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Abstract

Knowing the evolution and composition of the suefad Mercury enables us to discern
several processes that operated during the formatidhe inner Solar System (e.g. crustal
accretion, impact gardening and global cooling efréstrial Planets). The elaboration and
classification of remote sensing multi-band imagdbwed the interpretation of the
stratigraphy, composition, age and structural eivamiuof Rembrandt basin and scarp system,
i.e. the largest impact basin cross-cutting by mamtional structure of the southern
hemisphere of Mercury. The interaction of differentile processes has been demonstrated.
Since the knowledge of the surface composition efddry is based on the interpretation of
spectra, Thermal Infra-Red spectra of represemtatiineral phases have been measured in
laboratory at the temperatures of the planetaryasar Significant changes in the high
temperature spectra have been detected. Fail@éoto for these effects leads to errors in the
estimation of chemical compositions by Infra-Reddfa.

Conoscere l'evoluzione e la composizione della digie di Mercurio permette di
distinguere i diversi processi che hanno operat@arda la formazione del Sistema Solare
interno (es. accrezione crostale, eventi d'impattaaffreddamento globale dei Pianeti
Terrestri). L'elaborazione e classificazione di iagmi multi-banda riprese in remoto ha
permesso linterpretazione della stratigrafia, cosipione, eta ed evoluzione strutturale del
sistema composito bacino d’'impatto - scarpata chianRembrandt, ovvero il piu grande
bacino riconosciuto nell’lemisfero meridionale di Md&rio tagliato da una scarpata
contrazionale. In questo lavoro si dimostrano $&siza ed interazione di processi di
differente entita sulla stessa area. Dato cheh@senza della composizione della superficie
di Mercurio si basa sull'interpretazione di spetitnilaboratorio sono stati misurati spettri nel
campo d’infra-rosso termico per un set di minerappresentativi riscaldati a temperature
verosimili per la superficie del pianeta, evidendia notevoli variazioni delle bande
caratteristiche rispetto agli spettri misurati coranente a 25 °C.
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The surface of Mercury: interpreting remote sensingges and spectral signatures

1. Introduction

Knowing the evolution of the terrestrial bodiesoof Solar System is one of the main
focuses for a Planetary Geologist. The most pradeietpproach to obtain an account is
beginning with the present state of the Solar Systé@d trying to work backward in
time. It generally implies direct observation onrtBand remote observation on faraway
terrestrial bodies, inferring their compositionteinor properties, exterior environment
and still active processes, even providing geokdgitaps useful to fix the sequences of
events. Comparing different settings, it is possiiol reconstruct the primitive scenario
of the Solar System and what were the shallow aeeper processes ruling the
differentiation of the terrestrial bodies, as welk their consequent individual
development. Nowadays, we can obtain remote infoomaemploying ground-base
telescopes or committed space probes, which sometare able to return samples. At
the same time, the development of modern laboestonias allowed us to simulate
environments completely different from the Earthdme, obtaining additional
information on possible planetary processes anginglto focus the aims of new
missions.

In this frame, the knowledge of small less evolbedies like Mercury represents a
standard for the knowledge of the early terrespiahets history, which very little is
known yet. More in general, the geological histofyMercury can explain the roles of
planet size and solar distance as governors of mégmnd tectonic history for a
terrestrial planet. At this propose, contributes tbis work would be interpreting
products provided both by current space probe abdratory simulations. Methods
considered here involved (i) the elaboration andrpretation of remote sensing images
provided by the on-going National Aeronautics arphc Administration (NASA)
MErcury Surface, Space ENvironment, GEochemistriE @8ENGER) mission, and (i)
the interpretation of silicate Thermal Infra-Re@gsfpa collected reproducing the surface
environment of Mercury (i.e. low pressure and ggigrvariable temperatures), in order
to provide suitable analogs for next planned missio Mercury, named BepiColombo.

* Product of the collaboration of the European Spagency (ESA) with the Japanese Space Agency JJAXA
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1.1 Mercury: an overview

Mercury is the smallest planet of the Solar Systmmd the closest to the Sun,
undergoing to the highest daily temperature exoargsimong the Terrestrial Bodies. It
has also the highest uncompressed density of 5/&Mwhich means that it must have
a large component of iron. Chapman (1988) defirtedsi an "end-member" planet,
adding that it exists in the most intense solaratazh environment and is most affected
by solar tides: “... of all the planets, its presgeochemistry may be the most modified,
by catastrophic processes, from its primordiakeStat

The observations of Mercury by Earth-based telessdmve always been difficult.
Until the first exploration the planet was consetemuch like the Moon, except for its
proximity to the Sun and the unusual rotationalrgetry of two-thirds of its 88-days/yr.
Then it was explored for the first time in the "f)s NASA Marinerl0 mission. The
spacecraft completed three flybys of the plane?419975), imaging about 45% of the
its surface at an average spatial resolution aihlrevealing the internal magnetic field
and studying both the tenuous atmosphere and tsqgath characteristics of the surface
materials (Murray 1975, and reference therein).rQkie imaged hemisphere, a rock-
stratigraphic classification allowed to construgemlogical time scale of Mercury (Fig.
1.1, Spudis and Guest 1988) that define a contexthie occurrence of all the surface
geological activities. The mapping revealed sevémablforms calledobate scarps
which have been interpreted as expression of sexfaeaking thrust faults caused by
horizontal contraction (e.g., Strom et al. 1975ufsn 1978; Melosh and McKinnon
1988; Watters et al. 1998, 2004; Watters and Nin2@b0) and allowed the estimate of
decrease in planet’s radius and the modeling oélastic lithosphere (see below).

With Mariner10 results, the high inferred uncompesk density has been justified
with a high iron core content, which might reacB &f the core mass if alloyed with a
light element as sulfur (Harder and Schubert 200¢¢rlaid by a 600-km-thick rocky
shell. Such a metallic mass fraction is at leagtewhat of the other Terrestrial Planets,
raising questions on what was its formational pssceit this propose, three models
have been put forward: (i) the impoverishment béate particles by aerodynamic drag
during the planetesimal accretion (Weidenshillin®@78), (ii) the preferential
vaporization of silicates by hot-nebula radiati@msl the removal by strong solar wind
(Fegley and Cameron 1987), and (iii) the selecte@oval of silicate due to a giant
impact (Benz et al. 1988). All these hypothesed teadifferent predictions for the bulk
chemistry of the silicate fraction, hence determgnithe bulk chemistry offers an
opportunity to discern those processes operatimggithe formation of the inner Solar
System that had the greatest influence on produtieg distinct compositions of
Mercury (Solomon et al. 2007).

The surface composition, however, remained uncaingtd beyond the Marinerl0
contribution (Boynton et al. 2007). The most sigr@iht compositional information
derived from ground-based spectra, which showealvanage content of FeO lower than
3-4 weight percent (Vilas 1985; Warell et al. 2086 wett et al. 2007) and significant
variations depending on the longitude (Spragud 20@2, 2009). In particular, Sprague
et al. (2009) found generally Fe-poor, Mg-rich clistnes and intermediate, mafic and
ultramafic rock compositions, K-spars, Na-bearitggmclase and Ca-rich pyroxenes.
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Despite the predicted poor iron content, Mercuryaoerage appeared 10-15% darker
than the near-side Moon (Warell et al. 2006).

1.1.1 Nature of the surface of Mercury

After three flybys and almost two years of orbiedords, the MESSENGER mission
has reassessed the dimensions and the physicarpespof the Mercury’s core, and has
documented the structural and compositional vaiatiof the Mercury’s crust, relating
them to the main activities of the planet (volcamisectonism and impact cratering).

The interpretation of spectra provided by differslESSENGER instruments (i.e. X-
ray spectra, Gamma-ray spectra and Visible/NeaadRed spectra) has confirmed the
poor iron content of the surface of Mercury as cared to other rocky planets, but has
also revealed 10 times the sulfur content of Eartiock (Nittler et al. 2011) and a
certain abundance of another volatile element daspum (Peplowsky et al. 2011).
These results eliminate each high-temperature faom#heories that imply the removal
of the volatile content from the surface of Mercufhe radioactive elements content
detected by the MESSENGER gamma-ray spectrometeornigparable to that of the
chondritic meteorites, suggesting that Mercury douhve been build up of the same
material as the other Terrestrial Planets. In alditMESSENGER inference of the
gravity field (Smith et al. 2012) suggests that 8dey's solid outer shell may be no
more than 400 km thick (vs. 600 km thick of Marib@deductions). Those constrain on
the chemistry and on the thickness of the silidaéetion (Fig. 1.2) influence the
volcanic and tectonic activities of the planet.

1.2.2 Geological processes of the surface of Mergur

The early intense impact gardening and tectonisthaaslightly younger widespread
volcanic activity are among the main surface geokdgprocesses detected by space
missions on Mercury. At this regards, the well-preed heavily cratered terrain of
Mercury was highlighted by Marinerl0 images (Tramkd Guest 1975). Although
during the first 0.5Ga of their history all the terrestrial bodies umdent to a high
cratering rate period (Late Heavy Bombardment, mn@i8 Ga ago), only a few of them
have preserved the heavily cratered surface. Téradghas been proven for the Moon,
for which age dating of returned rock samples peedhi the establishment of a
relationship between crater density and age: thmattadiometric chronologies together
with the crater-size distributions mapped on thdase have provided the basis for
deriving the impactors flux and then estimate traes-size distributions of other well-
preserved cratered surfaces as that of MercurykiNaiet al. 2001a).

The cratered terrains share the surface of Merouithi a widespread volcanic
overlay, recently identified by MESSENGER (Denevia¢ 2009, Head et al. 2011).
Extensive evidence of volcanic origin for many psaideposits have been recognized
(Head et al. 2009) and the volcanic activity, comipahought to be favoured by the
intense cratering of the Late Heavy Bombardmergmseto have more recent relative
ages (Prockter et al. 2010).
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The prediction made on the basis of Mariner 10 oMagi®ns that tectonic
deformation has been dominated by horizontal shore has been confirmed by
Watters et al. (2009a) on MESSENGER data. The khge of the planet localized
along foreland-thrust belts (FTB), which borderdi® of high topography and thick
crust (Byrne et al. 2102a). The main responsibtdHis large-scale crustal deformation
seems to be the contraction due to the coolingeptanet's interior and the growth over
time of the solid inner core, though a coexistewith other global mechanisms (e.g.
tidal despinning and mantle convection) is veryupible (Dombard and Hauck 2008;
King et al. 2008). In parallel, the excavation amdstal flow induced by giant impacts
might have been able to condition those global mgional stress fields (Spudis and
Guest 1988; Fleitout and Thomas 1982; Watters e@05). In turn, the basin’s
volcanic infilling underwent both to subsidenceglgl contraction, and intrinsic thermal
cooling, forming basin-oriented tectonic patterWgaters et al. 2012a, Byrne et al.
2013). Indeed, whereas Mariner 10 was not ablei¢ov \veven half of the basin,
MESSENGER has now seen the 1500-km-diameter Cdlags feature in its entirety,
documenting how its formation was followed by thé&degpread emplacement and
subsequent deformation of volcanic plains withid arterior to the basin.

Next BepiColombo mission to Mercury (Benkhoff et 2010) will launch two
different satellites in order to complete the datshof Mercury. The module dedicated
to probe the surface (Mercury Planetary Orbiter YRl be launch in 2015, carrying
on both the SYMBIO-SYS payload (Benkhoff et al. @)Jconstituted by three different
channels for stereoscopic, high-resolution, hypmspl observation, and a Thermal
Infra-Red spectrometer coupled with a radiometeer@dry Radiometer and Thermal
Infra-red Spectrometer, MERTIS, Helbert et al. 20Bkesinger and Helbert 2010).
These instruments will be particularly useful tofpundly investigate the geophysical
and geochemical properties of the surface of Mgrchelping to solve the still open
questions of Mercury.

1.3 The surface of Mercury: still open questions

Insights offered by MESSENGER during the last thrngsars have allowed
reassessing shape and dimensions of the planedyalimg the great extension of
volcanism and in general incrementing each stesigif surface features, and proposing
brand new compositions for the surface.

Detailed mapping based on MESSENGER MDIS mosaistead, currently allow
reconstructing the regional stratigraphy and datimg involved units, attempting to
understand for how long Mercury was tectonicallyd amolcanically active. The
contraction due to the cooling of the planet actingthe end of the Late Heavy
Bombardment (3.9 Ga ago), for example, has beesiadered for long time the main
cause of tectonism recorded on the surface of Mwrclhis contraction implied a
decline of the planetary radius that can be esd@dthaby the discernment and
measurement of the surface tectonic structuresorBahe MESSENGER update, the
cumulative length of all the mapped scarps (e.gatt¥vs et al. 1998) supported a
decrease in the planet’s radius that never reatihegredictions proposed by thermo-
mechanical models (e.g., Hauck et al. 2004, DombartHauck 2008), suggesting that
the potential for other mechanisms to generateractidn (e.g., despinning acting prior
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to the end of the Late Heavy Bombardment) and #msommodate contraction (e.g.
long-wavelength lithospheric folds) remained urgdstor at least that several lobate
scarps remained unknown. Recent works (Watters @0&2b, Di Achille et al. 2012)
have notably increased the global contractionairstrtaking into account several
additional features detected on MESSENGER data. edew the resulting limited
amounts of radius decrease (0.7-3 km calculated-%&km predicted) force models to
apply a refractory composition that seems to bermmatible with the amount of
volatiles necessary to form the pyroclastic degodétected by MESSENGER (Kerber
et al. 2011). In addition, under those constraingdets predicted an early cessation of
crustal production, whereas volcanic activity pregd by MESSENGER appears to last
over any other surface activity (Head et al. 2@®,1). A new update of the Mercury’s
global tectonic map (e.g. Watters et al. 2012b) #ad identification of patterns and
kinematics of the mapped structures could placestcaimts both on the timing and
amount of each tectonic activity and consequentlyhe thermo-chemical evolution of
the planet. Seemingly, dating the recognized gecddaginits could help to confine both
volcanic and tectonic activities.

On the other hand, spectroscopy remains the usedtiiod to investigate the surface
composition. The current knowledge is based oniritexpretation of spectra provided
by MESSENGER (e.g. Visible and Near Infra-Red s@ecX-ray spectra and Gamma-
ray spectra). BepiColombo, as mentioned, will camyboard the Mercury Radiometer
and Thermal Infrared Spectrometer (MERTIS) (Helbettal. 2005, Hiesinger and
Helbert, 2010) that will be able to provide spedit@m 7 to 14 um. This range of
wavelength is very effectively to identify the figeale structural properties of silicates,
allowing a good interpretation of most of minerdiar the time being, the Thermal
Infra-Red (TIR) spectra of the surface of Mercume grovided by ground-based
telescopes and airborne instruments capable oingetbove much of the Earth’'s
atmosphere, and then regard only circumscribedtimt on that surface. The
interpretation of these spectra suggested the mresef feldspar, pyroxenes and
possibly olivines (e.g., Emery et al. 1998; Spragual. 2000, 2002, 2009). However,
these interpretations seem to neglect the possftdet of thermal gradients on spectra
of particulates measured in vacuum (Hamilton 2058),long as the possible effects
induced on those particulates by the extreme daihperature range that the surface of
Mercury experiences. Hence, the investigation ef lehaviour of minerals under the
most likely environment of the surface of Mercuhpsld be currently a priority.

1.2 A multiple approach for still open questions

During its second and third flybys, the Mercury Dumaging System (MDIS)
(Hawkins et al., 2007) of MESSENGER imaged a presfip unseen, well-preserved
basin named Rembrandt in Mercury’s southern hersigpWith a diameter of 715 km,
Rembrandt is among the largest and youngest imipasins recognized on Mercury
(Watters et al. 2009b; Fassett et al. 2012). isrior is partially resurfaced by smooth
plains interpreted to be of volcanic origin (Denetal., 2009) and is crossed by a 1000-
km-long reverse fault system (Watters et al., 20@ane et al., 2012a). Notably, the
Rembrandt basin area recorded most of the acsvitrt modified the surface of
Mercury (e.g. basins formation and impact gardenghgpbal and basin-related tectonics
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and resurfacing) and represents a good case studyderstanding length and sequence
of such processes. The further recognition of ualukiematic indicators of strike-slip
motion along the cited fault system (Massironi let 2012) motivated a more detailed
work focused on the complex relationships betwé&enRembrandt basin and the scarp.
To this end, MESSENGER MDIS mosaics and derivedit8ligTerrain Models
(Preusker et al., 2011) have been used to mapnen detail the basin units and the
structures of Rembrandt Basin area, in order t@iobbetter insight in the kinematic
development of the Rembrandt scarp system and whets development was
influenced by the interaction between global- alditr-scale processes. Then, crater
counts have been performed on each unit, in omdestimate the ages by applying the
Model Production Function (MPF) of Marchi et al.0o@®). The dataset has been
constantly integrated with fresh images thus thepmalogical interpretations have been
ever-improved.

As modeled by Vasavada et al. (1999) and Bauch &Gi1), the temperature of the
surface of Mercury can range in 44 earth-days batwé) and 725 K. Assuming that
such variations can cause significant crystal stirecchanges, X-ray diffraction and
Thermal Infra-Red spectroscopy have been conductiadboratory in order to verify the
influence of the thermal expansion on the spesigaiatures. The range of wavelength
considered in laboratory (7-14 um) is the same whiatoe investigated by MERTIS on
the surface of Mercury. As mentioned, this rangkuinetional to identify the fine-scale
structural properties of silicates (e.g. stretchargl bending motions in the silicon-
oxygen anions, metal-oxygen and lattice vibratioHgmilton, 2010 and reference
therein). In addition, for mineral families as afigs and pyroxenes, the emissivity peak
positions are diagnostic of the composition. Akgh properties, well-studied at Earth
ambient conditions, should be strongly influencedtibermal expansion induced by
variations of temperature on minerals, modifyingititharacteristic spectra. To provide
an example, starting from the available densityadah olivine, an increase of
temperature by 700 K causes the same increasengitylef that caused by an increase
by 30% of iron. This could drive to important misrpretations and limit our capability
of inferring compositions and rheological propestef materials from remote sensing
acquisition. Then measures of crystal lattice gretsa have been collected in vacuum,
up to 725 K on minerals assumed to be present @mMigrcury surface (Warell et al.,
2010). The main purpose of this multi-methodolobagproach is highlight the spectral
variations occurred on the heat-treated samplascthdd induce to misinterpretation of
their chemical composition. In this research projsingle mineral phases will be
investigated with the aim to monitor how their gfiecspectral features change as a
function of temperature. The simultaneous presencifferent minerals, each one with
its characteristic thermal expansion coefficient| i@sults in a more complex behaviour
and in an even more difficult interpretation of gpeectra.
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1.4 Aim of this work

Knowing the evolution and composition of the suefaaf Mercury enables us to
discern several processes that operated durinfpth@tion of the inner Solar System
(e.g. crustal accretion, impact gardening and dlobaling of Terrestrial Planets). The
elaboration and classification of remote sensingltirband images allowed the
interpretation of the stratigraphy, composition,eagnd structural evolution of
Rembrandt basin and scarp system, i.e. the langesact basin cross-cutting by
contractional structure of the southern hemisphareMercury. The interaction of
different scale processes has been demonstratece 8ie knowledge of the surface
composition of Mercury is based on the interpretatof spectra, Thermal Infra-Red
spectra of representative mineral phases have besasured in laboratory at the
temperatures of the planetary surface. Significeiminges in the high temperature
spectra have been detected. Failure to allow fesdheffects leads to errors in the
estimation of chemical compositions by Infra-Reddfa.
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MERCURY GEOLOGICAL HISTORY
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2. The evolution of Rembrandt Basin and scarp syste
2.1 Tectonism (and volcanism) on the Surface of Meuary

Mercury’s tectonic activity was confined to its lgahistory as a planet and several
kinds of phenomena have been commonly invoked @sagjimechanisms of formation.
The most ancient tectonic pattern consists of aidabf fractures that have been
attributed to the tidal despinning acting on thenglt lithosphere (Fielder 1974; Dzurisin
1978). Wide arcuate scarps (ilebate scarpsthat randomly affect the surface of the
planet have been interpreted as thrusts and refarke supposed to be the result of the
shrinkage of the planet due to secular cooling (Elpet al. 1975; Strom et al. 1975;
Dzurisin 1978, Watters et al. 2004). Sets of ldfereontiguous lobate scarps and
prominent ridges have been recently interpretesyakems analogous to terrestrial fold-
and thrust belts (FTB, Byrne et al. 2012a) thathhigcord an ancient pattern due to
mantle convection in addition to global contract{&mg 2008).

