
Icarus 216 (2011) 376–386
Contents lists available at SciVerse ScienceDirect

Icarus

journal homepage: www.elsevier .com/ locate/ icarus
How to characterize terrains on 4 Vesta using Dawn Framing Camera color bands?

Lucille Le Corre a,⇑, Vishnu Reddy a,b, Andreas Nathues a, Edward A. Cloutis c

a Max-Planck-Institute for Solar System Research, Katlenburg-Lindau, Germany
b Department of Space Studies, Room 518, Box 9008, University of North Dakota, Grand Forks, ND 58202, USA
c Department of Geography, University of Winnipeg, Winnipeg, Manitoba, Canada

a r t i c l e i n f o a b s t r a c t
Article history:
Received 29 June 2011
Revised 7 September 2011
Accepted 13 September 2011
Available online 29 September 2011

Keywords:
Asteroid Vesta
Asteroids, Composition
Asteroids, Surfaces
Meteorites
Mineralogy
0019-1035/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.icarus.2011.09.014

⇑ Corresponding author. Address: Max-Planck
Research, 2 Max-Planck Strasse, 37191 Katlenburg-Li

E-mail address: lecorre@mps.mpg.de (L. Le Corre).
We present methods for terrain classification on 4 Vesta using Dawn Framing Camera (FC) color informa-
tion derived from laboratory spectra of HED meteorites and other Vesta-related assemblages. Color and
spectral parameters have been derived using publicly available spectra of these analog materials to iden-
tify the best criteria for distinguishing various terrains. We list the relevant parameters for identifying
eucrites, diogenites, mesosiderites, pallasites, clinopyroxenes and olivine + orthopyroxene mixtures using
Dawn FC color cubes. Pseudo Band I minima derived by fitting a low order polynomial to the color data
are found to be useful for extracting the pyroxene chemistry. Our investigation suggests a good correla-
tion (R2 = 0.88) between laboratory measured ferrosilite (Fs) pyroxene chemistry vs. those from pseudo
Band I minima using equations from Burbine et al. (Burbine, T.H., Buchanan, P.C., Dolkar, T., Binzel, R.P.
[2009]. Planetary Science 44, 1331–1341). The pyroxene chemistry information is a complementary ter-
rain classification capability beside the color ratios. We also investigated the effects of exogenous mate-
rial (i.e., CM2 carbonaceous chondrites) on the spectra of HEDs using laboratory mixtures of these
materials. Our results are the basis for an automated software pipeline that will allow us to classify ter-
rains on 4 Vesta efficiently.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Asteroid Vesta is the third largest asteroid in the main belt
(Thomas et al., 1997a) and is the first target of NASA’s Dawn space-
craft, which is expected to orbit Vesta for a yearlong characteriza-
tion mission starting in July 2011. Vesta is a key piece of the
terrestrial planetary formation puzzle because it is the only known
differentiated asteroid that might be largely intact today. In the
last two decades ground based (Gaffey, 1997; Reddy et al., 2010)
and Hubble Space Telescope (HST) observations (Thomas et al.,
1997b; Li et al., 2010) of Vesta have vastly improved our knowl-
edge of the asteroid’s shape, surface properties, and mineralogy.
The link between Vesta and most Howardite–Eucrite–Diogenite
(HED) meteorites is well understood (McCord et al., 1970; Binzel
and Xu, 1993; Burbine et al., 2001; McSween et al., 2010). The
South Pole impact crater that is thought to have formed during
the late heavy bombardment (Bogard and Garrison, 2003; Scott
et al., 2009) is the most probable source of the HED meteorites,
and the Main Belt and Near-Earth Vestoids (Burbine et al., 2009;
Moskovitz et al., 2010).

The framing cameras (Sierks et al., 2011) on NASA’s Dawn
mission will map the surface of Vesta in seven color filters (See
ll rights reserved.

Institute for Solar System
ndau, Germany.
Table 1) and one clear filter with up to 12 m spatial resolution
(62 m/pixel at Ceres) in an effort to constrain its surface geology,
mineralogy and cratering history. While there are two identical
cameras on Dawn for redundancy, only FC2 is used for science
operations at Vesta. The framing camera obtains 1024 � 1024 pixel
images of the surface with an angular resolution of 93 lrad/pixel.
Color images are obtained as a sequence starting with a clear im-
age (F1) followed by filters F2–F8 and then F8–F1 to save the
mechanical wear on the wheel. Hence, the color data is acquired
in the order in which the filters are placed in the wheel and not
starting with shortest wavelength filter (F8) and going to the lon-
gest (F5). A detailed description of the engineering (electronics
and optics), operations and basic calibration of the Dawn FC are gi-
ven in Sierks et al. (2011). Beside the FCs, two other scientific
instruments are onboard the Dawn spacecraft: a Gamma Ray and
Neutron Detector (GRaND) and a Visible and near-Infrared imaging
spectrometer (VIR). Though VIR has a significantly higher spectral
resolution (0.01–0.002 lm) than the FC (De Sanctis et al., 2011),
the spatial resolution of the FC exceeds that of VIR by a factor of
three. Thus, integration of the two instruments is critical for thor-
oughly mapping and understanding the detailed compositional
variability of the surface of Vesta. Given the limited spectral reso-
lution and wavelength range for the FC filters, extraction of tradi-
tional spectral band parameters (band centers and band areas) to
characterize surface composition would not be possible. Instead
reflectance ratios, spectral slope and ‘‘absorption band minima’’
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Table 1
List of FC filters (except clear filter) with their respective band passes width and peak.

