
crystal structures 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 mod-
els were created using published crystal structures as follows:
anorthite – 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 – Lenaz
et al. (2004); troilite – Skála et al. (2006); a-cristobalite – Downs
and Palmer (1994); anatase – Howard et al. (1991).

Minor elements were not included in the chemistry of the min-
erals (e.g., Mn in pyroxenes, K in plagioclase). 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 con-
stitutes an acceptable fit, an Rwp value of 610% is considered rea-
sonable by many authors (Bish and Post, 1993; Gualtieri, 2000;
Pecharsky and Zavalij, 2005; Shankland, 2004; Young, 1993). The
mineral abundances determined for our samples are provided in
Table 2.

Reflectance spectra of as-received samples were measured prior
to crushing. The samples were crushed by hand using an alumina
Table 2
Modal mineralogy of HED and related samples measured by Rietveld refinement of XRD d

Sample Description Plagioclase Pigeonite Augite Orthopyroxene

JaH 626 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 Rietve
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.
mortar and pestle and dry sieved to produce <45, 45–90, 90–250,
and 250–500 lm fractions. A <45 lm fraction of Murchison was
produced from an available coarse-grained powder. Intimate mix-
tures were produced from the <45 lm fractions of Millbillillie and
Murchison with the following wt.% abundances of Millbillillie/
Murchison: 100/0, 95/5, 90/10, 80/20, 70/30, 60/40, 50/50, 40/60,
and 0/100; end member abundances are known to ±0.1 wt.%. The
intimate mixtures were made by mixing together weighed samples
of the end members. The powders were placed into glass vials and
mixed by a combination of stirring with a glass stirring rod and
gentle, prolonged shaking of the sample vials. The end member
spectra were also used to produce a series of mathematically calcu-
lated areal mixtures. The areal mixture spectra were produced as
linear combinations of the end member spectra.

Reflectance spectra were measured over the range 0.35–2.5 lm
at the University of Winnipeg HOSERLab using an ASD FieldSpec
Pro HR spectrometer at i = 30� and e = 0�, relative to a calibrated
Spectralon� standard, with an in-house collimated 100 W quartz-
tungsten-halogen light source, and corrected for minor irregulari-
ties in Spectralon’s� reflectance in the 2.0–2.5 lm region. A total
of 200 spectra were acquired and averaged to increase signal to
noise. Some mineral separates described in this paper were mea-
sured at the multi-user NASA/Keck Reflectance Experiment Labora-
tory (RELAB) facility at Brown University (Pieters, 1983; Pieters
and Hiroi, 2004) with the same viewing geometry as the meteorite
samples.

Band minimum was taken as the point of lowest reflectance in
the 1 and 2 lm regions prior to continuum removal. Band depths,
centers, and full width at half maximum (FWHM) in the 1 lm re-
gion were calculated after dividing the spectrum by a straight-line
continuum tangent to the spectrum on either side of this absorp-
tion feature, usually near 0.7 and 1.4 lm. For the 2 lm region,
the long wavelength end of the continuum was pinned at
2.5 lm. The Band II half width at half maximum (HWHM) was
measured at the halfway point of reflectance between the reflec-
tance peak near 1.5 lm and the band minimum in the 2 lm region,
taken from a vertical line at the band minimum toward the lower
wavelength wing of Band II. Band depths were calculated using the
methodology (Eq. 32) described in Clark and Roush (1984). Band
center wavelength positions were calculated using a combination
of polynomial fits, and the midpoints of chords drawn at various
points along the absorption band. Band area ratios (BAR) were cal-
culated using procedures first outlined in Cloutis et al. (1986). Fur-
ther details on band area ratio (BAR), band minima, and band
center calculations using SpecPR-based algorithms can be found
in Cloutis et al. (1986), Gaffey et al. (2002), and Gaffey (2003,
2005). Band saturation was calculated using the Exponential
ata, values in wt.%.

Ilmenite Olivine Chromite Troilite Cristobalite Anatase Goethite Rwp

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

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

n.d. 1 n.d. n.d. n.d. n.d. n.d. 5.41
n.d. n.d. n.d. n.d. n.d. n.d. n.d. 5.04
n.d. 89 5 3 n.d. n.d. 2 10.45
n.d. 1 Tr n.d. n.d. n.d. n.d. 5.64
n.d. 27 1 n.d. n.d. n.d. n.d. 6.07

Tr n.d. Tr Tr n.d. n.d. n.d. 6.55
2 n.d. Tr Tr n.d. n.d. n.d. 9.32
n.d. Tr Tr n.d. Tr 2 n.d. 8.83

ld 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
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Gaussian Optimization (EGO) algorithm of Pompilio et al. (2009).
When referring to blue or red spectral slopes, blue slopes are those
that show decreasing reflectance with increasing wavelength over
a specified wavelength interval or a value of <1 when slope is mea-
sured using the ratio of reflectance at a longer wavelength to a
shorter wavelength; red slope is the opposite of the definition of
blue slope.

3.1. Description of Millbillillie, Murchison, and PRA 04401

Millbillillie has been described as a metamorphosed (equili-
brated) polymict eucrite that contains coarse- and fine-grained
clasts, as well as granulitic breccias and impact melts (Mason
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). We deter-
mined end member abundances of 24% pigeonite, 12% augite, 14%
orthopyroxene, 49% plagioclase, and <1% of other phases (Table 2).

Murchison is a CM2 carbonaceous chondrite, of subtype 2.5 (Ru-
bin et al., 2007) or 2.7 (Trigo-Rodriguez et al., 2006). XRD modal
analysis indicates that the Murchison CM2 chondrite consists of
15.1 vol.% olivine, 8.3 vol.% enstatite, 1.2 vol.% calcite, 1.1 vol.% mag-
netite, 0.7 vol.% pentlandite, 1.2 vol.% pyrrhotite, 50.3 vol.% Fe-cron-
stedtite, and 22.2 vol.% Mg-serpentine (Howard et al., 2009).

To supplement these mixtures, we spectrally characterized a
sample of PRA 04401: 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 (Fs16–60Wo1–3) and
plagioclase feldspar composition is An87–90 (McCoy and Reynolds,
2007). Our sample of PRA 04401 contained �40% visible CM2
clasts, ranging in size up to �4 mm. The largest provided PRA
04401 chip was spectrally characterized prior to crushing, and
for the following grain sizes: <45, 45–90, and 90–250 lm; insuffi-
cient sample was available to produce a 250–500 lm fraction.
4. HED spectral diversity (<45 lm grain size spectra)

Reflectance spectra of the HEDs included in this study are
shown in Fig. 3. The spectra show a diversity of shapes and reflec-
tance as expected for this mineralogically diverse suite of samples.

4.1. Eucrites

Our sample suite includes the following eucrites: JaH 626
(shocked polymict), Millbillillie (polymict), NWA 1836 (cumulate
monomict), NWA 6477 (unspecified subtype), and Talampaya
(cumulate).

The spectra of these samples are all characterized by pyroxene
Fe2+ crystal field absorption bands near 0.95 and 2 lm, and spin-
forbidden Fe2+ absorption features near 0.51 and 0.56 lm. These
are all expected for eucrites, which contain Fe2+-rich LCP as the
dominant phase (Mittlefehldt et al., 1998). With the exception of
Talampaya, they all exhibit an inflection feature near 1.25 lm that
is likely attributable to Fe2+ in the M1 pyroxene site (Pieters et al.,
2005; Klima et al., 2008; Mayne et al., 2010). The lack of this fea-
ture in Talampaya is most consistent with a lack of Fe2+ in Talam-
paya’s LCP M1 site.
Band I and II centers are located near 0.95 and 2.0–2.1 lm for
these meteorites, within the eucrite field (Beck et al., 2011;
Fig. 4; Table 3), with the exception of JaH 626, the shocked eucrite,
whose bands are located outside the eucrite field, at 0.985 and
2.14 lm. This shift is consistent with the spectral properties of
amorphous or poorly crystalline Fe2+-bearing silicates, where
bands are generally at longer wavelengths than in pyroxene (Hor-
gan and Bell, 2012). It may also be due to a difference in pyroxene
content as compared to other eucrites (Mayne et al., 2010). De-
tailed examination of this sample is planned which will help eluci-
date the cause of its unexpected band positions. Initial analysis of
its XRD pattern suggests that it is similar to the other eucrites –
there is no evidence of XRD peak broadening and only a small
amorphous ‘‘hump’’.

Reflectance at 0.56 lm for the eucrites ranges from 28% to 52%,
with JaH 626 having the lowest reflectance (Table 3). This again is
consistent with the effects of shock, which tends to lower overall
reflectance of mafic silicates (Adams et al., 1979), likely due to
the dispersal of opaques (Britt and Pieters, 1994; Keil et al.,
1992). Band depths range from 37.7% to 57.9% and 16.0% to
31.9% for bands I and II, respectively (Table 3). The shocked JaH
626 spectrum has the smallest band II depth, and second lowest
band I depth (43.5%).

Band area ratios (BAR II/I) range from 0.83 (JaH 626) to 1.78,
spanning greater than a factor of two (Table 3). This is attributable
to the variable slopes of the eucrite spectra as well as the incom-
plete long wavelength wing of band II, which is partially compen-
sated for by fixing the long wavelength side of the continuum at
2.5 lm. The BAR II⁄/I⁄, which attempts to compensate for these ef-
fects (Cloutis et al., 1986), ranges from 0.80 to 1.15, and JaH falls
well within this range (1.05). Briefly, BAR II⁄/I⁄ uses band I area
multiplied by the 1.4/0.7 lm region peaks reflectance ratio, and
band II is the area enclosed by the spectrum, a horizontal contin-
uum tangent to the reflectance peak near 1.4 lm, and a vertical
line located at the band II minimum.

4.2. Diogenites

Three diogenites were included in this study, NWA 2968, an
olivine-rich member (89 wt.% olivine), NWA 6013, another oliv-
ine-rich diogenite (27% olivine – Table 2), and Tatahouine (<1%
olivine – Table 2), which has also been spectrally characterized
by a number of other investigators (e.g., Gaffey, 1976; McFadden
et al., 1982; Beck et al., 2011).

The spectrum of NWA 2968 is consistent with an olivine-dom-
inated assemblage in terms of band I center (1.046 lm, consistent
with a low-Fa olivine), very shallow band II, and low band area ra-
tios (�1), the latter two characteristics being consistent with an
olivine-dominated assemblage (Cloutis et al., 1986). The olivine-
bearing diogenite NWA 6013 shows some evidence for the pres-
ence of olivine in terms of low BARs (1.30 for II/I and 0.59 for II⁄/
I⁄). However, olivine abundance is too low to appreciably affect
band centers (0.929 and 1.949 lm), which fall within the diogenite
field (Beck et al., 2011). These values can be compared to the oliv-
ine-free diogenite Tatahouine, which has band I and II centers at
0.926 and 1.929 lm, and BARs of 1.68 (II/I) and 1.00 (II⁄/I⁄) (Ta-
ble 3). It is known that increasing olivine content causes BARs to
decrease, and band I center to move to longer wavelengths (Cloutis
et al., 1986).

Reflectance at 0.56 lm ranges from 16% to 55%, with Tatahou-
ine having the highest reflectance (Table 3). It is possible that the
NWA meteorites have been affected by terrestrial weathering, as
the expected 0.65 lm olivine band is absent (King and Ridley,
1987). Olivine is more susceptible to terrestrial weathering, and
the formation of iron oxyhydroxides would lower overall
reflectance.
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When compared to the eucrite results (Table 3), we can see that
band centers can be used to distinguish the eucrites from the diog-
enites (Fig. 4), as their differing pyroxene Fe2+ contents result in
differences in band centers. Band depths overlap between the
two groups.

4.3. Howardites

Howardites, being mixtures of eucritic and diogenitic material
should have spectral properties intermediate between the two
end members. Five howardites were included in this study: NWA
1942, NWA 1843, NWA 5748, NWA 5751, and PRA 04401. PRA
04401 is a CM2-bearing howardite that is discussed separately.

The howardites have band I centers ranging between 0.933 and
0.944 lm (Table 3). These values overlap the Talampaya cumulate
Fig. 3. Reflectance spectra of slabs and different parti
eucrite value (0.935 lm) but are less than the other eucrites, and
greater than the diogenites NWA 6013 and Tatahouine (0.926
and 0.929 lm). Band II centers occur at longer wavelengths,
1.97–2.00 lm than the diogenites (1.93–1.95 lm) and overlap
the eucrites (1.97–2.14 lm). This is not unexpected as Fe2+-rich
eucritic pyroxenes are stronger absorbers than less Fe2+-rich diog-
enitic pyroxene, and eucrite:diogenite ratios in howardites can
vary widely (Mittlefehldt et al., 1998).

