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Abstract

The preservation of Europe’s stone-built heritage is crucial for safeguarding our cultural legacy. This study investigates
twelve distinct stones used in historical monuments across Italy, Spain, Greece, and Norway, including marbles (Carrara and
Macael), limestones (Botticino, Red Verona, Costozza, Istrian, Sfouggaria, Santa Pudia), a carbonate-dominated sandstone
(Lartios), volcanic rocks (Euganean trachyte and Tgnsberg latite), and an intrusive igneous rock (Tgnsbergite). Through
comprehensive analysis of mineralogical composition, porosity, water interactions, and accelerated ageing tests, this research
establishes a framework for assessing these materials susceptibility to decay mechanisms. The results demonstrate significant
variability in durability and decay response among the stone types, primarily determined by pore abundance and distribution.
This study enhances the understanding of stone materials behaviour under stressed conditions, offering valuable insights
for mitigating future decay processes and protecting European cultural heritage. The stones examined were chosen for
their significant presence at the four pilot sites of the European Hyperion project: Venice (Italy), Granada (Spain), Rhodes
(Greece), and Tgnsberg (Norway).
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1 Introduction

The deterioration of historical stone-built heritage presents
a significant conservation challenge, requiring a comprehen-
sive approach that considers building materials, preventive
measures, restoration strategies, and adaptation method-
ologies. Understanding the decay processes affecting stone
heritage and predicting future risks to its preservation are
closely linked to the properties of the materials and their
responses to environmental stresses. In light of climate
change, researchers have increasingly focussed on quantify-
ing the degradation of historical monuments (Bonazza et al.
2009a, b; Salvini et al. 2022; Hernandez-Montes et al. 2022;
Germinario et al. 2023). Despite these efforts, the urgency
of the climate crisis and the complexity of developing uni-
versally applicable predictive models for stone decay make
continued investigation essential (Coletti 2024; Zaccariello
et al. 2024). This study presents an analysis of various stone
materials used in historic European buildings, aiming to
establish correlations between their physicochemical and
mineralogical properties and observed decay and vulner-
ability patterns. Furthermore, it provides insights into age-
ing patterns and kinetics, which differ based on the intrinsic
characteristics of the materials.

The selected materials include igneous, sedimentary
and metamorphic stones from Italy, Greece, Spain, Nor-
way and Croatia, known for their historically significant
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and commercial value. Most of these rocks are carbonate in
nature, but some silicate stones are also included.

The stones investigated were chosen from the best-known
and most widely used in four European historic sites selected
as pilot locations by the European Hyperion project, under
which this research was conducted. The cities are Venice
(Italy), Rhodes (Greece), Granada (Spain) and Tgnsberg
(Norway), representing different climate and environmen-
tal conditions.

Venice has a humid subtropical climate, characterised
by hot, muggy summers and cold, humid winters, with an
annual average precipitation of approximately 800 mm,
a mean summer maximum temperature of 28.3 °C, and a
mean winter minimum temperature of 2.7 °C, with rare
freezing events. Venice is situated in a lagoon environment
and is increasingly exposed to high tides due to a combi-
nation of subsidence, sea level rise, and intensification of
extreme weather events (Lionello et al. 2021). In 2019, the
city experienced a tide as high as 187 cm, resulting in the
worst flooding since the 194 cm high tide of 1966. Rising
sea level and high tide events increasingly expose brick walls
of buildings to water capillary rise and salt crystallisation.
Moreover, monuments in Venice exhibit other typical decay
forms, including black crusts, biological growth, and fouling
in the intertidal zone (Piovesan et al. 2023a, 2024).

Rhodes has a typical Mediterranean climate, with hot,
sunny summers and mild, rainy winters. Average annual
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precipitation is approximately 650 mm, mainly occurring
between November and February, with average temperatures
ranging between 29.2 °C and 11.6 °C. Due to the proximity
to the sea, freezing temperatures in Rhodes are rare. The
primary deterioration mechanisms are linked to marine aero-
sols, which expose stone to salt crystallisation (Stefanis et al.
2009; Apostolopoulou et al. 2019).

Granada is located on the eastern edge of a basin at the
foothills of the Sierra Nevada, at an elevation of approxi-
mately 700 m and 60 km inland. The area has a Mediterra-
nean climate influenced by Atlantic and continental distur-
bance, resulting in dry, sunny, and relatively short summers
and long, mostly cloudy, and humid winters. Average annual
precipitation is approximately 500 mm, occurring between
October and May, with average temperatures ranging from
33 °C to 2 °C. The region experiences about 20-25 frost
days per year and diurnal temperature variations of up to
30 °C, which lead to significant fluctuations in relative
humidity (Arizzi et al. 2012). In this environment, and given
that Granada is one of the most polluted cities in Spain,
freeze—thaw cycles and salt crystallisation, particularly
sulphates and magnesium salts, are the primary cause of
deterioration (Ruiz-Agudo et al. 2011; Kontozova-Deutscha
etal. 2011).

Due to its higher latitude, Tgnsberg experience sig-
nificantly differ climate conditions compared to the other
localities. It has a humid continental climate, with short,
warm summers reaching maximum temperatures of about
20 °C in July and August, and long, cold winters with
minimum temperatures of approximately —5 °C from
December to February. Average annual precipitation
exceeds 1000 mm, and is evenly distributed throughout the
year, with peak frequencies from September to November.
Under these environmental conditions, frost action, inter-
actions with rainwater or snow, and biological growth are
the main threats to heritage buildings.

The vulnerability assessment of stone building materi-
als is closely related to the specific environmental condi-
tions and the petrophysical properties of the stones.

For this study, the selected stones include: six lime-
stones (Botticino stone, Red Verona stone, and Costozza
stone from Italy; Istrian stone from Croatia; Sfouggaria
stone from Rhodes, Greece; Santa Pudia stone from
Spain), one carbonate-dominated sandstone (Lartios stone
from Rhodes, Greece), two white marbles (Carrara marble
from Italy; Macael marble from Spain), two volcanic rocks
(Euganean trachyte from Italy; Tgnsberg latite from Nor-
way), and one intrusive igneous rock (Tgnsbergite from
Norway).

There is ample evidence in the literature regarding the use
of these stones in cultural heritage broadly (Alcalde et al.
1992; Antonelli et al. 2004; Benchiarin 2007; Antonelli and
Lazzarini 2012, 2015; Germinario et al. 2018a, b; Sciarretta

et al. 2018; Renzulli et al. 2019; Taelman et al. 2019; Stamati
et al. 2022; Bernardini et al. 2023; Salvini et al. 2023a) or
more specifically in the mentioned cities (Lazzarini 2012;
Luque et al. 2010; Piovesan et al. 2023a). For instance,
Piovesan et al. (2023a) identified that the Clock Tower
in Venice, a case study selected in the Hyperion project,
was clad with a combination of Istrian stone, Red Verona
stone, and Carrara marble, among others. Numerous studies
also discuss their state of decay and deterioration or their
response to different cleaning or conservation treatments
(Lazzarini et al. 2012; Salvi et al. 2012; Vazquez et al. 2013;
Antonelli et al. 2016; Tesser et al. 2014, 2017, 2018; Tesser
and Antonelli 2018; Gheno et al. 2018; Galanaki et al. 2022;
Salvini et al. 2023a, b; Piovesan et al. 2024; Zaccariello et al.
2024). However, some stones, such as those here considered
from Norway and Rhodes, have not been extensively inves-
tigated in this context. Therefore, this work offers the first
concrete data for the characterization of these lithologies,
with reference to the processes mentioned.

These materials were studied in the laboratory using a
petrographic and physical-mechanical approach, encom-
passing a series of analyses aimed at determining a range of
properties related to material texture, colour, density, poros-
ity, water, vapour and thermal behaviour, strength, deform-
ability and resistance to artificially accelerated weathering
through salt crystallisation and freeze—thaw tests.

The various properties of the materials investigated are
presented and interpreted here to highlight correlations
between differences in material damages and their compo-
sitional and textural properties. This study aims to provide
valuable information on the quality, durability, and suitabil-
ity of each material, offering insights useful for understand-
ing past deterioration and predicting future risks to cultural
heritage assets made of the same (or similar) materials.

2 Materials
2.1 Botticino stone

Botticino stone is an early Jurassic, partially dolomitised
micritic limestone belonging to the Corna Formation
(Table 1). This formation consists of various facies typical
of a subtidal platform, such as mudstone, floatstone, and
wackestone, with fossil assemblages including oncolites,
dasycladacean algae, red algae, and other bioclasts, often
heavily obliterated by intense dolomitization (Schirolli
1997; Di Battistini et al. 2005; Borghi et al. 2015; Masetti
et al. 2017). Quarries are located in the Botticino, Rezzato,
and Mazzano areas (Brescia, northern Italy), primarily con-
centrated in the upper stratigraphic units. These units show
an increase in pelagic and deep-sea facies, represented by
cream-colored and reddish mudstones and wackestones
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Table 1 (continued)

Relevant monuments

Rock type Geological formation Age

Quarry location

Name

Roman towns of Italica (Seville)

Palaeozoic?

