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ABSTRACT

Terrestrial analogues of lunar regolith are crucial for developing In-Situ Resource Utilization (ISRU) technologies and testing mission hardware before lunar
deployment. Mount Etna’s (Southern Italy) diverse volcanic products, generated by complex slab-edge processes, offer exceptional compositional variability that
encompasses both mare-like and highland-like lithologies, making it an ideal natural laboratory for planetary analogue studies. By investigating pyroclastic deposits
and basaltic samples from the Cisternazza pit crater, and the Monte Nunziata and Tre Livelli lava tubes, we discovered that the sample from the Cisternazza pit crater
exhibits remarkable chemical and mineralogical similarity to Apollo 14 highlands materials. The principal component analysis confirms its affinity with the lunar Fra
Mauro formation samples, while X-ray diffraction reveals a plagioclase-pyroxene-olivine assemblage with 40 % amorphous phase mimicking lunar impact glass. VIS-
NIR spectral signatures show characteristic 1-ym absorption features matching agglutinate-rich lunar regolith. Engineering geomechanical tests demonstrate that
these materials achieve compressive strengths up to 16.40 MPa in earth environmental conditions when processed as alkali-activated materials, comparable to other
lunar highlands simulants tested as reference materials for lunar construction. Our carbothermal reduction modeling indicates favorable oxygen and water extraction
yields, validating Mount Etna volcanic deposits as high-fidelity simulants for advancing lunar ISRU technologies and mission preparation.

1. Introduction

Real lunar regolith samples are extremely limited and generally
inaccessible, as only about 380 kg of soil and rock were returned to Earth
during the Apollo missions [1]. Consequently, in the evolving landscape
of space exploration there has been a growing need to develop substitute
materials for use in scientific research for advancing our understanding
of extraterrestrial environments and developing technologies for future
missions [2]. These substitute materials could be used as essential tools
for testing equipment, developing construction techniques, and vali-
dating In-Situ Resource Utilization (ISRU) processes before deployment
in actual lunar missions [3,4].

Lunar simulants are derived from terrestrial materials and can either
be used in their natural form (e.g., DNA-1A, LZS-1; [5,6]) or carefully
produced by mixing various sources to replicate the chemical and
mineralogical characteristics of specific lunar regions (e.g., NU-LHT
series, OPRH series; [7]). Regardless of their origin, accurately
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reproducing the particle size distribution of lunar regolith is essential to
effectively simulate its mechanical properties. However, both the
development of artificial simulants or the fine-tuning of natural ones
present significant challenges [8-10]. These include achieving accurate
representation of lunar regolith properties, maintaining consistency
across production batches, and ensuring availability for large-scale
testing [11]. Despite decades of research [8-10], commercial avail-
ability remains limited. The NASA guidelines for lunar simulant char-
acterization establish stringent criteria that materials must meet to be
considered valid simulants [12]. These criteria encompass crucial pa-
rameters including chemistry, mineralogy, grain size distribution and
grain shape analysis, determination of shear strength properties (cohe-
sion and internal friction angle), minimum and maximum density
measurements, and magnetic susceptibility analysis.

Most lunar simulants are produced in the United States [12] with
only a few examples coming from Europe (e.g., DNA-1A, LZS-1). In this
framework, the European volcanic provinces remain largely unexplored
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for this application [6,13]. Among them, Mount Etna (Fig. 1C) emerges
as a unique geological setting. It is located on the eastern coast of Sicily
(37°45'N, 14°59'F) and with its current elevation of approximately 3357
m a.s.]. Represents the largest active volcano in Europe. The volcano is at
the intersection of the African and Eurasian plates, specifically where
the Ionian oceanic lithosphere subducts beneath the Calabrian Arc [14,
15]. This complex geodynamic setting, characterized by slab rollback
and lateral tearing of the subducting plate [16], facilitates direct mantle
upwelling that distinguishes Etna from typical arc volcanoes [17]. The
volcanic products of Mount Etna are predominantly alkali basalts (NazO
+ K50 = 3.5-5.0 wt%), with subordinate tholeiitic basalts (Na;O + K5O
< 3.5 wt%) primarily found in the basal sequences [18]. The volcano has
been continuously active for approximately 500,000 years, producing
diverse volcanic deposits and morphological features including aa and
pahoehoe lava flows, pyroclastic fall deposits, and extensive lava tube
systems [19-21].

Sicilian law promotes the use of these volcanic materials, classifying
volcanic ash fallout from recent explosive activity as a special municipal
waste and allowing its reuse “to replace raw materials within production
cycles, using processes or methods that do not harm the environment or
endanger human health” [22]. While these ashes from nearby Etnean
areas have been used for restoration purposes [23], those materials have
never been utilized as lunar or asteroid regolith simulants.

In this study, three sites were selected based on their representa-
tiveness of different volcanic facies and their accessibility: (1) The Tre
Livelli Lava Tube System (37° 42 *31"N, 15° 03' 45E; 1625 m a.s.l.)
(Fig. 1a, ¢) where samples TL-4 and TL-5 were collected from different
levels of the lava tube to capture the variability within this volcanic
structure that might also be manifested in lunar lava flows and tubes. (2)
The Monte Nunziata Lava Tube (37° 44 °52'N, 15° 02' 11"E; 1790 m a.
s.l.) (Fig. 1b, ¢) where sample MN-1 was collected from pyroclastic de-
posits situated behind the lining wall of the lava tube, representing
material potentially similar to that found in lunar lava tube environ-
ments. (3) The Cisternazza Pit Crater (37° 45 *18'N, 14° 59’ 42"E; 2600
m a.s.l.) (Fig. 1c, d). The crater floor and surrounding areas are mantled

Materials Today Advances 29 (2026) 100678

by recent pyroclastic fall deposits (grain size: 2-64 mm) from the
paroxysmal events occurred during the last four decades [24], providing
fresh, unweathered material ideal for simulating lunar regolith pro-
duced by volcanic activity and impact. Three samples were collected
from this location: CL-2, CM-1 and CM-3 (Fig. 1c and Supplementary
Table 1).

The chemical similarity of these materials to lunar regolith, com-
bined with their accessibility, makes these three sites to collectively
encompass a range of volcanic deposits and structures highly relevant
for lunar simulant development. They provide promising analogues for
various lunar geological features and material types, rather than just
serving as construction materials. Their potential as simulants is further
enhanced by the similarity in surface rugosity and shape [25,26] to
lunar regolith particles [10], which is crucial for accurately replicating
lunar soil properties [12]. In our approach to analyze these materials as
potential lunar simulants, we adopted a modified version of the NASA
workflow for simulant characterization (Fig. 2).