4.4. Group comparisons

Band depths and BARs overlap between the HED groups, sug-
gesting that these spectral parameters are not suitable for discrim-
inating HED subgroups. This is not unexpected, as band depths are
sensitive to many factors, such as the presence of opaque phases,
cle size fractions of the HEDs used in this study.
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while BARs can vary widely depending on the presence of opaques
(Moroz and Arnold, 1999), and LCP BARs do not vary appreciably
with Fe content (Cloutis and Gaffey, 1991). Band centers appear
to be the most reliable discriminators of diogenites from eucrites,
with howardites straddling the regions occupied by these groups.

5. HED grain size effects

The HEDs included in this study were spectrally characterized
as whole rocks and four grain size ranges: <45, 45–90, 90–250,
and 250–500 lm. These spectra enable us to assess how HED spec-
tra vary as a function of grain size. In the ensuing discussion, we
chose to retain numbering of the HED spectra in alphabetical order
to match Table 3.
5.1. Eucrites

The five eucrite sample spectra are shown in Fig. 3a (JaH 626),
Fig. 3b (Millbillillie), Fig. 3c (NWA 1836), Fig. 3j (NWA 6477), and
Fig. 3l (Talampaya). The most noticeable difference in the eucrite
spectra involves the <45 versus larger grain size spectra. When
going from the <45 lm spectra to larger grain sizes, we see a de-
crease in reflectance, and increase in 1 and 2 lm region band
depths, most noticeably from the <45 to 45–90 lm spectra (Table 3
and Fig. 3a–c, j, and l). The 90–250 and 250–500 lm spectra gener-
ally have similar reflectance. In some cases (most noticeably NWA
1836: Fig. 3c, and NWA 6477: Fig. 3j) the 45–90, 90–250, and 250–
500 lm spectra have similar reflectance in the visible region and
band depths, but the 45–90 lm spectra are invariably brighter in



Fig. 4. Band I versus band II centers for HEDs from Beck et al. (2011), showing fields
occupied by majority of HEDs, as well as ranges for powders of the diogenites (black
ellipses), howardites (gray ellipses), and eucrites (open ellipses). The shocked
eucrite JaH 626 and dunitic diogenite NWA 2968 fall well outside the HED fields.
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the region of the local reflectance maximum near 1.4 lm. In some
cases (JaH 626 Band I, NWA 6477 Band I, Millbillillie Band I and II,
Talampaya Bands I and II: Table 3), band depths decrease when
going from the 90–250 to the 250–500 lm fraction. Band depths
for this largest fraction can be comparable to or less than for the
<45 lm fraction, although overall reflectance is much lower (e.g.,
Band I in JaH 626 and Talampaya: Table 3). Band I centers vary
by up to 6 nm as a function of grain size in a non-systematic
way. Band II centers vary by up to 22 nm, again non-systematically,
and this larger range of variation is likely due to its broader and
shallower nature (Table 3). For any one eucrite, the II⁄/I⁄ BAR in-
creases with increasing grain size by up to 27%; the II/I BAR shows
less systematic change, and can vary by up to 45% (Table 3).
5.2. Diogenites

The three diogenite sample spectra are shown in Fig. 3f (NWA
2968), Fig. 3i (NWA 6013), and Fig. 3m (Tatahouine). The dioge-
nites show the same type of behavior as the eucrites: band I cen-
ters vary by less than 7 nm for band I and 17 nm for band II
centers, again non-systematically (Table 3); band depths increase
most dramatically from the <45 to the 45–90 lm fraction (Table 3),
and then may increase slightly (e.g., Band II in Tatahouine) or de-
crease with larger grain sizes; reflectance also decreases with
increasing grain size (Table 3). For any one diogenite, BAR increases
with increasing grain size, varying by up to 25% for the II/I BAR, and
80% for the II⁄/I⁄ BAR (Table 3).

5.3. Howardites

The four howardite spectra are shown in Fig. 3d (NWA 1942),
Fig. 3e (NWA 1943), Fig. 3g (NWA 5748), and Fig. 3h (NWA
5751). The howardite spectra also generally follow the trends
found for the eucrites and diogenites. Reflectance decreases most
dramatically from the <45 to the 45–90 lm size spectra (e.g.,
NWA 5748; Fig. 3g), and the 90–250 and 250–500 lm size spectra
are comparable to (e.g., NWA 5748; Fig. 3g), or darker than, the 45–
90 lm spectra in the visible and 1.4 lm regions (e.g., NWA 1943;
Fig. 3e). Band depths increase from the <45 to 45–90 lm spectra
and decrease thereafter (Table 3). Band centers are largely invari-
ant, varying by <6 nm for band I and <13 nm for band II. The II/I
BAR varies by up to 29% for any one howardite, generally increas-
ing with increasing grain size (Table 3). The II⁄/I⁄ BAR varies by up
to 48% and also generally increases with increasing grain size
(Table 3).

5.4. HED slab spectra

Prior to crushing the samples to produce the various size frac-
tions, spot spectra were acquired for each sample at one or three
spots based on visual differences, if any. Each spot was �8 mm in
diameter. We did not alter the as-received surfaces for the spectral
measurements. The spot spectra for each slab (Figs. 3 and 5) show
that reflectance, band minima, slope, and shape can vary within a
single sample. Reflectance differences can be attributable to varia-
tions in grain size, opaque abundances, or surface roughness. Band
minima variations (e.g., NWA 1942) can be attributable to mineral-
ogic variations within a sample, and are expected to be most pre-
valent in howardites (Table 3). Spectral shape and slope variations
can be attributable to all of the above factors. What is notable is
that slab reflectance is always lower than reflectance of the
<45 lm powders (with the exception of PRA 04401), but can be
brighter than the 45–90 lm powder spectra. Slab spectra are also
always more blue-sloped than the <45 lm powder spectra, and
usually more blue-sloped than the other powder spectra, as mea-
sured by the 1.4/0.7 lm peaks reflectance ratio.

5.5. Group comparisons

The HEDs in this study show some common features as a func-
tion of grain size. Both the band I and band II depths increase when
grain size increases from <45 to 45–90 lm (Fig. 6). Band depth is at
a maximum for one of the larger grain sizes (45–90, 90–250, or
250–500 lm), but no one grain size consistently has the greatest
band depth. Band depths for the slab spectra can vary widely com-
pared to the powders. Similarly, absolute reflectance of the slabs
varies widely.

From these spectra, it appears that the pyroxene absorption
bands become saturated at different grain sizes: close to an aver-
age grain size of 67 lm (45–90 lm) for band I and 148 lm (aver-
age of 45–90 and 90–250 lm) for band II, consistent with
previous studies of the behavior of pyroxene absorption bands
(Crown and Pieters, 1987; Craig et al., 2007, 2008; Pompilio
et al., 2009). Band centers appear to be largely unaffected by
changes in grain size, although the Band II center is almost always
determined to be at longer wavelengths than for the powders (Ta-
ble 3). We believe that this is due to the fact that because the long
wavelength wing of band II is incomplete, our continuum does not
adequately capture how the long wavelength wing varies between
slabs and powders. BAR and band width all peak in the intermedi-
ate grain sizes (45–90 and 90–250 lm).



Table 3
Selected spectral parameters of HEDs included in this study.

Sample Grain size
(lm)

Band I center
(lm)

Band II center
(lm)

Reflectance at 0.56 lm
(%)

Band I depth
(%)

Band II depth
(%)

II/I
BAR

II⁄/I⁄
BAR

1.4/0.7 lm
ratio

Eucrites
JaH 626 <45 0.985 2.141 28 43.5 16.0 0.83 1.04 1.20

45–90 0.989 2.132 15 49.8 26.4 1.09 1.12 1.24
90–250 0.991 2.119 11 50.6 33.4 1.32 1.19 1.17
250–500 0.991 2.125 12 40.3 24.8 1.25 1.33 1.03
Slab 0.988 2.064 8 32.3 18.1 1.21 1.54 1.05

NWA 1836 <45 0.959 2.063 41 57.9 29.1 0.96 0.80 0.95
45–90 0.961 2.057 30 62.7 37.2 1.05 0.91 0.84
90–250 0.962 2.056 29 61.7 37.3 1.07 0.93 0.84
250–500 0.957 2.050 31 63.3 40.4 1.12 0.97 0.77
Slab 0.959 2.038 26 47.8 29.6 1.23 1.21 0.76

NWA 6477 <45 0.950 2.021 32 37.7 25.6 1.78 1.15 1.26
45–90 0.955 2.011 18 49.5 43.8 2.20 1.31 1.39
90–250 0.956 2.013 17 47.7 37.2 1.87 1.34 1.28
250–500 0.956 2.003 20 41.6 38.4 2.21 1.52 1.15
Slab 0.954 2.022 29 41.0 25.4 1.44 1.99 1.19

Millbillillie <45 0.948 2.027 44 48.3 28.2 1.29 0.88 1.13
45–90 0.949 2.021 26 59.7 44.3 1.55 0.94 1.22
90–250 0.949 2.024 26 57.4 42.3 1.51 0.90 1.00
250–500 0.947 2.021 27 52.3 38.1 1.51 0.80 1.04
Slab 0.948 2.022 31 47.5 37.9 1.75 1.49 0.87

Talampaya <45 0.935 1.973 52 48.6 31.9 1.62 1.08 1.01
45–90 0.935 1.980 40 62.0 49.1 1.76 1.07 0.94
90–250 0.938 1.976 31 66.5 56.6 1.88 1.18 0.85
250–500 0.938 1.974 33 43.4 51.2 1.77 1.18 0.85
Slab 0.938 1.965 42 52.9 39.8 1.74 1.25 0.90

Diogenites
NWA 2968 <45 1.046 �1.93 16 8.0 2.2 0.15 �0.02 1.00

45–90 1.050 �1.93 11 15.6 2.6 0.10 �0.02 1.00
90–250 1.055 �1.95 8 15.0 2.3 �0.1 �0.02 0.95
250–500 1.053 �2.05 8 10.1 2.3 �0.1 �0.02 0.86
Slab 1.055 �1.95 6 6.9 �0 �0.1 �0.02 0.98

NWA 6013 <45 0.929 1.949 31 42.1 23.4 1.30 0.59 1.00
45–90 0.927 1.943 22 66.1 46.3 1.47 0.71 0.90
90–250 0.928 1.947 16 56.2 45.2 1.66 0.83 0.88
250–500 0.928 1.947 12 49.2 39.3 1.681 1.07 0.84
Slab 0.927 1.935 11 24.6 18.3 1.65 1.87 0.67

Tatahouine <45 0.926 1.929 56 63.0 40.8 1.68 1.00 1.00
45–90 0.925 1.926 40 80.7 64.7 1.89 1.13 1.00
90–250 0.921 1.916 31 80.8 73.4 2.10 1.13 1.00
250–500 0.925 1.912 22 78.6 72.0 2.11 1.11 1.06
Slab 0.931 1.849 25 63.2 58.0 2.27 1.49 0.96

Howardites
NWA 1942 <45 0.936 1.971 36 45.4 27.9 1.59 0.90 1.06

45–90 0.937 1.966 23 61.0 47.5 1.85 0.98 1.06
90–250 0.941 1.973 21 54.7 45.9 2.03 1.12 1.00
250–500 0.940 1.969 23 51.4 43.2 2.05 1.10 0.86
Slab 0.940 1.969 30 49.6 42.8 2.28 1.43 0.91

NWA 1943 <45 0.944 2.003 36 40.6 24.1 1.49 0.85 1.07
45–90 0.944 1.993 27 53.5 38.3 1.62 0.89 1.08
90–250 0.945 1.991 22 49.3 38.0 1.78 1.06 1.00
250–500 0.947 1.997 23 45.5 34.3 1.75 0.97 0.97
Slab 0.942 1.995 29 47.4 34.1 1.73 1.21 0.97

NWA 5748 <45 0.941 1.990 42 40.4 24.9 1.56 1.00 1.06
45–90 0.942 1.992 28 55.8 42.8 1.76 1.05 1.06
90–250 0.943 1.990 27 49.8 40.5 1.90 1.15 0.98
250–500 0.943 2.000 29 43.6 34.4 1.90 1.47 0.96
Slab 0.939 1.969 28 40.3 32.2 1.95 1.45 0.91

NWA 5751 <45 0.933 1.954 37 55.0 38.4 1.87 1.12 1.12
45–90 0.936 1.952 22 68.1 57.3 2.12 1.10 1.17
90–250 0.937 1.955 20 64.1 57.5 2.27 1.45 1.10
250–500 0.938 1.953 20 57.1 52.0 2.34 1.45 1.08
Slab 0.928 1.893 16 60.1 50.7 2.24 2.07 1.06
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There is also a general tendency for the HED spectra to become
bluer with increasing grain size, as measured by the reflectance ra-
tio of the local peaks located near 0.7 and 1.4 lm (Fig. 7), particu-
larly for the eucrites and howardites. Reflectance, as measured at
0.56 lm, also shows that this value consistently decreases when
going from <45 to 45–90 lm size powders (Fig. 8). Beyond this size
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range, there is no consistent trend, although most HEDs show a
continuing decrease in reflectance to the next size interval (90–
250 lm). The II⁄/I⁄ BAR also shows a general tendency to increase
with increasing grain size (Table 3), and this behavior is consistent
with band II becoming saturated at a larger grain size than band I.
6. Effects of CM2 material on HED spectra

The discovery of a number of HED meteorites that contain car-
bonaceous chondritic xenolithic material suggests that spectral
interpretation of the surface composition of HED parent bodies
may need to account for the presence of this material. To address
how such materials may affect HED reflectance spectra, we have
spectrally characterized physically-produced intimate mixtures
Fig. 5. Reflectance spectra of multiple spots (�8 mm in diameter) measured on slabs of so
visually different on each slabs.
and mathematically-calculated areal mixtures of the Millbillillie
eucrite and the Murchison CM2 carbonaceous chondrite, as well
as different size fractions of the CM2-bearing howardite PRA
04401.

