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1. Introduction

In the volcanic areas,nderstanding theelative chronologyof volcanic units is
fundamental for reconstructinthe eruptive historyassessing volcanic hazards, and
supporting land use and emergency planning. In many volcanic settings, especially in
remote or inaccessible areas, traditional fledded methods for dating lava flows (e.qg.,
radiometric dating, stratigraphic correlatiomye logistically challenging, time
consuming and expensive (Trusdell, 1995). This thesis arises from the need fer a cost
effective, scalable, and remote methodglamestimate the relative age of lava flows,
using satellitebased reflectance data. In particular, the launch of the Seftinel
satellites enabled unprecedented access to frequentrdsiglution multispectral
imagery, which can be used to infer surfaceperties that evolve over time after an
eruption. These properties, such as reflectance changes in the visiblmfraeed

(NIR), and shortwave infrared bands, are linked to physical and chemical weathering,
biological colonization, and surface alion processes (Pieri & Abrams, 2004;
Gillespie et al., 1986). The motivation behind this study is to test and apply reflectance
based techniques to identify relative age groupings of basaltic lava flows, using
Sentinel2 imagery as a remote sensing tddie approach is designed to provide a
practical framework that could eventually be extended to other volcanic areas,
especially where dating constraints are poor or fieldwork is limited by safety or
accessibility (Ramsey & Flynn, 2004). Volcanic terraans composed of successions

of lava flows with varying degrees of alteration and surface roughness, depending on
their emplacement age and pestiption evolution. Over time, lava surfaces become
smoother, lighter in colour, and biologically colonizeddieg to gradual increases in
surface reflectance particularly in the visible and NIR bands (Gillespie et al., 1986;
Rowland & Walker, 1987). These changes make spectral reflectance a promising proxy

for surface age.




1.1Volcanoes and SatelliteBased Lava Flow Dating

Throughout geological timehe volcanic activity has played a fundamental role in
shaping the Earth's surfaicemost of the geodynamically active regions of the planet
The study oferuptive history of volcanic regions, thyspvides crucial information

not only about theevolution of volcanismbut also abouthe broaderassociated
geodynamic processes thaffect active geodynamic settingsA reliable
chronostratigraphy of lava unitessential fowvalidatingmodels of volcanic activity
recurrenceandvolcanic hazardppraisalhave been obtained lgaditional methods,
combiningfield mappingsupported byadiometricdata.This accurate approach, which
requires decades of study,shaften focused on volcanic areas close to populated
regions (e.g. the volcanic areas of southern ;iAly Beni et al., 2011; Orsi, 2082
where minimizing the related risks justifies the high costs of resdaroécent years,

the use of satellite remote sensing has revolutionized the ability to monitor and analyse
volcanic landscapes. Higlesolution satellite imagery, combined with advanced
spectral analysis techniques, enables researchers to estimatatilie egle of lava

flows over large, often eccessible areas. Volcanoes are distributed across the globe,
primarily along tectonic plate boundaries, in subduction zonespogen ridges, and
hotspots. Regions such as the Pacific Ring of Fire, the East African Rift, and the
Icelandic volcanic systenare characterized by intense volcanic activity that
continuously reshapes the landscape. Volcanic eruptions can have significant impacts
on human populations, infrastructure, climate, and ecosystems, making the study and
monitoring of volcanic behaviourlkey priority in geosciences. Lava flows represent
one of the most common and persistent products of volcanic eruptions. Their ages help
volcanologists reconstruct eruption sequences, estimate recurrence intervals, and
predict future activity. In additiorthe sheer scale of volcanic fields often makes it
difficult to achieve comprehensive coverage. Satellite remote sensing provides a
transformative solution to these challenges. Through the analysis of multispectral and
hyperspectral data, researchers catrect mineralogical and chemical changes on the

surface of lava flows that occur as they age. The oxidation of iron minerals, for




example, leads to measurable changes in spectral signatures, which can be quantified
to estimate relative lava flow ages. Moreover, satdigsed methods allow for
consistent, repeatable measurements over time and can be applied across vast areas th
are otherwise inaccessible. The ability to date lava flows from space has significant
implications for volcanic risk management. It enables authorities and scientists to map
and monitor volcanic fields continuously, identify potentially active flows, and
integrate age data into hazard models. Furthermore, the development of robust
methodologies for satelltbased age estimatiocould contribute to the field of
planetary geology, offering tools that can be applied to the study of extraterrestrial
volcanic features on planets such as Mars and Venus. In summary, understanding
global volcanic activity and developing techniques to date feovas via satellite
imagery arecrucial steps in advancing both scientific knowledge and practical hazard
mitigation strategss. This research addresses these needs by proposing and validating
a novel methodological framework for estimating lava flow ages through satellite

image analysis.




