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Equatorial Diameter: 524 Km

Fig. 1: (A) Location of (4) Vestan the Main Asteroid Belt (adapted from McBride,
2011). (B) A view of Vesta from Dawn Framing Camermage credit: NASA/JPL
Caltech/UCLA /MPS/DLR/IDA.
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(Russell and Raymond, 20). The mission is managed and operated by JPL/CALTECH (Jet
Propulsion Laboratory/ California Institute of Technology) with the overall mission science

responsibilities from UCLA (University of California, Los Angeles).

The spacecraft has three instrunseoboard i.e., FraminGamera (FC), Visible and
Infrared Spectrometer (VIR), Gamma Ray and Neutron Detector (GRaND). The VIR is a
hyperspectral instrument operating in the wavelength range from neavialgtto infrared
(0.2 to5 um). It has two datahannelsthe visible channg0.251.07 pm) and the infrared
channel(0.955.1 um) (De Sanctis et al., 2012012; Ammannito et al., 2018arhe main
objective of VIR is to map and analyze surface mineralogy/composition, thermal behavior of
the surface rd their interaction with the extreme space weather in an atmosipbere
environment (De Sanctis et al., 2011). The GRaND is able to derive information on surface
elemental abundances in oxide and silicate minerals like O, M&iAK, Ca, Ti, Fe, Ni, U
Th, ices (H, C, N) and volcanic exhalation or aqueous alteration products (Prettyman et al.,
2011).0f the three instruments, the Framing Camera is of very interesting and important to
the entire mission, because apart from the scientific objectivescadhiera serves for orbit

navigation and control (Sierks et al., 2011).

The FC was developed and built at the Max Planck Institute for Solar System
Research, Katlenbwgindau (now in Goettingen), with contributions from DLR/IPR
(German Aerospace Centrelrstitute for Planetary Science) and TUB/IDA (Technical
University Braunschweig / Institute of Computer and Communication Network Engineering).
The advantage of FC data over VIR cubes is its higher spatial resolution that exceeds ~ 2.3
times (Sierks et al.2011).1t is equipped with seven color filters in the wavelength range
from 0.4 to 1.0 um, and laroadbandlear filter (Sierks et al., 2011)he center wavelengths
of the color filters are chosen to characterize major absorption bands of HED meteorite
(Sierks et al., 2011)The FC color data is used for surface compositional analysis and
mapping while the clear datafor morphological analysis and geologiwapping.A view of
the Framing Camenased onboard the Dawn spacecraft is showfign2, with a detail of its

colorfilters in Table 2.
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1.2.1 Petrologic models:

1.2.1.1Fractional crystalli zation
As early as in the sixties of the lagintury, Mason (1962, 19B8uggested a model

based on sequential fractional crystallization to explain the evolution of the parent body of
the achondrite clan of meteorites today known as HEDs. He considalladitps as an
associate to the HEDs and proposed a HowaHlitzite DiogenitePallasite parent body
(HEDP-PB). In his model, pallasites (metallic iron and olivine) form the core, and the
silicates form an orthopyroxeneh mantle (diogenite materialpigeonite and plagioclase
seen in eucrites and howardites make up the dAgssuggested that the Mg/Fe ratio of the
parent body (HEDHPB) s similar to H chondrite, although there were dissimilarities in other
aspects (e.g., alkali content, S content)e Tonsideration of pallasites as a member of the
HED clan was supportecby Clayton and Mayeda (1996, 199%ho observed similar
fractionation lines of HEDs and pallasites in their oxygen isotopic ratios. Following Mason's
HEDP-PB model, Dreibus and Wank&980) estimated bulk compositions based on HED
and pallasite meteorites' geochemical analysis.

1.2.1.2Partial Melting
Stolper (1975, 1977) introduced the partial melting model on the basis of melting

experiments to explain the formation of eucrites. His experimental results showed that
olivine, pyroxene, and plagioclase components are at the peritectic point of thelsiliva
anorthite systemHe suggested that eucrites dogmed by partial melting of the source
region that consists of olivinggyroxene plagioclase, chromite and metallic irowhile
cunmulate eucrites and diogeniteedormed at varying degrees ofrfial melting. He further

argued that fractional crystallization fails to generate the melt composition at the peritectic
point. During the last three decades, this model was supported by many researchers (e.g.,
Consolmagno and Drake, 1977; Hertogen etl&l77; Morgan et al., 1978; Jones, 1984).

1.2.1.3Magma Ocean

lkeda and Takeda (1985) proposed a model of Magma Ocean based on their study of
howardite ¥7308's lithic clasts and mineral fragments. In their model, primary magmas were
produced from carb@teous or LL chondritic material by partial or batch melting under
reducing conditions. Fractional crystallization in an open system was introduced to explain
the formation of lithic clasts and mineral fragments in their howardite sample. However, in
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Fig. 6: Oxygen isotope relations of average H chondrite and average CV
carbonaceoushondrite. Red dashed line: Binary mixing of CV and H; small red/green box in
the HED field refers to 80% + 20%CV mixture Backdashed outline shows part of CM2
region.Data points of HEDs, and the mixing line is shown along with the location of 80%
H+20% CV mixture (inset).
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Fig. 7: Equilibrium crystallization o& chondritic precursor (804 + 20%CV);
compositions from Wasson and coworkers (W) and from Jarosewich (J). The solid straight
line shows the temperature where thevilue (defined as (MgO/F&gdia)/(MgO/FeQyivine)
is0.31.
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Fig. 9: Reflectance spectra in the visible to near infrared wavelength range of average
eucrite, diogeniteand howardite along with a monoclinic higfa pyroxene (Cpx) and a
magnesian olivine; spectra are normalized to 0.75 pum. (A) Wavelesuggle up to 2.5 pm,
dashed box refers to FC spectral range, and dashed lines show the center wavelengths of
seven FC color filters. (B) Spectra resampled to FC band passes.
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color data(Nathues et al., 2015). Nathues et al., (2015) suggest that olivine on Vesta is likely
exogenic in origin.The Arruntiaregion is found to be dominantly eucritic/howarditic in
composition. Diogenite units are not observethis region. Dark and bright areas display a

notable difference in reflectance though brighter regions are relatively larger in extent.
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Fig. 11: (A) A sketch showing band parameters, BT and MR, with average spectra of
eucrite, diogenite, olivine, and Higca pyroxene. (B) Band parameter space using derived
band parameter values of BT and MR from various katiooy spectra. (See details ih&pter
3).
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o Arruntia-olivine

® Vesta-average

Fig. 12 (A) A perspective view of reflectance image R of Arruntia crater,
projected orHAMO-DTM showing potential olivingich exposures marked in red. (B)
Locations of the data points in BWIR band parameters space, for the sites shown in (A).
(See details in Chapter 3).
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Fig. 13 (A) Threedimensional polyhedrons defined in BT, MR, aRelss,m band
parameters space. (B) A perspective view showing obisicte exposures in red. The
distribution of olivinerich exposures igather large compared to Fig.A2

1.32 Three-dimensional spectral analysis: Mid Ratio, Band Tilt and R ssum
In cortinuation of the earlier work, a threlmensional spectral approach is applied

for the Arruntiaregion. In addition to the Mid &io (MR) and Band Tilt (BTparametersf
the twodimensional spectral analysisscussed in the previoggction, a third pameter the

reflectance at 0.55 um (Bs,.n) is employed here. The definitions of the band parameters are
37







































2.0 Abstract

The surface composition of Vesta, the most massive intact basaltic object in the asteroid be
is interesting because it provides us with an insight into magmatic differentiation of
planetesimals that eventually coalesced to form the terrestrial planets. The distribution of
lithologic and compositional units on the surface of Vesta providesrtengcconstraints on

its petrologic evolution, impact history and its relationship with Vestoids and howardite
eucritediogenite (HED) meteorites. Using color parameters (band tilt and band curvature)
originally developed for analyzing lunar data, we halentified and mapped HED terrains

on Vesta in Dawn Framing Camera (FC) color data. The average color spectrum of Vesta is
identical to that of howardite regions, suggesting an extensive mixing of surface regolith due
to impact gardening over the course siflar system history. Our results confirm the
hemispherical dichotomy (eastest and norttsouth) in albedo/color/composition that has
been observed by earlier studies. The presence of diogmhitenaterial in the southern
hemisphere suggests that it svaxcavated during the formation of the Rheasilvia and
Veneneia basins. Our lithologic mapping of HED regions provides direct evidence for
magmatic evolution of Vesta with diogenite units in Rheasilvia forming the lower crust of a

differentiated object.
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Spectrometer (VIR) hyperspectral data (65261 um), De Sanctis et al. (2012) analyzed
regional as well as local compositional variations across the surface of Vesta. They used both
1-um and 2um pyroxene band parameters, i.e., band center and band depth to interpret units
in terms of diogenitic ah eucritic mineralogy. These recent works from the Dawn mission
show the presence of diogenites in the southern hemisphere and the eucrites in the equatorial
and northen hemisphere (Reddy et al. 2012b; De Sanctis et al. 2012).

Here we present our analysiad results for identification and mapping of HED
(howardite, eucrite, diogenite) terrains on Vesta using a different approach from the initial
studies. We expanded our analysis by usingnlpyroxene band parameters that have been
successfully applied tolassify terrains on the Moon (Tompkins and Pieters 1999; Pieters et
al. 2001; Dhingra 2007; Isaacson and Pieters 2009). Our goals are to identify and map the
lithological units of the Vestan surface as constrained by HEDs, and to confirm the earlier
obsevations, i.e., hemispherical dichotomy, albedo and band strength variations, and
lithological heterogeneity, as well as an overall howarditic lithological characteristic of

Vesta.

2.2 HED analyses

2.2.1 Tpym Pyroxene Band Parameters and HEDs:

Pyroxene isspectrally the most ubiquitous mineral on the surface of Vesta (e.g., McCord et
al. 1970; Gaffey 1997). Eucrites are basaltic in composition, crystallized closer to the surface
and contain equal amounts of lg®a pyroxene (pigeonite) often with exsoluti@mellae,

and plagioclase (Mittlefehldt et al. 1998; Mayne et al. 2009; McSween et al. 2011).
Diogenites are coarggrained cumulates formed at depth and are composed mostly of
orthopyroxene (Sack et al. 1991; Bowman et al. 1997; McSween et al. 2011 Ydiesvare
regolith breccias formed by impact mixing of eucrites and diogenites (Bunch 1975; Dymek et
al. 1976; Warren 1985; Warren et al. 2009). N&arspectra of HEDs have prominent
absorption features aroundpin and 2um (Gaffey 1976; Feierberg and dke 1980;
McFadden and McCord 1978; Gaffey 1997) due to the mineral pyroxene (Adams 1974, 1975;
Burns 1993). The -um pyroxene band center shifts to longer wavelength as the calcium
content increases (Adams 1974; Cloutis and Gaffey 1991). However,etpsebence of iron

(F€") in the pyroxene structure that is the cause of the two absorptions (Burns 1970, 1993;

Mayne et al. 2009). Eucrites have higher calcium and iron content in their pyroxer&s (54
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Figure 1. (A) Average spectra of HED meteorites obtained from RELAB spectral database in
the visible/neainfrared wavelength range showingutn pyroxene absorption feature. (B)
Average HED spectra resampled to Dawn Framing Camera (FC) wavelength raggeQisi
bandpasses and filter responsivity. (C) Average spectra of the HEDs normalized to unity at
0.75um showing the three-im band parameters, i.e., band curvature, band tilt and band

strength.
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mixing of eucriterich and diogenitgich regions. However, since BC is also affected by

particle size besides the composition, it is worthy of cautious in interpreting compositions.

2.4.2 Band Tilt (BT):
Figure 6C shows the BT map of Vesta from the RC3b phase of the mission. Theocthay

and values of BT are inverted (Fig. 6C) to be consistent with the BC map (Fig. 6B). Band tilt
measured on the surface of Vesta has a range betweet.697 with a average value of
1.04+0.01. The band tilt map shows the hemispherical dichotomy with the lower albedo and
lower BT regions in the eastern hemisphere, while the higher albedo regions in the southern
hemisphere have higher BT values. As observed fromrthlysis of HED meteorites, BT is

a very robust parameter to distinguish eucrites from diogenite with negligible effects of
particle size differences. Therefore we conclude that the equatorial and the northern
hemisphere regions are dominated by euciite material, while the regions in the southern

hemisphere are more diogenitic.