Nevado-Filabride Complex

Macael (Almeria, Spain) Marble

Macael marble

and Sagunto (Valencia);

Coérdoba: Madinat al-Zahra

palace-city, Mosque; Almeria:

Alcazaba; Granada: Court of the
Lions, Hall of the Two Sisters

(Alhambra)
Roman millstones, mortars,

Early Oligocene

Venetian Volcanic Province

Trachyte

Euganean trachyte Euganean Hills (Veneto, Italy)

milestones, steles, tombstones,
sarcophagi, paving stones,

flagstones, structural elements
for roads, bridges, aqueducts,
harbours; Middle Ages and

Renaissance architectonic ele-

ments
Tegnsberg: Slottsfjell tower

Late Carboniferous-early

Oslo graben

Tegnsberg (Oslo, Norway) Latite

Tegnsberg latite

Permian

Oslo: Freemasons’ hall

Late Carboniferous-early

Qtz-bearing larvikite (variety of Oslo graben

Tgnsberg (Oslo, Norway)

Tgnsbergite

Permian

syenite)

containing peloids, crinoids, echinoids, and sponge spic-
ules, with cherts, indicating the progressive drowning of
the carbonate platform (Schirolli 2007). The variety com-
mercially known as Botticino Classico Marble is extracted
from an open-air quarry on the south-western side of Mt.
Fratta, in the territory of Botticino. This stone has been used
in Brescia since Roman times, notably in the Temple of Ves-
pasian, the Theatre, the Forum, and the Baths. Later, it was
employed in several buildings in the same city, including the
Church of Santa Maria dei Miracoli, the Palazzo della Log-
gia, and the New Cathedral. At the end of the nineteenth cen-
tury, Botticino Classico gained wider recognition beyond the
Brescia province, largely due to its use in the construction of
the Vittoriano in Rome, commemorating Vittorio Emanuele
II. Since then, the use of Botticino Classico has proliferated
throughout Italy (e.g. Victory Monument in Bolzano, Palace
of the Commercial Italian Bank in Milan) and worldwide
(e.g. some architectonic elements of the White House in
Washington, of the Grand Central Terminal and of the base-
ment of the Statue of Liberty in New York, the Chamber of
Commerce in Osaka, the fagade of the Red Sea Hospital in
Jeddah, and the One International Place in Boston), both as
cladding and as a structural element (Clerici and Meda 2005;
Salvini et al. 2023a).

2.2 Rosso diVerona / Red Verona stone

Rosso di Verona, Red Verona stone, or Red Verona Marble,
is the commercial name for the nodular, ammonite-bearing
limestone from the Rosso Ammonitico Veronese Formation,
a late Bajocian to Thitonian condensed sedimentary suc-
cession deposited on the distal Trento Plateau (Table 1).
Petrographically, it includes mudstone and floatstone with
varied colouring that ranges from red-brown or red—orange
to yellow and white, depending on the concentration of
iron oxides and clay minerals. The biogenic components
include planktonic and benthic foraminifera, radiolarians,
calcispheres, and planktonic bivalves (Albertini 1991; Préat
et al. 2006). This formation has been extensively exploited
in the Venetian Prealps since Roman times and has been
widely used as dimension stone, particularly in northeast-
ern Italy. The Roman amphitheatre “Arena” and the Ponte
Pietra (Stone Bridge) in Verona are almost entirely made of
this stone, as well as several elements of the Roman theatre.
The cathedrals of Bologna, Parma, and Cremona, as well
as the lions located at the entrance of the Basilica of Santa
Maria Maggiore in Bergamo, are just a few examples of the
numerous historical uses of Red Verona stone. In Venice,
many elements of the Ducal Palace and St. Mark’s Basilica,
along with numerous palaces, square pavements, and well
curbs, are made from this stone, often in combination with
white Istrian stone to create ornamental effects. Due to its
historical significance, Rosso di Verona stone has recently

@ Springer
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been proposed for designation as an IUGS Global Heritage
Stone Resource (GHSR) (Primavori 2020).

2.3 Costozza stone

Costozza stone is a light ivory variety of Vicenza stone,
an ornamental stone extracted from the Berici Hills near
Vicenza (north-eastern Italy) (Table 1). Lithostratigraphi-
cally, Vicenza stone represents a specific lithofacies within
the lower Oligocene Castelgomberto Formation, char-
acterised by compact 2— 10 m thick horizons of grain-
stone, floatstone and rudstone with miliolids, red algae,
encrusting foraminifera, and large foraminifera such as
Amphistegina, Operculina, Nummulites and other rotali-
ids (Nebelsick et al. 2005, 2013). The matrix is scarce or
absent, and the bioclasts are cemented by an isopachous
calcite cement, resulting in high porosity. This high poros-
ity contributes to its high softness, which makes Vicenza
stone highly workable, earning it the name Pietra Tenera
(Soft Stone) of Vicenza. Vicenza stone has been quar-
ries from over one hundred underground sites since the
Roman times for statues, headstones, and architectural ele-
ments. Its most iconic use, however, is in the construction
of public palaces, private villas, and churches designed
by architects Andrea Palladio and Vincenzo Scamozzi in
Vicenza and the surrounding territories, all of which are
part of the UNESCO World Heritage Site “City of Vice-
nza and the Palladian Villas of the Veneto”. Additionally,
the Cathedral of Modena and the Ghirlandina, part of the
UNESCO World Heritage Site “Cathedral, Torre Civica
and Piazza Grande, Modena”, and the 78 statues in Prato
della Valle square in Padova are also crafted from Vicenza
Stone (Cornale and Rosano 1994; Braga 2004). For this
reason, Vicenza Stone, like Red Verona stone, has also
been proposed for designation as an IUGS Global Heritage
Stone Resource (GHSR) (Milizia et al. 2022).

2.4 Istrian stone

Istria extends over a wide late Jurassic to Eocene carbon-
ate platform, with a long-standing tradition of stone exploi-
tation, evidenced by thousands of quarries in the region
(Table 1). The highest quality material is represented by a
65 m thick layer of compact fine-grained stylolitic limestone
from the late Tithonian Kirmenjak unit (Durn et al. 2003).
This white to light grey limestone is characterised by low
porosity, conchoidal fracture, and mechanical properties
comparable to marble (Geometrante et al. 2000). The most
important quarries for the Venetian architecture are located
near Vrsar (Orsera) and Rovinj (Lazzarini 2012). While the
use of the Istrian stone dates back to Roman times, it was
not widely exported, with rare examples found in Aquileia.
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Its application in Venice, however, was already established
in the thirteenth century, primarily for statuary. In 1307,
the Venetian Senate decreed that Istrian stone should be the
only stone building material used for Venetian structures
throughout all Venetian territories. Dunda and Kujundzié
(2004) estimated that 80% of the stones used in Venice from
that point onward came from Istria. The considerably low
porosity of the stone (usually significantly below 1%), made
it ideal for foundational use. Continuous courses of Istrian
stone, known as “cadene”, were placed above the average
high tide level to protect brick walls from capillary water
rise (Foraboschi 2017). Istrian stone was also extensively
used for cladding. In Venice (part of the UNESCO World
Heritage Site “Venice and its Lagoon’), many buildings are
entirely clad in this stone, including the Rialto Bridge, the
Bridge of Sights, and the lower and second external galler-
ies, along with the courtyard of the Ducal Palace. The upper
walls of this building feature a two-tone geometric pattern
created by combining Istrian stone and Red Verona stone.
Andrea Palladio, who primarily employed Vicenza stone in
many of his works, opted for Istrian stone for architectural
continuity in his Venetian works in the sixteenth century,
such as the facades for the Basilica of San Pietro di Cas-
tello, of the churches of San Francesco della Vigna, San
Giorgio Maggiore, and Il Redentore. Beyond Venice, Istrian
stone was also used in Thessaloniki (Greece), Dubrovnik
(Croatia), the Euphrasian Basilica in Pore¢ (Croatia), and
the Mausoleum of Theodoric, the Lombardesque structures
of Dante Alighieri’s tomb and the portal of the church of S.
Agata in Ravenna, just to cite a few UNESCO World Herit-
age Sites (Borghi et al. 2015; Lazzarini 2012; Salvini et al.
2023a).

