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Abstract 44 
The surface composition of the northern regions of Vesta, observed by the Dawn spacecraft, 45 
offers the possibility to test several hypotheses related to impact-related processes.  We used 46 
mostly imaging spectrometry in the visible and near infrared to assess the distribution of mafic 47 
lithologies, hydrated components and albedo properties, and use the link with howardite, eucrite 48 
and diogenite meteorites (HEDs) to investigate the origin of those materials. We established that 49 
Rheasilvia ejecta reached the northern regions, and have a diogenitic-rich composition 50 
characteristic of the lower crust. Investigations of the antipodes of the two major impact basins 51 
(Rheasilvia and Veneneia) did not reveal any correlation between geographic location, geological 52 
features and the surface composition. The northern wall of Mamilia crater, which is one of the 53 
freshest craters above 22°N, contains relatively pure eucritic-rich, diogenitic-rich and dark, 54 
hydrated materials, which are representative of the rest of the northern regions (and most of 55 
Vesta), with the exception of an olivine-like component found in Bellicia crater by Ammannito 56 
et al. (2013, Nature Volume 504, Issue 7478, pp. 122-125). We determined that similar types of 57 
materials are found in various proportions over a large region, including Bellicia, Arruntia and 58 
Pomponia craters, and their origin does not seem to be related to Rheasilvia ejecta. These 59 
materials are hydrated, which could indicate an exogenous origin, and not as dark as expected 60 
for carbonaceous chondrites, which likely compose the majority of dark hydrated materials on 61 
Vesta. Spectral mixture analysis reveals that mixtures of pyroxenes (hypersthene, pigeonite and 62 
diopside) could offer an alternative interpretation to olivine in this area. 63 
  64 
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Highlights 65 
• Diogenitic-rich ejecta from Rheasilivia have reached the northern regions of Vesta. 66 
• Mamilia crater contains the purest lithologies representative of the northern regions. 67 
• A 200-km broad, heterogenous hydrated unit is possibly of exogenous origin. 68 
• Mixtures of pyroxenes is an alternative interpretation to olivine in Bellicia crater. 69 
• No disturbance of the surface composition is associated to Rheasilvia antipode. 70 

Keywords  71 
Asteroid Vesta 72 
Asteroids, composition 73 
Mineralogy 74 
Spectroscopy 75 
 76 
  77 



5 For peer-review 
Icarus, Special Issue: Vesta Surface Composition 

Manuscript March 20, 2015 Submission 2 

1. Introduction 78 
Asteroid 4 Vesta is the second largest asteroid in the Main Asteroid Belt and displays evidence of 79 

many processes that bodies classified as planets experience. The northern regions of asteroid 4 80 
Vesta have the shape of a true planetary hemisphere (Fig. 1), unlike its southern hemisphere and 81 
equatorial regions, where altitudes vary significantly compared to the diameter of the whole 82 
body (e.g. Thomas et al., 1997; Zellner et al., 2005; Jaumann et al., 2012, Gaskell et al., 2012). 83 
Because of that, investigation of the surface composition at latitudes higher than 22°N – 84 
defining the northern quadrangles, the focus of this paper – can reveal processes that generally 85 
occur on full-size planets, and for analysis of regions where the early crust is likely the best 86 
preserved. In the present study, we sought to investigate the origin of surface materials observed 87 
today in the northern regions, by interpreting the composition, mostly from the Dawn Visible 88 
and Infrared Mapping Spectrometer (VIR, De Sanctis et al., 2011), but also from the Gamma-89 
Ray and Neutron Detector (GRaND, Prettyman et al., 2011) and the Framing Camera (FC, 90 
Sierks et al., 2011). Telescopic visible and infrared spectrometry has linked Vesta to HED 91 
meteorites (howardites, eucrites and diogenite) found on Earth (McCord et al., 1970). Vesta’s 92 
mafic rich lithology reflects differentiation in the interior, from the upper crust (eucrites) to the 93 
lower crust (diogenites). Eucrites have high-iron and low-calcium clinopyroxenes, while 94 
diogenites have low-iron and no-calcium orthopyroxenes (e.g. Usui and McSween, 2007). Fig. 2 95 
illustrates chemical properties of HEDs with respect to low-calcium pyroxenes, high-calcium 96 
pyroxenes, and olivine.  97 

 98 
Fig. 1: Vesta as observed by the Dawn FC on September 22, 2011, pointing at the equator, showing the different 99 
shapes of the two hemispheres. While the northern hemisphere is close to an ellipsoid, the southern hemisphere 100 
is largely shaped by the Rheasilvia basin and its central peak, an impact feature that is not hydrostatically 101 
compensated. 102 
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 103 
Fig. 2: HED meteorite compositions represented in a clinpyroxene-orthopyroxene-olivine-plagioclase diagram. 104 
OPx=orthopyroxenes. CPx=Clinopyroxenes, according to Mayne et al., (2009) and Bunch et al.. (2010). 105 

Impacts that formed the Veneneia (Schenk et al., 2012; Reddy et al., 2012, Marchi et al., 2012) 106 
and Rheasilvia basins (Thomas et al., 1997; Jaumann et al., 2012, Schenk et al., 2012, Marchi et 107 
al., 2012), modified the shape and topography of Vesta at a global scale (Jaumann et al., 2012; 108 
Gaskell et al., 2012; Buczkowski et al., 2012), and greatly disturbed the surface materials (Jutzi et 109 
al., 2013, De Sanctis et al., 2012, Ammannito et al., 2013b). The northern regions, because of 110 
their distance from the Rheasilvia and Veneneia basins, should be least disturbed by the giant 111 
impacts. As evidence of this, geological mapping of the northern regions indicates terrains older 112 
than most of Vesta (Yingst et al., 2014; Blewett et al., 2014; Ruesch et al., 2014a; Scully et al., 113 
2014), and visible-near-infrared spectroscopy from telescopic data indicates a surface primarily 114 
eucritic (Shestopalov et al., 2010). Old surfaces, typical of the northern regions, present 115 
challenges to the analysis of their composition, because meteoritic impacts over a long period of 116 
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time resulted in mixing of pure materials, eventually masking the original endmember materials 117 
and making the composition gradually more homogenous over time. However, the Rheasilvia 118 
and Veneneia impacts themselves may have affected the surface and/or the crust at their 119 
antipodes, near the North Pole, from impact ejecta, or convergence of seismic waves. One way 120 
to investigate Vesta’s past with remote sensing is to focus on large and relatively recent impact 121 
craters that may expose fresh materials, possibly revealing the stratigraphy beneath the current 122 
surface. For example, Mamilia crater’s northern wall contains a variety of compositions (eucritic 123 
and diogenitic, hydrated dark material and non-hydrated bright material) concentrated in a small 124 
area. Bellicia and Arruntia craters are other examples, where a unique lithology – possibly olivine 125 
– was found (Ammannito et al., 2013b, Ruesch et al., 2014b). The common theme of this paper 126 
is to investigate the old crust by analyzing how meteorite impacts processed and transformed the 127 
composition of the northern regions, masking, mixing, excavating and exposing the lithology 128 
that resulted from planetary differentiation prior to the bombardment phase of the Main 129 
Asteroid Belt. 130 

 131 
We tested four possible effects of impact-related processes.   132 
1) Did Rheasilvia ejecta reach the northern regions?  133 

A dynamical model of Rheasilvia ejecta by Jutzi et al. (2013) indicates materials that formed at 134 
a depth of about 30 km in the crust reached the northern regions (Fig. 3). This model accounts 135 
for the presence of the Veneneia basin at the time of the Rheasilvia impact. We compare maps 136 
of the composition (mafic minerals, HEDs, and hydrated materials) and the distribution of 137 
ejecta, exposed or excavated materials, in order to confirm the model findings, determine the 138 
nature of Rheasilvia ejecta, and interpret the implications in terms of internal structure and 139 
lithology of Vesta in the southern polar region. 140 
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 141 
Fig. 3: Global map of Rheasilvia ejecta depth model, 0-100 km (Jutzi et al., 2013). This equirectangular 142 
projection is in the Claudia system of coordinates that is the standard for maps of Vesta generated by the Dawn 143 
team, and therefore is shifted by 150E to the East with respect to the IAU system (International Astronomical 144 
Union). Note also that projections of the maps by Jutzi et al. (2013) were not internally consistent in the 145 
publication. In our version, the deepest ejecta correspond to Rheasilvia and Veneneia basins, using the Digital 146 
Elevation Model (DEM) derived from Dawn data. 147 

2) Have the Rheasilvia and Veneneia antipodes been disturbed by the impacts?  148 
In order to investigate whether convergence of seismic waves and ejecta occurred at the 149 

antipodes of Rheasilvia (Fig. 4), we compare the distribution of Rheasilvia ejecta from the model by 150 
Jutzi et al. (2013), the gravity anomaly and crustal thickness calculation by Park et al. (2014), results 151 
from geological mapping (Blewett et al., 2014; Ruesch et al., 2014a) and maps of the composition. 152 
High illumination incidence angles near the North Pole at the time of Dawn’s data acquisition 153 
present a significant challenge to data processing and analysis because of deep shadows and limited 154 
coverage by VIR. Framing Camera data are expected to provide the most relevant information of 155 
the composition at this particular location, because it acquired more images. 156 
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 157 
Fig. 4: North polar view of Vesta topography (Jaumann et al., 2012; Gaskell et al., 2012). White partial circles 158 
represent the antipodes of the Rheasilvia and Veneneia basins. 159 

