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ABSTRACT

Mercury is the closest planet to the Sun and its formation still remains unclear. It is an
important boundary condition for formation models of our solar system and planetary system
in general. Among the exoplanets many planets have been discovered in similar distances
from their host star. Due to the closeness to the Sun Mercury experiences extreme
temperature variations (-150°C — 450°C) during its day-night cycles. Spectroscopy is one of
the most powerful techniques to study the surface mineralogy of any planetary body from its
orbit. Various spectral ranges provide different insights to the surface we look at. In order to
spectrally interpret the surface mineralogy, it isimportant to understand the spectral behavior
of the planet’s analogues under its respective surface environment conditions in a controlled
laboratory setup.

This thesis focuses primarily on understanding the composition of Mercury from orbital
remote sensing observations, especially with the Mercury Radiometer and Thermal Imaging
Spectrometer (MERTIS) instrument onboard ESA-JAXA BepiColombo mission to Mercury.
MERTIS will be the first radiometer and the first thermal infrared (TIR; 7-14 um) hyperspectral
spectrometer to orbit Mercury. To this purpose a specialized spectral library was created of
various Mercury analogues under their extreme environmental conditions as a function of
temperature under vacuum, the stability and spectral signature of a range of sulfides was
studied, the derivation of various spectral parameters to facilitate the mapping of surface
composition was evaluated and with these the analysis of data in the visible and near-infrared
by the NASA MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
was revisited. The specialized emissivity spectral library of 7 synthetic sulfides and 10
terrestrial silicates, as potential Mercury analogues, has been developed as a function of
temperature ranging from 100°C to 500°C under vacuum. Put together, they will aid the
mapping of the crustal and volcanic mineralogy of the Mercury surface. The new spectral
parameter developed in the presented work on laboratory silicate mineralogy study shows
that olivine, pyroxenes, and feldspar groups can be successfully separated by MERTIS.

MESSENGER mission carried two visible infrared spectrometers (0.45-1.45 um), Mercury
Atmospheric and Surface Composition Spectrometer (MASCS; hyperspectral-point
spectrometer), and Mercury Dual Imaging System (MDIS; multispectral-imaging
spectrometer), to map the surface mineralogy of Mercury. However, due to Fe-poor nature
of the Mercury surface materials, the spectrometers revealed featureless red-sloped spectra
across major surface units. This limited the direct mapping of the silicate mineralogy of the
Mercury’s crustal and volcanic rocks, and therefore, remains only as estimated mineralogy
using the data obtained from geochemistry suite. In the presented study, the global
multivariate analysis of MASCS data was carried out to understand the spectral diversity of
the planet and its relation to the known geochemical terrains mapped by geochemistry suite.
The study for the first time spectrally distinguished between low-Mg and high-Mg northern
volcanic plains.

One of the major discoveries of NASA MESSENGER mission is the discovery of widely
spread hollows on Mercury surface, which are indicative of possible sublimation processes of
the volatile-rich minerals. As sulfides are strongly proposed as the potential candidates of
hollow materials, MgS, FeS, Cas, CrS, TiS, NaS, and MnS are studied for its emissivity spectra
as a function of temperature in vacuum, further, the ultraviolet- to far-infrared reflectance
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spectroscopy of the fresh and thermally weathered sulfides under vacuum are also
investigated in the presented work. This unique spectral library of sulfides will enable mapping
of volatile-rich surface mineralogy of Mercury by spectrometers onboard MESSENGER and
BepiColombo missions. Further, the extended study presented in this thesis investigates the
emissivity spectral behavior of CaS for four simulated Mercury days. The results from this
study prove CaS is the most stable sulfides that survives the extreme thermal environment of
Mercury and is an important tracer for other sulfides those might be lost in the hollow-forming
process dominated by sublimation. The emissivity spectra reported here are significant for the
detection and mapping of CaS associated with hollows and pyroclastics using MERTIS datasets.

This thesis is a cumulative work comprising of six peer-reviewed manuscripts out of which
three are published and three are in correspondence with their respective journals for
publications.
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KURZFASSUNG

Merkur ist der sonnennachste Planet, daher erfahrt seine Oberflache wahrend seiner
Tag-Nacht-Zyklen extreme Temperaturschwankungen (-150 °C — 450 °C). Die Hauptbeitrage
dieser Arbeit konzentrieren sich auf die Erstellung einer spezialisierten Spektralbibliothek
verschiedener Merkur-Analoga unter ihren extremen Umweltbedingungen als Funktion der
Temperatur im Vakuum und die Ableitung spektraler Parameter zur Erleichterung der
Kartierung der Oberflaichenzusammensetzung. Spektroskopie ist eine der leistungsstarksten
Techniken zur Untersuchung der Oberflichenmineralogie eines Planetenkdrpers von seiner
Umlaufbahn aus. Verschiedene Spektralbereiche liefern unterschiedliche Einblicke in die
Oberflache, die wir betrachten. Um die Oberflaichenmineralogie spektral zu interpretieren, ist
es wichtig, das spektrale Verhalten der Analoga des Planeten unter seinen jeweiligen
Oberflachenumgebungsbedingungen in einem kontrollierten Laboraufbau zu verstehen.
Diese einzigartige Spektralbibliothek wird die MERTIS-Nutzlast an Bord der ESA-JAXA
BepiColombo-Mission zum Merkur unterstiitzen. Mercury Radiometer and Thermal Imaging
Spectrometer (MERTIS) wird das erste Radiometer und das thermische Infrarot (TIR; 7-14 um)
Hyperspektralspektrometer sein, das den Merkur umkreist. In der vorgestellten Arbeit wurde
die spezialisierte Emissivitatsspektralbibliothek von 7 synthetischen Sulfiden und 10
terrestrischen Silikaten, den potentiellen Merkur-Analoga, als Funktion der Temperatur im
Bereich von 100°C bis 500°C unter Vakuum entwickelt. Zusammengenommen helfen sie bei
der Kartierung der Krusten- und Vulkanmineralogie der Merkuroberfliche mit einer
raumlichen Auflésung von 500 m/Pixel. Die neue spektrale Darstellung, die in der
vorgestellten Arbeit Uber die Laborstudie zur Silikatmineralogie entwickelt wurde, zeigt
erfolgreich, dass Olivin-, Pyroxen- und Feldspatgruppen von MERTIS unterscheidbar sind.

Die NASA-Mission MErcury Surface, Space ENvironment, GEochemistry, and Ranging
(MESSENGER) fuhrte zwei Spektrometer fiir das sichtbare Infrarot (0,45-1,45 um), das
Mercury Atmospheric and Surface Composition Spectrometer (MASCS; Hyperspektral-Punkt-
Spektrometer) und das Mercury Dual Imaging System (MDIS; Multispectral-Imaging-
Spektrometer) mit, um die Oberflachenmineralogie von Merkur zu kartieren. Aufgrund der
eisenarmen Beschaffenheit der Merkur-Oberflaichenmaterialien zeigten die Spektrometer
jedoch Uiber die wichtigsten Oberflacheneinheiten merkmalslose rotabgestufte Spektren. Dies
schrankte die direkte Kartierung der Silikatmineralogie der Kruste und des Vulkangesteins des
Merkur ein und bleibt daher nur als geschatzte Mineralogie unter Verwendung der aus der
Geochemie-Suite erhaltenen Daten erhalten. In der vorgestellten Studie wurde die globale
multivariate Analyse der MASCS-Daten durchgefiihrt, um die spektrale Vielfalt des Planeten
und ihre Beziehung zu den bekannten geochemischen Terrains, die von der Geochemie-Suite
kartiert wurden, zu verstehen. Die Studie unterschied zum ersten Mal spektral zwischen den
nordlichen Vulkanebenen mit niedrigem und hohem Mg-Gehalt.

Eine der wichtigsten Entdeckungen der NASA-MESSENGER-Mission ist die Entdeckung
weit verbreiteter Hohlrdume auf der Merkur-Oberfliche, die auf mogliche
Sublimationsprozesse der Minerale mit hohem Anteil an flichtigen Stoffen hindeuten. Da
Sulfide als potentielle Kandidaten fiir Hohlmaterialien vorgeschlagen werden, werden MgS,
FeS, Cas, CrS, TiS, NaS und MnS auf ihre Emissionsgradspektren als Funktion der Temperatur
im Vakuum untersucht. Dariber hinaus wird in der vorliegenden Arbeit auch die Ultraviolett-
bis Ferninfrarot-Reflexionsspektroskopie der frischen und thermisch verwitterten Sulfide im
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Vakuum untersucht. Diese einzigartige Spektralbibliothek von Sulfiden wird die Kartierung der
fllichtigen-reichen Oberflachenmineralogie des Merkur durch Spektrometer an Bord der
MESSENGER- und BepiColombo-Missionen ermdglichen. Dariiber hinaus untersucht die in
dieser Arbeit vorgestellte erweiterte Studie das spektrale Emissionsgradverhalten von CaS fiir
vier simulierte Merkurtage. Das Ergebnis der Studie beweist, dass CaS das stabilste Sulfid ist,
das die extreme thermische Umgebung von Merkur (iberlebt, und dass es ein wichtiger Tracer
fur andere Sulfide ist, die in dem von Sublimation dominierten Hohlformprozess verloren
gehen konnten. Die hier berichteten Emissionsgradspektren sind fiir den Nachweis und die
Kartierung von CaS in Verbindung mit Hohlrdumen und Pyroklastika unter Verwendung von
MERTIS-Datensatzen von Bedeutung.

Diese Dissertation ist eine kumulative Arbeit, die sechs begutachtete Manuskripte
umfasst, von denen drei veroffentlicht wurden und drei von denen drei veroffentlicht und drei
zur Veroffentlichung in Fachzeitschriften eingereicht wurden.
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1
INTRODUCTION

1.1 SPECTROSCOPY AND SURFACE SCIENCE

Identifying the nature and abundance of minerals on a planetary surface is the most
vital step to unravel its formation and geological evolution. Remote sensing enables us to
perform global investigation of varies aspects of planets including the geologic history that
shapes the physical and composition of the planet’s surface, atmosphere, and magnetosphere
(Emery et al., 2017). Almost everything we know about the surfaces of the solar system bodies
is enabled by remote sensing. Remote sensing is enabled by the study of interaction of the
light that are emitted and scattered by any particular media including planetary regoliths in
space and planetary analogues in the laboratory (Wu et al., 2018, Guanter et al., 2019). When
such study is investigated over the function of wavelength then it’s called spectroscopy
(Shirley and Fairbridge, 1997, Hapke, 2012). The particles with different composition and
physical structure exhibits different spectral features over a wide spectral range. These
spectral signatures intimately relate to the crystal structure of the particles and therefore
aiding the determination of their chemical composition and mineralogy through remote

sensing (Hapke, 2012, Bishop et al., 2019).

Spectroscopy thus becomes the powerful tool to remotely study the surface
mineralogy, chemical and physical make up of any planetary body. Spectrometers with wide
spectral range, greater spectral and spatial resolution with repeated orbital coverage are
helping us to map the surface mineralogy of planets in greater detail. Various spectral ranges
tell different stories and properties of the surface we look at (Hapke, 2012, Bishop et al.,
2019). For eg., visible-infrared (VIS-IR) surface spectroscopy of an atmosphereless rocky planet
can tell us about the distribution of Fe, Ti, Mg, Ca rich minerals for both its igneous and
sedimentary phases whereas thermal IR spectroscopy reveals the Si-O abundance on the bulk
mineralogy of the pixel we look at (Pieters and Englert, 1993, Bishop et al., 2019). By carefully

understanding the spectral behavior of various planetary analogues in laboratory experiments



at the planetary surface and environmental conditions, one can map the mineral abundance

and distribution globally from orbit.

Orbital spectroscopy in planetary remote sensing is enabled by detectors that are
capable of recording the reflected or emitted spectral signal from the planet surface at various
discrete wavelengths at the same time (Wu et al., 2018, Guanter et al., 2019, Booysen et al.,
2020). These orbital spectrometers can be either multispectral or hyperspectral modes
(Farrand et al., 2019). The major difference between these modes are the number of spectral
bands that these spectrometers are able to record. Multispectral remote sensing only enables
us to map the surface between 3 to 10 spectral bands, whereas, hyperspectral remote sensing
enables us to map each surface pixel at up to hundreds or even thousands of closely spaced
and continuous spectral bands (Booysen et al., 2020). Imaging spectrometers therefore help
us to effectively map the surface and its properties from the orbit and also very useful on a

rover, balloon or plane (Farrand et al., 2019, Booysen et al., 2020).

1.1.1 ELECTROMAGNETIC RADIATION AND ITS INTERACTION WITH SURFACE MATERIAL
Electromagnetic radiation (EMR) is energy that propagates through vacuum (free
space) or medium (atmosphere of planets) in the form of an advancing interaction between
electric and magnetic fields (Fig. 1.1) (Clark and Rilee, 2010, Hapke, 2012, Pérez-Juste and
Faza, 2015). The Sun is the primary source of EMR in our solar system but it’s not the only one.
All matter (such as Sun, human body) with the absolute temperature (in K) above zero emits
EMR energy due to the vibrations among the molecular bonds because of molecular agitation
(Clark and Rilee, 2010, Hapke, 2012, Pérez-Juste and Faza, 2015). This energy is called

emittance energy and are described in detail in section 1.1.1.2.

Our Sun radiates this electromagnetic energy over a wide range of wavelengths and
emits the most radiation in the visible portion of the spectrum (see Fig. 1.4). Before the
electromagnetic energy from the Sun reaches the planet’s surface, it passes through the
atmosphere if present (e.g., Earth and Venus) (Chance and Martin, 2017). For planets without
significant atmosphere e.g., Mercury, this electromagnetic radiation at all wavelengths

interacts directly with the planet’s surface materials (Bishop et al., 2019, Murchie et al., 2019).

When EMR photons interact with surface materials, some are reflected from the grain

surfaces, some are absorbed by the grains, and some are transmitted through the surface



grains (Fig. 1.2) such that Total Incident Energy (G) = Reflectance (pG) + Absorbance (aG) +
Transmittance (tG), where, reflectivity (p), absorptivity (o), and transmissivity (t) are defined
as the fractions of the original incident light (G) such that the sum of the reflected, absorbed,
and transmitted energy should be equal to the incident radiation due to law of conservation

of energy (Clark and Rilee, 2010, Hapke, 2012, Pérez-Juste and Faza, 2015).
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Figure 1.1. a) shows the direction of electromagnetic wave propagation and its corresponding
electric and magnetic field oscillation perpendicular to each other. b) shows the complete
range of EMR energy emitted by the Sun which further interacts with all solar-system objects.

These physical parameters (p, o, 1) varies depending on the material and its physical
and chemical state, the surface roughness as well as the geometric circumstances (e.g.
incidence angle of the sunlight) (Hapke, 2012). They also vary with the wavelength of the
electromagnetic energy and importantly the surface environment such as surface
temperature, pressure, and space weathering conditions (Hapke, 2012). By carefully studying
these differences in the reflectance/absorbance/transmittance spectra under controlled
laboratory conditions, makes it possible to remotely identify the planetary surface
composition, mineralogy and its physical properties from the orbit and telescope data (Reitze
et al., 2017, Maturilli et al., 2018c, Cloutis et al., 2019, Helbert et al., 2019, Varatharajan et al.,
2019a).



Among these energies, the reflectance and the emittance energy are the only radiation
that can be measured remotely from the planetary orbit or telescopic observations (Hapke,
2012). The following sub-sections are therefore focussed on the reflectance and emittance

spectroscopy.
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Figure 1.2. lllustration showing the interaction of the incoming radiation on the
semitransparent material. Image is modified from (Cengel et al., 2001)

1.1.1.1 REFLECTANCE SPECTROSCOPY

When the incident EMR hits the planetary surface, the energy absorbed by the surface
minerals are influenced by several processes. These differences in the absorption processes
and their wavelength dependence allow us to derive information about the chemistry of a
mineral from its reflected or emitted light (Pieters and Englert, 1993, Bell, 1997, Hapke, 2012,
Bishop et al., 2019). In reflectance spectroscopy, the measured spectrum is understood by
calculating the ratio of the amount of reflected to incident light where the absorption features
(or local spectral minima) are directly associated with the chemistry and the physical nature of the
surface (Bell, 1997, Hapke, 2012). These absorption features in the measured spectra are due

to the electronic and vibrational processes (Bell, 1997, Hapke, 2012).

The photometric behaviour of a planetary surface defines the direction of the reflected

light scattered from it. The key angular factors that controls the reflected energy includes



incidence angle (i), emergence angle (e), and the phase angle (g) (Fig. 1.3) (Hapke, 2012,
Goguen, 2014, Mustard and Glotch, 2019). In order to mosaic the datasets of the instrument
which mapped the surface at different geometries, the photometric modelling approach is
adopted where all the datasets of an instrument are normalised for a common illumination
and geometry (Bell, 1997, Hapke, 2012). Such normalisation is critical to interpret the surface
mineralogy through orbital spectroscopy. However, when attempting to map the spectral
behaviour of a planetary surface mapped by different instruments of different missions having
each an inherent observing geometries, it becomes critical to create the spectral library of
planetary analogues for varying observing geometries over a wide spectral range to enable
the comparison of the results from different orbiters of the same planet (Mustard and Pieters,

1989, Maturilli et al., 2018c, Varatharajan et al., 2019b).

Normal

Reflected

. light
Incoming

sunlight i

Surface

Figure 1.3. Key angles that defines the scattered geometry. Incidence angle (i) is defined by the
angle between the incoming sunlight and the surface normal, emergence angle (g) is defined
by the angle between the outgoing scattered or reflected light and the surface normal, and the
phase angle (g) is defined by the angle between the incoming sunlight and the outgoing
reflected light.

1.1.1.2 EMITTANCE SPECTROSCOPY

Emittance spectroscopy is based on the direct emitted/radiated energy from the
planet/object having surface temperature greater than absolute zero (in K). In other words,
there is no external light source is involved in measurement of emission spectroscopy, instead
the sample/surface itself acts as the radiation source. The wavelength at which this energy is
emitted directly depends at the temperature of the surface and it’s based on planck’s law

(Hapke, 2012). Planck’s law is valid only for blackbody surfaces which are assumed to be



perfect emitters. The Planck function of a black body (U(A,T)) is defined as a function of

wavelength (1) and temperature (T) (Hapke, 2012) as shown in equation 1 below;

21thycs 1
A5 ehc/ikeT —1 T (eq.1)

UAT) =

where hy is Planck’s constant (= 6.626 x 103* ) sec), ¢, is the speed of light, k, is Boltzmann’s

constant (=1.381 x 1023J K1),

The comparative blackbody plank’s curves for Sun (5778 K), Mercury (700 K), and Earth
(283 K) are plotted in Fig. 1.4. Fig. 1.4 shows that the maximum emitted energy shifts to
shorter wavelength with increase in temperature. Sun majorly emits at the visible wavelength
range whereas the emission for Mercury and Earth peaks in the MIR infrared spectral range.
Therefore, MIR spectral region is also referred as thermal infrared (TIR) spectral range (Hapke,

2012, Bandfield and Rogers, 2019).
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Figure 1.4. Plot shows the relation between the spectral radiance curves as a function of
wavelength for Sun (5778 K), Mercury (700 K), and Earth (283 K) (derived from eq. 1). The plot
shows that the emissivity peaks at visible-near infrared spectral region in the case of Sun,
whereas the emissivity peaks at thermal infrared/mid-infrared spectral region in the case of
Mercury and still a slightly farther region in case of Earth. In general, the emissivity peaks shift
to shorter wavelengths for increasing temperatures. This knowledge is important while
deciding the spectral range of the instrument aiming to map the emissivity of its targeted
planet/system.



Emissivity is defined as the ratio of the energy emitted from a material to that of a
blackbody (perfect emitter) at the same temperature and has unit less dimensions from 0 to
1 (Hapke, 2012, Bandfield and Rogers, 2019). For hot planetary surfaces such as Mercury and
Venus, the emitted energy peaks at TIR spectral region (Fig. 1.4). The three diagnostic spectral
features in the TIR emissivity spectrum that are commonly used for remote identification and
characterization of silicate minerals include the Christiansen feature (CF), Reststrahlen bands
(RBs), and the transparency feature (TFs). The CF position (wavelength at emissivity
maximum) is an index of silica polymerization and therefore the amount of Si-O (Conel, 1969,
Logan et al., 1973, Cooper et al., 2002, Donaldson Hanna et al., 2012), RBs relate to
fundamental vibration bonds due to stretching and bending modes of Si-O and its cations
(Lyon, 1965, Conel, 1969, Hamilton, 2000) and TFs are the emissivity minima in the TIR
spectrum caused by volume scattering of Si-O-Si bonds (Cooper et al., 2002, Hapke, 2012).
Therefore, understanding the TIR spectral evolution as a function of temperature will give

direct evidence to the surface mineralogy and the physical properties.

1.1.2 FACTORS AFFECTING REFLECTANCE AND EMITTANCE SPECTROSCOPY

From remote sensing standpoint, the key intrinsic variables that affect the nature of
the spectra and its absorption features are influenced by the abundance and oxidation state
of transition metals (principally iron) in silicates, oxides, and sometimes sulfides (for Mercury)
(Sprague et al., 1995), the presence of opaque components such as ilmenites (in Moon) (Yang
et al., 2019) and carbon-bearing phases (possibly in Mercury) (Domingue et al., 2014a, Trang
et al., 2017); and the extent of space weathering which could substantially modify the optical
properties of the surface materials due to prolonged interaction with the space environment.
Other factors that still affect the spectral shape includes the varying grain sizes of same
mineral, differences in the viewing angles causing non-uniform phase angle of observation,
and the slope/irregularity of the surface occupying the pixels (Okin and Painter, 2004, Helbert
and Maturilli, 2009, Maturilli et al., 2016a, Maturilli et al., 2016b, Varatharajan et al., 2019b).
Though these factors affecting the spectra can be understood in a controlled environment,
the real challenge comes in understanding the spectra can be addressed in two parts: 1.
spectral behaviour of minerals in their related planetary environment and 2. understanding

the mixture spectra containing more than one mineral.



The Fe-bearing minerals including oxides, olivine, pyroxene, and glasses creates crystal
field absorptions near 0.85-1.05 um wavelength when interacted with incident light and
therefore can be effectively distinguished in the planetary surfaces containing Fe-bearing
mineral phases such as Moon and Mars (Holsclaw et al., 2010, Horgan et al., 2014). However,
for surfaces such as Mercury which possess less than 2.5 wt% Fe in the surface does not
produce strong absorption features (McClintock et al.,, 2008, lzenberg et al., 2014,
Varatharajan et al., 2019c) and therefore make it difficult to understand the direct surface

mineralogy through reflectance spectroscopy in the VNIR spectral region.

Opaque minerals within the pixels typically darken and flatten the reflectance
spectrum of a mixture. Space weathering leads to formation of submicroscopic amorphous
rims on regolith grains, which further contain nm-scale inclusions of metal or sulfides formed
from impact-generated vapor and solar wind sputtering (Hapke et al., 1975, Pieters and
Englert, 1993, Hapke, 2001, Domingue et al., 2014b). This further affects the nature of the
silicate spectra by darkening and reddening (i.e., steepening the slope of reflectance with
respect to wavelength) in the VNIR wavelengths (Pieters et al., 1993, Fischer and Pieters, 1994,
Taylor et al., 2001) and brightening and bluing (i.e., reducing the slope) of the spectrum in the
UV (Hendrix et al., 2012, Hendrix et al., 2016). Both opaque minerals and space weathering

subdue mineralogical absorptions.

1.1.3 BUILDING PLANETARY SPECTRAL LIBRARY UNDER CONTROLLED LABORATORY CONDITIONS

In order to remotely map the surface mineralogy of a planetary surface such as
Mercury, it is important to create a specialised high-resolution spectral library of various
Mercury analogues unique for that planetary body under its extreme environmental
conditions over a wide spectral range (Maturilli et al., 2008, Maturilli et al., 2016b, Maturilli
et al., 2017b, Maturilli et al., 2018b, Varatharajan et al., 2019a). This can be achieved by
simulating the surface environment conditions in the controlled laboratory facility and fitting
them to the spectrometer without compromising the sensitivity of the optics and the
measurements. This section briefly introduces the Fourier Transform Infrared (FTIR)
spectroscopy approach widely adapted by various spectroscopy laboratories including
Planetary Spectroscopy Laboratory (see Chapter 3) and its capability to perform direct

emissivity studies at extreme temperatures when fitted with an external emissivity chamber.



1.1.3.1 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY APPROACH

In a traditional dispersive spectroscopy approach, a monochromatic light source of
narrow wavelength spectral region irradiates the sample and its corresponding reflected light
is measured (Hsu, 1997). On the other hand, FTIR spectroscopy uses a broadband beam source
and therefore enables collection of high spectral resolution data over a wide spectral range
based on the working principle of Michelson interferometer (Griffiths and De Haseth, 2007,
Shakun et al., 2017). The simple working principle of FTIR spectroscopy is outlined in Fig. 1.5
(Griffiths and De Haseth, 2007).
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Figure 1.5. Simple outline of the working principle of FTIR spectrometer based on (Griffiths and
De Haseth, 2007)

In FTIR spectroscopy, a broadband beam/light source having wide spectral frequencies
is used to irradiate a sample at once. Before the collimated beam source hit the sample
surface, it is first sent through the beam splitter which splits the light source to two halves.
One half of the light source hits a fixed mirror (F) and the other half hits a moving mirror at
constant velocity (M), and thus creating a path difference between the beams. When these
two halves are now reflected back from their corresponding mirrors and then recombined, it
creates an interference pattern. This interferogram is now sent to the sample and its
corresponding reflected interferogram is sent to the detector. The full spectrum of the

reflectance of the sample as a function of wavenumber is then obtained by applying Fourier



transform to the resulting compared spectra between the sample and the reference (Griffiths
and De Haseth, 2007). Inside the sample compartment, the viewing angle of the interferogram
can be adjusted such that the reflectance spectroscopy of various planetary analogues at wide
spectral range (ultraviolet to far infrared) at varying phase angle of observations can be

studied at very high spectral resolution (Maturilli et al., 2018c).

By choosing the beam source of wide spectral range and its corresponding sensitive
detectors, a FTIR spectrometer facilitates the flexible and dominant method of high-spectral-

resolution laboratory spectroscopy.

The Planetary Spectroscopy Laboratory (PSL) at Department of Planetary Laboratories
at the Institute of Planetary Research, German Aerospace Center (DLR), Berlin currently
operates three Bruker 80V FTIR spectrometers which are fitted with external light sources of
choice (UV-FIR) and their corresponding detectors. This facility therefore enables UV-FIR
reflectance spectroscopy of planetary analogues at the spectral resolution of 4 cm™. The
sample compartment at PSL is fitted with the Bruker A513 accessory which further allows to
repeat the spectral measurements of the samples and references at varying viewing
geometry. Chapter 3 elaborately discuss the capabilities of PSL facilities and Chapter 4
discusses the phase angle dependent UV-FIR spectroscopy of sulfides for both fresh and

thermally weathered sulfides.

1.1.3.2 IMPORTANCE OF SIMULATED PLANETARY ENVIRONMENT CONDITIONS

In most remote-sensing measurements, absorptions bands can be detected only
through their effects on the radiation that is thermally emitted by the planetary surface being
studied (Hapke, 1993). Considering planet Mercury and its closeness to the sun over its
geologic history, its surface has been repeatedly experienced extreme hot (450 °C; daytime)
and extreme cold (-170°C; nighttime) temperatures for every 176 days leading to thermally
weathering (Soter and Ulrichs, 1967, Krotikov and Shchuko, 1975a). Mercury’s 2:3 orbital
resonance has the significant impact on the latitudinal and longitudinal dependence on the
peak surface temperatures during Mercury days (Soter and Ulrichs, 1967, Krotikov and
Shchuko, 1975a, Vasavada et al., 1999, Bauch et al., 2021). The slow rotation of the planet
leads to local surface temperatures upto 450°C for about 88 days (Strom and Sprague, 2003).