Filter name Wavelength center (lm) FWHM (lm)

F8 0.438 0.040
F2 0.555 0.043
F7 0.653 0.042
F3 0.749 0.044
F6 0.829 0.036
F4 0.917 0.045
F5 0.965 0.086

Table 3
List of non-HED samples used within our study.

Sample type Name Description Reference

Clinopyroxene Diopside (CPX3) New York Schade et al.
(2004)

Clinopyroxene Mg-rich
Augite

(CPX4) Paskopole,
Czech Rep.

Schade et al.
(2004)

Clinopyroxene Diopsidic Auvergne, France Schade et al.
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could be employed to distinguish between howardite, eucrite and
diogenite terrains on Vesta. Here we present the best color param-
eters (reflectance ratios, slopes, pseudo band minima), which are
useful for the identification of various compositional units we ex-
pect to see on Vesta. These parameters have been selected by ana-
lyzing existing laboratory visible and near-IR spectra of HEDs,
pallasites, mesosiderites, clinopyroxenes and olivine + pyroxene
mixtures (Tables 2 and 3). We have also explored the impact of
exogenous material such as CM2 carbonaceous chondrites on spec-
tra of HEDs using laboratory mixtures. The results of this study are
presented in Section 3.1.6.
Table 2
List of HED samples used within our study.

Meteorite type Name Reference

Eucrite Juvinas Gaffey (1976)
Eucrite Sioux County Gaffey (1976)
Eucrite Pasamonte Gaffey (1976)
Eucrite A-881819 Burbine et al. (2001)
Eucrite ALH85001 Burbine et al. (2001)
Eucrite ALH-78132 Burbine et al. (2001)
Eucrite ALHA76005 Burbine et al. (2001)
Eucrite Bereba Burbine et al. (2001)
Eucrite Cachari Burbine et al. (2001)
Eucrite EET87542 Burbine et al. (2001)
Eucrite EETA79005 Burbine et al. (2001)
Eucrite GRO95533 Burbine et al. (2001)
Eucrite Ibitira From RELAB database
Eucrite Jonzac Burbine et al. (2001)
Eucrite LEW85303 Burbine et al. (2001)
Eucrite LEW87004 Burbine et al. (2001)
Eucrite Millbillillie Burbine et al. (2001)
Eucrite Moore County Burbine et al. (2001)
Eucrite Padvarninkai From RELAB database
Eucrite PCA82502 Burbine et al. (2001)
Eucrite Serra de Mage Burbine et al. (2001)
Eucrite Stannern Burbine et al. (2001)
Eucrite Y-74450 Burbine et al. (2001)
Eucrite ALHA81001 Burbine et al. (2001)
Eucrite ALHA81011 Burbine et al. (2001)
Eucrite EET92003 Burbine et al. (2001)
Eucrite EETA79006 Burbine et al. (2001)
Eucrite PCA82501 Burbine et al. (2001)
Eucrite PCA91006 Burbine et al. (2001)
Eucrite PCA91007 Burbine et al. (2001)
Eucrite Camel Donga Gaffey (1976)
Eucrite Moama Gaffey (1976)
Diogenite Tatahouine Gaffey (1976)
Diogenite Johnstown Gaffey (1976)
Diogenite GRO95555 Burbine et al. (2001)
Diogenite ALHA77256 Gaffey (1976)
Diogenite EETA79002 From RELAB database
Diogenite Y-7401 Burbine et al. (2001)
Diogenite Y-74013 Burbine et al. (2001)
Diogenite Y-75032 Burbine et al. (2001)
Diogenite Ellemeet Burbine et al. (2001)
Diogenite Aioun el Atrouss Burbine et al. (2001)
Diogenite A-881526 Burbine et al. (2001)
Diogenite LAP91900 Burbine et al. (2001)
1.1. Terrains on Vesta

Ground-based and HST observations of northern and southern
hemispheres of Vesta (Thomas et al., 1997b; Li et al., 2010; Reddy
et al., 2010) suggest that the overall background surface is domi-
nated by polymict eucrite/howardite with distinct compositional
units made of eucritic and diogenitic terrains. In addition, Gaffey
(1997) detected an olivine-rich unit on the surface of Vesta, which
was not confirmed by the latest HST observations (Li et al., 2010).
The detection of olivine within the South Pole impact crater from
ground-based rotationally resolved spectral observations remains
ambiguous (Reddy et al., 2010). Thus the confirmation of olivine-
dominated lithologies needs to wait until Dawn arrives at Vesta.
Augite (2004)
Mesosiderite Vaca

Muerta
Silicate enclave Cloutis et al.

(2006)
Mesosiderite Vaca

Muerta
Low metal area Cloutis et al.

(2006)
Mesosiderite Vaca

Muerta
Hot metal area Cloutis et al.

(2006)
Mesosiderite Vaca

Muerta
Small silicate enclave Cloutis et al.