Furthermore, the formation of 1 500-km-diameter ofial impact basin on the
northern hemisphere of the planet strongly conaée the pre-existent global stress
fields, inducing basin-oriented tectonics withirdasurrounding the basin (Byrne et al.
2012b and reference therein, Fleitout and Thom&2)18nd hilly and lineated terrains
near its antipode - by focusing the impact seisna@ges (Strom et al. 1975).

In contrast to the widespread evidence of contaati deformation, normal faults
that are so common elsewhere in the solar systemraae on Mercury, or rather
concentrated within basin smooth plains of CaldRaditladi and Rembrandt (Strom et
al., 1975; Dzurisin, 1978; Melosh and McKinnon, 89&nd expressed as a complex
pattern of basin-radial and basin-concentric grabeétrike-slip faults remain to be
recognized on Mercury, except along the giant lelsmiarp of Beagle Rupes (Rothery
and Massironi 2010). A recent work of Massironiakt (2012) investigates on this
apparent lack, proposing several structures tisplialy a strike-slip kinematics.

The volcanic history of Mercury was also confinedts early history, near the end of
the Late Heavy Bombardment (Trask and Guest 1$fmdis and Guest 1988). Its
decline has been recently confirmed by MESSENGERn@a-Ray Spectrometer
(GRS) measurements (Peplowsky et al. 2011) as keahaecay in heat production. The
volcanic style of Mercury implies widespread smoatéposits that cover heavily
cratered terrains and basin floors (Head 1976, H¢ad. 2009, Denevi et. al. 2009 in
Fig. 2.4, Head et al. 2011). Younger volcanic dépdend to fill the inner parts of the
basins, embaying the older marginal deposits amgesiing earlier phases of basin-
related volcanism. Indeed, smooth plains floodirigng impact basins as Caloris
represent the last phases of volcanic activitynigor shield volcanoes such as on Mars
have been detected yet. On the other hand, MESSIEN@Rges displays candidates of
vents and pyroclastic deposits, which are homogesigadistributed on the planet’s
surface and located principally on the floors ddters, along rims of craters, and along
the edge of the Caloris basin (Kerber et al. 2011).

The resulting low degree of activities has beenbaited to Mercury’s small size.
But, in spite of this apparent simplicity, many mioological features (i) cannot be
explained by single previously mentioned geologigacesses and (ii) implies long-
lasting activities of some of these processes.sbughern hemisphere of Mercury hosts
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the second largest well-preserved basin of thegplavhich seems to comprehend most
of the activities described above. Indeed, it giant impact feature filled by volcanic
material and cross-cut by a prominent scarp. Negeoations on the development of
the scarp with respect to the basin and very fdagimg of the involved geological units
reveal a more complex scenario for origin, sucoessind duration of tectonic and
volcanic activity on Mercury.

2.2 Experimental methods
2.2.1 MESSENGER images and data processing

Considering the extended mission approved in 2812 MESSENGER spacecraft
has just orbit Mercury for two Earth years aftempteting three flybys of that planet.
Its payload comprehend the Mercury Dual Imaging&yus(MDIS), a narrow-angle and
wide-angle multispectral imager that provide data mapping landforms, surface
spectral variations, and topographic relief (Goldak 2001). The wide-angle camera
(WAC) has a 10.5° field-of- view (FOV) and consisfsa refractive telescope having a
collecting area of 48 mm. A 12-position multispattfilter wheel provides color
imaging over the spectral response of the CCD tmteten spectral filters are defined
to cover wavelengths diagnostic of different susfaompositions and have bandwidths
from 10-40 nm over a range of 415 nm to 1020 nrme&lium-band filter provides short
integration for high-resolution imaging when thesgcraft is close to the surface (~300
km), and the last filter is panchromatic. The naremgle camera (NAC) has a 1.5° FOV
and uses a reflective design with a single mediamdifilter with a passband identical
to the one used in the WAC (650-850 nm). Each imatdjeinclude four columns of
dark reference pixels in order to correct for clemgn background signal due to
variations in operating temperature. Due to theromaistraints, only one camera will
operate at a time.

MDIS instrument reached its first scientific goabgucing a global monochrome
map at 500 m/pixel resolution and a global colompna& 2 km during the Mercury
flybys. Each flyby viewed a different hemispheretbé planet, whereas both flybys
passed the equator and enabled excellent mappitige afurface from ~50° S to 50° N
latitude. During this phase, ~90% of the planet h&en imaged, including the
previously unseen hemisphere.

Then MESSENGER spacecraft has been placed in dyhalhptical orbit that
resulted in a 10x difference in image resolutiotween the southern and northern
hemispheres for a single camera. The NA camerdéas used to image the southern
hemisphere at a resolution comparable to imagingh@forthern hemisphere acquired
by the WA camera, thus resulting in a global bagewigh nearly uniform resolution. In
addition, MDIS imaged the planet two times as claseossible to nadir, allowing for
analysis of the same areas with identical illumorato facilitate stereo matching. The
NA camera has been also used in the northern haerisgo obtain swaths at very high
resolution down to scales of 20 m/pixel. During titénary orbital mission, the Polar
Regions have been mapped.

Recent MESSENGER MDIS orbit coverage (Sept. 201@ase, average resolution
of 250 m/pixel, Fig. 2.1) allowed us a detailed piag of the geological units of the
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Rembrandt area, providing a better resolution aneiing the shadowed zones present
in the flyby mosaics. The orbit images providedrirthe Narrow Angle Camera (NAC)
for specific targets as the Rembrandt area - wipatial resolution better than 200
m/pixel - have been particularly useful to hightigtifferent textures of the geological
domains and analyze the overlapping relationshapsden landforms.

Despite the worst average spatial resolution ofO~BUpixel, single flyby images
have been also used since they have been capthuighatolar incidence angles and then
stress the shallow reliefs. These sets of Expetiahdédata Records (EDS) returned by
MESSENGER needed a preliminary processing to bbleiday common cartography
software. The EDS of the interested area have beewerted and calibrated using the
Integrated System for Imagers and SpectrometetS)(8vhich has been specifically
developed by the United State Geological Surveydarcessing data originated by
NASA spacecraft missions. The 28 obtained imagedisted in Tab. 2.1.

We integrated the geological observation on NAChwite analysis of a red-green-
blue (RGB) color composite product derived fromkeihd WAC mosaics, combining 3
bands to enhance the reflectance of the planeacifband 8 at 947.0 nm, band 5 at
628.8 nm, and band 3 at 479.9 nm for red, greehphre, respectively).

For the structural analysis, the Digital Terrainddb(DTM) of Preusker et al. (2011)
has been used. This DTM is derived from stereospaiirflypys MESSENGER NAC
images at spatial resolutions ranging from 450-+8Htixel and covers more than half of
the Rembrandt basin at a resolution better tham/pikel.

Utilized products are listed in Tab. 2.2. Singleages and mosaics have been
analyzed in the ESRI ArcMap Geographic Informatiystem (GIS) as equiangular
projections, in order to provide a geological attdcural map of the Rembrandt area.

2.2.2 Cross-cutting and overlapping relationshipsiterpretation

With the inability to verify a unit's character the field, the definition ofjeologic
units, as well as the hypothetical nature of most uanittact relationships, assumes a
slightly different meaning if applied on planetageologic maps.Geologic units
separated by various contacts are then charaaehbyewhat are interpreted to be
primary morphologies, textures, or other attributdistinguishing lithologies and/or
formation ages. Ages can be attributed as ‘relativeadjacent units, and/or by cross-
cutting or buried structures or landforms. In aiddif the presence of secondary
morphologic features yielding little or no inforn@at or similar “lithologies” without
strong evidence for intervening hiatuses can gémen@ misrepresentation of planetary
geologic units that complicates and biases theogéolstory (Skinner and Tanaka,
2003).

Lithostratigraphic units however, can be inferred through morphologiesrpreted
to have formed from emplacement processes. Thgses tpf materials formrock-
stratigraphic units Examples of rock-stratigraphic units of the scefeof Mercury
includelava flows, based on very smooth texture and pbskibate flow margins, and
impact breccias, based on variously degraded cratephologies. Lithostratigraphic
units are defined based on the lateral extent afatterizing primary surface features,
the edge of which may be variably expressed by gmbat, burial, and truncation
relations (Wilhelms 1987; Tanaka, 1992). The second type useful for planetary
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mapping is theallostratigraphic unif which may be composed of multiple lithologies
interpreted to have formed during a single contirsugr relatively continuous) event or
episode, encouraging the recognition and correlatibgenetic packages of materials
rather than lithologically similar material unit®©iatt 1994). Discontinuities can be
identified in remotely sensed datasets by crosagutrelationships with bounding

structures. Examples of potential allostratigrapbidts of the surface of Mercury

include mixtures of impact melt and breccias orcaaic overlays related to discrete
eruptive episodes.

On the other hand, planetary structures providefrdn@mework for determining the
character and sequence of crustal deformation db asegeodynamic formational
hypotheses. The geometry and kinematics of comrfarefary structures such as joints,
deformation bands, faults, and folds can be detexchifrom their distinctive
morphologic and topographic signatures. In addjtitte use of field-based Earth
structures studies as analogs enables to infer skreictural histories and deformation
magnitudes. The surface of Mercury, for examplemanly affected by systems of
thrust faults having both blind and surface-bregktomponents. The nature and
sequence development of these tectonic systemghaarbe revealed interpreting their
segmentation, displacement profiles, relay rampsfaotwall anticlines (Schultz et al.
2010).

2.2.3 Crater counting

Statistical analysis of crater size-frequency distions (SFDs) for the age
determination of terrestrial planetary surfacesehlbgen largely used during the last 50
years (e.g., Opik 1960; Shoemaker et al. 1962;\WBald1964; Hartmann 1965). Based
on the simple idea that older surfaces accumulates raraters, it was possible to infer
relative ages of surface units by measuring theeci@D on remote sensing images.
The main stride for this technique was the radioiwaty age determination of rock
samples obtained by the Apollo and Luna missiorschvallowed to develop a relative
and absolute chronology for the Moon (e.g., Shoamak al. 1970a, 1970b; Baldwin
1971; Neukum, 1971; Hartmann 1972; Soderblometa@d1®Neukum 1977; Neukum
and Wise 1976). The fluxes of crater-forming impastobserved for different parts of
our solar system made it possible to calibrateltlmar chronology function for different
terrestrial planets and satellites (e.g., Neukural.e2001a; Ivanov 2001; Hartmann and
Neukum 2001). Hence the determination of ages #&rént planetary surfaces is
currently possible without obtaining samples, byngsmage data of remote sensing
missions. This methodology, hereafter referred hees Neukum Production Function
model, permits the transfer of the Lunar chronoltgercury (Neukum et al. 2001b).
The Model Production Function (MPF) method propolsger by Marchi et al. (2009)
applies the same cross-calibration with the Lumaomology, but estimates the impactor
flux to Mercury a priori, using dynamical models that describe the formatmd
evolution of the asteroids in the inner Solar Syst€he main advantages of this method
are (i) avoiding a multiple use of scaling laws), $imulating a non-constant impactors
flux through time, and (iii) using a variable cralsayering of the target body (sPe2.5
for details).
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The determination of crater SFDs of surface uretyuires the accurate measure of
the area selected for the count, which should lgetoran homogeneous geological unit,
and of the crater diameters included in that aeeg.,(Wilhelms et al. 1987 aRl2.2.2
above). To this end, the right choice of map prigacbecomes paramount. To resolve
distortion problems introduced by different mapjections, we used an extension for
ESRI's ArcGIS suite developed by Kneiss et al. @0that measures the diameters of
impact craters independently of the particular magection of the image basis.
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Table 2.1.Experimental Data Records (EDS) returned by MESSER NAC used in
this work (centered on Rembrandt basin at 88°ESB3°

Products Instrument Mission stage av. spatial res.

PAN images MDIS NAC 2™ 3%Fybys  450-600 m/px

PAN images MDIS-NAC orbit 150-250 m/px
PAN mosaic MDIS NAC, WAC orbit 250 m/px
Multispectral mos. MDIS WAC orbit 500 m/px

DTM - Stereo images  MDIS NAC 2™ 3%Fybys  450-650 m/px

Table 2.2.MESSENGER MDIS products and derived products usdlis work.
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Figure 2.1. MDIS 750 nm mosaic — including Mono (NAC and WA@hd Color
(750nm filter) images collected after orbit insentiand included in PDS delivery 8
(September 2012), NASA/Johns Hopkins Univ. Appl.y®hLab./Carnegie Inst.
Washington. Rembrandt basin (white line) showeHign 2.2.

Fig. 2.2. Overlapped single sinusoidal NAC flyby images (age spatial resolution
of~500 m/pixel) centered on Rembrandt basin (white, 88°E, 33°S) and captured at

high solar incidence angles.
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Figure 2.3.Global tectonic mechanism and relative featurgmbtized for Mercury. a)
Contraction due to the global cooling of the plamnéh randomly distributed lobate
scarps (Strom et al. 1975). b) Despinning of thenel with oriented contractional
features at the equator and oriented extensioaflires at the poles (Melosh 1977). c¢)
Mantle convection with heterogeneous distributiboantraction (King 2008).

Figure 2.4. Simple cylindrical views of Mercury over +75° latle, 0° to 360°E
longitude. (A) Enhanced color MDIS WAC mosaics. &sen white are regions not yet
imaged by MESSENGER. (B) Geologic map of MercupnirMESSENGER WAC and
NAC mosaics and Mariner 10 clear-filter mosaicsghti yellow, HRP and IP; dark
yellow, LBP; light blue, regional LRM; dark blueRIM center; black, other (fresh crater
ejecta or IT); and white, no data. Adapted form ®eret al. 2009.
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2.3 Results and conclusions

Results and conclusions of chapter 2 are presémtigeb manuscripts in submission.
The first manuscript - entitleThe Structural Evolution of Rembrandt Basin andrfSca
System, Mercury(par. 2.3.1) - presents a detailed geologicalsaindtural appraisal of
a specific area of the surface of Mercury, the Ramdt basin area. The occurred
interpretation suggests that the action of glolaitiactional tectonism on Mercury
might be strongly influenced on local scales by #fiess fields induced by impact
craters and basins. This study has been condudtedthe essential collaboration of
Matteo Massirorti>, Christian Klimczak Paul K. Byrnd Gabriele Cremone$end
Sean C. Solomdr!.

The second manuscript - entitl&He long-lasting activity of Rembrandt Basin and
scarp system, Mercurypar. 2.3.2) - report the age determination & ¢feological units
determined for Rembrandt basin area by applyingMoelel Production Function of
Marchi et al. (2009). This study has been conduet#ld the essential collaboration of
Matteo Massirorti?, Simone Marchj Paul K. Byrné, Christian Klimczak and Gabriele
Cremonese

Concerning both manuscripts, we thank Elena Mattlfor her advice on crater
counting methods and data plots. This research suaported by the Italian Space
Agency (ASI) within the SIMBIOSYS Project (ASI-INA&greement no. 1/022/10/0).
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*Department of Terrestrial Magnetism, Carnegie fntitin of Washington, Washington DC, USA
“Lamont-Doherty Earth Observatory, Columbia UnivgrdPalisades, NY USA
*NASA Lunar Science Institute Center for Lunar Qrighd Evolution, Southwest Research Institute, 8ayiCO, USA
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2.3.1 The Structural Evolution of Rembrandt Basin ad Scarp System, Mercury
Abstract

Detailed structural mapping of the Rembrandt basid scarp system, based on
MErcury Surface, Space ENvironment, GEochemistng &anging (MESSENGER)
spacecraft flyby and orbital images, reveals nesigints into the geological evolution of
the region. Cross-cutting relationships show tlet development of the Rembrandt
scarp was affected by tectonics related to thenlsasiolution. Evidence suggests that
the impact event caused a dramatic change to thenad stress field, influencing the
propagation direction of the pre-existing Rembratidust. Subsequent tectonism and
volcanism formed the complex array of structurethiwithe basin and a late-stage lava
flow proximal to the northern rim. Our study shotlat the tectonic development of the
basin occurred in parallel to that of the througlng scarp.

Introduction

During its second and third flybys, the MESSENGERr&diry Dual Imaging System
(MDIS) (Hawkins et al. 2007) imaged a previouslysean, well-preserved basin named
Rembrandt in Mercury’s southern hemisphere (FigaR.With a diameter of 715 km,
Rembrandt is among the largest impact basins réoedron Mercury (Watters et al.
2009Db; Fassett et al. 2012). It is also one of ybengest major basins of Mercury
having formed near the end of the Late Heavy Bodibant (LHB) approximately 3.8
Gyr ago (Watters et al. 2009b). Much of the basiterior has been resurfaced by
smooth, high-reflectance plains interpreted to beotcanic origin (Denevi et al. 2009).
This unit hosts sets of landforms interpreted ta@teatractional and extensional tectonic
structures, which generally have radial and con@eltrientations with respect to the
basin centre. This pattern resembles the arrangeofestructures observed within the
Caloris basin (Murchie et al., 2008; Watters et24l09c; Byrne et al. 2012b), with
individual sets of landforms most likely due to tiple episodes of deformation (Strom
et al. 1975; Melosh and McKinnon 1988; Wattersle2@05; Watters et al. 2009b). The
contractional features are primarily comprised oihkle ridges, which are believed to
have formed from flexural slip folding of the swéaunits as a response to reverse
faulting at depth (Watters 1988; Golombek et aR19Schultz 2000). The extensional
structures are troughs interpreted to be grabentté/gaet al. 2009b; Watters et al.
2009c), which are characterized by two antithétiward-dipping normal faults.

Of particular note in the area within and surromgdRembrandt basin is a 1000-km-
long reverse fault system (Watters et al. 2009bnBet al., 2012a) that trends ~E-W as
it cross-cuts the basin’s western rim, and bendsitd the North within the basin before
tapering into the impact material (Fig. 2.5a). Bhsa this morphology, Watters et al.
(2009b) characterized the fault system as a lodagp (Watters et al. 2001; Watters and
Nimmo 2010) and attributed its formation, localiaat and orientation to crustal
shortening resulting from global contraction as ®dey's interior cooled. More
generally, this process has been regarded as rgbjfor lobate scarps, wrinkle ridges,
and high-relief ridges that were observed on Marli®images (e.g. Strom et al. 1975)
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and have been shown to occur planet-wide by MESSHRI@ata (Watters et al. 2001
and 2004). In addition to the many thrust faulated landforms, topographic data from
the Mercury Laser Altimeter instrument (MLA) (Cawagh et al. 2007) aboard the
MESSENGER spacecraft and from stereo imaging (Reziet al. 2011 and 2012) have
revealed long-wavelength topographic undulationshéf et al. 2012) that also occur in
association with some of the larger tectonic stmgg and may be evidence of large-
scale contraction of Mercury’s lithosphere (Byrnale2012a; Watters et al. 2012a).

Recent recognition of several kinematic indicatofsstrike-slip motion along the
Rembrandt scarp (Massironi et al. 2012) and thatioe of the large scarp system
cutting inside and outside the Rembrandt basin vatds a study to investigate the
complex relationships between the Rembrandt basththe scarp. In this paper, we
mapped the structures in the Rembrandt basin aréae detail using MESSENGER
images from fly-by and orbital campaigns in order dbtain better insights in the
kinematic development of the Rembrandt scarp systetnwhether its development was
influenced by the interaction between global- aasi-scale processes.

