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Abstract

Recent restoration work on Pisa Cathedral provided the opportunity for a multidisciplinary analysis of the
monument that identified interesting aspects of its history, conservation and structural safety. In particular, the
study of the matroneum provided clues about the role of the structures in the well-known fire that occurred in
1595. Alteration patterns and damage forms on the stone masonry walls were analysed to better understand their
relationship with this catastrophic event. The investigation of the stone specimens enabled textural and
mineralogical features typical of fire damage to be identified on the surface. The evidence of fire also provided a
terminus ante quem to correctly interpret and diachronically date a damage pattern consisting of cracks in the
eastern arch supporting the dome. The cracks were likely to have been induced by a soil consolidation

phenomenon related to the renowned leaning of the Pisa tower, centuries before the fire.

Keywords

Stone masonry, fire, damage, Pb, calcarenite.

Introduction

The effects of global changes on monuments have been extensively evaluated in recent years, mainly to ensure
their protection from natural and anthropogenic hazards. Fires represent extremely dangerous natural hazards for
heritage structures. They can cause irreversible damage to construction materials, compromising the cohesion of
the architectural stone elements.

The high temperatures produced by fires can induce severe physico-mechanical and compositional changes in
the natural stones and artificial geomaterials that constitute the buildings. Different architectural elements can be
differently affected by fire. The visible effects are function of the intensity, the maximum temperatures at the
surface and the duration of exposure to the fire, while thermal stresses occur with specific material properties
(McCabe et al. 2007a, b, 2010; Brotons et al. 2013; Andriani and Germinario 2014). An adequate analysis of the
effects of fire on architectural elements usually requires a multi-methodological approach, particularly with
natural stones, as damage to them is due to the interplay of physical and mineralogical changes.

More than 50 papers have been published on this topic over the past 30 years (Martinho and Dionisio 2020), and

provide evidence of the advantages and limitations of different methodological approaches in evaluating fire



damage and structural resilience to natural hazards. Fires cause identifiable patterns of alteration and
degradation, whose effects are particularly evident in specific stone substrates. These patterns have been
classified by ISCS (2008) into fractures and deformation, material loss, detachments, and colour change due to
material loss or the presence of deposits. One of the most visible effects of fires is the development of fractures,
whose geometry and distribution increase the stone’s susceptibility to further decay (Yavuz et al. 2010). The
damage consists of fissures or detachment (at the millimetre to centimetre scale), or inter/intracrystal fractures at
a microscale, the latter ones due to mineralogical reactions or phase transitions (Jansen et al. 1993). Recent
studies of the effect of fires on carbonate stones have demonstrated that at temperatures higher than 600 °C
calcite and dolomite start to dissociate and COs is released, which is responsible for microfractures and volume
changes (Kilic and Anil 2006; Galai et al. 2007; Sippel et al. 2007), and thus damaged stones are more
susceptible to external agents (Gunasekaran and Anbalagan 2007). In terms of chromatic alteration, colour
changes are typically due to mineralogical transformations at high temperature. Regardless of the stone type,
colour change appears negligible between 150 °C and 200 °C (Beck et al. 2016; Vazquez et al 2016), whereas at
higher temperatures up to 400 °C stone surfaces are affected by a colour change from yellow to red, and in some
cases by blacking (Kompanikova et al. 2014; McCabe et al. 2010; Pires et al. 2014). At above 800 °C, carbonate
stones, sandstones and marble whiten (Borg et al. 2013; Ozguven and Ozcelik 2013). Studies carried out on
carbonate stones have found that a colour alteration from yellow to red can be due to the dehydration of iron
compounds (e.g., goethite turning in hematite) or the formation of iron oxides after clay minerals breakdown
(Beck et al. 2016; Hajpal and Torok 2004). In sandstones, colour changes are mainly attributed to the oxidation
of iron-bearing minerals, such as glauconite (changing from greenish to brownish), and chlorite (yellowing)
(Hajpal 2002; Hajpal and Torok, 2004). Tests carried out on ashlars exposed to fire have found that a sharp zone
separates the altered surface (2-3 cm thick) and the unaltered area underneath the stone surface (Hajpal 2002).
The combination of mineralogical transformations, fracture development and surface deposits are responsible for
significant changes in the physical and mechanical properties of stones, mainly due to their porosity and pore
distribution modifications. In general, at between 150 °C and 300 °C the number of interconnected pores is
reduced, due to mineral collapse (Yavuz et al. 2010). A temperature increase can also cause the opening of new
fracture systems, thus promoting the growth of secondary porosity (Martinho and Dionisio, 2020). A similar
trend (i.e., initial decrease and rapid increase) has also been found in terms of the roughness of the stone surface
(Gomez-Heras et al., 2008).