(2006)
Mesosiderite Veramin Gaffey (1976)
Olivine Forsterite San Carlos, County,

Arizona
Cloutis et al.
(2006)

Olivine–
orthopyroxene
(Ol–OPX)

90:10 (Ol:OPX) Cloutis et al.
(2006)

Olivine–
orthopyroxene

80:20 (Ol:OPX) Cloutis et al.
(2006)

Olivine–
orthopyroxene

70:30 (Ol:OPX) Cloutis et al.
(2006)

Orthopyroxene Enstatite Bamle, Norway Cloutis et al.
(2006)

Pallasite Imilac Mostly olivine Cloutis et al.
(2006)

Pallasite Imilac Mostly olivine, has
lacquer bands

Cloutis et al.
(2006)

Pallasite Imilac Olivine + metal Cloutis et al.
(2006)

Pallasite Imilac Olivine + metal Cloutis et al.
(2006)

Pallasite Imilac Olivine + metal, has
lacquer bands

Cloutis et al.
(2006)

Pallasite Imilac Olivine + metal, has
lacquer bands

Cloutis et al.
(2006)

Pallasite Imilac Olivine, has lacquer
bands

Cloutis et al.
(2006)

Pallasite Imilac Dark olivine Cloutis et al.
(2006)

Pallasite Imilac Olivine + metal Cloutis et al.
(2006)

Pallasite Imilac Olivine Cloutis et al.
(2006)

Pallasite Imilac Olivine Cloutis et al.
(2006)

Pallasite Imilac Olivine Cloutis et al.
(2006)

Pallasite Imilac Olivine Cloutis et al.
(2006)

Pallasite Imilac Olivine + metal Cloutis et al.
(2006)

Pallasite Marjalahti From RELAB
database
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Several other meteorites have been linked to the HED group
based on their oxygen isotope ratios; these include the main group
pallasites, IIIAB irons, and mesosiderites (Mittlefehldt et al., 1998).
Therefore, they might represent other possible lithologies that
could be detected on the surface of Vesta. Here we present a brief
summary of each of these meteorite types along with one repre-
sentative color ‘‘spectrum’’ as seen through the Dawn FC filters
(Fig. 1).

1.1.1. Howardites, eucrites and diogenites
The HED meteorite suite is the largest group of igneous rocks

found in the terrestrial meteorite collection (Mittlefehldt et al.,
1998) and includes basalts, cumulate gabbros and orthopyroxenites
Fig. 1. Typical FC resampled color spectrum for each type of meteorite used in
olivine + orthopyroxene mixture, and (f) clinopyroxene.
in addition to brecciated mixtures of all these lithologies. They differ
from each other primarily based on their low-Ca pyroxene to plagio-
clase feldspar ratio. Gaffey (1976) estimated these ratios to be 3:1
for howardites, 1:1 for eucrites and 30:1 for diogenites. The average
Fe content in low-Ca pyroxene in HEDs increases from diogenites
(�Fs25) to howardites (Fs30) to eucrites (Fs60) (Gaffey, 1976).

Eucrites are surface lava flows or subsurface cumulate layers,
while diogenites are samples from deeper regions (lower crust or
upper mantle) that cooled slowly. Howardites are brecciated mix-
tures of eucrites and diogenites and often possess intermediate
characteristics. Near-IR spectra of HED meteorites show prominent
absorption bands in the 1- and 2-lm (commonly referred to as
Band I and Band II) regions due to the mineral pyroxene. Although
this study, (a) eucrite, (b) diogenite, (c) pallasite, (d) mesosiderite, (e) 50:50



Fig. 2. Plots of polynomial fit of the four last FC filters for two different
compositions (eucrite and diogenite). Each fit (in dash) is plotted along with the
original full spectrum and the spectrum resampled to FC filters (last four filters).
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significant plagioclase is present in eucrites (�50%), it is essentially
neutral with little effect on the overall spectral shape (Mayne et al.,
2010). Band I centers of eucrites range from 0.92 to 0.94 lm and
Band II centers from 1.98 to 2.07 lm, howardites from 0.91 to
0.92 lm and 1.93 to 1.96 lm, and diogenites from 0.90 to
0.93 lm and 1.89 to 1.91 lm (Gaffey, 1976). Visually, eucrites dis-
play a prominent shoulder at �1.2 lm that could be due to either
Fe2+ in the M1 site of pyroxene (Klima et al., 2008; Mayne et al.,
2010) or plagioclase (Gaffey, 1997). Fig. 1a and b show some rep-
resentative color spectra of HEDs resampled to Dawn FC filter
wavelengths.

1.1.2. Main group pallasites
Pallasites are metal–silicate mixtures that comprise approxi-

mately equal amounts of olivine phenocrysts embedded in a nick-
el–iron matrix. The nickel–iron metal is primarily in the form of
kamacite and taenite and is similar in composition to IIIAB iron
meteorites. They are thought to have formed at the core–mantle
boundary of a differentiated parent body (Mittlefehldt et al.,
1998). The main group pallasites have olivine compositions be-
tween Fa11–19 with minor low-Ca pyroxene. The typical spectrum
of a pallasite is dominated by olivine, which has a composite
absorption band at �1.0 lm. Fig. 1c shows a representative color
spectrum of a pallasite resampled to Dawn FC filter wavelengths.