1.2 Remote sensindor geological purposes

The advent of satellite remote sensing technologies has revolutionized the way we
study and wunderstand the Earthoés surf ad
multiple scientific disciplines. Among the myriad satellite systems, the European
SpaceAgency's (ESA) Sentinéd mission, with its SentinldA and SentineRB
satellites, are the presemty sensors that do, with Landsat 8 and 9, routinely Earth
observation. The role of satellite imagery in geological studies has gained prominence
over thepast few decades, with remote sensing offering aimaasive means of
mapping, monitoring, and analysing geological features. In particular, the Séntinel
satellites constellation of the European Space Agency high spatial resolution, wide
swath width, fequent revisit times (every 5 days at the equator when two satellites are
active), and extensive spectral coverage make it an invaluable resource for geologists
seeking to understand Earthoés dynamic |
2010). TheSentinel2 satellite, equipped with the MultiSpectral Instrument (MSI),
provides 13 spectral bands ranging from the visible to the shortwave infrared (SWIR),
enabling multiband reflectance analysiBhe use ofmultispectral imagesn volcanic
regionsnot only serve to identify the specific spectral signature oféleanic terrais,

very different from that of other geologilbstrata, but also to evidence its systematic
variation between volcanic units of different compositions and alyekerstandinghe

rules governing the relationship between age and spectral signature of lava would
provide an importargroxy for the relative dating of volcanic terrain, responding to the
need for a rapid method to outline eruptive chronology, landscape evolution, and
associated geological hazar@ihis thesis focuses on examining spectral indices
developed starting fromaw bandsmagesespecially in the VNIRVvisible and near
infrared) and SWIR(shortwave infraredyvavelength ranges, to identify systematic
patterns hat correlate with lava surface freshness, thus allowing the classification of
flows into relative ageThe basicassumption is that spectral reflectance changes
systematically with surface ageing, as a result of physical and chemical weathering,

sediment deposition, biological colonization, and thermal degradation of glassy




surfaces (Rowland & Walker, 1987; Trusdell, 1995; Ramsey & Flynn, 200d9ctive
volcanoes, the continuous resurfacing due to the emplacements of new lava flows or
pyroclastic deposits, cause abrupt changes of the reflect#noager lava flows tend

to exhibit lower reflectance in visible and naafrared bands due to their rough, ron
weathered surfaces, while older flows generally show higher albedo values, influenced
by lichen growth, oxidation, and surface smoothing (Gle et al., 1986; Pieri &
Abrams, 2004). Theariations of the spectral reflectanadl be examined in detail

on selected volcanic fields characterized by vagltumented eruptive histories (e.g.,
Kilauea, Stromboli, Etna, or Reykjanes), where the relative ages of lavalfkues

been alreadyndependently constrained. This approaihs at validata costeffective
method for mapping lava flosy according to their age, thpsoviding a scalable
framework for assessing volcanic hazards and planning monitoring strategies in active

volcanicregions.




1.3 Study Areas

This research focuses on four volcanic areas that are representative of different tectonic

settings, eruption styles, and geological characteristics: Mount Etna (ffigly)),
Stromboli (taly) (Fig. 2), the Grindavik region (Iceland}ig. 3) andHa wa i 0 i | s
(Hawaii) (Fig. 4).

Fig. 2 Sentinel 2 image true colour of Stromboli volcano (Sicily, southern Italy).




FigudSentinel 2 image true colour of the Hawai 0i
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Fig. 5 Schematic map of Etna volcano main features (Branca & Del Carlo, 2005).

Mount Etna, located on the eastern coast of Sicily, is the largest and most active
volcano in Europe and one of the most studied stratovolcanoes in the world. Rising to
an elevation of approximately 3,324 meters above sea level (subject to variations due
to eruptive activity), Etna is characterized by persistent eruptive behaviour, complex
internal dynamics, and a long geological history that spans several hundred thousand
years (Behncke & Neri, 2003; Branca & Del Carlo, 2(D8& Benietal.,20)1. Et n a
activityos pr ondficiotompositiong.e.,basalts) hawaiilesyand K
trachybasaltsYthough more evolved magmasygearites, benmoreites and trachytes
have beeroccasionally eruptedh the past Etna lies at the convergent boundary
between the African and Eurasian ptaf8erpelloni et al., 200,Ayithin a tectonically




active regiomrepresenting the transition between the relict@flzduction zon@donian
basinCalabrian arc system in the central Mediterranean) and the Africarrpalgmn
(Hyblean foreland) (Dewey et al., 1989; Lentinietal., 1994)Et nads mag mat
directly related to subduction processes but is rather attributed to complex interactions
betweenMantle upwellingand the relatetithospheric extensiowith otherregional
tectonicsat the hangingvall of the lonian subduction zori&virtzman & Nu, 1999;
Faccenna et al., 2007). The volcano sits atop a lithospheric flexure zone and is affected
by systers of regional faulte.g.that facilitate the magma ascent and influence the
localization of eruptive fissurdézzaroetal.,20)2. Mount Etnads Vvo
the result of multiple overlapping construction phases, including the remnants of
ancient stratovolcanoes such as Trifoglietto &fidtico (Brancaet al., 2Q1). The
modern edifice has developed over the3&@900 years and comprssummit craters,
extensive flank fissure systems, and large pyroclastic and lava flow deposits. Major
collapse events, such as the Valle del Bove depression on the eastern flank, are
interpreted as gravitational sector failures (Rust & Neri, 1996), widtenpial
implications for future flank instability. Etna is known for both summit and flank
eruptions, with eruptie styles ranging from Strombolian and effusive activity to-sub
Plinian explosive episodes. Flank eruptions are often fed by dike intrusapagating

from the central conduit and can pose significant hazards to populated areas on the
lower slopes. Etna is also notable for its frequent paroxysmal activity at the summit
craters, including episodes of lava fountaining, intense gas emissioaslampiumes

that often disrupt air traffic (Corsaro et al., 20Giuffrida & Viccaro, 2017; Giuffrida

et al., 2023 Geophysical monitoring indicates a persistent and dynamic magma
storage system at various depths, with connections between deep magnwrseser
(>10 km) and shallow conduits (<3 km) (Bonaccorso et al., 2004; Viccaro et al., 2019).
Due to its continuous activity, accessibility, and multidisciplinary monitoring network
(e.g., INGV National Institute of Geophysics and Volcanolpg¥tna serves as a
natural laboratory for studying volcanic processes, hazard assessment, and the interplay

between tectonics and volcanism. Its wadglcumented history and ongoing unrest




make it a critical site for advancing models of magma migration, edifice deformation,

and eruptive forecasting.

