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Abstract
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The properties of Mercury’s regolith have been investigated at optical and near-infrared wave-
lengths with high-resolution imaging, photometric, and spectroscopic observations with the Swedish
Vacuum Solar Telescope and the Nordic Optical Telescope.

A new global optical map at a spatial resolution of 200 km shows that the well known (from
Mariner 10) and poorly known hemispheres are indistinguishable with respect to the distribution,
number density, and morphological parameters of bright albedo features. This indicates a globally
uniform recent (<3 Gyr) geologic evolution, a compositionally very homogeneous surface and the
absence of a lunar-like mare–terrae albedo dichotomy.

It is found that the spectrum of Mercury is linear, strongly sloped, lacks detectable absorption
features and displays a unique relation between the continuum slope and photometric geometry.
Mercury has a photometrically smoother surface than the average near-side Moon, and is 10–15%
fainter and 50% more back scattering in the V-band. Unlike the case for the Moon, the average
single-particle back scattering anisotropy increases with wavelength.

Intimate regolith mixing models are used to determine a probable surface composition of pre-
dominantly Ca-rich labradorite plagioclase feldspar with minor low-iron enstatitic orthopyroxene,
and rule out high-iron pyroxenes or olivines as other than insignificant constituents. Abundances
of FeO ∼1.2 wt%, TiO2 ∼0 wt%, and submicroscopic metallic iron ∼0.2 wt% are found for the
average surface. This implies an optically active grain size of 15–30 µm that is a factor of two
smaller than for the Moon.

A numerical integration study shows that hermeocentric orbits with semi-major axes <30 mer-
curian radii for elliptic retrograde, and circular prograde, objects are stable for durations in excess
of 4.5 Myr. The weak gravitational scattering effect of Mercury indicates that re-impacting parti-
cles may have been important for the early evolution of its crust.
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Till Christina

Man borde inte sova när natten faller på
Ty tänk då tindrar stjärnorna högt uppe i det blå
Det är så tyst och stilla
Att sova vore illa
Jag vandrar mina vägar över äng och genom skog
Och stjärnorna de följa mig så sällskap har jag nog

Jeremias i Tröstlösa (1868-1967)
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Chapter 1

Introduction

Mercury, the innermost planet in the solar system, is a mysterious object which manages
to keep its secrets well guarded. Of the major planets (excluding Pluto, which is a big
transneptunian, i.e., a minor planet) it is the least well known. It is ironic that the planet
which is most frequently, though not absolutely, the closest to the Earth is also the least
explored. This is mainly due to its closeness to the Sun. Most people, including many
professional astronomers, have never seen this occasionally very bright planet, since it
spends only brief periods far away from the Sun to be seen in a sufficiently dark sky,
and one needs to know exactly when and where to look. Reputation has it that not even
Copernicus ever caught a glimpse of Mercury, though he used the observations of others
to correctly interpret the motions of the planets relative to the Sun in the early 1500’s.

There are many questions that are unanswered about Mercury. These concern all as-
pects of the planet and its formation and evolution. The work in this thesis is concentrated
on the properties of its surface, specifically the global distribution of albedo features,
mineralogy and light scattering properties. Most of what we know about the planet are
interpreted from the experiments performed by the American spacecraft Mariner 10 in
1975 and 1976, when it made three brief flybys of Mercury. This craft carried out de-
tailed imaging observations of its surface, but due to the geometry of each approach and
the peculiar rotation dynamics of the planet, only about 45% of the surface was imaged.
These observations were made in different wavelength bands, but the cosmetics, linearity
and thermal stability of the vidicon camera were such that only poorly calibrated data in
terms of absolute fluxes could be obtained. Mariner 10 did not carry any spectroscopic
instrument, making it impossible to obtain specific mineralogical data.

The major lessons taught by this pioneering spacecraft were nonetheless unexpected
and bewildering – Mercury had a well-developed and Earth-like magnetic field, a very
high density suggesting a large iron core but an apparently very iron-poor surface, a net-
work of globally oriented canyons, and a giant impact basin that had global consequences
for the present appearance of its surface. These results brought evidence of a geologically
tumultuous past, in spite of the fact that the planet is only 40% larger than the Moon.
It appeared that Mercury was Earth-like in its interior and Moon-like on its surface: the
magnetic field indicated the current presence of a molten interior, and the high density
suggested a giant core encompassing 75% of its interior volume and dominantly com-
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posed of heavy metallic elements like iron and nickel; the surface, on the other hand
was lunar-like with a multitude of old craters, but despite the probably intense interior
activity, no apparent volcanic structures were detectable. Furthermore, the color of the
surface was very uniform – possibly a major catastrophic event had been followed by
massive resurfacing of low-density material erupting in a very homogeneous way from
beneath the present crust early in its evolution, on which impacting asteroids and comets
subsequently made their fingerprints.

Following the Mariner 10 mission, the dominant part of the Earth-based observational
work on the planet concentrated on its spectral properties. Optical and near-infrared spec-
troscopy and multicolor spectrophotometry indicated a rather linear spectrum but gave
discordant results concerning the presence of an absorption feature which was expected
around a wavelength of 900-1000 nm, due to the presence of ferrous minerals on the
surface. In the 1980’s infrared spectroscopic observations became feasible and from ther-
mal infrared spectral results the presence of a number of minerals have been suggested.
However, even today no unique mineral has been identified, though the general opinion
is that the surface is primarily composed of plagioclase feldspars with mixed-in iron-poor
pyroxene.

Perhaps the most important result of this work is improved quantification of the com-
position of Mercury and its contrasting properties relative to the Moon, which support
results from thermal infrared (e.g., Sprague et al. 2002) and microwave (e.g., Jeanloz et
al. 1995) observations. Specifically, the mercurian abundances of FeO, TiO2, and sub-
microscopic metallic iron are all inferred to a factor two or less than the lunar average.
Such small abundances of these oxides constrain the number of possible models of its
formation and evolution. The composition appears consistent with formation scenarios
for Mercury involving (i) post-accretion volatilization of the silicate crust and mantle by
solar heating and removal of the vaporized low-density silicate materials by the solar wind
(Fegley and Cameron 1987), (ii) a late impact which stripped most of the silicate com-
ponent (Cameron et al. 1988), or (iii) an accretion process in which Mercury sampled
material from a rather limited feeding zone in a hot solar nebula (Lewis 1972). Of these,
the latter model appears however unlikely for two reasons. One is the similar conden-
sation temperatures of metallic iron and magnesium silicates which make the required
efficient fractionation between them improbable. The other is numerical integrations of
the planetary accretion process which indicate that the resulting protoplanets acquire ec-
centric orbits or experience strong and frequent gravitational scattering by larger bodies,
thus sampling volatile-rich material at comparatively large solar distances.
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Chapter 2

Observations

The results presented in the papers are based on observations in the optical (400-700 nm)
and near infrared (700-1000 nm) wavelength range. This is an energy regime in which
the terrestrial atmospheric absorptions (e.g., H2O and O2) usually are of limited concern,
and for which instrumentation is widely adapted.

Three methods of astronomical observations have been used to acquire remote-sensing
information of the properties of Mercury’s surface: imaging, photometry and spectroscopy.
Each of these have pros and cons and have to be selected for the specific purpose of in-
vestigation. In Papers I, II and V, imaging observations have been employed to obtain the
highest spatial resolution data possible with the most suitable telescope, the SVST, in or-
der to detect albedo features and retrieve information of the light scattering properties of
the planet’s surface. In Papers II and III, flux-calibrated imaging observations were used
to study the spectral differences of individual features on the disk and the composition of
its surface. In Papers III and VI, reflectance spectroscopy was performed with the larger-
aperture NOT telescope in combination with the ALFOSC low-resolution spectrograph to
gain information on the Mercury’s mineralogical composition.

2.1 High-resolution imaging

Short optical wavelengths are ideal for high-resolution imaging as they maximize the the-
oretically attainable angular resolution, which is directly related to the telescope aperture
through the diffraction limit:

sin θ ≈ 1.22
λ

D
.

