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The Dawn mission’s Framing Camera (FC) observed Asteroid (4) Vesta in 2011 and 2012 using seven color
filters and one clear filter from different orbits. In the present paper we analyze recalibrated HAMO color
cubes (spatial resolution �60 m/pixel) with a focus on dark material (DM). We present a definition of
highly concentrated DM based on spectral parameters, subsequently map the DM across the Vestan
surface, geologically classify DM, study its spectral properties on global and local scales, and finally,
compare the FC in-flight color data with laboratory spectra.

We have discovered an absorption band centered at 0.72 lm in localities of DM that show the lowest
albedo values by using FC data as well as spectral information from Dawn’s imaging spectrometer VIR.
Such localities are contained within impact-exposed outcrops on inner crater walls and ejecta material.
Comparisons between spectral FC in-flight data, and laboratory spectra of meteorites and mineral
mixtures in the wavelength range 0.4–1.0 lm, revealed that the absorption band can be attributed to
the mineral serpentine, which is typically present in CM chondrites. Dark material in its purest form is
rare on Vesta’s surface and is distributed globally in a non-uniform manner. Our findings confirm the
hypothesis of an exogenic origin of the DM by the infall of carbonaceous chondritic material, likely of
CM type. It further confirms the hypothesis that most of the DM was deposited by the Veneneia impact.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The Framing Camera, FC2,1 onboard the Dawn mission (Russell
et al., 2012) has imaged the entire visible surface of Asteroid 4 Vesta
from different orbits in 2011 and 2012. The FC is equipped with one
clear (panchromatic) and seven color filters, covering the wave-
length range between 0.44 and 1.0 lm (Sierks et al., 2011). Vesta
was mapped from Survey, HAMO (High-Altitude Mapping) and
LAMO (Low Altitude Mapping) orbits at spatial resolutions of
�250 m/pixel, �60 m/pixel, and �20 m/pixel, respectively.
The surface of Vesta as imaged by FC is unlike any asteroid vis-
ited so far. Albedo and color variation are the most diverse among
the objects in the asteroid belt (Reddy et al., 2012b). Low albedo
features were among the most prominent units appearing during
Dawn’s approach to Vesta. Subsequently, terrains rich in low
albedo material, termed ‘‘dark material’’ (DM), have been identified
in several geologic settings (Reddy et al., 2012a; McCord et al.,
2012; Jaumann et al., in press): (1) associated with large impact
craters, e.g. outcropping at crater walls and present in ejecta blan-
kets, (2) as flow-like deposits or rays, and (3) dark spots. FC color
spectra (Reddy et al., 2012a) and spectra acquired by the visible
and near-infrared spectrometer VIR (De Sanctis et al., 2013) indi-
cate that DM, which is mixed with materials indigenous to Vesta,
is spectrally similar to carbonaceous chondrite meteorites (CC)
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and thus possibly of exogenic origin, i.e. due to the infall of carbo-
naceous volatile-rich material (Prettyman et al., 2012). It was
shown (Reddy et al., 2012a) that band depth and albedo of DM
are identical to those of the carbonaceous chondrite xenolith-rich
howardite Mt. Pratt (PRA) 04401. Laboratory mixtures of Murchi-
son CM2 carbonaceous chondrite and basaltic eucrite Millbillillie
show close similarity of band depth and albedo to DM (e.g.,
Reddy et al., 2012a). The presence of exogenous carbonaceous
chondrite meteorite clasts in HED (howardite, eucrite, diogenite)
meteorites is well documented and thus a further indication for
its presence on Vesta (e.g. Buchanan et al., 1993; Zolensky et al.,
1996). Clasts in HED meteorites are primarily composed of a phyl-
losilicate matrix (mostly serpentine), with Fe–Ni sulfides, carbon-
ates, hydrated sulfates, organics, and Fe3+-bearing phases, and
inclusions of olivine, pyroxene, relict chondrules and calcium–alu-
minum-rich inclusions. Although some of these clasts have been
heated and dehydrated during impact (�400 �C), a majority is still
hydrated, escaping metamorphism (Vilas and Sykes, 1996), and
contain H2O- and/or OH-bearing phases (Zolensky et al., 1996).
Aqueous alteration products may include magnetite, which has
been identified on asteroids (Yang and Jewitt, 2010) in the orbital
environment of Vesta. This implies the presence of hydrated
minerals, as confirmed by VIR at �3 lm (De Sanctis et al., 2012).
Further observational data for Vesta indicate that darker terrains
are associated with enhanced hydrogen abundance (Prettyman
et al., 2012). Besides the theory that DM on Vesta is the result of
infall of carbonaceous chondritic material, two other hypotheses
have been put forward (McCord et al., 2012; Jaumann et al.,
2012; Williams et al., 2013): basalt flows (dikes/sills) that were
shattered and redistributed by impacts, and impact melt produced
by large impacts. While we have no conclusive evidence for pre-
served basaltic lava flows from FC data, morphological evidence
for impact melt on Vesta exists (Denevi et al., 2012; Le Corre
et al., 2013). Recently, Palomba et al. (in press) have discussed
DM on Vesta based on VIR data and concluded that all DM shows
similar spectral properties, dominated by pyroxene absorption fea-
tures. They also found a positive correlation between low albedo
and an OH band, centered at 2.8 lm, confirming the conclusion
of the existence of exogenic carbonaceous chondritic material.

Our detailed investigation of the Vestan surface revealed for the
first time the presence of an absorption feature at �0.7 lm for sev-
eral DM localities, when inspected at high FC spatial resolution. In
the following, we describe the distribution and the context of DM
sites showing the lowest reflectivities on Vesta. The origin and
characteristics of candidate materials are also described. When
comparing spectra of possibly related meteorites, and the range
of spectral variations found for DM on Vesta, a significant coinci-
dence is indicated. We are also aiming to identify relationships
within the color variations on Vesta.
2. Data processing and method

Framing Camera images exist in three standard levels: 1a, 1b
and 1c. The data stream received on the ground (level 0) is con-
verted to PDS format images (level 1a) that contain unprocessed,
uncalibrated digital values from 0 to 16,384 DN (14 bit). Level 1a
data is converted to level 1b as radiometrically calibrated PDS-
compliant images (unit lW/(cm2 sr nm)). All FC color images are
affected by a stray light component, the so-called ‘‘in-field’’ stray
light (Kovacs et al., 2013). This ghost signal, which leads to abso-
lute errors of up to �10%, needs to be removed from each science
image by a deconvolution process, leading to level 1c data, which is
the final image data product. In order to correct for the ghost sig-
nal, a stray-light removal algorithm based on laboratory data has
been developed (Kovacs et al., 2013). The stray light removals are
scene- and filter dependent and its residual systematic error is:
0.438 lm filter – 2.0% (11%), 0.555 lm – 2.0% (3.0%), 0.653 lm –
2.5% (5%), 0.749 lm – 3.0% (4.0%), 0.829 lm – 3.0% (9%),
0.917 lm – 2.5% (7%), 0.965 lm – 2.5% (6%); whereby the numbers
in brackets are the typical errors before stray light removal. After
stray-light removal, level 1c data is converted to reflectance (I/F)
by dividing the observed radiance by solar irradiance from a nor-
mally solar-illuminated Lambertian disk.