2.5 Sfouggaria stone

Along the eastern coast of Rhodes, Pliocene—Pleistocene
temperate littoral and marine sediments are well-docu-
mented (Table 1). These sediments were deposited in tec-
tonically driven micro-grabens, characterised by a complex
pattern of heteropic facies that reflect numerous transgres-
sive and regressive cycles. The deposits include siliciclas-
tic and bioclastic sediments, as well as terrigenous pelagic
muds and deep-sea carbonates. Stratigraphically, they are
formalised into four formations: the Pliocene Cape Vigli
Formation, composed of highly fossiliferous sandy to silty
mudstones containing a diverse mollusc assemblage, includ-
ing Pinna nobilis, Megaxinus ellipticus, and Persististrom-
bus coronatus; the early Pleistocene Kritika Formation,
composed primarily of siliciclastic deposits; the Rhodes
Formation, which records a complete major Pliocene—Pleis-
tocene transgressive—regressive cycle with marine deposits;
and the Lindos Acropolis Formation, which unconformably
overlies the Rhodes Formation and contains conglomeratic
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facies with pebbles and boulders of the Rhodes Formation
and basement clasts. These formations are further subdi-
vided into facies groups. Biocalcarenites (grainstone, rud-
stone and floatstone) from the Rhodes Formation belong
to the Cape Arkhangelos Calcarenite (Hanken et al. 1996;
Hansen 1999; Titschack et al. 2005; Lekkas et al. 2007; Sch-
neider et al. 2023). This calcarenite has been extensively
exploited since antiquity, with numerous ancient quarries
visible along the coast from Rhodes to Lindos. It has served
as the primary building material for the city of Rhodes (a
UNESCO World Heritage Site) since its foundation in 408
BCE, continuing through the end of the Turkish Empire. In
the Middle Age, the Byzantine period, and the following
period of the knights, material derived from the spoliation
of ancient structures, the creation and deepening of the moat,
and the numerous quarries along the northeastern coast. This
calcarenite was used for the construction of fortifications and
buildings, as well as for the extensive restauration and recon-
struction during the Italian occupancy of the fascist regime
period (Kollias 1989). The most prominent ancient quarries
are located in the Stegna area, from where the Sfouggaria
limestone sample for this study was obtained. Apostolopou-
lou et al. (2019) characterised samples from the same quarry
in their study on the restoration project of the Apollo Pythios
Temple, determining the petrographic, mineralogical, chem-
ical, microstructural, hygric, mechanical and aesthetic prop-
erties of this calcarenite. Moropoulou et al. (2000) found a
significant correlation between the weathering index of bioc-
alcarenites from various Mediterranean localities, including
the stone used in Rhodes, and the sea-salt crystallisation
pressure, calculated using a probabilistic thermodynamic
approach on total porosity and pore-size distribution. Addi-
tionally, Galanaki et al. (2022) conducted accelerated ageing
tests using sodium chloride solution on the same stone type
to investigate its durability against salt crystallization.

2.6 Lartios stone

Lartios stone, or lithos lartios, is a grey-blue carbonate
stone characteristic of Rhodes, historically quarried near
the village of Lartos (modern-day Lardos, in the municipal-
ity of Lindos) primarily for local use (Papavassiliou et al.
2020). The quarrying sites around Lardos are all located in
the lower Oligocene sequences of the Kattavia Flysch, with
weakly metamorphosed terms belonging to the Kalathos
Member, spatially restricted to the region west of Lindos
(Mutti et al. 1970) (Table 1). In the Lardos area and imme-
diately to the west in the Mt. Horti area, grey limestones
alternate with lithic turbiditic sandstones and sandy num-
mulitic detrital limestones (Mutti et al. 1970).

In antiquity, Lartios stone was used for various purposes,
including a Hellenistic road in the city of Rhodes paved with
this stone (Archibald 2013). It also served for sculpturing

portrait statues for funerary and honorific purposes during
the Hellenistic period, along with marble (Bairami 2017).
Artefacts such as pedestals, altars, and decorative mould-
ings crafted from Lartios stone have been found at the Lin-
dos Acropolis and in the city of Rhodes dating back to the
Classical and Hellenistic periods (Bruno et al. 2015). The
Late Hellenistic-Roman altar of the Theon Panton sanctu-
ary in Rhodes has foundation and the euthynteria elements
made of large blocks of this stone, exhibiting finely chisel-
drafted margins at the facing surface (Bairami 2023). In
the Hellenistic temple at Kymissala Acropolis (3rd—second
century BCE), Lartios stone was also used as dimension
stone, though sourced from quarries at the nearby Marma-
rounia hill instead of Lardos (Stamati et al. 2022). Three
main quarrying areas for Lartios stone have been identified
based on ancient tool marks and abandoned semi-finished
pieces: near Lardos, at Kymissala, and at Lyros, north of
Kymissala. These sites exhibit slight variations in texture
and colour. Maniatis et al. (2015) distinguished these quar-
rying districts through textural analysis, EPR spectroscopy,
and stable isotope analysis. Documented exports of Lartios
stone are rare, with only two known cases: an inscribed stele
found on Karpathos and the ship bow base for the Nike of
Samothrace (Maniatis et al. 2012; Bruno et al. 2015).

2.7 Santa Pudia stone

Santa Pudia stone is a white to yellow, porous limestone
that is relatively soft and quarried from the Cortijo de Santa
Pudia zone in Escuzar, located about 30 km southwest of
Granada (Andalusia, Spain). It consists of Tortonian tem-
perate-water carbonates that were deposited within the intra-
montane Granada Basin, formed during the late extensional
phase of the Betic Cordillera orogeny (Corbi et al. 2012;
Lopez-Quirds et al. 2016) (Table 1). Historically, Santa
Pudia stone has been extensively used in Granada iconic
architecture, such as the Cathedral, the Royal Hospital, the
Palace of Carlos V, the Royal Chapel and the San Jerénimo
Monastery. It has also been employed in the restoration
projects for the Mosque of Cérdoba and the Cinco Llagas
Hospital in Seville.

Owing to its historical significance as a building material,
the stone has been the subject of numerous studies address-
ing its petrographic and physical characteristics (Molina
et al. 2011, 2013), mechanical properties (Rodriguez-Nav-
arro 1994), and creep behaviour (Gil-Martin et al. 2023).
Research has also focussed on the influence of pore system
and clay content on durability (Molina et al. 2011, 2013), as
well as the susceptibility of Santa Pudia stone to pollution
and salt crystallization. Additionally, the distinctive dete-
rioration patterns observed on monuments constructed from
this stone have been documented, describing the specific
visual and physical manifestations of weathering (Alcalde
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et al. 1992; Rodriguez-Navarro 1994; Rodriguez-Navarro
and Sebastian 1996; de Jong van Coevorden et al. 2012;
Ruiz-Agudo et al. 2024). Further studies have evaluated the
effectiveness of various treatments aimed at enhancing the
stone durability (Cultrone et al. 2007; Luque et al. 2008;
Molina et al. 2011, 2013; Vazquez et al. 2013) and the
impact of surface finishing on its deterioration rate (Molina
et al. 2020). Jalén et al. (2020) proposed a comprehensive
degradation model for Santa Pudia stone, further contribut-
ing to the understanding of its long-term performance in
historical architecture.

2.8 Carrara marble

Carrara marble is one of the world’s most renowned stones,
prised for its quality and historical significance. Its extraction
dates back to pre-Roman times from the Apuan Alps (north-
western Tuscany, Italy). The marble originates form thick
Mesozoic carbonate sequences of the Tuscan Nappe, which
underwent low-grade metamorphism during the Eocene-
early Miocene continental collision between Europe (Sar-
dinia/Corsica) and Adria plates (Molli et al. 2000) (Table 1).
This marble has been extensively used since pre-Roman
times (Antonelli and Lazzarini 2013), serving as a preferred
material for sculptures and architecture during the Roman
period (Antonelli and Lazzarini 2015), and the Renaissance
(Berto et al. 2012). Numerous globally significant heritage
monuments utilise Carrara marble, including the Pantheon,
Trajan’s and Marcus Aurelius’ Columns, Michelangelo’s
Pieta in Rome, and Michelangelo’s David (and other his
sculptural masterpieces) in Florence, as well as the Cathe-
drals of Massa and Carrara, and the Ducal Palace of Massa.
In Florence, the Cathedral, the Baptistery, and the Giotto’s
Bell Tower prominently use Carrara marble alongside other
coloured stones. The marble popularity continued over the
centuries, with artists like Donatello, Jacopo della Quercia,
Bernini, Canova, and Rodin, crafting iconic works from it.
In modern times, prestigious landmarks such as the Marble
Arch in London (1827), Harvard Medical School in Bos-
ton (1906), the episcopal throne in the Cathedral of Manila
(The Philippines) (1958), the Finland Hall in Helsinki (Fin-
land) (1971), the Opera House in Oslo (Norway) (2007), the
Sheikh Zayed Grand Mosque in Abu Dhabi (2007), the Prem
Mandir Hindu Temple in Vrindavan (India) (2012), have all
incorporated Carrara marble. The stone varieties range from
the classical White Carrara marble, an ivory white fine- to
medium-grained homogeneous calcitic marble, to versions
with spotty, brecciated, or veined patterns. These different
types are currently quarried at an annual rate of 1.5 million
tonnes (Primavori 2015; Salvini et al. 2023a). Acknowledg-
ing its cultural significance, Carrara marble was designated
as an IUGS Heritage Stone in 2017 by the Subcommission
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on Heritage Stones of the International Commission on
Geoheritage.