3) Are Mamilia crater’s northern wall compositions representative of the subsurface of 160 
the northern regions?  161 
Mamilia crater is a 35-km impact crater centered at 48°N and 293°E, and is relatively young 162 
compared to the rest of the surface of the northern regions (Ruesch et al., 2014), as indicated by 163 
sharp rims and large variations in albedo occurring on the northern wall (Fig. 5). High contrast 164 
in albedo and composition on the northern wall suggests excavation of pure components. In 165 
order to test whether these components are representative of the subsurface, we performed 166 
linear spectral unmixing, using spectral endmembers selected in Mamilia’s northern wall.  167 
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 168 
Fig. 5: Mamilia crater. a – Non-projected image from Dawn FC. b – Geological map (Ruesch et al., 2014a). 169 
Materials with different albedos compose the upper part of northern wall, while mass-wasted materials lie on the 170 
floor. 171 

4) Is the origin of the olivine-like component found in Bellicia crater related to 172 
Rheasilvia? What are the other scenarios?  173 

Olivine is the expected majority mantle material in a differentiated body. Detection of olivine on 174 
Vesta, in association with excavation of materials from deep in the interior, would provide evidence 175 
for an olivine-rich mantle, and an internal structure and composition consistent with a differentiated 176 
protoplanet. Therefore, the search initially focused on the Rheasilvia basin (Clénet et al., 2012, 2013). 177 
Reports of olivine from Dawn FC and VIR data in Bellicia (Fig. 6) and Arruntia, but not in 178 
Rheasilvia (Ammannito et al.,2013a; Ruesch et al., 2014b), do not fit completely into the model of a 179 
simple internal structure of a differentiated body. In HED meteorites, Fe-rich olivine (common in 180 
igneous rocks) is present mainly in the diogenite group (e.g. Beck et al., 2010), which is evidence of 181 
formation at depth. Mg-rich olivine (characteristic of mantle) has been found in one case in 182 
howardites (Lunning et al., 2014), which are aggregates of materials from different regions on Vesta. 183 
Olivine-bearing materials exposed at the surface, if confirmed, and the identification of the type (Fe-184 
rich versus Mg-rich) would constrain the melting and differentiation processes that operated in the 185 
interior of Vesta during its evolution, determine whether or not mantle material has been exposed, 186 
and suggest the minimum depth of the crust-mantle interface.  187 

A new investigation of the composition of Bellicia northern wall was motivated by the 188 
availability of detection techniques different to spectral parameters used by Ammannito et al. (2013), 189 
Ruesch et al. (2014) and Palomba et al. (2015). Regardless of the methodology, any remote detection 190 
without ground sampling may return false-positive, which justifies the need for multiple approaches. 191 
Combining spectral parameters is only one of them. Deconvolution techniques such as the Modified 192 
Gaussian Model applied by Clénet et al., (2012, 2013) or spectral unmixing (our study), constitute an 193 
alternative for cross-checking results. 194 
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 195 
Fig. 6: Bellicia crater. a – Non-projected image from Dawn FC. b – Geological map (Ruesch et al., 2014). Mass-196 
wasted materials lay on the floor, where olivine-like lithologies have been identified (Ammannito et al., 2013). 197 

2. Data 198 
Dawn entered into orbit around Vesta on 16 July 2011 and departed on 5 September 2012 199 

(Russell et al., 2012). The mission was divided into four main phases (Table 1): Survey, High-200 
Altitude Mapping Orbit (HAMO), Low- Altitude Mapping Orbit (LAMO), and High-Altitude 201 
Mapping Orbit 2 (HAMO-2). Each phase differs in duration, illumination conditions (with the phase 202 
angle increasing from Survey to LAMO), and surface coverage. 203 

2.1 Visible and Infrared Mapping Spectrometer (VIR) 204 
VIR (De Sanctis et al., 2011) is an imaging spectrometer onboard the Dawn spacecraft with an 205 

Instantaneous Field of View (IFOV) of 250 µrad/pixel and Field of View (FOV) 64×64 mrad, with 206 
two detectors: One mostly sensitive to the visible radiation between 0.25 and 1.05 µm, and an 207 
infrared detector for the range 1.0–5.0 µm, with spectral sampling of 1.8 nm and 9.8 nm, 208 
respectively. The nominal pixel resolution varies between 0.676 and 0.719 km/pixel during Survey, 209 
between 0.161 and 0.206 km/pixel during the two HAMO phases, and between 0.043 and 0.075 210 
km/pixel during LAMO. It is a function of the spacecraft’s orbit altitude, which both changes the 211 
area covered by the IFOV, and the relative motion of the surface with respect to the instrument. In 212 
this paper, we used data from the entire VIR dataset and prepared both global and polar maps, 213 
which are mosaics of thousands of observations. The extreme northern polar region was mostly not 214 
observed by VIR, because of low or no illumination. Angles of solar incidence, emergence and 215 
phase are derived from the shape model and the geometry of VIR observations and are projected 216 
against each VIR pixel, in order to perform photometric correction of VIR data. 217 

2.2 Framing Camera (FC) 218 
FC (Sierks et al., 2011) has one clear and seven color filters between 0.4 and 1 µm, with IFOV of 219 

93.7 µrad/pixel and FOV of 5° x 5°. FC color data are the only data in the visible and near infrared 220 
that cover the northern polar region above 70°N, because the band passes of the FC filters (40 +/- 221 
5 nm) provide a high signal-to-noise ratio at high spatial resolution. Therefore, our study relies 222 
partially on a photometrically-corrected (Bond albedo) global map from clear filter data (Roasch et 223 
al. 2012), and a color composite (Reddy et al., 2012). In addition, the topography comes from a 224 
shape model derived from photogrammetry (Jaumann et al., 2012; Gaskell et al. 2012) at 512 225 
pixels/degree.  226 
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2.3 Gamma Ray and Neutron Detector (GRaND)  227 
GRaND (Prettyman et al., 2011) is sensitive to the elemental composition of Vesta, integrated over a 228 
depth of 20 cm of the surface regolith. Dawn’s altitude over the surface determines the spatial 229 
resolution, because GRaND is a detector without focusing or collimating optics. Maps derived from 230 
LAMO data have a full-width-at-half-maximum (FWHM) of the spatial response function of ~300 231 
km in diameter at 200 km altitude (Prettyman et al. 2004). 232 

3. Methods 233 
In order to provide a common basis for the compositional analysis of Vesta’s quadrangles, maps 234 

of several spectral parameters were produced, including pyroxene absorption band depth and 235 
position (Frigeri et al., 2015, this issue), the 2.8 µm absorption band depth and the 1.4 µm 236 
reflectance (Combe et al., 2015, this issue). In addition, in this article, modeling of the distribution of 237 
Mamilia’s northern wall materials required performing spectral unmixing using the entire spectrum 238 
as complementary processing. 239 

3.1 Spectral band parameters  240 

3.1.1 Pyroxene band parameters (Frigeri et al., 2015, this issue) 241 
The surface of Vesta consists of pyroxene-rich lithologies, which are ubiquitous across the entire 242 

body. From laboratory spectral measurements, most pyroxene spectra present two large absorption 243 
bands near 1 and 2 µm due to Fe2+ electronic transitions in distorted tetrahedral M1 and M2 crystal 244 
field sites (Burns, 1970a). The position of those absorption bands shifts towards longer wavelengths 245 
as a function of increasing Fe and Ca content (Adams, 1974; Hazen et al., 1978). Although Vesta’s 246 
surface does not host the most extreme compositions of pyroxenes observed on Earth’s samples, 247 
VIR can detect significant variations, within the range observed in spectra of HED meteorites (De 248 
Sanctis et al., 2012b; Ammannito et al., 2013b). The relative depth of the 1 and 2 µm absorption 249 
bands may depend on the type of pyroxenes. The absolute depth of those absorption bands 250 
increases as a function of numerous properties of the regolith, such as pyroxene abundances, 251 
increasing grain size, and more generally, light scattering. The amplitude of multiple scattering 252 
effects depends also on the geometry of illumination and observation.  253 

The pyroxene absorption band parameters used in this paper are derived by modeling those 254 
absorption bands using Gaussian curves. These parameters describe the band positions, depths and 255 
widths (Frigeri et al., 2015, this issue). Raw pyroxene band depth calculations are affected by 256 
photometric artifacts due to light scattering, including a correlation with phase angle. A correction of 257 
observed correlation as function of phase angle minimizes photometric artifacts due to light 258 
scattering. In this paper, we used maps of band depth normalized to a phase angle of 30° 259 
(Longobardo et al., 2014), which minimizes this effect. 260 

3.1.2 2.8-µm absorption band depth (Combe et al., 2015, this issue) 261 
Hydrated materials on Vesta possess a hydroxyl-related, narrow absorption band centered at 2.8 262 