Our methodology was tailored to address specific research objec-
tives, focusing primarily on identifying a high-fidelity chemical simulant
suitable for ISRU tests. This focus led us to prioritize chemical compo-
sition over geotechnical properties, as even low-fidelity chemical sim-
ulants can be appropriate for geotechnical applications if they have the
correct particle size distribution, a key factor influencing shear strength
and internal friction angle [12].

This study offers a comprehensive assessment of Etnean volcanic
materials as lunar regolith simulants, with particular emphasis on ISRU
applications. Our multi-analytical approach combines screening tech-
niques (principal component analysis of X-ray fluorescence data, X-ray
diffraction) with in-depth characterization (scanning electron micro-
scopy, hyperspectral imaging) and practical ISRU experiments (alkali-
activated material synthesis, carbothermal reduction). Results demon-
strate that selected Etnean deposits can closely mimic key properties of
lunar regolith, particularly those of Apollo 14 highland materials [10].
We recognize that the concept of a “perfect” lunar simulant is chal-
lenging due to the fundamental differences between terrestrial and lunar

Fig. 1. Etna’s sites in this study. a) Tre Livelli cave, 1792-93 eruption; b) Entrance of Monte Nunziata cave, 1843 eruption; c) Satellite image of sample location
and isoline maps with the identification of the spot sites; d) Cisternazza pit crater, 1792-93 eruption.
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Fig. 2. Comparative analytical workflows for regolith simulant characterization. Both NASA (blue pathway) and our team (red pathway) begin with geological
survey and sample preparation, then diverge into specialized analytical approaches before converging on simulant applications. Key methodological differences
include our emphasis on quantitative mineralogy (Rietveld XRD), hyperspectral-PCA screening, and ISRU studies versus NASA’s focus on geotechnical properties and
magnetic susceptibility. All the acronyms are reported in Supplementary Table 7. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

environments. Factors such as the absence of atmospheric weathering,
different gravity conditions, and unique space weathering processes on
the Moon create a regolith with properties that are difficult to fully
replicate on Earth. Our findings, regarding the petrological and chemical
aspects however, suggest that Etnean volcanic materials offer significant
potential for advancing lunar ISRU technologies. The demonstrated
capabilities in alkali-activated material synthesis and oxygen extraction
highlight the potential of these materials for future lunar exploration
efforts, providing a valuable and readily accessible resource for mission
preparation and technology development.

2. Materials and methods
2.1. Sample preparation

To ensure material consistency and reproducibility of all the samples
collected (Fig. S1), the Retsch BB200 jaw crusher was run five times at a
constant 650 rpm, progressively narrowing the jaw gap down to 1 mm to
achieve the desired grain size reduction. Each crushing cycle lasted
approximately 2 min, and the jaw gap was incrementally reduced be-
tween cycles to achieve a uniform particle size distribution. Subse-
quently the Retsch RMO, a small mill with agate grinding device, was
used to reduce the grain size below 500 pm.

In order to ensure the homogenization and avoid problems in
diffraction and spectroscopy analysis the materials were micronized for
5 min at 1500 rpm using deionized water with a Retsch XRD-MILL
MCCRONE.

Subsequently, to estimate the mineralogical composition and the
percentage of amorphous content an X-Ray Powder Diffraction analysis
using an internal standard (10 % ZnO) was performed with a Philips
X’Pert Pro Diffractometer, operating in para-focusing Bragg-Brentano
geometry. For what concern the x-ray source a Co source (40 kV and 40
mA generator settings) was used and data were acquired through a
continuous scan lasting 1 h (3-85° 2theta). For the qualitative and

quantitative analysis, HighScore Plus [27] and Profex software [28]
were used respectively.

The major- and trace-element composition of our samples was
determined by wavelength-dispersive X-ray fluorescence (WDS-XRF)
using a Panalytical Zetium sequential spectrometer operating under
vacuum and controlled by SuperQ software. The instrument is equipped
with a 2.4 kW Rh anode tube, five analyzing crystals (LiF220, LiF200,
Ge, PE, PX1), three detectors (flow counter, scintillator, sealed Xe), two
collimators (150 pm, 550 pm), and four primary-beam filters (Al 200
pm, Al 750 pm, Brass 100 pm, Brass 400 pm).

Approximately 1 g of powdered sample was ignited in a Nabertherm
L15/11 furnace first at 860 °C for 20 min and then at 980 °C for 2 h to
determine Loss On Ignition (LOI); the resulting calcined residue was
then mixed with Li;B4O7 flux (1:10 ratio) and fused at ~ 1150 °C in a
Claisse Eagon 2 to produce homogeneous glass beads for XRF. The
furnace required about 1.5 h to reach 860 °C and an additional 30 min to
reach 980 °C, corresponding to a controlled heating rate of approxi-
mately 9-10 °C/min in both stages.

Finally, the concentrations of major (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K,
P) and trace (Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, La, Ce,
Nd, Pb, Th, U) elements were quantified by WDS-XRF, with routine
analyses of natural geological standards [29] to monitor accuracy and
precision.

2.2. Bulk screening methods

To efficiently identify samples whose bulk chemistry most closely
resembles both established lunar regolith simulants and the average
Apollo compositions—thereby avoiding time-consuming analyses on
dissimilar materials—we applied a multivariate chemometric approach.
Specifically, we performed principal component analysis (PCA) on the
quantitative major element data obtained by XRF. This statistical
screening rapidly highlighted those specimens clustering with reference
compositions, which were then subjected to further study. To confirm
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that chemical analogy translated into mineralogical similarity, we
compared the XRD patterns of the PCA-selected samples against lunar
reference phases. By integrating PCA-driven chemical selection with
complementary XRD validation, we established a rigorous, two-tiered
workflow for focusing detailed investigations on the most representative
lunar analogues.

2.3. Inductively coupled plasma optical emission spectroscopy (ICP-OES)

Sample preparation for ICP-OES was conducted by weighing
approximately 50 mg of material using an analytical balance (Practum,
Sartorius, precision 0.01 mg). Samples were transferred into Teflon
vessels for microwave-assisted acid mineralization (Ethos UP, Mile-
stone). Each vessel was charged with a mixture of 6 mL aqua regia (HCl:
HNOs, 3:1 ratio) and 0.1 mL ultrapure HF. The sealed vessels were
subjected to the heating program designated “Granite” (Supplementary
Table 8), which comprised a 25-min heating ramp to 240 °C, a 15-min
hold at maximum temperature, followed by a 20-min cooling phase to
ambient temperature.