2.4.3 Band Strength (BS):
The band strength map of Vesta is shown in Figure 6D. Similar to the band tilt map (Fig. 6C),

the BS colorcode and values are inverted to show aréateeper 1um band depth, in red.

Band strength ranges between 6586 with an average value of 1.49+0.07. The BS map
shows variations in the strength of theuh pyroxene absorption band across the surface of
Vesta. The southern hemisphere has highbedads and deeper band strengths than the
northern hemisphere, which has lower albedos and weaker band strengths. Similarly, the low
albedo regions in the eastern hemisphere and a few regions in the western hemisphere also
show weaker band strengths. Thigygests a correlation between band strength and albedo.
The presence of carbonaceous chondrite materials in the northern hemisphere, largely in the
western hemisphere causes weaker band depths and lower albedos (Reddy et al. 2012b,
2012c; McCord et al. 2@). As observed from the analysis of HED meteorites, diogenites
typically show stronger BSs than eucrites. However, particle size and the presence of opaques
and metal have significant impact on this parameter (Hiroi et al. 1994; Duffard et al. 2005;
Reddyet al. 2012b, 2012c; McCord et al. 2012). Our BS analysis coupled with BT and BC
data suggests that diogenite is the dominant material in the southern hemisphere of Vesta (Li
et al. 2010; De Sanctis et al. 2012; Reddy et al. 2010, 2012b).
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2.4.4 Lithological mapping using pyroxene band parameters:
We qualitatively analyzed the Vestan surface using the pyroxene band parameters-(Fig. 6B

D) in an effort to identify howardite eucrite and diogeniteich regions. The lithological

units are mapped over the gl albedo mosaic (Fig. 6E) considering the observations of the
ratio images (preferentially band tilt, and then band curvature) as well as the observations of
the HED meteorites. The mapped HED units are also marked in the scatter plot of band
curvature 8. band tilt (Fig. 4C). Although the band parameter values observed from HED
meteorites and FC data are slightly mismatched, the trends observed in HED meteorites (Fig.
4 A, B) and FC global mosaic (Fig. 4C) are generally similar. An exact comparisolue$ va

from the laboratory and actual observations may not be possible because of the uncertainties
and the difference primarily in the spectra of laboratory samples and actual surface materials
(e.g., Mustard et al. 1993; Tompkins and Pieters 1999). Comgidée uncertainty limits of

FC filters spectral responses and their calibration in the RC3b data (filters with the center
wavelengths 0.43 0.65, 0.75, 0.96um could be affected tp 2% and filters with the

cener wavelengths 0.830.92um upto 4%) deviations from the RC3b values are calculated

to find the maximum probable error for the band parameters (Fig. 4C). The mismatch in the
values remains to be answered in the near future with the availability of better higher
resolution FC data with enéircoverage of Vesta. As seen from the scatter plot and the
lithological map, the howarditech regions fall between eucriteh and diogeniteich
regions. Like in the HED data, we also observed a larger overlap between the andrite
howarditerich urits compared to the diogenitend howarditeich regions.

We compared color spectra of the HED regions and the average color spectrum of
Vesta from the RC3b data. Figure 7 shows the average spectra for each lithology normalized
to unity at 0.75 pm. Thesspectra show variations in-dm band parameters due to
composition. The average color spectrum of Vesta is consistent with howékitegions,
confirming the howarditic nature of the Vestan surface (Chapman and Gaffey 1979; Bell et
al. 1988; Hiroi etal. 1994; Gaffey 1997; Zellner et al. 2005; Delaney 2009; Carry et al. 2010;
De Sanctis et al. 2012). The average band tilt for euciiegenite and howarditeich
regions is 0.97+0.02, 0.93+0.02, and 0.96+0.01, respectively while the band tiltmathe f
entire surface is 0.96+0.01. Similarly, the average value of band curvature is 2.5+0.15,
2.79+0.07, 2.6+0.18 for eucritediogenite, and howarditeich regions and 2.6+0.2 for the
entire surface. Thus BT and BC values for surface average arsteansiith howarditeich
regions, confirming the earlier spectral match (Fig. 7). As derived from the band parameters,
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diogeniterich regions are generally in the southern hemisphere while euwmmidehowardite

rich regions are in the equatorial and herh hemisphere (Li et al. 2010; De Sanctis et al.
2012; Reddy et al. 2010, 2012b). Again, the diogemite regions are generally
characterized by relatively deeper band depth and higher albedo as compared toi&ucrite
and howarditeich regions (Li €al. 2010; De Sanctis et al. 2012; Reddy et al. 2010, 2012b).
Thus, the hemispherical dichotomy in albedo and composition is also observed in the band
parameters (Bobrovnikoff 1929; Haupt 1958; Gehrels 1967; Dumas and Hainaut 1996;
Gaffey 1997; Binzel eal. 1997; Rivkin et al. 2006; Li et al. 2010; Reddy et al. 2010, 2012b).
The presence of diogeniteeh materials dominantly in the southern hemisphere suggests that
it was excavated during the formation of the giant south pole basins, particularly the
Rheasilvia basin (Reddy et al. 2012b; McSween et al. 2013).

2.5. Conclusions

Our analysis of Dawn FC color data usinguh pyroxene band parameters has confirmed
several findings from previous works as discussed above and has provided new insight into
the dstribution of eucrite and diogeniteich material on the surface of Vesta. Our study
reveals the following:

x We have successfully applied lunar band parameter analysis technique to Dawn FC
data to identify terrains rich in eucrites and diogenites.

x HED laboratory spectra show distinct variations in pyroxene absorption spectral
parameters (band strength, band tilt and band curvature) that can be used to interpret
surface mineralogy.

x Band tilt and band curvature are strongly influenced by pyroxenmistig (Fe
rich/Carich) and are robust indicators to identify euerd@ediogeniterich regions.

x Band strength is strongly influenced by particle size and abundance of opaques
(carbonaceous chondrite materials) on the surface and is a less reliatdéoimftic
the abundance of ferrous iron.

x Vesta shows hemispherical dichotomies (nedbth and eastest) in albedo and
color that is strongly related to the excavation of diogemite lower mantle material
during the formation of the Rheasilvia and ¥aria basins.

The average color spectrum of Vesta is similar to the average spectrum of howardite

regions and the band tilt and band curvature parameters are also identical to those of

howardites.
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Hgure7. Average color spectra of howarditeh, eucriterich and diogeniteich regions
from Fig. 6E normalized to unity at 0.74@n. The average color spectrum of the
howarditerich region and the one for the whole Vestan surface are overlapped and
similar innature.
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3.0 Abstract:

We present amnalysis of the olivingich exposures at Bellicia and Arruntia craters using
Dawn Framing Camera (FC) color data. Our results confirm the existence of -violine
materials at these localities as described by Ammannito et al. (2013a) using Visuatl Infrare
Spectrometer (VIR) data. Analyzing laboratory spectra of various Howdtdiste
Diogenite meteorites, higB8a pyroxenes, olivines and olivioethopyroxene mixtures, we
derive three FC spectral band parameters that are indicators of -slohnenateials.
Combining the three band parameters allows us, for the first time, to reliably identify sites
showing modal olivine contents >40%. The olivimeh exposures at Bellicia and Arruntia

are mapped using higher spatial resolution FC data. The exposeiesated on the slopes

of outer/inner crater walls, on the floor of Arruntia, in the ejecta, as well as in nearby fresh
small impact craters. The spatial extent of the exposures ranges from a few hundred meters to
few kilometers. The olivingich exposues are in accordance with both the magma ocean and
the serial magmatism model (e.g., Righter and Drake 1997; Yamaguchi et al. 1997).
However, it remains unsolved why the olivirieh materials are mainly concentrated in the

northern hemisphere (~3R° N,46-74° E) and are almost absent in the Rheasilvia basin.

74



3.1 Introduction

Asteroid (4) Vesta is geologically the most diverse differentiated chondritic body that
remained intact surviving the catastrophic collisional events in the Solar System (e.g., Keil
2002; Russell et al. 2012, 2013). The exploration of such a-ptatetay body enriches the
understanding of the geological conditions prevalent in the early Solar System. The
observational, meteoritic and dynamical evidences so far suggest that Vesta is the parent
body of many of the HowardiEucrite Diogenite (HEDs) metedsas (McCord et al. 1970;
Thomas et al. 1997; Migliorini et al. 1997; Schenck et al. 2012; Reddy et al. 2012b; Russell
et al. 2012, 2013). Models based on the petrogenesis of HEDs (Ruzicka et al. 1997; Righter
and Drake 1997; Warren 1997) favor the evolutid Vesta by an extensive melting (magma
ocean). The evolution by sequential development of eruptions in shallow multiple magma
chambers (serial magmatism) is also postulated (Yamaguchi et al. 1996, 1997). The serial
magmatism on Vesta is consistent wiitle existing variations of incompatible trace element
abundances in diogenites (Mittlefehldt 1994; Fowler et al. 1995; Shearer et al. 1997), and the
wide range of Mg compositions in pyroxene or olivine among olivinearing diogenites
(Beck and McSween 40; Shearer et al. 2010). Mandler and ElKIr@ton (2013) proposed
a two-step model of magmatic evolution from a bulk mantle composition based on major and
minor elements estimated from earlier studies by Righter and Drake (1997), Dreibus and
Wanke (1980)Ruzicka et al. (1997), Lodders (2000), Boesenberg and Delaney (1997). They
claimed that their magma ocean model-{®96 equilibrium crystallization followed by
fractional crystallization of the residual liquid in shallow magma chambers) can explain the
evolution of Vesta in terms of the diverse lithologies/petrogenesis among HEDs. The
assumption of an olivine rich mantle of Vesta seems to be justified regardless to the above
mentioned models by which various olivibearing lithologies like dunites (>908&tivines),
harzburgites (4®0% olivines) and olivin@rthopyroxenites (<40% olivine) could be formed
in the Vestan mantle or deeper crust (Mandler and Elkargon, 2013). The exposures of
olivine-rich mantle materials were expected in the huge Rheasibsin (Thomas et al. 1997;
Gaffey 1997;Reddy et al. 2010, 2011a; Beck and McSween 2010; McSween et al. 2011,
2013;Tkalcec et al. 2013_e Corre et al. 20)3The Rheasilvia basin (~500 km in diameter)
superimposes the older Veneneia basin (~400 kmiameter) to a large extent in the
southern hemisphere (Schenk et al. 2012).

Recently, olivine has been identified in Bellicia and Arruntia craters by Ammannito et al.
(2013a) using Visible and Infrared Spectrometer (VIR) data. VIR is a hyperspectral
instument, which operates in the wavelength range between 0.2 and 5 um (De Sanctis et al.
2011). The finding of olivingich sites in the northern hemisphdre86-42° N, 4674° E)
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and Ridley 1987; Sanchez et al. 2014). Pyroxenes have prominent 1 pm and 2 um absorption
features with varying absorption band centers and band depths. They deperitt©& Fe

Mg®* chemistry and the asymmetry of the cations (crystallographic sites) as well as grain
size, temperature and phase angle (Adams 1974, 1975; Burns 1993; Singer 1981, Cloutis and
Gaffey 1991; Klima et al. 2007; Schade et al. 2004). TheGawpyroxenes haveébsorption

band centers near 0.9 um and 1.9 pm while {@ghpyroxenes have band centers near 0.98

pum and 2.15 pm (Pieters 1986). The missing absorption feature of olivine in 2 pm is the key
to distinguish olivine from pyroxenes using the band area ratkR}JBapproach (Gaffey

1983; Cloutis et al. 1986; Cloutis and Gaffey 1991). It should be noted that vergZhigh
pyroxenes, termed spectral type A by Adams (1974) can have reflectance spectra
superficially similar to olivine (Schade et al. 2004), howevechquyroxenes have not been
detected in HEDs (e.g., Mayne et al. 2009, 2010; McSween et al. 2011). It is also worth to
mention that many authors (Duffard et al. 2005; Moroz et al. 2000; Sanchez et al. 2012)
discussed how temperature and grain size coutttafhafic silicate reflectance spectra and
spectral parameters. They suggested caution in implementing the spectral parameters. Several
spectral parameters like the HCP index, forsterite index, fayalite index, and olivine index
have been developed and aeglto the Martian surface (Poulet et al. 2007; Pelkey et al.
2007; Carrozzo et al. 2012). De Sanctis et al. (2013), Palomba et al. (2012a, b, 2013a, b),
Ruesch et al. (2013, 2014) adapted the Martian spectral parameters to identify potential
olivine-rich sites on Vesta using the VIR data.