µm (De Sanctis et al., 2012; McCord et al., 2012). Vibrations of OH-cation bonds produce this 263 
absorption band. Darker materials generally have a deeper 2.8 µm band. In addition, several other 264 
vibration absorption processes may exist between 2.8 and 3.5 µm, which could explain the shape of 265 
VIR spectra; however, because these features are complex, overlap each other and are not yet fully 266 
characterized, their analysis is beyond the scope of this article. 267 

The 2.8 µm band depth, described in Combe et al. (2015, this issue), measures the ratio between 268 
the reflectance at the center of the absorption and the average reflectance of its shoulders. This 269 
method minimizes effects due to possible variations of spectral slope, albedo, and geometry of 270 
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illumination and observation. The maps shown in this article make use of the entire VIR dataset 271 
from Approach to HAMO-2. 272 

3.2 VIR reflectance-calibrated spectra 273 

3.2.1 Reflectance 274 
Vesta’s surface albedo constitutes the fundamental datum for characterizing the distribution of 275 

dark materials. Photometrically-corrected (reflectance) VIR data mostly represent intrinsic brightness 276 
of the regolith, while minimizing effects due to the geometry of illumination and observation. The 277 
choice of the 1.4 µm wavelength is due to its relative independence to pyroxene absorption bands, in 278 
a range where VIR data have a high signal-to-noise ratio and no noted instrument artifacts. The first 279 
part of the correction – called the disk-function – accounts for illumination effects due to the 280 
topography at scales larger than the area observed by the pixel IFOV. The second part of the 281 
correction – the phase function – accounts for illumination effects due to the physical structure of 282 
the regolith at scales much smaller than the spatial resolution of VIR, which can only be modeled 283 
through statistics, and appears mostly correlated with the phase angle. In our application (Combe et 284 
al., 2015, this issue), we chose the Akimov disk-function (Akimov et al., 1975) and the Shkuratov 285 
phase function (Shkuratov et al., 1999).  286 

In addition to the spectral parameters and 1.4 µm reflectance maps, we performed photometric 287 
correction of VIR spectra between 0.4 and 3.5 µm. As mentioned in section 3.1.1, pyroxene 288 
absorption band depth is sensitive to phase angle variations (Longobando et al., 2014); therefore a 289 
phase function correction is necessary prior to application of fitting models to VIR data. The 290 
approach consists of a generalization of the processing developed for the 1.4 µm reflectance. 291 

3.2.2 Temperature effects on VIR spectra of Vesta 292 
A temperature increase of a pyroxene-rich or an olivine-rich surface implies broadening absorption 293 
bands and shifting the band center position towards longer wavelengths. Since the position of the 294 
pyroxene absorption bands indicates the calcium content and therefore the type of HED analog 295 
composition, the shifting due to temperature must be taken into account. Given the variability of 296 
illumination conditions of the surface of Vesta observed by VIR, the temperature of the regolith 297 
ranges from 180 K (lowest temperature detectable by VIR) to 273 K (maximum temperature 298 
calculated from VIR data), according to Tosi et al. (2014).  A 100 K variation span of the surface 299 
implies measurable changes in the shape of reflectance spectra (Singer and Cloutis, 1985; Hinrichs 300 
and Lucey, 2002; Reddy et al., 2012), According to Reddy et al. (2012), temperature corrections of 301 
the 2 µm pyroxene band position in HED meteorite spectra are about 0.13 nm.K-1 (diogenites) and 302 
0.17 nm.K-1 (eucrites). From the spectra presented by Hinrichs and Lucey (2012), we measured a 303 
shifting of 0.20 nm.K-1 for the minimum of the 2 µm pyroxene absorption band in eucrites 304 
(EET83251), and 0.30 nm.K-1 for the center of figure of the 2 µm pyroxene absorption band, which 305 
includes the effect of broadening as the temperature increases. For an average howardite 306 
composition of Vesta, a 100 K temperature difference (largest range observed between the coldest 307 
and the warmest places on Vesta) may cause a maximum shifting of 15 nm for the 2 µm pyroxene 308 
absorption band center, which represents about 15% of the measured variability across Vesta (1.92-309 
2.02 µm). In this study, we chose to not apply any correction because 1) the topics all refer to 310 
phenomena at global or hemispheric scales, which are not sensitive to topography and illumination, 311 
2) all the maps showed result of averaged observations which minimizes the effects of extreme 312 
conditions of illumination that may occur locally, and 3) we interpret variations of the composition 313 
across the surface, not the absolute abundance of minerals.  314 
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3.2.3 Calibration issues 315 
VIR spectra of Vesta have a continuum slope and pyroxene absorption band shape different 316 

from those of telescopic observations of Vesta, Vestoids and HED samples. The spectral slope in 317 
Dawn VIR data is positive and systematically steeper (Fig. 7 a, b, c, d). Taking visible and NIR 318 
spectra from different telescopes with different observational conditions could modify the shape of 319 
the spectra; therefore spectral slope differences may represent measurement uncertainties in both 320 
VIR and telescopic measurements. These differences must be accounted for when modeling or 321 
comparing spectra from different sources. For example, the spectral mixture analysis in the present 322 
study makes use of a synthetic spectral slope that helps modeling VIR spectra with image spectral 323 
endmembers measured under different geometries of illumination and observation (section 3.3.3), or 324 
with reflectance spectra acquired respectively in the laboratory (section and 4.4.2). Furthermore, 325 
many of the high-frequency features in VIR infrared spectra occur systematically, and their 326 
amplitudes vary linearly as function of the photon flux. Those result from residuals in the instrument 327 
responsivity function, and they are not absorption bands due to the surface composition of Vesta. 328 
Because of these limitations, our spectral interpretations of VIR data rely mostly on relative 329 
variations, not in their absolute shape. One exception we make in section 4.4.2 focuses on the very 330 
broad absorption bands of pyroxene and olivine, however we do not analyze the fine structures in 331 
the spectral shape. Future VIR observations of Ceres may help understand and calibrate the spectral 332 
slope and improve the instrument responsivity function in a more absolute sense than it was 333 
possible for Vesta.  334 
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 335 
Fig. 7: Evidence of a more positive spectral slope in Dawn VIR observations of Vesta than in any other spectral 336 
dataset of Vesta, Vestoids or HED samples. a – Spectra of Vesta’s surface. b – Histogram showing that VIR 337 
spectra have a more positive slope than the telescopic spectrum acquired by Gaffey et al. (1997) in 1981, which 338 
has the most positive slope among all telescopic spectra. c – Telescopic spectra of Vestoids compared to Dawn 339 
VIR at Vesta. d – Laboratory spectra of HED samples compared to Dawn VIR at Vesta. 340 

3.3 Multiple-Endmember Linear Spectral Unmixing Model 341 
In order to investigate whether fresh and distinct spectral components from Mamilia’s northern 342 

wall are representative spectral endmembers of the rest of the northern regions, Spectral Mixture 343 
Analysis (SMA) is a suitable method (Adams et al., 1986). It consists of selecting spectra of known 344 
composition from a database, or spectra with shapes that likely correspond to the purest surface 345 
materials within a remote sensing scene: these spectra are called spectral endmembers. SMA consists 346 
of modeling spectra of unknown composition by linear combination of spectral endmembers. The 347 
mixing coefficients applied to each spectral endmember are sensitive to the abundance of the 348 
material. Mathematical inversion applied to the SMA can be computed in order to generate 349 
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distribution maps of the mixing coefficients. Finally, mapping of the model’s residuals can help 350 
identify possible additional spectral endmembers, where high values define spatially-coherent units. 351 

 Spectral mixture analysis is an alternative, more flexible and sensitive data processing approach 352 
than band parameters for the mapping of eucritic and diogenitic components, as it uses the entire 353 
spectrum. SMA is also suitable for the interpretation of any kind of spectral shape, including spectra 354 
resulting from mixtures: This is not always the case for the calculation of absorption band depth, 355 
which requires the definition of a band-specific continuum, assuming no effects from mixtures. 356 

3.3.1 Spectral endmember selection 357 
Spectral parameters and albedo maps help to visualize and locate the surface materials with the 358 

most extreme and pure lithologies (Fig. 8 a). We used those spectral parameter data to collect 359 
manually the spectral endmembers from the VIR dataset. As indicated by VIR spectra of Vesta, the 360 
Mamilia crater’s northern wall contains some of the most recent materials exposed by an impact in 361 
the northern regions, and therefore some of the freshest eucritic, diogenitic and dark materials, 362 
which exhibits the most extreme spectral shape, such as the position of the pyroxene absorption 363 
bands for eucrite-rich and diogenite-rich materials, and the depth of the 2.8 µm absorption band of 364 
hydroxyl for dark material. In addition, Bellicia crater’s northeastern wall contains a spectral 365 
component that is similar to an olivine-rich lithology not present in Mamilia’s northern wall, which 366 
we also included in the collection of spectral endmembers (Fig. 8 b). 367 

