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Abstract: Volcanic products are widely present on Mercury: they occur as low-viscosity lava flows,
but traces of ash deriving from explosive volcanism are also observed. Silicate glasses represent a
major component in volcanic products, and it is likely that the fine-powdered regolith on Mercury
contains a non-negligible fraction of glassy material. In the laboratory, we have reproduced a Mercury-
like silicate glass, from which we have obtained 14 powdered samples with different granulometric
characteristics: 8 samples are extremely sorted with grain sizes ranging from 25 to 425 µm, and
6 samples consist of less sorted powders with normal distributions, varying mean values (30, 95, and
160 µm) and standard deviation (40 and 80 µm). The reflectance of samples was investigated in the
mid-infrared (MIR) region: we observe how the reflectance intensity increases with grain size, and
the presence of extremely fine material defines the emergence of the transparency feature (TF). We
provide reference data with qualitative observations and quantitative parameterization of spectral
characteristics; in particular, we observe how a small fraction of fine material can greatly influence
the spectral response of coarser powders. Results of this work will be crucial for the interpretation of
data collected by the BepiColombo mission, but need to be integrated with other possible Mercurian
compositions.

Keywords: reflectance; analogs; surface composition; experimental planetology; experimental
petrology

1. Introduction

All rocky planets in the Solar System have been subjected to magmatic and volcanic
processes that shaped the face of their surface and determined a large part of the miner-
alogical diversity on them. Thus, a large number of morphologies and terrains have a
volcanic origin [1–3]. Among these planets, Mercury hosts a plethora of areas of putative
volcanic origin. The most notable are the so-called smooth plains [4], which occupy 27% of
the planet’s surface and are thought to have been formed by a single large effusive event
that involved partial melting of the Mercurian mantle [5]. However, it is hypothesized
that explosive volcanism also occurred on Mercury: irregularly shaped depressions sur-
rounded by high-reflectance halos have been interpreted as eruptive centers and proximal
pyroclastic deposits [6], whereas other negative forms have been interpreted as collapsing
calderas into underlying magma chambers [7] and a large number of vents are observed
to lay on impact structures or within 20 km of a fault [8]. This suggests how volcanism
might have been triggered by the release of gas subsequent to the breaking of the surface
by other processes.
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The analysis of spectral features detected on the surface of rocky planets, together with
the study of geomorphological landforms, has always been a key process in the interpreta-
tion of geological features on planetary surfaces [9]. Among the different spectral regions
that can be investigated, the mid-infrared region (hereon: MIR) is of particular interest for
the interpretation of silicate products (like magmas) because it is the region where oxides of
Si and Al (that taken together constitute more than 50% in weight of most igneous products)
show Reststrahlen bands originated from the vibration of cation–anion bonds [10,11]. The
problem with interpreting of spectra of geologic bodies relies on the fact that it is not always
easy to distinguish which variable is determining the occurrence and the appearance of
a particular spectral feature. For this reason, an exhaustive understanding of the spec-
tral properties of geological samples with different chemical and physical structures is
essential for the proper interpretation of spectral data obtained through terrestrial and
extra-terrestrial remote sensing. In this sense, MIR spectral properties of igneous bodies
were investigated by focusing on how it changes in respect with different variables: min-
eralogy [12,13], elemental abundance within mineral phases [14–17], temperature [18–20]
surface roughness or porosity [21] and finally particles size [16,22–25], on which this study
will focus.

Variation of the size of the particles causes powders to display notable spectral vari-
ation due to volume and surface scattering; in particular, it has a great influence on two
aspects of MIR spectra: reflectance intensity and spectral shape [26]. Indeed, powdered
samples’ spectral contrast of fundamental absorption features decreases as particle size
decreases: Reststrahlen band features are weaker due to the increase in an incoherent scat-
tering of light from multiple surface reflections at the clasts level, resulting in the formation
of photon traps, where pores between particles acted as small black bodies [14,25,27]. On
the other hand, grain size influences the shape of MIR spectroscopic features because an
increase in volume scatterings results in an increase in the refraction index, and in the
MIR region light can interact with many more particles to produce a prominent absorption
feature, so-called transparency feature, hereon the TF [13,25,28]. In silicate-powdered sam-
ples, the TF shows the most intense absorption contrasts, and its predominance related to
volume scattering has been recognized as a potentially useful indicator for remote sensing
in order to identify fine particulate presence on the planetary surfaces [12,29,30]. Fine
powders are hypothesized to be largely present in the regolith on planetary surfaces: as
an example, possible TFs have been observed on the surface of Mercury, indicating that
an important fraction of its regolith is constituted by very fine powders [31–33]. For this
reason, it is very important to create exhaustive reference data of fine-grained material to
correctly interpret geological features of planetary bodies, and, in this sense, many studies
have been carried out focusing on the dependency of spectral properties in relation to gran-
ulometry, with various types of products that have been characterized: igneous minerals
and rocks [23,24,34–36], carbonates [23,37], salts [38,39] and also amorphous phases such
as silicate glasses [40–43].

