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Abstract

Specialized spectral library measured under controlled planetary surface conditions is important to accurately derive the chemical
and physical properties from remote observations. It’s a general practice to powder the planetary analogues during spectroscopy
studies as most surfaces are made up of fine-regolith materials. However, upon arrival at C-type asteroids Ryugu and Bennu,
Hayabusa2 and OSIRIS-REx revealed these surfaces filled with rocks and boulders. In this study, we built a phase angle
dependent ultraviolet (UV) to far-infrared (FIR) spectroscopy (0.2-100 um) of a rocky piece of Mukundpura meteorite having
five surfaces including fusion crust. Mukundpura meteorite is the freshest carbonaceous chondrite belonging to CM-chondrites
in the entire collection which fell in the desert village of India on June 6, 2017. The two sets of varying viewing geometries having
incident and reflectance angles includes ; a) asymmetric viewing geometry at 13°-13°, 13°-20°, 13°-30°, 13°-40°, and 13°-50°, and
b) symmetric viewing geometry at 13°-13°, 20°-20°, 30°-30°, 40°-40°, and 50°-50°. This study found that overall spectral shape,
reflectance values, and band depth of diagnostic absorption features are affected by viewing geometry and surface roughness;
however, the fundamental band centers are not affected. The comparison of 2.72 um absorption band of fusion crust and fresh
interiors of Mukundpura with published Ryugu and Bennu spectra supports that Ryugu surface has experienced extensive
heating in its geologic past compared to Bennu. Overall study shows that fusion crust and internal surfaces of the Mukundpura

meteorite is a potential analogue of Ryugu and Bennu both spectrally and morphologically.
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Key Points:

e Band depth of diagnostic absorption features change strongly but systematically with
varying viewing geometry.

e Band center of diagnostic absorption features centers are not affected by varying viewing
geometry.

e Nature of 2.72 um absorption band of Ryugu with Mukundpura fusion crust supports
extensive heating in Ryugu’s geologic past.
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Abstract

Specialized spectral library measured under controlled planetary surface conditions is important
to accurately derive the chemical and physical properties from remote observations. It's a general
practice to powder the planetary analogues during spectroscopy studies as most surfaces are
made up of fine-regolith materials. However, upon arrival at C-type asteroids Ryugu and Bennu,
Hayabusa2 and OSIRIS-REX revealed these surfaces filled with rocks and boulders. In this
study, we built a phase angle dependent ultraviolet (UV) to far-infrared (FIR) spectroscopy (0.2-
100 pm) of a rocky piece of Mukundpura meteorite having five surfaces including fusion crust.
Mukundpura meteorite is the freshest carbonaceous chondrite belonging to CM-chondrites in the
entire collection which fell in the desert village of India on June 6, 2017. The two sets of varying
viewing geometries having incident and reflectance angles includes ; a) asymmetric viewing
geometry at 13°-13°, 13°-20°, 13°-30°, 13°-40°, and 13°-50°, and b) symmetric viewing
geometry at 13°-13°, 20°-20°, 30°-30°, 40°-40°, and 50°-50°. This study found that overall
spectral shape, reflectance values, and band depth of diagnostic absorption features are affected
by viewing geometry and surface roughness; however, the fundamental band centers are not
affected. The comparison of 2.72 um absorption band of fusion crust and fresh interiors of
Mukundpura with published Ryugu and Bennu spectra supports that Ryugu surface has
experienced extensive heating in its geologic past compared to Bennu. Overall study shows that
fusion crust and internal surfaces of the Mukundpura meteorite is a potential analogue of Ryugu
and Bennu both spectrally and morphologically.

Keywords: Mukundpura, spectroscopy, C-type asteroids, phase angle, meteorite

Plain Language Summary

JAXA’s Hayabusa2 and NASA’s OSIRIS-REX are currently exploring two carbon-rich near-
earth asteroids namely Ryugu and Bennu respectively. Different minerals characteristically
absorb the received sun’s energy at different wavelengths of sun’s electromagnetic spectrum.
Therefore, spectra recorded at wide spectral range are used as finger-prints to find the nature of
minerals remote observations. However, one of the parameters that affects the spectra is viewing
geometry between sun-surface-satellite. The spectrometers onboard these missions found that
both asteroids possess rocky surface instead of fine-powdered soils. In this study, we spectrally
investigated the non-powdered fresh carbonaceous meteorite named Mukundpura which fell in
India on June, 2017 for varying viewing geometries. The sample studied has five surfaces
including fusion crust. This study found that overall shape and absorption strength at
characteristic wavelengths of spectra is affected by varying viewing geometry and surface
roughness, however, the finger-print energy of absorption defined as band centers are not
affected by these effects. The results from fusion crust and fresh meteorite surface are further
compared with Ryugu and Bennu support that Ryugu surface had experienced extensive heating
compared to Bennu. Overall our study shows that studied Mukundpura meteorite is a potential
equivalent of Ryugu and Bennu both chemically and physically.

1 Introduction

Carbonaceous chondrites (CC) form the most important group of primitive extraterrestrial
rocks that have recorded the earliest processes in the origin and evolution of solar system that
includes formation of chondrules and refractory inclusions, heating records of short-lived
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radionuclides, formation of planetesimals/asteroids by accretion, thermal evolution, and aqueous
alteration of minerals within them [Anders and Grevesse, 1989]. Although CCs occupy a major
fraction (75%) among asteroids, CCs only account for 4.4% including falls and finds in Earth’s
meteorite inventory [Barrat et al., 2012]. This limits us in understanding the diversity in
mineralogy and composition of C-type asteroids.

On June 6, 2017, a meteorite weighing ~2 kg fell in Mukundpura village (26° 52' 53"N,
75° 39' 54"E) of Rajasthan, India. This impact formed a nearly circular crater of ~43 cm in
diameter with a depth of ~15 cm and the impactor shattered into several large pieces and
numerous small pieces which weigh from gram to subgram-sized fragments [GSI, 2017; Ray and
Shukla, 2018]. Mukundpura meteorite fragments were collected immediately after the reported
fall and the main mass was secured by Geological Survey of India (GSI), Kolkata repository.
The collected inner part of the meteorite was dark and fine to very fine grained with the
development of ~1.5-2 mm thick “glossy” fusion crust containing oxidized metal and sulfides
within the silicate matrix. [GSI, 2017] also noticed a “very strong sulfur smell” with the samples.

Ray and Shukla [2018] and Rudraswami et al. [2018] studied the petrography,
mineralogy, isotopes, and bulk chemical composition of the samples collected and classified it as
a CM2 class of carbonaceous chondrites. Therefore, Mukundpura meteorite is an extremely fresh
carbonaceous chondrite in the entire CC collection. The cathode-luminescence study of the
meteorite reveals [Baliyan and Ray, 2019] various clast and matrix-rich made of varieties of
phyllosilicates, Mg-serpentine, Fe-cronstedtite, tochilinite along with; a) few relict chondrules
made of highly forsteritic porphyritic olivine, barred olivine, and porphyritic pyroxene, b)
isolated, subhedral olivine grains - both forsteritic (FOgs74-99.66) and fayalitic (Fasp), ¢) poorly
characterized phases of phyllosilicates, d) other minor and accessory phases, which includes
carbonates and sulfides and e) the olivine grains within the Mukundpura meteorite suggests
intense and multiple phases of complex aqueous alteration in the parent body. Potin et al. [2018]
analysis of Mukundpura using Raman spectroscopy further confirms that Mukundpura meteorite
is a primitive CM2 chondrite having escaped any significant heating including radiogenic and
shock-related metamorphism.

Two sample return missions to C-type Near Earth Asteroids (NEAs), JAXA’s Hayabusa2
mission to (162173) Ryugu (1999 JU3) and NASA’s Origins, Spectral Investigation, Resource
Identification, Security-Regolith Explorer (OSIRIS-REX) mission to (101955) Bennu, carry
spectrometers of varying spectral ranges for remote sensing mapping.

Hayabusa2 carries two onboard remote sensing spectrometers; The Telescopic Optical
Navigation Camera (ONC-T) with seven color filters (ul: 0.40 pm, b: 0.48 pm, v: 0.55 pm, Na:
0.59 pum, w: 0.70 um, x: 0.86 um, and p: 0.95 pum) [Tatsumi et al., 2019] and the Near-Infrared
Spectrometer (NIRS3) operating in scanning mode and collecting reflectance spectra in the range
from 1.8 — 3.2 um with spectral sampling resolution of 18 nm.

OSIRIS-REXx carries two spectrometers; OSIRIS-REx Visible and Infrared Spectrometer
(OVIRS) which covers the spectral range of 0.4-4.3 um with a 4-mrad field of view (FOV) and a
spectral sampling of 2 nm from 0.392 to 2.4 um, and 5 nm from 2.4 to 4.3 um [Reuter et al.,
2018; Simon et al., 2018], and OSIRIS-REx Thermal Emission Spectrometer (OTES), which
covers the spectral range 5.5-100 pm with an 8-mrad FOV and a spectral sampling of 8.66 cm™
[Christensen et al., 2018]; both aiming to map the spatially resolved global composition at 20 m
and 40 m respectively.