  368 
Fig. 8: Selection process of spectral endmembers from Mamilia crater northern wall. a – Identification of areas 369 
with extreme compositions from maps of spectral parameters. b – VIR spectral endmember collection from 370 
Mamilia crater (diogenitic, eucritic and dark hydrated materials) and Bellicia wall (olivine-like component). 371 

3.3.2 Algorithm 372 
MELSUM (Combe et al., 2008) is a form of SMA that relies on linear combinations of spectra in 373 

order to fit the spectral shape of an unknown spectrum. Endmember spectra may be image 374 
endmembers from the scene itself, or laboratory spectra of pure minerals (e.g., reference 375 
endmembers; Adams et al., 1993) that will account for most of the spectral diversity in the scene. 376 
Model spectral shapes can be used as well to account for other effects, such as shade, scattering and 377 
surface maturity. The equation of inversion relies on the minimization of root mean square (RMS) 378 
error, like a classical SMA as described above, which provides mixing coefficients that are sensitive 379 
to the abundance of endmember materials. This algorithm’s settings include a maximum number of 380 
components in a given model, as in the Multiple-Endmember Spectral Mixing Analysis (MESMA) 381 
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(Roberts et al., 1998). The analysis of lunar spectra usually requires 3 to 4 endmembers to model a 382 
mixture, even if the total number of reference spectra available is larger. MELSUM also guarantees 383 
that all derived fractions are non-negative, which classical SMA does not. To do so, the algorithm 384 
systematically explores all possible combinations of spectral endmembers, which is the only way to 385 
provide the best fit from explicitly solving the whole system of linear equations (Sabol et al., 1992; 386 
Rodricks and Kirkland, 2004a, b). Equivalent results could be obtained by linear unmixing under 387 
constraints, which allows all combinations to be tested in one run (Heinz and I-Chang, 2001; 388 
Chouzenoux et al., 2014), as performed by (Schmidt et al., 2014). Perfect fit is never achieved 389 
however, because of instrument noise, non-linear effects and the non-exhaustive representativity of 390 
the few reference spectra used as spectral endmembers.  391 

If laboratory spectra are used as reference spectra of known materials, or if intimate mixtures 392 
occur, or if reference spectra collected from the image (image spectral endmembers) do not 393 
represent the entire surface diversity of grain size and temperatures, then the mixing coefficients do 394 
not represent actual fractions, and thus their sum does not have to be constrained to unity. 395 
Nevertheless, variations of mixing coefficient values across the surface are indicators of the presence 396 
and distribution of some components, which is the way we interpret MELSUM results on Vesta. 397 

3.3.3 Model settings 398 
In the mixing coefficients linear inversion computation, all wavelength channels weigh the same, 399 

regardless of spectral sampling variations that occur across VIR spectra between the visible and 400 
infrared detectors. Denser sampling implies stronger weighing. In VIR data, the visible portion 401 
between 0.45 and 0.96 µm weighs as much as the near infrared portion between 0.96 and 3.5 µm. In 402 
order to avoid such a bias and to achieve homogenous weighing at all the wavelengths, we 403 
resampled VIR visible data to the same spectra sampling as the VIR infrared. The new wavelengths 404 
in the visible range result of linear extrapolation of the infrared wavelengths. Once the new 405 
wavelengths are defined, the spectra are resampled using a Gaussian convolution model with a Full 406 
Width Half Maximum (FWHM) equal to the band spacing. 407 
Inclusion of a synthetic spectral slope as a spectral endmember allows VIR spectra of any location to 408 
be compared with spectra from several sources, or several locations on Vesta, despite a more 409 
positive spectral slope in VIR data compared to any other dataset. Furthermore, observations of 410 
areas acquired under conditions of illumination and observation may affect the spectral slope, in 411 
particular the phase function, and residual effects may remain even after correction.  412 
In all the tests performed for the present study, MELSUM was set up so that a maximum of four 413 
spectral endmembers could be used to model a mixture, and the sum of mixing coefficients was not 414 
constrained to any value. In the two examples shown in Fig. 9, linear combinations of spectral 415 
endmembers from Mamilia’s northern wall model two spectra with adequate quality of fit. The 416 
modeling of the average spectrum of Vesta demonstrates that spectral endmembers from Mamilia 417 
can explain the composition at the scale of the whole body. The dark material example, taken in 418 
Aricia Tholus, the darkest spot on Vesta, for which albedo is approximately 0.59 times the dark 419 
material in Mamilia’s northern wall, is also modeled adequately, with the need for a more positive 420 
slope. 421 
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 422 
Fig. 9: Example of spectral fitting using MELSUM. All endmember spectra shown are weighted by their 423 
respective mixing coefficient, which explains the differences between the two panels of the figure. The sum of all 424 
spectral endmembers as represented equals the modeled spectrum (black solid curve). a – Dark materials from a 425 
region between Caesaria and Arruntia craters. b – Average spectrum of Vesta. 426 

4. Results: Mapping of the composition of the northern regions of Vesta 427 

4.1 Global context and general composition of the northern regions of Vesta 428 
Fig. 10 represents the distribution of points for three spectral parameters (reflectance at 1.4 µm, 429 

pyroxene absorption band positions at 1 and 2 µm) as function of the absorption band depth at 2.8 430 
µm. It compares data of the northern regions with the entire surface of Vesta. At first order the 431 
reflectance at 1.4 µm is generally anti-correlated with the 2.8-µm absorption band depth. This anti-432 
correlation is interpreted as possible same origin for dark and hydrated materials: The current 433 
hypothesis involves infalling carbonaceous chondrite meteorites (McCord et al., 2012; De Sanctis et 434 
al., 2012) onto a bright and anhydrous surface of Vesta during the early geological history of Vesta. 435 
Carbonaceous chondrite meteorites contain low albedo, hydrated materials that are spectrally neutral 436 
(without characteristic absorption band in the visible and near infrared, except for the hydroxyl band 437 
at 2.8 µm) and therefore preserve. At second order, the total surface of Vesta exhibits a portion of 438 
the data where a reflectance increase may occur without decreasing of the hydroxyl absorption band 439 
depth (vertical part of the data cloud, on the left of the plot, around the constant value centered 440 
around 0.02 for the 2.8 µm absorption band depth). The value of this minimum is not meaningful, 441 
as it relies on the absolute calibration of the instrument, discussed in Combe et al., (2015, this issue). 442 
However the fact that an anti-correlation does not exist everywhere on Vesta indicates different 443 
types of soils on Vesta, which is a more reliable information. In Fig. 10 b the northern regions show 444 
only a diffuse anti-correlation, and not the vertical part of the cloud. Fig. 10 c shows that the most 445 
anhydrous regions of the northern hemisphere have a deeper 2.8-µm absorption band than the most 446 
anhydrous regions of the rest of Vesta: The value of 0.02 is rarely represented in the regions 447 
observed by VIR.  448 

Similarly, the pyroxene absorption band position as function of the hydroxyl absorption band 449 
depth reveal a complex shape of the two-dimension scatter plot for the entire surface of Vesta (Fig. 450 
10 d and g) with two sub-clouds, while the data from the northern regions show only a very diffuse 451 
cloud: The main difference is again due to the most anhydrous regions of Vesta that also contain the 452 
most extreme composition of diogenitic and eucritic materials (Fig. 10 f and i) 453 

The three-color composite of 1.4-µm reflectance, 2.8-µm band depth and diogenite mixing 454 
coefficient from VIR spectra (Fig. 11) represents most compositional properties of the surface of 455 
the northern region of Vesta. Overall, diogenitic materials have little to no absorption bands of 456 
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hydrated materials. Dark, hydrated materials have a mostly eucritic composition (e.g. Longobardo et 457 
al., 2014), although not all eucrite-rich materials are hydrated. Diogenitic, anhydrous materials have 458 
been likely excavated from the deep crust by large impacts. Assuming that Veneneia and Rheasilvia 459 
occurred later than most episodes of carbonaceous chondrite meteorite impacts, diogenitic basin 460 
floors, walls and ejecta remained uncontaminated, and therefore anhydrous until the present time. 461 
Light green indicates a more diogenitic composition in the Rheasilvia basin (especially in the 462 
Severina crater), in the Veneneia basin (evident in Antonia crater and its ejecta rays), and on 463 
Matronalia Rupes, which is the only preserved part of the rim of Rheasilvia. Outside the southern 464 
polar basins, green and yellow pixels represent relatively bright diogenitic components on a broad 465 
area that lines up with Severina crater and Matronalia Rupes, and reaches regions north of Licinia 466 
crater, above 30°N in latitude. As a corollary, the northern regions studied in the present paper 467 
contain mostly eucritic components, as seen in Fig. 11), with the exception of an area between -20°E 468 
and 40°E. Half of the northern polar regions that have been observed by VIR, between -130°E and 469 
40°E and southern of 60°N, are mostly non-hydrated, while the other half is hydrated. 470 

 471 
Fig. 10: 2-D scatter plots of various spectral properties of the surface of Vesta as function of the 2.8-µm band 472 
depth. First row (a, b, c): 1.4-µm reflectance. Second row (d, e, f): Pyroxene 1-µm absorption band position. 473 
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Third row (g, h, i): Pyroxene 2-µm absorption band position. First column (a, d, g): Global dataset. Second 474 
column (b, e, h): Northern regions dataset. Third column (c, f, i): Global dataset (magenta) and northern region 475 
dataset (blue) superimposed. 476 

