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Abstract - A. Aquino, S. PAgnottA, M. Lezzerini, Effects of thermal 
ageing on calcarenite from Livorno coast (Italy).

The “Panchina” stone widely outcrops along the South-western Tus-
can coastline, from Italy. It is a highly porous calcarenitic rock charac-
terized by grains with medium size, enriched in carbonate fragments 
of organic origin. Panchina stone is made up of abundant calcite and 
quartz, subordinate feldspars, and traces of phyllosilicates. The ana-
lysed samples are characterized by high porosity, highly variable wa-
ter absorption by both capillarity and total immersion at atmospheric 
pressure. Thanks to the good physical and mechanical properties that 
characterize the stone, the “Panchina” calcarenite is easy to work and 
extensively used in the necropolis of the Gulf of Baratti since Etruscan 
times and, in medieval times, in various public and religious buildings 
in the city of Pisa. This work focuses on the effects of degradation 
produced by artificial thermal decay. The exposition of samples at in-
creasing values of temperatures (110 °C, 200 °C and 300 °C) brings the 
samples to an increase in the amount of absorbed water (from 11.79 to 
12.21 vol. % at 300 °C) and, therefore, to an increase in total porosity. 
This can bring to a higher circulation of fluids in the rock that can play 
a key role in it decay.
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Riassunto - A. Aquino, S. PAgnottA, M. Lezzerini, Effetti del degra-
do termico sulla calcarenite della costa livornese (Italia).

La pietra “Panchina” affiora ampiamente lungo la costa toscana 
sud-occidentale, in Italia. Si tratta di una roccia calcarenitica alta-
mente porosa, caratterizzata da clasti di medie dimensioni, ricca in 
frammenti carbonatici di origine organica. La pietra “Panchina” è 
costituita da abbondante calcite e quarzo, subordinati feldspati e fil-
losilicati in tracce. I campioni analizzati sono caratterizzati da alta 
porosità, assorbimento d’acqua molto variabile sia per capillarità che 
per immersione totale a pressione atmosferica. Grazie alle buone 
proprietà fisiche e meccaniche che caratterizzano la pietra, la calcare-
nite “Panchina” è facilmente lavorabile e ampiamente utilizzata nelle 
necropoli del Golfo di Baratti fin dall’epoca etrusca e, in epoca me-
dievale, in vari edifici pubblici e religiosi della città di Pisa. Questo 
lavoro si concentra sugli effetti del degrado prodotto dal trattamento 
termico artificiale. L’esposizione dei campioni a valori crescenti di 
temperatura (110 °C, 200 °C e 300 °C) porta i campioni a un aumento 
della quantità di acqua assorbita (da 11,79 a 12,21 vol. % a 300 °C) e, 
quindi, a un aumento della porosità totale. Questo può portare a una 
maggiore circolazione di fluidi nella roccia che può giocare un ruolo 
chiave nel suo decadimento. 