Following mineralization and cooling to room temperature, 0.5 mL
of saturated H3BO3 solution was added to each digest and allowed to
react for 2 h. The resulting solutions were quantitatively diluted to a
final volume of 50 mL with ultrapure water. Aliquots of the stock so-
lutions were further diluted at ratios of 1:10 for major element deter-
mination (Al, Ca, Fe, K, Mg, Na, Ti, Si) and 1:2 for trace element
quantification (Ba, Cr, Cu, Mn, Ni, Pb, Sr, Zn).

Elemental analysis was performed using an inductively coupled
plasma optical emission spectrometer (Perkin Elmer Optima 5300DV).
Quantification was achieved through external calibration employing
five-point calibration curves (concentration range 500-10,000 pg/L) for
major elements and six-point calibration curves (concentration range
10-500 pg/L) for minor elements. Calibration parameters are presented
in Supplementary Table 9.

The analytical wavelengths selected were: Ba A = 233.527, Cr A =
205.560, Cu A = 324.752, Mn A = 259.372, Ni A = 231.604, Pb A =
217.000, Sr A = 421.552, Zn A = 206.200 nm for minor constituents; Al
A = 308.215, Ca A = 317.933, Fe A = 238.204, K A = 766.490, Mg A =
258.213, Na A = 589.592, Si A = 252.851, Ti A = 337.279 nm for major
constituents.

The calibration curves exhibited an average correlation coefficient
(Rz) of 0.999915, with values ranging from 0.999699 to 0.999993,
demonstrating excellent linearity of the instrumental response across
the investigated concentration range.

2.4. In-depth characterization of the selected sample

2.4.1. Particle size distribution reconstruction

The sample was sieved according to ASTM standards using sieve sizes
35, 60, 120, and 200 (500, 250, 125, and 75 pm respectively) to align the
Particle Size Distribution (PSD) with Apollo samples [30]. This stan-
dardization is crucial for comparing our simulant with lunar regolith
across various applications, including geotechnical properties and ISRU
potential.

PSD analysis was performed using a Mastersizer 3000 laser diffrac-
tion instrument. As this instrument provides volume percentages rather
than weight percentages (the standard for lunar data), we converted the
results using an average density of 1.6 g/cm?, based on lunar soil survey
data [31]. This conversion ensures direct comparability with existing
lunar regolith data.

To compare our PSD with lunar data, we normalized the curves by
downsampling the higher-resolution data to match the resolution of the
Apollo sample data. Similarity between PSDs was then assessed using
three complementary metrics: (1) Jensen-Shannon divergence [32]: it
measures the difference between two distributions by comparing each to
their average. Low values indicate high similarity; (2) Pearson correla-
tion [33]: it evaluates how closely the distributions rise and fall
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together. Values near +1 indicate strong linear correspondence; (3)
Wasserstein distance [34]: it interprets distributions as mass distribu-
tions and calculates the average distance required to transform one into
the other. Small distances indicate distributions concentrated in similar
regions. These metrics provide a comprehensive evaluation of the sim-
ilarity between our simulant’s PSD and that of the lunar regolith, crucial
for assessing its fidelity as a lunar analogue.

2.4.2. Thin section, optical and electron scanning microscopy

A thin section (30 pm) of the sample was prepared by embedding in
epoxy and analyzed using optical microscopy. Elemental composition of
major mineralogical phases and the amorphous component was deter-
mined using a SEM-CamScan MX3000 scanning electron microscope
with energy-dispersive X-ray spectroscopy (EDS).

2.4.3. Hyperspectral acquisition

The sample, at different grain size: <75 pm, 125-75 pm, 250-125 pm,
500-250 pm, was acquired by two cameras: (1) Headwall Photonics
Nano-Hyperspec (400-1000 nm; 270 spectral bands) and (2) Headwall
Photonics Micro-Hyperspec (900-2500 nm; 166 spectral bands).

The data were processed in ENVI with its built-in Minimum Noise
Fraction (MNF) transform to separate signal-rich components from
noise-dominated ones, and Method 1 of Zhang et al. [35] was subse-
quently applied to remove the artificial peak at 2.1 pm that appears
when a polytetrafluoroethylene (Spectralon-type) plaque is used as the
NIR calibration target.

Continuum removal was applied by identifying two shoulder points
(left and right) on either side of the absorption feature. A straight line
(continuum) was calculated between these points for each spectrum
using their corresponding reflectance values. The continuum-removed
spectra were then obtained by dividing the original reflectance values
within the selected wavelength range by this linear continuum (Fig. 6B),
and the spectral parameters were then extracted using a custom Python
script.

For a proper comparison with lunar samples we decided to take
advantage of the spectrum acquired by RELAB of the lunar sample
14259; the 14259 specimen was analyzed in three configurations: the
bulk soil as collected, the isolated agglutinate fraction, and the residue
remaining after that agglutinates have been removed. Agglutinates are
clusters of mineral and lithic fragments welded by impact-generated
glass; they are a dominant constituent of many lunar soils, in some
cases making up 60-70 % of the total mass. They originate when
micrometeorite impacts locally melt small volumes of regolith and fuse
the resulting glass with neighbouring particles. In fact, lunar regolith is
continually modified by cosmic-ray bombardment, solar-wind sputter-
ing, and pervasive micro-to nanometre-scale impacts that melt and
vaporize material, subsequently redepositing it on neighbouring grains.
These space-weathering processes generate nanophase metallic iron
(npFe®, also known as submicroscopic iron, SMFe) within the glass
[36-38]. After all the correction process, the continuum was removed
through a Python code and certain spectral parameters (centre, area,
depth, full-width half maximum and asymmetry) were calculated
around 1-pm both for our specimen and the lunar sample 14259.

2.4.4. Alkali-activated materials preparation

Four distinct alkali-activated mixtures were prepared using the Cis-
ternazza CL2 powder as the precursor. The activating solutions
comprised various combinations of sodium silicate (SS), sodium hy-
droxide (SH), and sodium aluminate (SA), as detailed in Table S7.
Liquid-to-solid (L/S) ratios were 0.41 for Mix 1 (SS + SH), 0.30 for Mix 2
(SA + SH), 0.27 for Mix 3 (SA + SH), and 0.27 for Mix 4 (SA + SH with
urea as an additive).

To assess the mechanical properties, prismatic specimens (40 x 40 x
160 mm) were cast in teflon molds after the use of a mechanical vi-
bration. Samples underwent a 28-day curing period under controlled
atmospheric conditions (25 °C, 65 % relative humidity), with demolding
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after 3 days.

Uniaxial compressive strength tests were conducted on three speci-
mens per mixture, following BS EN 12390-3:2002 [39]. Tests were
performed using a universal testing machine (1500 kN capacity) with a
constant loading rate of 2.6 kN/s until failure. The final compressive
strength for each mixture was calculated as the mean of the three tested
specimens.