In studies of ancient masonry, a complete knowledge of the building materials used is essential for understanding
the structural damage and resilience (Woodcock 1997; Watt 1999) and to ensure improved restoration strategies
are successfully applied.

Pisa Cathedral is an intriguing case, as the restoration work launched in 2012 brought to light interesting
alteration and damage patterns on its architectural masonry, whose features suggest the involvement of the
structures in fire. Stone samples were thus obtained from altered and damaged structures and analysed through
minero-petrographic, spectroscopic, micro-morphological and chemical methods. These investigations were
aimed at defining the alteration and the eventual crack patterns and to understand their relationships and

connections to the devastating fire the Cathedral suffered in 1595.

Pisa Cathedral and the 1595 fire



The Santa Maria Assunta Cathedral was founded in 1064 and consecrated on 26 September, 1118. The Cathedral
was built under the direction of the architect Buscheto, to whom the original layout is attributed, consisting of
the basilica with four aisles and one nave and a transept with two aisles and one nave. Rainaldo later extended
the west part of the nave. The building was not completed until the last quarter of the XII century, when
Bonanno’s bronze leaves were placed on the central door. At the end of the 16™ century, a fire devastated the
Cathedral (Alberti et al. 2011; Ascani 2014; Casini 1986). Following this event, restoration and refurbishment
were necessary: the roof was rebuilt, the three bronze doors of the fagade restored, and a major decorative
undertaking was started. The walls were gradually covered with paintings and large canvases representing the
stories of the blessed and saints from Pisa.

The Cathedral is built from lithotypes commonly used in the historical buildings of the city (Ramacciotti et al.
2015) (Fig. 1.a). Monti Pisani marble mainly covers the external surfaces and a yellowish calcarenite
traditionally quarried nearby from south of Livorno (Tuscany) (Panchina Fm.; Franzini 1993) is present both the
inside and on the upper structures of the Cathedral, at the walls of the matroneum, the drum of the dome and the
spandrels. The length of the cathedral is about 94 m in the east-west direction and 70 m in the north-south
direction, with a height of about 27 m to the top of the roof and 46 m to the top of the dome. An elliptical dome
with a maximum of around 20 m stands out at the intersection of the transept with the central nave, resting on

two limestone arches with a clear span of about 11.5 m (Fig. 1.b).

Surveys during the 2012 restoration works

The on-going restoration work began in 2012, and provide the opportunity to examine the material context of the
building, which represents a previously unexplored historical record (Montevecchi and Sutter 2014), along with
features related to its structural stability (Bennati et al. 2020). The petrographic survey carried out in the
matroneum noted a huge chromatic alteration of the stone surface on a coarse-grained calcarenite, which
changed its colour from yellow to deep red; in some areas, dark deposits at the stone surface may be related to
the effects of a fire. In terms of structural behaviour, recent investigations revealed a crack pattern on the east
arch supporting the dome, which is probably related to the effects of soil consolidation. The cracks were
discovered on the south side of the east arch, with the typical characteristics of an excessive compression stress
state. By analysing the adjacent structures, more damage was found on the flying buttress adjacent to the east
arch, consisting of a separation between the end stone ashlars that continues upward, in the form of cracks on the
masonry above (Fig. 1.c). On the ashlar surfaces inside the gap generated by the damage, the stone is affected by
extensive chromatic alterations and dark deposits, similar to the other architectural structures at the matroneum.
The same crack pattern and alterations on the stone surface are also present on the flying buttress adjacent to the
west arch supporting the dome, in the south transept (Fig. 1.d). No other similar symptoms were observed in the
north transept. An archaeological investigation is also underway on the masonry infill “f” - under the eastern
flying buttress (see Fig. 1.c), which is not damaged but is also affected by extensive chromatic alteration. This
evidence may help us to date the crack pattern, along with the on-going structural analysis, the archaeological

surveys and the petrographic studies.