While it is tempting, and potentially valuable, to search for
numerical similarities between the abundance of CC-bearing HEDs
and areal extent of dark spots on Vesta, it is well established that
the meteorite collection is not, at least spectrally, representative
of asteroid abundances (e.g., Burbine et al., 1996, 2002).
6.1. End member spectra

Reflectance spectra of the <45 lm fractions of the Millbillillie
eucrite, the Murchison CM2 carbonaceous chondrite, and the PRA
me of the HEDs used in this study. Spots were selected to capture regions that were
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04401 CM2-bearing howardite are shown in Fig. 9a. The Millbillil-
lie and PRA 04401 <45 lm spectra are characterized by two major
absorption bands near 1 and 2 lm that are attributable to pyrox-
ene. For Millbillillie, the band I minimum and center are both lo-
cated between 0.947 and 0.949 lm, while the band II center is
located near 2.03 lm (Table 4), in agreement with its pyroxene
Fe2+ content (Cloutis and Gaffey, 1991). Crystal field transitions
in Fe2+ located in the M1 site are suggested by a shoulder near
1.2 lm (Klima et al., 2008). It is not possible to discern the pres-
ence of plagioclase feldspar, as its only major absorption band is
weak and is also located near 1.2 lm (Adams and Goullaud,
1978). The 2-lm region absorption band of Millbillillie is broad
and suggests the presence of multiple absorption bands. This is
consistent with the presence of multiple pyroxene types in this
meteorite: pigeonite, exsolved augite, and inverted orthopyroxene
(Yamaguchi et al., 1994 and Table 2).

Murchison has been characterized by multiple investigators and
shows diverse spectral behavior (Cloutis et al., 2011, and refer-
ences therein). Fine-grained reflectance spectra of Murchison are
generally neutral to red-sloped over the �0.5–2.5 lm interval,
with visible region reflectance (measured at 0.56 lm) ranging from
3.5% to 6.8%. Larger grain sizes (e.g., 100–200 lm), chips, and ma-
trix-enriched fractions are generally more blue-sloped and darker
than the fine-grained fractions (Cloutis et al., 2011).

The spectrum of the <45 lm fraction of the Murchison sample
used to make our mixtures is characterized by low reflectance
(4.8% at 0.56 lm), an overall red slope, and an absorption feature
in the 0.7–1.2 lm region. The continuum-removed spectrum of
Murchison (Fig. 9b) shows that this feature consists of an absorp-
tion band near 0.7 lm attributable to Fe2+–Fe3+ charge transfers
in Murchison’s phyllosilicates (predominantly cronstedtite and
serpentine), and bands near 0.92 and 1.17 lm that are attributable
to Fe2+ crystal field transitions in the phyllosilicates; olivine is
likely contributing to the absorption features near 1.05 lm and
1.2 lm (Cloutis et al., 2011). This type of spectral behavior is com-
mon in CM2 chondrites (Cloutis et al., 2011).

6.2. Spectra of eucrite + CM2 and PRA 04401

The reflectance spectra of the intimate mixtures of Millbillillie
and Murchison are shown in Fig. 10. It can be seen that visible re-
gion reflectance decreases quite dramatically, even with small
amounts of added CM2 material (Table 4). Visible region reflec-
tance decrease to half its starting value with <20% CM2 added. This
can be contrasted with areal mixtures of the same proportions of
eucrite:CM2 where the decrease in overall reflectance is more sys-
tematic (Fig. 10). Band depths decrease for both intimate and areal
mixtures with increasing CM2 abundance, again more rapidly for
the intimate mixtures (Table 4). When continuum removal is ap-
plied to the 1 lm region, the 0.9 lm pyroxene band is seen to dom-
inate this region, even for 60 wt.% CM2 (Fig. 11). There is no
compelling evidence for the presence of the expected CM2 absorp-
tion bands near 0.7 and 1.17 lm. In areal mixtures, even 90% CM2
does not lead to the appearance of resolvable CM2 absorption
bands. Thus the presence of CM2 material will be most evident
from lowered reflectance and band depths, and possibly a more
red-sloped spectrum.

Band I minima show a gradual decrease in wavelength position
with increasing CM2 content for the intimate mixtures (Table 4).
For the areal mixtures, band minimum is not significantly affected
until CM2 abundance exceeds 80%. Straight line continuum re-
moval is successful at restoring band I position to the end member
eucrite value of 0.947 lm (±2 lm) for all the intimate and areal
mixtures (Table 4). Band I minima for the 40/60 eucrite/CM2 inti-
mate and areal spectra are 0.933 and 0.946 lm, respectively. This
suggests that band minima may be useful for recognizing the pres-
ence of red-sloped CM2 material in intimate mixtures, but has a
much smaller effect in areal mixtures. A less pronounced redden-
ing effect is seen for the PRA 04401 spectrum: its band I minimum
and continuum-removed center are at 0.936 and 0.939 lm, respec-
tively, suggesting that the CM2-type material in PRA 04401 is less
red-sloped than Murchison. If 40% CM2 material is present in PRA
04401 (as suggested by visual inspection of our sample), and it is as
red-sloped as Murchison, the difference between the band I center
and minimum should be �7 nm.

Band II minima generally follow the trend of band I minima: a
gradual decrease in wavelength position for the intimate mixtures,
while the areal mixture values are essentially unchanged until
CM2 abundance reaches �70%. A measurable shift in band II min-
imum position with lower abundances of CM2 (�70%) as compared
to band I (�90%) is consistent with the fact that band II is shallower
and broader than band I, and hence more prone to the reddening
effect of the CM2 material.

Band depths for the eucrite + CM2 mixtures also demonstrate
the masking power of CM2 material. Approximately 20–30% inti-
mately mixed CM2 material reduces eucrite band I and II depths
to half their initial value (Table 4). However, the eucrite pyroxene
bands are still evident up to the maximum CM2 content examined
in our intimate mixtures (60%) and to >90% for the areal mixtures
(Fig. 10).

Increasing amounts of CM2 in the intimate mixtures are also
accompanied by small but measurable reductions in band width
(up to 13% reduction in width for 60% CM2 content). The effect is
more pronounced for band II, largely attributable to the shift in
band II minimum to shorter wavelengths with increasing CM2 con-
tent. For the areal mixtures, band I shows a slight increase in
width, while band II shows a decrease in width, although not as
large as for the intimate mixtures (Table 4).

BAR, which can serve as a measure of pyroxene composition
and the presence of accessory phases (e.g., Cloutis et al., 1986;
Gaffey, 1997), is also affected by the presence of CM2 material
(Table 4). For the intimate mixtures, BAR shows a small gradual
decline (by 9%) as CM2 abundance increases from 0 to 40 wt.%,
followed by an increase from 40 to 60 wt.% CM2. This suggests that
a few tens of percent of intimately mixed CM2 material will not
significantly affect pyroxene abundance determinations using
BAR. Areal mixture BARs only begin to decrease at �70 wt.% and
the variation is <7% (Table 4).

6.3. PRA 04401 – grain size effects

Reflectance spectra of the three available grain sizes and slab of
the PRA 04401 howardite are shown in Fig. 12. As with the eucri-



Fig. 6. Average grain size versus band I and II depths for the HEDs. Average grain size is the average of the smallest and largest sieves used to constrain sample sizes:
22.5 lm = <45 lm fraction; 67.5 lm = 45–90 lm fraction; 170 lm = 90–250 lm fraction; 375 lm = 250–500 lm fraction; slab spectra have been arbitrarily assigned a grain
size of 1000 lm. (a) Eucrites – band I depth. (b) Diogenites – band I depth. (c) Howardites – band I depth. (d) Eucrites – band II depth. (e) Diogenites – band II depth. (f)
Howardites – band II depth.
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te + CM2 intimate mixtures, pyroxene absorption bands are the
most prominent feature, while any CM2-type absorption features
are essentially absent. Spectral properties generally do not vary
systematically with grain size. In common with the eucrite+CM2
intimate mixtures, band minima move to longer wavelengths with
increasing grain size (by 11 nm), while band I center is less affected
(4 nm increase). Band II depth, BAR, and band widths all increase
with increasing grain size. The intermediate size fraction (45–
90 lm) has the lowest overall reflectance, and deepest band I.
BAR (II/I) varies more widely than the mixture spectra, increasing
from 1.41 for the smallest fraction to 2.53 for the largest fraction
(Table 4). The possible reason for this large increase is not known
but is likely a consequence of band I saturating at smaller grain
sizes than band II, and differences in howardite:CM2 ratios in the
different size fractions. The slab spectrum is more blue-sloped than
the powder spectra, similar to other HED spectra.

More detailed interpretation of the PRA 04401 spectra is not
warranted as we are not able to control the relative abundance
of howardite:CM2 xenoliths in the different size fractions. Never-
theless, a comparison of PRA 04401 to 50/50 and 40/60 eucri-
te + CM2 intimate mixtures (the closest samples in terms of
overall reflectance) shows many similarities, such as band depths



Fig. 7. Average grain size versus reflectance ratio of peak near 1.4 lm to peak near
0.7 lm for the HEDs. (a) Eucrites. (b) Diogenites. (c) Howardites. Assignment of an
arbitrary grain size to slabs (for clarity) and average grain sizes are calculated the
same as for Fig. 6.

Fig. 8. Average grain size versus reflectance at 0.56 lm for the HEDs. (a) Eucrites.
(b) Diogenites. (c) Howardites. Assignment of an arbitrary grain size to slabs (for
clarity) and average grain sizes are calculated the same as for Fig. 6.
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and BAR (Fig. 13). This suggests that the broad spectral features of
CM2 xenolith-bearing howardites can be successfully reproduced
with intimate mixtures. The differences in spectral slope between
PRA 04401 and the mixtures are likely due to differences in the
spectral slopes of the CM2 materials that they contain (Cloutis
et al., 2011).

6.4. Estimating abundance of CM2 material

Abundance of CM2 on the surface of Vesta can be estimated
using band I and II depths of the dark material observed by the
Dawn spacecraft. Assuming band depth of dark material is only af-
fected by the presence of carbonaceous chondrite xenoliths, we can
use the change in band depths as a function of CM2 abundance to
constrain the abundance of this exogenous material. This requires
that absorption band shapes are ‘‘HED-like’’, and our prior analysis
shows that CM2 material does not affect the pyroxene absorption
band shape even when 60 wt.% CM2 (intimate mixtures) and
90 wt.% CM2 (areal mixtures) is present in the surface, unlike when
increasing HED grain size can cause pyroxene absorption bands to
saturate. Band centers and BARs are not uniquely applicable to
CM2 abundance determinations, as multiple factors can cause
them to vary, such as changes in pyroxene chemistry, and mafic sil-



Fig. 9. (a) Reflectance spectra of <45 lm fractions of the Millbillillie eucrite and
Murchison CM2 chondrite used in the intimate and areal mixtures, as well as PRA
04401 – a CM2 xenolith-bearing howardite. (b) The <45 lm fraction of Murchison
after removal of a straight line continuum, showing details of absorption bands in
the 0.6–1.4 lm region.
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icate end member abundances (e.g., Cloutis et al., 1986). Hence
band depth seems to be the best parameter that can be used to
estimate CM2 abundance. Using Band I and II depths of Millbillillie
and Murchison mixtures we have formulated two equations for
estimating the abundance of CM2 for <45 lm grain size fractions.
Average abundance estimated using these two equations has a
v2 of 0.99 compared to laboratory measured values (Fig. 14).