Silicate glasses are magma-derived amorphous materials whose internal structure
reflects the one of a completely molten magma [10,44]. Volcanic products can be constituted
of large portions of silicate glasses, such as hypocrystalline, porphyric rocks, or volcanic
ash [45], or be entirely constituted by glasses, such as obsidian. Mercury is indeed hy-
pothesized to host hypocrystalline and porphyric material [46] and, as said, also volcanic
ash [6–8], and therefore, even if their structure might have been influenced by the strong
thermal excursion that is observed on the planet [9,46], silicate glasses might constitute a
non-negligible part of Mercurian surface.

Only recent studies focused on the MIR spectral response of silicate glasses as possible
magmatic analogs for planetary surfaces. Some of these studies investigated the spectral
response of glasses in the visible and near-infrared region (VNIR) [43,47,48], but MIR studies
were also performed with different planetary-related purposes: the MIR spectral response
of possible impact glasses on planetary surfaces [42,49–51] or of possible silica coatings on
particles on planetary terrains was investigated [52–54], but glasses were also accounted as
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possible principal components of volcanic products on other planets [18,41,55–57]. Moreover,
a large part of the information that we can retrieve about the MIR spectral response of
silicate glasses also comes from studies that are not directly focused on possible planetary
implications [11,45,58–65].

Some of the above-mentioned studies also focused on the variation of silicate glasses’
MIR spectral response as a function of grain size [40,41,43,66,67]. However, such studies
only observed materials that are extremely sorted from a granulometric point of view and
regarding a maximum of 4–5 grain size classes. This was performed because of the fact
that regolith, the main constituent of planetary surface [68], is often interpreted as made
up of impact-derived particles following a power law grain size distribution [69] mostly
constituted by fine powder that can be detected through the TF [31]. However, we know
that explosive volcanism occurred on Mercury [6,70] and that volcanic processes create
particles with grain size distributions whose fashion ranges between units and hundreds of
µm [71,72].

In this study, we aim to integrate the knowledge of the spectral response of silicate
glasses as a possible proxy for volcanic ash, proposing an investigation of the spectral
response of a Mercury-like silicate glass more in detail, by using a higher granulometry res-
olution (given by a higher number of grain size classes) and by introducing investigation of
less sorted material: in particular, we have produced samples with gaussian-like grain size
distributions that vary by means of average value and standard deviation to observe how
and how much fine-grained particles influence the spectral response of a heterogeneously
sorted material. In this way, our work aims to provide an original database of characterized
Mercury-like silicate glasses that adds up to the ones provided by previous works [40,41]
for future interpretation of spectral information coming from areas of Mercury, where the
surface is believed to be covered by volcaniclastic material.

2. Materials and Methods
2.1. Samples Preparation
2.1.1. Production of Silicate Glass

As a Mercurian analog sample, we have chosen a possible iron-bearing composition
of Northern Volcanic Plains [73], as proposed in a previous study [47]. To reproduce
such a composition, we have mixed pure oxides in proportions to obtain 100 g of glassy
material. In Table 1, the target composition is reported together with the proportions used
to reproduce it. For sodium, it was necessary to use sodium carbonate rather than pure
Na2O, since the latter is not stable in air in form of powder.

Table 1. Target composition and oxides used for the production of glass samples.

Target Composition SiO2 Al2O3 FeO MgO CaO Na2O

(wt.%) 57.77 14.08 1.04 15.67 4.23 7.21

Oxide Mixture SiO2 Al2O3 FeO MgO CaO Na2CO3

(g) 57.77 14.08 1.16 15.67 4.23 12.33

The mixture was molten in the furnace at 1500 ◦C for >4 h to make the oxides bond
together and expel CO2 from sodium carbonate. After quenching, the glass was crushed
into powder (<200 µm) and the powder was molted again at 1500 ◦C for >4 h and quenched
to obtain 100 g of homogeneous sample [74].

2.1.2. Grain Size of Samples

We have ground 100 g of homogeneous glass to a powder that we have sieved to obtain
samples with the subsequent grain size fractions: 0–25 µm, 25–38 µm, 38–63 µm, 63–106 µm,
106–150 µm, 150–212 µm, 212–250 µm and 250–425 µm, therefore presenting a central value
of, respectively, 12.5 µm, 31.5 µm, 50.5 µm, 84.5 µm, 128 µm, 181 µm, 231 µm, and 337 µm.
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In this way, we have obtained eight samples of glass powders that are homogeneous and
well-sorted.