Materials and Methods
Sampling at Pisa Cathedral



In total, 18 samples of yellow-ochre calcarenite classified as Panchina Fm. calcarenite were carefully removed
from the structures of the matroneum on the south transept (Fig. 3), where a visual inspection confirmed
chromatic alteration due to colour changes (from yellow to red) and dark surface deposits (Table 1). Special
attention was also given to damaged structures, by sampling representative altered specimens on the stone
surfaces affected by cracks, at the flying buttresses adjacent to both the east and west arches.

Five specimens are from area A (see Fig. 2, inset area A), four of which (labelled as 3.a, 3.b and 3.d) were taken
from the internal surface of the wall facing the choir under the blind arcade (Fig.3.a) and one specimen (labelled
as 3.d) was taken from the flying buttress adjacent the east arch supporting the dome, corresponding to the crack
pattern (Fig.3.b-c).

Nine specimens were sampled from area B (see Fig. 2, inset area B), in the south transept, and most were taken
from the stone surface constituting the masonry infill “a”, which clearly showed chromatic alteration (labelled as
1.%) (Fig.4). Two specimens (labelled as 2a and 2b) were taken from unaltered masonry. Finally, four specimens
(labelled as #4) were taken from area C (see Fig. 2, inset area C); specimens 4c-e were from the inner surface of
the wall facing the main nave, and were clearly affected by alteration, while specimen 4b is a chip of the dark

deposit entering the crack pattern on the west flying buttress (see Fig. 3.e-d).

Geological samples

Geological samples of Panchina Fm. calcarenite were obtained from around Castiglioncello (Livorno,
coordinates 43.401218, 10.404723), close to one of the possible ancient quarries of the lithotype (Sarti et al.
2017). This geological Fm has been extensively used in Tuscany since Etruscan times (Franzini 1993; Galoppini
et al. 1996) but the main exploited areas and the ancient quarries are not currently accessible or have been
obliterated by recent urbanisation. Five cylinders (2 cm in diameter, 4 cm high) were drilled from the

outcropping Fm., avoiding naturally weathered surfaces (Table 1).

Experimental procedures

Specimens taken from Pisa Cathedral were examined under a microscope equipped with a ZEISS Axiocam ERc
5s to identify the structural and textural features, along with the morphological features of altered surface and
deposits. A selection of samples representative of the locations and alteration forms were examined in thin
section with transmitted light under an optical Zeiss Axioplan microscope. Altered parts of the samples
characterised by chromatic alteration were then subjected to X-ray diffraction analysis to detect mineral phases
that could be related to the observed alteration form; the measurements were collected using a Bruker D2-Phaser
diffractometer at the University of Pisa with the following measurements conditions: 5°- 65° 26, 0.02° 28 step
size, 2 s per step. Additionally, the red surfaces were investigated in more detail using micro-Raman
spectroscopy and data were collected from polished cross sections and small sample chips, using Jobin-Yvon
Horiba XploRA Plus apparatus equipped with 532 and 785 nm excitation sources and an Olympus BX41
microscope with 10, 50 and 100x objective lenses, at the University of Pisa. The minimum lateral and depth
resolutions were set to a few um. The system was calibrated using a 520.6 cm™' Raman band of silicon before
each experimental session. Spectra were collected through multiple acquisitions with counting times ranging
from few seconds to two minutes. Backscattered radiation was analysed with a 1200 mm’' grating

monochromator. The characteristics of the dark deposits and chromatic alteration were examined using

4



micromorphological and chemical analysis at the stone surface; data were collected from carbon-coated sample
chips by means of field emission scanning electron microscopy FEI Quanta 450 ESEM FEG equipped with a
Bruker EDS QUANTAX XFlash detector, at the Centre for Instrument Sharing of the University of Pisa,
(CISUP).

