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Note for the reader 
Chapters 4, 7, 8, 9, 10, 11, 12 and 13 have been written in the form of scientific papers. 
All the results described in the thesis have been already presented at international conferences.  
 
Chapter 4 from: 
Laboratory analysis (reflectance spectroscopy) of terrestrial analogues, published on the 
Encyclopedia of lunar science, pp. 1-9 
 
Chapters 7 and 8 from:  
Spectral variability of plagioclase-mafic mixtures 1): effects of chemistry and modal abundance 
in reflectance spectra of rocks and mineral mixtures, published on Icarus, 226, 282-298. Paper 
selected for the “virtual issue on the surface composition of the moon”, Icarus 
Spectral variability of plagioclase-mafic mixtures 3): quantitative analysis applying the MGM 
algorithm, published on Icarus, 254, 34-55 
 
Chapter 9 from: 
The role of very fine particle size in the reflectance spectroscopy of plagioclase-bearing 
mixtures: new understanding for the interpretation of the finest sizes of the lunar regolith. To be 
submitted on Icarus  
 
Chapter 10 from:  
Deconvolution of mixtures with high plagioclase content for the remote interpretation of lunar 
plagioclase-rich regions. Accepted on Icarus 
 
Chapter 12 from:  
Proclus Crater: a "fresh" view into the composition of lunar Highlands. To be submitted on Earth 
and Planetary Science Letters 
 
Chapter 13 from: 
Removal of atmospheric features in near infrared spectra by means of principal component 
analysis and target transformation on Mars: II. Application. Spectral classification and MGM 
analysis of Nili Fossae after Surface Atmosphere Separation (SAS).To be submitted on Icarus 
 
In chapters 7-10 and 12-14 we use acronyms as follows: 
Plagioclase: PL 
Pyroxene: PX 
Orthopyroxene: OPX 
Clinopyroxene: CPX 
Olivine: OL 
Others acronyms have been explicated through the text. 
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1. Introduction 
Among the Solar System’s bodies, Moon, Mercury and Mars are at present, or have been in the 
recent years, object of space missions aimed, among other topics, also at improving our 
knowledge about surface composition.  
The Moon is the natural satellite of the Earth and its surface is composed mainly of plagioclase, 
pyroxene, and olivine (Papike et al., 1991). Plagioclase, the principal constituent of the lunar 
surface, is widespread both in nearside and in farside. The lunar surface consists of a regolith 
layer that covers the underlying bedrocks (McKay et al., 1970); the lunar regolith, due to the 
absence of atmosphere on the Moon, is different from the regolith formed on the Earth. In 
particular, it is the result of different processes, e.g., impact of meteoroids and bombardments 
from the sun and the stars.  
Mercury is the innermost planet in the Solar System, and its proximity to the Sun made difficult 
its exploration. The recent Mercury Surface, Space, ENvironment, Geochemistry, and Ranging 
(MESSENGER, Solomon et al., 2001) mission, with different kinds of spectrometers onboard, 
evidenced a global depletion of FeO on the hermean surface. The featureless spectra can thus be 
explained with the presence of Mg-pyroxene, Mg-olivine and plagioclase (Izenberg et al., 2008; 
McClintock et al., 2008). A general enrichment in Na has been related to Na-richer plagioclase 
than plagioclase on the Moon (Evans et al., 2012). 
Pyroxenes are widespread on martian surface, as well as iron oxides, while olivine and hydrate 
minerals have been detected in restricted regions (Bandfield et al., 2002); the recent Compact 
<reconnaissance Imaging Spectrometer for Mars (CRISM, Murchie et al., 2007) results also 
showed the presence of locally distributed anorthosites (Carter and Poulet, 2013). Differently 
from the Moon and Mercury, Mars surface is mainly mafic and oxidized, and characterized by 
the presence of hydrated minerals and has an atmosphere dominated by CO2. 
Between the techniques to detect planet’s mineralogical composition, visible and near-infrared 
reflectance spectroscopy is a powerful tool, because crystal field absorption bands are related to 
particular transitional metals in well-defined crystal structures, e.g., Fe2+ in M1 and M2 sites of 
olivine or pyroxene (Burns, 1993). Thanks to the improvements in the spectrometers onboard the 
recent missions, a more detailed interpretation of the planetary surfaces can now be delineated. 
However, quantitative interpretation of planetary surface mineralogies could not always be a 
simple task. In fact, several factors such as the mineral chemistry, the presence of different 
minerals that absorb in a narrow spectral range, the regolith with a variable particle size range, 
the space weathering, the atmosphere composition etc., act in unpredictable ways on the 
reflectance spectra on a planetary surface (Serventi et al., 2014).  
One method for the interpretation of reflectance spectra of unknown materials involves the study 
of a number of spectra acquired in the laboratory under different conditions, such as different 
mineral abundances or different particle sizes, in order to derive empirical trends. This is the 
methodology that has been followed in this PhD thesis: the single factors previously listed have 
been analyzed, creating, in the laboratory, a set of terrestrial analogues with well-defined 
composition and size. 
In the literature, mafic minerals, as well as their mixtures, have been widely characterized from a 
spectroscopic point of view (Cloutis et al., 1986; Sunshine and Pieters, 1993; 1998; Klima et al., 
2007; 2011; Clenet et al., 2011; Isacsoon et al., 2011). On the contrary, plagioclase has been 
poorly analyzed. However, the recent discoveries about the plagioclase absorption band on the 
Moon make it fundamental to study plagioclase in more detail.  
The goal of the thesis is to improve the knowledge of the composition of planetary surfaces, also 
implementing spectral libraries with plagioclase-bearing mixtures. In particular, plagioclase with 
different iron content and mixtures composed with different content of plagioclase and mafic 
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minerals have been spectroscopically analyzed at different particle sizes and with different 
mineral relative percentages.  
The trends derived from terrestrial analogues here analyzed and from analogues in the literature 
have been applied for the interpretation of hyperspectral images of both plagioclase-rich (Moon) 
and plagioclase-poor (Mars) bodies. Important consideration about Mercury can also be proposed 
in the view of new results from the future missions. 
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2. Reflectance spectroscopy 
Reflectance spectroscopy has become a very valuable tool both in terrestrial and in planetary 
close range and remote sensing, for the identification of minerals; diagnostic absorption features 
of rock-forming minerals (e.g., pyroxenes, olivine and plagioclase) are located in the visible and 
near infrared (VNIR, 400-1300 nm) region of the spectrum. Spectral features in the VNIR are 
related to the presence of transition elements with partially filled d-orbitals in the mineral crystal 
structure. Fe is one of the most important transition elements for reflectance spectroscopy.  
Reflectance spectral features in the VNIR primarily result from electronic processes, while 
vibrational processes occur at slightly longer wavelength (Shortwave Infrared, SWIR, 1000-2500 
nm). Electronic processes include crystal field (CF) transition, inter-valence charge transfer 
(IVCT) and oxygen to metal charge transfer. In Section 2.1 and 2.2 we summarize the basic 
characteristics of the two interaction processes. Particular focus is given to the CF transitions of 
the principal rock-forming minerals, because they explain the rock-forming mineral absorption 
bands. 
 

2.1 Crystal field theory 
The CF theory can be applied to elements of the first transition series and describes the 
interaction between the orbital energy level of transitional metal ion with the surrounding, 
negatively charged anions, called ligands.  
 

 
Fig. 2.1 Spatial configuration of the d orbitals. e: double degenerate; t: triple degenerate (from Burns, 1993).  
 
Transition elements are characterized by partly filled d orbitals with the same energy (Fig. 2.1); 
thus, in an isolated transition metal ion, electrons have the same probability to occupy one of the 
five d orbitals (1 in Fig. 2.2b). Interactions between the cations and anions of the metal ion 
produce a lowering of the energy of the metal ion (2 in Fig. 2.2b).When the ion is located in a 
crystal structure (i.e., octahedral coordination with six ligands situated along the Cartesian axes, 
Fig. 2.2a; 4 in Fig. 2.2b) the orbitals are repelled by the negative ligands of the coordination 
environment and the energy of the metal ion is raised. In an octahedral coordination, the eg 
orbitals (e: double degenerate; g: the wavefunctions of the orbitals are symmetrical with respect 
to the center of inversion of the coordination polyhedral) point towards the ligands, and the 
electrons in these orbitals are repelled to a greater extent than those in t2g orbitals (t: triple 
degenerate). For this reason, the eg orbitals are raised in energy relative to the t2g orbitals (5 in 
Fig. 2.2b2). One consequence of splitting and removal of the degeneracy is that d orbitals are no 
longer filled with electrons in an arbitrary way but in order of increasing energy, first t2g and then 
eg. It is possible to have a high spin-HS configuration if the Hund’s rule is obeyed (i.e., orbitals 
are arranged with parallel spin), while, if the energy of the CF transition exceeds the spin pairing 
energy, the electrons are displayed in the low energy orbitals, with a low spin-LS configuration 
(Wildner et al., 2004).  
The energy separation between the orbitals is called the CF splitting parameter (∆); the splitting 
obeys to a center of gravity rule. In octahedral environments (∆0) the three orbitals t2g are lowered 
by 0.4∆0, and this stabilizes the metal ion by 0.4∆0, while the eg orbital are raised, thus 
diminishing the stability, by 0.6∆0 (Fig. 2.2b). The resultant stabilization energy is called CF 
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stabilization energy (CFSE) and depends on the number of electrons in the stabilized and 
destabilized orbitals (Burns, 1993; Wildner et al., 2004).  
 

 
Fig. 2.2a) Octahedral site. b) Energies of a transition metal ion with dN configuration when located in a octahedral 
coordination. 1: energy of the free cation; 2: electrostatic attraction cation-anions; 3: repulsion anions-electrons; 4: 
repulsion anions-3d electrons; 5: splitting of 3d orbitals. ∆0 is the CF splitting parameter for an octahedral 
coordination (from Burns, 1993). 
 
The value of ∆ is controlled by different factors (Burns, 1993):  

1) The type of cation: ∆ is higher for trivalent cations than divalent cations; 
2) The type of ligands of the coordination polyhedron; 
3) The interatomic distance between transition ion and ligands: ∆ is inversely correlated to 

the fifth power of the interatomic distance. In olivine, large Fe2+ can replace the small 
Mg2+ causing a relaxing in the lattice parameters and a decrease in the ∆ value; 

4) The pressure and temperature; and 
5) The symmetry of the ligand environment: ∆ decreases from an octahedral environment to 

a tetrahedral one.  
Above we have considered high-symmetric octahedral coordination, but most of the rock-
forming minerals have low symmetry coordination, and the coordination polyhedrons are 
distorted (effect Jahn-Teller). This produces additional splitting of the already splitted orbitals 
(Fig. 2.3). 

 
Fig. 2.3 Splitting of the 3d energy levels in a distorted octahedral environment, elongated along the z-axis (from 
Burns, 1993).  
 
Distorted coordination has important implications for the reflectance spectroscopy of many rock-
forming minerals. In particular, a distorted coordination induces cation ordering in many silicates, 
such as the Fe2+ enrichment in the M2 site of pyroxenes, and the different splitting of the 3d 
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orbitals in highly distorted minerals (i.e., pyroxenes and olivine) produces different absorption 
bands at different energies, thus permitting the identification of a mineral from its spectrum.  
CF splitting is responsible for electronic transitions from the ground d orbital level to excited 
ones, when an energy corresponding to ∆ is absorbed (Burns, 1993). These transitions generate 
broad absorption bands, and the number of absorption can be theoretically derived from the CF 
theory. However, experimental electronic absorption spectra of minerals exhibited other bands 
not predicted from the CF theory: this is explainable by the fact that the transitional metal ion is 
not a one-electron system but a multi-electrons one.  
The total energy of a ndN electron system is the full Hamiltonian H that includes: 
H=Hspher + Hee + HCF + HSO + HSS                                                                                                                           (2.1) 
where Hspher is the Hamiltonian in a spherical approximation, Hee indicates the electron-electron 
repulsion, HCF  denotes the CF interactions, HSO represents the spin-orbital interaction, and HSS 
accounts for the electronic spin-spin interaction.  
Orbitals in a ndN electron system are represented by the Russell-Saunders series that yields the 
total orbital momentum L and the total spin S, and explains Hee. The spectroscopic terms are 
labeled 2S+1L and the total degeneracy is the product of the spin multiplicity (2S+1) and the 
orbital multiplicity (2L+1). Tab. 2.1 shows the spectroscopic ground terms for the dN 
configuration and the total degeneracy (Wildner et al., 2004); the ground term can be found 
following the Hund’s rule and it must possess the maximum spin multiplicity. Tab. 2.2 shows the 
ground and the excited terms of the d orbitals (Wildner et al., 2004). 
 

 
Tab. 2.1 Ground terms and degeneracy for each d orbital (from Wildern et al., 2004). 
 

 
Tab. 2.2 Free ion spectroscopic terms for all the dN configuration and total degeneration (from Wildern et al., 2004).  
 
The HCF acts only on the orbital parts of the wavefunctions and not on the spin parts and depends 
on the coordination of the polyhedral in which the d orbitals are located. Fig. 2.4 shows the CF 
splitting of the ground term with maximum spin-multiplicity in an octahedral coordination. All 
the terms listed in Tab. 2.2 undergo CF splitting (Wildner et al., 2004). 
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Fig. 2.4 Splitting of the ground terms for all the dN configurations in an octahedral coordination (from Wildern et al., 
2004).  
 
HSO and HSS lead to further splitting of the 2S+1L multiplets of the CF energy levels. 
The Tanabe-Sugano diagrams (Fig. 2.5) provide a detailed presentation of the behavior of the 
energy level in the CF versus its strength, and display the CF levels arising from both ground 
term and excited terms. Vertical line in Fig. 2.5 d-g represents a change in the ground state and a 
transition from a high-spin configuration to a low-spin one. In distorted octahedral environments 
(e.g., pyroxenes) the energy level diagrams are complicated. Generally, the diagrams provide 
qualitative energy separation between splitted 3d orbitals and give information about the number 
and position of absorption bands in a CF spectrum. The slope of the energy level in the Tanabe-
Sugano diagram can be related to the band width: lines with high, positive slope generate broad 
absorption bands, while narrow bands correspond to almost horizontal lines (Burns, 1993; 
Wildner et al., 2004).  
 

 
Fig. 2.5 Tanabe-Sugano diagrams for the 3d6 configuration (from Burns, 1993); B,C: Racah parameters.  
 
However, a number of the transitions in the diagram have a low probability of occur: a transition 
follows selection rules. A transition is possible between states that differ in parity (Laporte rule), 
for example between d and p orbitals; transitions between d-d or s-p orbitals, on the contrary, are 
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forbidden. The rule can be weakened by (1) the acentricity of the polyhedron, and (2) the 
vibronic coupling, the coupling of vibrational and electronic wave functions with opposite 
parities. Transitions also follow the spin-multiplicity rule, where transitions between states with 
different spin multiplicity are forbidden. Furthermore, transitions representing a change in the 
electronic configuration involving two electrons are forbidden. 
Generally, spin-allowed transitions are more intense than spin-forbidden ones.  
 

2.2 Vibrational processes 
When a molecule is placed in an electromagnetic field (light) a transfer of energy from the field 
to the molecule will be reached when: 
∆E=hυ                                                                                                                                         (2.2) 
where ∆E is the difference of energy between the ground and the excited state, h is the Planck’s 
constant and υ is the frequency of the light.  
The vibrational energy levels of an ideal harmonic oscillator are shown in Fig. 2.6a, where the 
horizontal lines are equally spaced. The v=0         v=1 transition is the fundamental and 
dominates the Infrared (IR) spectrum, while transitions originated from excited levels are weaker. 
Fig. 2.6b shows the effects occurring when considering anharmonic oscillators: the horizontal 
lines are not equally spaced, overtone transitions can occur between energy levels differing by 
two or more vibrational quantum number units and combination vibrations are also possible 
(Bokobza, 2002).  
A molecule containing N atoms has 3N degrees of freedom, where three are translations along 
the axes and three are due to the rotation of the molecule. Linear molecules have only two 
rotational degrees of freedom. The remaining vibrational degrees of freedom are 3N-6 in non-
linear molecules and 3N-5 in linear molecules. 
The vibrational modes can be divided in: (1) v stretching vibration characterized by changing 
bond lengths, and (2) δ planar bending vibrations, where bond length is unchanged and bond 
angles change, and occurring at lower frequencies than stretching vibrations. During vibrations, 
the symmetry of the atomic group can change (asymmetric vibrations) or maintained (symmetric 
vibrations).  
 

 
Fig. 2.6 Vibrational energy level diagrams and associated transitions for harmonic (a) and anharmonic (b) oscillators 
(from Bokobza, 2002) 
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Fig. 2.7 shows the fundamental vibrations for the H2O and CO2 molecules (Bokobza, 2002; 
Beran et al., 2004).  
 

 
Fig. 2.7 Vibrations of the H2O (a) and CO2 (b) molecules. Both molecules are characterized by two stretching 
vibration, υ1 symmetric and υ3 anti-symmetric. υ2 represents the bending vibration for the water molecule, while the 
linear CO2 molecule shows two bending vibrations perpendicular one another, υ2a and υ2b. (from Beran et al., 2004) 
 

2.3 Reflectance spectrum characteristics 
Generally, a reflectance spectrum is characterized by a series of absorption bands superimposed 
onto a continuum, as shown in Fig. 2.8. 
The continuum represents the spectrum albedo and reflectance, and can be described by: 1) a 
mathematical function described with two parameters, the intercept c0 and the slope c1 (as in the 
Modified Gaussian Model, Sunshine et al., 1990; fig. 2.8a top solid line) and is expressed in the 
log of the reflectance and as function of the wavenumber; 2) segments that join the spectrum 
reflectance maxima (as in Clark and Roush, 1984; fig. 2.8b top dashed line).  
 

 
Fig. 2.8 Figure shows spectral parameters that describe a reflectance spectrum. B.C.: band center; B.D.: band depth; 
and B.W.: band width. a) continuum is a function of wavenumber and expressed as the logarithm of the reflectance. 
It is described by two parameters, the intercept c0 and the slope c1; b) continuum is considered as the sum of 
segments that join reflectance maxima (from Serventi et al., 2014). 
An absorption band is described using three spectral parameters, band depth (B.D. in fig.2.8), 
band center (B.C. in fig.2.8) and band width (B.W. in fig.2.8). 
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The band depth is the distance between the band center and the continuum line and depends on 
the probability of the light to encounter the spectrally active species (e.g., iron); it gives important 
information about the spectral species concentration. 
The band center is directly related to the transition energy (Burns, 1993) and is characteristic of 
well-defined mineral phases. 
The band width, expressed as the full width at half maximum (FWHM), is related to vibronic 
processes (Burns, 1993) and is a function of the stability of the transition: bands are narrower if 
the energy variation in the transition is constant. Band width is also influenced by the 
superposition of closely-spaced bands from a single transitional metal ion located in a low-
symmetry coordination site.  
Fig. 2.8 also shows the difference between electronic and vibrational processes: the former 
produces large and deep absorption bands (at ca. 900 and 1800 nm), while vibrational processes 
give raise to very narrow bands (at ca. 1400 and 2300 nm).  
In literature, several works discussed the band depth and center of mafic minerals, as pyroxenes 
(Sunshine and Pieters, 1993) and olivine (Sunshine and Pieters, 1998). On the contrary, few data 
can be found about the plagioclase spectral parameters.  
 

2.4 Interpretation of reflectance spectra: the Modified Gaussian Model 
The Modified Gaussian Model (MGM, Sunshine et al., 1990) is a method that resolves spectra in 
their physical component absorption bands. In electronic absorptions the energy of absorptions is 
a function of the distortion and the average ligand-ion bond length. In a CF site, the bond length 
will vary due to random vibrations and variations in the crystal site: the bond length is the 
random variable for electronic absorptions and is Gaussian distributed. Since the bond length 
determines the energy of absorption, a Gaussian distribution of bond length can be mapped into a 
modified Gaussian distribution of absorption energies: 

𝑚(𝑥) = 𝑠 ∗ 𝑒
−(𝑥𝑛−𝜇𝑛)

2𝜎2

2

                                                                                                                (2.3) 
where n=1 corresponds to the smallest root mean square-RMS residual error when fitting the 900 
nm pyroxene absorption band. Interested readers can find further details in Sunshine et al. (1990). 
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3. Planetary reflectance spectroscopy: what we know about the surface 
mineralogy of rocky planets 

In this section we report a short description about the surface composition of three rocky 
planetary bodies: Moon, Mercury and Mars. Moon and Mercury are characterized by the absence 
of atmosphere so that the surface is subject to the space weathering that constantly comminutes, 
melts and overturns the components of the regolith. In general, the lunar surface is mainly 
anorthositic and dominated by plagioclase; less is known about the hermean surface mineralogy, 
but plagioclase is one of the most suitable candidates. 
Differently from the Moon and Mercury, Mars is characterized by a relative tenuous atmosphere 
whose spectral characteristics are contained in remote sensed data of the surface: water, OH- and 
(CO3)2 in minerals absorb in the same spectral region of water and CO2 in the atmosphere. 
Primarily, Mars surface is characterized by a mafic composition, even if areas dominated by 
plagioclase have been recently discovered (Carter and Poulet, 2013), and by the presence of 
oxides and hydrate mineralogies.  
 

3.1 Moon 
3.1.1 Lunar surface 

The Moon is one of the most studied planetary bodies across the Solar System and has been 
widely studied through both telescopic observations from the Earth and remote sensing from 
orbit.  
The lunar surface is characterized by Maria and Highlands. The Maria show basaltic 
compositions (pyroxenes, Mg-olivine, Ca-plagioclase and opaque) that can be sub-divided in 
low-Ti, high-Ti and high-Al Maria (Pieters, 1978; Taylor et al., 1991). The Highlands, the 
principal constituent of the lunar surface, comprise (1) the ferroan anorthosites composed with 
high plagioclase content and Mg-pyroxene, (2) the Mg-suite characterized by a high 
Mg/(Mg+Fe2+) ratio, and (3) KREEP characterized by a high content of K, P and rare earth 
elements (Taylor et al., 1991; Taylor et al., 2007).   
Silicate minerals, such as orthopyroxene and clinopyroxene, olivine and plagioclase have been 
recognized and defined as the most important constituents of the lunar surface, associated with 
oxides and rare apatite (e.g., Papike et al., 1991). Olivine and pyroxene show clear spectral 
signature and well defined crystal field absorption bands in the VNIR (Burns, 1993), while 
plagioclase is difficult to recognize, due to very low iron content in its crystal structure.  
 

3.1.2 Plagioclase on the Moon 
Lunar crust is composed with a very large anorthositic complex (Warren, 1985) and the 
plagioclase is widespread on the surface, both in Maria and in Highland regions (Hiesenger and 
Head, 2006 and references therein). Lunar meteorites, returned sample and remote sensed data, 
both Earth-based and from orbit, permitted the analysis of the lunar surface mineralogical 
composition. In particular, several missions spectroscopically measured the lunar surface, 
including Clementine (McEwen and Pieters, 1997), Kaguya/SELENE (Kato et al., 2008; Ohtake 
et al., 2008) and Chandrayaan-1 (Pieters et al., 2009; Boardman et al., 2011; Green et al., 2011).  
Studying the Apollo samples, it has been observed that a large portion of pristine rocks were 
characterized by a low Mg/ (Mg+Fe) ratio (Warren, 1985), and classified as ferroan anorthosite 
(FAN). FAN contains up to 90% plagioclase, and low content of mafic minerals, e.g., 
orthopyroxene, clinopyroxene and olivine. 
Early investigations based on Earth-based telescopic data (Spudis et al., 1984; Bussey and 
Spudis, 2000; Hawke et al., 2003) revealed featureless, high albedo material inferred to be 
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associated with shocked anorthosites, because high pressure weakens the plagioclase absorption 
band (Adams et al., 1979). 
Tompkins and Pieters (1999) show the spectral data acquired by the UltraViolet-Visible (UVVIS) 
camera (0.4-1.0 µm), onboard Clementine mission, from 109 impact craters, with central peaks or 
peak rings whose composition and mineralogy are expected to reflect deeper crustal 
compositions. Spectra from Clementine do not show clear absorptions in the 1250 nm region, 
typical of Fe2+ in plagioclase; therefore, the presence of plagioclase has been inferred from the 
presence of weak or absent mafic absorption bands and high albedo spectra. In general, the 
authors concluded that the lunar crust is extremely anorthositic, with a plagioclase content ~81%.  
In 2007, the Japanese SELENE spacecraft has been launched, carrying onboard the Spectral 
Profiler (SP), consisting of a VNIR (0.5-2.6 µm) spectrometer with a high spectral resolution of 
6-8 nm. The spectrometer detected the presence of an absorption band at ca. 1250-1300 nm, 
consistent with Fe2+ transition in crystalline plagioclase, in central peaks of impact craters 
(Matsunaga et al., 2008). Based on these data, Ohtake et al. (2009) defined the pure anorthosites 
(PAN) as regions with more than 98% plagioclase, regions identified in Tycho, Tsiolkovsky and 
Jackson craters and in Orientale basin (Ohtake et al., 2009). Furthermore, Ogawa et al. (2011) 
detected spectra of high-Ca pyroxene and plagioclase widely distributed in and around the bright-
rayed craters, and Yamamoto et al. (2012) showed the presence of both plagioclase and olivine in 
the Copernicus crater. 
Recently, the Indian Chandrayaan-1 mission, with the Moon Mineralogy Mapper (M3) imaging 
spectrometer onboard, analyzed the lunar surface with a very high spectral resolution (spectral 
range: 405-3000 nm; spectral resolution: 10 nm). Analyzing M3 results, Cheek at al. (2012; 2013) 
confirmed the presence of PAN in the Orientale Basin and in Tsiolkovsky crater, and Kramer et 
al. (2013) recognized PAN, orthopyroxene and olivine in the Schrödinger Basin.  
FAN and PAN rocks, composed with plagioclase content >90% and minor amounts of mafic 
minerals, were probably formed by the crystallization and segregation of plagioclase inside a 
magma ocean of the Moon, and the remaining liquid may have produced mafic-rich anorthosite 
(Smith et al., 1970; Wood et al., 1970; Warren, 1985; Brown and Elkins-Tanton, 2009).Knowing 
the plagioclase abundance is fundamental to understand the origin and evolution of the Moon 
from the magma ocean model. 
 

3.1.3 The lunar regolith size 
The lunar surface consists of a regolith layer that covers the underlying bedrocks, with the 
exception of steep-sided crater walls, central peaks and lava channels (McKay et al., 1974), as 
shown by the lunar landings and observations. The lunar regolith, due to the absence of 
atmosphere on the Moon, is different from the regolith formed on the Earth; it is the result of 
different processes, e.g., impact of meteoroids and bombardments from the sun and the stars. 
Lunar regolith is very fine grained (<1cm) and derives from mechanical disintegration of lunar 
rocks, both basaltic and anorthositic. The average lunar soil grain size is generally between 60 
and 80 µm (Papike et al., 1991). However, sizes <10 µm, that comprises ca. 5-20% of the soil, 
have been recognized and petrologically classified (Laul et al., 1978; 1979; 1980). Coarse sizes 
of the regolith are very similar in chemistry, while the finest fractions, <10 µm, are different and 
more feldspathic. A possible explanation can be due to simple comminution processes and the 
easy of fracturing of plagioclase with respect to mafic minerals.  
 