Material/Data

MESSENGER MDIS orbital coverage (Fig. 2.5a) allowexdla detailed mapping of
the geological units of the Rembrandt area at udiewmls better than 200 m/pixel. Mainly
collected at low solar incidence angles, it allowesl to interpret also previously
shadowed areas. Orbital MDIS wide-angle camera (Yiktages were supplemented
by targeted narrow-angle camera (NAC) images, whdoh particularly useful for
highlighting different textures of geological unésd for morphological analyses. We
integrated this MDIS orbital dataset with flyby NA@ages, which have been collected
at high solar incidence angles and then can stinesshallow reliefs. We also used a red-
green-blue color composite product derived frombahd WAC mosaics (ref?),
combining 3 bands to enhance the reflectance opldmeet surface (band 8 at 947.0 nm,
band 5 at 628.8 nm, and band 3 at 479.9 nm forges#in, and blue, respectively). For
our structural analysis, we also used the Digitrdin Model (DTM) of Preusker et al.
(2011), which is derived from stereo pairs of flyMESSENGER NAC images at
spatial resolutions ranging from 450-550 m/pixéle TDTM covers more than half of
the Rembrandt basin at a resolution better tham/pikel. The whole dataset has been
processed with the Integrated Software for Images Spectrometers (ISIS) developed
by the United States Geological Survey, and andlyaehe ESRI ArcMap geographic
information system (GIS) environment. The morphaal textural, and kinematic
analysis is shown in the map of the Rembrandt éfen 2.5b), which includes basin-
related geological units as well as the basin @adpstectonic structures.

Geology and structure in and around Rembrandt basin

In order to characterize the sequential developnménthe basin and scarp, we
identified the primary geological units, mapped teetonic patterns within the basin,
and subdivided the Rembrandt scarp according tokihematic expression of each
segment.
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Main geological units of Rembrandt basin

We subdivided Rembrandt basin into three main phiégsed on different primary
morphological characteristics: thdummocky MateriaHM) and thelnterior Plains
(IP) fill the basin, and th@roximal Ejecta(PE) lies just outside the basin rim (Fig.
2.5b). The HM consists of a mixture of impact neeld ejecta deposits (breccias) that
formed during the impact event and stand out fa thick alternation of hills,
depressions and higher knobs, which are charaotefeatures for such large basins
(e.g., Cintala and Grieve, 1998; Watters et alQ92). In the case of Rembrandt, HM is
mostly buried by widespread smooth IP but is sigible along the northern margin of
the basin (Fig. 2.5b), where the knobs are massiderise above the surrounding terrain
(white arrows, Fig. 2.6a). Because of this diffeernn elevation, the exposed HM
appears as an inner ring partially reworked by sqbent impact events (white arrows,
Fig. 2.6b). The smooth IP are brighter than thg wh impact HM, and Denevi et al.
(2009) associated the high reflectance they shoa wwlcanic origin. IP unit covers
most of the basin floor with two distinct exposyregose the most extensive IPa
blankets the central portion of the basin, extemdmboth the western and the eastern
rims (Fig. 2.5b). IPa fills also the eastern sectothe basin floor, unseen in flyby data,
and superposed the hummocky annulus as it reableesn (Fig. 2.6c). In the same
spot, a pit-floor crater (cf. Gillis-Davis et a2009) aligned sub-parallel to the basin rim
may represent a possible source of volcanic matécrater C8, Fig. 2.6¢). In the
southwest sector of the basin, the MDIS WAC muéidml mosaic shows color
variegation within the smooth plains: IPa maintathe same smooth texture but
becomes darker in spectral reflectance, comingesemble the adjoining outer-basin
material (black arrow, Fig. 2.6d). The color vaoat of the smooth plains units on
Mercury has been alternatively attributed to aeddht stage of surface maturity or a
different composition (Robinson and Lucey, 1997&V&tt et al., 2007; Robinson et al.,
2008; Murchie et al., 2008). Notably, beyond thetewestern rim the now darker inner
smooth plains (IPa) become texturally indistingalgle from the surface exterior to the
basin.

The second, less extensive smooth layer IPb fiésriorthern margin of the basin
floor (Fig. 2.5b), embaying the basin rim wall (¢éhiarrows, Fig. 2.6e). Despite the
similarity in texture and reflectance, there isavidence of a spatial connection between
IPb and IPa, which may imply two discrete emplacaimrevents. In addition, IPb is
present at a higher average elevation than IP® (pd4s. -1 290 m; see Fig. 2.8c). It is
therefore unlikely that a single volcanic eventha basin centre is responsible for both
IPa and IPb units.

Beyond the basin rim, the ejecta deposit extendshémdreds of kilometers, and
includes several troughs radial to Rembrandt, whiehthe result of impact sculpting.
The Proximal Ejecta(PE) unit is composed of thick, coherent ejectiwang the rim
crest, and is likely coeval with the HM unit. Thedeposits are comparable to the
outcrops of the Caloris Montes (Fassett et al. 9208nd assume different morphologies
locally, with a blocky texture on the basin rim asidgle domes collapsed toward the
basin interior, and a radially lineated or smootlpgearance outside the basin (white
arrows, Fig. 2.6c).
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Primary geological structures of the Rembrandt area

The Rembrandt basin displays a large variety ofotec patterns (Watters et al.
2009b). The interior of the basin is characteribgdoth extensional and contractional
tectonic landforms. Entirely confined within thent®l IPa, extensional features are as
primarily basin-related graben, whereas contraatiolandforms are either basin-
localized structures, predominantly in the formwainkle ridges, or form part of the
wide Rembrandt thrust and back-thrust system.

Basin-interior landforms

Families of radial and circumferential featuresthbextensional and contractional,
have been identified on the smooth plains of Rentirdasin (Fig. 2.5b). We mapped
over 250 radial wrinkle ridges and graben of vdealengths (5 to 60 km), which
describe a partial fan-like pattern within the IRat; these structures extend outward
~100-200 km from the basin center and are mainlynded by a prominent ring of
concentric wrinkle ridges approximately half a pasadius from the center (Fig. 2.5b).
A set of circumferential graben appears paralletht® concentric ridges along the
northern part of the fan-like pattern (Fig. 2.5B}ructural mapping reveals a major
difference in structure within the Interior Plaiothe Rembrandt basin, with far more
structures in the northern portion of the basinntia the south one. This uneven
distribution of wrinkle ridges and graben is not amifact of poor lighting geometry,
since all the studied images have been acquirddfatent illumination conditions and
show the same paucity of basin-related structurdise southern part of the basin. In the
southern interior, the lack of basin-oriented swes could be due to a possible
thickening of IPa together with the masking effeicsuperposed craters ejecta.

The Rembrandt basin area also displays local ckisté contractional features,
including a complex set of wrinkle ridges and sedvptween the wrinkle ridge ring and
the pit-floor crater at the eastern rim (red arrowg. 2.6¢), a group of lobate scarps
between the Rembrandt scarp and the basin-relatgdrés (red arrows, Fig. 2.6d), and
wrinkle ridges radial to the superposed cratersnddg. 2b and C13 in Fig. 2.6f (45 km
and 70 km in diameter, respectively; red arrowsptm the radial wrinkle ridges).

Most of the morphologies of the basin-related citrtes of Rembrandt Basin are
similar to those of the Caloris basin (Wattersle2@09c; Byrne et al., 2012b) and the
lunar maria (Strom, 1972; Bryan, 1973; Maxwell &t 4975). Whereas the overall
structural map-pattern differs from that of Calokasin, where graben start almost
immediately from the basin center (Murchie et 80 Watters et al. 2009c), as well as
from that commonly observed within lunar maria, weheextensional structures
developed outside concentric wrinkle ridge ringsl¢g&on and Head 1980; Watters et
al. 2005).

The Rembrandt scarp and global-scale landforms

Although formed originally as a coherent, singlarpcsystem, also described as fold-
and-thrust belt (FTB) by Byrne et al. (2012a), Rembrandt scarp appears to have
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undergone a complex deformational history that wesfoundly influenced by the
Rembrandt basin in terms of surface heterogeneityaustal layering. We regard the
eponymous scarp as the surface expression of a-¢agje thrust fault system, which
features a back-thrust and displays several kinenmadicators of lateral movements
along its length. We divided the structure into tmain branches on the basis of the
lateral shear indicators. Outside the basin, th&fnding western portion of the scarp
(S1, Fig. 2.7a) shows a set of sharp “S-shapedtaiesng bends (white arrows, Fig.
2.7a) (Mann, 2007 and reference therein) that stgga right-lateral strike slip
movement. This kinematics is consistent with thetweard deformation of the ejecta of
the 70-km-diameter nearby crater C2 (dashed arfFogv, 2.7a). Within the basin, the
SW-NE trending segment (S2, Fig. 2.7b) comprehendigaoidal positive-relief
resembling a positive flower structure product bgfalateral strike-slip component (red
arrows, Fig. 2.7b). The overall kinematics is inéer from the convergence of the
opposite strike-slip senses of movement of these ltwanches, and suggests a SE-
vergent thrust acting in response to NW-SE orientedpressional forces.

The S1 and S2 branches of the scarp system hayghalogical characteristics that
possibly reflect independent evolutions. S1 coasi$ta homogeneous thrust and back-
thrust system similar to high-relief ridges (Ruiza¢ 2012), with a prominent leading
edge across which there is more than 2 500 meteddief (Fig. 2.8b). This scarp faces
a parallel structure, termed RS2 by Ruiz et all@0which is located to the southwest
of the Rembrandt basin (Fig. 2.8a). The Rembragdtpssystem is well-developed
inside the basin, whereas the RS2 scarp descnb&udiiz et al. (2012) appears to end
outside the basin. The two scarps bound a topographlow-lying area similar to a
foreland basin between two converging thrust systesuch as the Kura basin between
the Greater and the Lesser Caucasian belts (Fifip 1989).

The S-shaped restraining bends due to dextrablas@ear (white arrows, Fig. 2.7a)
locally enhance the elevation of the S1 scarp bgrsd hundred meters. The ESE strike
of S1 ends exactly at the Rembrandt basin rim, e/tiee structure bends toward north
and forms the SSW-NNE S2 scarp and the shallow-beatp. Further along strike,
both scarps form a sigmoidal positive-relief flonsructure (red arrows, Fig. 2.7b).
Beyond that, S2 strikes N-S and cuts the HM unithvé basin-radial orientation;
nearby, a similarly orientated scarp developedljghta S2 (white arrow, Figure 2.7b).

Using the DTM of Preusker et al. (2011), we obtdiaeset of topographic profiles
crossing the Rembrandt scarp (Fig. 2.8a). We tawiiles across the scarp leading
edges of both S1 and S2 at sites free of superpwaeets and their ejecta deposits. The
elevation of each profile, along with the extrapetavertical displacement (throw), has
been plotted along the length of the scarp (Fi@bRdisplaying the change in elevation
along both branches. The vertical relief of 3 10Gonoss S1 is stressed by the deep
depression at the scarp bottom and the sharp iresgggbends on its top, whereas S1
rises in elevation close to the basin perimetet,degreases in relief to 2 300 m; from
immediately inside the basin to the flower struefuthe S2 scarp maintains similar
throws, before reducing dramatically as it encomtiee structural pop-up and then the
HM unit. A 55-km-diameter crater is superposed lom kink between S1 and S2 (C3 in
Fig. 3b, corresponding with the basin rim), obsograny information on the nature of
the connection between the two branches.
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Cross-cutting relationships

By determining the size-frequency distribution (§EDsuperposed impact craters on
the Rembrandt basin rim using MESSENGER fly-by daMatters et al. (2009b)
estimated that Rembrandt and Caloris basins haumitar relative age. We applied the
same method using MESSENGER orbit data in ordeotopare the relative ages of the
two major domains of Rembrandt basin, the impaotifiog material (HM and PE) and
the central smooth plains (IPa). We collected dabtiazated crater counting using the
ESRI ArcMap CraterTools extension developed by Ksle2t al. (2011). The differences
between the crater densities displayed in the Rgfld~ig. 2.10 are almost negligible,
and so the two domains cannot be definitively gaide different in age. Therefore,
crater statistics cannot discriminate whether & unit is impact melt formed during
basin formation, or volcanic material emplaced safber the basin formation. However,
we note that both IPa and IPb appear to have medfseveral craters that postdate the
Rembrandt basin (e.g., craters marked with yellowves in Figs. 2.6a and 2.6¢), and
IPb clearly embays the basin rim wall (Fig. 2.6e¥tdating the basin floor formation.
These observations support a volcanic origin fer #ha and IPb units. Moreover, the
color variegation of IPa (Fig. 2.6d) may also reffleesurfacing by, or at least a change
in composition of, volcanic material. Since IPa alfitb seem not to be spatially
connected, we cannot definitively assume a commuurce; this may imply the
existence of several volcanic sites within the Renbt basin (though such sites may
have been buried during subsequent volcanism). Bottis have been clearly cross-cut
by parts of the Rembrandt scarp (S2) however, husl their emplacements predate the
formation of the scarp. Similarly, the wrinkle riglgy and graben, which exclusively
developed within the IPa unit, postdate the smgm#imes emplacement. In addition,
radial graben appear to cross-cut the ring of weimkiges in the southwest sector of the
basin (e.g. white arrow in Fig. 2.7b); without cledfsets of marker units or structures
the age relationship here is uncertain, but ifgheben postdate the ridges then at least
local extension occurred subsequent to a phaserdfaction within the basin as also
noted by Watters et al. (2009a).

Of particular note is the parallel alignment of ®2 scarp to the concentric wrinkle
ridges on the basin floor in the northwestern ge(fdy. 2.7b), indicative of a direct
influence by structures related to basin tectonigran the development of the scarp.
However, a 9-km-diameter crater (Cm in Fig. 2.7b3aures any potential evidence of
relative timing between these features. Even s ptbsitive flower structure along S2
(red arrows, Fig. 2.7b) is accompanied by narrowkie ridges (red dashed arrows,
Fig. 2.7b) that appear related to basin tectonmmygesting again that the Rembrandt
scarp was influenced by followed and uplifted pxestng basin-related structures. In
addition, topographic profiles across S2 show logtgnulative throws than those of S1
(Fig. 2.8b), indicating that the basin-interior e accumulated lower strain, and/or
was active for a shorter period of time, than fation outside Rembrandt.

In the southwestern sector of the basin, betweerRémbrandt scarp and the basin-
related structures, lies a set of minor lobate pscawith orientations ranging from
orthogonal to the scarp to basin-radial and pdradléhe S2 branch (i.e., mainly NE-SW
striking) (white dashed arrows, Fig. 2.7b). Thesargs cannot be considered entirely
basin-related structures, for there is at leasidéal component to their orientation, such

23



Ferrari Sabrina

as those that cross-cut the basin rim and exteridet@uter units beyond (Fig. 2.6d).
These structures have previously been suggestée @ continuation of the southern
giant scarp RS2 (Ruiz et al. 2012) within the basirch that their formation has been
attributed to global contraction. However, thiseirgince appears uncertain, because the
similar strikes of the S1 and RS2 scarps suggesbramon NNW-SSE-orientated
regional stress field that does not support theslbgment of RS2 branches with strikes
toward North. Instead, these minor scarps coulde hagen induced by a perturbed
regional stress field and nucleated along oriemtatisimilar to those of basin-related
structures.

Finally, we noted that every superposed cratergatba entire Rembrandt scarp hosts
minor contractional structures (e.g. crater C3, kBOdiameter crater C4a and
subsequent smaller 25-km-diameter C4b in Fig. 2i7&) parallel the main strike of the
S1 and S2 branches. We regard these observatiorevidsnce for the sustained
accumulation of strain by the main Rembrandt FTBroan extended period of time,
unaffected by subsequent impact events. In paaticataters C4a and C4b along the S2
branch have been substantially modified by thesthrmisplaying a 1 800-m-high scarp
within the older C4a crater, whereas crater C3layspa shallow structure thrust-aligned
but with opposite vergence; both these craters seebe not affected by the basin-
related structures, neither their ejecta, postdatie basin-related stress field activities.

Timing of the Rembrandt basin and scarp

Unlike smaller lobate scarps elsewhere on the plahe Rembrandt fold-and-thrust
belt shows unusual structural and morphologicatadtaristics, particularly in terms of
its two branches, S1 and S2, which are charactetizedifferent strikes and vertical
displacements, and by indicators for lateral movenad opposite sense. We regard
these differences as evidence that the basin affettte growth of the scarp. This
influence could have been active or passive, ddapgnoin the relative timing of the
basin-forming impact event with respect to the gchavelopment.

If the impact preceded the initiation of thrust Ifaag, it would have passively
influenced the development and final geometry @f sbarp through the generation of
basin-related structures due to basin-scale ssess® via inhomogeneous crustal
layering within the basin itself. Spudis and GUA$t88) suggested that several ancient
buried basins in Mercury’s crust form structural akeesses that can control the
subsequent geologic evolution of the surface. MaggoWatters et al. (2001, 2004,
2012) and Fassett et al. (2012) directly observiedt tpre-existing mechanical
discontinuities such as basin slopes and rims raag lconstrained the shape of several
lobate scarps.

Under such a scenario, we could suppose that thl-weserved) large Rembrandt
basin affected the later development of a contraetiridge system. The excavation of a
giant impact could induce lateral lower-crustalfltoward the basin, resulting in uplift
of the basin centre and promoting the developmehbasin-related structures within the
crater (Fleitout and Thomas 1982; Watters et &d520Sustained global contraction of a
cooling planet would result in the formation of t@ational landforms, with basin-
localized stresses producing radial contractioeatures around it (Fleitout and Thomas
1982). The subsequent development of the Rembemadp could have been controlled
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by these pre-existing features, which acted aszbwosi of weakness. In fact, the S1
Rembrandt branch is radially oriented with resped¢he center of the basin, whereas the
S2 branch is tangential to basin-related concentrickle ridges. This scenario accounts
for the change of orientation from S1 to S2, thoulgles not predict differences in
vertical displacements between each segment.

An alternative interpretation involves the Rembtafiodming impact event occurring
during the thrust activity responsible for the gcaystem. The impact could have led to
a local reworking of the structure and a substactiange in the regional stress field.
This scenario requires a pre-existing ridge (essignt primitive S1, Fig. 2.10a) with
an overall WSW-ENE strike facing a wide forelandibatogether with a parallel belt
(RS2, Ruiz et al. 2012), both developed in respottsea NNW-SSE-orientated
maximum horizontal stress. The subsequent formadfothe Rembrandt basin (Fig.
2.10b) partially erased S1 and most likely supmbrée multiple but short stage of
volcanism that recorded the basin-related tectoniBne giant impact may have also
promoted lower crustal flow toward the basin centrausing a perturbation of the
regional stress field with a consequent changéén31 vergence from NNW-SSE to
NW-SE and the development of later strike-slip ttrees (Fig. 2.10c¢). Sustained
development of the Rembrandt scarp (i) led to trenétion of the transpressive S2
branch, whose growth was passively controlled lylihsin structure (Fig. 2.10c) and
accumulated less strain than the older S1 branct, (8) lasted enough to form
secondary structures within the basin and the paged craters. Proximal basin ejecta
would have contributed to the sharp elevation @sttbetween the branch outside the
Rembrandt basin and that within the basin (FigbR.8his scenario satisfies each of the
observations we described in this study, and mayhbemost likely process through
which the complex Rembrandt basin-and-scarp sy&temed.