2.4.5. Demo plant for water extraction

The solid carbothermal reduction process was used to extract oxygen
from regolith simulants. This process involves heating oxides to high
temperatures, below their melting point, in the presence of a methane
and hydrogen flux. The oxygen is extracted in the form of carbon oxides,
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which are then converted to HyO in a subsequent reaction step. The ISRU
potential of the sample for water extraction was initially assessed using a
carbothermal model based on its chemical composition determined by
XRF analysis. This model utilized experimental results from previous
campaigns with NU-LHT-2M simulant [40].

For the experimental procedure, 50 g of the sample were sieved to
250 pm and tested in a laboratory plant following a standard protocol
[40,41]. The protocol entailed drying the sample in a static oven, fol-
lowed by heating it to the reduction temperature at a rate 4 °C/min
under an Argon flux of 0.1 SLM. Once the reduction temperature was
achieved, the 8 h oxygen extraction phase commenced. To enhance CO
extraction and extend the process duration, two phases were alternated
during the extraction process: a mixing phase where a mixture of 85 %
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H2/15 % CH4 (vol%) was flowed through the reactor at a constant total
flux of 0.5 L/min, and a washing phase where only Hy was flowed
through the reactor, allowing the deposited coke in the batch to react
with the minerals. The main measure is the molar percentage of CO,
CHy4, CO5 and Hj in the flow, retrieved from chromatograms acquired
with a Shimadzu GCPro 2010 every 15-20 min using a TCD detector and
a Resteck packed column; the column was operated with an initial
temperature of 40 °C, followed by a 2-min holding time and a 40 °C/min
ramp with additional holding steps at 100 °C, 140 °C and 150 °C. The
TCD detector temperature was set to 180 °C.

Helium is exploited as a carrier gas. A calibration method has been
defined to quantify the molar concentration of the gases by using eight
calibration tanks with known concentrations of CO, CO,, CHy4, Hy and Ar
provided by Sapio Group ®. A detailed description of the plant is
available in the Supplementary materials and in Ref. [41].

3. Results
3.1. The bulk-screening method

Principal Component Analysis (PCA, Fig. 3A) on XRF analytical re-
sults was employed to screen six Etnean samples against Apollo mission
compositions and established simulants. Two samples, CL2 (Cisternazza
pyroclastics) and TL5 (Tre Livelli deposit), clustered closely with Apollo
14 highland materials (Fig. S1). Direct comparison with sample 14259
[31], a representative regolith sample collected 125 m west of the
Apollo 14 Lunar Module [42], revealed remarkable similarities in major
oxide compositions (Fig. 3B). The primary differences were the more
elevated alkali contents of our samples (K20: 0.8 % vs 0.4 %; NayO: 3.2
% vs 0.6 %), consistent with Etna’s alkaline volcanic character.

To verify that the chemical similarity translated to mineralogical
correspondence, we performed quantitative XRD analysis on the PCA-
selected samples (Fig. S2, Table 1, Table 2). Sample CL2 showed
mineralogical proportions closely matching the 14259 reference
(amorphous glass: 47.7 + 2 %; feldspar: 24.6 + 3 %; pyroxene: 21.5 + 2
%; olivine: 3.8 + 2 %). In contrast, TL5 exhibited excessive feldspar
content (>55 %) and no glass (Fig. 3B), disqualifying it from further
analysis (Fig. 3C).

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) was performed to verify the XRF results. The comparison between
the two techniques is shown in Fig. 5A-B. The plot presents the results of
the XRF and ICP-OES analyses of CL2, along with the chemical
composition of sample 14259 as reported by different authors [42-46]
using various analytical techniques (Fig. 5A-B).

Following the screening phase, we aim to confirm and refine the
compositional match between CL2 and lunar materials. Accordingly, we
applied the Neal and Taylor classification [47], which links bulk TiOq,
Aly03, and K30 abundances to specific Apollo landing sites. As illus-
trated in Fig. 3A, CL2 plots in the low-Ti, high-Al field and occupies the
high-K domain. This combined geochemical fingerprint matches that of
samples returned by the Apollo 14 mission, supporting CL2 as a robust
petrogenetic analogue for that site (Fig. 4A-B).

3.2. Particle size distribution

In this study, we reconstructed the particle size distribution (PSD) of
CL2 by crushing the original sample and sieving it through four sieve

Table 1
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sizes (500 pm, 250 pm, 125 pm, and 75 pm), with the aim of replicating
the PSD of Apollo samples. While these four points provide precise
control at those diameters, the intermediate portions of the distribution
remain unconstrained and may deviate from natural lunar regolith. Each
sieve fraction was analyzed individually, and for each, the 25th, 50th,
and 75th percentiles were calculated and are reported in Table 3.

Despite this, the PSD of CL2 closely resembles the reference Apollo
14259 sample (Fig. 5C). Quartile grain sizes (Supplementary Table 2)
show a slightly coarser fine fraction (Q25: 27.6 vs 22.1 pm) but a similar
median (Q50: 51.8 vs 48.4 pm). Statistical comparisons after normal-
isation yielded a low Jensen-Shannon Divergence (0.0831), a strong
Pearson correlation (r = 0.8436, p = 0.0002896), and a low Wasserstein
Distance (1.367), all indicating a close match. A very low Jensen-
Shannon divergence indicates near-identical overall shapes of the PSD
curves. A Pearson correlation close to unity confirms strong linear
agreement in fine-scale variations. Finally, a small Wasserstein distance
shows that the majority of the probability mass is concentrated in the
same phi-regions for both distributions.

3.3. Petrography and mineralogy

Petrographic analysis of sample CL2 (Fig. 6), conducted using optical
microscopy and FE-SEM-EDX techniques, reveals a complex volcanic
texture reminiscent of lunar pyroclastic deposits [51]. The sample ex-
hibits a porphyritic texture within a hypocrystalline groundmass, indi-
cating a complex cooling history similar to Apollo 14 basalts [52]. The
amorphous component forms the skeleton of this raw material before the
sieving process, with variable porosity: denser regions display circular
voids ranging from 50 to 500 um (Fig. 6B), while more compact areas
feature macropores of approximately 400 pm in diameter (Fig. 6D, E,
6F).

The main phenocryst phases using EDX reveal forsteritic olivine
(Fogp.36), comparable to Apollo 15 green glass olivines [53], augitic
clinopyroxene (Wo46.78Ensg.30Fs13.59), consistent with lunar augites
[54], and bytownitic plagioclase (Any;) (Supplementary Table 3). While
plagioclase has slightly less calcium than typical lunar ones, it is still
comparable to evolved portions of lunar basalts and terrestrial ana-
logues used for simulant development [9] (Fig. 6D and G).