Distinguishing olivine from high Gayroxene using datasets without having fujurh
absorption band coverage (e.g., Clementine Ultraviolet/Visible or UVVIS, HST Wide Field
Planetary Camera/WFPC, Dawn FC) is rather chglhe. It is because of their close spectral
similarity in the 1 um absorption band minima. Clementine UVVIS multispectral data has
five bands in the wavelength range between 0.41 and 1 pm. Tompkins and Pieters (1999) and
Pieters et al. (2001) suggestedviole-bearing lithologies on the lunar surface using
Clementine UVVIS data, however it was difficult to distinguish them from-Qighpyroxene
bearing lithologies. The four band HST/WFPC data covering the wavelength range between
0.43 and 1.04 um were usbg Binzel et al. (1997)Shestopalov et al. (2008nd Li et al.

(2010) to analyze the likely presence or absence of olivine on Vesta. The Dawn FC is
comparable to Clementine/UVVIS and HST/WFPC in terms of their wavelength coverage,
but the FC has more sgiral bands with better spatial resolution.
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Fig. 2: (A) Mid Ratio versus Band Tilt, and (B) Mid Curvature versus Band Tilt for eucrites,
diogenites, howardites, Ol, HCP and@px mixtures. The HED samples are in various grain
sizes/bulk from RELAB. HCP/CPX samples (<45 pum) are synthetic clinoppeswith
compositional range We21, while HCP/HED are selected samples compatible with the
existing HCPs among eucrites.-Opx spectra (383, 6390, 96125 pm) are from
HOSERLab. Ol spectra (terrestrial olivines) are from RELAB (<45 um, B@)pUSGS

(<65 pum, F01191), and HOSERLAB (Fo90 in various grain sizes). Ol and HCP/HED are
highlighted by filled symbols.
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Fig. 3: Influence of grain size on (A) BT, (B) MR and (C) MC parameters, for HEDs in size
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maximum variations (%) of each sample over the whole grain size ranges are given in
brackets. Data points feome of the mixtures are not shown to enhance readability.
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FC clear filter images (Gaskell 2012) is used. Further descriptions of the data processing
method and the photometric corrections arespnted in Nathues et al. (2014b). The FC
mosaics generated by the ISIS pipeline were analyzed using ENVI software. For the present
analysis, FC color data having ~60 m/pixel spatial resolution from HAMO and H2ZMO
phase are used.

The global mosaic of Véas in the ClaudigCoordinate system is shown in Fig. 6 using the
cylindrical projection. The approximate outlines of the Rheasilvia and the Veneneia basins
are marked. Uncertainties of each individual FC color filters were estimated from
homogeneous, smalteas of different size (2 x 2 to 7 x 7 pixels) at Bellicia and Arruntia. We
observed that the relative statistic error for the 4 x 4 pixel sized area is reliable, and these

values are used to compute the error propagation of the band parameters (Agpendix

60°E 120°E 180° 120°W 60°W

0° 60° E 120°E 180° 120°W 60° W 90°

Fig. 6: HAMO global mosaic of Vesta in the Claudiaordinate system at ~60 m/pixel
resolution in simple cylindrical projection. Arruntia (A) and Bellicia (B) craters are in the
northern hemisphere. The approximate outlines of the Rheasilvi&¥emeheia basins are
marked in bold and dashed lines, respectively.

3.3.1 Arruntia crater

Arruntia is an impact crater of ~12 km diameter and 2.5 km depth in the northern
hemisphere (Fig. 6). A perspective view of the reflectance image at 0.55 pm, gr@ecte
HAMO DTM (~62 m/pixel resolution) is shown in Fig. 7A. Potential olivineh exposures
are highlighted in red by selecting those pixels that have band parameters in the peridotitic

field. A few sites are selected for illustration (AB; Fig. 7A) andtheir average absolute
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and normalized reflectance spectra over a region of 2 x 2 pixels are presented in Figs. 8A and
8B, respectively. The Vesta average spectrum from FC HAMED-2 is also displayed. The

band parameter space of the identified siteduistrated in Fig. 9. Olivingich exposures are
located on the ejecta blanket nearby the outer rim, and a few of them are located on the inner
wall and the crater floor. Many of the exposures extend a few hundreds of meters in length,
and the exposure maed A3 extends up to few kilometers. The olivimeh exposures cover

~1.6 % of the area within 2.5 crater radii from the center of the crater. The exposures have
higher reflectance value than the average surface of Vesta. In general, the band depth of th
olivine exposures is similar to that of the average Vesta, and sometimes slightly deeper.
However, a few sites exhibit shallower band depth than the average Viestaxposures
exhibit a redder visible slope compared to the average Vesta spectrumcuadiitive due to

the associated lithological background materials in the regolith. Dark maseoiaserved in

the ejecta blanket nearby the crater rim, and on the slopes of inner crater wall. The
lithological background of the oliviRech exposures isnvestigated in the band parameter
space. The band parameter space of the oliwaeexposure A3 (located in the ejecta nearby

the outer rim, Fig. 10A, B) is presented using theNBR polygons (Fig. 10C). The Arruntia

region is howarditic/eucritic in conogition.

3.3.2 Bellicia crater

Bellicia is an impact crater located westward of Arruntia, having a diameter of ~35 km and
5.9 km depth (Fig. 6). A perspective view of the reflectance image at 0.55 um is displayed in
Fig. 7B. The potential olivineich expsures are marked in red. Some sites have been
selected (B4B5, Fig. 7B), and their average absolute and normalized reflectance spectra over
a region of 2 x 2 pixels are presented in Figs. 8C and 8D, respectively. The average Vesta
spectrum is also shown. avly of the olivinerich exposures are located on the slopes of the
inner crater wall, and a few of them are possibly on the crater floor and in nearby small fresh
craters. The exposures extend few hundreds of meters, while some of the exposures (e.g., B1
and B4) are up to few kilometers. The exposures cover ~0.7 % of the crater area within 1
crater radius from the center of the crater. The exposures in Bellicia exhibit higher reflectance
values than the average Vesta surface. The exposures in generainhitarets slightly

higher band depth than the average Vesta. Dark material nearby the olivine exposure B1 are
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apparently moving along the slope of the inner crater wall (Fig. 7B). The exposures exhibit a
redder visible slope compared to the average Vestetrsm, while two of the sites (B1 and

B2) have both higher reflectance values and redder visible slopes than the rest of the
exposures (Fig. 8C, D). The locations of the data points in the band parameter spitie (BT
polygons, and BIMC polygons) are dgayed in Fig. 9. The background materials of
olivine-rich exposures are analyzed in the band parameter space. The band parameter space
of the olivinerich site B1 (located along the slope of the inner crater wall, Fig. 11A, B) is
presented using the BWIR polygons (Fig. 11C). The majority of the data points are in the

howarditic/eucritic field.

3.4 Discussion

Our analysis using FC data suggests oliviok exposures at Bellicia and Arruntia. The
exposures have higher reflectance values, and similarightlgl higher/lower 3um band
depths than the average Vesta spectrum. The exposures at Arruntia have redder visible slope
than that of Bellicia, which is likely due to the background lithology. The red slope of the
ejecta materials at Arruntia could alse taused by an association of impact melt component
(Le Corre et al. 2013). The spatial extent of the olirink exposures is found in the range of
a few hundred meters up to few kilometers. The exposures are located on the inner crater
walls, on the flor of Arruntia, in the ejecta, and in nearby fresh small impact craters. It is to
be noted that smaller planetary bodies reveal deep seated minerals, like olivine and spinel, on
inner crater walls, central peaks, crater floors, ejecta, and in the vioinipasins (e.g.,
Koeppen and Hamilton 2008; Pieters et al. 2011; Yamamoto et al. 2010, 2012). A
guantitative analysis of mineralogy and olivine abundance of the exposures seems difficult
using FC color data. Moreover, the influence of other factors likéngsize has to be
considered. However, based on the locations of the data points over the band parameter space
(Fig. 9), the identified sites suggest peridotitic lithologies with modal olivine contents above
60%. Such an olivine content is in accordandt whe predicted abundance of olivine {60
80%) in the mantle material of Vesta by Mandler and Elfiaston (2013). The exposures at
Bellicia and Arruntia could be potential mantle material, but the abundance of olivine is not a
sufficient criterion for amantle origin. The exposures are in general associated with a

howarditic/eucritic environment.
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Fig. 7: Perspective view of reflectance image of (A) Arruntia and (B) Bellicia
projected on HAMO DTM. Potential olivinech exposures are markedried.
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Fig. 8: Spectra of olivineich sites as indicated in Fig. 7. (A) Absolute and (B) normalized
spectra from sites at Arruntia. (C) Absolute and (D) normalized spectra from Bellicia. Each
spectrum is an average of 2 by 2 pixels. The spectrum af/drage Vesta surface (black

solid line) is also shown.
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observations from Dawn (e.g., Prettyman et al. 2013; Yamashito et al. 2013; Park et al.
2014). Fe abundances (Yamashito et al. 2013) and thermal neutron absorptions (Prettyman et
al. 2013) in the Rheasilvia basin and its ejecta observed from the GamnaadRaleutron
Detector (GRaND) indicate that orthopyroxemeh lithologies are the excavated materials by

the Rheasilvia impact. McSween et al. (2013b) also suggested that the Rheasilvia impact is
supposed to excavate the mantle materials, and therefooedtwence of diogenites in this

basin floor (observed from FC and VIR) implies that the mantle materials appear to be
excavated and mixed in the ejecta blanket extending across almost half the Vestan surface.
McSween et al. (2014) further predicted aiviok-free upper mantle of Vesta because of the

lack of spectrally detectable olivine in the Rheasilvia basin.

The evolution of Vesta by serial magmatism (shallow magmatic plutons) is fostered to
explain the olivineich exposures in the northern hemisghéAmmannito et al. 2013a;
Cheek and Sunshine 2014; Ruesch et al. 2014). The tkdremoical evolution model of
Neumann et al. (2014) predicted the possibility of a shallow magma ocean on Vesta. Again,
Barrat and Yamaguchi (2014) argue that the recentnmaagcean model proposed by
Mandler and ElklinsTanton (2013) fails to explain the diversity of trace elements observed
in diogenites. They suggested that the most likely explanation for the diversity in trace
elements in diogenites is by multiple parentadlts on Vesta, but not by a magma ocean
model. Ruesch et al. (2014) proposed a local enrichment of olivine on Vesta to explain some
of the unusual distributions of olivifech exposures in the northern hemisphere. De Sanctis
et al. (2014) noted that ttepparent absence of olivine in Rheasilvia is probably due to the
heterogeneity of the Vestan crustaantle depths. The observations from Dawn geophysical
data reveal significant gravity anomalies that may reflect crustal thickness and/or density
variatiors on Vesta (Raymond et al., 2014b). The observed gravity anomaly and the density
variations strengthen the idea of the heterogeneity in the primordial crust and mantle of Vesta
favoring multiple plutons within the deep crust or upper mantle (Raymond 20%da, b;

Park et al. 2014). Raymond et al. (2014a, b) also suggested that the-dkie&posures of
Arruntia and Bellicia are part of a northward extension of a strong positive anomaly observed
on the eastern equatorial troughs.

Despite all these coplexities, the finding of solidtate plastic deformation in olivine
grains of diogenite NWA 5480 (57% olivine) and diogenite NWA 5784 (92% olivine) show
that they are likely formed in the mantle of Vesta (Tkalcec et al. 2013; Tkalcec and Brenker
2014). Again, Lunning et al. (2014) claimed that the -Kigh olivine grains found in paired
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names with the index CGRre used. iv) The HED samples (EET90020 eucrite-{MPi-
076:A/ICAMP76, TB-RPB-020/C1TB20/LATB20, Cachari eucrite (MPXH-084
A/CAMP84), Petersburg howardite (MPXH-070-A/CAMP70), and ALHA77256
diogenite (MPTXH-071-A/CAMP71) which are likely weathered/rusted are excluded.