Hayabusa2 and OSIRIS-REx shows that both Ryugu and Bennu are very dark top-shaped
body (visible albedo of 4.6% with photometry standard reflectance lower than 2% [Sugita et al.,
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2019] for Ryugu) with a very rocky surface covered by numerous boulders (10 cm to 10 m sized
boulders for Ryugu) with almost no regolith [DellaGiustina et al., 2019; Lauretta et al., 2019;
Sugita et al., 2019; Walsh et al., 2019; Watanabe et al., 2019]. For a correct interpretation of the
remote sensing spectral data it is therefore important to understand the spectral behaviour of CCs
having varying 3-dimentional (3D) surface roughness (not just powders) belonging to this
particular asteroid class (C-type) at wide spectral range from ultraviolet (UV: 0.25 um) to far-
infrared (FIR: 100 um) and varying phase angle combinations.

Beck et al. [2018], Jacinto et al. [2013], and Malavergne et al. [2014] studied the
laboratory spectroscopy of various powdered carbonaceous chondrites of varying grain sizes
under vacuum conditions to characterise their corresponding asteroid parent bodies. However,
the dependency of the reflectance spectra on their varying observation geometry and phase
angles for its corresponding spectral regions is still largely unknown for these chondrites [Beck et
al., 2018]. In a recent study, Potin et al. [2019] studied the varying spectral nature of the
Mukundpura chip and powder corresponding to varying viewing geometries and temperatures
but limiting to VNIR spectral region (0.34 - 5 um) in order to characterise the NEAs and found
that the spectral slopes, reflectance values, and absorption bands are affected by these effects.

In this study, we carried out reflectance spectroscopy of the fresh Mukundpura CM2
meteorite rock (non-powdered) at wide spectral range (UV:0.2- FIR:100 um) under varying
viewing geometries with phase angles varies from 26° to 100° respectively (Fig. 1). In addition
to understanding the mineralogy of the Mukundpura (CM chondrite) from a spectroscopy
standpoint, we also investigated the overall spectral behaviour (UV-FIR) of Mukundpura
meteorite for its overall spectral shape, slope, absorption band centres, and band strength as a
function of viewing geometry and surface roughness. Therefore, this study will help to carefully
interpret the remote sensing and landing site spectra of the rocky surfaces of Ryugu, Bennu, and
future missions exploring NEAs.
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Surface A: Fusion Crust Surface B

«—D

e Base: A ( i " ()
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Surface D Surface E
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Figure 1. a) the scale of Mukundpura meteorite studied sitting on its fusion crust, b-f) different
surfaces (surfaces B-E) of Mukundpura sample where the white circle represents the (approx)
area of region studied for spectral analyses. The brightness and contrast of the picture is
enhanced to clear representation of roughness of the surface — resembling asteroid Ryugu, g) the
symmetric (13°-13°, 20°-20°, 30°-30°, 40°-40°, 50°-50) and asymmetric (13°-13°, 13°-20°, 13°-
30°, 13°-40°,13°-50°) viewing geometries with varying phase angles considered in this study.

2 Sample

In this study we used a small sample from the fresh Mukundpura meteorite (CM
chondrite) (Fig. 1) without powdering it. This provides a better morphological analog since the
sample closely resembles the rocky surface of Ryugu and Bennu. The sample collected (Fig. 1a)
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has five different surfaces/sides including the fusion crust (Fig. 1b; surface A) and four interior
surfaces (Fig. 1c-f; surfaces B-E). During the impact parts of Mukundpura broke into small
fragments and the sample collected and studied in this manuscript has a surface exhibiting fusion
crust (surface A) and the fresh interior surfaces (surfaces B-E). By measuring the mass (5.7841
gm) and computing the volume (2.5426 cm®), we then calculated the bulk density
(=mass/volume) of the Mukundpura sample and found to be 2.2749 g/cm® typical for CM
chondrites [Flynn et al., 2018]. The computation of volume of the sample is enabled by 3D
mapping of the sample using NextEngine3D scanner and its corresponding 3D shape (.stl format)
is provided as supporting information.

The bright spots on the surface of the rock in Fig.1a indicate the presence of CAls. The
fusion crust (Fig. 1b; surface A) is nearly flat and glossy surface, which is a very thin layer
formed due to melting of the outer surface as the meteorite falls through the atmosphere. Fig. 1b-
f shows the surfaces of the Mukundpura meteorite studied, which is placed on the sponge sample
holder in-order to fix them steadily while taking the measurements. The white circle placed on
each surface in Fig. 1b-f indicates the approximate area studied in the spectral analyses for the
respective spectral region for varying viewing geometry. The brightness and contrast of Fig. 1b-f
is enhanced to emphasize the differences in the 3D surface roughness/topography of each of the
surfaces resembling the rocky/boulder-rich surface on the asteroids Ryugu and Bennu.

3 Methods

In this study, the phase angle dependent bi-conical reflectance spectroscopy of the
Mukundpura sample is carried out at the Planetary Spectroscopy Laboratory (PSL) facility
located at the Institute of Planetary Research (PF) at the German Aerospace Center (DLR),
Berlin [Maturilli et al., 2018b]. Two Bruker Vertex 80V instruments hosted at PSL are used for
the reflectance measurements (Fig. 2a); one of the spectrometers (Bruker A; Fig. 2a) is equipped
with aluminum mirrors and therefore optimized for spectral measurements in the ultraviolet (UV:
0.2-0.6 pm), visible-infrared (VISIR: 0.4-1 pum) range, mid infrared (MIR: 1-25 pm), and the
second one (Bruker B; Fig. 2) is equipped with gold-coated mirrors optimized for measurements
in Far infrared (FIR: 14-100 pum).

Both the spectrometers (Bruker A and Bruker B) use a Bruker A513 variable-angle
reflection accessory (Fig. 2b) attached with two mirrors enabling viewing cone with aperture of
17° and therefore allowing bi-conical reflectance measurements under vacuum conditions for
varying viewing geometry with phase angles between 26° and 170° [Beck et al., 2018; Maturilli
et al., 2018a; Maturilli et al., 2014].

The UV-FIR spectroscopy of each surface of the Mukundpura sample is conducted for
two sets of varying viewing geometries for a total of nine phase angle combinations (Fig. 1g); a)
asymmetric viewing geometry where incident angle is fixed near nadir (13° and reflectance
angles varied in steps: 13°-13°, 13°-20°, 13°-30°, 13°-40°, and 13°-50°, and b) symmetric
viewing geometry, where both incidence and reflectance angles varied identically with respect
to each other for each measurement which includes 13°-13°, 20°-20°, 30°-30°, 40°-40°, and 50°-
50°. In order to achieve this, we obtained a total of 225 spectra (5 surfaces times 9 phase angle
combinations times 5 sets of detector-beamsplitter configurations to cover the entire spectral
range).

We collected bi-conical reflectance spectra under vacuum for five meteorite surfaces (A-
E; Fig. 2) in the whole spectral range (~0.2—100 um) using both spectrometers. The details of the
beam-splitter and detector used for each spectral subset are tabulated in Table S1 in supporting
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information. The reflectance of each Mukundpura surface was measured at a spectral resolution
of ~4cm™ using a spot size of 4 mm at nine different phase angle combinations. The references
used for calibration in each spectral range are also listed in Table S1. The measured reflectance
spectrum of each surface at each phase angle is then divided by the corresponding reflectance
spectrum of the reference at the respective phase angle. For details on the step-by-step procedure
of the reflectance measurements, see Text S1 of the supporting information. The average surface
spectra (throughout the manuscript) is calculated by taking the mean of the spectra at their
respective viewing geometry for the surfaces B, C, D, and E.

= R
g

-é,, J Bruker'B’
r‘f" s?BrukerA

Externgy
Elmss‘v,
hamber

Figure 2. a) Laboratory set-up at PSL. Both Bruker A and Bruker B are Bruker Vertex 80V
FTIR spectrometers. Bruker A is optimized for measurements in UV, VIS-IR, TIR spectral range
and Bruker B is optimized for measurements in FIR spectral range. Bruker B is also attached to
an external emissivity chamber for direct emissivity measurements at very high temperatures. b)
shows the bi-conical reflectance setup at PSL.
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3.1 Derivation of spectral parameters
3.1.1 Continuum-Removal

We have derived commonly used spectral parameters, such as band center and the band
depth of diagnostic absorption features, to understand their behaviour with changing phase angle
combinations and local surface roughness (e.g., Section 4.3). In order to achieve this, the
reflectance spectra are first normalized with respect to a common baseline by adopting the
continuum removal methodology by Clark et al. [1987] and Clark and Roush [1984]. This is
achieved by first fitting the convex-hull over the absorption feature by anchoring the continuum
shoulder points having maximum reflectance values on either side of the absorption feature.
Continuum removed spectra are then derived by diving the reflectance spectra with this
continuum baseline.

3.1.2 Band Center and Band Depth

The band center is the wavelength of the band minima of a diagnostic absorption feature
(where maximum absorption occurs) in the continuum removed spectra. Band depth is estimated
as 1-continuum removed reflectance value at the calculated band minima i.e., band center.