3.2 Mercury 
Mercury is a terrestrial, airless planet, whose surface is composed of fine regolith constantly 
melted, comminuted, sputtered, vaporized and overturned (Domingue et al., 2009). Mercury is 
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called the iron planet (Solomon, 2003), due to its large and heavy iron-rich core representing 60% 
of the total planet’s mass or more (Solomon et al., 2001). In contrast with this, spectral evidences 
suggested the lack of FeO in silicates on hermean surface (Vilas et al., 1984; Vilas, 1985; Vilas 
1988; Sprague et al., 1994; Blewett et al., 1997, 2002). 
Recently, the Mercury Dual Imaging System (MDIS), on the MESSENGER mission, provided 
near-global observations of the hermean surface, while the Mercury Atmospheric Surface 
Composition Spectrometer (MASCS, McClintock and Lankton, 2007) analyzed the 200-1400 nm 
spectral range with high spectral resolution (an average of 5 nm).  
Denevi et al. (2013) recognized different units on the hermean surface on the basis of color and 
morphology: (1)smooth plains characterized by a low density of impact crater and variable 
reflectance and slope (from high-reflectance and red slope to low-reflectance and blue-slope), (2) 
intermediate terrains more cratered than smooth plains with reflectance similar to the global 
mean, and (3) low-reflectance materials concentrated in crater and basin ejecta and characterized 
by a reflectance 40% below the global mean and shallow spectral slope.  
Spectra from Mercury are characterized by a lower reflectance and a steeper slope with respect to 
the lunar spectra, probably due either to a different composition or to a different degree of space 
weathering. Spectra are also characterized by a very low spectral contrast confirming the absence 
of clearly resolvable absorption bands in the 1000 nm region (Cloutis et al., 2008; McClintock et 
al., 2008; Solomon et al., 2008). Absorption processes in this spectral region are due to Fe2+ in 
octahedral M1 or M2 sites in silicates (Burns, 1993), like orthopyroxene, clinopyroxene and 
olivine; therefore, the absence of this absorption structure in the Mercury’s surface spectra is 
generally explained by low-iron content in silicates (Robinson et al., 2008; Blewett et al., 2009). 
Nevertheless, spectra from the second MESSENGER’s flyby showed a possible CF absorption 
band at 1100-1200 nm (Izenberg et al., 2008); in previous Earth-based data of Mercury, this 
feature was interpreted to be due to Fe2+ in calcic pyroxene (Warell et al., 2006). The analysis of 
MESSENGER spectra (Izenberg et al., 2008; McClintock et al., 2008) indicated plagioclase, 
high-calcium iron-poor pyroxenes, low-iron orthopyroxenes like enstatite, and low-iron olivines 
such as forsterite, as a mineral assemblage that can explain the featureless spectra on Mercury.  
Izenberg et al. (2014) employed a method that recognized four different spectral units, called (1) 
average, (2) dark blue, (3) red and (4) bright units. The method is based on three spectral 
parameters, all involving the ratio of spectra with the global mean spectrum to accentuate spectral 
differences. In particular: (1) average units comprise the majority of the hermean surface; (2) 
dark blue units show spectra that are darker and bluer than the planetary mean spectrum, and 
include the areas classified as low-reflectance materials; (3) red unit spectra are characterized by 
a higher reflectance and a redder slope compared to the planetary mean spectrum, and 
corresponds to pyroclastic deposits and parts of the smooth plains; and (4) bright units spectra are 
the brightest and with the highest reflectance values, and are characteristic of the hollows and 
areas with the highest surface reflectance (fresh impact craters). From the characteristics of each 
spectral unit, the authors concluded that Mercury is dominated by low-iron minerals and that 
silicate minerals are Fe-poor (ca. 1.8 wt. % FeO), such as enstatite and plagioclase. The general 
darkening compared to the Moon is explained by the presence of opaque minerals, intense space 
weathering and thermal cycling.  
The MESSENGER mission also carried onboard the X-ray Spectrometer (XRS, Schlemm et al., 
2007) and the Gamma-ray Spectrometer (GRS, Goldsten et al., 2007), that helped to improve the 
knowledge about the composition of the hermean surface. Stockstill-Cahill et al. (2012) and 
Weider et al. (2012), relaying on the XRS results, concluded that the hermean surface 
composition is similar to a terrestrial magnesian basalt, with Mg-rich orthopyroxene and olivine 
(enstatite and forsterite) and plagioclase, while Evans et al. (2012), analyzing the GRS results, 



18 
 

confirm the low total Fe abundance and the presence of Mg-rich silicates, also suggesting that 
plagioclase has an albitic composition. 
In the future, the BepiColombo mission (Benkhoff et al., 2010) will provide data about the 
Hermean surface composition in a larger VNIR spectral range (400-2000 nm) than 
MESSENGER and with high spectral (256 channels with 6.25 nm spectral sampling) and spatial 
resolutions (100m at Periherm).  
 

3.3 Mars 
Telescopic observation and early missions (as Mars Global Surveyor Thermal Emission 
Spectrometer (TES, Christensen et al., 1992) and Mars Odyssey Thermal Emission Imaging 
System (THEMIS, Christensen et al., 2004)) gave significant overview of the global surface 
composition of Mars. Bandfield et al. (2002) detected high-Ca pyroxene in the low-albedo 
regions while iron oxides dominated the high-albedo regions. The authors also recognized the 
presence of olivine in well-defined areas and calcic plagioclase in the low-albedo regions; low-Ca 
pyroxene was recognized in very low concentrations. The Observatoire pour la Minèralogie, 
l’Eau, les Glaces, et l’Activitè (OMEGA, Bibring et al., 2004) confirmed the mineralogy but also 
identified secondary minerals, such as phyllosilicates, sulphates and Fe3+ O-H phases. OMEGA 
imaging spectrometer measures radiance in the 0.35-5.2 µm spectral range (Bibring et al., 2004; 
2005) and has a spectral resolution of 14 nm. The spectral sampling for the VNIR is 7 nm, and 
for the SWIR spectrometers is14 nm and 20 nm, respectively. The OMEGA spatial resolution 
varies between 300 m and 4 km, depending on altitude of observation. Poulet et al. (2007) reports 
the distribution of minerals using the OMEGA observations in the VNIR. In particular: (1) ferric 
oxides, widespread all over the surface but mainly in the brightest regions, indicates that Mars 
surface is oxidized; (2) pyroxenes have been recognized in equatorial and southern low-albedo 
regions, particularly in Syrtis Major; (3) Mg-olivine has been detected in Nili Fossae, Terra 
Meridiani, Syrtis Major, Ganges Chasma but also in some low-albedo areas, while Fe-olivine has 
a very limited distribution; and (4) hydrated minerals are detected only in four areas, Terra 
Meridiani, Mawrth Vallis, Nili Fossae and Aram chaos. Generally, the low-albedo regions have a 
pyroxene-rich composition while the bright regions are comparable to anhydrous nanophase 
ferric oxides. The recognition of hydrate minerals is of extreme importance to trace the past 
environment on Mars.  
Carter and Poulet (2013), using the CRISM results, detected eight sites in the southern highlands 
of Mars with a spectral signature consistent with iron-bearing plagioclase. The spectra also show 
vibrational bands typical of hydrated mineralogies.  
 

3.3.1 Hydrated mineralogy on Mars 
The presence of hydrated minerals on Mars was suggested on the basis of in-situ analyses, 
returned meteorites and remote sensed infrared observations, and provides a record of water-
related processes. The identification of hydrated silicate with OMEGA is based on the detection 
of the 1900 nm band due to water of hydration and by metal-OH vibrations at 2200-2400 nm. 
Phyllosilicates have been detected in very restricted areas, commonly in association with dark 
deposits and eroded outcrops. In dark deposits, the absorption features suggest the presence of 
Fe/Mg smectites but no montmorillonite. In the outcrops, Fe-rich clays were recognized. 
The formation of clays is controlled by bedrock composition and topography, climate-derived 
parameters, availability of water, time and kinetics of mineral reactions. In terms of bedrock 
origin, Fe-rich smectites such as nontronites are typical of the alteration of mafic material such as 
gabbros or basalts, while the Al-rich phyllosilicate could either indicate a higher alteration or 
originate from the alteration of more acidic crustal rocks containing Al-rich minerals. Smectites 
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in the martian surface suggests a contact of igneous minerals with liquid water, with alteration of 
igneous minerals into clays. Martian clays are likely to record an alteration occurred over 
geologic timescales with liquid water present at thermodynamic equilibrium. However, the 
formation of clays on Mars by impact and volcanic hydrothermal activity has been discussed by 
several authors (e.g., Brown et al., 2010; Ehlmann et al., 2011). Such processes, which do not 
require liquid water to be stable at the surface, could account for the hydrated silicates identified 
at least in some specific areas.  
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4. Terrestrial analogues 
4.1 Why terrestrial analogues? 

Thanks to the improvements in the recent missions, a more detailed interpretation of the planetary 
surface can now be delineated. On a planetary surface, several factors such as the mineral 
chemistry, the presence of different minerals that absorb in a narrow spectral range, the particle 
size, the space weathering etc., act in unpredictable ways on the reflectance spectra (Serventi et 
al., 2014). The combined effects of these factors can be directly studied using terrestrial 
analogues.  
Terrestrial analogues can be prepared as a set of synthetic samples with systematically varying 
compositional and particle size characteristics, in order to analyze separately the different factors, 
as well as the effects of spectral band superposition and convergence.  
The analogues analyzed in this PhD thesis consist of synthetic mixtures of powdered minerals 
with known composition and known modal abundance, analyzed at different particle sizes, from 
very fine to coarse, and reflectance spectra of each analogue have been acquired and analyzed.  
As stated in section 2.3, a reflectance spectrum is characterized by a series of absorption bands 
superimposed onto a continuum. The continuum represents the spectrum reflectance and slope. 
An absorption band is described using three spectral parameters, band center, band depth and 
band width; (1) the band center or the band minimum, represents the energy of the transition; (2) 
the band depth, the distance between band center and continuum, is the probability of the 
transition; and (3) the band width is related to vibronic processes (Burns, 1993). 
Compositional information can be obtained by the band center and band depth: the band center 
position, related to the energy of the transition, is diagnostic of a particular mineral and of a well-
defined crystal site, while band depth gives important information about mineral modal 
abundance and size.  
 

4.2 Spectral parameters 
4.2.1 Continuum 

The continuum can be described in terms of reflectance values and slope. Reflectance values shift 
from negative values to 0: negative values represent strongly absorbing minerals (e.g., iron 
oxides), while transparent minerals (e.g., plagioclase) are characterized by values close to 0. The 
spectral slope can be red (wavelengths in the VIS have lower reflectance values than wavelengths 
in the NIR) or blue (wavelengths in the VIS have higher reflectance values than wavelengths in 
the NIR). Red slopes may indicate material affected by space weathering (e.g., reflectance spectra 
from the lunar surface), while blue slope could be representative of slabs of rocks (Carli and 
Sgavetti, 2011).  
 

4.2.2 Band center 
As stated in the previous section, the band center is directly related to the transition energy 
(Burns, 1993) and is characteristic of well-defined mineral phases. Several papers discussed the 
band center behavior of mafic minerals, e.g. Sunshine and Pieters (1993; 1998), Klima et al. 
(2007; 2011); on the contrary, less is known about the behavior of plagioclase absorption band. 
Generally, band center of single minerals is influenced by the Fe2+content in the mineral crystal 
structure: a higher content of Fe2+ shifts the band center towards longer wavelengths.  
Minerals with different chemical composition may produce distinct absorption bands within a 
narrow spectral range: this is reflected in a so called “composite band” (Serventi et al., 2013), 
where it is difficult to separate the different minerals (e.g., the pyroxene 900 nm and the olivine 
900 nm absorptions, the olivine 1200 nm and the plagioclase absorptions). 
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4.2.3 Band depth 
Band depth depends on the probability of the light to encounter the spectrally active species (e.g., 
iron) and it gives important information about the spectral species concentration, both as mineral 
chemistry and as mineral modal abundance in a rock or in a regolith. In literature, several works 
discussed the band depth of mafic minerals, as pyroxenes (Sunshine and Pieters, 1993) and 
olivine (Sunshine and Pieters, 1998). Few data can be found about the plagioclase band depth. 
Band depth can be influenced by different factors: (1) the iron content in the absorbing phases; 
(2) the presence of minerals absorbing in the same spectral region; (3) the size of the mineral 
grains that controls the light path length within the mineral, and, therefore, the probability of 
encountering the spectrally active species (generally, fining the particle size produces reflectance 
spectra with high reflectance and reduced spectral contrast, while very coarse sizes can saturate 
the absorption bands (Clark, 1999), producing a flattening in the absorption band bottom); and 
(4) the number of absorbing phases. Carli and Sgavetti, 2011, showed how the presence of 
different active minerals can generate featureless spectra. In particular, the authors shown that 
increasing the number of minerals the spectral contrast decreases, and in their Fig. 3 they pointed 
out how the plagioclase band is masked by the other mineral phases even if plagioclase is the 
dominant phase of the mixture. 
 

4.2.4 Band width 
Differently from band center and band depth, the band width is less related to the iron content; 
however, band width has to be considered in the analysis of a reflectance spectrum.  
First of all, electronic processes and vibrational modes can be differentiate from the band width: 
electronic transitions generate wide absorptions, while vibrational processes produce narrower 
bands. Furthermore, the band width can be useful to determine the presence of composite bands 
(e.g., the composite band from orthopyroxene and clinopyroxene is wider than the single 
pyroxene band).  
 

4.3 Analysis of reflectance spectra: qualitative vs. quantitative analyses 
In this thesis, reflectance spectra were first analyzed using ORIGIN® software, and were then 
deconvolved applying the MGM algorithm. With ORIGIN, we want to qualitatively described the 
spectral shape variations in terms of reflectance values, slope and absorption characteristics, 
while applying the MGM algorithm we deconvolve the absorption bands trying to define 
variation trends for each spectral parameter both vs. the volumetric iron content due to the 
plagioclase in the mixture and vs. the PL content.  
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5. Reflectance spectroscopy for the planetary surface interpretation: state 
of the art 

Here we report the general spectral characteristics of mineral phases mainly recognized or 
expected on planetary surfaces, as well as the spectral effects of mineral mixtures in regolith.  
 

5.1 Reflectance spectroscopy of single minerals 
5.1.1 Plagioclase reflectance spectroscopy 

Plagioclase contains only low amounts of iron; however, the spectra of plagioclase show 
absorption bands centered at ca. 8.500 and 4.500 cm-1 (1170 and 2200 nm, respectively), with 
intensities correlated with the iron content (Bell and Mao, 1972; 1973, Hofmeister and Rossman, 
1983; Burns, 1993). The bands originate from crystal field transitions in Fe2+ substituting Ca2+ 
ions in seven-coordinated sites with average metal-oxygen distance of 250 pm (Bell and Mao, 
1972; Adams and Goulland, 1978).  
Plagioclase is a solid solution between anorthite (Ca) and albite (Na); Adams (1975) suggested 
that the wavelength of the absorption band center changes as the plagioclase structure changes 
through the solid solution series (see Fig. 5.1). Bell and Mao (1972; 1973) demonstrated that 
plagioclase position shifts as a linear function of increasing concentration of FeO. Fig. 5.1 shows 
that, in reflectance spectroscopy, plagioclase is characterized by an absorption band between 
1100 and 1300 nm: the band reaches the longest wavelength at about An65, while for more calcic 
sample, characterized by a lower iron content, the center moves towards shorter wavelengths 
(Adams and Goulland, 1978).  
 

 
Fig. 5.1 Reflectance spectra of a set of plagioclase with different An and Fe content (from Adams and Goulland, 
1978). The plagioclase band deepens and shifts towards longer wavelengths from An2 to An63, while for Ca-richer 
composition, the band is shallower and shifted towards the VIS region. In particular, the An63 shows the deepest and 
at longest wavelength absorption band.  
 
In the recent years, Cheek et al. (2011) demonstrated how in a set of synthetic An85 plagioclase 
with different iron content, the 1250 nm depth increases with increasing the iron content, till a 
maximum value (ca. 0.4 wt.% FeO) after which band depth remain quite constant (Fig. 5.2).  
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Fig. 5.2 The figure shows that the plagioclase absorption deepens with increasing the iron content till ca. 0.4 wt.% 
FeO, while for FeO>0.4 wt.% the band depth is quite constant (from Cheek et al., 2011). 
 

5.1.2 Olivine reflectance spectroscopy 
Olivine structure contains two divalent cations in two six-fold (octahedral) coordination sites 
with different symmetries: the M1 site resembles a tetragonally elongated octahedron, while the 
larger M2 site approximates a trigonally distorted octahedron. The different symmetry of the two 
sites produces contrasting crystal field transition in Fe2+ ion, thus generating differences in the 
absorption spectra.  
Olivine has an orthorhombic symmetry and when the light is transmitted through oriented crystal 
structure it produces three different spectral profiles. The α and β polarized spectra have 
absorption maxima near 11.000 and 8.000 cm-1, while the γ spectrum band maxima are at 9.300 
and 8.000 cm-1. In the forsterite-fayalite series, absorption maxima shifts to shorter wavelengths 
with decreasing iron content, reflecting a diminished metal-oxygen distance in Mg-olivine. The 
absorption bands at 11.000 and 8.000 cm-1 (that correspond to a wavelength of 900 and 1250 nm, 
respectively) are assigned to the split of the eg orbitals of Fe2+ in M1 site, while the 9.300 cm-1 
band (corresponding to 1075 nm) represents a transition to the eg orbitals of Fe2+ in M2 site.  
Fig. 5.3 indicates the principal transition in the spectra of fayalite.  

 

 
Fig, 5.3 a) Fe2+ crystal field transition in olivine M1 site; b) Fe2+ crystal field transition in olivine M2 site (from 
Burns, 1993). 
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In reflectance spectroscopy, olivine is characterized by a complex, broad absorption centered at 
ca. 1050 nm (Fig. 5.4); MGM deconvolution resolves the olivine absorption with three 
absorptions due to the Fe2+ transitions in the olivine M1 and M2 sites at ca. 900, 1000 and 1200 
nm (Burns, 1993; Sunshine et al., 1998; see arrows in Fig. 5.4). Olivine band center shifts 
towards longer wavelengths with increasing the iron content (from forsteritic to fayalitic 
compositions). 

 

 
Fig. 5.4 Reflectance spectrum of olivine Fo90. Olivine is characterized by a broad absorption band centered at 1050 
nm that can be fitted with three different bands (see arrows in Fig.).  
 

5.1.3 Pyroxene reflectance spectroscopy 
Depending on the crystal structure and on the Mg-Ca-Fe content, pyroxenes can be divided in 
orthopyroxene (from enstatite to ferrosilite) with orthorhombic symmetry, and clinopyroxene, 
with monoclinic symmetry (where Mg is substituted by Ca). 
Pyroxenes, like olivine, contain two coordination sites, M1 and M2, with different symmetries, 
but differently from olivine, Fe2+ shows a strong cation ordering so that there are major 
compositional variations of VNIR spectra. The crystal structure of pyroxene is characterized by 
single chains of corner-sharing [SiO4] tetrahedral, that share two of its oxygen with adjacent 
tetrahedral (bridging oxygen); bridging and non-bridging oxygens constitute the ligands of the 
coordination polyhedral of cations in M2 very distorted sites. The M1 site, composed only of 
non-bridging oxygens, is only slightly distorted from octahedral symmetry and cations are not 
centrally located.  
In orthopyroxenes, Fe2+ shows strong preferences for the M2 coordination site; in 
clinopyroxenes, Fe2+ ions fill the Ca vacancies in M2. The crystal field spectra of orthopyroxenes 
and subcalcic pyroxenes are dominated by the transitions of Fe2+ in the M2 site. In high-Ca 
pyroxenes, where Ca occupies the M2 site, Fe2+ is located in the less distorted M1 site. The 
crystal field spectrum of hedenbergite shows two absorptions at 10.200 and 8.475 cm-1 (980 and 
1180 nm, respectively), due to the splitting of the t2g orbitals. When Fe2+ fills the vacancies left 
by Ca in M2, additional, more intense bands are produced at 9.600 and 4.400 cm-1 (1040 and 
2270 nm). 
Regarding orthopyroxene, the α polarized spectrum has an absorption maximum near 10.700cm-1 
(930 nm),  β spectrum at 11.100cm-1 and between 5.400-4.900 cm-1(900 and 1850-2040 nm), 
while the γ spectrum band maxima are at 11.000, 8.500 and 5.300 cm-1(900, 1170 and 1890 nm, 
respectively). The 10.700-11.000cm-1and 4.900-5.400cm-1 band intensities show a correlation 
with the Fe2+ concentration.  



25 
 

 
Fig. 5.5 a) Fe2+ crystal field transition in orthopyroxene M1 site; b) Fe2+ crystal field transition in orthopyroxene M2 
site (from Burns, 1993). 
 
It follows that pyroxene spectroscopy shows a great variability; Fig. 5.6 shows the reflectance 
spectra of three pyroxenes with different composition:  

1) OPX is an orthopyroxene, En82 with 10.67 wt.% FeO (solid, black line in Fig. 5.6); 
2) CPX-a is the spectrum of a clinopyroxene, En44-Wo50 with 2.61 wt. % FeO (grey line in 

Fig. 5.6); and 
3) CPX-b represents a clinopyroxene, En33-Wo49 with 10.0 wt.% FeO (dotted, black line in 

Fig. 5.6). 
Generally, orthopyroxene and type b-clinopyroxene are characterized by two absorption bands, 
b1 and b2, due to the Fe2+ transition in pyroxene M2 site. The figure shows that increasing the Ca 
content, band centers shift towards longer wavelength (e.g., Band I shifts from 900 to 1050 nm, 
and Band II from 1850 to 2300 nm). Also a higher FeO% content shifts the band center towards 
longer wavelengths (Burns, 1993; Sunshine and Pieters, 1993). 
On the other hand, type a-clinopyroxene is characterized by two absorption bands at 1050 (Band 
I) and 1250 nm (Band III) due to the Fe2+ transition in the pyroxene M1 site (M2 site is occupied 
by Ca). Clinopyroxene are also characterized by an absorption band at 700 nm, due to the Fe2+-
Fe3+ IVCT.  
 

 
Fig. 5.6 Reflectance spectra of three pyroxene with different composition; OPX is an orthopyroxene while CPX are 
two clinopyroxene with different iron content.  
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5.1.4 Phyllosilicate reflectance spectroscopy 
Phyllosilicates are composed of octahedral sheets bound to tetrahedral sheets. While kaolinite 
have a 1:1 ratio of tetrahedral to octahedral sheets, all the other phyllosilicates are characterized 
by a 2:1 ratio. The octahedral site contains a larger M1 site, with two OH ions positioned on 
adjacent sides of the octahdera, and two smaller M2 sites, with two OH on the opposite sides of 
the octahedral.  
Here we focus on: (1) the smectite group, montmorillonite, nontronite and Fe-smectite, 
dioctahderal and with the M2 site dominated by trivalent cations Al3+ or Fe3+ , and (2) chamosite, 
belonging to the chlorite group, a trioctahedral mineral where M site is occupied by Fe2+.  
Electronic absorptions characterize the 500-1200 nm spectral region and, in particular, bands 
centered between 800 and 1200 nm are due to Fe2+ transitions. 
Overtones and combination of modes characterize the longest wavelength (1400-2500 nm). In 
particular: smectite, nontronite and montmorillonite have the strongest water overtones near 1410 
nm and water combination bands near 1920 nm. As shown in Ehlmann et al. (2008; and 
references therein) the absorption at 1400 nm (due to the OH stretching) depends on the 
octahedral cations present in the hydrated mineral crystal structure. The stretching occurs at 1430 
nm, at 1410 nm and at 1380-1390 nm if the cation is Fe, Al or Mg, respectively. H-O-H 
combination stretching and bending vibrations occur near 1920 nm and 1970 nm, respectively 
(Bishop et al., 2008). Weak combination bands have been detected at ca. 2000 nm for adsorbed 
water in hydrated minerals.  
Strong OH combination bands are also present in the 2200-2500 nm spectral region, and, as the 
1400 nm absorption, their position is a function of the octahedral cation composition. In general, 
the OH combination bands occur at 2170-2210nm , 2290-2310 nm  and 2320-2340 nm if Al, Fe3+ 
and Mg are in the octahedral sites, respectively, Al,Fe-OH combination bands occurs at ca. 2240 
nm, while if the cation is the Fe2+ the band is centered at 2350-2370 nm. Additional bands 
between 2400nm and 2500 nm has been interpreted by Bishop et al. (2002) as due to further OH 
stretching and bending.   
 

 
Fig. 5.7 Figure shows the reflectance spectra of three different hydrated minerals (spectra from USGS library) 
 
Fig. 5.7 shows the reflectance spectra of chamosite, nontronite and montmorillonite. In particular: 
(1) nontronite (narrow-dotted line in Fig. 5.8) is characterized by an absorption band at ca. 900 
nm and by vibrational bands at 1400, 1900 and 2300 nm, (2) montmorillonite (solid line in Fig. 
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5.8) shows vibrational bands at 1400, 1900 and 2200 nm, and (3) chamosite (large-dotted line in 
Fig. 5.8) have strong absorptions from 1000 to 1200 nm and vibrational bands at 1400, 1900 and 
2350 nm.  
 

5.2 Reflectance spectroscopy of mineral mixtures 
Reflectance spectroscopy in the laboratory is different from the remote sensed spectroscopy: in 
the laboratory the analyzed sample has an area generally less than 1 cm2 while, from orbit, the 
analyzed area is a pixel with a ground dimension that depends on the spectrometer’s field of view 
and the orbit distance. A pixel can comprise distinct subareas each having single mineral 
composition. In this case, remotely obtained reflectance spectra are the sum of the spectral 
contributions of each material contained in the distinct areas. However, a pixel can also, and 
often, consists of more homogeneously distributed mixtures of different minerals, said to 
constitute an intimate mixture. In this case the spectral properties of the various minerals combine 
in an unpredictable way. For this reason, it is fundamental to analyze in the laboratory the 
spectral characteristics of intimate mixtures of rock-forming minerals, where each mineral 
component is randomly distributed within the field of view of the instrument.   
Spectra of mafic mineral mixtures have been widely studied and reported in the literature.  
Nash and Conel (1974) analyzed binary and ternary mixtures of plagioclase, pyroxene and 
ilmenite and concluded that (1) ilmenite strongly reduce the overall albedo and absorption band 
depth, (2) the 1000 nm pyroxene band depth is proportional to the pyroxene concentration, while 
its position does not change when mixed with plagioclase or ilmenite, and (3) the plagioclase 
band is weak and undistinguishable if plagioclase content is less than 75%.  
Cloutis et al. (1986) analyzed mixtures composed of orthopyroxene and olivine to define the 
correlations between spectral parameters and mineralogical properties. In particular, the authors 
demonstrated that the area ratio for the 1000 and 2000 nm bands is sensitive of the mineral 
abundance, while the band position of the 1000 nm band can be utilized to determine both the 
mineral abundance and the molar iron content of olivine and orthopyroxene (see Fig. 5.8). 

 
Fig. 5.8 The figure shows the behavior of the band area ratio and of the band minimum vs. the pyroxene content 
(from Cloutis et al., 1986). a) Band ratio increases as pyroxene content increases; b) band I shifts towards shorter 
wavelengths with increasing the pyroxene content. 
 