Mount Etna was chosen as a training ground for the method thanks to timeapekd

variegated deposits that goes from clay to pyroclasts, to lava flows, to hydrothermal
deposits, the idea is to see which one fits the timeline best. Although the continuous

activities create a time series of lava flows that allows to calibrate the method with a

high resolution.
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Fig. 6 Schematic map of Stromboli volcano main features (Romagnoli et al., 2009).

Stromboli, located in the Aeolian Islands (southern Tyrrhenian Sea, Italy), is one of the

worl dés most i

coni ¢

v ol c an o edefinedemptive o

style. Known as the type locality for "Strombolian” eruptions, Stromboli has lve

nearly continuous activity for over 2,000 years, making it a key natural laboratory for

volcanological research (Rosi et al.,

2000; Francalanci et al.,

2A0d&ted atthe

northeastar edge othe Aeolian arcit formed in a complex geodynamic eronment
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involving the subduction of the lonian slab beneath the Calabriararadclocal
lithospheric backarc extensionThe island represents the emergent portion of a large
volcanic edifice, most of which is submerged and rooted on the oceanic crust of the
Tyrrhenian Basin (Barberi et al., 1974; Calanchi et al., 1993). The volcano sits atop a
NNWi SSE trending fault systeand displays a prominent summit crater complex and

a large horsesheshaped depression known as fi&ciara del Fuoay formed by
multiple seabr collapses over the past 13,000 years (Tibaldi, 2001). Stromboli's
magmas are primarily caklakaline basaltic to basaltic andesite, typically rich in
phenocrysts of plagioclase, clinopyroxene, and olivine. Magmatic differentiation is
controlled by magmaecharge, crustal contamination, and degassing in a vertically
zoned plumbing system (Pichavant et al., 2013). Geochemical and petrological data
suggest the presence of multiple magma reservoirs, with shlgl@lstorage (~24

km) feeding the persistere x pl osi ve activity (M®tri cl
eruptions are dominated by mild explosive activity shiged bursts of gasich
magma occurring every few minutes from the summit craters. These Strombolian
explosions eject scoria, lapilli, and gahic bombsyesultingtypically low in VEI
(Volcanic Explosivity Index) (Harris & Ripepe, 2007). The explosions are driven by
the ascent and bursting of large gas slugewdencedyy both visual and infrasonic
monitoring. In addition to its persisteattivity, Stromboli occasionally undergoes
paroxysmal events, characterized by higher explosivity, lava fountaining, and ballistic
ejection (Rosi et al., 2006). These events, such as those of July 2019 and October 2022,
pose significant hazards to resideand tourists, especially due to their sudden onset
Paroxysms are potential triggéos flank collapses and consequé&htnami generation
(Viccaro et al., 2021Romagnoli et al., 2022). Effusive eruptions also ocdirey
typically fed lava flows that @nalize and rapidly descend towards the aeag the

very steepSciara del FuocdAlso, these flows can trigger partidndslides of the
pyroclastic depositsf the steep volcanic flank, generating small to moderate tsunamis.
Monitoring of the Sciara del Fuoco has revealed gradual flank instability and
gravitational spreading, raising concerns over l@gpde sector collapse scenarios
(Chiocci et al., 2008; DTraglia et al., 2014). Stromboli is one of the most heavily
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instrumented volcanoes in Europe, monitored by IN@Vational Institute of
Geophysics and Volcanologyith a network of seismic, thermal, infrasonic, and
geodetic sensors. The integration of remote sensing, drone imagery, antieaidta
allows for effective shosterm forecasting of changes in eruptive activity.
Nevertheless, the high tourism denatyd the potential for sudden hazardous events
make Stromboli a challenging environment for risk mitigation and civil protection
strategies (Calvari et al., 2020).

Stromboli volcano has a large quantity of pyroclastic rocks compared to lava flows,
this is useful to understand if the pyroclasts have different reflectance values. Stromboli
island has a smaller area compared to the other three volcanoes and the ofdisture

sea can have an important role in the reflectance analysis.

Grindavik Region
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Fig. 7 Schematic map of Reykjanes Peninsula main features (Biessyet al., 2008)

The Grindavik area, located on the Reykjanes Peninsula in southwest Iceland, lies
within the Reykjanes Volcanic Zone (RVZ) a seismically and volcanically active
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region that represents the landward continuation of the-Aflehtic Ridge. This
tectonicdomainis governed by the divergent boundary between the North American
and Eurasian plates, resulting in high levels of crustal extenagsnciated with
frequent earthquakes addfuse basaltic volcanism (Saemundsson, 1979; Einarsson,
2008). The Reykjanes Peninsula comprisestaot enechelon volcanideatures
oriented NESW, including the Reykjanes, Svartsengi, Krysuvkagadalsfjall,
Brennisteinsfjoll, and Hengill systems. Grindavik is located near the Kryisuvik
Trolladyngja fissure swarm, one of the shactive volcanic segments in southwestern
Iceland (Seemundsson et al., 2020). The tectonic regime is characterizeghasaflél