4 Results

The UV-FIR spectra of Mukundpura sample for two sets of viewing geometries are
shown in Fig. 3. The spectra of at phase angle combinations 13°-30° (green), 13°-40° (red), and
13°-50° (violet), behaves relatively different with enhanced spectral features at longer
wavelengths (> 9 pum) irrespective of the surfaces compared to other viewing angles.
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(UV-FIR) Spectrum of “Mukundpura”
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242 Figure 3. Measured UV-FIR spectra of fusion crust (A), intrinsic surfaces (B-E), and the average
243 spectra of surafces (B-E) for its varying viewing geometry

244

245 4.1 Ultraviolet (UV): 0.2-0.6 um

246 In the UV-VIS region, both fusion crust (Fig. 4A) and the other meteorite surfaces (Fig.
247 4B-E) show spectral characteristics; with strongest reflectance near 0.25 pm, a narrow
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absorption feature near ~0.26 um with reflectance peak at 0.275 pum, a steeper bluer (negative)
slope from 0.27 to 0.325 um, and a very low reflectance with nearly flat spectra from 0.325 to
0.6 um. Applin et al. [2018] analysis on the UV reflectance spectra of carbonaceous materials
reveals that all varieties of pure carbon revealed a Fresnel peak (sp? n—n*) short-ward of 0.3 um
and the position of this peak maximum changes with grain size and metamorphism and spectral
contrast of Fresnel peak decreases with grain size where smaller grain sizes peaks near 0.272 pm
and the larger macroscopic grained powders of amorphous carbon peaks near 0.25 — 0.26 pum.
Therefore, the Fresnel peaks near 0.25 um and 0.275 um of fusion crust and surface spectra of
Mukundpura suggests the presence of nanophase graphite or amorphous carbon in the matrix
[Applin et al., 2018].

For all the five sides of the meteorite (Fig. 4 A-E), the reflectance value at Fresnel peak
near 0.275um and thereby the spectral slope between 0.275-0.325 pum increases with increasing
reflectance angle irrespective of their incidence angle. For all the five surfaces, longward of
0.325 um the spectral variation diminishes, and no distinguishable signature is present at any
viewing geometry. This suggests that, irrespective of the surface roughness, the UV-VIS spectral
nature of Mukundpura sample have similar behavior at their respective phase angle observations.
Altogether, it corresponds to the presence of carbon rich matrix within all surfaces including
fusion crust [Applin et al., 2018]. The dark carbonaceous material in visible region is highly
reflective in the UV region (0.25-0.3 um).
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(UV-VIS) Spectrum of Mukundpura
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Figure 4. UV spectra of fusion crust (A), intrinsic surfaces (B-E), and the average spectra of
surafces (B-E) for its varying viewing geometry

4.2 Visible — Infrared (VIS-IR): 0.4-1 um

Fig. 5i shows the absolute VIS-IR reflectance of all surfaces including fusion crust (A)
and average spectra (Avg) of all internal meteorite surfaces (B-E). Fig. 5ii shows the normalized
VIS-IR reflectance spectra of Mukundpura obtained normalizing the spectra at 0.55 um for its
corresponding phase angle the same normalization method used for spectral analysis of ONC-T
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data [Tatsumi et al., 2019]. The normalized spectra in Fig. 5ii are also resampled to the Hayabusa
2 ONC-T spectral bands (ul: 0.40 pum, b: 0.48 um, v: 0.55 pum, Na: 0.59 um, w: 0.70 um, x: 0.86
pm, and p: 0.95 um) [Tatsumi et al., 2019] for the corresponding surfaces and phase angles. Fig.
5iii is the color/visible slope plot between v-to-p slope (Refpss/Rogs) and ul-to-v slope
(Refy.40/Refg55) which helps to understand the visible color variations for different Mukundpura
surfaces including the fusion crust and the different viewing geometries for each surface.

The VIS-IR spectra of CM chondrites are generally characterized by modestly blue- to
red slopes and usually show a characteristic absorption band around ~0.7 um associated with a
~0.9-1.1 um absorption band [Beck et al., 2018; Cloutis et al., 2011]. Cloutis et al. [2011]
studied the VIS-IR spectral properties of 39 CM chondrites at viewing angles i = 30° and e = Q°
and found that in general overall slope of VIS-IR spectra range from blue-sloped to red-sloped
with brighter spectra being more red-sloped and matrix-enriched CM spectra are more blue-
sloped than bulk samples. The ~0.7 um absorption feature is associated with Fe** and Fe®*
charge transfer and the 0.9 pm absorption band is attributed to Fe®* crystal field transitions in Fe-
bearing phyllosilicates within the CMs [Cloutis et al., 2011]. The 0.7 pm absorption band is also
correlated with the amount of water and therefore related to the presence and abundance of
phyllosilicates in the CMs studied [Beck et al., 2018]. Also, there are correlation between
reflectance value at 0.55 pum and the carbon content in the CMs [Beck et al., 2018; Cloutis et al.,
2011].

Fusion crust (Surface A; Fig. 5): All VIS-IR spectra of fusion crust have weak broad
convex spectral shape with the reflectance maximum centered on 0.7 pum and the reflectance of
0.05 for the overall spectral range (Fig. 5i A); except for phase angle 50°-50° (Fig. 5i A: olive).
Normalizing the fusion crust spectrum (Fig. 5ii A) enhances the convex shape for all phase
angles showing the spectra is blue-sloped to red-sloped with the spectral inflection at 0.7 um; in
other words, the absence of the characteristic 0.7 pum absorption band, suggesting the loss of
water in the serpentines/phyllosilicates [Beck et al., 2018] due to the atmospheric heating during
the meteorite fall. The color slope plot for the fusion crust (Fig. 5iii A) shows that there are no
considerable variations within the ul-to-v slope (blue slope) where the values are roughly
concentrated around 0.3 suggesting that ul-to-v slope is not affected by varying viewing
geometry for the fusion crust. However, v-to-p slope (red slope) in the slope plot (Fig. 5iii A)
exhibits a slight linear behavior where the slope increases roughly with increase in phase
angle/viewing geometry with the highest value of 0.05 (+ve) for phase angle 50°-50° (Fig. 5iii A;
olive) and least value of -0.12 for phase angle 13°-13° (Fig. 5iii A; blue). It is important to note
that, all v-to-p slope have negative values except for the value at phase angle 50°-50° (Fig. 5iii A,
olive). However, all spectra have a downturn behavior after 0.85 um which may correspond to
contributions from Fe-bearing minerals such as Fe-poor phyllosilicates, Fe-cronstedtite, and/or
Fe-olivine within the matrix/chondrules [Cloutis et al., 2011].
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4.2.1 Absolute VIS-IR spectra of Internal Mukundpura surfaces

The absolute reflectance spectra of fresh Mukundpura surfaces (Fig. 5i B-E) shows that
reflectance behavior of surface B (Fig. 5i B) for varying viewing geometry for the corresponding
phase angles show only small variations except for phase angle 50°-50° (olive).

The reflectance spectra of surface C (Fig. 5i C) shows most variations among the phase
angles compared to rest of the surfaces B-E. The overall reflectance of the spectra obtained for
asymmetric viewing geometry and increasing phase angles have significantly linear behavior;
13°-13° (blue) > 13°-20° (orange) > 13°-30° (green) > 13°-40° (red) > 13°-50° (violet). However,
the symmetric viewing geometry with increasing phase angle (13°-13°, 20°-20°, 30°-30°, 40°-40Q°,
and 50°-50°) have only small differences in the reflectance values for the overall spectra. The
spectra show an increase in reflectance with different geometry and the highest reflectance is
obtained for phase angle 50°-50° with diagnostic change in slope (Fig. 5i C; olive). However, the
red-sloped spectral region until 0.8 um increases slightly with increasing phase angles.

VIS-IR reflectance for surfaces D (Fig. 5i D) and E (Fig. 5i E) have very similar behavior
with nearly flat spectral shape and narrow linear variations in the reflectance values among the
different viewing geometry. The reflectance spectra at phase angle 50°-50° for surface E however
has the brightest spectrum and slightly stronger red-slope (Fig. 5i E; olive).

4.2.2 Spectral Dependency on Phase Angle and Surface roughness

Among normalized VIS-IR spectra for all surfaces (Fig. 5ii B-E), surface B shows
different spectral behavior than rest of the surfaces for all phase angles including the fusion crust
(Fig. 5ii B). Also, there is no particular trend between corresponding v-to-p slope and ul-to-v
slope for the normalized spectra of surface B (Fig. 5iii B). This behavior could be explained by
either surface B being matrix enriched compared to the other surfaces which would correspond
to bulk samples [Cloutis et al., 2011], or it could be simply due to the intrinsic surface
roughness. For all phase angle observations, the v-to-p slope have negative values (red slope),
but the ul-to-p slope values spread from negative (red slope) to positive (blue slope) values,
which is also evident from the normalized surface B spectra in Fig. 5ii B). Importantly, spectra
of surface B for all phase angles have a weak absorption feature near 0.7 um (attributable to
Fe?*-Fe>* charge transfer) and a IR downturn after 0.88 pum (ascribable to Fe** d-d crystal field
transitions); both of these features suggests the presence of Fe-poor serpentines in the matrix
[Cloutis et al., 2011]. These absorption features are also observed in the powdered sample of
Mukundpura meteorite in the study by lzawa et al. [2019].