1.1.3. Mesosiderites
Mesosiderites are brecciated mixtures of metal related to IIIAB

iron meteorites and silicates similar to the diogenite meteorites
from Vesta. Low-Ca pyroxene and plagioclase are the dominant
minerals with minor olivine, tridymite and calcic plagioclase.
Low-Ca pyroxene composition ranges from Fs20–40 and metal
phases are in the form of kamacite and taenite. The wt.% of silicates
ranges from 28% to 80% with the rest being metal and minor troi-
lite (Mittlefehldt et al., 1998). Mittlefehldt et al. (1998) suggested
that mesosiderites formed by impact mixing of crustal and core
components. Spectra of mesosiderites vary vastly depending on
their metal content. Fig. 1d shows an example of a color spectrum
of a mesosiderite resampled to Dawn FC filter wavelengths.

1.1.4. Olivine and pyroxene mixtures
Olivine is known to be most abundant in olivine diogenites or

within clasts in howardites, but recently several peridotites (with
>40 vol.% olivine) and dunites (with >90 vol.% olivine) have been
recovered (Bunch et al., 2010). Olivine and pyroxene mixtures
are relevant analogs for material that could be detected in the
South Pole impact ejecta on Vesta. Fig. 1e shows a representative
color spectrum of 50:50 olivine and orthopyroxene mixture resam-
pled for Dawn FC filter wavelengths.

1.2. Parameters to identify terrains on Vesta using FC data

Our aim is to use a multi parameter space, which is defined by a
combination of reflectance ratios, pseudo Band I minimum and
spectral slope in order to be able to derive compositional informa-
tion of Vestan terrains seen by FC. We examine pairs of parameters
– calculated from laboratory data for different meteorite types – to
determine which are the most effective for discriminating various
lithologies. Definitions of the relevant spectral parameters for our
study are explained in this section.

1.2.1. Reflectance ratios
Reflectance ratio is the ratio of reflectance values from two fil-

ters. Scatter plots are created by plotting reflectance ratios from
various filters and are useful to distinguish different meteorite
types. For instance, the ratio 0.75/0.92 lm could be a proxy for
the band depth of �0.9 lm pyroxene (Band I) to constrain the
pyroxene abundance. In this particular study we use the color
bands of the FC instrument as described in Sierks et al. (2011).
The most relevant scatter plots for our investigation are those in
which each meteorite type is distinctly separated in a cluster of
points.
1.2.2. Pseudo Band I minimum
This criterion corresponds to position in wavelength of the min-

imum of a given absorption band (in this case Band I) in the FC col-
or spectrum. Due to the limited wavelength range (0.43–0.98 lm)
of the FC filters, a precise determination of the mineralogical com-
position is not possible using traditional methods that employ
Band I and II centers, and the BAR (Band Area Ratio). Also, the spec-
tral resolution is insufficient to determine the Band I minima pre-
cisely. Therefore, we use a pseudo Band I minimum as a proxy for
Band I center. This parameter is calculated by fitting a 3rd order
polynomial to the four bands covering Band I (F3–F6) to retrieve
its shape. The next step is to determine the minimum wavelength
position of the polynomial fit, which is the pseudo Band I mini-
mum. Examples of polynomial fit for a sample of eucrite and a
sample of diogenite are shown Fig. 2. This is a comparison between
the full spectrum, the last four FC data points (last four filters) used
for the fit and the result of the polynomial fit for each of the
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sample. Polynomial fits and pseudo Band I minima retrieved for
both samples after resampling to FC filters are consistent with
the original spectra.
1.2.3. Spectral slope
The spectral slope is defined as the slope between the filters F3

(0.75 lm) and F4 (0.92 lm) and is controlled by the Band I mini-
mum and the overall shape of the absorption band. The slope is
shallower for olivine and high-Ca pyroxene than for orthopyrox-
ene, which shows a much steeper slope. This is because olivine
and high-Ca pyroxenes have Band I minima at longer wavelengths
(HCP: 0.91–1.06 lm; OLV: 1.06–1.09 lm) compared to low-Ca
pyroxene (0.90–0.93 lm). The slope parameter is expected to help
distinguish between olivine, high-Ca pyroxene and low-Ca pyrox-
ene because the pseudo Band I minima of olivine (>1.06 lm) is out-
side the wavelength range of FC filters (0.43–0.98 lm).
2. Description of laboratory data

Spectral data of meteorites for deriving color parameters were
obtained from literature and online spectral databases such as RE-
LAB. Table 2 lists all the HED samples used in this study along with
their type and the source from which they were obtained. A major-
ity of them were extracted from Gaffey (1976) and Burbine et al.
(2001) and are available publicly either on the PDS Small Bodies
Node or on the RELAB database. Eucrites make up a majority of this
category of meteorites with 32 different samples and include
basaltic eucrites, cumulate eucrites, vesicular basalts, and impact
melts. Diogenites are represented by 12 samples in our study.
Non-HED samples (Table 3) include 15 pallasites, 5 mesosiderites,
5 olivine–orthopyroxenes and 3 clinopyroxenes. Laboratory spec-
tra of metal + silicate mixtures like pallasites and mesosiderites
are difficult to obtain due to the way light interacts with them
and are harder to handle during sample preparation (crushing
metal + silicate components). A brief description of the character
of the material measured for each of the metal-bearing meteorites
is included in Table 3. The original wavelength range of these spec-
tra spans �0.30–2.60 lm for HED samples and 0.35–2.50 lm for
non-HED samples before being resampled to Dawn FC filter band
passes.