Crown and Pieters (1987) investigated the spectral behavior of plagioclase-pyroxene mixtures, 
and observed that plagioclase can be detected as a flattening of the pyroxene reflectance 
maximum around 1300 nm, while to recognize a distinguishable absorption band at least 85% 
plagioclase is needed. 
Sunshine and Pieters (1993) analyzed spectra of orthopyroxene and clinopyroxene as a function 
of modal abundance using the MGM. The results indicate that systematic changes in relative 
band strength are logarithmic function of modal abundances (see Fig. 5.9), while the band centers 
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and band widths of the two components are unchanged (on the contrary, the composite band 
position move to longer wavelengths with increasing clinopyroxene abundance). The authors also 
demonstrated that band center, band width and relative band strength are independent of particle 
sizes. 

 
Fig. 5.9 The figure shows how the band strength changes as a logarithmic function of the modal abundance (from 
Sunshine and Pieters, 1993). 
 
After the recent discoveries on the Moon, plagioclase has been studied in more detail. Cheek and 
Pieters (2014) analyzed plagioclase-rich mixtures with varying content and composition of 
olivine, pyroxene and very high-Mg spinels and demonstrated that plagioclase can significantly 
contribute to reflectance spectra if strongly absorbing minerals are present in low abundances, 
particularly in mixtures with pyroxene. In their paper, a plagioclase and six non-plagioclase end-
members (one forsteritic olivine, one intermediate olivine, a orthopyroxene, a diopside and two 
Mg-spinels) have been selected at the 45-75 µm particle size. Non-plagioclase minerals have 
been mixed with plagioclase in different proportion: in plagioclase dominated mixtures, non-
plagioclase minerals vary from 2%, 5%, 7% to 10% , while in non-plagioclase dominated 
mixtures, non-plagioclase minerals vary from 15%, 20% to 50%. The authors conclude that: 1) 
2% orthopyroxene is distinguishable from plagioclase, while diopside minimum content is 5%; 2) 
olivine is distinguishable from 5%; 3) mixtures with olivine<5% and diopside<5% may be 
indistinguishable; 3) in mixtures with spinels, the detection of plagioclase depends on the iron 
content in spinel: iron-rich spinel significantly subdue plagioclase absorption; and 4) plagioclase 
is recognized in mixtures with spinels more than 15%, while plagioclase results in only a 
spectrum flattening in mixtures with orthopyroxene>10% and in a broadening of the 1000 nm 
band in mixtures with olivine>10%. 
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6. New contributions to plagioclase reflectance spectroscopy for planetary 
exploration 

Plagioclase is an important rock forming mineral that has been often considered a featureless, 
transparent phase in studies of VNIR reflectance from planetary surfaces. The presence of 
plagioclase has been often associated to high albedo, featureless spectra, and explained as 
shocked plagioclase. Moreover, although it was considered one of the principal mineralogical 
component of the featureless reflectance spectra of different Mercury and Moon terrains, few 
studies are reported exploring the influence of Fe2+ absorption band in plagioclase on the more 
evident mafic absorption bands (Nash and Conel, 1974; Crown and Pieters, 1987; Cheek and 
Pieters, 2014). 
Recently, as explained is Section 3.1.2, the improvements in the missions with spectrometers 
characterized by a very high spectral resolution permitted the detection of an unique absorption 
band centered in the 1200-1300 nm spectral region, due to the Fe2+ transition in crystalline 
plagioclase.   
The recent identification of a well-defined absorption band at 1250 nm on the lunar surface, 
interpreted as indicative of the presence of crystalline plagioclase, makes it necessary to explore 
in detail the spectral behavior of plagioclase. 
In particular, it is fundamental to analyzed the behavior of plagioclases with increasing iron 
content when mixed with mafic, iron richer and more absorbing minerals, to understand (1) how 
changes the plagioclase absorption band with increasing the iron content, (2) if plagioclase can be 
recognized when mixed with mafic minerals, (3) what is the detection limit under which 
plagioclase cannot be detected, (4) what happen when different minerals (e.g., plagioclase and 
olivine) absorb in the same spectral range, (5) what is the detection limit of mafic mineral, when 
plagioclase content is very high, and (6) what effects produce different particle sizes on the 
plagioclase absorption band.  
Here, we propose a detailed study of plagioclase, where plagioclase with variable iron content 
(from 0.1 to 0.5 wt.% FeO) has been mixed with different mafic minerals. The plagioclase 
content in mixtures ranges between 20-99%, and the mixtures have been prepared at four 
different particle size, <10 µm, 36-63µm, 63-125µm and 125-250 µm. In this thesis the points 
discussed above are approached and the results are object of 6 published and submitted papers, 
the extended abstract of which are reported in the following chapters:  

1) in chapter 7 selection and preparation of the mixtures as well as the methodology are 
described (from Serventi, G., Carli C., Sgavetti, M., Ciarniello, M., Capaccioni, F., 
Pedrazzi, G.: 2013. Spectral variability of plagioclase-mafic mixtures 1): effects of 
chemistry and modal abundance in reflectance spectra of rocks and mineral mixtures. 
Icarus, 226, 282-298; Serventi, G., Carli C., Sgavetti, M. :2015.  Spectral variability of 
plagioclase-mafic mixtures 3):quantitative analysis applying the MGM algorithm. Icarus, 
254, 34-55);  

2) mixtures with plagioclase ranging between 20-90%, 63-125 µm, 125-250 µm, and <10 
µm,  have been analyzed in chapter 8 and 9 (from Serventi, G., Carli C., Sgavetti, M., 
Ciarniello, M., Capaccioni, F., Pedrazzi, G.: 2013. Spectral variability of plagioclase-
mafic mixtures 1): effects of chemistry and modal abundance in reflectance spectra of 
rocks and mineral mixtures. Icarus, 226, 282-298; Serventi, G., Carli C., Sgavetti, M. 
:2015.  Spectral variability of plagioclase-mafic mixtures 3):quantitative analysis 
applying the MGM algorithm. Icarus, 254, 34-55; Serventi, G., Carli, C., Sgavetti, M. The 
role of very fine particle size in the reflectance spectroscopy of plagioclase-bearing 
mixtures: new understanding for the interpretation of the finest sizes of the lunar regolith. 
To be submitted on Icarus ); and 
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3) chapter 10 describes mixtures with PL content ranging between 90-99% (from Serventi, 
G., Carli C., Sgavetti, M. Deconvolution of mixtures with high plagioclase content for the 
remote interpretation of lunar plagioclase-rich regions. Accepted on Icarus). 

At the same time, it is necessary to understand how terrestrial analogues can be used for the 
mineralogical interpretation of planetary surfaces. In chapter 11 has been described the followed 
methodology, while in chapter 12 and 13 results from Proclus crater (from Serventi, G., Carli, C., 
Sgavetti, M. Proclus crater: a fresh view into the composition of lunar Highlands. To be 
submitted on Earth and Planetary Science Letters) and from Nili Fossae (from Serventi, G., Carli, 
C., Sgavetti, M. Geminale, A., Grassi, D., Altieri, F., Orosei, R. Removal of atmospheric features 
in near infrared spectra by means of principal component analysis and target transformation on 
Mars: II. Application. Spectral classification and MGM analysis of Nili Fossae after Surface 
Atmosphere Separation (SAS).To be submitted on Icarus), respectively, have been reported.   
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7. Plagioclase-bearing mixtures as terrestrial analogues 
7.1 Criteria for the choice of the minerals 

We spectrally analyzed mixtures composed with different content of PL and mafic minerals; PL 
with increasing iron content have been chosen, following the suggestion from Taylor et al. 
(2009).Taylor et al., 2009 suggested that lunar magma ocean cumulates, including PL cumulates, 
are composed of at least 90% An90-95PL. These anorthosites were called FAN (Warren et al., 
1985), contain about 3.5 wt.% total FeO content, less than highland FeO content (3-8 wt.% FeO), 
and the iron content in PL is supposed to be less than 0.1 wt.%. The authors also modeled PL 
crystallization starting from a melt, for which a FeO Kd PL/melt of 0.03 was considered. They 
obtained the crystallization of a PL with 0.42 wt.% FeO, in disagreement with the typical value 
of 0.1 wt.% observed in highland PL. Observing the FeO behavior in terrestrial anorthosites 
affected by sub-solidus re-equilibration during metamorphism, the authors suggested a similar 
type of reaction in lunar rocks, made possible by greater heat and slower cooling conditions on 
the Moon with respect to the Earth; as a consequence, FeO wt.% in anorthitic PL may differ from 
the original composition.  
According to these observations, further supported by iron rich PLs found in other lunar areas, 
PL compositions with more than 0.1wt.% FeO were considered in this PhD thesis. 
To reproduce a plausible PL-mafic mineral assemblage, we consider that on the Moon, areas rich 
in PL are associated to the presence of mafic minerals, e.g. OPX, CPX and OL. Moreover lunar 
samples have a mineralogical variability which includes also the norite and gabbronorite with 
amount of OL (see Lucey et al., 2006, and references therein). 
On the other hand, the analysis of MESSENGER spectra (Izenberg et al., 2008; McClintock et 
al., 2008) indicated the possible presence of PL, high-calcium iron-poor PX, low-iron OPXs, like 
enstatite, and low-iron OLs such as forsterite, a mineral assemblage that was assumed as a 
possible explanation for the featureless spectra on Mercury.  
On the basis of these considerations, for our mixtures we selected mafic minerals with low iron 
content. 
 

7.2 Sample preparation 
Separate end-member minerals were obtained from samples of two layered intrusions (Bjerkreim 
Sokndal and Stillwater Complex) and from a peridotitic sample (Arizona). The chemistry of the 
rock forming minerals was determined by electron microprobe analyses with a CAMECA SX50 
(EMP) at the microprobe laboratory of C.N.R.-IGG (Consiglio Nazionale delle Ricerche, Istituto 
di Geoscienze e Georisorse), Padova, to define the most useful compositions. For further details 
about the starting rock, e.g., geological setting, composition and microprobe analyses, please 
refer to Pompilio, 2005, and to Carli, 2009. 
The selected rock samples were first crushed to a coarse particle-size class <2.00 mm, in order to 
preserve the original rock composition in powdered samples. The powders were then quartered 
and each fraction was ground to smaller particle-size classes. In particular, we have considered 
two particle-sizes, <250 µm and <125 µm. Each powder particle-size class was then quartered 
again and half material was then sieved into two size ranges: 125-250 µm and 63-125 µm. These 
particle sizes have been chosen in order to avoid problems arising when dealing with both very 
fine particles (e.g. coating processes) and coarse ones (e.g. band saturation effects). 
From these particulate samples, three PLs with different iron content and five different mafic 
compositions with increasing OL amounts were separated, using a Frantz Isodynamic Magnetic 
Separator at the Department of Physics and Earth Sciences, University of Parma. In Table 7.1, the 
applied amperage, removed minerals and new samples obtained during magnetic separation are 
shown. 
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Tab. 7.1 Table shows the starting compositions, the applied amperage and the final samples obtained with the Frantz 
Isodynamic Separator. 
 
Part of the new end-members have been reduced to finer particle size, 36-63 µm.  
The selected PL phases include: an iron-poor PL (PL1: An45, with 0.1 wt.% FeO), a medium-iron 
(PL2) and an iron-rich (PL3) PL (both An80, with 0.36 and 0.5 wt.% FeO, respectively). PL1 
(An45) is a more sodic PL than PL2 and PL3 (An80). Adams and Goulland (1978) analyzed PL 
with different An content but also with a variable iron content. The authors shown that the PL 
with the position at the highest wavelength is PL with An65 (see section 5.1.1); however, it is also 
clear that the An65 is also the sample with the highest iron content. From their paper, a correlation 
between position and iron content seems to be reasonable, whereas it is not clear if the band 
position shifting is related to the An content, as suggested. For this reason, in this thesis, even if 
we are dealing with a PL (PL1) characterized by a different An content, we plot our results versus 
the iron content, neglecting the Na/Ca ratio, because the PL Crystal Field absorption bands are 
due to iron transitions in mineral crystal lattice (Burns, 1993). 
The Fe, Mg (mafic) compositions consist of five distinct mineral assemblages1) E1, 44% CPX 
and 56% OPX mixture; 2) E2, 70% OPX and 30% OL; 3) 28.2% OPX, 3.4% CPX and 68.4% 
OL;4) E4, 100% OL; and 5) E5, 100% OPX. Tab. 7.2 shows the end-member’s chemistry as well 
as the FeO wt.% content in each mineral. 
 

 
Tab. 7.2 Table shows the end-member’s chemistry and the relative FeO wt.% content in each mineral. 

 
Using each end-member, a total of 130 mixtures have been prepared at two different particle 
sizes, 63-125 µm and 125-250 µm, with PL ranging between 20 and 90 wt.%. The 63-125 µm 
mixtures have been micronized to produce the <10µm mixtures using a micronizer at the 
Department of Geosciences, Padova University. 
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For each of the resulting mixtures, we calculated the new total FeO vol.% content for the PL and 
Fe, Mg mineral chemistries and the vol. FeO% due to PL phase with respect to the mixture 
(Serventi et al., 2013; 2015). The volumetric FeO% has been calculated as the FeO wt.% content 
in PL multiplied by modal PL (%) in each mixture. With the term volumetric iron because it 
defines the iron abundance for the mineral phase in the volume of our mixture, similarly to 
Pompilio et al. (2007), Carli and Sgavetti (2011).  
The same end-members were used to produce a total of 63 mixtures with PL ranging between 90-
99%, and consequently the mafic content from 10 to 1 wt.%. For these mixtures, we do not 
calculate the vol. FeO%: the spectral parameter variation has been evaluated vs. the PL content.  
 

7.3 Analytical methods 
7.3.1 Spectroscopic measurements 

Bidirectional reflectance spectra of each mixture were acquired at room temperature and normal 
atmospheric pressure with a Field-Pro Spectrometer mounted on a goniometer (Istituto di 
Astrofisica e Planetologie Spaziali, Inaf-IAPS, Roma). The spectra were acquired with a spectral 
resolution of ~3 nm in the VIS and of ~10-12nm in the NIR, with i=30° and e=0°. The source 
used was a QTH (Quartz Tungsten Halogen) lamp and the spot illuminated has an area of ca. 
0.5cm2. The calibration of the spectrometer was performed with Spectralon® optical standard 
(registered trademark of Labsphere, Inc.).  
Regarding the very fine particle sizes, several spectra have been acquired from each powder, and 
then only the mean spectrum has been considered. In order to avoid problems due to “slab 
behavior” or to the powder roughness, powders have been slightly pressed in the sample holder. 
 

7.3.2 Qualitative analyses 
The influence of PL on reflectance spectra of Fe, Mg minerals is firstly described in terms of 
spectral shape, continuum, band depth and band width variations and band position shifting. The 
spectral parameter variations were determined in continuum removed spectra, using the software 
ORIGIN® and considering the continuum line, function of wavelength, as the straight-line 
segments that join the reflectance maxima in the spectrum (Clark and Roush, 1984; please refer 
to Fig. 2.8b). Continuum line depends on the reflectance maximum positions in the spectrum, so 
it will vary between different spectra. For each absorption band of the continuum-removed 
spectrum we evaluated the position of the band absolute minimum as the wavelength 
corresponding to the reflectance minimum, the depth as the distance between the minimum and 
the continuum line and the band width, or FWHM, as the difference between the λ values at half 
depth. 
The spectral parameters describing the absorption bands were labeled as follows: 1) “Band PX” 
indicates the ~900 nm PX absorption in E1, in E2 and in E5- bearing mixtures, 2) “Band PL” 
indicates the ~1200 nm PL absorption in the E1 and E5-bearing mixtures, 3) “Band COMP” 
represents the OL-PL composite absorption in the 1200 nm interval in the E2, E3 and E4-bearing 
mixtures, where the two absorptions cannot be clearly distinguished. PX 1800 nm band has not 
been considered here, because we focused on the spectral region affected by PL absorption band. 
Two additional parameters, the maximum (H1) in the about 500-700 nm region and the band 
shoulder (H2) in the about 1500-1700 nm spectral region, were taken into account. H1 and H2 
variations were evaluated in terms of position and ∆-reflectance (the difference between the 
continuum reflectance and H reflectance) variations. These parameters can be useful to 
qualitatively describe the variation of the abundance of PL.  
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7.3.3 Quantitative analyses: the MGM algorithm 
As explained in section 2.4, the MGM is a statistic-base method based on the assumption that 
different mineral absorptions can be described with a modified Gaussian distribution 
superimposed on to a continuum. MGM is widely applied on mineral phases and mixture 
analysis, in particular for the electronic absorptions (e.g., Sunshine et al., 1990; Sunshine and 
Pieters, 1993, 1998; Klima et al., 2007, 2011; Clénet et al., 2011). Different papers used also 
Gaussian models to determine the vibrational overtones present in hydrated silicates, carbonates 
and sulfates measured in laboratories (see 
Sgavetti et al., 2015; and references therein). 
The MGM algorithm models the continuum as a function of the wavenumber, with two 
parameters(Sunshine et al., 1990, please refer to Fig. 2.8a), the intercept c0 (variable between 
negative values and 0 with increasing reflectance values) and the offset c1 (variable from 
negative values/red slope to positive values/blue slope), while each Gaussian is described by 
three parameters, the band depth (in logarithm of the reflectance), the band center and the band 
width (both in nanometers).  
 

7.3.3.1 Continuum 
The continuum is still today not fully understood, and different approaches are used in the 
literature. Moreover, in the literature there is not a specific procedure to follow when applying the 
Gaussian modeling to a reflectance spectrum. So the continuum choice has been the result of the 
following considerations (serventi et al., 2015). 
Fig. 7.1a shows the reflectance spectra for the E5+PL3 mixtures at the 63-125 µm size; these 
mixtures have been selected as an example because are composed with a mono-mineralic mafic 
end-member (100% OPX) and an iron-rich PL and because the OPX and PL absorption bands are 
well separated. Fig. 7.1a shows that increasing the PL modal abundance the spectra have higher 
albedo and their shape changes from a red slope (spectrum in the VIS have lower reflectance 
values than spectrum in the NIR) to an almost blue slope (spectrum in the VIS have higher 
reflectance values than spectrum in the NIR). Therefore, we expect that, increasing the PL 
content, both the offset c0 and the slope c1 increase towards positive values.  
 

 
Fig. 7.1The figure shows the reflectance spectra for the E5+PL3 mixtures (from Serventi et al., 2015). a) increasing 
the PL modal abundance the spectra have higher albedo and their shape changes from a red slope to an almost blue 
slope ; b) the c0 and c1 behavior with different continua after MGM deconvolution: leaving both c0 and c1 free to 
vary, c0 become more positive while c1 moves towards negative values (empty symobls); while considering a fixed 
continuum tangent to the spectrum reflectance maxima, c0 still become more positive and c1 also moves towards 
positive values (filled symbols).  
 
In Fig. 7.1b is shown the c0 and c1 behavior with different, linear continua choosen for the MGM 
deconvolution and with increasing the PL modal abundance, and, as a consequence, the vol. FeO 
% in PL: 
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1) Considering a free continuum (so leaving both c0 and c1 free to vary), c0 become more 
positive while c1 moves towards negative values (empty symbols in Fig.7.1b); while 

2) Considering a continuum with fixed c0 and c1 for all the mixtures, and tangent to the 
spectrum reflectance maxima, c0 still become more positive but c1, differently from point 
(1), moves towards positive values (filled symbols in Fig.7.1b), as expected. 

From the comparison of the different behavoirs of c1 with the spectrum shape of the mixtures, we 
considered a fixed and tangent continuum as more reliable.  
Furthermore, considering the PL modal abundance, we needed a continuum that model the real 
strength of the absorption bands (see also Clenet et al., 2011) thus avoiding an horizontal 
continuum but choosing a tangent continuum. 
 

7.3.3.2 Gaussians 
We first deconvolved the end-members, mafic and PL, as mineralogically unknown end-
members, assigning Gaussians only where either an absorption band or a band asymmetry are 
visually perceptible. The rational of this was that the objective of planetary surface spectroscopy 
is the interpretation of the unknown mineralogical composition of that surface.  
Then, we deconvolved the mixtures, considering that our goal is to analyze PL behavior when 
mixed with mafic minerals, and that: 

1) If measured under the same conditions, the band center and width of mafic minerals 
depend only on the chemistry (e.g. the iron content, Burns, 1993); 

2) the band depth is related with the abundance of the mineral phase in a mixture (in 
particular for mafic phases, see Sunshine and Pieters, 1993; 1998); 

3) no data in the literature discussed in a systematic way the PL behavior varying iron 
content; 

4) in mixtures composed with OL and PL we cannot assume that the composite band center 
and width will remain fixed varying the OL and PL modal abundance. 

So, we decided that the band center and the band width assigned to the mafic absorption bands 
must be fixed for the Gaussians because these parameters are only relate to the mineral 
chemistry, whereas the mafic band depth, that varies with the modal abundance, as well as 
Gaussians assigned either to PL or to COMP (PL+OL) absorption bands, were left free. This also 
helped to avoid a high number of free parameters. Consequently, only the spectral parameters 
variations of the ~1250 nm (PL and COMP) band and the mafic mineral band depth will be 
discussed. 
In this thesis, the ~900 nm and the ~1800 nm PX absorption bands are defined as Band I and 
Band II, respectively; the OL absorptions are defined Band 1,2 and 3; the complex absorption of 
PL and OL in the 1200 nm region is called COMP Band; and the 1250nm absorption band is 
called PL band. A number has been assigned to each Gaussian, as shown in Tab. 7.3. 
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Tab. 7.3 In the table are reported a list of Gaussians used in the end-member deconvolution, the wavelength position 
and the mineralogical interpretation. 
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8. Spectral reflectance of plagioclase bearing mixtures: 63-125 µm and 125-
250 µm mixtures 

8.1 Spectral characteristics of the end-members: qualitative analyses 
8.1.1 Fe, Mg end-members 

8.1.1.1 E1 
The reflectance spectrum of E1 for the 63-125 µm particle size (solid lines in Fig. 8.1a,b) shows 
two main absorption bands at 955 nm and 1905 nm assigned to Fe2+ in distorted octahedral M2 
site in OPX and type B CPX (Cloutis and Gaffey, 1991; Burns, 1993). In this spectrum it is not 
possible to discriminate between the OPX and CPX  absorption bands, combined in a composite 
band centered at 955 nm and located between OPX (~900 nm) and CPX (~1000 nm) absorption 
positions. Minor absorption bands are also present at 650 nm, assigned to a Fe3+-Fe2+ IVCT 
transition. Other absorptions occur at 1400 nm, 1900 nm and 2310 nm due to mineral alterations 
(e.g., by H2O and Mg-OH- vibrational modes). In the spectra of the coarsest particle size powders 
(dashed lines), the PX  absorption bands are still present but the band minima are shifted at 
longer wavelength (976 nm and 1909 nm respectively), the absorption band depths are less 
prominent and the albedo is lower with respect to the fine particle size.  

 
Fig. 8.1The figure shows the reflectance spectra for each mafic end-member at different particle sizes. 63-125 µm: 
solid lines; 125-250 µm: dashed lines. Considering the 63-125 µm size: a,b) E1 shows two principal absorptions at 
~955nm and ~1905nm due to Fe2+ in M2 site of OPX and CPX; c,d) E2 shows two principal absorptions at ~938nm 
and ~1891nm due to Fe2+ in M2 site of OPX and a flattening in the 1200nm region associated with  Fe2+ in M1 site 
of OL; e,f) E3 is characterized by a composite band centered at 1056nm attributable to Fe2+ in M1 and M2 site of 
OL; g,h) E4 displays a broad band centered at 1064 nm, due to Fe2+ transition in OL M1 and M2 sites; and i,l) E5 
shows two absorption bands at 929 and 1850nm, due to the Fe2+ transition in OPX M2 site. Coarsening the particle 
size, all the end-members show lower albedo and less intense absorption band, while E3, despite a lower albedo, 
does not show any difference about band depth.  
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8.1.1.2 E2 
In Fig.8.1c,d, the E2 reflectance spectrum for the 63-125µm particle sizes shows two principal  
absorption bands at 938 nm and 1891nm, due to Fe2+ in distorted octahedral M2 site in OPX 
(Burns, 1993), whereas the spectral flattening in the 1200 nm region is interpreted as the 
Fe2+transition in OL M2 site (Burns, 1993). The first two absorption bands of OL, due to Fe2+ in 
OL  M1 and M2 sites (Burns, 1993) cannot be clearly resolved, although the visually perceptible 
938 nm band asymmetry toward the NIR region suggests the combination of the OPX and OL 
absorption bands. An additional IVCT absorption band occurs at 630 nm, probably due to a Fe3+-
Fe2+ IVCT transition, and vibrational bands are present at 1400 nm and 2310 nm, due to mineral 
alterations (e.g., H2O and Mg-OH-). In the spectrum of the coarse particle size (dashed lines), the 
minima of both bands are at slightly longer wavelengths (945 nm and 1906 nm) and the band 
depth is less intense than in fine particle powder spectra. In addition, the albedo is lower than in 
the fine-grained sample spectra. 
 

8.1.1.3 E3 
The reflectance spectrum of E3 for the 63-125µm particle sizes (Fig. 8.1e,f) shows a broad 
composite  absorption band centered at 1056 nm, attributable to Fe2+ in M1 and M2 sites of OL 
(Burns, 1993). Other negligible absorption bands at 630 nm, probably due to a Fe3+-Fe2+ IVCT 
transition, and weak vibrational bands at 1400 nm, 1900 nm and 2310 nm are also observed. In 
the coarse particle size (dashed lines) the OL absorption bands are less intense and occur at 
shorter wavelength than in fine-grained spectrum (solid lines). The composite band minimum in 
this spectrum is at 1042 nm.  
 

8.1.1.4 E4 
As in the E3 end-member, the reflectance spectrum of E4 for the 63-125µm particle sizes (Fig. 
8.1g,h) is characterized by a broad composite  absorption band centered at 1064 nm, attributable 
to Fe2+ in M1 and M2 sites of OL (Burns, 1993). An absorption band at 637 nm, probably due to 
a Fe3+-Fe2+ IVCT transition, and a weak vibrational band at 1900 nm are detected. In the coarse 
particle size (dashed lines) the OL absorption band is less intense and occurs at 1056 nm.  
 

8.1.1.5 E5 
The reflectance spectrum of E5 for the 63-125 µm particle size (solid lines in Fig. 8.1i,j) is 
characterized by two main absorptions at 929 nm and 1850 nm assigned to Fe2+transition in 
distorted octahedral M2 site in OPX (Burns, 1993). Minor absorption bands are also present at 
650 nm, assigned to a Fe3+-Fe2+IVCT transition, at 1400 nm and 2310 nm due to mineral 
alterations (e.g., by H2O and Mg-OH- vibrational modes). In the coarsest size spectrum (dashed 
lines), the albedo is lower and the OPX absorptions are shallower and shifted towards longer 
wavelength (934 nm and 1850 nm respectively) with respect to the fine particle size. 
 