normal faults, fissure swarms, and frequent dyke intrusions, as well as high
temperature geothermal systems. Volcanic dgtim this area is typically basaltic and
fissurefed, producing lava flows, spatter cones, and shield volcanoes with minimal
explosive activity (Thordarson & Larsen, 2007). Lavas from the Reykjanes Peninsula
are typically tholeiitic basalts derived frosiallow mantle sources, showing minor
heterogeneities related to melting depth and lithospheric contamination (Jakobsson et
al., 1978; Peate et al., 2010). Recent eruptive products from nearby systems, including
the Fagradalsfjall eruption (2022023), hae provided new insights into magma
recharge, mixing, and ascent pathways in the RVZ (Bagnardi et al., 2023). Petrological
studies show evidence of rapid magma transport from depth Z81km) to the
surface, and the lack of significant storage suggestsstimtlived intrusions are
responsible for triggering surface eruptions (Gurenko et al., 2022). The Grindavik
region has experienced heightened unrest since 2021, with a series of seismic swarms,
ground deformation, and volcanic eruptions, especiallyratd-agradalsfjall and the
Sundhnukur crater row (Gislason et al., 2024). The dyke intrusions and subsequent
eruptions have followed prexisting structural lineaments and have had significant
implications for geohazards and urban planning, as the tov@rinflavik is located

near active fissure systems. The November 2023 dyke intrusion beneath Grindavik led
to substantial subsidence and ground cracking, forcing evacuations. This event was
part of a broader volcanic reactivation cycle on the peninsulapiated as a response

to longterm stress accumulation and episodic mantle melt supply (Sigmundsson et al.,
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2022). The area surrounding Grindavik hosts several-teigiperature geothermal

fields, including Svartsengi, which powers the Blue Lagoon spa. These systems are fed

by hydrothermally altered basaltic rocks, high heat flow, and fractured permeability

strudures associated with active faults and fissures (Arnorsson et al., 2007). Surface

features include recent lava fields, rootless cones and tectonic grabens, all

characteristic of a rifted volcanic terrain. The geology is accessible angnesdirved

dueb | cel

andos

young

site for structural and volcanological field studies.

|l ithosphere

and

mi

Grindavik is the northernmost of the studied areas, this consent to calibrate the method

to different latitudes and to verify the impact of colder environments. Although the

recent activity products overlap volcanic rocks older than a thousand years.
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Hawai di | sl and, the southeasternmost an
archipelago, is a classic example of intraplate volcanism associated with a stationary
mantle plume commonly referred to as the Hawaiian hotspot (Wilson, 1963; Garcia et
al., 2007). The island is constructed by the coalescence of five basaltic shield
volcanoes: Kohala, Mauna Kea, Hualalai, Mauna Loa, and Kilauea, each representing
a different stage of the Hawaiian volcanic lifecycle (Clague & Dalrymple, 1987). These
volcaroes exhibit the tholeiitic basaltic composition typical of ocean island basalts
(OIB) and are predominantly shaped by effusive eruptions that produce voluminous
pahoehoe and 6ada | ava flows (Macdonal d
sequence have formed the i1 slandds extensi

extending tens of kilometres from summit vents to the coastline.

1 Mauna Loa is the largest volcano on Earth by volume, reaching over 10,000
meters in height when measured from its submarine base. It remains an active
shield volcano, with a welllocumented eruptive history including 34 eruptions
since 1843 (USGS, 2022)sleruptions typically involve higliolume, low
viscosity basaltic lava and can rapidly affect extensive areas due to steep upper

slopes and weltleveloped rift zones (Lockwood & Lipman, 1987).

1 Kilauea, located to the southeast of Mauna Loa, is one of the most active
volcanoes on the planet, with ne@mtinuous activity throughout the late 20th
and early 21st centuries. The 2018 lower East Rift Zone eruption resulted in
major summit collapse, &nsive lava flows, and significant geochemical and
seismic changes (Neal et al., 2019). Kilauea is notable for its active caldera
processes, summit deflattonn f | at i on <cycl es, and s
(USGS, 2024).

7 Mauna Kea, the tallest mountain in
considered dormant and represents a more evolved stage of volcanic

development. It features pestield stage volcanism, including alkalic lava
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flows and cinder cones, as well as evidence of glaciation during the Pleistocene
(Porter, 1979; Wolfe et al., 1997).

1 Hualalai, though last erupted in 1801, remains potentially active, as indicated by
recent seismic activity and CO deg:
alkalic than those of Kilauea and Mauna Loa and it presents a hazard to densely

populated areas sh as the Kona coast (Moore & Clague, 1991).

1 Kohala, the oldest and only extinct volcano on the island, last erupted
approximately 120,000 years ago and is characterized by deeply eroded flanks
and wellpreserved palesoils and colluvial deposits that provide insights into
long-term island weathergqh processes (McDougall & Swanson, 1972;
Chadwick et al., 2008).

Inadditon t he submarine volcano Kaym@tdtheh u a k
southeast of the islands currently in the preshield stage of development. Although

its summit is still ~970 meters below sea level, repeated seismic swarms and
hydrothermal activity confirm its growth as an emerging volcanic edifice, potentially
the next island in the Hawaiiamain (Davis & Clague, 1990; Garcia et al., 2006). In
sum, Hawai @i l sl and presents a compl
morphological record of hotspot volcanism, from submarine volcanic initiation
throughposs hi el d er osi on. arehkey ta usderatanding snantieo | ¢
plume dynamics, magma differentiation, rift zone propagation, and the geomorphic
evolution of volcanic islands. Their ongoing activity continues to provide critical data
for volcanological research, hazard assessment, anyigamic modelling (Clague &
Sherrod, 2014).