 477 
Fig. 11: Vesta surface composition from VIR data, displayed as a Red-Green-Blue color composite. Red: 1.4-µm 478 
reflectance in the range 0.2-0.4. Green: Mixing coefficient of diogenite spectral endmember calculated with 479 
MELSUM, in the range 0-0.7. Blue: 2.8-µm band depth of hydroxyl in the range 0.015-0.050. a – Northern polar 480 
projection. b – Global equirectangular projection. 481 

4.2 Rheasilvia ejecta in the northern regions, diogenitic composition 482 
The distribution of modeled Rheasilvia ejecta (Fig. 12 a) from the dynamical model by Jutzi et al. 483 

(2013) presents similarities with the maps of HED composition derived from pyroxene band center 484 
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parameters (Fig. 12 b) and the distribution of diogenitic component from MELSUM (Fig. 12 c), 485 
both from VIR data, FC R0.98 µm /R0.92 µm reflectance ratio (Fig. 12 d), and the percentage of 486 
eucritic material (POEM, Fig. 12 e) from the GRaND neutron count (Prettyman et al., 2013). 487 
The Veneneia and Rheasilvia basins occupy most of the southern hemisphere, where surface 488 
materials originate from several tens of kilometers inside of Vesta. The purest diogenitic 489 
components, which likely formed deep in the crust of Vesta, also lie within the Veneneia and 490 
Rheasilvia basins. Furthermore, a broad ejecta unit connected to the rim of Rheasilvia at Matronalia 491 
Rupes reaches the northern hemisphere between 0 and 90°E, and shows a distinctive diogenitic 492 
composition. This spatial correlation supports the model by Jutzi et al. (2013). Those consistent 493 
observations support the model’s assumptions, such as the presence of Veneneia crater at the time 494 
of Rheasilvia impact, the size of the impactor, and the rotation of Vesta. They also constrain the 495 
conditions of temperature and pressure at the depth (~30 km) where the materials of Rheasilvia 496 
ejecta in the northern regions formed. 497 
Significant differences between the modeled distribution of ejecta and diogenitic distribution exist in 498 
the southern hemisphere, within the Rheasilvia and Veneneia basins; however, they do not invalidate 499 
the aforementioned correlations and the model’s setup. For example, the modeled formation depth 500 
of all the materials within the Veneneia and Rheasilvia basins exceeds 60 km, which is expected to 501 
be of diogenitic composition. According to all Dawn’s observations, diogenite does not cover the 502 
entire basins’ surface. Contamination of the basins from impact ejecta more recent than Rheasilvia 503 
explains the compositional heterogeneity, which is beyond the scope of Jutzi et al. (2013)’s model.  504 
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 505 
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Fig. 12: Comparison of the distribution of diogenite-rich materials from various datasets. Left column: global 506 
mapping in equirectangular projection. Right column: Polar projection of latitudes north or 21°N. a, b – 507 
Modeled distribution of Rheasilvia ejecta (Jutzi et al., 2013), as in Fig. 3. To facilitate comparison with global 508 
maps from VIR data, it is represented only where VIR images cover the surface of Vesta, hence the white 509 
background in the northern polar regions. c, d – Mixing coefficient of diogenite from VIR data using MELSUM. 510 
e, f – Synthetic view of relative absorption band position of pyroxenes at 1 versus 2 µm from VIR spectra, 511 
sensitive to the HED composition calculated from the band parameters by Frigeri et al. (2015, this issue). g, h –512 
Band ratio 0.98/0.92µm from FC data, sensitive to HED composition. i, j – Percentage of eucritic material 513 
(POEM) from GRaND data (from Prettyman et al., 2013) 514 

4.3 Rheasilvia and Veneneia antipodes: no obvious effects in the surface composition 515 
Prior to the Dawn mission at Vesta, observations of disturbances at the antipodes of large impact 516 
basins were reported in the solar system. Ejecta convergence at the antipode of an impact basin may 517 
have occurred on Mercury from Caloris basin (e.g. Lü et al., 2011), and on the Moon from 518 
Serenitatis basin (Wieczorek and Zuber, 2001), although those interpretations are debated.  519 
The antipodes of the Rheasilvia and Veneneia basins do not show obvious correlation among 520 
topographic features (Fig. 4), geological units (Blewett et al., 2014), the distribution of Rheasilvia 521 
ejecta (Fig. 12 a), or crustal thickness (Park et al., 2014). Only a small deficiency in the population of 522 
small impact craters suggests possible crustal deformation (Bowling et al., 2013). Although high 523 
incidence angles and absence of observations by VIR at the poles make difficult the interpretation of 524 
the surface composition (Fig. 11, Fig. 12b-d, Fig. 13b-c, Fig. 14), neither FC (Fig. 13 a) or GRaND 525 
(Fig. 12 e), which cover the largest part of the northern regions, revealed any distribution of 526 
materials that could correspond to disturbances of the antipodes. From FC and GRaND polar 527 
maps, a diffuse area with relatively high content in diogenitic material lies at about 270°E and 65°N, 528 
close to an old unnamed 100 km-wide impact crater north of Mamilia (distinct in the crustal 529 
thickness map in Park et al., 2014), to the center of Rheasilvia antipode, and to the overlapping area 530 
of the Rheasilvia and Veneneia basin antipodes. Because of the presence of the 100 km crater and 531 
the alignment with diogenitic–rich Rheasilvia ejecta, the relationship with Rheasilvia antipodes is not 532 
proven and is unlikely. Assuming the absence of morphological or compositional anomalies at the 533 
antipodes of major basins implies low-velocity impacts, in agreement with the value of 5.4 km.s-1 in 534 
the model by Jutzi et al. (2013). 535 

 536 
Fig. 13: North polar view of Vesta. a – Bond albedo from FC. c – 1-µm pyroxene absorption band depth. c – 2-537 
µm pyroxene absorption band depth. 538 
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 539 
Fig. 14: Variations of the two pyroxene absorption band depth for the northern regions of Vesta. a – Two-540 
dimensional scatter plot of VIR data. The color scale in the background of the data cloud is the key plot for the 541 
map on the right. b – North polar view of the two pyroxene absorption band depths, using the color key 542 
represented on the left. 543 

Mamilia crater’s northern wall exhibits concentrations of eucritic, diogenitic and dark hydrated 544 
materials. Although not the purest on Vesta, they do represent the extremes in the northern region. 545 
Linear spectral unmixing based on spectra collected in Mamilia and Bellicia craters models most 546 
compositional variations of Vesta, as illustrated in the RMS from MELSUM (Fig. 15). The highest 547 
residuals occur in shaded areas, where the signal-to-noise ratio is the lowest. However, high residuals 548 
in the northern regions do not define spatially-coherent areas that could suggest a composition 549 
different from any in the walls of Mamilia and Bellicia. This indicates that components of the 550 
Mamilia northern wall alone are representative of the northern region, with the exception of the 551 
region defined by Bellicia, Arruntia and Pomponia craters. On the rest of Vesta, other areas such as 552 
regions surrounding Oppia and Antonia craters have a distinct behavior, but this is beyond the 553 
scope of this paper. The distribution of the diogenite endmember-mixing coefficient (Fig. 12 b), in 554 
agreement with maps of spectral parameters sensitive to diogenite from VIR (Fig. 12 c), FC (Fig. 12 555 
d) and GRaND (Fig. 12 e), validates results from MELSUM. 556 
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 557 
Fig. 15: Global map of Vesta in equirectangular projection of residuals (RMS) from MELSUM performed on 558 
VIR entire dataset, using spectral endmembers from Mamilia crater northern wall (diogenitic, eucritic and dark 559 
hydrated materials) and Bellicia wall (olivine-like component).  560 

Overall, the average composition of the northern regions is consistent with mixtures of fresh, 561 
endmember components found in the upper crust, below the surface. Fresh materials in the upper 562 
crust consist mostly of three spectral components (eucritic, diogenitic, and dark hydrated materials) 563 
that are spatially distinct at the resolution of VIR data. Most variations in composition of the crust 564 
are small, consistent with the small variations in average spectra of HED samples. Outcrops of 565 
different mineralogy occur within short distances of each other (within a few kilometers), which may 566 
support the hypothesis of lateral heterogeneity of the crust. Dykes and melt plumes could explain 567 
this heterogeneity, like the case of the ejecta of Teia crater on Brumalia Tholus (De Sanctis et al., 568 
2014, Buczkowski et al., 2014), which is interpreted as excavated material from a dike, or excavated 569 
materials from large impacts forming a patchwork, before being partially mixed and covered by 570 
smaller impacts. 571 