Subsequently, some of these samples were mixed to obtain differently sorted material
and obtain six samples showing Gaussian-like distributions defined by their mean values
(30, 95, and 160 µm) and standard deviations (40 and 80 µm). Grain size distributions of
such samples are reported in Figure 1. The production of such samples was chosen to
determine the possible influence of very-fine grained fractions on the spectral response of
coarser material in the range of possible volcanic ash size, which can be up to hundreds
of µm.
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Figure 1. Grain size distribution of GD samples.

We will refer to the first set of well-sorted samples as SC samples (single class) and to
the second set of unsorted samples as GD samples (gaussian distributed). More in detail,
GD samples will be named with two numbers indicating the mean value and the stand
deviation value, respectively (e.g., GD_95_40 will be the sample with average value of
95 µm and St.Dev. of 40 µm).

2.2. Samples Characterization
2.2.1. Chemical Analyses with EMPA

For the determination of the material’s chemical composition by means of major
elements, four different fragments (mm sized) of the quenched material were saved from
the grinding and embedded in epoxy for electron microprobe analyses (EMPA). In this
way, it was possible to acquire chemical compositions on 21 spots randomly diffused in the
material to assess chemical homogeneity.
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EMPA measurements were performed at the joined laboratory (LaMA) of the DST and
CNR-IGG of Firenze (Italy). The instrument was a JEOL Superprobe JXA-8230, equipped
with 5 wavelength dispersion spectrometers (WDS) operating with different analyser
crystals and different detectors (gas flow and sealed Xe type). The working conditions used
were 15 kV accelerating voltage, beam current at 10 µA and beam diameter of 10 µm to
reduce diffusion effect on alkali. Counting times consisted in 15 s on peak and 7 s on both
backgrounds except for Na that was measured for 10 s on peak and 5 on both backgrounds,
to limit the alkali loss. A selection of natural and synthetic minerals are used as primary
standard for the elemental calibration (Astimex albite for Si and Na, plagioclase for Al,
olivine for Mg, diopside for Ca, sanidine for K, and Smithsonian ilmenite for Fe). Two
obsidian natural glasses (Obsidian by Astimex and Obsidian by Microanalytical Conrol)
are used as secondary quality control standards.

2.2.2. Spectral Analyses with FT-IR

Spectroscopic analysis was performed using the experimental facility at INAF-
Astrophysical Observatory of Arcetri (Florence, Italy). The FT-IR apparatus hosted in
Arcetri consists of a Bruker Vertex 70v FTIR double pendulum coupled with Harrick Pray-
ing Mantis™ for Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
analysis in biconical off axis geometry to obtain high collection efficiency and accurate
determination of the reflectance profile by measuring diffuse reflectance at 90◦ with respect
to the principal plane. The off axis geometry is helpful to prevent spectroscopic feature
distortion due to preferential forward scattering, which can occur in other configuration
(e.g., [75]). The interferometer is equipped with a Globar source, a DTGS detector and
optical elements in KBr that allow investigation in the wavelength range 1.25–25 µm. Sam-
ples were measured in saturated nitrogen atmosphere and corrected to Infragold reference
rough standard.

Spectroscopic analyses were performed on both SC samples, acquiring one spectrum
per sample, and GD samples, where three spectra per sample were acquired, emptying and
refilling the sample holder each time with new material from the same GD sample.

To focus on spectroscopic properties due to different grain sizes, we selected a wave-
length range from 7 to 17 µm, and spectra were acquired with a resolution of 4 cm−1

averaging 100 pendulum scans.

3. Results
3.1. Chemical Characterization of Material

EMPA analyses are reported in Table 2, together with the standard deviations among
the 21 measurements on four different fragments. We can observe how there is a general
homogeneity among the measurements, with a standard deviation of only 0.28 for silica,
which is the most abundant oxide component in the system.

Table 2. Chemical composition and relative standard deviations of the produced silicate glass,
performed with EMPA on 21 spots of three different fragments.

SiO2 Al2O3 FeO MgO CaO Na2O Total

Av. Measured wt.% 57.80 13.60 1.15 15.68 3.75 7.27 99.24
St.Dev. 0.28 0.14 0.07 0.17 0.04 0.13 0.35

Normalized wt.% 58.24 13.71 1.16 15.80 3.78 7.32 100.00

In Figure 2, the relationship between the obtained chemical composition and the target
composition ([47], Table 1) is reported. It can be seen that for all the accounted oxides,
there is a deviation lower than 0.5 wt.%, with the major deviations being an excess of
silica (0.47 wt.%) and a shortage of calcium oxide (0.45 wt.%). Overall, we can state that
we were successful in reproducing a composition that can represent a possible analog for
mercurial products.
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3.2. Spectral Characterization of Samples
3.2.1. MIR Spectra of SC Samples

Spectra of SC samples are reported in Figure 3. Across the investigated spectral range,
we can observe a variation in reflectance intensity and spectral shape with changing grain
size of samples.
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Figure 3. Set of spectra obtained from SC samples with main spectral features highlighted.