The stray-light corrected level 1c I/F data is used for processing
in our ISIS pipeline. ISIS (Integrated Software for Imagers and
Spectrometers; Anderson et al., 2004) is a UNIX-based program
developed and maintained by USGS. ISIS performs the photometric
correction of the FC color data to standard viewing geometry (30�
incidence and 0� emission angle) using Hapke functions (e.g.,
Hapke, 1981). Starting values for the Hapke input data were taken
from Li et al. (2013) and Helfenstein and Veverka (1989). They
were then optimized for inter-image and spectral consistency.
The former is achieved by minimizing photometrically induced
seams in color mosaics, and the latter by comparison of the cor-
rected images obtained at different illumination angles. Initially,
both proved to be met by Li et al.’s (2013) data, but because of local
deviations from the global model, they are not fulfilled simulta-
neously. Since the transition from HED type to ‘pure’ DM is contin-
uous, no ‘normal’ is available for the local photometric correction.
Therefore a set of parameter values has been adopted which
emphasizes the invariability of the radiance data to the range of
incidence and emission angles covered by the FC data, and is
applied in the photometric correction. The resulting reflectance
data are map-projected in several steps, and co-registered to align
the color frames, creating color cubes for analysis. A detailed
description of the FC data processing pipeline is presented in
Reddy et al. (2012b). Note that the photometric parameters used
by Reddy et al. (2012b) are slightly different from the one
employed in our study as stated earlier. For the present analysis,
FC color data from HAMO and HAMO_2 orbits were used, whose
spatial resolution is about �60 m/pixel. Higher resolution data
from LAMO orbits (�20 m/pixel) were used to identify details of
the morphological context, and for separating DM from shadowed
regions. The color mosaics generated by the ISIS pipeline were ana-
lyzed using ENVI and ArcGIS software. In order to assess the uncer-
tainty of the individual color bands, smooth, homogeneous areas
on Vesta have been photometrically analyzed. We conclude that
for a 4 � 4 pixel sized area, the relative statistic error is ±0.4% in
all bands. This error propagates into the spectral ratios accordingly.
Not included are the effects caused by local deviations from the
global photometric model connected with the differences in com-
position. Therefore the total error may be somewhat higher, in par-
ticular in areas of steep slopes. HAMO data is taken for the spectral
analysis and hence integrated over areas of inhomogeneous mate-
rial. Since the different materials show non-linear variations in the
individual bands, such integration may introduce weight errors.
For the photometric correction of our FC data and the visualization
of the results, we used the Vesta shape model (gask-
ell_vesta_20130522_dem.cub) derived from FC clear filter images
by Gaskell (2012). All maps are produced in the Claudia System
used by the Dawn science team (Reddy et al., 2013).
3. Description of dark material

Dawn FC discovered dark material (DM) on Vesta during its
approach phase in 2011. These enigmatic surface features, in the
form of low albedo units, are unevenly distributed across the Ves-
tan surface (see Fig. 3). Reddy et al. (2012a) describe specific loca-
tions of DM in the ejecta blanket of the crater Marcia and its inner
wall. Prominent deposits were also found in the inner crater walls



Fig. 1. Dark material units at different geologic settings: (A) Image of the southern rim of crater Cornelia (225�E, 11�S), image size: 4 � 3 km. Visible are exposures of DM
(outcrops plus deposits) on the inner wall (arrows) showing downslope motion. (B) Ejecta trails (arrows) derived from the darkest outcrops in the inner crater wall of Rubria
(20�E, 7�S), image size 14 � 10 km. Like most other craters with exposed DM, Rubria ejecta show a discontinuous distribution of DM, leaving large sectors with pure HED
material. (C) Linear DM feature extending from the elevated level of Vestalia Terra into the Rheasilvia basin at crater Sossia. Image center is at 276�E, 30�S, image size:
100 � 110 km, off-nadir view. The large crater at the center is Urbinia (diameter 28 km). (D) Core area of DM in Lucaria Tholus (104�E, 14�S), image size: 9 � 6.5 km. The
marked small crater morphologically resembles the peak crater of Aricia Tholus including dark rays (at the resolution limit), but has a diameter of only 150 m. (E) Area rich in
dark spots at (133�E, 20�S), image size: 10 � 7 km. (F) Material flow over the southern rim of crater Antonia (203�E, 59�S), image size: 13 � 9 km. Apparently, this flow has
been regolith size selective, as indicated by the numerous bolders. Therefore the DM may be partially mimicked by extremely rough granular HED material. All given
coordinates are in the Claudia system, used by the Dawn science team.

2 We used the 0.653 lm filter as a standard since this filter is least affected by
otential mineral absorption bands.
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of Numisia and Cornelia. Outside Numisia, DM fans are representa-
tions of another morphologic type. Two areas of DM have been
found in topographic highs of Aricia Tholus and Lucaria Tholus.
Mass movements of DM and interactions with surrounding HED
material have been noted. The distribution of the different materi-
als is one of the keys to the history of the deposition and exposure.
As some DM spots seem to be independent of large impact craters,
they have been formed by small impacts that penetrated the bright
Vestan surface exposing underlying DM. Geologically we classify
DM sites as follows: (1) inner crater wall DM outcrops or deposits
modified by downslope movement (Fig. 1A), (2) DM ejecta
(Fig. 1B), (3) DM on topographic highs (Fig. 1D), (4) DM spots
(Fig. 1E), and (5) flow-like features (Fig. 1C), which can be identi-
fied as DM, e.g. between the craters Drusilia and Sossia. However,
flow-like features do not match our restricted albedo limit and
thus are not covered by the present analysis. Our global investiga-
tion of DM sites revealed that all of them are associated with
impact craters. A site with extremely rough HED material, as
indicated by numerous boulders of all sizes, is shown in Fig. 1F.
Since in this rough area the phase function may differ from the
usual surface of Vesta, the relatively low reflectance may be not
or only partially related to differences in composition.

In order to distinguish DM from shadows and areas of high solar
incidence angles, all of our identified sites were inspected using
high resolution LAMO clear filter images and the shape model.
Since poorly illuminated areas are often less accurately
represented in the shape model, and defined global photometric
parameters are less exact for representing high phase and inci-
dence angles, we excluded them in our spectral analysis, although
some may be sites of real DM.

A continuum of albedo values from dark to bright due to differ-
ent mixtures of DM and HED material has been found. We restrict
our definition of DM to the darkest areas in order to identify
properties of the endmember material. For the present spectral
investigations, we define DM by using the absolute reflectance2

at 0.653 lm and spectral shape:

� Reflectances (I/F) 6 0.09@0.653 lm are assumed to be caused
by carbonaceous chondrite material with minor HED
admixtures.
� Dark material sites need to fulfill also the following criteria:

(R(0.438))2/R(0.917) 6 0.085 and (R(0.653) * R(0.749))/R(0.438) 6 0.115
(see Fig. 2) where R(k) is the reflectance in a filter centered at
k (lm).

The absolute reflectance limit for ‘‘carbonaceous chondrite
material with minor HED admixtures’’ was defined by
p



Fig. 2. Scatterplot of DM (all pixels with reflectances <0.09@0.653 lm plotted), and
the remaining Vesta surface from HAMO data (each 50th pixel plotted). The axes
correspond to spectral ratios defined in Section 3. Dark material (lower left cloud) is
separated from the HED material (large cloud), with some overlapping of mixed
material. The correlation of visual spectral slope, albedo and 1-lm band depth is
obvious. The distribution demonstrates the separation and different mixing trends,
which are first order approximations to the distribution of pixel values in areas of
respective mixtures (for more information see text).
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investigating laboratory spectral data of carbonaceous chondrite
meteorites, which revealed an upper limit of 0.09@0.653 lm
(Cloutis et al., 2011b, 2013). Both spectral ratio limits result from
an average DM spectrum whose reflectance at 0.653 lm is 0.09.
From this it can be concluded that material showing reflectances
<0.09 may contain pure carbonaceous chondrites (CC), while sites
>0.09 are certainly mixtures of HED and CC material. The latter
sites have been excluded from our present analysis. By contrast,
Palomba et al. (in press) used a relative definition of DM to the sur-
rounding area. Thus included sites are strongly contaminated by
HED material, which are less significant for a DM analysis. Dark
material is distinguished from HED material not only by albedo,
but also by its spectral shape. Thus we defined the above given
ratio limits to distinguish DM from HED material. However, pure
carbonaceous chondritic material is likely still spatially unresolved
in our HAMO color data, since albedo profiles of all DM sites indi-
cate mixing with brighter material. This has been analyzed by the
albedo trend when the box size around the highest concentrations
of DM has been reduced successively: when the reflectance
remains constant with decreasing area size, it is likely that a
homogenous layer has been resolved. This is indicated also by
the permanent presence of the 1-lm pyroxene absorption band.
Such albedo trend functions showed individual structures on all
scales down to the spatial resolution limit. Generally, DM spectra
show a moderate slope between the 0.438 lm and 0.749 lm fil-
ters, and an absorption band with a minimum in the 0.917 lm fil-
ter, in agreement with mixtures of HED material from Vesta and
opaque-rich material like carbonaceous chondrites. Dark material
is found in eucrite-rich (e.g. near crater Numisia) and diogenite-
rich (e.g. crater Laelia) locations, and the shape of the silicate band
varies accordingly. An interesting case is given by the influence of
the ‘‘orange’’ variety of Vesta material, which in its purest form is
found at the crater Oppia and in scattered lobate patches (Le
Corre et al., 2013). Several DM sites are next to this orange mate-
rial, and it is uncertain, how far its influence reaches into the DM
sites. However, the mixing trend (see Fig. 2) of the orange material
towards lower albedos extrapolates much better to the DM than
that of orange material free HED regions: in Fig. 2 higher reflec-
tances coincide with higher values of the ratios of both axes. The
highest reflectances are found towards the right of the diagram,
but the data of pure HED material is found in the upper part as a
broad cluster, and those of the orange material is concentrated at
the lower end of this distribution. Clearly, the slope of the DM data
(chain dotted line in Fig. 2) is discontinuous to the HED cluster
(continuous line), but can be directly extrapolated to the brighter
data of the orange material (dashed line). Presently there is no
uniquely identified meteoritic counterpart of the observed Vestan
reflectance distribution at sites with coincident evidence for dark
and orange material superimposed to HED material, like in the
environment of the Octavia crater. Hence the mixing trend is
approximated to the distribution of reflectance data near such lay-
ers by a linear fit.