Geological samples were subjected to thermal aging to mimic the effect of high temperature stress on the stone
(Franzoni et al. 2013; Ban et al. 2016) and to compare textural and compositional changes with those observed
for the Pisa Cathedral samples. The cylinders were aged at the University of Pisa in a Nabertherm Gmbh furnace
at 300 °C, 400 °C and 600 °C for lh, with a temperature ramp of 6 °C/s, 4.5 °C/s and 3 °C/s, respectively.
Cooling times were set to 3 °C/s, 2.5 °C/s and 1.5 °C/s, respectively. Capillary absorption tests were conducted
on the geological samples according to the UNI EN 10859 (2000) standard recommendation, to evaluate possible
physical changes due to thermal aging. Micromorphological and chemical analyses were carried out on carbon-
coated polished sections of both fresh and aged samples using field emission scanning electron microscopy FEI
Quanta 450 ESEM-FEG equipped with a Bruker EDS QUANTAX XFlash Detector, at CISUP, for comparative

purposes.

Results

Cathedral samples

Stone alteration patterns

Chromatic alteration, dark deposits and salt crystallization in the open outermost porosity were the main
alteration patterns observed with the light microscope on the stone sample surfaces. For the samples affected by
chromatic alteration, the stone colour turns from yellow to red (e.g., 1.d, 3.b, 3.c, 3.e) (Fig. 5.a) and a sharp
boundary between altered and unaltered areas was observed (Fig. 5.b). The microstructure consists of elongated
and angular grains and fossil fragments embedded in a calcite cement and a slight variability in the cement/grain
ratio was observed among the studied samples (e.g., a higher cement proportion in 3.b and 3.c). In the unaltered
and yellow areas the bioclast fragments are clearly visible (e.g., 2.a, 2.b) and the porosity is estimated at about
10-20% vol. In the red altered areas bioclast fragments are partially obliterated, and the porosity increases to 20-
30% vol. The dark deposit is about 1 cm in thickness (e.g., in 3.c and 3.d) and appears to be homogeneously
distributed on the stone surface (Fig. 5.c). Under the deposit, the stone is altered and appears red. The presence
of the dark deposits obliterates the textural features of the stone, and also fills the outermost porosity. In all
samples, the open and outermost porosity is indicated by the presence of secondary crystalline phases (e.g., in

1.d, 3.c, 3.d and 3.e), especially in darkening areas (Fig. 5.d).

Mineralogical-petrographic analysis

The stone is a biosparite (according to Folk 1959, 1962) or grainstone (according to Dunham 1962) (Fig. 6).
Allochems (2 mm — 50 pm) are due to fragments of foraminifera, lamellibranchia, gasteropoda and algae (70%
vol.). The orthochem fraction is due to spathic calcite (microsparite or pseudosparite), enriched by yellow iron
oxides particles. A silicoclastic fraction (10-20%) due to quartz and plagioclase grains (3 mm - 300 um) is
present. Few intraclasts due to sandstone fragments and altered rock fragments (with chlorite/sericite) are also
present. The porosity (25%-35% vol.) can be classified as interparticle, intraparticle and moldic (Choquette and

Pray 1970). In the altered samples, a secondary porosity due to fractures and micro-fissures is observed and the
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bioclast edges, cement and pores are characterised by a thick red concentration of fine-grained iron
oxide/hydroxide minerals. No evident lithofacies variations were observed among the samples that were
representative of the various analysed structures.

X-ray diffraction data collected from the altered and unaltered areas revealed the occurrence of (in order of
abundance) calcite, quartz, albite, anorthite and biotite (Table 2). In some cases, small amounts of gypsum were
identified. As expected, the bulk analysis did not enable us to detect and characterise the iron oxides, or to
identify mineralogical differences between altered and unaltered areas. Unfortunately, due to the small amount
of available samples from the Cathedral site, obtaining and characterising the insoluble stone residue through

acid attack was not possible.