The spectra used in this analysis are EET87503 (CAMB68, LAMB68A, NCMB68A,
CBMB68, CCMB68, CDMB68, CEMB68, CFMB68, CGMB68, CHMBG68), Kapoeta
(C1IMP53, LAMP53 CAMP53), GR0O95535 (CAMP67), QUE94200 (CAMP69), EET83376
(CAMP73), EET87513 (CAMP74), Binda (CAMP82), Bununu (CAMP83), Frankfort
(CAMP85, CGP049), Le Teilleul (CAMP93, CGP051)7808 (CAMP97), ¥790727
(CAMP98), Y-791573 (CAMP99), GR0O95574 (BKR1MP125, CRNR5), QUE97001
(BKR1MP126, C1MP126), Pavlovka (CGP047), Petersburg (CGP053, CGP055),
EETA79002, (CAMB67, CBMB67, CCMB67, CDMB67, CEMB67, CFMB67);74013
(CAMB73, CBMB73), Y-75032 (CAMB74, CBMB74), Johnstown (CAMB95, LAMB95A,
CBMB95, CGP057, CGP059, CGPN6CAMS49, C1MS51), Ellemeet (BKR1MP112,
C1MP112, BKR1MP113, C1IMP113), LAP91900 (CAMP77, C1TB18, LATB18), Aioun el
Atrouss (CAMP81), Tatahouine (CAMP88, CGP065, CGP06738A526 (CAMP95), Roda
(CGP063), Shalka (CGP069), GR0O95555 (CAMP68), ALHA76005 (CABIBEBMBG6,
CCMB66, CDMB66, CEMB66, CFMB66, C1TB23, LATB23, C1TB24, LATB24),
Millbillillie (C1HHO3, C1MB69, C2MB69, C3MB69, CAMB69, LAMB69A, CBMB69,
CCMB69, CDMB69, CAMS48, C1MS50, C1RK116A, C1RK116F2, C1RK116G,
C1RK116l, C1RK116L), Juvinas (C1MB70, C2MB7GAMB70, CBMB70, CCMBT0,
CDMB70, CEMB70, CGP035, CGP037),-M450 (CAMB71, CBMB71, CCMBT71,
CDMB71), ALH-78132 (CAMB72, CBMB72, CCMB72), Padvarninkai (CAMB96,
CBMB96, CCMB96, CDMB96, CGP025), Stannern (CAMB97, CBMB97, CGP039,
CGP041, CGPO043), ALH85001 (CDMNB, CWMB99), Moore County (CAMP86,
CAMP86), Pasamonte (CAMP87, CGP033), Bereba (CAMP89, CGP023), Bouvante
(CAMP90, C1TB28, LATB28, C1TB29, LATB29, BKR1TB118, C1TB118), Jonzac
(CAMP91, CGPO029), Serra de Mage (CAMP92),881819 (CAMP96), Sioux County
(CGP027, Haraiya (CGP031), Nobleborough (CGP045), EET87520 (C1MT29), PCA91078
(C1IMT31), Y-792510 (CAMT41), ¥792769 (CAMT42), ¥793591 (CAMTA43), ¥82082
(CAMT44), Macibini (C1TB27, LATB27), GR095533 (CAMP66), PCA82501 (C1TB12,
LATB12, BKR1MP124, C1MP124), PCA8B2 (C1TB21, LATB21, CAMPS80),
ALHA85001 (C1TB15, LATB15), ALHA81011 (C1TB14, LATB14, BKR1MP122,

99



C1MP122), ALHA81001 (BKR1IMP121, C1IMP121, BKR1MT030, CIMT30), LEW87004
(C1TB19, LATB19, CAMP79), ¥75011 (C1TB08, LATB08), EETA79005 (CAMP72,
C1TB26, LATB26), EHA79006 (BKRIMP123, C1MP123), LEW85303 (CAMP78),
EET83251 (C1TB22, LATB22), EET92003 (BKRIMP118, C1MP118), PCA91006
(BKRIMP119, C1MP119), PCA91007 (BKRIMP120, C1IMP120, C1TB16, LATB16),
EET87542 (CAMP75, C1TB14, LATB14), -Y91186 (C1TB09, LATBO09), A87272
(CAMP94).
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Fig. A: Pyroxene composition in eucrites (open circles/plus), adapted from McSween
et al. (2011) and Mayne et al. (2009). Markers in open squares are synthetic pyroxenes
(Klima et al. 2011). We restrict higBalcium pyroxene compositions (HCRZB) to
Wo- contents above 20 méb. The gray box indicates those clinopyroxenes
considered in our analysis, while open box represents clinopyroxene compositions
below 20 mol% Wo.
Out of 46 spectra of synthetic low/high-@groxenes (Wgs;, <45 pm) from RELAB (Klima
et al. 2011), we selected samples that have reasonable compositions in the contexts of
geology of Vesta. i) We consider the calcium bearing pyroxenes free of Fe and Mg as
unreasonable. Such pyroxenes neither exist in common basadtigabbroic rocks on Earth
(Deer et al. 1997), nor in HEDs (Mayne et al. 2009; Mittlefehldt et al. 1998, 2012). Besides,
the basaltic Vesta surface in general exhibits prominent 1 um absorption feature that implies
ubiquitous presence of mafic minergjo@hus, synthetic pyroxenes without-Fs without
En- components (Wgss, WENy;, WoFs3, Woi0EN, WOoi7ENes, WoxsFsrs, WoxdFsy,
WO030EN70, WoseENss, WO3sFSs5, W03sENes, WOsoFSs1, WaueENss, W0s1FSig) are omitted. i)
We follow Sunshine et al2004) and Klima et al. (2011) in restricting the hi@alcium

clinopyroxene (HCP) compositions to Waontents above 20 méb. Clinopyroxene
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compositions below that value are very rare in eucrites and diogenites and probably result
from exsolved HCP lamkde from pigeonite hosts (e.g., McSween et al. 2011). This
compositional field is marked by the open box in the Figure given below (Fig. A). This
Figure (open circles/plus markers) is based on the compilation of pyroxene compositions in
eucrites given by Myne et al. (2009). Comparing the compositional variations of pyroxenes
in eucrites with that of the synthetic pyroxenes investigated by Klima et al. (2011) and
Sunshine et al. (2004) reveals that a small number of syntheitic pyroxenes plots outside the
compositional variation of diogenites and eucrites (indicated by the gray box). iii) All
synthetic pyroxenes plotting outside that compositional field ,Bf@Fs;o, WossEnsFs,
WossENsFss, WausErugFs, WosoErysFss, WasgEnoFss, WossErusFss, and WagEnFsso) are

not considered here.

2. The existing nomenclature of diogenites and/or olivine bearing diogenites by different
researchers is ambiguous (Sack et al. 1991; Bunch et al. 2010; Beck and Mcsween,
2010; Wittke et al. 2011; Ammannito et al. 2013a; MandlerElkaths-Tanton 2013).

Here, we follow the nomenclature that is in accordance with [IUGS system (Streckeisen
1974; Wittke et al. 2011; Mandler and Elkifianton 2013).

3. The error propagations are computed using the statistical formulations giver below

. wrs 6 .. 6
06 L $6 @A NE@EL A

4&6a 4&: a
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439 a > 4&6a 4&7a

Where, ¢ 4 is the standard deviation, and is the value of the band parameters or
reflectance at their respective wavelength. The uncertainties of the baardepens for
laboratory spectra (BTL.4%, MR 2%, MG- 1.2%) are shown in Figure 2. In the same way,
the uncertainty limits of the band parameters for FC spectra are also computed by selecting
nearly homogenous areas, based on similar ranges/values of thar&neter, topography
and reflectance. Four such sites are selected, and spectra are collected for various pixel sizes
(2x2,3x3,4x4,5x5,6x6and7x 7). The average spectra and their standard deviation
are used to statistically compute theoe propagation for the band parameters. The
uncertainty limits for 4 x 4 pixels are selected after examining the trend of the values for
consistency. Therefore, we observed 0.79, 0.78, 0.74, 0.81, 0.81, 0.87, 0.84% uncertainties

for the seven filters (inascending center wavelengths of the filters), and then, the
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4.0 Abstract

We introduce an innovative threlimensional spectral approach (three band
parameter space with polyhedrons) that can be used for both qualitative and quantitative
analyses improving the characterization of surface heterogeneity of (4) Vesta. It is an
advanced and more robust methodology compared to the standairmeosional spectral
approach (two band parameter space). The Dawn Framing Camera (FC) color data obtained
during High Altitude Mapping Orbit (resolution ~ 60 m/pixel) is used. fifaen focus ison
the howarditeeucritediogenite (HED) lithologies containing carbonaceous chondritic
material, olivine, andimpactmelt The archived spectra of HEDs and their mixtures, from
RELAB, HOSERLab and USGS databases as well as our laberatagured spectrare
used for this study. Thredimensional convex polyhedrons are defined using computed band
parameter values of laboratory specfPalyhedrons based on the parameters of Band Tilt
(Ro.92unfRo.96um), Mid Ratio ((R.75un{Ro.83um/(Ro.g3unfRo.92um) and eflectance at 0.55 pm
(Ro.ssum are chosen for the present analysis.algorithm in IDL programming language is
employed to assign FC data points to the respective polyhedrons. The Arruntia region in the
northern hemisphere of Vesta selectedfor a casestudy because of its geological and
mineralogical importance. We observe that this region is etdwit@nated howarditic in
composition. The extent of olivirgch exposuresvithin an area oR.5 crater radii is ~ 12%
larger than the previous finding (&hgjam et al., 2014). Lithologies of nearly pure GM2
chondrite, olivine, glass, and diogeniaee not foundn this region.Although there are no
unambiguous spectral features of impact melt, the investigation of morphological features
using FC clear filte data from Low Altitude Mapping Orbit (resolution ~ 18 m/pixel)
suggests potential impastelt features inside and outside of the cradem spectral approach
can be extended to the entire Vestan surface to study the heterogeneous surface composition

andits geology.
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4.1Introduction

Vesta is one of the most geologically interesting small bodies in the Main Asteroid
Belt that bears characteristics similar to the terrestrial planets (e.g., Keil, 2002; Jaumann et
al.,, 2012; Russell et al., 2013). Vestaais intact differentiated object that most probably
survived catastrophic impact events in the early solar system (e.g., Russell et al., 2012, 2013).
The geologic study of such a body allows us to understand the evolution of planetary bodies
with a silicae-dominated shell. The knowledge about Vesta has been improved by an
integrated study of HED meteorites (e.g., Mittlefehldt et al., 1998; Mittlefehldt, 2015;
McSween et al., 2011) and groubdsed telescopic observations (e.g., Thomas et al., 1997,
Hicks ¢ al., 2014; Hiroi et al., 1995). The investigations using Dawn spacecraft images mark
a significant progress because of its higher spatial and spectral resolution data compared to all
former observations. The spacecraft spent more than a year in otnitlafesta (July 2011
September 2012) and acquired images from various distances (e.g., Russell et. al., 2012,
2013). The Framing Camera (FC) and the Visible and idcared Spectrometer (VIR) are
imaging instruments onboard Dawn (e.g., Sierks et @ll12De Sanctis et al., 2011). The
Framing Camera houses seven color filters in the wavelength range from 0.4 to 1.0 um, and a
clear filter. The spatial resolution of FC color data is about 2.3 times higher than the
resolution of VIR cubes (Sierks et &011). The FC color data is used in this study.