8.1.1.6 Comparison between mafic end-members 
Comparing different particle sizes, a coarse size produces: (1) a shifting of the PX absorption 
bands toward longer wavelengths and of the OL absorption towards shorter wavelengths (refer to 
the fourth column in Tab. 8.1); (2) less intense absorption bands, with a band depth variation 
maximum for E1 and minimum for E3 end-members (refer to the third column in Tab. 8.1); and 
(3) a systematically lower albedo. 
The narrow shift of the absorption minima can be explained in different ways: 1) the FieldSpec 
spectral resolution varying between 2-12 nm and the difference in the two particle sizes thus 
falling in the instrumental error; 2) a different particle distribution in the particle sizes of mixture 
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end-members; and 3) a different particle size affecting the continuum in unpredictable ways with 
consequences not completely correctable even on the spectral parameters.  
Considering OL-PX bearing end-members, in the E3 end-member (Fig. 8.1e,f), the OPX 
absorption band due to 30% OPX is not resolvable (even if E3 has been analyzed in detail, thus 
assuming the mineralogical composition reliable), while in the spectra of the E2 end-member 
(Fig. 8.1c,d), 30% OL is clearly expressed in the 1200 nm flattening. Indeed, the corresponding 
volumetric FeO contents in the two phases are similar in the E2 end-member (3.03% in OL and 
5.29% in OPX), but are very different in the E3 end-member (10.02% in OL and 2.54% in OPX), 
resulting in the clear OL predominance in the E3 spectrum. 
 

 
Tab. 8.1 End-member spectral parameters extracted from ORIGIN analysis. 
 

8.1.2 PL end-members 
In Fig.8.2a,b, the PL spectra show a main absorption band in the 1250 nm region, due to Fe2+ 
replacing Ca2+ in seven coordination site (Bell and Mao, 1973; Burns, 1993). The spectra also 
show weak vibrational bands at 1400 nm, 1900 nm, 2200 nm and 2310 nm due to alterations 
(e.g., H2O, Al-OH- and Mg-OH-) in the natural PL used here. The 1250 nm absorption band 
observed in relatively iron-rich PL becomes asymmetric toward the 1800-2000 nm spectral 
region, and it is associated with a possible but undefined band in the ca. 1800 nm region. 
However, we do not observe an absorption band at 2000 nm, detected by other authors in 
synthetic PL (Burns, 1993; Cheek et al., 2011) and tentatively assigned to Fe2+ in multiple 
coordination environment (Appleman et al., 1971; Hafner et al., 1971; Dyar et al., 2002). Fig.8.2c 
displays the variation of the PL continuum from red to blue slope with increasing FeO wt.% in 
PL for both fine (solid lines) and coarse (dashed lines) particle size. 
In Fig.8.2d-f, the spectral parameters are plotted vs. the wt.% FeO content in PL. In the spectra of 
63-125 µm particle size PL (full symbols), PL band depth (Fig. 8.2d) increases from PL1 to PL2 
end-members, whereas it remains almost unchanged for PL2 and PL3 end-members. Similarly, 
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the band minima are clearly shifted towards longer wavelengths with increasing iron content in 
PL (from 1264 nm and 1279 nm to 1298 nm, Fig. 8.2e). Fig.8.2f also shows that band widens 
with FeO wt.% content in PL, apparently associated with increasing asymmetry toward the IR 
region, visible in the spectra.  
Similar behaviors are also observed for the coarse particle size (empty symbols), with the band 
becoming deeper (Fig. 8.2d), shifted towards longer wavelengths (1275 nm, 1278 nm, and 1301 
nm; Fig. 8.2e), and wider than fine particle size (Fig. 8.2f).  
Both increasing iron content and particle size produce deeper bands, a minimum shift toward the 
IR region and an overall decrease of the reflectance. 

 
Fig. 8.2 a) Reflectance spectra of PL with different chemistry and different particle size (from Serventi et al., 2013). 
PL shows a principal absorption band in the 1250 nm region that becomes asymmetric toward the IR with increasing 
FeO wt.% in PL; b) Continuum-removed spectra; c) PL continua vary from a red to a blue slope adding FeO wt.% in 
plagioclase; d) PL band depth increases from PL1 to PL2 but it slightly decrease from PL2 to PL3; coarse PL (empty 
diamonds) are deeper than fine ones (full diamonds); e) PL minimum shifts to IR region from PL1 to PL3; f) PL 
band widens from PL1 to PL3; coarsening the particle size (empty diamonds), except PL2, band is wider than fine 
particle size (full diamonds).  
 

8.2 Spectral characteristics of the mixtures: qualitative analyses 
Fig. 8.3 and 8.4 show the reflectance spectra of the mixtures at the two different particle sizes. 
For each of the mixture compositions, three interdependent variables are expected to exert a non-
linear control on the overall spectral shape and absorption band parameters: 1) the decreasing 
content of the Fe, Mg component related to increasing PL modal abundance; 2) the increasing 
FeO wt. % concentration in PL, that consequently no more can be considered a transparent 
mineral phase, and 3) the particle size effects, as this parameter controls the optical path of the 
light. The first two variables combine to determine the total FeO in the mixtures (i.e., overall 
decreasing with increasing PL percentage), while the last variable introduces the effects of the 
optical path and the mineral contiguity, critical in coarse Fe, Mg end-members. 
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Fig. 8.3 Reflectance spectra at the 63-125 µm particle size. a)E1+PL1 (from bottom to top PL1:0-50-70-90-100); b) 
E1+PL2 (from bottom to top PL2:0-50-60-70-80-90-100 ); c)E1+PL3 (from bottom to top PL3:0-20-50-70-80-90-
100); d)E2+PL1 (from bottom to top PL1:0-50-70-90-100 ); e)E2+PL2 (from bottom to top PL2 :0-30-50-70-90-100 
); f)E2+PL3 (from bottom to top PL3 :0-30-50-70-90-100 ); g)E3+PL1 (from bottom to top PL1 :0-50-70-90-100 ); 
h)E3+PL2 (from bottom to top PL2 :0-30-50-70-90-100 ); i)E3+PL3 (from bottom to top PL3 :0-30-50-70-90-100 ); 
j)E4+PL1 (from bottom to top PL1 :0-50-70-90-100 ); k)E4+PL2 (from bottom to top PL2 :0-30-50-70-90-100 ); 
l)E4+PL3 (from bottom to top PL3 :0-30-50-70-90-100 ); m)E5+PL1 (from bottom to top PL1 :0-50-70-90-100 ); 
n)E5+PL2 (from bottom to top PL2 :0-30-50-70-90-100 ); o)E5+PL3 (from bottom to top PL3 :0-30-50-70-90-100 ). 
Plagioclase modal abundance increases from the bottom (black spectrum) to the top (dashed line spectrum). Mixtures 
with PL1 are less than mixtures with PL2 and PL3 because PL1 is characterized by a weak 1250 nm absorption that 
is resolvable only for high PL content. a1-o1: 125-250 µm 
 

8.2.1 E1+PL1 mixtures 
Fig. 8.3a-c shows the E1+PL mixtures: PL1 produces a flattening in the 1250 nm region only 
from 90%, while the flattening is visible from 30% PL2 and PL3. If PL2 and PL3 are up to 80% a 
well-defined band can be resolved, and the band is deeper in PL3-mixtures than in PL2.mixtures.   
Fig.8.3a1-c1 report the effects of coarse particle size on the mixture spectra. PL produces a well 
resolved absorption band for lower PL concentration than for fine mixtures. It is also evident that 
for more than 90% PL2 and PL3 content, the PL absorption band is more intense than the PX 
absorption band.   
Thus, we can summarize that, in general, adding PL to the Fe, Mg end-member produces higher 
albedo, a continuum’s flattening in the 1300-1500 nm spectral region and a reduced spectral 
contrast and that PL produces first a flattening in the 1250 nm region and only for high PL 
content an absorption band can be resolved. However, a variety of behaviors are observed when 
PL with different FeO wt.% contents are included in the mixtures, as documented by the spectral 
parameter variations plotted in fig. 8.4. Since PL minimum is not clearly detectable, the PL 
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absorption band depth has been calculated keeping fixed its minimum position at 1264 nm, 1279 
nm and 1298 nm for PL1, PL2 and PL3, respectively, in the fine particle size, and at 1275 nm, 
1278 nm and 1301 nm for the coarse particle size.  
In particular, Fig.8.4 shows that, increasing the vol. FeO% due to the PL fraction: 

1) the PX band depth decreases and PL band depth increases (Fig. 8.4a) becoming very 
similar for about 0.324% vol. FeO in PL2-bearing mixtures (90% PL2) and for 0.45% vol. 
FeO in PL3-bearing mixtures (90 % PL3); 

2) the PX absorption minimum shifts to shorter wavelengths until ca. 70-80%, but to longer 
wavelengths for volumetric FeO >0.25 in PL2 and for volumetric FeO>0.3% in PL3 (Fig. 
8.4b); 

3) the PX band width becomes narrower (Fig. 8.4c) until 70-80% (0.252-0.288vol. FeO% 
and 0.35-0.4 vol. FeO%) of PL amount. For higher PL content it is not possible to 
calculate the width.  

Fig. 8.4 also show the particle size effects (empty symbols): a coarse particle size produces less 
intense PX absorption bands but deeper PL absorption (Fig. 8.4a), band minimum displacements 
toward longer wavelength (Fig. 8.4b) and broader band with respect to the fine particle size (Fig. 
8.4c). 
Increasing PL modal abundance, H1 and H2 positions move to longer wavelength and H2 ∆-
reflectance increases (Fig. 8.4d-f). 

 
Fig. 8.4 Spectral parameters variation vs. the volumetric FeO% due to PL phase in each mixture (from Serventi et al., 
2013). Increasing volumetric FeO% due to PL, a) PX band depth (triangles) decreases while PL depth (circles) 
increases. Coarsening the particle size produces less intense PX bands but deeper PL bands; b)PX band minimum 
shifts to Ultraviolet (UV) region but for high PL content shifts to IR region. At coarse particle size, the minimum is 
shifted to longer wavelength ; c) PX band width becomes narrower and a coarse particle size produces broader 
bands; d) H1 (1500-1700 nm region) position moves to longer wavelength; e) H2 position moves to longer 
wavelength and a coarse particle size produces a shifting towards the IR region; f) H2 ∆-reflectance increases. 
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8.2.2 E2+PL mixtures 
In this Fe, Mg end-member, the small OL content is responsible for the spectral flattening in the 
1250 nm region due to the OL band 3 (Figs. 8.3d-f, d1-f1).  
Also in this case, adding PL produces progressively higher albedo and reduced spectral contrast. 
Figs.8.3d-f show that: PL1 does not produce a clear absorption band, masked by OL even for 
90% PL content, PL2 content produces an inflection in the 1200 nm region that can be resolved 
as absorption band for PL2>50% while the PL absorption band is better defined starting from 
30% PL3.  
In Figs. 8.3d1-f1, the coarse particle size emphasizes the presence of PL in the 1200 nm interval: 
the PL absorption band can be detected for 90% PL1, 30% PL2 and 30% PL3.  
In general, adding FeO wt.% content in PL and coarsening the particle size produce a lower 
albedo.     
Fig.8.5a-c reports, for all the mixtures, the diagrams of the variations of the Fe, Mg component 
and PL spectral parameters with increasing the volumetric FeO content in PL. 
Specifically:  

1) the OPX absorption band depth decreases and, except in the PL1-bearing mixtures (pink 
filled circles), the composite absorption band depth increases with increasing vol. FeO% 
(Fig. 8.5a). Furthermore, for volumetric FeO>0.4%, the composite band absorption is 
deeper than the OPX absorption band depth (Fig. 8.5a); 

2) the OPX band minimum is almost unchanged, with a shift comprised within 10 nm, 
except for a few outliers (black stars in fig. 8.5b) representing mixtures with high content 
of PL at a coarse particle size (Fig. 8.5b); 

3)  the band width can be identified only for PL< 70 % and it does not show a clear trend 
(Fig. 8.5). 

 
Fig. 8.5 Spectral parameters variation vs. the volumetric FeO% due to PL phase in each mixtures (from Serventi et 
al., 2013). Increasing volumetric FeO% due to PL, a) OPX band depth decreases while the composite band depth 
increases, except from PL1-bearing mixtures. Coarsening the particle size, PX depth is reduced while COMP depth 
is reduced for FeO %<0.3 but increased for higher content ; b) OPX band position does not show great variations, 
except from outliers identified with black stars. The position shift toward the IR region coarsening the particle size of 
higher FeO samples; c) OPX width does not show a clear trend at both particle sizes; d) H1 (1500-1700 nm region) 
position moves to longer wavelength; e) H2 position moves to longer wavelength and a coarse particle size produces 
a shifting the IR region; f) H2 ∆-reflectance increases. 
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A coarse particle size produces less intense OPX absorption band and, for vol. FeO% in PL <0.3, 
less intense composite band, while for higher vol. FeO% content composite band deepens (fig. 
8.5a), OPX minimum shifts toward longer wavelength (fig. 8.5b) and OPX becomes wider (fig. 
8.5c). 
The presence of PL is also revealed by the H1and H2 positions shifting to longer wavelengths 
(Fig. 8.5d,e), and the ∆-reflectance increasing of the H2(Fig. 8.5f). 
 

8.2.3 E3+PL mixtures 
The starting OL content in this end-member is higher than in the previous end-member.  
In these mixtures (Fig. 8.3g-i, g1-i1) the PL absorption is clearly superimposed on the three OL 
bands, so that it cannot be discriminated from the OL band 3. Consequently, we consider the OL 
band 3 and PL absorption as a unique composite band. The variation of PL concentration can 
however be detected from the absorption band position shifting toward longer wavelength.  
In Fig. 8.3g-i the PL is not resolvable even for 90% PL1 content, while it can be resolved for 
more than 90% of PL2 and 80% of PL3. In contrast, in the coarsest particle size (Fig. 8.3g1-i1) 
the PL produces a deep absorption in the 1200 nm region and it can be resolved for > 90% PL1, > 
80% PL2 and > 80% PL3. Moreover, in mixture with 90% PL3, PL causes a shift to longer 
wavelength of the composite band and totally masks the contribute of OL.  
Fig. 8.6 shows that, with increasing the vol. FeO % due to the PL fraction: 

1) the COMP band depth varies only slightly (Fig. 8.6a); 
2) the COMP band minima form two distinct clusters: in the lower cluster, the OL spectral 

feature controls the composite absorption band, whereas, in the upper cluster, the PL 
absorption band is clearly predominant (Fig. 8.6b). In both cases, the band minimum 
shifts toward the IR region; 

3) the COMP band becomes narrower (Fig. 8.6c). 
Coarse particle size produce a COMP band depth attenuation for PL1 and low PL2 and PL3 
content, increasing for vol. FeO% >0.25 (fig. 8.7a), a shifting of the position toward the IR region 
(fig. 8.6b) and narrower band width (fig. 8.6c). 
The presence of PL is also revealed by a shifting of the H1 position for more than 0.35% vol. 
FeO, (Fig. 8.6d) and by the H2 ∆-reflectance increasing (Fig. 8.6f).  H2 position variation does 
not show a clear trend (Fig. 8.6e).  
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Fig. 8.6 Spectral parameters variation vs. the volumetric FeO% due to PL phase in each mixture (from Serventi et al., 
2013). Increasing volumetric FeO% due to PL, a) COMP band depth slightly decreases. Coarsening the particle size, 
for FeO% <0.25 band depth is reduced while for upper content it increases; b) COMP band position form two cluster 
at different wavelength: in the lower cluster OL is dominant while in the upper cluster PL is dominant. A coarse 
particle size shifts the position toward longer wavelength; c) COMP band becomes narrow and a coarse particle size 
produces narrower bands; d) H1 (1500-1700 nm region) position moves to longer wavelength; e) H2 position does 
not show a clear trend; f) H2 ∆-reflectance increases. 
 

8.2.4 E4+PL mixtures 
These mixtures are composed with PL and 100% OL-bearing end-member. In this case, 1800 nm 
absorption bands are not expected, due to the OPX absence. Nevertheless, a reflectance decrease 
can be detected in the 1600-1800 spectral region (fig. 8.3j-l, j1-l1). In Fig. 8.3j-l the PL is not 
resolvable even for 90% PL1 content, while it can be resolved only for more than 90% of PL2, 
PL3. In the coarsest particle size (Fig. 8.3j1-l1) the PL band can be resolved for > 80% PL2 and 
>70% PL3. Moreover in mixture with 90% PL3, PL totally masks the contribute of OL.  
Fig. 8.7 shows that, with increasing the FeO vol.% due to the PL fraction: 

1) the COMP band becomes shallower (Fig. 8.7a); 
2) the COMP band minima form two distinct clusters, as for the previous mixtures (Fig. 

8.7b): in the lower cluster, the OL spectral feature controls the composite absorption 
band, whereas, in the upper cluster, the PL absorption band is clearly predominant (Fig. 
8.8b); 

3) the COMP band becomes narrower (Fig. 8.8c). 
Coarse particle size produces a deeper COMP band (fig. 8.7a), a shifting of the position toward 
the IR region (fig. 8.7b) and wider band (fig. 8.7c). 
As for the E3+PL mixtures, PL is also expressed by the H2 shifting towards longer wavelengths 
and ∆-reflectance increasing (Fig. 8.7e,f).   
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Fig. 8.7 Spectral parameters variation vs. the volumetric FeO% due to PL phase in each mixture. Increasing 
volumetric FeO% due to PL, a) COMP band depth decreases for the two particle sizes; b) COMP band position form 
two cluster at different wavelength: in the lower cluster OL is dominant while in the upper cluster PL is dominant. A 
coarse particle size shifts the position toward slightly longer wavelength; c) COMP band becomes narrow and a 
coarse particle size produces wider bands; d) H1 (1500-1700 nm region) position moves to longer wavelength; e) H2 
position moves to longer wavelength; f) H2 ∆-reflectance increases. 
 

8.2.5 E5+PL mixtures 
Fig. 8.3m-o show that  PL1 produces a flattening only from 90%, PL2 produces a flattening in 
the 1250 nm region from 50% PL whereas only for more than 80% PL a well-defined absorption 
band is produced, and the absorption band due to 80% PL3 is more intense than in previous 
mixtures.  
Fig.8.3m1-o1 report the effects of coarse particle size on the mixture spectra. For these mixtures 
PL produces a well resolved absorption band for lower PL concentration than for fine-grained 
mixtures. It is also evident that for more than 90% PL3 content, the PL absorption band is more 
intense than the PX absorption band.   
Differently from E1-bearing mixtures, the PL band is asymmetric towards the longest 
wavelengths. 
Fig.8.8 shows that, increasing the FeO wt.% due to the PL fraction: 

1) the OPX band depth decreases and PL band depth increases (Fig. 8.8a) becoming very 
similar for about 0.324% vol. FeO in PL2-bearing mixtures (90% PL2) and for 0.45% vol. 
FeO in PL3-bearing mixtures (90 % PL3); 

2) the OPX absorption minimum shifts toward longer wavelengths for vol. FeO>0.4% in 
PL3-mixtures (Fig. 8.8b) and for vol. FeO > 0.36% in PL2-mixtures; 

3) the OPX band becomes narrower (Fig. 8.8c) until 70-80% of PL amount. For higher PL 
content the band becomes wider.  

A coarse particle size produces less intense OPX absorption bands but more intense PL 
absorption bands (Fig. 8.8a), a PX shifting towards slightly longer wavelengths and broader band 
width, even if for very high PL-content it is not possible to calculate the band width, with respect 
to the fine particle size (Fig. 8.8c). 
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Increasing PL modal abundance, H1 moves to longer wavelength, while H2 shifts towards 
shorter wavelengths and H2 ∆-reflectance increases (Fig. 8.8d-f). The opposite behavior of H2 
position with respect to E1-bearing mixtures can be related to the absence of CPX. 
 

 
Fig. 8.8 Spectral parameters variation vs. the volumetric FeO% due to PL phase in each mixture. Increasing 
volumetric FeO% due to PL, a) OPX band depth (triangles) decreases while PL depth (circles) increases. Coarsening 
the particle size produces less intense OPX bands but deeper PL bands; b) OPX band minimum shifts toward the IR 
region. At coarse particle size, the minimum is shifted to longer wavelength; c) OPX band width becomes narrower 
until 70-80% PL and then the band becomes wider. A coarse particle size produces broader bands; d) H1 (1500-1700 
nm region) position moves to longer wavelength; e) H2 position moves to shorter wavelength; f) H2 ∆-reflectance 
increases. 
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8.3 End-member deconvolution 
8.3.1 Mafic end-members 

Fig. 8.9 shows the end-members (left end column), their MGM deconvolution at 63-125µm and 
125-250µm particle sizes (central and right end columns, respectively) and the residuals. 

 
Fig. 8.9 The figure shows the mafic end-members and their MGM deconvolution at two different particle size (from 
Serventi et al., 2015), 63-125 µm (solid spectrum; central column) and 125-250 µm (dashed spectrum; right column). 
a-c) E1 end-member is decomposed with 5 Gaussians, 3 in the 800-1000 nm range, G1 for Fe2+ in OPX, G2 for Fe2+ 
in CPX and G5 for adjustment, and 2 in the NIR range, G3 for Fe2+ in OPX and G4 for Fe2+ in CPX; d-f) E2 end-
member is decomposed with 4 main Gaussians, G1, G2 and G5 in the 800-1200 nm range for the Fe2+ transitions in 
the olivine M1 and M2 sites and G3 at ~1850 nm for the Fe2+ in OPX; g-i) E3 end-member is deconvolved with 3 
Gaussians assigned to Fe2+ transitions in the olivine M1 (G6 and G8) and M2 (G7) sites; j-l) E4 end-member is 
decomposed with 3 Gaussians, G6, G7 and G8, as in the previous end-members, even if the Gaussian relative 
strength in this case is very different; m-o) E5 end-member is deconvolved with 4 Gaussians, 2 in the 800-1000 nm 
range, G1 for Fe2+ in OPX and G5 for adjustment, and 2 in the NIR range, G3 for Fe2+ in OPX and G4 for 
adjustment. 
 
In Tab. 8.2 are reported the spectral parameters for each mafic end-member. 
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Tab. 8.2 In table are reported the spectral parameters obteined by MGM deconvolution of mafic end-members, at the 
63-125 µm (on the left) and 125-250 µm (on the rigth). Center and width are expressed in nanometers, while depth 
as the logarithm of the reflectance. RMS represent the Root Mean Square error: the lower the RMS the better the fit. 
 
For the PX-bearing end-members, a Gaussian centered at ca. 840 nm, G5, has been added. In the 
literature, Sunshine and Pieters (1993) inserted a Gaussian at ca. 800 nm for OPX spectra 
acquired on 75-125 µm size, which was not considered for the same material at fine sizes, 
demonstrating how only increasing the size the MGM fit requires an additional Gaussian in that 
spectral region. So, here, G5 has been interpreted as a Gaussian that adjusts the absorption band 
shape and is not assigned to a particular crystal field transition; for this reason, G5 is not 
considered in the following discussions.  
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Furthermore, in E3 end-member we needed to add the Guassian G9 at ca. 650 nm in order to 
obtain a better fit. This band is representative of a IVCT absorption (Burns, 1993), but will not be 
taken in to account in the further discussion. 
In particular, for the 63-125 µm particle size (central column in the figure):  

1) E1 band I is deconvolved with 2 Gaussians (Fig. 8.9a,b): G1 at 934 nm for Fe2+ transition  
in the OPX M2 site, and G2 at 1028 nm for the Fe2+ transition in the CPX M1 site; band II 
has been fitted with 2 Guassians, G3 at 1851 nm for Fe2+ transition  in the OPX M2 site, 
and G4 at 2311 nm for the Fe2+ transition  in the CPX M2 site;  

2) E2 is deconvolved with 2 Gaussians for the absorption band at ~950 nm (Fig. 8.9d,e): G1 
at 961 nm for the composite absorption due to Fe2+ transition  in OPX M2 site and in OL 
M1 and M2 sites, and G2 at 1165 nm for the Fe2+ transition in the OL M1 site; 1 
Guassian, G3 at 1859 nm, describes the ~1850 nm band,  for the Fe2+ transition in the 
OPX M2 site;  

3) E3 is deconvolved with 3 Gaussians (Fig. 8.9g,h) for the Fe2+ transition in OPX M2 site 
(G6 at 861 nm) and in M1 (G6 and G8 at 861 nm and 1221 nm, respectively) and M2 (G7 
at 1028 nm) sites in OL; 

4) E4 is deconvolved with 3 Gaussians for the Fe2+ transition in M2 (G7 at 1033 nm) and 
M1 (G6 and G9 at 848 nm and 1181 nm, respectively) sites in OL (Fig. 8.9j.k); and  

5) E5 is deconvolved with 1 Gaussian for the absorption band I (Fig. 8.9m,n), G1, at 934 nm 
for Fe2+ transition in the OPX M2 site; and 1 Guassian, G3, at 1849 nm, for the Band II, 
describing the Fe2+ transition in the OPX M2 site.  

E3 and E4 end-members are both composed mainly of OL, 70% and 100% respectively, but the 
Gaussians assigned to E4 show a different behavior with respect to the ones in E3. In E4 end-
member, G8 is almost twice deeper than G6 and G7, while in E3 the depth differences are 
reduced. The different OL composition and iron content in E3 and E4 and the presence of circa 
30% OPX in E3, can explain this different spectral behavior. 
On the top of each MGM plot we report the fit’s residual. The residual shows the difference 
between measured and fitted spectra. It is clear from the literature (e.g. Sunshine et al., 1990; 
Sunshine and Pieters, 1993) that the residual error present in our plot can be considered due not 
to missing Gaussians, but regarded as typical MGM residual error associated maybe to band 
saturation or to the mathematical statistics of this approach, or related to our choice of fixing 
spectral parameters, such as band center and band width. Furthermore, the intensity of the 
residual, ±0.1, indicates values comparable with Klima et al. (2011). 
 

8.3.2 Plagioclase deconvolution 
Fig. 8.9a-i and Tab. 8.3 show the deconvolution of the PL at the two different particle sizes. Each 
PL has been decomposed assigning a principal Gaussian (G10) for the absorption band at ~ 1250 
nm. Furthermore, it is necessary to add a Gaussian (G11) in the 1600-1800 nm region, here called 
the 1800 nm Gaussian, in order to model the asymmetry due to flattening of the long-wavelength 
shoulder of the 1250 nm band towards the IR. However, an 1800 nm absorption band, even if 
described in literature (Pieters, 1996; Hiroi et al., 2012), has not been interpreted and is still 
unassigned to a specific transition in the PL crystal structure. Gaussians describing the vibrational 
modes at approximately 1400, 1900 and 2300 nm, due to the OH- alterations of natural PL, are 
not considered in further discussions. The residuals show a very weak pattern for both the particle 
size, suggesting that the spectra are well fit, as indicated by also the R2 values in Tab. 8.3. 
From Tab. 8.3 it is evident that, for the 63-125 µm particle size (filled symbols in figure), 
increasing the FeO content in PL: 
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a) G10 deepens from PL 1 to PL2, while it slightly decreases from PL2 to PL3; G11 
deepens; 

b) G10 center is very similar for PL1 and PL2 while in PL3 it moves towards longer 
wavelengths;  G11 moves towards the IR region from PL1 to PL2 while it shifts towards 
shorter wavelengths from PL2 to PL3;  

c) G10 width does not show significant variations while G11 band widens; and 
d) co becomes more negative while c1 becomes positive. 

Coarsening the particle size, G10 deepens and moves slightly towards the IR region while the 
width does not show a defined trend. On the other hand, G11 deepens, moves towards shorter 
wavelengths and broadens. C0 values are more negative while c1 are more positive (except from 
PL1) with respect to the fine particle size. 
 