3.1. Distribution of dark material on a global scale

Dark material is mainly located on Vesta’s low albedo hemi-
sphere (Reddy et al., 2012a). This finding is also supported by our
more restricted definition of DM based on an absolute reflectance
limit of 0.09 (see previous section). Fig. 3 displays all sites of DM
which are below this limit. Material with a reflectance <0.09 is con-
centrated between �70�E and �250�E and between �50�S and
�40�N. Interestingly, we have no sites identified for latitudes
>�40�N and inside the Rheasilvia basin. Further, major DM sites
outside the low albedo hemisphere are associated with the impact
craters Rubria and Occia in the east, as well as an unnamed crater
at 330�E and 12�S. Closer inspection of all potential DM sites using
LAMO images revealed that a significant number of identifications
based on HAMO data alone, are spatially unresolved shaded areas,
or at least contaminated by shadows. Sites showing the lowest
absolute reflectance are concentrated at Aricia Tholus and the cra-
ters Laelia, Cornelia, Occia and Rubria, and singular sites are also
found elsewhere. The darkest areas are often located close to a cra-
ter rim. In general, DM is mixed with HED regolith and partially
excavated by impacts at many localities. It is found as layered out-
crops (Fig. 1A) at inner crater walls and ejecta patches that have
been exposed by the particular impact. At several sites, small
impact craters show DM halos or/and DM ejecta rays, indicating
that the impacts excavated the material from beneath the surface
(Fig. 1E). Unilateral DM exposures in some large impact craters
demonstrate non-uniform distribution in the subsurface. This is
also supported by non-continuous DM ejecta of large impact cra-
ters. The appearance of dark spots, which represent penetrations
through the bright HED dominated surface exposing DM on their
bottoms, is a further indication of a non-continuous DM layer in
the subsurface.

The concentration of DM on the low albedo hemisphere of
Vesta, along and inside the crater rim of the Veneneia basin (see
Fig. 3) is striking, suggesting that DM was deposited by the Vene-
neia impactor which was composed of carbonaceous chondritic
material (Reddy et al., 2012a). While we have many DM identifica-
tions associated with Veneneia, we have no DM site located in
Rheasilvia with reflectances less than 0.09@650 nm. A possible
reason for the lack of substantial DM in Rheasilvia is the younger
age of this basin whose formation destroyed all pre-existing DM
deposits. Closer inspection of the Antonia DM (see Fig. 1F)
revealed that this site, which exhibits only reflectances above our
0.09 limit, possibly shows unresolved, unusually rough material,
and thus we cannot exclude that DM is only mimicked by
coarser/shadowed HED material. Furthermore, no evidence is
found for deposits of DM indigenous to Vesta predating the
Veneneia impact basin.

3.2. Global spectral variation of DM

Although generally characterized as HED-type material, the
lithology of Vesta’s surface exhibits significant detail, e.g., near



Fig. 3. Distribution of DM with absolute reflectances <0.09@0.653 lm plotted on a 0.555 lm filter HAMO mosaic, consisting of HAMO and HAMO 2 data obtained at a
resolution of �60 m/pixel. Individual colors mark the different DM deposit types (see legend). ‘‘Crater ejecta’’ is DM deposited as rays, or units draping the surrounding
terrain. ‘‘DM spots’’ are always associated with small impact craters, either excavated by primary or secondary impacts. Some larger craters have DM deposits inside and
outside of their rims. The outline of the rim of the Rheasilvia basin (green line), and the incomplete preserved rim of the Veneneia basin (pink line) are depicted on the map.
Diffuse large dark albedo areas (centered at �150�E and �210�E) form a regional mantle, and correspond to the ejecta of Marcia and Octavia craters. They are not entirely
classified as DM here due to our restrictive reflectance limit.

Fig. 4. Average spectrum of DM (diamonds), and the remaining HED dominated
surface (squares) of Vesta from HAMO and HAMO2 data. In general, DM spectra
have less reflectivity and are flatter than HED spectra, whereby flattening is non-
proportionally enhanced in the 0.749 lm filter. The 1-lm absorption is, in general,
less pronounced. The average spectra of DM within different geologic settings (see
Section 3) are similar and thus not individually shown.
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the Oppia crater, units having diverse spectral slopes, termed
‘‘orange patches’’ (Le Corre et al., 2013). Another example is the
ratio between diogenite-rich and eucrite-rich material near the
crater Antonia (Fig. 1F). The spectral appearance of DM is signifi-
cantly affected by the type of the HED background since most if
not all of the DM is a mixture of carbonaceous chondrites and
HEDs. For example, a diogenitic background leads to higher DM
albedo values than a howarditic background for a similar mixing
ratio. In some cases (e.g. Rubria, Numisia, and a small spot in the
central crater of Aricia Tholus) unusually bright material is found
close to the highest concentration of DM. This does not imply a
causal connection between them, but their co-existence is cer-
tainly linked within the overall history of the deposit.

As mentioned, we defined DM by using an absolute reflectance
limit of 0.09@0.653 lm. Fig. 4 displays the average spectrum of
this DM (diamonds), as well as the average spectrum (squares) of
the remaining Vestan surface from HAMO data.3 Compared to the
HED dominated average Vesta spectrum, the DM shows lower reflec-
tivity and is generally flatter with a less pronounced 1-lm absorp-
tion band, which is due to pyroxene. We also investigated whether
the different geological settings (1)–(4) of DM (see Section 3) show
different spectral shapes, and found that this is not the case, i.e.
the average spectra of all identified spots, outcrops and ejecta blan-
kets are almost identical within the measurement uncertainty (not
shown).

While the average spectra of the different geologic DM units
show no variation among them, higher spatially resolved data of
individual sites do. Figs. 5 and 6 show the Occia crater, which
contains extensive DM deposits. While most of the localities show
different mixtures of HED and CC material, which is expressed
in albedo and spectral shape changes, some sites exhibit an
3 HAMO data consist of HAMO and HAMO 2 orbit data.
absorption feature in the 0.749 lm FC filter. In order to find out
whether data from the VIR spectrometer onboard Dawn supports
our finding, we georeferenced VIR and FC image cubes and overlaid
spectra and color spectra for those areas for which we have data
from both instruments. As Figs. 6–10 demonstrate, the VIR instru-
ment also sees the 0.7 lm feature. From these figures, it is obvious
that the FC is offset from the minimum of the 0.7 lm absorption,
and thus is less sensitive for its detection. We compared VIR and
FC spectral data from Occia, Laelia, Numisia, Rubria and Aricia
Tholus and always confirmed the 0.7 lm feature.



Fig. 5. FC spectral profiles across the Occia crater. The locations from which spectra are plotted are marked in the lower image. While some spectra of the profile (e.g., #1,
#14), are of typical HED shape, the DM spectra (#9, #18) are significantly flatter, lower in reflectivity and sometimes exhibit a spectral feature in the 0.749 lm filter.

Fig. 6. HAMO mosaic (A) in 0.555 lm filter (�60 m/pixel) of the 9 km diameter Occia crater (15�240S, 18�310E), showing DM in some parts of the inner wall as well as outside
of the crater. Landslides and downslope movement of relatively bright and dark material are present. The green ROI marks the position of the VIR spectrum shown in
subfigure (C). The close-up view (B) shows a LAMO clear filter image at �20 m/pixel resolution. The southeastern and northwestern rim of Occia collapsed and relatively
bright material moved crater inwards covering the DM. North is up in all images. All presented coordinates are based on the Claudia coordinate system. (C) Comparison
between VIR and FC spectra of DM at the Occia crater. Dark material spectra are relatively flat and of low reflectivity, sometimes with a weak absorption at 0.72 lm. This
feature is likely caused by serpentine. (D) HAMO RGB mosaic in 3D of the Occia crater; R: Spectral slope between R0.438 lm and R0.749 lm, G: R0.653 lm, B: R0.749 lm/R0.917 lm.
Reddish colors indicate stronger spectral slopes in the visible wavelength range, while bluish colors are a sign for an increased 1-lm band depth. Thus DM at Occia is
characterized by a comparatively large spectral slope and a flatter absorption band caused by the admixture of the local variety of HED background material. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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We conclude from our analysis that DM shows a variety of spec-
tral shapes, which is the consequence of a mixture between HED
background material and pure DM. We have no indication that
the majority of DM found on Vesta is of a different origin, since
the described spectral behavior is globally similar, supporting the
theory of a common origin via the Veneneia impact.