CM2 Abundance ¼ 0:032 � Band I Depth2 � 3:64

� Band I Depthþ 101:45 ð1Þ

CM2 Abundance ¼ 0:145 � Band II Depth2 � 7:94

� Band II Depthþ 109:52 ð2Þ

It should be noted that these relationships are only strictly valid for
<45 lm grain sizes. We are planning to conduct similar analysis for
other grain sizes.

7. Discriminating presence of CM2 material from HED grain size
variations

In this study we are most interested in determining how albedo
variations on Vesta that may be associated with the presence of
CM2 material can be discriminated from those associated with
variations in grain size. Other factors, such as phase angle, shock,
degree of crystallinity, presence of submicron opaques, space
weathering, and changes in pyroxene composition will be dealt
with in a subsequent paper. Some progress on these additional fac-
tors has been made by other investigators (e.g., Mayne et al., 2010;
Le Corre et al., 2011; McCord et al., 2012; Pieters et al., 2012a,b;
Reddy et al., 2012c).

As the presence of CM2 type materials and larger grain sizes
both lead to decreases in overall reflectance, it is useful to look
at what spectral parameters could be used to discriminate them.
In our search we focused on spectral parameters which exhibit dif-
ferences in terms of the direction of variation (i.e., increase versus
decrease) when CM2 is added to an HED as compared to increasing
HED grain size. We felt that determining the direction of variation
of spectral parameters would be a useful and easily applicable tool
that could be applied across small areas of Vesta to determine the
probable cause of localized albedo variations. This approach was
further motivated by the fact that HEDs form a spectrally diverse
suite of meteorites. Quantifying parameters such as average grain
size, CM abundance, areal versus intimate mixtures, and pyroxene
chemistry from Dawn observations will require a much more com-
prehensive set of laboratory data, which we are in the process of
assembling. The results presented here should allow for discrimi-
nation of grain size versus opaque (CM2) abundance effects in at
least a relative sense. We also examined the utility of the EGO algo-
rithm (Pompilio et al., 2009, 2010) to assess absorption band satu-
ration as an additional parameter for discriminating CM2 material
addition from grain size variations.

7.1. Albedo and band minima and centers

The intimate mixtures produced for this study and the spectra
of PRA 04401 demonstrate that the presence of a few tens of per-
cent of CM2 material can substantially lower overall reflectance of
the host HED; in the case of intimate mixtures overall reflectance
can be reduced by 50% with <20 wt.% CM2. This effect can be seen
in eucrite + CM2 spectra deconvolved to Dawn FC band passes (Le
Corre et al., 2011). On its own, albedo variations cannot discrimi-
nate between changes in grain size versus changes in CM2
abundance.

Increasing CM2 material causes eucrite band I and II minima to
move to shorter wavelengths, by up to 13 and 120 nm, respec-
tively, for 60 wt.% CM2 material (Table 4). This is likely due to
the overall red slope of the CM2 used in the mixtures (Fig. 9).
The larger shift for the band II minimum is likely due to its broad,
shallow nature – small changes in slope will lead to a large shift in
apparent position. These shifts, if uncorrected, would correspond
to a calculated pyroxene Fs content in HEDs that is �20–30% lower
than its actual value (Cloutis and Gaffey, 1991). For areal mixtures,
because CM2 chondrites have much weaker absorption bands than
HEDs and are only weakly red-sloped, a significant shift in band I
or II minima requires the presence of at least 80% areal coverage
by CM2 material. Band centers rather than band minima should
be used to derive pyroxene composition (Cloutis and Gaffey,
1991), as this minimizes shifts in band minima induced by red-
sloped accessory phases. Using band centers, pyroxene Fs content
can be reliably derived, for up to at least 60 wt.% CM2 intimately
mixed and >90 wt.% CM2 areally mixed. Band II center however in-
creases by 40 nm (for up to 60 wt.% CM2 in intimate mixtures),
which would lead to an overestimation of pyroxene Fs by �10%.
In areal mixtures band II center varies by less than 15 nm, and
the variation is non-systematic, suggesting that the presence of
areally mixed CM2 material would not appreciably affect pyroxene
Fs content determinations using band II.

These results suggest that band I center position is the most
reliable parameter for determining pyroxene composition in the
presence of CM2 material. Band II minima positions decrease with
increasing CM2 content in intimate mixtures, while the contin-
uum-removed centers show an increase in wavelength position.



Table 4
Selected spectral parameters for PRA 04401, and mixtures of Millbillillie and Murchison.

Sample Grain size
(lm)

Band I minimum
(lm)

Band I center
(lm)

Band II minimum
(lm)

Band II center
(lm)

Reflectance at
0.56 lm (%)

Band I depth
(%)

Band II depth
(%)

Band I FWHM
(lm)

Band II HWHM
(lm)

BAR(II/
I)

End members
Millbillilliea <45 0.946 0.949 2.05 2.029 44.2 48 33.3 0.247 0.326 1.28

45–90 0.949 0.953 2.06 2.022 26 60 53.1 0.285 0.368 1.55
90–250 0.953 0.953 2.07 2.027 26.4 57 53 0.285 0.382 1.51
250–500 0.958 0.953 2.08 2.030 27.2 55 49 0.280 0.375 1.75

PRA 04401 <45 0.936 0.939 1.95 1.964 9.5 17 7.1 0.198 0.228 1.41
45–90 0.945 0.938 1.99 1.957 6.6 28 25.1 0.236 0.332 1.91
90–250 0.947 0.943 1.99 1.948 6.9 22 26.9 0.236 0.388 2.53

Murchison <45 �0.95 �0.95 n.p. n.p. 4.8 1.2 0 n.d. n.p. n.p.
Intimate mixturesb

E100/C0a <45 0.946 0.947 2.05 2.047 41.6 48 32.0 0.247 0.326 1.29
E95/C5 <45 0.947 0.948 2.05 2.057 31.5 42 25.4 0.241 0.307 1.21
E90/C10 <45 0.946 0.948 2.04 2.050 26.7 37 21.6 0.235 0.278 1.23
E80/C20 <45 0.944 0.948 2.03 2.067 18.8 31 14.1 0.220 0.264 1.16
E70/C30 <45 0.940 0.947 2.02 2.056 15.0 25 10.1 0.220 0.253 1.18
E60/C40 <45 0.940 0.948 2.02 2.081 11.7 22 6.6 0.220 0.253 1.17
E50/C50 <45 0.938 0.946 2.01 2.086 10.0 17 4.1 0.220 0.188 1.21
E40/C60 <45 0.933 0.948 1.93 2.086 7.9 14 2.0 0.214 0.111 1.50
E0/C100 <45 n.p. 0.95 n.p. n.p. 4.8 1.2 0 n.d. n.p. 0
Areal mixturesc

E100/C0a <45 0.946 0.947 2.05 2.047 41.6 48 32.0 0.247 0.326 1.29
E95/C5 <45 0.947 0.947 2.05 2.047 39.8 47.9 31.57 0.247 0.329 1.29
E90/C10 <45 0.948 0.947 2.05 2.047 38.0 47.6 31.0 0.247 0.329 1.30
E80/C20 <45 0.946 0.948 2.05 2.047 34.3 46.8 30.3 0.247 0.329 1.30
E70/C30 <45 0.947 0.948 2.05 2.047 30.6 46.1 29.7 0.253 0.333 1.30
E60/C40 <45 0.947 0.948 2.05 2.047 26.9 44.7 29.0 0.253 0.333 1.30
E50/C50 <45 0.947 0.946 2.05 2.047 23.2 43.2 27.1 0.253 0.327 1.30
E40/C60 <45 0.946 0.948 2.05 2.047 19.5 41.3 25.7 0.258 0.320 1.27
E30/C70 <45 0.945 0.947 2.04 2.047 15.9 38.1 22.8 0.258 0.311 1.23
E20/C80 <45 0.946 0.948 2.02 2.047 12.2 33.3 17.5 0.253 0.303 1.22
E10/C90 <45 0.940 0.946 1.99 2.047 8.5 24.1 10.0 0.253 0.264 1.27
E0/C100 <45 n.p. 0.95 n.p. n.p. 4.8 1.2 0 n.d. n.p. 0

n.p.: not present; not determined as spectrum is unsuitable for this calculation. FWHM = full width at half maximum; HWHM: half width at half maximum; see text for details on these terms and definition of band area ratio.
a Note that two values for Millbillillie <45 lm size spectrum are given, as the sample was spectrally characterized twice.
b Refers to abundances of Millbillillie eucrite (E) and Murchison CM2 chondrite (C) in mixtures.
c Areal mixtures calculated mathematically from end member spectra.
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Fig. 10. Reflectance spectra of (a) intimate and (b) areal mixtures of <45 lm
fractions of the Millbillillie eucrite and the Murchison CM2 carbonaceous chondrite.
In both figures, the abundance of the eucrite in each mixture varies from top to
bottom in the sequence: 100%, 95%, 90%, 80%, 70%, 60%, 50%, 40%, 0%.

Fig. 11. Continuum-removed spectra of the intimate and areal 60%/40% eucrite/
CM2 spectra shown in Fig. 10, as well as <45 lm fraction of PRA 04401 with a linear
vertical offset of +0.05 applied for clarity.

Fig. 12. Reflectance spectra of <45, 45–90, and 90–250 lm fractions and a face of
the as-received chip of the CM2-bearing PRA 04401 howardite.

Fig. 14. Calculated versus actual abundance of CM2 material in intimate mixtures
of the Millbillillie eucrites and Murchison CM2 chondrite based on derived
equations using pyroxene band depths. See text for details. Uncertainties are on
the order of or less than symbol size. See text for details.

Fig. 13. Reflectance spectra of the <45 lm fraction of the PRA 04401 CM2-bearing
howardite, and 50/50 and 40/60 eucrite/CM2 intimate mixture spectra. The three
spectra have similar overall reflectance and band depths, but the PRA 04401
spectrum appears less red-sloped.

E.A. Cloutis et al. / Icarus 223 (2013) 850–877 865
The reason for this ‘‘overcorrection’’ is likely due to the fact that
band II is broad and shallow and very sensitive to small changes
in the slope of the continuum.

Increasing grain size of PRA 04401 and Millbillillie results in
small (up to 12 nm for band I and <28 nm for band II) increases
in band minima wavelength positions, which are largely compen-
sated for by continuum removal, reducing band movement to
<4 nm for band I and <16 nm for Band II. By contrast, the addition
of CM2 material causes a decrease in band minima positions, so in
a relative sense, relating albedo decreases to either decreases or in-
creases in band minima positions could be used to discriminate
grain size from CM2 abundance effects. However, this trend is
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likely restricted to carbonaceous chondrite xenoliths that are red
sloped. Comparison of the PRA 04401 spectrum to that of the eucri-
te + CM2 mixtures that are closest in terms of overall reflectance
(Fig. 13) shows that PRA 04401 appears less red-sloped than the
mixtures, suggesting that the carbonaceous material in PRA
04401 is less red-sloped than our sample of Murchison. This is
most evident in the 1.5–2.5 lm region of Fig. 13.
7.2. Absorption band depths and widths

Paired comparisons of the various band parameters in Table 4
indicate that relating albedo variations to changes in band I and
II depths and widths provide the best method for determining
whether changes in albedo are due to increases in grain size or
addition of CM2 materials. This is shown in Fig. 15 where these
parameters are plotted for the Millbillillie eucrite and PRA 04401
grain size series, and the Millbillillie + Murchison areal and inti-
mate mixtures.

A number of factors are notable from these plots. Fine-grained
(<45 lm) PRA 04401 plots well away from fine-grained Millbillillie,
being darker and having shallower absorption bands, as well as
having a narrower and shallower band I; it also falls solidly in
the region occupied by the eucrite + CM2 mixtures. The addition
of CM2 to Millbillillie, in either areal or intimate mixtures, results
in decreasing albedo and band depth and either a small increase
(for areal mixtures) or a significant decrease (for intimate mix-
Fig. 15. Various pairwise comparisons of spectral parameters. (a) Reflectance at 0.56 lm
versus band I full width at half maximum. (d) Band II depth versus band II half width at
PRA 04401 howardite grain size series; open squares: eucrite + CM2 intimate mixture
fractions of HEDs included in this study. The spectral data for cloudy pyroxene in the Mill
Tables 3 and 4 for description of samples.
tures) in band width. When Millbillillie or PRA 04401 grain sizes
increase, albedo decreases, but both band depth and width in-
crease sharply at first and then either level off or decrease slightly.
It should be noted again that spectral changes are more rapid for
intimate versus areal eucrite + CM2 assemblages. These types of
plot are useful more for defining the sense of trends rather than
absolute values. Specifically, coupled changes in albedo, band
depths and widths can be used to discern whether albedo de-
creases may be attributable to the presence of CM2-type material
or increases in grain size.
7.3. EGO analysis of band saturation

In order to find useful criteria that allow us to unambiguously
distinguish between spectral effects due to either grain size varia-
tions of a single material or compositional variations in intimate
and areal mixtures, we also modeled the diagnostic absorption
bands in spectra using EGO decomposition (Pompilio et al., 2009,
2010). We modeled the pyroxene band I in spectra of the two HEDs
(Millbillillie and PRA 04401) and of the Millbillillie–Murchison
intimate and areal mixtures.