After normalization, the surfaces C-E shows very similar spectral shape for the
corresponding phase angle of each surface C, D, and E (Fig. 5ii C, D, E) irrespective of the
differences in the surface roughness among the surfaces. The spectral slope ul-to-v is positive
(blue-sloped) for all phase angles of all the three surfaces C, D, and E (Fig. 5ii C, D, E). On the
other hand, the v-to-p spectral slope shows a strong linear trend with the corresponding phase
angle observation for all the three surfaces C, D, E (Fig. 5ii C, D, E) whose values changes from
positive (red sloped) to negative (blue-sloped) in the order of decreasing phase angles for
symmetric viewing geometry and increasing phase angles for asymmetric viewing geometry;
50°-50° > 40°-40° > 30°-30° > 20°-20° > 13°-13° > 13°-20° > 13°-30° > 13°-40° > 13°-50°. It is also
interesting to note that in general cases v-to-p slope for symmetric viewing geometries (50°-50° >
40°-40° > 30°-30° > 20°-20° > 13°-13°) have positive values (blue-sloped) and v-to-p slope for the
asymmetric viewing geometries (13°-13° > 13°-20° > 13°-30° > 13°-40° > 13°-50°) have negative
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values (red-sloped). All the spectra show IR downturn after 0.88 um which may correspond to
Fe-bearing minerals [Cloutis et al., 2011]. On the other hand, the 0.7 um absorption is not
evident for all phase angles observations for surface C; however, a minor feature could be traced
for surfaces D and E for phase angles say 13°-40° (Fig. 5ii D, E; red) and 13°-50° (Fig. 5ii D, E;
violet). Unlike surface B which has both 0.7 and 0.9 um absorption feature suggesting a matrix-
enriched surface and/or with Fe-bearing hydrous minerals, the behavior of evident IR downturn
after 0.88 um with weak or no 0.7 pum absorption features for surfaces C, D, E may correspond
to the surface containing bulk representation of matrix and chondrules containing crystalline
anhydrous minerals (possibly Fe-bearing olivine within the chondrules) along with Fe-poor
serpentines within the matrix [Cloutis et al., 2011].

4.3 Near Infrared (NIR): 1 —5 um

NIR spectroscopy is sensitive to the presence OH and H,O groups within the rocks and
allows inferring the mineralogy of hydrated/hydrous carbonaceous chondrites [Beck et al., 2010;
Farmer, 1974; Hamilton et al., 2019; Hiroi et al., 1996; Matsuoka et al., 2019]. One of the
characteristic spectral parameter of CM chondrites in the NIR spectral region is the presence of
diagnostic sharp asymmetric absorption feature near the 3 um water/OH absorption band. The
strength of the band is due to the combination of stretching v; and anti-stretching vz vibration
modes of water (H,0) [Beck et al., 2010].The position of band minima (band center at maximum
absorption) at 3 um feature is attributed to the stretching vibrations of the hydroxyl groups in the
octahedral layer of phyllosilicates probing the local cationic environment (tetrahedral cations)
[Ryskin, 1974]; the band minima at 2.72 um corresponds to Mg-OH and the band minima at 2.82
pm corresponds to Fe-OH [Beck et al., 2018; Beck et al., 2010; Cloutis et al., 2011; Hiroi et al.,
1996; McAdam et al., 2015; Takir et al., 2013]. The 3 um band is usually accompanied by the
second narrow reflectance minimum around 2.95 pm. The shape of this 3 um is attributed to the
chemistry of the phyllosilicates and mineralogy of the samples [Beck et al., 2010; Browning et
al., 1996; Howard et al., 2009; Takir et al., 2013]. Weaker absorption features around 3.4-3.5
pm and sometimes at 2.3 um is attributed to Mg-OH in serpentines and C-H stretching from
organics [Beck et al., 2018]. The presence of a reflectance minimum around 3.1 pm is commonly
attributed to adsorbed water [Beck et al., 2010].

Absolute NIR spectra of all the surfaces including the fusion crust of Mukundpura
sample studied (Fig. 6i) show nearly feature-less spectra overall except with the prominent 3 um
absorption feature. In order to better understand the relation of phase angle observations and
surface roughness on the band shape and band center, we take a closer look at the following
spectral parameters; a) normalized spectra where the reflectance at 2 um is normalized to one
(Fig. 6ii); to better understand the minor slope changes with respect to phase angle and surface
roughness, b) continuum removed spectra with continuum shoulders at 1.5 and 4 um to derive
the spectral parameters of diagnostic absorption feature at 3 um, c) the band center vs band
depth; to quantitatively understand the nature of 3 pm spectral feature (Fig. 6iv), their
corresponding clay mineralogy, and their spectral dependency on phase angle of observation and
surface roughness.
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Fusion crust (Fig. 6ii-iv A): The normalized NIR spectra of the fusion crust (Fig. 6ii A)
show that the strength of the 3 pum is highly subdued and varies with phase angle of observation.
The normalized spectra (Fig. 6ii A) for phase angle 50°-50° is nearly flat (Fig. 6ii A; olive) with
weak absorption near 3 um, whereas the phase angles 13°-40° (Fig. 6ii A; red) and 13°-50° (Fig.
6ii A; violet) have stronger 3 um along with weak absorption features around 3.4 um confirming
the presence of Mg-serpentines and C-H stretching [Beck et al., 2018] of organics and also have
a negative spectral slope after 4 um. The continuum removed spectra (Fig. 6iii A) shows the
highly asymmetrical 3 um absorption band and the band-center vs band-depth plot (Fig. 6iii A)
shows that the band center of the 3 pum features centers around 2.72-2.75 pm with < 2%
absorption for most phase angles with the exception of 2-5% absorption for phase angles 13°-30°
(Fig. 6iv A; green), 13°-40° (Fig. 6iv A; red) and 13°-50° (Fig. 6iv A, violet). The weak 3 um
absorption feature of fusion crust is attributed to the loss of water (OH) due to the atmospheric
heating during entry; and the 2.72 um is attributed to the loss of water within the Mg-serpentine.

Mukundpura surface (Fig. 6ii-iv B-E): The normalized NIR spectra (Fig. 6iii B-E) shows
that the spectral slope and shape is highly dependent on the phase angle and the surface
topography. The normalized NIR spectra of surface B (Fig. 6iii B) at all phase angles have a
slight negative slope at all NIR wavelengths; however, the remaining surfaces (Fig. 6iii C-E)
have positive slope upto 3.5 um and a negative slope afterwards (3.5-5 pm). Such differences are
not obvious in the not normalized spectra (Fig. 6ii B-E). Among the phase angle of observations
for all surfaces, the normalized spectra for phase angles 13°-40° (Fig. 6ii B-E; red) and 13°-50°
(Fig. 6ii B-E; violet) show the strongest spectral shape and features such as spectral slopes and
absorption strength. Spectra for phase angles 50°-50° (Fig. 6iv B-E; olive) have the least contrast
in spectral shape and features. The continuum removed spectra (Fig. 6iii B-E) and the band
center vs band depth at 3 um plot (Fig. 6iii B-E) of all fresh Mukundpura surfaces for all phase
angles and surface roughness displays evident narrow asymmetric absorption feature with a band
center around 2.72 um. It remains almost constant irrespective of varying surface roughness and
phase angles (Fig. 6iii-iv B-E) and this band position corresponds to the Mg-OH stretching
modes observed in Mg-phyllosilicates [Beck et al., 2010; Takir et al., 2013]. However, the
strength of these absorption features varies with respect to phase angle of observation whose
values are generally less than 10% (Fig. 6iv B-E) except for phase angles 13°-40° (Fig. 6iv B-E;
red) and 13°-50° (Fig. 6iv B-E; violet) which have strongest absorptions in some cases up to 27%
(Fig. 6iii D; violet). On careful examination, the minor spectral inflection showing the evidence
of a weak 2.95 um absorption accompanying the strongest ~2.72 pm absorption feature is
evident for the continuum removed NIR spectra at phase angles 13°-40° (Fig. 6iii B-E; red) and
13°-50° (Fig. 6iii B-E; violet). The continuum removed spectra for all surfaces (Fig. 6iii B-E)
also displays a weaker but evident ~3.4 um absorption feature for all phase angles with the
strongest features for 13°-40° (Fig. 6iii B-E; red) and 13°-50° (Fig. 6iii B-E; violet), further
confirming the presence of Mg-serpentines in the Mukundpura sample studied. The absence of
any ~3.1 um band for all NIR spectra of surfaces and fusion crust confirms that there is no
adsorbed water [Beck et al., 2010] in the meteorite surfaces and the measurements are taken in
vacuum conditions.

The NIR region shows that the band absorption strength for 2.72 pum is highly dependent
on the phase angle of observation and surface flatness/roughness. This must be carefully taken
into consideration while performing quantitative analysis such as correlating the shape and
strength of the 3 um absorption band to characterize the level of hydration [Beck et al., 2014;
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Garenne et al., 2016; Garenne et al., 2014] when analyzing the remote sensing/landed surface
spectral data of carbonaceous asteroids as Ryugu and Bennu.

4.4 Mid Infrared (MIR): 5-16 pm

The spectral band shape and position inthe MIR region is widely studied for the
evidence of the presence and nature of phyllosilicates, their hydrous alteration state, and
therefore gives information on the initial composition of anhydrous minerals in the meteorite
[Howard et al., 2009, 2011; Tomeoka and Buseck, 1985]. When the primitive meteorites alter,
the first Fe-matrix of the anhydrous silicates convert to phyllosilicates and then the Mg-rich
silicates within the chondrules starts to alter as the process progresses [McAdam et al., 2015].
The late stage of alteration therefore tends to produce predominantly Mg-rich serpentines
[McAdam et al., 2015]. The phyllosilicate alteration phases of CM chondrites are mostly
composed of various serpentines [Barber, 1981; Glotch et al., 2007; Hanowski and Brearley,
2001; Lauretta et al., 2000; MacKinnon, 1982; Richardson, 1981; Zega and Buseck, 2003;
Zolensky et al., 1993].