All the spectra present a local minimum in reflectance at approximately 8 µm, which is
recognizable as the Christiansen Feature (hereon the CF), which appears when the refractive
index of the investigated phase approaches the refractive index of the surrounding medium,
causing a strong reduction in scattering, which results in a minimum in reflectance spectra (the
CF). This is a common spectral feature among silicates, both crystalline and glassy [11,18,25,55].
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At higher wavelengths (ca. 9.5 µm), all spectra present a local maximum, which is defined
by a composition of bands derived from the Reststrahlen effect linked to Si/Al-O bond
vibrations [11,76,77]. We will refer to this feature as the RBpeak [55]. The third observable
spectral feature is located at ca. 12 µm, and it is only visible for finer samples and it fades
away with increasing grain size of samples: 0–25 µm and 25–38 µm samples present a clear
peak as local maximum, whereas only a shoulder can be detected in spectra of 38–63 µm
and 63–106 µm samples and the spectra do not show any feature for coarser samples. Such
features can be recognized as the transparency feature (hereon the TF [25,28]), and increase
with decreasing grain size of samples because the lower absorption of small particles
allows more photons to pass through the grains and then be backscattered [78]. All spectral
features will be described more in detail in the Discussion section and their wavelength
positions are reported in Table 3.

Table 3. Wavelength position of main spectral features for SC samples.

0–25 µm 25–38 µm 38–63 µm 63–106 µm 106–150 µm 150–212 µm 212–250 µm 250–425 µm

CF (µm) 8.04 8.04 8.04 8.03 8.03 8.03 8.03 8.03
RBpeak (µm) 9.78 9.67 9.64 9.66 9.64 9.67 9.62 9.67

TF (µm) 11.95 11.97 - - - - - -

Wavelength positions of spectral features—the CF, the RBpeak and the TF—seem to be
roughly constant for all samples in Figure 3. However, from the quantitative identification
of their positions (Table 3), we can observe that the CF is indeed extremely stable, with
a minimum variation in the order of 10−2 µm, which is comparable to the instrumental
resolution. On the other hand, the RBpeak position oscillates presenting a particularly
high value for SC 0–25 µm, more than 0.1 µm higher than the other spectra, which are all
clustered in a span of 5 × 10−2 µm.

Concerning the shape of SC spectra, we can observe that an increase in grain size
results in the reflectance signal growing in intensity for the RBpeak, whereas it is the opposite
for the TF: these two phenomena determine the spectral shape of samples with the same
chemical composition and a different grain size to be substantially different.

3.2.2. MIR Spectra of GD Samples

Spectra of GD samples are reported in Figure 4, in which three acquired spectra are
reported for each sample. Here, each of the three subgraphs a, b and c reports spectra of
samples with equal mean values and different standard deviation, so that each subgraph
presents six spectra, three for each of the two GD sample depicted in it.

Minerals 2023, 13, x  8 of 19 
 

 

3.2.2. MIR Spectra of GD Samples 
Spectra of GD samples are reported in Figure 4, in which three acquired spectra are 

reported for each sample. Here, each of the three subgraphs a, b and c reports spectra of 
samples with equal mean values and different standard deviation, so that each subgraph 
presents six spectra, three for each of the two GD sample depicted in it. 

 
Figure 4. Set of spectra obtained from GD samples, divided by means of the mean value of the 
grain-size: (a) samples with mean value of 30 µm, (b) samples with mean value of 95 µm, (c) sam-
ples with mean value of 160 µm.  

Concerning the intensity of reflectance, we observe how generally it can greatly vary, 
even among spectra acquired on the same samples. We must remind here that, in fact, for 
GD samples the spectral sampling cup was always emptied and re-filled with new pow-
der from the same samples for each of the three measurements, and this, together with the 
fact that the sampling spot regarded a small portion of the cup, might have caused a 
slightly different effective sorting of each of the three spectra acquired for GD samples. 
However, we observe that spectra belonging to the same GD sample are quite similar in 
what concerns the shape of Reststrahlen bands and the emergence of the TF. 