Therefore, Mercury surface experiences an extremely wide range of temperature variations
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(-150°C to 450°C) at different latitudes and longitudes for such prolonged exposure time
(Vasavada et al., 1999, Bauch et al., 2021) (Fig. 1.6).
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Figure 1.6. Extreme thermal environment of Mercury surface mapped from the data by (Bauch
etal., 2021).

Together with the lack of stabilizing atmosphere, these temperature variations
significantly affect the crystal structure and density of minerals due to thermal expansion
(Stangarone et al., 2017). From a crystal structural point of view, these extreme change in
temperatures within the mineral induces the variations of bond distances and angles which
further changes the vibrational behaviour when reaching extreme temperatures and are
closely related to the vibrational frequencies within the TIR spectral region (Chihara et al.,
2001, Koike et al., 2003, Koike et al., 2006, Helbert et al., 2013b, Ferrari et al., 2014, Maturilli
et al., 2014, Reitze et al., 2017, Stangarone et al., 2017, Varatharajan et al., 2019a, Ferrari et
al., 2020).

In order to understand the spectral behaviour of the planetary analogues under such
extreme surface environment conditions, one of the FTIR spectrometers at PSL is fitted with

an external emissivity chamber which allows us to perform direct emissivity measurements of
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the samples at extreme temperatures of Mercury under vacuum conditions (Chihara et al.,
2001, Koike et al., 2003, Koike et al., 2006, Helbert et al., 2013b, Ferrari et al., 2014, Maturilli
et al., 2014, Reitze et al., 2017, Stangarone et al., 2017, Varatharajan et al., 2019a, Ferrari et
al., 2020). This facility enables us to demonstrate and understand the evolving spectral
behaviour of silicates, sulfides, and graphites under simulated daytime surface conditions of
Mercury which show significant TIR spectral signature changes under varying temperatures in
vacuum (Helbert and Maturilli, 2009, Helbert et al., 2013b, Maturilli et al., 2019, Varatharajan
et al., 2019a, Varatharajan et al., 2020b). These studies compel the importance of creating
specialised spectral library under simulated planetary environment which will help in
interpreting the remotely sensed TIR spectra. Chapters 4,5,6 discuss the samples, methods,
and results of direct emissivity measurements of sulfides and silicates in the TIR spectral

region under varying temperature environment of Mercury.

1.2. MERCURY AND ITS SURFACE EXPLORATION

Mercury, the smallest and the innermost of the terrestrial planets, is also the hottest
planet among the airless bodies in the solar system (Mahoney, 2014). Understanding its

formation and evolution are important to understand the formation of the solar system itself.

In the 1970s, Mariner 10 images provided the first closer look into the Mercury’s
heavily cratered plains and different geologic units distinguished by color differences (Hapke
et al., 1975). Over the next four decades telescopic reflectance spectra at ultraviolet (UV)
through short-wave infrared (SWIR) wavelengths (~0.1-2.5 um) revealed a featureless
reflectance spectrum lacking evidence for absorptions due to ferrous iron in silicate minerals
(e.g., (Warell et al., 2009, Vernazza et al., 2010) and references therein), though thermal
emission spectra suggested the presence of various silicate phases (Sprague et al., 1994,

Sprague et al., 1997, Cooper et al., 2001, Sprague et al., 2002, Sprague et al., 2009).

The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
mission is the first to orbit Mercury between 2011 and 2015 (Solomon et al., 2001).
MESSENGER carried seven scientific instruments out of which four instruments which includes
Mercury Atmospheric and Surface Composition Spectrometer (MASCS) (McClintock and

Lankton, 2007, Domingue et al., 2019a, Domingue et al., 2019b), Mercury Dual Imaging
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System (MDIS) (Hawkins et al., 2007, Denevi et al., 2018), X-ray Spectrometer (XRS) (Schlemm
et al.,, 2007, Weider et al., 2012), and Gamma-Ray and Neutron Spectrometer (GRNS)
(Goldsten et al., 2007, Lawrence et al., 2017) are specifically sent to understand the surface
chemistry and its mineralogy (Solomon et al., 2001). The optical spectroscopy suite (MASCS,
MDIS) onboard MESSENGER covered only the visible and near-infrared spectral range
(Hawkins et al., 2007, McClintock and Lankton, 2007, Denevi et al., 2018, Domingue et al.,
2019a, Domingue et al., 2019b). The most comprehensive UV through SWIR spectral
measurements have been acquired by the MDIS wide-angle camera (WAC) and MASCS Visible
and Infrared Spectrograph (VIRS) and Ultraviolet and Visible Spectrometer (UVVS) on the
MESSENGER spacecraft. None of the spectral measurements obtained so far have shown
silicate absorption bands in this spectral range due to the Fe-poor nature of the surface
minerals (Izenberg et al., 2014). This poses necessary challenges for direct identification of the
surface mineralogy. On the other hand, new measurements by geochemistry suite (XRS,
GRNS) of MESSENGER spacecraft suggest a mineralogy dominated by magnesium-rich
orthopyroxene and feldspar (Namur and Charlier, 2017, Vander Kaaden et al., 2017).

However, direct identification of the surface mineralogy of Mercury is still missing.

1.2.1 ENIGMATIC MERCURY

1.2.1.1 THE ORIGIN

The Mercury’s high uncompressed density (about 5.3 Kg/m3) and its largest core
among all terrestrial planets is still mysterious (Mahoney, 2014). Mercury’s high density is
attributed to the abundance of Fe- and heavy siderophile elements in comparison to Si, Mg,
and other lithophile elements (Mahoney, 2014). The metal-rich composition of Mercury can
be either explained by the stripping of 64% of mass of the initially chondritic Mercury or the
unknown nebular fractionation processes of the non-chondritic Mercury (Lewis, 1988, Benz et

al., 2008). The origin of Mercury is still “the least well-understood topic” (Chapman, 1988).

1.2.1.2 THE VOLATILE-RICH INTERIOR

MESSENGER data revealed the most unexpected multiple independent lines of
evidence that Mercury’s surface including its crust and possibly mantle are rich in volatiles

(Blewett et al., 2011, Blewett et al., 2013, Xiao et al., 2013, Goudge et al., 2014, Thomas et al.,
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2014a, Besse et al., 2015, Vilas et al., 2016). Understanding the nature and abundance of these
volatiles is of fundamental importance for understanding the formation and evolution of
Mercury. Detailed mapping of the nature and extent of these volatiles will help us to
determine the distance from the Sun at which material accreted to form the proto-Mercury

and its evolution to present day Mercury.

Pyroclastic Vent - Explosive volcanism

Credit: NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Institution of Washington

Figure 1.7. a) Pyroclastic vent named “Nathair Facula” situated at the north-east of
Rachmaninoff Basin (35.84°N 64°E) representing the explosive volcanic event on Mercury. The
image was taken by MDIS WAC (Image ID: 7866002) at the targeted color observation mode at
spatial resolution 73 m/pixel. The image is ~55km across the diagonal acquired at phase angle
of 87.7°. This high-resolution image shows the smooth surface which are blanketed by the very
fine particles (volcanic ash) and the textured north-eastern walls indicating the downslope
movement of the ejected material marked by yellow arrow. b) Hollows within the crater
Eminescu (10.52°N 114.3°E) representing the volatile sublimation processes on Mercury
surface. The image was taken by MDIS NAC (Image ID: 605799) at the spatial resolution of 24
m/pixel and the image is about 28 km wide at the phase angle of 50.4°. This high-resolution
image shows the extensive formation of hollows, some of which are indicated by yellow arrows,
on and surrounds the mountainous peak-ring.

The two most striking evidences of Mercury’s volatile-rich interior are obtained from

the photogeologic observations by MDIS data;

a) The first line of evidence includes the evidences of explosive volcanic vents (Fig.
1.7a) in the form of non-circular holes of about 10 km size and 1 km depth (Kerber et al., 2011,
Besse et al., 2015), called pyroclastic vents. These are usually characterised by a high albedo,

spectrally red spot (a facula) and several tens of km across with a diffuse outer edge (Thomas
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et al., 2014b). These explosive eruptions on this scale suggests the violent gaseous expansion

of an abundant volatile (Kerber et al., 2009).

b) The second line of evidence includes the discovery of ‘hollows’ (Fig. 1.7b) which are
characterised by their steep-sided, flat bottomed depressions 10-20 m deep from which 100
m to km wide patches of material have somehow been removed from the surface (Blewett et
al., 2013, Thomas et al., 2014a). The suggested mechanisms for hollow formation include
sublimation (Helbert et al., 2013a), thermal desorption, photon-stimulated desorption, and
sputtering, and all the proposed mechanisms conclude that whatever is being lost is not fully
stable at present-day Mercury surface conditions and therefore indicating their volatile-rich
nature. The first evidence of nature of hollow materials was reported by (Vilas et al., 2016)
which indicated the presence of CaS and MgS in the Dominici and Hopper hollows. The study
used MDIS 8 band spectral datasets and compared the laboratory spectra of CaS and MgS

measured at PSL for the interpretation.

The detailed mapping of the nature, abundance, and distribution of Mercury volatiles
across the surface will not only help us to decipher the interior composition of Mercury but
will also help us to constrain the nature of Mercury’s origin. Chapter 4 of this dissertation
presents the specialised spectral library of seven sulphide minerals (Varatharajan et al.,
2019a), where the emissivity of each sulfides are measured as a function of temperature
under vacuum to study the changing spectral nature under extreme thermal environment of
Mercury. The reflectance measurements of the fresh and thermally weathered sulfides are
also presented at wide spectral range and various phase angle combinations. This study will

help the detailed mineralogy map of the hollows across Mercury surface.

1.2.1.3 SPECTRAL REFLECTANCE

Mercury is known for its extremely reduced nature. In contrast to lunar reflectance
spectra (Fig. 1.8 top), which possess characteristic absorption bands, the spectral reflectance
measurements by both MESSENGER MASCS (lzenberg et al., 2014) and telescopic observation
of Mercury (Warell et al., 2009, Vernazza et al., 2010) within the VIS-IR spectral region (0.3-1.5
um) presents with a featureless red-sloped spectra (Fig. 1.8 bottom). This suggests that
Mercury surface lacks the crystal-field absorptions which are caused by the presence of

transition metals in silicate, principally iron.
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Figure 1.8. (Top) shows the lunar spectra (a) and its continuum removed counterpart (b) within
the Aristarchus crater (23.7°N 47.4°W) obtained by Moon Mineralogy Mapper (M3) of
Chandrayaan-1 mission represents the spectrally and mineralogically heterogeneous surface.
The characteristic absorption bands and shapes near 1 um and 2 um spectral region due to the
presence of Fe?* the enables the mineral identification in the study by (Horgan et al., 2014).
(Bottom) shows the common featureless, red-sloped nature of Mercury spectra in the study by
(Izenberg et al., 2014) where (a) represents the average Mercury surface spectra, b) and c)
represents the Mercury spectra across various surface units and its ratioed counterpart
(individual spectra/average spectra) respectively which only show the differences in overall
shape and slope without any indication of diagnostic absorption bands.

Various studies using MESSENGER data confirms the extreme depletion of Fe (in any
form) on Mercury’s surface and deeper excavated materials (Izenberg et al., 2014, Murchie et
al., 2015). The maximum wt% of Fe on Mercury surface is estimated to be 2.5wt% and could
be present in the form of highly reduced phase as metal or sulfides (Trang et al., 2017). These
studies also suggest the silicate mineralogies of Mercury which possess insufficient Fe?* to
yield diagnostic features in the visible-infrared spectral region. However, the overall

reflectance, spectral slope, and the scattering direction of MESSENGER reflectance spectra are
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still used for insights to the elemental abundance and composition of the surface materials.
For e.g., the UV spectral slope of the MDIS and MASCS spectra are used to characterise the
hollow and pyroclastic materials on Mercury surface by various studies (Goudge et al., 2014,
Besse et al., 2015, Besse et al., 2020). On the whole, the surface composition of Mercury is still

largely unknown.

This limitation of spectral reflectance of Mercury surface in visible-infrared spectral
range strongly suggests for different spectral region that are capable of identifying the Fe-
poor silicate mineralogy from the orbit. Chapter 6 presents the emissivity behaviour of such
silicates studied under extreme Mercury daytime surface conditions as a function of
temperature and under vacuum at 7-14 um spectral region. This study will therefore support
the global mineral mapping of Mercury surface for the first time by MERTIS instrument

(Helbert et al., 2010, Hiesinger et al., 2010, Hiesinger et al., 2020).

1.2.1.4 SURFACE MINERALOGY

Due to the insufficient capability of spectral reflectance of Mercury surface for
mineral mapping, the data from the geochemistry suite (XRS, GRNS) onboard MESSENGER are
used to derive indirect mineralogy of Mercury. Due to highly elliptical orbit of MESSENGER,
the spatial coverage and resolution is highest at the northern hemisphere, this derived

mineralogy is still limited only to the northern hermean hemisphere.

Previous studies (Peplowski et al., 2015, Weider et al., 2015, Vander Kaaden et al.,
2017) used XRS and GRNS data to identify nine major distinct geochemical terranes of Mercury
(Fig. 1.9) which include, (1) a high-Mg region (HMR); (2) a sub-region of the HMR with the
planet’s highest Ca and S contents (HMR-CaS); (3) a subset of the northern volcanic plains (NP)
with relatively high Mg content (NP-HMg); (4) a subset of the NP with relatively low Mg
content (NP-LMg); (5) the Rachmaninoff basin (RB); (6) the planet’s largest pyroclastic deposit,
located northeast of the Rachmaninoff basin (PD); (7) high-Al regions southwest and
southeast of the NP (HAI); (8) the smooth plains within the Caloris basin (CB); and (9) the

intermediate terrain (IT), made up of intercrater plains and highly-cratered terrain.

Vander Kaaden et al. (2017) further used the normative mineralogy computation
method to derive indirect mineralogy of these geochemical terrains based on the GRS, XRS

and NS results and these are tabulated in Table 1.1.
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Figure 1.9 Geochemical terranes of Mercury taken from (Vander Kaaden et al., 2017). Each
color represents the distinct geochemical terrane mapped from the data obtained by XRS and
GRNS spectrometer onboard MESSENGER mission.

On the other hand, Namur and Charlier (2017) took an experimental approach to
derive the mineralogy of these geochemical units by taking advantage of the knowledge of
the percentages of the oxides of the elemental abundances for each geochemical terrains
using the results from the studies (Peplowski et al., 2015, Weider et al., 2015, Vander Kaaden
et al.,, 2017). The study (Namur and Charlier, 2017) conducted the magma crystallization
experiments under reducing Mercury conditions representing each of these geochemically
distinct terrains to derive a plausible silicate mineralogy for Mercury’s surface and tabulated
in Table 1.1 in comparison to normative mineralogy. Their study found that the oldest volcanic
terrains (4.2-4.0 Ga), such as HMR and IT, are dominated by mafic minerals; where HMR is rich
in forsterite and IT is comprised of forsterite, plagioclase, and enstatite. However, the
youngest lavas (3.9-3.5 Ga), which mostly comprise the IT terrain, are dominated by
plagioclase. Namur and Charlier (2017) suggest that Mercury’s magma undergoes a temporal
evolution where the source of the magma progressively gets shallower and the degree of

mantle melting decreases over its geologic history.

Nevertheless, a direct mineralogic map of global Mercury, which characterizes the
different mineralogical properties of the geochemical terrains, has yet to be constructed.

Chapter 2 of this dissertation discusses the global multivariate analysis of MESSENGER MASCS
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datasets and their relation to the various geochemical terranes of Mercury (Varatharajan et
al., 2020a). The study for the first time spectrally differentiates the NVP-LMg and NVP-HMg

geochemical terranes using principal component analysis (PCA) approach.

Table 1.1 Comparison between experimental and normative mineralogy of various geochemical
units of Mercury from MESSENGER datasets

. (Experimental) Silicate Mineralogy® Normative Mineralogy?in wt%
Geochemic -
. . Basement (%) Dominant )
al Terranes volcanic - Plg ol sulfides
Plg Fo Di En pyx
NVP-LMg dominantly Plg in >50 Hyp+Diop <2 ~4
addition to Fo and >50 10- >15 -
NVP-HMg Di 15 <50 Hyp ~11 ~4
HMR May containonly Fo | o | 55 | 50 | <15 | <50 Diop ~7 | 5
crystals
HMR-Ca$S - - <50 Diop >30 ~6.25
IT Fo or Fo+Di >45 - - >25 >50 Hyp <2 ~4
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aGeochemical terranes of Mercury surface and its normative mineralogy (Vander Kaaden et al., 2017).
bSilicate mineralogy derived from geochemistry laboratory experiments (Namur and Charlier, 2017)

1.2.2 BEPICOLOMBO AND ITS SPECTROMETERS FOR DIRECT SURFACE MINERALOGY STUDIES
BepiColombo is the second orbiter to Mercury which was launched on Oct 20, 2018 by
European Space Agency (ESA) and Japanese Space Agency (JAXA). BepiColombo is known for
its twin-satellite system carried by the Mercury Transfer Module (MTM) to Mercury. The twin
satellites include Mercury Planetary Orbiter (MPO) by ESA and Mercury Magnetospheric
Orbiter (MMO) by JAXA. Together BepiColombo has a larger and competent suite of
instruments relevant for determination of the topographic, physical, chemical and
mineralogical properties of Mercury’s surface compared to MESSENGER spacecraft. Unlike
MESSENGER which mapped Mercury surface at a highly elliptical angle and larger and varying

phase angles (~80°), BepiColombo will make uniformly resolved observations in a near-
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circular orbit and therefore mapping both northern and southern hemispheres at similar

spatial resolution for the first time at nadir observations (phase angles <20°) (Fig. 1.10).
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Figure 1.10. The relationship between MESSENGER and BepiColombo orbits for MPO and
MMO. Source: https://www2.mps.mpg.de/en/projekte/bepicolombo/

This unique opportunity therefore offers the complete global mapping of Mercury at
higher spatial resolution. On April 9t 2020, BepiColombo completed its first flyby with Moon

and performed the first flyby with Venus on October 15t 2020.

BepiColombo will provide us with the first global mineralogical mapping of the
Mercury surface which will be enabled by Mercury Radiometer and Thermal Imaging
Spectrometer (MERTIS) payload onboard MPO of BepiColombo (Hiesinger et al., 2010,
Hiesinger et al., 2020). MERTIS is the first hyperspectral imaging spectrometer ever flown to
Mercury that will map the emissivity and the temperature of the surface in the thermal
infrared (TIR) spectral region. MERTIS combines an imaging spectrometer covering the
wavelength range from 7-14 um mapping the surface mineralogy at spectral resolution of 90
nm (78 spectral channels) and spatial resolution of 500 m/pix, with a radiometer covering the

wavelength range from 7-40 um mapping the temperature and physical properties of the
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surface at 2 km/pixel spatial resolution. Unlike visible-infrared spectral region where the
diagnostic spectral features are dominated by the presence of transition metals like Fe and Ti,
the TIR spectral region is influenced by the presence and the nature of Si-O bonds within the
crystal lattice of the silicate minerals. Chapter 6 of this dissertation discusses the emissivity
spectra of 10 Fe-poor silicate minerals belonging to five different families (olivine, pyroxene,
plagioclase feldspar, K-feldspar, and feldspathoid) as a function of temperature under vacuum
support MERTIS data analysis. The emissivity spectra and their spectral parameter plot
discussed in the Chapter 6 shows that MERTIS can distinctly characterise the direct silicate
mineralogy of Mercury due to the diagnostic spectral features within 7-14 um spectral region.
Chapter 4 of this dissertation further presents the emissivity behaviour of various sulfides
under Mercury daytime surface conditions and shows that MERTIS can unique identify the
sulphide mineralogies. The detailed description of MERTIS instrument and its first in-flight

calibration results are discussed in Chapter 7.

MPO also carries a visible—near-infrared imaging spectrometer (VIHI) of Spectrometer
and Imagers for MPO BepiColombo — Integrated Observatory SYStem (SIMBIO-SYS) which will
map the surface mineralogy of Mercury in spectral range of 0.4-2 um at spectral resolution of
6.25 nm (256 spectral channels) and spatial resolution of 100-375 m/pixel (Flamini et al.,
2010). Since spectral region beyond 1.5 um is highly dominated by emissivity for Mercury
daytime surface temperatures, the direct temperature measurement by MERTIS will support

the thermal correction studies of SIMBIOSYS-VIHI instrument for spectral region beyond 1.45

pum.

By combining the direct measurements of the visible-near-infrared and emissivity
measurements as a function of temperature from the orbit and the laboratory measurements
of extensive Mercury analogues under the extreme environmental conditions of Mercury,
BepiColombo will give the first insight to the crustal and mantle mineralogy of Mercury and
its evolution over geologic history. In the recent publication by (Rothery et al., 2020) on
“Rationale for BepiColombo Studies of Mercury’s Surface and Composition” in “Space Science
Reviews”, the detailed capabilities of the BepiColombo surface science is explained, in which
| am one of the co-authors and | contributed text and figures related to PSL and emissivity
studies of Mercury analogues under extreme environmental conditions within this

publication.
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1.3. SCOPE OF THIS THESIS

The work presented here was carried out as part of the MERTIS science onboard
Bepicolombo mission to Mercury. The main objective of this PhD thesis is to constrain our
understanding of the crustal and mantle mineralogy of Mercury through orbital spectroscopy
of past and future missions. The major foundation of the thesis is focussed on the laboratory
investigation of the reflectance and emissivity of various Mercury analogues which enable by
their detection from the orbit by past and future missions. The main contribution of the thesis
is highlighted in creating the unique and specialised temperature-dependent spectral library
in the thermal-infrared (7-14 um) spectral region of 17 Mercury analogues belonging to
sulfides (7 minerals) and silicates (10 minerals belonging to olivines, pyroxenes, plagioclases,
K-feldspars, feldspathoids). The thesis further evaluates the global multivariate spectral
analysis of the existing MESSENGER MASCS datasets to constrain the global spectral diversity
of the Mercury surface and its relation to the geochemical terrains constrained by XRS and
GRNS instrument onboard MESSENGER. The results from this thesis supports the
spectroscopy and surface science of Mercury from the data obtained by MERTIS and
SIMBIOSYS-VIHI instrument onboard BepiColombo mission and MASCS and MDIS instrument
onboard MESSENGER mission.

This work is a cumulative dissertation and the core of the dissertation includes six
manuscripts. Out of six, one manuscript is published in peer reviewed journal (Chapter 4), two
manuscripts are published in peer-reviewed conference proceedings (Chapter 3 and Chapter
7), one manuscript is under revision (Chapter 2), and two manuscripts are under review
(Chapter 5 and Chapter 6). The included manuscripts correspond to the final, submitted
versions prior to corresponding publications. For this dissertation the figures were re-
positioned to correspond to the published, type-set versions of the articles. The references of
all the manuscripts are attached to the end of each corresponding chapters, rather than listed
at the end of the dissertation. This PhD work is funded as a part of DLR-DAAD PhD research

fellowship programme.

Chapter 2 is currently under revision as “Global Multivariate Spectral Analysis of
Mercury and the Identification of Geochemical Terrains: Derived from the MASCS

Spectrometer onboard NASA’s MESSENGER Mission” in “Journal of Geophysical Research:
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Planets” and its preprint is published in “Earth and Space Science Open Archive (ESSOAr)”
(Varatharajan et al., 2020a). This work presents the results from global multivariate spectral
analyses of MESSENGER MASCS datasets by applying techniques include standard spectral
parameter maps, k-means clustering, and principal component analysis (PCA) to spectrally
characterize Mercury’s surface. | was the first author, wrote the article, wrote the program,
performed, analysed, and interpreted all the results of the MASCS spectral analysis discussed
in the manuscript. Python language is used for data analysis and visualisation. Mario D’Amore
created the global MASCS datacube which is used in this manuscript. Jérn Helbert, Mario
D’Amore, Deborah Domingue, and Alessandro Maturilli contributed constructive reviews to

the manuscript prior to submission.

Chapter 3 is published as “The Planetary Spectroscopy Laboratory (PSL) — wide spectral
range, wider sample temperature range” in “Proc. international society for optics and
photonics (SPIE), Infrared Remote Sensing and Instrumentation XXVI” (Maturilli et al., 2018c).
This manuscript details the wide range of capabilities of Planetary Spectroscopy Laboratory
(PSL) that enables the creation of the spectral library enabled by reflectance, transmission and
emissivity measurements. PSL offer the unique opportunity to use the same spectrometer to
perform spectroscopy under vacuum (or purged air), covering the whole spectral range from
UV (0.2 um) to the FIR (200 um and above), and for sample temperature from 70K to 1000K.
PSL’s is unique for its planetary emissivity chamber that allow us to study the emissivity of the
planetary analogues under extreme environment conditions (100°C to 500°C) such as
Mercury as a function of temperature. The resulting thermally weathered samples at the end
of the emissivity measurements are further used for reflectance measurements for a wide
spectral range (0.25 — 200 um) and phase angle (13° - 80°) conditions. The results obtained
by PSL is presented and discussed in the chapters 4, 5, and 6 of this dissertation. The first
author of this manuscript is Alessandro Maturilli. My contribution as a co-author includes the
contribution related to the emissivity and the reflectance capabilities of the PSL discussed in

this chapter.

Chapter 4 is published as “Spectral Behavior of Sulfides in Simulated Daytime Surface
Conditions of Mercury: Supporting past (MESSENGER) and future missions (BepiColombo)” in
“Earth and Planetary Science Letters” (Varatharajan et al., 2019a). This work presents the

emissivity and reflectance spectral library of 7 synthetic sulfides includes MgS, FeS, CaS, CrS,
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TiS, NaS, and MnS. For each sample, the emissivity measurements are performed in the
thermal infrared range (TIR: ~7-14 um) for sample temperatures from 100°C-500°C, covering
the daytime temperature cycle on Mercury’s surface. In addition, for each sample, the spectral
reflectance of fresh and thermally processed sulfides are measured over a wide spectral range
(0.2-100 um) and at four different phase angles, 26°, 40°, 60°, 80°. The change in spectral
behaviour of these sulfides under extreme thermal environment of Mercury is discussed in
detail in this chapter. | was the first author, wrote the article, prepared the sample cups ready
for measurements, performed the laboratory measurements for both emissivity and
reflectance study, derived spectral parameters, and interpreted the results. Alessandro
Maturilli and Jorn Helbert bought the synthetic samples used in this study. Jorn Helbert,
Alessandro Maturilli, Harald Hiesinger, and Giulia Alemanno are involved with constructive
reviews to the manuscript prior to submission. The importance of this work is weighted by its
capability to map the distribution, abundance, and the nature of sulfides in and around
hollows and pyoclastic deposits of Mercury surface. The results from this study is used in the
recently published work on “Spectral Properties and Physical Extent of Pyroclastic Deposits on
Mercury: Variability Within Selected Deposits and Implications for Explosive Volcanism” in
“Journal of Geophysical Research: Planets” (Besse et al., 2020) in which | am one of the co-
authors and contributed the sulfide spectra and its derived spectral parameters presented in

this specific study.

Chapter 5 is currently under review as “Thermal Stability and Emissivity Behavior (7-
14 um) of Ca-Sulfides under Simulated Daytime Surface Conditions for Multiple Mercury days:
Implications for the formation of hollows and CaS detection by MERTIS onboard the
BepiColombo mission” with “Earth and Planetary Science Letters”. Chapter 4 showed that CaS
sample cup possesses the most stable spectral bahavior compared to its counterparts when
heating upto 500 °C under vacuum for one Mercury. This work in Chapter 5 therefore tests
the stability of the thermal behaviour of CaS while heating the sample cup for multiple
Mercury daytime surface conditions. The importance of this work presents the stability of CaS
under the extreme thermal environmental conditions and therefore acting as an important
tracer of other sulfides those might be lost in the sublimation process. The spectral emissivity
result therefore supports detection of CaS among hollows and pyroclasts in MERTIS datasets.

| was the first author, wrote the article, prepared the sample cups ready for measurements,
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performed the emissivity measurements for four Mercury days, derived spectral parameters,
and interpreted the results. Claudia Stangarone and Sergio Speziale performed the XRD
measurements of the fresh and thermally weathered CaS samples presented in this study.
Jorn Helbert, Alessandro Maturilli, Harald Hiesinger, and Iris Weber contributed the
constructive reviews to the manuscript prior to submission. Karin E. Bauch contributed

globally modelled surface temperature of Mercury used in the study.