Micro-Raman analysis on red-altered areas

The micro-Raman data collected on the red altered areas enabled the identity of the iron oxide to be determined.
The measurements identified the spectroscopic fingerprint of hematite, with typical Raman modes at 226, 292,
411 € 1320 cm™' (de Faria et al. 1997), and an additional Raman broad band centred at 657 cm™! was also visible
(Fig. 7). According to de Faria and Lopes (2007) this Raman fingerprint is typical of crystalline disorder in
heated goethite, forming hematite. When goethite is subject to heating, the Raman bands experience a shift
towards a higher wavenumber of between 250 °C and 300 °C, and at above 260 °C the typical hematite Raman
modes were identified at 224, 294, 408, 610, 657 ¢ 1320 cm™' along with an intense and broad band at 657 ¢cm!
(de Faria and Lopes 2007). Thus, the Raman spectroscopic features identified in the altered red areas suggest a
mineralogical transformation of goethite into hematite due to heating at a range of 260-300 °C, with a

consequent colour change of the stone from its original yellow-ochre colour to red.

Micro-morphological and chemical analysis on altered red surfaces and on dark deposits

Micro-morphological observations revealed particular features in the altered red areas, which are characterised
by a collapse of the cement matrix microstructure (i.e., an absence of the typical grain boundaries) and the
presence of tiny and abundant iron oxides, scattered in the cement (Fig. 8.a). The dark deposits are characterised
by a granular texture (Fig. 8.b), and the EDS chemical analysis revealed a composition corresponding to Ca-
carbonate along with Si and low and variable amounts of Fe and Al. Traces of Cl, S, Mg and Na were also
identified (Table 3). The most interesting result is represented by the detection of small Pb particles scattered in
the dark deposits (Fig. 8.c-d). The EDS spectra and the analyses (Table 3) suggest an association of Pb with Cl
(Pb-chloride minerals) and exclude the occurrence of Pb-sulphate (S is found in traces in the dark deposit but is
not associated with Pb). Lead oxides and the metallic form of Pb, condensed after vaporisation due to the fire,
cannot be excluded. However, the small size of these particles and the irregular surface prevented a quantitative
analysis, so it is not possible to give a univocal interpretation. Pb particles are exclusively associated with the

dark deposit.

Geological samples
The heating of the samples collected from geological outcrops induced chromatic alteration, and physical and
textural changes at the stone. The rock turns a light red colour at 300 °C, red at 400 °C and light red at 600 °C

(Fig. 9.a). A comparative evaluation of water behaviour between fresh and aged samples identified a slight
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decrease of the capillary absorption coefficient up to 300 °C (from 1.08 g/em?+\s in fresh samples to 0.81
g/em?x\s), with a subsequent increase above 400 °C (1.22 g/em?#Vs). The capillary absorption coefficient
quadrupled in samples subjected to 600 °C (4.23 g/cmz*\/s) (Fig. 9.b-c). BSE images collected from the
reference fresh sample identified the typical textural features of the rock, characterised by calcite (and dolomite),
spathic cement (calcite crystal boundaries are clearly visible, along with dolomite crystals), fine-grained
aggregates with variable amounts of Si, Al, Mg, K, Fe, Mn (possibly a clay proportion enriched by iron
hydroxides, or iron-bearing clays) and, locally, Mn oxides (Fig. 10.a). Fe and Ti oxides are also scattered in the
cement, possibly related to the intraclasts observed in thin section. Interesting textural and compositional
changes were observed in the sample heated at 300 °C. The cement texture is partially obliterated and crystal
boundaries are no longer visible (Fig. 10.b). The inter-crystalline sites and the inner porosity of the bioclasts
(bioclast porosity) are characterised by tiny and abundant iron oxides. In the sample heated to 400 °C a collapse
of the cement structure was observed (the cement crystal boundaries can no longer be recognised); the iron oxide
crystal areas have increased and micro-cracks have developed (Fig. 10.c-d). In the sample heated to 600 °C the
textural features are completely obliterated, the iron oxide areas have increased, newly formed iron oxides

partially fill the bioclast porosity (Fig. 10.e) and intense microfracture systems have developed (Fig. 10.f).