In addition, for each of the subgraphs from Figure 4, it is possible to make observa-
tions as follows: Figure 4a: spectra from GD_30_40 and GD_30_80 are very similar for 
what concerns their shape, with GD_30_80 (less sorted) with slightly larger reflectance 
intensity than the other; Figure 4b: spectra from GD_95_40 and GD_95_80 present quite a 
different shape, with GD_95_40 presenting a weak TF visible as a shoulder, whereas spec-
tra from GD_95_80 present a prominent TF. Contrarily to what observed in the previous 
graph, here more sorted samples (GD_95_40) presents spectra with higher reflectance val-
ues; Figure 4c: spectra of samples with mean value 160µm have different shapes, with less 
sorted material (GD_160_80) presenting almost no feature in the proximity of the TF, and 
more sorted material showing the TF as a weak but always detectable shoulder. The re-
flectance intensity of spectra from GD_160_80 and GD_160_40 are comparable, the latter 
presents slightly larger intensity values. 

Moreover, all GD spectra reported in Figure 4, such as the SC ones, present the spec-
tral features—the CF, the RBpeak and the TF—and their wavelength position is reported in 
Table 4. As for sorted samples, the CF looks extremely stable in its wavelength position, 
varying only of 0.01 µm, which is comparable to the spectral resolution of the instrument, 
whereas the RBpeak oscillates between 9.60 µm and 9.73 µm, with no clear correlation to 
grain size. As for the third spectral feature, all spectra of GD samples with 30 µm average 
values show a stable TF, such as GD_95_80 spectra. Other spectra show weak TFs, detect-
able as local maximums (GD_95_40 and GD_160_80) but their position is heavily influ-
enced by RB bands. 

Table 4. Wavelength position of spectral features for GD samples. 

Figure 4. Set of spectra obtained from GD samples, divided by means of the mean value of the
grain-size: (a) samples with mean value of 30 µm, (b) samples with mean value of 95 µm, (c) samples
with mean value of 160 µm.
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Concerning the intensity of reflectance, we observe how generally it can greatly vary,
even among spectra acquired on the same samples. We must remind here that, in fact,
for GD samples the spectral sampling cup was always emptied and re-filled with new
powder from the same samples for each of the three measurements, and this, together with
the fact that the sampling spot regarded a small portion of the cup, might have caused a
slightly different effective sorting of each of the three spectra acquired for GD samples.
However, we observe that spectra belonging to the same GD sample are quite similar in
what concerns the shape of Reststrahlen bands and the emergence of the TF.

In addition, for each of the subgraphs from Figure 4, it is possible to make observations
as follows: Figure 4a: spectra from GD_30_40 and GD_30_80 are very similar for what
concerns their shape, with GD_30_80 (less sorted) with slightly larger reflectance intensity
than the other; Figure 4b: spectra from GD_95_40 and GD_95_80 present quite a different
shape, with GD_95_40 presenting a weak TF visible as a shoulder, whereas spectra from
GD_95_80 present a prominent TF. Contrarily to what observed in the previous graph, here
more sorted samples (GD_95_40) presents spectra with higher reflectance values; Figure 4c:
spectra of samples with mean value 160µm have different shapes, with less sorted material
(GD_160_80) presenting almost no feature in the proximity of the TF, and more sorted
material showing the TF as a weak but always detectable shoulder. The reflectance intensity
of spectra from GD_160_80 and GD_160_40 are comparable, the latter presents slightly
larger intensity values.

Moreover, all GD spectra reported in Figure 4, such as the SC ones, present the spectral
features—the CF, the RBpeak and the TF—and their wavelength position is reported in Table 4.
As for sorted samples, the CF looks extremely stable in its wavelength position, varying
only of 0.01 µm, which is comparable to the spectral resolution of the instrument, whereas
the RBpeak oscillates between 9.60 µm and 9.73 µm, with no clear correlation to grain size.
As for the third spectral feature, all spectra of GD samples with 30 µm average values
show a stable TF, such as GD_95_80 spectra. Other spectra show weak TFs, detectable as
local maximums (GD_95_40 and GD_160_80) but their position is heavily influenced by
RB bands.

Table 4. Wavelength position of spectral features for GD samples.