Fig. 7. (A) HAMO mosaic in 0.555 lm filter (�60 m/pixel) of the 8 km diameter Rubria crater (7�230S, 18�280E), showing DM in some parts of the inner wall as well as outside
the crater. Downslope movement of relatively bright and DM is seen. The green ROI marks the location of the VIR spectrum shown in subfigure (C). The close-up view (B) is a
LAMO clear filter image at �20 m/pixel. Discontinuous DM layer(s) are located in the subsurface, covered by brighter HED material. The inner crater wall shows a huge
spectral contrast between dark and bright material. (C) Comparison between a VIR spectrum and an FC color spectrum of Rubria DM, which exhibit an absorption feature at
0.72 lm. Sites of bright material on the inner wall and the background material show typical HED spectral appearance. (D) HAMO RGB mosaic in 3D of the Rubria crater; R:
spectral slope between R0.438 lm and R0.749 lm, G: R0.653 lm, B: R0.749 lm/R0.917 lm. Reddish colors indicate stronger spectral slopes in the visible wavelength range, while bluish
colors are a sign for an increased 1-lm band depth. Thus DM at Rubria is characterized by a comparatively large spectral slope and a flatter 1-lm absorption band caused by
the admixture of the local variety of HED background material. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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3.3. Spectral changes from light to dark terrains

Transects conducted across DM regions allow us to assess how
the DM changes its spectral appearance when influenced by the
HED background component. For example, Fig. 5 shows one tran-
sect across the Occia region. The spectra furthest outside the DM
region have the highest absolute reflectance and a generally con-
vex shape over the FC spectral range. As we move into the darker
terrains, reflectance decreases, the spectra flatten, and sometimes
an inflection at 0.75 lm becomes apparent. We show in Section 4
that this inflection is likely an absorption feature caused by the
mineral serpentine.

As described in Reddy et al. (2012a), carbonaceous chondritic
impactor(s) are potential sources of the Vesta DM. The existence
of exogenous carbonaceous chondrite meteorite clasts in HED
meteorites is well documented (e.g. Buchanan et al., 1993;
Zolensky et al., 1996) and typically comprise up to 5% volume
(Zolensky et al., 1996) and in rare cases, can reach up to 60% vol-
ume of howardites (Herrin et al., 2011). While Reddy et al.
(2012a) reported spectral shapes of DM that still preserve the
shape of HEDs, i.e. reddened spectrum up to 0.62 lm and strong
1-lm absorption, we have now identified DM sites that show unu-
sual behavior due to the presence of an absorption at �0.7 lm.
3.4. Age indicators, time constraints, and weathering of DM

According to its global distribution (see Fig. 3), DM is located
within different geological units showing different crater densi-
ties/surface ages. However, in case of an exposure of a pre-existing
deposit, the presence of DM in these specific areas may be inde-
pendent from the age of the geologic unit. Thus, the surface age
determined using crater size–frequency distributions (CSFDs)
superposed on the geological unit can only provide a minimum
age for the initial deposition of DM in this region. In case the DM
was delivered by the projectile that formed the impact structure
showing the DM, the formation age of the impact crater reflects
the deposition age of the DM. However, numerous craters exposing
DM are difficult to date using CSFDs due to their small size and the
limited image resolution. A less accurate, but possibly more reli-
able method to determine the emplacement/excavation age of
the DM is the investigation of the morphology of the DM deposit
itself. Since the associated impact structures – craters or crater
ejecta – exhibit different stages of erosion, these can be compared
with other features in the same region and their ages. In fact, many
DM sites show ray systems, indicating a young age.
3.5. Morphologic and spectral context

3.5.1. Impact craters with DM and absorption feature
Dark material as defined here is always associated with impact

structures. The largest crater that shows substantial DM is Calpur-
nia (50 km diameter). While the geologic features inside craters
show enlargement by mass wasting, deposits outside craters often
exhibit ray morphology or a discontinuous ejecta blanket. The
sharpness of these ray systems is an indication of its age (Werner
and Medvedev, 2010). The craters we have analyzed are younger
than the age of the large impact basins Veneneia and Rheasilvia.
This seems to indicate fresh individual impacts, contrary to the



Fig. 8. HAMO mosaic (A) in 0.555 lm filter (�60 m/pixel) of the 30 km diameter Numisia crater (7�300S, 112�420W) showing DM on some parts of the inner wall and in its
ejecta. The terrain south of the crater exhibits two interesting DM fans associated with small impact craters. Their diameters are 1.0 km (on the rim) and 0.8 km (detached to
the south). Downslope movements of brighter and dark material are seen along the inner walls of Numisia. The green ROI marks the position of the VIR spectrum shown in
subimage (D). Figure (B) displays a part of the northern inner wall at �20 m/pixel LAMO resolution (clear filter) that shows a large contrast between dark (lowest reflectivity
around 0.08@0.749 lm) and bright material (highest reflectivity around 0.25@0.749 lm). Figure (C) demonstrates that both DM fans are associated with small impact craters.
(D) Comparison of a DM FC color spectrum and a VIR spectrum at Numisia crater. Some of the DM spectra show a spectral feature at 0.72 lm. The 0.72 lm feature is likely
caused by serpentine. The spectrum of the bright material at the inner wall is consistent with HED spectra. The spectral slope between 0.438 lm and 0.749 lm is less steep
than at the Occia and Rubria craters. The lower left fan shows also the absorption feature. (E) HAMO RGB mosaic in 3D of the Numisia crater; R: spectral slope between R0.438

lm and R0.749 lm, G: R0.653 lm, B: R0.749 lm/R0.917 lm. Reddish colors indicate stronger spectral slopes in the visible wavelength range, while bluish colors are a sign for an
increased 1-lm band depth. Thus, DM at Numisia is characterized by a comparatively large spectral slope and a flatter absorption band caused by the admixture of the local
variety of the HED background, which differs for the fans and the inner crater wall material. Both DM fans show a less red slope in VIS than the DM directly associated with
the Numisia crater. The regional distribution of reduced reflectances shows a stretch of long strips crossing the crater. The Numisia impact apparently has intersected these
strips. The direction of the fans and their different color, however, suggests an origin from the nearby crater Cornelia, which also exposes DM. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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conclusions by Reddy et al. (2012a), who identified the projectile of
the Veneneia impact as the source of the DM. However, the DM, as
identified here, shows a surprising spectral homogeneity across
Vesta’s surface, which hints at a common origin. The discrepancy
is solved, if small recent impacts eject previously deposited target
material. The lateral transition from brighter to dark material (see
previous section) in the rays is frequently sharper than the resolu-
tion of the images, although a faint halo of slightly darkened mate-
rial may be present, e.g. in the northwestern sector of crater Rubria
(see Fig. 7). While the latter may have been caused by mixing after
the formation of the rays, the sharpness of the boundaries reflects
the discontinuous layering of the DM in the subsurface. Further-
more, several outcrops in the inner crater wall show a compact
dark center, whereas the bright material seems to flow more easily
downward around the dark outcrops that are possibly more com-
pact. Some enhancement of DM may be mimicked by optical tilt,
leading to a seemingly concentration of the absorbing material in
the subsurface.
As mentioned previously, a majority of DM on Vesta is found in
and near larger impact craters from which it has been ejected. In
this context, our phenomenological classification of the DM sites
corresponds to a consistent interpretation: large craters penetrate
deeper and span areas larger than the extent of the DM in the
subsurface, i.e. geologic horizons of DM along the inner walls are
discontinuous. Ejecta are found as the radial extension of DM out-
crops of the inner walls. In case of Numisia (Fig. 8), the subsurface
DM extends visibly beyond the crater wall, is covered by a layer of
thin brighter regolith, and thus appears darker than the typical
HED dominated background surface. We hypothesize that most
DM was originally ejected from the Veneneia impact and in the fol-
lowing period was covered by HED material. However, at many
localities we identified impact-driven relocation of DM. Fig. 6, for
example, shows images of the Occia crater (15�240S, 18�31E) in
HAMO � 60 m/pixel (A) and LAMO � 20 m/pixel (B) spatial resolu-
tion. Dark material appears along the inner walls as well as in the
ejecta blanket. Subsequent downslope movements of dark and