The Dawn FC responsivity (combination of filter, CCD and optics
transmission) measured in laboratory was employed to create a
user-defined function to resample the laboratory spectra to FC
band passes with the IDL ENVI software. This instrument function
is defined such as each filter has its own function and all functions
are stored as a spectral library. When creating the spectral library,
the input filter functions are normalized to values between 0 and 1.
For the resampling, an ENVI resampling tool was used to perform
the division of the spectral band pass curve by the integrated area
of the band pass shape to obtain unit area beneath each band pass
curve. These values are then used as multiplicative factors to
resample a spectrum. Resampled laboratory data was used for
plotting the parameters described in Section 1.2. We selected
parameter plots that can clearly distinguish various HED and
non-HED samples.
Table 4
Recommended parameter combinations for distinguishing different meteorite types and s

Diogenite/eucrite Pallasite Mesosi

Pseudo Band I minimum vs. F4/F5 (Fig. 3a) F5/F6 vs. F6/F4 (Fig. 3f) F5/F6 v
Pseudo Band I minimum vs. F7/F3 (Fig. 3b) F5/F4 vs. F3/F5 (Fig. 3g) F5/F4 v
Pseudo Band I minimum vs. F2/F7 (Fig. 3c) F5/F4 vs. F4/F8 (Fig. 3d) F3F4 sl
F5/F4 vs. F4/F8 (Fig. 3d) F3F4 slope vs. F4/F5 (Fig. 3e) F5/F3 v
F3F4 slope vs. F4/F5 (Fig. 3e) – –
3. Data analysis

3.1. Identifying terrains on Vesta

Using the dataset previously described we have created HED
and non-HED spectral libraries by using ENVI. Each spectral
parameter was used for the creation of color ratio plots with the li-
braries. Then the most interesting ones in which each meteorite
type can be clearly distinguished from the others were selected
for terrain classification. Table 4 indicates the selection of color ra-
tio scatter plots by order of importance for the identification of a
particular meteorite type. We found that no single criterion was
able to uniquely identify a specific terrain; hence we suggest the
use of multiple criteria.
3.1.1. Classifying eucrite and diogenite-dominated terrains
Identification of eucritic or diogenitic terrains is achieved by

using five plots (Table 4). The most relevant ones make use of
the pseudo Band I minimum retrieved from the resampled data
(Fig. 3a–c). The reason for this is that the band centers for eucrites
and diogenites are distinctly different due to their pyroxene chem-
istry. Band I centers of eucrites (0.92–0.94 lm) are shifted to long-
er wavelength due to their higher iron content (average Fs60)
compared to diogenites (0.90–0.93 lm). Since the Band I centers
and minima of laboratory spectra used here are nearly identical
due to the lack of spectral slope, the band minima values essen-
tially mimic band center behavior. Therefore, pseudo Band I min-
ima becomes an important parameter for distinguishing eucrites
and diogenites. This explanation is also relevant for the ratio of
F4/F5 bands (Fig. 3a). These are the last two bands (0.92 and
0.98 lm) of the Dawn FC and their ratio changes because of the
displacement of the band I center due to changing iron content.
In particular, the value of the 0.98 lm band is lower for eucrites
relative to diogenites as band I centers for eucrites are at longer
wavelength than for diogenites. This results in a higher F4/F5 ratio
for eucrites compared to diogenites. This scatter plot (Fig. 3a) al-
lows us to distinguish two groups of data points, the group on
the right is for eucrites and the area on the left is associated with
a diogenitic composition.

Fig. 3b shows pseudo Band I minimum as a function of F7/F3 ra-
tio and is similar to Fig. 3a except that eucrite color ratios are more
dispersed. Both figures are useful to separate eucritic and diogen-
itic terrains. Fig. 3c, which represents the pseudo Band I minimum
plotted as a function of the F2/F7 ratio, is also a useful criterion to
determine eucrite vs. diogenite terrains. In this figure, pseudo Band
I minima for eucrites occur roughly above 0.925 lm and the ones
for diogenites are found below. Data points are more dispersed
than for previous plots; nonetheless, two lines can be drawn to
make a classification. Three compositional zones can be drawn
from the ratio of F5/F4 vs. F4/F8 (Fig. 3d). The upper part contains
the diogenitic region, the lower part is the pallasites region and the
middle-left zone corresponds to eucrites. Various meteorite types
can be found in the middle-right zone; therefore, it is excluded
from the classification. The last plot showing the slope of F3–F4
filters as a function of F4/F5 also permits us to discriminate clearly
amples.

derite Olivine–orthopyroxene Clinopyroxene

s. F6/F4 (Fig. 3f) F5/F6 vs. F6/F4 (Fig. 3f) F5/F6 vs. F6/F4 (Fig. 3f)
s. F3/F5 (Fig. 3g) F5/F3 vs. F3/F4 (Fig. 3i) F5/F4 vs. F3/F5 (Fig. 3g)
ope vs. F4/F5 (Fig. 3e) F6/F3 vs. F2/F7 (Fig. 3j) F3F4 slope vs. F4/F5 (Fig. 3e)
s. F3/F4 (Fig. 3h) – F5/F3 vs. F3/F4 (Fig. 3i)

– F6/F3 vs. F2/F7 (Fig. 3j)