4.1.1 Composition and geology: preand postDawn

Before the arrival of Dawn at Vesta, many researchers have studied this object using
Earthbased telescopes. Naomiform reflectivity and albedo variations across the surface
have long been recognized (e.g., Bobrovnikoff, 1929; Gehrels, 1967). McCord E27%0)
observed the spectral similarity of Vesta with the eucrite Nuevo Laredo in the visible and
nearinfrared region (0.8..1 um). Later on, the spectral similarity between eucrite meteorites
and Vesta were confirmed (e.g., Feierberg and Drake, 188®e then, the evidence for a
Vestan origin of the HED suite of meteorites has increased substantially. This hypothesis was
supported by the finding of Vestoids ype asteroids) that are spectrally similar to Vesta
and located in the 3:1 orbital resonarregion (e.g., Binzel and Xu, 1993; Thomas et al.,
1997). A pyroxendlistribution map (Dumas et al., 1996) indicated albedo and lithological
variations. A schematic map of major lithologic units of diogenites and eucrites including an
olivine-bearing urti was produced by Gaffey (1997) based on rotationmaplved ground
based telescopic data. He noted hemispheric antiemispheric compositional variations. A
geologic map of Vesta was constructed by Binzel et al. (1997) using Hubble Space Telescope
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spectrally. One mixing line is based on the diogeddminated howardite DaG 77fhe
other is based on the eucriteminated howardite NWA 1929. The carbonaceous chondrite
material is from a specimen of the JbMgtnselwan CM2 carbonaceous chondrite. The
olivine material is prepared from a forsteniteh gemstone quality sample. Regptions of

the meteorites/samples are given in Appendix 1 with their compositional data in Appendix 2.

The meteorite samples are received in chips/bulks. The outer rims of each specimen
are removed thoroughly before crushing to minimize the inclusiofusibn crust and
terrestrial weathering products. They are ground to powders using an agate mortar either in a
grinding mill or by hand at the Clausthal University of Technology, Germany (TUC). The
fine-grained material are disieved and further processédilled) until all material passed
through a 63 pum sieve. The sieved powders of the two howardites are used to prepare
intimate mixtures in 10 wt.% intervals, each with olivine or Jhl&tselwan.

Individual powders are homogenized by stirring and sitakhe powders in glass
vials for about 1 minute before preparing the mixtures. The samples are mixed to weigh 250
mg in total using an analytical weighing balance in a clean laboratory aPMagk Institute
for Solar System Research, Germany (MPS). Eaisture is again gently stirred for about 5
minutes using a pestle in a small agate mortar to produce homogeneous mixtures. The
reflectance spectra (0.355 pum) of the particulate samples and their mixtures are measured
at HOSERLab (University of Winnige Canada) using an Analytical Spectral Devices
(ASD) FieldSpec Pro HR spectrometer. The measurements are done relative to a Spectralon®
standard using a 150W quattmgsterhalogen collimated light source. In each case, 200
spectra are acquired and awd to provide sufficient sign#b-noise. The details of these
measurements are discussed in Cloutis et al. (2013).

Apart from the measured spectra, available reflectance spectra of powdered HED
meteorites, olivine, CM2, and olivirathopyroxene mixtureom the RELAB, USGS, and
HOSERLab spectral libraries are used. Details on the spectra/samples are listed in Appendix
3. Figure 1 shows absolute (Fig. 1A) and normalized (Fig. 1B) reflectance spectra of the
measured spectra (solid lines) of olivine, NW#2®, DAG 779 and Jibilet Winselwan CM2.

The Macibintglass spectrum is from RELAB. The resampled data points at the effective
wavelength of each filter are represented by the symbols in Fig. 1. The spectra are resampled
to FC bandpasses using the instrutwesponse function per filter (Sierks et al., 2011).
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Fig. 1.(A) Absolute and (B) normalized laboratory spectra (line) resampled to FC
bandpasses (symbols). The spectra of NWA 1929 howardite (etich}eDaG 779
howardite (diogenitgich), JbiletWinselwan (CM2chondrite), and olivine are measured in
this work. The Macibineucrite glass spectrum is from RELAR) Sketch illustrating the
band parameters calculated from the absolute reflectance spectrum, Band Tilt (BT), Mid
Ratio (MR), Visible Slopén % per 0.1 um (VS) and Band Strength (BE)e acronyms
Rmin_vis and Rnax_visrepresent those FC color filters showing minimum and maximum
reflectance in the visible wavelengtimge while Ryin_nir is theminimumreflectance in the
nearinfrared wavelagth range.
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Fig. 2.Resampled spectra of Jbidtinselwan (CM2chondrite) mixed with howardites DaG

779 and NWA 1929. (AB) Absolute reflectance spectra in an interval of 10 wt.%,
represented by the dotted lines. (C, D) Normalized spectra of samples and mixtures in steps
of 10, 30, 50, 70, 90 wt.%.
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Fig. 3.Resampled spectra of olivine mixed with howardites DaG 779 &4 11929. (A, B)
Absolute reflectance spectra in an interval of 10 wt.%, represented by the dotted lines. (C, D)
Normalized spectra of samples and mixtures in steps 10, 30, 50, 70, 90 wt.%.
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Fig. 4: Two-dimensional band parameter spaces for Ba& NWA 1929, olivine,
JbiletWinselwan, Macibinieucrite glass, and mixtures of howardites with olivine or Jbilet
Winsewlan. (A) VS versus R0.55um, (B) BS versus R0.55um, (C, D) polygons defined by all
the spectra of eucrites, diogenites, howarditeging, and CM2 in the corresponding band
parameter spaces.
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Figure 3 shows resampled spectra of mixtures of olivine and howardite (either with
DaG 779 or NWA 1929). Absolute reflectance spectra in 10 wt.% intervals (Fig. 3A, B) and
normalized spectra ategis of 10, 30, 50, 70, 90 wt.% howardite content (Fig. 3C, D) are
displayed. Changes in the spectral shape and their band parameters, such as visible slope,
band tilt, and band strength are noticed with changes in end member abundances. Unlike the
CM2 spetrum, the olivine spectrum exhibits a notablgrh feature. The olivine spectrum
shows higher reflectance compared to the howardites. Visible slope and reflectance of
mixtures gradually changes as a function of the components. The same is true for pgramete
BT and BS. Olivine shows higher values of BT but lower BS parameters than the two
howardites. A significant change in reflectance, VS, BT and MR values of olivine is seen by
adding even only 10 wt.% howardite. A howarditic amount of more tha#030t.%in these
mixtures produces spectra similar to HEDs. This is almost opposite to what we observed in
CM2 mixtures where the howardites spectra are significantly affected by even 10 wt.% of
CM2.

Eucrite and olivine show larger BT values than diogenited, therefore, the BT
parameter is the most effective for distinguishing diogenite from eucrite and olivine
(Thangjam et al., 2013, 2014). The MR values of diogenite, olivine, and eficimelivine-
orthopyroxene mixtures are in general larger than euaniteclinopyroxene found in HEDs
(Thangjam et al., 2014). The CM2s spectra show much lower reflectances compared to HEDs
and olivine, and thus, the reflectance serves a useful criterion to recognize the presence of
CM2 material (Fig. 4). Macibireucrite dass spectrum displays a rather large value of VS
compared to the HEDs, olivine, and CM2s, and hence, the VS parameter can be useful to
identify and discriminate the glass spectrum (Fig. 4). However, the VS values of HEDs,
olivine, and CM2s overlap. Simillg, the BS parameter shows a broad range of values for
HEDs and olivine, though the BS parameter is generally used to assess abundance of mafic
minerals (e.g., Reddy et al., 2012b; Thangjam et al., 2013). This indicates that multiple
spectral parametersrearequired for more robust discrimination of the various materials

included in this study.

4.4.1Two-dimensional approach
Two-dimensional approaches (i.e., two band parameter spaces) are generally

employed in earlier works to characterize surface lithiets for example, Band Tilt versus

Band Curvature parameter space to distinguish among eucrites and diogenites (Thangjam et
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al., 2013), and Band Tilt versus Mid Ratio to separate olivine from HEDs (Thangjam et al.,
2014; Nathues et al., 2015), etc. Agaoim the aforementioned band parameter spaces, other
parameter spaces such as band strength or visible slope versus reflectance at 0.75um need to
be discussed, since they are suggested to be diagnostic for identifying impact melts, exogenic
dark materialsetc., (e.g., Le Corre et al., 2013; Reddy et al., 2012b; McCord et al., 2012). A
detailed analysis of these parameter spaces is presented here.

The parameters VS and BS are plotted versus reflectance at 0.55 pm (R0.55um) for
Macibini-eucrite glass, howaites DaG 779 and NWA 1929, olivine, Jbiltinselwan, and
mixtures of howardites with olivine or CM2 (Fig 4). In the VS versus R0.55pm band
parameter space (Fig. 4A), the JbMginselwan, olivine, and glass sample are well separated
from each other and ¢htwo howardites. The CMeéhondrite mixtures and the olivine
mixtures plot on either side of the howardite samples along-gxésx(R0.55um). We do not
have data points of mixtures of glass and howardite, but a trend more or less in between the
howarditesand the glass can be expected. The parameter VS of the olivine and howardite
mixtures show similar values with a negligible change compared with the howardites though
the values are significantly different from the nearly pure olivine. The samples anaawix
in Fig. 4A are not distinguishable if all the eucrite, diogenite, olivine, and CM2 are plotted
together (Fig. 4C). Similar plots are displayed for BS versus R0.55um (Fig. 4B, D). The BS
parameter of Macibirglass is not as distinct as for the VSaraeter, and this data point is
not separable from the eucrite, diogenite, and olivine. These analyzes suggest that the VS and
BS parameters are not ideally suited to distinguish lithologies among HEDs, olivine, and their
mixtures. Meanwhile, visible slopend band strength parameters are known to be
significantly affected not only by the mineralogy but multiple parameters such as grain size,
viewing geometry or phase angle, temperature, etc. (e.g., Nathues et al., 2000; Reddy et al.,
2012c; Duffard et al.2005; Izawa et al., in review; Cloutis et al., 2013; Moskovitz et al.,
2010).

Though the tweadimensional parameter spaces are useful to identify particular
lithologies of interest, they seem to be insufficient in dealing with multiple components.
Therefore an advanced spectral approach of tdieeensional analysis (i.e., thréand
parameter space with polyhedrons) is introduced and applied for the first time in this study. It
is worth mentioning that the thre#mensional parameter space used elsewherg., (
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Filacchione et al., 2012) are scattered data points, however the polyhedrons defined in this
study allow to assess both qualitative and quantitative information. Again, this approach is
different from other methodologies employing mulinensional prameters defined through
statistical analyses for example, principal component analysis (e.g., Roig afdLiElh,

2006; Nathues et al., 2012), or cluster analysis (e.g., PAliaso et al., 2011), etc.

4.4.2 Threedimensional approach
A threedimensonal band parameter space uses a further parameter (information), and

thus, the results can be more robust and precise. The band parameter values computed from
laboratory spectra representing different lithologies are used to define aitegsional

space spitted in several convex polyhedrons. The polyhedrons are constructed by many
convex triangular facets, using the band parameter values as vertices and a connectivity array
defined by the convex hull method. Plotting are done in IDL programming lgag\Marious

sets of combinations of the band parameters are discussed, and a particular parameter space
of interest is chosen for further analysis and application.

The polyhedrons of the BT versus MR versus R0.55um band parameter space are
shown in Fig. 3 in two different views. The parameters BT, MR, and R0.55um are plotted
along the X, Y, and Z axis, respectively. Each polyhedron or data point is given a hame for
clarity (Euc: eucrite; Dio: diogenite; How: howardite; Ol: olivine;-lgED: olivine plus
howardite mixtures, and olivinbearing diogenites; @ich-Opx: Olivine rich olivine
orthopyroxene mixtures (>40 wt% olivine); CM2: CM2 chondrite; CGNED: Jbilet
Winselwan plus howardite mixture, Murchison plus eucrite mixture, and -2
howardite; Gl:Macibini eucrite glass). The polyhedrons of diogenite and eucrite are clearly
distinct while the howardite polyhedron overlaps with both of them. The polyhedrons of
olivine and CM2chondrites are separable from HEDs while the G{EDs and OGHEDs
polyhedrais gradually merge with the howardite/eucrite polyhedron. The -BFRs
polyhedron overlaps with that of eucrite/howardite at a range of approximat&g &@.%

CM2 content, whereas the overlapping is at abot@t.% of olivine content for the Ol

HEDs polyhedron. The data point of the glass neither overlaps with any polyhedron of
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olivine nor OIHEDSs, but it lies within the Gtich-Opx and OIHEDs polyhedrons. Thus, the
glass sample is not uniquely distinguishable in this band parameter space.