Conclusions

Using different MESSENGER MDIS data, we performededailed geological and
structural appraisal of the Rembrandt area, chemastg the relationship between the
basin and the scarp and investigating the evolufdhe overall basin and scarp system.
Our proposed sequence of events places the Rentbasoh-forming impact event
during the thrust activity. The formation of thesbrathus influenced and complicated
the growth of a pre-existent transpressive strectwhich developed as a result of
global contraction of Mercury as its interior cahldn a broader sense, this sequence
suggests that the action of global contractionetiotr@sm might be strongly influenced
on local scales by the stress fields induced byaghpraters and basins.
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Figure 2.5.(a) MESSENGER MDIS monochrome base map centeréedeoRembrandt
basin (33°S, 88°E). White boxes outline areas shimwrig. 2.2, whereas green boxes
outline areas shown in Fig. 3. (b) Geological amdctural map of the Rembrandt basin
and scarp system.
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Figure 2.6. Close-up view of areas of interest within Rembtalpasin, extracted by
flyby and orbital MESSENGER MDIS mosaics. (a) Hunakyp Material (HM) displays
large blocks (white arrows) that stand higher thlae surrounding lighter, smooth
Interior Plains (IPa). A patrtially filled craterdijow arrow) suggests resurfacing and a
volcanic origin for the IPa unit. (b) HM of the sharn Rembrandt basin is partially
reworked (white arrows) by subsequent impact eve®sand C10; a secondary set of
wrinkle ridges have formed (red arrows) radial tater C9. (c) Along the eastern
Rembrandt basin rim, a pit-floor crater (C8) représ a possible eruptive site; IPa
reaches the basin rim, covering the basin floor @nedexisting craters (yellow arrows),
but subsequently contraction has formed a set arfpsc(red arrows). Beyond the rim,
proximal basin ejecta and impact-sculpted terratera radially from the basin (white
arrows). (d) MDIS WAC multispectral mosaic showioglor variegation within IPa:
while retaining the same texture, the unit beconger toward the basin rim (black
arrow). A set of scarps cuts through this unit artends beyond the basin rim and into
the proximal ejecta (red arrows). (e) The smalRy unit within the northern margin of
Rembrandt basin embays the basin rim wall andajafch 200-km-diameter superposed
basin (white arrows). (f) A prominent wrinkle ridgeveloped radial to the superposed
crater C13 (red arrows).
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Figure 2.7. Detailed views of the S1 and S2 branches of thendReandt scarp. (a)
Outside Rembrandt basin, the S1 branch strikes WB\V¥-and verges SSE; its
elevation is enhanced by transpressional featumste arrows), as shown by two
topographic profiles that cross a sharp right-Eteestraining bend (dashed lines and
inset al). (b) Within the basin, the S2 branckks#iSW-NE, bending northward as it
approaches the northern basin rim. This branchsdlsw/s evidence of lateral movement
in the form of a positive flower structure (redas). Between the scarp and the basin-
related structures, a set of minor lobate scargsdeweloped (white dashed arrows).
Concerning basin-related features, the ring of keirridges seems to predate radial
graben (white arrow). Superposed craters C3, Gd@,Gdb host minor contractional
structures that may reflect later phases of thmgstas shown in the topographic profile
across crater C4a (dashed line and inset bl). IC@&e masks the cross-cutting
relationships between S2 and the basin-relatediiesat A shorter thrust parallel to the
upper portion of S2 is shown as “s2” with a whiteoe.
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Figure 2.8.The topography of the Rembrandt basin and scateisy (a) A flyoy DTM
(Preusker et al., 2011) of the Rembrandt basinladenpon a MDIS monochrome flyby
mosaic. The topographic profiles shown in (b) aidated in white. (b) Interpolation of
maxima and minima values of the topographic prsfignown in (a), displaying the
elevation of the scarp and the related verticgbldieement. The calculated throw (blue
dashed line) increases to a maximum along S1,lemddecreases toward the basin rim,
before flattening along S2 and newly decreasingatdwhe tip. (c) Topographic profile
along the basin diameter (transect A-A’ in a).
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Figure 2.9. R-plot of Spatial Density Distributions (SDFs) ofters in the impact and
interior units within Rembrandt basin, using cradeameters greater than 4 km (Crater
Analysis Techniques Working Group, 1973). The SOHR=a (red filled points) is
compared to that of HM and PE (green squares), botied by diameter increments of
a factor ofvV2. Errors shown for each point are from countirafistics alone RAn,
wheren is the number of craters counted in each diameterval). The relative ages of
the two domains are not statistically resolvabie¢es in most cases the bins lie within
the error bars. An exception is centered at 20-kamdter craters, and represents a
greater density for such sized craters in IPa thakiM and PE. This effect may be due
to the fact that the resurfacing cannot completbeisy and hide carters larger than about
20 km, which have been collected within IPa as {hestdate the resurfacing.
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Figure 2.10. Our preferred formation scenario for the Rembrabdsin and scarp

system. (a) A pre-existing ridge (an early S1) vaithoverall WSW-ENE strike faces a
wide foreland basin and a parallel scarp with ofipogergence (RS2 in Ruiz et al.
2012). (b) The formation of the giant Rembrandtimasases part of the ridge. (c)
Crustal flow toward the basin center induces aupkation of the regional stress field,
influencing the strike and growth of the subseqglydotmed S2 scarp segment.
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2.3.2 The long-lasting activity of Rembrandt Basirand scarp system, Mercury

Abstract

Rembrandt basin is the largest well-preserved imngeature of the southern
hemisphere of Mercury. Its interior shows a wideosth high-reflectance infilling,
which is characterized by an intense basin-reldesdonic pattern along cut by a
prominent contractional scarp. The emplacement h# interior smooth plains,
interpreted to be volcanic material, predates libth basin-related tectonism and the
final development of the giant scarp, which is ®siiye of either short-lived volcanic
activity immediately after the basin formation orlaer volcanic phase set against
prolonged tectonic activity. Several basin-relasédictures maintain the same strike or
even lay on the top of the giant scarp, predatmgomplete development.

In order to quantify the duration of volcanic arettonic activities in and around
Rembrandt basin, we determined the crater coumtetbiages of the involved terrains.
On the basis of age determination via Model Pradadtunction crater chronology, our
analysis on the basin-related material (i.e., hugkyaerrains and proximal ejecta)
confirmed the formation of the Rembrandt basin myirthe end of the Late-Heavy
Bombardment, at 3.78+0.03 Ga. We also constraihedsmooth plains emplacement
between 3.72+0.05 and 3.52+0.10 Ga, applying aindistn between the primary
population and the smaller craters that occurréet difie resurfacing of the basin floor.
These ages place the oldest smooth layer formatisimg or soon after the impact
event, and so we cannot definitively determine froom crater counts whether those
plain are impact melt or volcanic material, conedys the youngest smooth covers
(3.52+0.10 Ga) result temporally unrelated to thesib formation, and should be
attributed to volcanism. We detected the same dhogital relationship for the terrain
bordering the basin at the foot-wall of the giactrp, where the primary crater
population of the older layer predates the basimédion at least of 100 Myr, while the
younger unit (3.59+0.14 Ga) revealed by smalletecsais temporally similar to the
interior smooth plains of Rembrandt basin. Henloe Molcanic activity affected both the
basin and its surrounding, but ended prior to sbasn-related and regional faulting. If
the giant scarp formed before the Rembrandt bawmimédtion, the regional tectonic
activity along this structure might have lastedrfare than 300 Ma.

Introduction

The known picture of the early surface of Mercumplies a thin crust accreting
planet that undergoes to an intense cratering gpdtiate Heavy Bombardment, 4-3.8
Ga). The global contraction of the surface duéheodooling of the planet was probably
the main cause of formation of the giant merculisivate scarp (e.g. Watters et al.
2004), whose activity began during the Late HeawynBardment and continued until
and after the emplacement of the youngest smoatimplStrom, 1975; Melosh and
McKinnon 1988; Watters et al. 2009b). Other mec$iasi inducing compression could
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have coexisted with thermal contraction: early ltidespinning (Dombard and Hauck,
1988), mantle convection (King et al. 2008; Wattansl Nimmo 2010; Michel et al.
2012) and regional stress field induced by gianpaots (Thomas et al., 1988). In
parallel, the structural patterns related to baaim buried craters on Mercury (Watters
et al. 2009a; Head et al. 2011; Freed et al. 28&2jns to result from the emplacement
of low-viscosity lava flows that rapidly accumuldtéhick cooling units in a global
contractional system (Watters et al. 2012a; Klinkcea al., 2012). Within the largest
basins, the load of volcanic overlays could havkiged subsidence and the consequent
formation of radial and concentric wrinkle ridga¥dtters et al., 2009c, Watters et al.
2012a). Vertical motions (Dzurisin 1978; Melosh dbzlrisin 1978; Blair et al. 2012)
or inward flow of lower crustal material (Wattersat. 2005; Watters and Nimmo 2010)
triggered by the basin formation could have promidi@lowing uplifts of the basin
centers and the formation of graben. Alternativedgular extensional features can be
induced by the thermal contraction of rapidly empth lava flow on the basin floor
(Byrne et al. 2013 and reference therein).

Under this scenario, the 715-km-diameter Rembr&adin formed in the southern
hemisphere (Watters et al. 2009b), reaching terslaheters in depth and undergoing
to the resurfacing of the floor by volcanic matea#song a prolonged compressional
system. Rembrandt basin was imaged for the fins¢ turing the second flyby of the
MErcury Surface, Space ENvironment, GEochemistng &anging (MESSENGER)
spacecraft. As described by Watters et al. (2009bgh of the basin interior is covered
by smooth, high-reflectance plains interpreted ¢odb volcanic origin (Denevi et al.
2009) that hosts sets of contractional and exteasi@ctonic structures (Fig. 2.11). This
pattern resembles the arrangement of structuresnadas within the Caloris basin
(Murchie et al. 2008; Watters et al. 2009c; Byrheale 2012b), with individual sets of
radial and concentric landforms most likely duentaltiple episodes of deformation
(Strom et al. 1975; Melosh and McKinnon 1988; Wattet al. 2005; Watters et al.
2009c). Notably, Rembrandt basin and its smootimglare cross-cut by a 1 000-km-
long reverse fault system (Watters et al. 2009bmByet al. 2012a) that trends ~E-W,
bending toward the North within the basin (Fig.1).1The individual faults of this
system accommodated crustal shortening that relsdlem global contraction as
Mercury’s interior cooled (Watters et al. 2009aheTcurrent shape of the reverse fault
system may have been influenced by the formatiaghe@Rembrandt basin (Ferrari et al.
2012).

As the Rembrandt basin area was affected by mamymuomly found processes that
modified the surface of Mercury (i.e., basin forimatand impact gardening, global and
basin-related tectonics, and volcanic resurfacihgy well suited for understanding the
sequence and duration of such processes. Thisattekpts to establish a chronological
order of events, dating the involved objects. Heoreger counts have been performed
on each terrain, in order to estimate the agegpblysng the Model Production Function
(MPF) of Marchi et al. (2009), whereas cross-cgttialationships have been assessed
for terrains and structures. The aim is understahdre, when and how volcanism
coexisted with contractional tectonism in the Reamnlot basin area.
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Geological units and cross-cutting relationships imnd around Rembrandt basin

Geological map of Rembrandt basin and scarp systerhig. 2.11 was mainly
derived by the work of Ferrari et al. (2012) on MBEENGER images. The overall units
have been identified on the base of the surfactutexpattern and their stratigraphic
relationships: thédlummocky Materiabnd thelnterior Plainsfill the basin, whereas the
Proximal Ejectasurround the basin rim. The Hummocky Material ¢stissof a mixture
of impact melt and ejecta deposits (breccias) thiahed during the impact event and
stand out for the thick alternation of hills, deggsens and higher knobs, which are
characteristic features for such large basins,(€igtala and Grieve 1998). In the case
of Rembrandt, the Hummocky Material is mostly bdri®y widespread smooth Interior
Plains or appears strongly reworked by subsequaptdt events that involved the
Proximal Ejecta, erasing the basin rim and makifficdlt a clear discrimination of the
two units. The Proximal Ejecta unit is composedhatk, coherent ejecta following the
rim crest, and is likely coeval with the Hummockyatdrial unit. The smooth Interior
Plains are brighter than the basin-formed materais Denevi et al. (2009) associated
the high reflectance they show to a volcanic oridihis unit covers most of the basin
floor with two distinct exposures (Fig. 2.11), wkasost extensive blankets the central
portion of the basin, extending from the westernthe eastern rims. A first size-
frequency distribution (SFD) of superposed impaatars on the Rembrandt basin rim
were determined using MESSENGER orbit data (Ferearal. 2012), in order to
compare the relative ages of the major domainsewhiitandt basin. In that study, the
differences in crater densities between the imfiroting material and the central
Interior Plains are almost negligible and cannatcdiminate whether these latter are
impact melt formed during basin formation, or velicamaterial emplaced soon after the
basin formation. In addition, on MESSENGER multigpal mosaic these smooth plains
show color variegation (Ferrari et al. 2012), whieds been alternatively attributed to a
different stage of surface maturity or a differex@mposition (Robinson and Lucey
1997; Blewett et al. 2007; Robinson et al. 2008rdhie et al. 2008). On the SW rim,
the darker Interior Plains become also texturafiglistinguishable from the surface
exterior to the basin, suggesting a common origithe same stage of maturity. Interior
Plains and this exterior terrain, from here onwaaichedOuter Plains however, display
several partly buried craters (e.g. craters markéth black arrows in Fig 2.12),
suggesting a partial or overall volcanic resurfgcim addition, the proximal ejecta of
Rembrandt basin placed within the Outer Plains sedoe smoothed with respect of the
rest of basin proximal ejecta (Fig. 2.12).

Both the basin-oriented pattern and the giant bIsaarp affect the Interior Plains
(Fig. 2.11), (at least) partially postdating thé&rmation, whereas the Outer Plains
seems to be limited to the foredeep at the foot-efahe scarp. In the SW sector of the
basin, several scarps nucleated along orientatsdmdar to those of basin-related
structures and two of them cross-cut the basinaid extend into the Outer Plains
(white arrows in Fig. 2.12), postdating both thg@oadng smooth units (i.e. Interior
Plains and Outer Plains). We regard these obsensts suggestions of a sustained
tectonic activity that hold over the volcanic eng@ment in and around Rembrandt
basin.
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The Model Production Function chronology applied orthe surface of Mercury

Age determination of geological units using craBze Frequency Distributions
(SFDs) is based on the fact that older surface® lemcumulated more craters than
younger ones. The ages of the Rembrandt basin lavs been obtained by means of
the Model Production Function (MPF) chronology offdury (Marchi et al. 2009;
Massironi et al. 2009), which relies on the knowledf the impactors flux on the
planet. The flux is converted into the expectedecr&ize Frequency Distribution (SFD)
per unit time per unit surface by the crater scplaw of Holsapple and Housen (2007)
that takes into account the properties of the tamgderial (strength, density, etc.). The
absolute age calibration is provided relating thpolo and Lunar landing site
radiometric ages with the corresponding cumulatiweber of 1-km-diameter craters.

The hard-rock crater scaling law or thdéoose-materialsone can be adopted,
depending on the recognized properties of each sinite as demonstrated by Marchi et
al. (2009) target parameters like bulk structurensity and strength affect the
deformation of the hit terrain. These parameteestabulated for several material like
cohesive soils, hard-rock and porous materials. (®glosh 1989; Holsapple and
Housen 2007). Since sizable craters can involveentban a single crustal layer
(Massironi et al. 2009; Marchi et al. 2011), itcisicial to identify the local geological
history (stratigraphy). Then the so-called Pi-saallaw has been adopted in the
formulation by Holsapple and Housen (2007), whidbvwes computing the transient
crater diameter as a function of impact conditi@res impactors size and velocity) and
target properties (density, tensile strength, coimesnd porosity). In addition, a
transition of the crater scaling law from loose-eni@s to hardock materials can be
considered according to the size of the impacginge the coherence of the terrain may
considerable increase with depth, in agreementhat weernn seismic profiles of the
lunar crust (Toksoz et al. 1973). The upper crustgrs of a mature planetary surface
remain profoundly fractured by the continuous bordbeent, then craters affecting only
the upper layers of older terrains form in cohesigigregime, whereas larger craters
form in hard-rock regime. The depth of transiti¢t) ¢ andtherefore the crater size -
from one regiméo the other is reflected by a step in the crated<$§ which can be fitted
by the appropriate MPF curves (Massironi et al.Z008archi et al. 2011).

On the other hand, considering the crater SDFea®itl orlunar surfaces, Neukum
and Horn (1975) assumed that the observable stepvaays markers of resurfacing by
endogenic lava flow processes, even in those saisese the morphological recognition
of the flows has not occurred. In this case, tepstare indications @ompositeéSFDs in
which smaller craters reflect the age of the youngeits, whereas larger craters
reproduce the age of the older units. Accordinghie view, Hiesinger et al. (2002)
suggest that the step of crater SFDs of severar nearside basins indicates the
presence of two lava flows units separated in tiamg] that the diameters at which this
bend occurs are related to the thickness of thelapyeg units. The deflection of the
step that occurs at higher diameters correspontisetextinction of the smaller craters
of the primary craters population. The deflectidratt occurs at smaller diameters
corresponds to the post-flooding craters populatitiesinger et al. 2002 and reference
therein). Considering the rim height/diameter (hfBlation fixed for Mercury by the
power laws of Pike (1988), the crater diametersrestirese deflections occur can be
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used to estimate the minimum and maximum thickreéshie younger unit. The h/D
relation of Pike (1988) depends on the interior photogy of the craters themselves,
thus the relative near-isometric trends have bésimgduished in size classes as below

(1) h=0.052 %% bowl shaped craterwith 2.4 km< D < 12 km
=0, |mmature-comp ex cratemsit m<D< m
(2) h=0.150 B*" j | ith 13 km< D <43 k

The minimum (hiny and maximum thicknesses.{h of the younger unit can be
estimated using the diameters (D) at which theect@FD deflections occurs (Hiesinger
et al. 2002).

Neukum and Horn (1975), however, consider thatthter SFD step depends on the
resurfacing by endogenic lava flow procesagsriori, whereas the use of MPF imply
the attribution of the step to the rheological layg (fractured material over hard rock)
or alternatively to the resurfacing. Thus, for derg a more accurate age estimate, it is
fundamental adapting the crater production functionthe nature of the terrains
investigated.

MPF applied on Rembrandt area

We performed crater counts on each geological domafi Fig. 2.13a on
MESSENGER mosaics (Sept. 2012 release of NASA/Jblopkins University Applied
Physics Laboratory/Carnegie Institution of Washimgtaverage spatial resolution of
250 m/pixel), using the ESRI ArcMap CraterToolsession developed by Kneissl et al.
(2011) that allows neglecting the distortion ofcalar shapes related to utilized map
projection. Since crater age determination is basedhe primary craters (bonafide
craters, i.e. those formed by impacts with objétteeliocentric orbits; Melosh, 1989),
we avoided considering cluster and chains of csaduring the collection. The
contribution of far-field secondaries, which arermally not distinguishable from
primary craters (e.g. McEwen and Bierhaus, 200&3,lbeen neglected.

The cumulative bonafide crater SFDs for the consmll@reas are shown in Fig. 2.14,
along with the MPF model ages. The old age of teenBRandt basin suggested by
Watters et al. (2009b) has justified the use of\Mlaén Belt Asteroids (MBA) population
as prime source of impactors for MPF, since it begtesents the cratering on the oldest
terrains of Mercury (Strom et al. 2005; Marchi et2809). The age assessment has been
performed assuming a specific rheological layeriog each considered terrain. For
instance, the volcanic infilling of Rembrandt bagpartly strengthened or even
completely replaced the pre-existing fractured layleus the fractured horizon can be
confined within a very thin negligible regolith cav Conversely, the ejecta of
Rembrandt basin can be considered as deeply feactmaterial. Applying MPF, we
decided to consider resurfacing where buried satéerd embayment relationship on
likely unfractured geological unit (i.e. smoothipk) were recognizable.