Fig. 3. Set of selected plots used to characterize the samples in FC band passes. (a) Plot of pseudo Band I minimum vs. ratio of filters F4/F5 using resampled laboratory data.
Pseudo Band I minimum is computed from a polynomial fit through the FC bands. (b) Plot of Pseudo Band I minimum vs. ratio of filters F7/F3 using resampled laboratory data.
(c) Plot of Pseudo Band I minimum vs. ratio of filters F2/F7 using resampled laboratory data. (d) Ratio F5/F4 vs. F4/F8 using resampled laboratory data. (e) Slope between
bands F3 and F4 vs. ratio F4/F5 using resampled laboratory data. (f) Ratio of bands F5/F6 as a function of F6/F4 using resampled laboratory data. (g) Ratio of bands F5/F4 vs. F3/
F5 using resampled laboratory data. (h) Ratio of bands F5/F3 vs. F3/F4 using resampled laboratory data for mesosiderites and diogenites. (i) Ratio of bands F5/F3 vs. F3/F4
using resampled laboratory data for clinopyroxene and olivine + orthopyroxene mixtures. (j) Ratio of bands F6/F3 vs. F2/F7 using resampled laboratory data.
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between eucrites and diogenites using two separating lines
(Fig. 3e).

3.1.2. Identifying pallasite-like compositions
Terrains on Vesta that may show a composition similar to pall-

asites could be determined by using four specific color ratio plots
(Table 4). The first one is the F5/F6 ratio plotted as a function of
F6/F4 (Fig. 3f). In this case, most of the pallasite data points follow
a linear trend, which is distinct from the linear trends observed for
mesosiderites, CPX, and olivine–OPX samples. They have different
ratios because the position of the 0.98-lm band changes with
changing band center. For olivines, the value for this band is much
lower relative to 0.83-lm band than for mesosiderites; hence we
see that for most pallasites the ratio falls below 1 on the y-axis.
Fig. 3g (F5/F4 vs. F3/F5) shows that the cluster of data points for
pallasites can be separated from mesosiderites or CPX. Then
Fig. 3d is useful to distinguish a pallasite composition from a
eucrite or diogenite composition. At last, Fig. 3e can be used to con-
firm identification of a pallasite if it is found in the corresponding
small cluster of data points that is clearly separated from all the
other meteorite samples (except one diogenite sample found close
to the pallasite group).
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3.1.3. Identifying mesosiderite-like compositions
The list of correlations useful for the identification of mesoside-

rites is almost the same as for the pallasites. Fig. 3f allows identi-
fication of mesosiderites because they follow a particular linear
trend. Mesosiderite data points are confined in a distinct area in
Fig. 3g, thus we can distinguish them from the clinopyroxene
and pallasite samples. F5/F3 as a function of F3/F4 in Fig. 3h can
be used to separate them from the diogenites. Despite that, in mes-
osiderites, most of the silicates are orthopyroxenes similar to diog-
enites, the presence of metal in the sample affects the overall band
depth of Band I and spectral contrast. Therefore, mesosiderite data
points plot higher than diogenites on the y-axis (ratio is around 1).
3.1.4. Identifying olivine–OPX mixtures
As for pallasites and mesosiderites, the most relevant plot to

distinguish them from other non-HED compositions is displayed
in Fig. 3f. The F5/F3 ratio vs. F3/F4 ratio (Fig. 3i) and F6/F3 ratio
vs. F2/F7 ratio (Fig. 3j) can be used to separate olivine–OPX mix-
tures from CPX composition.
3.1.5. Identifying CPX-like composition
Similarly to the three previous cases Fig. 3f and g permit distin-

guishing CPX from non-HED compositions. In addition, Fig. 3e
shows distinct clusters of points from mesosiderites and pallasites,
but also a differentiation from the eucrite and diogenite samples.
As mentioned previously, Fig. 3i and j are useful for comparison
with an olivine–OPX composition.
3.1.6. Identifying terrains rich in exogenous material
The presence of exogenous material in HED meteorites is a well-

established fact (Zolensky et al., 1996). This material is primarily in
the form of carbonaceous chondrite clasts in howardite breccia.
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Fig. 5. Reflectance at 0.555 lm as a function of CM2% in the mixture.
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Typically these clasts are present only as a minor component (<5%)
(Gounelle et al., 2003). More recent Antarctic meteorites such as
Mt Pratt (PRA) 04401 and PRA 04402 and Scott Glacier (SCO)
06040 have been reported to have extremely high amount of car-
bonaceous chondrite material (Herrin et al., 2011). These authors
report that PRA 04401 contains up to 60% carbonaceous chondrite
fragments and is the most chondrite-rich howardite known. Based
on this evidence it is logical to assume that the surface of Vesta
consists of regolith that contains between 5% and 60% CM2 carbo-
naceous chondrite material.

In an effort to characterize the effect of exogenous carbona-
ceous chondrite material we conducted laboratory spectral exper-
iments using mixture of a eucrite (Millbillillie) and CM2
carbonaceous chondrite (Murchison) in 5%, 10%, 20%, 30%, 40%,
50%, and 60% mixtures. Fig. 4 shows spectra of the mixtures resam-
pled to FC band passes similarly to other meteorites in this study. It
is very clear that the primary effects of CM2 material on HED spec-
tra are the decrease in the overall reflectance and the suppression
of the 1-lm band. This is better illustrated in Fig. 5, which shows
Fig. 4. Dawn FC resampled color spectra of eucrite Millbillillie and CM2 carbona-
ceous chondrite Murchison.
the reflectance at 0.555 lm (filter F2) as a function of CM2% in
the mixture. The errors plotted are 1-sigma. The reflectance drops
exponentially as the amount of CM2 increases. By quantifying this
decrease, one can constrain the amount of exogenous material in
the mixture based on the assumption that the drop is only due
to carbonaceous chondrite contamination and not due to other fac-
tors such as space weathering.