Reflectance spectra of surfaces A-E (Fig. 7i; A-E): The MIR spectrum (5-16 um) of all
surfaces of Mukundpura sample possess three characteristic spectral features; a) sharp
Christiansen Feature (CF) minimum centered near ~9 um, b) reflectance maximum centered near
10.5 pm, and c) broad absorption feature extending from 10-16 um with the center around 14
pum. However, the strength and the nature of these bands vary with respect to the surface
roughness and the phase angle combinations. The stronger spectral shape for all different
surfaces is observed in the spectra taken at phase angle of 13°-40° (Fig. 7i C-E; red) and 13°-50°
(Fig. 7i C-E; violet) whereas the weakest spectral shape is attributed to the observations made at
phase angle 50°-50° (Fig. 7i C-E; olive).
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Figure 7. 1) Absolute MIR spectra, ii) continuum removed spectra between 7 and 11 um , iii)
spectral parameter plot between 9um band center and absorption band depth for fusion crust (A),
intrinsic surfaces (B-E), and the average spectra of surafces (B-E) for its varying viewing
geometry.

The spectral shape of the Mukundpura sample and their characteristic spectral features,
CF minimum at 9 um and the reflectance maximum at ~10.5 pm, are attributed to the stretching
modes of SiO4 bonds in serpentine, specifically resembling Mg-serpentine sample, Burminco
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from Mariposa County, CA, USA (BUR-1690, (Mgz_glFeo_35)(Si1_87A|0_o7)O5(OH)4) in the
spectroscopy study by Glotch et al. [2007] and therefore spectrally confirming the presence of
dominant Mg-serpentines in the matrix of Mukundpura, which is also suggested in the study by
Haberle et al. [2019].

In order to study the dependency of Christiansen feature minimum (~9 um) for its
spectral parameters such as band center vs band depth (Fig. 7iii;A-E) in relation to observations
at varying phase angle and surface roughness, we first performed continuum removal of the
spectra by fitting the convex-hull over the 9 um absorption feature by anchoring the continuum
end points at reflectance values at 7 and 11 um (See Section 3.1.1 for methods) as shown in
Fig.7ii; A-E, average spectra). For all the surfaces including the fusion crust, the continuum
removed spectra of all meteorite surfaces (Fig. 7ii; A-E) for the phase angle combinations 13°-
30° (Fig. 7A-E; green), 13°-40° (Fig. 7A-E; red) and 13°-50° (Fig. 7A-E; violet) shows strongest
band absorption whereas 50°-50° (Fig. 7A-E; olive) shows the weakest absorption at 9 pum.

The band center versus band depth values plotted at Fig. 7iii (A-E) are calculated by
finding the band minima and the band depth at ~9 um in the corresponding continuum spectra
(See Section 3.1.2 for methods). Fig. 7iii (A-E) shows that irrespective of the phase angle of
observation and the surface roughness, the band center for all the surfaces (Fig. 7iii B-E)
including the thermally altered fusion crust (Fig. 7iii A) is unchanged and centered at ~9 um.
Therefore, the band center value at 9 um spectral parameter acts as a stable spectral parameter
that could be used to trace the presence of serpentines across the remote sensing targets. On the
other hand, the absorption band depth at 9 um is affected by thermal alteration (fusion crust;
Fig.7iii-A) and viewing angles (Fig.7iii; A-E). It is important to note that, for any surface the
band depths have extreme (high) values for phase angles at 13°-30° (Fig. 7i B-E; green), 13°-40°
(Fig. 7i B-E; red) and 13°-50° (Fig. 7i B-E; violet); however, for other phase angles the band
depths don’t have significant variations. This is important because at extreme viewing angle
remote sensing observations of asteroid targets such as Ryugu (Hayabusa2) and Bennu (OSIRIS-
REX), the band depth of the spectra should be carefully used for quantitative interpretation such
as abundance of phyllosilicates/serpentines [Maturilli et al., 2016; Potin et al., 2019]. This
behavior is also seen in the thermally altered fusion crust (Fig, 7iii A); however, the band depths
are subdued for all phase angles due to loss OH in the structure of serpentines.

Except for the MIR spectra of fusion crust (Fig. 7i;A), all the surface spectra (Fig. 7i; B-
E, Avg) shows a minor broad absorption feature near 6 um feature which is pronouncedly
present in the phase angles 13°-40° (Fig. 7i B-E; red) and 13°-50° (Fig. 7i B-E; violet), which is
also evidently visible in the average surface spectra (Fig. 7i; Avg). This 6 um absorption feature
is attributed to presence of bending modes of water molecules, specifically interlayer water of
the clay minerals [Beck et al., 2010; Garenne et al., 2014], Mg-serpentine in the case of
Mukundpura.

4.5 Far Infrared (FIR): 16-100 pm

The FIR region of Mukundpura sample shows very complex spectral behavior with
respect to roughness and phase angle of measurement. The measurements at phase angles13°-40°
(Fig. 8B-E; red) and 13°-50° (Fig. 8B-E; violet) shows a very broad absorption feature extending
22-90 um, and the strength of this absorption varies with surface roughness eg., surface Fig.8 (C,
D, E). This absorption feature is not evident in remaining phase angle observations with the
nearly flat and dark spectra.
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Figure 8. FIR spectra of fusion crust (A), intrinsic surfaces (B-E), and the average spectra of
surafces (B-E) for its varying viewing geometry

Surfaces B-E (Fig. 8B-E): Irrespective of phase angle and surface roughness, all FIR
spectra in the 16-60 um spectral range have two characteristic spectral features of CM
meteorites; a minor reflectance peak near 16 um attributable to the librations of Mg-OH
molecules within the octahedral sheet of 1:1 phyllosilicates [Farmer, 1974] and a sharp
reflectance peak centered near ~22 um corresponds to the bending modes of SiO4 [Farmer, 1974;
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Haberle et al., 2019]. These two distinct spectral features strongly indicate the presence of
abundant Mg-serpentine within Mukundpura, which is also observed in the study by Haberle et
al. [2019].

Fusion Crust A (Fig. 8A): The two spectral features centered near 16 pum (absorption) and
22 um (peak) are highly subdued in the FIR spectra of the fusion crust (Fig. 8A), indicating the
dehydration/loss of volatiles during the atmospheric entry of the meteorite fall. Also, the FIR
spectra of fusion crust at phase angles 13°-40° (Fig. 8A; red) and 13°-50° (Fig. 8A, violet) display
very strong redder spectral slope after 30 um. In the remaining phase angle combinations, the
spectra are nearly flat and dark.

5 Discussions
5.1 UV-FIR spectroscopy of Mukundpura
5.1.1 Mineralogy

Irrespective of the surface roughness and viewing geometry, all Mukundpura surfaces
have characteristic spectral features that help us in deciphering their bulk mineralogy.

In the UV-VIS region (0.25 — 0.6 pm), both fusion crust (Fig. 4A) and the meteorite
surfaces (Fig. 4B-E) exhibits carbon Fresnel peak (sp” n—n*) near 0.275 pm [Applin et al., 2018]
along with flat spectra in the visible region 0.325-0.6 um with reflectance values less than 0.1 for
all surfaces indicating the presence to nanophase graphite or amorphous carbon in the matrix
[Applin et al., 2018].

In the VIS-IR region (0.4 — 1.0 um; Fig. 5), the fresh interiors of Mukundpura sample for
surface B have a minor absorption feature near 0.7 pm (attributable to Fe?*-Fe** charge transfer)
and amount of water within the CM and a downturn after 0.88 pm (ascribable to Fe** d-d crystal
field transitions) indicating the presence of Fe-poor serpentines in the matrix [Cloutis et al.,
2011]. However VIS-IR spectra of surfaces C-E have evident IR downturn after 0.88 um with
weak or no 0.7 um absorption features and may correspond to the surface containing bulk
representation of matrix and chondrules containing crystalline anhydrous minerals (possibly Fe-
bearing olivine within the chondrules) along with Fe-poor serpentines within the matrix [Cloutis
et al., 2011]. VIS-IR spectra of the fusion crust having a concave shape extending the entire VIS-
IR spectral region with no absorption at 0.7 pum indicates the loss of water due to atmospheric
heating and back-transformation of hydrous mineralogy to their anhydrous counterparts.

NIR spectral region (1.5-5 pum) of fresh interiors of all Mukundpura surfaces (Fig. 6; B-
E) have the fundamental asymmetric spectral absorption feature associated with the hydroxyl
(OH-) band centered at 2.72 um supporting the presence of Mg-serpentines in its matrix. NIR
spectra of the fusion crust also possess the weak 3 um band centered near 2.7 um indicating the
potential survivability of some hydrous mineralogy within the matrix.

MIR spectral region (5-16 um) of fresh Mukundpura surfaces (B-E) in Fig. 7 show that
all the internal Mukundpura surfaces exhibit the characteristic CF minimum indicative of
fundamental stretching modes of SiO4 with their band center at 9 um followed by reflectance
peak near 16 pum indicator of librations of Mg-OH bonds. This further confirms the presence of
Mg-rich serpentines in their matrix. The fusion crust spectra however exhibit the CF minimum
slightly short-ward to 9 pum with very weak 16 pum peak, which indicates the formation of
anhydrous minerals.