We firstly performed the primary craters count bt tRembrandt basin-formed
material (Fig. 2.13a), in order to confirm the Galo age suggested by previous works
(Watters et al. 2009b; Fassett et al. 2012). Thenkfarmed unit corresponds to the
hummocky material along with the coeval proximaotg. Craters considered for this
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unit are shown in Fig. 2.13b. The resultant cr&ED shows a distinct step for crater
diameters between 17 and 30 km (Fig. 2.14a). Tlearoence of few very large craters
in a relatively small area might cause a statistfect that appears as a step along the
SFD curve, which in the MPF context may lead tol@eaiding conclusions on the target
rheology and layering. In order to exclude thiseeff we removed from the relative
crater SFD the two major craters present in thentog area of the basin-related
material (C11 and C12 in Fig. 2.13, respectivelyanl 97 km of diameter). As shown
in Fig. 2.14Db, the step in the crater SFD stillgms, therefore it can be taken into
account as a stratigraphic marker. This is condistath the fact that hummocky
material and proximal ejecta of Rembrant basinmaost likely made up of fractured-
over-harder material and have no evidence of rasung that harden the upper layer.
The resulting S-shape of the MPF curve finds aespondence in the crater-SFD step
(Fig. 2.14a) and suggests a thickness of 3.5 knthlaupper heavily fractured layer and
provides an age of 3.8+£0.1 Ga (Fig. 2.14a). Weiaegpghe same counting method on the
smooth plains located within the Rembrandt basm (fig. 2.13a). For the purposes of
age determination, we considered only the moreneet® of the two Interior Plains
exposures (Fig. 2.13), neglecting the northerredlitat embays the basin rim. Craters
counted for this unit are shown in Fig. 2.13b. Veé&edted several craters partially buried
(e.g. Fig. 2.13a), attributing their infilling tbe resurfacing of the basin floor. Since this
infilling have a hardening effect on the upper fused layer of the basin, we assumed
the hard rock scaling low (Holsapple and Housen72@0r the MPF application. The
crater SFD of this central Inner Plains (Figs. 2.84d 2.14d) shows a step for crater
diameters between 8 and 15 km. Because of thetddteesurfacing, we interpreted this
step as the product ofc@mpositecrater SFD that describes both the younger caver a
the older underlying unit. Hence, we fitted MPFwasg both for the larger craters and
the smaller ones. The MPF best fit for larger egat®rrespond to an age of 3.7+0.1 Ga
(Fig. 2.10c) and for the smaller craters at 3.5%Bal(Fig. 2.14d), indicating two distinct
smooth layers within the same unit. This resultsdoet clarify the origin of the older
layer, which according to its MPF age (3.7+0.1 Ga)ld be either melt formed during
the impact event or volcanic material emplaced safter the basin formation. On the
contrary, considering its 3.5£t0.1 Ga MPF age, tbanger smooth layer should be
attributed to the later resurfacing of the basooffl by volcanic materials. Hence, the
crater population formed on the basin floor soderats formation defines the primary
production size-frequency fitted in Fig. 2.14c;usequent resurfacing event was able
to completely cover several of those craters wittiract proportion between thickness
of the flow and diameter of the covered craters (thicker is the flow the larger are the
erased carters). Using the rim height/diametetiogidixed for Mercury by Pike (1988),
for the younger Interior Plains we obtained a mummthickness fn.p of 0.36 km
considering the first crater SFD deflection at 8 @ihpand a maximum thicknesg.fa.p

of 0.56 km considering the second crater SFD difleat 15 km (2).

We performed an additional crater count on the OW&ins bordering the
Rembrandt basin at the foot-wall of the giant sogdig. 2.13a), in order to verify a
possible relationship between the Interior Plaingl $he outer ones, which display
textural and reflectance similarities. Craters ade&®d for this unit are shown in Fig.
2.13b. Within this unit, we should take into accothe presence of largest secondary
carters originated by the giant impact. Since the©Plains manifest resurfacing (e.g.
black arrow in Fig. 2.12) and their crater SFD sh@nstep for carter diameters between
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5 and 15 km (Figs. 2.14e and 2.14f), we applied game constraints used for the
Interior Plains. We assessed the MPF best fitdiggdr craters at 3.9+0.1 Ga (Fig. 2.14e)
and for smaller craters at 3.6t£0.1 Ga (Fig. 2.14§ing the rim height/diameter relation
fixed for Mercury by Pike (1988), for the youngeutér Plains we obtained a minimum
thickness hin-op 0f 0.23 km considering the first crater SFD dédftatat 5 km (1) and a
maximum thickness hx-op 0f 0.56 km considering the second crater SFD didle at

15 km (2). Hence the results are comparable wehtliickness estimates related to the
younger volcanic unit of the Inner plains.

Discussion and Conclusions

On the basis of MPF results, the terrains set datRembrandt basin at the foot-wall
of the scarp (i.e. older Outer Plains dated at @D£5a) possibly represent a pre-basin
unit and could be considered Heavy Cratered Te(fa@sk and Guest 1975). The basin
formation has been defined at 3.8+0.1, hence tHeri@a age suggested by previous
works (Watters et al. 2009b; Fassett et al. 204 2)ow well-fixed by a specific model
age. Since younger materials have been dated bdtteicentral Interior Plains and in
the Outer Plains, we conclude that a later stageotifanic resurfacing involved the
basin floor and its surrounding, covering the bagsim and ejecta at its south-western
margin and ending approximately 3.5+0.1 Ga ago. dinession sources responsible of
this later volcanic stage can localized both withind outside the basin. MESSENGER
has revealed volcanism within and surrounding tla¢ois basin that appears to be
younger than the basin itself, and thus cannotipact melts (Head et al. 2009). At this
regards, the thermo-chemical convection models obeRs and Barnouin (2012)
suggest thathe thermal impulse due to large impacts as the Caloris can alter the
underlying mantle dynamics, producing subsequent (younger) volcanism far from the
impact site. However, on Mercury as long as on the Moon, iikely that the emission
sources formed inside the basin, in particular gltme margins of the basin floors,
because of its intense fracturing that favors tésing and effusion of deeply generated
pre-existing magmas (Melosh 2011). In this case, skeuld suppose that lavas
generated within basin may have spread toward xisteel topographic lowers as the
foredeep located outside the basin at the giampsfmot-wall. This preferred flow
direction would imply that part of the scarp pred#te last lava flow emplacement.
Within the basin, the depletion of magma chambemshkined with the load of lava flow
may have caused the subsidence of the floor. Thapse could have reactivated the rim
margins and induced a first stage of contractidealures in the central Interior Plains
(i.e., concentric wrinkle ridges). In addition, gshevent could have likely provided
horizons of weakness for the nucleation of the paeveloped across the rim in the
SW Outer Plains spilling area. The emplaced lavavgl within the basin may have
rapidly cooled undergoing thermal contraction tbatld have produced basin-oriented
graben.

The recognized volcanic resurfacing affected Remtirdasin and the surroundings
long after the basin formation and ended beforedéwining of the basin-related and
regional tectonic activities. Taking into accouhatt the giant scarp might nucleated
before the basin formation (Ferrari et al. 2012)tla¢ end of the Late Heavy
Bombardment and that the younger plains might lessscut by the scarp itself, the
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global tectonic activity could have been activenifr@.8+0.1 to at least 3.5+0.1 Ga,
lasting long over 300 Ma. A similar extent (1) wadwonfirm inferences resumed by
Fassett et al. (2012) on the longer coexistenamlohinic and tectonic activities and (ii)
would imply an average slow strain rate that isgraent with thermo-mechanical
models predicting a contractional tectonism longean 0.5 Ga (e.g. Dombard and
Hauck 2008).
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Figure 2.11.Geological and structural map of the Rembrandinbasd scarp system.
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Figure 2.12. MESSENGER Mercury Dual Imaging System (MDIS) walggle camera
multispectral mosaic (band 8 at 947.0 nm, band &8t8 nm, and band 3 at 479.9 nm
for red, green, and blue, respectively) showingoicalariegation within IPa: while
retaining the same texture, Interior Plains becdar&er toward the basin rim. A set of
scarps cuts through this unit and extends beyoad#sin rim and into the Proximal
Ejecta that in this area are less manifest. Seweadérs (e.g. crater X) within Interior
Plains remain partially covered and then countdekpite the flows emplacement. The
continuing impact cratering forms a new cratersypaion on the top of the younger
smooth overlay (e.g. crater Y) that can be usedstomate the end time of the last
resurfacing event (Hiesinger et al. 2002). Paytiéilled craters (e.g. black arrow) are
present also outside the basin.
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Basin-formed unit

Interior Plains

Quter Plains

Figure 2.13. Units of the Rembrandt basin region on which crateints were
performed displayed on the MESSENGER Mercury Duoading System (MDIS) 750
nm mosaic (average spatial resolution: 250 m/pixgteen line bounds the crater-
counting area of basin materials (i.e. Hummocky eMat and Proximla Ejecta), red
lines bounds the crater-counting area of InterilainB, yellow line bounds the crater-
counting area of Outer Plains.
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Basin-formed unit Basin-formed unit |
loose-material layering |
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large craters
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Figure 2.14. MPF
minimum xZ best fit of the
cumulative crater count
distributions determined
for Rembrandt Basin. For
each unit we report the
age assessment for Main
Belt Asteroids
populations. Error bars
correspond to a variation
of the minimum x2 of
+xx%. a) Basin-related
materials (i.e. Hummocky
Material and Proximal
Ejecta) best fit obtained
considering fractured
layer (i.e. loose-material)
of 3.5 km (H) over hard
rocks. b) Basin-related
materials best fit obtained
subtracting craters and
area related to the two
major craters (see text for
explanation) and
considerenig the same
target constrain of (a). c)
Interior Plains MPF best
fit of larger craters
obtained using hard rocks
as target material. d)
Interior Plains MPF best
fit of smaller craters
obtained using hard rocks
as target material. e)
Outer Plains best fit of
larger craters obtained
using hard rocks as target
material. ¢) Outer Plains
best fit of smaller craters
obtained using hard rocks
as target material.
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3. Composition of the surface of Mercury: high-temprature and minerals
3.1. Thermal Infra-red (vibrational) spectroscopy

Spectroscopy in the Thermal Infra-red (TIR) reg{e8.50-50 um) is based on the
principle that the interaction of photons with nmlkes, atomic groups and even the
whole lattice in crystals produces absorption acgg wavelength (e.g., Farmer 1974).
It is also is referred to in the literature as aiwnal spectroscopy, because within this
range spectral features arise from the fundamenibahtional modes of the material.
Because all minerals, by definition, have uniqueucttres and/or compositions,
virtually every mineral has a different suite obrational absorption characteristics and
thus a unique spectrum in the thermal infraredsilicate minerals the primary spectral
absorptions (reststrahlen bands) are due to tle¢cking and bending motions in the
silicon—oxygen anions. Additional absorption featuresult from metal-oxygen and
lattice vibrations. The exact frequencies, shajmsnsities, and number of features in a
mineral’s spectrum are dependent on the relativeses radii, distances, and angles
between atoms and their bond strengths. These p#rmnare determined by the
structural arrangement of the anions (i.e., theiymperization), and the location and
composition of the cations associated with themngttan 2010). Thus the spectral
"signature” of each mineral serves as a meanseustifgling that mineral. Furthermore,
the spectra of a rock's constituent minerals adutaagimately linearly in the thermal
infrared to produce the rock's spectrum becausg high absorption coefficients result
in few multigrain interactions. Therefore the corsgpion of a rock may be determined
by linear deconvolution (Christensen et al. 200@, ieference therein).

Beyond emission spectroscopy, several spectrosciggicniques are capable of
measuring the fundamental vibrational modes of maise including transmission,
reflection, attenuated total reflection (ATR), dRdman. Emission spectra, however, are
currently used for determining the composition lainetary materials and surfaces, since
it acquires spectra in a similar manner to remaselysed data. This similarity allows for
direct, quantitative comparison of laboratory specto remote sensing data sets.
Although a significant number of minerals have beesil-characterized by means of
TIR spectroscopy (e.g. Christensen et al. 200@uimknowledge no data on in situ TIR
measurements have been published so far with tbepasn of those of Herbert and
Maturilli (2009) on a labradorite plagioclase. Qe tother hand, previous works (e.g,
Bowey et al. 2001; Chihara 2001; Koike et al. 200®)estigated the effect of
temperature on Near Infra-Red spectra of olivineparticular, Koike et al. (2006) and
Chihara et al. (2001) investigated the effect ehgerature on the spectra of olivine
circumstellar and interstellar dust particles (taysize < 1 um), therefore they are out
of target with respect to the investigation of ercurian surface.
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3.2 Experimental method
3.2.1 Samples overview

High-purity mineral samples considered among thetntigely constituents of the
hermean surface regolith (Warell et al. 2010) wesed for mineralogical determination.
We report below the families for which we completee analysis set.

Olivines[solid solution between forsterite (Fo). MgO,, and fayalite (Fa), R8iO,].
These minerals constitute about 60% of the Eatthjger mantle and are a very common
phase in several meteorites. The presence of eliti@s been considered in several
petrological models of Mercury (e.g., Brown andi#kTanton 2009; Riner et al. 2010)
and should likely be a primary mineralogical phaséhe wide volcanic plains recently
discovered on its surface (Head et al. 2011), @deaily if MESSENGER X-ray
observations pointing to basic and ultra-basic amsitpns (Nittler et al. 2011).
Although MESSENGER spectra were not able to défiely solve the presence of
olivine, Sprague et al. (2009) detected magnesiam-olivine by ground-based Mid-
infrared spectroscopic measurements.

Na-free clinopyroxenes (cpq(Ca,Fe,M@3SizOs] Together with orthopyroxenes,
these minerals constitute about 20% of the Eaupiger mantle and are again a very
common phase in several meteorites. These mineaalde characterized by a strong
chemical complexity. Concerning Mercury, severalugyid-based observations pointed
out that Ca-rich (and low-Fe) clinopyroxenes coodédcommon constituent minerals of
its surface, with diopside and augite consideregoasl possible candidates (i.e. Sprague
et al. 2002; Sprague et al. 2007; Sprague et 8B)20

3.2.2 Planetary Emissivity Laboratory (PEL)

The facilities available at Planetary Emissivity boaatory (PEL, Institute of
Planetary Research, Deutsches Zentrum fuer Lufd Raumfahrt, Berlin) allow
measurement of the emissivity of heat-treated sasnphder vacuum (Herbert and
Maturilli 2009). The selected crystals were firgtlglished in order to eliminate surface
oxidations and deposits. Each single mineral phaae fully characterized at room
conditions by X-ray powder diffraction and singleystal X-ray diffraction, and
analyzed by electron microprobe (Wavelength-DisgerSystem method, which allows
high-accuracy chemical analysis thanks to its lpgak resolution). Subsequently, each
single mineral phase was reduced toward the laggesimnembers suggested by Emery
et al. 1998 for the regolith of Mercury (i.e. 30 jamd 100 um, Fig. 3.1). S&3.3 for
details.

The instrument used is a Bruker Vertex 80V Foufiemsform Infra-Red (FTIR). It
has a useful high spectral resolution (better tha&ncm') for characterize temperature
effects and it can be operated under vacuum comndgitio remove atmospheric features
from the spectra (Helbert and Maturilli, 2009). Gaver the interested part of spectral
range, from 1 to 16-18 um, a liquid-nitrogen-coolddCdTe micro-thermocouple
detector and a KBr beamsplitter were used to meatter coated steel blackbody and
then the target. The spectrometer is coupled toewacuated planetary simulation
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chamber, having an automatic sample transport msystearousel, Fig. 3.1) to
maintaining the vacuum while changing the samplé® steel of the sample cups is
heated via a copper induction pancake coil, enguhat the surrounding remains cold
into the chamber. The emissivity measurements eacalbried out at different steps of
temperature and in vacuum (under 1 mbar of pres8daéurilli et al. 2008), acquiring
spectra between 1 and 16 pm at a resolution of 4 ddadiance is collected by an Au-
coated parabolic 90° off-axis mirror and reflectedhe spectrometer entrance port.

Measurements of a calibration body are taken diff@rent temperatures to derive
the instrumental response function (Ruff et al. )99 he artifact called Christiansen
feature (CF) (emissivity going to unity at a cemtpoint in the spectrum) is used for the
calibration procedure and to determine the temperadf the sample at the emitting
skin. In this work, the prepared cups can be copteary mounted in the carousel and
then heated one at a time. For each sample, #teefinissivity measure were carried out
at 343 K. The high-T emissivity measurements wexgied out at different steps of
temperature (e.g., 400-500-600-700K), reaching rfaximum temperature variation
achievable by the PEL set-up within the range ssiggefor the surface of Mercury
(Vasavada et al. 1999; Bauch et al. 2011).

After the heat-treatment, the samples appearedrkesdpshowing new distribution
and color of grains. Basically, the Earth atmospheumidity of the samples plays a
special rule during the entire measure, delayiegath leakage and furthering oxidations
or even worse structural variations. To check tbeiad occurred variations, olivine
sample grain-size range 0-45 um - the most seeyniaglorked — was measured and re-
characterized by X-Ray Diffractions. The singlestay XRD results have explained that
no changes occurred at cell parameters - in p&tiow increasing occurred - hence
surly there is no substitution of ¥ecations instead of Eecations. Powder XRD has
explained the reddening of the grains as a codteofiatite (less than 1% in volume
percentage). Since the reddening is confined tdttmm cup and the acquired spectra
is relating to the upper 20 um of the sample, thesgnce of hematite coat doesn't
tamper with the main mineral phase on the resultpertra features.

Concerning the schedule of the PEL measurememiise-eneasure sample treatment
was scheduled in order to prepa@mples devoid of humidity, mainly acting on the
vacuum condition timindgespecially acting on the air suction time to dege more
pressure from the intra-granular volumes), andhecup selection and preparatidion
the heating of the cups in order to reduce thentaégradient between the bottom/rims
and the surface or the sample). A summary of tbeopol has been explained following.

The measures have been carried out at two diffesteps of temperature relative to a
current intensity of 3 A and 6 A. Samples have beeheated in an oven at 50 °C for
24 h, removing the atmosphere humidity, and thextqad into a drier chamber. The
samples have been heated not over 50°C since highgreratures could spark off a
surface oxidation of the grains. Samples were plaot the heating chamber, which
slowly led the best vacuum condition maintaining thbar for one hour before to start
heating. The first measure was obtained after #utes at 3A, and the second after
further 70 minutes at 6 A. Then the current hastseut-off and the sample got cold
under vacuum condition for another hour, in orderavoid any possible oxidation
during the cooling. Finally the samples were reptamto the drier chamber after 16
hours. In order to confirm a correct sample setwe,replied on each particulate the
XRD diffractions and compared the pre-PEL resuitd the post-PEL results.
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Phase characterizatiorthe phase will be well characterized at room domas by
single crystal X-ray diffraction (if necessary alby X-ray powder diffraction) and
analyzed by electron microprobe (WDS method);

Cup selection and preparatiothe produced size fractions will be placed inteeb
cups - which could be selected among different Htsig without any pressure and
constraintpre-measure sample treatmetite cups could be heated in oven at a standard
temperature for several hours, in order to redbeamount of water in the particulate;

Cup placement and vacuum condition timirgach cup will be placed into the
chamber, which will be evacuated in a given tig@ayent steps selection-dT): the cup
will be heated increasing the current, or it wi# booled decreasing the current; the
measures will be instantaneous, referred to the dteface of the cup and carried out at
different steps of heating or cooling.

3.2.3 Physical characters and temperature gradients

Effects due to the physical characterde selected range of particle size and porosity
of particulate mineral samples can affect the olexbemissivity spectral features more
than other physical characters - the emissivitycspeindeed, are the result of both the
absorption coefficient and the refractive indexisThaffect depends on the dominant
scattering, which is just due to the dimensionddtrenship between the grain-size and
the incident wave. Thus, coarse particulates angirtlited by surface scattering and lead
to strong reststrahlen bands in the emissivity spe@Vhereas fine particulate (<65 pum)
materials are dominated by surface scattering -ewave refracted into particle interiors
and then scattered or refracted back out — and tead reduced contrast in the
reststrahlen bands accompanied by the appeararacilivional features (Maturilli et al.
2008). About remote sensing, understanding thiecefis important to distinguishing
features due to scattering effects from those dwemposition.

Effects due to the temperatuiiéhe effects of temperatuire situ (sample measured at
high-temperature) on the sample spectra cannotasdyedescribed as no data in
literature are reported to date, with the exceptbrone single datum obtained on a
labradoritic plagioclase by Herbert and MaturilDQ9). An indication of what we could
expect during our experiments can be retrieveddig df volume thermal expansion on
minerals. We well know that minerals show a siguwifit thermal expansion when they
are under high-temperature conditions: such expansirongly affects the vibrational
modes at local scale and therefore can influeneeTliR spectra of minerals within
certain wavelengths (e.g. 2-15 um). What we cowufaket from our measurements is a
variable shift in the spectra peaks as a functioemperature. It is likely that such shift
will be characteristic of every single mineral ateén the measurements on different
phases are necessary.