Chapter 6 is submitted as “Thermal Infrared Spectroscopy (7-14 um) of Silicates under
Simulated Mercury Daytime Surface Conditions and their Detection: Supporting MERTIS
onboard the BepiColombo Mission” with “Icarus”. This work presents the extensive emissivity
spectral library of finely grained (<25 um grain size) silicate analogues of Mercury measured
under extreme daytime conditions of Mercury surface. The emissivity spectra of ten terrestrial
silicate minerals studied include one olivine (forsterite), two pyroxenes (diopside,
hypersthene), four plagioclase feldspars (anorthite, labradorite, andesine, oligoclase), one K-
feldspar (microcline), and one feldspathoid (nepheline) for five temperatures (100 °C, 200 ° C,
300 °C, 400 °C, and 500 °C) under vacuum. The study further presents the relation between
the spectral parameters such as Christiansen Feature (CF) position, first Reststrahlen band
(RB1) position, RB1 emissivity, and RB spectral contrast and its temperature for all the silicates
for their effective survey the Mercury surface mineralogy with MERTIS datasets from the orbit.
The study introduces CF vs RB1 plot which can be used to effectively identify olivine,
pyroxenes, and plagioclase feldspars and enable a quick first order surface mineral
identification in MERTIS data and ground-based telescopic observations in the TIR spectral
region. | was the first author, wrote the article, prepared the sample cups ready for
measurements (except for forsterite and enstatite), performed the emissivity measurements
(except for forsterite and enstatite), derived spectral parameters, and interpreted the results.
Alessandro Maturilli and Jorn Helbert collected the samples used in this study. Claudia
Stangarone performed the emissivity measurements of forsterite and enstatite as a part of
her thesis (Stangarone, 2017). Claudia Stangarone and Franziska D.H. Wilke performed the
EPMA measurements of the fresh silicates for their chemical characterisation which is
presented in this study. Jorn Helbert, Alessandro Maturilli, Harald Hiesinger, and Iris Weber

contributed the constructive reviews to the manuscript prior to submission.
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Chapter 7 is published as “The mercury radiometer and thermal infrared imaging
spectrometer (MERTIS) onboard BepiColombo: first inflight calibration results” in “Proc.
international society for optics and photonics (SPIE), Infrared Remote Sensing and
Instrumentation XXVII” (D'Amore et al., 2019). This chapter summaries the MERTIS instrument
specifications and capabilities and also reports the first inflight calibration and performance
results during the Near-Earth Commissioning Phase of BepiColombo mission. The study
revealed no performance loss or misalignment and therefore promising the desired scientific
results during the flybys of the Moon and Venus during the transit to Mercury. Mario D’Amore
is the first author and wrote the manuscript. | am the co-author and contributed in the Quick
Look Analysis of the first data of MERTIS which is used in this study. Python language is used
for the analysis presented in this study. | am also Co-Investigator of the MERTIS instrument

since May 2018.

The final chapter 8 summarizes the results of the six studies and presents the

conclusions of this thesis.
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GLOBAL MULTIVARIATE SPECTRAL ANALYSIS OF
MERCURY AND THE IDENTIFICATION OF
GEOCHEMICAL TERRAINS:
DERIVED FROM THE MASCS SPECTROMETER
ONBOARD NASA’S MESSENGER MISSION

I. Varatharajan'?, M. D’Amore?, D. L. Domingue?, J. Helbert?!, and A. Maturilli

IDepartment of Planetary Laboratories, Institute of Planetary Research, German Aerospace
Center (DLR), Berlin, Germany, Institute of Geological Sciences, Freie University (FU) Berlin,

Germany, 3Planetary Science Institute, Tucson AZ, 85719, USA.
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Preprint available at Earth and Space Science Open Archive (ESSOAr)
DOI: https://doi.org/10.1002/essoar.10501760.1

The author contribution is explained in the Section 1.3.

KEY POINTS

K-Means clustering of global MASCS hyperspectral datacube suggests that most of
Mercury’s surface fall into three contiguous regions.

Principal component analysis (PCA) of MASCS datacube distinguishes the northern
volcanic plains as consisting of high-Mg and low-Mg terranes.

The 6™ component of a Principal Component Analysis of MASCS data correlates with
physical properties of Mercury surface associated with fine-grained, freshly exposed

materials.
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2.1 ABSTRACT

The visible-infrared spectra of Mercury’s surface show little variation, displaying no
distinct spectral features except for the possible spectral identification of sulfide within the
hollows (Vilas et al. 2016). It is essential therefore to define and map any subtle spectral
heterogeneity across Mercury’s surface and to correlate these differences where possible to
geomorphological features, such as impact craters, volcanic vents, and tectonic features. The
Mercury Atmospheric and Surface and Composition Spectrometer (MASCS) instrument
onboard MESSENGER spacecraft is the only hyperspectral reflectance spectrometer to date
that has mapped Mercury’s surface in the wavelength range 300 nm - 1450 nm. The limitation
of MASCS is that it's a point spectrometer that mapped Mercury’s surface at non-uniform
spatial scale. In this study, we resampled the global MASCS hyperspectral dataset to a uniform
equal-angular resolution of 1 pixel per degree. This enabled us to perform global multivariate
analyses, including standard spectral parameter maps, k-means clustering, and principal
component analysis (PCA) to spectrally characterize Mercury’s surface. As the result of the
PCA technique, the study for the first time presents the MASCS spectral heterogeneity map
across Mercury correlating to both chemical and physical properties of the surface and also
presents the spectral properties of the various geochemical terranes. The resulting map
enables us to identify surface units based on grain size, the presence of amorphous materials,
and space-weathering associated alterations. For the first time, we show that MASCS datasets
effectively differentiate between the two northern plains’ geochemical regions; the high-Mg
and low-Mg terranes. This global spectral heterogeneity map derived from uniform equal-
angular resolution MASCS datasets are a baseline for future investigation of the surface of
Mercury with the MERTIS and SIMBIO-SYS/VIHI datasets of BepiColombo at higher spatial

resolution and with a significantly wider spectral coverage.
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2.2 INTRODUCTION

The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
mission was the first spacecraft to orbit Mercury. Over its 4 years at Mercury, beginning with
its orbit insertion in 2011 (Solomon et al., 2001), the instruments onboard this spacecraft
globally mapped the planet. Among the seven scientific instrument suites, MESSENGER
carried three spectrometers and one camera system. These included an X-Ray Spectrometer
(XRS), a Gamma-Ray and Neutron Spectrometer (GRNS), the Mercury Atmospheric and
Surface Composition Spectrometer (MASCS), and the Mercury Dual Imaging System (MDIS),
all of which mapped the surface chemical and mineralogical properties of Mercury from 2011-

2015.

The MDIS camera and the MASCS spectrometer are the only two instrument suites to
have globally mapped Mercury’s surface spectral characteristics. MDIS is comprised of two
imaging cameras; the Narrow Angle Camera (NAC) that acquired monochrome (0.75 um) data
at a resolution of ~200-500 m/pixel and the Wide Angle Camera (WAC) that acquired global
8-channel multispectral datasets in the spectral range of 0.4-1 um at the spatial resolution of
~5 km/pixel (Hawkins et al., 2007). MASCS is a hyperspectral point spectrometer suite which
consists of a small Cassegrain telescope with an aperture that simultaneously feeds the
incoming reflected light from the surface to an Ultraviolet and Visible Spectrometer (UVVS)
and a Visible and Infrared Spectro-graph (VIRS). UVVIS mapped the surface at 0.115-0.6 um at
1 nm spectral resolution. VIRS consists of two separate channels, one in the visible (0.3-1.05
pum) and another in the near-infrared (NIR: 0.85-1.45 um) that mapped the surface at 5 nm
spectral resolution (McClintock and Lankton, 2007). The elliptical orbit and spacecraft
pointing constraints resulted in MASCS mapping the surface at dynamically varying spatial
resolutions (100m - 7.5km) and high phase angles (>80°); complicating the global

hyperspectral characterization of Mercury at a uniform scale.

Global multispectral MDIS data reveals three areally dominant spectral units; low-
reflectance material (LRM), moderate-to-high reflectance smooth plains (HRP), and spectrally
intermediate terrane (IT) (Robinson et al., 2008). HRP and IT terranes can be identified by a
low reflectance, red-sloped, featureless spectrum suggesting the presence of iron-poor

silicate minerals, which is supported by ground-based telescope measurements (Vilas and
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McCord, 1976, McCord and Clark, 1979, Vilas et al., 1984, I1zenberg et al., 2014). The absence
of a 1-um crystal-field absorption feature due to ferrous iron in silicates suggests the presence
of 0.1-1 wt% of iron in the crustal silicates of Mercury (Lucey and Riner, 2011, lzenberg et al.,
2014, Murchie et al., 2015). However, LRM exhibits a 600 nm absorption feature that seems
to correlate (Murchie et al., 2015, Klima et al., 2018) with graphite abundance (Peplowski et
al., 2016) hinting at a carbon-bearing crust. In addition, the spectra of Mercury’s hollows units
suggest the presence of sulfides including magnesium-sulfides and calcium-sulfides (Helbert

et al., 20134, Vilas et al., 2016).

On the other hand, the geochemistry instrument suite (GRS, XRS, NS) onboard
MESSENGER identified nine major geochemical terranes (Fig. 2.1) characterizing the chemical
makeup of Mercury’s surface (Vander Kaaden et al., 2017). Due to the highly elliptical polar
orbit of MESSENGER, the spatial coverage and resolution is highest at the northern
hemisphere and that further affects the identification and distribution of these geochemical
terranes. These geochemical terranes include: (1) a high-Mg region (HMR); (2) a sub-region of
the HMR with the planet’s highest Ca and S contents (HMR-CaS); (3) a subset of the northern
volcanic plains (NP) with relatively high Mg content (NP-HMg); (4) a subset of the NP with
relatively low Mg content (NP-LMg); (5) the Rachmaninoff basin (RB); (6) the planet’s largest
pyroclastic deposit, located northeast of the Rachmaninoff basin (PD); (7) high-Al regions
southwest and southeast of the NP (HAI); (8) the smooth plains within the Caloris basin (CB);
and (9) the intermediate terrane (IT), made up of intercrater plains and highly-cratered
terrane. Vander Kaaden et al. (2017) also used the normative mineralogy computation
method to derive indirect mineralogy of these geochemical terranes based on the GRS, XRS

and NS results and these are tabulated in Table 2.1.
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Figure 2.1. MDIS enhanced global color mosaic by Domingue et al. (2015) overlaid by the
geochemical terranes mapped by (Vander Kaaden et al., 2017).

Namur and Charlier (2017) conducted magma crystallization experiments under
reducing Mercury conditions for these geochemically distinct terranes (Peplowski et al., 2015,
Weider et al., 2015, Vander Kaaden et al., 2017) to derive a plausible silicate mineralogy for
Mercury’s surface. Their study found that the oldest volcanic terranes (4.2-4.0 Ga), such as
HMR and IT, are dominated by mafic minerals; where HMR is rich in forsterite and IT is
comprised of forsterite, plagioclase, and enstatite. However, the youngest lavas (3.9-3.5 Ga),
which mostly comprise the IT terrane, are dominated by plagioclase. Namur and Charlier
(2017) suggest that Mercury’s magma undergoes a temporal evolution where the source of
the magma progressively gets shallower and the degree of mantle melting decreases over its

geologic history.

Nevertheless, a global mineralogic map of Mercury, which characterizes the different
mineralogical properties of the geochemical terranes, has yet to be constructed due to the
absence of diagnostic absorption features, such as those attributable to Fe?*-poor and Ti-poor
minerals. Therefore, the spectroscopic and mineralogical properties of the distinct

geochemical terranes on Mercury’s surface have yet to be fully characterized.
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It is therefore essential to examine the global variation of spectral properties, mainly
as a function of geomorphological and geochemical terranes. Spectral analysis from the global
coverage of Mercury’s surface can characterize the minor variations corresponding to such
spectral characteristics as albedo, slope, absorptions, and spectral components indicating the

presence of opaques and glasses or space-weathering products.

With the availability of new and revised photometrically calibrated MASCS datasets
(PDS MESSENGER Release 16 released on May 12, 2017), which involves radiance calibration,
correction for viewing geometry and phase dependence, and photometric standardization of
derived reflectance spectra (Izenberg et al., 2014, Domingue et al., 2019b, Domingue et al.,
2019a), it is now possible to conduct global multivariate analysis and derive global spectral
parameter maps of Mercury. MASCS higher spectral resolution of 5 nm over more than 185
spectral bands is capable of resolving more subtle spectral variations than the 8-channel MDIS

data.

In this study, we present the MASCS global hyperspectral datacube at 1 pixel/degree
(42.58 km/pixel spatial resolution at equator) equal angular resolution (Section 2.3). We first
examined standard spectral parameter maps, such as the uv-downturn position and the visible
spectral slope (Section 2.4). We then applied an unsupervised clustering algorithm (Section
2.5.1) and Principal Component Analysis (PCA) (Section 2.5.2) to further investigate the global
spectral heterogeneity across Mercury’s surface. Finally, we compare in Section 2.7.1 the
results obtained from the statistical analysis techniques in relationship to the various

geochemical and geomorphological units.

The results and methodology from this study will be useful for analyzing the visible—
near-infrared imaging spectrometer (VIHI) datasets of the Spectrometer and Imagers for
Mercury Planetary Orbiter (MPO) BepiColombo — Integrated Observatory SYStem (SIMBIO-
SYS) onboard ESA/JAXA’s BepiColombo mission. The mission launched on October 20, 2018
and is currently enroute to Mercury. VIHI will map the surface mineralogy in the spectral range
of 0.4-2um at a spectral resolution of 6.25nm and a spatial resolution of 100-375m/pixel
(Flamini et al., 2010), therefore enabling a higher spatial resolution analysis over a larger
spectral range with a higher spectral resolution. In addition, BepiColombo’s Mercury
Radiometer and Thermal Imaging Spectrometer (MERTIS) will map the surface at a spatial

resolution of 500 m/pixel over the 7-14 um spectral region (Hiesinger et al., 2010, Hiesinger

32



et al., 2020). MERTIS observations will provide direct information on the abundance and
nature of Si-O bonds within the bulk silicate mineralogy in addition to characterizing sulfide

mineralogies (Maturilli et al., 2017b, Varatharajan et al., 2019a).

2.3 CREATION OF GLOBAL MASCS HYPERSPECTRAL CUBE

For the creation of the global spectral parameter maps, we first prepared a global
hyperspectral datacube image made from the radiometrically calibrated (Holsclaw et al.,
2010) (Holsclaw et al., 2010) and photometrically standardized (Domingue et al., 20193,
Domingue et al., 2019b) MASCS VIRS reflectance spectra which is corrected for instrument
and radiance calibration, viewing geometry, phase dependence, and photometric
normalisation of derived reflectance spectra (Holsclaw et al., 2010, Izenberg et al., 2014,
Domingue et al.,, 2019b, Domingue et al., 2019a). We restricted our analysis to the VIS
detector (0.3-1.05 um) observations of the VIRS, because the NIR detector measurements
show a lower signal-to-noise (SNR) ratio, which can influence the data classification in an
unpredictable manner. To create the global hyperspectral map, we included VIS spectra
collected between April 2011 and December 2013 (~4 million spectra). We excluded data with
extreme observing geometries by limiting the observations to those with phase angles less
than 85°. A side effect of this data selection is a reduction in the latitudinal coverage to within

+80°N and the exclusion of some off-nadir observations.

MASCS is a point spectrometer with varying field-of-views (FOVs) due to MESSENGER’s
elliptical orbit and pointing constraints, thereby resulting in spatially varying data coverage.
This resulted in systematically varying size of the MASCS footprints with integration time,
altitude, and slant angle to the surface, which ranges from 0.1 km x 3 km (cross-track x down-
track) to over 6 km x7 km (lzenberg et al., 2014). Therefore, in order to provide the best
compromise between coverage, data quality, and computational power needed for the
creation of a hyperspectral cube, in this study, the MASCS data were spatially binned (1°/pixel)
on an equant surface grid in a simple cylindrical projection following a similar approach by
(Trang et al., 2017). All spectra in the datacube were resampled to the same 2 nm wavelength
resolution ranging from 300 nm to 1050 nm. The median reflectance spectrum of all the data

points with their FOV completely within each pixel is calculated for all pixels in the grid. The
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number of spectral data points for each pixel in the global MASCS cube is shown in Fig. 2.10
of the supplementary materials. This results in the global MASCS datacube of uniform equal-
angular resolution at 1 pixel/degree resolution (~42.58 km/pixel spatial resolution at the

equator).

Due to the varying spatial footprint (both spatial resolution and number of pixels per
degree) of MASCS datasets for northern and southern hemisphere, the uniform equal-angular
resolution (1 pixel/degree) therefore helps us to systematically characterize the spectral
variations across the Mercury surface irrespective of the size of the surface features and the
availability/density of the MASCS datasets across the Mercury surface. Therefore, this uniform
equal-angular resolution (1 pixel/degree) dataset aid us efficiently to map the qualitative
representation of the spectral heterogeneity across Mercury surface including its various

geochemical regions.

As a secondary product, we derived a standard deviation hyperspectral datacube for
all spectra within a given pixel to use as a measure of data quality, since such a metric can
serve as a proxy to monitor sub-pixel variations. The variability map at 700 nm is shown in Fig.
2.11 of the supplementary materials. These variations are a combination of true variability in
spectral properties of the surface within a spatial bin and the measurement uncertainties of
the instrument. Fig. 2.11 shows that only the regions approaching the limiting £80° latitudes
show high variability, due to the highly variable observational geometry in these zones (see,

for example, the area at 80°N, 135°W, in Fig. 2.11).

We further assessed whether the spectral maps were insensitive to variations in
temperature of the VIS detector at the time of measurement. Fig. 2.12 shows the distribution
of the VIS detector temperature for all observations used in this study. This distribution does
not reproduce any of the features seen in the global maps discussed below or in subsequent

spectral classification products, confirming they are not instrumental artifacts.

The hyperspectral datacube obtained by this procedure was visually inspected to
check for anomalies, such as those originating from regions with low coverage or from pixels

with high sub-pixel variations, and none were found.

34



2.4 STANDARD SPECTRAL PARAMETER MAPS

2.4.1 UV DOWNTURN

In order to spectrally identify pyroclastic deposits, (Goudge et al., 2014) introduced a
spectral parameter called the UV downturn. The UV downturn calculates the UV depth of the
ratioed reflectance spectra where UVgepth = Depthsoo + Depthsys + Depthsso, as defined in
(Goudge et al., 2014). In this study we calculated the UV downturn parameter for each pixel
of the MASCS global spectral cube (Fig. 2.2a). As the spatial resolution of the MASCS global
spectral cube is very coarse (1 ppd = 42.58 km/pixel at the equator), the UV downturn
parameter for the localized, sub-pixel resolution pyroclastic deposits has been overshadowed
by the signature of the more abundant surrounding materials. The resulting global UV-

downturn map shows no major UV-spectral units.

2.4.2 V1sIBLE SLOPE AND NORMALIZED VISIBLE SLOPE

The VISsiope parameter defined as VISsiope = (Rss0 — R750)/(550-750) (Goudge et al., 2014,
Besse et al., 2015) is also used to identify the presence of the pyroclastic deposits as these
deposits exhibit redder spectral slope compared to its surrounding materials. Previous studies
further show that the steepness of this spectral slope strongly decreases with the distance
from the pyroclastic vents (Besse et al., 2015, Besse et al., 2020). In this study, VISsiope Was
computed for each pixel to characterize the global spectral slope properties of Mercury’s
surface (Fig. 2.2b). The normalized visible slope map (Fig. 2.2c) was computed by ratioing the
VISsiope Values to the average Mercury spectrum derived from the global MASCS data set
(Besse et al., 2015). Both of these parameters display very similar variations. However,
compared to VISsiope map (Fig. 2.2b), the normalized VIS slope map strongly highlights some
notable spatial units, including the northern smooth plains (NP-LMg), Nathair Facula (27.5°N
57.4°E), peak-ring basin Eminescu (10.7°N 114.21°E), bright rayed crater Fonteyn (32.8°N
95.5°E), and bright spots within the Caloris basin (30.2°N 162.8°E) (Fig. 2.2c). Nathair Facula is
a prominent volcanic vent located north of Rachmaninoff basin and shows the highest visible
slope in the global VISsiope map and also corresponds with the geochemical terrane PD defined

by (Vander Kaaden et al., 2017).
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Therefore, it is likely that global visible slope and normalized visible slope maps of
Mercury highlight three geochemical terranes, the northern plains (NP), Caloris basin (CB),
and pyroclastic deposits (PD). However, these standard spectral parameters are still not

efficient to spectrally distinguish, NP-LMg from NP-HMg terranes.

(a) UV downturn 3.5
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Figure 2.2. Standard spectral parameter maps derived from MASCS hyperspectral datacube. a)
UV downturn map is derived using the UVgepth from (Goudge et al.,, 2014) and shows at this
spatial resolution no major surface units, b) Visible Slope Map is derived using the formula
VISsiope = (Rsso — R7s0)/(550-750) and c) Normalized visible slope map is the ratio of VISsiope to
average Mercury spectrum (Goudge et al., 2014, Besse et al., 2015). Both b) and c) strongly
highlight the very bright pyroclastic deposits (PD) located north of Rachmanioff basin as red
units and also reveals the high reflectance northern plains (NP) and Caloris Basin (CB) as yellow
units.

36



2.5 STATISTICAL ANALYSIS TECHNIQUES

The MASCS hyperspectral cube used in the multivariate analysis consists of a total of
58,493 pixels spreading across the surface at 1 degree/pixel spatial resolution with each pixel
consisting of 296 spectral bands in the spectral range of 300 nm to 1050 nm at 2 nm spectral
resolution. In order to find the global surface spectral variations embedded in the MASCS
hyperspectral cube, we applied two multivariate analysis techniques; a) unsupervised

clustering analysis (Section 2.5.1) and b) principal component analysis (PCA) (Section 2.5.2).

2.5.1 UNSUPERVISED CLUSTERING ANALYSIS

In this study, k-means clustering (MacQueen, 1967), the most widely used
unsupervised multivariate partitional clustering algorithm, is used to characterize the global
MASCS spectral datacube and identify possible spectral units. K-means is a centroid-based
clustering technique, where each spectrum (vector) of the datacube is assigned to a specific
cluster or central vector. The assignment to a cluster/vector is based by its proximity to the
respective cluster/central vector. The parameter k refers to the desired number of clusters.
The k-means clustering analysis uses an iterative approach to generate the clusters where the

number of iterations is assigned manually.

For a given number of clusters, k, the K-means algorithm randomly chooses k central
vectors in B, where B is the number of spectral bands in a MxNxB datacube. The algorithm
then iteratively performs the following three steps for the given number of iterations; a)
Computes the Euclidean distance between each spectrum in the datacube and the central
vector for all k clusters (Bora et al., 2014); b) Each pixel in the image is then assigned to the
nearest central vector (cluster); ¢) Computes new central vectors by calculating the mean
vector of all the spectra representing each cluster. The three steps are then repeated for the
specified number of iterations. The k central vectors update their definition for each iteration,

until they converge to a fixed set of values.

In this study, the initial MxNxB array of MASCS spectral data is 360x180x296 (longitude
x latitude x spectral channels), the k-means algorithm then partitions the datacube into a kxB
array of cluster centers such that the resulting intra-cluster spectral similarity is high but the
inter-cluster similarity is low. The resulting image is an MxN (360x180=64800) array or a 1x1

degree orthogonal map where the values (1,2,..) are the index of the assigned cluster for each
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pixel. In this study, the value of kis varied from 2 to 10 in steps of 1, and the k-means clustering

was performed for each k value (Fig. 2.13).
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Figure 2.3. a) MDIS enhanced global color mosaic by Domingue et al. (2015), b) K-means
clustering of global MASCS datacube for k=7 of Mercury, c) histogram showing the number of
pixels per cluster, d) shows the spatial distribution of the three contiguous classes (0,1,2)
against their respective color units (blue, orange, magenta) respectively, e) shows the mean
spectra representing the clusters 0 (blue), 1 (orange), and 2 (magenta) units along with the the
new global MASCS average spectra derived in this study (solid-gray) against the global MASCS
average spectra in previous study (dashed-gray). The differences in the average Mercury
spectra (Izenberg et al. (2014) vs this study) is due to the error in the earlier MASCS calibration
pipeline which was reported and corrected for the new updated MASCS data products released
by PDS.

For each resulting k-means cluster map, the number of pixels per cluster is plotted in
Fig. 2.13. Fig. 2.13 shows that when increasing k from 2 to 6, the most of Mercury’s surface

falls only into two contiguous regions (Fig. 2.13; k=2-6). However, when increasing k from 7 to
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10 (Fig. 2.13; k=7-10), clusters 0, 1, and 2 (where number of pixels per cluster > 10% of total
number of pixels) for corresponding k(=7-10), shows that the Mercury surface falls into three

contiguous regions.

In this sub-section, Figures 3a and 3b compare the MDIS enhanced global color mosaic
(Domingue et al., 2015) and the MASCS k-means (k=7) cluster map, respectively. Fig. 2.3c
shows the number of pixels per cluster (for k=7). Fig. 2.3d shows the spatial distribution of
three contiguous clusters 0, 1, and 2 over Mercury surface. The mean spectra of the three
MASCS clusters; clusters 0 (Fig. 2.3e; blue), 1 (Fig. 2.3e; orange), and 2 (Fig. 2.3e; magenta)
units are computed and plotted against the global MASCS average spectrum derived from this

study (Fig. 2.3e; solid-gray) and (lzenberg et al., 2014) (Fig. 2.3e; dashed-gray).

Fig. 2.3 shows a strong correlation between the global MDIS data (Fig. 2.3a) and the
clustered MASCS datacube (Fig. 2.3b) and their relation to the major geochemical terranes
(Fig. 2.3d). The blue units (cluster=0; Fig. 2.3d) mainly comprise of the underlying material
within intercrater terrane (IT) including low reflectance material (LRM). This suggests that the
blue units mainly correspond to the older terranes exposed to greater degree of space
weathering possessing the darkest spectral reflectance surface units (Fig. 2.3e; cluster 0; blue).
The magenta units (cluster=2; Fig. 2.3d) includes the major part of the NP, the bright materials
inside CB, and the bright rayed fresh craters and volcanic materials within the IT. This suggests
that the magenta units (cluster 2; Fig. 2.3d) mainly corresponds to the fresh material exposed
on the surface with less degree of space weathering possessing the brightest spectral
reflectance surface units (Fig. 2.4e; cluster 2; magenta). The orange units (cluster=1; Fig. 2.3d)
consists of the surrounding surface of magenta units of the northern plains (NP), and the floor
of Caloris basin (CB). These units belong to the intermediate spectral reflectance surface units

(Fig. 2.3e; cluster 1; orange).

Fig. 2.3e shows that the overall spectral shape of the three k-means spectral units
(cluster 0,1, 2; blue, orange, magenta) are similar and nearly featureless. The average overall
reflectance values of the clusters can be sorted as cluster 2 (magenta) > cluster 1 (orange) >
cluster 0 (blue) and the slope of the spectra against the wavelength between the classes can
be sorted as cluster 2 (magenta) > cluster 1 (orange) > cluster 0 (blue). Though k-means

classification helps in understanding the spectral nature of the three major classes of Mercury
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surface, this technique yet could not differentiate between the low-Mg (NP-LMg) and high-

Mg regions (NP-HMg) of northern plains (NP).