An important accessory phase of the CL2 sample is the iron-titanium
spinel (titanomagnetite), significant for its potential in oxygen extrac-
tion for ISRU applications [55]. Its groundmass consists of microlites set
in a glassy to cryptocrystalline matrix, resembling quench textures
observed in lunar pyroclastic glasses [56,57].

In addition, having determined the elemental composition of the
amorphous phase (glass) it is possible, following geochemical criteria
[58], to determine which lunar glass type (pyroclastic glass, mare
impact glass or highlands impact glass) our specimen most closely
resembles.

To do this, two major elements ratio were calculated: (1) MgO/
Al,03, in particular the 1.25 ratio is a good discriminator between py-
roclastic and impact glasses of the Moon; (2) CaO/Al;0s, the 0.75 ratio
help us to distinguish between highland impact glass and mare impact
glass of the Moon [59].

These analysis reveal for the CL2 sample MgO/Al,03 and CaO/Al,03
ratios of 0.29 (impact glass) and 0.55 (highland impact glass) respec-
tively, placing CL2 within the highland impact-glass compositional field
[53], as illustrated in Fig. 6H. This classification is supported by

The oxide content results obtained from X-ray fluorescence analysis (XRF) on the selected samples after PCA. For comparison, the corresponding Apollo sample

analysis is also included, sourced from Ref. [31].

Si0, TiO, ALO; FeO Fe,03 MnO MgO Ca0 Na;0 K»0 P.Os
CL2 47.5 1.9 16.4 / 11.7 0.2 5.5 10.8 3.3 1.8 0.5
TL5 48.1 17 17.1 / 11.6 0.2 5.7 9.8 3.6 1.4 0.5
14259 (Apollo 14) 48.1 18 17.0 10.1 / 0.1 9.3 10.7 0.7 0.5 0.5
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Table 2

The mineral content results obtained from Rietveld refinement of X-ray powder diffraction (XRD) data for samples CL2 and TL5. For comparison, the corresponding

analysis from the Apollo sample is also included [31].
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Glass Feldspar Pyroxene Olivine Oxides Quartz
CL2 50.3 25.0 16.7 4.7 2.7 0.6
TL5 0 63.1 19.4 3.7 11.6 0.2
14259 (Apollo 14) 47.7 24.6 21.5 3.8 1.7 1.3
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Fig. 4. Geochemical classification of lunar samples and simulants according to Neal & Taylor (1992). Commercial simulants are represented by blue dots,
Apollo samples by black dots, and the analyzed sample by a red dot. a) Classification based on TiO, (Wt%) versus K (ppm). Potassium concentrations were converted
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comparison with the reference lunar sample 14259, representative of
Fra Mauro basaltic glass [60](Fig. 6H).

The presence of substantial glass content is particularly relevant for
simulant applications, as glassy phases are abundant in lunar regolith
due to impact melting and explosive volcanism forming pyroclasts [53,

61].

Space weathering processes, which create amorphous rims on lunar
soil grains [62], further emphasize the importance of the amorphous
glass component in CL2. In conclusion, CL2’s petrographic and
geochemical characteristics make it a promising simulant for lunar
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Fig. 6. Microscopy analysis and chemistry of CL2. a) Optical microscopy thin section overview of CL2 under parallel nicols; b) SEM detail of section A showing a
low concentration of pores; ¢) backscattered electron image of an agglutinate from Apollo 11 [50]; d) SEM image of selected porous spots from image A, where
different colors represent varying mineralogy of the sample, as highlighted in G with EDX; e) Detail of image D; f) Close-up of the amorphous matrix of CL2 with
embedded crystals; g) EDX spectra of selected spots of the CL2 sample; h) MgO/Al,03 and CaO/Al,03 ratios of CL2 sample (blue triangle) compared to lunar samples
(red dots and green squares). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3

Each artificially produced sieve size was analyzed using a Mastersizer 3000 laser
diffraction instrument and for each, the 25th, 50th, and 75th percentiles was
calculated.

Original Sieve Size D25 (pm) D50 (pm) D75 (pm)

500 pm<¢@ < 250 pm ~290 ~382 ~504

250 pm<¢ < 125 pm ~129 ~168 ~217

125 pm<¢ < 75 pm ~36 ~64 ~95

¢ <75pm ~15 ~30 ~49
materials.

3.4. Hyperspectral acquisition

Hyperspectral analysis performed with Headwallphotonics devices
in the 0.4-2.5 pm wavelengths range on four grain-size fractions

revealed systematic variations in the 1-pym absorption feature for sample
CL2. Fig. 7A and B also includes the spectra of three phases from soil
sample 14259: (1) the bulk soil fraction, (2) magnetically separated
agglutinates and (3) the low-agglutinate remnant obtained after agglu-
tinate removal.

For CL2, the absorption center remained stable across all fractions,
ranging from 1.0087 to 1.0280 pm, consistent with the pyroxene con-
tent. In Fig. 7A it clearly appears that the reflectance increases as par-
ticle size decreases [63]. On the other hand, the absorption depth
(calculated as the difference between 1 and the minimum value of the
continuum-removed spectrum) decreases with grain size from 0.218
(250-500 pm) to 0.143 (<75 pm) (Fig. 7B), following established
physical principles for particulate materials.

As demonstrated by Cloutis et al. [64], a decrease in particle size in
pyroxene initially leads to an increase in absorption band depth, up to a
critical point (¢ < 45 pm). Beyond this point, further reduction in grain
size results in shallower absorption bands and reduced spectral contrast,
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Fig. 7. Hyperspectral analysis on CL2 and Spectral comparison between CL2 and Apollo samples. a) Comparison between hyperspectral acquisitions at
different grain sizes of CL2. b) Comparison between hyperspectral acquisitions at different grain sizes of CL2. ¢) PCA analysis of the spectral parameters from Apollo
sample 14259 and CL2; d) Direct comparison of the CL2 and 14259 agglutinate spectra.

due to a shorter mean optical path length within the material. This effect
is observed in the CL2 spectra shown in Fig. 7B for the ¢ < 75 pm and 75
pm < @ < 125 pm fractions, which display reduced absorption depths.
This likely indicates that these samples have reached or surpassed the
turning point mentioned above. In support of this, the actual PSD
measured in the lab for these fractions (Table 1) shows a clear shift to-
ward finer grain sizes. For the Moon sample 14259, both the bulk soil
and the low-agglutinate remnant exhibit the absorption center at 0.95
pm. In contrast, the agglutinate-rich fraction shows a red shifted ab-
sorption feature, centered at 0.99 pm, along with an increased asym-
metry in the absorption band.