Effects due to the temperature gradieBased on the effects that we could expect at
point 2) it is clear that temperature gradientshimitthe sample would give complex
spectra as a result of different peak shift witthie same sample (e.g. volume of the
sample at zero K will be characterized by peaktps different with respect to those
relative to volume of the same sample at 700K).
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Figure 3.1. Sample preparation and vacuum chamber at PELrystals of pyroxenes
labeled DIMDCV. b) Grinding of crystals. ¢) Cups sémples in dryer chamber. d)
Within the vacuum chamber, the cups are placedcar@usel.
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3.3 Results and conclusions

Results and conclusions of chapter 3 are presentadmanuscripts in submission -
entitle “In-situ high-temperature emissivity spectra andritied expansion of C2/c
pyroxenes: the independency on the Mg/Fe rafdr. 3.3.1). The manuscript reported
the strong relationship between thermal expansidmsinerals (induced by the highest
daily variations of temperature occurred on thdamg of Mercury) andhn situ spectra
collected in laboratory foC2/c pyroxenes. This study has been conducted with the
essential collaboration of Fabrizio Nesfpl#atteo Massironi?, Alessandro Maturilfi
Jorn Helber}, Matteo Alvard, Maria Chiara DomeneghéitiFederico ZorZi
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Grant Agreement n° 228319), by Progetto di Aten@dl12of the University of Padua
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3.3.1 In-situ high-temperature emissivity spectra ad thermal expansion of C2/c
pyroxenes: the independency on the Mg/Fe ratio

Abstract

Two C2/c augitic pyroxenes, with different Mg/Fe ratio, weanvestigated by in situ
high-temperature thermal infrared spectroscopy endgitu high-temperature single-
crystal X-ray diffraction up to about 750 and 770r&spectively.

The emissivity spectra of the two samples shovwgaifstant band shift toward lower
wavenumbers with increasing the temperature. Theuatof band shifts appears to be
surprisingly independent on the difference in Mg#mber for these two samples (i.e.
Mg# = 92 and 16). The analysis of the thermal exmanbehavior for the two samples
could help in explaining the above mentioned bahit similarity as the thermal
expansion volume coefficienty, is identical for the Mg-rich and Fe-rich sample#th
av = 2.72(8) and 2.72(7)xT0K ™, respectively, using the Berman (1988) equation.

Our results, even in case of the best spectrallugso performance from the
Mercury Radiometer and Thermal Infrared Spectrom¢MERTIS) on board of
BepiColombo mission, indicate that it is impossitdedistinguish the difference in iron
content forC2/c augitic pyroxenes.

Introduction

Ca-rich pyroxenes (clinopyroxenes, cpx) are amodmg most abundant silicate
minerals of the Earth’s crust and upper mantle of8a and Harris 2008). This has
suggested to investigate their existence as a nmatituent of other planetary body’s
shells, thus terrestrial, lunar and meteoritic afiwroxenes have been largely
investigated under different conditions of tempeamatand pressure (e.g. Tribaudino et
al. 2002, Nestola et al. 2008 and reference thereissuming a broader role for
planetary geology. In a remote sense, past andomggpace missions and ground-
based telescopes have collected spectra of differ&nre, in order to investigate the
mineralogical composition of planetary body surfa@®ncerning Mercury, several
ground-based observations pointed out that Cafaold low-Fe) clinopyroxenes could
be common constituent minerals of its surface, withpside and augite considered as
good possible candidates (i.e. Sprague et al. 28pfague et al. 2007; Sprague et al.
2009). The overall knowledge of this planet hasnbdéerther improved by the
interpretation of a wide range of spectra (e.giblésand Near Infra-Red spectra, X-ray
spectra and Gamma-ray spectra) provided by theoorwggMercury Surface Space
ENvironment GEochemistry and Ranging (MESSENGER)SRAmission (Solomon et
al. 2001). In particular, for the dominantly terraif the surface of Mercury Warell et al.
(2010) indicate that the Mg-rich clinopyroxenes Idoueach the 30% of (Hapke-
modeled) mineral modal abundance. The next Eurofasce Agency and Japan
Aerospace Agency mission to Mercury, named Bepi@blm, will carry on board the
Mercury Radiometer and Thermal Infrared Spectrom@@&ERTIS) (Hiesinger and
Helbert 2010) that will be able to provide Therrhdra-Red (TIR) emissivity spectra
from 7 to 14 um. This range of wavelength is veffgatively to identify the fine-scale
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structural properties of silicates (e.g. stretcharmgl bending motions in the silicon-
oxygen anions, metal-oxygen and lattice vibratiomsgaddition, for mineral families as
pyroxenes, the emissivity peak positions (bands)yagood indicator of the composition
(see Hamilton 2000 and reference therein). Previotespretations of the spectra of
Mercury have not considered the possible effeadsiéad by the extreme daily surface
temperature range on the surface minerals. Indéediemperature of the surface of
Mercury can range in 44 earth-days between 70 @bdK{ depending on latitudes and
longitudes (Strom and Sprague 2003). Known themmadiels (Vasavada et al. 1999;
Bauch et al. 2011) show that a point on the egist@urface is subjected to a
temperature variation greater than 400 K betweemise days and the midday. These
temperature variations significantly affect thestay structure and density of minerals
and, at the same time, they should affect the TgBcsal signature of each single
mineral present on the surface of the planet. Tehavior has been recently
demonstrated for plagioclases and olivines, whibtlows significant TIR spectral
signature changes under the typical temperaturmatiaar of the surface of Mercury
(Helbert and Maturilli 2009; Helbert et al. subred), and could be even predicted for
other candidates. To our knowledge, emissivity messs of Ca-rich pyroxenes within
the TIR range have been always conducted at roomitoons (Christensen et al. 2000;
Hamilton et al. 2000 and reference therein) exogeet sample measured by Maturilli et
al. (2008). In this work we have measured the tlakexpansion and the TIR emissivity
spectra at high temperature in situ of two Ca-dlmopyroxenes with a strong different
Fe content, in order to provide possible spectigihagure changes within a typical
temperature range of the surface of Mercury. Canmsid that MERTIS will collect TIR
emissivity spectra likely from a clinopyroxene-hagrregolith, our work could improve
the interpretation of the returned data.

Methodology
Samples characterization

Well-preserved natural crystals of diopside werkecded from the Montefiascone
Volcanic Complex (Di Battistini et al. 1998). In td#, the samples analysed were
provided by the Museum of Mineralogy of the Univgrof Padua (Omboni mineral
collection) and labeled as DIMDCYV. Crystals of heldergite, coming from the Elba
Island (Tuscany region, Italy) and belonging to ravgie collection, were labeled
HeEO0125. Both phases were fully characterized @nroonditions at the Department of
Geosciences of the University of Padua by the ¥ahg techniques:

(i) Both minerals were analyzed by Wavelength-Dispee System (WDS) method.
The analyses were carried out at the GeosciencgarDdment of the University of
Padova, using a CAMECA CAMEBAX SX50 electron microlpe, with a fine-focused
beam (~1um diameter), an acceleration voltage df\2@nd a beam current of 20 nA,
with 10 seconds counting times for both peak amal teackground. X-ray counts were
converted to oxide wt% using the PAP correctiongpain supplied by CAMECA
(Pouchou and Pichoir 1991). Standards, spectras land analytical crystals used were
albite (Amalia plagioclase, TAP, Ka) for Na, MgOAR, Ka) for Mg, AtOs (TAP, Ka)
for Al, diopside (TAP, Ka) for Si and (PET, Ka) f@a, MnTiQ (LIF 220, Ka) for Mn
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and (PET, Ka) for Ti, GOs (LIF 220, Ka) for Cr and E®s (LIF 220, Ka). Analysis
results are reported in Table 3.1.

(i) X-ray powder diffraction was performed in emdto identify possible minor
phases present in the selected natural samples.vizae recorded on a Panalytié=d
diffractometer (Cu radiation) equipped with a Idimge focus Cu X-ray tube operating at
40kV and 40mA and a real-time multiple strip (RTMfYector (X’'Celerator). The scan
was performed over the range 3-8@°vidth a step size of 0.01792nd a counting time
of 150 s/step. The program High Score Plus (PANat was used for phase
identification, quantitative phase analysis wittetReld refinement (Rietveld 1967) and
cell parameters determination with Le Bail methbe Bail et al. 1988). A pseudo-Voigt
function was employed for the profile shapes. Refiparameters were scale factors,
zero-shift, background, lattice constants, and ileroparameters (Gaussian and
Lorentzian coefficients). Diffractograms are repdrtn Figure 1.

(iif) Single-crystal X-ray diffraction was performdeon both samples by a STOE
STADI IV 4-circle diffractometer equipped with Mo@srce (conditions: 50 kV, 40 mA)
and an Agilent CCD in order to obtain a reliabl&@aradistribution combining the X-ray
data with the EMPA ones. The single crystals usedtliis analysis were twin- and
inclusion free and had a sharp optical extinctibneir size ranged from 120 x 120 x
100 um® (DIMDCV) to 450 x 200 x 100um® (HeE0125). Weighted structural
refinements based on Fwere performed using the SHELX-97 package (Shekdri
1997) in theC2/c space group starting from the coordinates of Firmed Ohashi
(1976). The atomic scattering factors were takemfthe International Tables for X-
Ray Crystallography (Wilson 1995). Neutral vs. mad scattering curves were refined
for the oxygen (O and ® and silicon gSi and Si atoms). Fully ionized scattering
factors were used for Al Ti**, CF*, Mg*, F&*, Fe*, Mn?*, C&*, Na'". Anisotropic
thermal parameters were obtained for all atoms haf two samples. For crystal
DIMDCYV a residual electron-density maximum, locaged.67 A from the M2 site, was
observed in the difference-Fourier map; the sama&iman was not found in the
HeE0125 sample. The maximum found in DIMDCV sampl&nown for Ca-richC2/c
pyroxenes and has been observed in previous st(@dessi et al. 1987; Oberti and
Caporuscio 1991; Boffa Ballaran et al. 1998) aridbatted to the possible presence of
Mg and Fé&" at the M2 site, giving rise to the so called “Mplit position”. Therefore, a
further set of refinements were performed usindMumd F&" scattering factors for the
isotropic M2' site. The analytical results are mpd in Table 2.

High-temperaturein situ single-crystal X-ray diffraction

The same two fragments analyzed by single-crystabhyX diffraction at room
conditions were used for the in situ high-temperatuneasurements. The high-
temperature experiments were performed at the Dipanto di Scienze della Terra e
del’Ambiente (Universita di Pavia, Italy). Eachystal was loaded in a 0.5 mm inner
diameter quartz vial 26 mm long closed at the tpping oxy-methane flame. In order
to avoid any possible Fe oxidation during the ahngaan iron wire was loaded as
buffer in the vial together with the crystal. A dhr@mount of quartz wool was used in
order to avoid any mechanical stress, and any coietween the iron wire and the
crystal. After alternately washing with Ar flux arndcuuming, the vial was sealed at the
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open end (bottom) by using oxy-methane flame. Tihkwas then mounted into a short
metal goniometer head on a Philips PW1100 diffraetier operated with FEBO
software (a locally developed control software) kiog with MoKa radiation at 55 kV
and 30 mA and using a 0.5 mm short collimator. Arofurnace consisting of a H-
shaped Pt—Rh resistance and a Pt:Pt-Rh thermocmgiie a steel cylindrical cage 1
inch wide closed with a Kapton film, calibrated aCiamara et al. (2012), was mounted
on the diffractometer. The device allows the cdaitet of diffraction data up tOmax =
33°. The UB matrix was determined by peak searchiaaexing of the 24 most intense
reflections. The UB matrix and unit cell parameterse firstly refined by measuring
the Bragg angles of the selected 24 most intenectiens, using horizontal and
vertical slits. Afterward, the Philips LAT proce@uwas used to obtain accurate and
precise lattice constants and the UB matrix. Th& Ipkocedure allowed the position of
different reflections (with different nd-values){ positive and negative»-20, to be
measured. The reflection is firstly centred by gdime vertical and horizontal slits, then
a scan inw-20 is performed and the observed maxima are cal@lldtiee observed nd-
values were fit producing a relative d-value aisdeis.d.’s. The procedure was repeated
on both crystals for each temperature step on apgad 60 selected reflections, and
lattice parameters were calculated by least-squétesy of all the observed d-values
and are reported in Table 4.

Samples preparation for Thermal Infra-Red (TIR) emissivity measures

Regarding the particulate mineral samples, thecsmlerange of particle size and
porosity can affect the observed emissivity spébdatures, which are the result of both
the absorption coefficient and the refractive inddkis influence depends on the
dominant scattering, which is just due to the disi@mal relationship between the grain-
size and the incident wave. Thus, coarse partiesilate dominated by surface scattering
and lead to strong characteristic bands in the switig spectra, named reststrahlen
bands. Whereas fine particulate (< 65 pm) mateaigdsdominated by volume scattering
— waves are refracted into particle interiors drehtscattered or refracted back out — and
lead to a reduced contrast in the reststrahlensaocdompanied by the appearance of
additional features (Maturilli et al. 2008). Conuelg remote sensing applications,
understanding this effect is important to distirsfpimg features due to scattering effects
from those due to the composition.

Emery et al. (1998) defined the size of the finesk rocks (regolith) that constitute
the surface of Mercury most likely between @gth and 100um. In order to avoid
possible spectral features of volume scattering/MCV and HeE0125 samples have
been reduced in a jaw crusher betweerufDand 125um, or toward the largest end-
member (i.e. 10Qum) suggested by Emery et al. (1998). The seleceticfe range (90-
125 um) are likely immune to thermal gradient effectghe TIR range, which on the
contrary should be remarkable in the finest pasiaf the surface of Mercury proposed
in the literature. Therefore, this range allowedasvork very close to the presumable
size of Mercurian regolith avoiding possible altenas of the TIR spectra besides those
due to the mineral thermal expansion. The prody=eticulates have been placed into
specific stainless steel cups, with a 3 cm intedmaineter (Fig. 3.2) and 5 cm depth, and
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then heated in oven at 325 K for almost 12 hourgrder to minimize the presence of
intra-grains water. The cups were at last placedldnyer chamber.

High-temperaturein situ Thermal Infra-Red (TIR) emissivity spectroscopy

This kind of analysis is possible by means of \ibreal spectroscopy, whose basic
principle is that vibrational motions occur in a/stal lattice at particular frequencies,
strictly associated to the crystal structure areineintal composition (Farmer 1974;
Christensen et al. 2000). The spectral measuremems been performed at the
Planetary Emissivity Laboratory (Institute of Plearg Research, Deutsches Zentrum
fuer Luft- und Raumfahrt, Berlin). The instrumersed is a Bruker Vertex 80V, with a
liquid nitrogen cooled HgCdTe detector and a KBarheplitter. The spectrometer is
coupled to an evacuated planetary simulation chantie/ing an automatic sample
transport system (carousel) to maintaining the vatwhile changing the samples. The
steel of the sample cups is heated via a coppectimh pancake coil, ensuring that the
surrounding remains cold into the chamber. The ity measurements can be carried
out at different steps of temperature and in vac@umader 1 mbar of pressure; Maturilli
et al. 2008), acquiring spectra between 1 and 1@paresolution of 4 cth Radiance
is collected by an Au-coated parabolic 90° off-axmrror and reflected to the
spectrometer entrance port. Measurements of argath body are taken at 2 different
temperatures to derive the instrumental responsetiin (Ruff et al. 1997). The artifact
called Christiansen feature (CF) (emissivity gotogunity at a certain point in the
spectrum) is used for the calibration procedure tandetermine the temperature of the
sample at the emitting skin. In this work, the tyeepared cups have been together
mounted in the carousel and then heated one anha tror each sample, the first
emissivity measure has been carried out at 343H€reas the second at 723 K, in order
to reach the maximum temperature variation achievhlp the PEL set-up within the
range suggested for the surface of Mercury (Vasawddl. 1999; Bauch et al. 2011).
The acquired emissivity spectra are showed in Ei@ur

Results and discussion
Chemical composition and single-crystal X-ray diffraction

The chemical compositions of our two samples weterthined by EMPA analyses
as described in the experimental section. Theivelathemical formulas based on six
oxygen atoms are the following:
sample DIMDCV: CaoNao.01F€0.09Vgo.05Cr0.01Ti0.01Si1.62Al 0,066
sample HeE0125: GadNao,01MnNo 0 €% 5IMdo 1651997l 0,006

The main difference between the two samples ide@léo the Mg-Fe substitution
with an Mg# = 0.92 for DIMDCV and 0.16 for HeE0125.

Based on the same approach used in several prewiotks dedicated to the best
refinement protocol for clinopyroxenes (e.g. Dongghedti et al. 2005 and references
therein, Nestola et al. 2007) we combined the EMPBgults and the crystal structure
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refinement ones to obtain a reliable cation distidn for both the samples here
investigated. Based on such approach we obtaimefbliowing cation distribution:

DIMDCV: ™M#*M21(Ca, 5Mgo.09™ (Mgo.01F € *0.06CT0.00) (Sit.05Al 0,09 Os
HeE0125M#*M21(Cay odNag o)™ (FE0.70VI00.167 € 0.05CT0.00MN0.0)! ™ (Si1.05Al 0.09) Os

The charge balance for both the formulae is gobd:dample DIMDCV showing
11.96 positive charges and the sample HeE0125 §avir®9 positive charges.

Based on Shannon (1976), the average cation radlitree M2-M2’ sites are 1.10A
and 1.12A for DIMDCV and HeE0125, respectively,wit limited difference of about
1.8%. The tetrahedral sites, instead, for both $asngre identical in terms of chemistry
and thus cation radius. As a consequence, thedifigrence affecting the structure of
these two clinopyroxenes is relative to the Mlsiteere the strong Mg/Fe cation
substitution occurs. In detail, the average cataius of M1 site for DIMDCV sample
is 0.72 A whereas it is 0.76 for the HeE0125 san(ipde a difference by about 5.3%).
Such a difference is responsible for the strongiyreased unit-cell volume at room
conditions for HeE0125 sample, i.e. +2.8% (Tablagtjong as for the increase by about
2.1% of the <M1-O> distance for this sample. On ¢tbatrary the <M2-O> distances
between the two samples only show a difference byut0.7% (no differences are
evident for the tetrahedral sites for the two s@&®sphvestigated).

Thermal expansion behavior

Several studies have been dedicated to the highaeature behavior of C2/c
clinopyroxenes belonging to the pyroxene quadmiddt€éCaMgSiOs - CaFeSiOs -
Mg.SiOs - FeSibOg) during the last forty years. However, most oftsgtudies were
mainly focused on the end-member compositions, diepside and hedenbergite
(Cameron et al. 1973), diopside (Finger and OhaSFHib), hedenbergite (Tribaudino et
al. 2008). Despite augite compositions (Ca,Mg,Fg)@8)S;Os are actually among the
most common rock forming pyroxenes, only one intgiate compositionC2/c
pyroxene has been investigated at high temperatusgnthetic CagMg; 2Si,Os (Benna
et al. 1990).

In this work we measured at 14 different tempersgtiand up to 773 K the evolution
of the unit-cell volumes of the two intermediateudaic) pyroxene composition
DIMDCV and HeE0125 samples. Unit-cell volume asiaction of temperature for both
the samples is shown in Figure 4. The two T-V csrappear to show similar trends.
The increase in volume up to 773 K is 1.38% and%.3or DIMDCV and HeE0125,
respectively, with a negligible difference.