4.4 Distinct regional composition including Bellicia, Arruntia and Pomponia craters 572 

4.4.1 Spectral properties and distribution 573 
Reflectance spectra of Bellicia crater’s northern wall and Arruntia crater have a broad absorption 574 

band at 1 µm (Fe2+ electronic transitions), the shape of which has a positive skew towards longer 575 
wavelengths, and a slightly subdued 2 µm absorption band depth (Fig. 8), which resembles the 576 
features of olivine spectra (Ammannito et al., 2013a; Ruesch et al., 2014b). These spectra differ from 577 
most of the surface of Vesta and from average spectral measurements of HED meteorites. Results 578 
from linear spectral unmixing (Fig. 16 a) a) confirm that a large and diffuse area, which includes 579 
Bellicia, Arruntia and Pomponia, shares similar spectral properties with Bellicia crater’s northern 580 
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wall, although it is mixed with HED-like components. Hydrated materials (band depth > 0.04) with 581 
relatively high albedo (>0.3) occur in the same area (Fig. 16 c), which is another peculiarity of the 582 
composition of that area. The RGB composite of three color ratios (Fig. 16 b) b) of FC data shows 583 
an orange/reddish area that corresponds to the same spatial unit, although correlation does not 584 
occur perfectly in detail. This compositional anomaly may indicate either: 1) a different chemistry in 585 
the interior of Vesta, or 2) a different process of material transport from the interior to the surface, 586 
or 3) an exogenous contamination of the surface. 587 

Overall, fuzzy boundaries of this composition unit are consistent with mixing processes through 588 
impacts: 1) the purest material from small patches in Bellicia, Arruntia and Pomponia could have 589 
been spread out and contaminated larger areas, or 2) the impacts that generated Bellicia, Arruntia 590 
and Pomponia were energetic enough to excavate larger quantities of the pure materials present 591 
underneath the surface, while smaller craters did more mixing with the top-most surface materials.  592 

This analysis, based on Vesta’s surface spectral endmembers, provides only the relative 593 
distribution of the four types of spectra identified in the northern regions. Knowledge of the 594 
mineralogy requires comparison with reflectance spectra of pure components. 595 
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596 
   597 
Fig. 16: North polar view of Vesta surface composition. a – Mixing coefficient distribution of the Bellicia-type of 598 
material calculated with MELSUM. b – Three color composite from FC reflectance ratios. Red: R0.75 µm /R0.44 µm. 599 
Green: R0.75 µm /R0.92 µm. Blue: R0.44 µm /R0.75 µm. c – Two-dimensional scatter plot of 1.4 µm reflectance vs. 2.8 µm 600 
band depth. The color scale in the background and the level of shade are the key plot for the map (d) on the lower 601 
right. d – Color composite of 1.4 µm reflectance vs. 2.8 µm band depth, as defined by the color scale on the lower 602 
left (c). Regions in green pixels indicate areas with relatively high albedo and deep 2.8 µm band. They define 603 
spatially coherent region including the Bellicia, Arruntia and Pomponia craters. 604 

4.4.2 Discussion on material nature and origin 605 
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In order to investigate the actual composition of materials in Bellicia, Arruntia and Pomponia, 606 
we performed linear spectral unmixing with spectra of pure minerals as endmembers from the 607 
United States Geological Survey (USGS) spectral library (Clark et al., 1999; 2006) acquired with the 608 
Reflectance Laboratory (RELAB, Pieters et al., 1998) facility. All the spectra we used correspond to 609 
minerals representative of HED composition (Fig. 2), such as orthopyroxenes (enstatite, 610 
hypersthene, bronzite), clinopyroxenes with increasing amounts of calcium (pigeonite, augite, 611 
diopside), and olivine (forsterite and fayalite). For a given mineral, we selected several grain sizes 612 
depending on their availability. We used MELSUM on Dawn VIR spectra of Bellicia crater, where 613 
olivine detection has been reported (Ammannito et al., 2013a; Ruesch et al., 2014). Results (Fig. 17) 614 
show that spectra of Bellicia and Arruntia can be explained by mixtures of olivine and pyroxenes or 615 
by pyroxenes only (pigeonite, hypersthene and diopside). Diopside and pigeonite are the two 616 
minerals whose spectra contribute to the spectral slope between 1.0 and 1.5 µm in pyroxene-only 617 
linear mixtures. Their occurrence in mixtures is plausible as they commonly form partial solid 618 
solutions. Therefore, there is a need to consider the possibility of a purely pyroxene mixture, only 619 
with no olivine present. This interpretation, if confirmed, may imply that the formation of these 620 
materials has occurred at a lower depth than the crust-mantle interface. However, according to 621 
spectral measurements of olivine-rich diogenites (Beck et al. 2013) large amounts of olivine (>30% 622 
depending on grain sizes) may be needed for it to be detected spectrally, which could also explain 623 
the absence of detection at expected locations such as Rheasilvia. 624 

 625 
Fig. 17: Illustration of alternative interpretations for Dawn VIR spectrum of Bellicia crater using MELSUM. In 626 
all three cases, the quality of fit is similar, implying that olivine is compatible with the spectra of Bellicia, but it is 627 
not necessary. a – Four-endmember model including olivine. a – Four-endmember model without olivine 628 
(pyroxenes only). a – Three-endmember model without olivine (pyroxenes only). The residuals are similar in all 629 
cases. 630 

Modeling VIR spectra of Bellicia with a linear combination of pyroxene spectra results in similar 631 
quality of fit as a linear combination of olivine and pyroxene spectra. Residuals from the two models 632 
have the same amplitude, but not the same shape. This indicates that the two models are equivalent 633 
(no one is better than the other), and therefore the interpretation is ambiguous. This does not imply 634 
that an olivine spectrum can be modeled by combinations of pyroxene spectra.  635 
 636 
Table 1: 637 

Mineral name in Fig. 17 plots Name in spectral library Sample description 
Augite  (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 

Ferroan augite. High aluminum, 
iron and soda, and low calcium. 
Analysis indicates Wo34, En45, 
Fs21 composition. 
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Average grain size = 35 µm 
Diopside Diopside NMNHR18685 CaMgSi2O6 

Analyses indicate that this 
sample is close to end member 
composition 
Grain size fraction <74 µm: 
Average grain size = 32 µm 

Hypersthene 1 Hypersthene PYX02.d (Mg,Fe+2)Si2O6  
Pure pyroxene except for a 
small (less than 2%?) amount of 
tremolite. The tremoilte  
shows in the spectra as weak 
and narrow bands at 1.4 and 2.3 
µm 
Average grain size = 23 µm 

Hypersthene 2 Hypersthene PYX02.g Same as Hypersthene PYX02.d, 
except: 
Average grain size = 7 µm 

Olivine Olivine GDS71.b Mg2Si4-Fe2SiO4 Fo91  
Forsterite 91%, pure mineral 
separate. Weak 2.3-µm 
alteration features 
Grain size < 60 µm 

Pigeonite Pigeonite HS199 (Mg,Fe+2,Ca)(Mg,Fe+2)Si2O6 
Clinopyroxene 
Sieve interval: 74 - 250µm 

 638 
Hypothesis of excavation and lateral transport: Not related to Rheasilvia ejecta 639 

Maps of the surface spectral components indicate that the type of materials found in Bellicia’s 640 
northeastern wall and in Arruntia and Pomponia craters do not likely come from the Rheasilvia 641 
basin. They define a large region in the northern hemisphere, which has no equivalent over the rest 642 
of Vesta. Although they are distributed near the northern end of modeled ejecta from Rheasilvia 643 
(Jutzi et al., 2013), the relationship with Rheasilvia is unlikely. First, the distinct composition of 644 
Bellicia, Arruntia and Pomponia is spatially disconnected from the Rheasilvia basin, unlike the 645 
diogenite-rich surface materials. Second, the location does not correspond well to the modeled 646 
ejecta. The explanation for the nature and distribution of Bellicia’s northeastern wall materials is 647 
therefore more consistent with a compositional heterogeneity of Vesta combined with vertical 648 
transport or with an exogenous origin. 649 
Hypothesis of lateral heterogeneity of Vesta crustal composition 650 

Dykes and plumes and pluton evolution may explain the lateral heterogeneity of the crust in the 651 
northern regions, later exposed by small impact craters. Bouguer anomalies and crustal thickness 652 
(Park et al., 2014) do not correlate with any distribution of surface components identified in this 653 
study, which means that geophysical properties do not support a major difference in density in the 654 
crust around Bellicia, Arruntia and Pomponia craters. The absence of crustal geophysical anomalies 655 
is not sufficient to rule out entirely the hypothesis of a different local crustal composition; however, 656 
it does not fit well with a denser, olivine-rich composition of the crust over a large area.  657 
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Lateral heterogeneity of the surface composition localized in a unique area on Vesta could also 658 
reflect diversity in the composition of impactors during the accretion process. This alternative 659 
hypothesis implies incomplete melting, as opposed to the theory of a global magma ocean. Partial, 660 
or incomplete, melting could correspond to a limited amount of kinetic energy converted to heat, 661 
which could be caused by low-velocity impacts, low amounts of remaining short-lived radionuclides, 662 
or simply insufficient quantities of accreting material. The consequence would be the partial 663 
differentiation of Vesta, and the preservation throughout geological times of characteristics of the 664 
initial lateral composition variations, until the present time. Partial melting and incomplete 665 
differentiation is also compatible with the absence of olivine in the Rheasilvia and Veneneia basins. 666 
Hypothesis of exogenous materials  667 