2.9 Macael marble

Like Carrara marble, Macael marble was also designated
as an IUGS Heritage Stone in 2019 due to its cultural sig-
nificance. It is a coarse-grained, purely calcitic white mar-
ble, with some varieties also containing micas, quartz, and
opaque minerals, which create grey banding. Named after
the town of Macael (Almeria, Spain), it has been continu-
ously quarried since Neolithic times, including during the
Phoenician, Roman, Muslim, and Renaissance periods. Dur-
ing the Roman Empire White Macael marble was use for
headstones, statues, inscriptions, and architectural elements
in Roman cities such as Itélica (Seville) and Sagunto (Valen-
cia). Under the Muslim rule in the Middle Ages, Macael
marble adorned many monumental structures, including
the facades, capitals, baths, and columns of the Madinat
al-Zahra palace-city and the Mosque-Cathedral of Cérdoba
(both UNESCO World Heritage Sites), as well as the Alca-
zaba in Almeria, and the iconic Court of the Lions and the
Hall of the Two Sisters in the Alhambra (UNESCO World
Heritage Site) in Granada (Bello et al. 1992; Navarro et al.
2019). Geologically, Macael marble, along with associated
schists, is part of the Nevado-Filadbride Complex, the deepest
tectonic complex of the Internal Zone of the Betic Cordillera
(Table 1). This complex underwent high-pressure eclogite
facies metamorphism followed by decompression into green-
schist facies conditions during the early Miocene (Platt et al.
2006). U-Pb SHRIMP dating on orthogneiss that intruded
the entire lithological sequence, identified as Late Variscan,
suggests that the metasedimentary sequences of the Nevado-
Filabride Complex dates back to the Palaeozoic or earlier
(GOmez-Pugnaire et al. 2012).

2.10 Euganean trachyte

Euganean trachyte, an early Oligocene subvolcanic porphy-
ritic rock from the Euganean Hills in northeastern Italy, has
a long history of exploitation dating back to the Neolithic
period (Bianchin Citton and De Vecchi 2009) (Table 1). It
was used by pre-Roman cultures, including the Venetic and
Etruscan civilizations, and later by the Romans for various
purposes such as millstones, mortars, cippi (milestones),
steles, tombstones, sarcophagi, and paving materials like
paving stones and flagstones, as well as structural elements
for roads, bridges, aqueducts, and harbours (Renzulli et al.
1999; Capedri et al. 2000, 2003; Capedri and Venturelli
2003; Antonelli et al. 2004; Antonelli and Lazzarini 2012;
Maritan et al. 2013; Germinario et al. 2018a, b; Bernardini
et al. 2023). Its use continued extensively during the Middle
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Ages and Renaissance in the architecture of churches, mon-
asteries public buildings, gates, and city walls. More than a
hundred quarries have been identified in the Euganean Hills
(Calvino 1966), with the stones often exhibiting similar
characteristics that complicate provenance identification. To
address this, researchers have proposed specific geochemi-
cal, petrographic, and textural criteria to help determine
the source quarry of archaeological samples (Capedri et al.
2000; Germinario et al. 2018a, b). The petrophysical and
mechanical properties of the main varieties of Euganean
trachyte, and the implications on decay under salt crystal-
lisation and hydrolytic attack, have been discussed by Ger-
minario et al. (2017a) and Lazzarini et al. (2008), respec-
tively, while Germinario et al. (2017b) explored the impact
of pollution on trachyte deterioration in urban environments.

2.11 Tonsberg latite and tensbergite

Two igneous rocks were selected from the Tgnsberg area in
Norway, one of the pilot sites of the Hyperion Project. Spe-
cifically, the study considered a reddish-pink latite contain-
ing large, typically rhomb-shaped anorthoclase phenocrysts,
and a tgnsbergite, a red, quartz-bearing variety of larvikite,
which is classified as a type of syenite or monzonite con-
taining rhomb-shaped ternary feldspars, Ti-augite, kaersu-
tite, and biotite (Schou-Jensen & Neumann 1988; Andersen
et al. 2008; Heldal et al. 2015). These rocks formed in the
late Carboniferous during the main rifting stage of the Car-
boniferous—Permian Oslo Graben (Neumann et al. 2004),
which cuts through the Precambrian Fennoscandian Shield
(Table 1). This period saw significant magmatic activity,
including the eruption of “rhomb porphyry” (trachyandesite,
latite) and the intrusion of the largely monzonitic Larvik
composite pluton. Both rock types have been extensively
used in architecture, with notable examples including the
Slottsfjell tower in Tgnsberg (Shabani et al. 2022) and the
main lodge building of the Norwegian Order of Freemasons
in Oslo (Andersen et al. 2008).

3 Methods

The selected stone materials were studied by a comprehen-
sive petrographic and physical-mechanical characterization,
as detailed below. The following description outlines the
methods applied, and for the technical tests, also specifies
the number of specimens tested for each stone variety.

The petrographic and textural characteristics were exam-
ined under a Leitz LABORLUX 12 POL S polarised-light
optical microscope equipped with a Leica MC170 HD
digital camera. Samples were prepared as 30 pm-thick thin
sections. Texture evaluation was further supported by digi-
tal image analysis (DIA). A scan of each thin section was

performed in both plane-polarised and cross-polarised light,
using a Canon Scan SS4000US scanner equipped with a
system of two rotatable polarisers, allowing the acquisition
of both types of images (similar to an optical microscope).
The image obtained were 5888 X 4000 pixels in size
with a resolution of 4000 pixels per inch. DIA was then
performed to obtain areal and geometric information on
the different portions of the stone (e.g. porosity, micritic or
sparitic areas, and crystal size in crystalline materials). For
this purpose, the free software ImageJ] 1.44i (1J) (National
275 Institute of Health, USA) was used. The segmentation
procedure followed these steps (Piovesan et al. 2023a):

— conversion of photomicrographs to 8-bit images, chang-
ing from RGB colour to greyscale (256 grey channels);

— brightness and contrast adjustments to enhance the por-
tions to be segmented;

— manual segmentation to create a binary image for the
various texture types;

— for crystalline marbles, manual recognition (tracing) of
each crystal to obtain precise data on crystal dimensions;

— quantification of the different textural components in
terms of area percentage and measurement of the geo-
metric parameters of the crystals (i.e., max and min Feret
diameters as crystal dimensions).

Mineralogical analyses were further supported by
X-Ray powder diffraction (XRPD) performed on samples
prepared as fine powder using a hand mortar. XRPD was
conducted using a Panalytical Empyrean diffractometer in
Bragg—Brentano reflection geometry, with CuKa radiation
(operating at 40 kV and 40 mA) and an X’Celerator detec-
tor. Qualitative analysis of diffraction data was carried out
with X'Pert HighScore Plus® software (PANalytical) and
the PDF-2 database. The reference intensity ratio (RIR)
method was used to semi-quantify the phases identified in
the multiphase XRPD patterns.

Open porosity, pore-size distribution, bulk density, and
matrix density were measured by MIP using a Thermo
Scientific Pascal 140-240 porosimeter, covering a pore
radius range of 0.003—100 um, on samples with a vol-
ume of about 1.5 cm?>. For each rock type three samples
were measured. The value reported as result is the aver-
age by these three MIP measurements. The capillarity
water absorption coefficient and unforced/forced water
absorption were determined according to the standards
EN 15801:2010 and UNI EN 1925 (2000), respectively,
using cubic samples with 50 mm edges (three samples per
stone type).

Hygroscopic water adsorption and desorption were
measured on three 5-cm cubic samples according to the
EN ISO 12571 (2000) standard. The specimens were oven-
dried and then placed in an environmental chamber at
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Botticino

Carrara marble

Costozza stone

Euganean trachyte

Istrian stone

Lartios stone

Macael marble

Red Verona

Santa Pudia

Sfouggaria

Toensberg latite

1 mm

Fig. 1 Cubic specimen of the stones and their relative photomicrographs of representative thin sections observed under crossed polarized light

23 °C with relative humidity (RH) increasing in steps of
30-50-70-75-80-85-90-95%, and then decreasing in the
same sequence. The samples mass was recorded at each step
after equilibration at constant RH.