Due to an error discovered in the photometric normalization section of the MASCS
calibration pipeline (https://pds-geosciences.wustl.edu/missions/messenger/index.htm), the
reflectance values of the global Mercury average spectra published in previous study
(Izenberg et al., 2014) were off by a factor of 2 (Fig. 2.3e; dashed-gray). Since this study uses
the updated MASCS data products by PDS release which corrected for this offset, the reported
global average reflectance (Fig. 2.3e; solid gray) shows that Mercury surface materials are

darker (Fig. 2.2d) than reported earlier (Fig. 2.3e; dashed-gray) as in (Izenberg et al., 2014).

2.5.2 PRINCIPAL COMPONENT ANALYSIS

In most cases, hyperspectral data (e.g., MASCS) represent more information by
preserving the spectral band shape of the minerals; whereas, multispectral data (e.g., MDIS)
only contain spectral information from a non-continuous limited number of bands. However,
the mean MASCS spectra from the three major clusters resulting from the k-means analysis
(Fig. 2.3e) show that the typical Mercury spectrum is nearly featureless and red-sloped. In this
study, we used principal component analysis (PCA), a common multivariate statistical
technique, to effectively disentangle the variance among these highly correlated reflectance
values for each spectrum in the MASCS datacube (Jolliffe, 2011, Goodfellow et al., 2016). In
other words, PCA projects the input vectors (or spectra) composing the datacube into a new
orthogonal coordinate system defined by the eigenvectors of the covariance matrix of the
original dataset. The first principal component retains the largest variance in the data and the
succeeding components represents the highest remaining data variance under the condition
that it is orthogonal to the preceding components. Each datapoint of the eigenvector is thus

represented by the coefficients relative to each principal component.

In this study, we reduced the 296-channel MASCS datacube to a 9-channel datacube
of principal component coefficients. These first 9 coefficients retain 99% of the original
variance and are shown in Fig. 2.4. Fig. 2.4 (a-i) shows the global principal components PC1,
PC2, PC3, PC4, PC5, PC6, PC7, PC8, and PC9 along with their eigen-vectors and are explained
below. All the PC maps in Fig. 2.4 are presented on a uniform scale with values ranging from -

5 to 5 and the representative colormap uses a power law scale (y=x¥, where y=5).
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a) The PC1 map (Fig. 2.4a), which represents the highest variance for each MASCS
spectra, is similar to the two major clusters obtained from k-means clustering (Fig. 2.2b) of

the MASCS datacube (explained in detail in Section 2.6.1).

b) The PC2 map (Fig. 2.4b), which represents the second highest variance and is
orthogonal to PC1 map (Fig. 2.4a), interestingly displays similar clusters as the k-means
clustering (Fig. 2.2b), but the inverse of what is seen in the PC1 map. The spectral significance

of PC2 map is explained in detail in Section 2.6.2.

c) The PC3 (Fig. 2.4c), PC4 (Fig. 2.4d), and PC5 (Fig. 2.4e) maps show no significant
correlation with surface units, displaying little spatial variance among these principal
components. These PCs (Fig. 2.4 c-e) are dominated by variation between 800 and 950 nm
which are likely instrumental artifacts (channel to channel offsets not removed by instrument

calibration) and not geological information.

d) PC6 (Fig. 2.4f) shows localized spectral units that represent specific surface

characteristics and its discussed in detail in Section 2.6.3.

e) PC7 (Fig. 2.4g), PC8 (Fig. 2.4h), and PC9 (Fig. 2.4i) also show no significant correlation
with surface regions and may correspond to the noise in the data from spectra of the high

northern and southern latitudes.

2.6 REGIONAL AND GLOBAL PERSPECTIVE OF MASCS PRIMARY PCs

As discussed in Section 2.5.2, MASCS PCA analysis reveals three primary principal
component coefficients, PC1, PC2, and PC6 (Fig. 2.4), that correlate with geomorphologically
and geochemically distinct terranes on Mercury. The significance of these primary PCs is

discussed below.
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Figure 2.4. (a-i) Top box of each panel shows the PCA coefficients maps for components PC1 to
PC9 respectively represented by a uniform scale with values ranging from -5 to 5 and the
representative colormap uses a power law scale (y=x¥, where y=5). Bottom box: shows the
corresponding eigen vector of each principal component. PC1 and PC2 are orthogonal to each
other and further representing two contiguous spectral clusters as K-Means map (Fig. 2.2b).
PC6 shows localized spectral units that represent specific surface characteristics (see Fig. 2.7)
and discussed in detail Section 2.6. The rest of the PCs show no significant correlation with

surface units, displaying little spatial variance among these principal components.
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2.6.1 PRINCIPAL COMPONENT (#1)

The MASCS PC1 map (Fig. 2.5) is closely associated with the global reflectance map at
750 nm. For example, the PC1 values corresponding to yellow pixels in Fig. 2.5a (PC1) closely
resembles the global reflectance (at 750 nm) map (Fig. 2.5b), suggesting brighter surface
materials with albedo ~>0.05 at 750 nm are distinguished by PC1. The PC1 map also strongly
resembles the global k-means cluster map of Mercury (Fig. 2.2b; Section 2.5.1). Notable
geochemical terranes associated with this component includes the northern volcanic plains
(NP), Caloris basin’s (CB) interior, and pyroclastic deposits (PD). This suggests that PC1 may be
correlated with younger Mercury terranes which include volcanic plains, fresh impact crater

units, bright pyroclastic deposits, and fresh bright hollows.

(a) MASCS Principal Component 1 (PC1) Map

S e

Figure 2.5. a) PC1 map represents the highest variance for each MASCS spectra and is similar
to the two major clusters obtained from k-means clustering (Fig. 2.2b) b) Global MASCS
reflectance at 750 nm highlighting three major geochemical terranes which includes northern
plains (NP), caloris basin (CB), and pyroclastic deposits of Nathair Facula (PD). Comparison of a)
and b) shows that the yellow units in PC1 map represents the surface with reflectance value
~>0.05 at 750 nm.

2.6.2 PRINCIPAL COMPONENT (#2)

In contrast to PC1, PC2 correlates with darker underlying materials, representing the
oldest terranes (>4 Ga) on Mercury (Fig. 2.7a). Comparisons of the PC2 map with the derived
space weathering map (Fig. 2.7b) (Trang et al., 2017), show correlations with weathered units
with abundances of nanophase iron >1.167%, as derived by (Trang et al., 2017) from the
MASCS VIRS data. This suggests that, PC2 seems to be correlated with older Mercury terranes
which include intermediate terranes (IT), low reflectance materials (LRM) units, and Caloris

exterior smooth plains.
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(b) Nanophase Native Iron Map (Trang et al.

Figure 2.6. a) PC2 map represents the second highest variance for each MASCS spectra and is
orthogonal to PC1 map as shown in Fig. 2.5a and b) nanophase iron map from (Trang et al.,
2017). The comparison between a) and b) shows that yellow units represented by PC2 map
closely relates to the surface materials with higher degree of space weathering.

2.6.3 PRINCIPAL COMPONENT (#6)

The PC6 map is in Fig. 2.7 overlaid on the MDIS color basemap to better understand
the spectral surface characteristic represented by this particular principal component.
Comparisons of the PC1 map (Fig. 2.4a) and the PC6 map (Fig. 2.7a) show that the PC6
represents units that are a subset of those represented by PC1. A few of the surface features
represented by PC6 are discussed below (Fig. 2.7b-k). Using the MDIS color basemap, the
bright and dark surface features highlighted by yellow regions of PC6 map are marked in white
and black arrows respectively in the figures 6b-k (left). Within the PC6 map (Fig. 2.7a-k), the
blue regions generally surround the yellow regions and the violet units have the lowest PC6

values.

Northern Volcanic Plains (NP, Fig. 2.7b): The NP are the largest smooth plains unit on
Mercury, hosting two geochemical regions; a) a low-Mg terrane (NP-LMg) that covers most of
Borealis planitia, and b) a high-Mg terrane (NP-HMg) that extends over a smaller portion of
the NP to the south of the crater Hokusai (D=114 km, 57.86°N 16.63°E) (Vander Kaaden et al.,
2017). Within the NP, PC6 highlights surface materials within the NP-HMg regions, which
include both brighter (white arrows) and darker (black arrows) materials seen in the MDIS
color map. Morphologically, there are no clear borders that distinguish the PC6 units from rest
of the NP. The brighter PC6 units include the rim and floor of Hokusai crater and a portion of
its ejecta rays, two fresh bright-rayed unnamed craters (labeled unnamed crater 1 & unnamed
crater 2 in Fig. 2.7b left). Some of the darker materials highlighted by PC6 include darker plains
in the north of unnamed crater 1 and the northern crater wall and floor of unnamed crater 3

(Fig. 2.7b left), possibly contaminated with brighter ejecta materials from nearby fresh craters.
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(a) Global PC6 map overlaid on MDIS Color Basemap
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Figure 2.7. a) PC6 map is overlaid on the MDIS 8-color basemap and the white boxes
corresponds to study regions shown in b) northern volcanic plains, c) Caloris basin, The white
and black arrows in each MDIS color map in b-c corresponds to the bright and dark surface
units respectively those belong to yellow regions in PC6 map (b-c; right).
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(d) Sobkou Basin (e) Crater Tolstoj and Crater Basho
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Figure 2.7. (contd) d) Sobkou basin, e) craters Tolstoj and Basho, f) craters Derain and Berkel,
g) crater Waters, h) craters Fonteyn, Xiao Zhao, and Eastman, i) crater Murasaki, j) basin
Rembrandt, and k) crater Tyagaraja. Left images in b-k corresponds to MDIS color basemap of
each study region and those on the right to its corresponding PC6 map. The white and black
arrows in each MDIS color map in b-k corresponds to the bright and dark surface units
respectively those belong to yellow regions in PC6 map (b-k; right).
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Caloris Basin (CB, Fig. 2.7c): Caloris is the youngest and largest impact basin (D=~1550
km, 31.84°N 162.45°E) on Mercury, preserving the post-volcanically and -tectonically
modified landforms within its interior HRP (Murchie et al., 2008). Associated with Caloris is
the presence of a radial magnetic anomaly (Hood, 2016). Caloris planitia also hosts craters,
such as Sander (D = 47 km, centered at 42.442N 154.602E) and Kertész (D = 32 km, centered
at 27.40°N 146.102E), which contain hollows units within their LRM floors. The hollows units
have been shown to host volatile-rich materials (Blewett et al., 2013, Helbert et al., 2013a,
Vilas et al., 2016). Along the entire CB floor, the PC6 units correlate only with brighter surface
features, such as bright rayed fresh/immature craters (for example crater Ailey (D = 23 km,
centered at 45.582N 177.939E)), the hollow materials within craters Kertész and Sander, and
the bright central peaks of craters Atget (D = 100 km, centered at 25.582N 166.372E) and
Apollodorus (D = 41.5 km, centered at 30.55°N 163.39°E). The Caloris basin interior smooth
plains (HRP) and the LRM units within such craters as Munch (D =57 km, centered at 40.46°N
152.75°E) and Poe (D = 77 km, centered at 43.76°N 159.09°E) are not correlated with PC6.
Examination of the PC6 map within Caloris basin (Fig. 2.7c) suggests that irrespective of the
differences in the compositions among the varying morphologies (hollows, fresh craters,
central peaks) correlated to this principle component, the PC6 units may only highlight

materials (yellow units) which are relatively fresh or immature.

Sobkou Basin (Fig. 2.7d): The ~>4.0 Gy old Sobkou Basin (D=770km; 35°N 225°E) lies
in Sobkou Planitia which is associated with two magnetic anomalies (Hood, 2016). It possesses
a stronger magnetic anomaly that is correlated with surrounding dark LRM ejecta materials,
and a weaker magnetic anomaly within the basin floor HRP materials that are volcanic in origin
(Hood, 2016). Within Sobkou planitia lies the Degas crater (D=45 km). Degas is one of the
freshest bright-rayed craters on Mercury’s surface. It is surrounded by LRM along its rim and
contains bright hollows within its crater floor (Blewett et al., 2013, Thomas et al., 2014a, Bott
et al., 2019). PC6 (Fig. 2.7d) correlates with the brighter materials within Degas crater and
with the crater’s ejecta, including the darker rim. PC6 (Fig. 2.7d) also correlates with regions
of darker albedo materials, such as the rim of Akutagawa (D=106 km 48.25°N 141.03°W)
crater, in addition to other brighter albedo regions such as the bright ejecta streak on the
eastern rim of the older basin in Sobkou planitia. Like CB, PC6 units within Sobkou planitia

highlight compositionally different surface units.
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Tolstoj Basin and Basho Crater (Fig. 2.7e): Tolstoj (D=355 km, 16.2°S 165°W) is a ~3.9-
4.0 Gy old basin characterized by LRM-rich ejecta and a basin floor filled with HRP volcanic
plains, and is thus one of the highest color contrasting features on Mercury’s surface
(Robinson et al., 2008). In contrast, Basho crater (D=64 km, 32.4°S 170.5°W), located south-
west of Tolstoj, has bright-rayed ejecta and a dark, LRM-containing rim, thus exposing
compositionally heterogeneous upper crustal materials (Robinson et al., 2008). In the PC6
map (Fig. 2.7e), the Tolstoj region, including both the LRM and HRP materials, show no
correlation with even the lowest PC6 values. On the other hand, the LRM rim, bright crater
floor, and bright ejecta materials from the younger crater Basho, are strongly correlated to
PC6. The white arrows in Fig. 2.7e indicate additional small fresh/immature craters which both

expose brighter materials and are strongly correlated with PC6.

Derain and Berkel Craters (Fig. 2.7f): Derain crater (D=175 km; 9°S, 19.7°E) is a pit-
floored “unfilled” crater formed between the Mansurian (~3-3.5 Ga) and Tolstojan (~3.9-4.0
Ga) eras (Hargitai et al., Herrick et al., 2018). It is well known for the presence of an asymmetric
annular distribution of LRM along its rim (Denevi et al., 2009, Xiao et al., 2013, Mancinelli et
al., 2015) and shallow pits with irregular and scalloped walls which conform to its central peak.
Intriguingly, the PC6 component within this crater correlates only with the LRM material
covering the crater rim. Also noted in the PC6 map of this region is a correlation of this
component with another asymmetric dark-rayed fresh crater (D = 21.28 km; 11.9°S, 20.1°E)

south of Derain (marked by a black arrow in Fig. 2.7f).

Like the LRM discussed above, the fresh material excavated by two bright-rayed
craters, un-fcl (D= <166m, 8.19°S, 25.75°E) and un-fc2 (D=27.7km, 10.32°S, 29.83°E) (marked
by white arrows in Fig. 2.7f) are also correlated with PC6 (Fig. 2.7f). However, the dark crater
floor and the bright ejecta of Berkel crater (D=23 km, 13.7°S 26.8°E) within this same region
shows no correlations in the PC6 map. Independent of the heterogeneity in the composition,
depth, freshness of the excavated material, and the close proximity of these craters, the
higher PC6 values (yellow pixels) indicate a similar physical structure for these diverse surface
materials, possibly an indicator of a fine-grained component to the surface regolith in these

regions.

Waters Crater (Fig. 2.7g): Waters crater is a geologically young, 15 km diameter,

bright-rayed, fresh crater (centered at 8.96°S 105.45°W) that possess a 20 km long, dark
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impact-melt flow feature (Blewett et al., 2014, D’Incecco et al., 2015), which is indicated by
the black arrow in Fig. 2.7g. Within this spatial scale both Waters crater and the melt-flow are
contained in the same spatial pixel; however, this is the very important target for the high
spatial resolution data. The phase-ratio analysis of Waters crater suggests that this particular
low reflectance melt-flow has a different photometric character than the surrounding
terranes (Blewett et al., 2014). The melt-flow displays an increase in reflectance with
decreasing phase angle; suggesting that the melt-flow is comprised of coarse-grained regolith
compared to the finer-grained regolith in the surrounding units. (D’Incecco et al., 2015)
suggests that the color differences between the crater and its melt-flow could also be
explained by compositional heterogeneities, shock metamorphism, and/or space weathering
effects. However, the PC6 map displays no differences between the crater, its ejecta, and the
melt-flow. This may be due to the low spatial resolution of global MASCS data (42.58

km/pixel).

Raditladi Region (Fig. 2.7h): The region covered in Fig. 2.7h is known for the presence
of hollows within the peak-ring and floor of Raditladi basin (D=258 km, 27.17°N 119.12°E) and
within the central peak and peak-rings of Eminescu crater (D=129 km, 10.66°N 114.19°E)
(Blewett et al., 2011). The PC6 map displays correlations only with the fresh hollow materials
exposed in the south-eastern peak ring of Raditladi basin. The hollows within the peak-rings
of Eminescu are not seen in the PC6 map, which could be due to the coarse spatial resolution
of the MASCS spectral datacube. The two bright rayed fresh craters Fonteyn (D=29 km,
32.82°N 95.52°E) and Xiao Zhao (D=24 km, 10.59°N 123.79°E), along with their ejecta rays,
are distinguishable in the PC6 map. This suggests that irrespective of compositional
differences, for example hollows or crustal material, it is the immature nature of the surface

regolith that is highlighted in the PC6 map.

Kuiper and Murasaki Craters (Fig. 2.7i): Kuiper (D=62 km, 11°S, 31.5°W) is one of the
brightest Mercurian features, possessing prominent bright ejecta-rays. It sits on the north-
western topographic rim of the older and more degraded Murasaki crater (D=132 km, 12.5°S,
30.4°W) (Hapke et al., 1975, De Hon et al., 1981, Harmon et al., 2007, D’Incecco et al., 2015).
Kuiper marks the beginning of the youngest chronostratigraphic period on Mercury (~1 Ga;
Kuperian) (Spudis and Guest, 1988). Mariner 10 data suggests the excavation of material with

a low-opaque content for both Kuiper and Murasaki (Robinson and Lucey, 1997, Blewett et
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al., 2007, Blewett et al., 2009). In the PC6 map (Fig. 2.7i), the ejecta rays of both young Kuiper
and older Murasaki display a strong correlation to PC6. The PC6 map also shows a correlation
between PC6 and Dominici crater (D=20 km, 1.38°N 323.5°E). A 629 nm absorption feature
detected in the MDIS color data (Vilas et al., 2016) suggest the presence of sulfides (CaS, MgS)
in the fresh hollows on Dominici’s southern rim/wall. Overall, in Fig. 2.7i, the PC6 map
suggests correlations between PC6 and surfaces hosting immature and/or low-opaque

materials.

Rembrandt Basin (Fig. 2.7j): Rembrandt is the second largest impact basin after Caloris
and is one of the youngest impact basins, with a similar age to Caloris basin (~3.9 Ga) (Watters
et al., 2009). This ~715 km diameter basin (32.9°S 87.9°E) impact event led to the formation
of two spectrally and morphologically distinct units; a) a rough textured impact melt deposit
identified by low-reflectance exterior plains (PrL) and b) a smooth textured volcanic infilling
identified by high-reflectance interior smooth plains, which formed in quick succession with
the basin formation (Whitten and Head, 2015). Therefore, the PC6 map does not display any

correlation with either of the spectrally distinct units within Rembrandt basin.

Also, within the region shown in Fig. 2.7j is the bright-rayed, ringed-peak cluster basin
Amaral (D=105 km, 26.5°S 117.8°E), which is Kuiperian in age (~1 Ga) (Kinczyk et al., 2016).
There are varying correlations within this basin that are distinguishable in the PC6 map, with
the ringed-peak clusters having the strongest correlation. Spatially resolvable are fresh bright-
rayed craters such as David (D=23 km, 17.7°S 67.9°E) and an unnamed fresh crater (D=17.25
km, 20.4°S 120.6°E); both showing strong signatures in the PC6 map. This suggests that
irrespective of the type of composition (volcanic or crustal), the PC6 component highlights the
physical properties of the surface, especially those containing very fresh material identifying

regions which have experienced the least amount of regolith processing.

Tyagaraja Crater (Fig. 2.7k): Tyagaraja crater (D=97 km, 3.9°N 148.9°W), formed in
the Mansurian (~3.0-3.5 Ga) to Kuiperian (~1.0 Ga) period (Kinczyk et al., 2016, Jozwiak et al.,
2018), is well known for having excavated subsurface LRM. This crater also contains extensive
bright-halo hollows (N. hollows and S. hollows; Fig. 2.7k) on its crater floor alongside probable
pyroclastic vents (Blewett et al., 2011). In the PC6 map, the regions covering the north-eastern
crater rim, wall, and the floor covering part of the N. Hollows are distinguishable. The

remainder of the crater, including the pyroclastic vents and the S. Hollows are not
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distinguishable in the PC6 map due to the coarser spatial resolution. The PC6 map also
correlates with two areas on either side of the northern region of the crater; however,
morphologically, these two areas are not correlated to any unique morphologically or

geochemically distinct units.

2.7 GLOBAL MULTIVARIATE SPECTRAL ANALYSIS

In this study, we created a global MASCS false color composite (FCC) map using PC1,
PC2, and PC6, where each component was assigned to a color channel (red, green, and blue,
respectively, Fig. 2.8a) to understand the spectral heterogeneity of the Mercury surface and
its relation to Mercury’s geochemistry and mineralogy. The boundaries of the geochemical
terranes found by (Vander Kaaden et al., 2017) are overlaid on the FCC (Fig.7a, black) to
examine any correlations between the geochemical terrians and the MASCS spectral units.
The white boxes in Fig. 2.8a corresponds to the PC6 study regions discussed in Section 2.6.3.
The MASCS’ FCC map was then overlaid on the MDIS 3-color (R: 1000nm, G: 750nm, B: 430nm)
global map (665 m/pixel spatial resolution) for a comparative analysis of the spectral and color
terranes of Mercury, shown in Fig. 2.8. Table 2.1 summarizes the MASCS PC color units from
Fig. 2.8a and its corresponding derived mineralogy from (Namur and Charlier, 2017) and
(Vander Kaaden et al., 2017) for each geochemical terrane which are further discussed in

Section 2.7.1.

The global MASCS PC color composite shown in Fig. 2.8a can be visually characterized

by five distinct color units:

a) red units correspond to spatial regions belonging to the highest values (yellow
regions) in the PC1 map (Fig. 2.5a), and lowest values (violet regions) in the PC2 (Fig. 2.6a) and
PC6 (Fig. 2.7a) maps (PC1>>PC2~PC6).

b) green units correspond to spatial regions belonging to the highest values (yellow
regions) in the PC2 map (Fig. 2.6a), and lowest values (violet regions) in the PC1 (Fig. 2.5a) and
PC6 (Fig. 2.7a) maps (PC2 >> PC1~PC6).
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(a) MASCS Color Composite R:PC1 G:PC2 B:PCé6
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Figure 2.8. a) MASCS false color composite (FCC) map created by assigning red, green, and blue
channels to PC1, PC2, and PC6 respectively. MASCS FCC shows that Mercury’s surface can be
broadly characterized into 5 color units; red, green, magenta, cyan, and blue. The white boxes
correspond to the study regions mapped in PC6 map, shown in Fig. 2.7a, where the magenta
units within the white boxes correspond to the yellow units in PC6 map in Fig. 2.7a. The black
boundaries correspond to various geochemical terranes mapped by (Vander Kaaden et al.,
2017). The northern volcanic plains having high-Mg (NP-HMg) and low-Mg (NP-LMg) are
characterized as two distinct spectral units, magenta and red respectively, in MASCS FCC. b)
the average spectra of each color units in FCC. The vertical dotted line along 650 nm is used to
classify these color units: high reflectance units (red, magenta), low reflectance units (green,
cyan), and intermediate reflectance units (blue). The intermediate reflectance units generally
envelope the magenta units. The average spectra of all color units display two minor absorption
features near ~450 nm and ~800 nm along with a downward slope after ¥890 nm. c) the plot
between each principal component and the coefficients of each color unit.

52



c) magenta units correspond to common areas within the yellow regions in the PC1
map (Fig. 2.5a) and PC6 map (Fig. 2.7a) respectively (PC1~PC6 >> PC2). All the magenta regions

within the white boxes in Fig. 2.8a correlates with the yellow regions in PC6 map in Fig. 2.7a.

d) cyan units correspond to common areas within the yellow regions in the PC2 map
(Fig. 2.6a) and intermediate values (blue regions) in PC6 map (Fig. 2.7a) respectively (PC2~PC6
>> PC1).

e) blue units don't share any common properties of PC1 and PC2 and commonly

surrounds magenta and cyan units (PC6 >> PC1~PC2).

From the context of Mercury’s surface as characterized by the PC1, PC2, and PC6
components (discussed in Section 2.6), the five distinct color units in the MASCS’ FCC map
segregate Mercury’s surface into; 1) red units; high reflectance spectral units (HRPs) mainly
representing young volcanic smooth plains, including the northern smooth plains and the
Caloris interior plains, 2) magenta units; representing some of the younger and immature
surface regolith typically believed to contain low-opaque materials and have experienced the
minimum amount of space weathering (such as hollows, fresh bright-ejecta craters, brighter
peak rings, and some of the exposed LRM units), 3) green units; representing some of the
oldest terranes such as dark, LRM-containing surface materials, 4) cyan units; generally
representing darker LRM terranes contaminated by ejecta from surrounding young craters,

and 5) blue units; commonly surrounding both magenta and cyan units.

For each of these five color units, the corresponding average spectra and their
coefficients of nine principal components are shown in Fig. 2.8b and Fig. 2.8c, respectively. In
terms of spectral shape (Fig. 2.8b), all five of the color units from the MASCS’ FCC map (Fig.
2.8a) display a positive spectral slope with two minor absorption features; near ~450 nm and
~740 nm respectively. The spectral feature between 800 nm and 900 nm are due to the
systematic uncalibrated instrument artifact (regular channel to channel offset) and not due to
the target surface reflectance. In terms of MASCS’ spectral reflectance at ~650 nm, Mercury’s
surface can be broadly divided into three spectral clusters (highest-intermediate-lowest

reflectance units):
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1) red and magenta units with 650 nm reflectance values of ~0.0425 (highest). The
overall spectra of the magenta units display a slightly shallower slope compared to the red

units.
2) blue units with 650 nm reflectance values of ~0.0375 (intermediate)

3) green and cyan units 650 nm reflectance values of ~0.0325 (lowest). Spectrally, the
slope and the reflectance value of the cyan units are similar to the green units up to ~650 nm,

and afterwards the spectral slope decreases in comparison.

The average coefficient values of nine principal components representing each color
unit in the MASCS PC color composite are plotted in Fig. 2.8c, clearly revealing these three

families of spectral units across Mercury’s surface.