All FIR spectra (16-100 um) of the intrinsic Mukundpura surfaces (Fig. 8; B-E) have the
sharp reflectance peak near 22 pm which is the fundamental bending modes of SiO,4 in the
aqueously altered minerals which is associated with the stretching modes of SiO,4 in the MIR
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spectral region. FIR spectra of the fusion crust also possess the 22 um spectral but weaker and
broader indicating the presence of preferably anhydrous counterparts of Mg-serpentines such as
Mg-olivine and pyroxene.

Overall, the carbon rich matrix along with the dominant presence of Mg-serpentines can
be interpreted from the spectroscopy of the studied Mukundpura sample, along with the thermal
alteration effects in the spectra of the fusion crust. Mukundpura sample studied appears to have
very homogeneous bulk mineralogy for all the intrinsic surfaces.

5.1.2 Dependency on Viewing Geometry

The observations by Hayabusa2 and OSIRIS-REXx show that the surfaces of both Ryugu
and Bennu are not covered by regolith or fine dust but instead rocks of size similar to our
Mukundpura fragment. This makes our study on viewing geometries especially relevant, as in
the past typically all similar studies have been performed on powders.

This study shows that the spectral parameters such as brightness, slope, and absorption
band centers of CM-type Mukundpura meteorite is highly influenced by the respective viewing
geometry but behaves systematically for the respective spectral range irrespective of the 3D
surface roughness for the compositionally homogeneous surface. In order to understand the
general CM/Mukundpura spectral characteristics with respect to symmetrically and
asymmetrically changing viewing geometry, the behavior of spectral parameters of average
surface of Mukundpura is plotted against the varying geometry in Fig. 9.
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Figure 9. Relationship between symmetric and asymmetrically varying phase angle
behavior with respect to UV-FIR spectral parameters derived from average surface spectra of
Mukundpura meteorite studied; a) phase angle vs reflectance at UV fresnel peak of average
surface spectra in Fig. 4, b) phase angle vs FIR reflectance peak at bending modes of SiO2 of
average surface spectra in Fig. 8, c) phase angle vs VIS slope (ul-to-v) from average surface
spectra in Fig. 5, d) phase angle vs VIS slope (v-to-p) from average surface spectra in Fig. 5, e)
phase angle vs NIR band depth of water band at ~2.8 um measured from average surface spectra
in Fig. 6, and f) phase angle vs MIR band depth of reflectance minimum at ~9 um measured
from average surface spectra in Fig. 7.

UV-VIS spectral region (0.25 — 0.6 um): Fig, 9a shows that for both asymmetrically and
symmetrically increasing viewing geometries, the reflectance value at Fresnel peak near ~0.275
um increases with increasing phase angle. It is also important to note that, the viewing geometry
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with similar reflectance angle irrespective of the incidence angle have similar reflectance values
at Fresnel peak (except for angle 20°-20°). It can be summarized as the reflectance value at the
carbon Fresnel peak (~0.275 um) decreases with decreasing reflectance angle in the order; 13°-
500, 50°-50°) > (13°-40°, 40°-40°) > (13°-30°, 30°-30°) > (13°-20°, 20°-20°) > (13°-13°). Therefore,
for the spectroscopy of CM-petrology type or any C-type asteroids surfaces in the UV spectral
region, irrespective of the foot-print of observation which is influenced by varying incidence
angles and 3D surface roughness, the reflectance value at the carbon Fresnel peak is only
dependent on the viewing angle/reflectance angle.

VIS-IR spectral region (0.4 — 1.0 um): The behavior of visible spectral slopes ul-to-v and
v-to-p for symmetrically and asymmetrically varying viewing angles is shown in Fig. 9c and Fig.
9d respectively. Fig. 9cshows no particular correlation among the viewing geometries for
spectral slope ul-to-v for both symmetrically and asymmetrically varying phase angles. Whereas
spectral slope v-to-p shows a systematic behavior with changing viewing geometry, where slope
decreases with asymmetrically increasing phase angle and increases with symmetrically
increasing phase angles. It can also be safely interpreted as v-to-p slope is positive for symmetric
phase angles and negative for asymmetric phase angles. Therefore, our analysis suggests that the
viewing geometry should be carefully considered while interpreting the spectral slopes in the
remotely sensed C-type asteroids such as ONC-T data of Ryugu surface.

NIR & MIR spectral region (1.5 — 16.0 um): In the NIR region, the 3 um hydroxyl (OH-)
absorption band is the characteristic spectral feature of C-type asteroids which indicates the
nature and abundance of aqueously altered minerals in the surface. Whereas in the MIR region,
the CF minimum is the characteristic spectral feature of CMs to characterize the nature and
crystallinity of the silicate mineralogy. The band depth at 2.7 um band and 9 um absorption
features for NIR and MIR spectral region is plotted in Fig. 9e and Fig. 9f for the symmetrically
and asymmetrically varying viewing geometry. Fig. 9e, f shows that the band depths of these
spectral absorption show similar behavior where the slope increases with asymmetrically
increasing phase angle and decreases with symmetrically decreasing phase angles.

The absorption band depth significantly increases with increasing phase angles for the
asymmetric viewing geometry in the order 13°-13° < 13°-20° < 13°-30° < 13°-40° < 13°-50° could
be explained by spectral mixing of different minerals having different phase curves near 3 pum
absorption band and 9 um absorption band for the particular footprint/surface within the CM
chondrite studied (as incidence angle is fixed). For asymmetric phase angles with fixed incidence
angle, at low phase angles, the strong contributions from most materials is reflected and therefore
weakens the absorption band. Whereas at higher phase angles the materials with lesser
reflectance at large scattering angles do not contribute to the reflected signal and therefore
enhances the absorption depth of 3 um and 9 um band. This may suggest that the water band and
CF band for the hydrous minerals within the CMs is not affected by viewing geometry. This
explanation is further supported by absolute reflectance of the spectra for all surfaces of the
meteorite studied in Fig. 6i where the overall NIR reflectance of the spectra decreases with
increasing phase angle for the asymmetric viewing geometry for all surfaces which is a reverse
behavior to the absorption band center at 3 um. This behavior can be traced for the overall MIR
reflectance spectra in Fig. 7i. However, the absorption band strength for symmetric viewing
geometry decreases with increasing phase but not significantly (Fig. 9 e, f). Also, the overall
reflectance of the absolute spectra for all the surfaces for symmetric viewing geometry does not
vary significantly (Fig. 6i; NIR and Fig. 7i; MIR). For all the surfaces the absorption band
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strength for both 3 um (Fig. 6iii, Fig. 9¢) and 9 um (Fig. 7ii, Fig. 9f) absorption band is largest
for viewing geometry 13°-50° and is least for viewing geometry 50°-50°.

FIR spectral region (16 — 100 pum): The FIR spectral behavior with respect to viewing
geometry is highly influenced by the respectively surface roughness and texture (Fig. 8). In order
to understand the general FIR spectral characteristics for varying viewing geometry, the
reflectance peak near 22 um for average surface spectra is plotted against the symmetrically and
asymmetrically varying viewing geometry in Fig. 9b. Fig. 9b shows that the reflectance peak
near 22 um increases with increasing asymmetrically varying viewing geometry. However, this
behavior at first decreases with decreasing symmetrically varying geometry and then increases.
The absolute spectra in Fig. 8 shows that the large phase angles in the asymmetric viewing
geometry especially 13°-40° (Fig. 8; red) and 13°-50° (Fig. 8; violet) shows a broad absorption
band extending from 22 to 100 um.

5.1.3 Dependency of 3D surface roughness

Throughout the study, it is evident that all internal Mukundpura surfaces (B-E) for all
spectral regions from UV-FIR preserve their characteristic band absorption centers irrespective
of the differences in the viewing angle and the surface roughness for the corresponding spectral
region such as

a) Fresnel peak for carbon in UV region (Fig. 4), 0.7 um feature weak or null indicating
the presence of Fe-poor phyllosilicates in the VIS-IR region (Fig. 5),

b) fundamental OH- absorption featured centered at 2.72 um indicating the presence of
Mg-serpentine in the NIR spectral region (Fig. 6),

c) fundamental stretching and bending modes of SiO, near 9 um and 22 pm respectively
along with the reflectance peak near 16 pm indicating Mg-OH librations in
phyllosilicates which further confirming the presence of volumetrically abundant Mg-
rich phyllosilicates such as Mg-serpentines within Mukundpura bulk mineralogy in
the mid-far IR spectral region (MIR in Fig. 7 and FIR in Fig. 8).

Overall, it can be confidently stated that Mukundpura sample obtained has homogeneous

bulk mineralogy for all the intrinsic surfaces.

Varying viewing geometry either symmetrically and asymmetrically exhibit characteristic
trends in the spectral parameters such as spectral slopes (VIS-IR in Fig. 5) and absorption band
depths (NIR in Fig. 6 and MIR in Fig. 7) for the corresponding spectral region depending on the
mineralogical indicator (See Section 5.1.2) for each of the respective surface.