 
Fig. 8.9 The figure shows the PL end-members used in this paper and their MGM deconvolution at two different 
particle size (from Serventi et al., 2015), 63-125 µm (solid spectrum; central column) and 125-250 µm (dashed 
spectrum; right column). a-c) PL1 is decomposed with G10 centered at ca. 1200-1250 nm for the Fe2+ in PL, and 
G11 in the 1600-1800 nm spectral region; d-f) PL2 is decomposed with G10 centered at ca. 1200-1250 nm for the 
Fe2+ in PL, G11 at ca. 1800 nm and other Gaussian for the vibrational bands due to OH alteration; g-i) PL3 is 
decomposed with G10 centered at ca. 1200-1250 nm for the Fe2+ in PL, G11 at ca. 1800 nm. Gaussians describing 
the vibrational bands due to OH alteration are not described in the text and in the discussions.  
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Tab. 8.3 In table are reported the spectral parameters obteined by MGM deconvolution of PL, at the 63-125 µm and 
125-250 µm. Center and width are expressed in nanometers, while depth as the logarithm of the reflectance. RMS 
represent the Root Mean Square error: the lower the RMS the better the fit. 
 

8.4 Mixtures deconvolution 
8.4.1 E1+PL mixtures 

In these mixtures, in which the mafic end-member consists of OPX+CPX, the 1250 nm Gaussian 
is fully representative of the PL.  
Fig. 8.11 shows the spectral parameter variations of the 1250 nm PL band and the OPX, CPX 
mafic bands in mixtures (Fig. 8.11f,g). In particular, with increasing vol. FeO % content in the 
three PL species, for the 63-125µm particle size (filled symbols in Fig. 8.11):  

1) PL band deepens(Fig. 8.11a) with linear trend and R2 values >0.89, even if the band depth 
is very reduced in PL1-bearing mixtures; 

2)  PL band center moves towards longer wavelengths (Fig. 8.11b). PL band centers of all 
mixtures have an unique, linear trend for all PL compositions with high correlation 
coefficients, R2 =0.939, (Fig. 8.11b solid line); the outliers represent the 90% PL1 mixture 
and PL1;  

3) PL band width increases with trend and R2 values similar to the band depth (Fig. 8.11c). 
The figure also shows that PL1-mixtures band width is less broad than PL2 and PL3, that, 
in contrast, display very similar values;  

4) the continuum intercept c0 becomes negative but for vol. FeO% in PL > 0.25 it moves 
towards positive values (Fig. 8.11d), while c1 always moves towards positive values (Fig. 
8.11e); 

5) mafic mineral band depths decrease with linear trends, for both the OPX band I and II and 
the CPX band (Fig. 8.11f,g and with R2 between 0.97 and 0.99.; 

6) mafic band depths result correlated to the PL chemistry: Fig. 8.16a shows that, 
considering mixtures with the same mafic abundance, bands representative of the same 
process are deeper in PL1-mixtures (light colors) than in PL3-mixtures (dark colors). 
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Fig. 8.11 The figure shows the spectral parameter variations in mixtures composed with E1 and PL (from Serventi et 
al., 2015). Filled symbols: 63-125 µm; empty symbols: 125-250 µm. In particular, with increasing the volumetric 
FeO% in PL: a) the PL band depth deepens and mixtures with different PL have different band depth. A coarse 
particle size (empty symbols) deepens the absorption bands; b) the PL band center moves towards longer wavelength 
with correlation curves with high R2 , with the exception of the outliers indicated in the square and representing 90% 
PL1-mixtures and PL1 end-members; c) the PL band width broadens; d,e) co moves towards positive values only for 
FeO vol. % in PL>0.25, while c1 become less negative; f,g) mafic mineral (OPX, CPX) absorption bands decrease 
with linear, high correlated, trends. OPX band I is deeper than OPX band II, while CPX band is the weakest band.  
Vertical error bars not shown in the figure: PL band depth ± 0.005 LnRefl; mafic band depth ± 0.001 LnRefl. 
 



54 
 

 
Fig. 8.16 The figure shows the mafic band depth for mixtures composed with the same modal abundance but with 
different PL chemistry, for the 63-125 µm particle size. a) E1+PL mixtures; b) E2+PL mixtures; c) E3+PL mixtures; 
d) E4+PL mixtures; and 5) E5+PL mixtures . For each mixture, mafic bands relative to the same process are deeper 
in PL1-mixtures than in PL3 mixtures (from Serventi et al., 2015). 
 
The general trends of band center (empty symbols in Fig. 8.11b) are similar for the coarse and 
fine mixtures, but the band in coarse mixtures (empty symbols in Fig. 8.11a) are deeper. The 
band widths are larger in coarse PL1 and PL2 mixtures, and narrower in coarse PL3 mixtures 
(Fig. 8.11c). c0 is always more negative while c1 shows scattered variations, with respect to the 
63-125 µm size. The correlation curves are very similar to those found for the fine particle size 
mixtures, even if the R2 values are slightly lower. 
The effects of PL chemistry on the PL band spectral parameters are also displayed in the figures. 
Increasing Fe2+ in PL, the band deepens (Fig. 8.11a), the center band shifts towards the IR 
spectral region (Fig. 8.11b) and the band width widens (Fig. 8.11c). 
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8.4.2 E2+PL mixtures 
In these mixtures, PL and OL absorb in the same spectral range, thus a COMP absorption band in 
the 1250 nm region is here considered. In the same way, OPX band I and OL band 1 and 2 are 
considered as a complex absorption band, here indicated as OPX+OL band I. 
Fig. 8.12 shows that, increasing the vol. FeO% due to PL: 

1) for 63-125µm mixtures, COMP band depth decreases in PL1 mixtures with a linear trend 
and R2 =0.979, but it slightly decreases and then increases in PL2 and PL3 mixtures with 
a resulting parabolic trend and with R2 between 0.904 and 0.989 (filled symbols in Fig. 
8.12a). Band depth increases in coarse mixtures (empty symbols in Fig. 8.12a) with 
second-degree polynomial curves and with worse R2 ranging between 0.696 and 0.925. 
This behavior points out the different PL importance in different particle sizes: in coarse 
mixtures, the effects of transparent PL are emphasized, and, consequently, COMP band 
deepens (see also Fig. 8.12a).  

2) COMP band center moves towards longer wavelengths with a linear trend and very high 
R2 values for all PL compositions, with the exception of the 90% PL1-bearing mixture 
and the PL1, at both particle sizes (Fig.8.12b);  

3) COMP band width is slightly widening, mostly for the coarse mixtures (Fig. 8.12c);  
4) c0 and c1 become less negative (Figs. 8.12d,e); 
5) OPX+OL band I and OPX band II depth decrease as expected, with a linear trend both in 

the fine and in the coarse mixtures, both with high R2 from 0.89 to 0.99. (Fig.8.12f,g); 
6) mafic band depths result correlated to the PL chemistry: Fig. 8.16b shows that, 

considering mixtures with the same mafic abundance, bands are deeper in PL1-mixtures 
(light colors) than in PL3-mixtures (dark colors). 

In general, increasing Fe2+ content in PL the COMP band in PL2 and PL3 mixtures is deeper than 
in PL1 bearing-mixtures, even if in PL2 mixtures it is slightly deeper than in PL3 ones; the 
COMP band center shifts to longer wavelengths and the band width is wider. 
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Fig. 8.12 The figure shows the spectral parameter variations in mixtures composed with E2 and PL (from Serventi et 
al., 2015). Filled symbols: 63-125 µm; empty symbols: 125-250 µm. Here we refer to a COMP band for the OL band 
3 and PL absorption band. In particular, with increasing the volumetric FeO% in PL: a) COMP band depth decreases 
in PL1 fine mixtures, while it decreases and then increases in PL2 and PL3 fine mixtures. Coarsening the particle 
size (empty symbols) COMP band deepens and it is deeper with respect to the fine particle size; b) COMP band 
center moves towards longer wavelengths with correlation curves with high R2, with the exception of the outliers 
indicated in the square and representing 90% PL1-mixtures and PL1 end-members; c) COMP band width broadens; 
d,e) co and c1, become less negative; f,g) mafic mineral (OPX, OL) absorption bands decrease with linear, high 
correlated, trends for both the particle sizes.  
Vertical error bars not shown in the figure: COMP band depth ± 0.002 LnRefl; mafic band depth ± 0.001 LnRefl. 
 
 

 



57 
 

8.4.3 E3+PL mixtures 
These mixtures are OL richer than the E2-bearing mixtures, and the presence of the COMP band 
at about 1250 nm is particularly well expressed. 
In Fig. 8.13, increasing the vol. FeO% content due to PL, for the 63-125µm mixtures (filled 
symbols in figure) we observe: 

1. COMP band depth decreases with distinct linear correlation curves and R2 up to 0.937 for 
the three PL (Fig.8.13a). Differently from previous mixtures, E3-bearing mixtures the 
band depth constantly and linearly decreases, indicating that OL is spectroscopically 
dominant; 

2. COMP band center moves towards longer wavelengths with an unique upward parabolic 
trend, with the exception of 90% PL1-mixture and PL1 (Fig.8.13b); 

3. COMP band width does not show significant variations, even if a general, though slight, 
widening  can be recognized (Fig. 8.13c) and, as in the previous mixtures, there is a 
unique trend of variation at each particle size; 

4. c0 and c1 become less negative (Fig. 8.13d,e); 
5. mafic band depths decrease with a linear trend and high R2, with a steeper trend in PL1 

mixtures than in PL2 and PL3-mixtures (Fig. 8.13f,g); 
6. mafic band depths result correlated to the PL chemistry: Fig. 8.16c shows that, 

considering mixtures with the same mafic abundance, bands are deeper in PL1-mixtures 
(light colors) than in PL3-mixtures (dark colors). 

Coarsening the particle size, the COMP band depth is always deeper (Fig. 8.13a), the center band 
is at slightly longer wavelengths (Fig. 8.13b) and the bands are wider (Fig. 8.13c) with respect to 
the 63-125 µm mixtures. 
In general, increasing the Fe2+ content in PL the negative linear correlation curve between FeO 
and the COMP band depth has smaller angular coefficient, that is the angle formed between the 
correlation curve and the x-axis (Fig. 8.13a), the band center moves to longer wavelengths (Fig. 
8.13b) and the band broadens (Fig. 8.16c). 
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Fig. 8.13 The figure shows the spectral parameter variations in mixtures composed with E3 and PL (from Serventi et 
al., 2015). Filled symbols: 63-125 µm; empty symbols: 125-250 µm. Again, we refer to a COMP band for the OL 
band 3 and PL absorption band. In particular, with increasing the volumetric FeO% in PL: a) COMP band depth 
decreases in all the mixtures at both particle sizes. A coarse particle size (empty symbols) deepens the COMP band 
depth; b) COMP band center moves towards longer wavelengths with correlation curves with high R2, with the 
exception of the outliers indicated in the square and representing 90% PL1-mixtures and PL1 end-members; c) 
COMP band width does not show significant variations; d,e) co and c1, become less negative; f,g) mafic mineral 
(OL) absorption bands decrease with linear, high correlated, trends.  
Vertical error bars not shown in the figure: COMP band depth ± 0.0007 LnRefl; COMP band width ±2 nm; mafic 
band depth ± 0.001 LnRefl. 
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8.4.4 E4+PL mixtures 
These mixtures are composed with PL and 100% OL-bearing end-member. In this case,  
1800 nm absorption bands are not expected, due to the OPX absence. Nevertheless, a Gaussian is 
needed in this spectral region, particularly for PL2 and PL3 bearing mixtures, to account for a 
possible asymmetry of the 1250 nm absorption band. 
Generally, increasing the FeO vol. content due to PL for the 63-125 µm mixtures (filled symbols 
in Fig. 8.14): 

1) COMP band depth decreases with linear variation trends and high R2 (pink filled symbols 
in Fig. 8.14a) while the 1800 nm band depth slightly increases with low correlation 
coefficients (orange filled symbols in Fig. 8.17a); 

2) COMP band center moves towards longer wavelengths with parabolic trend (Fig. 8.14b), 
while the shallow 1800 nm center band shifts to shorter wavelengths, with a linear trend, 
with the exception of PL1-mixtures; 

3) COMP band does not show variations and, therefore, a variation trend can’t be defined, 
while the 1800 nm band widens (Fig. 8.14c). In this case, three different trends can be 
recognized for the different PL compositions;  

4) c0 becomes more negative (Fig. 8.14d), differently from E1, E2 and E3-bearing mixtures, 
while c1 becomes slightly less negative (Fig. 8.14e); 

5) OL band 1 and 2 become less intense with linear and highly correlated trends (Fig. 
8.14f,g); 

6) mafic band depths result correlated to the PL chemistry: Fig. 8.16d shows that, 
considering mixtures with the same mafic abundance, bands are deeper in PL1-mixtures 
(light colors) than in PL3-mixtures (dark colors). 

Coarse particle size (empty symbols in Fig. 8.14a-c) produces a deeper and wider COMP 
absorption bands but a less deep, narrower and shifted towards longer wavelengths 1800 nm 
band.  
Overall, increasing the Fe2+ content in PL, the COMP band depth decreases with a less inclined 
trend, while the 1800 nm band becomes more intense (Fig. 8.14a); the COMP band center moves 
towards longer wavelengths while the 1800 nm band shifts to shorter wavelengths (Fig. 8.14b); 
and both the bands are wider (Fig. 8.14c).  
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Fig. 8.14 The figure shows the spectral parameter variations in mixtures composed with E4 and PL (from Serventi et 
al., 2015). Filled symbols: 63-125 µm; empty symbols: 125-250 µm. As in the previous mixtures, we refer to a 
COMP band for the OL band 3 and PL absorption band. A new Gaussian is here added, to take in to account the 
absorption/asymmetry in the 1800 nm spectral region. In particular, with increasing the volumetric FeO% in PL: a) 
COMP band depth decreases in all the mixtures at both particle sizes, while the 1800 nm band deepens. A coarse 
particle size (empty symbols) deepens both the band depth; b) COMP band center moves towards the IR region with 
correlation curves with high R2, with the exception of the outliers indicated in the square and representing 90% PL1-
mixtures and PL1 end-members. On the other hand, the 1800 nm band center moves towards shorter wavelengths but 
with a lesser correlated fit with respect to the COMP band center variation; c) COMP band width does not show 
variations while the 1800 nm band width become significantly wider; d,e) c0 becomes more negative while c1 
become less negative; f,g) mafic mineral (OL) absorption bands decrease with linear, high correlated, trends for both 
particle sizes. Vertical error bars not shown in the figure: COMP band depth ± 0.0015 LnRefl; COMP band width ±5 
nm; mafic band depth ± 0.001 LnRefl. 
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8.4.5 E5+PL mixtures 
E5 end-member is totally composed with OPX, so that the mafic and PL absorption bands are 
well separated.  
Fig. 8.15 shows that, increasing the vol. FeO% due to PL for the 63-125 µm mixtures (filled 
symbols in the figure): 

1) PL band depth deepens with linear trend and R2>0.84 (Fig. 8.15a); 
2) PL band moves towards longer wavelengths with R2=0.735 (Fig. 8.15b), with the 

exception of 90% PL1;  
3) PL band width broadens (Fig. 8.15c), very similarly to the band width in E1 mixtures; 
4) c0 and c1 become less negative (Figs. 8.15d,e); 
5) OPX band I and II become less intense with linear trends(Fig. 8.15f,g); 
6) mafic band depths result correlated to the PL chemistry: Fig. 8.16e shows that, 

considering mixtures with the same mafic abundance, bands are deeper in PL1-mixtures 
(light colors) than in PL3-mixtures (dark colors). 

Coarsening the particle size (empty symbols in Fig. 8.15), PL band deepens, the center band 
shifts to longer wavelengths and the bands are only slightly wider than the 63-125 µm size.  
In general, increasing Fe2+ content in PL, PL absorption band in PL2 and PL3-bearing mixtures 
are deeper and wider than in PL1 mixtures (Fig. 8.15a,c) and center band shifts towards the IR 
spectral range (Fig. 8.15b). 
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Fig. 8.15 The figure shows the spectral parameter variations in mixtures composed with E5 and PL (from Serventi et 
al., 2015). Filled symbols: 63-125 µm; empty symbols: 125-250 µm. In particular, with increasing the volumetric 
FeO% in PL: a) the PL band depth deepens and mixtures with different PL have different band depth. A coarse 
particle size (empty symbols) deepens the absorption bands compared to the fine size; b) the PL band center moves 
towards the IR region but with correlation curves with low R2, with the exception of the PL1-bearing mixtures; c) the 
PL band width broadens; d,e) co and, above all, c1, become less negative; f,g) mafic mineral (OPX) absorption bands 
decrease with linear, high correlated, trends for both particle sizes. Vertical error bars not shown in the figure: PL 
band depth ± 0.004 LnRefl; mafic band depth ± 0.001 LnRefl. 
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8.4.6 Comparison between the mixtures 
The spectral parameters behavior are shown in Fig. 18a-c, relative to mixtures in which the mafic 
end-member composition is characterized by increasing OL content from E2 to E4. 
In general, Fig. 8.17a shows the clear change in the spectral behavior of the PL-bearing mixtures 
occurring at 0.1 vol. FeO% in PL, separating the control of low Fe2+ content PL from that of 
intermediate and high Fe2+ content. Within each of the three domains, due to the PL chemistry, 
the variation of vol. FeO % in PL produces the distinct correlation curves for PL1, PL2 and PL3-
bearing mixtures described in previous sections, but some parameters of these curves are dictated 
by the mafic component chemistry. In fact, in Fig. 8.17a increasing vol. FeO% content due to PL:  

1. For the low iron content PL1 (0.1 wt.% FeO) mixtures, the band depth decreases although 
with increasing rates for increasing OL content in the mafic component;  

2. The PL2 and PL3 produce negative band depth trends for the E3 and E4 mafic 
composition and an almost invariable band depth for the E2 mixtures. In synthesis, the 
rate of the variation curve apparently depends on the mafic component chemistry more 
than on PL chemistry.  

Fig. 8.17b displays the different behavior of the COMP band center according to the volumetric 
FeO% content in PL. In particular: 

1) Between 0 and 0.15 vol. FeO% content there are the effects of increasing PL1 content in 
the mixtures, with the COMP band center moving to longer wavelengths from E2-
mixtures, to E4-mixtures to E3-mixtures. The band center in E2-mixtures is at shorter 
wavelengths than in E4-mixtures due to the higher amount of OPX, while in E3-mixtures 
the band center is at longer wavelengths than in E4-mixtures even if E3 is composed of 
OPX. This can be due to the E3 olivine iron-richer chemistry than in E4, thus resulting in 
absorption bands at longer wavelength, presumably consistent with lower OL content;  

2) For 0.15 < vol. FeO% > 0.35, the E3 (E3+PL2/PL3) and E4 (E4+PL2/PL3) bearing 
mixtures form two groups, with positive trends, with the E3-mixture band centers at 
longer wavelength; 

3) The E2+PL3 mixtures have a variation trend with a high angular coefficient that intersects 
that of E3 + PL3 at about 0.35 vol. FeO%. This indicates that in E2, that contains a lower 
amount of OL with respect to E3 and E4, the effect of PL is spectroscopically more 
important. 

4) As a consequence, the E2+PL3 mixtures converge with the E4+PL2 at about 1210 nm for 
0.25 vol. FeO% in PL, while for 0.35 vol. FeO% in PL there is the spectral convergence 
of the E2+PL3 mixtures with the E3+PL3 at about 1250 nm.  

Fig. 8.17c shows that even the COMP band width behavior is different in the different mixtures: 
COMP band is wider in E4-mixture and narrower in E2-mixtures with respect to E3-mixtures.  
Moreover, the spectral parameters of the three mixtures with the same PL but different mafic 
end-member converge to a value that represents the spectral parameters of the PL end-member 
absorption bands (squares in Fig. 8.17).  
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Fig. 8.17 The figure shows how the 1250 nm COMP band spectral parameters, for the 63-125 µm particle size, 
depend on the OL content in the mafic end-member(from Serventi et al., 2015). In particular: a) in PL1-bearing 
mixtures band depth decreases, with increasing rates for increasing the OL content in mafic end-member; in PL2 and 
PL3-bearing mixtures band depth produces negative trends for E3 and E4 and invariable trend for E2 (circles); b) for 
vol. FeO% <0.15, the COMP band center moves towards longer wavelengths from E2, to E3, to E4-mixtures; for 
0.15< vol. FeO%<0.35, the COMP band center shows positive trends and E3-mixtures are at longer wavelengths 
than E2 and E4-bearing mixtures; for vol. FeO%>0.35 E2-mixtures are centered at the longest wavelengths; c) 
COMP band is wider in E4-mixtures and narrower in E2 mixtures with respect to E3-mixtures.All the mixture 
spectral parameters converge to the PL end-member parameters (squares). 
 
Fig. 8.18 shows examples of possible ambiguity for the spectral parameters of OL-bearing 
mixtures, particularly the COMP band depth. Fig. 8.18 a displays the COMP band depth variation 
for E2 and E3-bearing mixtures; the horizontal lines show how mixtures that differ both in modal 
composition (different mineral modal abundance) and in particle size have very similar band 
depth values. In order to discriminate the different mixtures it is necessary to consider both the 
COMP and the mafic mineral band depths (Fig.8.18b,d).  
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Fig. 8.18a,c) examples of ambiguity in the interpretation of spectral parameters in OL-bearing mixtures (from 
Serventi et al., 2015). Horizontal, dashed lines evidences mixtures with different composition and different particle 
size, but with analogue COMP band depth values; b,d) in the figures are plotted both COMP band and mafic band 
depth values. It is fundamental to consider all the absorptions to have a correct mineralogical interpretation of the 
spectral parameters.  
 
Fig. 8.19 shows mixtures of the same PL as above with OL-free mafic end-members consisting 
of 44% CPX, 56% OPX (E1) and 100% OPX (E5). In particular, except for some outliers (e.g., 
90% PL2 and PL3), E5-bearing mixtures show PL absorption bands deeper (Fig. 8.19a), wider 
(Fig. 8.19c) and at longer wavelengths (Fig. 8.19b) with respect to E1-bearing mixtures, probably 
related to the CPX absence. Fig. 8.19b shows how PL3+E5 mixture center bands display a 
behavior that differs from E1+PL3, moving towards shorter wavelengths.  
 

 
Fig. 8.19 The figure shows the different behavior of PL absorption band when mixed with OL-free, PX-bearing end-
members at the 63-125 µm size (from Serventi et al., 2015). In these mixtures, differently from those shown in 
fig.15, the spectral parameters are more controlled by the PL chemistry than by the mafic end-member composition. 
In particular, E5-mixtures (diamonds) show deeper (fig. 17a), centered at longer wavelengths (fig. 17b) and wider 
(fig. 17c) PL band with respect to E1-mixtures (circles). 
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9. Spectral reflectance of plagioclase bearing mixtures: <10 µm mixtures 
9.1 Particle size effects on reflectance spectra 

Generally, changing the particle size affects albedo, reflectance and spectral contrast; in 
particular, decreasing the particle size the spectrum albedo increases while the spectral contrast, 
that is the strength of the absorption, is reduced due to the decrease in the mean optical path 
length of reflected light (Adams, 1968; Pieters, 1983). On the other hand, the band center and the 
band width are almost unaffected with changing the particle size (Nash and Conel, 1974), or with 
shifts that fall in the error of the instruments (Serventi et al., 2013).  
Crown and Pieters (1987) analyzed the reflectance spectra of mixtures composed with different 
modal abundance of labradorite (PL) and enstatite (OPX) at different particle size. The authors 
showed that in the spectra of both end-members and mixtures the reflectance increases while the 
spectral contrast decreases. Also, they pointed out how the amount of PL detectable in mixtures 
with mafic minerals is particle size dependable: more PL is required in finer mixtures.  
Furthermore, Craig et al. (2007) showed that increasing particle size the overall reflectance of 
OL, OPX and basalts decreases, while the band depth increases to reach a maximum between 45 
and 250 µm to then decreases. Coarsening the particle size can produce saturation effects that 
complicate the determination of the absorption band center. 
Serventi et al. (2013, 2015; accepted) shown how different particle size (125-250µm; 63-125µm; 
36-63 µm) on PX, OL and PL spectra does not affect the band center (shifts of few nanometers 
fall in the instrumental error) but only the band depth, that decreases decreasing the particle size.   
 

9.2 End-members reflectance spectroscopy and deconvolution 
Fig. 9.1 shows that, generally, a fine particle size (Fig. 9.1a,b, g,h) produces spectra with higher 
reflectance and reduced spectral contrast compared to the coarse sizes (Fig. 9.1c-f, i-l).In 
particular,(1) PL (dotted lines in Fig.9.1,9.2) are characterized by a bluer slope in the NIR and 
almost featureless spectra; (2) E1 band I at ~900 nm becomes V-shaped (Fig. 9.1a,b) and the 
band asymmetry due to the presence of both OPX and CPX is emphasized; and (3) E3 shows a 
different behavior in the 1800-2500 nm spectral range (Fig. 9.1g,h). E3 has been separated from 
chromite-bearing rocks belonging to the Stillwater Complex, and, probably, some residual 
chromite that does not affect the spectra at coarse particle size becomes important for very fine 
particle sizes. 
End-members at different particle sizes have been deconvolved using the same number of 
Gaussian, with the exception of E1, where the adjustment Gaussian G5 centered at ca. 840 nm, 
has not been introduced (in accordance with Sunshine and Pieters, 1993; Serventi et al., 2015).  
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Fig. 9.1a-f) Reflectance spectra of E1+PL2 and E1+PL3 mixtures at three different particle sizes, <10 µm, 63-125 
µm and 125-250 µm. a) E1+PL2 <10 µm (from bottom to top PL2: 0-50-60-70-80-90-100); b) E1+PL3 <10 µm 
(from bottom to top PL3: 0-20-50-70-80-90-100); c) E1+PL2 63-125 µm (from bottom to top PL2: 0-30-50-70-80-
90-100); d) E1+PL3 63-125 µm (from bottom to top PL3: 0-30-50-70-80-90-100); e) E1+PL2 125-250µm (from 
bottom to top PL2: 0-30-50-70-80-90-100); f) E1+PL3 63-125 µm (from bottom to top PL3: 0-30-50-70-80-90-100). 
g-l) Reflectance spectra of E3+PL2 and E3+PL3 mixtures at three different particle sizes, <10 µm, 63-125 µm and 
125-250 µm. a) E3+PL2 <10 µm (from bottom to top PL2: 0-30-50-70-80-90-100); b) E3+PL3 <10 µm (from 
bottom to top PL3: 0-30-50-70-80-90-100); c) E3+PL2 63-125 µm (from bottom to top PL2: 0-30-50-70-80-90-100); 
d) E3+PL3 63-125 µm (from bottom to top PL3: 0-30-50-70-80-90-100); e) E3+PL2 125-250µm (from bottom to 
top PL2: 0-30-50-70-80-90-100); f) E3+PL3 63-125 µm (from bottom to top PL3: 0-30-50-70-80-90-100). 
 