Here, θ is the angular radius of the Airy disk (”the diffraction limit”), λ the wavelength,
and D the aperture (all in corresponding units). This is not the full story though, as for
even an optically perfect telescope this theoretical limit is in principle never attained due
to turbulent atmospheric ”seeing” motions. In the case of the SVST, the diffraction limit
at 550 nm is 0.28′′, which was also reached during the imaging campaign of Mercury. In
the case of the NOT, the limit is 0.05′′, but seeing motions and the large aperture typically
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raise this number to 0.5′′ at good conditions. This is the case for both long and very short
exposure times, as the convective cells are considerably smaller than the aperture.

The image delivered by the telescope optics is registered by a charge-coupled-device
(CCD) camera at the focal plane. The light-sensitive surface of the CCD is composed
of an array of silicate pixels which sample the incoming light into discrete elements. A
sampling theorem by Nyquist (1924) as applied to optical imaging theory loosely says that
the diffraction limit must be sampled with at least two resolution elements in order not to
loose information content. This means that the corresponding pixel size of the detector
has to be chosen so that their angular size is less than θ/2. For the SVST, the CCD’s used
for data acquisition well fulfilled this requirement and thus oversampled the image. This
was however deliberately allowed rather than introducing focal reducing optics which
would contribute to optical errors. It should be noted that the sampling theorem is equally
important for both imaging and spectroscopic observations.

Motions of air cells with varying density in the atmosphere give rise to the flickering
of starlight. If the atmosphere is not perfectly stable (as is ”always” the case), the image of
a star will be spread out into a fuzzy spot with a brighter center, known as the seeing disk.
An intensity profile through the center of this disk has a bell-shaped curve which may
be described as having a diameter or angular dimension characterized by its full-width at
half-maximum (FWHM). This is the diameter of the disk at the point where the intensity
reaches 50% of its maximum value. For most telescopes, the FWHM of the seeing disk
rarely decreases below 0.5′′.

The optical quality of a telescope may be described by the point spread function (PSF),
which is the telescopic image of a point source (e.g., a star) in the absence of seeing ef-
fects. The best telescope optics deliver a PSF with a FWHM equal to the diffraction limit.
For an image obtained with an exposure time considerably shorter than the time required
to produce the ”seeing-averaged” bell-shaped image of the star, the shape will be differ-
ent and composed of small elements whose characteristic sizes is that of the PSF of the
telescope. For example, the general appearance of the image of the star will be approxi-
mately circular, often severely distorted, with a non-uniform intensity surface, dotted with
the diffraction-limited images of the star (the scintillation pattern). The problem aggra-
vates with increasing air-mass, telescope aperture and exposure time, and is the reason
why ground-based telescopes traditionally fail to produce sharp images of stars and plan-
ets. This is discussed further in Paper II with respect to the detection of disk details on
color-ratio images.

The SVST was first used for planetary imaging in 1994 to study the impact sites of
comet D/Shoemaker-Levy 9 on Jupiter (Lindgren 1995), and I have subsequently used it
for a planetary and cometary studies which are not included in this thesis (Orton et al.
1996, Warell 1996, Warell 1999a,b, Mendillo et al. 2001). The major long-term program
that has used the SVST is the Mercury mapping project detailed in Paper I. In addition
to providing nearly complete global coverage at a spatial scale of 200 km (Paper I), this
is the only ground-based data set with multiple wavelength information, making color
studies of the resolved surface possible (Paper II).

There have been other attempts to image Mercury from the ground at high resolution,
most notably by Baumgardner et al. (2000) who performed video-imaging with the Mt.
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Wilson Observatory 1.5-m reflector. Their results are very similar to the SVST data in
terms of resolution and disk detail. Our techniques and results are compared in the review
paper by Mendillo et al. (2001). Other studies have been made and generally scintillation
and low signal-to-noise ratio of the image data limit the amount of information that can
be obtained (e.g., Dantowitz et al. 2000, Ksanfomality 2002).

2.2 Photometry

Though single- or integral-wavelength imaging of Mercury at high angular resolution is
important in itself to study the distribution of surface features, multiple-wavelength data
at comparable resolution greatly increases the science results that can be obtained. With
proper intensity calibrations, such images may yield insight on compositional variations
of a planet.

On observing runs with photometric conditions (i.e., cloud-free skies) complementary
observations of calibration stars were performed to allow a flux calibration of the Mercury
image data. To accomplish this, intensity observations of stars, following the same path
and air mass range on the sky as Mercury, were made in a dark sky immediately prior
to or following the observations of the planet. Air mass is a measure of the length of
atmosphere the star’s light is passing through on its way to the observer, and is equal
to one at zenith (straight up) and highest (a large number) at the horizon. Assuming
horizontal geometry, the air mass (AM) may be approximated as

AM = 1/ cos z,

where z is the zenith distance. The increasing air mass towards the horizon attenuates the
light from the star, an effect known as atmospheric extinction, and has to be removed to
find the true energy distribution of the star that would be observed outside the atmosphere.

From the observed variation of intensity of the star as a function of air mass, the
magnitude of atmospheric extinction can be measured, and the stars brightness outside
the attenuating atmosphere calculated. If the star has a previously determined spectral
energy distribution, correction factors may be obtained for each observed filter that in
combination with the fluxes similarly measured for the planet, and the known shape of the
solar spectrum, allows reconstruction of the spectrum of Mercury. The observed spectrum
S MS for Mercury is corrected for the spectral signature of the Sun S S to arrive at the true
spectrum of Mercury S M in the ”traditional” way from

S MS

S c
×

S c

S S
=

S MS

S S
= S M,

where S c is the spectrum of the calibration star. In such measurements it has to be as-
sumed that there is no variation in the physical conditions of the atmosphere between
the times of observation of Mercury and the calibration star, as such would make the de-
rived wavelength-dependent flux-correction parameters inaccurate. At times, this is not
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the case, especially for high air masses as was usually the case of Mercury, and care had
to be taken to properly select data from stable nights.

The photometric flux corrections that were made on the data are further described
in Paper II, from which integral spectra of the mercurian disk, as well as resolved disk
features, were calculated.

2.3 Reflectance spectroscopy

In principle, one may think of spectroscopy as multiple-filter (multi-wavelength) pho-
tometry, but instruments and observational techniques are different. In the most common
case however, the light from the object is directed through a very thin linear opening in
an opaque screen (the slit) prior to passage through a prism or a transmission grating (or
reflected by a reflection grating) which disperses the energy of the target’s light into its
constituent wavelengths. The resulting spectrum is then captured by a CCD camera for
subsequent analysis.

The acquired spectrum of the target is by no means ready to be interpreted at this
stage, however. Before or after the night is over, a number of calibration images are
obtained in order to remove contaminating effects of the Earth’s atmosphere, the telescope
and spectrograph optics, and the CCD camera. Spectra of a well-known light source
(e.g., an emitting helium or argon gas) are also taken to allow an exact calibration of
the wavelength scale of the spectra of the targets. Usually, the extinction is corrected
for by using a previously determined extinction curve that is representative of the normal
conditions at the specific observatory. This curve describes the attenuation of the flux
from an object as a function of wavelength for an air mass of one.

For more accurate results, wide wavelength spectral ranges or non-normal atmo-
spheric conditions, the extinction curve has to be measured. This is especially true for
observations of targets which reflect the Sun’s light, such as asteroids and planets. The
reason is that the contribution of the solar spectrum to the spectrum of the object must
be removed by division to arrive at the true spectrum of the object, as in the photometric
case. This is not trivial, as the Sun is not visible at night-time, and its spectrum cannot
be observed to account for the disturbing effects of the atmosphere. For this and other
reasons much time has been devoted to find stars with spectral energy distributions ”in-
distinguishable” to that of the Sun, to be used as solar proxies (”solar analogs”) at night.
A few very good solar analogs have been identified throughout the sky, some of which
were observed for Papers III and VI to accurately correct atmospheric extinction effects.

After the observed spectra of Mercury and the solar analog have been corrected to
their appearance at zero air mass by use of the wavelength-dependent extinction curve,
the Mercury spectrum is divided by the solar analog spectrum and the true spectrum of
Mercury’s surface is found. In the best of worlds, we would be done with the reduction
here, but for the present observations this was not the case. The reason is the very high
air mass (∼ 5) at which Mercury was observed, which accentuates the effects of layering
in the atmosphere. Thus, even though the solar analog may have been observed only half
an hour or so from Mercury, conditions at low altitudes may have changed so much that
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proper correction for telluric lines is not possible. Such correction is extremely important
in the case of Mercury since an important spectral region (around 1000 nm) is located
exactly where water absorption in the Earth’s atmosphere is most problematic.