Hawai 0i i sland is the southernmost as
continuous craters activity creates a timeseries of lava flows perfect to test the

methodology resolution.
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1.4The Copernicus Program and SentineP satellites

The Copernicus Program is established and managed by the European Commission in
partnership with the European Space Agency (ESA). Its core mission is to deliver free,
accessible, and continuous environmental monitoring data to support climate research,
disaster management, land and ocean monitoring, atmospheric composition analysis,
and emergency response (European Commission, 2015). Copernicus is built upon a
constellation of Sentinel satellitéBig. 9), each designed with specialized sensors to
observe various components of the Earth system. These inchiobal and radar
imaging satellites (Sentindl, 2, and 3), as well as atmospheric chemistry monitoring
missions (SentinedP). The program follows a full, open data policy, which makes
high-quality satellite products freely available to researchers, policymaéad the

public (Aschbacher & Milagrdérez, 2012).

) MARINE MONITORING. ~ #°
ATMQSPHERE MONITORING *

LAND MONITORING
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- 3 ‘ /‘
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e ‘as ’ :
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0 sentinel-x = .
B R . EMERGENCY MANAGEMENT

Fig. 9 Copernicus programme.

The SentineR mission, launched in two phases in 2015 (SenfiAg¢land 2017
(Sentinei2B), is particularly relevant for land surface monitoring, including
applications in agriculture, forestry, urban planning, and geolatiiough images

from Sentinel2C, launched in September 2024, are now available, this work was based

on images from Sentinel 2A and 2Bentinei2B is the twin of SentinekA and
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operates in the same Saynchronous orbit, phased 180° apart to ensure a revisit time
of 5 days at the equator when combined. The satellites are equipped with the
MultiSpectral Instrument (MSI), which captures imagery in 13 spectral b&igd4.0)

from the visible to the shortwave infrared (SWIR) region (Drusch et al., 2012). The
bands include:

4 bands at 10 m resolution: Blue (B2), Green (B3), Red (B4), and NIR (B8)

6 bands at 20 m: Red Edge (B5, B6, B7), Narrow NIR (B8A), SWIR (B11, B12)

3 bands at 60 m: for atmospheric correction (B1, B9, B10)

Sentinel-2A Sentinel-2B
Bands Sentinel-2

Central wavelenght (nm) Bandwidth (nm) Central wavelenght (nm) Bandwidth (nm) Spatial resolution (m)

Band 1 - Coastal aerosol 442.7 21 4422 21 60
Band 2 - Blue 4924 66 4921 66 10
Band 3 - Green 559.8 36 559.0 36 10
Band 4 - Red 664.6 31 664.9 31 10
Band 5 - Vegetation "red edge" | 704.1 15 703.8 16 20
Band 6 - Vegetation "red edge" | 740.5 15 739.1 15 20
Band 7 - Vegetation "red edge" | 782.8 20 779.7 20 20
Band 8 - NIR 832.8 106 832.9 106 10
Band 8A - Narrow NIR 864.7 21 864.0 22 20
Band 9 - Water vapor 945.1 20 943.2 21 60
Band 10 - SWIR - Cirrus 1373.5 31 1376.9 30 60
Band 11 - SWIR 1613.7 91 1610.4 94 20
Band 12 - SWIR 2202.4 175 2185.7 185 20

Fig. 10 Bands table of Sentin@ satellite (ESA).

This configuration is optimized for vegetation health monitoring, land cover
classification, and surface reflectance analysis, which are essential in geological and
environmental application®articularly,bands4, 8, 11, and 12, allowg assessment

of lava flow albedo and thermal degradation features over, tmeerelevanto this
thesis. The wide swath (290 km), high radiometric sensitivity, and systematic coverage
allow Sentinel2 to generate time series of spectral reflectance, enabling temporal
studies of surface changes, such as those occurring on volcanic ternaergitere
episodes (Gomez et al., 2016). In this thesis, Serimakgery serves as the primary
data source for developing and applying spectral indices aimedima®@sy the
relative ages of lava flows. Its high spectral fidelity, combined with free and open
access to data, makes Sentidedn indispensable tool for advancing remote sensing

methodologies in volcanology and supporting broader geoscientific research.
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2. Methodology

Understanding the temporal evolution of volcanic terrains is essential for both
scientific inquiry and hazard mitigation. Lava flows, as surface expressions of volcanic
activity, preserve valuable chronological and geochemical information. However,
estimaing their age across large or inaccessible areas poses significant challenges.
While radiometric dating methods offer high accuracy (e.g., McDougall & Swanson,
1972), they are often constrained by high costs, logistical complexity, and spatial
limitations. To address these challenges, this study proposes an integrated approach
that combines satelltbased remote sensing with Geographic Information Systems
(GIS) to estimate the relative age of lava flows over extensive and geologically
complex landscapes.n&€ methodology features a structured workflow incorporating
custom geospatial tools, spectral analysis techniques, and validation protocols to
ensure accuracy and reproducibility. Central to this approach is the use of S&ntinel
multispectral imagery (Dach et al., 2012fombined with the use of an original
ArcGIS Pro toolbox namedPolyGrido, appropriately designed to provide automatic
extraction of rock outcrops, excluding areas rich in vegetation and moi$ture.
addition, the methoflas developed applications to investigaigeted spectral band
ratios Similar remote sensing techniques have been employed in other studies to
monitor volcanic features and processes (Pieri & Abrams, 2004; Ramsey & Flynn,
2004), highlighting the potential of multispedtranalysis in volcanic terrain
assessmenf set of spectral indicators was selected and tested as a complement to the
I ndex of I ron oxidation st alhdeselopingthe ai n
methodology, his index hasrepresergd the primary reference proxy for surface
weathering and, by extension, for the relative age of lava flows (Gillespie et al., 1986;