Tab.9.1 shows, in detail, the E1 and E3 end-member spectral parameters after MGM 
deconvolution for the different particle sizes. In particular, reducing the particle size: 

1) Both in E1 and in E3, c0 and c1 become less negative, reflecting that the albedo increases 
and the slope is bluer; 

2) band depth of both E1 and E3 are reduced and the depth of the different absorption bands 
are very similar, thus revealing a reduced spectral contrast; 

3) band center of both E1 and E3 do not show significant changes; and 
1) band width of E1 does not show significant changes, while in E3band width, and above 

all the BIII width, becomes narrow.   
Tab.9.1 also shows the PL end-member spectral parameters after MGM deconvolution for the 
different particle sizes. In particular, reducing the particle size: 

1) c0 becomes less negative for both PL2 and PL3; 
2) for both PL, c1 becomes more negative from 125-250 µm to 63-125 µm, but it is positive 

for the very fine size, revealing that very fine particle sizes act like “slab surfaces”;  
3) band depth is very reduced with values close to 0; 
4) PL2 band center shifts towards shorter wavelength, while PL3 center moves towards 

longer wavelength;  
5) PL band width is narrower from 125-250 µm to 63-125 µm, but it is wider for the very 

fine size; and 
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6) The 1800 nm band is shallower, shifted towards longer wavelengths (1900-2000 nm) and 
narrower with respect to the 1800 band in coarse sizes. 

 
 

 
Tab. 9.1 Spectral parameter comparison between different particle sizes. 
 
 

9.3 Mixture reflectance spectroscopy and deconvolution 
Fig. 9.1 shows the reflectance spectra of mixtures at the three different particle sizes. In 
particular: 

1) Reducing the particle size, the albedo increases and the spectral contrast is reduced;  
2) While for the 63-125 and 125-250 µm sizes increasing the PL modal abundance the 

reflectance systematically increases, in the <10 µm size there are some outliers, such as 
the 50% PL2-E3 and 80% PL3-E3 mixtures, and the E1, PL2 and PL3 end-members. This 
behavior can be probably due to the extremely cohesiveness of the very fine particle sizes, 
that can resemble slab behavior; 

3) PL in very fine E1-bearing mixtures produces weaker absorption bands with respect to the 
coarse sizes and is revealed by a flattening in the 1200 nm spectral region, while only for 
very high PL content (>90%) a weak absorption band can be recognizable. PL band is 
always shallower than PX bands;  

4) In very fine E3-bearing mixtures there is not the composite band center shift in the PL 
region (see Serventi et al., 2013 and their Fig. 13), revealing a weaker PL absorption. 

Regarding the very fine particle size, fig. 9.2, 9.3 shows that increasing the vol. FeO% in PL:  
1) PL band deepens in E1 mixtures (fig. 9.2a),while it decreases in E3 mixtures (Fig. 9.3a); 
2) PL band center shifts towards longer wavelength for both E1 and E3 mixtures (Fig. 9.2b, 

9.3b). The shift between PL end-member and PL dominated mixtures (PL >80%) is major 
in E3-bearing mixtures; 

3) PL band widens in E1 mixtures, while in E3-mixtures band width narrows till 0.2 vol. 
FeO% to then increases for higher vol. FeO% values (Fig. 9.2c, 9.3c). 

Fig. 9.2, 9.3 also show a comparison for the spectral parameters after MGM deconvolution for 
the three different particle sizes: <10 µm (violet symbols), 63-125 µm (pink symbols) and 125-
250 µm (fuchsia symbols). The principal differences regard the band depth; fig. 9.2a, 9.3a display 
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how PL and COMP band depths are very reduced compared to the coarse sizes and close to 0. 
Also the band width in the fine particle size is strongly reduced. 
 

 
Fig. 9.2 Spectral parameter variations for the E1-bearing mixtures at three different particle sizes. Pink: 63-125 µm; 
fuchsia: 125-250 µm; dark violet: <10 µm; filled symbols: PL2-mixtures; empty symbols: PL3-mixtures.  
 
 

 
Fig. 9.3 Spectral parameter variations for the E3-bearing mixtures at three different particle sizes. Pink: 63-125 µm; 
fuchsia: 125-250 µm; dark violet: <10 µm; filled symbols: PL2-mixtures; empty symbols: PL3-mixtures. 
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10. Spectral reflectance of plagioclase-dominated mixtures: 36-63 µm 
mixtures 

In this section we describe the results about mixtures composed with high PL content. The 36-63 
µm size has been chosen as a more representative size for the lunar regolith (and probably for the 
hermean surface). In this chapter, our results have been plotted vs. the PL modal abundance in 
each mixture. Furthermore, we focus mainly on quantitatively results; qualitative analyses are 
reduced to a simple description of the spectroscopic variations. 
 

10.1 Overall spectral shape variations 

 
Fig. 10.1 Reflectance spectra at the 36-63 µm particle size (from Serventi et al., Accepted). a)E5+PL1; b)E5+PL2; 
c)E5+PL3; d)E1+PL1; e)E1+PL2; f)E1+PL3; g)E4+PL1; h)E4+PL2; i)E4+PL3. Plagioclase modal abundance 
increases from the bottom (dashed line spectrum) to the top (black spectrum). 
 
Fig. 10.1 shows that, generally:  

1) increasing the PL content in mixtures, spectra have reduced spectral contrast and high 
albedo;  

2) in PX-bearing mixtures, the PX band I at ca. 900-1000 nm is detectable even in mixtures 
with only 1% PX (Fig. 10.1a-f), though in mixtures composed with PL3 and E1 the 
absorption band I is just a flattening (Fig. 10.1f);  

3) in mixtures with PL1 and PX-bearing end-members, PX band I is always deeper than PL 
band and PX band II is deeper than PL till 98% PL (Fig. 10.1a,d); 

4) in mixtures with iron-richer PL, PL2 dominates from 96% PL and PL3 from 95% PL 
(Fig. 10.1b,c and e,f). In E1-mixtures PL is deeper than PL in E5-mixtures; 
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5) in OL-mixtures, when mixed with PL1, OL is clearly recognizable till 98% PL (Fig. 
10.1g), while, if mixed with PL2 and PL3 (Fig. 10.1h,i), it is masked from 97% and 96% 
PL, respectively; and 

6) in mixtures with OL and PL2/PL3 (Fig. 10.1h,i), in the 1500-2000 nm spectral region a 
clear decreasing in the reflectance is visible, even if no absorption bands are expected in 
this PX-free spectra. This can be probably related to the iron-rich composition of PL, as 
shown in Hiroi et al. (2012) and in Serventi et al. (2015).  

 
10.2 Quantitative spectral analyses: MGM deconvolution 

10.2.1 End-members 
Fig. 10.2 shows the deconvolution of mafic and PL end-members and Tab. 3 and 4 show the 
spectral parameter values. 
 

 
Fig. 10.2 MGM deconvolution and residuals of mafic end-members and plagioclases (from Serventi et al., 
Accepted). 
a) E5 end-member is deconvolved with 3Gaussians, 2 in the 800-1000 nm range, G1 for Fe2+ in OPX and G5 for 
adjustment (for further explanation refer to the text), and in the NIR range G3 for Fe2+ in OPX; b) E1 end-member is 
decomposed with 5 Gaussians, 3 in the 800-1000 nm range, G1 for Fe2+ in OPX, G2 for Fe2+ in CPX and G5 for 
adjustment, and 2 in the NIR range, G3 for Fe2+ in OPX and G4 for Fe2+ in CPX; c) E4 end-member is decomposed 
with 3 Gaussians, G6, G7 and G8, due to Fe2+ transition in M1 and M2 sites of OL; d) PL1 is decomposed with G10 
centered at ca. 1200-1250 nm for the Fe2+ in PL, and G11 in the 1600-1800 nm spectral region and other Gaussian 
for the vibrational bands due to OH alteration; e) PL2 is decomposed with G10 centered at ca. 1200-1250 nm for the 
Fe2+ in PL, G11 at ca. 1800 nm; f) PL3 is decomposed with G10 centered at ca. 1200-1250 nm for the Fe2+ in PL, 
G11 at ca. 1800 nm. Gaussians describing the vibrational bands due to OH alteration are not described in the text and 
in the discussions. 
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The residuals of the mafic end-members and PL1 are generally between ±0.05. However, considering PL2 (Fig. 3e) 
and PL3 (Fig. 3f), the residuals show a sinusoidal pattern in the 1000-1500 nm spectral region that could indicate the 
lacking of a Gaussian. We preferred to explain this behavior with a possible asymmetry or saturation effects of the 
PL band, also considering the reflectance decrease in the 1600-1800 nm spectral region, thus not adding further 
Gaussians. 
 
For the PX-bearing end-members, a Gaussian centered at ca. 840 nm, G5, has been added. Even 
if the analyzed particle size is finer then those in Sunshine and Pieters (1993), and in chaper 8, 
the residual pattern in error after MGM deconvolution with only one Gaussian for the 900 nm 
band suggested us to add an additional Gaussian, called G5 and not assigned to a particular 
crystal field transition; for this reason, G5 is not considered in the following discussions. 
In particular: 

1) E5 is deconvolved with 2 Gaussians: G1 at 930 nm assigned to Fe2+ in M2 OPX site and 
G3 at 1843 nm due to Fe2+ transition in OPX M2 site (Fig. 10.2a); 

2) E1 is deconvolved with 4 Gaussians: G1 occurring at 924 nm assigned to Fe2+ in OPX M2 
site; G2 at 1010 nm assigned to Fe2+ in CPX M2 site; G3 at 1851 nm due to Fe2+ 
transition in OPX M2 site and G4 at 2317 nm due to Fe2+ transition in CPX M2 site (Fig. 
10.2b);  

3) E4 is deconvolved with 3 Gaussians, including G6 at 848 nm and G8 at 1199 nm due to 
Fe2+ transition in OL M1 site, and G7 at 1032 nm due to Fe2+ transition in OL M2 site 
(Fig. 10.2c); 

4) PL1, PL2 and PL3 have been deconvolved with 2 main Gaussians, G10 centered in the 
1250 nm spectral region (1271 nm, 1279 nm and 1293 nm, respectively) due to the Fe2+ 
transition in PL crystal structure, and G11 centered in the 1600-1800 nm region (1719 
nm, 1675 nm and 1785 nm, respectively) to explain the reflectance decrease in the region 
as an asymmetry of the PL band (Fig. 10.2d-f). This band has already been recognized by 
Pieters et al. (1996), Hiroi et al. (2012) and Serventi et al. (2015) but has not been yet 
related to any particular crystal field transition; 

5) the residuals in PL2 and PL3 deconvolution show a pattern in the 1000-1500 nm spectral 
region that could indicate the lacking of a Gaussian, but we did not add further Gaussians 
because no other phases are present. We preferred to explain this behavior with a possible 
asymmetry or saturation effects of the PL band, also considering the reflectance decrease 
in the 1600-1800 nm spectral region (see also Serventi et al., 2015).  

Comparing with the end-member deconvolution at coarse particle size (chapter 8), absorption 
bands at 36-63 µm are shallower and shifted of only few nanometers with respect to absorption 
bands at 63-125 µm, shift that falls in the instrumental error of the instrument setup, thus 
revealing that a finer particle size (36-63 µm) influence the band depth but not the band center.  
 

10.2.2 Mixtures 
10.2.2.1 E5+PL 

E5 is the OPX (En45-Wo46) endmember. Fig. 10.3 and 10.4 show that, adding PL % content: 
1) c0 and c1 become less negative. c0 is less negative from PL3, to PL1, while c1 has an 

opposite behavior and is less negative from PL1 to PL3 (Fig. 10.3, b); 
2) PL band always deepens (Fig. 10.3c), while mafic band depth decreases (Fig.10.4a). 

Furthermore, PL2 is slightly deeper than PL3, even if PL3 is iron richer than PL2 (Fig. 
10.3c); 

3) For PL1, PL2<98% and PL3< 96%, OPX band I (green symbols in Fig. 10.4a1-a3) is 
deeper than OPX Band II, while for PL2≥ 98% and PL3≥ 96% there is an overturn and 
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the OPX band II (grey symbols in Fig. 10.4a1-a3) become deeper (see squares in Fig. 
10.4a1-a3). This behavior is unexpected, and can be related to the presence of PL; 

4) PL center does not show significant variations (Fig. 10.3d) even if 98% and 99% PL3 are 
shifted towards longer wavelengths with respect to the other PL3-bearing mixtures; and 

5) PL band width is almost unchanged in PL2 and PL3 mixtures, while it widens in PL1-
mixtures increasing the PL abundance in mixtures (Fig. 10.3e). 

Fig. 10.3c also shows that the PL depth is very different from 0.1 to 0.36 wt.% FeO PL, while it 
only slightly varies from 0.36 to 0.5 wt. FeO; PL1 band dominates only for more than 99% PL, 
while PL2 and PL3 bands are the deepest from 95% PL (Fig. 10.4a). Furthermore, the band width 
shows that the major difference is between PL1 and Pl2, while there is an overlap between PL2 
and PL3 (Fig. 10.3e). c0, c1 and band center are the spectral parameters useful to distinguish PL2 
from PL3.  
 

 
Fig. 10.3 The figure shows the spectral parameter variations in mixtures composed with E5 and PL (from Serventi et 
al., Accepted). In particular, with increasing PL content: a,b) c0 and, above all, c1, become less negative; c) the PL 
band depth deepens (with PL2 deeper than PL3); d) PL center does not show significant variations, even if 98% and 
99% PL3-bearing mixture center are shifted towards longer wavelengths with respect to the other PL3-bearing 
mixtures; e) PL band width is almost unchanged in PL2 and PL3 mixtures while it widens in PL1-mixtures.B.C. : 
band center; B.D. : band depth; B.W.: band width. 
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Fig. 10.4 The figure shows the band depth variation in mixtures composed with E5 and PL (from Serventi et al., 
Accepted). a) PL and mafic mineral depths; while PL deepens mafic band depth decrease. In particular, PL1 band 
dominates only for more than 99% PL, while PL2 and PL3 bands are the deepest from 95% PL. a1-a3) Enlargement 
of Fig. 5a: for PL1, PL2<98% and PL3< 96%, OPX band I is deeper than OPX Band II, while for PL2≥ 98% and 
PL3≥ 96% there is an overturn and the OPX band II become deeper (see squares). 
 

10.2.2.2 E1+PL 
E1 is a mixture of OPX and CPX; the spectral parameter variations are similar to the previous 
mixtures, but some consideration must be added:  

1) The continuum parameters, c0 and c1, have less negative values than E5-mixtures (Fig. 
10.5a,b) and, differently from previous mixtures, c1 in PL2-mixtures is less negative than 
in PL3-mixtures; 

2) PL1 is deeper than CPX from 97% PL and deeper than OPX from 99% PL; PL2 and PL3 
dominates from 92% PL (Fig. 10.6a); 

3) The depth overturn between OPX band I and Band II occurs for PL2> 97% and PL3>92% 
(see squares in Fig. 10.6a1- a3); 

4) PL band center (Fig. 10.5d) and PL width, with the exception of PL1-mixtures (Fig. 
10.5e), are almost unvaried. 

In these mixtures some behaviors already explained in the previous section are emphasized. In 
particular, Fig. 10.5c,e show very similar depth for PL2 and PL3 (PL≥ 95%) and a total overlap 
between PL2 and PL3 width, while Fig. 5d displays how PL1 and PL2 center are very similar. 
Furthermore, the OPX overturn between Band I and Band II occurs at lower PL % than in E5-
mixtures (Fig. 10.6a).  
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Fig. 10.5 The figure shows the spectral parameter variations in mixtures composed with E1 and PL (from Serventi et 
al., Accepted). In particular, with increasing PL content: a,b) c0 and, above all, c1, become less negative; c) the PL 
band depth deepens (with PL2 slightly deeper than PL3);d) PL center does not show significant variations; f) PL 
band width is almost unchanged, while in PL1-mixtures PL band widens. B.C. : band center; B.D. : band depth; 
B.W.: band width. 
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Fig. 10.6 The figure shows the band depth variation in mixtures composed with E1 and PL (from Serventi et al., 
Accepted). a) PL and mafic mineral depths; while PL deepens mafic band depth decrease. In particular, PL1 band 
dominates for more than 97% PL, while PL2 and PL3 bands are the deepest from 92% PL. a1-a3) Enlargement of 
Fig. 5a: for PL1, PL2<97% and PL3< 92%, OPX band I is deeper than OPX Band II, while for PL2>97% and PL3> 
92% there is an overturn and the OPX band II become deeper (see squares). 
 

10.2.2.3 E4+PL 
These mixtures include the OL end-member; in spite of considering, as in previous sections, the 
PL absorption band, we analyze the COMP band due to the overlapping OL band 3and PL in the 
1200 nm spectral region.  
In particular, with increasing PL content: 

1) The continuum parameter c0 is almost unaffected, while c1 becomes less negative (Fig. 
10.7a,b); 

2) COMP band becomes less deep but is always deeper than OL band 1 and 2 (Fig. 10.7c); a 
1250 nm band deeper than the PL end-member means the presence of OL, even if not 
visible in the spectrum. PL2 COMP band is deeper than PL3; 

3) COMP band center (Fig. 10.7d) shifts towards the longer wavelengths; and 
4) COMP band width is slightly narrow (Fig. 10.7e). 

Differently from the previous mixtures, 1250 nm band depth becomes less intense and band 
width narrower; this is related to the presence of OL that, iron richer than PL, spectroscopically 
dominates the COMP band. This differs from E4-mixtures analyzed in chapter 8, where we have 
demonstrated how, considering coarse particle sizes, the COMP band becomes less intense till a 
vol. FeO% value, after which the COMP band deepens.  
E4 does not contain PX: for this reason no absorptions are expected in the 1800 nm spectral 
region. Nevertheless, spectra show a reflectance decrease in that region. In order to describe it, a 
Gaussian has been added with free spectral parameters, called the 1800 nm Gaussian. Fig. 10.7f,g 
and h, show that increasing the PL content in mixtures, the 1800 nm Gaussian deepens, as the 
1250 nm band assigned to the PL absorption (see Fig. 10.3c, 10.5c), and widens. Also, depth and 
width increase with increasing FeO content in PL. On the contrary, the 1800 nm band moves 
towards shorter wavelength, with the exception of 99% PL3 and 100% PL3. 
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Fig. 10.7 The figure shows the spectral parameter variations in mixtures composed with E4 and PL (from Serventi et 
al., Accepted). In particular, with increasing PL content: a,b) c0 is almost unaffected, while c1 becomes less 
negative; c) COMP band becomes less deep but is always deeper than OL band 1 and 2; d) COMP band center 
moves towards the IR region; e) COMP band width is slightly narrow; f) 1800 nm band deepens; g) 1800 nm band 
moves towards shorter wavelengths; h) 1800 nm band widens. B.C. : band center; B.D. : band depth; B.W.: band 
width. 
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10.2.2.4 Comparison 
Spectral parameters, extrapolated from MGM application, vary with PL% and PL chemistry. 
However, these variations resulted to be also related to the mafic endmember. 
In fact, 1) COMP band depth decreases in OL-bearing mixtures; 2) PL band deepens when PL is 
mixed with PX; 3) PL band is deeper in E5 OPX-bearing mixtures with respect to OPX-CPX-
bearing E1 mixtures; and 4) PL2 band is slightly deeper than PL3 band, even if iron-richer PL are 
expected to be deeper than iron-poor PL (Cheek et al., 2011). We interpret this behavior as 
probably due to an effect of saturation in FeO-rich PL3 (Fig. 10.8a), as also indicated by the 
presence of a strong 1800 nm band.  
Regarding the band center positions, Fig. 10.8b shows that increasing PL modal abundances PL 
band centers generally move towards longer wavelengths for PL1-bearing mixtures, while 
considering PL2/PL3-mixtures band centers do not show significant variations. In PL-OL 
mixture, COMP band is centered at shorter wavelength (blue circles in Fig. 10.8b) with respect to 
the PL band center in PX-bearing mixtures, as an effect of the presence of OL; the difference is 
reduced from 90% PL to 99% PL. More specifically, in PX-mixtures: 

1) in PL1-bearing mixtures, OPX+CPX-mixture band centers are at longer wavelengths than 
OPX-mixtures (light green and pink diamonds in Fig. 10.8b); 

2) in PL2-bearing mixtures, OPX+CPX-mixture and OPX-mixture band centers are at 
similar wavelength (green and fuchsia empty diamonds in Fig. 8b); and 

3) in PL3-bearing mixtures, OPX-mixture band centers are 10.at longer wavelengths than 
OPX+CPX-mixtures (dark green and violet diamonds in Fig. 10.8b).  

Fig. 10.8c displays that increasing the PL content PL band width only slightly varies, with the 
exception of PL1 in E1 and E5-mixtures where PL band substantially widens.  
In any cases all the spectral parameters for the PL converge to the considered PL end-member 
spectral parameters (grey and black diamonds in Fig. 10.8).  
 

 
Fig. 10.8 The figure shows the comparison between all the mixtures analyzed in this paper (from Serventi et al., 
Accepted). a) PL band depth decreases in OL-mixtures, while it deepens in PX-mixtures; in general, PL band is 
deeper in E5-mixtures with respect to E1-mixtures, and PL2 band is deeper than PL3 band; b) COMP band is 
centered at shorter wavelength in OL-mixtures with respect to the PL band center in PX-mixtures. In PX-mixtures: 
1) in PL1-bearing mixtures, OPX+CPX-mixtures are at longer wavelength than OPX-mixtures; 2) in PL2-bearing 
mixtures, OPX+CPX-mixtures and OPX-mixtures are at similar wavelength; and 3) in PL3-bearing mixtures, OPX-
mixtures are at longer wavelength than OPX+CPX-mixtures; c) PL band width only slightly varies, with the 
exception of PL1 in E1 and E5-mixtures where PL band substantially widens. B.C. : band center; B.D. : band depth; 
B.W.: band width.. 
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11.  New contributions to plagioclase reflectance spectroscopy: concluding 
remarks 

Thanks to the improvements in the recent missions, a more detailed interpretation of the planetary 
surfaces can now be delineated. However, on a planetary surface, several factors such as the 
mineral chemistry, the presence of different minerals that absorb in a narrow spectral range, the 
particle size, the space weathering etc., act in unpredictable ways on the reflectance spectra. The 
analysis of terrestrial analogues is fundamental to study the combined effects of these factors. A 
very detailed spectral library of terrestrial analogues can be found in the literature, above all for 
the mafic minerals. However, plagioclase has been poorly analyzed in the literature, because, due 
to the very low iron content in its crystal structure, has always been considered a transparent, 
featureless mineral.  
The recent discoveries from the lunar surface and the detection of a well-defined absorption band 
due to Fe2+ transition in plagioclase crystal structure, makes it fundamental to study plagioclase 
in more detail.   
In this thesis, we have analyzed the behavior of plagioclases with increasing iron content when 
mixed with mafic, iron-richer and more absorbing minerals, to understand (1) how the 
plagioclase absorption band changes with increasing the iron content, (2) whether plagioclase can 
be recognized when mixed with mafic minerals, (3) what happens when different minerals (e.g., 
plagioclase and olivine) absorb in the same spectral range, (4) what is the detection limit under 
which plagioclase cannot be detected, (5) which is the detection limit of mafic mineral, when 
plagioclase content is very high, and (6) which are the effects produced by different particle sizes 
on the plagioclase absorption band. In the previous chapters, these questions have been 
approached and the results obtained from our analyses have been shown. Here we report our 
main conclusions.   
 
(1) Increasing the FeO wt.% in pure plagioclase, the reflectance decreases and the slope becomes 
bluer; at the same time, the 1250 nm absorption band deepens, widens and shifts towards longer 
wavelengths. 
 
(2) The detection of plagioclase when mixed with mafic minerals is controlled in different ways 
by the plagioclase chemistry and modal abundance and by the kind of mafic mineral in the 
mixtures. Generally, plagioclase band is resolvable in mixtures with pyroxene, while when mixed 
with olivine, plagioclase band and the olivine band 3, absorbing in the same region, generate a 
composite (COMP) band.  
 
(3) Regarding the plagioclase-pyroxene bearing mixtures, Fe2+ in the two phases generates 
absorption bands in well distinct spectral regions. In general, iron-poor plagioclase can be 
detected only for very high plagioclase content, while iron-richer plagioclases are recognizable 
even if small amounts. 
Iron-poor plagioclase produces a flattening in the 1250 nm spectral region for at least 90%, while 
lower abundances of iron-richer plagioclase (ca. 30-50%) are needed to detect the flattening and 
about 70% to recognize the plagioclase band. MGM, moreover, shows that all the spectral 
parameters of the Gaussian describing the plagioclase absorption vary with the volumetric 
content due to plagioclase in the mixture. In particular, with increasing volumetric iron content, 
the band deepens, widens and shifts towards longer wavelengths.  
Considering mixtures with plagioclase ranging between 90-99%, in iron-rich mixtures the 
plagioclase band is deeper than the pyroxene absorptions. MGM shows that, for these plagioclase 
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rich mixtures, only the plagioclase band depth varies, while band center and band width are 
almost unvaried.  
 
(4) Regarding the plagioclase-olivine bearing mixtures, the composite band (COMP band, see 
point 2) has to be considered. Even when plagioclase band cannot be discriminated, the 
composite band center shifts from the typical olivine values (ca. 1050 nm) to the plagioclase 
values (ca. 1250 nm) in mixtures with high plagioclase content. 
Although MGM is widely used as a powerful technique in order to derive quantitative 
information from reflectance spectroscopy, allowing the resolution of absorption bands due to 
chemistry and structural characteristics of single minerals, this model was not able to 
discriminate between the 1250 nm PL absorption band and the olivine band III in the 1200 nm 
region in our mixtures. In spite of this, we demonstrated that the spectral parameters of the1250 
nm COMP band vary depending on plagioclase content in mixtures, but we also pointed out the 
FeO concentration in plagioclase affects the olivine band 3 for different olivine content in mafic 
assemblages.  
In fact, increasing the volumetric FeO content due to the plagioclase, the COMP band depth 
reduces in olivine-rich mixtures, while the depth decreases and then increases in olivine-poor 
mixtures. Furthermore, the composite band is wider in olivine-rich mixtures than in olivine-poor 
ones. Regarding the composite band center, the band is at shorter wavelengths in olivine-poor 
mixtures for low volumetric FeO content in plagioclase, while increasing the volumetric FeO 
content, the composite band is at longer wavelengths than olivine-rich mixtures.  
 
(5) Regarding mafic detection limit in plagioclase-bearing mixtures: a) the pyroxene detection 
limit is 1% pyroxene, and b) the olivine contribution is no more distinguishable below 5% 
olivine. This has important implications regarding the lunar anorthosites: FAN contains more 
than 90% plagioclase, while PAN regions are composed with more than 98% plagioclase. The 
PAN identification is therefore possible if plagioclase is mixed with pyroxene, while if olivine is 
present the distinction between FAN and PAN is more difficult.  
 
(6) From the literature, it is acknowledged that pyroxene 900 nm band is deeper than 1800 nm 
band and that olivine does not show absorption band in the 1600-200 nm spectral region. 
However, analyzing plagioclase-dominated mixtures two unexpected behavior have been 
observed: starting from 95% iron-rich plagioclase, the pyroxene 1800 nm band becomes deeper 
than the 900 nm band, while the deconvolution of olivine-bearing mixtures required an additional 
Gaussian in order to describe a possible but not defined absorption band/asymmetry in the 1600-
1800 nm spectral region, here reported as the 1800 nm band. The 1800 nm spectral parameters 
show a consistent variation with increasing vol. FeO% in PL. This additional band has not been 
interpreted in literature; nevertheless, also considering the unexpected behavior of the pyroxene 
bands, we preliminary suggest that the 1800 nm spectral region may be affected by high Fe2+ 
content in the PL crystal structure.     
 