We used the combination of 2 EGOs (modified Gaussians de-
fined by 5 parameters each) superimposed onto a linear contin-
uum, in a log reflectance versus wavenumber space (Pompilio
et al., 2009, 2010). This particular model accounts for the crystal
field transitions of Fe2+ located in both M1 and M2 pyroxene crys-
versus band I depth. (b) Reflectance at 0.56 lm versus band II depth. (c) Band I depth
half maximum. Filled squares: Millbillillie eucrite grain size series; filled triangles:
series; open triangles: eucrite + CM2 areal mixture series. Filled circles: <45 lm

billillie eucrite from Moroz et al. (2011) is also shown with a labeled filled circle. See
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tallographic sites in the Millbillillie eucrite. The pyroxene band I in
PRA 04401 has been modeled using a single EGO superimposed
onto a linear continuum since there is no evidence of Fe2+ M1 site
crystal field transitions. The continua were fixed tangent to the two
maxima around the main absorption features to be modeled, while
the EGO’s parameters were allowed to change during the optimiza-
tion routine.

We did not model pyroxene band II because none of the mea-
sured spectra show the band termination toward longer wave-
lengths (Fig. 10). This condition limits the modeling because we
cannot correctly define the continuum, and in turn the model accu-
racy is compromised. In addition, the spectrum of the fine-grained
Murchison CM2 carbonaceous chondrite has not been modeled be-
cause it does not show the diagnostic bands of pyroxene. There-
fore, the results listed in Table 5 show the behavior of pyroxene
band I as a function of grain size and composition of the mixtures.
We list only the parameters retrieved for the component attribut-
able to Fe2+ in M2 sites.

The albedo lowering is indeed one of the most noticeable effects
of both the addition of CM2 and increasing grain size of the sam-
ples here investigated. It is confirmed by the systematic decrease
of the continua intercept values (c0 in Table 5) as the grains be-
come coarser and as the amount of the opaque component in the
mixtures increases. Another notable effect is the tilting of the local
continua surrounding the modeled features. As previous studies
have already documented, the increase of grain size in pyroxene-
bearing particulates results in bluer continua (Pompilio et al.,
2009 and references therein). Fig. 16a shows this particular ten-
dency as a function of albedo. Intermediate to coarse-grained sam-
ples show blue-sloped continua (positive values of the c1

parameter in Table 5). On the other hand, all the samples repre-
senting mixtures of the finer Millbillillie fraction with the CM2
chondrite plot within the red-sloped continua area. The slight red-
dening of the local continua can be measured as the CM2 compo-
nent increases in both mixtures. Intimate mixtures are more
effective than areal mixtures in reddening the spectral continua.
As a result, the local continuum slope could be used to discriminate
whether the variations in spectral reflectance properties depend on
the grain size of the particulate or the amount of opaque materials
in mixtures. Nevertheless, in order to successfully distinguish the
two processes, this method alone would require that the particu-
late mixtures have fine grain size. It also makes assumptions about
the slope of the CM2 material, which may not be justified (Cloutis
et al., 2011).

The results of EGO modeling show that band centers are slightly
affected by grain size variations in HEDs as well as compositional
variations in mixtures, as expected. Modeled features are centered
at 0.950 lm (±2 nm), 0.947 lm (±3 nm) and 0.948 lm (±1 nm) for
the Millbillillie grain size experiment, intimate and areal mixtures
experiments, respectively (Table 5). Therefore, band centers are
confirmed to be useful estimators of pyroxene composition
through comparison with reference data (Cloutis and Gaffey,
1991).

Band width also shows slight variations (few nm in spectra of
HEDs and up to 30 nm as FWHM in spectra of intimate mixtures).
However, these variations appear not to be systematic with the in-
crease of grain size or CM2 content in the mixtures. An exception is
represented by the overall 18 nm increase of band width in areal
mixture spectra. Here the FWHM systematically increases as the
CM2 component in the areal mixtures increases. Nevertheless, this
effect is reasonably attributable to the linear mixing computation.
Analogously, band asymmetry (k value) appears not to be diagnos-
tic of the spectral effects due to either compositional or textural
variations.

Both the processes of increasing the grain size of a pyroxene-
bearing particulate and diluting its concentration in mixture with
an opaque material have effects on the pyroxene band intensity.
By varying the powder grain size, the absorption band varies its
depth. However, this variation is not linear with grain size, nor sys-
tematic (Fig. 16b and Table 5). The peak values correspond to inter-
mediate grain size (45–90 lm) for both the pyroxene-bearing
particulates (Millbillillie and PRA 04401). This is consistent with
the occurrence of saturation effects as the grain size increases up
to a threshold value, as previous studies have already documented
(e.g., Craig et al., 2007; Pompilio et al., 2009). Dilution with opaque
particulates also reduces the absorption band intensity. These ef-
fects have different magnitude according to the type of mixture
(intimate versus areal) and are systematic with the relative con-
centration of the spectrally active species occurring in mixtures.
Based on band depth alone, we cannot discriminate the effects
due to increasing the particulate grain size and diluting the pyrox-
ene concentration in mixtures with opaque materials without a
priori knowledge of the spectral properties of the pyroxene-bearing
end member.

Fig. 16b shows the relationship between band depth and the
saturation-related t value, as a result of grain size variations in sin-
gle component powders and compositional variations in mixtures.
Increasing t value is associated with increasing degree of band sat-
uration (Pompilio et al., 2009). Pyroxene band I t values slightly
vary around 2.6 for intermediate and coarse grained samples. This
is consistent with the occurrence of saturation effects for this band.
The t value of saturated bands is likely to be compensated some-
what by the band depth. However, t values above 2.5 indeed mark
intermediate to coarse-grained samples.

The presence of an opaque material intimately mixed with a
fine-grained pyroxene-bearing particulate reduces the intensity
of the pyroxene band together with the t value in a linear fashion.
In areal mixtures, the relationship between band depth and t is still
linear but opposite. This effect is probably related to the flattening
that results when a well-defined absorption feature linearly mixes
with a featureless red-sloped spectrum.

The linearity of the relationship outlined here is useful for cali-
bration of the parameters but does not help us to unambiguously
discriminate the effects due to grain size variations or composi-
tional variations on spectra. The most promising criterion for dis-
criminating the spectral effects due to either compositional or
textural variations in our samples focuses on the simultaneous
evaluation of band t value and local continuum slope (Fig. 16c).
Here we see that the spectral properties of intermediate to
coarse-grained pyroxene-bearing particulates are clearly isolated
in the upper right corner of the plot, corresponding to high t values
and blue-sloped continua. Both intimate and areal mixtures show
linear variations of t with the continuum slope, but in opposite
directions. In intimate mixtures, the t value dramatically decreases
as the amount of CM2 component increases, whereas the local con-
tinuum around the absorption band becomes redder. In areal mix-
tures, the t value increases slightly as the opaque component
increases, along with the reddening of the continuum. Finally,
the band II depth versus its t value also shows good separation be-
tween PRA 04401 and the other HEDs, even when different HED
grain size data are included. In conclusion, the paired evaluation
of band t values and continuum slope is very encouraging for dis-
criminating between processes that have similar effects on reflec-
tance spectra. Therefore, with the help of additional measurements
that confirm these results, we envisage that the nature of the dark-
toned features imaged by the FC onboard the DAWN mission could
be unraveled using high resolution spectroscopy.

7.4. Direct spectral identification of CM2 materials

Direct detection of CM-type material using diagnostic absorp-
tion features does not appear to be a viable option. The PRA



Table 5
EGO fitting parameters (see text for details).

c0 c1 BD D l D FWHM D t D k D

Millbillillie eucrite
<45 lm �0.587 �0.123 0.676 1.84E�04 0.948 6.06E�05 0.194 2.16E�04 1.924 2.77E�02 0.046 9.47E�04
45–90 lm �0.973 �0.223 0.940 3.00E�04 0.952 8.29E�05 0.200 3.12E�04 2.646 3.78E�02 0.038 1.35E�03
90–250 lm �1.314 0.008 0.842 3.11E�04 0.951 9.45E�05 0.201 3.16E�04 2.627 4.00E�02 0.044 1.38E�03
250–500 lm �1.367 0.064 0.778 3.28E�04 0.950 1.06E�04 0.200 3.70E�04 2.536 4.62E�02 0.046 1.62E�03

PRA04401 howardite
<45 lm �2.226 �0.060 0.186 1.09E�04 0.939 8.52E�05 0.193 2.18E�04 0.548 3.39E�02 0.078 8.26E�04
45–90 lm �2.934 0.166 0.302 3.29E�04 0.933 1.63E�04 0.180 1.96E�04 2.544 4.59E�02 0.054 7.74E�04
90–250 lm �2.775 0.087 0.241 3.62E�04 0.939 2.40E�04 0.189 2.74E�04 2.756 6.35E�02 0.029 1.07E�03

Millbillillie ecrite-CM2 chondrite Intimate mixtures
100M0J �0.638 �0.135 0.674 2.66E�04 0.948 9.58E�05 0.195 3.92E�04 1.957 4.79E�02 0.050 1.75E�03
95M5J �0.917 �0.139 0.569 1.74E�04 0.949 6.77E�05 0.193 2.40E�04 1.766 3.13E�02 0.048 1.05E�03
90M10J �1.068 �0.150 0.466 1.59E�03 0.941 7.89E�05 0.190 1.99E�04 1.360 4.89E�02 0.049 7.42E�04
80M20J �1.401 �0.165 0.365 8.89E�03 0.944 5.25E�04 0.188 2.66E�04 1.330 3.25E�02 0.038 1.32E�03
70M30J �1.615 �0.175 0.309 9.37E�05 0.948 5.89E�05 0.205 2.00E�04 0.858 2.62E�02 0.058 7.70E�04
60M40J �1.830 �0.199 0.265 9.16E�05 0.949 6.72E�05 0.210 2.27E�04 0.774 2.90E�02 0.053 8.26E�04
50M50J �1.980 �0.205 0.211 1.06E�04 0.948 8.78E�05 0.227 1.07E�04 0.000 5.04E�03 0.073 8.73E�04
40M60J �2.188 �0.225 0.169 9.61E�05 0.949 1.10E�04 0.228 4.22E�04 0.072 5.01E�02 0.081 1.40E�03

Millbillillie ecrite-CM2 chondrite Areal mixtures
100M0J �0.641 �0.130 0.661 8.74E�04 0.945 8.04E�05 0.191 1.35E�04 1.882 1.49E�02 0.042 3.62E�04
95M5J �0.688 �0.130 0.669 1.61E�04 0.948 5.34E�05 0.197 1.85E�04 1.845 2.39E�02 0.052 8.05E�04
90M10J �0.730 �0.133 0.665 1.43E�04 0.948 5.00E�05 0.197 1.93E�04 1.871 2.38E�02 0.050 8.43E�04
80M20J �0.832 �0.134 0.650 1.51E�04 0.948 5.28E�05 0.197 1.88E�04 1.889 2.39E�02 0.052 8.19E�04
70M30J �0.942 �0.137 0.633 1.48E�04 0.948 5.38E�05 0.197 1.90E�04 1.923 2.43E�02 0.052 8.33E�04
60M40J �1.068 �0.137 0.614 1.18E�04 0.948 4.57E�05 0.198 1.74E�04 1.933 2.15E�02 0.050 7.59E�04
50M50J �1.214 �0.140 0.584 1.36E�04 0.948 5.27E�05 0.198 1.71E�04 1.978 2.25E�02 0.053 7.46E�04
40M60J �1.382 �0.144 0.548 1.33E�04 0.948 5.46E�05 0.199 1.69E�04 2.032 2.26E�02 0.054 7.34E�04
30M70J �1.586 �0.147 0.498 1.10E�04 0.948 4.97E�05 0.200 1.48E�04 2.070 2.00E�02 0.054 6.41E�04
20M80J �1.839 �0.155 0.423 9.56E�05 0.948 5.20E�05 0.203 1.50E�04 2.134 2.03E�02 0.055 6.42E�04
10M90J �2.177 �0.172 0.297 1.11E�04 0.950 8.83E�05 0.209 2.39E�04 2.213 3.24E�02 0.055 9.98E�04