CM2% ¼ 36;625 � R4 � 38;284 � R3 þ 14;579 � R2 � 2530:1 � R

þ 189:8

R = Reflectance at 0.555 lm (filter F2).
Fig. 6 shows % of CM2 in laboratory mixtures on the x-axis and

calculated CM2% on the y-axis from the above equation with a v2

of 0.99. For this sample mixture, the above equation can give a very
accurate estimation of the CM2% of the surface observed by FC.
Nonetheless, several caveats need to be noted before application
of this equation. First, a majority of the howardites has minor
amount of CM2 clasts (<5%). As a consequence, a simpler linear
fit might be enough to estimate minor amounts of CM2 on Vesta’s
surface. Secondly, the 100% pure eucrite sample used here has a



Fig. 6. Comparison of CM2% calculated vs. measured in CM2 + Eucrite mixtures. The
calculated CM2% is based on the correlation in Fig. 5.
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reflectance of �40% at 0.555 lm, which is similar to Vesta’s visual
albedo. This might not be necessarily the case for all pristine ter-
rains on Vesta. Therefore, it might be essential to establish a base
albedo for pristine areas on Vesta before using the reflectance at
0.555 lm to constrain the CM2% of a dark region. While band
depth (0.749/0.917 ratio) is also affected by varying CM2%
(Fig. 7), it is harder to decouple the effects of particle size, phase
angle, temperature, and mafic mineral abundance on band depth.
Moreover, lunar-style space weathering can suppress bands and
can reduce the overall albedo of the surface. But such space-weath-
ered regions, if present, should be visible on a regional/global scale
rather than localized in smaller areas like impact craters. Thus we
suggest the use of band depth only in conjunction with the drop in
albedo to infer possible contamination by exogenous materials.
Assuming that the band depth (0.749/0.917) is only affected by
CM2 material in the mixture, we can constrain the % of CM2 using
the equation:

CM2% ¼ �180:88 � BD3 þ 924:72 � BD2 � 1604:5 � BDþ 946:35

BD = Reflectance at 0.749 lm (filter F3)/Reflectance at 0.917 lm
(filter F4).

3.2. Surface mineralogy from FC data

Extracting surface mineral chemistry information from HED
spectral data has been extensively discussed in Gaffey et al.
Fig. 7. Depth of 1-lm band (0.75/0.92) as a function of CM2% in a mixture of eucrite
and CM2.
(2002), and Burbine et al. (2009). Calibrations based on laboratory
spectra of pyroxenes and HED meteorites to estimate mean pyrox-
ene chemistry of HEDs have been successfully applied for ground-
based telescopic data (e.g., Reddy, 2009). Both methods require
high quality spectra to enable the extraction of band parameters
(band centers and BAR), which are used to estimate the mean
pyroxene chemistry (augite + pigeonite). Using the mean pyroxene
chemistry one can usually distinguish between basaltic eucrites
and diogenites. The Fe content in HED pyroxenes increases from
diogenites (Fs20–30Wo1–3), to cumulate eucrites (Fs30–44Wo6–10),
to basaltic eucrites (Fs43–55Wo9–15) as described by Mittlefehldt
et al. (1998).

The Dawn FC spectral coverage (0.43–0.98 lm) and resolution
(FWHM �0.04 lm) is limited compared to the coverage and reso-
lution of the VIR spectrometer (0.30–5.0 lm; 0.01–0.002 lm) but
has higher spatial resolution (up to �20 m). This would enable us
to detect and characterize smaller compositional units if mineral-
ogy and mineral chemistry information can be extracted from FC
color information despite the limited wavelength coverage and
resolution. Since FC’s upper cut-off wavelength is at �1.0 lm we
are not able to determine the Band I center due to the missing
longer wavelength shoulder of the 1.0-lm pyroxene band. As an
alternative we retrieve a pseudo-Band I minimum by applying a
polynomial fit to the FC color spectra as explained in Section
1.2.2. Fig. 8 shows a plot of Band I centers vs. pseudo-Band I min-
ima of HED meteorite laboratory spectra. The Band I centers were
calculated by dividing a straight line continuum to the full resolu-
tion spectrum and the pseudo-Band 1 minimum were calculated
from resampled spectra using a low order polynomial fit.

A good correlation (R2 = 0.96) between the two suggests that
the pseudo Band I minimum from the FC color spectra can be used
as a surrogate for Band I center with confidence to analyze surface
mineralogy of Vesta based on Burbine et al. (2009) equations. In
contrast the equations formulated by Gaffey et al. (2002) cannot
be applied to the FC color spectra since the Band II center informa-
tion is lacking but is required for calculating the ferrosilite (Fe)
content. It is important to note that the good correlation between
the derived pseudo Band I minima and Band I center in our sam-
ples is due to the minor spectral slope in the laboratory data. With
increasing slope of the spectral continuum the Band I center shifts
to shorter wavelength. Thus it is important to account for these
slope differences before applying this method.