Parole chiave - materiali da costruzione, degrado termico, porosità, 
Toscana 

introduction

Stone has always been the construction material par 
excellence thanks to its versatility, as well as its general 
durability for both external and internal applications, 
and its easy availability. The different types of rock, 
with their different physical-mechanical and aesthetic 
characteristics, have historically been used for a wide 
variety of purposes, both for construction and orna-
mentation. It is precisely their intrinsic characteristics 
that make them ideal building materials that are also 
at the root of the main problems linked to deteriora-
tion and the consequent need for protection and con-
servation (Brandi, 1963; Terrazzini, 1992; Lazzarini 
& Laurenzi Tabasso, 2010; Improta, 2012; Pereira et 
al., 2015; Freire-Lista & Fort, 2019; Coombes & Viles, 
2021; Freire-Lista, 2021).
This study is part of a wider research project aimed at 
studying the building stones and mortars used in mon-
umental construction during the Italian Middle Ages, 
in Tuscany, in particular in the cities of Pisa and Livor-
no and their surroundings. Over the years, studies have 
been carried out at the Department of Earth Sciences 
of the University of Pisa on the various lithologies and 
mortars used in historical monumental building (Fran-
zini et al., 2001, 2007; Franzini & Lezzerini, 2002; Lez-
zerini et al., 2014a, 2017; Ramacciotti et al., 2015), but the 
“Panchina” stone is still a poorly studied lithotype (Sar-
tori, 2004; Ciampalini et al., 2006; Aquino et al., 2020b).
“Panchina” calcarenite is a highly porous stone with 
medium-sized grains and rich in organogenic car-
bonate fragments. This stone is extensively present in 
the south-western part of Tuscany, mainly along the 
Livorno coast. Used as a building material since Etrus-
can times, it was widespread during the Middle Ages 
until the second half of the 17th century. Today it is 
possible to see many ashlars of these stones in many 
buildings and in the ancient defensive walls of the Pi-
sa’s city (Sartori, 2004; Lezzerini, 2005), but its wide 
use in the past is also testified by its presence in the 
archaeological sites of Baratti and Luni, and in the an-
cient Roman remains of the Nerone Thermae. 
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Because of their proximity to the sea, both the cities 
of Pisa and Livorno are constantly subjected to, and 
face problems related to, the presence of marine aero-
sol, which combined with wide temperature variations 
throughout the year can cause disintegration and loss 
of cohesion in the building materials used (Lazzarini 
& Laurenzi Tabasso, 2010; Ban et al., 2016; Aquino 
et al., 2020a), and in this case the “Panchina” stone 
(Aquino et al., 2020a). Numerous studies have high-
lighted the importance of research into the behaviour 
of rocks as a result of temperature variations (Andriani 
& Walsh, 2010; Brotóns et al., 2013; Freire-Lista et al., 
2016; Murru et al., 2018; Shen et al., 2019; Wang and 
Konietzky, 2019; Chen et al., 2020; Rabat et al., 2020; 
Wong et al., 2020). In this work, we study the chemi-
cal, mineralogical and petrographic characteristics, to-
gether with the physical properties of the “Panchina” 
calcarenite as a construction material, in order to bet-
ter understand the main effects of degradation caused 
by artificial thermal ageing on this rock.

geoLogicAL Setting

The Panchina stone of the Livorno coast, in western 
Tuscany, is a lithotype that emerges mainly along the 
coast between Livorno and Rosignano Marittimo, 
reaching as far as the Gulf of Baratti (Rodolico, 1953; 
Franzini et al., 2000; Lezzerini, 2005; Aquino et al., 
2020b). 
The typical rocky outcrop is found within the city of 
Livorno and belongs to a morpho-sedimentary ele-
ment known in literature as the “Terrazzo di Livorno” 
(Figs 1 and 2) (Malatesta, 1940, 1942; Barsotti et al., 
1974; Ciampalini et al., 2006; Ciampalini and Forli, 
2014), which also represents the substrate on which 
the city was built. 
The “Terrazzo di Livorno” was interpreted by these 
authors as a polycyclic marine terrace that developed 
from the fifth stage of marine isotopic stratigraphy 
(MIS 5), starting about 125,000 years ago (Barsotti et 
al., 1974; Federici & Mazzanti, 1995). 

Figure 1. Geological map of the city of Livorno and its surroundings. “La Terrazza” represents the “typical” outcrop of the “Panchina” calcarenite 
(after Lazzarotto et al. 1987).
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The following stratigraphic succession of this terrace 
can be recognized starting from the base up to the top 
(Fig. 2):
• Sandstone and conglomerates of coastal marine 

environment, which sometimes contain warm en-
vironment fauna (the so called “Panchina I”, or 
the “Calcareniti sabbiose di Castiglioncello” and 
the “Conglomerati di Bocca di Chioma”), MIS 5e 
(Malatesta, 1942; Barsotti et al., 1974; Hearty et 
al., 1986; Chen et al., 1991; Federici & Mazzan-
ti, 1995; Antonioli et al., 1999; Zanchetta et al., 
2004). 

• Silty clays, sometimes peaty, of a mainly continen-
tal environment, sometimes containing terrestrial 
malacofaunas and the remains of large mammals, 
which indicate a phase of climate deterioration, 
MIS 5d (Barsotti et al., 1974; Lazzarotto et al., 
1990a; Federici & Mazzanti, 1995; Zanchetta et al., 
2006). 

• Conglomerates in silty sandy matrix of river en-
vironment (“Conglomerati di Rio Maggiore”) 
that follow upward and in plausible heteropy to 
“Panchina I”.

