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Abstract: The research examines the alteration phenomena of Giglio island granite, a rock
quarried by Romans from the 3rd century, used for columns in the Italian peninsula and later
reemployed in many Christian religious buildings. The study has shown that already in the
bedrock there are small percentages of clay minerals. Starting from this condition, the alteration
develops by an increase in porosity, which in turn favours the establishment of a slight
hydrolysis of the silicates with a decrease in Na, Ca, and K, in accordance with the sericitisation
process. The alteration proceeds with a further increase in porosity, apparently not related to a
real loss of cohesion, which, however, occurs shortly after, highlighting the necessity of a
continuous monitoring of the state of conservation of the material in the architectural heritage.
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1. Introduction

Granitic rocks are natural stones that have always fascinated humans, who
associated them with characteristics of hardness and great resistance to atmospheric
agents. Their use, however, especially because of their hardness, requires special
techniques, both for extraction and processing, and has always been linked to
technological evolution [1,2].

The examples, even grandiose, of the use of granitic rocks for both structural and
decorative elements are widespread all over the world. However, these stones, like all
others, are in any case subjected to the decay phenomena that develop in a more
striking and rapid manner depending on the textural characteristics and exposure to
particular climates that induce transformation phenomena of feldspathic minerals,
leading to the complete disintegration of the rock [3-8].

In Italy, the use of granite rocks in monuments and historical architecture is not
widespread because there are few outcrops except for the north-eastern part of
Sardinia, where these rocks crop out extensively and are still quarried alongside their
use as building material in civil architecture [9,10]. For the rest, most of the granite
rocks come from the western and central Alps and were used in the 1800s and early
1900s for decorative and architectural elements. Among these, we can mention the
granite of Baveno, Montorfano, San Fedelino, Alzo, Quarona, the Traversella diorite,
the Balma sienite, and the Adamello tonalite [1,11,12].

However, in the Imperial Age, the Romans made extensive use of granite rocks in
the Italian territory, making them arrive above all from the numerous quarries opened
in the eastern Egyptian desert and Asia Minor, using them as columns in monumental
architecture. In this search for granite rocks, the Romans also sourced to a lesser extent
in Sardinia and in two islands of the Tuscan archipelago, Elba and Giglio [1].
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As for Giglio island, the granite was quarried particularly from the 34 century on
the east coast of the island. These quarries directly overlook the sea, and this has placed
Giglio in a "privileged" condition compared to Elba for the extraction of this rock.

The oldest quarry probably was opened at the time of Julius Caesar and was
exploited at least until the early 19t century. It is the Cava del Foriano, also called “alle
colonne” by the islanders, situated above the village of Giglio Porto, with traces of the
extraction still visible. Other quarries can be seen near Punta Arenella (Piccione and
Arenella quarries), Punta del Lazzaretto, Scalettino di Giglio Porto, Cala delle Cannelle
(Gran Cava), and also at Cala delle Caldane (Bomnsere). The quarries were cultivated
intermittently until the middle of the last century (Figure 1).

e e —
Picciene quarry

Google Earth

Figure 1. Location of the ancient quarries of Piccione and Arenella in the east side of the island
(modified from Google Earth).

These quarries were famous above all for the export of beautiful columns, big
monoliths weighing several tons, dug directly into the sea front of the quarries, which
were then transported by rollers and pontoons on ships. Examples are the six granite
columns in the Roman Villa of Domizi Enobarbi in Giannutri island, in the Neronian
Port of Anzio, in Rome in the porch of S. Lorenzo in Lucina (first two columns from
the right), in the Romanesque porch of via Santi Quattro Coronati, in the pronaos of
Santa Croce di Gerusalemme, in the Cancelleria Palace (two columns in the upper and
lower colonnade, respectively), in Santa Maria Maggiore (two columns in the left side
of the porch), in Sant’ Anastasia (four columns, the first and last of the central nave), in
Pieve di Santa Maria Assunta di San Leo, in the Forum of Caesar, in Naples in the
Church of Gerolomini (12 columns) [12], and in the facade of the Royal Palace (eight
columns) from shafts lying in the Foriano quarry. Columns of Giglio origin, probably
from the bare of Roman monuments, are present in the Pisa Bell tower (Figure 2), in
San Piero a Grado Basilica near Pisa, in the Florence Baptistery, and in the Cathedral
of Gaeta. Other columns of later extraction are in the central nave of Pisa Cathedral
(four columns in substitution of those damaged by the fire of 1595), in Piazza del
Campo in Siena, and in the fagades of Marignoli and Bennicelli palaces in Rome.
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Figure 2. Columns of Giglio granite at the base of the Pisa Bell Tower.