A principal component analysis (PCA) of the spectral parameters
from Apollo sample 14259 and CL2 (Supplementary Tables 4-5)
revealed a striking similarity between our sample and the agglutinate-
rich fraction, particularly in the central wavelength, full width at half
maximum (FWHM), and band asymmetry (Fig. 7C).

Additionally, we generated a direct comparison plot of the CL2 and
14259 agglutinate spectra to visually confirm the similarity suggested
by their spectral parameters (Fig. 7D).

3.5. Building material potential

The compressive strength testing of alkali-activated materials pre-
pared from the Cisternazza CL2 volcanic powder revealed significant
performance variations across the four trial and error tested formula-
tions using different activators like sodium aluminate (SA), sodium
hydroxide (SH) and sodium silicate (SS) and one additive, urea in pellets
(Supplementary Table 6). In Fig. 8A it is possible to note that, after 28
days of curing under atmospheric conditions (25 °C, 65 % Relative
Humidity), Mix 3 (SA + SH, with a liquid to solid ratio = 0.27) achieved

the highest average compressive strength of 16.40 + 3.36 MPa. Mix 4,
incorporating 3 % urea as an additive while maintaining the same liquid
to solid ratio (L/S) and activator combination, demonstrated a
compressive strength of 14.50 + 1.00 MPa. Mix 1 (SS + SH, L/S = 0.41)
exhibited intermediate performance with 12.89 + 0.79 MPa, while Mix
2 (SA + SH, L/S = 0.30) recorded the lowest strength at 11.62 + 1.59
MPa.

The coefficient of variation (CV) analysis revealed notable differ-
ences in mechanical property consistency across formulations. Mix 1
showed the highest reproducibility with CV = 6.1 %, followed by Mix 4
(CV = 6.9 %). Conversely, Mix 3 displayed substantial variability (CV =
20.5 %), despite achieving the highest absolute strength. The overall
performance range of 11.62-16.40 MPa represents a 41.1 % variation
between the lowest and highest performing mixtures (Fig. 8A).

3.6. Water extraction potential

The CL2 sample was also tested for water production with the solid-
gas carbothermal process. The sample is reduced at a temperature of
1100 °C for 8 h, alternating phases in which a mixture of 85H2/15CH4
(vol%) is flown in the plant with phases during which only Ha(g) is flown
in the reactor, for a total constant flow of 0.5 slm. Carbon oxides are
obtained in this stage, which are then converted through methanation
into water and methane. Fig. 8B shows the results of the CL2 test in
terms of molar percentage of CO in the flow downstream of the carbo-
thermal reactor.

The result is compared to the ones of certified lunar highlands sim-
ulants NU-LHT-2M [65] and LHS-1 [66], produced respectively by the
U.S. Geological Survey and Space Resource Technologies. The CO trend
is similar to that of the simulants, with an initial extraction peak
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the reactor.

followed by a stable production during the subsequent hours of the
process. The initial CO peak is slightly lower compared to the artificial
simulants, but in the first 2 h, the extraction trend is less concave.
Similarly, there is almost no variation in CO mol% in the flow when the
flux is switched from 85H,/15CH,4 (squared markers in Figs. 8B) and
100H; (circular markers in Fig. 8B), meaning that the carbon deposited
on the CL2 batch during the Hy/CH4 phase reacts with the oxygen
available in the sample during the H; phase.

4. Discussion

The differences between CL2 and the Apollo samples are principally
Na,0 and KO (Figs. 3B and Fig. 5A-B). Although the compositional and
isotopic similarities between Earth’s primitive upper mantle (PUM) and
the Moon suggest that the Moon originated from the proto-Earth, the
Moon’s inventory of volatile lithophile elements—such as Na, K, Rb, and
Cs—is significantly lower than that of Earth’s PUM, by factors of 4-5
[671.

The complex magmatic evolution and eruptive activity of Mount
Etna play a role in these compositional differences. Magmatism in the
area was triggered by diapiric upwelling of the mantle [68]; its evolution
into three major phases [18] involved a dynamic interplay between
mantle diapirism, a long-lived deep reservoir (20-30 km) of crystal
mush and melt, and transient shallow magma chambers.

The deep reservoir, likely a remnant of the initial diapir, has
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supported continued magma differentiation, from tholeiitic to alkali
basalts and trachybasalt, due to changing melting conditions and source
compositions. Shallow magma storage has further driven the production
of evolved lavas such as trachyandesites and trachytes. Persistent sum-
mit activity is fed by slow magma ascent and crystallization, while
sudden pressure shifts and tectonic fracturing can open fissures and
trigger explosive eruptions. These volcano-tectonic processes, along
with episodic wall-rock assimilation, account for rapid variations in
magma chemistry and eruptive behaviour observed over recent decades
[18].

4.1. Petrography and mineralogy

From the mineralogical and petrographic point of view, the amor-
phous phase of CL2 and 14259 are similar in terms of abundance and
composition, but their genetic process is fundamentally different
(Fig. 6H). In the case of CL2, the glass phase is related to the rapid
cooling that the lava underwent during an explosive eruption; whereas
in the 14259 sample the glass phase is related to the continuous mete-
orite bombardment that the lunar regolith is subjected to. The maturity
index (Is/FeO) is a way to measure how long lunar soil has been exposed
at the surface. It compares how much weathering-produced nanophase
iron is present (detected magnetically) to how much iron oxide was
available. A higher value means the soil is more mature (older at the
surface). In fact, Morris [69] reported the maturity index Is/FeO = 85
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(mature). The high agglutinate count [70,71] and high carbon content
[72] also indicate that this is representative of a very mature soil.

This difference in formation process could potentially influence some
physical and chemical properties of the material. For instance, lunar
impact glass might exhibit unique microstructures or inclusions not
present in terrestrial volcanic glass, which could affect parameters such
as the chemical reactivity or microscale mechanical properties. How-
ever, despite these genetic differences, our alkali activation and carbo-
thermal reduction tests show comparable results between CL2 and
certified lunar simulants. This suggests that for many ISRU applications,
compositional similarity may be more relevant than the formation
process.

4.2. Spectral properties

The spectral parameters of CL2 corroborate the SEM-EDS data: an
absorption minimum at ~1.00-1.02 pm indicates Ca- and Fe-rich py-
roxene accompanied by olivine [64,73], while a Fe-rich amorphous
phase introduces a broad, shallow 1 pm band arising from disordered
Fe?* sites [74] (Fig. 7A-B). There are slight differences in spectral pa-
rameters moving to coarser grain sizes, even though the bulk composi-
tion remains essentially constant, about 50 % amorphous phase and 21
% pyroxene and olivine (XRD results) (Fig. 3C).

