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• Pyroclastic deposits are widespread across the 
Moon's surface;

• They have an extremely low reflectance compared to 
the surrounding terrain, even when situated within 
the maria (Gustafson et al.; 2012)

Pyroclastic deposits as analogue sites and materials 

Credit: Gustafson et al. (2012)Credit:Quickmap/LROC



They could be a valuable resources:

• for extracting volatiles such as H₂, O₂, and H₂O;

• high content of amorphous material makes them excellent 
precursors for geopolymer production (Provis and Van Deventer, 
2009).

Further investigation is needed, particularly through the study of 
Earth analogs in volcanic environments, such as:

• Lanzarote, Canary Islands (internationally recognized);

• Mount Etna

Pyroclastic deposits as analogue sites and materials 

Credit: Lunar and Planetary Institute.Mount Etna



Several samples were collected from:

• A pyroclastic deposit in the Cisternazza pit crater 
area;

• Lava tubes located on the slopes of Etna (Monte 
Nunziata Cave and Tre Livelli Cave).

Sampling Campaign (Mount Etna)

Sampling point from the Tre Livelli lava tube Cisternazza pit crater



Samples Characterization

The samples underwent a complete mineralogical, chemical and 
spectral characterization: 

• XRPD (X-ray powder diffraction)

• XRF (X-ray fluorescence)

• TGA/DSC (Thermogravimetric Analysis-Differential 
Scanning Calorimetry)

• Hyperspectral acquisition

• ISRU potential (POLIMI)

CL2 MN1

CM3 CM1TL4 TL5



XRF Results

XRF analysis was performed to determine the bulk chemical composition.

%Ox CL2 CM1 CM3 MN1 TL4 TL5

SiO2 47,53 50,37 50,05 48,78 63,34 48,07

TiO2 1,86 1,63 1,64 1,55 2,15 1,71

Al2O3 16,38 17,47 16,99 17,93 14,8 17,12

Fe2O3 11,74 10,63 10,69 10,22 6,57 11,59

MnO 0,18 0,16 0,15 0,17 0,14 0,17

MgO 5,5 3,95 4,97 4,63 1,35 5,7

CaO 10,8 8,81 9,55 10,04 4,18 9,81

Na2O 3,32 4,02 3,6 4,13 3,77 3,62

K2O 1,84 1,87 1,59 1,55 2,44 1,36

P2O5 0,5 0,68 0,43 0,56 0,84 0,5



PCA of Chemical Composition

%Ox CL2 OPRL2N APOLLO 14

SiO2 47,53 46 48,1

TiO2 1,86 1,6 1,7

Al2O3 16,38 16 17,4

Fe2O3 11,74 13 /

FeO / / 10,4

MnO 0,18 0,17 0,14

MgO 5,5 6,6 9,4

CaO 10,8 12 10,7

Na2O 3,32 2,8 0,7

K2O 1,84 0,76 0,55

P2O5 0,5 0,73 0,51

• A PCA was performed to determine compositional similarities between the samples taken in Etna, the Apollo samples and already-established 
lunar regolith simulants;

• CL2 has been identified as the most promising sample.



ISRU Demo Plant (POLIMI)

• The samples are currently being analyzed at POLIMI using their ISRU demo plant for water extraction from regolith;

• Sample CL2 has been analyzed revealing a very similar behavior to the NU-LHT-2M lunar simulant.

ISRU demo plant; Credit: Lavagna et al. (2023)



The Study Area

• Gustafson et al. (2012) identified dark-mantle materials (low reflectance);

• It is characterized by a mafic spectral signature as it appears from the Kaguya mineral 
maps.

Abundance of CPX (wt%) Abundance of OPX (wt%) Abundance of Olivine (wt%)

Credit: QuickMap LROC



Mixing

Various mixtures were generated using spectra from Etna samples combined with different proportions of end-member spectra taken from the RELAB 
catalog:

CL-2: a sample collected in Etna;

Olivine (Sample ID: KK-KRK-002, RELAB Catalog): Simulates solar-wind space weathering of forsteritic olivine;

Orthopyroxene (Sample ID: LR-CMP-173, RELAB Catalog): A mineral separate from Apollo 15 basalt.
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Mixing

The continuum was removed in order to compare the simulations to the lunar data.
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Mixing

The comparison between a simulated spectrum (10% OPX – 30% OL – 60% CL) and a spectrum calculated from M3 data within the study area.
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Spectral Parameters

• For each spectral mix, some spectral parameters (1-micron band center and 1-micron band depth) were calculated and compared with the same 
parameters within the study area.