Needless to say, accurate correction is fundamental to the interpretation of the miner-
alogical composition of Mercury’s surface. For this reason, any normal planetary spectro-
scopist would naturally avoid observing through air masses greater than about two, as stel-
lar astronomers do. To circumvent this problem I devised a method previously not used
for the reduction of mercurian spectra, and for which the abundant telluric absorptions
therefore were largely uncontrollable. In this method, a bright star very near Mercury in
the sky is observed intermittently with Mercury. Any star will do in the worst case, but if
possible a more or less spectrally ”clean” star, B-type or earlier, is preferable. The varia-
tion of spectral detail, arising from atmospheric absorptions, in the quasi-simultaneously
observed star is used to correct telluric line emissions prior to dividing out the solar analog
spectrum from Mercury.

This procedure is explained in greater detail in Paper III. During the observing run
forming the basis of Paper VI, extreme timing constraints due to Mercury’s less-than op-
timal elongation from the Sun (20 degrees) made this improved observing strategy impos-
sible, and the traditional calibration method had to be used. It should also be mentioned
that instead of using a ”normal” extinction curve for La Palma, I calculated a proper curve
directly from the observed spectra in order to minimize flux calibration errors.
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Chapter 3

A quick look at silicate mineralogy

Mercury is assumed, from plausible models of its formation, to be composed predom-
inantly of silicate minerals, as is the case of the other terrestrial planets (the Moon is
included in this definition). Rocks may be either igneous, metamorphic or sedimentary,
depending on their mode of formation. An igneous rock has crystallized from hot liquid
magma, and solidified either in the deep crust (plutonic, with the rock forming large crys-
tals due to slow cooling) or near or at the surface (volcanic or extrusive, forming small
crystals). Examples of such rock types are granite and basalt, respectively. Sedimen-
tary rocks are formed at or near the surface by the accumulation of small particles. On
planets other than the Earth we expect to find only sedimentary rocks of the clastic type
which are formed from already existing fragments of rock (e.g., following an impact).
Metamorphic rocks form the most complex group of rocks, being composed of igneous,
sedimentary or previously metamorphic rocks and are formed within the crust through
pressure, temperature or chemical alteration. An example is gneiss.

On Mercury, igneous and metamorphic rock types are probably most common, while
sedimentary deposits may have formed from extrusive volcanism or impact processes. On
Earth and the Moon, the most common silicate minerals in rocks are quartz, feldspars and
ferromagnesian minerals such as pyroxenes and olivine. On the Moon, a typical spectrum
contains the signatures of either pyroxene or olivine. Generally, olivine is found in smaller
proportions than pyroxene on a planetary surface due to its higher density. On Mercury,
it appears that feldspathic rocks are most common, and may constitute the bulk of its
upper crust. Feldspar-rich rocks have been identified at a few locations on the Moon as
well, such as interior crater walls and central peaks, and appear to be located preferentially
below the uppermost crustal layer of preferentially composed of ferromagnesian minerals.

Rocks are composed of one or several minerals, of which we focus on the silicates
whose common ingredient is the SiO4 tetrahedron. These may be linked via the oxygen
atom(s) in their corners, or via other bridging atoms, to form the mineral matrix structure.
If all tetrahedra share corners with other tetrahedra, the commonly occurring pure oxygen-
silicate mineral quartz (SiO2) is formed. In olivines the tetrahedra are isolated from each
other and joined by the metallic cations Fe2+ and Mg2+. Olivines are greenish miner-
als formed by two chemically extreme end-members, fayalite (Fe2SiO4) and forsterite
(Mg2SiO4). These mix in solid solution to form intermediate iron-magnesium olivines
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Figure 3.1: The solid solution series between forsterite and fayalite, known as the mineral
olivine. Adapted from Putnis (2001).

that are either iron-rich and magnesium-poor (fayalitic) or iron-poor and magnesium-rich
(forsteritic) (Fig. 3.1). In a solid solution, cations of one element may be replaced by
smaller or larger cations of the same charge of another element, as long as structural
adjustments of the lattice allows it.

Pyroxenes are dark-colored minerals whose compositions may be diagrammatically
illustrated with the pyroxene quadrilateral whose four corners consist of minerals of end-
member compositions (Fig. 3.2). As for the olivines, there is a solid solution range with
iron-magnesium chemistry, whose end-members are ferrosilite (FeSiO3) and enstatite
(MgSiO3). These form an intermediate range of hypersthene pyroxenes (also termed or-
thopyroxenes, reflecting the arrangement of SiO4 tetrahedra in the matrix structure). The
other solid-solution series of pyroxenes contain additionally the calcium Ca2+ cation in
interstitial coordination sits between the tetrahedra. The end-members are hedenbergite
(CaFeSi2O6) and diopside (CaMgSi2O6), whose solid-solution is augite. This composi-
tional range is termed clinopyroxene.

Figure 3.2: The pyroxene quadrilateral describing the approximate compositions of com-
mon pyroxene minerals, with extents of solid solutions for naturally occurring terrestrial
pyroxenes shaded. The iron-magnesium range is known as orthopyroxene hypersthenes,
while the Ca-rich range is known as clinopyroxenes. Adapted from Putnis (2001).
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Feldspars are bright-colored, rather low-density, minerals in which a minor part of
the silicate ions in the silicon-oxygen tetrahedra are replaced by Al, and the tetrahedra
commonly are bridged by K, Na and Ca cations at their interstitial cavities. They may
be described with the feldspar triangle whose corners are made up by the K, Na and
Ca end-members (Fig. 3.3). The pure calcium feldspar is anorthite (CaAl2Si2O8), the
pure sodium feldspar is albite (NaAlSi3O8), and the pure potassium feldspar is orthoclase
(KAlSi3O8). The range of solid solution minerals between anorthite and albite have in-
creasingly sodium-rich and calcium-poor compositions and form the plagioclase feldspar
series: bytownite, labradorite, andesite, and oligoclase. The range of solid solutions be-
tween albite and orthoclase is termed the alkali feldspars.

Figure 3.3: The feldspar triangle describing the range of naturally occurring solid solu-
tions of terrestrial end-member feldspar minerals. The calcium-sodium range is known
as plagioclase feldspars, while the potassium-rich range is known as alkali feldspars.
Adapted from Putnis (2001).

The upper crust of Mercury is inferred from the spectral shape to be predominantly
anorthositic. Lunar pure anorthosite (gabbro) is to the best of our knowledge a good spec-
tral analog to the composition of Mercury. On the Earth, this rock type consists mainly
of plagioclase feldspar, with mixed-in pyroxene and olivine minerals. The term ”pure
anorthosite” refers to a lithology (physical character of the rock) that is <90% feldspar by
weight, and therefore lacks spectroscopically detectable absorption features due to mafic
(Mg-Fe-rich) minerals in the near-infrared.
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Chapter 4

Remote sensing identification of
minerals

Identification of minerals on other planets than the Earth, except for the few samples from
the Moon and Mars, have to be made by indirect methods as we cannot study them directly
in the laboratory. This is performed via remote sensing methods, e.g., by mapping the
surface through 2-dimensional imaging at different wavelengths or via slit spectroscopy
in the astronomically traditional 1-dimensional manner. If imaging is performed in a very
large number of wavelengths simultaneously, the hybrid method of imaging spectroscopy
is employed, and has been used to collect mineralogical data from spacecraft orbiting both
Earth and Mars. In this thesis, mineralogical investigation of Mercury has been made with
slit spectroscopy as described above.

In order for a mineral to be detectable with remote sensing methods, it must at least
partly be present in its crystalline rocky state. This is due to the fact that spectral absorp-
tion bands are formed by photon interaction with the well-ordered ions in the crystalline
matrix structure of the rock. Such a structure assures that only specific wavelengths of
the incoming solar photons are absorbed and the removed energy (most of it transferred
to heat energy in the rock and detectable as emission in the thermal infrared) decreases
the intensity of the reflected light at the corresponding wavelengths. A porous and partic-
ulate (pulverized) regolith, consisting of a mix of crushed rocks, may not develop strong
absorption bands due to two effects. For each mineral there is a specific grain size which
maximizes the contrast of the band due to a maximal difference in optical depth at the
band center relative to the continuum. A distribution of grain sizes, complex particles
with internal scatterers that reduce the optical path length, or a small grain size with only
limited volume absorption, will reduce the contrast of any absorption band. Also, the
lattice structure may be defect so that the required crystallization length for efficient ab-
sorption is not commonly present, thus reducing the number of photons that can interact
with the crystal lattice and be absorbed.