GD_30_40 GD_30_80

CF (µm) 8.03 8.03 8.04 8.03 8.04 8.03
RBpeak (µm) 9.6 9.69 9.76 9.66 9.69 9.64

TF (µm) 11.89 11.92 11.92 11.89 11.92 11.89

GD_95_40 GD_95_80

CF (µm) 8.04 8.03 8.03 8.04 8.04 8.03
RBpeak (µm) 9.67 9.64 9.62 9.71 9.73 9.67

TF (µm) 11.73 - - 11.95 11.95 11.86

GD_160_40 GD_160_80

CF (µm) 8.03 8.04 8.03 8.03 8.03 8.03
RBpeak (µm) 9.62 9.71 9.64 9.67 9.64 9.69

TF (µm) - - - - 11.7 11.86

4. Discussion

In this study, we have observed how, in the MIR spectral range, products that are
chemically identical can exhibit quite different spectroscopic characteristics because of
the difference in their physical form, which in this case is represented by granulometry.
However, we know that the MIR spectroscopic region is heavily influenced by the chemistry
of the sample analyzed, but the chemical homogeneity of our set of samples allows us to
rule out a possible composition effect in the observed spectroscopic differences.

In the previous section, we have recognized three spectral features—the CF, the RBpeak
and the TF.
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The Christiansen Feature (CF) is common among silicates, both crystalline and
glassy [11,18,25,55]; its wavelength position can be used as a proxy for chemical com-
position [13,79]. In our case, for SC samples (Figure 3), the CF does not appear to be shifting
in wavelength position as the grain size of the samples varies, reasonably because samples
are extremely homogeneous and, as pointed out by previous studies, its position is not
influenced by the grain size of investigated samples, both glassy [40] and crystalline [13].

At higher wavelengths (ca. 9.5 µm), all spectra in Figure 3 present the RBpeak, a
local maximum that strongly increases its reflectance intensity as grain size is increasing.
This maximum is defined by a composition of bands derived from the Reststrahlen effect
linked to Si/Al-O bond vibrations [11,76,77]. The RBpeak is also known to be shifting
with changing the chemical composition of silicate glasses [55], a phenomenon that we
do cannot see at first glance in our spectral set in Figure 3. In the mentioned study [55],
it is observed how the shift of the RBpeak with changing chemical composition is less
straightforward if compared to the CF, and here, by looking at Table 3, we can see how the
RBpeak position actually oscillates weakly among chemically homogeneous samples with
different grain sizes. The reason behind such behavior might rely in the fact that such local
maximum is as said defined by a convolution of numerous bands related to vibrations of
bonds, in particular Si-O and Al-O [11,55], which are influenced by other physically driven
phenomena such as the increase in reflectance intensity and the emergence of the TF. In
particular, TF emergence for SC 0–25 µm might influence the shape of Reststrahlen bands
because of its strong reflectance values, and this phenomenon might be responsible for the
particularly high RBpeak position of the finest SC sample.

Indeed, the two spectral characteristics that are heavily influenced by grain size
variation are the emergence of the TF and the intensity of reflectance. These will be
discussed in the next two subsections, especially for SC samples. Then, in light of what
was observed, SC and GD samples will be compared in the last subsection.

4.1. The Occurrence of the Transparency Feature (TF)

The occurrence of the TF is documented since the first studies on rock particulates. In
FTIR spectroscopy, we know that particulate rock samples, when the diameter of particles
is comparable to the wavelength of light (0–75 µm), show such peculiar feature in the
MIR region [22,23,34,77,80]. In a fine multi-particle system, where the number of grain/air
interfaces per unit volume is relatively high, surface scattering reflection occurs while
on the other hand more photons pass between grains and penetrate easier into grains
due to the low thickness of the grains. Additionally, particle adhesion increases apparent
porosity by forming complex cavities amplifying volume scattering [26,35]. Therefore, for
small particles, the material absorption coefficient is low (due to small grain size) and the
refraction index is high (due to enhanced volume scattering), and photons can interact with
many more particles and produce the TF as a maximum in reflectance.

An interesting fact about the occurrence of the TF is that previous studies by our
research group [18,55] have observed how the TF is not always occurring for fine glass
powders: silicic glasses present a sharper peak for the TF, that is indeed very weak and
almost disappearing for mafic glasses. The weaker occurrence of the TF for more mafic
products was also observed in other studies on fine rock material [77]. As for the spectra
examined in one of our previous studies [55], the only mafic glass that showed a clear
peak for the TF had a shoshonitic (high-K mafic volcanic product) composition, with
a total alkaline content above 8 wt.%. All the other mafic samples in the mentioned
study have alkaline content lower than 4.5 wt.% and present no TF in the spectra of
<25 µm powders. Other recent studies [40,66] that investigated the spectral response of
silicate glasses reported that for some samples’ TF can indeed be extremely weak and
non-detectable as a local maximum: in the mentioned studies, the spectra of fine material
(<25 µm) presenting no or a very weak TF belong to glasses whose composition was alkaline
free. Another recent study [67] concerning the reflectance of glasses reported no TF for fine
material with total alkaline oxides content below 2.6 wt.%. In the present study (Table 2),
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our set of glasses have a moderately alkaline character: even if they are K-free, they exhibit
a relatively high NaO content above 7 wt.%.