• Sandstones from different environments, from 
coastal marine to aeolian (“Panchina II”, Lazzarot-
to et al., 1990; Malatesta, 1942), of uncertain dating, 
but probably corresponding to MIS 5c (Antonioli 
et al., 1999; Ciampalini et al., 2006). This sequence 
refers to the “Calcareniti di Castiglioncello” (Laz-
zarotto et al., 1990a).

• Continental sands and sandy silts, strongly red-
dened or brown or orange in colour (“Sabbie di 
Ardenza” by Lazzarotto et al., 1990b); often inside 
them there are traces of Mousterian craftman-
ship (Ciampalini & Sammartino, 2007; Malatesta, 
1940), MIS 3 and 4 (Bossio et al., 1981; Zanchetta 
et al., 2006). The substratum of the rather varied 
Pleistocene deposits consists of Pliocene deposits 

of the “Blue Clays” replaced to the west by sands 
and clays of the Lower Pleistocene of the Morrona 
Formation (Costantini et al., 1993; Cauli & Bogi, 
1997).

MAteriALS And MethodS

Figure 3. Macroscopic image of “Panchina” calcarenite samples.

The sampling campaign took place in many of the out-
crops along the south-western coastline of Tuscany, 
where the calcarenite “Panchina” emerges, from Li-
vorno to Baratti. The samples were then analysed start-
ing with a chemical, mineralogical and petrographic 
characterization, followed by the determination of the 
physical properties. Three calcarenite blocks (A, B and 
C, Fig. 3) have been chosen among the collected ones, 
with the lowest values of porosity and the best pres-
ervation conditions, in agreement to what had been 
observed in our previous study (Aquino et al., 2020b).
Before proceeding with the determination of the phys-
ical properties of the rock, we cored the three cal-
carenite samples. From the three blocks of rock, we 
have obtained 12 cylinders of 30 mm in diameter and 
40 mm in height, three cylinders for each block. On 
these cylinders, we have carried out all the determina-
tions of the physical properties, before and after heat 
treatment, to be able to compare the effects of heat 
variations. 
The determination of major and minor compounds 
(Na2O, MgO, Al2O3, SiO2, P2O5, K2O, CaO, TiO2, 
MnO, Fe2O3) has been obtained by means of X-ray 
fluorescence (Franzini et al., 1975) using a new soft-
ware recently developed (Tamponi et al., 2020). The 
measurement uncertainty results between 4-7% by 
weight for concentrations < 1%, between 2-4% for 
concentrations between 1 and 10% and around 1% 
for concentrations > 10% (Lezzerini et al., 2013, 
2014b). 
The mineralogical analyses were carried out through 
both X-ray diffractometry (XRD), using a Bruker D2 
Phaser X-ray diffraction (XRD) instrument, Cu Kα ra-
diation, λ = 1.5418 Å, angle range 4-66° 2θ, operating 
at 0.020 deg step displacement and 65.6 s step time; 
and petrographic analyses: transmitted light micro-
scopic observation of thin sections (Zeiss Axioplan 
microscope).

Figure 2. Diagram of the stratigraphic relationships between the litho-
stratigraphic units of the Terrazzo di Livorno described in the litera-
ture. Correlations with marine isotopic stages (MIS) are also shown. 
Modified after Ciampalini & Sammartino, 2007.
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The physical properties of the stones (real density (ρr) 
and apparent density (ρa), water absorption by capil-
larity, water absorption at atmospheric pressure, total 
and open porosity, and saturation index) have been 
determined following EN standards (EN 1925, 1999; 
EN 13755, 2009; EN 1936, 2010). 
In detail, ρr has been determined using a gas pycnome-
ter (ultrapycnometer 1000 by Quantachrome Corpora-
tion) (EN 1936, 2010), and ρa has been determined by 
ratio between dry mass and volume of each specimen. 
The specimens were placed in a stove at 60 °C until 
the dry weight was reached, (i.e., when the difference 
between two successive weighing at an interval of 24 h 
is not greater than 0.1 % of the mass of the specimen 
itself).

Figure 4. Optical microscopy images in transmitted light 
at parallel (top) and crossed Nicols (bottom) of a sample 
of “Panchina” calcarenite from Livorno. It is possible to 
see the presence of the remains of some of the organisms 
that make up the structure of this stone.

After oven drying the specimens were immersed in 
distilled water following EN 1936, (2010). The volume 
of the specimens was measured by means of a hydro-
static balance on water-saturated samples (Franzini & 
Lezzerini, 2003).