The broad area including Bellicia, Arruntia and Pomponia may have been contaminated early on 668 
by infall of a reduced silicate-rich differentiated body whose mafic composition was distinct from 669 
Vesta. Indeed, the difference in composition of exogenous materials with the rest of Vesta may 670 
explain occurrences near the top surface and not in the crust, and the absence of correlation with 671 
major impact basins or ejecta, as it has been used to explain the presence of hydrated materials 672 
(McCord et al., 2012).  673 
This entire region, unique on Vesta, can be considered as a whole: As the spectral mixing model 674 
shows, even the areas between Bellicia, Arruntia and Pomponia craters share similar spectral 675 
characteristics. The concentration in a single region of roughly circular shape, although covering a 676 
broad area, may indicate a single event, or a group of impacts from the same object. Through the 677 
geological history of Vesta, this region may have undergone contamination, partial or total 678 
obliteration by ejecta from remote impacts, and partial excavation and exposition by local and 679 
relatively small impacts. Following this hypothesis, the absence of an obvious impact basin observed 680 
today at this location may suggest a very ancient event whose cavity was minimized by hydrostatic 681 
relaxation, eroded and smoothed out by more recent impacts, leaving a trace at the surface similar to 682 
a palimpsest. Because of the uniqueness of this type of lithology at the surface of Vesta, and the 683 
absence of correlation with geophysical measurements, we suggest the hypothesis of infall of 684 
hydrated, differentiated materials that are different from the carbonaceous chondrite-rich materials 685 
observed in HED meteorites.  686 

Differences in composition and reflectance with HEDs may be explained by the uniqueness and 687 
relatively small area of this region, which may not have been sampled by impacts that created the 688 
HEDs. Howardites, eucrites and diogenites are associated to the main types of lithologies on Vesta, 689 
and laboratory spectra of HEDs are very similar to VIR spectra of Vesta. This is also verified for the 690 
dark hydrated materials which, at first order, have those compositions, in addition to carbonaceous 691 
chondritic materials. Analysis of the spectral shapes indicates that spectra from Bellicia and Arruntia 692 
are not represented the same way in the HEDs as most regions of Vesta. This might suggest that the 693 
impact(s) that generated the HEDs did not occur in this region, or that the material found in Bellicia 694 
and Arruntia may not be representative of Vesta. 695 

5. Discussion 696 

5.1 Events that affected the composition of the northern regions of Vesta 697 
The distribution of mafic minerals, dark materials and Bellicia-type components gives an 698 

indication of the chronology of events. It is expected that most of the carbonaceous chondrite hit 699 
the surface of Vesta during the Late Heavy Bombardment or between the Veneneia and Rheasilvia 700 
impacts (e.g. Turrini et al. 2014, Turrini 2014, De Sanctis et al, 2012), providing the largest amount 701 
of dark hydrated materials at the surface of Vesta. The Veneneia and Rheasilvia impacts both 702 
excavated and ejected diogenite-rich lithologies, creating a broad and long ray of material all the way 703 
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from the rim at Matronalia Rupes to the northern region, terminating at about 30°N. Those two 704 
large impacts were not energetic enough to disturb profoundly and durably the antipodes, where 705 
neither gravimetric measurements, crustal thickness calculations, surface morphology and regolith 706 
composition indicate anomalous features. Then, impacts further mixed native and exogenous 707 
materials, and partially covered those ejecta as well as the northern regions. The same process 708 
partially masked the Veneneia and Rheasilvia basins’ floors, diluting the original diogenite signature 709 
of the basin areas. Possible infall of hydrated meteorites with slightly different composition from the 710 
rest of Vesta (either olivine-rich, or including mixed pigeonite and diopside) covered a single, ~250-711 
km diameter area in the northern region, centered approximately at 70°E and 40°N. The entire 712 
region comprising the Bellicia, Arruntia and Pomponia craters could be an ancient basin obliterated 713 
by more recent impacts. This could also explain the extreme variation of composition on the rims of 714 
Mamilia, imaging that the impact happened with a high-inclination angle, sampling both upper 715 
eucritic crust and lower diogenitic crust. Subsequent ejecta with HED composition from meteorite 716 
impacts overlaid exogenous hydrated materials from previous infall. Finally, smaller impacts 717 
excavated relatively pure materials of its subsurface, with HED composition and hydrated dark 718 
components (Mamilia), and hydrated differentiated materials (Bellicia, Arruntia and Pomponia). 719 

5.2 Alternative interpretations of Bellicia and Arruntia crater walls composition  720 
The presence of hydrated materials and mafic minerals in the region, including Bellicia and 721 

Arruntia craters, is an important result of the analysis of Vesta’s northern region. Spectra of crater 722 
walls that have a broad 1 µm absorption feature, similar to olivine, can be fitted by multiple linear 723 
combinations of spectra of pure minerals, such as olivine and pyroxenes (Fig. 17 a), or pyroxene-724 
only mixtures of hypersthene, diopside and pigeonite (Fig. 17 b and c). This result allows for an 725 
alternative interpretation to the detection of olivine (Ammannito et al., 2013a; Ruesch et al., 2013). 726 
Diopside, pigeonite and hypersthene are also present in the HEDs, and they are more commonly 727 
found than olivine.  728 

In fact, the detection of olivine on Vesta by visible and near-infrared spectroscopy is not 729 
completely supported by laboratory measurements. Although olivine is present in some HED 730 
samples, spectra of Bellicia crater’s northern wall differ from any average of olivine-rich diogenites 731 
or olivine-rich howardites, suggesting that HEDs did not sample the entire diversity found at the 732 
surface of Vesta today, and that Bellicia-type materials may not have the same composition as the 733 
olivine-rich HED samples. Only spectra of sub-samples, focused on a few grains, may exhibit 734 
features strong enough to identify olivine. Therefore, the presence of olivine in a few HEDs is not a 735 
sufficient argument for establishing a relationship with the possible detection of olivine in the 736 
northern regions of Vesta. Furthermore,  it would require large amounts at kilometric scale, as 737 
shown in Beck et al. (2013), who observed that “two harzburgitic diogenites representative of the 738 
10–30% olivine range […] are spectrally indistinguishable from orthopyroxenitic diogenites” which 739 
do not contain olivine. Similarly, Horgan et al. (2014) noted that “spectra of high-calcium pyroxene 740 
mixed with Fe-bearing glass can be virtually indistinguishable from common Fe-bearing olivine 741 
compositions”. Those two examples are related to the difficulty of olivine detection in diogenites 742 
and eucrites, respectively. This ambiguity can be explained because spectra of olivine involve the 743 
same electronic transition absorption processes as for pyroxenes (Burns, 1970; Sunshine et al., 1998). 744 
The presence of carbonaceous chondrite materials in meteorite samples, which form a dark, 745 
spectrally neutral component, may complicate the detection of olivine by limiting multiple scattering 746 
of photons. Similar phenomenon may exist in the regolith of Vesta.  747 

On the other hand, mixing models based on radiative transfer theory (Hapke, 1981) indicate 748 
possible detections of olivine in powder samples for weight abundance of a few percent (e.g. Poulet 749 
and Erard, 2004). Assuming reliability of intimate mixture modeling of VIR spectra, Poulet et al., 750 
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(2014) claimed ubiquitous detection of olivine on Vesta. However, the model by Hapke (1981) 751 
indicates one significant limitation of olivine detection since “mixtures containing 2 vol% of 752 
Olv1Fo91, Olv2Fo47, or DiopEn46 share similar spectral characteristics” (Cheek and Pieters, 2014). Our 753 
study did not rule out the possible presence of olivine, but it showed that pyroxenes alone can be an 754 
alternate explanation. 755 

To sum-up, laboratory spectroscopy of HED meteorites partially supports alternative 756 
interpretations to an olivine-rich composition. The difference between spectra of HED samples and 757 
those of Bellicia crater’s northern wall suggests that materials found in Bellicia, Arruntia and 758 
Pomponia craters may not come from the interior of Vesta. Furthermore, our observations rule out 759 
alteration of the surface chemistry of the northern regions from Veneneia and Rheasilvia impacts 760 
(section 4.3), which leaves open the hypothesis of exogenous origin of the materials observed in 761 
Bellicia, Arruntia and Pomponia craters. Although direct evidence for endogenous or exogenous 762 
origin is missing, we favor the exogenous material hypothesis because of the presence of hydrated 763 
materials over the same area, and because of the absence of anomalies in the crustal thickness. 764 

6. Conclusions and perspectives 765 
Our analysis of the surface composition of the northern regions of Vesta confirm, reinforce or 766 

support the following hypotheses: 1) diogenite-rich ejecta from Rheasilvia did reach the northern 767 
regions, as predicted by Jutzi et al. (2013); 2) the Rheasilvia and Veneneia impacts did not disturb the 768 
surface composition at their antipodes (Bowling et al., 2013; Park et al., 2014); 3) Mamilia crater’s 769 
northern wall compositions are representative of the subsurface of the northern regions, which 770 
contain eucritic, diogenitic and dark hydrated materials within a few kilometers; and 4) an area 771 
defined by Bellicia, Arruntia and Pomponia craters hosts a different composition than the rest of 772 
Vesta, interpreted to be rich in olivine (Ammannito et al., 2013; Ruesch et al., 2014b), or, we find, 773 
possibly containing mixtures of pigeonite, hypersthene and diopside with no olivine, all of which 774 
may have an exogenous origin, in parallel with the carbonaceous chondritic materials found in HED 775 
meteorites.  776 