2.7.1 COMPARATIVE ANALYSIS OF MASCS-DERIVED SPECTROSCOPY, MINERALOGY, AND
MORPHOLOGY OF VARIOUS GEOCHEMICAL TERRANES OF MERCURY

The MASCS derived spectral nature of the geochemical terranes on Mercury and its
context to inferred surface mineralogy is discussed in detail in the following sub-sections. The
indirect mineralogy of these geochemical terranes derived from the MESSENGER geochemical
observations using normative mineralogy computation method (Vander Kaaden et al., 2017)
and magma crystallization experiments under reducing Mercury conditions (Namur and
Charlier, 2017) are summarized in Table 2.1. The following sub-sections discuss the spectral
nature of the major geochemical terranes with respect to their representative color units in

the MASCS color composite map (Fig. 2.8a, Table 2.1).
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(a) Global MASCS Color Composite Map
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Figure 2.9. a) Global MASCS False Color Composite Map shown in Fig. 2.8a along with the
boundaries of nine geochemical terranes defined by Vander Kaaden et al. (2015) overlaid on
the MDIS color basemap. b) and c) corresponds to the north and south polar stereographic
projection of (a) respectively.
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Table 2.1. Comparative analysis of spectral, inferred mineralogical and geochemical units of
Mercury from MESSENGER datasets

Experimental) Silicate Mineralogy® Normative Mineralogy®in wt%
Geochemical | *Mascspc | (EXP ) gy i °
Terranes? Color units . Basement (%) Dominant sulfide
volcanic , Plg Ol
Plg Fo Di En pyx s
NP-LMg dominantl >50 | Hyp+Diop | <2 ~4
y Plgin
addition >50 | 10-15 | >15 -
to Foand
NP-HMg Di <50 Hyp ~11 ~4
May
HMR contain 1 4y | 525 | >20 | <15 | <50 | Diop ~7 | 5
only Fo
crystals
HMR-CaS - - <50 Diop >30 6.25
Fo or
IT Fo+Di >45 - - >25 | >50 Hyp <2 4
CB - >60 | sub-equal amounts | >50 Hyp - ~3.14
RB NA NA <50 Diop ~24 >5
PD NA NA <50 Diop ~29 | ~1.56
HAIl — West NA NA
>50 Hyp - ~4
HAI — East NA NA

*Correlation of MASCS PC color units; red (PC1>>PC2~PC6); magenta (PC1~PC6 >> PC2); green (PC2 >> PC1~PC6);
cyan (PC2~PC6 >> PC1); blue (PC6 >> PC1~PC2) (See Section 2.7). Note that, for geochemical terranes HMR, HMR-

Cas, IT, CB, HAI-West, the representation of the proportions of the color units are not quantitative in order.

aGeochemical terranes of Mercury surface and its normative mineralogy (Vander Kaaden et al., 2017). Range of

Plgis 37.52 % (HMR-CaS) — 58.35 % (NP-LMg)

bSilicate mineralogy derived from geochemistry laboratory experiments (Namur and Charlier, 2017)
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2.7.1.1 ONE COLOR UNITS: NP, RB, PD, HAI-EAST

The geochemical terranes NP-LMg, NP-HMg, RB, PD, and HAIl-East each display
homogeneous spectral characteristics in the MASCS color composite map (Fig. 2.8a; Table
2.1). Among them, NP is the largest volcanic plains unit on Mercury; hosting two categories of
volcanic units: NP-LMg and NP-HMg. These two volcanic units are distinguished purely by the
amount of Mg in their chemical composition (Vander Kaaden et al., 2017). In the MASCS FCC
map (Fig. 2.8a, 9a), the NP-LMg and NP-HMg terranes are uniquely characterized by two
discrete spectral units, the red and magenta units that share boundaries with these
geochemical terranes (Vander Kaaden et al., 2017). However, these two terranes are not
discernable in the global MDIS color composite map (Domingue et al., 2011, Denevi et al.,
2013, Domingue et al., 2015). (Vander Kaaden et al., 2017) suggest that the NP-HMg
composition is characterized by a higher presence of orthopyroxenes and olivines than the
NP-LMg (Table 2.1). Spectrally, these two terranes share similar shape and reflectance at 650
nm, however, the slope of the NP-HMg (magenta) is slightly lower compared to NP-LMg (red)
(Fig. 2.8b) consistent with the compositional difference proposed by (Vander Kaaden et al.,

2017).

Geochemically, RB and PD share roughly similar inferred silicate mineralogies with
plagioclase, diopside, and olivine, however they differ in the abundance of sulfides (Table 2.1).
RBis a ~3.6 Ga old basin (D=305 km, centered 27.39°N 58.56°E) hosting some of the youngest
lava flows on Mercury (Marchi et al., 2011). PD is located NE of RB and contains some of the
brightest and largest pyroclastic deposits, which are associated with Nathair Facula (centered
35.97°N 65.47°E). At this spatial resolution in the MASCS FCC map (Fig. 2.7a), PD displays a
red color similar to the NP-LMg region while RB displays a green color associated with PC2,
that represents space-weathered, older Mercury terranes. Spectrally, PD and RB terranes
represent the two extreme spectral unit endmembers, highest and lowest 650 nm spectral
reflectance, respectively (Fig. 2.8b; red, green). On the other hand, HAI in the eastern
longitude (HAI-East) shares similar MASCS color characteristics as PD (red), however, HAI
differs significantly in its derived mineralogy, as it is associated with the absence of olivines

and comparatively greater amounts of sulfides (Table 2.1).
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2.7.1.2 TWO-COLOR UNITS: CB, HAI-WEST

Geochemically, CB and HAI-West have very similar inferred mineralogies; with
plagioclase, clinopyroxenes, 3-4 wt% sulfides, and no olivine component (Table 2.1). However,
in the MASCS FCC map (Fig. 2.8a, 9a; Table 2.1), CB and HAI-west are dominated by red and
magenta units, respectively. This suggests that PC1 is a major spectral component for both CB
and HAI-west regions, as is also apparent for the HAl-east region (see section 2.7.1; Table 2.1).
Within CB (Fig. 2.9a), the bright-rayed ejecta craters and fresh bright hollow materials are
displayed as magenta units whereas dark-floor crater Atget is displayed as a cyan unit due to
contributions from PC6 (see Section 2.6.3; Fig. 2.7c). However, in the case of HAl-west, there

are no clear morphological boundaries between the magenta and cyan units (Fig. 2.9a).

2.7.1.3 MULTI-COLOR UNITS: HMR, HMR-CAS, IT

Morphologically, HMR, including HMR-CaS, terranes are not distinguishable from the
older Mercury IT terranes (IT). Nevertheless, geochemical analysis shows that HMR possess
the planet’s highest Mg abundance (Vander Kaaden et al., 2017). Table 2.1 shows that both
HMR and HMR-CaS regions are dominated by clinopyroxenes (diopside) and contain <50 wt%
plagioclase, > 25 wt% olivine, and >5 wt% sulfides. Whereas, IT is dominated by
orthopyroxenes (hypersthene) and contain >50 wt% plagioclase, <2 wt% olivine, and ~4 wt%
of sulfides (Table 2.1). In the MASCS FCC map (Fig. 2.8a; Table 2.1), all three terranes display
heterogeneous spectral characteristics, containing all five PC color units, irrespective of their
geochemical and mineralogical differences. This suggests that these terranes possess complex

geology units, comprised of diverse surface materials with varying silicate mineralogies.

2.8 SUMMARY AND CONCLUSIONS

In this study, we produced a global hyperspectral cube of uniform equal-angular (1
ppd) and spectral resolution from the MASCS observations and applied both standard spectral
ratio, slope, and multivariate spectral analysis techniques to understand the compositional
and textural diversity of Mercury’s regolith. Among the standard spectral analyses, we created

visible-slope and visible-slope normalized maps, which highlighted the PD deposits, CB, and
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the NP regions. UV-downturn examinations did not differentiate any particular spectral units

due to the very coarse spatial resolution of the MASCS datacube.

Among the multivariate spectral analysis techniques, the k-means clustering results
revealed three major spectral classes (Fig. 2.4) where blue units (cluster=0) mainly consists of
the underlying material within intercrater terrane (IT) including low reflectance material
(LRM), orange units (cluster=1) represents the regions surrounding the magenta units
(cluster=2) along with the northern plains (NP), and the floor of Caloris basin (CB), and the
magenta units (cluster=1) represents the major part of the NP, the bright materials inside CB,
and the bright rayed fresh craters and volcanic materials within the IT. However, K-means
clustering spectrally could not differentiate the high-Mg (NP-HMg) and low-Mg regions (NP-
LMg) of northern plains.

On the other hand, the FCC map made from the principal component analysis (PCA)
highlighted variations associated with reflectance, unit age, and regolith texture. Some of the

key highlights from this PC color composite analysis includes:

a) Irrespective of the varying geochemical and formation history of the NP-LMg, CB,
PD, and HAI-E geochemical units, their spectral properties derived from PCA are similar (Fig.
2.8a, 9a). This suggests that PCA results may correspond closely with similar physical
properties of the surface materials (regolith) of these geochemical terranes rather than their

chemical composition.

b) Though RB is predominantly characterized by the green FCC unit, closer inspection
finds one pixel of the red (PC1) unit in the basin center and one also sitting on top of the
pyroclastic deposits (Suge Facula; 26.09°N 59.68°E) near the southern-eastern rim, in addition
to a cyan pixel along the rim (Fig. 2.8a, 9a). This suggests some geochemical heterogeneity

within the RB terrane.

c) NP-HMg is the only geochemical terrane that is predominantly associated with the
magenta FCC unit, whereas the HAl-west geochemical unit displays both magenta and green

FCC units.

d) One of the key findings of the MASCS FCC map is the clear distinction between the

NP-LMg (red FCC unit) and NP-HMg (magenta FCC unit) terranes, which is the first spectrally
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derived distinction between the two geochemical units. This distinction is not observed in the

k-means cluster analysis and associated map.

e) Fig. 2.9a clearly shows that the magenta FCC units mainly represent bright-rayed,
fresh craters and fresh hollow materials. Cyan FCC units represent some of the darker LRM
observed along the rim of the basins. These correlations suggest that, the PCA results are more
representative of the physical properties of the regolith rather than its chemical composition.

PCA tends to identify regions associated with freshly exposed materials.

f) Among the geochemical terranes, the IT, HMR and HMR-CaS display mixed,
heterogenous characteristics in the MASCS FCC (Fig. 2.8a, 9a), suggesting both physically and

compositionally heterogeneous properties.

Among the multivariate analysis adopted in this study, the principal component
analysis (PCA) of MASCS data proves to be an efficient tool which brings out the spectral
heterogeneity among the various geochemical terranes of Mercury. One of the major results
of this study is the distinction between the low- and high-Mg terranes of the northern volcanic
plains seen in the FCC map. However, a direct investigation of the surface mineralogy is still
missing. In order to achieve this, the spectral range beyond the VNIR coverage provided by
MESSENGER is required. Here the ESA/JAXA BepiColombo mission can build and extended on
MESSENGER. The mid-infrared (MIR; 7-14 um) spectral region could provide a direct measure
of the Si-O abundance of the bulk silicate mineralogy, in addition to identifying the sulfide
mineralogy within the hollows. This will be achieved by the MERTIS spectrometer onboard the
BepiColombo mission to Mercury. The radiometer channel of MERTIS will investigate the
regolith physical properties, such as grain size and thermal inertia, and test the correlation of
PC6 with fine-grained, least space-weathered surface materials. VNIR data from the SIMBIO-
SYS-VIHI will further add to our understanding of Mercury’s VNIR spectral characteristics with
its mapping at a higher spatial resolution. In preparation for the BepiColombo measurements
at Mercury, future analysis of the MASCS data will focus on detailed spectral mapping of
localized surface units, based on the results from this study. In addition, laboratory spectral
measurements of fresh and thermally weathered Mercury analogue materials in the VNIR will
be used to derive plausible mineral components within the hollows, volcanic materials, and
LRM in preparation for the discoveries by BepiColombo. With BepiColombo on its way to

Mercury, the global multivariate analysis of the very high spatial resolution hyperspectral
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VNIR+MIR data from SIMBIO-SYS VIHI and MERTIS will further help to understand the spectral

and mineralogical diversities within various geochemical units of Mercury.
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2.10 SUPPORTING INFORMATION

Figure 2.10. The available number of MASCS spectra per pixel (1°lat x 1°lon) used to create the
resulting global MASCS spectral cube represented on the colormap which uses power law scale
(y=xy, where y=3). Figure highlights the non-uniform spatial distribution of available MASCS
spectra per pixel per degree (which is equivalent of ~42.5 km/pixel along the equator). In order
to create the global MASCS datacube of uniform spatial resolution of 1 pixel per degree used
in the study, the median of the spectra falling within this angular resolution of 1°lat x 1°lon is
computed.
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Figure 2.11. Shows the variability map at 700 nm. Variability here is defined as standard
deviation of the reflectance at 700 nm in percentage for the available MASCS spectra per pixel
(1°lat x 1°lon) as shown in Fig. 2.10. Figure shows that only the regions approaching the limited
+80° latitudes show high variability due to the highly variable observational geometry in these
zones.

VIS Detector Temperature
30
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Figure 2.12. Shows the distribution of visible detector temperature for all observations used in
this study. These distribution does not produce any of the features seen in global maps
including the variability map in Fig. 2.11. This further confirms that there are no instrumental
artifacts that affects the spectral analysis in the study. The visible detector temperature data is
available in the downloaded MASCS spectra from PDS.
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Figure 2.13. Shows the random K-means clustering map for each k values i.e., number of
clusters where k=2,3,4,5,6,7,8,9,10 and its corresponding histogram showing the number of
pixels per cluster for each k. It shows that irrespective of the k value, most of Mercury surface
fall into three contiguous regions for k=7 to 10.
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KEY POINTS

Emissivity of sulfides under simulated Mercury Daytime conditions is studied

Reflectance of fresh and thermally processed sulfides at wide spectral range (0.3-100 um)
is measured.

Sulfides show strong and distinct spectral features in thermal IR (7-14 um) spectral region

UVVIS (0.3-0.6 um) spectral region is immune to thermal weathering for sulfides
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4.1 ABSTRACT

To detect the mineral diversity of a planet’s surface, it is essential to study the spectral
variations over a broad wavelength range at relevant simulated laboratory conditions. The
MESSENGER (Mercury Surface, Space Environment, Geochemistry, and Ranging) mission to
Mercury discovered that irrespective of its formation closest to the Sun, Mercury is richer in
volatiles than previously expected. This is especially true for sulfur (S), with an average
abundance of 4 wt%. It has been proposed that sulfur in the interior of Mercury can be
brought to the surface through volcanic activity in the form of sulfides as slag deposits in
Mercury hollows and pyroclastic deposits. However, comprehensive spectral library of sulfide
minerals measured under vacuum conditions in a wide spectral range (0.2-100 um) was
lacking. This affects the detectability and understanding of the distribution, abundance, and
type of sulfides on Mercury using remote-sensing spectral observations. In the case of
Mercury, the effect of thermal weathering affecting the spectral behavior of these sulfides
must be studied carefully for their effective detection. In this study, we present a spectral
library of synthetic sulfides including MgS, FeS, CaS, CrS, TiS, NaS, and MnS. For each sample,
we performed emissivity measurements in the thermal infrared range (TIR: ~7-14 um) for
sample temperatures from 100°C-500°C, covering the daytime temperature cycle on
Mercury’s surface. In addition, for each sample we measured the spectral reflectance of fresh
and thermally processed sulfides over a wide spectral range (0.2-100 um) and at four different
phase angles, 262, 409, 602, 802. This spectral library facilitates the detection of sulfides by
past and future missions to Mercury by any optical spectrometer of any spectral range.
Specifically, the emissivity measurements in this study will support the Mercury Radiometer
and Thermal Imaging Spectrometer (MERTIS) instrument on the ESA/JAXA BepiColombo
mission, which will study the surface mineralogy over a wavelength range of 7-14 um at a
spatial resolution of 500 m/pixel. The measured reflectance of these sulfides in 0.2-100 um at
various phase angles will support the interpretation of measurements from past (MDIS,

MASCS on MESSENGER) and future missions (SIMBIO-SYS on BepiColombo).
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4.2 INTRODUCTION

The Gamma Ray Spectrometer (GRS), X-Ray Spectrometer (XRS), Neutron
Spectrometer (NS), Mercury Atmospheric and Surface Composition Spectrometer (MASCS),
and Mercury Dual Imaging Spectrometer (MDIS) of NASA’s MESSENGER (Mercury Surface,
Space Environment, Geochemistry, and Ranging) mission mapped the surface chemistry and
mineralogy of the Mercury from 2011-2015. The MASCS instrument had two channels,
mapping the surface at high phase angles (>80°) and spatial resolution of 100m - 7.5km; a)
ultraviolet-visible spectral region (UVVIS; 0.115-0.6 um) at 1 nm spectral resolution and b)
visible (VIS: 0.3-1.025 um) -infrared (IR: 0.95-1.45 um) spectral region (VIRS) at 5nm spectral

resolution.

MESSENGER revealed that Mercury (unlike the Moon) has been formed in a highly
reducing environment with high magnesium and surprisingly high sulfur abundances (Nittler
et al., 2011). (Namur et al., 2016) performed high temperature and high to low pressure
experiments to study the sulfur solubility in materials representative of Mercurian lavas
(reduced mafic silicate melts) to understand the nature of S brought to the surface, i.e., either
as sulfide minerals or sulfur itself during their ascent. Interestingly, the study concluded that
Mercurian lavas did not carry sulfide melts based on the lack of spectral evidence of sulfides
detected by MESSENGER. In an earlier study, the Planetary Spectroscopy Laboratory (PSL)
performed measurements on VIS-IR reflectance of MgS, CaS, MnS powdered samples at
Mercury’s daytime temperature (500°C), in vacuum, and at a high phase angle (80°) to search
for their detection in hollows and pyroclastic deposits (Helbert et al., 2013a), and therefore
support the presence of sulfides. Based on this laboratory work, the presence of low-density

MgS was reported at two hollows from MDIS data (Vilas et al., 2016) .

Sulfide minerals have long been proposed as components of Mercury’s regolith
(Sprague et al., 1995). The thermochemical and experimental evidence indicates that CaS is
the major lithophile sulfide on Mercury and sulfides in the shallow regolith probably include
major amounts of FeS and CaS with minor MnS and NaCrS; (Vaughan, 2013). Correlations
between Fe, Ca, and S abundances (as well as largely uncorrelated Mg and S abundances) in
MESSENGER’s XRS data suggest that relevant abundances of FeS and CaS are present in
Mercury’s regolith (Nittler et al., 2011, Weider et al., 2016). MESSENGER also suggests the
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presence of MnS, FeS, CrS, and TiS on the surface (Vander Kaaden et al., 2017). Global
mapping of the mineral diversity and spatial heterogeneity of these sulfide minerals will
therefore help improve the numerical models that study the chemical and thermal evolution

of Mercury.

The Mercury Planetary Orbiter (MPO) of ESA/JAXA’s BepiColombo mission to Mercury
will carry two spectrometers to map Mercury’s surface at nadir conditions (phase angle <20°).
The Mercury Radiometer and Thermal infrared Imaging Spectrometer (MERTIS), which will
map the emissivity of surface minerals in the spectral range of 7-14 um at a spectral resolution
of 90nm and a spatial resolution of 500m/pixel (Hiesinger et al., 2010). The visible—near-
infrared imaging spectrometer (VIHI) of the Spectrometer and Imagers for MPO BepiColombo
— Integrated Observatory SYStem (SIMBIO-SYS), will map the surface mineralogy in the
spectral range of 0.4-2 um at a spectral resolution of 6.25nm and spatial resolution of 100-

375m/pixel (Flamini et al., 2010).

To effectively detect sulfides using these spectrometers or any future spectrometer, it
is essential to understand the spectral behavior of possible sulfides under simulated Mercury
conditions for different phase angle settings. In this study, we measured the emissivity of
these sulfides at five temperatures (100, 200, 300, 400, 500°C) in the spectral range of 7-14
pm. These measurements directly support the sulfide detection by MERTIS. We then
measured the spectral reflectance of these sulfides from low to high phase angles (26-80°) for
both fresh (before heating) and thermally processed (500°C) sulfides for the wide spectral
range of 0.2-100 um, thereby supporting the sulfide detection by visible-NIR spectrometers
onboard MESSENGER (MASCS and MDIS) and BepiColombo (SIMBIO-SYS/VIHI) missions.

In summary, the study covers laboratory measurements of the emission spectra of
different, chemically pure, synthetic sulfides over a spectral range of 7 - 14 um for
temperatures from 100°C to 500°C and the reflectance values of both fresh and thermally
weathered samples after emissivity measurements covering a spectral range of 0.2 - 100 um
over the phase angles of 26°, 40°, 60°, 80°. It is important to note that the band assignments
of spectral features of the fresh and thermally weathered sulfides from UV-FIR reflectance
and MIR emissivity measurements is not well documented. The experimental data on stability
diagrams of the sulfide phases that support the change in thermal spectral behavior of these

sulfides upon heating under vacuum is least understood (Dilner, 2016). Future work of this
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study will focus on the X-ray diffraction of the fresh and thermally-weathered sulfides to
better understand the change in spectral behavior of these sulfides upon heating at Mercury

surface conditions.

4.3 SAMPLES

Guided by results provided by the geochemistry suite on MESSENGER, we selected the
following sulfides for this study; iron sulfide (FeS), calcium sulfide (CaS), chromium sulfide
(CrS), titanium (1V) disulfide (TiSz), disodium sulfide (Na2S), manganese (ll) sulfide (MnS), and
magnesium sulfide (MgS) from two vendors (MgS-1 and MgS-2). The measurements are
carried out on synthetic samples of at least 99% purity procured from certified industrial
suppliers (Table 4.3 in the supplementary material). Using pure synthetic samples mitigates
uncertainties and ambiguities introduced by impurities present in natural samples. Mercury’s
regolith is generally composed of very fine particles (e.g., (Shevchenko, 2002, Domingue et al.,
2014b), therefore, we used powdered sulfide samples having grain sizes of about ~10 um for

this study.

4.4 METHODS

The emissivity of the synthetic sulfides in the thermal infrared (TIR) spectral region is
measured as a function of the varying Mercury daytime temperatures (100-500°C) in vacuum.
During this process, these sulfides are continuously monitored using a webcam to study the
chemical, physical, and morphological weathering of fresh sulfides to their thermally
processed/weathered (T-processed) counterparts. Before and after the emissivity
measurements, the reflectance of both fresh and then T-processed sulfides are measured at
room temperature in vacuum over a wide wavelength range including ultraviolet (UV), visible-

near infrared (VIS/NIR), TIR, and far infrared (FIR) for varying phase angles (26°-80°).

4.4.1 FACILITY — PLANETARY SPECTROSCOPY LABORATORY (PSL)
PSL is located at the Institute of Planetary Research (PF) at the German Aerospace

Center (DLR) in Berlin, Germany. Over more than 15 years, the PSL has been operating in
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various configurations to provide emissivity, reflectance, and transmission spectra of various
rocks/minerals for the study of planetary and minor bodies surfaces (Maturilli et al., 2008,
Helbert and Maturilli, 2009, Sprague et al., 2009, Helbert et al., 2013a, Helbert et al., 2013b).
Fig. 4.1 shows the current PSL setup. Details of the emissivity and reflectance spectroscopy
setups at PSL are described in Section 4.9.1 in the supplementary material. All of the spectral
measurements of sulfides were performed at the PSL. A graphical flowchart of the

methodology is shown in Fig. 4.2(top) and is detailed below.

‘e000° ©

Bruker A

= Bruker B
i e
mFxterna] emissivity chamber
| ——

Figure 4.1. 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. The
detectors and beamsplitters used for collecting spectra at respective spectral ranges are
tabulated in Table 4.4 in supplementary file.
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A. REFLECTANCE B. EMISSIVITY
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Figure 4.2. (Top) Graphical summary of the methodology used in the study to measure the
emissivity and reflectance spectra. (Bottom) a) Experiment setup before heating any sample (in
this case MgS), b) MgS at 100 °C, ¢) MgS at 200 2C, d) MgS spurred out while reaching the
temperature of 250 °C which is deposited in the side wall, thermophiles, and the rotating
carousal.
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4.4.2 EMISSIVITY

The measurement of the emissivity of the sulfides will facilitate their detection by
MERTIS. To achieve this spectral need, the Bruker Vertex 80V (Bruker B see Fig. 4.1) with a
MCT HgCdTe detector (cooled by liquid nitrogen) and KBr beamsplitter (see Table 4.4 in the
supplementary material) was used to measure emissivity in the spectral range of 700—1400cm”
1 (~7-14 um) at a spectral resolution of 4cm™. This spectrometer is attached to an external
chamber where the sulfides are placed in stainless steel cups as described in (Helbert et al.,
2013a). Induction heats the whole sample cup to a homogenous temperature effectively
suppressing thermal gradients in the sample. The experimental setup for emissivity
measurements is shown in Fig. 4.2(bottom). Samples were heated from 100 to 500°C (100°C
steps) in vacuum and emissivity is measured at each step (for details Section 4.9.2 of the
supplementary material). At the end of the measurements, all the sulfides are thermally

processed (T-processed) under peak Mercury daytime temperature.

4.4.3 REFLECTANCE

For the detection of sulfides by reflectance spectrometers (e.g., MDIS and MASCS UV-
VIS, VIS-IR spectrometers in MESSENGER, SIMBIO-SYS/VIHI on BepiColombo) and to
understand their spectral behavior changes across wide wavelength regions due to exposure
to extremely high temperatures at wide wavelength regions, the reflectance of both fresh and

thermally processed sulfides were measured under varying phase angle conditions.

In this study, we collected biconical reflectance spectra of fresh and thermally
processed sulfides in the whole spectral range (~0.2-100 um) using both instruments: the
Bruker A (see Fig. 4.1 & Fig. 4.2) spectrometer for the UV, VIS-IR, and TIR spectral range (0.2—
25 um) and the Bruker B spectrometer for the FIR spectral range (~16—100 um). The details of
the beamsplitter and detector used for each spectral subset are tabulated in Table 4.4. The
reflectance of fresh and thermally processed sulfides was measured using a spot size of 2mm
at phase angles 26°, 40°, 60°, and 80° at a spectral resolution of ~4cm™. The references used
for calibration in each spectral range are listed in Table 4.4. The measured reflectance
spectrum of each sulfide at each phase angle is divided by the corresponding reflectance
spectrum of the reference at the respective phase angle. For details on reflectance

measurements, see Section 4.9.3 of the supplementary material.
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4.5 RESULTS

The results of emissivity and reflectance spectroscopy of sulfides from this study are

discussed in the following subsections.

4.5.1 EMISSIVITY
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Figure 4.3. Emissivity of the sulfides measured at 100 °C, 200 °C, 300 °C, 400 °C, and 500 °C at
spectral range of 7-14 um. The emissivty spectra is also compared with the emissivity derived
from the reflectance measurments (E=1-R; Kirchhoff’s law) for the fresh and heated sulfides.
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The emissivity spectra of all sulfides measured at 100°C, 200°C, 300°C, 400°C, and
500°C for the spectral range 7-14 um are plotted in Fig. 4.3. These emissivity measurements
are also compared with the derived emissivity spectra from reflectance measurements
(emissivity=1-reflectance; Kirchhoff’s law) for both fresh and heated sulfides (Fig. 4.3). The
reflectance measurements are taken using the Bruker A and B and the experimental
parameters are listed in the MIR (reflectance) column of Table 4.4. For each sulfide sample
studied, changes in the spectral absorption bands with respect to the temperature are
observed (e.g., Fig. 4.3a, NaS). Emissivity as a function of temperature for each sulfide samples

is discussed below.

Among all the samples studied, CaS and MgS alone show noticeable spectral features

after T-processing.