Discussion

The thermal aging of the geological samples enabled us to evaluate the effects of thermal stress on the Panchina
Fm. calcarenite lithotype, and its behaviour is in accordance with the literature (Yavuz et al. 2010). The stone
turns in fact from yellow to red when heated to between 300 °C and 400 °C. The lithotype exhibits a reduction of
porosity (and thus of capillary absorption) when heated at temperatures up to 300 °C, due to textural changes
into the cement structure (i.e., its collapse), as observed in the SEM-BSE images. As Bebck et al. (2016), Hajpal
and Torok (2004), Martinho and Dionisio (2020) found for similar lithotypes, when heated to between 300 °C
and 400 °C the stone experiences a porosity increase and a growth of iron oxide areas (particularly evident up to
400-600 °C), as the SEM observations reveal. Finally, at 600 °C the stone is affected by an intense microfracture
system, with a consequent porosity increase; the changes in texture and structure identified by the SEM
investigations support the measured quadruple capillary absorption values.

The physical, micro-morphological and chemical analyses conducted on the altered specimens taken from the
Cathedral and the comparison with heated geological samples enabled us to plausibly interpret the observed
patterns in the Cathedral stones as the effects of exposure to high temperatures and thus to the effects of a fire.
The altered red samples exhibit a colour hue similar to the aged sample heated at 300-400 °C, and the textural
features are comparable with those developed in the aged sample heated to 400 °C, i.e., obliterated cement grain
boundaries and increased iron oxide areas. The Raman analysis conducted on the red altered areas revealed the
typical fingerprint of heated goethite, likely transformed at around 300 °C into hematite. Finally, we can identify
a correlation between the observed fire-induced alteration patterns and the effects of the fire that affected Pisa
Cathedral in 1595. The analysis of the dark deposits supports this hypothesis due to the detection of significant
amounts of lead particles. According to historical sources (Casini 1986), the fire was responsible for the
complete melting of the original lead covering the structures of the Cathedral, similar to the recent disaster in

Notre-Dame de Paris (Ferreira 2019; Le Roux et al., 2019).



Lead particles on dark deposits were also detected on the altered samples taken from the flying buttresses, inside
the gap generated by the structural separation. Thus, the traces of fire appear to offer a terminus ante quem in
dating the crack pattern of the east and west flying buttress, namely that the cracks had already formed when the
fire occurred in the Cathedral.

Further insights into the origin of this crack pattern are provided by the on-going archaeological study of the
brick masonry infill “p” (Fig. 1.c), which probably dates back to the late Middle Ages. As the masonry infill is
not damaged nor detached from the adjacent structures and is affected by chromatic alteration, it was likely to
have been built after the formation of the cracks on the flying buttress and before the fire of 1595. The crack
patterns were thus probably produced many centuries before the 1595 fire by soil consolidation and related to the
renowned leaning phenomenon of Pisa Tower. The cause of this will be assessed in the on-going structural

analysis.

Conclusions

Monuments represent our historic heritage, and our duty is to preserve them for future generations. The
protection of historical building assets is achieved through acquiring detailed knowledge from history about the
phases of construction, and by characterising the constituent materials and assessing their state and conservation.
Examining the construction materials can inform the reconstruction of the events that ancient buildings have
experienced and can also reveal new details about specific occurrences or the present conservation state.

This study provides a mineralogical and petrographic characterisation of the calcarenite Panchina Fm. lithotype
used in the masonry of Pisa Cathedral and a description of its thermal behaviour, revealing the main chromatic,
mineralogical and physical changes through the application of high temperatures. The analysis of the calcarenite
samples from the matroneum demonstrates that all of the investigated structures were involved in the fire that
occurred in 1595.

The fire appears to have only affected the stone masonry surface, and chromatic alterations and micro-cracks
were observed in a centimetric layer below the stone surface, on which dark deposits containing lead particles
were also identified, which are interpreted as due to the melting of the roof structures.