The water absorption by capillarity has been deter-
mined on the same specimens used for ρa determina-
tion following (EN 1925, 1999). Measurements were 
taken after 1, 3, 5, 15, 30, 60, 120, 180, 240, 300, 360, 
420, 480, 1440, 2880, 4320, 5760 minutes; total poros-
ity has been calculated using the following formula:
 

P (vol. %) = 100 ∙ (1 - ρa / ρr).

Degradation of samples by means of thermal shock. 
Three different thermal degradation tests using 12 
cylindrical specimens. Before performing the thermal 
degradation, each specimen was brought to constant 
weight and subjected to water absorption cycles both 
by capillarity and by total immersion, for at least 14 
days. After sample preparation, the following tests 
were carried out: a - heating to 110 °C using 12 sam-
ples, three for each of the 3 samples, with the aid of 
an oven; b - heating to 200 °C using a muffle furnace; 
c - heating to 300 °C using a muffle furnace. 
After each test, all samples were thermally shocked by 
putting them under current deionized water, at room 
temperature, for at least three minutes, then air dried 
for ca. 30 minutes.

reSuLtS And diScuSSion

The three stone samples have been firstly observed by 
naked eye and described as follow (Fig. 3): sample A, 
is yellowish-white composed by fine sand and high po-
rosity, showing a minor state of decay; while both sam-
ple B and C, are reddish white, composed by fine-me-
dium sand and high porosity, showing a low-medium 
state of decay. Fig. 4 shows two pictures of thin sec-
tions in transmitted light at parallel and crossed Nicols 
in which it is possible to appreciate the microtexture 
and mineralogical composition of the samples studied, 
including microfossils.
The analysed samples of “Panchina” stone are com-
posed mainly of calcite and quartz, with some feldspar 
and phyllosilicates in traces. The colour of the analysed 
samples varies from yellowish-white to reddish-brown. 
The “Panchina” stone is a calcarenite with a grain size 
ranging from silt to coarse sand and a porosity that 
varies from low to very high, and a variable external 
alteration from absent to advanced. It is a granular 
sedimentary rock composed mainly of carbonate frag-
ments (35-90 vol. %, size from 100 μm to 500 μm), 
quartz (10-40 vol. %, size from 200 μm to 500 μm) 
and feldspars (5 vol. %, size from 300 μm to 500 μm) 
and bioclasts (5-20 vol. %, size from 200 μm to 500 
μm), mainly brachiopods. Some carbonate cement (15 
vol. %) is present. The “Panchina” stone samples stud-
ied in this work is classifiable as “calcarenite” accord-
ing to Folk (1959). The results of the microscopic anal-
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ysis in transmitted light agree with those shown by the 
powder analysis in X-ray diffractometry (Fig. 4), where 
the presence of quartz and calcite is evident.
In Tab. 1, we report the average values of the chemi-
cal analysis by X-ray fluorescence for the present work, 
compared with those of the previous literature. The 
main components of the “Panchina” calcarenite, ex-
cluding the Loss on Ignition (LOI) values, which are 
essentially due to the CO2 content, are represented by 
CaO, with an average value of 27.27 wt.%, and SiO2 
with an average value of 42.46 wt.%. It is clear that, 
compared with the previous literature, there is a sub-
stantial difference in the composition of the stone. In 
the samples examined in this work, there are higher 
values of SiO2 at the expense of CaO content than 
shown in previous work. Both feldspars and phyllo-
silicates are also present, but only in trace amounts, in 
agreement with the literature and X-ray diffractometry 
data. 
The results of the analyses of the physical properties 
are reported in Tabs 2 and 3, before and after thermal 

degradation. In the non-degraded samples, ρa varies 
from 2.28 to 2.37 g/cm3 in agreement with the total 
porosity values, ranging from 12.65 to 15.82 vol.%. 
The water absorption varies from 4.99 to 6.52 wt.%, 
and from 11.37 to 15.73 vol.%., with a saturation in-
dex that varies from 72 to 95. The values of the water 
absorption by capillarity varies from 30.56 to 68.44 g/
m2s0.5 (68.44 g/m2s0.5 sample A, 30.56 g/m2s0.5 sample 
B, and 35.70 g/m2s0.5 sample C). 
Tabs 2 and 3 show the physical property values before 
and after heat treatment. The values of ρa show a slight 
increase after heat treatment, increasing with the tem-
perature applied, minimum for sample A degraded at 
110 °C (+ 0.01 g/cm3 ±0.01) and maximum for sample 
C degraded at 300 °C (0.04 g/cm3 ±0.02). The values 
of the absorption coefficient C1 show a decrease after 
thermal treatment for sample A, from 68.44 g/cm3 to 
68.25 g/cm3, while both sample B and sample C show 
an increase in the value of C1: sample B from 30.56 g/
cm3 ± 2.58 to 31.84 g/cm3 ±3.28; sample C from 35.70 
g/cm3 ±1.98 to 45.01 g/cm3 ±13.31. 