The common minerals which constitute the bulk of the rocks expected to occur on
Mercury are pyroxenes, olivines and feldspars. Typical spectra of these for the optical
and near infrared wavelength region are illustrated in Fig. 4.1. A common feature of all
these silicates is the deep absorption edge in the blue, which causes the reflectance to
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drop quickly. These are due to charge transfer transitions between adjacent oxygen and
metal ions (OMCT), the exact wavelength of which depends on the specific cation, its
abundance, and the relative spacing between oxygen and metal. OMCT’s are electronic
transitions between nearest-neighbor oxygen ligands and the central transition metal ion
in a coordination site, and are induced by high-energy ultraviolet light. Since OMCT
transitions are fully allowed, 100–1000 times stronger than charge transfer transitions
(see below) and are shifted towards longer wavelengths at elevated temperatures (as is the
case for Mercury’s dayside), it has been speculated that this UV absorption edge may be
prominent in near-UV optical mercurian spectra.

The two prominent absorption bands near 1 and 2 µm in pyroxenes are due to the
occurrence of Fe2+ ions in very distorted noncentrosymmetric coordination sites. For
orthopyroxenes, these are due to electronic crystal field (CF) transitions between unpaired
d- and f-orbitals in transition element cations, and are located in the range 800–1300 nm
and 1800–2400 nm depending on the number ratio of Mg2+ to Fe2+. Absorption maxima
for these bands shift to longer wavelengths with increased concentration of Fe2+, allowing
iron-rich and iron-poor orthopyroxenes to be discriminated. The larger Ca2+ cations in
clinopyroxenes occupy one of the two types of interstitial coordination sites, with the
Fe2+ residing in less distorted coordination sites than for orthopyroxenes. Therefore the
CF bands are relatively weak, located at longer wavelengths and no 2-µm band is present.
The composition of pyroxenes may therefore be determined from the wavelength position
or area-ratios of these bands, and identification is facilitated if both bands are detectable.

In olivines, the Fe2+ ions are located in two different types of coordination sites with
different lattice distortions. These sites produce characteristic features in the near infrared
which are diagnostic of composition in the forsterite–fayalite solid solution series. A
number of CF transitions are responsible for the broad absorption around 1 µm, while a 2
µm band is missing.

Feldspars do not exhibit any strong and diagnostic absorptions, which are broad and
weak if present, due to trace amounts of Fe2+ within the mineral matrix. Their main
absorption occurs around 1.2 µm and is thus outside of the wavelength range studied in
this work. Identification of plagioclase feldspar in remotely sensed spectra are therefore
achieved from the lack of detectable absorption features in a spectrum.

Judging from the featureless remotely sensed spectra of Mercury, most rocks that
crystallized from the molten magma ocean are covered with a layer of regolith, powdered
rock generated by the intense crushing and heating of material at impacts of asteroids and
comets. In the inner solar system, all rocky bodies without an atmosphere have probably
developed this surface layer as impact processes are generally occurring. Exceptions to
this rule may be geologically young, recently shattered asteroids. On the Moon, dark
maria generally have regolith depths of a few meters, while highlands are covered in a
layer several tens of meters thick. The extent of the regolith is probably at least this thick
on the surface Mercury.
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Figure 4.1: Optical to near-infrared bidirectional reflectance spectra of possibly occurring
minerals on Mercury, used in the spectral modelling in Papers III and VI. For olivines
and pyroxenes, solid lines represent Mg-rich end members and dashed lines Fe-rich end-
members. Note the dramatic drop in reflectance due to increasing ferrous iron in these
minerals. The absorption bands for Ca-rich clinopyroxenes are shifted towards longer
wavelengths than for the Ca-free orthopyroxenes. For the high reflectance plagioclase
feldspars, albite is the Na-rich end-member and anorthite the Ca-rich end-member in their
solid solution series. Within each mineral group, similar grain size soils are compared.
Spectra are from Clark et al. (1993) and Cloutis and Gaffey (1991).
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Chapter 5

Regolith maturation and the Lucey
model

The surface of an airless rocky body is constantly exposed to energetic processes (pho-
tons, solar wind particles, impacts) in the interplanetary medium and is gradually altered
in terms of chemistry and texture, processes known collectively as space weathering or
maturation. For bodies like Mercury and the Moon understanding these processes are of
fundamental importance for correct interpretation the properties of their surfaces. The
generally adopted conceptual model of the aging process of a silicate surface is due to
Hapke (1975) and Rava and Hapke (1987).

In the maturation process, SMFe particles (typically a few to a few tens of nm in
size) are produced by reduction of ferrous iron in mafic silicates in a vapor-deposition
reduction process (e.g., Hapke 2001). The vapor is generated by solar wind sputtering
and micrometeorite impact vaporization, though for Mercury the latter effect is about 100
times more efficient due to solar wind standoff by the magnetic field. The ferrous iron
in the host minerals is reduced due to the selective loss of oxygen which occurs at the
deposition of the vapor. Other important aspects of the maturation process are decreasing
grain size and accumulation of complex glass-welded particles known as agglutinates.
These are formed by energetic impact processes and would both, in the total absence of
any form of iron, increase the spectral reflectance of a maturing regolith due to decreased
volume absorption in small non-opaque grains and increased number of particle fractures
and voids acting as internal scatterers.

Maturation has observable effects on the optical spectrum, the shape of which is
controlled by three components (Fig. 5.1): (i) mafic silicate minerals containing ferrous
iron responsible for spectral absorption, increased abundance of which decreases the re-
flectance, (ii) submicroscopic metallic iron (SMFe) produced during maturation, which
decreases the reflectance and increases the spectral slope (reddens the spectrum), and (iii)
dark opaque spectrally neutral phases such as ilmenite (FeTiO3) or magnetite (Fe3O4),
which decreases both the reflectance and the spectral slope.

The contrasting spectral effects of opaque phases and mafic minerals was used by
Lucey et al. (2000 and references therein) to develop an empirical model to derive the
abundances of FeO and TiO2 for the Moon. This was accomplished through measure-
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Figure 5.1: The spectral model for a silicate regolith of an air-less body, illustrating the
two perpendicular trends which affect the refelctance and the spectral slope. The effects
of increased maturation (which lowers the reflectance and increases the spectral slope)
and increased FeO abundance (which lowers the reflectance) is contrasted by increased
abundance of spectrally neutral opaques (which lowers the reflectance and decreases the
slope). Adapted from Robinson and Lucey (1997).

ments of the chemical composition of returned lunar soils and observations of their effects
on remotely sensed lunar spectra from the Clementine spacecraft (akin to Figs. 5.2 and
5.3). The abundance of FeO was found to closely relate to the value of the continuum bidi-
rectional reflectance (at 750 nm) and the strength of the mafic aborption band (expressed
as the reflectance at 950 nm divided by the reflectance at 750 nm), while the abundance
of TiO2 was similarly related to the continuum reflectance and the blue spectral slope (the
reflectance at 415 nm divided by the reflectance at 750 nm).

Blewett et al. (1997) used an earlier version of this model to derive values for the abun-
dances of these oxides on Mercury using the spectra available then, and found FeO+TiO2 <4
wt%. In paper III, the Mercury spectrum acquired in 1999 was calculated for standard
geometry and interpreted with the finally developed Lucey model in terms of FeO. In
paper VI, David Blewett and I used the extended spectral range (from the 2002 spectra)
to similarly calculate the FeO and TiO2 abundances. For ferrous oxide, the new Mercury
spectra indicate highly negative abundance values when the Lucey method is applied,
while for titanium dioxide the concentration is indistinguishable from zero. The abun-
dance of FeO is inferred to about <2 and ∼1 wt% from direct comparison with spectra of
lunar anorthosites and spectral models, respectively, while for TiO2 the concentration is
inferred to be near zero with both methods.
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Figure 5.2: The ultraviolet–optical properties of returned lunar soils and Clementine re-
motely sensed lunar spectra in relation to the NOT spectrum of Mercury (M). Lunar maria
and highlands follow two different, approximately linear relations in this plot. From Paper
VI.