JAH 626 shocked eucrite
<45 lm �0.750 �0.278 0.613 5.42E�04 0.984 1.13E�04 0.194 2.91E�04 0.676 3.89E�02 0.023 9.88E�04
45–90 lm �1.348 0.304 0.722 7.22E�04 0.985 1.57E�04 0.204 2.54E�04 1.455 4.49E�02 0.029 8.46E�04
90–250 lm �1.802 �0.233 0.681 7.94E�04 0.986 1.92E�04 0.208 3.75E�04 1.852 5.30E�02 0.025 1.32E�03
250–500 lm �1.978 �0.069 0.490 5.19E�04 0.985 1.83E�04 0.205 3.13E�04 1.703 4.46E�02 0.016 1.06E�03

NWA 1836 cumulate monomictic eucrite
<45 lm �0.918 0.065 0.970 8.26E�04 0.953 1.38E�04 0.208 2.61E�04 1.897 3.86E�02 0.054 9.46E�04
45–90 lm �1.430 0.213 0.933 8.39E�04 0.954 1.62E�04 0.217 2.52E�04 2.527 3.99E�02 0.062 9.01E�04
90–250 lm �1.516 0.254 0.948 8.24E�04 0.952 1.59E�04 0.216 2.35E�04 2.697 3.80E�02 0.059 8.41E�04
250–500 lm �1.596 0.345 0.989 7.47E�04 0.953 1.42E�04 0.213 2.01E�04 2.765 3.25E�02 0.051 7.14E�04

NWA 1942 howardite
<45 lm �0.784 �0.097 0.617 6.14E�04 0.932 1.33E�04 0.191 2.40E�04 0.731 4.36E�02 0.070 7.35E�04
45–90 lm �1.222 �0.090 0.941 1.22E�03 0.932 1.95E�04 0.194 2.75E�04 1.800 5.44E�02 0.070 9.18E�04
90–250 lm �1.473 0.000 0.803 1.24E�03 0.933 2.36E�04 0.201 3.54E�04 1.551 6.55E�02 0.077 1.10E�03
250–500 lm �1.543 0.106 0.661 7.04E�04 0.935 1.65E�04 0.198 2.29E�04 1.919 4.47E�02 0.073 7.52E�04

NWA 1943 howardite
<45 lm �0.751 �0.115 0.536 3.65E�04 0.940 9.59E�05 0.191 1.76E�04 1.051 3.16E�02 0.074 6.09E�04
45–90 lm �1.008 �0.115 0.669 5.72E�04 0.939 1.31E�04 0.197 2.16E�04 1.493 3.92E�02 0.074 7.58E�04
90–250 lm �1.443 0.027 0.674 6.20E�04 0.940 1.56E�04 0.203 2.19E�04 2.179 4.17E�02 0.070 7.86E�04
250–500 lm �1.439 0.025 0.676 6.02E�04 0.941 1.52E�04 0.204 2.15E�04 2.168 4.05E�02 0.070 7.73E�04

NWA 5748 howardite
<45 lm �0.594 �0.110 0.533 7.12E�04 0.937 1.79E�04 0.198 3.54E�04 0.413 5.98E�02 0.084 9.91E�04
45–90 lm �1.066 �0.065 0.827 1.13E�03 0.937 2.15E�04 0.200 2.99E�04 1.918 5.76E�02 0.079 9.62E�04
90–250 lm �1.264 0.037 0.689 8.24E�04 0.938 1.92E�04 0.206 2.73E�04 1.805 5.05E�02 0.075 8.48E�04
250–500 lm �1.223 0.042 0.568 4.50E�04 0.941 1.24E�04 0.201 1.74E�04 1.829 3.34E�02 0.065 5.66E�04

NWA 5751 howardite
<45 lm �0.552 �0.185 0.820 6.00E�04 0.930 1.00E�04 0.186 1.59E�04 1.267 3.12E�02 0.060 5.33E�04
45–90 lm �0.940 �0.248 1.170 1.32E�03 0.931 1.71E�04 0.190 2.25E�04 2.133 4.73E�02 0.061 7.99E�04
90–250 lm �1.219 �0.139 1.040 1.02E�03 0.932 1.57E�04 0.191 1.89E�04 2.579 4.16E�02 0.061 6.94E�04
250–500 lm �1.287 �0.108 0.856 7.29E�04 0.934 1.40E�04 0.195 1.67E�04 2.631 3.60E�02 0.059 6.01E�04

NWA 6013 olivine-rich diogenite
<45 lm �0.996 �0.005 0.550 8.13E�04 0.925 2.18E�04 0.196 1.55E�04 0.000 1.13E�04 0.115 1.27E�03
45–90 lm �1.584 0.163 1.051 9.19E�04 0.926 1.31E�04 0.195 2.67E�04 1.723 4.14E�02 0.081 1.06E�03
90–250 lm �1.963 0.189 0.985 7.79E�04 0.924 1.35E�04 0.185 1.84E�04 3.402 3.54E�02 0.070 7.67E�04
250–500 lm �2.425 0.252 0.541 6.86E�04 0.926 2.45E�04 0.203 2.40E�04 3.946 5.70E�02 0.083 8.63E�04

NWA 6477 eucrite
<45 lm �0.464 �0.378 0.546 4.30E�04 0.948 1.10E�04 0.187 2.47E�04 1.542 3.92E�02 0.067 1.01E�03
45–90 lm �0.785 �0.530 0.778 8.46E�04 0.950 1.72E�04 0.196 3.17E�04 2.046 5.28E�02 0.073 1.27E�03
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Table 5 (continued)

c0 c1 BD D l D FWHM D t D k D

90–250 lm �1.098 �0.389 0.699 6.59E�04 0.953 1.48E�04 0.186 3.76E�04 2.781 4.88E�02 0.050 1.62E�03
250–500 lm �1.234 �0.127 0.555 4.09E�04 0.952 1.14E�04 0.190 3.28E�04 2.497 4.46E�02 0.061 1.46E�03

Talampaya cumulate eucrite
<45 lm �0.594 �0.030 0.672 4.76E�04 0.932 1.04E�04 0.197 1.59E�04 1.424 3.00E�02 0.062 5.12E�04
45–90 lm �1.018 0.103 0.963 1.09E�03 0.930 1.96E�04 0.201 2.22E�04 2.903 4.81E�02 0.065 7.89E�04
90–250 lm �1.332 0.139 1.081 1.12E�03 0.931 1.92E�04 0.207 2.04E�04 3.326 4.47E�02 0.070 7.15E�04
250–500 lm �1.385 0.219 0.983 9.46E�04 0.931 1.79E�04 0.212 1.96E�04 3.120 4.12E�02 0.068 6.68E�04

Tatahouine diogenite
<45 lm �0.541 �0.005 1.022 5.34E�04 0.924 7.06E�05 0.193 1.24E�04 0.810 2.27E�02 0.042 3.90E�04
45–90 lm �0.855 �0.005 1.745 1.36E�03 0.923 1.19E�04 0.194 1.58E�04 2.018 3.27E�02 0.034 5.64E�04
90–250 lm �1.071 �0.020 1.826 1.30E�03 0.923 1.26E�04 0.193 1.24E�04 3.607 3.12E�02 0.034 5.06E�04
250–500 lm �1.285 �0.095 1.698 1.16E�03 0.926 1.39E�04 0.200 1.15E�04 4.823 3.26E�02 0.029 4.87E�04

Fig. 16. (a) Continuum slope versus spectral reflectance at 0.56 lm for intimate and areal Millbillillie + Murchison mixture series, and Millbillillie and PRA 04401 grain size
series. The shaded area marks the blue-sloped continuum region. Symbols are the same as in Fig. 15. Based on the continuum slope, we are able to isolate the grain size effect
on spectral properties. (b) Pyroxene band I depth versus EGO t parameter. Samples from the grain size series show high t values but band depths span a wide range of values.
Sample from the Millbillillie + Murchison mixtures show linear relationships but in opposite directions. (c) Absorption band t values versus continuum slope. The
combination of these two parameters clearly allows the samples with intermediate to coarse grain sizes to be isolated from fine-grained mixtures. (d) Band II depth versus t
value for the intimate Millbillillie + Murchison mixture series and the various HEDs used in this study for the various grain sizes. Symbols increase in size for the grain size
series <45, 45–90, 90–250, and 250–500 lm. We also observe linear relationships in mixtures with opposite directions. See text for explanation.
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04401 spectra, intimate mixtures with up to 60 wt.% CM2, and
areal mixtures with up to 90 wt.% CM2, all fail to display resolvable
CM2-associated absorption bands. Of the expected CM2 bands, the
Fe2+–Fe3+ phyllosilicate-associated charge transfer band, which is
nearly ubiquitous in CM2 spectra (Cloutis et al., 2011), should be
the most detectable. It falls outside the major pyroxene absorption
band region, unlike the phyllosilicate/olivine Fe2+ charge transfer
bands near 0.9 and 1.1 lm. However its presence is only inferred
from a general flattening of the relevant spectra in the 0.7 lm re-
gion; the band seen in the Murchison spectrum at 0.75 lm
(Fig. 9b) is not apparent in the PRA 04401 and Millbillillie + Murch-
ison mixture spectra.

7.5. Shock effects

JaH 626 is a shocked eucrite. Spectrally, it differs from the other
eucrites included in this study in having its absorption bands lo-
cated at longer wavelengths, lower reflectance, and shallower
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absorption bands; however its BARs fall within the field occupied
by the other eucrites (Table 3). Lower overall reflectance and shal-
lower absorption bands have been documented in shocked ensta-
tite (Adams et al., 1979) and shock-blackened chondrites (Britt
and Pieters, 1994). The movement of the absorption bands to long-
er-than-expected wavelengths is consistent with the amorphiza-
tion of pyroxene, as Fe2+-associated absorption bands in glassy
mafic materials are found at wavelengths longward of the pyrox-
ene field. Other shocked eucrites examined by Burbine et al.
(2001) do not appear to exhibit a shift in band positions but may
be darker than comparable unshocked eucrites. The spectral
parameters for JaH 626 suggest that shocked materials, if present
on Vesta, will be most recognizable by a combination of band cen-
ters and BARs. The XRD data for JaH 626 indicate that it contains
both crystalline and glassy materials, but the amount of amor-
phous or poorly crystalline material cannot be quantified from
our existing data.
8. Evidence for carbonaceous chondrite material on Vesta

In addition to the direct identification of carbonaceous chon-
drite xenoliths in a number of HEDs (discussed above), there is
observational evidence for the presence of carbonaceous chondrite
material on Vesta. Elemental mapping of hydrogen distribution
across Vesta shows that the highest distributions coincide with
lower albedo regions. Younger terrains, such as the Rheasilvia ba-
sin, show the lowest hydrogen concentrations. This areal distribu-
tion is most consistent with the gradual accumulation of hydrogen
by infalling carbonaceous chondrites, and subsequent removal or
burial of this material by large impacts (Prettyman et al., 2012).

More indirect evidence also comes from the presence of pitted
terrains in and around impact craters on Vesta. These terrains are
thought to form from degassing of volatile-bearing materials
heated by the impact. One possible source of the volatiles is
impacting carbonaceous chondrites (Denevi et al., 2012).
9. ‘‘Cloudy’’ pyroxene

Cloudy pyroxenes, found in Millbillillie, contain submicron
inclusions of opaque minerals, such as chromite. Their origin is
not well-defined at present, but may be indicators of thermal
metamorphism (Moroz et al., 2011). Cloudy pyroxenes are darker,
more red-sloped below �1.5 lm, and more blue-sloped beyond
1.5 lm than opaque-free pyroxenes (Moroz et al., 2011). Fig. 15
shows the spectral parameters for the cloudy pyroxene in Millbil-
lillie measured by Moroz et al. (2011). It can be seen that even
though it is dark, its absorption bands are both narrower and dee-
per than bulk Millbillillie, different than the trends seen for
increasing grain size or increasing CM2 abundance. A narrow and
deep absorption band is consistent with a compositionally re-
stricted, well-ordered pyroxene. In contrast, bulk Millbillillie con-
tains compositionally diverse pyroxenes (which would result in a
wider absorption band), shocked and poorly crystalline materials
(leading to shallower and wider absorption bands), and plagioclase
feldspar (causing shallower pyroxene absorption bands) (e.g.,
Fitzgerald, 1980; Yamaguchi et al., 1994).

Moroz et al. (2011) found that cloudy pyroxene has a similar
band I center to bulk Millbillillie, but will shift apparent band II
centers to shorter wavelengths. As discussed below, abundant
cloudy pyroxenes may explain the offset of band I versus band II
centers of HEDs compared to some V-type asteroids, although Ves-
ta falls within the eucrite field for these spectral parameters
(Moskovitz et al., 2010). While the relationship and importance
of cloudy pyroxenes to bulk HED spectra, and the larger issue of
space weathering are outside the scope of this paper, they may
prove important for understanding the spectral properties and
importance of space weathering for Vesta and V-type asteroids
(e.g., Moskovitz et al., 2010; Pieters et al., 2012a,b).
10. Spectral offsets between HEDs and V-asteroids

Moskovitz et al. (2010) examined a large number of HED and V-
type asteroid spectra. He found that the V-type asteroids were
somewhat offset from the HEDs in terms of having longer band
centers and higher BARs. They speculated that the larger than ex-
pected BARs and band I or II centers in the V-asteroids are consis-
tent with space weathering. They also found that the BAR of larger
grain size HEDs (Duffard et al., 2005) does not match the mean va-
lue of the V-asteroids.