Two different views of the polyhedrons in the BT versus MR versus VS band
parameter space are shown in Fig. 5B. Diogenite, howardite, olivine, CM2HEN®, O
HEDs display a broad range of VS values, and they overlap to varying extents with each
other, making idifficult to distinguish them. However, CM2, olivine, -@th-Opx mixtures
are distinguishable from the HEDs. Eucrite and diogenite are separated from each other but
overlap with howardite. Since the data point of MaciHgiiaiss shows a rather large VSua|
this data point is distinct. Thus, this parameter space can be used to identify-glassite
samples assuming that glasses in HEDs are similar to the Macibini eucrite glass. However,
data points of two Padvarninkai eucrite impact melts, and a hesndbked eucrite, JaH 626,
do not follow the glass sample, and they overlap with other polyhedrons. A small amount (<
10-20 wt.%) of howardite mixed with glass can yield spectra similar to HEDs (e.g., Buchanan
et al, 2014), and it may further complicateapion of such data points from HEDs.

The polyhedrons of the BT versus MR versus BS band parameter space are shown
from two different views in Fig. 5C. Some of the polyhedrons are distinct, and the BS
parameter is insensitive to distinguish among HEDwjne, and OIHEDs. Eucrite and
diogenite are separable from each other. Olivine, CM2, ardc®Dpx polyhedrons are
distinguished from HEDs. The @EDs and CMZHEDs polyhedrons overlap with the
HEDs to a large extent. The data point of the eucritesgtample does not overlap with
either of the polyhedrons though it lies close to the polyhedrons of olivine anch@px.
However, impacmelt and shock HED samples plot far apart from the glass sample and are
indistinguishable from other polyhedrons.

It is rather difficult to distinguish the various lithologies in the VS versus BS versus
R0.55um band parameter space (Fig. 5D). The CM2 and the Macibini eucrite glass sample
are offset from the HEDs. The glass sample does not overlap with the HEDs. IHomeeve
other impactmelt and shock HED samples neither follow the glass sample nor separable

from HEDs.
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Fig. 5: Different perspective views of thretmensional band parameter spaces. (A)
BT versus MR versus f2s,m (B) BT versus MR versus VS, (C) BEnrsus MR versus BS,
(D) VS versus BS versusoBsum Each polyhedron represents a particular mineralogy (Euc:
eucrite, Dio: diogenite, How: howardite, Ol: olivine, -BED: olivine plus howardite
mixtures, and olivindearing diogenites, CM2: CM2 chondriteM2-HED: Jbilet plus
howardite mixture, Murchison plus eucrite mixture, and @é42aring howardite).The
orange data point represents the Macibini eucrite glass sample.

134



4.5Implications for Dawn FC at Vesta

The threedimensional polyhedrons defined from various laboratory spectra are
applied to Dawn FC data to enable compositional analysis and mapping. Algorithm in IDL
program has been employed to assign FC data points to the respective polylizeteolssd

the algorithm are provided in Appendix

As a case study, we select Arruntia region in the northern hemisphere of Mesta.
region shows many interesting lithologies, including oliviieh sites (Ammannito et al.,
2013a; Thangjam et al.,, 2014; Rueset al., 2014b; Nathues et al., 2015), impact
melt/glass/shocked or orange material (Le Corre et al., 2013), and dark and bright material
(e.g., Thangjam et al., 2014; Ruesch et al., 2014a; Zambon et al., 28&4Arruntia crater
is described as one tfie freshest impact craters on Vesta, showing dark and bright ejecta
(Ruesch et al., 2014b). We use FC color data (~ 60 m/pixel) obtained during High Altitude
Mapping Orbit (HAMO and HAMO 2) for spectral analysis and mapping. The calibration
and processingof the FC color data including photometric corrections and error or
uncertainty in the data are discussed in Nathues et al. (2014). The errors in the spectral data
points are usually less than the size of the symbols displayed in the plots. For ineestigat
of morphological features, the FC clear filter images (~ 18 m/pixel) obtained during Low
Altitude Mapping Orbit (LAMO) is usedFigure 6 shows the reflectance and several band
parameter images of our study area: (A) reflectance at 0.55 gms. R (B) MR (Mid
Ratio), (C) VS (Visible Slope in % per 0.1 pym), (D) BS (Band Strength), anBTHBand
Tilt). Gray material (mean fsum~ 0.19) covers the region predominantly, while bright
material (mean Rssum~ 0.25) is more abundant than the dark niat¢émean Bssum~ 0.14).

Bright material is found in the ejecta and on the wall of the crater, whereas dark material is
locally enriched in a few regions of ejecta and the crater Wh#. band parameter values
(VS, BS, BT, and MR) do not follow a cleaend of dark, bright and gray material, but the
majority of the bright material in the ejecta usually exhibits higher BT, MR, VS values and
lower BS valuesA slope map is derived from the HAMDTM (~ 62 m/pixel) to visualize

the relief of this region (Bi 6F). The Arruntia crater walls show rather steep slopes
compared to other craters in this region. The topographic profile ofrttisrresembles a Vv
shape without having a pronounced flat crater floor. The distribution of the ejecta material
follows the local relief.
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Fig. 6:Arruntia region from FC HAMO data (~ 60 m/pix). (A) Reflectance image at
0.55 pum. Derived band parameters: (B) MR (Mid Ratio), (C)ViSible Slope in % per
0.1pm), (D) BS (3um band strength), (E) BT (Band Tilt), (F) Surface (topographic) slope in
degrees computed from HAMDTM (~ 62 m/pixel).
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and prominent levees. Pressure ridges are seen in lunar imekiclows where sth
features occurred in late stage wftvs (e.g., Carter et al.,, 2012). Such ridges are also
frequently observed in terrestrial lava flows, where viscous material is compressed due to
horizontal and vertical velocity gradients and often develop at @istis (Fink and Fletcher,

1978; Theilig and Greeley, 1986). Another impardlt flow feature is observed at the
northeastern wall showing faint pressure ridges and prominent levees (Fig. 8D). Both the
features (Fig. 8C, D) occur along the steep slopeth@fwalls, and their widths become
narrower and merge downslope as the underlying slope becomes shallower towards the floor.
The floor of Arruntia crater is partially in the shade, but weakly illuminated by -multi
scattered light, and therefore, it is diffit to inspect the features. The visibility of the floor of

the crater has been enhanced in this scene (Fig. 8E). Buigtd debris covers the floor, but

the smootkextured and comparatively darker material seems to overlie the debris partly. The
flow features are not only detected on the floor and the ejecta near the rim, but are also found
on the outer rim and in the discontinuous ejecta of the crater (Fig. 8F). The lobate flow
features that exhibit a smooth texture and significant difference inakpligtribution of

craters represent a potential impact melt veneer deposited on rather a -deatsedy
surface. These features extend as continuous and discontinuous lobes. Similar putative
impactmelt flow features are identified on Vesta by Williares al. (2014). Based on
numerical modeling and scaling laws, Williams et al. (2014) suggest that imp#ct
formation on Vesta is possible though the volumes are less compared with-sirgithtunar
craters. On the other hand, Keil et al. (1997) cldiat impactmelt deposits on asteroids like
Vesta are negligible because of rather low impact velocities compared to the terrestrial
planets. It is worth mentioning that impanelt/shock/glass has been identified in HED
meteorites but is not as common amglindant as in lunar and Martian achondrites (e.g.,
Buchanan et al., 2000; Singerling et al., 2013; Rubin, 2015). Material like i,
shocked and glassscomponents in HEDs may bear different compositional/mineralogical
characteristics depending ¢ime intensity of the shocked pressures/temperatures or thermal
metamorphism (e.g., Rubin, 2015; Takeda and Graham, 1991), and accordingly they are

expected to show different spectral features.
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Fig. 8: Potential impactelt flow features (marked by ams) observed in Arruntia
and its ejecta. North is upwards for all figures. (A) HAMO image at 0.55 pum ( ~ 60 m/pixel)
showing the locations of the features identified from LAMO images (~ 18 m/pixel). (B) dark
streaks on the bright ejecta near the outer (C, D) lobate flow features on the slopes of
inner crater wall, (E) potential impawtelt deposits partly ponded, imparting a darker tone on
the brighter debris in the floor of the crater (enhanced image showing a scene that is only
illuminated by multiscattered light), (F) lobate flo¥eatures in the relatively brighter ejecta
overlying the densely cratered older surface.
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4.6.3 Dark and bright material
Vesta is known for showing significant albedo variations across its surface (e.g.,

Reddy et al., 2012b, c). Dark material is more abundant than bright material (e.g., Palomba et
al., 2014; Zambon et al.,, 2014). Palomba et al. (2014) suggest that darkalmiater
dominantly eucritic or howarditic in composition with significant contributions of exogenous
carbonaceous chondritic material. They mentioned that shocked components in HEDs could
also be a representative of dark material on Vesta because ofotheieflectances. Bright
material is interpreted as relatively fresh and recently excavatedusfate components
because of their higher reflectance and deeper band depth values (Zambon et al., 2014).
Olivine-rich areas in Bellicia and Arruntia region aweted as a constituent of the bright
material (Zambon et al., 2014). They note that the bright material units of Arruntia region are
mixed with dark material. However, Palomba et al. (2014) does not mention the presence of
dark material in and around thruntia region though they defined at least 15% lower
reflectance than the local average as one of the criteria to identify this material. For Arruntia
region, we observe that dark, bright and gray regions show average reflectance (R0.55um) of
approximatéy 0.14, 0.19, and 0.25, respectively. The variation of reflectance of the gray
material with the bright and dark material are about 31% and 26%, respectively, while the
variation of bright to the dark material is about 66%. Many of the bright areas amére

walls, and few ejecta of the crater display rather a high reflectance (~ 0.4 or more). The CM2
rich exposures (> 280% of CM2 content) are found in very few localized areas. The
existence of plenty of areas with lesser amounts of -@GMferial (lesghan 2630 wt.%) is
possible, mixed with eucrites/howardites (Fig. 7B). The oliviok and possibly olivine

poor areas also display higher reflectance than the surrounding areas (Fig. 7C, D).

4.7 Summary and future work

We introduce and apply an innovative thBmensional spectral approach (three
band parameter space with polyhedrons) that better characterizes the heterogeneous surface
compositions compared to the generally used-dimeensional spectral approach (twanba
parameter space). Several lithologic units are mapped using the FC color data based on the
laboratory polyhedrons defined from various spectra of HEDs, olivine, CM2, and their
mixtures. According to this study, we find that eueritdh howardite is thedominant
composition in the Arruntia region. Olivirrech exposures are found in rather large spatial

extents compared to the earlier studies. Spectral features in FC color data do not allow unique
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identification of impacmelt/shock/glass materials; howez, morphological features
investigated using higher resolution FC clear filter images identified potential impact melt
flow features in this region. Nearly pure CM2, olivine, glass and diogenite exposures are
likely not present in this region. This thrdenensional spectral analysis can be applied to the
entire Vestan surface to map the compositional heterogeneity. The applicability of this
approach to the hyperspectral datasets such as the VIR data as well as to other planetary

bodies are yet to be pren.
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4.10Appendix

4.101 Description of the meteorite specimens used in this study
The meteorite Dar al Gani 779 (DaG 779) bagen classifieds a howardite with a

weathering grade W1 and a shock stage S2 (Grossman, 2000). The modal mineralogy is
calculated by sing the mineral data (electron microprobe) and whole rock XRifyzesat

TUC. Optical inspection in plane and crossed polarized light reveals didtistsin a fine

grained matrix. The majority of thelastsare of diogenite composition, which is deorated

by orthopyroxene or, low calcium pyroxene siae,they are not larger than 5 mm. Few lithic
clasts of eucritic composition are present. Minenglyzesshow non-uniform composition

of pyroxenes. Their composition ranges from a more enstatitic {zBf@s.sFSo+5) tO
pigeonite  (~WeuEnge:FSs7+2).  With  increasing Ca&ontent, there is augite
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4.10.3Spectra/samples and band parameters (values)