It is indeed complex to explain this phenomenon: we have noticed a correlation
between the emergence of the TF and the low-alkaline character of investigated glasses,
but this empiric observation may not necessarily be directly linked to the real explanation.
However, we know that alkaline elements (K, Na) act as charge balancers for Al cations,
enabling them to act similar to Si in the tetrahedral network of silicate glasses [44,45].
Vibration of Al-O bonds in the Si cage is reported to occur between 11.35 and 14.70 µm [11],
a region which could indeed influence the emergence of the TF. Indeed, in one of the
mentioned studies [55], it was noted that subalkaline mafic glasses present a bulge in the TF
which does not develop into a peak, and we might rise the hypothesis that the emergence
of the TF for more alkaline glasses results from the combined influence of the TF itself with
Al-related Reststrahlen bands. The correlation between the TF and chemical chemistry
was already noted in the first databases created for rock particulates [30] and is extremely
interesting for planetary implications. Such matter was worth being pointed out here, but
it goes beyond the aim of this study because we only focused on one chemical composition.
Nevertheless, it will surely need an ad hoc study comprehending both chemical and
physical characteristics as variables.

4.2. Normalization of Reflectance Intensity and Spectral Ratios

As said, we have observed that the variation in grain size determines a change in
the shape and intensity of MIR spectra. In particular, intensity increases with increasing
grain size, a phenomenon which has been observed in MIR for crystalline and glassy
phases [16,23,25,35,40,41,55] which is inverse to what observed in VNIR [36,43].

To parameterize change in shape and better compare spectra, we can try to normalize
the spectra of SC samples by setting the reflectance value of the CF to 0 and the reflectance
value of the RBpeak to 1, in this way, we lose information about different intensities of
reflectance, but we can more easily observe variation in the spectral shape of different
samples [55]. Normalized spectra are reported in Figure 5, where we can see that shapes
differ among our set of spectra especially in two regions: the TF region at approximately
12 µm, of which we have already spoken about, and another region between the CF
and the RBpeak, roughly centered at 8.5 µm. In particular, we do not observe what was
stated in previous studies [55], that the shape of spectra of powders with different grain
sizes is identical between the CF and the RBpeak, because we see how finer material
(especially the two that show a clear peak for the TF) present a shoulder that determines
normalized reflectance to be slightly higher. In this way, we have individuated three regions
of interest that characterize this region of the spectra: the region at approximately 8.5 µm,
the RBpeak region, and the TF region, highlighted in Figure 5 as A, B and C, respectively. To
parameterize spectra by means of their grain size, we can try to use an approach that is
often used in the VNIR region [48,81] and use ratios of reflectance intensity regarding the A,
B and C regions: in Table 5, we report the values of ratios B/A and C/B for all the spectra.

Table 5. Values of ratios of reflectance for zones of interests highlighted in Figure 5. B/A and C/B
ratios are reported for both SC and GD samples.

SC

Grain Size Class Central Value B/A C/B

0–25 µm 12.5 µm 1.76 1.41
25–38 µm 31.5 µm 1.86 1.12
38–63 µm 50.5 µm 2.41 0.61
63–106 µm 84.5 µm 2.45 0.54

106–150 µm 128 µm 2.32 0.47
150–212 µm 181 µm 2.64 0.46
212–250 µm 231 µm 2.22 0.47
250–425 µm 337.5 µm 2.54 0.47



Minerals 2023, 13, 170 11 of 17

Table 5. Cont.

GD

Sample Mean Value St. Dev. B/A C/B

GD_30_40 30 40
1.57 0.95
1.71 1.13
2.19 1.04

GD_30_80 30 80
1.63 0.85
1.72 1.01
1.77 0.91

GD_95_40 95 40
2.11 0.71
1.93 0.63
1.99 0.58

GD_95_80 95 80
1.89 1.07
1.88 1.14
1.92 0.87

GD_160_40 160 40
2.25 0.48
3.04 0.45
2.29 0.49

GD_160_80 160 80
2.01 0.69
1.90 0.71
2.22 0.78
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In Figure 6, ratio values for SC samples are shown in relationship with grain size (here
central values are accounted, with horizontal bars representing the distance between two
sieves). In Figure 6a, we can see that for the B/A ratio, there are two datapoints, regarding
the finest samples, with a considerably lower value (approximately 1.8) than the other
samples, for which the values oscillate between 2.2 and 2.7 without a clear trend. It is
interesting to note that the mentioned two finest spectra (SC 0–25 µm and SC 25–38 µm)
are also the ones for which the TF is emerging as a local maximum, even if not A nor
B regions comprehend or are even close to the TF region. In Figure 6b, the relationship
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between C/B ratio and the grain size is inverse: the two finest samples present C/B >1,
whereas the value is lower than one for all the other samples. However, differently from
B/A, C/B seem to have a more regular trend: the larger the grain size, the is lower C/B
for all the spectra, even coarser ones. In particular, it appears that this decrease in C/B
with increasing grain size is still significant until ca. 200 µm, whereas the trend flattens
for coarser samples. Overall, the datapoints seem to fit well within a negative exponential
trend (which is reported in Figure 6b as a dashed line), making C/B ratio a good parameter
to characterize and distinguish grain size of chemically homogeneous silicate glasses.