Water vapour diffusion was tested on three disk-shaped
samples (6-cm diameter, 1-cm thickness) according to the
EN ISO 12572 (2001) standard. The specimens were oven-
dried and placed in an environmental chamber at 23 °C
and 50% RH, using the wet-cup test with distilled water,

@ Springer

producing a vapour flow through the specimen from the
inside of the sample holder (100% RH) to the outside (50%
RH).

Thermal conductivity, heat capacity, and thermal diffusiv-
ity were measured with a portable Applied Precision Isomet
2114 device, following the transient line source method
(Kusnerova et al. 2013) with an accuracy of about 5% for
thermal conductivity.
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Table 2 Semi-quantitative

Dol Qz Pl K-Fs Ano Bt Chl WM Cpx Amp

X o Minerals Cal MgCal

mineral composition Lithology
Botticino XXX
Carrara marble XXX
Costozza stone XXX
Euganean trachyte
Istrian stone XXX
Lartios stone XX
Macael marble Xxx F¥
Red Verona XXX
Santa Pudia XXX
Sfouggaria XXX
Tgnsberg latite

Tgnsbergite

XX

X XX X XX wE X X
XX X X
X

sk
sk
X

XXX X ok ek

XX X ok ok

Mineral abbreviations after (Warr 2021)

Amp Amphibole, Ano Anorthoclase, Bt Biotite, Cal Calcite, Chl Chlorite, Cpx Clinopyroxene, Dol Dolo-
mite, Kfs K-feldspar, Qz Quartz, P/ Plagioclase

Additions: WM white mica, and MgCal Magnesium rich calcite

xxx = very abundant, xx =abundant, x =medium, ** =scarce

The compressive strength, tangent Young’s modulus,
and tangent Poisson’s ratio were determined through uni-
axial compressive strength (UCS) tests following ASTM
D7012-14 (2017), conducted on cylindrical specimens with
a diameter of 37 mm and a length of 75 mm. A stress rate
of 1 MPa/s was applied, with strains recorded using Tokyo
Measuring Instruments Lab strain gauges (three 30 mm axial
sensors and one 90 mm transverse sensor per specimen).

Ultrasound wave propagation was measured using an
EPOCH650® Ultrasonic Flaw Detector (Olympus) with
the direct transmission method (EN 14579:2004 standard).
P-wave and s-wave velocities were recorded along three
orthogonal axes for each specimen, using 1 MHz transduc-
ers over a circular contact surface of 3 cm in diameter. A
viscoelastic ultrasound eco-gel was used for proper coupling
between the transducers and the stone surfaces. Poisson’s
coefficient (v), and Young’s modulus (E), shear modulus
(G), and bulk modulus (K) were calculated from P-wave and
S-wave velocities (Guydader and Denis 1986) using the bulk
density values obtained from MIP.

Durability under accelerated ageing conditions was evalu-
ated through cyclic salt crystallization and freeze—thaw tests
on three 5-cm cubic samples. Resistance to salt crystalliza-
tion was assessed following the EN 12370 (1999) standard
through 100 ageing cycles, each consisting of 2 h of total
immersion in a 14% Na,SO, aqueous solution, 16 h of dry-
ing at 105 °C, and 2 h of cooling. Resistance to freeze—thaw
cycles was assessed following the EN 12371 (2001) stand-
ard, with 100 cycles consisting of freezing in air (—20 °C
for 6 h) and thawing in water (6 h at room temperature).

Throughout both tests, changes in sample mass, P-wave and
S-wave velocities, and state of conservation were monitored.

4 Results
4.1 Petrographic and textural description

Botticino stone is a compact micritic limestone (Fig. 1)
consisting of very fine-grained calcite crystals (<4 pm)
and abundant sparry dolomite crystals, mainly clustered in
iso-oriented veins. XRPD analysis confirms the predomi-
nance of calcite, with dolomite present in minor quantities
(Table 2). The stone features frequent stylolites along which
small amounts of clay minerals and iron hydroxides are pre-
sent. The rock primarily comprises a micritic matrix, locally
with sparitic calcite cement. Allochemical components con-
sist exclusively of globigerinoides. The stone can be classi-
fied as micrite according to Folk (1962), or as a mudstone
according to Dunham (1962).

Carrara marble is a pure fine-grained calcitic marble
with a maximum grain size (MGS) of 0.66 mm (Table 3). It
exhibits a predominantly homeoblastic mosaic microstruc-
ture (Fig. 1), composed of calcite crystals with straight and
curved boundary shapes, rarely forming triple junctions at
120°. The only accessory minerals observed are rare parti-
cles of carbonaceous matter and opaque minerals. XRPD
analysis revealed a partially dolomitic composition with
traces of quartz (Table 2).
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Costozza stone is a fossiliferous carbonate rock with a
grain-supported texture, poorly cemented by sparitic calcite,
containing subordinate micritic mud (Fig. 1). Allochems
include articulated coralline algae, benthic foraminifera
(mainly Miliolids and Nummulites), bryozoans, echino-
derms, and molluscs. The primarily calcitic composition
is enriched with iron hydroxides of a limonitic-goethitic
nature, giving the stone its characteristic yellowish col-
our. XRPD analysis confirmed the presence of calcite only
(Table 2). The stone can be classified as packed biosparite
according to Folk (1962), and as packstone to grainstone rich
in iron hydroxides according to Dunham (1962).

Euganean trachyte displays a holocrystalline, glom-
eroporphyritic, pilotaxitic texture (Fig. 1) with a micro-
crystalline groundmass, mainly composed of lath-shaped
anorthoclase, sanidine, and plagioclase microlites, which
are often interwoven in irregular unoriented fashion. Phe-
nocrysts constitute approximately 40% of the rock and are
represented by plagioclase, anorthoclase, sanidine, biotite,
brown amphibole, pyroxene, and opaque minerals. Glom-
eroporphyritic aggregates are rare and comprise millimet-
ric plagioclase crystals up to 6 mm in size (Table 3). The
complete mineralogical composition, confirmed by XRPD
data (Table 2), includes plagioclase, anorthoclase, K-feld-
spar (sanidine), biotite, clinopyroxene (augite), amphibole
(kaersutite), and quartz as essential minerals, with apatite,

zircon, magnetite, opaque minerals, and rutile as accessory
minerals.

Istrian stone is a compact sedimentary rock composed
almost entirely of a micritic matrix (Fig. 1) consisting of
very fine-grained calcite crystals (<4 pm) (Table 3). The
texture frequently exhibits iso-oriented veins and small
nuclei or irregular cavities (fenestrae) filled with second-
ary sparry calcite. Stylolites and sedimentary joints are
common, often with small deposits of clay minerals and
iron oxides and hydroxides (hematite, limonite) along
them, coloured red or yellow-ochre. Allochemical compo-
nents are extremely rare, consisting exclusively of bivalves
or featureless fossil fragments. XRPD analysis confirmed
the presence of calcite only (Table 2). The stone can be
classified as micrite according to Folk (1962) and as mud-
stone according to Dunham (1962).

Lartios stone is a carbonate-dominated sandstone
composed mainly of bioclasts (i.e., Miliolids, articulated
coralline algae, echinoderms, peloids), along with grains
of quartz, feldspar, chlorite, effusive magmatic rocks
(basic, hyalocrystalline), and metamorphic rocks (gneiss,
chlorite-bearing schist), bound by sparitic calcite cement
(Fig. 1). The stone can be classified as a hybrid arenite
(Zuffa 1980), containing both carbonate and siliciclastic
intrabasinal clasts.