Yet, each internal surface of Mukundpura differs in the nature of their absolute spectral
shape and overall reflectance value variations for a fixed viewing angle throughout the spectral
range (UV-FIR). This difference is attributed to the 3D roughness of the surface itself and its
variation for different surfaces (Fig. 1b-h). The resulting spectral shape for a fixed viewing angle
for all intrinsic surfaces (B-E) is influenced by their respective roughness which defines the
number and area of different reflecting/sloping faces and their corresponding reflecting angles
with respect to the direction of the incident light.

This compels us to be careful while performing spectral parameter analysis of the
remotely sensed data of rough and rocky surface target such as Ryugu and Bennu which has
boulder-filled rough terrains with basically no smooth regions.



717
718
719
720
721
722
723
724
725

726
727

728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743

Confidential manuscript submitted to Journal of Geophysical Research: Planets

5.2. Application to Hayabusa 2 & OSIRIS-REXx

For comparison, Mukundpura’s fusion crust (surface A) spectra (Fig. 10; gray) and the
average surface (average of surfaces B-E) spectra (Fig. 10; black) for viewing geometry 13°-20°
is chosen to compare with the remotely sensed spectra of Ryugu (Fig. 10; red) and Bennu (Fig.
10; blue) for the respective spectral region, VIS-IR (Fig. 10a), NIR (Fig. 10b), and thermal-
infrared (TIR; Fig. 10c,d).The spectra of Ryugu and Bennu for its respective spectral range
shown in Fig. 10 are obtained by extracting the published spectral data by Kitazato et al. [2019],
Tatsumi et al. [2019] and Hamilton et al. [2019] respectively using an online tool,
WebPlotDigitizer (https://automeris.io/WebPlotDigitizer/).
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Figure 10. Comparison of Mukundpura fusion crust and average intrinsic surface spectra
compared with the extracted Ryugu and Bennu spectra [Kitazato et al., 2019; Tatsumi et al.,
2019] and [Hamilton et al., 2019] respectively using an online tool, WebPlotDigitizer
(https://automeris.io/WebPlotDigitizer/). a) VIS-IR region; Mukundpura vs ONC-T data of
Ryugu for its average surface and fresh Otohime surface, b) NIR region spectra of Mukundpura,
Bennu (from OVIRS), and Ryugu (NIRS3), and c) MIR region; Mukundpura vs Bennu from
OTES, d) Mukundpura fusion crust and average intrinsic surface spectra resampled to MARA-
TIR bands.

5.2.1 Hayabusa2/ONC-T in 0.4-1 um

ONC-T data shows that Ryugu’s surface is covered by numerous boulders (number
density twice as that of Itokawa) of scale-invariant varying brightness; where brighter boulders
are associated with smooth and layered surface and the darker boulders are associated with
rugged and crumbling rough surface [Sasaki et al., 2019]. These differences in brightness is
contributed mainly by degrees of space weathering but less contributed by compositional
variations [Sasaki et al., 2019].
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The spectral characterization of various boulders across Ryugu surface using ONC-T data
by [Tatsumi et al., 2019] shows that fresh surfaces show blue spectra and while exposed to space
weathering processes, the spectra reddens. This conclusion is supported by studying the spectral
nature of two faces of the largest boulder Otohime Saxum (~140 m), one which is moderately
sloped face whose spectra is comparable to the average Ryugu spectra (Fig. 10a; red-dotted line)
and the other is cliff-like face which could have formed by recent impacts or landslides shows
bluer spectra (Fig. 10a; solid-red) [Tatsumi et al., 2019]. The Ryugu spectra, both average and
Otohime spectra, plotted in Fig. 10a is extracted from [Tatsumi et al., 2019].

Tatsumi et al. (2019) also studied the spectral parameters such as spectral slope v-to-p
slope (Refoss/Rogs) and ul-to-v slope (Refpo/Refyss). All Ryugu spectra have ul-band upturn,
0.40 um upturn, (Fig. 10a; red-dotted line) and this value vary among boulders of varying sizes
and relates to atleast two different processes on Ryugu’s surface; one which affects the spectral
slopes could be related to space weathering [Ilvanova et al., 2010; Lantz et al., 2017; Nakamura,
2005] and the other which affects the ul-band upturn could correspond to degree of aqueous
alteration [Hiroi et al., 1996] and/or the presence of carbon contents [Hendrix et al., 2016].
However, Mukundpura spectra for both fusion crust (Fig. 10a; gray) and the interior surfaces
(Fig. 10a; black) have ul-band downturn. The average surface spectra in Fig. 10a for
Mukundpura represents the mineralogy of interior which is devoid of any space weathering such
as solar wind irradiation and micro-meteorite impacts and solar radiation heating processes.
Though fusion crust is thermally altered, it is still devoid of signatures of prolonged space
weathering processes as they are lost during the atmospheric entry. This may suggest that ul-
upturn of Ryugu spectra may represent the space weathering processes; however, the differences
in degree of aqueous alteration and presence of carbon content from Mukundpura should be
considered.

The average intrinsic Mukundpura VIS-IR spectra (Fig. 10a; black) after 0.55 pm
behaves similar to the fresh Otohime surface with the blue-sloped (negative-sloped) spectra with
minor absorption band around 0.7 um and absorption band after 0.88 um; however, the degree of
slope for fresher Ryugu spectra is slightly bluer than that of fresh Mukundpura surface.

Overall, the fusion crust spectra of Mukundpura spectra as a concave-shape with the
reflectance maximum at 0.7 um which confirms the loss of water due to atmospheric heating and
the absorption feature after 0.7 um may further indicate the presence of anhydrous minerals
which is dehydrated from their hydrous counterparts. It is also important to note the reddening of
the fusion crust spectra relative to the intrinsic Mukundpura surfaces up to 0.7 um. The slope of
the fusion crust and Ryugu spectra in 0.55-0.7 um is comparable. Thus, the reddening of the
Ryugu spectra in relative to the fresh Otohime surface could be explained by solar radiative
heating in its past.

5.2.2 Hayabusa2/NIRS3 and OSIRIS-REX/OVIRS in 1.5-3.5 um

Kitazato et al. [2019] study shows that the thermally and radiometrically calibrated
spectral data from NIRS3/Hayabusa2 reveals that near-infrared (NIR) reflectance spectra of
entire Ryugu exhibit a spectrally ‘red’ (positive) continuum slope spectra with a weak, narrow
absorption feature centered at 2.72 um indicating the presence of OH-bearing minerals, most
likely Mg-rich phyllosilicates throughout the surface. The study [Kitazato et al., 2019] also
suggests that intensity of 2.72 um band has positive correlation with estimated surface
temperature but when normalized for observed temperature, the intensity of 2.72 pum shows no
correlation with topographic/morphologic features. The absorption strength of this band for the
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normalized NIRS3 spectra ranges from 7-10%. This weak OH absorption feature and dark
surface of Ryugu is attributed to either or all of the following conditions; early geologic history
where inherent chemical composition with low water/rock ratio, and ongoing processes such as
solar radiative heating during close approach to Sun and continuous space weathering processes
such as solar-wind irradiation and micrometeorite impacts [Kitazato et al., 2019]. The proposed
possible compositional analogues of Ryugu are CMs and Cls [Le Corre et al., 2017; Moskovitz et
al., 2013; Perna et al., 2017; Vilas, 2008].

On the other hand, OVIRS/OSIRIS-REX spectral data of Bennu analyzed by Hamilton et
al. [2019] exhibits spectrally “blue” (negative) continuum slope comparable to telescope data by
Clark et al. [2011] along with the stronger 2.7 um OH-absorption feature centered around 2.74 +
0.01 pm for all OVIRS spectra and corresponds to meteorites having petrologic types of CM2.1-
2.2 those have absorption band centers at 2.72 um [Takir et al., 2013]. Hamilton et al. [2019]
stresses that though negative or blue spectral slope of carbonaceous materials could be attributed
to space weathering [Brunetto et al., 2014; Lantz et al., 2018; Thompson et al., 2019], there is no
sufficient information to confidently attribute the spectral slope of Bennu to space weathering or
the presence of fine-particulate magnetite and/or insoluble inorganic material, however, the
detailed analysis of high spatial resolution OVIRS data will further help us to draw conclusions.

In order to compare the NIR spectra of Ryugu and Bennu with our studied CM-type
Mukundpura rock, we first extracted spectra of NIRS3/Ryugu from Fig. 1B of Kitazato et al.
(2019) and OVIRS/Bennu spectra from Fig.1 of Hamilton et al. (2019). We then normalized the
NIR spectra of Ryugu (Fig. 10b; red), Bennu (Fig. 10b; blue), the fusion crust (surface A) and
average surface spectra (average spectra of surfaces B,C,D,E) of Mukundpura for viewing
geometry 13°-20° as it closely corresponds to nadir viewing of NIRS3 (Fig. 10b; gray and blue
respectively) to a reflectance value of 1.0 at 2 um as shown in Fig. 10b.

NIR spectral slope: For the spectral region 1.5-2.7 um, the slope of the normalized NIR
spectra (Fig. 10b) of average Mukundpura surface spectra (Fig. 10b; black) is nearly flat and
unlike red-sloped Ryugu spectra (Fig. 10b; red) and blue-sloped Bennu spectra (Fig. 10b; blue).
However, the fusion crust spectra (Fig. 10b; gray) have slightly redder slope compared to the
fresh Mukundpura surface (Fig. 10b; black). This suggests that the reddening of the NIR
continuum spectra of Mukundpura is caused by the thermal weathering of fusion crust during the
path of meteorite fall. The redder slope of Ryugu spectra (Fig. 10b; red) could therefore be
associated to heating of Ryugu either by solar radiative heating during shortened perihelion
distances in its past [Kitazato et al., 2019].