Figure 6. Relationship between ratios of reflectance (a) B/A and (b) C/B (see Figure 5) and grain size
(central value) of SC samples.

4.3. Comparison between SC and GD Samples

As for GD samples, we have parameterized their spectra by means of the same ratios
introduced in the previous section, B/A and C/B, and their values are reported in Table 5
and graphed in Figure 7, where data from SC samples are also reported in black and white
for better comparison.
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Overall, we see that the large variability in spectral intensity observed in Figure 4 is
reflected in a certain variability of values of B/A and B/C ratios reported in Table 5 for GD
samples, which results in a vertical span of the GD-related datapoints depicted in Figure 7.
Regarding such issues, we must state that there is indeed an operational bias which is
derived by how is the sample holder filled, but we can anyway go on with some semi-
qualitative observations.

Concerning the B/A ratio as reported in Figure 7a, we observe that values of GD
samples are generally lower than the ones belonging to SC material, with the exception of
two datapoints. We have previously observed that for SC samples this specific ratio is able
to distinguish extremely fine material (<200 µm) because they show B/A < 2, whereas we
can see that many datapoints show B/A < 2 for GD samples, and we can hypothesize that
the presence of small grains greatly influences values of B/A by lowering them. Variation of
C/B for GD samples can be observed in Figure 7b, where we can see that (i) all samples with
an average grain size of 30 µm present C/B that spans of ca. 0.3, with GD_30_80 spectra
presenting slightly higher values of C/B than GD_30_40. However, all the datapoints
seem to fall well within the trend of SC samples, because even if they present a certain
vertical span, they fall in a region where the trend of sorted samples is almost vertical; (ii)
samples whose average value is 95 µm present a larger span in C/B values (ca. 0.6) but the
different standard deviation clearly define two different clusters: with more sorted material
(GD_95_40) with lower C/B values and getting close to the trend of SC samples and less
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sorted material (GD_95_80) with higher C/B values, probably influenced by larger fractions
of fine materials; (iii) samples with average grain size of 160 present a total span in C/B
values of ca. 0.4, and even here the different standard deviation clearly determines more
sorted material (GD_160_40) to have lower C/B values and getting close to the trend of SC
samples, whereas less sorted material (GD_160_80) have larger C/B values influenced by
fine powder.

5. Conclusions

We have reported an investigation of reflectance spectroscopy in the mid-infrared
(MIR) range for a series of Mercury-like silicate glasses with different granulometric charac-
teristics, offering an unprecedented reference set for the interpretation of spectral properties
of terrains on Mercury, in particular for what concerns the putative occurrences of volcani-
clastic material, such as ash, on such planet.

We have observed that the grain size-derived spectral variation of MIR spectra in
the 7–13 µm interval can be described by means of two characteristics: the increase in the
intensity of Reststrahlen bands with increasing grain size and the emergence of the TF for
finer samples.

We have reported and described spectra of samples presenting an extremely sorted
grain size distribution and samples with wider distributions. We propose to simplify the
analyses on three bands, centered, respectively, at 8.4, 9.66 and 11.95 µm. The ratio of
reflectance values of such bands is able to characterize granulometries of materials: for
sorted samples (SC), we have observed how variation of spectral characteristics is very large
for granulometries up to 200 µm and can be easily parametrized by the mentioned ratios;
as for less sorted samples (GD), we have observed that a small content of fine material in
an overall coarser powder might heavily influence the shape of the spectra, and therefore
the proposed ratios.

Information collected in this study will surely help the scientific community to in-
terpret geological characteristics of putative volcanic terrains by means of their spectral
features, especially for what concerns the portion of terrains which are thought to be consti-
tuted of extremely fine material. This dataset will be pivotal to compare with data acquired
by the instrument onboard the BepiColombo mission such as SIMBIO-SYS [82] and MER-
TIS [83]. However, some unsolved questions, such as the dependency of the emergence of
the TF on chemical composition, will need further studies concerning variation of grain
size and chemical composition of silicate glasses.
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