Macael marble is a medium-grained calcitic marble
with a maximum grain size (MGS) of 1.57 mm. The grain

Table 4 Summary of the physical-mechanical properties measured by MIP, hydric tests (capillary sorption), hygroscopic adsorption test, water

vapor test and thermal analysis

Open poros-  Bulk density Matrix den-  Capillary Max Water vapor ~ Thermal Heat capac- Thermal dif-
ity by MIP by MIP (g/ sity by MIP  sorption hygro-  resistance conductivity ity (MJ/ fusivity (x 107®
(vol%) cm’) (g/cm3) (W) scopic factor (W/mK) m>-K) m?/s)
(g/ adsorp-
m>s%)  tion
(wWt%)
Botticino 0.29 2.74 2.75 0.23 0.13 266.32 2.52 1.83 1.38
Carrara 0.46 2.71 2.72 0.27 0.02 222.82 3.05 2.14 1.42
marble
Costozza 28.60 1.97 2.75 10.71 0.27 13.97 1.30 1.67 0.78
stone
Euganean 7.66 2.45 2.65 1.64 0.95 69.43 1.54 1.81 0.85
trachyte
Istrian stone 0.09 2.71 2.71 0.33 0.06 168.45 297 1.99 1.49
Lartios stone  1.06 2.67 2.70 12.41 0.64 104.46 2.97 2.02 1.46
Macael 0.41 2.72 2.73 0.18 0.04 123.64 2.45 1.78 1.37
marble
Red Verona 0.08 2.69 2.69 0.42 0.25 85.40 2.82 1.99 1.42
Santa Pudia  19.65 221 2.75 16.50 0.24 19.01 1.51 1.73 0.87
Sfouggaria 17.04 2.25 2.71 15.26 0.36 20.90 1.26 1.62 0.78
Tgnsberg 0.82 2.65 2.67 0.86 0.55 142.40 1.93 1.84 1.05
latite
Tgnsbergite 0.43 2.72 2.73 0.58 0.27 144.25 1.76 1.71 1.03
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Table 5 Uniaxial Compressive strength (UCS): compressive strength
(o, MPa), tangent Young’s modulus (E, GPa), and Poisson’s ratio (v)
with standard deviations in parentheses. Ultrasound test (UT): p-wave
velocity (Vp, km/s), s-wave velocity (v, km/s), total and relative ani-

sotropy of ultrasound velocity (AM and Am), together with the indi-
rect measures of bulk modulus (K, GPa), shear modulus (G, GPa),
Young’s modulus (E, GPa), and Poisson’s ratio (v)

Uniaxial Compressive strength (UCS) Ultrasound test (UT)

o (MPa) StD.(c) E(GPa) StD.(E) v St.D.(v) p-wave s-wave AM Am K G E 1%
Botticino stone 140.75  (x16.54) 77.21 (+3.13) 030 (+0.01) 6.63 3.16 1 1 81.11 27.72 74.65 0.35
Carrara marble 129.15  (=13.1) 70.15 (+=4.19) 030 (+0.02) 5.58 2.89 5 4 54.68 2298 6048 0.32
Costozza stone 2227 (x8.76) 16.27 (=295) 025 (x0.08) 3.32 1.83 6 4 1530 7.80 20.00 0.28
Euganean trachyte 130.86  (+5.83) 33.27 (=1.03) 029 (x0.02) 4.37 2.38 2 2 28.56 14.06 36.23 0.29
Istrian stone 106.89  (+43.56) 69.74 (+4.4) 0.35 (+0.08) 642 3.06 1 1 7873 25.75 69.66 0.35
Lartios stone 8236  (£37.58) 34.25 (£12.66) 0.19 (+0.05) 4.98 2.82 12 8 38.20 21.59 54.50 0.26
Macael marble 76.74 (x6.74) 49.09 (=6.38) 025 (x0.1) 447 2.40 22 1 33.84 15.86 41.16 0.30
Red Verona 11522 (x22.31) 67.02 (=1.71) 034 (+0.08) 6.29 3.00 4 3 75.16 2459 66.51 0.35
Santa Pudia 9.51 (x347) 13.12 (+3.17) 026 (+0.13) 3.35 1.75 8 4 16.64 7.17 18.80 0.31
Sfouggaria 1346 (x8.94) 17.09 (x697) 026 (x0.07) 3.72 2.04 2 2 18.89 943 2426 0.29
Tgnsberg latite 14095  (=15.67) 59.09 (x242) 027 (x0.03) 5.57 2.82 5 2 28.56 14.06 36.23 0.29
Tgnsbergite 117.86  (£8.56) 59.79 (+3.58) 034 (+0.07) 5.03 2.72 2 1 42.53 20.45 52.87 0.29

boundary shapes (GBS) are predominantly curved, with
some straight, in a mainly heteroblastic polygonal mosaic
microstructure of calcite crystals forming 120° triple junc-
tions (Fig. 1). Accessory minerals observed include white
mica, quartz, epidote, and opaque minerals. XRPD analy-
sis identified predominant calcite with minor white mica
and traces of magnesium-rich calcite (Table 2).

Red Verona stone is a nodular limestone containing
abundant bioclasts within a micritic matrix and rare sparitic
cement (Fig. 1). The allochemical constituents include
ammonites (macroscopic), fragments of pelagic bivalves,
planktonic micro-foraminifera, and echinoderms. In addition
to the predominant calcite, there are also opaque minerals
(hematite), which are responsible for the stone's pinkish col-
our. XRPD analysis revealed predominant calcite with traces
of quartz (Table 2). The stone can be classified as biomic-
rite with clay levels and a nodular texture according to Folk
(1962), and as mudstone with a nodular texture according
to Dunham (1962).

Santa Pudia stone is a fossiliferous sedimentary rock con-
sisting of micritic calcite and limited sparitic intragranular
cement. Allochems mainly comprise bioclasts (bryozoans,
articulated coralline algae, echinoderms, and molluscs), with
secondary intraclasts (Fig. 1). The cement occurs as infilling
of fossil voids and shell replacement. Calcite is the princi-
pal mineral, with iron oxides and hydroxides of a limonitic-
hematitic nature, giving the stone a yellowish-pale colour.
XRPD also identified traces of quartz (Table 2). It can be
classified as packed biomicrite according to Folk (1962) and
as packstone according to Dunham (1962).

Sfouggaria stone is a fossiliferous limestone consisting
mainly of calcareous algae scattered in sparitic cement, with
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micrite limited to bioclasts (Fig. 1). Main allochemical con-
stituents include articulated coralline algae, large benthic
foraminifera, bryozoans, echinoderms, and intraclasts. The
principal mineral component is calcite, with widespread iron
hydroxides-oxides of a limonitic-hematitic nature giving the
stone its characteristic pale yellow colour. Chert and glau-
conite grains are also present as syngenetic minerals. XRPD
revealed traces of quartz (Table 2). The stone can be classi-
fied as biosparite rich in iron oxides and hydroxides accord-
ing to Folk (1962), and as grainstone rich in iron oxides and
hydroxides according to Dunham (1962).

Tynsberg latite has an aphanitic, hypocrystalline, inequi-
granular, hiatal texture (Fig. 1). Essential minerals include
K-feldspar (orthoclase), plagioclase (oligoclase), clinopy-
roxene, biotite, and quartz, present in the partially glassy
groundmass and as phenocrysts, which make up approxi-
mately 50% of the rock (Fig. 1). This mineralogical compo-
sition was confirmed by XRPD analysis (Table 2). The larg-
est phenocrysts are feldspars up to 30 mm in size (Table 3).
The rock also contains hematite, opaque minerals, apatite,
and calcite as accessory minerals, with kaolinite and sericite
as secondary minerals. The stone can be classified as latite
(Le Maitre et al. 2005).

Tonsbergite is characterised by a phanerocrystalline,
coarse-grained, holocrystalline, equigranular, hypidiomor-
phic structure, featuring numerous myrmekites and perthites.
The mineralogical composition includes essential minerals
such as plagioclase (oligoclase), K-feldspar (orthoclase),
biotite, and clinopyroxene, with opaque minerals, hema-
tite, apatite, and calcite as accessory minerals, and kaolinite
and sericite as secondary minerals (Fig. 1). XRPD analysis
confirmed the abundance of the primary minerals (Table 2).
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Fig. 2 Porosimetric curves (pore radius measured between 0.001 and 100 pm) of four representative samples with different pore distribution: a
Carrara marble; b Euganean trachyte; ¢ Costozza stone; d Santa Pudia stone

The stone can be classified as a monzonite (Le Maitre et al.
2005).

4.2 Texture

Based on the thin-section petrographic study combined with
digital image analysis (DIA), which provided more precise
data on grain size and the areal distribution of the different
textures present, the different rock types were grouped into
five texture classes. These classes are described and defined
in Table 3.

4.3 Physical-mechanical properties

The dataset of the physical properties tested is presented
in Tables 4 and 5, with graphical representations in Figs. 2
and 3. Three main groups can be identified by MIP. The
first includes most of the studied materials, both carbon-
ate and silicate rocks, which are dense (2.6-2.7 g/cm3) and
have an open porosity (¢,) below approximately 1%. This
group comprises Botticino stone (¢, =0.29%), Carrara mar-
ble (¢,=0.46%), Istrian stone (¢p,=0.09%), Macael mar-
ble (¢,=0.41%), Red Verona stone (¢p,=0.08%), Tensberg
latite (¢, =0.82%), and Tgnsbergite (¢p,=0.43%) (Table 4).
The second group consists of three limestones — Costozza
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Fig.3 Curves of hygroscopic 1.0
water adsorption measured in
the range 30-95% RH
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stone, Sfouggaria stone, and Santa Pudia stone — with bulk
density below 2.3 g/cm® and high porosity, ranging from
17% (Sfouggaria stone) to 29% (Costozza stone) on average
(Table 3). The Euganean trachyte represents an intermediate
case, with a bulk density of around 2.4 g/cm® and an open
porosity of 7-8%.