(7) We pointed out how plagioclase is size dependent; plagioclase band is deeper at the 125-250 
µm size, while a very fine particle size significantly reduces the absorption band depth. Very fine 
plagioclase is characterized by absorption band depth close to 0, giving a new, possible 
significance to the featureless spectra. We also demonstrated how particle size and FeO wt.% act 
in the same way: both produce deeper bands, shifted towards longer wavelengths. 
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12. Lessons from the Earth: how to interpret the mineralogy of a planetary 
surface 

12.1 The cases of Proclus crater and Nili Fossae 
In this, and in the following chapters, we show how terrestrial analogues can help in the 
mineralogical interpretation of planetary surfaces. Two examples will be discussed: the PL-rich 
Proclus crater (Moon) and the more mafic Nili Fossae (Mars). 
 

12.2 Data 
Proclus crater have been interpreted through M3 images, while OMEGA data have been selected 
for the analysis of Nili Fossae. 
M3 is a pushbroom imaging spectrometer launched on October 22, 2008, onboard India’s 
Chandrayaan-1. It covers the 0.43-3.0 µm spectral region and acquired data in two modes, with 
different spectral and spatial resolution: target, with 260 spectral bands and 70 m/pixel for 25-
50% of the lunar surface and global, with 85 spectral bands and 140 m/pixel for the entire 
surface.    
In this paper we have selected the m3g20090202t024131 image, already calibrated.  
OMEGA is an imaging spectrometer working in the 0.38-1.08µm visible and near-infrared range 
(VNIR channel) and in the 0.92-2.69µm and 2.52-5.08µm short wavelength IR range (SWIR-C 
and SWIR-L channel, respectively). OMEGA has 352 spectral channels, from visible to thermal 
infrared and a spectral resolution of 7.5nm in the VINR, 14nm in the SWIR-C and 20nm in the 
SWIR-L (Bonello et al., 2005). The OMEGA spatial resolution varies between 300 m and 4 km, 
depending on altitude of the spacecraft. The image here analyzed has a mean spatial resolution of 
3 km. Due to the goals of this work, here we analyzed spectra in the 0.5-2.5 µm spectral range. 
Regarding Mars, a fundamental step is to separate the atmospheric effects from surface 
reflectance to obtain a correct interpretation of Mars mineralogical composition. In fact, Mars is 
characterized by a relative tenuous atmosphere whose spectral characteristics are contained in 
remote sensed data of the surface, and water, OH- and (CO3)2 in minerals absorb in the same 
spectral region of water and CO2 in the atmosphere.  
Among the different methods that have been developed and applied to reflectance spectra from 
Mars surface, the standard approach used to remove the atmospheric contribution is to divide 
spectra by a scaled atmospheric spectrum measured across MO (Langevin et al., 2005; McGuire 
et al., 2009); then the target spectrum is divided by a low spectral contrast reflectance spectrum 
without relevant features and with a smooth continuum.  
Geminale et al. (2015) proposed a new method, called SAS, based on the principal component 
analysis (PCA) and target transformation (TT), that removes the noise and atmospheric 
components from the reflectance spectra. The authors obtained surface reflectance spectra similar 
to the spectra after MO method, but characterized by a reduced noise, thus permitting a better 
evaluation of the spectral features in particular around 1900-2300nm spectral region (see fig. 16 
in their paper).  
 

12.3 Methods 
The analysis process is divided in four steps: (1) end-member selection, (2) mapping of the end-
members using the Spectral Angle Mapping-SAM (Kruse et al., 1993), (3) deconvolution of the 
mean spectrum from each classified region via MGM, and (4) comparison with terrestrial 
analogues.  
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12.3.1 End-member selection 
End-members have been selected following two different procedures, (1) manual selection in the 
case of Proclus crater, and (2) an iterative method, for Nili Fossae, based on the Linear Spectral 
Mixing Analysis (LSMA, Boardman, 1989).  
LSMA is a widely used technique in remote sensing to estimate areal fractions of materials 
present in an image pixel, where reflectance is assumed to be a linear combination of the 
reflectance of each material present within the pixel. In order to produce accurate abundance 
results, linear spectral unmixing generally requires two constraints, which are the abundance 
sum-to-one constraint and the abundance non-negativity constraint. The number of selected end-
members must be less than the number of spectral bands. Linear spectral unmixing also produces 
a root mean square (RMS) image, and the analysis of the error for each pixel gives information 
about the goodness or not of the end-member selection. LSMA assumes that spectra from mixed 
regions are a linear combination of spectrum from sub-areas compositionally homogenous.  
For the end-member selection, LSMA has been first applied using two starting spectra, selected 
from a bright and a dark region, respectively, assuming that pixel with extreme reflectance values 
would be compositionally different. LSMA return one image for each end-member and a RMS 
image: higher RMS values in the RMS image correspond to worse classified regions. Then, we 
run the LSMA adding a spectrum selected from the region characterized by the highest RMS 
value; spectra will be added till the RMS values are minimized to values <0.0005.  
 

12.3.2 SAM 
SAM is an automated, supervised, method that determines the spectral similarity by calculating 
the angular distance between an unknown spectrum and end-member spectra, considering spectra 
as vectors in an n-dimensional space, where n is the number of bands. SAM is insensitive to 
illumination and albedo, but is sensitive to mineral diversity and slope variations. The SAM 
products are RULE images, one for each endmember, and a “threshold map”, where for each 
pixel is considered the best fitted endmember with a value lower the threshold. We choose as 
threshold an angle of 0.025 radians. Pixels with no endmember classified under the threshold are 
unclassified pixels. RULE images permit to evidence the variation of the angular distance for all 
the no-mapped endmember for each pixel or to reclassify using new thresholds for unclassified 
pixels or for regions not correctly classified.  
 

12.3.3 MGM 
An averaged spectrum has been calculated for each spectral unit, and deconvolved applying the 
MGM. The MGM is a statistic-base method based on the assumption that different absorptions 
can be described with a modified Gaussian distribution superimposed on to a continuum (for 
further details, please refer to Section 2.4 and to Sunshine et al., 1990). 
 

12.3.4 Comparison with terrestrial analogues 
Spectral parameters after MGM deconvolution have been compared with terrestrial analogues 
described in the previous chapters. Terrestrial and planetary spectra are characterized by a 
different continuum due to different environment conditions, such as space weathering, 
temperature etc., and, for this reason, we compare spectra after continuum removal. 
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13. Proclus Crater: a "fresh" view into the composition of lunar Highlands 
13.1 Introduction 

Proclus crater (16.1° N, 47.0° E) is a Copernican age, 28 km, simple and fresh crater, located on 
the northwest rim of Crisium basin and east of Palus Somni. In the past, it has been mapped and 
described from different Apollo missions (XI, XV, and XVII). In particular, the Apollo XV 
mission reported that the inner walls are almost white and exhibit debris and large blocks, the 
outer ring is light gray, and the floor is very irregular and rough, medium gray, with few ridges 
and domes (PSR, 1972). Proclus is also characterized by a ray system of ejecta that extends for a 
distance of over 600 kilometers all around the crater with the exception of a “ray-excluded” zone. 
This zone has been explained either with the low obliquity of the projectile (<15°) causing the 
crater or with the presence of a fault zone predating the crater (Apollo XV, PSR, 1971).Pieters 
(1986) and Blewett et al. (1995) shown spectra from the rim and walls of Proclus compatible 
with noritic anorthosites. Data from Mg/Al X-ray fluorescence for Proclus are comparable with 
Apollo XVI soils and anorthositic-gabbro samples (Schonfeld, 1981). Recently, pure anorthosite 
(PAN) regions have been recognized by Othake et al. (2009), and Donaldson Hanna et al. (2014) 
detected pure crystalline PL in the crater’s northern wall, as well as PX and OL, both adjacent 
and separated from PL regions. 
On the Moon, PL is the most abundant phase, and combined with mafic mineralogy (i.e. OL and 
PX) can solve key questions about the lunar crust formation; however, even if widespread, PL 
absorption was not detected for decades and it has been often associated to featureless, red-slope 
spectrum regions. The absence of characteristic absorptions has been explained with the low 
amount of iron in PL crystal structure, or with the presence of shock metamorphism (Adams et al. 
1979). 
Recently, Visible Near-Infrared (VNIR) observations Spectral Profiler and from M3 have 
recognized a unique absorption band centered at about 1250-1300 nm, interpreted to be due to the 
electronic transition of low abundances of iron in the crystal structure of PL (Adams and 
Goulland, 1978). 
 

13.2Data and methods 
13.2.1 End-member selection 

11 end-member spectra characterized by different spectral behavior have been selected both on 
wall and on floor of Proclus crater (Fig. 13.1a). The spectra are characterized by a red slope (i.e., 
the reflectance increases from the visible-VIS to the Near-Infrared-NIR spectral region), probably 
due to space weathering and accumulation of metallic nanophase iron. To best appreciate the 
different spectral characteristics, here we also show the continuum-removed end-members (Fig. 
1b). Continuum has been removed using the software ORIGIN® considering the continuum line 
as the line that joins the reflectance maxima (Clark and Roush, 1984). 
We have recognized 6 principal classes of end-members, and, for some of them, sub-classes have 
been defined. In particular:  

1) Class A is characterized by an absorption band at ca. 1250-1300 nm. The band is 
asymmetric towards the NIR region in A1, and asymmetric towards the VIS region in A2. 
A1 also shows a reflectance decrease in the 1600-1800 nm spectral region;  

2) Class B shows three absorption bands, at ca. 1000, 1250 and 1950 nm, respectively. 
These bands have different relative depth and the difference between 1000 and 1250 nm 
band depths is reduced from B5 to B2 and in B1 the 1250 nm band is deeper than 1000 
nm band, thus revealing a different relative abundance of different minerals; 

3) Class C displays two absorption bands at ca. 950 and 1950 nm;  

https://en.wikipedia.org/wiki/Ray_system
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4) Class D is characterized by a broad absorption at ca. 1050 nm asymmetric towards the 
NIR;  

5) Class E is characterized by an absorption centered at ca. 1040 nm and similar to end-
member D, but shallower in the 1300 nm spectral region, and by a very tenuous 2000 nm 
absorption; and 

6) Class F is almost featureless with only a very shallow absorption at ca. 2000 nm; this unit 
will not be discussed in the paper, because we focus on spectra characterized by an 
absorption around 1000 nm region. 

 
Fig. 13.1 a,b) Reflectance (left panel) and continuum-removed (right panel, following Clark and Roush, 1984) end-
member spectra. A1 and A2 are characterized by an absorption bands at ca. 1250-1300 nm; B1, B2, B3, B4 and B5 
show three absorption bands, around 1000, 1250 and 1950 nm; C displays two absorption bands at ca. 950 and 1950 
nm; D is characterized by a broad absorption at ca. 1050 nm; E is characterized by two absorption, around 1040 nm 
and 2000 nm; and F is almost featureless, and not considered in this manuscript for mineralogical interpretation. 
 

13.2.2 Spectral mapping 
SAM has been efficiently used to compositionally map lithologies on different planetary bodies 
(e.g. Giacomini et al, 2011; Kodikara et al., 2016). Here we preliminarily considered an angle of 
0.02 radians that represents the threshold between classified and unclassified data (Fig. 13.2a). 
Then, for each end-member, we analyzed RULE images, images that show the pixel values used 
to create the classified image. We evaluated classification results and reclassify each unit with ad 
hoc angle, in order to assigning new thresholds and improve the classification (Fig. 13.2b).  
 

13.2.3 Mineralogical Analysis 
An averaged spectrum has been calculated for each spectral unit, and deconvolved applying 
MGM. MGM is a statistic-base method based on the assumption that different absorptions can be 
described with a modified Gaussian distribution superimposed on to a continuum. A number has 
been assigned to each Gaussian, as described in Tab. 13.1.  
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Tab. 13.1 Table shows the Gaussians used for the end-member deconvolution; a number has been assigned to each 
Gaussian. Table also shows the mineralogical interpretation proposed for each Gaussians.  
 

13.2.4 Terrestrial analogues 
The end-members selected for the spectral mapping of Proclus crater have been compared to both 
mafic and PL-bearing terrestrial analogues, with compositions plausible for the lunar surface. The 
selected PL-bearing analogues include mixtures composed of PL (with variable composition) and 
different mafic mineralogy (OPX, CPX and OL), with PL content varying between 20-99%, a 
three different particle sizes, 36-63 µm, 63-125µm and 125-250µm. For further details, please 
refer to Serventi et al. (2013; 2015; accepted).Since terrestrial and lunar spectra are characterized 
by a different continuum due to different environment conditions (i.e. space weathering,), we 
compared spectra after continuum removal. Furthermore, while band center gives information 
about the crystal field transition in a specific mineral (Burns, 1993), band depth can be influenced 
not only by the chemistry but also by other factors, such as the particle size, the presence of 
darkening agents, the space weathering etc., in the comparison between lunar and laboratory 
spectra and in the mineralogical interpretation of Proclus crater we focused mainly on the band 
center. Regarding spectra characterized by multiple absorption bands (e.g., spectral unit B), 
instead of the absolute band depth, we considered the ratio between different band depths, called 
Band Depth Ratio (B.D.R) index. 
  

13.3 Spectral classification of Proclus crater 
13.3.1 Mineralogical mapping 

Fig.13.2a shows the first SAM results highlighting the areal distributions of the different 
mineralogical associations present on Proclus (evidenced in Fig.13.1). Fig.13.2b shows SAM 
results after the application of new thresholds in order to better characterize the mapped areas. 
The threshold has been enlarged for the spectral units C (0.025) and D (0.033), while has been 
reduced for spectral units B2 (0.01), B4 (0.01) and E (0.01). From Fig. 13.2b it is clear how the 
classified spectral units are exposed mainly on the crater walls (with the exception of the southern 
west portion), while only few regions have been mapped in the crater floor. SAM classification 
shows that spectral unit A (green and cyan) is located in the northern wall (Fig. 13.2b), spectral 
unit B (blue, dark violet, light violet, fuchsia and pink) is widespread in the wall (Fig. 13.2b), 
spectral unit C (red) in limited areas in the wall and in the floor (Fig. 13.2b), spectral unit D 
(green) located in three defined and restricted regions, the bigger area is in the south-eastern wall, 
smaller regions (few pixels) are in the western wall and in the northern floor (Fig. 13.2b), and 
spectral unit E appears in the crater floor (south-east)  (Fig. 13.2b). Spectral unit E is partially 
mapped also out from the crater. 
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Fig. 13.2 Figure shows the SAM results. a) SAM results with threshold <0.02, in black are pixel not classified; b) 
SAM results for investigated units applying the new selective thresholds. Thresholds have been modified for spectral 
units B2 (0.01), B4 (0.01), C (0.025) and D (0.033), and E (0.01), for other units the 0.02 threshold was already 
suitable. Unit F (yellow in a) box) has been omitted (see text for more details). 
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13.3.2 Mineralogical interpretation of the units  

 
Fig. 13.3 MGM deconvolution of the mean spectrum of each classified spectral unit. In table 1 are listed the 
corresponding Gaussians. a,b) Unit A; G1: 1290 nm; G2: 1868 nm; G3: 2090 nm. c-g) Unit B: G4 and G3 in spectral 
unit B1 show positions comprised between the G4 and G5 and between the G2 and G3 positions of the other spectral 
units. h) Unit C: G5: 934 nm; G4: 1024 nm; G2: 1909 nm; G3: 2197 nm; i) Unit D: G4: 1021 nm; G1: 1253 nm; j) 
Unit E: G4: 1040nm; G1: 1265 nm; G3: 2074 (see the text for more details). 
 

Spectral unit A 
Spectral unit A has been deconvolved using two Gaussians, G1 centered at 1290 nm and G2/G3 
at 1868 and 2090 nm, in spectral unit A1 and A2, respectively (Fig. 13.3a,b). G1 has been 
attributed to the Fe2+ transition in the PL crystal structure; G2 in spectral unit A1 can be 
compared to the 1800 nm band described by Pieters et al. (1996), Hiroi et al. (2012), and Serventi 
et al. (2015) and can probably be related to the iron in the PL. G3 in spectral unit A2 is shifted 
towards longer wavelengths with respect to G2 in spectral unit A1 and can be attributed to low 
amount of CPX (Klima et al., 2007) or Mg-spinel (Cheek and Pieters, 2014). 
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Fig. 13.4 shows how spectral unit A1 can be compared with a PL 0.5 wt.% FeO, 36-63 µm, while 
spectral unit A2 is very similar to a PL 0.1 wt.% FeO, 36-63 µm, even if with a slightly shallower 
band. 

 
Fig. 13.4Spectral unit A1, A2 has been plotted with three PL with increasing iron content, at three different particle 
sizes, 36-63, 63-125 and 125-250 µm; a match can be found between A1 and PL 0.5wt.% FeO, 36-63 µm, and 
between A2 and PL 0.1wt.% FeO, 36-63 µm.  
 

Spectral unit B 
Spectral unit B has been decomposed using 3 to 5 Gaussians (Fig. 13.3c-g); these Gaussians 
allow to identify PX and PL, and their different combination permits to recognize five 
compositional sub-units. All the sub-units of the unit B are decomposed with G1, centered at ca. 
1250 nm, which can be attributed to the Fe2+ transition in the PL crystal structure, as seen in unit 
A. Unit B1 PX absorptions are both described by one Gaussian, G4 centered at 986 nm and G3 
centered at 2039 nm. Two Gaussians are needed for each absorption in the other spectral units 
(B2 to B5), G5 centered at ca. 900 nm and G4 between 990 and 1033 nm, and G2 centered at ca. 
1850 nm and G3 at 2100 nm. The positions of G4 and G3 in B1are included between the G4 and 
G5 and between the G2 and G3 positions of the other spectral units. These Gaussians have been 
attributed to the Fe2+ transition in the M2 site of OPX (G5 and G2, Burns, 1993) and CPX (G4 
and G3, Burns, 1993; Klima et al., 2007). 
As it has been stated in the Section 2, band depth can be influenced not only by the chemistry but 
also by the particle size and crystal size, the presence of darkening agents, space weathering etc. 
For this reason, here, we do not consider the absolute depth of the Gaussians but an index 
(B.D.R) was proposed to evaluate the relative PX and PL percentage: 
 
                                              𝐵. 𝐷. 𝑅 =

𝐺1 𝐵.𝐷.

𝐺1 𝐵.𝐷.+ 𝐺5 𝐵.𝐷.+𝐺4 𝐵.𝐷.
∗ 100                                         (13.1) 

 
where B.D. is the depth of each Gaussian after MGM deconvolution. 
B.D.R. increases progressively from spectral unit B5 to spectral unit B1, thus revealing an 
increasing of PL abundance (Fig. 13.5a). Fig. 13.5c also shows the M3 spectra (dashed lines) and 
relative terrestrial analogues (solid lines, from Serventi et al., 2015; accepted) with closer B.D.R, 
distributed from bottom to top with increasing B.D.R. In particular, spectral unit B4 shows the 
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900 nm (described with G4 and G5) absorption deeper than the 1250 nm absorption (fitted with 
G1), while in spectral unit B1the 1250 nm absorption is the deepest. 
Band position is directly related to the chemistry (i.e., Fe2+ in crystal lattice); anyway, 
considering composite bands, the variation of the mineral modal abundance can induce shifts in 
the neighbor, weaker absorptions. So, the PL G1 center can shift with the relative PL abundance 
(see Serventi et al., 2013; 2015; accepted). In spectral unit B, G1 center shifts towards longer 
wavelengths from spectral unit B5 to spectral unit B1, in accordance with the B.D.R index.  
A good correspondence can be find with B.D.R and G1 position between terrestrial analogues 
and M3 spectra for the spectral units B4 to B1 (Fig. 13.5a-c). 
 

 
Fig. 13.5 The figure shows the comparison between spectra from Proclus crater and spectra acquired on terrestrial 
analogues. a) B.D.R index from Proclus crater Vs. B.D.R index from terrestrial analogues. B.D.R increases from 
spectral unit B5 to spectral unit B1. B.D.R. values from Proclus craters are labeled above the symbols. Good 
correspondence is present with some terrestrial analogues; b) G1 (1250 nm band) center from Proclus crater Vs. G1 
(1250 nm band) center from terrestrial analogues. G1 moves toward longer wavelengths from spectral unit B5 to 
spectral unit B1. G1 values from Proclus craters are labeled above the symbols. a,b) Fuchsia cross: Proclus crater; 
Black, empty circles: terrestrial analogues. Compositions of terrestrial analogues with similar B.D.R values or G1 
center are written on the right of the symbols. The composition reported in bold character indicate those 
compositions presented for both B.D.R and G1 position, which spectra are displayed in c); c) Continuum removed 
reflectance spectra from Proclus crater (dotted lines) are compared with the spectra of terrestrial analogues (solid 
lines) with composition in bold in Fig. 13.5a,b.   
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In particular: 
1) Spectral unit B4: 90% PL with 0.36% FeO + 10% of a mixture composed of 44% CPX 

and 56% OPX, 63-125 µm; 
2) Spectral unit B3: 92% PL with 0.36% FeO + 8% OPX, 36-63 µm; 
3) Spectral unit B2: 92% PL with 0.36% FeO + 8% E1 of a mixture composed of 44% CPX 

and 56% OPX,36-63 µm; 
4) Spectral unit B1: 98% PL with 0.36% FeO + 2% OPX, 36-63 µm. 

Regarding spectral unit B5, the B.D.R. index and the G1 position are compared to two different 
terrestrial analogues; for this reason, we interpret G1 in B5 as due to the Fe2+ transition in M1 site 
of OPX (Klima et al., 2011). 
Fig. 13.5c shows that the 900 nm band in the terrestrial analogues is shifted towards shorter 
wavelengths, thus implying a different PX composition (iron, and/or calcium, content).  

 
Spectral unit C 

Spectral unit C spectra are decomposed with 4 Gaussians: G5 and G4 centered at 934 and 1024 
nm to describe the 900 nm band and G2 and G3 centered at 1909 and 2197 nm to describe the 
1900 nm band (Fig. 13.3h). These Gaussians have been attributed to the Fe2+ transition in the M2 
site of OPX (G5 and G2; Burns, 1993) and CPX (G4 and G3; Burns, 1993; Klima et al., 2007). 
Comparing spectral unit C with PX studied in the literature (e.g., Sunshine and Pieters, 1998; 
Klima et al., 2007; Serventi et al., 2013; 2015), in Fig. 13.6 a good match is observed regarding 
the band center, although the spectral contrast (i.e. absorption band depth) is very different and 
reduced in lunar spectra.  

 
Fig. 13.6 Spectral unit C has been plotted with a mafic mixture (OPX-CPX), 36-63 µm, and with two mixtures, 90% 
and 92% PL 0.1wt.% FeO+(OPX-CPX). Spectral unit C shows two absorption bands centered at the same 
wavelengths of the mafic mixture but with a reduce depth; on the other hand, it can be compared also with the 92% 
mixture. 
 
This discrepancy could be justified considering that lunar surface is affected by the space 
weathering, a process where formation of nanophase iron particles causes (1) the darkening of 
overall reflectance, (2) the spectral reddening, and (3) the weakening of absorption bands (e.g., 
McCord and Adams, 1973; Fisher and Pieters, 1994). Moreover, it has been demonstrated how 
mixing mafic minerals with even only few percentage of darkening, strong absorbing agents or 
with high amount of transparent material (Serventi et al., 2013; 2015; accepted; Cheek and 
Pieters, 2014), can significantly reduce the mafic band depth. 
A very fine crystal size can also cause darkening and a reduction of the band depth. For example, 
powders of intrusive rocks show higher reflectance and deeper mafic band depth than powders of 
effusive rocks with analogue mineral chemistry and abundance (e.g. Carli et al., 2015). 
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In spectra from unit C, the 1250 nm band due to PL is missing (Fig.13.3h, 13.6), but reflectance 
is comparable to unit A. Serventi et al. (accepted) demonstrated how the spectrum  acquired on a 
mixtures composed with 90% iron-poor PL and 10% OPX-CPX mixture (particle size: 36-63 
µm) does not show the PL band at 1250 nm, but PX absorption bands with a reduced depth 
compared with the PX end-member (Fig. 13.6). Nevertheless, spectrum in Fig.13.6 shows a 2000 
nm band deeper and shifted at higher wavelength than expected: this may imply the presence of 
relative low abundance of material absorbing in that spectral region, such as Mg-spinels (Cheek 
and Pieters, 2014).Carli et al. (2014) also showed how the presence of spinel (i.e., chromite) 
shifts the PX 2000 nm band towards longer wavelengths. 
Thus, spectral unit C could be interpreted as a mixture of PL, PX and probably low abundance of 
spinel, even if we can’t completely rule out the possibility of (1) a PX region affected by space 
weathering, (2) the presence of a strong darkening agent, or (3) the presence of material with a 
basaltic-like fine texture. 
 

Spectral unit D 
Spectra from unit D have been deconvolved with 2 Gaussians, G4 at 1021 nm and G1 at 1253 
nm. Absorption at 2000 nm is lacking and, because the 1000 nm absorption offset is at ca. 1600 
nm, G4 and G1 have not been attributed to Fe2+ transition in M2 CPX site and in PL, 
respectively; spectra of this unit behave as typical of OL. However, differently from the literature 
(e.g., Sunshine and Pieters, 1993; Isacsoon et al., 2010), where OL is MGM deconvolved with 3 
Gaussians due to the Fe2+ transition in the OL M1 and M2 site (Burns, 1993), here we need only 
two Gaussians to model the absorption. We suppose that G4 accounts for the OL absorption band 
1 (Fe2+ in M1 site) and band 2 (Fe2+ in M2 site), while G1 is the OL band 3 (Fe2+ in M1). OL 
shows a reduced spectral contrast if compared to terrestrial analogues, and a reduced spectral 
contrast can be explained by a series of reasons as indicated also for unit C spectra (e.g. space 
weathering). However, PL-rich, OL-bearing mixtures spectra can be compared with unit D 
spectrum (Fig. 13.7a)(e.g., 92% PL 0.1wt.% FeO and 8% OL, 36-63 µm, from Serventi et al., 
accepted) and G1 can be considered the expression of a composite band of PL and OL (see 
Serventi et al., 2013; 2015). Furthermore, Serventi et al. (accepted) demonstrated how the 
Gaussian fitting the OL band 1 is not needed increasing the PL content in the mixture.  
 

 
Fig.13.7 a)Spectral unit D has been plotted with OL at three different particle sizes, 36-63, 63-125 and 125-250 µm, 
and with a mixture, 92% PL 0.1 wt.% FeO+OL, 36-63µm . Spectral unit D shows a broad absorption band centered 
at the same wavelength of E4 but with a reduced depth; on the other hand, it can be compared also with the 90% 
mixture; b) Black, solid line: reflectance spectrum from Proclus crater; black, dotted line: reflectance spectrum of a 
terrestrial analogues composed with 98% PL 0.1 wt.% FeO and 2% OL. 
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The threshold of this spectral unit has been slightly enlarged (to 0.033 rad, see Fig. 13.2) because 
a manually selection of spectra around the OL regions evidenced spectra in the northern-west 
region that was previously mapped by the spectral unit A1, but characterized by a wider band, 
shifted towards shorter wavelengths. Comparing them to terrestrial analogues (Serventi et al., 
2013; 2015; accepted), a good match is found with mixtures composed with 98% PL 0.1% FeO 
and 2% OL, at the 36-63 µm particle size (Fig. 13.7b). 
 