On Giglio Island, the granite, used as building material in exposed ashlars,
characterises all the civil constructions of the picturesque village of Giglio Castello,
which the Medici, in the 16th century, took care to protect from the raids of the pirates
by building a mighty circle of walls (Figure 3a). Currently 7 of the 10 original towers
and the suggestive three-door entrance remain (Figure 3b).

Observing the whole complex, a brown colour is evident, which is due to the
intense chromatic alteration of the rock and constitutes one of the first phases of the
decay, which is macroscopically manifested by intercrystalline decohesion, a
phenomenon common to all granite rocks (Figure 4a,b).

Moreover, extended areas colonised by biological formations can be observed on
the granitic surfaces, their development being influenced by the weathering
phenomena with an increasing of the stone bioreceptivity [13] (Figure 4c).

In this research, the alteration processes that take place in this type of material
exposed to the exogenous environment have been studied to contribute to the
conservation of an architectural heritage, which is limited but of great interest due to
its uniqueness in the Italian landscape.

For this purpose, quarry materials with a different state of alteration were
sampled, starting from the unweathered rock. The petrophysical characteristics such
as total open porosity and saturation index, as well as the mineralogical and chemical
characteristics, were evaluated with particular attention to the presence of minerals
originating from the alteration of the original minerals (formation of clayey minerals).
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Figure 3. Giglio Castello: walls of the 16th century, built with granite ashlars (a). Giglio Castello:
detail of a tower of the city walls resting on a granite outcrop (b).

Figure 4. Chromatic alteration of the original grey colour due to oxidation phenomena in a gran-
ite outcrop at the base of Giglio Castello city walls. The white veins are the filling by quartz (a);



Appl. Sci. 2022, 12, 4588

5 of 15

oxidation of a pyrite crystal (b); bio-colonisation in tanks of a palmento, a traditional construction
for the processing of grape must (c).

2. Geological Setting

Giglio Island belongs to the Tuscan Archipelago and is located in the stretch of
sea facing the Argentario promontory. The 90% of its extension is made of a
monzogranite intrusion that rises to the surface and is linked to the extensive tectonic
phase following the collision between the Adria and Corsica—Sardinia plates that
formed the Apennine chain. In this tectonic domain, a series of intrusive, volcanic,
and/or sub-volcanic magmatism episodes, known in literature as the Tuscan Magmatic
Province, took place [14,15].

In the area occupied by the Tuscan Archipelago, starting about 7 Ma ago, four
granodiorite and quartz-monzonite intrusive bodies have been emplaced, two in cor-
respondence with Elba Island (Monte Capanne and the Porto Azzurro-Rio Marina
area), one in Montecristo, and another in Giglio. This activity developed from the end
of the Miocene to the whole Pliocene (from 7 to around 2 Ma ago) [16-18].

This magmatism is generally interpreted as deriving from a large-scale melting
process of clayey sediments inside the Earth's crust (anatexis phenomenon). The intru-
sion of the monzogranite mass took place inside sedimentary rocks, whose remnants
from contact metamorphism can be observed at Punta del Fenaio (north of the island)
in two small outcrops of strongly foliated phyllites. Some authors report other small
outcrops of intensely metamorphosed schists injected with aplitic and quartz veins in
the locality of "Vena".

The only part of the island not made up of plutonites is that of the Franco prom-
ontory, south-west of Campese village, which also diversifies morphologically. In this
area, metamorphic and sedimentary Mesozoic rocks crop out, referable to two distinct
structural units, the upper unit, consisting of grey argillites and metagabbros, and the
lower unit consisting of crystalline limestone, cavernous limestone, quartz conglomer-
ate, and quartzites of the Verrucano formation.

The intrusions of these plutons caused the lifting of the sedimentary cover and the
formation of a horst in correspondence with the Argentario itself. Subsequently, the
evolution of the extensional tectonics caused a sinking of the area between Argentario
and Giglio, transforming the latter into an island.

Monzogranites are acidic intrusive rocks characterised by a mineralogical compo-
sition in which quartz (20%), K-feldspar (20%), and plagioclase (40%) predominate
[19]. Other minerals are represented by biotite (10%) and cordierite and as the acces-
sory minerals apatite, zircon, titanite, iron oxides, and sulphides. The minerals” grain
sizes range from medium to fine (one to four millimetres), sometimes with centimetre-
sized phenocrysts. The rock has a classic whitish grey colour that changes to rusty
brown upon weathering.

Two distinct magmatic intrusions [18], that of the Giglio monzogranite intrusion
(GMI) occupying the most part of the island and that of the limited outcrop of Le Scole
islets, south-east of Giglio Porto, known as Scole monzogranite intrusion (SMI), are
recognised.