1) Sodium sulfide (NaS, Fig. 4.3a) shows a very dynamic change in its emissivity spectra with
temperature. The dynamic behavior of the emissivity spectra is strongly correlated with
the change in color of the samples throughout the experiment (Fig. 4.3a; ambient and
heated).

a) 100°C: The emissivity of NaS measured at 100°C shows three strong absorption
features and two minor bands; the three strong absorption features include, a) a broad
four-component absorption feature having spectral shoulders at 7.9 and 11.3 um with
the spectral bands centered near 8.4,9.2,9.5, 11 um, b) a narrow but sharp absorption
feature centered at 11.6 um, and c) a single broad absorption centered at 13 um (with
spectral shoulders at 12.4 and 13.7 um); and two minor bands centered near 7.5 and
13.9 um.

b) 200°C: When the temperature is increased to 200°C, a) the spectral absorption feature
near 8.4 um sharpens and slightly shifts to shorter wavelength, b) the 9.2 um feature
shifts to slightly longer wavelength and the 9.5 um feature shifts to slightly shorter
wavelength, therefore, forming a doublet feature near 9.3 um, c) the 11.6 um feature
sharpens and is slightly extended to longer wavelength, d) the 13 um feature strongly
increases in strength up to ~25% absorption and the minor bands near 7.5 and 13.9
pum are slightly strengthened.

c) 300°C: With the increase in temperature to 300°C, the overall depth of the spectral

features is reduced and the spectral bands tend to merge together. The band near 7.5
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pum shifts to longer wavelength, and the band near 8.4 um shifts to shorter wavelength,
therefore forming a broad two-component absorption with spectral shoulders at 7.1
and 8.8 um. The two absorption bands near 9.2 and 9.5 um, merge together to form a
single wider band centered near 9.2 um. The sharp band near 11.6 um, the broad 13
pm and a minor 13.9 um bands merge together to form a broad band with the spectral
shoulder at 11.4 um.

d) 400°C: When the temperature is further increased to 400°C, the converged bands from
300°C spectra are further smoothened.

e) 500°C: The absorption band near 9.2 um completely disappears. The final spectrum
has three broad minor absorption features around 8, 10, and 13 um with spectral
shoulders near 9.2 and 11.3 um.

f) Comparison with reflectance measurement: The derived emissivity (e=1-R) from room
temperature reflectance measurements (MIR measurements using Bruker A) of fresh
samples gives us a very flat spectra with minor spectral bands near 7.3, 8.3, 9.1, 9.5,
10.8, 11.6, and a broad 13 um absorption. The derived emissivity of heated samples
from reflectance measurements at room temperature shows similar spectral behavior
to derived emissivity from fresh samples, where a) the 8.3 um band shifts to shorter
wavelength to 8.1 um, b) 9.1 and 9.5 um bands merge to form a broad minor band
near 9.3 um, and c) the 10.8 um band shifts to longer wavelength to 11.1 um.

2) Calcium sulfide (CaS, Fig. 4.3b) proves to be the most stable sulfide on the Mercury’s
surface with emissivity spectra retaining their characteristic absorption features for both
fresh and heated CaS samples. In general, measured emissivity spectra of CaS samples
possess characteristic spectral bands near 7.5 um, a doublet near 8.8 um with spectral
shoulders at 8.3 and 9.1 um, a slightly narrower at 9.6 um band, a broad absorption after
10.2 um (spectral shoulder) with a minor spike at 11.4 um. This emissivity spectral
behavior of CaS near 7-14 um remains constant irrespective of the temperature of the
sample. The color of the CaS sample did not change throughout the experiment (Fig. 4.3b;
ambient and heated) and this strongly supports the stability of CaS at Mercury surface
conditions.

When increasing the sample surface temperature from 100 to 500°C, a) the spectral
emissivity near 7.5 um and 9.1 um shows no linear correlation to temperature, with the

order of decreasing emissivity for 100°C, 400°C, 200°C, 300°C, and 500°C; b) the band
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3)

center near 7.5 um remains constant until heating up to 400 °C but drops shortwards to
~7.4 um at 500°C; c) the spectral emissivity is at maximum for the doublet near 8.8 um
where the spectral feature does not change in strength and position when heating from
100°Cto 400°C, whereas at 500°C, the emissivity near the 8.3 um spectral shoulder slightly
increases; d) the band center near 9.6 um does not change until heating up to 300°C but
linearly shifts to longer wavelength from 300°C to 500°C; e) the spectral shoulder near

10.2 um and spectral spike near 11.4 um slightly increase linearly with increasing

temperature from 100 to 500°C. The general shape of the bands remains constant for the

CaS emissivity spectra irrespective of the temperature (Fig. 4.3b).

The derived emissivity (1-R) from the reflectance measurements of fresh and heated
CaS samples shows similar behavior to their emissivity spectra with decreased emissivity
at all spectral channels.

Two sample sets of MgS (Fig. 4.3 ¢,d; MgS-1, MgS-2; Table 4.3 for sample properties) from

two different vendors show slightly different emissivity behavior. However, they both

have a characteristic emissivity minimum centered near 7.8 um. Both MgS-(1,2) samples
show physically effusive behavior on heating; however, the sample MgS-2 seems to be
more stable than the MgS-1. MgS-1 started to gush out (see Fig. 4.1(bottom)) at T>200 °C
leaving us only with two emissivity measurements (Fig. 4.3c). The heated MgS-2 seems to
have a physical crack on the surface layer because of this effusive activity (Fig. 4.3d). The
most likely explanation for such activity could be that MgS starts to dissociate at high
temperatures and therefore releases S to the atmosphere. This dissociation physically
changes the surface morphology of the sulfide samples. This observation therefore
suggests that thicker deposits of MgS on Mercury’s surface might display thermally
fractured floors. The search for such features in very high spatial resolution images of

BepiColombo will open new doors in understanding the role of volatiles in surface

mineralogy and morphology (see Fig. 4.6 in Helbert et al., 2013a)

a) MgS-1 (Fig. 4.3c): The derived emissivity spectrum (1-R) of fresh sulfide shows a broad
band centered near 7.8 um (with spectral shoulders at 7 and 8.8 um) and a very weak
absorption near 9.5 um. On heating to >=1009C, the radiance measured at 7.8 um got
stronger and narrower, and the weak 9.5 um almost disappeared.

b) MgS-2 (Fig. 4.3d): In the derived emissivity spectrum of fresh MgS-2 (1- R fresh), the

strength of the 7.8 um and the 9.5 um spectral absorption features are prominent with
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4)

5)

6)

broad and minor absorption feature near 13 um. On heating to 100°C, the measured
radiance (emissivity) spectra possess all the spectral absorption features except for the
7.8 um band, which completely disappeared. However, an additional minor and very
weak absorption is noticed at 8.9 um. On further heating to 200°C and 300°C, the 7.8
and 8.9 um bands merge together with the inflection near 8.9 um. On further heating
to 400°C and 500°C, the 7.8 um absorption feature disappeared and left us with the
minor absorption near 9 um. However, the derived emissivity of heated sample (1-R
heated) still preserves the 7.8 um band with no 9 um absorption. This clearly shows
that the 7.8 um and 9 um features are completely temperature dependent.
Manganese sulfide (MnS, Fig. 4.3e) shows lower emissivity in the entire spectral range of
7-14 um compared to the other sulfides studied. The derived emissivity (1-R fresh, Fig.
4.3e) shows a broad emissivity maximum centered near 8.8 um (spectral shoulders at 8
and 9.7 um) and a weaker absorption feature near 9.8 um. On heating to 100°C, the
spectral contrast of the bands gets weaker and the slope of the spectra is slightly increased
(redder) shape. With further heating to 200°C, the slope of the spectra gets much redder
with four minor absorption features near 7.8um, 9um, 9.8um, and 10.5um. Heating to
300°C and 400°C, the spectral behavior starts to look more similar to the derived fresh
sulfide spectra (1- R fresh) but the spectral contrast of the kink feature near 9.2 um gets
sharper. Interestingly, the heating of the sample to 500°C subdues the contrast of all the
characteristics spectral bands (emissivity maximum near 8.8 um, and a weaker band near
7.1 um). In general, spectrally the MnS can be identified by a emissivity maximum near 8.8
pKm and a lower emissivity.
Iron sulfide (FeS, Fig. 4.3f) shows absolutely no characteristic spectral bands for both fresh
(1- R fresh) and heated sulfides (100-500°C, 1 — R heated). However, the radiance
measured at 200°C, shows a very weak and broad absorption feature (up to 9 %) centered
near 8.8 um (spectral shoulders at 7.8 um and 10 um). This feature further loses its
spectral contrast linearly on heating to 300°C (8% absorption) and 400°C (6% absorption),
and finally the spectra again become flat when measured at 500°C.
Chromium sulfides (CrS, Fig. 4.3g) show a very similar spectral behavior (nearly flat) of the
radiance measured at all temperatures with a very weak emissivity maximum band (5%

emissivity strength) centered around 9 um (spectral shoulders at 7.8 um and 10.4 um).
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7) Titanium sulfides (TiS;, Fig. 4.3h) show generally a very flat spectral behavior at all
wavelengths. However, the radiance measured at 200°C shows a slightly stronger and a
very broad spectral absorption from 7.4-11.2 um with the strongest absorption near 8.1-
9 um (up to 12% strength). This feature linearly decreases with increasing surface
temperatures and the spectra become completely flat at 500°C, similar to the spectra
measured at 100°C. During heating, the traditional green color of the sulfides closer to
walls of the sample cup turns to grey compared to the material in the center of the sample
cup, indicating either a phase change or a change of the valence state (Fig. 4.3h). It is
known that upon heating, TiS; release sulfur forming titanium(lIl) derivative (Ti,S3) which
is a black powder (Mckelvy et al., 2007). The radial difference is due to the differences in
the temperature; as, for a given time, the samples closer to the sidewalls of the sample
holder received higher temperature than the samples at the center of the cup. This implies
that the traditional green color of the sulfides turn to grey on increased heating. The terms
TiS (green) and TiS (grey) in Fig. 4.3h for heated sulfides refers to these thermally
processed color morphologies. The derived emissivities (1 - R heated green, 1 — R heated
grey) at Fig. 4.3h show no distinctive spectral bands. However, the spectral slope of the
grey exterior material (heated to >500°C) of TiS shows a redder spectral slope upto 11.5

pum and a bluer spectral slope at larger wavelengths.

4.5.2 REFLECTANCE

At PSL, the instrumentation provides spectral reflectance measurements over a wide

spectral range that allows us to understand the spectral nature of the samples.

4.5.2.1 ULTRAVIOLET-VIsIBLE (UV/VIS): 0.2 - 0.6 MICRONS

The UV/VIS spectral range corresponds to the MESSENGER’S MASCS UV/VIS
spectrometer. The spectral behavior of the studied fresh sulfides and T-processed sulfides
measured at four phase angles 26°, 40°, 60°, and 80° for this spectral range are plotted in Fig.
4.4a and Fig. 4.4b, respectively. The instrument specifications of the measurements are
tabulated in Table 4.4. The measured spectra of both fresh and heated sulfides in Fig. 4.4
clearly show that the spectral characteristics of the respective sulfides do not change strongly

with respect to phase angle but do change significantly because of thermal weathering.
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Figure 4.4. Measured reflectance at four phase angles 26°, 40°, 60°, and 80° at UVVIS spectra
range (0.2 — 0.6 um) of (a) fresh and (b) T-processed sulfides

4.5.2.1.1 Fresh sulfides

Fig. 4.4a shows that UV/VIS spectra of fresh sulfides show no significant change in the
spectral band centers with respect to phase angle. However, the band strengths near 0.3 um
are slightly reduced with increasing phase angles. The UV/VIS spectral parameters of the

studied sulfides are detailed below.
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a) CaS, NaS, and MgS-2 show similar spectral behavior with three characteristic
spectral features; two minor but sharper absorptions near 0.22 and 0.25 um and one
stronger/major absorption feature centered at 0.3 pm with spectral shoulders at 0.28 and

0.35 um.

b) CrS, MnS, FeS, and TiS show no significant absorption features. Between 0.3-0.6 um,
the spectra are nearly flat and dark and they have a steep bluer slope in the 0.2-0.3um spectral
region. However, two minor spectral absorption features can be identified along with higher
reflectance at 0.22 and 0.26 um. Unlike CrS, FeS, and TiS, MnS displays two additional minor
bands near 0.52 um (spectral shoulders at 0.49 and 0.56 um) and 0.6 um.

c) MgS-1 displays a broad 0.3 um band centered around ~0.32 um with two minor
bands near 0.22 and 0.26 um, respectively, and their spectral characteristic is evidently
different from that of MgS-2. This further confirms the differences in the MgS used in the

study.

4.5.2.1.2 T-processed sulfides

Similar to fresh sulfides, band strength of the ~0.3 um band decreases with increasing
phase angles (Fig. 4.4b). The CaS spectrum (Fig. 4.4b; Phase 80°) becomes nearly flat beyond
0.3 um due to the increase in phase angle. However, the other bands are nearly unaffected

irrespective of the phase angle of the observation.

Among all the heated (T-processed) sulfides studied, NaS displays sharper and stronger
UV spectral features (0.25 and 0.3 um) compared to its fresh spectra counterparts at all phase
angles. Compared to the fresh sulfide counterparts (Fig. 4.4a), the heated CaS and MgS-2 (Fig.
4.4b) retain their band center positions but have slightly subdued spectral contrasts.
Therefore, heated NaS, CaS, MgS-2 display band centers near 0.22, 0.25, 0.3 um for their

absorption features.

CrS, MnS, FeS, and TiS (green) show literally no spectral feature and are completely
dark and flat beyond 0.3 um. Except for FeS (hexagonal), CrS (hexagonal), TiS (Octahedral) the
rest of the sulfides have cubic structure. The crystal structure of all these sulfides are now
added to the Table 4.3 of supplementary material. The respective spectra retain their minor

bands near 0.22 and 0.26 um. However, heated TiS (grey) displays a broad 0.3 um feature
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centered near 0.32 um. Similar to fresh spectra counterparts, heated MnS retains its

additional bands near 0.52 and 0.6 um for all phase angle measurements.

Unlike fresh MgS-1, heated MgS-1 shows no absorption near 0.3 um and it displays
slightly redder spectra beyond 0.3 um along with additional bands near 0.22 and 0.26 pm.
Also, the spectrum of heated MgS-1 is different from that of MgS-2, as is its fresh spectra

counterpart.

4.5.2.2 VIsIBLE-INFRARED (VIS-IR): 0.3 — 1 MICRONS

The measured reflectance in the VIS-IR (0.3—1 um) spectral range for all fresh and
heated sulfides at all phase angles is plotted in Fig. 4.5a and Fig. 4.5b, respectively. Though
the spectral behavior of these sulfides at 0.3-0.6 um is discussed in the previous subsection,
the 0.3-1 um range is chosen to support the MESSENGER’s MASCS VIS spectrometer
observations. From the spectra plotted in Fig. 4.5, it is important to note that both fresh and
heated samples of CaS, NaS, and MgS-2 have high albedo that could be detected from the
visible camera images of sulfide deposits. TiS, FeS, and CrS are not only much darker in albedo,
they also do not have any characteristic spectral features in this spectral range. Thus, they are
harder to detect on the Mercury’s surface. The spectral behavior of these sulfides is discussed

below.

Among the fresh sulfides (Fig. 4.5a), only MnS displays two distinctive spectral
absorption bands centered near 0.52 and 0.6 um with a redder (increased spectral gradient)
slope. CrS, FeS, and TiS show no spectral feature and display a very flat spectrum across the
entire VIS-IR spectral range. CaS, NaS, and MgS-2 possess redder slopes from 0.3 to 0.45 um
but display flat spectra at longer wavelengths. MgS-1 spectrum shows a redder slope
throughout with two minor broad spectral bands near 0.43 and 0.63 pum, and a sharp but very

weak spectral kink near 0.97 um.

For the heated sulfides (Fig. 4.5b), the spectral band strength of MnS increases mainly
for the 0.6 um absorption feature. The minor spectral features in fresh MgS-1 are completely
lost in reflectance measurements of their heated counterparts and the spectra are redder.
Similar to fresh CrS, FeS, and TiS (green), the spectra of the heated counterparts are
completely flat, showing no spectral features. However, the TiS (grey) spectra display a strong

absorption near 0.33 um. The spectral gradient between 0.3-0.45 um becomes such redder
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for heated NaS, compared to its fresh counterpart. CaS and MgS-2 display similar spectral

behavior to their fresh spectra counterparts.
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Figure 4.5. Measured reflectance at four phase angles 26°, 40°, 60°, and 80° at VIS-IR spectra
range (0.3 —1 um) of (a) fresh and (b) T-processed sulfides
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Though most of the sulfides do not have distinctive spectral bands in the VIS region,
the high albedo of the CaS, NaS, MgS-2 will greatly increase the likelihood of detection of these

sulfide deposits among the average darker albedo of the Mercury’s surface.

Additionally, Fig. 4.5 also clearly shows that there is no significant influence of the
phase angle on the measurements for both fresh and heated sulfides in the VIS-IR spectral

range.

4.5.2.3 NEAR INFRARED (NIR): 1-6 MICRONS

The measured reflectance in the NIR spectral range of 1-6 um for both fresh and
heated sulfides is shown in Fig. 4.6. For this spectral range, the strength of the absorption
bands for each sulfide (fresh and heated) is noticeably subdued with increasing phase angle,

however, the band centers do not show any effect.

Fresh MgS-1 and MgS-2 show four characteristic spectral absorptions; the strongest
and broad absorption around 3 um (with a sudden drop in reflection around 2.6 um) and three
other significant sharp and narrow bands near 1.1, 2, and 2.4 um including a minor inflection
near 2.3 um. However, the strengths of each of these bands is subdued for MgS-2 as compared
to MgS-1. For the heated MgS samples, the band centers of these absorptions do not change,

however, the spectra are smoothened and the 3 um absorption is considerably intensified.

Fresh CaS samples (Fig. 4.6a) show a characteristic broad spectral band at ~3 um and
two minor inflections near 3.5 and 4.6 um. On heating (Fig. 4.6b), the 3 um band is highly

subdued and thereby strengthening the inflections at 3.5 and 4.6 um.

Fresh MnS samples (Fig. 4.6a) have a strong, narrow, characteristic band centered at
2.8 um and a very weak and minor band near 4.7 um. However, for the heated MnS samples

(Fig. 4.6b) the spectrum is nearly flat with a small hint of 2.8 um spectral absorption.

Fresh CrS (Fig. 4.6a) shows a bluer spectral slope between 1 and 2um and a nearly flat
spectrum at longer wavelengths with a weak band around ~3um. On heating (Fig. 4.6b), CrS

shows no spectral absorption, however the general trend of the spectra is preserved.

Fresh TiS and FeS samples (Fig. 4.6a) have no spectral absorptions in this spectral range
and relatively dark albedo. On heating (Fig. 4.6b), FeS and TiS (green) are again spectrally flat;

however, TiS (grey) shows a spectrally broad and relatively weak 3 um absorption band.
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Figure 4.6. Measured reflectance at four phase angles 26°, 40°, 60°, and 80° at NIR spectra

range (1 —6 um) of (a) fresh and (b) T-processed sulfides
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Fresh NaS (Fig. 4.6a) possesses many diagnostic spectral bands in this spectral range;
the main noticeable spectral bands include a) a minor 1.3 um band, b) a relatively strong
absorption around 2 um, c) a weak inflection near 2.5 um, d) a sudden drop in reflectance
after 2.6 um, e) an absorption at 3.4 um, f) a strong and narrow 4 um feature, g) a weak 4.6
um feature, and h) an inflection near 5.6 um. The reflectance measured for the heated NaS
(Fig. 4.6b) shows a similar behavior of the spectral bands except (a,b) gets stronger in
absorption strength, (e, f) combines to form a broad spectral band around 3 um (2.8-3.6 um

wide), (f) gets weaker, and (g) gets relatively stronger and wider.

In general it is safe to say that sulfides measured across the NIR spectral range show
an evident 2.8/3 um absorption band except for FeS and maybe TiS. On increase of phase
angle, all of these bands show a noticeable decrease in absorption strength for both fresh and

heated sulfides in NIR spectral range.

4.5.2.4 MID INFRARED/THERMAL INFRARED (MIR/TIR): 7-14 MICRONS

Fresh sulfides: Among all the sulfides measured (Fig. 4.7a), only three samples show
significant characteristic spectral absorption in this wavelength region; a) CaS has two strong
absorption bands around 8.5 and 10.3 um, b) MnS has one broad and strong absorption near
8.8 um, and c¢) MgS-2 shows a bluer spectral slope beginning at 7.9 um (a spectral bump) with
minor inflections near 8.9, 10, and 11.6 um. MgS-1 has similar inflection pattern than MgS-2,
however it has a very flat spectral slope. CrS has flat spectra with very wide spectral absorption
around 9 um. NaS shows a ripple-like flat spectrum with minor absorption features at 7.8, 8.8,
10, 11.5, and 14 um. TiS has no characteristic spectral absorption features with a redder

spectral gradient. FeS has a flat spectrum with no spectral absorptions whatsoever.

Heated sulfides: In heated sulfides (Fig. 4.7b), CaS preserves its strong absorption
features (8.5 and 10.3 um). The MnS characteristic band at 8.8 um is significantly subdued
with a slight shift in its band center to shorter wavelength of ~8.7 um and a bluer spectral
slope. MgS-1 and MgS-2 preserve their spectral bump near 7.9 um with flat and blue spectral
gradients respectively. The ripple-like spectral nature of fresh NaS (Fig. 4.7a) is still preserved
after heating (Fig. 4.7b). Heated samples of FeS, CrS, and TiS show a very flat spectral gradient

throughout the spectral range.
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Fig. 4.7 also shows that the spectral contrast decreases with increasing phase angles

of the measurements in this spectral range for both fresh and heated sulfides.
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Figure 4.7. Measured reflectance at four phase angles 26°, 40°, 60°, and 80° at MIR/TIR spectra
range (7 — 14 um) of (a) fresh and (b) T-processed sulfides
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4.5.2.5 FAR INFRARED (FIR): 15-100 MICRONS

The measured reflectance for the FIR spectral range (15-100 um) for both fresh and

heated samples is plotted in Fig. 4.8a and Fig. 4.8b, respectively.
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Figure 4.8. Measured reflectance at four phase angles 26°, 40°, 60°, and 80° at FIR spectra range
(15—-100 pm) of (a) fresh and (b) T-processed sulfides
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Fresh sulfides (Fig. 4.8a): TiS has a strong spectral shoulder (bump/reflectance
maximum) at 30 um. MnS has a strong, narrow spectral absorption feature centered at ~28
um (with spectral shoulders at 15 and 40 um). CaS spectrum is characterized by sudden drops
in reflectance at 18 um (bump) and a flat behavior beyond 23 um. MgS-2 has a spectral
absorption at 18 um with the reflectance maximum (bump) near 40 um, however, MgS-1
shows no spectral feature and has a flat and dark spectral gradient. CrS has flat and dark
spectra with a minor bump near 28 um. TiS, CaS, FeS, and NaS have no significant spectral

signatures and a flat spectral gradient.

Heated sulfides (Fig. 4.8b): MnS show a reflectance maximum around 15 um and the
spectra get flat at wavelengths longer than 23 um with a minor bump near 40 um. CaS spectra
show a steep and sudden inflection beyond 18 um similar to their fresh spectra counterparts.
TiS (grey) spectra show a minor weak band near ~25 um. The remaining heated sulfide
samples (CrS, FeS, MgS-1, MgS-2, NaS, TiS (green)) do not show any distinctive spectral
absorption features and they have flat spectral slopes. However, Na$S (at Phase 80°, Fig. 4.8b)

shows bluer spectral gradient for the spectral range of 15-30 um.

4.6 DISCUSSIONS

Studying the spectral behavior of possible Mercury analogues at a range of Mercury
dayside surface temperatures will help us to create a standard spectral library useful for

BepiColombo and MESSENGER data analysis (Maturilli et al., 2017a).

4.6.1 BeriCoLomBo MERTIS

Our emissivity measurements (Fig. 4.3) show that slowly heating the sulfides to
Mercury’s surface temperature (500°C) changes the spectral signature (and potentially the
crystal structure) of the sulfides. The sulfide samples and their characteristic spectral bands
are tabulated in Table 4.1. Sulfide mineralogy will be easily detected in the upcoming MERTIS
dataset (7-14um) on the basis of distinctive absorption centers and spectral shapes. Among
the sulfides studied, CaS and MgS preserved their strong absorption features even after
heating to high temperatures. CaS can be identified by their strong absorptions near 7.4 and

9.6um with an emissivity maximum near 8.8um. MgS has a distinctive 7.8um absorption.
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Though this feature disappears at 400° and 5002C, it reappears when the surface is cooled
below ~3502C and therefore increases the chance of detection at the locations where the
surface temperature is less than ~3509C. Irrespective of its distinctive spectral feature, MgS
tends to break down when heated to higher temperature, which may suggest the loss of
spectral signature of these deposits over the age of their formation. MnS and CrS have an
emissivity maximum near 9um; MnS has a slightly narrower feature centered near 8.8um
compared to the wide spectral feature of CrS. TiS and FeS are difficult to detect because they
have no distinctive and strong spectral features in this spectral region. Advantageously and
unlike the Moon, Mercury’s surface is deficient in Fe and Ti abundance, thus, making it unlikely
to encounter these species on Mercury surface in relevant abundances. This study reveals that
Mercury can be best mapped for its sulfides in the TIR region. Because our sample cups are
placed flat while taking the measurements, this configuration closely matches to the nadir
observation of MERTIS. Thus, MERTIS is capable of identifying and mapping sulfide deposits
(Helbert et al., 2013a) within the hollows and also the S-related pyroclastic deposit
distribution on the surface, irrespective of the local time of observation. MERTIS will be a
powerful instrument not only to identify the silicate mineralogy but also to identify volatile-
rich minerals across the surface. Thus, MERTIS will open a new door to identify spectrally

heterogeneous surface mineralogy of Mercury.

4.6.2 MESSENGER MASCS

The spectral measurements of sulfides at high phase angles (80°) are also relevant for
their detection in MESSENGER MDIS/MASCS UV/VIS data (Fig. ; Phase 80° and Table 4.1). In
the UV/VIS spectral range (0.3-0.6um), both fresh and heated sulfides of CaS, NaS, and MgS
show stronger absorption near 0.3um. MnS shows distinctive spectral bands at 0.52um. All
the fresh and heated sulfides show both minor and sharp bands near 0.22 and 0.26um. These
spectral features do not change phase angles and temperatures. Thermal weathering of
sulfides does not influence their spectral nature in the ultraviolet. MASCS UV/VIS
spectrometer datasets should be revisited to look for these distinctive spectral features of

sulfides.
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Table 4.1. Characteristic spectral absorption

BepiColombo mission

bands for detection of sulfides by MERTIS of

Emissivity 100 °C 200 °C 300 °C 400 °C 500 °C
(um) (um) (um) (um) (um)
NasS 7.5m, 8.4w, 9.2w, | 7.5m, 8.4, 9.3d, | 7.1m, 8.8m, | 7.1m, 8.8m, | 8wm, 10wm,
9.5w, 11w, 11.6w, | 11.6,13,13.9m | 9.2m, 12.8- | 9.2m, 12.8- | 13wm
13wW 13.5W 13.5W
Cas 7.5, 8.8d,9.6,10.2- | 7.5, 8.8d, 9.6, | 7.5, 8.8d, 9.6, | 7.5, 8.8d, 9.6, | 7.4, 8.8d, 9.6,
14W, 11.4b 10.2-14W, 10.2-14W, 11.4b | 10.2-14W, 11.4b | 10.2-14W,
11.4b 11.4b
MgS-1 7.8 7.8 No data No data No data
MgS-2 7.8, 8.9wm, | 7.8-9W, 13Wm 7.8-9W, 13Wm 9m 9m
13Wwm
MnS 7-8W, 9.8m 7.8m,9m, 9.8m, | 7-8W, 9.2b, | 7-8W, 9.2b, | 8.8Wb
10.5m 9.8m 9.8m
FeS - 8.8wmWwW >8.8wmW >8.8wmW -
CrS 9wmWb 9wmWb 9wmWb 9wmWb 9wmWb
TiS - 8.1-9W <<8.1-9W <<8.1-9W -

w-weak, W-wide, m-minor, d-doublet, b-bump

In the spectral range from 0.3 to 1.45 um, both fresh and thermally processed MnS
show strong spectral absorption features near 0.52 and 0.6 um (Fig. 4.5 and Table 4.2).
Detection of these features in MDIS/MASCS VIRS datasets will therefore prove their presence
on Mercury. Most of the sulfides also have a steeper slope between 0.3 and 0.4 um and a
minor absorption near 1.1 um that could also be used as a tracer in VIRS datasets for searching

for sulfides on Mercury.