Figure 5. Diffractograms (XRD) of the three “Panchina” stone samples A, B and C. Panchina is mainly composed of calcite and quartz, followed 
by some feldspars and phyllosilicates in traces..
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It is also interesting to note the increase in the standard 
deviation recorded in the samples after thermal treat-
ment. As far as water absorption is concerned, both 
percentage by weight and volume, a general increase 
in the absorbed water content is recorded in both cas-
es for each sample treated at different temperatures as 
the temperature applied increases. 
In particular, at 110 °C there is an increase in water 
content from 6.52 wt. % ±0.06 to 6.65 wt. % ±0.09, at 
200 °C it varies from 4.99 wt. % ±0.05 to 5.07 wt. % 
±0.07 and at 300 °C there is the maximum increase, 
from 4.99 wt. % ±0.25 to 5.16 wt. % ±0.28. Similar 
variations are recorded for the percentage water ab-
sorption values by volume. The total porosity values 
of the studied calcarenite samples generally show an 
increase with increasing temperature, with the excep-
tion of the samples treated at 110 °C, which show a 
slight decrease in porosity, but still well within the 
values of the standard deviation. In general, what has 
been observed for the increase in absorbed water con-
tent is confirmed by the values of the Saturation Index, 
which increases with increasing temperature.
Fig. 6 shows the mean capillary absorption curves of 
samples A, B and C before heat treatment (dotted line) 
and after heat treatment (solid line) at 110 °C, 200 °C 
and 300 °C. As can be seen in the figure, the heat 
treatment leads to an increase in the water content 
absorbed by the treated samples. This increase in ab-
sorbed water is greater as the treatment temperature 
is increased. Samples treated at 110 °C show the least 
variation in water absorption. The absorption curves 
of the samples treated at 200 °C show a slight increase 
compared to the previous ones, while the curves of the 
samples treated at 300 °C show a marked change in the 
water content absorbed by the samples treated at this 
temperature.

Figure 6. Mean water absorption curves of samples A, B and C. Con-
tinuous lines represent degraded samples (110 °C sample A, 200 °C 
sample B, 300 °C sample C) and dotted lines represent samples before 
thermal degradation.

Clearly, subjecting the “Panchina” calcarenite to ther-
mal treatment induces in the stone structural changes 
that lead it to absorb a greater amount of water than 
the “ sound “ sample, comparable to the increase in po-
rosity of the sample studied. These changes in the con-
tent of absorbed water and total porosity as a result of 
thermal treatment are phenomena already observed in 
the literature for marble (Royer-Carfagni, 1999; Sieges-
mund et al., 2000; Cantisani et al., 2009; Franzoni et al., 
2013; Ban et al., 2016; Murru et al., 2018)the emphasis 
lies on reproducing this key-deterioration effect in every 
lithotype. An additional effect to be studied for porous 
limestone is the formation of a gradient of compact-
ness within the specimen, mimicking a crust on loose 
substratum. The ageing progress was evaluated by the 
methods of determining changes in ultrasound veloc-
ity and water absorption coefficient by capillarity. At 
critical stages the micro defects created are analysed by 
polarizing light and scanning electron microscopy on 
petrographic thin sections and mercury intrusion poro-
simetry. The methodologies for artificial ageing are as 
following: 1., in which the thermo-induced changes in 
porosity and micro textures that develop are due to dif-
ferential expansion of calcite crystals within the marble 
subjected to heat treatment (Rosenholtz & Smith, 1949; 
Battaglia et al., 1993; Leiss & Weiss, 2000)the anisotrop-
ic thermal dilatation was calculated from texture analy-
ses of four exemplary samples from the Carrara area in 
Italy and compared to experimentally measured dilata-
tion coefficients. The thermal dilatation as determined 
in the experiment is controlled by an intrinsic part (ani-
sotropic single crystal properties and texture. Similarly, 
it is conceivable that the changes in total porosity of the 
studied calcarenite samples result from the differential 
deformation of the calcite crystals contained in the sam-
ples. This differential expansion of calcite is likely to 
lead to the formation of new micro-fractures and the 
widening of existing ones.