The effects of space weathering on HEDs are not well under-
stood (Gaffey, 2010; Pieters et al., 2012a,b). Different studies sug-
gest that space weathering of HEDs may lead to increases
(Vernazza et al., 2006) or decreases (Wasson et al., 1997, 1998)
in BARs; band I centers generally increase in wavelength, while
band II centers decrease in wavelength (Moskovitz et al., 2010).
In addition, Li et al. (2011) found little evidence in the ultraviolet
spectrum of Vesta to suggest that space weathering has been per-
vasive. Preliminary observational evidence suggests that space
weathering as experienced by Vesta does not involve the accumu-
lation of nanophase iron but rather appears to be limited to a gen-
eral overall darkening and ‘‘fading’’ of distinctive spectra into the
background, consistent with regolith gardening being a dominant
process (Pieters et al., 2012a,b). Remnant magnetization of the
ALH 81001 eucrite, presumed to originate from Vesta, suggests
that Vesta may have had a sufficiently strong magnetic field to lar-
gely minimize solar wind ion-generated space weathering on its
surface (Fu et al., 2012).

In our study, we have found that a simultaneous increase in BAR
and one or both band centers is consistent with a small increase in
average HED grain size, but not with increasing CM2 content; it is
also consistent with space weathering of HEDs as determined by
some investigators (Vernazza et al., 2006; Moskovitz et al., 2010).
The coarsest-grained PRA 04401 sample (90–250 lm) has the
highest BAR, with a value of 2.5 (Table 3), consistent with the field
occupied by V-asteroids, but its band depths are consistently lower
than those of the V-asteroids (Moskovitz et al., 2010). This suggests
that CM2-rich HED assemblages among V-asteroids are not wide-
spread and cannot account for the offset between HED and V-aster-
oid spectra. A more detailed analysis of this offset is currently in
progress.
11. Eucrite–diogenite mixing and relationships to howardites

Beck et al. (2011) examined the spectral properties of HEDs,
including newly identified olivine diogenites. They found that
howardites exhibit band I and/or band II centers at values higher
than expected based on simple mixing relationships between diog-
enites and eucrites. They speculated that this could be due to the
presence of impact melts or exogenous material. As CM chon-
drite-type material is the most common type of exogenous mate-
rial in howardites, our results can help address this question. We
find that the addition of CM2 material to a eucrite causes band cen-
ters to move in a direction inconsistent with the apparent offset of
the howardites (Fig. 17). This suggests that other factors likely ac-
count for the spectral offset. Using JaH 626 as an example of how
shock affects HEDs, its Band I and II centers are located well be-
yond the other eucrites (0.985 versus 0.959 lm and 2.141 versus
2.063 lm). The difference between the highest wavelength eucrite
in this study and JaH 626 is greater for band II (78 nm) than for
band I (26 nm), suggesting that while shock would move eucrite



Fig. 17. Band I versus band II� position of average eucrites, howardites and
diogenites from Beck et al. (2011). Tie lines show the offset of the howardites from
average eucrite and diogenite points. Data for the eucrite + CM2 intimate series
spectra and for JaH 626 are also shown with direction of movement of the band
positions with increasing CM2 content.

Fig. 18. Reflectance at 0.56 lm versus 0.749/0.917 lm reflectance ratio for
Millbillillie eucrite grain size series (filled squares), PRA 04401 howardite grain
size series (filled triangles), eucrite + CM2 intimate mixture series (open squares),
and eucrite + CM2 areal mixture series (open triangles). The spectral data for cloudy
pyroxene in the Millbillillie eucrite from Moroz et al. (2011) is also shown. See
Table 4 for description of samples.

Fig. 19. Reflectance at 0.75 lm versus 0.75/0.92 lm reflectance ratio. The three
polygons with heavy outlining are representative data for (from left to right) dark,
average, and bright terrains on Vesta from McCord et al. (2012). The polygon with a
thinner outline is the region occupied by spectra of dark material in Cornelia crater
(Reddy et al., 2012c). Filled squares are the data points for the <45 lm fractions of
our HEDs, open squares are for the various >45 lm fractions and slabs; the
connected open triangles are for our intimate <45 lm Millbillillie + Murchison
series, with pure Millbillillie at the rightmost point, and pure Murchison at the
leftmost point. The large filled triangle is the point for the <45 lm fraction of PRA
04401, and smaller filled triangles are for the larger grain sizes and slab of this
meteorite.
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points to the upper right in Fig. 17, there may be a greater shift in
band II causing shocked materials to preferentially move upwards,
possibly accounting for some of the apparent offset of the howar-
dites from the diogenite–eucrite join.

12. Dawn FC band passes

Le Corre et al. (2011) deconvolved the eucrite + CM2 mixtures
to Dawn FC band passes to search for spectral differences com-
pared to HEDs, but HED grain size effects and PRA 04401 were
not included in their analysis. They found that the presence of inti-
mately mixed CM2 material exponentially lowers reflectance in all
FC bands and reduces band depth in the 1 lm region. They also
suggested that albedo alone is not a sufficient criterion to recog-
nize the presence of CM2 material on Vesta.

The results of the current study suggest that the seven FC band
passes alone may be sufficient to discriminate the effects of
increasing HED grain size from increasing CM2 content, since
increasing HED grain size results in deeper absorption bands, while
increasing CM2 content leads to shallower absorption bands; the
longest wavelength FC bands (F3, F6, F4, and F5), which cover
the 1 lm pyroxene absorption band, are most useful in this regard.
As an example, Fig. 18 shows the relationship between albedo,
grain size, and CM2 abundance. As expected, the trajectories for
CM2 abundance and grain size are different. Increasing CM2 abun-
dance leads to lower albedo and lower 0.749/0.917 lm reflectance
ratio (as a proxy for band depth). Increasing HED grain size leads to
lower albedo and higher 0.749/0.917 lm ratios, until band satura-
tion occurs. Also, PRA 04401 plots within the field occupied by eu-
crite + CM2 mixtures.

McCord et al. (2012) and Reddy et al. (2012c) examined the nat-
ure of dark material on Vesta using Dawn FC and VIR data. Model-
ing of the VIR data by McCord et al. (2012) suggested that the dark
spectral end member has reflectance <11% across the 1.1–2.3 lm
wavelength interval and is somewhat red-sloped, with a 2.3/
1.1 lm reflectance ratio of �2 and with no resolvable absorption
bands. CM chondrites are generally darker (usually by a few per-
cent) and less red-sloped (usually by about 30%) than this dark
end member; however, these differences are not considered signif-
icant, given the spectral diversity of CM chondrites (Cloutis et al.,
2011).

Using FC data, McCord et al. (2012) also found that pyroxene
absorption strengths (as measured by the 0.75/0.92 lm reflectance
ratio) correlated with material brightness as measured by reflec-
tance at 0.75 lm. Both McCord et al. (2012) and Reddy et al.
(2012c) determined that the dark material is most consistent spec-
trally with carbonaceous chondrites. The Vesta dark terrains have
lower 0.75 lm reflectance and 0.75/0.92 lm ratioed reflectance
than bright and intermediate terrains, which all lie along a trend,
suggesting a mixing line.

We plotted the data for our HEDs and HED + Murchison mix-
tures using these same spectral parameters (Fig. 19). As noted by
McCord et al. (2012), the data that they present are representative
and the full global data set would show a continuum of points
along this trend; Reddy et al. (2012c) defined a cluster of points
for dark terrains in Cornelia crater. We find that our <45 lm HED
spectra fall outside the fields defined by the Vesta points, including
bright terrains, but generally along the same trend; specifically
they are brighter and have a deeper absorption feature. The pres-
ence of HED data points outside the bright terrain region of this
spectral field probably reflects the fact that pyroxenes on the sur-
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face of Vesta, even in the brightest terrains are neither pristine nor
of a uniformly fine grain size. When larger grain size powders and
slab spectra are included, the field occupied by the HEDs expands
greatly, with these samples generally falling above the trend, indi-
cating a deeper absorption feature and lower albedo.

The trend line for Vesta is mostly correlated with absolute
reflectance, and less correlated with band depth. Given the scatter
in the HED laboratory spectra, both darkening and darkening plus
band depth reduction could explain the offset. Increasing HED
grain size could also account for some of the offset as, with increas-
ing grain size, reflectance generally decreases while band depth
initially increases and then decreases as absorption bands reach
saturation. Thus, processes such as shock darkening (due to dis-
persal of spectrally neutral opaques) or the addition of CM2 mate-
rial across Vesta could explain the offset; increasing grain size
could also account for this, but would require specific amounts of
coarse-grained particulates and/or slabs.

The olivine-rich diogenite, NWA 2968 plots below the trend,
consistent with the expected behavior of olivine; increasing olivine
will cause movement orthogonal to the trend, but the magnitude
of movement is not very large. The <45 lm PRA 04401 sample falls
within the dark terrains field, while the larger PRA 04401 samples
fall near, but above the dark terrains field. The intimate Millbillil-
lie + Murchison mixture spectra also fall along the trend, and mix-
tures containing between �40 and 60 wt.% Murchison (the highest
abundance of Murchison included in our intimate mixtures) fall
within the Vesta dark terrain field. Pure Murchison falls outside
the dark terrains field (lower reflectance and band depth than
the dark terrain), but along the trend.

These results suggest that carbonaceous chondrites are a viable
explanation for the darkening material, supporting the conclusions
of Reddy et al. (2012c) who also examined other possible causes of
the darkening, such as opaque-rich and quenched eucrites (Mayne
et al., 2010). It appears that carbonaceous chondrite material is the
most plausible candidate for the darkening agent, and is more con-
sistent with the data than changes in HED grain size. The data also
suggest that, if the darkening material is similar to Murchison and
intimately mixed with HED materials, its abundance in the darkest
terrains presented in McCord et al. (2012) and Reddy et al. (2012c)
is on the order of 40–60 wt.%.
13. Summary and conclusions

Discriminating the spectrum-altering effects of the addition of
CM2-type materials to HEDs from those caused by variations in
grain size is not straightforward. Some difficulties arise from the
spectral diversity of HEDs, as well as additional confounding fac-
tors such as shock and the presence of non-CM2 opaques. Both
increasing grain size and increasing abundance of CM2 material
cause HED meteorite spectra to darken. The largest decrease in
reflectance and largest increase in band depth generally occurs
when going from the <45 to the 45–90 lm size fractions. Toward
larger grain sizes (90–250 and 250–500 lm) reflectance and band
depths may be unchanged, decrease or increase. Slab spectra are
always darker and more blue-sloped than <45 lm powder spectra.

The presence of CM2 material can cause HED band minima to
shift to shorter wavelengths, and band depths to decrease, but
band centers are relatively unaffected, and BARs vary in generally
non-systematic ways. The presence of even substantial amounts
of CM2 material (>60 wt.%) in both areal and intimate mixtures
does not result in the appearance of the weak, but characteristic
CM2 absorption bands in the 0.7–1.2 lm region. However CM2
material could be recognized on Vesta if it occurs as discrete sur-
face deposits rather than being mixed with HED materials. The
physical characteristics of PRA 04401, specifically intact clasts of
CM2 material, suggest that discrete areas of CM2 material could
exist on Vesta. If this is the case, such deposits may be recognizable
by the appearance of CM2-associated absorption features. Because
HED pyroxene is so strongly featured, CM2 abundances must be
well in excess of 80 wt.% to allow for the appearance of their much
weaker phyllosilicate absorption bands. CM2 material may also
cause a reddening of spectral slope and a shifting of pyroxene band
minima to shorter wavelengths, although CM2 chondrites can ex-
hibit a range of spectral slopes.

Increasing HED grain size compared to the addition of CM2 can
best be recognized by how they affect pyroxene band depths and
albedo, to a lesser extent, band widths. Pyroxene band depths
and widths both increase with increasing HED grain size, at least
for <45 and 45–90 lm size fractions, while both spectral parame-
ters decrease with increasing CM2 abundance, at least for intimate
mixtures. HED pyroxene absorption bands appear to reach satura-
tion in the 60–170 lm grain size region, with band I saturating at
smaller grain sizes than band II. Band I centers are largely insensi-
tive to HED grain size variations or CM2 abundances, while Band II
center position increases slightly with increasing grain size, and
decreases with increasing CM2 abundance. The latter effect is
probably due to the red-sloped nature of the CM2 spectrum and
the broad and shallow nature of the pyroxene band II absorption.
Band area ratios show less consistent behavior, likely due to band
saturation effects in the HEDs and CM2-induced slope changes in
the mixtures. The presence of submicron opaques in HED pyrox-
enes can lead to large variations in all spectral parameters.