Fig. 9. HAMO mosaic (A) in 0.555 lm filter (�60 m/pixel) of the 8-km diameter Laelia crater (46�480S, 140�260E) and its eastern companion of 0.4 km diameter. Laelia shows
DM on substantial areas of the inner wall and in the surrounding area. Downslope movements along the crater wall of brighter and dark material are present. The LAMO
image (B) shows the Laelia crater as well as the small impact crater at high spatial resolution (clear filter data at �20 m/pixel). Dark rays originate radially from the small
crater. The green ROI marks the position of the VIR spectrum shown in subfigure (C). (C) FC color and VIR spectrum of DM at Laelia crater. Inner wall DM shows sometimes a
spectral feature at 0.72 lm, indicating the presence of serpentine. (D) HAMO RGB mosaic in 3D of the Laelia crater; R: spectral slope between R0.438 lm and R0.749 lm, G: R0.653

lm, B: R0.749 lm/R0.917 lm. Reddish colors indicate stronger spectral slopes in the visible wavelength range, while bluish colors are a sign for an increased 1-lm band depth.
Thus DM at Laelia is characterized by a moderate spectral slope and a flatter absorption band caused by the admixture of local HED background material. Close to the lower
parts of the Rheasilvia basin the deeper 1-lm band in the DM spectra reflects the analogue trend of the local HED variety. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 10. (A) Radially ejected DM from the impact crater on Aricia Tholus (10�470N, 161 220E) at �60 m/pixel resolution; a crater of 2.5 km diameter. The green ROI marks the
locations of the VIR spectrum in subfigure (C). Subfigure (B) presents the area in LAMO (�20 km/pixel) clear filter resolution. (C) FC color and VIR spectrum of Aricia Tholus
DM showing a spectral inflection at 0.72 lm. (D) The area of (A) overlaid on the Vesta shape model. The dark rays emerge from the crater as smooth strips and carved linear
streaks, but also a diffuse component punctured by younger small craters down to the bright subsurface is visible. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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bright material has buried and mixed both materials. This mass
wasting is likely triggered by seismic shaking, caused by nearby
impacts. Dark material on the crater walls appears often in a ‘tad-
pole’ shape (see Figs. 1A/6B). This ‘tadpole’ shape is formed by
near-surface deposits of DM that have been truncated by the
impact, and DM is subsequently moved downslope as seen on
the south-west inner wall of Occia. Some of the DM has been bur-
ied by two larger landslides within the Occia crater. The DM in
Occia is remarkable since VIR and FC spectra show an inflection
at �0.7 lm (see Fig. 6C) at several localities in the ejecta blanket
and along the inner walls. In contrast, brighter material on the
inner wall as well as outside of the crater is of typical HED spectral
shape. As will be discussed in Section 4, the 0.7 lm feature is likely
caused by the mineral serpentine. Only sites of lowest albedo show
an obvious inflection at 0.75 lm in FC data, while adjacent slightly
brighter areas exhibit no visible absorption, but do exhibit a stron-
ger spectral flattening between 0.653 lm and 0.829 lm.

Fig. 7 presents the HAMO mosaic of the 8 km diameter Rubria
crater (7�230S, 18�280E) that has a discontinuous DM ejecta blanket,
and DM on some parts of the inner wall. Downslope movement of
relatively bright and dark material is seen along the inner wall.
Topographic features (i.e. pile of boulders or bright outcrops of
brecciated material) along the inner crater walls, especially in the
north of the crater, seem to divert the brighter granular material
in channel-like features. The darkest units in craters are usually
found at outcrops along the inner crater walls, which are some-
times distinct depressions. Gullies have transported the DM down-
slope, enabling mixing with the local brighter material. This way
the albedo increases along the gullies. The presence of pronounced
gullies is not a property unique to craters with DM. As for Occia,
several DM outcrops have been generated by the Rubria impact
and ejected DM radially. Fig. 7C presents FC and VIR DM spectra
showing an absorption band at �0.7 lm. While the DM of the
ejecta blanket shows only weak or no absorption in FC data, they
are stronger on the inner walls. Craters Rubria and Occia are
located close to each other on a background that is dominated by
diogenites. Interestingly, the southern rim of Occia does show a
strong indication for diogenites since the 0.92/0.97 lm ratio4 is
low. Fig. 7D displays the Rubria crater in 3D with an RGB image pro-
jection that indicates the distribution of DM. The dark ejecta are
encircled by comparably bright material which has a steeper red
slope than average HED material, placing it into the lower right
region of the HED cloud in Fig. 2.

Fig. 8A shows another example of DM deposits at the Numisia
crater. Some DM debris flows appear almost intact on the northern
part of the inner crater wall (see also high resolution data in sub-
figure B) and DM is also visible in the ejecta blanket. The intact
DM debris flows originate from the northern rim of the crater
and are flowing downslope around the topographic highs com-
posed of bright material outcrops. In another part of the crater
wall, smaller dark deposits are present and have the same ‘tadpole’
morphology as described for Occia. Small impact craters on the
ejecta blanket allow us to assess the thickness of the DM layers,
since the interiors of some small craters seem to have the same
brightness as the underlying ejecta blanket, and some of them
appear to have an even darker albedo inside the craters and in their
ejecta. By looking at depth-to-diameter ratios of these small cra-
ters, we concluded a thickness of 10–30 m for the DM layer. Two
interesting DM features (‘‘fans’’) are located south of Numisia;
one is exactly at the southern crater rim, the other in the southwest
(see Fig. 8C). Both DM fans are linked to two small impact craters
that obviously exposed and ejected DM in a predominant direction.
4 The 0.917/0.965 lm ratio is diagnostic for the diogenite to eucrite ratio
(Thangjam et al., in press). 5 VIR data for Numisia exists only from parts of the crater.
Numisia and these two small impact craters strengthen the idea of
an inhomogeneous DM layer that is exposed by impacts, which
otherwise remains buried by a layer of brighter HED material. No
localities on the inner wall of Numisia show a distinct�0.7 lm fea-
ture in FC and VIR data,5 but the shape of the spectrum exhibits a
particular reduction of reflectance in the 0.749 lm filter. The missing
absorption in FC data is possibly the result of the relatively
high spectral reflectance (around �0.09) of the DM caused by an
increasing HED component, which suppresses the absorption
feature. The darkest parts of the southwestern fan, however, show
the absorption (Fig. 8D). As for Occia and Rubria, Fig. 8E shows a
3D view of Numisia overlaid by an RGB that indicates the strength
of the 1-lm absorption feature and the spectral slope in the visible
wavelength range.

Further impact craters that show evidence for the presence of
the 0.7 lm feature are Laelia, as well as a small crater to its east
(see Fig. 9A and B). Laelia is an oblate impact crater, with bright
and dark material that is moving downslope. As for Occia, it seems
that the DM originates from an inhomogeneous near-rim layer that
partly shows the serpentine absorption band in FC and VIR data
(see Fig. 9C). The small impact crater east of Laelia exhibits a typ-
ical ray crater structure; rays and the crater itself reveal a weak
0.7 lm feature in both data sets. The 3D view of the craters
(Fig. 9D) overlaid by an RGB image, illustrates the depths of the
1-lm absorption band as well as the strength of the spectral slope
in the visible wavelength range.

The large craters discussed here do not show DM deposits on
their bottoms. In general, it seems that DM is originating from lay-
ers or lenses just beneath the rims and moves downslope. This
downslope movement is the cause for DM at deeper crater areas.
Outcrops with sizes of a few tens of meters, at most, are seemingly
enlarged only by downslope motion along gullies. Along these
tracks of motion, the spectral signature of the DM diminishes
and finally merges with the surrounding brighter material. The
gullies frequently look smooth, indicating the lack of quite coarse
components like compacted dark boulders. In addition to the tem-
peratures required for the stability of the DM, its thickness and
position close to the surface show that its presence is not related
to the original Vestan crust, but is an exogenous component.
Related to the age and resurfacing processes are the results by
Pieters et al. (2012), who proposed a unique space weathering
mechanism on Vesta. Our conclusions on the exposure and age of
the spectral features of the deposits of DM are consistent with this
scenario, in particular with respect to those found on slopes inside
craters versus those elsewhere.
3.5.2. DM spots with absorption feature
Dark material spots preferentially pepper the area between

90�E and 130�E and 0� and 40�S, but are found also elsewhere in
areas with DM of other geologic types, as described in Section 3.1.
They also seem to be related to impacts originated by the exposure
of extended dark layers of DM rather than a direct emplacement by
dark projectiles, although it cannot be ruled out that some of them
are remote impact ejecta as, for example, the fans close to the cra-
ter Numisia. The size of the spots suggests (typical diameters
<1 km) that larger projectiles have penetrated the thin DM layer
and caused mixing with deeper bright material. Whether a partic-
ular spot shows the 0.7 lm absorption band or not is thus mainly
driven by the degree of mixing between HED and CC material and
the spatial resolution of the FC compared to the spot size. Because
of the small areal extent of most spots, the absorption feature is
possibly less frequently identified than for the sites at crater walls
and ejecta.