Figure 5.3: The optical to near-infrared properties of returned lunar soils and Clementine
remotely sensed lunar spectra in relation to the NOT spectrum of Mercury (M). Spectra
with increasing maturity (SMFe content) follow lines radiating towards the lunar opti-
mized origin, while increasing FeO abundance increases the angular measure θFe. From
Paper VI.
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Chapter 6

Implementation of Hapke’s light
scattering model

The spectral modelling performed in Papers III and VI, and the photometric modelling
performed in Paper V, is based on the light scattering theory for particulate media of
Hapke (1993a, 2001, 2002). There are other photometric models (e.g., Lumme and Bow-
ell 1981, Starukhina and Shkuratov 2001), but Hapke’s was selected due to the relation of
its parameters to physical observable quantities, its widespread use and the wide range of
laboratory measurements that have verified its predictions. The reader is referred to the
above references for an in-depth description of the theory; a brief review is also given in
Hapke (1993b). Here, the main points of its implementation in the present work will be
described.

The calculation of the properties of a regolith is centered on the expression for the
bidirectional reflectance,

r(i, e, g) =
w
4π

µ0

µ0 + µ
[(1 + B(g))p(g) + M(µ0, µ) − 1]S (i, e, g, θ̄). (6.1)

Here, i, e, and g are the incidence and emission angles of the radiation and the phase
angle, respectively, w the particle single scattering albedo, µ0 = cos i, and µ = cos e.
M(µ0, µ) is the improved model for multiple scattering of Hapke (2002). In the appli-
cation of this model, use is made also of the improved second-order approximation for
the Ambartsumian-Chandrasekhar H functions which enter in the M term to correct for
varying photometric geometries. The H functions are given by

H(x) ≈
[

1 − wx

(

r0 +
1 − 2r0x

2
ln

1 + x
x

)]−1

(6.2)

where x is either µ0 or µ, and r0 is the diffusive reflectance (Eq. 6.11).
For reasons discussed in Paper V, the double Henyey-Greenstein phase function was

selected to represent non-isotropic single particle scattering,
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p(g) =
1 + c

2
1 − b2

(1 − 2b cos g + b2)3/2
+

1 − c
2

1 − b2

(1 + 2b cos g + b2)3/2
. (6.3)

Here, b ∈ [0, 1] describes the angular width of the scattering lobes (b = 0 for isotrop-
ically scattering particles), and c the amplitude of the backscattered lobe relative to the
forward scattered lobe (c > 0 for back scattering particles). In this two-parameter form,
the scattering lobes are assumed to be equally wide.

The contribution from surface roughness is described with the shadowing function
S (i, e, g, θ̄). It corrects the measured bidirectional reflectance for a smooth surface to the
reflectance of the same surface characterized by a mean slope (photometric roughness)
angle θ̄, which is a measure of the surface texture at a resolution that is below the detec-
tor limit. Generally, roughness will decrease the brightness of a particulate surface and
is especially important for high phase angles where shadows hide much of the surface.
Helfenstein and Shepard (1999) showed that the photometric roughness is characterized
by physical structures at a size scale of about 0.1–80 mm.

The surge in reflectance at opposition is described by

B(g) =
B0

1 + (1/h) tan(g/2)
, (6.4)

where increasing h widens the angular extent of the opposition surge and B0 controls the
amplitude of the shadow-hiding opposition effect. B0 is interpreted as the ratio of light
scattered at zero phase from near the illuminated surface of a particle relative to the total
amount of scattered light. Contributions to the opposition effect other than shadow-hiding,
such as coherent back scattering, may be included by increasing the value of B0 to above
unity.

In Papers III and VI, model spectra of matured (weathered) terrestrial mineral pow-
ders, returned lunar soil, lunar anorthosite deposits and Mercury were calculated from
pure unweathered bidirectional reflectance spectra of silicate minerals measured in the
laboratory (Fig. 4.1; Clark et al. 1993, Cloutis and Gaffey 1991). In short, the procedure
is as follows. For each host mineral, the absorption coefficient α was calculated from the
bidirectional reflectance r via the known or estimated average grain size D, real part n
of the complex refractive index, internal scattering coefficient s, and viewing geometry
i, e, g. From the value of n, the Fresnel coefficients S e and S i (representing particle sur-
face reflectivities for externally and internally incident light, respectively) were computed,
which together with w allowed calculation of the particle internal transmission coefficient
Θ. From the albedo factor γ, obtained from the relative reflectance Γ, and the assumed
value of s and D the absorption coefficient α was obtained. To simulate maturation, the
absorption coefficient of metallic iron αFe was then added to that of the unweathered
host grain αh to obtain the absorption coefficient of the weathered grain αw. αFe is cal-
culated from the measured complex refractive index of iron measured by Johnson and
Christy (1974). At this stage, the above procedure was inverted to arrive at the simu-
lated reflectance rw of the matured regolith, using new values of any of the intermediate
parameters if required.
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In the actual fitting to the observed spectrum, the above procedure was iterated by
varying D, s, the abundance and mode of occurrence of the metallic iron (in grain coatings
or volumes), and in the case of binary regolith models, the relative proportion of the
host minerals. The iteration was continuted until a satisfactory fit between model and
observed spectrum was found in a root-mean-square sense. For the spectral models of
Paper VI, parameter values for w, h, B0, b, c, and θ̄ derived from integral phase curve and
disk-resolved image data in paper V were used. This was motivated from modelling of
remotely sensed lunar anorthosite spectra, for which physically realistic parameter values
could not be obtained with the assumption of a smooth and isotropically scattering surface
without opposition effect.

The ratio of the bidirectional reflectance of the sample to that of a standard surface
(having w = 1, p(g) = 1, and B(g) = 0) may be interpreted as the relative reflectance Γ,

Γ(i, e, g) =
r(i, e, g)sample

r(i, e, g)standard
=

4π(µ0 + µ)
µ0

r(i, e, g)sample

H(µ0,w = 1)H(µ,w = 1)
, (6.5)

where µ0 = cos i, µ = cos e. This expression is used to solve for w.
In the case of particles that are in contact and are large relative to the wavelength, as in

a planetary regolith, the extinction efficiency QE = 1, thus w = Qs/QE = Qs/(Qs +QA) =
Qs, and the diffraction component to the scattering efficiency Qs can be ignored. The scat-
tering efficiency is the total fraction of incident light that emerges from an isotropically
scattering particle, while QA is the absorption efficiency. The single scattering albedo is
then related to the Fresnel coefficients and Θ through

w = Qs = S e + (1 − S e)
1 − S i

1 − S iΘ
Θ. (6.6)

Generally, Θ is the internal transmission coefficient of the particle (Eq. 6.10), and in the
case of s = 0, the single-pass transmission coefficient (Eq. 6.9). The Fresnel surface
reflection coefficients are given by

S e =
(n − 1)2 + k2

(n + 1)2 + k2
+ 0.05 (6.7)

S i = 1 −
4

(n + 1)2
, (6.8)

which are valid approximations for k << 0 and 1.2 ≤ n ≤ 2.2, but here we assume k = 0
since we are dealing with nonmetallic silicate host materials.

For s = 0, as found for all remotely sensed spectra, no internal scatterers are present
in the grains and only internal absorption α influences the transmission coefficient, which
is obtained through
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Θ = e−α<D>, (6.9)

where < D > is the mean photon path length (effective particle thickness).
For s > 0, as in the case of mechanically crushed mineral powders, scattering occurs

within the grains or near their surfaces. Θ is then obtained through

Θ =
r0 + e−<D>

√
α(α+s)

1 − r0e−<D>
√
α(α+s)

, (6.10)

where the diffusive reflectance is

r0 =
1 − γ
1 + γ

=
1 −
√
α(α + s)

1 +
√
α(α + s)

. (6.11)

The submicroscopic iron is allowed to be concentrated in coatings of grains or dis-
tributed throughout their volumes by use of the appropriate expression to calculate αw. In
the case of iron in coatings, αw is increased relative to the case of iron in volumes due to a
multiplicative factor to Θ, thus decreasing the derived reflectance. This is true whether or
not internal scatterers are present. A non-zero s increases the reflectance while decreas-
ing the slope of the spectrum. The abundance of submicroscopic iron and the grain size
similarly affect the reflectance and their effects are thus not possible to separate without
prior knowledge.