The fire was not responsible for the existing structural damage, which can be related to other geological causes
still under investigation, but its effects on calcarenite stone can help to date the origins of the structural damage
to the flying buttress, and therefore also the cracks on the intrados of the arch supporting the dome.

The damage assessment of Pisa Cathedral shows once again that the diagnostic process for cultural heritage
structures requires a multi- disciplinary and dynamic approach that involves different types of information.
Detailed knowledge of the specific materials of the Cathedral is essential in investigations into its structural

damage, and will be key to reconstructing the chain of events that generated the detected crack pattern.
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Figure and Table captions

Figure 1. (a) The Cathedral and the Miracle Square complex. (b) Schematic view of the rear facade (Sanpaolesi
1970); on both north and south sides, flying buttresses connect the arch to the external walls of the transepts.

Details of the (c) east and (d) west arches and flying buttress affected by the crack pattern.

Figure 2. Localisation of stone specimens sampled at the Pisa Cathedral’s matroneum. Modified from

Sanpaolesi (1970).

Figure 3. (a) Internal surface of the wall facing the choir - under the blind arcade - affected by red chromatic
alteration (area A). (b-c) Stone ashlar of the flying buttress adjacent the east arch affected by cracks and dark

deposits on the stone surface (area A). (d-e) Surface of the wall facing the main nave (area C).

Figure 4. Details of the masonry infill “a”, area B.
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Figure 5. Macro-pictures of studied samples demonstrating the observed alteration patterns: (a) chromatic
alteration (sample 1.d); (b) sharp interface between altered and unaltered areas (sample 1.d); (c¢) dark deposit

(sample 3.c) and (d) salt crystallisation into outermost porosity (sample 3.c).

Figure 6. Microphotographs of the examined stone with indications of the main textural and structural features.
All: allochems; Sp: sparite; Inter v: inter-particle voids; Intra_v: intra particle voids. Samples (a) 2.b and (b) 4.b,

are shown as examples.

Figure 7. Raman spectrum collected on a reddish altered area in 3.e reddened sample, as an example.

Figure 8. BSE images collected on altered areas. (a) Surface affected by chromatic alteration. (b) Dark deposits

due to granular aggregates showing the presence of Pb particles (c-d).

Figure 9. Stone samples subjected to thermal aging and physical properties. (a) (from left to right) fresh stone,
stone heated to 300°C, 400°C and 600°C. (b) Water absorption by capillarity before and after thermal aging. (c)

Capillary absorption coefficient calculated for fresh and aged samples.

Figure 10. BSE images collected on fresh natural sample (a) and thermal altered samples at (b) 300°C, (c-d)
400°C and (e-f) 600°C.

Table 1. List of examined samples and brief descriptions of observed alteration forms. M.I. = Munsell Index

(Munsell, 2010).

Table 2. Semi-quantitative mineralogical composition of the bulk rock. Cc = calcite; Qtz = quartz; Fsp =

feldspars; Bt = biotite; Gp = gypsum. xx = abundant; X = scarce; tr = traces; — = absent.
Table 3. Semi-quantitative chemical composition of the dark deposit (analysis n. 1-4, raster windows approx.

80x80 square microns) and of the Pb-rich particles identified on the dark coatings (analysis n. 5-8). Bdl: below

detection limit.
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Table 1. List of studies samples and brief description of observed alteration forms. M.I. = Munsell Index

(Munsell, 2010)

Sample
site

Sampling area

Sample
ID

Description

Pisa
Cathedral

Area A: wall facing the choir, under the blind
arcade

3a-b

chromatic alteration; stone surface
turns from yellow/reddish-yellow
(M.I7.5YR 7/6-7/8) to red (M.1
2.5YR 5/6)
sharp boundary between altered and
unaltered areas

Area A: flying buttress adjacent the East arch
supporting the dome

3¢

chromatic alteration; stone surface
turns from yellow/reddish-yellow
(M.I7.5YR 7/6-6/8) to red (M.I
2.5YR 5/6). Sharp boundary between
altered and unaltered arcas