The pore size distribution varies among the samples, con-
sistent with differences in pore abundance. The first group,
represented by Carrara marble (see Fig. 2), predominantly
features small pores (mainly around 0.1 pm). In contrast, the
second group, including Costozza and Santa Pudia stones
(Fig. 2, bottom), exhibits a broader range of pore sizes,
typically between 0.1 and 10-50 um. The trachyte sample
occupies an intermediate position, with a significant pro-
portion of pores ranging from 0.1 to 1 um, although less
abundant than in the second group. Additionally, trachyte
features a high number of very small pores, with diameters
below 0.01 um (Fig. 2). For most samples, matrix density
values are close to the bulk density, except in highly porous
rocks, which show matrix density higher by 0.5-0.7 g/cm?
(e.g., Costozza stone has a bulk density of 1.97 g/cm® and a
matrix density of 2.75 g/cm3) (Table 4).

Hydric tests (capillary sorption) confirmed MIP results,
correlating with the measured open porosity (Table 4).
While the amount of absorbed water depends on the total
volumetric porosity, water movement within the material is
facilitated when most of the porosity falls within the capil-
larity size range (0.1 to 1000 pm in diameter, Klopfer 1985).
The abundance of capillary pores in Costozza, Lartios, Santa
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Pudia, and Sfouggaria stones enhances their water absorp-
tion, with capillary sorption values exceeding 10 g/m?-s*
(Table 4). The Euganean trachyte has an intermediate value
(1.64 g/m?-s*3), while all other stones exhibit capillary sorp-
tion values below 1 g/m?:s%>.

Regarding water vapour interaction and response to RH
variations, there is a weak negative correlation between the
maximum water vapour adsorption in high humidity and
resistance to water vapour transmission. Stones with the
high vapour resistance factors (over 100) (Table 4), such as
Botticino stone, Carrara marble, Lartios stone, and Macael
marble, exhibit low hygroscopic adsorption (0.1% or less
mass increase at 95% RH). However, other correlations are
scarce. The most porous stones (Costozza, Sfouggaria, and
Santa Pudia) have low vapour resistance factors (around 20
or less) (Table 4). The mass changes due to water vapour
adsorption are less predictable, as shown in Fig. 3. The
Euganean trachyte records the highest mass increase at 95%
RH, approximately 1% (Table 4), while for most stones
(regardless of density or porosity), it is below 0.3%. This
behaviour is linked to the larger fraction of micropores found
in the Euganean trachyte samples here analysed. The curves
knee indicates the critical stage when adsorption acceler-
ates, usually at 70% or 90% RH, depending on the rock
type. Before these humidity levels, the adsorption process
is almost linear (Fig. 3). For instance, Tgnsberg latite shows
nearly double the water vapour adsorption from 70 to 75%
RH, while Santa Pudia stone mass increase from 90 to 95%
RH nearly triples (Fig. 3).



Rendiconti Lincei. Scienze Fisiche e Naturali

——Botticino =Carrara marble =——(ostozza stone

110
Macael marble

Red Verona ——Santa Pudia

—t

= Sfouggaria

105

=——Eugancan trachyte

100

Mass (%)

40 50 G0 70

100

0 10 20 30 80 90 100

P-wave velocity (km/s)

0 10 20 30

40 50 60 70 80 90
Salt crystallization cycle

Fig.4 Changes of mass and p-wave velocity measured on three sam-
ples for each rock type during the artificial accelerated ageing tests
(the colour codes of the trends deviating from the averages are indi-
cated in the legend). Cycle O and cycle 101 (shaded area) indicate:

Porosity also affects the thermal properties of these
rocks, with higher porosity linked to poorer thermal per-
formance, as shown by lower thermal conductivity (A),
heat capacity (C), and diffusivity (o). Stones with the
highest porosity (Costozza, Santa Pudia, and Sfouggaria)
have the lowest thermal conductivity, ranging from 1.25
to 1.51 W/mK. Carrara marble records the highest thermal
conductivity (3.05 W/mK) and heat capacity (2.14 MJ/
m?-K), while Istrian stone displays the highest heat diffu-
sivity (a=1.49x 107 m?/s). Most stones have low thermal

100

0 10 20 30 40 50 60 70 80
Freezing-thawing cycle

90 100

for the salt crystallization tests, the initial dry state and the final dry
state of the samples after salt removal in water, respectively; for the
freeze—thaw tests, the initial saturated state and the final dry state,
respectively

diffusivity (0.78 to 0.87 x 107® m?/s). The volcanic rocks
(Euganean trachyte and Tgnsberg latite) and Tgnsbergite
show intermediate thermal conductivity (1.5 to 2 W/mK).
Marbles (Macael and Carrara), compact limestones (Bot-
ticino, Istrian, Red Verona), and Lartios sandstone exhibit
the highest thermal conductivity (2 W/mK) and diffu-
sivity (>1.3x107® m?/s) (Table 4). These results align
with mean values reported in the literature (Clauser and
Huenges 1995; Clauser 2011; Pimienta et al. 2018; Coletti
et al. 2021). Since the stones do not contain significant
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SALT ATTACK

FREEZING-THAWING

Fig.5 Deterioration evolution observed on samples of Sfouggaria stone during the ageing tests at 20 cycle steps

amounts of high-thermal-conductivity minerals like quartz
(Horai 1971; Clauser and Huenges 1995), thermal behav-
iour is mainly governed by pore abundance, particularly
pores > 0.1 um (Giraud et al. 2007; Pimienta et al. 2018).
Table 5 shows the mechanical strength and deformability
characteristics of the stones studied. Most materials show
good to excellent mechanical performance, with compres-
sive strengths (o) generally exceeding 100 MPa (and even
150 MPa in some cases). Mechanical behaviour is closely
linked to porosity, as the three most porous stones (Cos-
tozza, Sfouggaria, and Santa Pudia) exhibit low compres-
sive strengths (10-22 MPa on average) and Young’s modu-
lus values ranging between 13 and 17 GPa, with Poisson’s
ratio from 0.19 and 0.35.

Comparisons with ultrasound tests reveal that p-wave
and s-wave velocities vary with porosity range found by
MIP. The most porous and least rigid stones show the low-
est values — around 3.5 km/s for p-waves and 2 km/s for
s-waves. Carrara marble has the highest velocities (6.63
and 3.16 km/s for p- and s-waves, respectively), while other
stones fall within an intermediate range.

Most analysed samples show minimal to low total (AM)
and relative anisotropy (Am), with values around 1 or below
5%. Macael marble and Lartios stone exhibit the highest
total anisotropy (AM =22 and 12, respectively) (Table 5),
with Lartios stone also showing structural relative anisot-
ropy (Am=38). Indirect calculation of physical-mechanical
parameters — such as bulk modulus (K), shear modulus (G),
Young’s modulus (E), and the Poisson’s ratios (v) — based
on ultrasonic tests confirm the weakest resistance of high-
porosity stones, consistent with UCS-measured properties
(Table 5). Botticino stone has the highest bulk, shear, and
Young’s moduli (K=81.11 GPa; G=27.72 GPa; E=74.65
GPa), while the weakest stones (Costozza, Sfouggaria, and
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Santa Pudia) show the lowest values (K- 15-18 GPa; G- 7-9
GPa; E- 18-24 GPa; Table 5).

4.4 Decay during artificial ageing

The stone materials tested exhibit different resistance to arti-
ficial accelerated ageing, influenced by their inherent rock
properties and the experimental conditions. The results are
summarised in the graphs of Fig. 4, which show how mass
and p-wave velocity change with respect to the deteriora-
tion degree. Salt-induced decay generally progresses more
rapidly than freeze—thaw decay; salt crystallisation primarily
causes disintegration and rounding, whereas freeze-thawing
results in fracturing and microcracking, with sample edges
remaining sharp (Fig. 5).

During the salt crystallization tests, the stones signifi-
cantly affected by weight loss include Costozza, which with-
stands approximately 10 ageing cycles before rapid decay
through powdering and blistering; Santa Pudia and Sfoug-
garia, which exhibit pronounced decay starting between the
20th and 40th cycles and reaching a critical stage around the
50th cycle, characterised by crumbling, rounding (see Santa
Pudia changes during salt cycles in Fig. 5), and differential
erosion; and Macael marble, which remains stable for the
first 50 cycles but then undergoes substantial decay through
sugaring and microcracking, resulting in a 20% to 40%
weight loss by the end of the programme. The remaining
stones show minimal impact (except for minor detachments
due to pre-existing fractures), though differential erosion
and delamination are noticeable on Red Verona and Lartios
stones, respectively, most probably because of their specific
sedimentary textures.