Particles with complex structures or surface fractures are taken into account with a
non-zero value for s to simulate internal scatterers. In the study of various mixtures
performed in Paper VI, it was found that laboratory prepared powders often required the
introduction of a large value of s, while the natural powders (lunar soil, remotely sensed
lunar and mercurian spectra) required only a very small or zero value for s. This difference
may be due to the action of mechanical grinding at the particle surface and has been noted
by other authors.

For binary minerals, both areal and intimate mixing is allowed. The reflectance of an
areally mixed regolith is simply the weighted areal surface coverage of the reflectances
for the components, and is a good approximation for dark surfaces or when the surface is
composed of discrete patches of pure components. In the calculation of the reflectance for
an intimately mixed regolith, the single scattering albedos are added by weighting with
their relative cross-sectional areas to give the bulk w. The corresponding bulk expressions
for the regolith phase function, opposition effect width and amplitude, and single parti-
cle scattering function are similarly computed from the area-weighted expressions and
relative abundances for each component.
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Chapter 7

Summary of papers

7.1 Paper I

At the time of initiation of the multispectral mapping project of Mercury, the best-resolved
observations of its optical surface of the poorly known hemisphere were those made by
skilled visual observers which, in conjunction with limited photographic information,
formed the basis of the IAU albedo map (Dollfus 1978). There was thus great potential
in improving this map, showing only ill-defined albedo regions, by use of short exposure
CCD imaging and a telescope that had proven to deliver sharp planetary images (the
SVST).

To accomplish this, Mercury was imaged during daytime at five maximal elongations
from the Sun, at which their angular separation ranged from 18◦ to 25◦. To ”freeze” atmo-
spheric seeing motions, very short exposure times (25–300 ms) were used in combination
with wide-band photometric and intermediate-band interference filters. From this exer-
cise, 250 000 images were obtained, out of which 140 were selected for detailed analysis.
These were not easily acquired however – though La Palma is a very good observing site,
the low altitude of Mercury or turbulent daytime skies typically allowed top-quality data
to be obtained for only a limited time one or two days per week.

The resulting map, obtained after image enhancement and geometric navigation and
rectification, spans almost the complete globe of the planet at a maximal spatial resolution
of 200 km. The diffuse albedo pattern of the IAU map was resolved into distinct white
spots, overlying a darker and more homogeneous background. Based on a comparative
analysis of the Mariner 10 spatially high-resolved map of 45% of the surface, we found
that about 70% of the previously unknown features were geologically young ray craters,
and that there was no statistical difference between the distributions of features on the
poorly known and well known (from Mariner 10) hemispheres. Thus, it seemed that the
planet as a whole was remarkably uniform, that similar surface processes had affected all
parts of the planet, and that no geological dichotomy expressed through color differences,
as in the case of lunar maria and highlands, was present. It was found that the very
bright and young ray crater Kuiper, the brightest feature in Mariner 10 imagery, was truly
atypical for the whole surface and thus perhaps the youngest crater on the planet (Fig. 7.1).
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Figure 7.1: Morphological parameters of individual surface features on the albedo map
compiled from observations with the Swedish Vacuum Solar Telescope, based on intensity
measurements. The circled dots are ray craters while the squared dots are other bright
patches, as identified from Mariner 10 image data of the well-known hemisphere. The
most outlying circled dot in all panels is the bright crater Kuiper, which is shown to be an
atypical structure for the whole planet. From Paper I.

7.2 Paper II

Paper II was a natural continuation of work on the observational data that was acquired
with the SVST. Here, the specific focus was on color properties of the surface, specifically
its integral and disk-resolved spectrum, and color variations between albedo features.

Photometric flux calibration enabled the construction of a spectrum of Mercury’s in-
tegrated disk for the wavelength interval 650–940 nm. The spectrum was very similar in
shape and slope to the previously published spectrum of Mercury due to Vilas (1985). As
such, it confirmed that the spectral slope was stronger than for the Moon. It also confirmed
the previously suspected absence of an absorption band around a wavelength around 1000
nm. However, there was still a small possibility that a shallow band could hide within the
error bar of the 940 nm data point, and confirmation of the results with low-resolution
spectroscopy was urgently needed.

The integrated disk spectrum also allowed extraction of spectra for individual resolved
surface features, which had not been accomplished previously. This exercise revealed that
spectral variation across the disk was undetectable even for the very brightest and darkest,
and thus presumably the compositionally most different, albedo features. Furthermore,
a ratio image analysis showed that there was no sign of any variation in the strength of
absorption in the 940 nm filter band. At this wavelength any spectral variation would be
maximal, and not necessarily spatially correlated with the locations of extreme albedo
features. Both of these results showed that the surface is chemically very homogeneous,
and that still higher spatial resolution, in combination with higher signal-to-noise ratios,
is required to unravel the colors of Mercury’s regolith.

However, the most important finding from the SVST image data is probably the un-
expectedly pronounced relation between the spectral slope and the photometric geometry
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Figure 7.2: The relation between spectral slope and photometric geometry for mercurian
surface features, as expressed through the emission angle (a value of zero indicates that
the emitted irradiance is observed in the direction of the surface normal). Circles rep-
resent bright features and squares dark features. The crosses, stars and triangles are the
corresponding relations measured from laboratory spectra of returned lunar soils. From
Paper II.

(Fig. 7.2). It’s effect on the spectrum of the surface is such that, as the emission angle
(between illuminating irradiance and surface normal) increases and the incidence angle
(between surface normal and observed radiance) decreases, the spectral slope increases.
There is currently no consistent similar data set available for the Moon to compare this
effect, but laboratory measurements of reflectance spectra of different returned lunar sam-
ples indicate that the same relation, though much subdued, also exists for the Moon. Un-
doubtedly, the relation is due to the effects of microscale structure and chemistry of the
regolith grains. Two inferences on the optical behavior of the mercurian particles could be
made: they are more backscattering than their lunar counterparts, and the backscattering
efficiency increases with wavelength.

7.3 Paper III

One thing the SVST observations could not provide was sufficient spectral resolution.
A few-point spectrum of Mercury had revealed a great many intriguing details, but to
specifically study the presence or absence of absorption bands required a spectrum with
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many more wavelength points. Also, it was clear that a higher signal-to-noise ratio of the
spectra was required to detect the presence of a possible, very shallow, absorption due to
iron-bearing silicate minerals.

For this purpose, low-resolution spectroscopic observations with the ALFOSC at NOT
were performed in 1999. The observing conditions were even more demanding than
previously. This was apparent also prior to the actual observations at the request for
observing time. The response from the major European research facility for observational
astrophysics stated that such observations were technically impossible to perform, but
that a renewed request was welcome after proving with someone else’s telescope that
such observations were possible. Naturally, the excitement of the NOT staff was great to
try out such novel observations, and I am happy to have had only positive contacts with
this user-friendly and visionary establishment.

As is the case with ordinary telescopes, and unlike the case with the SVST, Mercury
had to be observed after the Sun had set, in a twilight sky, but before it reached an altitude
of 6 degrees while setting. That implied a stressing 45 available minutes, to say the
least, especially since the nearby calibration star had to be intermittently observed as
well. The net result of the extensive reduction of the data were a whole new set of 85
nearly identical, totally featureless, completely linear spectra. I was quite surprised to
find no sign whatsoever of the mafic 1-µm absorption band, which I had suspected to be
detectable as a very shallow feature, though well below the 4% contrast level (Fig. 7.3).
What information could possibly be extracted from such a spectrum, totally unlike that of
any other known object?

It was now clear that if any ferrous iron was present, as it had to be, the concentration
was either way below the presently best upper estimate of 3-6 wt%, or it was effectively
masked by metallic iron absorption. Comparison with lunar spectra implied an abundance
of < 3 wt% FeO, probably considerably less. The abundance of metallic iron was inves-
tigated with Hapke’s (2001) model using single and binary component mineral mixtures
matured with iron concentrated in grain coatings. For the range of grain sizes that were
considered as probable on Mercury a maximum concentration of 0.3 wt% SMFe was de-
rived. Both the ferrous and native iron abundances are small enough to have been possibly
delivered by meteoritic material, implying that Mercury’s original surface may have been
nearly totally iron-deficient, possibly enstatitic in composition.