In Table 5 the volume thermal expansion coeffidewere reported for the two
samples investigated in this work compared withepttlinopyroxenes compositions.
The data in Table were obtained by using the secomtdr polynomial thermal
expansion equation proposed by Berman 1988 (equajio

(L) V(T) = Vo [1 +ao(T-Ty) +ay(T - T)7]
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From which (2)o0V/I0T = ayt = ao + 2a4(T — T,). The equation (2) applied to our
dataset provides the best fitting with a consistegteement between observed and
calculated unit cell volume$Y) much smaller than 0.1%or all the temperature steps
from roomT to the maximum temperature reached in this wov (K). For purpose of
comparison, the literature data reported in Tableebe re-fit using the same Berman
(1988) equation: the thermal expansion coefficianésreported in the same table.

To be remarked, previous works (i.e. Cameron etl@¥3) reported the thermal
expansion coefficients for sever@R/c pyroxenes, including the two end-members
diopside and hedenbergite, performing linear legstare fittings of the unit cell volume
by using the following equation:

(3) ax (K™) = 1Xpa X (X7 —Xo4) / (T - 298)

Equation (3) represents what they called “meanntlérexpansion coefficient”,
where the terms{;gg and Xy are the values of a single parameter at 298 Kngroo
temperature) and at some higher temperalurespectively. The quantity represents
a percentage increase per degree (actually pexcéfit/degrees) over the temperature
range studied, and algebraically it is equivalenthie rate of increase with temperature
divided by the room temperature value of the patam&heir mean thermal expansion
coefficients calculated as described above are 2.98)° and 3.33 x 18 K™ for
diopside and hedenbergite, respectively. More rigefribaudino et al. (2008) reported
the thermal expansion coefficientfor a synthetic pure hedenbergite sample. In this
work the thermal expansion coefficient has beeerd@hed by fitting the experimental
values of the unit-cell volume at the different paratures using the following equation:

(4) In (V/Vo) = a (T —To)

Equation (4) assumes that the thermal expansioificest o is independent frori.
The resulting volume thermal expansion coefficiept 2.92(7) x 16 K is therefore
very close to that of a linear approximation. HoegvCamara et al. (2012) clearly
demonstrated that higher order polynomial equatiwosld be more reliable for almost
linear thermal expansion behavior. Thus for our samples we did not consider linear
approximations.

Using the data of thermal expansion in Table § fiassible to note a strong scatter in
terms of Mg# number versus the relative volumerttarexpansion coefficient (Figure
5). Without entering in the details of the reasainy such scatter is present, we will be
not able to carry on any extrapolationogfas a function of composition.

Applying our high-temperature results to the enwinent present on the surface of
Mercury, we could assume that possible augitic ygmes may undergo a temperature
variation of 400 K over a time of 44 Earth-daysidgsthe equation (1) for our samples
we can calculate a volume variation of 5.1 #r both DIMDCV and HeE0125
samples. If we focus on the Mg-rich sample (thetrposbable composition present on
the surface of Mercury) we can observe that areas® in unit-cell volume by 5.11°A
could be obtained by an increase of 400 K or byeaehse in the Mg# number of 20
(i.e. from 92 to 72 in case of the DIMDCV samplBhis interpolation has been obtained
considering the unit-cell volume of two end-membdrgpside and hedenbergite of
Finger and Ohashi (1976) and Tribaudino et al. 806spectively, which are reported
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in Table 5. Concerning TIR data acquired from $igds| this means that neglecting the
effect of the temperature on the surface we cowdéensignificant mistakes in terms of
composition. In fact, the available data of TIR cp® on clinopyroxenes are only
referred ta‘oomtemperature conditions (e.g. Christensen et &0R0

High-temperature thermal emissivity

In Figure 3, the main bands @&@2/c clinopyroxenes belonging to the pyroxene
quadrilateral between 1000 and 850 care shown for the two samples studied in this
work. Bands 1, 2 and 3 are the most intense insphggtral range and their exact position
is a strong function of the iron abundance (Hamilg900). In detail, in Figure 3 we
shown the spectra collected at 368 K (solid linej &48 K (dashed line). For both the
Mg-rich and Fe-rich samples we detected a shithefbands, which can be expected as
a function of the thermal expansion data discussdtie previous section. A detailed
analysis of the peak positions is shown in Figureh@re the band 1 position shifted
toward higher wavenumbers. The shift correspondsttom’ for DiIMDCV sample and
17 cm* for HeE0125 sample as the temperature increas@8®yK. Band 2 and band 3
show more limited shifts but still we observe 10°cfor band 2 and 4 cirfor band 3 of
DiIMDCV sample, and 8 cthfor band 2 and 2 crhfor band 3 of HeE0125 sample.

The BepiColombo MERTIS spectrometer will have act¢ resolution ranging
from 9 to 20 crit. Such resolution will allow ascertaining at letsb of the three band
shifts detected in this work for each compositiblowever, in terms of interpretation,
our high-temperature in situ TIR data show that g-rldh augite should be interpreted
as a Fe-richer augite only for high temperaturgedmasing on the third band.
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Sample DIMDCV HeE0125

Oxide wt.%

Na,O 0.11 0.16
MgO 17.46 2.70
Al,O3 1.89 0.37
SiO, 52.60 48.33
CaO 24.07 22.60
TiO, 0.26 0.01
Cr,03 0.31 0.01
MnO 0.07 0.70
FeOt 2.68 24.12
Total 99.45 99.00
Formula

Ca 0.94 0.99
Na 0.01 0.01
Mn - 0.02
Fe 0.08 0.92
Mg 0.95 0.16
Ti 0.01 -
Cr 0.01 -
Al 0.08 0.02
Si 1.92 1.98
Total 4.00 4.00

Table 3.1.Electron microprobe analysis (oxide wt. %) andrfola in atoms per formula
unit based on six oxygen atoms for the crystaldistlin this work.

Unit-cell par DiMDCV HeE0125
a 9.7443(1) 9.8268(2)
b 8.9147(1) 9.0045(1)
C 5.2591(1) 5.2527(1)
B 106.004(10) 105.023(1)
Vol. 439.135 448.899
Shift corr. 0.007 -0-01

Table 3.2.Unit cell parameters determined by X-ray powddfralition using the Le
Bail method (Le Bail et al. 1988) for the crystsfadied in this work.
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Crystal data DIMDCV HeEQ125

Crystal system Monoclinic Monoclinic

Unit-cell parameters

a 9.751(2) A 9.838(1) A

b 8.905(2) A 9.009(1) A

c 5.264(1) A 5.2585(6) A

B 106.08(2)° 105.00(2)°

Unit-cell volume 439.18 A 450.15 R

Space group C2/c C2/c

Z 4 4

Data collection

Instrumentation Four-circle STOE-STADI IV

Temperature (K) 298(1)

Radiation, wavelength (A) Mokq, 0.71073

26max (°) 85.90 85.96

h, k, | ranges 8+18,-13+15, -8 +8 4 +15+'2' 13+16, -10

Omega scan width (°), exposure time (s) 1,20 1,20

Unique reflectionsKint) 1129 (0.030) 1136 (0.068)

Unique reflection$ > 4o(F) 710 722

Structure refinement

Structure solution and Refinement SHELX

software

Refinement method FuII-matrgnlggst-squares

Data/restraints/parameters 1129/17/83 1136/17/83

Ry [F > 40(F)] 0.0224 0.0508

R all 0.0541 0.0778

Goodness-of-fit orfF> 1.062 0.999
exp(2.55x exp(2.55x

Weighting scheme ) FA(Fd) ) A(FSP)

where s = sirt{)/A where s = sirf{)/A

Rt = 2| Fo? —F¢? (mean)/XF,?

Ri=XIIFJ-IFJl 1ZIFd

GooF = [w( Fo> —F&)/(n - p)}*2, wheren = number of reflectiongy = number of
refined parameters

Table 3.3.Unit cell parameters and structural refinement itiefar the single crystals
studied in this work.
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DIMDCV HeE0125
Si-02 1.590(1) 1.585(1)
Si-01 1.609(1) 1.608(1)
Si-03 1.668(1) 1.670(1)
Si-03 1.688(1) 1.690(1)
<Sj-0> 1.639 1.638
M1-02 2.046(1) x2 2.078(1) x2
M1-01 2.056(1)x2 2.123(1) x2
M1-01 2.124(1)x2 2.155 (1) x2
<M1-0> 2.075 2.119
M2-02 2.334(1) x2 2.348(1) x2
M2-01 2.364(1) x2 2.359(1) x2
M2-03 2.560(1) x2 2.611(1) x2
M2-03 2.718(1) x2 2.730(1) x2
<M2-03> 2.494 2.512

Table 3.4.Bond-lengths (A) for the crystals studied in thisrkv
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Ter(nKp)erature V( Ag) v ( Ag)
DiIMDCV HeE0125
298 437.27(7) 449.74(8)
323 437.55(8) 450.05(6)
*323 437.58(8) 450.00(7)
373 438.22(7) 450.60(8)
423 438.92(8) 451.20(7)
473 439.40(7) 451.85(7)
*498 439.69(8) 452.32(8)
523 440.06(9) 452.61(8)
573 440.68(10) 453.23(9)
623 441.31(8) 453.84(9)
673 442.06(9) 454.58(8)
*698 442.47(9) 454.92(8)
723 442.77(8) 455.36(7)
773 443.39(9) 455.98(8)

Note: the uncertainty on the temperature is estichéd be 1 K. *Data measured during the cooling.

Table 3.5. Unit-cell volumes as a function of temperature $amples DIMDCV and

HeE0125.
Sample Unit-cell V (A%) a; (x1C7) Reference
DiMDCV 437.33(3) 5.0(1.9) This work
HeE0125 449.75(3) 5.0(1.6) This work
Diopside 438.78(37) -0.4(4) Cameron e{1873)
Diopside 439.09(17) 8.3(3) Finger and Ohékbi76)
Hedenbergite 450.69(23) 5.1(2.3) Cametah. €1973)
Hedenbergite 450.94(15) -4.8(2.6) Tribaudihal. (2008)

Table 3.6. Thermal expansion coefficients for differed2/c pyroxenes obtained using
the Berman (1988) equation. See the textfoanda;.
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Figure 3.2. Powder Xray diffraction of sample DIMDCYV (top) and HeEQ1g&ottom)
samples. In blue the reference peaks of diopsided (8¢-001-7094 of ICSD database
and hedenbergite magnesian (car-087-0702 of ICSD database).

L -

Figure 3.3. Unheated samples of diopside (DIMDCV &125 um,left side) and
hedenbergite (HeE0125 atl@5 pm,right side) prepared for the TIR vacuum cham

(see the text).
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Figure 3.4. Emissivity spectra of a) diopside, sample DiMDC¥0al25 pum and b)
hedenbergite, sample HeE0125 at 0-125 um, obtanads K and 725 K.
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4 Conclusions

Each chapter ends with a punctual conclusion ogthdifferent topics that we treated
in this work. In a scientific point of view, thisedade will benefit of the wide inheritance
of MESSENGER mission on Mercury and several impnosets on the knowledge of
this planet and of the Solar System will be donextNBepiColombo mission will have
the possibility to clear all the unexpected infees of MESSENGER as the extensive
volcanism and the high-rate of sulfur and volatdetermined from the surface.
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Abstract

During its second and third flybys, MESSENGER
imaged a new large and well-preserved basin called
Rembrandt Basin [1] in Mercury’s southern
hemisphere. In attempt to reveal the basin evolution,
we used MESSENGER MDIS mosaics to map its
geological units and infer - where possible - their
stratigraphic relationships. Thus, we fixed the
contractional and extensional local patterns and the
global tectonic features. In addition, we performed
crater counts on several of these units and derived
age estimates by applying the Model Production
Function (MPF) [2].

1. Introduction

Rembrandt basin is a 715-km-diameter impact
feature which displays a distinct, hummocky rim,
broken up by the presence of several large impact
craters. Its interior is partially filled by volcanic
materials, that extend up to the southern, eastern and
part of the western rims [1], and is crossed by a
marked lobate scarp. In this work we have performed
a geological mapping and age determination of
several units of the basin as well as a structural and
kinematic analysis mainly focused on the mayor
Rembrandt scarp.

2. Geo-structural mapping

Rembrandt Basin displays evidence of both global-
scale and basin-localized deformations, in some cases
possibly controlled by the rheological layering within
the crust. Extensional features are essentially radial
and confined to the Inner Plains, displaying one or
more uplifts episodes of the inner basin. The more
widespread wrinkle ridges form a polygonal pattern
of radial and concentric features on the whole floor,
probably due to one or more near-surface

compressional stages [1]. Thus, through their cross-
cutting relationships, we attempted to distinguish the
cascade of events. About global landforms, we
focused on the 1000-km long Rembrandt scarp. The
structures can be subdivided into three branches: the
southern one with clear evidences of a right-lateral
strike slip movement acting together with an inverse
kinematics, the northern one with some evidences of
a left-lateral component, well-recorded in the
displacement of a younger 60-km diameter crater,
(fig. 1) and the central sector without any evidence of
strike slip movements.

Figure 1: Rembrandt Basin from MESSENGER
MDIS-NAC image and (a) geological sketch of the
northern-branch of Rembrandt scarp.

The resulting bow shape geometry could be
compared with the Beagle Rupes feature despite
Rembrandt structure does not show a clear frontal
ramp but two lateral ramps converging in a narrow
cusp. Similarly, it may imply special conditions of



weakness inside the crust [4]. The main phase
responsible of the Rembrandt scarp build-up was
followed by minor compressional structures detected
within younger craters and possibly associated to a
slowing down phase of the global contraction.

3. Age determinations

We subdivided the basin into two main systems for
age determination purposes: the volcanic Inner
Plains, that flooded the crater floor after the impact,
and the Hummocky-Rim Area, that includes both rim
materials and fallout proximal ejecta. The age
assessment was obtained by adopting Marchi et al.'
(2009) chronological model [2], because it takes into
account both (1) the Main Belt Asteroids (MBAS)
and the Near Earth Objects (NEOs) projectile
populations and (2) the uppermost layering of the
target [5]. More in detail, we adopted a lunar-like
crustal structure and set fractured silicates of variable
thickness on top of a bulk anorthositic crust in turn
laying above a peridotitic mantle. In the case of the
Rembrandt basin systems, the adopted layering for
MPF age determination was well constrained by the
good statistics and crater-diameter range of the data
set. Indeed, the Crater Size-Frequency Distribution
(CSFD) of the hummocky Rim Area shows a typical
kink, which likely reflects a layer of fractured
material with a thickness of about 8 km on the other
hand the Inner Plains do not show any kink despite
the wide crater diameter range that characterize its
population. Considering these constraints on the
crustal layering and an MBA population, MPF ages
of Rim Area and Inner Plain are about 3.7 and 3.6
Ga, respectively [6].

4. Conclusions

The derived MPF ages of Rembrandt Basin inner
units imply a short stage of volcanism straight after
the basin formation at around 3.6 Ga [6], while our
structural analysis shows a long lasting activity of
global contraction  well-expressed along the
Rembrandt scarp. In addition, as well as the Beagle
Rupes case, the Rembrandt scarp displays geometries
and kinematic indicators suggesting the presence of a
basal detachment.
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Abstract

Avreas of crustal convergence and shortening on Earth,
Mars and Venus are often characterized by structural
domains where thrust faults are associated with
strike-slip systems [1]. In the case of Mercury most
structures maintain a wide elongated frontal scarp
and only few of them show kinematic indicators of
lateral slip. The comparison between two Mercurian
linked fault systems like Beagle Rupes [2] [3] and
Rembrandt scarp [4] could aid understanding of
whether diverse hermean strike-slip structures are
influenced by geological context such as surface
heterogeneity and crustal layering or have different
deformational history.

1. Introduction

During these last decades several contractional forms
had been recognized and mapped on Mercury, firstly
using Mariner10 and then MESSENGER data [5]. In
cross section, the structures consist of a steeply
sloping scarp and a gently sloping back scarp [6]
forming an arched planar shape, so they are usually
called lobate scarps. Usually regarded as caused by
gradual cooling of the planet, these features are the
clearest evidence of crustal deformation present on
Mercury, being the surface expression of thrust
faulting initiated after the period of Heavy
Bombardment (3.8 Gyr ago) [8]. However, other
origins such as despinning and mantle convection
have been suggested to explain common orientations
and regional vergences of some structures [9].
Despite the plethora of studies dealing with lobate
scarps on Mercury and other planetary surfaces
(Mars and Moon), very few structures have been
recognized as linked fault systems. Among them
Beagle Rupes seems to be the most prominent one,
although also the Rembrandt scarp may show some
evidence of linkages between fault segments (fig. 1).

Figure 1: MESSENGER MDIS-NAC image showing
both (a) Beagle Rupes at the equatorial area (upper
right) and (b) Rembrandt scarp (lower left), which

partially cross-cuts the 715-km-diameter Rembrandt
impact basin centered at 33.2 S - 88.2 E. The image
is courtesy of USGS Astrogeology Science Center

http://astrogeology.usgs.gov and
http://messenger.jhuapl.edu

2. Beagle Rupes and Rembrandt
scarp linked fault systems

In the context of the development of giant tectonic
structures like lobate scarps, the equatorial Beagle
Rupes can be considered a special case, because it
has been interpreted as a component of a linked fault
system by Rothery and Massironi [3]. They suggest
that Beagle Rupes displays a frontal scarp terminated
by transpressive lateral ramps. Indeed, the structure



consists of two linked north—south trending arcs that
turn at the ends to become straight scarps trending
northeast and southeast. These straight scarps have
been interpreted to be lateral oblique ramps bounding
a thrust sheet [10][11], which transfer motion to a
series of younger fault scarps by out-of-sequence
thrusting [3]. The inferred dip angle of the main
thrust seems to decrease with depth and to be as low
as to imply an along-dip displacement. A low angle
and the presence of other diagnostic features are
coherent with a basal decollement that occurs within
or at the base of Mercury’s lithosphere. Candidates
for the decollement must imply a change in
mechanical properties and therefore could be the base
of the elastic lithosphere, the base of the crust, or a
regional low-angle discontinuity within the crust. The
single example of Beagle Rupes provides no clear
basis for deciding among the global chances and the
structure seems not to be affected by any visible
regional discontinuity like buried basins [5] [6].

Another wide structure recently discovered on the
south hemisphere of Mercury and named Rembrandt
scarp [4] appears to be a linked fault system, but
shows important differences from Beagle Rupes. In
particular the scarp partially cuts the large Rembrandt
Basin and has two distinct branches with opposite
strike-slip component converging towards a narrow
cusp. This unusual geometry could be the result of
multiple episodes of deformation which may have
reworked some inherited structures now representing
parts of the final scarp. Alternatively, the Rembrandt
Basin may have severely affected the shape and
development of the scarp constraining its geometry.
Indeed, the structures inside and outside Rembrandt
basin display different behavior. The crustal layering,
which can be hypothesized is likely to be
inhomogeneous in the region of the Rembrandt scarp
where it cuts through the huge Rembrandt basin.

The timing of formation of the lobate scarp thrust
faults can be constrained by the age of the materials
they deform - 3.6 Ga for the Rembrandt Basin inner
plains [12]. However we have observed minor
compressional structures within younger craters
cutting the main scarp, so the contractional activity in
this area seems to be prolonged.
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Abstract

It is well known that the surface of Mercury shows
temperature variations extremely large at specific
locations [1]. Such a range can cause strong crystal
structure changes and, as a consequence, the detected
spectral signature could be significantly affected.
Here we investigated the low-high temperature
behaviour of one of the olivine, which has been
recently considered as a possible constituent of the
Mercury surface [2]. Aim of the work is to determine
which expansion the olivine undergoes within a
temperature range typical of the Mercury surface in
order to verify which could be the effect of thermal
expansion on a spectra.

1. An in situ approach

The temperature on the surface of Mercury can range
in 44 earth days between 70 and 725 K at different
latitudes and such variation affect significantly the
crystal structure and density of the minerals and
rocks present on the surface of the planet [2] [3]. As
a consequence, several kinds of remote information
linked to mineral structures, including relative
spectral signatures, are strictly dependent on the
environmental conditions and vary according to the
surface temperature [4] [5]. Thus, we need to
investigate the behaviour of planetary geological
materials in situ, or under extreme temperature
environments, and improve the geological
interpretation and compositional inferences by
applying the knowledge acquired to the analysis of
available remote sensing data.