The variations in p-wave velocity during the salt crystalli-
zation tests align with the mass changes, particularly reveal-
ing early signs of physical-mechanical decay in marbles
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before visible deterioration occurs. For instance, Macael
shows a 40% reduction in p-wave velocity by the 50th cycle,
despite minimal visible decay, while Carrara experiences an
early, gradual decrease, culminating in a 50% reduction in
p- and s-wave velocities by the test conclusion.

During the freeze-thawing tests, Costozza, Santa Pudia,
and Sfouggaria stones again exhibit the least durability due
to pervasive fracturing, sudden large detachments, and minor
disintegration. Costozza and Santa Pudia undergo rapid and
substantial decay between the 15th and 30th cycles (see
Santa Pudia freeze—thaw behaviour in Fig. 5), while sig-
nificant detachments in Sfouggaria stone commence around
the 70th cycle. Macael and Carrara marbles sustain no
major weight loss throughout the testing period, however,
p-wave velocity measurements detect subtle decay, associ-
ated with increasing porosity: by the end, Macael shows 40%
decrease in p-wave velocity and 20% decrease in s-wave
velocity, while Carrara shows 15% and 10%, respectively.
The other stones do not exhibit notable physical-mechani-
cal variations.

It is notable that Santa Pudia is the only stone demon-
strating lower durability to freeze—thaw decay than to salt-
induced decay.

5 Discussion

Comparing petrographic observations with quantitative
measurements of physical properties, including porosity,
permeability, and vapour permeability, highlights the sig-
nificance of pore size distribution data for understanding
potential stone decay processes. Mercury Intrusion Porosim-
etry (MIP) analysis, conducted to characterise open poros-
ity, categorised the twelve studied stones into three groups:
very low (below 1%), low-to-medium (from 1% to 7-8%),
and high porosity (15% to 30%). The high-porosity group
includes Costozza, Sfouggaria, and Santa Pudia stones.
Euganean trachyte displays medium porosity, while all other
stones fall within the very low-porosity group. This classi-
fication is also evident in the pore size distribution curves.
The very low-porosity stones (including the two marbles,
compact limestones, and Norwegian silicatic rocks) show
a pore radius distribution centred around 0.1 um (as seen
in Carrara marble, Fig. 2), whereas other types display a
broader distribution. The three rocks with the highest poros-
ity have pores predominantly distributed in the range of 0.1
to 10-50 um, with an evident dominance of pores below
the critical 1 micron radius threshold. This pore range sig-
nificantly affects water interaction, particularly capillarity,
as these stones exhibit the highest water absorption capac-
ity due to capillary rise, and also influence negatively their
capacity to resist to salt crystallization and freeze—thaw
cycles.

Larger pore sizes, on the contrary, influence the thermal
behaviour of the rocks, generally aligning with porosity
trends: higher porosity correlates with lower thermal prop-
erties, particularly thermal conductivity and diffusivity.
Similarly, there is a strong correlation between uniaxial
compressive strength (UCS) and ultrasonic testing (UT)
parameters, with the highest open porosity. Interaction
with relative humidity (RH), on the other hand, is gov-
erned by pore size. The highest hygroscopic sorption is
found in Euganean trachyte, followed by Lartios stone
and Tgnsberg latite, which contain the highest num-
ber of micropores conducive to condensation (Ruedrich
et al. 2011). The two marbles display the lowest varia-
tion. Stones with larger pore radii exhibit lower vapour
diffusion resistance, allowing easier moisture movement
within the stone. This characteristic can significantly affect
the stone susceptibility to decay mechanisms related to
moisture.

Laboratory ageing tests, involving freeze—thaw and salt
cycles, assess stone durability under conditions of frost and
both sub- and efflorescence-driven salt crystallisation. These
tests simulate the environmental stresses that stones may
encounter in real-world settings, providing valuable insights
into their long-term durability and resistance to decay pro-
cesses. Decay phenomena vary according to specific rock
physical properties. In porous stones, ice or salt crystal
growth within (meso and micro-) pores led to notable decay
due to crystallisation pressure during ageing cycles. During
salt crystallisation tests, Costozza stone exhibits the fastest
decay through powdering and blistering, followed by the
other two high-porosity rocks, Santa Pudia and Sfouggaria
stones. Macael marble also undergoes significant sugar-
ing and material loss (with ultrasound monitoring detect-
ing early internal cracks that were not visually observable),
showing markedly different behaviour from the fine-grained
Carrara marble.

Freeze—thaw tests are generally less damaging than salt
crystallisation over cycles. However, the stones with the
highest porosity — Costozza, Santa Pudia, and Sfouggaria
—remain the most vulnerable in these tests.

6 Conclusions

This study investigated the physical-mechanical properties
and durability of various rock types employed in promi-
nent European cultural heritage monuments and buildings,
selected as pilot sites within the European Hyperion pro-
ject. The rocks examined are primarily those used in the
pilot sites of the project, located in Venice (Italy), Rhodes
(Greece), Granada (Spain), and Tgnsberg (Norway). This
comprehensive set comprises twelve rock types: six lime-
stones (Botticino, Red Verona, and Costozza stones from
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Italy; Istrian stone from Croatia; Sfouggaria stone from
Greece; Santa Pudia stone from Spain), one carbonate-
dominated sandstone (Lartios stone from Greece), two white
marbles (Carrara marble from Italy and Macael marble from
Spain), two volcanic rocks (Euganean trachyte from Italy
and Tgnsberg latite from Norway), and one intrusive igne-
ous rock (tgnsbergite from Norway). Together, these rocks
offer a representative overview of materials commonly used
across some renowned European architectural-artistic herit-
age sites. Furthermore, their distinct petrographic features
can serve as a proxy for similar materials not directly con-
sidered in this study but sharing analogous characteristics
(e.g., mineralogy, compactness, porosity) and behaviour
(e.g., water interaction or durability under ageing tests).

The results highlight the decisive influence of pore struc-
ture and porosity on durability of the stones. High-porosity
stones, including Costozza, Sfouggaria, and Santa Pudia,
demonstrated significant susceptibility to salt crystallisation
and freeze—thaw processes, making them particularly vulner-
able in environments characterised by water-related stresses
or thermal cycling. The findings also underline the relation-
ship between porosity, vapour permeability, and thermal
properties, which play a decisive role in stone performance
under varying environmental conditions.

The pilot sites studied—Venice, Rhodes, Granada, and
Tgnsberg—represent diverse climate regimes, ranging from
humid subtropical and Mediterranean to continental environ-
ments. For instance, Venice faces increasing risks due to
rising sea levels, frequent flooding, and salt crystallisation,
which particularly impact porous materials through capillary
water rise and salt transport. In Rhodes, salt-laden marine
aerosols contribute to salt crystallisation, accelerating decay
processes in vulnerable stones like Sfouggaria limestone and
Lartios sandstone. Granada experiences freeze—thaw cycles
and thermal stress due to its continental Mediterranean cli-
mate and significant diurnal temperature variations, posing
risks to stones with high water absorption capacity or poor
thermal diffusivity. Tensberg, with its cold, humid continen-
tal climate, is subject to prolonged frost action, biological
growth, and rainwater-driven weathering, which particularly
threaten highly porous and moisture-sensitive stones.

Given the increasing impacts of climate change, such
as rising temperatures, more extreme precipitation, and
changes in the frequency of freeze—thaw cycles, these envi-
ronmental stressors are expected to exacerbate stone decay
mechanisms. The observed decay patterns in this study can
serve as a foundation for predicting how such materials
might respond to future climate scenarios.

While detailed recommendations for site-specific risk
assessments, preventive and adaptive preservation strate-
gies, monitoring approaches, and material substitution lie
beyond the scope of this study, such strategies fundamen-
tally rely on a thorough understanding of the mechanical,
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physical-chemical, textural, and hygrothermal properties
of stone materials. This work provides essential data on
these properties, serving as a foundation for future stud-
ies aimed at developing targeted conservation solutions
tailored to specific environmental conditions. Specifically,
this study highlights the critical role of pore size distribution
in determining the decay behaviour and durability of build-
ing, sculptural and decorative stone types used in cultural
heritage, with applicability extending to a broader range of
rocks in architectural contexts. Moreover, vapour permeabil-
ity data, combined with factors such as porosity and pore
size distribution, are essential for evaluating the hygrother-
mal behaviour of stones, influencing their performance and
durability in historic heritage structures.
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