Area A: wall facing the choir, under the blind
arcade

3d

dark deposit (M.I 5YR 2.5/2, dark
reddish brown) about 1 ¢cm in
thickness
under the deposit, the stone is altered
and colour turns in red (M.I 5YR
5/6)

Area B: masonry infill “a”

chromatic alteration; stone surface
turns from yellow (M.I 7.5YR 7/6) to
red, light red (M.I 2.5YR 5/6-6/6)
sharp boundary between altered and
unaltered areas

Area B: masonry infill “o”

2a-b

No alteration patterns or decay
forms. Stone surface is yellow (M.I
7.5YR 6/8)

Area C: flying buttress adjacent to the West
arch supporting the dome

4a-b

dark deposit (M.I 7.5YR 4/2-4/3,
brown) about 1 cm in thickness
under the deposit. In 4a the stone is
brownish yellow (7.5 YR 6/8). In 4b
the stone is altered and colour turns
inred (M.I. 2.5YR 5/6)

Ares C: inner surface of the wall facing the
main nave

4c-¢

chromatic alteration; stone surface is
red (ML1. 2.5YR 5/6)

Outcrops
Panchina

Castiglioncello (Livorno, Italy)

Fresh
sample

Coarse grained calcarenite, yellow in
colour (7.5YR 7/6) with bioclasts
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Fm.
calcarenite

and detrital fractions
chromatic alteration; stone surface
Heated
300 °C turns from yellow (M.I 7.5YR 7/6) to
light red (M.I 2.5YR 6/6)
chromatic alteration; stone surface
Heated
400 °C turns from yellow (M.I 7.5YR 7/6) to
red (M.I 2.5YR 5/6)
chromatic alteration; stone surface
Hetaed
600 °C turns from yellow (M.I 7.5YR 7/6) to
light red (M.I 2.5YR 7/6)

Table 2. Semi-quantitative mineralogical composition of the bulk rock. Cc = calcite; Qtz = quartz; Fsp =

feldspars; Bt = biotite; Gp = gypsum. xx = abundant; x = scarce; tr = traces; — = absent.

Sample ID | Qtz | Cc | Fsp | Bt | Gp
Bulk rock, not altered area 1d X XXX | X
Bulk rock, chromatic alteration | 1d X XXX | X
Bulk rock, chromatic alteration | 3d X XXX | X
Bulk rock, chromatic alteration | 4c X XXX | X tr | tr

Table 3. Semi-quantitative chemical composition of the dark deposit (analysis n. 1-4, raster windows approx.

80x80 square microns) and of the Pb-rich particles identified on the dark coatings (analysis n. 5-8). Bdl: below

detection limit.

sample 3c 3c 3c 3d 3d 3d 3d 3d
analysis n. 1 2 3 4 5 6 7 8
type area area area area spot spot spot spot
Na,O wt% | 0.96 0.52 0.79 bdl bdl 1.06 0.55 0.31
MgO 2.31 bdl 0.55 2.34 bdl bdl 0.43 bdl
AL Os 2.70 0.59 0.55 0.86 bdl 0.28 0.27 bdl
SiOs 55.25 | 52.39 | 37.22 1.43 0.36 0.80 1.17 0.75
SOs 1.72 9.79 9.38 3.51 bdl bdl bdl bdl
K>O 0.99 bdl 0.27 0.00 1.62 1.41 bdl bdl
CaO 30.24 | 36.24 | 50.15 | 91.85 | 6.05 8.37 15.66 | 7.42
FeO 5.84 bdl bdl 0.00 bdl bdl bdl bdl
MnO bdl bdl bdl 0.00 bdl bdl bdl bdl
PbO bdl bdl bdl 0.00 | 70.89 | 71.20 | 70.79 | 88.31
P,0s bdl bdl 0.60 0.00 0.10 bdl 7.66 bdl
Cl bdl 0.47 0.48 0.00 | 2099 | 16.88 | 3.48 3.21
sum 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
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