Various spectral parameters allow the effects of addition of CM2
material to be separated from increasing HED grain size. Useful
parameters include the relationship between reflectance at 0.56
or 0.75 lm versus band I depth, 0.75/0.92 lm reflectance ratio,
or band II depth. With increasing CM2 abundance, both reflectance
and band depth decrease, while for increasing HED grain size,
reflectance decreases and band depth increases, at least initially.
When band widths are compared to band depths, increasing CM2
leads to a decrease in band depth and width for intimate mixtures
versus increasing depth and width for increasing HED grain size, at
least initially. Additional measures of absorption band parameters,
such as the t value (Pompilio et al., 2009, 2010), which measures
degree of saturation versus band depth, shows that both parame-
ters increase with increasing grain size, at least initially, and de-
crease with addition of CM2 material in intimate mixtures.

While the addition of CM2 material to HEDs results in decreas-
ing pyroxene band depths and overall reflectance, and no change in
pyroxene band positions, the effects of shock are the same on band
depths and overall reflectance, but appear to shift pyroxene
absorption bands to well outside the HED field.

It appears that detection and characterization of CM2-bearing
HEDs is possible with the robustness of the solution increasing as
CM2 content increases. The application of multiple spectral param-
eters is required to confidently recognize the presence of CM2 type
material. Discriminating the spectrum-altering effects of CM2
material from HED grain size variations is possible, with the confi-
dence in the interpretation increasing as a larger range of spectral
parameters are applied to the analysis. It appears that quantitative
determinations of CM2 abundance or changes in HED grain size
will be less tractable than determining relative changes in these
properties.
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Appendix A. Description of meteorite used in this study

A.1. JaH 626 – shocked eucrite

JaH 626 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
plagioclase, 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)
polymict eucrite that contains coarse- and fine-grained clasts, as
well as granulitic breccias and impact melts (Mason et al., 1979;
Fitzgerald, 1980; Yamaguchi et al., 1994). Its host pigeonite and au-
gite lamellae are homogenous and show partial inversion to orth-
opyroxene. Pyroxene compositions fall along a tie line from
Ca2Mg32Fe66 to Ca45Mg29Fe26, while plagioclase feldspar ranges
from �An81 to An94 (Yamaguchi et al., 1994). Minor minerals in-
clude submicron chromite, ilmenite, and troilite (Yamaguchi
et al., 1994). Its modal mineralogy includes 57.2% pyroxene and
37.1% plagioclase feldspar (Kitts and Lodders, 1998). Our XRD Riet-
veld analysis indicates the following phase abundances: 49 wt.%
plagioclase, 24 wt.% pigeonite, 12 wt.% augite, 14 wt.% orthopyrox-
ene, and minor amounts (<1 wt.%) of ilmenite, chromite, and
troilite.

A.3. Murchison (CM2.5/2.7: Fall: 1969)

Petrography: Multiple analyses are available for Murchison. Zo-
lensky et al. (1993) determined modal abundances from point
counting for phases >5 lm in size (phases <5 lm in size are rele-
gated to matrix) as follows: <1% tochilinite, 72% matrix, 1% chon-
drule rims, and 2% phyllosilicates. McSween (1979) used optical
point counting to determine phase abundances of 63.6 vol.% ma-
trix, 0.6 vol.% opaque minerals, 11.4 vol.% monominerallic grains
and fragments (mostly olivine), 16.1 vol.% chondrules and poly-
minerallic fragments, and 8.3 vol.% AOIs and CAIs. Howard et al.
(2009), from XRD modal analysis found 15.1 vol.% olivine,
8.3 vol.% enstatite, 1.2 vol.% calcite, 0 vol.% gypsum, 1.1 vol.% mag-
netite, 0.7 vol.% pentlandite, 1.2 vol.% pyrrhotite, 50.3 vol.% Fe-
cronstedtite, and 22.2 vol.% Mg-serpentine. The results of point
counting by Rubin et al. (2007) were 0.11 vol.% Fe–Ni–metal, 1–
2 vol.% Ca carbonates, 0.55 vol.% sulfides (occurring as 20–40 lm-
sized grains of pyrrhotite and pentlandite), and abundant PCP.
Browning et al. (1991), from modal analysis found <1% tochilinite,
72% matrix, 1% chondrule rims, and 2% phyllosilicates. Grossman
and Olsen (1974) found that white inclusions constitute 23 vol.%
of this meteorite, and that mineral grains and fragments are �6–
10 times more abundant than true chondrules. Fuchs et al.
(1973) determined that metal is rare, and troilite is much more
abundant than pentlandite, that calcite is ubiquitous in the black
matrix, small amounts of preterrestrial gypsum appear to be pres-
ent, and that Murchison contains some C3 xenoliths (Olsen et al.,
1988). Areal abundance of CAIs is 0.97% (Hezel et al., 2008). Wat-
son et al. (1975) determined an upper limit of 0.75 wt.% magnetite
on the basis of thermomagnetic analysis. Carbon, sulfur, water: To-
tal S content is 3.38 wt.%, and is present in elemental, sulfide,
tochilinite, and sulfate forms, with the sulfide and tochilinite forms
dominating (Burgess et al., 1991). Water content is 10.1 wt.%
(Jarosewich, 1971), or 12.1 wt.% (total), and 8.8% above 105 �C
(Fuchs et al., 1973). C content is variously given as 1.9 wt.% (Jarose-
wich, 1971), 1.85 wt.% (Jarosewich, 1990), 2.70 wt.% (Pearson et al.,
2006), or 0.83 wt.% (Alexander et al., 2007). Approximately 70–75%
of the C in Murchison is present as large polyaromatic units (Gardi-
nier et al., 1999). The fraction of aromatic carbon is 0.63 according
to Cody et al. (2003). NMR spectra show the presence of both ali-
phatic and aromatic carbon in the insoluble organic matter (Yabuta
et al., 2005). Micro-Raman spectroscopy shows that every mineral
grain less than a few microns in size is encased in a thin carbona-
ceous matrix, which accounts for only 2.5 wt.% (El Amri et al.,
2005). Mafic silicates: Olivine is the next most abundant phase after
phyllosilicates and ranges from Fa0 to Fa85; the most common oliv-
ine inclusions are Fa1 to Fa5 (Fuchs et al., 1973). Matrix and chon-
drule rims: Murchison contains 50 wt.% (Grossman and Olsen,
1974), 58 wt.% (McSween, 1979), or 63.6 vol.% matrix (Alexander
et al., 2007). The matrix is deep black and featureless and exhibits
inclusions of single crystals and crystal fragments, polyminerallic
inclusions, chondrules, and xenolithic fragments (Fuchs et al.,
1973). The matrix comprises 77 vol.% of the meteorite by point
counting and contains 1.6–2.2 wt.% C and 1.6–4.1 wt.% S, and an
Fe–S–O-rich phase (Fuchs et al., 1973). Murchison contains abun-
dant matrix composed largely of tochilinite and cronstedtite, with
serpentine being the other major matrix constituent according to
Bland et al. (2004). The matrix is composed mainly of serpentine
with an Fe/(Fe+Mg) ratio of 0.3 that is intimately associated with
an abundant Fe–Ni–O–S phase (Noro et al., 1980). Murchison ma-
trix consists largely of Fe–Mg serpentine and tochilinite (interstrat-
ified Fe sulfide sheets and Fe hydroxide sheets with an
approximate formula of 6FeS� � �5Fe(OH)2; Tomioka et al., 2007).
Matrix and chondrule rims have Fe/(Fe + Mg) of 0.57–0.70 and
0.47–0.75, and wt.% S of 2.26 and 2.07, respectively (Zolensky
et al., 1993). Size separations of Murchison matrix revealed that
the 2.8 wt.% was <0.2 lm in size and composed of a serpentine-
type mineral, 5.5 wt.% was 0.2–2 lm in size and composed of ser-
pentine and minor olivine, the 2–20 lm fraction (18.5 wt.%) was
composed of approximately equal abundances of serpentine and
olivine, and the >20 lm fraction (73.2 wt.%) was dominantly oliv-
ine (Vali et al., 1998). In the <0.2 lm fraction, the organic matter
and phyllosilicates were found to be present as separate phases
(Vali et al., 1998). Phyllosilicates: Serpentine in Murchison contains
26–60 wt.% FeO (Zolensky et al., 1993). The phyllosilicates in this
meteorite exhibit platy, tubular and amorphous morphologies
(Akai, 1980). Fe/(Fe + Mg) ratios of the phyllosilicates varies from
�0.3 to �0.7 (Akai, 1980). Organic matter is closely associated with
the phyllosilicates (Pearson et al., 2002). The matrix phyllosilicates
are structurally equivalent to cronstedtite (septochlorite), chamo-
site and serpentine (Fuchs et al., 1973). Its matrix phyllosilicates
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have an Fe/(Fe + Mg) ratio of 0.50 and an Fe2+/(Fe2+ + Fe3+) ratio of
0.57; �7 vol.% of the chondrule volume is altered according to
Browning et al. (1996). Mössbauer analysis indicates 14.4% and
13.8% of the total Fe in this meteorite is present as tochilinite
and cronstedtite, respectively (Burns and Fisher, 1994). On the ba-
sis of electron microprobe analysis, stoichiometry, and XRD, Bunch
and Chang (1980) concluded that the phyllosilicates in Murchison
include cronstedtite. Petrology and alteration: Murchison is in-
cluded in the intermediate Fe-content serpentine (intermediately
altered) CM2 group of Browning et al. (1991). Its matrix phyllosili-
cate compositions and abundance indicate a low degree of aqueous
alteration; �7 vol.% of the chondrule volume is altered, among the
lowest for CM2 chondrites (Browning et al., 1996). It was assigned
to petrologic subtype CM2.5 by Rubin et al. (2007) and subtype 2.7
by Trigo-Rodriguez et al. (2006). It was identified as a stage I (un-
heated or very weakly heated, <300 �C) sample by Nakamura et al.
(2006). Mössbauer analysis was used to demonstrate that Fe3+/Fe2+

ratios and cronstedtite proportions decrease in the order: Cold
Bokkeveld > Murchison > Murray > ALH 83100, while tochilinite is
present in comparable amounts in each of these meteorites (Burns
and Fisher, 1991).

A.4. 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 mate-
rial. Compositions: clast orthopyroxene, Fs56.4–59Wo2.5–4; exsolu-
tion 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.5. 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.6. 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.

A.7. NWA 2968 – dunitic diogenite

NWA 2968 consists of a total mass of 268 g and was obtained in
Morocco in 2005 and classified as an ungrouped achondrite. 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 ac-
counts for >95 vol.% with small amounts of tiny grains (<0.03 mm)
of orthopyroxene, metal, troilite, and pyrrhotite commonly found
within fractures and as rare inclusions in olivine. Large domain off-
set, 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 Rietveld analysis indi-
cated 89 wt.% olivine, 5 wt.% chromite, 3 wt.% troilite, 2 wt.% goe-
thite (likely the result of terrestrial weathering), and a trace
amount of orthopyroxene.
A.8. NWA 5748 – howardite

NWA 5748 (provisional name) is a 37 g howardite obtained in
northwest Africa in 2008. No published compositional information
is available. It has been tentatively categorized as a howardite of
shock stage S2, a weathering grade of W1, a pyroxene composition
of Fs31.5±9, and a plagioclase composition of An90.5±4.5 (A. Bischoff,
personal communication, 2013).
A.9. 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.10. 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.11. NWA 6477 – eucrite

NWA 6477 is a 385 g eucrite found in 2010. This is a provisional
name, and no published description is available. Our XRD Rietveld
analysis found the following mineral abundances: 54 wt.% plagio-
clase, 33 wt.% pigeonite, 13 wt.% augite, and minor ilmenite, chro-
mite, and troilite.
A.12. 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 (Fs16–60Wo1–3) 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.13. 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, contain-
ing some millimeter-sized unbrecciated clasts. Pyroxene composi-
tions are En58.6–60.0Wo1.2–1.6 and En40.5Wo45.7; plagioclase
composition is An89–95, mean An92 (Grossman, 1999). Our XRD
Rietveld analysis found 65 wt.% plagioclase, 32 wt.% pigeonite,
1 wt.% augite, 2 wt.% ilmenite, and trace chromite and troilite.
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A.14. 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 othropyroxene 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
En75.0Wo1.5. Tatahouine contains many inclusions (<6% of the vol-
ume) of silica, troilite, chromite, and metal. Recently collected sam-
ples 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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