Cheuvrel et al., 2021), to use for comparison and validation of the other indexes
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2.1 PolyGrid Toolbox in ArcGIS Pro

A cornerstone of this methodology is the creation of a custom toolbox rRohgédrid
within the ArcGlI S Pro environment AMode
to preprocess highesolution satellite images by isolating exposed rock surfaces,
which are critical for accurate spectral analysis. The workflbig. 11) stars by
importing SentineR bands 04 (Red) and 08 (Near Infrared, NIR), whichuaedulfor
computing the Normalized Difference Vegetation Index (NDMI) order to identify

the signature of the vegetated areas, specifi@@éen vegetatioras it reacts to
photosynthetic activity of plantand moisture content, that must be excluded from
further analysis. To spatially structure this information, a polygonal grid is generated
using the "Create Fishnet" tool. This grid divides the NDVI image into rectangular
polygons that match the resolutiohthe input raster (typically 220 or 60 neters for

the bands used). At the centre of each polygon, a point is created using the "Feature to
Point" tool, representing the centroid of the pixel. These points are then populated with
the corresponding NDVI value using the "Extract Multi Values tonfbitool, which
transfers raster values to the vector points. Next, these values are spatially joined back
to their original polygons, associating each grid cell with a specific NDVI reflectance.
This is achieved through the "Field to Polygon" functiarkihg the NDVI value from

each point to its corresponding polygon. The result is a veetsed representation of

the NDVI raster, where each polygon now contains the exact NDVI value of the
underlying satellite pixel. PolyGrid then applies udefined hresholds to exclude
polygons whose NDVI values indicate the presence of vegetation (typically NDVI >
0.3) or high surface moisture (typically NDVI < 0). The remaining polygons,
representing bare rock outcrops, are retained for subsequent analysis.e@hexcl
polygon layer is then used as a spatial mask to clip and constrain the analysis of spectral
band ratios. By filtering out negeological features (vegetation, clouds, water and
shadows) at this early stage, PolyGrid ensures that all subsequentsiaaéy/focused

solely on exposedolcanic rocks,mproving the reliability and consistency tfe

subsequentspectralbased age estimations. This step is essential to prevent
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contamination of the spectral data by rgeological features. The resulting polygon

grid represents a refined and clean dataset of exposed volcanic rock outcrops.
Crucially, this polygonal mask is subsequently used to clip and spatially constrain the
bandratio images, ensuring that subsequent spectral analyses focus solely on relevant
surfaces, maintaining consistency and precision across different processing stages.
For clarity,severalimages(Fig. 12, Fig. 13 andFig. 14)are presented to illustrate the
difference between theonprocesseidmagery and the same scenes after clipping with

the mask generated by the PolyGrid toolbox. In all four study areas, the application of
the tool box effectively removed most of

more interpretable images.
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Fig. 11 Polygrid flow chart.
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2.2 Spectral Indicators

The firsttest to select spectral indicators was performed, focusirige Mount Etna
Volcano region.lt was based on Sentir2limagery from four distinct acquisition
dates: 12 July 2017, 16 July 2023, 15 July 2024, and 13 October 2024. These dates
were selected to provide temporal diversity and capture seasonal variability, ensuring
robustness in the spealtresponse of altered volcanic surfaces. Each scene was pre
processed and normalized to reduce the influence of environmental factors such as
humidity and atmospheric conditions (Drusch et al., 2012; Kervyn et al., 2010). As a
targetedcase study, the Etna volcano was selected for the application and evaluation
of additional spectrahdexesaimed at refining the assessment of lava floeirag In
this phase of the research, mul tiple b
explored to test their effectiveness in distinguishing lava flows of different ages. These
indexeswere selectedn thebase 6 their sensitivity to specific mineralogical and
geochemical changes associated with qeosptive surface alteration (Chevrel et al.,
2021; Gillespie et al., 198@rach band ratio analysed in this study was initially derived
from the USGS spectral library. The spectral signatures of target minerals served as a
basis for selecting and testing various combinations, from which the most effective
indices were ultimatelghosen.