Table 1
Composition of selected phyllosilicates used in this study.

wt.% BER102 CRO102 GRE001 ILL102 MIN002 SRP117 SRP118 SRP119

SiO2 27.94 16.36 28.05 60.63 12.98 40.74 46.31 49.23
Al2O3 7.92 0.06 0.62 21.97 5.78 0.36 0.13 0.20
TiO2 0.52 0.02 0.03 0.74 0.20 0.00 0.01 0.00
Fe2O3 30.59 52.79 25.05 4.44 26.70 6.80 3.23 3.04
FeO 20.41 26.79 36.43 1.31 9.75 2.51 0.58 1.78
MnO 0.11 0.01 1.23 0.04 0.09 0.15 0.08 0.12
MgO 3.42 0.18 3.06 2.23 2.33 46.89 48.93 44.00
CaO 4.57 0.07 0.30 0.26 0.47 0.09 0.06 0.05
Na2O 0.28 0.27 0.80 0.16 0.32 0.15 0.00 0.12
K2O 0.05 0.01 0.00 7.96 0.00 0.00 0.00 0.00
P2O5 1.81 0.01 0.05 0.09 0.37 0.01 0.02 0.01

Totala 99.57 99.55 99.68 99.98 99.78 98.55 99.41 99.49
LOIb 6.45 9.86 10.81 5.66 3.55 17.23 14.57 13.69

Abbreviations: BER102: berthierine; CRO102: cronstedtite; GRE001: greenalite; ILL102: illite; MIN002: minnesotaite; SRP: serpentine.
a Total expressed on a volatile-free basis.
b Weight loss after heating the sample to 950 �C.
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3.5.3. Topographic highs with DM and absorption feature
Dark material deposits associated with topographic highs are

found at two locations on Vesta. Aricia Tholus is the most
prominent example (Fig. 10) and was investigated in the present
study due to the presence of an inflection in the 0.749 lm FC filter.
Aricia Tholus has DM in the form of rays radially emanating from a
central impact crater on a hill. The spectra in Fig. 10C show the
absorption feature that is consistent with the presence of serpen-
tine (see Section 4). Lucaria Tholus is the second site of this type,
although the DM, according to our definition, spans a much smaller
area. This site shows the absorption feature as well. We assume
that both Tholi are the result of an impact on a hill that exposed
subsurface material.
4. Composition of dark material

4.1. Methodology

To help constrain the nature of DM in the terrains that we
examined on Vesta, we focused on materials that could match
the absorption feature first noticed in the 0.749 lm filter and cen-
tered at 0.72 lm in VIR spectra. We included a large number of
spectra from the RELAB (http://www.brown.edu/relab) and the
Planetary Spectrophotometer Facility (http://psf.uwinnipeg.ca)
data bases, with an emphasis on phyllosilicates, phyllosili-
cates + opaques, and carbonaceous chondrites. This is because the
prevailing view is that the DM is related to carbonaceous chon-
drites (Reddy et al., 2012a; McCord et al., 2012; Prettyman et al.,
2012).

We initially reduced all candidate laboratory spectra to FC band
passes. This was done by averaging all data points within each FC
filter band pass interval. To determine whether an absorption fea-
ture was present, we constructed a straight line continuum using
the data points on either side of the 0.749 lm filter, i.e. 0.653
and 0.829 lm, and divided the spectrum by its continuum. Spectra
with a band depth of >1% were retained in the analysis. The suit-
ability of the spectra was also assessed by including absolute
reflectances in the analysis. Phyllosilicates used in our investiga-
tions (Table 1) were analyzed by X-ray fluorescence spectroscopy
and wet chemistry (Mertzman, 2000). Their identity was con-
firmed by X-ray diffractometry (Cloutis et al., 2004).
4.2. Candidate minerals

Fig. 4 presents an average color spectrum of all the areas
identified as DM on 4 Vesta. A comparison between the different
geologic settings (see Section 3) of DM revealed that there is no sig-
nificant difference in their spectral appearance. However, with
increasing concentration of CC material, a spectral inflection
around 0.7 lm becomes apparent, while the 1-lm absorption fea-
ture weakens.

We evaluated a large number of plausible candidate materials
for explaining the spectral properties of DM, as well as various
other materials that could provide insights into its nature. We
focus on the fact that DM has lower reflectance than its surround-
ings, and sometimes exhibits a 0.7 lm absorption feature (relative
to the FC bands on either side). Fe2+/Fe3+-bearing phyllosilicates are
the likeliest candidates for the 0.7 lm absorption feature, since
Fe2+–Fe3+ charge transfers are possible (e.g. Calvin and King,
1997). Given this, we consider HED grain size effects, examine such
phyllosilicates first, evaluate the effects of adding opaques, and
analyze CM2 carbonaceous chondrites, as well as CM2-bearing
HEDs. HEDs on their own do not exhibit an absorption feature in
the 0.7 lm region. While increasing grain size does lead to decreas-
ing reflectance (Cloutis et al., 2013), it does not lead to the appear-
ance of absorption features. Thus, variations in HED grain size
cannot account for the change in appearance of the 0.7 lm region.
The CM chondrite family has been identified as the most common
type of xenolith in HED meteorites (Chou et al., 1976; Buchanan
et al., 1993; Zolensky et al., 1996; Buchanan and Mittlefehldt,
2003; Gounelle et al., 2003; Lorenz et al., 2007; McCoy and
Reynolds, 2007; Herrin et al., 2010, 2011; Janots et al., 2012;
Paniello et al., 2012). CM chondrites are characterized by absorp-
tion bands attributable to their major phases, in particular serpen-
tine and magnetite (Cloutis et al., 2011b). CM serpentine contains
Fe as both Fe2+ and Fe3+, and these two cations give rise to a Fe2+–
Fe3+ charge transfer absorption band in the 0.7 lm region (Clark
et al., 1990), as well as two Fe2+ crystal field transition bands near
0.9 and 1.1 lm. Other Fe2+/Fe3+-bearing phyllosilicates can also
exhibit these bands (Calvin and King, 1997). As Fe content
increases, overall reflectance generally decreases, and the Fe
absorption bands become broader. Overall spectral slope generally
becomes redder, likely being a function of Fe3+ abundance, as it has
an intense Fe–O charge transfer band near 0.21 lm and its long
wavelength wing will extend well into the visible and near infra-
red, even at low Fe3+ abundance (Cloutis et al., 2008a). Very Fe-rich
phyllosilicates will have low reflectance and can have an overall
blue slope (Calvin and King, 1997). As a result, most Fe2+/Fe3+-bear-
ing clays have peak reflectance near 0.55 lm, and variable spectral
slopes beyond that. Superimposed on this broader trend is a
0.7 lm absorption band (Fig. 11). When a continuum across the
broad 1 lm region of absorption is removed, these bands may
become more apparent. The greenalite spectra (Fig. 11) indicates
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Fig. 11. Reflectance spectra of various Fe3+/Fe2+-bearing phyllosilicates, decon-
volved to FC band passes. Cronstedtite (CRO102), greenalite (GRE001), minnesotaite
(MIN002), berthierine (BER102), ilite (ILL102), serpentine (SRP117), serpentine
(SRP118), serpentine (SRP119).