Euc Size (um) BT MR R0.555 BS VS Source
A-87272 0-25 0.97| 0.89 0.49| 2.09| 5.74| Relab
A-881819 0-25 0.93| 0.88 0.48| 1.82| 5.14| Relab
ALH-78132 0-25 0.92| 0.86 0.37| 1.63| 4.16| Relab
ALH-78132 2545 091| 0.87 0.22| 2.15| 3.40| Relab
ALH-78132 4575 091| 0.91 0.17| 2.33| 2.74| Relab
ALH85001 (drysieved) | 0-25 0.91| 0.90 0.51| 1.68| 3.16| Relab
ALH85001 (wetsieved) | 0-25 0.92| 0.89 0.42| 156| 2.32| Relab
ALHA76005 0-25 0.95| 0.85 0.43| 1.52| 4.23| Relab
ALHA76005 125250 0.96| 0.92 0.18| 1.78| 1.74| Relab
ALHA76005 250500 0.97| 0.90 0.18| 1.65| 1.45| Relab
ALHA76005 2545 0.94| 0.85 0.29| 1.79| 3.75| Relab
ALHA76005 4575 0.94| 0.85 0.21| 1.99| 2.91| Relab
ALHA76005 75125 0.95| 0.89 0.19| 1.88| 2.21| Relab
ALHA76005 0-250 0.96| 0.89 0.23| 1.66| 2.37| Relab
ALHA81001 0-125 0.93| 0.81 0.20| 1.49| 1.20| Relab
ALHA81001 0-45 0.95| 0.84 0.33| 1.35| 2.58]| Relab
ALHA81011 0-125 1.00| 0.86 0.24| 1.71| 1.69]| Relab
Bereba 0-25 0.96| 0.84 0.39| 1.58| 2.50| Relab
Bouvante 0-500 0.99| 0.85 0.19| 1.53| 0.77| Relab
Bouvante 0-25 0.96| 0.78 0.27| 1.56| 3.49| Relab
Bouvante 0-250 0.98| 0.81 0.20| 1.61| 1.26| Relab
Bouvante 0-44 0.96| 0.80 0.16| 1.69| 1.62]| Relab
Cachari 0-25 0.96| 0.86 0.43| 1.97| 6.40| Relab
EET87520 0-45 1.01| 0.88 0.49| 2.19| 3.91| Relab
EET87542 0-25 0.98| 0.89 0.30| 1.28| 4.11| Relab
EET90020 0-25 0.98| 0.88 0.52| 1.97| 6.83]| Relab
EET92003 0-125 0.93| 0.90 0.31| 2.20| 4.04| Relab
EETA79005 0-25 0.93| 0.84 0.38| 1.73| 5.03| Relab
EETA79005 0-250 0.94| 0.89 0.26| 1.81| 2.82| Relab
EETA79006 0-125 0.94| 0.86 0.34| 1.78| 3.56| Relab
GR095533 0-25 0.97| 0.87 0.51| 1.81| 3.38| Relab
Jonzac 0-25 0.94| 0.81 0.38| 1.99| 4.25| Relab
Juvinas 0-25 0.95| 0.86 0.42| 1.77| 3.08| Relab
Juvinas 125250 0.98| 0.99 0.13]| 2.02| 1.15]| Relab
Juvinas 2545 0.95| 0.91 0.27| 2.19| 2.99]| Relab
Juvinas 4575 0.96| 0.95 0.20| 2.26| 2.44| Relab
Juvinas 75125 0.97| 0.97 0.15| 2.17| 1.71]| Relab
LEW85303 0-25 0.98| 0.83 0.31| 1.56| 3.30| Relab
LEW87004 0-25 0.94| 0.84 0.35| 1.63| 4.37| Relab
Macibini-clast3 0-63 0.96| 0.87 0.21| 1.71| 1.61]| Relab
Millbillillie (C1MB69) 0-25 0.98| 0.93 0.29| 1.95| 1.32| Relab
Millbillillie (C2MB69) 0-25 0.98| 0.93 0.29| 2.01| 1.53]| Relab
Millbillillie (CAMB69) 0-25 0.96| 0.87 0.43| 1.72| 1.97]| Relab
Millbillillie (C3MB69) 0-25 0.97| 0.85 0.43| 1.74| 2.12]| Relab
Millbillillie 2545 0.95| 0.88 0.31| 2.25| 2.39| Relab
Millbillillie 4575 0.96| 0.89 0.25| 2.26| 1.92| Relab
Millbillillie 75125 0.97| 0.91 0.23| 2.19| 1.48]| Relab
Millbillillie 0-80 0.97| 0.89 0.38| 1.44| 1.86| Relab
Millbillillie 0-75 0.98| 0.90 0.40| 1.64| 2.49| Relab
Moore_County 0-25 0.95| 0.90 0.48| 2.29| 4.01| Relab
PCA82501 0-125 0.98| 0.86 0.26| 1.42| 2.40| Relab
PCA82502 0-25 0.95| 0.80 0.35| 1.67| 3.81| Relab
PCA91006 0-125 0.98| 0.91 0.35| 1.90| 3.77| Relab
PCA91007 0-125 0.95| 0.77 0.22| 1.82| 2.60]| Relab
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PCA91078 0-45 0.99| 0.83 0.28| 1.80| 2.78| Relab
Padvarninkai 0-25 0.95| 0.84 0.35| 1.73| 2.48| Relab
Padvarninkai 2545 0.96| 0.91 0.26| 1.95| 1.93]| Relab
Pasamonte 0-25 0.96| 0.80 0.37| 1.82| 5.63| Relab
SerradeMage 0-25 0.94| 0.97 0.65| 1.72| 4.32| Relab
Stannern 0-25 0.95| 0.83 0.35| 1.55| 2.80]| Relab
Stannern 2545 0.95| 0.85 0.22| 1.83| 2.14| Relab
Y-74450 0-25 0.95| 0.87 0.32| 1.54| 3.01| Relab
Y-74450 2545 0.94| 0.88 0.21| 2.01| 2.85]| Relab
Y-74450 4575 0.95| 0.92 0.18| 2.18| 2.14| Relab
Y-74450 75125 0.96| 0.94 0.16| 2.10| 1.89]| Relab
Y-792510 0-25 0.97| 0.85 0.43| 1.87| 3.59| Relab
Y-792769 0-25 0.96| 0.82 0.31| 1.54| 3.13| Relab
Y-793591 0-25 0.96| 0.82 0.37| 1.55| 3.80| Relab
Y-82082 0-125 0.99| 0.84 0.36| 1.52| 5.71| Relab
Dio Size (um) BT MR R0.555 BS VS Source
A-881526 0-25 0.82| 1.01 0.54| 2.65]| 10.98]| Relab
ALHA77256 0-25 0.84| 0.95 0.48| 2.23| 8.48]| Relab
Aioun-el-Atrous 0-25 0.86| 0.97 0.62| 2.54| 6.42| Relab
EETA79002 0-25 0.84| 0.91 0.38| 1.93| 2.66]| Relab
EETA79002 125250 0.87| 1.01 0.22| 2.28| 1.30| Relab
EETA79002 250500 0.88| 1.00 0.20| 2.16| 1.29]| Relab
EETA79002 2545 0.81| 0.96 0.28| 2.73| 2.36]| Relab
EETA79002 4575 0.82| 1.02 0.24| 2.64| 2.31| Relab
EETA79002 75125 0.85| 1.06 0.22| 2.55| 1.75]| Relab
Ellemeet 0-25 0.83| 0.91 0.28| 2.30| 2.31| Relab
GR0O95555 0-25 0.84| 0.95 0.61| 2.51)|10.17| Relab
Johnstown 0-25 0.87| 0.94 0.40| 1.75| 4.23]| Relab
Johnstown 2545 0.83| 1.07 0.35| 2.57| 4.55| Relab
Johnstown 0-75 0.83| 1.06 0.50| 2.70| 7.27| Relab
LAP91900 0-25 0.83| 0.95 0.58| 2.52| 6.68]| Relab
Tatahouine 0-25 0.82| 0.97 0.61| 2.61| 5.33| Relab
Y-74013 0-25 0.89| 0.89 0.32| 1.66| 4.95| Relab
Y-74013 2545 0.85| 0.93 0.29| 2.42| 4.62]| Relab
Y-75032 0-25 0.89| 0.87 0.33| 1.93| 2.41]| Relab
Y-75032 2545 0.86| 0.92 0.20| 2.70| 2.82]| Relab
How Size (um) BT MR R0.555 BS VS Source
Binda 0-25 0.87| 0.95 0.51| 2.63| 5.85| Relab
Bununu 0-25 0.93| 0.88 0.41| 1.72| 2.52]| Relab
EET83376 0-25 0.93| 0.84 0.42| 1.71| 4.87]| Relab
EET87503 (weskieved) | 0-150 0.93| 0.88 0.26| 1.65| 1.91| Relab
EET87503 0-25 0.93| 0.88 0.39| 1.56| 2.32]| Relab
EET87503 (weskieved) | 0-25 0.94| 0.87 0.32| 1.43| 2.75| Relab
EET87503 125250 0.96| 0.96 0.19| 1.73| 0.91]| Relab
EET87503 250500 0.97| 0.95 0.18| 1.64| 0.75]| Relab
EET87503 2545 0.93| 0.89 0.30| 1.75| 1.90| Relab
EET87503 4575 0.93| 0.94 0.23| 1.90| 1.14| Relab
EET87503 75125 0.95| 0.97 0.20| 1.87| 1.11]| Relab
EET87513 0-25 0.94| 0.87 0.34| 150| 3.10| Relab
Frankfort 0-25 0.90| 0.85 0.37| 1.95| 2.01]| Relab
GR0O95535 0-25 0.92| 0.87 0.38| 1.65| 3.06| Relab
GR0O95574 0-125 0.92| 0.90 0.29| 1.83| 1.81| Relab
Kapoeta 0-25 0.93| 0.88 0.32| 1.60| 2.34]| Relab
Le-Teilleul 0-25 0.89| 0.87 0.40| 2.09| 3.35| Relab
Petersburg 0-25 0.94| 0.86 0.32| 1.67| 9.11| Relab
QUE94200 0-25 0.88| 0.89 0.43| 1.82| 3.20]| Relab
QUE97001 0-150 0.87| 0.95 0.31| 2.16| 3.00| Relab
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Y-7308 0-25 0.89| 0.90 0.44| 2.22| 4.56| Relab
Y-790727 0-25 0.91| 0.86 0.36| 1.80| 6.25| Relab
Y-791573 0-25 0.90| 0.87 0.37| 1.78| 6.49| Relab
NWA1949 0-63 0.95| 0.79 0.29| 1.58| 4.11]| This work
DaG779 0-63 0.90| 0.90 0.38| 1.91| 3.26]| This work
CM-HED Size (um) BT MR R0.555 BS VS Source
NWA1949-10-Jbilet90 0-63 0.99| 1.00 0.04| 1.00| 0.44]| This work
NWA1949-20-Jbilet80 0-63 0.99| 0.99 0.05| 1.01| 0.46]| This work
NWA1949-30-Jbilet70 0-63 0.99| 0.98 0.05| 1.02| 0.51] This work
NWA1949-40-Jbilet60 0-63 0.99| 0.97 0.05| 1.03| 0.57]| This work
NWA194950-Jbilet50 0-63 0.98| 0.95 0.06| 1.08| 0.64]| This work
NWA1949-60-Jbilet40 0-63 0.98| 0.94 0.07| 1.10| 0.79] This work
NWA1949-70-Jbilet30 0-63 0.98| 0.92 0.09| 1.13| 0.99] This work
NWA1949-80-Jbilet20 0-63 0.97| 0.90 0.12| 1.18| 1.31]| This work
NWA1949-90-Jbilet10 0-63 0.97| 0.86 0.15| 1.30| 2.01]| This work
DAG77910-Jbilet90 0-63 0.99| 1.00 0.05| 1.01| 0.41] This work
DAG77920-Jbilet80 0-63 0.98| 0.99 0.06| 1.03| 0.47]| This work
DAG77930-Jbilet70 0-63 0.98| 0.98 0.06| 1.04| 0.52]| This work
DAG77940-Jbilet60 0-63 0.98| 0.98 0.07| 1.07| 0.58] This work
DAG77950-Jbilet50 0-63 0.97| 0.97 0.08| 1.11| 0.62] This work
DAG779-60-Jbilet40 0-63 0.96| 0.96 0.09| 1.14| 0.71] This work
DAG77970-Jbilet30 0-63 0.95| 0.94 0.12| 1.23| 0.84] This work
DAG779-80-Jbilet20 0-63 0.94| 0.93 0.14| 1.32| 1.01]| This work
DAG77990-Jbilet10 0-63 0.92| 0.91 0.20| 1.52| 1.26]| This work
Millbillillie9d5s -