Within the GMI intrusion, two facies can be further distinguished, called "facies
of Pietrabona" (PBF) and "facies of Arenella" (ARF), characterised by some petro-
graphic and structural differences. The Pietrabona facies is characterised by very pro-
nounced lineation given by the preferential orientation of flat or elongated micro-gran-
ular enclaves, while the Arenella facies is characterised by a more massive texture (only
localised orientation of the megacrysts), abundance of K-feldspar megacrysts, and a
lower amount of biotite. A further macroscopic characteristic of ARF is the presence of
auto-intrusions of micro-granular enclaves with different contents of megacrysts.

The monzogranite of the Le Scole facies (SMI) has a more acidic chemical compo-
sition than GMI and is practically free of xenoliths.
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The monzogranites undergo an alteration due to two phenomena often connected
to each other. The first is essentially linked to fracturing, which creates practically iso-
lated blocks. The second is due to alteration processes (kaolinisation of the feldspars),
causing a disruption of the rock, which transforms into a kind of sandstone with a
predominantly quartz composition (regolith), which allows for the growth of vegeta-
tion. Because of these processes, in some areas, debris accumulations are formed that
are easily mobilised by gravitational phenomena and/or by the action of rainwater.

3. Materials and Methods
3.1. Sampling and Macroscopic Description

In this study, the Arenella facies was examined as it is the one that has been ex-
ploited and used also outside the island. This facies shows the following characteris-
tics:

- fresh cut grey colour;

- essentially massive structure with absence of foliation;

- medium grained;

- relatively rich in K-feldspar megacrysts.

Where the alteration is more intense, the granite has the typical reddish-brown
colour of the altered acidic granite rocks and becomes extremely friable until it be-
comes first a sand, then a soil (Figure 5).

Figure 5. Detail of a granite ashlar masonry in which the intense chromatic alteration is evident
(the rock changes from an overall grey colour to a "rust" colour) and the strong intergranular
disintegration.

Nine vertical alteration profiles distributed along the roads of the island were ex-
amined (Figure 6).

The types sampled within each profile, in order of increasing alteration, are the
following:

type A—unweathered rock;

type Aa—compact rock with some fractures and slightly ochre colour;
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type B—friable rock of ochre colour. The apparent structure is similar to the com-
pact rock of type Aa, but the sample can be broken by hand with a simple pressure;

type C—rock with loss of coherence;

type Cc—soil that generally contains organic material.
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Figure 6. Detail of the nine sampling points along the roads of the island (yellow dots). The two
yellow dashed lines separate, individually, the Pietrabona facies from the Arenella facies and
the latter from the Scole Monzogranite Intrusion. The red dashed line separates the Franco prom-
ontory characterised by metamorthic and carbonate Mesozoic rocks (modified from Google
Earth).

3.2. Analytical Methods

The following investigations were conducted:

- Petrographic study in the thin section with a polarising ZEISS Axioscope Al mi-
croscope (on all types except for the Cc because it is inconsistent). Anorthite (An) con-
tent in plagioclase was determined under microscope according to the Michel-Lévy
method [20]. The petrographic classification of the rock was carried out by modal anal-
ysis on the 9 samples of type A, from three orthogonal thin sections for each sample,
according to the Streckeisen’s classification [21].

- Determination of clay mineral composition by X-ray diffraction according to
Cipriani's methods [22] (on all samples), utilising a PHILIPS PW 1729 diffractometer
operating at 40 KV, 20 mA with a CuK al1=1,545A radiation, a scanning speed= 2¢/min
in a range of 20 = 3-20°. The diffractometer analysis was performed on the <4 um clay
fraction of the bulk samples, previously crushed and powdered, extracted after wash-
ing and settling according to the Stokes law. The slide of the <4 pm clay fraction was
analysed untreated, after a treatment with ethylene glycol, and after heating at 450 -C
and 600 C.

- Determination of the chemical composition of conventional major and minor el-
ements by X-ray fluorescence spectrometry (on all samples) on pressed powder pellets,
adopting a Philips PW 1480 wavelength-dispersive spectrometer; major and minor el-
ements were determined using a Rh anode and corrected for the matrix effect accord-
ing to the method of Franzini et al. [23]. Error was evaluated to be less than 1% for the
major elements and 5% for the minor elements. LOI (loss on ignition) was determined
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by measuring the mass loss in the sample powders heated at 950 °C for 1 hour. FeO
was determined by volumetric titration according to the method of Shapiro and Bran-
nock [24]. The chemical compositional was expressed as oxide weight (%) normalised
to 100%.