• It is possible to link a composition to each value of 1-micron band center and 1-micron band depth.

OPX OL CL CENTER DEPTH

0.1 0.1 0.8 1.01 0.9579

0.1 0.2 0.7 1.01 0.9540

0.1 0.3 0.6 1.01 0.9498

0.1 0.4 0.5 1.01 0.9454

0.1 0.5 0.4 1.01 0.9406

0.1 0.6 0.3 1.01 0.9354

0.1 0.7 0.2 1.01 0.9298

0.1 0.8 0.1 1.01 0.9237

0.3 0.1 0.6 0.98 0.9296

0.3 0.2 0.5 0.98 0.9255

0.3 0.3 0.4 0.98 0.9213

0.3 0.4 0.3 0.98 0.9167

0.3 0.5 0.2 0.98 0.9120

0.3 0.6 0.1 0.98 0.9069

0.5 0.1 0.4 0.95 0.9075

0.5 0.2 0.3 0.95 0.9036

0.5 0.3 0.2 0.97 0.8995

0.5 0.4 0.1 0.97 0.8950

0.7 0.1 0.2 0.95 0.8901

0.7 0.2 0.1 0.95 0.8863

5 km 5 km



Automatic Detection

• Spectral Angle Mapper (SAM) is an algorithm that determines the spectral similarity between two spectra;

• The spectra listed in the table have been used as reference spectra.

OPX OL CL CENTER DEPTH CLASS

0.1 0.1 0.8 1.01 0.9579

0.1 0.2 0.7 1.01 0.9540

0.1 0.3 0.6 1.01 0.9498

0.1 0.4 0.5 1.01 0.9454

0.1 0.5 0.4 1.01 0.9406

0.1 0.6 0.3 1.01 0.9354

0.1 0.7 0.2 1.01 0.9298

0.1 0.8 0.1 1.01 0.9237

5 km



CONCLUSIONS

• A suitable analog material has been identified and characterized;

• It represents a valuable resource for water and oxygen extraction as demonstrated by the ISRU demo plant of POLIMI ;

• A study area on the lunar surface with similar composition has been identified.



FUTURE ACTIVITIES

• Remote sensing activities to identify additional areas of interest on the lunar surface and characterize their geological features;

• Further tests on the CL-2 sample, following NASA guidelines (Slabic et al., 2024) for lunar simulant characterization, are planned;

• The potential of the CL-2 sample as a geopolymer will be assessed;

• A sampling campaign is scheduled for mid-March in Lanzarote.
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1

1.1 100%

1.2 50%

2

2.1 100%

2.2 80%

2.3 40%

2.4 Field data analysis and interpretation 20%

3

3.1 50%

3.1.1 50%

3.1.2 50%

3.1.3 50%

3.1.4 50%

3.1.5 25%

3.1.6 0%

3.1.7 0%

3.1.8 0%

3.1.9 SEM 0%

4

4.1 40%

4.2 Hyperspectral simulations of mineral mixtures and comparison with similar spectra on lunar dataset30%

4.3 Identification of the most suitable landing sites 40%

4.4 Mapping of landing sites and sourrounding regions 20%

5

5.1 0%

5.2 0%

5.3 0%

WBS 

NUMBER
TASK TITLE

FIRST YEAR

Remote sensing data collection

Activity 5: Close-out of the project

TGA/DSC, FTIR, Raman analysis

Hyperspectral Analysis

Activity 4: Landing Sites

XRPD and XRF analysis

Activity 3: Regolith Simulant Characterization

Analysis of the collected samples

Identification of Analogue Sites

Design of the field work 

Field work survey and sampling

Activity 2: Terrestrial analogue sites

Activity 1:  Planning the research project and dissemination

Bibliographic Research

T1 T2 T3 T1

Papers writing

POLIMI simulations-tests

 Period abroad

Grain size distribution and grain shape analysis 

 Determination of shear strength, cohesion and internal friction angle

Magnetic susceptibility

Seminars, courses, schools and conferences

PhD thesis writing 

Evaluation of density

T2 T3T4

SECOND YEAR THIRD YEAR

T4% OF TASK 

COMPLETE

T1 T2 T3 T4



Thanks for the attention
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