Another important aspect of these disk-resolved spectra was the verification of the
spectrophotometric result of Paper II of the relation between the spectral slope and pho-
tometric geometry. The SVST data were also given a fresh look in response to the sug-
gestion by Noble et al. (2001) that the spectral slope would increase with latitude due to
a temperature maturation effect within grains as SMFe particles merge and grow larger,
and the predicted effect was confirmed.

7.4 Paper IV

In what may seem as an intruder in the flock, this paper somewhat deviates from the red
line of regolith properties of Mercury that is hopefully apparent in the others. It does
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Figure 7.3: The optical to near-infrared spectrum of the average Mercury corrected to a
standard viewing geometry, after combining data from the 1999 and 2002 observing runs
at the Nordic Optical Telescope. The spectrum is fully linear, with no sign of any ferrous
absorption band near 0.9µm. From Paper VI.

have physical implications for the surface however, though the main emphasis is on the
dynamical evolution of objects with orbits similar to Mercury’s.

The original intent of the numerical integration was to determine the possibility of
stable satellite orbits around Mercury. This has been investigated analytically and found
to be probable (e.g. Horeth 1976 and Rawal 1986). Our approach was a numerical in-
tegration simulation using the RADAU integrator. We launched a very large number of
mass-less particles on orbits very similar to Mercury’s in a solar system model incorpo-
rating the eight major planets. We found that some hermeocentric orbits are indeed stable
for long periods of time. Our integration of these objects were continued 4.5 million years
during which highly eccentric objects in retrograde orbits with orbits less than 30 mer-
curian radii remained stable, while for prograde satellites only circular orbits out to this
radius are comparatively stable (Fig. 7.4). This is a sufficiently long time scale, longer
than the characteristic timescale of variations of Mercury’s large free eccentricity, that we
may say with confidence that satellites of Mercury are possible.

The reason that retrograde satellites (moving in a direction opposite to the direction
of its primary, the opposite to prograde motion) are more stable is purely dynamical (e.g.,
Henon 1969). As seen relative to the Sun, a prograde natural satellite (like the Moon)
has a higher orbital velocity than the planet when it is at its furthest point from the Sun
in its orbit. An object in heliocentric orbit with the corresponding velocity vector at that
point would be at perihelion, the closest point to the Sun, and have a maximal orbital
velocity, which is greater than that of the planet’s for the corresponding distance to the
Sun. Therefore, the satellite is dynamically prone to escape the planet’s gravitational
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field if subjected to small perturbations acting in the proper direction. A satellite with
a retrograde orbit on the other hand has a lower velocity than the planet’s at the same
distance from the Sun, and is therefore stable to greater planetary distances.

We also find, somewhat surprisingly, that the dynamical influence of Mercury on ob-
jects with a specific range of orbital elements is large enough to capture them intermit-
tently in Trojan-like horseshoe orbits. Trojans with tadpole orbits revolve about the Sun
at the same average solar distance as the planet, but circulate around the gravitationally
stable L4 and L5 points located 60◦ ahead and behind the planet in its orbit. An object
in a horseshoe orbit travels not only around the L4 and L5 points, but ”through” the L3
point as well, which is located on the opposite side of the Sun relative to the planet at
the same solar distance. In the co-moving reference system of the planet, the object ex-
ecutes a very long banana-shaped orbit which never passes the line of the Sun and the
planet. The Earth has a recently discovered ”co-orbiter” in a Trojan-like horseshoe orbit
(Connors et al. 2002), like the simulated objects we found interacting dynamically with
Mercury. However, for the case of Mercury, its gravitational influence is so weak that
the simulated objects do not always behave as a ”normal” horseshoe orbiter would, but
may miss the expected turning points close to the planet, as well as temporarily escape
the horseshoe orbit to execute an heliocentric orbit. We did not find any tadpole object,
perhaps due to the selection of initial parameters, that was more deeply bound to the L4 or
L5 Lagrangian points at the 1:1 resonance, as is the case for the overwhelming majority
of Jupiter Trojans.

Except for the prediction of the possible future discovery of a small satellite of Mer-
cury, we made another finding which has implications for the physical understanding of
Mercury and its evolution. Due to its small mass, the planet has very limited ability to get
rid of impact debris which move out of the planet’s gravitational field with minimal veloc-
ities following an impact on its surface. Such particles will travel slowly with respect to
the planet and will most likely be trapped in the 1:1 mean-motion resonance which is also
the culprit of horseshoe Trojans. In such orbits, they will be very difficult for Mercury
to scatter gravitationally, implying that sooner rather than later they will reimpact with
the planet. Furthermore, dissipative forces (primarily solar radiation pressure, Poynting-
Robertson drag and Yarkovski forces) that are important for particle sizes (mm and larger)
that are predominantly responsible for the regolith mixing process have dissipation time-
scales that are orders of magnitude larger than typical resonance periods, and are thus not
important for the depletion of such particles in 1:1 resonant orbits. The intensity of this
particle rain is incomparably greater than for any other major planet due to Mercury’s
small size and small orbit, and only about 100 times less than the density due to a similar
impact on Phobos, one of the minor moons of Mars. This is of interest, since we know that
the surface of Phobos has been completely turned-over and remixed a number of times
throughout the age of the solar system. Similarly, objects reimpacting on Mercury might
have been frequent enough to be important for the evolution of its initial crust in the post
major bombardment era, a situation that is in stark contrast to the situation for the other
terrestrial planets.
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Figure 7.4: The first 100 days of orbital trajectories for several test particles in the nu-
merical study of the stability of hermeocentric orbits. The lower right panel illustrates a
retrograde particle with an orbit stable in excess of 4.5 million years. From Paper IV.

7.5 Paper V

In the preparation of the final paper, Paper VI, the interesting question of the relative
albedos, or reflectances, of Mercury and the Moon arose. This question has a direct
influence on the mineralogical interpretation of their spectra. Therefore, a study of this
fundamental and apparently unresolved issue was made. It also involved a review of
previous work made by other authors on the photometric parameters of their surfaces
derived from Hapke’s theory.

In this investigation the integral phase curve of the Moon and Mercury, as well as
disk-resolved image data obtained with the SVST for all surface longitudes, was used to
contrast the light-scattering properties of the two surfaces, using exactly the same method
of data analysis in a consistent fashion for both bodies. Thanks to the unequalled coverage
for the phase curve observations of Mercury by Mallama et al. (2002) it was revealed that
its scattering properties could not be reconciled with other than a low surface roughness.
The determined best-fit value for this parameter, θ̄ ∼ 8◦, was about half of previous
determinations from other data sets, integral and disk resolved, with inferior phase angle
coverage. The low value was confidently restricted by the large brightness of Mercury
for the largest available phase angle observations, and could not be accounted for by the
actions of other model parameters.

However, the value of θ̄ is a measure of the specific texture of the surface observed
at the highest phase angles, which in this case may be identified (from Mariner 10 data)
with smooth plains. The characteristics of these surfaces are probably close to those for
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lunar maria, for which the surface roughness has been shown to be smaller than for the
highlands, constituting 84% of the lunar surface. Other model parameters, e.g., those
describing the single-particle angular scattering function, are more heavily influenced by
observations at more intermediate phase angles. Therefore, high and intermediate phase
angle magnitudes are determined for different surfaces with different properties, implying
that each part of the phase curve is characteristic of a specific surface area only (increas-
ingly true for high phase angles). This is possibly reflected in the fact that determinations
of θ̄ vary by a factor of 2 over the surface.

Also the lunar nearside, for which a considerably more limited phase angle range
has been photometrically observed, was best explained by a low value for the surface
roughness, though not as low as for the mercurian surface. However, for the present best
data sets, dating back to Rougier and Lane & Irvine in 1933 and 1973 respectively (!), this
parameter cannot be well constrained. Values greater than 25◦ are difficult to reconcile
with the general shape of the integral phase curve, as well as implying unrealistic values
for the other parameters.