- Determination of the following physical parameters: total open porosity (P%),
imbibition coefficient (CIv%), and saturation index (I5%) [25]. The equipment used to
determine these parameters were a Quanta Chrome helium pycnometer, a Chandler
Engineering mercury pycnometer, and analytical balance. CIv % was determined by
total immersion of the specimens in water [26]. These physical investigations were car-
ried out on types A, Aa, and B on 5 specimens for each sample, and the average is
reported in the results. On the C and Cc types, it was not possible to carry out such
investigations due to the inconsistency of the material.

- The most common phototrophic colonisers and their effect on the granite were
mainly observed in situ by using different magnification lenses, and only the black
patina alteration was sampled for microscopic analysis, the identification being made
according to the specific morphological characteristics of different phototrophic organ-
isms [27,28].

4. Results and Discussion
4.1. Petrographic Study

The rock has a heterogranular and hypidiomorphic texture with crystal size vari-
able from 1 to 2 mm for plagioclase and biotite, and up to 4-5 mm for K-feldspar.

The principal minerals are the following:

Plagioclase—normally twinned according to the albite law, it has euhedral, zoned
crystals, with a decrease in the anorthite content from the core towards the rim. The
most frequent terms are andesine-oligoclase.

K-feldspar—this mineral is always anhedral in large crystals, and perthitic unmix-
ing is often present.

Quartz—it occurs in anhedral crystals of considerable size, often showing a recrys-
tallisation into smaller crystals whose formation is linked to dynamic stress phenom-
ena.

Biotite—medium-sized, brown, and pleochroic euhedral crystals. It often contains
accessory minerals and oxides.

The accessory minerals are the following: tourmaline, cordierite always altered in
pinitic products, apatite, monazite, zircon, and oxides.

The modal analysis of the type A (unweathered granite) made it possible to clas-
sify the rock as a monzogranite, according to the Streckeisen’s classification [21].

In the sections of types Aa, B, and C there is a progressive increase in species
linked to the alteration (as for the thin sections of type A, Aa, B, and C, see Supplemen-
tary Material 1). In particular, the notable increase in sericite at the expense of feldspars
is observed, namely, plagioclase starting from the more anorthitic core of the crystals
(Figure 7a). Biotite often shows discoloration phenomena due to hydrothermal altera-
tion with transformation in chlorite (Figure 7b). Chloritisation is irregularly distrib-
uted. Indeed, chlorite first develops as a pseudomorph on the primary biotite by inter-
action of hydrothermal fluids circulating in the fractures of the pluton in the final phase
of cooling and setting.
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Figure 7. Image in petrographic thin section (crossed polarisers): in the centre of the image there
is a plagioclase affected by sericitisation phenomena (sericite with higher interference colours
(yellowish) (a); image in petrographic thin section (crossed polarisers). In the centre of the image,
there is a biotite with partial transformation in chlorite (b).

Another species of probable secondary origin is muscovite linked to the alteration
of K-feldspar. The presence of well-formed muscovite crystals in aggregates may also
be referred to as a possible primary origin for this mineral.

The observation of types B and C in the thin section also highlights both inter- and
intracrystalline fracturing; these fractures can be filled with titanite, epidote, and Fe
oxides.

4.2. Study of the Mineralogical Composition of the Clay Fraction

The investigation on the clay minerals (Table 1) was carried out with the aim of
highlighting the possible presence of alteration minerals of the main constituents, es-
pecially feldspar and biotite (as for the XRD diagrams of clay minerals, see Supplemen-
tary Material 2). Actually, the analysis of the unweathered samples has shown the con-
stant presence of kaolinite and chlorite, probably due to hydrothermal alteration phe-
nomena. Kaolinite, with increasing alteration, tends to strongly decrease and then re-
appears in type C. Chlorite, on the other hand, has a more irregular trend. In types B
and C, there are also interstratified minerals such as chlorite-vermiculite and illite-
smectite, which have their maximum concentration in types B and C, while they dras-
tically decrease in type Cc.

Table 1. Mineralogical composition of clay fraction.

Cl K Clv ISm
A ++++ -+ - -
Aa + + - -
B + + ++ -+
C + ++ 4+ ++
Cc ++ 4+ + +

Cl = chlorite; K = kaolinite; CIV = chlorite-vermiculite; ISm = illite-smectite. ++++ very abundant;
+++ abundant; ++ medium; + scarce, - not detected.

The behaviour of kaolinite could be due to an instability of this mineral, which in
the early stages of the exogenous alteration turns into illite when it comes into contact
with solutions rich in potassium for hydrolysis processes of the feldspar of the horizons
above. Its reappearance in the most altered types must be attributed to the process of
hydrolysis with leaching, in particular of Na and K, as can be seen in the data obtained
from the chemical analysis that will be discussed in the next paragraph.
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The interstratified minerals of the most altered samples (types B and C) should be
related above all to the alteration of biotite.