Fig. 12. Reflectance spectra of intimate mixtures of <45 lm size serpentine
(SRP117) and magnetite, deconvolved to FC band passes. wt.% magnetite is
indicated for each spectrum. (A) Mixtures with <45 lm size magnetite. (B) Same
as (A) but normalized at 0.555 lm.
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that even high-Fe content phyllosilicates (Table 1), more akin to
those in CM chondrites, can have a resolvable absorption feature
in the 0.7 lm region and low overall reflectance. When the Fe con-
tent is low, the Fe-associated absorption bands generally become
narrower, reflectance increases, and spectral slopes may become
less red (Fig. 11). This can be seen in spectra of some low-Fe
phyllosilicates such as illite and clinochlore. In the case of serpen-
tine – the major structural phyllosilicate type in CM chondrites –
low Fe-content serpentines have high reflectance, and most exhibit
a well-resolved 0.7 lm absorption feature, similar to the investi-
gated DM terrains on Vesta (Fig. 11). Once again, continuum
removal across the 1 lm region can change the overall slope.

The albedo of serpentines and other phyllosilicates will depend
on grain size, the presence of opaques and also on the Fe-content.
As with most other silicates, serpentine albedo decreases with
increasing grain size. We investigated whether this effect is rele-
vant to the DM on Vesta by measuring reflectance spectra of fine-
(<45 lm) and coarse-grained (90–1000 lm) serpentine powders.
As expected, reflectance decreases with increasing grain size by
�30% absolute. The shapes of the spectra also change with increas-
ing grain size: the 0.7 lm feature becomes broader and deeper, and
the spectra become flatter. The band depth increases by up to 1.5%
absolute.

We also examined whether the space environment could affect
our interpretation of the DM. Cloutis et al. (2008b) found that
exposure of serpentine to a pressure of 8 mTorr and UV irradiation
may lead to a modest narrowing of the 0.7 lm region absorption
feature.

The albedo of terrestrial serpentines will vary depending on
opaque abundance, the most common opaque being fine-grained
magnetite. This is likely one of the major darkening agents in CM
chondrites as well (Cloutis et al., 2011b). Mixtures of serpentine
and coarser-grained magnetite (Fig. 12) show that increasing mag-
netite abundance causes serpentine spectra to darken and become
less red-sloped and the 0.7 lm band becomes slightly shallower.
When fine-grained magnetite is used in the mixtures, the spectra
also darken, but become increasingly red-sloped below �0.8 lm
(not shown); the 0.7 lm band also disappears at low (<5%) magne-
tite abundances. A similar loss of the serpentine absorption band is
seen when carbon black or graphite are the opaque phases.

We examined CM reflectance spectra (Cloutis et al., 2011b) to
identify those with a 0.7 lm absorption band when deconvolved
to FC band passes. CM2 chondrites contain the highest abundances
of Fe-rich phyllosilicates and have been shown to exhibit a nearly
ubiquitous 0.7 lm region absorption band. The absorption band
generally extends shortward of the 0.653 lm FC band. However,
we did identify a number of CM spectra with a relatively narrow
0.7 lm absorption feature (Fig. 13). Band depths range up to �6%
and the absolute reflectance of most of the samples is in the lower
range of the Vesta FC DM data.

Comparison of spectra of a <150 lm powder of the Murchison
CM2 chondrite to an intact chip shows that the chip spectrum is
bluer than the powder, consistent with other investigators
(Johnson and Fanale, 1973; Cloutis et al., 2011a, 2011b), and its
0.7 lm region absorption band is broader; band depths are not
appreciably different between the powder and chip (Fig. 14). The
chip spectra are brighter than the powder but this may be due to
differences in surface roughness.

As mentioned, a number of HEDs contain carbonaceous chon-
drite xenoliths. PRA 04401 is a howardite that contains �40%
CM2-type xenoliths (McCoy and Reynolds, 2007; Herrin et al.,



Fig. 13. Reflectance spectra of selected CM2 chondrites that exhibit best evidence
of an absorption band in the 0.7 lm region, deconvolved to FC band passes (Cloutis
et al., 2011a, 2011b). (A and B) As-measured reflectance spectra.

Fig. 15. Reflectance spectra of a chip and three grain size powders of the PRA 04401
CM chondrite-bearing howardite. Spectra deconvolved to FC band passes.
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2010, 2011). We have measured reflectance spectra of a chip of this
meteorite as well as three different size powders (Fig. 15). The
spectra all have an overall convex shape, and vary in reflectance,
but the chip and larger size powders have comparable 0.75–
0.97 lm spectral slopes. None of the spectra exhibit a resolvable
0.7 lm absorption band, and this is not unexpected, as CM chon-
drite spectral features can be effectively suppressed by the host
howardite (Cloutis et al., 2013), and, as discussed above, only a
few CM chondrites exhibit a clearly-defined 0.7 lm absorption
feature. However, it can be seen that the presence of a few tens
of percent of carbonaceous chondrite type material is very effective
at reducing overall reflectance to <11%. The effective darkening
that CM2 chondrites can impart to HEDs can be seen in Fig. 16.
Fig. 14. Reflectance spectra (deconvolved to FC band passes) of a chip and <150 lm
powder of the Murchison CM2 carbonaceous chondrite. The chip spectra are for two
different faces and the powder spectra were measured after re-packing the sample
between measurements.
An intimate mixture of 60 wt.% Murchison and 40 wt.% Millbillillie
eucrite shows that the mixture is only 3% brighter than pure
Murchison at 0.55 lm (pure Millbillillie has 42% reflectance at
0.555 lm). The shallow 0.7 lm absorption feature exhibited by
Murchison is not evident however. In addition, the edge of the
1 lm region pyroxene absorption band is evident in the mixture
spectrum.

In summary, it appears that serpentine, which is present in CM
chondrites, is the most viable explanation for the 0.7 lm
absorption band. The longer wavelength absorption band at
1.0 lm is likely due to HED material, as HEDs have a much stronger
band in this region than serpentine, although contributions from
serpentine are likely.
4.3. Constraints on DM abundance

The various spectral profiles across the dark terrains that we
have examined show differences of up to a factor of 5 between
the brightest and darkest parts of the traverses (e.g. Fig. 5). If we
take �20% as the typical maximum reflectance at 0.555 lm, and
assume that the surface of Vesta is fine grained, as seems likely
(Hiroi et al., 1995), this suggests that the regions we are examining
are not optically equivalent to powdered HEDs measured in the
laboratory, which are much brighter (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., 2012a).
If we use the full suite of Millbillillie + Murchison intimate
mixtures as a guide to the DM terrains, the brightest regions
(�20% reflectance at 0.653 lm) are most similar to the 80/20
Fig. 16. Reflectance spectra (<45 lm grain size, deconvolved to FC band passes) of
mixtures of the Millbillillie eucrite and Murchison CM2 carbonaceous chondrite,
and the Murchison end member (wt.% Millbillillie indicated for each spectrum).
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Millbillillie/Murchison mixture, while the darkest regions (�7%
reflectance at 0.653 lm) are most similar to the 40/60 Millbillil-
lie/Murchison mixture (Fig. 16). These reflectance values are
broadly consistent with the carbonaceous chondrite abundance
in PRA 04401 (and its absolute reflectance).

Serpentine is likely stable under the low pressure conditions
prevalent on Vesta (Cloutis et al., 2008b), and also appears to be
resistant to shock (Boslough et al., 1980) and alteration/dehydra-
tion at temperatures up to a few hundred Celsius (Gualtieri et al.,
2012). However, it is known that serpentine experiences signifi-
cant devolatilization even at low pressures, which occur during
impacts with less than 1.5 km/s (Tyburczy et al., 2001). The long-
term stability of serpentine under the conditions of the surface of
Vesta is also suggested by the fact that inclusions occur within
HED type meteorites with exposure ages of some 107 years
(Welten et al., 1997), whose other inner isotopic clocks have been
reset 4.1–3.4 Ga ago (Bogard and Garrison, 1995).
5. Asteroids with related taxonomy