To test the validity of using the pseudo Band I minimum for
extracting pyroxene chemistry we first have to compare with
pyroxene chemistry derived from the full spectra, and then
Fig. 8. Dawn FC pseudo Band I minimum vs. Band I centers of HED meteorite
laboratory spectra.
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compare with pyroxene chemistry information (ferrosilite content)
for the HED meteorites in our study obtained from the literature.
Following this we applied Burbine et al. (2009) equations to both
pseudo Band I minima and Band I centers to calculate the mean
ferrosilite content. Fig. 9 shows a plot of ferrosilite estimated from
Dawn FC pseudo Band I minimum on the y-axis and spectral ferros-
ilite from the Band I center on x-axis. An excellent correlation
(R2 = 0.96) is seen between the Fs values obtained using the two
parameters giving us the confidence that we can estimate the Fs
content using Dawn FC data. But the real test for the validity of this
method would be to compare the Fs values derived from pseudo
Band I minima with those measured in the laboratory using a
microprobe.

Fig. 10 shows a good correlation (R2 = 0.88) between laboratory
measured Fs pyroxene chemistry and Fs calculated from pseudo
Band I minima. Caution should be exercised when comparing
laboratory measurements of pyroxene chemistry of HED samples
with spectrally derived Fs values. For example, determination of
average pyroxene compositions for monomict equilibrated eucrites
(i.e., many main-group, Stannern-trend, Nuevo Laredo-trend, and
cumulate eucrites) requires a significant number of spot analyses
(at least 100) to accurately analyze the correct proportions of
augite exsolution lamellae and low-Ca pyroxene host. Even larger
numbers of spot analyses may be required to accurately determine
Fig. 9. Ferrosilite estimated from Dawn FC pseudo Band I minimum plotted vs.
spectral ferrosilite retrieved from the Band I center of the full spectra.

Fig. 10. Correlation (R2 = 0.88) between laboratory measured Fs pyroxene chem-
istry vs. Fs calculated from pseudo Band I minimum.
the average pyroxene composition of eucritic materials in which
previous compositional zoning has not been completely erased
by metamorphism and pyroxenes are composed of irregular
spaced augite exsolution lamellae in a low-Ca pyroxene host. This
is also true for howardites and polymict eucrites if they do not con-
tain too much unequilibrated material, which is typically the case.

However, measuring mean pyroxene chemistry of unequilibrat-
ed eucrites is much more challenging because of zoned pyroxenes
and could lead to Fs values that are underestimated. Coupled with
these issues is the difficulty comparing a thin section with pow-
dered samples of a heterogeneous HED sample that would often
lead to different Fs values. Our HED spectra were obtained from
publicly available sources (e.g., RELAB) and the Fs values were col-
lected from literature, hence, discrepancies seen between lab mea-
sured and spectrally derived Fs values could be attributed to this.
From the original sample of 44 eucrites and diogenites, we found
that only 27 of them have reasonably accurate mean Fs informa-
tion either in published literature or in MetBase. When the deter-
mination of the mean pyroxene chemistry of all 44 samples with
the full spectrum using Gaffey et al. (2002) and Burbine et al.
(2009) methods, there were 17 samples for which both methods
gave inaccurate Fs contents compared what was published. These
samples have unreliable Fs measurements; we subsequently re-
moved these from our study. Our analysis suggests that this tech-
nique can be applied to Dawn FC data to extract surface mineral
chemistry information and serve as an independent method to
complement terrain classification using color ratios. However we
caution that one must not use just the pseudo Band I minima-de-
rived pyroxene chemistry as an absolute indicator of pyroxene
mineralogy. Cross calibration with the VIR spectrometer is critical
to validate the methods presented here and to assess the precision
of our techniques. We might find several terrains on Vesta for
which we will not be able to apply this method. Most obvious
being olivine-rich terrains because olivine has Band I center be-
tween 1.03 and 1.09 lm (Mg-rich to Fe-rich) and this will move
the pseudo Band I minima to longer wavelength, probably out of
the range of the FC filters.
3.3. Implications for the Dawn mission

The Dawn Framing Cameras are expected to deliver about
36,000 images of Vesta in eight filters during its 1-year mapping
mission. Automatic analysis of the color images will be the most
efficient method for terrain classification and for basic surface min-
eralogy extraction. The analysis of the surface composition of Vesta
is one of the higher-level goals of the Dawn mission and thus we
intend to provide a fast terrain identification method that can be
further detailed by using VIR and GRAND data. The present work
demonstrates that the basic surface mineralogy of Vesta can be ex-
tracted by using the FC color information only and thus our work
will help to confirm the results we will obtain from the VIR data.
Furthermore, we will likely be able to make use of the high spatial
resolution of FC by comparing and extrapolating the VIR spectral
information to FC color information and thus allowing an analysis
of the fine structure of the surface.
4. Conclusions and future work

Our investigations demonstrated that a number of FC color
parameters will help to distinguish between different Vestan
lithologies and constrain the surface composition. In order to en-
able a time efficient analysis of the FC data we started to automate
the described process, which finally will allow us to create color
maps, assign meteorite type to the identified terrains and obtain
Fe maps of Vesta. Ultimately, the goal is to map each pixel with
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color depending upon the meteorite type and alternatively, upon
the pyroxene chemistry derived from FC color filter data. The suc-
cessful application of these techniques could help standardize
automatic terrain classification techniques and protocols also for
other space missions. In addition, an extension to make use of
VIR spectral data is being considered.
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