4.3. Geochemical data

Table 2 shows the average values of the chemical analysis of the major elements
relating to the unweathered granite (quarry sample and type A) and to the types with
increasing alteration (Aa, B, C, Cc). Data relating to unweathered granite were used to
classify the rock according to the method of Streickeisen—Le Maitre [29].

Table 2. Chemical composition of major and minor elements from unweathered (A) to weath-
ered samples (Aa, B, C, Cc) expressed as oxide weight %.

SiO: TiO2 AlOs Fe:0s FeO* MnO MgO CaO Na20 K20 P.0s LOI **
A M  68.44 0.63 15.27 0.69 2.79 0.06 1.29 2.21 2.69 4.73 0.18 1.02
o 1.46 0.08 0.45 0.17 0.35 0.01 0.25 0.34 0.14 0.32 0.03 0.28
Aa M  68.99 0.59 15.28 1.15 2.23 0.06 1.09 1.88 2.50 4.88 0.17 1.12
o 1.09 0.11 0.29 0.35 0.31 0.01 0.28 0.34 0.20 0.29 0.02 0.20
B M  68.22 0.64 15.79 1.85 1.85 0.06 1.11 1.61 2.46 4.67 0.19 1.60
o 0.79 0.09 0.45 0.8 0.75 0.01 0.21 0.22 0.14 0.27 0.02 0.35
C M 67.25 0.65 16.16 2.80 1.30 0.05 1.11 1.36 2.27 4.42 0.17 2.46
o 106 0.08 0.51 0.90 0.79 0.01 0.18 0.30 0.12 0.47 0.03 0.62
Ce M  64.86 0.68 17.25 3.19 1.10 0.06 1.05 1.26 2.14 442 0.16 3.82
o 2.15 0.11 0.84 1.13 0.40 0.01 0.11 0.11 0.22 0.27 0.03 1.05

M = average of 9 samples; 6 = standard deviation; * volumetric titration method; ** loss of igni-
tion.

The results confirmed the data of the petrographic classification by modal analy-
sis, namely, the belonging of the rock to the monzogranite composition [30]. Moreover,
the alumina saturation index (ASI = Al20Os/(CaO+Na20+K20) was greater than 1, as ex-
pected in peraluminous rocks (A=1.1;) [31]. These data make it possible to assign these
monzogranites to type S according to the classification of Chappel and White [31], i.e.,
origin by fusion of metasedimentary rocks distinguishing them from type I, originated
by melting of igneous rocks.

The behaviour of the major elements with increasing alteration is also shown in
the diagram of Figure 8a, where the variation in concentration of the elements should
be correlated with the alteration of the minerals present in the rock and with the con-
ditions in which it develops.
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Figure 8. Variation of the concentration of some major elements (a) and of the LOI (loss on igni-
tion) (b) in relation to the increase in in the degree of alteration (types A, Aa, B, C, and Cc).
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Indeed, sodium, calcium, and potassium, mainly concentrated in feldspars, un-
dergo a slight decrease linked to the decay of these minerals, especially plagioclase
more attacked by the sericitic alteration.

On the contrary, magnesium remains constant as the alteration progresses, and
this may seem anomalous, considering that in the unweathered rock, it is mainly con-
tained in the biotite, which, as observed also in thin section, was markedly altered.
However, the presence in the more altered facies of clay minerals such as chlorite and
vermiculite allow us to reasonably hypothesise that, after its mobilisation, magnesium
is fixed in the network of the aforementioned minerals.

The total Fe does not vary significantly; however, as is obvious, the decrease in
FeO causes an increase in Fe20s.Nerveless the oxidation of Fe may be a result from both
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hydrothermal alteration and weathering. The LOI (loss on ignition) increases with the
progress of the decay in a constant and sharp way to be a discriminating parameter to
be used as an index of the decay (Figure 8b). To assess chemical weathering, many
indices have been proposed and tested. These indexes consider a decrease in mobile
cations (Ca, Na, K) and compare them with immobile ones (Al Fe, 5i). In Table 3, some
selected chemical weathering indexes are reported [32-36], and in Table 4, they are
calculated for the type A, Aa, B, C, and Cc samples.

Table 3. Chemical weathering indexes selected.

Chemical Weathering Key Formula Reference
Index
Parker index Wp  [(2Na20/0,35)+(Mg0/0,90)+(2K20/0,25)+(Ca0/0,70)]*100  [32]
Chemical index ofal- - | [(ALO3)/(AL:Os+ CaO+ Na20+ K20)]*100 [33]
teration
Leaching coefficient Lc Si02/(K20+Nax0+CaO+MgO) [34]

Table 4. Results of the calculation of chemical weathering indexes.