Turning back to the initial question of the relative brightness of the two bodies, it
was approached by scaling the absolute magnitude observations to that of a body with
the same physical size, thus working around the fact that that Mercury is 40% larger
than the Moon. This simple exercise showed that, contrary to general opinion (possibly
originating in the calibration of the Mariner 10 vidicon camera), the nearside of the Moon
is brighter than the average Mercury in the V-band. The difference is 10-15% over the
range of phase angles that are well observed for both bodies. Over the wavelength range
for which we have accurately calibrated spectra of the two objects, 400-1000 nm, the
average reflectance of the Moon is only marginally higher, if not similar to, Mercury.
This is due to the stronger spectral slope and the absence of the mafic absorption band of
the latter.

With the photometric modelling, the strong backscattering effect of Mercury found
in Paper II was confirmed, and the amplitude of the backscattering lobe relative to the
forward scattering lobe shown to be about 50% greater in the V-band for Mercury than for
the Moon (Fig. 7.5). Given the caveats discussed above, the mercurian surface seem to be
more consistent with the light scattering properties of the lunar maria than the highlands,
both in terms of bidirectional reflectance and the single-particle scattering parameters.

7.6 Paper VI

New spectroscopic observations of Mercury were made July 2002, with the aim of study-
ing the blue wavelength range shortward of that acquired in 1999. Selected lunar targets
and the asteroid Iris were also observed for the specific purpose of validating the mer-
curian spectra, and was the first time such quasi-simultaneous observations of Mercury
and the Moon were made. This proved very valuable in checking the accuracy of the
reduction procedure. Again, the spectra were linear and featureless for the wavelength
range 400-650 nm. From the modelling performed for Paper III, I was expecting to see
a deviation from linearity at wavelengths shorter than about 500 nm due to the rapidly
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Figure 7.5: A comparison of the particle angular scattering function parameters for Mer-
cury (boxes) and the Moon (stars and triangles) found in Paper V. A low value of b implies
wide scattering lobes, and a high value of c a pronounced back scattering lobe. Circles
represent two solutions for Mercury with a limited phase angle coverage (Veverka et al.
1988), and acronyms the range of particle types studied by McGuire and Hapke (1995).
The scattering parameters of Mercury are more representative of lunar maria (black, filled
symbols) than lunar highlands (white stars), as well as a higher concentration of internal
scatterers in its regolith particles.

increasing absorption coefficient of metallic iron, which would lower the reflectance.
Together with David Blewett, we performed a renewed (cf. Paper III and Blewett et al.

1997) study of the mercurian spectrum with respect to the abundances of TiO2 and FeO
based on the Charette (1974) and Lucey et al. (2000) relations calibrated for the Moon.
The mercurian surface was found to be very different from the lunar, also in relation to
the most probable lunar composition analog, pure anorthosite deposits. This provided a
qualitative measure of the difference between the two bodies, and though the derived TiO2

abundance was determined to be indistinguishable from zero, the determination for FeO
did not make sense. This is undoubtedly due to the fact that the model is not generally
applicable since it is calibrated using data for the Moon.

The spectral model of Hapke (2001) was used to interpret the spectrum in terms of
mineralogy, with several improvements relative to the study in Paper III. For instance,
the iron particles were allowed to reside both within coatings of singular grains and in
volumes of more complex glassy agglutinates, intimate mixing of regolith components
was included and physically reasonable photometric parameters derived in Paper V were
used rather than assuming a smooth, isotropically scattering surface. Furthermore, spectra
of laboratory matured minerals and lunar soil, and remotely sensed spectra of immature
and mature pure lunar anorthosites were modelled in parallel with the Mercury spectrum.
This provided a solid basis for parameter selection and interpretation of the results for
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Figure 7.6: Models of a combined optical to near-infrared spectrum from the NOT and
the 1972 near-infrared spectrum of McCord et al. The best fit is provided by an intimately
mixed binary regolith consisting of of 75% labradorite and 25% enstatite. This model
assumes moderately increasing particle backscattering efficiencies, a grain size of 30 µm
and submicroscopic metallic iron distributed in grain coatings. From Paper VI.

Mercury.
From a large number of models based on terrestrial rock-forming silicate minerals, the

most probable composition for Mercury was determined as a mixture of predominantly
calcium-rich feldspar (labradorite) and a minor iron-poor pyroxene (enstatite) component
(Fig. 7.6). This mineralogical composition matches the results form the chemical study
as well as infrared and microwave measurements, and allows for an abundance of nearly
zero TiO2 and about 1.2 wt% FeO. The abundance of SMFe cannot be uniquely deter-
mined since it is coupled to the average grain size. However, cosmogonical reasoning and
estimates of the importance of meteoritic infall limit the minimum abundance of metallic
iron to about 0.1 wt%, reduced from an original abundance of about 1 wt% FeO assuming
lunar efficiency of this process (which is probably low relative to Mercury). The cor-
responding grain size that correctly explains the bidirectional reflectance value is then
30 µm. This is about half of the lunar value and is consistent with both the lunar soil
evolution model and estimates from thermal infrared spectroscopy.

The results from Papers II and V concerning the strong backscattering property of
the mercurian soil were possible to investigate with respect to wavelength with the more
advanced spectral model. The strong slope of Mercury’s spectrum was not explainable
other than assigning a dependence on wavelength for the magnitude of the backscattering
lobe of the single-particle angular scattering function (i.e., c = c(λ)). The models required
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at least a 40% increase per 1000 nm for this parameter, while all lunar models could be
explained with a constant backscattering amplitude. This empirical result needs to be
studied further and interpreted physically in terms of the optical properties of matured
grains in a natural regolith.
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Chapter 8

Future work

There are a number of ways in which the research performed here may be naturally con-
tinued, which apply to the properties of both Mercury and the Moon in the optical and the
near-infrared. These are a few possibilities:

• The available image data from the SVST may be used to construct an improved
albedo map of Mercury using seeing and Hapke modelling. This may be a possible
way to reduce the effects of strong limb gradients and somewhat increase the areal
coverage.

• Imaging of Mercury with higher angular resolution and signal-to-noise ratio in well-
selected wavelength bands may be conducted with the new 1-m Swedish Solar
Telescope, to better explore and quantify the poorly known hemisphere as to the
nature of albedo features, color variation of the surface, identification of geologic
provinces, and light scattering properties of resolved surface regions.

• Spectrocopic or multicolor photometric observations of Mercury with higher spatial
resolution and signal-to-noise ratios to establish the nature of its reflectance–color
ratio relationships and allow a direct comparison to the Moon. Also, studies of
the spectral properties as a function of observing geometry and latitude, and the
composition of individual geologic units, would be possible.

• Integral and disk-resolved photometry with improved signal-to-noise ratio and wave-
length coverage for both bodies, and for a greater phase angle range for the Moon,
to derive better constrained values for their photometric parameters.

• A study of the Moon, connected to the above, dedicated to the relation of spectral
shape on observational geometry for a range of surface areas with different compo-
sition, selected to be both highly different from, and close analogs to, the mercurian
surface. This may provide insight into the different properties of the grains on their
surfaces.

• Disk-resolved polarimetric studies of both bodies, a largely unexplored field for
both Mercury and the Moon, to gain information on microscale properties such as
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grain size and compare the results to laboratory measurements of real particles and
soils.

• Extension of the spectral coverage further into the near-infrared wavelength where
absorption features are possibly more prominent, a largely unexplored field for Mer-
cury. This may provide a unique opportunity to better constrain the surface com-
position, especially since comparable spectroscopy of the Moon is available for
comparison.

Ground-based observational studies of Mercury with accompanying model interpre-
tation as those described above must of course be viewed in the context of results from
other studies that are in progress. These include detailed characterization of returned lu-
nar soil samples, thermal infrared spectroscopy, exospheric emission variability, radar and
microwave observations, and similar studies of the Moon, both ground-based and from
lunar orbit. In this sense, future spacecraft such as Smart-1 to the Moon and Messenger
and BepiColombo to Mercury will greatly improve our knowledge of many aspects of
these two bodies. In preparation for the Mercury missions, much can still be learned from
ground-based studies. Specifically, thermal infrared observations will not be possible to
perform from other than Earth-based facilities for a long time. Perhaps, this is the wave-
length regime that holds most promise for the future in our attempts to understand the
enigmatic nature of Mercury.
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