In the <75 pm sample, the fine grain size and physical distribution of
volcanic glass, possibly coating or intimately mixed with mineral grains,
result in a high specific surface area. This configuration enhances sur-
face scattering, which reduces the effective path length for photons
within mineral grains and increases the dominance of surface-related
optical effects over volume absorption [75]. As a result, the glass can
disproportionately absorb incident photons, leading to a suppression of
the 1 um absorption bands of pyroxene and olivine and a slight shift of
their band minima toward shorter wavelengths [76]. Additionally,
photons have a high probability of encountering a dark grain (e.g., dark
volcanic glass), so even a small amount of dark material can significantly
lower the overall reflectance of the mixture, far more than its weight
fraction alone would suggest [63].

As grain size increases, the mass fraction of glass remains constant,
but the surface-to-volume ratio decreases. Consequently, surface scat-
tering becomes less dominant, allowing photons to penetrate deeper into
the mineral grains and interact more with the bulk of uncoated augite
and olivine crystals. This leads to a deepening of the 1 um absorption
band and a redward shift of its center toward the intrinsic positions of
augite and olivine. The full width at half maximum (FWHM), however,
remains nearly constant (Supplementary Table 4), as it is primarily
controlled by mineral composition rather than particle size effects. The
progressive increase in band asymmetry with grain size reflects the same
transition: as glassy coatings lose optical dominance, the characteristic
asymmetry of olivine and clinopyroxene becomes fully expressed [77].

A comparison between the spectral parameters of our specimen and
those published for lunar sample 14259 reveals both analogies and
distinctions. Concerning the spectral parameters that characterise the 1
pm absorption band (centre position, full width at half maximum, and
asymmetry) our spectrum aligns most closely with the agglutinate
fraction (Fig. 7B-D). Such agreement is expected because agglutinates,
like our sample, consist of mineral fragments embedded in a glassy
matrix. In fact, they have in common a single broad absorption band
near 1-ym and a comparable asymmetry. But differences do emerge,
reflecting contrasting formation histories that affect the optical behav-
iour of lunar agglutinates. For example, between the two samples (CL2
and 14259) there is a difference between the minimum at 1-pm of about
30 nm, because this kind of agglutinate is dominated by low-Ca ortho-
pyroxene [31], whereas our sample is rich in high Ca augite; the
increasing Ca and Fe move the centre to longer wavelengths in the Etna
sample [78].

In addition, the lunar regolith is continually modified by cosmic-ray
bombardment, solar-wind sputtering, and pervasive micro-to
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nanometre-scale impacts that melt and vaporize material, subsequently
redepositing it on neighbouring grains. These space-weathering pro-
cesses generate nanophase metallic iron (npFe®, also known as submi-
croscopic iron, SMFe) within the glass [36-38]. This space-weathering
makes the spectra darker and redder with respect to the undisturbed
regolith [79]. Although it cannot be fully replicated on Earth, the
spectral similarities between CL2 and lunar agglutinates, particularly in
the 1 pm absorption feature, highlight the potential of Etnean materials
as versatile lunar simulants for testing optical instruments and remote
sensing technologies designed for lunar exploration.

4.3. Building material potential

The mechanical characterization of alkali-activated materials from
Cisternazza CL2 volcanic powder reveals critical relationships between
formulation parameters and structural performance relevant to lunar
ISRU applications. The substantial strength increase from 11.62 to
16.40 MPa achieved by reducing the liquid/solid (L/S) ratio from 0.30
to 0.27 on the CL2 sample demonstrates the dominant role of the
mixture density in controlling the mechanical properties (Fig. 8A). This
41.1 % improvement results from enhanced particle packing and
reduced porosity, creating a denser microstructure with stronger inter-
particle bonding, consistent with established guidelines for alkali-
activated materials formulation [80,81].

The performance of CL2 in alkali-activated formulations and carbo-
thermal reduction experiments demonstrates its potential as a high-
fidelity simulant for ISRU applications. However, it’s crucial to
consider that the behavior of these materials under lunar conditions
(vacuum, reduced gravity) may differ from the Earth-based tests and
future research should focus on developing methodologies to bridge this
gap, e.g. by vacuum chamber experiments or computational modeling.
Nevertheless, the abundant and easily accessible nature of Etnean vol-
canic materials offers the opportunity to refine and adapt our simulant
as ISRU technologies evolve, potentially leading to a suite of simulants
optimized for different stages of lunar resource utilization research.

The alkaline activator chemistry significantly influences both reac-
tion kinetics and final properties. Despite its higher L/S ratio, the sodium
silicate-activated Mix 1 achieved comparable strength to the sodium
aluminate-activated Mix 2 (12.89 vs 11.62 MPa), indicating an
enhanced reaction kinetics in the presence of sodium silicate, much
likely due to higher pH. Given the chemical composition of the Etnean
volcanic material (CaO/Al,03 = 0.66, (Na;O + K30)/Al,03 = 0.32,
Ca0/Si0, = 0.23), it is expected that the alkali-activation process leads
to the formation, as the main reaction products, of sodium aluminosil-
icate hydrate (N-A-S-H) with minor aluminium calcium silicate hydrate
(C-A-S-H). According to established phase equilibria in alkali-activated
systems, compositions with CaO/SiO, < 0.4 predominantly form N-A-
S-H, while the available calcium (10.8 % CaO) acts primarily as a
network modifier rather than forming discrete C-A-S-H phases [82]. This
N-A-S-H-dominated gel structure provides enhanced chemical resistance
and structural integrity through cross-linked aluminosilicate networks,
with calcium incorporation contributing to improved mechanical
properties without altering the fundamental gel chemistry [83]. The
dual nature of the activator enhances both calcium dissolution from the
volcanic glass matrix and promotes robust gel formation, compensating
for the higher liquid content.

The incorporation of 3 % urea in Mix 4 exemplifies a strategic
approach to balancing mechanical performance with processing reli-
ability. While reducing average strength by 11.6 % compared to Mix 3,
urea significantly improved the consistency of the results (reducing the
coefficient of variation from 20.5 % to 6.9 %). This finding aligns with
studies demonstrating urea’s specific effectiveness as a water reducer for
lunar alkali-activated materials in ISRU applications [84]. The improved
consistency suggests homogeneous microstructure development, critical
for quality control in automated construction systems.

Notably, the high variability in Mix 3 (CV = 20.5 %) despite its
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superior strength highlights a fundamental challenge in low L/S ratio
systems, where inefficient mixing and low workability may lead to
microstructural heterogeneities. The achieved compressive strengths
(11.62-16.40 MPa) indicate that the formulations developed using this
lunar regolith simulant could potentially be reproduced on the Moon
using actual lunar regolith, providing a basis for further research into
lunar construction materials.