Chemical Weathering Index A Aa B C Cc
Wp 74.39 72.09 69.50 65.80  64.40
CIA 52.78 54.48 56.74 59.23  61.52

Lc 6.93 7.54 7.80 8.19 8.19

These indexes are in agreement with what is observed in Figure 8 regarding the
alteration trend, i.e., leaching of mobile cations (K, Na, Ca) with their consequent de-
crease and relative increase in immobile phases (Al, Fe, 5i) from samples A up to Cc.

4.4. Physical Characteristics

The average values of the physical characteristics of types A, Aa, and B are shown
in Table 5. The alteration process determines a significant increase in the total open
porosity (P%), which goes from 2.2% in the unweathered rock to 4.1% in the moder-
ately altered one (Aa), up to 8.6% in the highest grade of alteration but still in a state of
coherence (B).

Table 5. Physical characteristics type A, Aa, and B.

P % CIv % 1S%
A M 2.2 1.5 68
9 0.4 0.2 12
Aa M 4.1 3.0 73
c 1.8 1.5 7
B M 8.6 6.3 73
9 1.1 1.3 6

P % = total open porosity; CIv % = imbibition coefficient in volume; IS % = saturation index; M
= average of 50 samples; ¢ = standard deviation.

The saturation index (IS%), with increasing alteration, remains substantially con-
stant, i.e., classes of pores that retain more water are not formed, particularly those of
capillary size.

Regarding the prevailing type of degradation, i.e., physical or chemical, the nature
is intermediate. This is in agreement with the climatic conditions of the island, which
is located in the middle of the Mediterranean environment where physical and chem-
ical alteration are in a substantial equilibrium. Indeed, the thermal changes trigger
thermoclastic phenomena with formation of a small intercrystalline porosity. This po-
rosity, favouring the circulation of water and thanks to the relatively high
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temperatures, determines the onset of hydrolysis phenomena (sericitisation of feld-
spars, chloritisation of biotite) with consequent leaching of Ca, Na, and K. However,
this is a "weak" hydrolysis, since, with the progress of decay, a loss of coherence of the
sound rock is essentially observed without major compositional variations occurring.

4.5. Biocolonisation

The phototrophic colonisation of the studied granite stones was mainly composed
of different types of lichens (Figure 9) having various colours, such as Acarospora fus-
cata, Candelariella vitellina, and Lecanora sulfurea often associated with Tephromela atra,
Lecanora gangaleoides, Ochrolechia parella, Parmelia conspersa, and Parmelia loxodes. Black
patinas were also observed, mainly on vertical surfaces exposed to the north with a
dominance of cyanobacteria belonging to Chroococccales (Chroococcidiopsis sp., Gloe-
ocapsa sp.) and Nostocales (Calothrix sp., Phormidium sp.) groups. The biodeteriorarion
of granite goes side by side with its weathering, being induced mainly by the crustose
species, which have an intimate contact with the stone substrata and are able to cause
not only mechanical damages but also chemical upsets.

Figure 9. Biocolonisers of granite: (a) Parmelia conspersa (green greyish) and black patina; (b)
Lecanora sulfurea (green yellowish), Tephormela atra (grey), and Parmelia loxodes (dark brown
on the horizontal surface); (c) Chroococcidiopsis sp.-like colonies; (d) Calothrix sp.-like fila-
ments.

5. Conclusions

The study of the alteration processes of Giglio granite has shown that already in
the bedrock, there are small percentages of clay minerals such as kaolinite and chlorite
due to hydrothermal alteration phenomena.

Starting from this condition, the exogenous alteration is initially expressed by
physical phenomena (increase in intercrystalline porosity), which in turn favours the
establishment of a slight hydrolysis of the silicates, as indicated in feldspars by their
partial sericitisation and in biotite by chloritisation.

The chemical analysis showed a general decrease in Na, Ca, and K, in accordance
with the chemical weathering indexes and the presence of a sericitisation process.
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The alteration then proceeded with a further strong increase in the intercrystalline
porosity up to the loss of coherence, which occurs when the latter exceeds 9%.

This increase in porosity determines an increase in the stone bioreceptivity as well.
It is therefore relevant to highlight that a very high increase in porosity (an increase of
about 300%) apparently does not correspond to a situation of such serious decay. This
decay became evident immediately afterwards, with an almost sudden collapse of the
structure.

Therefore, once again, the need for a continuous monitoring of the state of conser-
vation of the architectural heritage is evident to avoid performing interventions when
the situation is compromised.