Referring to the bands table Bfg. 10, the selected and analysegpectral indices

includethe following targets
1 Argillification: B11/B12
1 Iron oxide concentration: B11 / BO8
1 Sulphur content detection: BO5 / BO1
1 Silicarich content: B12 / B02
1 Pyroxene alteration: B11 / BO2

1 lron-bearing minerals: (B06 + BO7) / B8A
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1 Coarsegrained iron features: (BO3 + B11) / (BO4 / BO8)

Each of these indices was computed as a separate raster and clipped using the PolyGrid
generated rock outcrop mask. This ensured consistency in spatial analysis and limited
the influence of vegetation and soil moisture on the spectral signal (Pieri & 8pram
2004; Ramsey & Flynn, 2004). The resulting layers were visually inspected and
statistically evaluated to determine their correlation with lava flow ages reported in the
1:50.000 scale évlogical map of Mount Etn@ranca et al., 2011This map provided

a reliable reference dataset, with lava flows categorized by their relative and absolute
ages deriving from the most updated chronostratigraphy of the volcano (De Beni et
al., 2011) The goal was to identify whi¢glamong all the consideraadexes showed

the most consistent and interpretable trends in relation to the aging of the lava surface.
Preliminary findings indicated that certain indices, particularly the B11/B08 (iron
oxides) and (B06+B07)/B8A (irehearing minerals), showed promising résuh
delineating flows of different oxidation states and relative weathering degrees. Other
indices such as B11/BOgyroxene alterationpnd B12/B02(silica-rich content)
offered complementary information on silicate and pyroxene transformaitiorage.
Althoughthesetwo variables showed agigependent behaviour, the relationship was
weaker and did not follow a clear linear pattefhis multivariate spectral approach
allowed for a broader understanding of the mineralogical evolution of lava flows and
provided additional tools for relative dating in complex volcanic environments like
Etna. The findings from this case study informed the selection of spectral features for

more generalized applications and helped refine the overall methodology.
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2.3 Band Ratios for Iron Detection

The nextstep of the adopted methodolomyolves the design of two specific band
ratios to detect and quantify the pres:
These ratios were derived from a thorough review of the spectral characteristics of iron
bearing minerals, with a particuléoscus on reflectance patterns in the Aeérared

(NIR) and shortwave infrared (SWIR) regions (Gillespie et al., 1986; Kervyn et al.,
2010) . The Fe)] band ratio iIis calibrat
iron, typically found in fresher,es weat hered | ava fIl ows.
ratio is designed to emphasize the oxidized iron content, which increases with
prolonged exposuref rocksto the atmospheric conditions (Chevrel et al., 2021;
Ramsey & Flynn, 2004) . The FeldbandgBd2 i o
(SWIR 2), B08 (NIR), BO4 (Red), and B03 (Gre@ng. 10), which correspond to
wavelengths sensitive to the absorption features of ferrous iron. Fresher lava flows
typically contain hi gher proportions
responses in these bands (Drusch et al.,, 2012). In contrast, theatt@3was
constructed using bands B04 (Red) and B02 (Bkig)10), capturing the reflectance

peak associated with oxidized irtwearing minerals. Both ratios were derived
empirically based on literature studies and calibrated against known reference spectra
from the USGS spectral library where in situ measurements warkalzde (Pieri &
Abrams, 2004; Gillespie et al., 1986). Tlogic behind the use of these ratios lies in
their differential sensitivity to mineralogical transformations that occur during post
eruptive surface alteration. By emphasizing these chemical transitions, the ratios
provide a consistent and transferable metoc domparing lava flow ages across

di verse geol ogical contexts. The Fej é
and subsequently combined into a single composite image reprederitiey Fe | /
ratio. This index is calculated on a pb®)-pixel basis across the clipped extent
defined by the PolyGrid mask. The resulting ratio imégg. 15) is interpreted as a

proxy for the oxidative state of the lava surface, with higher values indicating older,

more weathered flows, and lower values corresponding to fresher, less altered material.
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The resulting product is a detailed spatial representation of oxidation gradients,
providing insight into the relatve agng of vol canic surfac
image thus becomes a central product of the analysis, offering both qualitative insight

into spatial aging trends and quantitative metrics for subsequent statistical validation.

| ’ e 15000
HOAA v bt A 0 25 5 10

— e e K ilometers

Fig. 15 Example of resulting ratibe2+/Fe3+mageat Mount Etna.
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2.4 Moisture-Based Normalization

Given the influence of surface moisture on spectral reflectance particularly in the
shortwave infrared (SWIR) region an additional step was introduced to normalize the
spectral data based on moisture conditidhss correction was necessary to reduce the
impact of residual surface moisture on the spectral signatures of outcropping rocks, as
their reflectance values agenerallyreduced byground humidity The normalization
process involved the creation of a moisture index by calculating the moisture index
with two bands from Sentinél: B11 (SWIR) and B8A (NIR narro\ig. 10). These

bands are sensitive to water content in the soil and rock surface and provide a first
order approximation of surface moisture variability. A moisture rastpresentinghe

relative degree of humidity across the scevesthusgeneratedThis moisture raster

was then used to normalize the spectral signature in the band ratio images. Each ratio
raster was summed by the corresponding moisture layer on abgipetel basis,
yielding moisturenormalized rasters. These corrected rasters swdrsequently used

to recompute the final images. This normalization step helps minimize the confounding
effects of water absorption on the spectral signature detectidiguparly in areas

where recent precipitation or soil saturation might otherwise bias the spectral signal.
The incorporation of this moistuteased correction enhances the consistency and
reliability of the spectral analysis across different volcanic renments and
acquisition dates. It also improves the comparability between images acquired under
varying atmospheric and seasonal conditions, increasing the robustness of the method
for largescale or multtemporal studies.