The orbit of Vesta is located near the outer limits of the inner
asteroid belt. Therefore it intersects the heliocentric distances
dominated by the taxonomic classes (Tholen, 1989; Barucci et al.,
1987; Bus and Binzel, 2002; De Meo and Carry, 2013, 2014) S, E
and the C type subclasses. Our spectra of the DM match meteorites
whose supposed asteroid analogs (C-types) are located close to the
orbit of Vesta. In addition, many C-type asteroids exhibit visible
region absorption features similar to those seen in the Vesta DM
spectra (Vilas and Gaffey, 1989; Fornasier et al., 1999). Bus and
Binzel (2002) discussed the presence of hydration on asteroids in
the form of phyllosilicates by principal component analysis of the
SMASS data base. The respective relative velocities of related pro-
jectiles may be slow enough, i.e. hundreds of meters per second
(implicit from Konopliv et al., in press), not unlike the re-impact
velocities for projectiles creating secondary craters, to preserve
imported material on Vesta. Furthermore, a low velocity inhibits
strong heating of the imported material, which would cause meta-
morphism (Vilas and Sykes, 1996), although this also depends on
the heat dissipation influenced by porosity. The unique alteration
of a pure Vesta spectrum is, in general, unlike space-weathered ori-
ginal Vesta material, as it would not cause the specific absorption
features in the visual spectral range. Main differences show up in
the visual slope, its curvature, the band at �0.7 lm, and the depth
of the 1-lm pyroxene absorption. As parent asteroids or at least
analogs for the subtypes of the CCs are, for example, 2 Pallas for
the CI meteorites (Cloutis et al., 2011a), 19 Fortuna for the CM
types (Vilas and Gaffey, 1989; Burbine, 1998; Cloutis et al.,
2011b; Duffard et al., 2011), 387 Aquitania for the CO class
(Cloutis et al., 2012a), 221 Eos for the CK and CV type meteorites
(Cloutis et al., 2012b, 2012c), and 773 Irmintraud for the C2
ungrouped Tagish Lake meteorite (Cloutis et al., 2012d). Among
these, the analogs of the CM type do not only match our spectrum
best, but their distribution in space enables also the lowest relative
velocities for impacts on Vesta.
6. Conclusions/discussion

Most of the apparent DM on Vesta is located along the rim and
inside the Veneneia basin, and it is almost absent in the younger
Rheasilvia basin (see Fig. 3), leading to the conclusion that DM
was deposited by the Veneneia impact (Reddy et al., 2012a). These
concentrations coincide with the low albedo hemisphere known
from earlier data, such as rotation light curves and HST images,
centered about longitude 120�E (Reddy et al., 2013). Dark material
in its purest form exists in sub-surface layers or lenses, which are
exposed in larger impact craters as outcrops and DM flows on the
inner walls. From these craters, DM is often emanating as rays, or
as ejecta blankets. Smaller impacts penetrated the upper brighter
surface of HED material at many sites and excavated DM from
beneath, creating DM spots. Interestingly, all exposed DM localities
are caused by impact craters. However, not all large impact craters,
even on the low albedo hemisphere, exhibit DM, and those which
have DM show an inhomogeneous distribution of DM outcrops,
which are located always just below the crater rims. These obser-
vations led us to conclude that DM was deposited non-uniformly
across Vesta’s surface by the Veneneia impact.

We demonstrated the high spectral uniformity of all DM sites
regardless of their geologic setting. This is a further indication for
a major DM source, rather than many small impactors of different
classes. Our finding of an absorption feature at �0.7 lm that is
attributed to a component of CM meteorites, namely serpentine,
confirms the theory of an exogenic origin for DM. Other hypothe-
ses, such as DM being basalt flows (dikes/sills) that were shattered
and redistributed by impacts, and impact melt produced by large
impacts (McCord et al., 2012; Jaumann et al., 2012; Williams
et al., 2013) are unlikely. While we identified the �0.7 and the
0.9 lm absorption feature in FC and VIR data with a high correla-
tion, Palomba et al. (in press) identified absorption features at
0.9, 1.9 and 2.8 lm. We found a continuum of albedo values from
bright to dark when approaching DM ejecta blankets from the out-
side. In these cases, the spectra continuously change from high
reflectivities with convex shapes (HED material), to spectra of
low reflectivities and flatter appearance, showing a suppressed 1-
lm absorption feature and a weak absorption at �0.7 lm. While
the spectral changes in the ejecta blankets are often smooth, the
changes on the inner walls can be abrupt; within one or two FC
pixels, the spectra change from bright convex to dark flat. This is
likely the consequence of pure DM outcrops at the inner walls,
which are at the spatial resolution limit of the camera. These pure
DM outcrops have absolute reflectance values of minimum 0.05 at
0.653 lm and thus could still contain about 30% of HED material
(see Fig. 16). Observational data for Vesta indicates that darker ter-
rains are associated with enhanced hydrogen abundance
(Prettyman et al., 2012). The presence of a magnetic field at Vesta
would deflect much of the solar wind, suggesting that the
enhanced levels of hydrogen are attributable to impactors or
endogenous material, rather than due to solar wind implantation
(Fu et al., 2012). The presence of carbonaceous chondrite-type
material in many HEDs (Chou et al., 1976; Buchanan et al., 1993;
Zolensky et al., 1996; Buchanan and Mittlefehldt, 2003; Gounelle
et al., 2003; Lorenz et al., 2007; McCoy and Reynolds, 2007;
Herrin et al., 2010, 2011; Janots et al., 2012; Paniello et al., 2012)
is consistent with their being the source of this hydrogen and
darkening.

While HED darkening could be caused by the production of
nanophase iron, the documented lack of nanophase iron in HEDs
argues against this. In addition, the gradual darkening of bright
material is inconsistent with nanophase iron, unless the iron grains
are large enough to cause darkening, but not reddening (Pieters
et al., 2012). No plausible mechanism has been advanced to explain
how and whether larger nanophase iron could be preferentially
produced over smaller, reddening particles. Furthermore, it
remains to be explained why such a darkening by weathering is
as spatially selective, as the DM is distributed. Of the various mech-
anisms that we have investigated to account for the spectral prop-
erties of the dark terrains, while coarse-grained serpentine could
simultaneously account for the low reflectance and deep 0.7 lm
absorption feature, it is difficult to explain its source and how
and why serpentine would be preferentially coarser-grained than
the surrounding materials, particularly if it is delivered by
impactors. Observational data for Vesta suggests that the surface
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is fine-grained (<25 lm), although the observations have been
made at hemispheric scales (Le Bertre and Zellner, 1980; Hiroi
et al., 1994). Serpentine mixed with dark materials, while able to
lower its reflectance, also tends to suppress the 0.7 lm absorption
band. Contrasting this, reflectance spectra of fine-grained powders
of a number of CM chondrites, within which serpentine is the dom-
inant silicate, do show albedo and 0.7 lm band depths in the same
range as the DM, providing the most likely explanation for the
spectral properties of the dark terrains. The absorption band at
1.0 lm is likely due to HED material, as HEDs have a much stronger
band in this region than serpentine, although contributions from
serpentine are likely.

The most significant differences between our DM spectra from
CC subtypes other than CM, are the absolute reflectance at
0.653 lm (CI, C2 rather darker; CV, CR, CK, CO brighter), and the
spectral shapes (CI: discontinuity at 0.60 lm, CR: very red slope
until 0.70 lm, CO: rounded visual slope up to 0.80 lm, CK: wide
maximum of reflectance in the visual region). However, it should
be noted that terrestrial weathering, which can rapidly affect car-
bonaceous chondrite finds (e.g., Cloutis et al., 2011b), has its most
noticeable effect on visible region spectral slopes. Also the high
olivine content in CO, CV, and CK meteorites contrasts to the obser-
vational evidence from Vesta. We conclude that our data lack the
diversity observed in carbonaceous meteorites. On the contrary,
the spectra of all investigated sites hint at a link with CM type
material. Therefore it is unlikely that this DM, as we see it
distributed widely over the surface of Vesta, has been delivered
by multiple impacts, or impacts involving diverse carbonaceous
chondritic types. This does not exclude relatively small contribu-
tions from other carbonaceous projectiles which can be found in
some HED meteorites. If the material had been delivered by the
Veneneia projectile, structures in the ejecta plume and subsequent
re-location by younger impacts can explain the non-uniform distri-
bution of the DM observed today. This view is supported by the
complete absence of highly concentrated DM in the younger giant
basin Rheasilvia. Removal of former deposits is also indicated in
the southern half of the Marcia/Calpurnia crater area. It cannot
be excluded that the almost complete absence of DM sites north
of 40�N is spurious and biased by high incidence angles. Alterna-
tively, it may be related to the presence of several minor basins
of different ages, indicated by different stages of erosion.

Delivery of DM by the Veneneia projectile implies a low impact
velocity in order to keep the observed serpentine stable against
metamorphism. The combination of Vesta’s low gravity, the exis-
tence of background asteroids with low albedo, and absorption
bands at �0.7 lm near Vesta are indications that low-velocity
impacts of CM objects are likely. In contrast, the delivery of other
carbonaceous chondritic material types would have to be linked
with suggested parent bodies in more remote dynamical ranges,
which would prevent the preservation of projectile material in its
original composition on the surface of Vesta. The stability of ser-
pentine also argues against a delivery during the formation of indi-
vidual craters, since there is no other evidence of DM in ejecta
blankets outside the sectors connected with DM outcrops in the
inner walls.
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