As regards the chemical weathering indexes, these can be a support to objectively
quantify the conservation conditions of the material. However, it must be considered
that the actual conditions of conservation of a stone material in place also depend on
the type of installation and the conditions of exposure to atmospheric agents and ca-
pillary rise phenomena. This can determine the fact that the material may have a low
chemical weathering index, even though it is actually very decayed.

Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/article/10.3390/app12094588/s1.

Author Contributions: Please note that all authors of this paper should be considered as princi-
pal authors. The concept of the research has been shared by all authors. Sampling by F.F. and
P.P.; biocolonisation study by O.A.C.; geological setting and geochemical analysis by P.P.; min-
eralogical and petrographic study by F.F.; petrophysical analysis by S.R. All the authors contrib-
uted to the discussion of the results and the drafting of the article. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.

Lazzarini, L.The granits of the Italian monuments and their problems of decay I graniti dei monumenti italiani e i loro
problemi di deterioramento. In Stone Materials: Studies on Decay and Conservation Materiali Lapidei: Problemi Relativi allo Studio
del Degrado e della Conservazione; Istituto Poligrafico e Zecca dello Stato, Libreria dello Stato: Rome, Italy, 1987; pp. 157-172.

De Vecchi, G.; Lazzarini, L.; Liinel, T.; Mignucci, A.; Visona, D. The genesis and characterisation of ‘Marmor Misium’ from
Kozak (Turkey), a granite used in antiquity. J. Cult. Herit. 2000, 1, 145-153.

Esbert Alemany, R.M. Alteration of granite stone used in building construction. Mater. Constr. 2007, 57, 77-89.
https://doi.org/10.3989/mc.2007.v57.i288.66.

Matias, ].M.S.; Alves, C.A.S. The influence of petrographic, architectural and environmental factors in decay patterns and
durability of granite stones in Braga monuments (NW Portugal). In Geological Society; Special Publications: London, United
Kingdom, 2002; Volume 205, pp. 273-281.

Lee, C.H.; Lee, M.S,; Suh, M.; Choi, S.W. Weathering and deterioration of rock properties of the Dabotap pagoda (World
Cultural Heritage), Republic of Korea. Environ. Geol. 2005, 47, 547-557.

Tomas, R.; Cano, M.; Pulgarin, L.F.; Broténs, V.; Benavente, D.; Miranda, T.; Vasconcelos, G. Thermal effect of high temper-
atures on the physical and mechanical properties of a granite used in UNESCO World Heritage sites in north Portugal. J.
Build. Eng. 2021, 43, 102823.

Navarro, R.; Monterrubio, S.; Pereira, D. The Importance of Preserving Small Heritage Sites: The Case of La Tuiza Sanctuary
(Zamora, Spain). Geoheritage 2022, 14, 47.

Storta, E.; Borghi, A.; Perotti, L.; Palomba, M.; Deodato, A. Minero-petrographic characterization of stone materials used for
the roman amphitheater of Eporedia (Ivrea, To): A scientific-dissemination proposal in the Cultural Heritage. Resour. Policy
2022, 77, 102668.



Appl. Sci. 2022, 12, 4588 15 of 15

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.
30.
31.
32.
33.
34.

35.

36.

Columbu, S.; Marchi, M.; Palomba, M; Sitzia, F. Alteration of stone materials on Sardinian medieval monuments: Physical,
chemical and petrographic analysis for their restoration and preservation. In Proceedings of the 19th International Confer-
ence on Cultural Heritage and New Technologies 2014 (CHNT 19, 2014), Vienna, Austria, 3-5 Novembre 2014; Borner, W.,
Uhlirz, S., Eds.; Museen der Stadt Wien—Stadtarchédologie: Vienna, Austria, 2015.

Careddu, N.; Cuccuru, S.; Grillo, S.M. Sardinian granitoids: 4000 years of geoheritage and dimension stones. Resour. Policy
2021, 74, 102339.

Bugini, R.; Pavese, A.; Borroni, S.; Folli, L. White granites used in lombard architecture. In Proceedings of the 9th International
Congress on Deterioration and Conservation of Stone; Fassina, V., Ed.; Elsevier Science B.V.: Amsterdam, The Netherlands, 2000;
pp- 41-48.

Forgione, G. Il Complesso dei Girolamini Artisti e Committenti Nella Napoli del Seicento. Ph.D. Thesis, Universita degli
Studi di Napoli “Federico II”, Naples, Italy, 2014; p. 397.

Vaszquez-Nion, D.; Silva, B.; Prieto, B. Influence of the properties of granitic rocks on their bioreceptivity to subaerial pho-
totrophic biofilms. Sci. Total Environ. 2018, 610-611, 44-54. https://doi.org/10.1016/j.scitotenv.2017.08.015.