For clarity, several imagd&ig. 16, Fig. 17 andFig. 18)are presented to illustrate the

di fferences before and after the moistu
infrared values were used for normalization instead of moisture indices. The
comparison clearly highlights the importance of the nozafabn step, as the final

results appear significantly clearer and more reliable.
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Fig. 16 Effect of moisture normalization: images prior to correctib)(and after correctior2(4).
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Fig. 17 Effect of moisture normalization: image prior to correctidod) and after correction
(Bottom).
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2.5Comparison with Chronological Data

The accuracy and reliability of the proposed method were evaluated through a
comprehensive validation process that integrated both spatial and numerical
assessments. Specifically, the reflectadesved band ratio maps were compared
against independently dated lava flows, using reference datasets provided by
authoritative geological institutions, includitigeNational Institute of Geophysics and
Volcanology (INGV) of Iltaly, the Italian Institute for Environmental
Protection and Resear@nd the United Stas Geological Survey (USGS). These
institutions have produced highsolution geological maps and chronologies of lava
fields based on detailed stratigraphic studies, radiometric dating, and field
observations, offering a robust benchmark for remote sgihsised comparisons.
Spatial validation was conducted by overlying the reflectdrased ratio images onto
geological vector layers of lava flow boundaries. This comparison enabled a direct
visual assessment of whether spectral variations in the bamdmages aligned with
contours oknown flow units, structural discontinuities, contactsetweerproducts

from differenteruptive periods.These validation steps demonstrate that the spectral
indicesparticul arly t note onlyF eorrelate Fnatll chronplagical o
information but also reproduce the spatial geometry of volcanic surfaces with
geologically meaningful accuracy. This strengthens the interpretability of the results
and suggests that the method is transferable acitesedt volcanicenvironments

with minimal recalibration, supporting its broader applicability in planetary and

terrestrial lava flow studies.
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3 Data discussion

3.1Etna

Etna volcano was selected for thest application and evaluation of spectral indices
aimed aexperimentinghe assessment of lava floweagy for the constantly updated
geological mapln this phase of the research, multiple band ratios were explored to test
their effectiveness in distinguishing lava flows of different ages. These indices were
selected based on their sensitivity to specific mineralogical and geochemical changes

associted with posteruptive surface alteration.
The spectral indicesnalysednclude:

1 NDVI: (B0S-B04)/(B0S+B04)

A Normalised Difference Vegetation Index was employed as a proxy to
effectively mask pixels dominated by vegetation/moisture cover, ensuring that
the PolyGrid toolbox operated exclusively on bare rock surfaces for more
accurate spectral analysis.

1 Argillification: B11/B12

This band was chosen as a proxy to desume the age of lava flow emplacement
from the degree of alteration of the lava flow. As basaltic minerals through
weathering turn into clay minerals, the degree of argillification could be directly
connected to the dation of the exposure of basalts to the atmospheric
conditions.

1 Iron oxide concentration: B11 / BO8

This band was chosen as a proxy to desume the age of lava flow emplacement
from the degree of oxidation of Heearing basaltic minerals. This increases with
the timeduration of the exposure of lavas at surface

1 Sulphur content detection: BO5 / BO1

This band was chosen as an indirect measure of age of lava flows by assessing
the deposition time of the sulphur, formed by the fumaroles or the hydrothermal
process, on them.

9 Silica-rich content: B12 / B02
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This band was chosen as proxy to measure theduration of weathering of
lavas, by assessing the degree of s#inachment, which increases over the
time, due to the differential sensitivity of basaltic minerals to the alteration.

1 Pyroxenesalteration: B11 / B0O2

This band was chosen to measure the degree of alteration of the lavas,
considering the minerals more sensitive to the chemical weathering. This band,
suitable to detect the earlier stages of alteration, has been tested for age
discrimination among recerdvas.

1 Coarseqgrained iron features: (B0O3 + B11) / (B04 / B08)

This band was chosen to detect the quantity of cagreaed iron features, as a
measure of timing of the iron oxide crystals grow, increasing over the time. The
higher reflectance values indicate longer tidugation of the process.

1 Bivalent iron: (B12/B08)+(B03/B04)

This band was chosen as the iron, in theb&aring basalt minerals, naturally

turn from bivalent to trivalent, with the increase (thh@ration) of the alteration

processes. High reflectance values thus indicate lowdumation of alteration.
1 Trivalent iron: B04/B02

1 This band was chosen as a complement of the previous. In this case, high
reflectance values thus indicate long ticheation of alteration, favouring the
Fej enri chment .
Each of these indices was computed as a separate raster and clipped using the PolyGrid
generated rock outcrop mask. This ensured consistency in spatial analysis and limited
the influence of vegetation and moisture on the spectral signal. The resulting layers
were visually inspected and statistically evaluated to determine their correlation
lava flow ages reported in tie50.000 scale €vlogical map of Mount Etn@ranca
et al., 2011)ig. 19). This map provided aategoriation of lavas based absolute
and relativeages deriving from application of the most updated chronostratigraphic
scheme of the volcano (De Beni et al., 20T)is map provided a reliable reference
dataset, with lava flows categorized by their abschuig relativeages Fig. 20). The
comparison between the spatialized spectral indices and the geological map aims to

identify any correlation between them in order to select the indices that best record the
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variability in the age of the lava surfade ensure the reliability of the methoidr
each indexfour dstinct satellite images, referring to ti/07/2017,16/07/2023,
15/07/2024 and 13/10/2024ere analysedThese images have been numbered in the

orderin the following figures illustrating the distribution of the different considered
indexes

Q
GEOLOGICAL MAP OF ===

Fig. 19 Geological map of Mount Etna (Branca et al., 2011)
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Fig. 20 Dated lava flows with their absolute age, extrapolated from the Geological Map of Mount
Etna (Branca et al., 2011). In the map are exclusively reported the exposed outcrops of the lava fields,
referring to the Polygrid clean dataset.
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