4.6.3 BepiCoLomBo SIMBIO-SYS/VIHI

Because VIHI has a similar spectral range to MESSENGER MASCS VIRS though extended
to~2 um (i.e., ~0.4-2 um) and nadir-pointed (corresponding to Phase 26°) (Fig. 4, 5; Phase 26°
and Table 4.2). The minor absorptions near 1.1 and 1.3 um feature can be traced for MgS and
NaS, while the 2 um features can be studied both for MgS and NaS sulfides. CaS shows a weak
and minor absorption feature near 0.55 um. MnS shows strong absorption features near 0.52
and 0.6 um. The very flat spectral nature and dark albedo of TiS, FeS, and CrS make them

difficult to detect in this spectral range.
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4.6.4 SPECTRAL BEHAVIOR OF SULFIDES WITH RESPECT TO PHASE ANGLE AND TEMPERATURE

It is important to understand the spectral behavior of these sulfides as a function of
phase angle and temperature effects. Fig. 4.9 shows that the sulfide spectra show few phase
angle effects in the UV spectral range. Spectral contrast is subdued with increasing phase
anglesin the FIR spectral range. Data from the UV/VIS (0.3-0.6 um) show no spectral variations
with the change of phase angle. However, the absorption strength and albedo of the spectra
are slightly diminished with increasing phase angle at the spectral range >1 um. Also, the
reflectance spectra of heated sulfides in the FIR spectral range (15-100 um) show a complete
loss of features compared to their fresh counterparts. To understand the emissivity spectra
with respect to temperature, it is important to revisit Fig. 4.3, which clearly demonstrates
dynamic changes in the spectral behavior of sulfides depending on surface temperatures (e.g.,
NaS). Thus, the spectral behavior of sulfides cannot be generalized for temperature effects as
each sulfide behaves differently with respect to temperature. To understand the behavior of
these sulfides in the crystal mode, a further extended study of the detailed behavior of sulfide
minerals with heating should be performed. Future work will concentrate on prolonged
heating of sulfides at Mercury environmental conditions and step-by-step changes in spectral

behavior along with their crystal structures.
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Table 4.2. Detection of sulfides in the spectral range (1-100 um) for reflectance measurements

Reflectance | Sulfides | UVVIS VISIR NIR MIR FIR Albedo
(0.3-0.6 pm) (0.3-1 (1-6 pm) (7-14 um) (15-
1m) 100
um)
Cas Fresh 0.3,0.22m, 0.25m | 0.55wm | 3 8.5,10.3 18b high
Heated | 0.3,0.22m, 0.25m | 0.55wm | - 8.5,10.3 18b high
CrS Fresh 0.22m, 0.26m - 3w 9w, m 28mb low
Heated | 0.22m, 0.26m - - - - low
FeS Fresh 0.22m, 0.26m - - - - low
Heated | 0.22m, 0.26m - - - - low
MgS-1 Fresh 0.32Bm, 0.22m, | - 3,1.1m, 2m, | 7.9b, 8.9i, | - medium
0.26m 2.4m 10i, 11.6i
Heated | 0.22m, 0.26m - 3, 1.1wm, | 7.9b - medium
2wm, 2.4wm
MgS-2 Fresh 0.3,0.22m, 0.25m | - 3, 1.1wm, | 7.9b, 8.9i, | 18,40b | medium
2wm, 2.4wm | 10i, 11.6i
Heated | 0.3,0.22m, 0.25m | - 3, 1.1wm, | 7.9b - medium
2wm, 2.4wm
MnS Fresh 0.22m, 0.26m, | 0.52,0.6 | 2.8 8.8 28 medium
0.52m, 0.6m
Heated | 0.22m, 0.26m 0.52,0.6 | 2.8wm 8.7m 40b medium
NaS Fresh 0.3,0.22m, 0.25m | - 1.3, 2, 2.5i, | Ripple (7.8, | - high
3.4, 4, 46w, | 8.8, 10, 11.5,
5.6i 14)m
Heated | 0.3,0.22m, 0.25m | - 1.3, 2, 2.5i, | Ripple (7.8, | - high
3W, 4, 4.6w, | 8.8,10,11.5,
5.6i 14)m
TiS Fresh 0.22m, 0.26m - - - 30b low
Heated | 0.22m, 0.26m - - - - low
(green)
Heated 0.32Bm 0.33 3m - 25m low
(grey)
Effect of no no yes yes yes
phase
angle

b-bump, B-broad, m-minor, w-weak, W-wide, i-inflection, s-sharp
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Figure 4.9. Measured reflectance at four phase angles a) 26°, b) 40°, ¢) 60°, and d) 80° at complete spectra range studied (0.2 — 100 pum)
for both fresh and heated sulfides respectively.



4.7 CONCLUSIONS

In this study, the emissivity behavior of sulfides (7-14 um) with respect to changing
temperature under Mercury surface conditions has been carefully addressed. The reflectance
spectral behavior of fresh and thermally processed sulfides after emissivity measurements
across a wide spectral range (0.2-100 um) has been studied. Characteristic spectral bands for
identification of these sulfides has been cataloged to support analyze of existing and future
datasets. Sulfide spectra show less variation with phase angle at shorter wavelength.
Therefore, the available MESSENGER MDIS and MASCS UVVIS datasets should be further
explored to discover sulfide deposits on Mercury’s surface by searching for their distinctive
0.3 um absorption feature. However, the nature/composition of these sulfides will only be
unraveled by MERTIS (TIR spectral range) as each of the sulfides has a characteristic TIR
emission spectrum. The ongoing work will focus on 1) Search for these sulfides in the existing
orbital datasets, 2) Derivation of spectral parameters that effectively identify them in the
future MERTIS datasets, and 3) Machine learning techniques to unmix sulfide spectra from

silicates in Mercury surface conditions.
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4.9 SUPPORTING INFORMATION

4.9.1 PLANETARY SPECTROSCOPY LABORATORY (PSL) IN DETAIL
Currently at PSL, we operate two identical FTIR (Fourier transform infrared)
spectrometers (Bruker Vertex 80V); one spectrometer (Bruker A) is equipped with aluminum

mirrors optimized for spectral measurements in the ultraviolet (UV), visible and NIR (near
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infrared) wavelength region (say, 0.2 — 25 um) (Fig. 4.1 in the main article), and the second
one (Bruker B) is equipped with gold-coated mirrors optimized for measurements in near- to
far-IR spectral range (1 - 100 um) (Fig. 4.1 in the main article). Both the spectrometers (Bruker
A and Bruker B) use a Bruker A513 variable-angle reflection accessory (two mirrors enabling
viewing cone with aperture of 17°) allowing bi-conical reflectance measurements under
vacuum conditions for phase angles between 26° and 170° (Maturilli et al., 2014). The second
spectrometer (Bruker B, Fig. 4.1 in the main article) is also attached to an external chamber
for direct emissivity measurements by heating the samples to required temperature (~320 K
— 1000 K) using a high efficiency induction heating system. This chamber is separated from the
Bruker B by a shutter so that both the spectrometer and chamber can be operated
independently at vacuum conditions. The external chamber can also work at ambient pressure
conditions by mounting a vacuum-tight optical window between the chamber and Bruker B.
The emissivity chamber is equipped with temperature sensors (thermopiles) for tracking the
temperature of the sample and the surrounding environment during the measurements along
with a webcam for monitoring the experiment. Thermal infrared spectral studies of a variety
of mineral analogues to Mercury and other planetary bodies have been conducted in varying

temperature conditions at PSL using this facility (Maturilli et al., 2017a).

4.9.2 STEP-BY-STEP PROCEDURE OF EMISSIVITY MEASUREMENTS OF SULFIDES AT PSL.

Each sulfide sample is poured in a stainless steel cup to a 3-mm-thick uniform layer.
The cup is then placed on a carousel above the induction pancake coil inside the external
chamber. Each cup is equipped with three thermopile temperature sensors; two of them
measure the temperature of the emitting surface of the sample and the third one measures
the temperature of the sample cup itself on its side. Therefore, we trace both the surface
temperature of the sample (thermopiles on emitting surface), and the thermal environment
of the sample (thermopile on the steel cup). The experiment setup is shown in Fig. 4.2 in the
main article. Then, the chamber is evacuated slowly until it reaches the final vacuum (pressure
of ~ 0.7 mbar). The system is maintained at vacuum for at least 1 hour to get rid of the air
molecules trapped in the sample. In the meantime, in the evacuated instrument the MCT

detector is cooled using liquid nitrogen.

Once the instrument and chamber is stabilized in vacuum conditions, the sample is

slowly heated to ~100 °C by manually controlling the current supply to the induction system.
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Once the sample surface temperature stabilizes at 100 °C the measurement procedure is
initiated. The shutter between chamber and spectrometer is opened and radiance from the
heated sulfide collected by a gold (Au) coated parabolic at 90° off-axis is reflected into the
spectrometer and recorded by the MCT detector. For each measurement a set of 100 scans is
obtained to increase the signal to noise ratio while keep the sample temperature stabilized at

100 °C.

In the same way, each sulfide sample is heated from 100 to 500 °C (step 100 °C) in
vacuum by slowly increasing the current to the induction coil. It takes about 1 h to heat the
sample to every increased step of 100 °C. Over the entire heating period, the sulfides are
carefully monitored with the webcam installed in the chamber. Therefore, emissivity
measurements are taken at temperatures of 100 °C, 200 °C, 300 °C, 400 °C, and 500 °C for
better simulating different thermal insulating conditions on Mercury depending on their time
of day and/or latitude. After the last emissivity measurement at surface temperature of 500

°C the samples are now thermally processed for the Mercury’s surface conditions.

The thermally processed sulfide sample is then cooled overnight down to room

temperature in vacuum conditions.

After emissivity measurements of each sulfide sample, the chamber is vented slowly
by manual control to avoid disturbing of samples due to sudden gush of air, and the whole
chamber is cleaned thoroughly to remove all potentially outgassed materials that might stick
to the chamber walls, temperature sensors, the parabolic mirror, and rotating carousel while

heating the samples (see Fig. 4.2 of MgS in the main article).
The entire procedure is repeated for every sulfide sample studied.

All the measured emissivity spectra of sulfides are then calibrated against a blackbody
reference (in this case, blast furnace slag) for each measured temperature and geometric
configuration (Maturilli et al., 2013). The calibrated sample emissivity of the sulfides is shown

in Fig. 4.3 in the main article.

4.9.3 STEP-BY-STEP PROCEDURE OF REFLECTANCE MEASUREMENTS OF SULFIDES.
The standard black Teflon sample cups are prepared for all sulfide samples (both fresh

and T-processed) for the reflectance measurements.
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The instrument is equipped with appropriate beamsplitters and detectors for the
corresponding reflectance measurements; e.g., CaF, beamsplitter and GaP detector for UV
measurements (see, Table 4.2 for all spectral range). For MIR measurements alone, we need

to cool the detector using liquid nitrogen.

The reference sample for corresponding spectral range is then loaded to the sample
holder for calibration of the reflectance measurements of the sulfides; e.g., White PFTE
(plastic) for UV spectral range (details in Table 4.2 for all spectral range). Once the reference

is loaded, the instrument is evacuated.

Before taking the reflectance of the reference sample, the software is instructed to
run a macro that contains the list of phase angles (i/e= 13°/13°, 20°/20°, 30°/30°, 40°/40°) that
facilitates the instrument to automatically adjust the motor of the Bruker A513 variable-angle
reflection accessory for the respective angles at each measurement of the instrument. This
automates the varying phase angle reflectance measurements of both reference and sulfide
samples. Thereby, the corresponding reflectance of the reference is measured for calibration
of the respective reflectance spectra for varying phase angle and each corresponding phase
angle will be used for calibrating the respective phase angle of reflectance in sulfide samples.
Each measurement is taken for 100 scans and then averaged to increase the signal-to-noise

ratio of the measurement.

After taking the reflectance spectra of reference sample, the sample compartment is
vented and the reference is now replaced with the sulfide sample cup, the system is then
evacuated, and the reflectance of the sulfide for varying phase angle is measured by following
step 4. The measured reflectance spectrum at each phase angle is divided by corresponding
reference spectra at the respective phase angle for the final calibrated spectra by the
instrument software module. This procedure is repeated for all the sulfides (both fresh and T-

processed).

Once all the measurements are taken in a particular spectral range (e.g., UV), now the
detectors and beamsplitters are adjusted for another spectral range (say, MIR), and the steps
2-5 are then repeated for the respective spectral range (see, Table 4.4 for corresponding

specifications).
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As, we have overlapping spectral range between each spectral range, all the four
spectra (UV, VIS-IR, TIR, FIR) are stitched together using IDL routine for retrieving the complete

spectra (Fig. 4.9 in the main article).

Table 4.3. Samples used in the study

Sample Crystal CAS No Supplier Mass (g) | Purity (%)
Structure
Calcium Sulfide Cubic 20548-54-3 | Alfa Aesar 25 99.9
(cas)
Magnesium Sulfide (MgS-1) Cubic 12032-36-9 | CHEMOS 25 99.9
Magnesium Sulfide (MgS-2) Cubic 12032-36-9 | Tailorlux 30 99
Manganese (Il) Sulfide Cubic 18820-29-6 | Alfa Aesar 100 99.9
Iron (I1) Sulfide (FeS) Hexagonal 1317-37-9 Sigma Aldrich | 100 99
Chromium (lIl) Sulfide (Cr2Ss) Hexagonal 12018-22-3 | Alfa Aesar 5 99
Titanium (IV) Sulfide (TiSz2) Octahedral 12039-13-3 | Sigma Aldrich | 10 99.9
Sodium Sulfide Cubic 1313-82-2 Sigma Aldrich | 50 99.9
(Na2S)

Table 4.4. Instrument specifications and spectral ranges of measurements at PSL

Sample uv VIS/IR MIR MIR FIR

Measurements (Reflectance) (Emissivity)

Bruker Vertex 80V A A A B B
Reference White Spectralon Gold sandpaper Blast furnace Gold
PFTE slag sandpaper
(plastic)

Spot size (mm) 2 2 2 49 2
Wavelength (um) 0.2-0.5 0.4-1 1-25 7-14 16-100
Resolution (cm™) 8 4 4 4 4

Detector GaP Si diode MCT Nitrogen cooled DTGS201
MCT HgCdTe (deuterated
triglycine
sulfate)
Beamsplitter CaF. CaF. KBr Broadband KBr Mylar
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KEY POINTS

Spectral emissivity behavior (7-14 um) of calcium-sulfides (CaS) remains stable for
repeated heating cycles under simulated Mercury daytime surface conditions.

CaS is the stable sulfide that survives the extreme thermal environment of Mercury.

CaS is an important tracer for other sulfides those might be lost in the hollow-forming

process dominated by sublimation.
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5.1 ABSTRACT

Global mapping of the nature and distribution of volatiles such as sulfides on Mercury’s
surface is essential for understanding the thermal evolution of the planet. The surface
exposure of these sulfides over extreme day-night temperature cycles (176 days; 450 °C to -
170 °C) on Mercury leads to thermal weathering of these sulfide compounds. It has been seen
that among the proposed sulfides on Mercury (MgS, FeS, CaS, CrS, TiS, NaS, and MnS), CaS
showed relatively stable and distinctive spectral features in the thermal infrared region (TIR;
7-14 um) when studied under the simulated Mercury day conditions for temperatures ranging
from 100 °C up to 500 °C under vacuum (0.1 mbar) (Varatharajan et al., 2019a). In this study,
we re-investigated the stability of CaS and its spectral emissivity spectral behavior. We
exposed the sample for four consecutive Earth days simulating Mercury day cycles and
measured the TIR spectra of CaS for temperatures up to 500 °C (with steps of 100 °C) every
day. This time the spectral analysis is coupled and supported by XRD diffraction on the fresh
and temperature-processed sample, showing the mineralogical evolution with temperature.
We confirm that CaS is a stable compound and therefore it would remain stable on Mercury’s
surface regardless of investigated peak surface temperatures. This study further implies that,
for the hollows dominated by the sublimation of sulfides on Mercury (Blewett et al., 2013,
Helbert et al., 2013a, Vilas et al., 2016), CaS could be the last of the sulfides that could be
mapped on Mercury as other sulfides were lost by thermal decomposition, leaving behind
hollows. This could make CaS an important tracer for other sulfides, which might be lost in the
hollow-forming process and supports the detection of CaS within hollows by MESSENGER
(Vilas et al., 2016). The emissivity spectra reported here are significant for the detection and
mapping of CaS associated with hollows and pyroclastics using the Mercury Radiometer and

Thermal Imaging Spectrometer (MERTIS) datasets.
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5.2 INTRODUCTION

NASA’s MESSENGER (Mercury Surface, Space Environment, Geochemistry, and
Ranging) mission revealed that Mercury, unlike the Moon, has been formed in a highly
reducing environment with sulfur abundances of up to 4 wt% (Nittler et al, 2011).
MESSENGER’s XRS (X-Ray Spectrometer) data suggest that FeS and CaS are present in
Mercury’s shallow regolith, with minor MnS and NaCrS; (Nittler et al., 2011; Weider et al.,
2016). Thermochemical and experimental evidence indicates that CaS is the major lithophile
sulfide on Mercury (Vaughan, 2013), supported by MESSENGER XRS data, which showed a
strong correlation in the detected abundances of Ca and S, suggesting the presence of
minerals such as oldhamites (Nittler et al., 2011, Weider et al., 2012, Weider et al., 2014,
Weider et al., 2016). Sulfides have been proposed to be present at unique sub-km scale
landforms called hollows (Helbert et al., 2013a). This hypothesis has been supported by the
first spectral evidence of sulfide minerals (CaS, MgS) within the hollows of Dominici crater
detected by MESSENGER Mercury Dual-Imaging System (MDIS) that mapped Mercury’s
surface in the visible-infrared spectral region (400 to 1000 nm) (Vilas et al., 2016). The global
spectral mapping of identified hollows and pyroclastics utilizing at wide spectral ranges will
enable us to effectively map the sulfide materials across Mercury’s surface (Helbert et al.,
2013a, Thomas et al., 2014a, Thomas et al., 2014b, Vilas et al., 2016, Lucchetti et al., 2018,
Besse et al., 2020).

The Mercury Radiometer and Thermal Imaging Spectrometer (MERTIS) onboard the
Mercury Planetary Orbiter (MPO) of ESA/JAXA’s BepiColombo mission will be the first orbital
thermal infrared spectrometer (TIS) and radiometer (TIR) to map the surface mineralogy in
the mid-infrared spectral range (Hiesinger et al., 2010, Hiesinger et al., 2020). With its two
channels (TIS, TIR), MERTIS will characterize the emissivity behavior of surface materials,
including sulfides, between 7 um and 14 um (TIS) (between 7 um and 40 um with TIR) with a
spectral resolution of 90 nm (78 spectral channels) and a spatial resolution of 500m/pixel

along with its corresponding surface temperature.

In a recent study (Varatharajan et al., 2019a), the emissivity behavior of a wide range
of sulfides (MgS, FeS, Cas, CrS, TiS, NaS, and MnS) within the MERTIS spectral range (7-14um)

were studied for temperatures ranging from 100 °C up to 500 °C, with heating steps of 100 °C
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under vacuum (0.1 mbar). The study showed that, among these sulfides, only CaS exhibited
strong emissivity features and minor susceptibility to thermal weathering while reaching

extreme temperatures of 500 °C for one simulated Mercury day (Varatharajan et al., 2019a).

Mercury’s surface is repeatedly exposed to extreme temperature changes, ranging
from 450 °C during daytime to -170 °C during nighttime over a one day/night cycle of 176
terrestrial days (Soter and Ulrichs, 1967, Krotikov and Shchuko, 1975a). In this study, we aim
at further investigating the physical/thermal and emissivity/spectral stability of CaS while
exposed to an extreme thermal environment for multiple simulated Mercury days as a
function of temperature (100 °C, 200 °C, 300 °C, 400 °C, and 500 °C) under vacuum (0.1 mbar)
for each day (see Section 5.3.1). For the whole duration of the experiment, the vacuum was
maintained inside the emissivity chamber. The physical stability of CaS is studied by X-Ray
diffraction (XRD) analysis of the starting (fresh synthetic) CaS and the resulting thermally
processed CaS after four simulated Mercury days (Section 5.3.2). Our study is important for
understanding the thermal stability of the volatile-bearing materials such as CaS under

Mercury daytime surface conditions for their effective detection from the orbit by MERTIS.

5.3 SAMPLE, FACILITY AND METHODS

For this study, the starting material used is synthetic CaS with a grain size of ~10 um
(certified by industrial supplier Alfa Aesar; CAS No. 20548-54-3) as used in the study by
(Varatharajan et al., 2019a). The facility and methods for emissivity and x-ray diffraction

studies are explained below in Section 5.3.1 and Section 5.3.2 respectively.

5.3.1 EmiIssIvITY

Planetary Spectroscopy Laboratory (PSL) is located at the Institute of Planetary
Research, German Aerospace Center (DLR) in Berlin, Germany. Among the facilities present at
PSL, the emissivity chamber allows to heat up various analogue materials, reaching extreme
temperatures and to study their emissivity behaviors as a function of temperature (50 °C-600
°C) across a wide spectral range (1-50 um). The systematic emissivity studies results in an
extensive planetary materials emissivity library. Such specialized spectral library is created to

support surface composition analyses of hot planetary targets such as Mercury, Venus, Moon,
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and lo (Maturilli et al., 2008, Helbert and Maturilli, 2009, Helbert et al., 2013a, Helbert et al.,
2013b, Helbert et al., 2019, Varatharajan et al., 2019a). One of the three identical FTIR (Fourier
transform infrared) spectrometers (Bruker Vertex 80V) at PSL is connected to the external
emissivity chamber (Fig. 5.1). The spectrometer is optimized for spectral measurements under
vacuum conditions (0.1 mbar). The chamber is separated from the spectrometer by a shutter
and a vacuum-tight optical window between the chamber and the spectrometer, enabling the

chamber to be operated under vacuum or at the desired pressure condition.

Laboratory = F"( ,
spectrometer . gmlss:ons

Shutter

Cargusel

Induction .
coil \ Fas

Figure 5.1. Graphical illustration of the laboratory set-up at PSL for high temperature emissivity
measurements. The figure shows the heating of the sample cup using induction coil and its
corresponding emissions been deflected to the Bruker 80V spectrometer using a gold-coated
mirror. The image from inside the chamber was taken by a webcam during the measurement.
The samples are placed in a stainless-steel disk, which is then placed on the carousel. The
induction coil heats the sample cup through the carousel. The shutter between the
spectrometer and the emissivity chamber enables us to physically detach the emissivity
chamber and spectrometer while heating under vacuum and therefore protecting the
spectrometer from continuous heat emissions. The shutter is open only while recording the
measurements when sample cup reaches its desired temperatures.
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For this study, the fresh CaS sample is placed in a stainless-steel cup which is then
placed on a carousel, that can be rotated via a stepper motor to bring several samples to the
measurement position without breaking the vacuum inside the chamber. The sample is
heated from below the carousel (made of quartz glass) by an induction system. The
temperature of the sample cup is controlled by adjusting the current applied to the induction
coil. Three temperature sensors (thermopiles) on the sample and on the side of the sample
cup, continuously monitor the bulk surface temperature, while the surrounding environment
of the sample is monitored by a webcam (Fig. 5.1). The spectrometer is equipped with MCT
HgCdTe detector (cooled by liquid nitrogen) and KBr beamsplitter to study the emissivity

behavior of CaS at the TIR spectral region (7-14 um) at the spectral resolution of 4 cm™under

vacuum.
Fresh CaS
1A Day 1 Emissivity
Day 4 5 > (7-14 um)
ays f§ Day 2 “| Emissivity Chamber
100 °C
g 200 °C
3 >
©
>
N 2 N © 300 °C R
2 = = _%" N Inside Planetary
§ Emissivity
T 400 °C| Chamber
CaS at 500 °C re—
\va
Day 2 | Heated CaS cooled to
Day 3
Day 4 Room Temperature

Figure 5.2. Graphical summary of the methodology used in the study to measure the emissivity
of calcium sulfides (CaS) for four heating cycles during which the sample surface temperatures
reach up to 500°C. The experimental set-up inside the emissivity chamber is also shown for
temperatures 100 °C and 500 °C.
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In this study, the emissivity spectral measurements of CaS are conducted for four
simulated Mercury days each. The simple graphical flowchart of the experimental procedure

is shown in Fig. 5.2. The detailed step by step experimental procedure is explained below:

1. Once the experimental setup is ready and the fresh CaS sample loaded, both the
spectrometer and the chamber are slowly evacuated. Before heating up, the sample is kept
under vacuum for at least 1 hour to purge it from any air trapped in the sample. In the

meantime, the detector is cooled down by liquid nitrogen.

2. Once the instrument and the chamber are stabilized under vacuum conditions, CaS
is slowly heated up by manually controlling the current to the induction system. When the
sample surface is stable at 100 °C, the first measurement takes place. The shutter between
the chamber and the spectrometer opens, allowing the spectrometer to detect the radiance
coming from the heated surface of CaS. The radiance is collected and deflected by a gold (Au)
coated parabolic mirror at 90° off-axis into the spectrometer. After the measurement, the
shutter is closed again to avoid that any particle reaches the spectrometer optics during

heating process.

3. This procedure is repeated at temperatures of 200 °C, 300 °C, 400 °C, and 500 °C,

thus obtaining the emissivity measurements for 1% simulated Mercury day.

4. After the last measurement at 500 °C, the chamber and the thermally processed CaS
sample cool down overnight reaching room temperature. The vacuum condition is kept
constant during the entire process. During the entire heating period, the CaS sample cup is
never moved and is carefully monitored with the webcam installed in the chamber to detect

outgassing events.

5. Each step from 2 to 4 is repeated every day for another three consecutive Earth days
simulating a Mercury day cycle where the surface reaches up to 500 °C. For all the four days
of measurements, the vacuum pump is continuously operated. The samples are therefore not

exposed to the atmosphere during the entire experiment (Fig. 5.2).

At the end of the measurements, the CaS sample used for the measurements is by all
means thermally processed (T-processed) under Mercury daytime temperatures. All the
measured emissivity spectra of CaS, which are shown in Figure 5.3, are finally calibrated

against a blackbody reference at their respective measured temperatures and geometric
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configurations. PSL uses blast furnace slag as a standard blackbody for the temperatures and

spectral range used in this study (Maturilli et al., 2013).

5.3.2 X-RAy DIFFRACTION (XRD)

In order to understand the physical stability of CaS under the extreme thermal
environment of Mercury and to explain the observed changes in its spectral characteristics
(Fig. 5.3), the XRD analyses of the fresh starting material (CaS) and the recovered thermally
processed CaS were conducted at the Helmholtz Centre Potsdam - GFZ German Research
Centre for Geosciences, Potsdam. The instrument used for the XRD analyses is a STOE STADI
P powder diffractometer. The primary Cu Kq1 radiation was produced with 40 kV acceleration
voltage and 40 mA beam current and a Ge (111) primary monochromator. The diffracted
radiation was detected by a high-resolution DECTRIS MYTHEN detector. Measurements were
performed in the range 20 = 5°-100° where 20 is the angle between incident X-ray beam and
reflected X-ray beam. The accuracy of the system was monitored before each measurement
by collecting a full X-ray diffraction spectrum of Si standard (NIST 640d). The average value of
the unit-cell parameter of Si is 5.430 £ 0.001 A, which, compared to the certified value ao =

5.43123 + 0.00008 A, corresponds to an accuracy of 0.02%.

The results obtained from the XRD measurements for starting and thermally processed
CaS are shown in Fig. 5.4a and Fig. 5.4b respectively and are discussed in detail in Section

5.4.2.