Spectral unit E 
Spectral unit E is deconvolved with three Gaussians, G4 at 1040 nm, G1 at 1265 nm and G3 at 
2064 nm. G4 and G1 can be attributed to the Fe2+ transition in CPX and PL, respectively. 
However, if G4 is attributed to CPX, G3 should be shifted toward longer wavelengths (Klima et 
al., 2011). G4 and G1 can also be attributed to the OL as in the previous end-member, but in this 
case we will expect a band shoulder shifted towards longer wavelengths. We compared spectral 
unit E with the spectrum corresponding to a composition characterized by PL, OL, PX and Mg-
spinel from Gross et al. (2014; please refer to their Fig. 7). A good match can be displayed for the 
1000 nm absorption, while 2000 nm absorption are deeper in Gross et al. (2014); this can be 
explained with an higher content of spinel that affect primarily the longest wavelengths.  
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14. Spectral classification and mineralogical characterization of Nili Fossae 
Nili Fossae is located in the northwest of Isidis Basin on Mars. Using data from TES, Hamilton et 
al. (2003) interpreted Nili Fossae as dominated by basalts with OL-rich materials. Hoefen et al. 
(2003), analyzing TES results, discovered and mapped OL in Nili Fossae and concluded that the 
southwestern region contains OL with composition within Fo60-Fo70, while in the northeast 
region OL varies between <Fo40 and Fo60. 
Considering the OMEGA data, several authors revealed that the surface mineralogy of Nili 
Fossae spans between mafic silicates and hydrated minerals (Bibring et al., 2005; Gendrin et al., 
2005; Mustard et al., 2005; Poulet et al., 2005). In particular, low-calcium and high calcium PX, 
OL and phyllosilicates have been recognized, while sulfates have not been detected.  
Different mineralogical maps of Nili Fossae have also been presented for the mafic mineralogy 
(low-Ca PX, high-Ca PX and OL) and for hydrate minerals using spectral parameters applied to 
the OMEGA data (e.g., Bibring et al. 2005; Mangold et al. 2007; Mustard et al. 2007). In 
particular, in this region, Bibring et al. (2005) detected hydrate minerals around an old impact 
crater (see Fig. 6 D,E in their paper) and the largest exposure of OL on Mars. Mustard et al. 
(2007) showed that OL and phyllosilicates occur in spatially distinct outcrops and that, to the 
south and west of them, lies a unit with spectral signature dominated by the absorptions of low- 
and high-calcium PX, where high-calcium PX dominates. Surfaces dominated by low-calcium 
PX are observed in isolated regions of Nili Fossae typically associated with the rims, walls, and 
ejecta of impact craters. Mangold et al. (2007) noted the association of phyllosilicate rich 
surfaces with Noachian-aged outcrops and in the ejecta and walls of craters formed in these 
same-aged materials.  
The mineralogical classifications described above make use of spectral parameters, a systematic 
method which considers few distinct wavelengths. Moreover, this method requires that the 
measured spectrum has to be divided by a reference spectrum of the same session in order to 
remove residuals due to atmospheric components (after Mons Olympus-MO (Langevin et al., 
2005) method is applied) and instrumental systematic artifacts.   
Here, we classify and map the mineralogy of Nili Fossae studying the OMEGA data acquired 
during MEX orbit number 0422_4.  
 
 

14.1Spectral mapping 
14.1.1 End-member selection 

A total of 12 spectra, shown in Fig. 14.1, have been selected. Regions characterized by these end-
members can be considered as spectral units, and we have recognized 5 principal spectral units, 
and for some of them sub-units have been defined. To better appreciate differences between sub-
units from spectral units A, B and C, Fig. 14.1a1-c1 shows the end-members normalized at 750 
nm. The normalization wavelength has been chosen out from the region where the iron crystal 
field absorptions in crystallographic sites of mafic minerals occur.  
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Fig. 14.1The figure shows the end-members selected for the spectral classification of Nili Fossae. a) spectra are 
characterized by red slope and high reflectance, where the reflectance increases from A3 to A1, and by two 
absorption bands at ca. 950 (BI) and 2000 nm (BII); b) spectra show sub-horizontal slope and intermediate 
reflectance values, and two absorption bands at ca. 950 (BI) and 2000 nm (BII). B1 shows the most reduced spectral 
contrast while B2 is characterized by the deepest absorptions; c) spectra characterized by low reflectance and blue 
slope and by two absorption bands at 1050 (BI) and 2300 nm (BII); d) spectrum, with intermediate reflectance 
values, shows a broad absorption band from 750 to 1650 nm (BI); e) spectrum displays an intermediate reflectance 
value, a weak absorption band at 1000 nm (BI) and two narrower absorptions at 1900 (BIV) and 2300 nm (BV). a1-
c1) Spectra normalized at 750 nm.  
 
In particular: 
1. spectral unit A is characterized by red slope and high reflectance spectra and sub-units show 

decreasing albedo and a less red slope from A1 to A3. Spectra show two absorption bands, at 
950 (BI) and 2000 (BII) nm related to electronic processes. BI and BII depth (the difference 
between the reflectance of the center and the reflectance of the continuum at the center 
wavelength) increases from A1 to A3; 

2. spectral unit B shows intermediate reflectance spectra and reflectance decreases from B1 to 
B4. Spectra B1 to B4 showed two principal absorption BI and BII at ca. 950 and 2000 nm. B1 
and B4 endmembers have a sub-horizontal slope and B1 has a reduced spectral contrast (or 
band depth) compared to B4; B2 and B3 have a blue slope and B2 has deeper absorption 
bands than B3; 

3. spectral unit C is dominated by low reflectance spectra and reflectance decreases from C1 to 
C3. C1 and C3 have a blue slope and show two absorption bands BI (1000 nm) and BII (2000 
nm). C2 have a sub-horizontal slope and the two absorption bands are shifted at longer 
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wavelength, BI at 1050 nm and BII at 2300 nm, respectively. The BI shoulder in C2 is shifted 
at longer wavelength with respect to C1 and C3, 1600 nm vs. 1300 nm; 

4. D and E spectral units, even if with sub-horizontal spectral slope and acquired from unit B, 
have been classified separately. D shows a broad absorption band (BI) from ca. 750 nm to 
1650 nm, while E is characterized by a weak BI (1000 nm) and narrower absorptions at 1900 
nm and 2300-2500 nm, BIV and BV, respectively. BIV and BV can be associated to 
vibrational processes. 

 
14.1.2 SAM classification and rule images 

The end-members identified above have been used to map Nili Fossae region applying the SAM 
classification method, with an angle<0.025 radians; results are displayed in Fig. 14.2b. Black 
areas correspond to unclassified regions. The northern areas of the image are dominated by 
spectral unit A, while the southern regions by spectral unit C. Spectral unit B is localized 
geographically between spectral unit A and C, and in the impact craters. Spectral units D and E 
are located in more restricted areas: spectral unit D is located in the south of Nili Fossae, while 
spectral unit E in the center of an impact crater in the south-west part of the region. 
The applied spectral classification maps only one area as composed with spectral unit E (in blue 
in Fig. 14.2b). Because spectral unit E is characterized by two narrow overtone absorptions and 
SAM considers all the reflectance spectrum, it is possible that some areas are mapped by other 
units dominated by electronic process even if overtone could be present but too weak. For this 
reason we deeply investigate the RULEs in particular for the spectral unit E to see its distribution. 
Fig. 14.2 shows the rule image for the spectral unit E (data range: 0-0.045; Fig. 14.2c) and the 
spectral unit D (data range: 0-0.069; Fig. 14.2d). Rule images recognize more areas classified 
with spectral unit D and E. Circles represent areas where both the spectral units can be identified.  

 
Fig. 14.2 a) Nili Fossae region as mapped by OMEGA; b) spectral classification of Nili Fossae, after SAM with the 
12 end-members shown in Fig.1, 2. Black regions correspond to unclassified areas. Spectral unit A dominates the 
northern area, while spectral unit C the southern; spectral unit D dominates an area in the south-east of Nili Fossae, 
while spectral unit E (blue) appears only in the center of an impact crater in the south-west part of the image; 
c)RULE image for spectral unit E: the unit is more represented than after SAM classification; d) RULE image for 
spectral unit D. Pink circles show areas where both spectral unit D and spectral unit E can be recognized. 
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14.2 Spectral deconvolution 
14.2.1 MGM results 

 
Fig. 14.3 The figure shows the MGM deconvolution of the select end-members, as well as the residuals (on the top 
of each deconvolution). 
 
Fig. 14.3 shows the MGM deconvolution and the Gaussians used to fit BI and BII. The residuals 
are also reported on the top of each figure. A number has been assigned to each Gaussian, as 
explained in Tab. 14.1.  
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Tab. 14.1 Table shows the Gaussians position as well as the mineralogical interpretation.  
 
Generally, absorption bands deepen from bright regions and red slope spectra (unit A) to dark 
regions and blue slope spectra (unit C). 
In spectral units A and B the BI is generally deconvolved with 2 Gaussians, called G1 and 
G2/G3. G1 center shifts between 900 and 910 nm, G2 is located between 1020 and 1080 nm 
while G3 is centered in the 1100-1140 nm range.  
In spectral unit C1, the BI is decomposed with two Gaussians: G1 at ca. 890 nm, and G2 centered 
at ca.1056 nm. Spectra from C2 and C3 have been fitted with three Gaussians: G1 at ca. 900 nm, 
G2 at 1050 nm, and G4 at ca. 1250 nm.  
BII, in spectral units A, B and C, is generally deconvolved with more than one Gaussian. 
However, in the following discussion we do not consider Gaussians centered at ca. 1500 nm 
because it can be an instrumental artifact that depends on the flux received by the instrument.  
In spectral units A1 and A3, BII is deconvolved with G5 centered at ca. 1900 nm, while A2 with 
G5 and G6, at 1900 and 2170 nm, respectively. BII in spectral unit B is deconvolved with a 
dominant Gaussian, G5, that shifts from 1900 to 1960 nm. In spectral unit C, BII is fitted with the 
dominant G6 (2040-2150 nm) and with G5 (1880 nm).  
In unit D, BI has been fitted with three Gaussians, G1, G2 and G4, at ca. 895, 1050 and 1248 nm, 
while G5 and G6 at 1930 and 2150 nm fitted the BII.  
Unit E spectrum is deconvolved with an higher number of Gaussians compared to the other unit 
spectra; BI is modeled by G1-G3 that account for electronic bands due to crystal field iron 
transitions, while Gaussians G7-G13, in the 1500-2500 nm spectral range, fit vibrational bands 
due to OH-  and to X-OH overtones. 
In order to better define spectral unit E, we selected a set of spectra from hydrate regions and 
applied the MGM in order to recognize different hydrate mineralogies (Fig. 14.4). BIV is 
generally deconvolved with G8 (1720-1780 nm), G9 (1910-1930 nm), G10 (1940-1990 nm) and 
G11 (2040-2090 nm ), while BV is fitted with Gaussians G12 (2180 nm), G13 (2290-2300 nm) 
and G14 (2350-2390 nm). 
Fig. 14.4i shows a spectrum acquired from an area in the circle of Fig. 4; the spectrum has been 
deconvolved with three Gaussians in the NIR and with four Gaussians in the SWIR, with G13 
slightly shifted toward longer wavelengths than G13 in E spectral unit. 
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Fig. 14.4 The figure shows the MGM deconvolution of a set of spectra selected from spectral unit E, as well as the 
residuals (on the top of each deconvolution).  
 

14.2.2 Gaussian interpretation 
In this section we describe the spectroscopical significance of each Gaussian that fitted end-
member spectra, while only in the next section we propose a mineralogical interpretation.  
G1 can be attributed to (1) the Fe2+ transition in OPX M2 site (Burns, 1993), (2) the Fe2+ 
transition in OL M1 site (Burns, 1993), (3) the Fe3+ transition in iron hydroxides, such as 
limonite, and (4) the Fe2+ in iron bearing phyllosilicates, e.g., nontronite (Bishop et al., 2008b).  
G2 can be attributed to: the Fe2+ transition in the CPX M2 site (Burns, 1993), the Fe2+ transition 
in OL M2 site (Burns, 1993), or the Fe2+ in iron bearing phyllosilicates, e.g., chamosite (Bishop 
et al., 2008b). 
G3 can be attributed to: (1) the Fe2+ transition in the high-Ca PX, (2) the Fe2+ transition in OPX 
M1 site (Klima et al. (2007) deconvolved a set of OPX with increasing iron content and the 
center of the 1200 nm band varies between 1136 and 1231 nm), (3) the Fe2+ transition in OL M1 
site when OL is mixed with PX (Serventi et al., 2013; 2015), (4) the Fe2+ transition in PL, when 
low abundances of PL are mixed with OL (Serventi et al., 2013; 2015), (5) the Fe3+ transition in 
iron hydroxides, such as limonite (see Fig. 7a), and (6) the Fe2+ in iron bearing phyllosilicates, 
e.g., chamosite (Bishop et al., 2008b). 
G4 can be related to Fe2+ in high-Ca PX, the Fe2+ transition in OL M1 site (Burns, 1993), or to 
Fe2+ in iron-bearing PL.  
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G5 can be interpreted either as the Fe2+ transition in OPX M2 site, or as the Fe2+ transition in a 
mixtures of OPX and PX, while G6 as the Fe2+ transition in CPX M1 site.  
G7 represents the H2O overtone, while G9 and G10 the H-O-H combination of stretching and 
bending vibrations (Bishop et al. 2008b). G11 can be defined as an adjustment Gaussian, even if 
Bishop et al. (2008b) recognized bands at ca. 2000 nm due to adsorbed H2O in chlorite and 
serpentine spectra. G8 has not been described in the literature and can be interpreted as an 
adjustment Gaussian for the BIV. 
The position of G9-G11 can also be attributed to the Fe2+ transition in CPX and OPX M2 sites. 
G12-G14 are associated to OH combination bands and the position depends on the cation in the 
octahedral site (Bishop et al., 2002). In particular, as reported in Bishop et al., (2008b), G12 is 
related to Al-OH in montmorillonite, G13 to Fe3+ in nontronite, while G14, if centered at 2350 
nm, to Fe2+-OH in chamosite. With the exception of E2, where G14 center is at 2350 nm, in the 
other spectra G13 is shifted at ca. 2390 nm and have been considered an additional band (Bishop 
et al., 2008b, see their Tab. 3).  
 

14.3 Discussion and mineralogical interpretation of Nili Fossae 
14.3.1 Spectral unit A 

In spectral units A1 and A3, G1 and G5 concur to interpret BI and BII with the Fe2+ transition in 
OPX M2 site. G1 and G5 centers also reflect a composition En70-80. 
The assignment of G3 required an exclusion process: (1) Fe2+/M2 in high-Ca PX is excluded 
because we will expect G4 (see Fig. 7a); (2) Fe2+/M1 in OPX is excluded because G3 is deeper 
than the Gaussians used by Klima et al. (2007) with the same position; (3) Fe2+/M1 in OL and 
Fe2+ in PL are excluded, because the BI shoulder is not at 1600 nm; and (4) Fe2+ in phyllosilicate 
is excluded since we would expect deeper vibrational bands at 1900 and 2300 nm. 
The Fe3+ transition in iron oxides, such as limonite, seems the more reliable hypothesis, for the 
interpretation of G3; limonite shows an additional band at 940 nm that can be included in G1.  
G6 in spectral unit A2 and a deeper G2 with respect to G3 in A1 and A3 suggest the presence of 
CPX. The G2 position, at longer wavelengths if compared with Klima et al. (2011), also suggests 
a possible mixing of CPX with hydroxides.   
Therefore, spectral unit A is dominated by OPX and iron hydroxides, such as limonite, with 
minor amount of CPX in defined areas.  
 

14.3.2 Spectral unit B 
G1 has been interpreted with the Fe2+ transition in OPX M2 site and G2 with the Fe2+ transition 
in CPX, as confirmed by the presence of a G5 shifted at longer wavelength respect to G5 in 
spectral unit A. G1 and G2 positions suggest an OPX En80 and a diopside- CPX.  
Using the equation by Kanner et al. (2007) on the BI, we define the relative percentage of each 
PX. In B1, B3 and B4 OPX is ca. 55%, while in B2 is 41%.  
Spectral unit B is composed of a mixture of OPX and CPX. 
 

14.3.3 Spectral unit C 
In spectral unit C, G1 has been interpreted with the Fe2+ transition in OPX M2 site and G2 with 
the Fe2+ transition in CPX, as confirmed by the presence of G5 and G6. G1 and G5 suggest an 
OPX with composition En80-100. Differently from spectral unit B, G2 is deeper than G1, as well as 
G6 is deeper than G5, thus revealing a higher content of CPX than OPX. Applying the equation 
by Kanner et al. (2007), OPX is 39% in C1 while the content diminishes till 33% in C2 and C3.  
However, while G1 and G5 can be compared with Klima et al. (2011), G2 and G6 do not have a 
match. Two hypotheses can be advanced: (1) G2 is in the right position and G6 is at too short 
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wavelengths, or (2) G6 is in the right position and G2 is at too long wavelengths. G2 is wider 
than Gaussians assigned to CPX by Sunshine and Pieters (1993); for this reason, we propose the 
second hypothesis, suggesting that G2 can be interpreted as a composite band of CPX and other 
material. The interpretation of G4 in spectral units C2 and C3 has been quite misleading: while 
the presence of OL can be rejected (G4 center implies an extreme fayalitic OL), it is not possible 
to distinguish between high-Ca PX and PL. A possible choice can be driven only by the adjacent 
mineralogy, so making the high-Ca PX hypothesis the more reliable one.  
 

14.3.4 Spectral unit D  
G1, G2 and G4, supported by the BI shoulder at 1600 nm, can be interpreted with the presence of 
OL. Gaussians have a similar depth, while Sunshine and Pieters (1998) showed how G4 is deeper 
than G1 and G2. However, G5 and G6 suggest the presence of OPX and CPX, and this can 
explain the depths of G1 and G2.  
Comparing the Gaussian centers with Sunshine and Pieters (1998), G1 and G3 indicate a ~Fo60-70 
OL for a <45 µm particle size. Spectral unit D is dominated by OL with variable amounts of PX.  
 

14.3.5 Spectral unit E 
The absence of G5 and G6 and the narrow shape of the 1900 nm band suggest that G1 and G2 
can be related to iron electronic transitions in phyllosilicates, and not crystal field transitions in 
PX. Gaussian G7-G14 positions are fundamental to characterized an hydrate mineralogy, while 
G12-G14 discriminate between phyllosilicates characterized by different cations in the octahedral 
environment; for this reason a set of sub-spectra have been selected and deconvolved, as shown 
in Fig. 6 and as explained in section 5.2. Considering G12-G14 centers, we recognized different 
groups: 

1) E1: G12 is related to Al-OH modes, and G13 lacks. E1 can be interpreted as 
montmorillonite; 

2) E2: G14 can be explained with Fe2+-OH, and G12 and G13 lack. E2 can be interpreted 
with chamosite; 

3) E3, E4, E6, E7 and E8: G13 is due to Fe3+-OH, while G12 lacks. The spectra can be 
related to nontronite; and 

4) E5: G12 is related to Al-OH modes, while G13 is due to Fe3+-OH and therefore E5 can be 
interpreted with a mixture of nontronite and montmorillonite. 
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15.  Lessons from the Earth: concluding remarks 
In the previous chapters, we have shown how terrestrial analogues can be used to obtain 
important information about the mineralogy of a planetary surface. Two examples have been 
reported, one for a plagioclase-rich body (Moon) and one for a mafic-rich planet (Mars). We have 
analyzed reflectance spectra from Proclus crater and from Nili Fossae applying SAM 
classification and MGM deconvolution. We also compared lunar and martian data with spectral 
libraries consisting of well characterized terrestrial analogues (both as mineral chemistry and 
particle size), analyzed in this thesis as well as from the literature. It is known that different 
factors can act on a reflectance spectrum (e.g., space weathering, mineral mixtures, particle size); 
so, the comparison with terrestrial analogues does not mean that the identified units must have 
the exact compositions of the suggested corresponding terrestrial analogues, but that similar 
compositions (mineral phases and abundances) and sizes can be reasonable. This, however, 
without overlooking the fact that the comparison with terrestrial analogues shows how a unique 
interpretation is not always possible. 
Here we report our preliminary conclusions. 
 

(1) Proclus crater: Moon 
All the spectral units expose mainly on the crater walls, at comparable quote, and can be 
considered as representative of fresh mineralogy, so strengthening the evidence that end-
members can be indicative of autochthon material. Only spectral units C and E have been 
detected on the crater floor. 
The choice of a narrow and ad hoc angle for each sub-unit of the SAM permitted us to define 
restricted regions with low spectral variability: these regions can be considered as exposure of a 
high-plagioclase association, as evidence by the comparison with terrestrial analogues. Pure 
anorthosite (spectral unit A) and plagioclase-rich (plagioclase>90%, spectral unit B) regions are 
the most abundant components, in agreement with the fact that Proclus is a small (28km) crater 
surrounded by the Highlands. Both the MGM deconvolution on averaged spectra and the 
comparison with terrestrial analogues suggest the presence of a relative Mg-rich mafic 
mineralogy, compatible with Highland rock chemistry, like Ferroan Anorthosites, Norites, 
Gabbronorites and Troctolites (e.g., Lucey et al., 2006, and references therein).  
Spectral unit C and D can be interpreted as units with moderate signature of pyroxene and 
olivine, respectively. Thus, these spectral units can be explained as dominated by mafic 
absorptions, but with relative weak intensities probably due to space weathering effects, or with 
the presence of a different, spectrally not dominant phase. In particular, for unit C, where the 
reflectance is similar to unit A, we propose the second hypothesis as more reliable, even if some 
effects of space weathering cannot be ruled out. 
Unit E seems to indicate the presence of mafic mineralogy and spinel-like phases, that could 
indicate a deeper lithology probably uplifted to the floor by the Proclus-forming impact. 
Moreover, crater floor and ejected materials (spectral unit F) are generally characterized by a 
2000 nm absorption and no or weak (weaker than unit E) absorptions around 1000 nm. Even if 
we do not discuss these units, because they do not show plagioclase or mafic absorptions, spectra 
could be explained with the presence of a spinel-like phase (also present in spectral units C and 
E) mixed with other, probably shocked minerals in a more mature regolith. 
The recognized mineralogies from Proclus crater show similar characteristics with those 
proposed by Pieters et al. (2011) for the Moscoviense Basin, where the OOS (orthopyroxene, 
olivine and spinel) exposures have been interpreted as differentiation products of plutonic events 
that intruded the magmatic material in the lower part of an anorthositic crust. However, Proclus is 
ten times smaller than Moscoviense Basin, therefore the presence of possible autochthon material 



102 
 

with variable compositions and at similar quote seems unlike to indicate the excavation of a 
shallow chamber or the rise of material from different small magma chambers; on the contrary, it 
is more reliable to explain Proclus mineralogies with a Magma Ocean evolution, where partially 
heterogeneous areas could be possible. 
 

(2) Nili Fossae: Mars 
Generally, our results for this are consistent with the spectral maps by Bibring et al. (2005), 
Mangold et al. (2007) and Mustard et al. (2007).  
The MGM has been applied to obtain a more detailed mineralogical interpretation. In particular, 
we recognized: (1) spectral unit A, in the northern part of the area, dominated by orthopyroxene 
En70-80, iron hydroxides and low amounts of clinopyroxene in defined regions; (2) spectral unit B, 
in the south of Nili Fossae, composed with orthopyroxene and clinopyroxene with enstatitic and 
diopsidic compositions; (3) spectral unit C, in the southern part of the region, dominated by an 
orthopyroxene with iron content slightly lower than in spectral unit A and clinopyroxene with 
possible contribution from high-Ca pyroxene and/or plagioclase; (4) spectral unit D, located in an 
area in the south-east of Nili Fossae, with olivine (Fo60-70) and minor amount of orthopyroxene 
and clinopyroxene; and (5) spectral unit E characterized by the presence of phyllosilicates. 
Deconvolving a set of spectra from spectral unit E with the MGM algorithm, different typologies 
of phyllosilicates have been recognized: montmorillonite, nontronite and chamosite seem to be a 
plausible mineralogy.  
As suggested for the spectral unit C, a unique interpretation is not possible: the comparison with 
terrestrial analogues gives evidences that both pyroxene and plagioclase can explain the spectral 
behavior in the 1200 nm spectral region. However, choosing one of the possible interpretations 
require that reflectance spectroscopy is interpreted with data from additional experiments. 
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16.  General conclusions and implication for Mercury 
In the first part of this work (chapters 7-10), we have demonstrated how plagioclase, always 
considered a transparent mineral, can play an important role in the reflectance spectroscopy also 
influencing the mafic, iron-richer mineral absorption bands. Therefore, reflectance spectra of 
plagioclase-bearing mixtures measured and equipped by complete analyses, can be useful to 
implement already well characterized spectral libraries with plagioclase-bearing mixtures.  
In the second part of the work (chapters 12-14), we have shown how terrestrial analogues can be 
helpful for the interpretation of planetary surfaces. For example, it is possible to recognize 
plagioclases with different iron content, to discriminate between FAN and PAN and to identify 
different type of phyllosilicates. The comparison with terrestrial analogues also evidenced how 
the spectral convergence of materials with different compositions could lead to non-unique 
interpretations. For example, spectra from Proclus crater can be interpreted either as fresh, 
plagioclase-rich material or as more mature, mafic-rich material; in the same way, spectra from 
Nili Fossae can be explained with the presence of either high-Ca pyroxene or plagioclase. These 
results stress the need to be careful in the mineralogical interpretation of planetary material. 
Our study also provides new constraints and new ideas for future analyses of the Hermean 
surface. On the basis of MASCS results, the hermean surface is characterized by reflectance 
spectra with no clear absorption bands and almost featureless shape. Mid-infrared spectra (e.g., 
Sprague et al., 2009) have shown the presence of plagioclase and low-FeO pyroxene and recent 
measurements from MESSENGER limited the iron content to be less than 6 wt.% (Solomon et 
al., 2008), with FeO <2-3 wt.% in silicates (Robinson et al., 2008; McClintock et al., 2008). 
Considering that plagioclase and pyroxene are suitable candidates for the hermean surface 
mineralogy, the results from this thesis could be applied to reflectance spectra from the surface of 
Mercury. 
The BepiColombo mission (launch expected on January, 2017), with the Visible Infrared 
Hyperspectral Imager Channel (VIHI, Capaccioni et al., 2010) spectrometer onboard, will 
provide data about the Hermean surface composition in a larger VNIR spectral range (400-2000 
nm) than MESSENGER and with high spectral resolution(256 channels with 6.25 nm spectral 
sampling). So, as in the lunar case, where new spectrometers with high spectral resolution were 
able to resolve spectra always considered featureless recognizing the plagioclase band, we will 
expect that data from VIHI spectrometer could give more information about the Hermean 
surface. We hope that the comparison of our plagioclase-bearing terrestrial analogues with 
reflectance spectra detected by VIHI can improve the geologic knowledge of this planet.  
Brown and Elkins-Tanton (2009) proposed models for the endogenous formation of the crust of 
Mercury, based on the magma ocean theory, as for the lunar surface. Therefore, it will be 
interesting to revalue these models considering that part of the total FeO may also enter in 
plagioclase, and understand what implications it may have on the crust formation.  
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