Murchison5 0-45 1.00| 0.90 0.31| 1.63| 1.98| HOSERLab
Millbillillie90 -

Murchison10 0-45 1.00| 0.91 0.27| 1.50| 1.12| HOSERLab
Millbillillie80 -

Murchison20 0-45 1.00| 0.92 0.19| 1.36| 0.89| HOSERLab
Millbillillie70 -

Murchison30 0-45 1.00| 0.93 0.15| 1.26| 0.73| HOSERLab
Millbillillie40 -

Murchison60 0-45 1.00| 0.94 0.12| 1.20| 0.63| HOSERLab
Millbillillie50 -

Murchison50 0-45 0.99| 0.95 0.10| 1.14| 0.55| HOSERLab
Millbillillie40 -

Murchison60 0-45 0.99| 0.96 0.08| 1.10| 0.50| HOSERLab
PRA04401 0-45 0.99| 0.96 0.09| 1.17| 0.62| HOSERLab
PRA04401 4590 1.00| 1.00 0.07| 1.42| 0.41| HOSERLab
PRA04401 90-125 1.00] 1.02 0.07| 1.30| 0.51| HOSERLab
Olivine-HED Size (um) BT MR R0.555 BS VS Source
NWA1949-10-Olivine90 | 0-63 1.06| 0.97 0.65| 1.36| 3.33]| This work
NWA1949-20-Olivine80 | 0-63 1.03| 0.93 0.56| 1.37| 3.06]| This work
NWA1949-30-Olivine70 | 0-63 1.02| 0.90 0.49| 1.38| 3.52]| This work
NWA1949-40-Olivine60 | 0-63 1.01| 0.89 0.46| 1.38| 3.72]| This work
NWA194950-Olivine50 | 0-63 1.00| 0.87 0.42| 1.41| 3.72]| This work
NWA1949-60-Olivine40 | 0-63 0.98| 0.85 0.39| 1.43| 3.95| This work
NWA1949-70-Olivine30 | 0-63 0.98| 0.84 0.35| 1.48| 3.86]| This work
NWA1949-80-Olivine20 | 0-63 0.97| 0.82 0.32| 1.52| 4.07]| This work
NWA194990-Olivinel0 | 0-63 0.96| 0.82 0.32| 1.53| 3.92]| This work
DAG77910-Olivine90 0-63 1.04| 1.00 0.69| 1.48| 2.88]| This work
DAG77920-Olivine80 0-63 1.02| 0.98 0.62| 1.49| 2.91]| This work
DAG77930-Olivine70 0-63 0.99| 0.97 0.55| 1.54| 2.91]| This work
DAG77940-Olivine60 0-63 0.97| 0.96 0.49| 1.57| 2.73]| This work
DAG77950-Olivine50 0-63 0.96| 0.95 0.48| 1.63| 2.93]| This work
DAG77960-Olivine40 0-63 0.94| 0.93 0.46| 1.65| 3.05]| This work

149




DAG779-70-Olivine30 0-63 0.92| 0.93 0.43| 1.78| 3.03] This work
DAG779-80-Olivine20 0-63 0.92| 0.92 0.42| 1.84| 3.04] This work
DAG779-90-Olivine10 0-63 0.90| 0.91 0.38| 1.91| 2.81| This work
NWA5480 0.91| 1.05 0.35| 2.30| 7.58]| Becketal. 2011
NWA4223 0.95| 0.99 0.16| 1.39| 2.96| Beck etal. 2011
NWA6013 0-45 0.95| 0.92 0.31| 1.69| 4.00| HOSERLab
NWA2968 0-45 1.02| 0.97 0.16| 1.06| 3.66| HOSERLab
Olivine Size (um) BT MR R0.555 BS VS Source
Foll 0-60 1.10| 0.93 0.27| 1.85| 7.20| USGS
Fol8 0-60 1.07| 1.03 0.35| 1.76| 8.01| USGS
Fo29 0-60 1.16| 1.03 0.33| 2.34| 9.02| USGS
Fo41 0-60 1.10| 0.99 0.36| 1.80| 7.75| USGS
Fo51 0-60 1.12| 1.00 0.38| 1.85| 6.60| USGS
Fo60 0-60 1.14] 1.01 046| 1.98| 7.83| USGS
Fo66 0-60 1.17| 1.01 0.44| 2.28| 7.93| USGS
Fo89 0-60 1.10| 0.96 0.58| 1.40| 5.94| USGS
Fo91 0-60 1.26| 1.01 0.55| 2.50| 8.36| USGS
Fol0 0-45 1.03| 1.03 0.58| 1.30| 4.56| Relab

Fo20 0-45 1.08| 1.06 0.68| 1.57| 4.03| Relab

Fo30 0-45 1.11| 1.08 0.70| 1.81| 6.25]| Relab

Fo40 0-45 1.07| 0.96 0.36| 1.24| 5.76| Relab

Fo50 0-45 1.11| 1.05 0.57| 1.85| 7.40]| Relab

Fo60 0-45 112 1.02 0.49| 1.92| 8.85| Relab

Fo70 0-45 1.06| 0.90 0.17| 1.13| 5.38] Relab

Fo80 0-45 1.08| 0.96 0.27| 1.34| 5.53| Relab

Fo90 0-45 1.07| 0.96 0.19| 1.26| 4.20| Relab

Fo91 0-38 1.07] 1.01 0.60| 1.27| 7.54| HOSERLab
Fo90 0-63 1.11| 1.04 0.88| 1.57| 9.52]| This work
CM Size(um) BT MR R0.555 BS VS  Source
ALH84044 0-125 0.98| 0.95 0.05| 0.99| 0.87| Relab
LEW87148 0-125 0.99| 0.96 0.05| 1.04| 0.69]| Relab
GR085202 0-125 0.99| 0.97 0.05| 1.04| 0.89| Relab
ALHA77306 0-125 0.98| 0.97 0.05| 1.05| 1.03]| Relab
LEW87022 0-125 0.99| 0.96 0.04| 0.98| 0.56| Relab
EET87522 0-125 0.99| 1.00 0.03| 0.98| 0.27| Relab
MAC88100 0-125 1.00| 1.00 0.03| 1.03| 0.30]| Relab
LON94101 0-125 0.99| 0.98 0.04| 1.03| 0.58| Relab
Y-791191 0-125 0.99| 0.97 0.05| 1.00| 0.47| Relab
Y-791824 0-125 0.99| 0.97 0.04| 1.07| 0.68]| Relab
A-881458 0-125 0.99| 0.99 0.05| 1.00| 0.48| Relab
A-881955 0-125 0.99| 1.00 0.05| 1.04| 0.79| Relab
A-881280 0-125 1.01| 0.97 0.05| 0.99| 0.61]| Relab
A-881594 0-125 1.00| 0.99 0.04| 1.00| 0.16| Relab
Y-82054 0-125 1.01| 1.01 0.04| 1.00| 0.41| Relab
MET00639 0-75 1.00| 0.98 0.03]| 0.99| 0.03]| Relab
Cold-Bokkeveld 0-75 0.97| 1.00 0.05| 1.01| 0.33| Relab
Mighei 0-75 0.98| 0.99 0.05| 0.99| 0.60| Relab
Jbilet 0-63 0.99| 1.00 0.04| 0.99| 0.39] This work
Murchison 0-40 0.98| 0.96 0.04| 0.99| 0.64| HOSERLab
Murchison 0-45 0.99| 0.99 0.05| 0.98| 0.37 | HOSERLab
A-881955 0-125 0.99| 1.00 0.05| 1.04| 0.78| HOSERLab
LEW87016 0-125 0.98| 1.04 0.05| 1.07| 0.54| HOSERLab
Y791191 0-125 1.00| 0.97 0.05| 1.00| 0.45| HOSERLab
Y74662 0-125 1.00| 1.00 0.05| 1.03| 0.31| HOSERLab
Mighei-bulk 0-40 0.99| 0.99 0.04| 0.99| 0.37 | HOSERLab
Olivine-(rich) -Opx

mixture Size (um) BT MR R0.555 BS VS Source
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Olivine50-Opx50 0-38 0.93| 1.09 0.56| 1.85| 4.33| HOSERLab
Olivine50-Opx50 3853 0.94| 1.15 0.43| 2.48| 8.45| HOSERLab
Olivine50-Opx50 63-90 0.93| 1.29 0.38| 3.11| 4.42| HOSERLab
Olivine50-Opx50 90-125 0.96| 1.26 0.27| 2.85| 3.09 | HOSERLab
Olivine60-Opx40 0-38 0.96| 1.07 0.57| 1.72| 4.20| HOSERLab
Olivine60-Opx40 3853 0.93| 1.15 0.44| 2.50| 8.40| HOSERLab
Olivine60-Opx40 63-90 0.95| 1.27 0.37| 2.83| 8.46 | HOSERLab
Olivine60-Opx40 90-125 0.97| 1.28 0.26| 2.89| 6.19| HOSERLab
Olivine70-Opx30 0-38 0.99| 1.05 0.59| 1.55| 4.09 | HOSERLab
Olivine70-Opx30 3853 0.98| 1.12 0.43| 2.26| 8.69 | HOSERLab
Olivine70-Opx30 6390 1.04| 1.19 0.39| 2.54| 9.75| HOSERLab
Olivine70-Opx30 90-125 1.05| 1.16 0.27| 2.36| 6.60 | HOSERLab
Olivine80-Opx20 0-38 1.02| 1.03 0.59| 1.41| 3.95| HOSERLab
Olivine80-Opx20 3853 1.03| 1.09 0.42| 2.06| 8.57| HOSERLab
Olivine80-Opx20 63-90 1.06| 1.16 0.40| 2.55] 10.51| HOSERLab
Olivine80-Opx20 90-125 1.10] 1.10 0.27| 2.20| 7.03| HOSERLab
Olivine90-Opx10 0-38 1.04| 1.02 0.59| 1.34| 7.52| HOSERLab
Olivine90-Opx10 3853 1.10| 1.05 041| 196| 8.82| HOSERLab
Olivine90-Opx10 6390 1.13| 1.10 0.42| 2.39| 11.34| HOSERLab
Olivine90-Opx10 90-125 1.13] 1.08 0.25| 2.16| 6.48| HOSERLab
Melt/glass/shock Size (um) BT MR  R0.555 BS VS Source
Padvarninkai (+melt) 0-25 0.99| 0.89 0.17| 1.22| 1.25]| Relab
Padvarninkai (+melt) 2545 1.00| 0.91 0.14| 1.19| 0.81| Relab
LEW85303 (+melt) 0-25 0.98| 0.83 0.31| 1.56| 3.30| Relab
Macibini-cl.3-melt

(glass) 1.06| 1.05 0.37| 2.50| 12.42| Relab
JaH626shock 250500 1.08| 0.87 0.12| 1.56| 0.52| HOSERLab
JaH626shock 4590 1.11| 0.78 0.15] 1.81| 1.42| HOSERLab
JaH626shock 90-125 1.10| 0.83 0.11| 1.79| 0.71| HOSERLab
JaH626shock <250 1.12| 0.77 0.20| 1.60| 1.77| HOSERLab
JaH626shock <45 1.11| 0.77 0.28| 1.63| 3.06 | HOSERLab

4.10.4Finding FC data points that belong to a particular polyhedron

We use an expanding volunag@proachi.e., an algorithm in IDL programming language to

test whether a data point does or does not belong to that particular polyhedron. The volume of
the polyhedron is computed using an array of vertices (the band parameter values) and a
connectivityarraydefined through the convex hull method. For example, Voym8ynedron
represents the volume using the arrays of Veiticgsynedror@NdConnectivityap poiyhedron-€-,

T U\ = 03 3 @
| [}
;2; % % i?@e <>§ (?S @x
Vertice%bfpolyhedron: ;® ® ® 21' ConneCtiVit)ébfpolyhedron: ;® ® ® ® E.:
® ® o ® ® ® @R
ITs W MO =% > 2% @O

New polyhedronsre createdvith each and every pixel of the FC data appending the band

parameter values to the existing array of vertices. The volume of the new polyhedron is
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