The BepiColombo Mercury Planetary Orbiter
(scheduled launch in 2014) will have on board the
MERTIS spectrometer (Mercury Radiometer and
Thermal Infrared Spectrometer) [6] allowing to
obtain crucial information on the identification and
mapping of silicate minerals like feldspars,

pyroxenes and olivines, that are considered among
the most abundant phases for Earth planets. MERTIS
will collect mineral spectral signatures in the range 7-
14 um. In fact, in such wavelength range the spectra
can be used very effectively to identify the fine-scale
structural properties of silicates (e.g. stretching and
bending motions in the silicon-oxygen anions, metal
— oxygen and lattice vibrations) and for some
important mineral family, like olivine, the peak
positions in this range are good indicator of their
composition [7].

Here we present a new in situ multi-methodological
laboratory approach comprehensive of high-
temperature X-ray diffraction (single-crystal and
powder materials) and TIR spectroscopy (in the
range 7 to 14 um). In particular, we investigated a
sample of olivine with composition Mg, g4F€16Si0,
as this is among the major component of Earth's
mantle, meteorites, and has been identified on the
surfaces of planetary bodies, and in the spectra of
astronomical targets [8]. First of all, the phase has
been well characterized at room conditions by single
crystal X-ray diffraction and X-ray powder
diffraction, then analyzed by electron microprobe.
Subsequently, each single mineral phase has been
reduced in a likely grain-sizes range about the
hermean surface regolith: 100-160 pum [9]. High
temperature powder X-ray diffraction measurements
(5° - 100° in 26, continuous scan mode) were carried
out in the temperature range 295 K - 1273 K at the
Institute for Crystallography for the RWTH in
Aachen, Germany. The results emphasize an
important increase of the cell volume in the hermean
surface temperature range (fig. 1).
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Figure 1: Cell-volume derived from high-temperature
powder X-ray diffraction measurements on Fog,Fas.

Comparing these results with those of Nestola et al.
(2011), we could obtain the same cell variation at
room conditions increasing the iron content. This
means that such an increase of temperature lead to a
virtual mineral enriched in iron content.

Concerning the TIR spectroscopy we performed
laboratory measurements at the Planetary Emissivity
Laboratory (PEL) at the German Aerospace Center
(Deutsches Zentrum fuer Luft- und Raumfahrt in
Berlin), where is available a high-temperature and
vacuum spectrometer. The PEL has been build up
over the last 5 years to study systematically the effect
of temperature on TIR spectral signature of single
mineral phases [10] and mixtures, and build up a new
spectral library taking these effects into account. In
our case, the sample has been investigated at four
different steps and the calibrated temperatures reach
718 K. Comparing the obtained high temperature
spectra with the earth-environmental spectra of ASU
spectral library [11], we measure a significant shift of
the major absorption features toward longer
wavelength. This is in agreement with a virtual
enrichment of iron in the olivine phase.

2. Conclusions

This work demonstrates that under strong
temperature ranges, like the ones experienced by
Mercury surface, thermal expansion is an
unavoidable process and could strongly mask the
actual chemistry of the mineral phases since they can
appear variable through time and from place to place
as a function of solar irradiation. This could drive to
important misinterpretations and limit our capability
of inferring compositions and rheological properties
of materials from remote sensing acquisition.
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1. Introduction

During its second and third flybys, the
MESSENGER spacecraft [1] imaged the well-
preserved Rembrandt basin in Mercury’s southern
hemisphere. With a diameter of 715 km, Rembrandt
is the second largest impact structure recognized on
Mercury after the 1550-km-diameter Caloris basin.
Rembrandt is also one of the youngest major basins
[2] and formed near the end of the Late Heavy
Bombardment (~3.8 Ga). Much of the basin interior
has been resurfaced by smooth, high-reflectance units
interpreted to be of volcanic origin [3]. These units
host sets of contractional and extensional landforms
generally oriented in directions radial or concentric to
the basin, similar to those observed within the Caloris
basin [4-6]; these structures are probably products of
multiple episodes of deformation [2,7,8].

Of particular note in the Rembrandt area is a
1,000-km-long reverse fault system [9] that cuts the
basin at its western rim and bends eastward toward
the north, tapering into the impact material. On the
basis of its shape, the structure has previously been
characterized as a lobate scarp. Its formation and
localization have been attributed to the global
contraction of Mercury [2].

From MESSENGER flyby and orbital images, we
have identified previously unrecognized kinematic
indicators of strike-slip motion along the Rembrandt
scarp, together with evidence of interaction between
the scarp orientation and the concentric basin-related
structural pattern described above. Here we show
through  cross-cutting relationships and scarp
morphology that the development of the Rembrandt
scarp was strongly influenced by tectonics related to
basin formation and evolution.

2. Mapping of the Rembrandt area

Through morphological and structural analysis of
Mercury Dual Imaging System (MDIS) images at
different spatial resolutions, combined with stereo-
derived topography [10], we created a geological
map of the Rembrandt area (Fig. 1).

On the basis of spectral and textural properties of
the surface, we subdivided the Rembrandt basin into
three main units: (1) the Hummocky Area, a mixture
of impact melt and breccias that in places has been
reworked by smaller impacts; this unit is mainly
confined along the northern part of the basin (Fig. 1);
(2) the Proximal Ejecta, present just outside the basin
rim (Fig. 1); this unit formed during the Rembrandt
impact event and thus is coeval with the hummocky
material; and (3) the volcanic Inner Plains, which
flooded the crater floor (Fig. 1) after the impact and
can be distinguished in sub-units through color
variations (which we interpret as indicators of
differences in composition, maturity, or both).

From structural mapping, we distinguish between
global-scale and basin-localized structures (Fig. 1).
The Rembrandt scarp, as the main global structure,
represents the surface expression of a large-scale
thrust fault that verges toward the south (outside the
basin) to southeast (inside the basin). The thrust is
accompanied by a gentle back-thrust and displays
kinematic indicators of lateral shearing. We divide
the Rembrandt scarp into two parts, on the basis of
these lateral kinematic indicators: the portion of the
scarp outside the basin shows clear evidence of right-
lateral strike slip movement whereas that portion
inside the basin shows some evidence of a left-lateral
component.

3. Discussion

Unlike smaller lobate scarps elsewhere on the
planet, the Rembrandt scarp shows unusual structural
and morphological characteristics, including the
abrupt change in strike direction, the contrasting
lateral shearing indicators [11,12], and marked
differences in scarp elevation outside and inside
Rembrandt basin. We interpret this suite of features
as evidence that the basin had a fundamental role in
the development of the scarp. This influence could
have been active or passive, depending on the
relative time of the basin-forming impact event.



Fig. 1: Geological map of the Rembrandt basin and scarp system centered at 33°S, 81°E, on a MESSENGER MDIS mosaic
at 250 m/px. Hummocky Area (green unit); Proximal Ejecta (pale grey unit); Inner Plains (red unit); Rembrandt scarp
reverse fault system (red lines); basin-related structures (white lines); secondary features of uncertain origin (blue lines).

If the impact came before initiation of thrust
faulting, it probably led to the generation of basin-
related structures and an inhomogeneous crustal
layering that passively influenced the development
and final geometry of the scarp. On the other hand, if
the impact event occurred during activity along the
thrust, it could have led to a substantial change in the
(regional) stress field as well as a local reworking of
the structure. These effects could have induced
changes in scarp vergence, the appearance of later
strike-slip structures, and passive control of basin
structures on scarp evolution.

4. Conclusion

The morphological and structural interpretation of
MESSENGER flyby and orbital images (Fig. 1) and
topography [10] has allowed us to study complex
relationships between the Rembrandt basin and its
through-going scarp. In particular, we find strong
evidence for interaction between Rembrandt basin-

scale and regional-scale stress fields, which have
acted to influence the orientation and kinematic
development of the Rembrandt scarp. Future analysis
will focus on determining the sequence of formation
for these features, i.e., whether the scarp predates or
postdates the basin.
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Abstract Age of geological units, surface mineralogical composition, volcanism, tec-
tonics and cratering are major keys for unravelling the geodynamic and geological history
of a planet. Thanks to the extensive exploration of the 1960s and 1970s and the compo-
sitional mapping of the 1990s missions (Galileo, Clementine and Luna Prospector), the
Moon has a unique geological dataset among the extraterrestrial Solar System bodies. The
recent and on-going missions, along with the future plans for lunar exploration, will
together acquire an extraordinary amount of data. This should provide a solid basis to meet
broad objectives like the constraints on the heterogeneity of Lunar composition and the
presence of water deposits, the understanding of volcanic and tectonic evolution as well as
more specific issues such as the genetic classification of volcanic domes, origin of the dark-
halos craters, lava flow emplacement mechanisms, and the kinematics and deformational
styles of tectonic structures. The Italian small mission MAGIA (Missione Altimetrica
Gravimetrica geochlmica lunAre) will be equipped with an integrated context camera and
imaging spectrometer, a high resolution camera and a radar altimeter. The spatial and
spectral resolution of these instruments will provide data products complementing past and
ongoing Lunar mission data, particularly for the polar regions where a full resolution
coverage is planned. A general review of some still unanswered questions on lunar surface

M. Massironi (X)) - L. Giacomini - S. Ferrari
Dipartimento di Geoscienze, Universita di Padova, via Giotto 1, 35137 Padova, Italy
e-mail: matteo.massironi @unipd.it

M. Massironi - E. Martellato
CISAS, Universita di Padova, via Venezia 11, 35131 Padova, Italy

G. Cremonese
INAF, Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 3, 35122 Padova, Italy

S. Marchi

Departement Cassiopée, Universite de Nice—Sophia Antipolis, Observatoire de la Cote d’Azur,
CNRS, Nice, France

A. Coradini

INAF-IFSI, Via del Fosso del Cavaliere 100, 00133 Rome, Italy

@ Springer



Revision R1, November 5th

Olivine thermal emissivity under extreme temperature ranges:
implication for Mercury surface

Helbert J.*, Nestola F. ", Ferrari S.2, Maturilli A.*, Massironi M. %3, Redhammer G. J. %,
Capria M.T.”, Carli C.°, Capaccioni F.>, Bruno M.°

(1) Institute for Planetary Research, DLR, Berlin-Adlershof, Germany

(2) Dipartimento di Geoscienze, Universita degli Studi di Padova, Italy

(3) CISAS, Universita degli studi di Padova, Italy

(4) Department of Materials Engineering & Physics, University of Salzburg, Austria
(5) IAPS-INAF Roma, Italy

(6) Dipartimento di Scienze della Terra, Universita di Torino, Italy.

*Correponding author: fabrizio.nestola@unipd.it

Abstract

The work shows, for the first time experimentally and numerically, how the thermal emissivity
spectra of a Mg-rich olivine (i.e. Mg ssFeo16S104, FogoFag, with Fo = M@,SiO,4 and Fa = Fe,SiOy)
significantly change as a function of temperature. An increase of 420 K modifies the olivine
spectrum shifting in wavelength its emissivity features, simulating the spectrum of an olivine
strongly enriched in iron (a Fa abundance increase from 8 to 20%). This “chameleon-like
behaviour” indicates that the spectroscopic investigations of the surface of Mercury must take into
account the local solar time dependency to properly infer the compositions of planetary materials by

remote sensing acquisition of future space missions.
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Introduction: The dominant form of tectonic de-
formation on Mercury is contractional. Extension is
almost entirely restricted to impact craters and basins
that host volcanic smooth plains [e.g., 1—4]. However,
extensional and compressional tectonic landforms
within those impact features vary enormously in struc-
tural complexity—from sets of graben that describe
polygonal patterns in craters tens of kilometers in di-
ameter [5] to collocated basin-radial, -circumferential,
and -oblique graben and contractional wrinkle ridges
within the 1,640-km-diameter Caloris basin [6].

Here we describe the progression in tectonic com-
plexity from some of the smallest to the largest impact
features on Mercury, together with the implications of
recent numerical modeling for the Caloris basin in par-
ticular, and for impact basin formation, tectonics, and
volcanism on the innermost planet in general.

Impact crater/basin tectonics: We include map
patterns for tectonic structures within four representa-
tive volcanically flooded impact features on Mercury:
(a) a “ghost crater,” (b) the Mozart basin, (c) the Rem-
brandt basin, and (d) the Caloris basin (Fig. 1).

(a) Ghost crater. Ghost craters are impact features
that have been entirely covered by lavas, their presence
today marked by a ring of tectonic features localized
above the buried crater rim [e.g., 2]. The crater in Fig.
1a, situated in the northern volcanic plains [7] and out-
lined by a ridge ring ~100 km in diameter, contains a
set of graben with no preferred orientations that divide
the plains infill into polygonal blocks [3]. The graben
extend from the crater center to half its radius (rgc).
Contractional ridges external to the crater terminate at
its peripheral ridge and do not penetrate the interior.
This structural arrangement is characteristic of graben-
bearing ghost craters, which primarily occur in the
northern and circum-Caloris smooth plains [3,5].

(b) Mozart basin. The 235-km-diameter Mozart ba-
sin contains both graben and ridges, though these struc-
tures occur only within its peak ring [4] (Fig. 1b). Ba-
sin-circumferential graben form an annulus ~0.2-0.4
rv concentric to the basin center. From this annulus to
the peak ring at ~0.5 ry;, graben occur in a mix of ba-
sin-radial, -circumferential, and -oblique orientations.
Ridges lie within the annular graben and show no pre-
ferred orientations. Structures are absent from the

southwestern sector of basin infill within Mozart’s
peak ring. This general tectonic pattern is also ob-
served within the peak rings of the similarly sized
Raditladi and Rachmaninoff basins [4].

(¢c) Rembrandt basin. The 715-km-diameter Rem-
brandt basin is riven by a northeast—southwest-trending
1,000-km-long array of scarps interpreted to be a fold-
and-thrust belt (FTB) [6]. Apart from the FTB, howev-
er, the basin floor is heavily deformed by extensional
and contractional structures [8,9] (Fig. 1¢). Col-located
basin-radial sets of graben and ridges form a fan-like
pattern centered on the basin outward from ~0.2 rg and
are bounded by circumferential ridges at ~0.5 rg (and
circumferential graben along the northern portion of
the ridges). Local clusters of ridges without preferred
orientations occur in the southwestern and eastern ba-
sin interior beyond ~0.5 rg [9].

(d) Caloris basin. The largest impact basin recog-
nized on Mercury also hosts the most tectonically de-
formed smooth plains on the planet, Caloris Planitia [6]
(Fig. 1d). A basin-radial graben set, Pantheon Fossae
[e.g., 1], the dominant extensional assemblage in the
basin, originates from a point near the center and ex-
tends to ~0.55 rc. Pantheon Fossae is bounded by cir-
cumferential graben that form a near-complete annulus
from ~0.45 to 0.55 rc. Outward, extension is manifest
by basin-oblique graben that define a complex polygo-
nal map pattern and steadily decrease in width, depth,
and length towards the basin margin [6].

Basin-circumferential ridges are the most abundant
type of contractional structure, and extend from ~0.1 to
0.7 rc. Radially orientated ridges also occur within this
zone but are less common than their Caloris-concentric
counterparts. Outside ~0.7 r¢, ridges show no orienta-
tion preference and so also form a polygonal pattern
that becomes less prominent toward 1.0 r¢ [6].

Formation hypotheses: Almost every tectonically
deformed impact structure on Mercury is characterized
by a scarcity of definitive cross-cutting relations, chal-
lenging recognition of a developmental sequence for
attendant structures. Where ridges and graben spatially
coincide within ghost craters, their superposition rela-
tions are often unclear [3]; they do not coincide in Mo-
zart at all [4]. Extensional structures appear to be su-
perposed on, and so postdate, contractional landforms



in Rembrandt and Caloris [e.g., 1], but no clear dip- or
strike-slip offsets are observed in either basin.
However, finite-element modeling results for ghost
craters [10] and mid-sized basins such as Mozart [4]
may provide insight into the deformation that shaped
Rembrandt and Caloris. Thermal contraction of thick,
rapidly emplaced lava flows produces horizontal exten-
sional stresses that favor the formation of mixed-
orientation graben in volcanic plains, whereas horizon-
tal shortening in response to cooling and contraction of
the planet’s interior or flexure due to volcanic loading
was likely responsible for the formation of ridges in
both ghost craters and Mozart basin [2,4,10]. Moreo-
ver, models of thermally contracting lavas also show
that a buried basin ring strongly localizes radial exten-
sional stress and circumferential graben formation [4].
Implications: Previous studies suggested that the
prominent fossae within Caloris may have formed due
to dike propagation [11] or to flexural uplift of the ba-
sin center, in response either to the volcanic emplace-
ment of the circum-Caloris smooth plains [12] or to
inward flow of the lower crust [13]. No extensive
plains are observed exterior to Rembrandt [14], sug-
gesting intrusive activity or inward crustal flow may be
responsible for the fossae in at least that basin. Graben
of mixed orientation in Caloris and Rembrandt may
attest to near-isotropic horizontal extension of rapidly
emplaced lavas; the decrease in graben size with in-
creasing distance from the basin center likely indicates
steadily reducing plains thickness [5,10] and thus orig-
inal basin depth. If the pronounced circumferential

graben within these basins reflect extension above a
buried basin ring, Rembrandt and Caloris may be mul-
ti-ring basins—a class of impact feature not yet clearly
documented for Mercury [15]. Finally, the ridges with-
in these basins may primarily be the result of global
contraction on Mercury. If so, the differences in orien-
tation from basin-circumferential or -radial to -oblique
could reflect a transition of the responsible stress field
from strongly basin—shape-influenced to horizontally
isotropic with increasing distance from basin center.

Informed by new tectonic maps of Caloris and
Rembrandt (Fig. 1), these inferences can be tested nu-
merically in the manner of recent models for ghost cra-
ters and basins [4,12], with the goal of reproducing the
full range of tectonic complexity within flooded impact
features on Mercury.
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Figure 1. Structural sketch maps of exemplar flooded impact features.( a) Ghost crater; (b) Mozart basin; (c) Rembrandt basin (after [9]); and
(d) Caloris basin. Orthographic projections centered at: (a) 60.3°N, 36.7°E; (b) 7.8°N, 169.6°E; (c) 33.5°S, 88°E; and (d) 30°N, 161°E. Sketch-
es feature graben (dark red lines), ridges (dark blue), superposed craters and ejecta (light and dark grey), and Mozart peak ring (sand).
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Mid-infrared spectroscopic data of Mercury’s surface are studied to identify mineral phases
present in surface rocks and minerals. Spectra were obtained with the Mid-InfraRed
Spectrometer and Imager (MIRSI), a camera system built at Boston University for ground-based
observing. Observations were made at NASA’s Infrared Telescope Facility (IRTF). When used
on the IRTF MIRSI has a plate scale of 0.27 arc seconds per pixel and a field of view large
enough to include Mercury’s Earth facing disk. The optics provide diffraction-limited spatial
resolution and a spectral resolving power of A/AA of 200 in the 7 to 14 um spectral range. Three
spectra from Mercury’s surface are compared to individual and linear combinations of laboratory
spectra obtained at the Planetary Emissivity Laboratory (PEL) in Berlin, Germany During the
last five years a suite of chemically characterized rock and mineral samples (grain sizes 0-25 pm,
25-63 pm, 63-125 pum and 125-250 um) have been measured in a vacuum environment at
temperatures comparable to the known temperatures of Mercury’s surface (300 to 700K).
Heating and cooling of samples results in slight volume changes of crystalline lattice structures
and results in small shifts in the wavelength of major and minor spectral features within the
measured spectrum. The spectral features are well known to be associated with the specific
elemental cations present in the lattice (Mg, Fe, Ca, etc.) and their relative concentration. The
wavelengths of emissivity maxima and minima associated with composition are documented for
spectra obtained at room temperature and pressure, usually in a spectrometer using a nitrogen
purge. Here we compare Mercury’s surface spectra to the new, spectral library appropriate for
Mercury’s temperature and pressure. Results provide an opportunity to predict what the
MERcury Radiometer and Thermal infrared Imaging Spectrometer (MERTIS) on the ESA-
JAXA mission BepiColombo will achieve.
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