5.4 RESULTS AND DISCUSSIONS

5.4.1 EMISSIVITY MEASUREMENTS
The spectral evolution of calibrated emissivity of the CaS for four simulated Mercury

days is discussed below:

Simulated Mercury Day 1: With the increase of temperature from 100 to 500 °C during
the first simulated Mercury day (Fig. 5.3a). We observed that: a) The band center near 7.5 um
remains constant until the sample reaches 400 °C, dropping shortwards to ~7.4 um at 500 °C;
b) The emissivity shows a maximum doublet near 8.8 um and this spectral feature does not
change in strength and position when heating from 100 °C to 400 °C, whereas at 500 °C, the

emissivity near the 8.3 um spectral shoulder slightly increases; c) The band center near 9.6

120



pm does not change until heating up to 300 °C but slightly shifts to longer wavelengths with
increasing temperatures from 300 °C to 500 °C; d) The center of the spectral shoulder near
10.2 um and the spectral spike near 11.4 um slightly increase with increasing temperatures
from 100 °C to 500 °C; and e) The emissivity for spectral features near 7.5 um and 9.5 um

decreases with increasing temperatures.

Simulated Mercury Day 2: Emissivity spectra of CaS at 100 °C (Fig. 5.3b; black) during
Day 2 show comparatively similar spectral shapes compared to emissivity spectra of CaS at
500 °C of Day 1 (Fig. 5.3a; red). Within the spectral region of 7.5-9.5 um, the overall spectral
morphology remains stable while heating up to 500 °C. However, the spectral shape at
wavelength larger than 12 um changes drastically when the sample temperature exceeds 400
°C. Up to 300 °C, the spectral shape between 10 um and 12 um display a negative slope having
spectral shoulders (minor peaks in emissivity) at 10.2 um and 11.4 um. However, at
temperatures 400 °C, this spectral slope evolves into a broad emissivity band. This spectral

feature is also observed in spectra taken at 500 °C with a slight increase in emissivity.

Simulated Mercury Day 3: In order to test the stability of the emissivity spectra of CaS
at the end of the measurements at Day 2 (Fig.3b; red), the emissivity procedure is repeated
again for Day 3. At temperature of 100 °C (Fig. 5.3c; black) during Day 3, the emissivity of CaS
maintains the spectral shape of CaS at 400 °C and 500 °C during the previous day (Fig. 5.3b;
red). While heating through 200°, 300°, 400°, and 500°C, the general spectral morphology of
the emissivity behavior of CaS did not show any significant changes. For all temperatures, a)
the emissivity of CaS during Day 3 shows minima at ~7.5 um and 9.5 um, b) the emissivity
maximum shows a doublet feature centered around ~8.8 um, and c) the spectral shape
between 10 and 12 um feature shows a broad spectral band in contrast to the spectral shape

of Day 1.

Simulated Mercury Day 4: When the sample was heated again through the fourth
simulated Mercury day (100-500 °C) under vacuum, the emissivity spectra remained

unchanged with respect to the previous day (Day 3) at all respective temperatures.

At the end of the four days of emissivity measurements of the CaS sample under
vacuum, a mild “rotten egg” odor was sensed while opening the chamber. This may indicate

the release of S during the experiments.
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Figure 5.3. (a-d) Emissivity measurements showing emissivity behavior of CaS under four
simulated Mercury daytime surface conditions where peak surface temperatures reach upto
400-500°C. (b) The evolution of an emissivity feature near 10-11 um is observed for samples
heated to >400 °C during second simulated Mercury day. (c-d) However, the spectra remained
constant during the third and fourth day.

5.4.2 XRD ANALYSIS

In order to explain the changes in spectral characteristics of fresh CaS and the products
after four heating cycles (Fig. 5.3), XRD analyses were conducted for the fresh starting CaS
(corresponding to emissivity spectra during Day 1) and the resulting thermally processed CaS

(corresponding to emissivity spectra during Day 4).

The measured XRD diffractogram of the starting/fresh CaS against the theoretical XRD
diffractogram of pure CaS is plotted in Fig. 5.4a. The measured XRD diffractogram of our fresh
Cas displays an extra peak (d-spacing at circa 1.35 A) marked as red arrow in Fig. 5.4a which
does not belong to the calculated XRD pattern of pure CaS. This extra peak is probably due to

minor impurities in the starting material of the synthetic CaS sample. Hence, the emissivity
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spectra of CaS at all temperatures for Day 1 (Fig. 5.3a) does not correspond to the emissivity

spectra of pure CaS.
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Figure 5.4. The XRD diffratogram results obtained for (a) fresh CaS and (b) thermally processed
Cas after four heating cycles. The top plot for both (a) and (b) compares the measured (blue-
dotted) and calculated XRD pattern of CaS (black solid). The bottom plot for both (a) and (b)
shows the difference between observed and calculated XRD amplitudes of CaS. The presence
of impurities in the starting/fresh CaS sample is indicated by the extra peak (d-spacing at circa
1.35 Angstrom) in the measured XRD pattern of the starting sample in (a) marked by red arrow.
This extra peak (d-spacing at circa 1.35 Angstrom) disappeared in the measured XRD pattern of
the thermally processed CaS in (b) which could suggest that these impurities get amorphous or
cryptocrystalline or even sublimated after heating upto 500 °C.

However, this extra peak (d-spacing at circa 1.35 Angstrom) disappeared in the
measured XRD pattern of the thermally processed (T-processed) CaS, which matches with all
the peaks attributed to the calculated XRD pattern of pure CaS as shown in Fig. 5.4b. This
disappearance of the extra peak in the T-processed CaS can be explained as, impurities within
the starting sample that either become amorphous or cryptocrystalline or even sublimated in

the process of repeated heating up to 500 °C (Fig 4b). The match of the peaks of the measured
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XRD pattern of the thermally processed sample with the calculated XRD pattern of pure CaS
(shown in Fig. 5.4b) confirms the thermal stability of CaS. Hence, the emissivity spectra of CaS
at Day 4 at all temperatures correspond to the emissivity spectrum of pure CaS which is stable

at even the extreme temperatures of Mercury and during repeated heating cycles.

5.5 IMPLICATIONS

Several studies (Blewett et al., 2013, Helbert et al., 2013a) suggested that the
formation of hollows can be attributed to the thermal decomposition/sublimation of volatile-
rich minerals such as sulfides constituting the hollow materials. (Thomas et al., 2014a)
conducted a global investigation of hollows on Mercury for its extent and size in order to
understand their formation mechanism. The study showed that the hollows in the northern
hemisphere are preferentially on sun-facing slopes implying a formation mechanism related

to solar heating.

The emissivity of sulfides (7-14 um) as a function of temperature under simulated
Mercury daytime surface conditions showed that most of the proposed sulfides (MgS, FeS,
CrS, TiS, NaS, and MnS) show spectrally evolving emissivity behavior changes with increasing
surface temperatures (Varatharajan et al., 2019a). This further suggests that these sulfides
thermally decompose and sublimate when exposed to extreme thermal environment of

Mercury, and probably form hollows.

Previous studies show that Mercury’s 2:3 orbital resonance has a significant impact on
the latitudinal and longitudinal dependence on the peak surface temperatures during Mercury
days (Soter and Ulrichs, 1967, Krotikov and Shchuko, 1975a, Vasavada et al., 1999, Bauch et
al., 2021). Therefore, it is important to understand the maximum daytime temperature
distribution of Mercury along with the spatial distribution of hollows for their effective
mapping and detection (Helbert et al., 20133, Vilas et al., 2016). In order to achieve this, we
re-created the modeled temperature map of Mercury derived from Bauch et al. (2021) which
was mapped for Mercury latitudes between 60 °N and 60 °S and we overlaid the globally
mapped hollow groups of Thomas et al. (2014a) (Fig. 5.5). The locations of hollow groups are
re-mapped from the supplementary file provided in Thomas et al. (2014a). Both surface

temperature and hollow distribution are overlaid on the MESSENGER MDIS Map Projected
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Low-Incidence Angle Basemap (LOI) of global monochrome map (750 nm) at a resolution of

256 pixels per degree (~166 m/pix) (Hawkins et al., 2007, Denevi et al., 2018) (Fig. 5.5).

-180 -150 -120 -90 -60 -30 0 30 60 90 1 ?0 1 ?0 180

0 186 °C - 217 °C 44 247°C-277°C 63 308°C-338°C 72 369°C-399°C
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Figure 5.5 The peak surface temperature distribution across Mercury surface is mapped from
(Bauch et al., 2021). The surface temperatures are overlaid on the MESSENGER MDIS global
Map Projected Low-Incidence Angle Basemap (LOI) data set consists of a global monochrome
map (750 nm) of reflectance at a resolution of 256 pixels per degree (~¥166 m/pix) (Hawkins et
al., 2007, Denevi et al., 2018). The black datapoints indicate the distribution of hollows across
Mercury’s surface mapped by Thomas et al. (2014). The hollows within the Tyagaraja (3.89°N,
328.9°E), Dominici (1.38°N, 323.5°E), and Hopper (12.4°S 304.1°E) craters and NE Rachmaninoff
(27.6°N, 57.4°E) are marked by white crosses.

Fig. 5.5 shows that hollows are distributed globally irrespective of the varying peak
surface temperatures (Tpeak). The total number of hollows in regions between 60 °N and 60 °S
with peak daytime surface temperatures above ~300 °C (orange to red; Fig. 5.5) and below
~300 °C (blue to yellow; Fig. 5.5) are 275 and 151 respectively. Some notable examples are
volcanic materials within the NE Rachmaninoff basin (27.6 °N, 57.4 °E) which are located
within the temperature regime ~277 °C < Tpeak <~308 °C (light green) whereas hollows within
the Tyagaraja (3.89 °N, 328.9 °E) and Dominici (1.38 °N, 323.5 °E) craters are located in areas
within ~369 °C < Tpeak<~399 °C (intermediate red). Hopper (12.4 °S, 304.1 °E) crater is located

within the temperature regime ~308 °C< Tpeak<~338 °C (yellow) in Fig. 5.5. This compels the
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need for study for creating unique spectral library of various hollow-forming materials such as

sulfides as a function of varying surface temperatures of Mercury (Varatharajan et al., 2019a).

CaS belongs to the group of proposed sulfides of Mercury that constitute the chemical
composition of surface features of presumably volcanic origin — such as hollow-forming
minerals and pyroclastics (Helbert et al., 2013a, Vilas et al., 2016, Besse et al., 2020). In volcanic
terrains, CaS has been proposed and spectrally detected in the hollows in visible-infrared
spectral region using the MDIS data (Helbert et al., 20133, Vilas et al., 2016). Varatharajan et
al. (2019) demonstrated that most sulfides (MgS, FeS, CrS, TiS, NaS, and MnS) except for CaS
are both physically and spectrally unstable when exposed to extreme daytime thermal
environment of Mercury. The results from our study where CaS is exposed to repeated heating
cycles under simulated Mercury daytime surface conditions (up to 500 °C), strongly suggest
that CaS is the most stable sulfide against thermal weathering on Mercury’s surface. This
indirectly suggests that unlike other sulfides (MgS, FeS, CrS, TiS, NaS, and MnS), CaS may not
significantly contribute to hollow formation on Mercury by solar heating as CaS does not
decompose with repeated heating cycles even under extreme temperatures reaching up to
500 °C. This would make CaS (if detected and mapped by MERTIS) a good tracer for sulfides
(possibly among other volatiles) on Mercury that leads to formation of hollows, as other

sulfides are lost in sublimation leaving behind the hollows.

In fact, CaS was successfully detected within the hollows of Dominici and Hopper
craters (Vilas et al., 2016) and these craters occur in surface regions where peak temperatures
reach ~400 °C as marked in Fig. 5.5 Future studies that combine the global mapping of Cas,
the extent and depth of hollows bearing CaS and other sulfides will give further insight into
the nature of volatiles on Mercury’s surface and its interior as well as hollow forming
mechanisms. As the emissivity behavior of pure CaS does not evolve with increasing surface
temperatures, CaS can be globally mapped irrespective of the peak surface

temperatures/heating cycles across Mercury.

Furthermore, the spectral investigation of various sulfides by Varatharajan et al. (2019)
showed that the TIR spectral region is sensitive for the detection and characterization of
sulfide minerals under Mercury daytime conditions. Hence, MERTIS onboard the BepiColombo
mission will support the global mapping of volatiles on Mercury’s surface and will help

understanding the hollow forming mechanisms and its materials. Ultimately, such studies will
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help calculating the volatile budget of Mercury’s interior and its contributions to Mercury’s

exosphere.
5.6 CONCLUSIONS

In this study, the physical and spectral stability of CaS has been investigated for four
simulated Mercury days (heating cycles). The study indicates that calcium sulfide (CaS) is
stable on Mercury’s surface with emissivity spectra retaining their characteristic features
irrespective of surface temperatures and repeated heating cycles typical for Mercury. At all
surface temperatures, the presence of CaS on Mercury surface can be identified by its
emissivity behavior in the TIR spectral region (7-14 um) which is characterized by a) a spectral
minimum at ~7.5 um and 9.5 um, b) an emissivity maximum centered around ~8.8 um with a
peak doublet, and c) a broad spectral band between 10 and 12 pum. Our study demonstrates
that CaS is the least thermally weathered sulfide among those expected on Mercury’s surface,
making it a good tracer for the presence of sulfides (possibly among other volatiles) associated
with hollows and pyroclastics when globally mapped by MERTIS. The unique spectral library
provided with this work will support global mapping of CaS around hollows and pyroclastic
materials of Mercury surface using MERTIS payload onboard BepiColombo mission. The global
mapping of CaS along with other sulfides across hollows will further help our understanding

of the hollow formation mechanism dominated by sublimation process.
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KEY POINTS

Spectral emissivity of powdered silicates (7-14 um) under simulated Mercury Daytime
conditions are studied.

Silicates show strong and distinct spectral features in thermal IR (7-14 um) spectral region.
Christiansen Feature (CF) and Restrahland Band (RB1) of silicates varies with temperatures
under vacuum.

CF vs RB1 plot can uniquely distinguish major silicate groups in the emissivity spectral

region.
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3
CONCLUSIONS

8.1 SUMMARY

This chapter summarizes the main findings of the four presented studies (Chapters
2,4,5,6) and discusses their relevance in the broader scientific context. The chapter 3 and 7
are published work which describes the working capabilities of PSL spectroscopy facility and

BepiColombo’s MERTIS instrument respectively.

8.1.1 SURFACE SCIENCE FROM MASCS SPECTROMETER

In chapter 2, the global multivariate spectral analysis was carried out on the NASA
MESSENGER visible-infrared hyperspectral reflectance spectrometer (MASCS) datasets and
the study is currently under revision with JGR planets (Varatharajan et al., 2020a). This studied
aimed at mapping the spectral heterogeneity across the Mercury’s surface and to correlate
their differences along with the known geochemical units derived by (Vander Kaaden et al.,
2017). MASCS is a point spectrometer with its datapoints scattered unevenly over Mercury
surface where each pixel has different spatial resolution, and this was one of the serious
drawbacks to perform global analysis. In the presented work, this limitation is overcome by
resampling the data to a uniform equal-angular grid of 1 pixel per degree which mimicked the
global imaging spectrometer data format. The global multivariate analysis such as standard
spectral parameter maps, k-means clustering, and principal component analysis (PCA) was
then applied to this datacube to spectrally characterize Mercury’s surface. The presented
results demonstrated that among these different methods, PCA proves to be an efficient tool
which brings out the spectral heterogeneity among the various geochemical terrains of
Mercury. The principal component (PC) 6 specifically correlate to both chemical and physical
properties of the surface and therefore enabling us to identify surface units based on grain
size, the presence of amorphous materials, and space-weathering associated alterations.
Further, the PC false color composite map (FCC) made from PCs 1, 2, and 6 effectively

distinguished diverse spectral heterogeneity across Mercury’s surface. One of the main
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highlights of the presented study include, the two northern volcanic plains’ geochemical
regions; the high-Mg and low-Mg terrains was spectrally classified for the first-time using
reflectance spectrometer data which was achieved from the FCC created from the PCs 1,2 and
6. However, a direct investigation of the surface mineralogy is still missing due to absence of
any diagnostic absorption features that distinctively distinguishes these two units. In order to
achieve this, the spectral range beyond the VNIR coverage provided by MESSENGER is
required which will be achieved by the MERTIS payload onboard BepiColombo mission which
will map the Mercury surface at 7-14 um spectral region which will provide the direct measure
of the Si-O abundance of the bulk silicate mineralogy, in addition to identifying the sulfide
mineralogy within the hollows. Furthermore, the radiometer channel of MERTIS will
investigate the regolith physical properties, such as grain size and thermal inertia, and
therefore assist the testing of the correlation of PC6 with fine-grained, and the least space-
weathered surface materials. This presented work therefore emphasizes the diversity of
Mercury’s surface materials and the importance of global mineral mapping with greater detail
to understand the planet’s geological evolution, its volatile budget, and ongoing surface

processes.

8.1.2 SPECIALIZED SPECTRAL LIBRARY UNDER SIMULATED DAYTIME SURFACE CONDITIONS OF
MERCURY

To detect the mineral diversity of a planet’s surface, it is essential to study the spectral
variations over a broad wavelength range at relevant simulated laboratory conditions. With
MERTIS onboard BepiColombo aiming to map the surface mineralogy and its diversity on
Mercury surface, it is important to understand the change in emissivity behaviour of wide
range of Mercury analogues under extreme thermal environment conditions of Mercury
where daytime surface temperatures can reach upto 500°C (Vasavada et al., 1999). In order
to facilitate the realistic mineral mapping, a specialised spectral library is required to be built
under controlled laboratory conditions by imitating the Mercury’s daytime surface
environment conditions. In this thesis, the presented study includes a new emissivity spectral
library of wide range of sulfides and silicate analogues of Mercury as a function of temperature
under vacuum. The spectral library was built using the planetary emissivity chamber facility at

DLR, Berlin which is briefly described in Chapter 3. This section summarises the results
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obtained in the emissivity study of these fine-grained Mercury analogues to supplement the

fine-grained nature of Mercury regolith (Shevchenko, 2002).

8.1.2.1 SULFIDE MINERALOGY

NASA MESSENGER data revealed that irrespective of Mercury’s closeness to the Sun,
Mercury is richer in volatiles especially sulfur (S) with an average abundance of 4 wt% (Nittler
et al., 2011). This sulfur are proposed to be brought to the surface as sulfides in the form of
slag deposits in Mercury’s hollows and pyroclastic deposits (Helbert et al., 2013a). (Vilas et al.,
2016) successfully identified the presence of CaS and MgS within the Dominici and Hopper
hollows using MESSENGER’s MDIS datasets in comparison with the laboratory spectra
obtained at PSL. However, comprehensive spectral library of sulfide minerals measured under
vacuum conditions in a wide spectral range (0.2-100 um) was lacking. This affects the
detectability and understanding of the distribution, abundance, and type of sulfides on
Mercury using remote-sensing spectral observations. To address this, the presented work in
chapter 4 reports the unique spectral library which includes a) the emissivity spectroscopy of
7 powdered (<10 pum grain size) synthetic sulfides including MgS, FeS, Cas, CrS, TiS, Nas, and
MnS as a function of temperature under vacuum and b) the UV-FIR reflectance spectroscopy
of the fresh and thermally weathered sulfides counterparts. The presented study is published
in EPSL as (Varatharajan et al., 2019a). The emissivity measurements were performed in the
TIR spectral range (~7-14 um) for sample temperatures from 100°C-500°C, covering the
daytime temperature cycle on Mercury’s surface. The measured spectral reflectance of fresh
and thermally processed sulfides includes a wide spectral range (0.2-100 um) at four different
phase angles, 26°, 40°, 60°, 80°. The presented work also catalogues the diagnostic spectral
bands for identification of these sulfides to support analyze of existing and future datasets.
The emissivity study showed that among all sulfides, CaS was relatively stable showing
distinctive spectral features while undergoing rise in temperature for one Mercury day which
could be mapped effectively if presented in MERTIS datasets. The presented work also shows
that reflectance spectra of studied sulfides show less variation with phase angle at shorter
wavelength along with the distinctive 0.3 um spectral feature for all sulfides. This spectral
feature could be further exploited in the MASCS UVVIS datasets to map the distribution of
sulfides across the Mercury’s surface. The newly created spectral library in the presented work

is already used in the study by (Besse et al., 2020) which explores the spectral nature of
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selected pyroclastic deposits of the Mercury surface. Besse et al. (2020) reports the similarity
between the MASCS spectra of the pyroclastic deposits and the measured sulfides spectra
reported in chapter 4. This unique spectral library will therefore facilitate the detection of
sulfides by spectrometers onboard MESSENGER (MASCS and MDIS) and BepiColombo
(MERTIS and SIMBIO-SYS/VIHI).

The physical, thermal, and emissivity spectral stability of CaS were further re-
investigated under repeated exposure to extreme thermal environment of Mercury daytime
surface conditions. To achieve this, CaS sample was heated from room temperature to 500°C
and the emissivity spectra in 7-14 um is measured while reaching temperatures at 100°C,
200°C, 300°C, 400°C, and 500°C under vacuum (0.1 mbar) for simulated Mercury days. The
XRD diffractogram analysis were further conducted for the fresh and thermally processed CaS
samples. This study showed that CaS is the only stable sulfide that could be mapped on the
Mercury surface among proposed sulfur-related volatiles (MgS, FeS, CaS, CrS, TiS, NaS, and
MnS) on Mercury. This suggests that for the hollow forming mechanisms dominated by
sublimation, detection of CaS could act as potential tracers of sulfides which are otherwise
lost in the thermal decomposition under extreme thermal environment of Mercury. MERTIS
will therefore aid the global mapping of CaS of Mercury surface and help in understanding the

volatile budget of the Mercury interior.

8.1.2.2 SILICATE MINERALOGY

MESSENGER’s MASCS and MDIS datasets reveal that Mercury surface spectra in the
VNIR spectral region displays a featureless and red-sloped spectrum for the major surface
units due to the presence of Fe-poor silicate mineralogy of the planet’s surface. This nature of
Mercury surface therefore limits the direct mineral mapping of the surface in the VNIR
spectral region and will be overcome by TIR (7-14 um) mapping of Mercury surface by
BepiColombo’s MERTIS as this spectral region is sensitive to Si-O based mineralogy
irrespective of the transition metals. In chapter 6, the emissivity spectra of the finely grained
(<25 pm) silicate analogues of Mercury are studied under simulated daytime surface
conditions of Mercury. The studied silicate analogues include a) olivine (a Mg-rich forsterite),
b) pyroxenes (diopside, enstatite, and hypersthene), c) feldspars (plagioclase group; anorthite,

labradorite, andesine, oligoclase, and K-feldspar; microcline) and d) feldspathoid (nepheline)
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as suggested by (Helbert et al., 2007; Namur and Charlier, 2017; Vander Kaaden et al., 2017)
through telescope data and geochemistry suite data of MESSENGER. In the presented work,
the specialized spectral library which includes the emissivity spectra of these as a function of
temperature (increasing from 100°C, up to 500°C, with T steps of 100°C) under vacuum are
reported in the spectral range of 7-14 um at 4 cm™ spectral resolution. Furthermore, spectral
parameters such as Christiansen Feature (CF) position, first Reststrahlen band (RB1) position,
RB1 emissivity, and RB spectral contrast were derived for all temperatures for each mineral to
understand their change in spectral behavior as a function of temperature and their detection
from the orbit. The study showed that with increase in temperatures, RB1 position shifts to
higher wavelengths, RB1 emissivity decreases, and RB spectral contrast increases respectively
for all the silicates studied. The reported study introduces the CF vs RB1 for the first-time
which aids in unambiguously discriminate the major silicate groups such as feldspars,
pyroxenes, and olivine regardless of the temperature at which they were measured. The
resulting highlight of the study is that this CF vs RB1 plot can be widely used to map the
igneous surface mineralogy of various silicate targets such as Moon, Mars, and S-type
asteroids in the 7-14 um spectral region in remote sensing via orbit and ground based

telescope observations.

8.2 IMPLICATIONS

The results presented in this work have important implications in identifying and
mapping the global mineral diversity of Mercury surface materials which was missing till now.
The unique emissivity spectral library of silicates and sulfides in the TIR (7-14 um) spectral
region will aid the direct surface mineral mapping of Mercury surface at 500 m/pixel using
MERTIS datasets when BepiColombo reaches orbit by 2026. The long cruise phase of
BepiColombo not only enables us to be prepared with the required spectral library, it also

helps us to expand the list of Mercury analogue minerals that can be included to the list.

The global multivariate analysis of MASCS datasets at spatial binning of 1ppd reveals
the spectral heterogeneity of major geochemical terranes of Mercury and for the first time
spectrally distinguishes the low-Mg and high-Mg units of northern volcanic plains

(Varatharajan et al., 2020a). SIMBIO-SYS/VIHI onboard BepiColombo will be mapping these
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geochemical terranes at a spatial resolution of 500 m/pixel along with MERTIS data, combined
together they become a powerful source to decipher directly the planet’s surface mineralogy
and its geomorphologic relations for the first time. The temperature dependent specialised
spectral library being build will aid in deciphering the respective mineralogies of these
surfaces. With BepiColombo on its way to Mercury, the global multivariate analysis of the very
high spatial resolution hyperspectral VNIR+MIR data from SIMBIO-SYS VIHI and MERTIS will
help to understand the spectral and mineralogical diversities within various geochemical units

of Mercury.

The varying phase angle investigation of the reflectance spectroscopy of sulfides
developed in this study for both fresh and thermally weathered counterparts in the wide
spectral range of 0.2-100 um can be used to map the volatile-rich mineral deposits on the
planet by both MESSENGER and BepiColombo datasets. The 0.3 um features of the sulfides
are characteristically distinctive and not affected by the phase angle variations. This spectral
feature can be used to search for sulfides in the existing the MASCS UVVIS datasets.
Furthermore, the emissivity mapping of these sulfides using MERTIS data will provide both the
spatial and mineralogical diversity of the volatile-rich materials. This will be the key in

understanding the nature of the Mercury interior and its thermal evolution.

The mineral interpretation of the Mercury surface in the past telescope data (Sprague
et al., 1994, Emery et al., 1998, Sprague et al., 2000, Sprague et al., 2002, Sprague et al., 2009)
has only been studied using spectral unmixing techniques with endmember materials whose
spectral reflectance (inverted to derive emissivity using Kirchoff’s law, see Chapter 1) have
been measured at room temperature. The presented work in this thesis evidently shows that
the spectral behaviour of the silicates and sulfides change in their spectral shape at different
temperatures. Using this specialized endmember spectral library created under Mercury’s
conditions should therefore significantly increase the accuracy of the deconvolution model
results of not only MERTIS but also telescopic observations of Mercury (Varatharajan et al.,
2018). Therefore, this specialised temperature dependent emissivity spectral library can be
widely used in the new spectral unmixing analysis of past and new TIR telescope observations
of Mercury to be prepared for MERTIS data analysis. The newly introduced CF vs RB1 plot

further promises wider implications in identifying the wider silicate groups of igneous
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mineralogy of Mercury and can be extended to various other silicate targets such as Moon,

Mars, and S-type asteroids for both orbit and telescope observations.

This thesis advances the study of Mercury with orbital and telescope spectroscopy by
contributing the specialised spectral library of Mercury analogue minerals under simulated
daytime surface conditions of Mercury. The spectral analysis approach such as PCA can be
further extended to the BepiColombo datasets to aid the spectral characterisation of Mercury
surface at greater spatial resolution. Due to the highly elliptical orbit of MESSENGER, the
southern hemisphere of the planet is barely mapped for its chemical composition.
BepiColombo’s geochemistry and spectroscopy instrument suite will fill this gap and provide
with the global perspective of the planet at greater spatial resolution. MERTIS will provide the
new set of spectral datasets at TIR spectral range which will unveil the silicate make-up of the
planet and may give us the new estimates of volatile wt%. BepiColombo will therefore answer
the key questions such as volatile budget of the planet, the silicate make-up and extent of
volcanic minerals, the mineralogy of primordial crust of Mercury, the presence of graphite in
the form of possible floatation crust, the compositional differences along the crustal
stratigraphy, on-going space weathering processes and put together will answer the Mercury
formation, internal thermal evolution, and the processes that shape the surface of the planet.
The new temperature dependent spectral library built and its related spectral analysis for
emissivity in the TIR spectral range will aid in answering these questions with the return of

BepiColombo datasets.
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