NIR absorption bands: Fig. 10b shows that Bennu’s OVIRS spectrum (Fig. 10b; blue)
has the strongest and broad asymmetric 2.7 um absorption band compared to Mukundpura and
Ryugu NIR spectra. The average surface spectrum of Mukundpura (Fig. 10b; black) has
comparatively weaker absorption feature centered at 2.72 pum with an asymmetric spectral shape.
However, NIR spectrum of fusion crust of Mukundpura has the highly subdued, broader
asymmetric OH-absorption feature with its center slightly moved longward from its average
surface spectrum, centered at 2.74 pm similar to Bennu spectrum. On the other hand, Ryugu
spectrum shows the weak but sharp symmetric OH-absorption feature centered at 2.72 pm.
Nevertheless, in the shorter wavelengths (1.75-2.5 pm), both fusion crust of Mukundpura (Fig.
10b; gray) and Ryugu (Fig. 10b; red) share significantly similar spectral shape with spectral
features such as; a) a minor absorption band in 2.3-2.4 um region which is characteristic spectral
feature of metal-OH bond in serpentines [Cloutis et al., 2011], and the minor broad absorption
bands near 1.95 um with spectral shoulders near 1.9 um and 2.08 um (Fig.9b); and these features
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are not prominent in the fresh average surface spectra of Mukundpura. Kitazato et al. [2019]
mentioned that no existing meteorite samples reflectance spectra matches with Ryugu visible to
NIR wavelength. Our results reveal the intrinsic (B-E) surface of Mukundpura shows
fundamental absorption as 2.72 um with an additional shared band absorption near 1.95 um and
2.3-2.4 um. Even the fusion crust hosts considerable absorption at this wavelength. Thus,
thermally metamorphosed and shocked Mukundpura with diagnostic 2.72 um absorption is
highly comparable to the Ryugu. Therefore, supporting that Ryugu surface has experienced
extensive heating in its geologic past.

Overall reddening of spectral shape of fusion crust with similar spectral shape near 1.95,
2.3-2.4 um, and weak 2.7 um band as Ryugu could explain the heating of Ryugu surface in its
history. However, the strong asymmetric 2.72 pm band of Mukundpura internal surface
resembling Bennu spectrum suggests that Bennu has not undergone significant heating compared
to Ryugu. In addition to this, the 3.4 um absorption band corresponding to presence of organics
suggested for Bennu [Lauretta et al., 2019] can be traced in the average surface spectra of
Mukundpura in Fig. 10b which is much evident in the continuum removed spectra in Fig. 6iii
suggesting the presence of organics in the fresh Mukundpura surface, however, this feature is
much subdued in the fusion crust spectra (Fig. 10b).

5.2.3 OSIRIS-REX/OTES in7-50 um

OTES spectrometer onboard OSIRIS-Rex maps the emissivity spectrum of Bennu at the
spectral range 7-50 um. Hamilton et al. [2019] shows that calibrated average disk integrated
spectrum of Bennu exhibits the CF position similar to that of the CM1/2 and CM2 petrologic
types which is the emissivity maximum around 9 um indicating the presence of stretching modes
of SiO, in the hydrous silicates. To compare Mukundpura spectra with Bennu’s OTES/OSIRIS-
REXx spectra, we first extracted the calibrated disk-integrated average emissivity spectrum of
Bennu from Fig. 3 of Hamilton et al. [2019]. Bennu spectrum also exhibits the absorption feature
near 22 um indicative of the presence of corresponding bending modes of SiO4 in the hydrous
silicates. In addition to that, OTES spectrum of Bennu spectrum also exhibits the spectral
indicators of presence of magnetite which includes the minor absorption bands near 18 um and
29.5 um. OTES data analyzed by Hamilton et al. [2019] also shows that entire Bennu surface is
spatially uniform at 80 m spatial scale with similar range of particle sizes for each pixel at large
spatial scales.

In order to compare the emissivity spectrum of Bennu with the measured reflectance of
Mukundpura surface and fusion crust (Fig. 10c), we estimated 1-reflectance of Mukundpura
spectra as a proxy for emissivity (Kirchoff’s law). Bennu’s OTES spectrum (Fig. 10c; blue)
resembles the average Mukundpura surface (Fig. 10c; black) except for the lack of characteristic
Mg-OH band near 16 um which is the indicator of Mg-serpentines of Mukundpura. As suggested
by Hamilton et al. [2019], the lack of this 16 um feature could be attributed to presence of non-
Mg endmember (possibly Fe-bearing phyllosilicates), modest heating, disorder and/or particle
sizes. However, thermally altered Mukundpura which has indicators of loss of water in the VIS-
NIR spectral region, still preserves the 16 um Mg-OH absorption band (Fig. 10c).

Our spectral analysis revealed that both Bennu and Mukundpura surface has CF band
near 9 um and the absorption band near 22 um suggestive of the hydrous minerals. This suggests
that Bennu surface is volumetrically dominated by the phyllosilicates and therefore indicating the
aqueous alteration of the parent body. However, OTES spectrum of Bennu possess lesser
spectral contrast compared to average Mukundpura spectrum (Fig. 10c; black) especially in the
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regions of silicate stretching bands (9-14.5 um) where Bennu spectrum exhibits a broader, bowl-
like shape unlike the sharp distinct transparency features resulting from volume scattering in the
case of average Mukundpura surface. This may indicate that Bennu’s surface is dominated by
amorphous/disordered component [Hamilton et al., 2019] unlike ordered/crystalline Mukundpura
interior surface and attribution of this amorphous/disordered behavior to the lack of 16 pum
should be studied further. 18 um absorption feature corresponding to magnetite can be traced for
a weak absorption for Mukundpura for its average fresh surface.

The 1-reflectance TIR spectra of fusion crust (Fig. 10c; gray) exhibits sharp-fine 12 pm
feature with minor absorption bands around 10.6 pum, 11.4 um, and 12.4 pum indicative of the
back-transformation of hydrous minerals to their corresponding anhydrous silicates, olivine and
pyroxene [Beck et al., 2018]. The overall shape of fusion crust in TIR spectral region is different
from that of Bennu’s spectrum which further confirms that Bennu’s surface is dominated by the
aqueously altered minerals.

5.2.3 Hayabusa2/MASCOT/MARA in 5-16um

Hayabusa2 also carried two surface spectrometers with the DLR’s MASCOT lander; 6-
band thermal radiator (MARA) and a hyperspectral infrared microscope (MicrOmega). MARA
houses 4 bandpass spectral channels in the range of 5.5-7 pm, 8-9.5 um, 9.5-11.5 pm, and 13.5—
15.5 um, as well as one long-pass channel sensitive in the >3 um range [Grott et al., 2017]. In
Fig. 10d, the average fresh surface and fusion crust of Mukundpura and Bennu OTES spectra is
resampled to MARA spectral bands. This will further help MARA data analysis to be compared
with Mukundpura as a Ryugu’s analogue.

6 Conclusions

In this work, the ultraviolet to far-infrared reflectance spectra of extremely fresh
carbonaceous chondrite rock (Mukundpura meteorite) have been studied for symmetrically and
asymmetrically varying viewing geometries. The comparison of the spectral behavior of the
fusion crust to the fresh interiors further helps to understand the evolution of the spectral
behavior due to thermal alteration during atmospheric entry. The systematic spectral behavior
trend in the reflectance of CM chondrites (Mukundpura with intrinsic and fusion crust) in Fresnel
peak in UV, visible-IR slope after 0.55 pm, fundamental hydroxyl (OH-) band strength in NIR
and the Christiansen Feature minimum at MIR with symmetric and asymmetric varying
geometry is observed for the first time. The change in overall reflectance value and the spectral
shape due to changes in 3D surface roughness is observed in the study. In addition to
photometric corrections which corrects for viewing geometry, the significant spectral effects due
to the varying 3D roughness of the rocky boulder-like terrain of Ryugu and Bennu should be
carefully considered while attempting to quantify the mineralogy interpretations such as amount
of water, magnetite, carbon, hydrous minerals etc for their corresponding spectral regions. The
phase angle/viewing geometry dependent UV-FIR reflectance spectroscopy of fresh CM rock
reveals that the fundamental absorption band centers at all wavelengths are not (or least) affected
by surface roughness and viewing geometry; however, their band strengths and spectral band
shape varies.

The results reveal that the thermally metamorphosed and shocked Mukundpura fusion
curst with diagnostic 2.72 um absorption is comparable to the Ryugu. Therefore, supporting that
Ryugu surface has experienced extensive heating in its geologic past. The asymmetric 3 um band
of Bennu is significantly comparable to the strong asymmetric absorption band of intrinsic
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Mukundpura surfaces, which further supports that Bennu’s upper layer had not undergone
heating compared to Ryugu surface. Instead of powdered samples of meteorites, the direct
spectral investigation of varying surface roughness of single Mukundpura sample under varying
viewing geometry therefore potentially support the spectral analysis of Ryugu and Bennu
spectral data from orbit and surface and future exploration of C-type asteroids.
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