Considering the Moon’s reduced gravity, the effective load-bearing
capacity would be proportionally enhanced, making such materials
suitable for habitat construction, landing pads, and radiation shielding
structures as established in lunar construction research [85]. However,
the full potential of volcanic alkali-activated materials for lunar appli-
cations would likely require adaptation of curing protocols to elevated
temperature regimes consistent with lunar daytime conditions or
controlled heating systems. The systematic tunability of properties
through activator selection, L/S ratio optimization, and chemical addi-
tives provides essential flexibility for adapting materials to specific lunar
construction scenarios, whether prioritizing maximum strength for
critical structural elements or workability for robotic manufacturing
systems.

4.4. Water extraction potential

The performance of the CL2 sample in water and oxygen extraction
via the carbothermal reduction process is comparable to that of certified
lunar highlands simulants, such as NU-LHT-2M [86]. Although the
amount of water recovered during the condensation stage was lower
than expected based on CO measurements, this discrepancy is attributed
to limitations in the experimental plant system, specifically in the low
efficiency of the condensation stage [41].

Fig. 8C reports the integrated CO mass extracted during the carbo-
thermal process, based on gas chromatograph data. From these values,
the corresponding water and oxygen masses were calculated by
assuming complete conversion of CO to HyO during methanation. The
mass trends were consistent across all tested samples, reflecting their
similar bulk composition. CL2 contained a higher fraction of ferrous
oxides compared to NU-LHT-2M and LHS-1, which increased its reac-
tivity with hydrogen and supported faster reduction during the
hydrogen-only process steps.

This higher reactivity makes CL2 comparable not only to highland
simulants but also to maria-type simulants such as LMS-1. The repro-
ducibility of the results, together with the enhanced reduction behavior,
indicates that CL2 is a reliable material for oxygen extraction. These
findings confirm its potential for use in ISRU processes aimed at
extracting the oxygen from the regolith and supporting long-term lunar
exploration.

4.5. Consideration of lunar environmental conditions

All experiments were conducted under terrestrial conditions (25 °C,
1 atm), yet the lunar environment presents distinct challenges, specif-
ically vacuum (10_12 Pa), reduced gravity (1/6 g), and extreme thermal
cycling. The thermal range varies significantly with lunar location.
Equatorial regions, such as Mare Tranquillitatis, exhibit the largest
diurnal temperature excursions, from approximately —170 °C to
+120 °C. Mid-latitude areas show a somewhat narrower range, typically
from about —190 °C to +60 °C, while polar regions experience persis-
tently cold conditions with temperatures generally spanning —223 °C to
—73 °C, depending on illumination geometry. (see Supplementary
Figs. 3-4). Recent studies demonstrate that geopolymers retain >70 %
compressive strength after thermal cycling between —40 °C and +120 °C
[87,88]; this range does not correspond to any lunar thermal environ-
ment and was selected mainly due to instrumental limitations in the
experiments.

However, the combined effects of thermal cycling and vacuum
exposure present compounded risks. Water evaporation during alkali
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activation under vacuum (2 x 107 atm) can increase porosity and
reduce mechanical properties by 8-40 % [89]. When both degradation
mechanisms are considered, a ~30 % reduction from thermal cycling
together with up to a ~40 % reduction from vacuum-induced effects, the
cumulative strength loss could approach 60-70 %, bringing the material
dangerously close to structural limits. While reduced lunar gravity
means structures bear only one-sixth of the load they would experience
on Earth, this gravitational advantage may be insufficient to compensate
for severe combined degradation. For example, a 16 MPa material
reduced to 10 MPa on the Moon would still perform equivalently to a 60
MPa material on Earth when accounting for the reduced gravitational
stress. This suggests that site selection should prioritize thermally stable
locations, such as polar regions or permanently shadowed craters, where
temperature fluctuations are minimized. Alternatively, engineering so-
lutions such as thermal insulation or protective regolith covering could
mitigate extreme temperature exposure for structures in equatorial
regions.

Carbothermal reduction, however, faces more complex challenges.
Ultra-high vacuum alters reaction thermodynamics and kinetics. Shaw
et al. [90] demonstrated that while Fe and Si reduction from mare
regolith remains thermodynamically favorable at 200 °C and 1050 °C,
respectively, under 10712 atm, the reaction rates decrease significantly.
Furthermore, maintaining thermal control without convective heat
transfer and ensuring gas confinement in a vacuum present substantial
engineering hurdles for scaling this process [91]. Another factor is that,
depending on the mass of solid feedstock to be reduced, the gases might
interact with a fluidised bed instead of a fixed one. While this may be
detrimental to the heating phase, it can promote gas-solid interactions.
Future work should prioritize vacuum chamber testing of both alkali
activation and carbothermal processes using CL2 to quantify these ef-
fects and develop appropriate mitigation strategies for lunar
deployment.

5. Conclusions

This study presents a comprehensive evaluation of volcanic materials
from Mount Etna as potential lunar regolith simulants, with particular
emphasis on their applicability to In-Situ Resource Utilization (ISRU)
processes. Our multi-analytical approach, combining geological and
petrological characterization, spectral analysis, and geomechanical
testing, provides robust evidence for the suitability of specific Etnean
materials as lunar analogues.

Principal component analysis of bulk chemistry and mineralogical
data identified the CL2 sample from the Cisternazza pit crater as the
closest terrestrial analogue to Apollo 14 Fra Mauro formation materials.
X-ray diffraction revealed a mineralogical assemblage comparable to
magnesian suite lithologies (e.g., gabbros and norites), while hyper-
spectral analysis confirmed a 1-um absorption feature consistent with
agglutinate-rich highland soils. The substantial amorphous fraction in
CL2 shares compositional traits with lunar impact-derived glasses,
although it is of volcanic origin.

Engineering tests demonstrate that alkali-activated products derived
from CL2 develop promising compressive strength values, supporting its
potential use in lunar construction simulants. Moreover, preliminary
carbothermal reduction modeling indicates favorable conditions for
water and oxygen extraction, underscoring its relevance for ISRU
applications.

It must be emphasized, however, that these results were obtained
under terrestrial conditions. When considering actual lunar environ-
mental parameters, such as vacuum, reduced gravity, and extreme
temperature fluctuations, additional challenges may arise that could
affect both the mechanical performance and ISRU efficiency of CL2.
Future work should therefore aim to experimentally reproduce such
conditions to validate the material’s behavior under true in-situ
scenarios.

In summary, the CL2 deposit from Mount Etna’s Cisternazza pit
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crater constitutes a high-fidelity simulant for Apollo 14 Fra Mauro for-
mation materials, exhibiting strong potential for ISRU-related applica-
tions in lunar construction and resource extraction.
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