Despite the extensive investigations carried out thus far, which have led, for example, to new 777 
interpretations of the nature and origin of materials in Bellicia, Arruntia and Pomponia craters, 778 
further studies are needed. 1) Recalibrated FC data (Nathues et al., 2015) might be used more 779 
effectively as a marker for the presence of Bellicia-type material. Future analysis using FC data may 780 
find more sites with similar spectral characteristics and lithologies in the northern region, particularly 781 
in the vicinity of the North Pole. 2) There is a need for use of spectra of individual grains from 782 
HED samples in order to identify which components and spectral endmembers could explain the 783 
spectra of the northeastern wall of Bellicia, and whether or not these minerals could have an 784 
exogenous origin. 3) Intimate mixing modeling of VIR spectra based on radiative transfer theory 785 
(Hapke, 1981; Douté, S. and Schmitt, B. (1998); Shkuratov et al., 1999) may help to characterize the 786 
mineralogy in Bellicia, Arruntia and Pomponia craters and determine whether olivine, or diopside 787 
and pigeonite, are the most relevant minerals. 4) Calculating the probability of collisions of olivine-788 
rich asteroids on Vesta might be a useful approach, although uncertainties resulting from 789 
extrapolation over hundreds of millions, or billion years ago, will always be a limitation.  790 
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Figure Captions 1085 

Fig. 1: Vesta as observed by the Dawn FC on September 22, 2011, pointing at the equator, showing 1086 
the different shapes of the two hemispheres. While the northern hemisphere is close to an ellipsoid, 1087 
the southern hemisphere is largely shaped by the Rheasilvia basin and its central peak, an impact 1088 
feature that is not hydrostatically compensated. 1089 

Fig. 2: HED meteorite compositions represented in a clinpyroxene-orthopyroxene-olivine-1090 
plagioclase diagram. OPx=orthopyroxenes. CPx=Clinopyroxenes, according to Mayne et al., (2009) 1091 
and Bunch et al.. (2010). 1092 

Fig. 3: Global map of Rheasilvia ejecta depth model, 0-100 km (Jutzi et al., 2013). This 1093 
equirectangular projection is in the Claudia system of coordinates that is the standard for maps of 1094 
Vesta generated by the Dawn team, and therefore is shifted by 150E to the East with respect to the 1095 
IAU system (International Astronomical Union). Note also that projections of the maps by Jutzi et 1096 
al. (2013) were not internally consistent in the publication. In our version, the deepest ejecta 1097 
correspond to Rheasilvia and Veneneia basins, using the Digital Elevation Model (DEM) derived 1098 
from Dawn data. 1099 

Fig. 4: North polar view of Vesta topography (Jaumann et al., 2012; Gaskell et al., 2012). White 1100 
partial circles represent the antipodes of the Rheasilvia and Veneneia basins. 1101 

Fig. 5: Mamilia crater. a – Non-projected image from Dawn FC. b – Geological map (Ruesch et al., 1102 
2014a). Materials with different albedos compose the upper part of northern wall, while mass-wasted 1103 
materials lie on the floor. 1104 

Fig. 6: Bellicia crater. a – Non-projected image from Dawn FC. b – Geological map (Ruesch et al., 1105 
2014). Mass-wasted materials lay on the floor, where olivine-like lithologies have been identified 1106 
(Ammannito et al., 2013). 1107 

Fig. 7: Evidence of a more positive spectral slope in Dawn VIR observations of Vesta than in any 1108 
other spectral dataset of Vesta, Vestoids or HED samples. a – Spectra of Vesta’s surface. b – 1109 
Histogram showing that VIR spectra have a more positive slope than the telescopic spectrum 1110 
acquired by Gaffey et al. (1997) in 1981, which has the most positive slope among all telescopic 1111 
spectra. c – Telescopic spectra of Vestoids compared to Dawn VIR at Vesta. d – Laboratory spectra 1112 
of HED samples compared to Dawn VIR at Vesta. 1113 

Fig. 8: Selection process of spectral endmembers from Mamilia crater northern wall. a – 1114 
Identification of areas with extreme compositions from maps of spectral parameters. b – VIR 1115 
spectral endmember collection from Mamilia crater (diogenitic, eucritic and dark hydrated materials) 1116 
and Bellicia wall (olivine-like component). 1117 

Fig. 9: Example of spectral fitting using MELSUM. All endmember spectra shown are weighted by 1118 
their respective mixing coefficient, which explains the differences between the two panels of the 1119 
figure. The sum of all spectral endmembers as represented equals the modeled spectrum (black solid 1120 
curve). a – Dark materials from a region between Caesaria and Arruntia craters. b – Average 1121 
spectrum of Vesta. 1122 
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Fig. 10: 2-D scatter plots of various spectral properties of the surface of Vesta as function of the 2.8-1123 
µm band depth. First row (a, b, c): 1.4-µm reflectance. Second row (d, e, f): Pyroxene 1-µm 1124 
absorption band position. Third row (g, h, i): Pyroxene 2-µm absorption band position. First column 1125 
(a, d, g): Global dataset. Second column (b, e, h): Northern regions dataset. Third column (c, f, i): 1126 
Global dataset (magenta) and northern region dataset (blue) superimposed. 1127 

Fig. 11: Vesta surface composition from VIR data, displayed as a Red-Green-Blue color composite. 1128 
Red: 1.4-µm reflectance in the range 0.2-0.4. Green: Mixing coefficient of diogenite spectral 1129 
endmember calculated with MELSUM, in the range 0-0.7. Blue: 2.8-µm band depth of hydroxyl in 1130 
the range 0.015-0.050. a – Northern polar projection. b – Global equirectangular projection. 1131 

Fig. 12: Comparison of the distribution of diogenite-rich materials from various datasets. Left 1132 
column: global mapping in equirectangular projection. Right column: Polar projection of latitudes 1133 
north or 21°N. a, b – Modeled distribution of Rheasilvia ejecta (Jutzi et al., 2013), as in Fig. 3. To 1134 
facilitate comparison with global maps from VIR data, it is represented only where VIR images 1135 
cover the surface of Vesta, hence the white background in the northern polar regions. c, d – Mixing 1136 
coefficient of diogenite from VIR data using MELSUM. e, f – Synthetic view of relative absorption 1137 
band position of pyroxenes at 1 versus 2 µm from VIR spectra, sensitive to the HED composition 1138 
calculated from the band parameters by Frigeri et al. (2015, this issue). g, h –Band ratio 0.98/0.92µm 1139 
from FC data, sensitive to HED composition. i, j – Percentage of eucritic material (POEM) from 1140 
GRaND data (from Prettyman et al., 2013) 1141 

Fig. 13: North polar view of Vesta. a – Bond albedo from FC. c – 1-µm pyroxene absorption band 1142 
depth. c – 2-µm pyroxene absorption band depth. 1143 

Fig. 14: Variations of the two pyroxene absorption band depth for the northern regions of Vesta. a – 1144 
Two-dimensional scatter plot of VIR data. The color scale in the background of the data cloud is the 1145 
key plot for the map on the right. b – North polar view of the two pyroxene absorption band 1146 
depths, using the color key represented on the left. 1147 

Fig. 15: Global map of Vesta in equirectangular projection of residuals (RMS) from MELSUM 1148 
performed on VIR entire dataset, using spectral endmembers from Mamilia crater northern wall 1149 
(diogenitic, eucritic and dark hydrated materials) and Bellicia wall (olivine-like component). 1150 

Fig. 16: North polar view of Vesta surface composition. a – Mixing coefficient distribution of the 1151 
Bellicia-type of material calculated with MELSUM. b – Three color composite from FC reflectance 1152 
ratios. Red: R0.75 µm /R0.44 µm. Green: R0.75 µm /R0.92 µm. Blue: R0.44 µm /R0.75 µm. c – Two-1153 
dimensional scatter plot of 1.4 µm reflectance vs. 2.8 µm band depth. The color scale in the 1154 
background and the level of shade are the key plot for the map (d) on the lower right. d – Color 1155 
composite of 1.4 µm reflectance vs. 2.8 µm band depth, as defined by the color scale on the lower 1156 
left (c). Regions in green pixels indicate areas with relatively high albedo and deep 2.8 µm band. 1157 
They define spatially coherent region including the Bellicia, Arruntia and Pomponia craters. 1158 

Fig. 17: Illustration of alternative interpretations for Dawn VIR spectrum of Bellicia crater using 1159 
MELSUM. In all three cases, the quality of fit is similar, implying that olivine is compatible with the 1160 
spectra of Bellicia, but it is not necessary. a – Four-endmember model including olivine. a – Four-1161 
endmember model without olivine (pyroxenes only). a – Three-endmember model without olivine 1162 
(pyroxenes only). The residuals are similar in all cases. 1163 