Elter, P.; Giglia, G.; Tongiorgi, M.; Trevisan, L. Tensional and compressional areas in the recent (Tortonian to present) evo-
lution of the Northern Appennines. Boll. Geof. Teorica ed Appl. 1975, 17, 3-18

Funicello, R.; Locardi, E.; Parotto, M. Geological outlines of the eastern Sabatine area. Boll. Soc. Geol. Ital. 1977, 95, 831-849.
Ferrara G.; Tonarini S. Radiometric geochronology in Tuscany: Results and problems. Rend. Soc. Ital. Mineral. Petrol. 1985,
40, 111-124.

Westerman, D.S.; Innocenti, F.; Tonarini, S.; Ferrara, G. The Pliocene intrusion of Giglio Island. Mem. Soc. Geol. It. 1993, 49,
345-363.

Lazzarotto, A.; Mazzanti, R.; Mazzoncini, F. Geology of the Argentario Promontory (Grosseto) and the Franco Promontory
(Isola del Giglio-Grosseto). Boll. Soc. Geol. Ital. 1964, 83, 1-124.

Boccaletti, M.; Coli, M.; Decandia, F.A.; Giannini, E.; Lazzarotto, A. Evolution of the Northern Apennines according to a new
structural model.. Mem. Soc. Geol. It. 1980, 21, 359-374.

Nesse, W.D. Introduction to Mineralogy; Oxford University Press: Oxford, UK, 2000.

Streickeisen, A. Classification and nomenclature of igneus rocks. N. Jb. Miner. Abh. 1973, 112, 144-214.

Cipriani, C. Research on sandstone minerals: I) On the mineralogical composition of the clay fraction of some sandstones
Macigno. Atti Soc. Toscana Scienze Nat. 1958, 65, 86-106.

Franzini, M.; Leoni, L. A full matrix correction in X ray fluorescenze analysis of rock samples. Atti Soc. Toscana. Scienze Nat.
Mem. 1972, 79, 7-22.

Shapiro, B. Rapid analysis of silicate carbonate and phosphate rocks. Bull. U. S. Geol. Survey 1962, 1144.

Barsottelli, M.; Cellai, G.F.; Fratini, F.; Manganelli Del Fa, C. The hygrometric behaviour of some artificial stone materials.
Mater. Struct. 2001, 34, 211-216.

NORMAL DOC 7/81. Water Absorption through Total Immersion—Imbibition Capacity; CNR-ICR, Centro stampa ICR: Roma,
Italy, 1981.

Nimis, P.L.; Pinna, D.; Salvadori, O. Lichens and Conservation of Monuments; Club Bologna-Cooperativa Libraria Universitaria
Editrice Bologna: Bologna, Italy, 1992.

Bolivar-Galiano, F.; Cuzman, O.A.; Abad-Ruiz, C.; Sdnchez-Castillo, P. Facing phototrophic microorganisms that colonize
artistic fountains and other wet stone surfaces: Identification Keys. Appl. Sci. 2021, 11, 8787.
https://doi.org/10.3390/app11188787.

Streckeisen, A.; La Maitre, R W. A chemical approximation to the modal QAPF classification of the igneus rocks. N. Jb. Miner.
Abh. 1979, 136, 169-206.

Pierattini, P. Intrusive Manifestations in Southern Tuscany: Petrographic and Geochemical Study of the Giglio Island Pluton.
Thesis, Universita di Firenze, Florence, Italy, 1989.

Chappel, B.W.; White, A.J.R. Two contrasting granites types. Pac. Geol. 1974, 8, 173-174.

Parker, A. An index of weathering for silicate rocks. Geol. Mag. 1970, 107, 501-504.

Nesbitt, HW.; Young, G.M. Early Proterozoic climates and plate motions inferred from major element chemistry of lutites.
Nature 1982, 299, 715-717.

Ng, CW.W,; Guan, P.; Shang, Y.J. Weathering mechanisms and indices of the igenous rocks of Hong Kong. Q. J. Eng. Geol.
Hydroge. 2001, 34, 133-151.

Koralay, T.; Celik, S.B. Minero-petrographical, physical, and mechanical properties of moderately welded ignimbrite as a
traditional building stone from Usak Region (SW Turkey). Arab. |. Geosci. 2019, 12, 732. https://doi.org/10.1007/s12517-019-
4923-x.

Deniz, B.E.; Topal, T. A new durability assessment method of the tuffs used in some historical buildings of Cappadocia
(Turkey). Environ. Earth Sci. 2021, 80, 266. https://doi.org/10.1007/s12665-021-09546-1.