concLuSionS

Monumental stone heritage is an important economic 
resource to be protected over time. In order to allow 
proper planning of conservation and restoration poli-
cies for stone cultural heritage, it is important to have 
a thorough knowledge of the materials used and their 
behaviour. In this work, the effects of thermal heating 
on samples of calcarenite, “Panchina” stone of Italian 
origin (Tuscany) were investigated. For this study, the 
mineralogical and petrographic characteristics as well 
as the physical properties of this rock were investigat-
ed. The physical parameters were measured according 
to international standard norms. The evaluation of the 
effects of ageing by thermal heating was carried out by 
exploiting water absorption by capillarity. The stone 
studied can be classified as calcarenite, with a fine to 
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medium grain size and high porosity, rich in calcite 
(35-90 vol. %) and quartz (10-40 vol. %) and subordi-
nately feldspars (≈ 5 vol. %).
An increase in the values of the physical characteristics, 
and above all of the capillarity coefficient, can be seen 
after heating at 200 °C in furnace; this increase be-
comes more marked with heating up to 300 °C, so it can 
certainly be said that, unlike the other degradations, a 
cycle at 300 °C leads to a change in the amount of water 
absorbed correlated with a modest increase in the ap-
parent volume, and to the formation of open porosity. 
Exposure of samples to increasing temperatures leads to 
an increase in the amount of water absorbed and thus to 
an increase in the total porosity, which can be attribut-
ed to the differential deformation of the calcite crystals. 
This may lead to increased fluid circulation in the rock, 
which may play a key role in its decay. Heating cycles 

produce degradation of the rock studied, but as seen 
above it does not seem possible to attribute the degrada-
tion effects normally observed on the “Panchina” stone 
exclusively to thermal degradation. In this respect, one 
aspect to be verified in the future is certainly the effect 
of complete thermal cycles on samples with increasing 
calcite content, freezing and subsequent thawing cycles 
and the influence of salts and acid attacks. 
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Table 1. Chemical compositions (wt. %) of the analysed samples of “Panchina” stone.

LOI Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3

Mean 22.09 0.81 0.97 3.95 42.46 0.05 0.45 27.27 0.18 0.06 1.91

St. Dev. ±0.26 ±0.03 ±0.01 ±0.09 ±0.13 ±0.00 ±0.02 ±0.36 ±0.01 ±0.00 ±0.02

Mean* 33.69 0.14 0.28 1.29 21.5 0.07 0.35 42.15 0.24 0.29 0.45

St. Dev.* ±3.45 ±0.07 ±0.05 ±0.30 ±7.57 ±0.03 ±0.05 ±4.36 ±0.05 ±0.08 ±0.07

LOI = Loss on Ignition at 980 °C; Fe2O3= total iron expressed as Fe2O3. *Data from Aquino et al. 2020.

Table 2. Main physical properties of the analysed samples of “Panchina” stone.

Campione ρr (g/cm3) ρa (g/cm3) C1 (g/m2s0.5) w. Abs. 
(wt. %)

w. Abs 
(vol.%)

Total porosity 
(vol.%)

Saturation 
Index

A mean 2.71 2.28 68.44 6.52 14.90 15.73 95

St. Dev. ±0.01 ±0.02 ±1.11 ±0.06 ±0.11 ±0.09 ±1

B mean 2.71 2.28 30.56 4.99 11.37 15.82 72

St. Dev. ±0.01 ±0.01 ±2.58 ±0.05 ±0.12 ±0.17 ±1

C mean 2.71 2.37 35.70 4.99 11.79 12.65 93

St. Dev. ±0.01 ±0.02 ±1.98 ±0.25 ±0.48 ±0.83 ±3

ρr = real density; ρa = apparent density; C1 = water absorption coefficient by capillarity; w. abs. = water absorption.

Table 3. Main physical properties of the analysed samples of “Panchina” stone after thermal degradation.

Campione ρr (g/cm3) ρa (g/cm3) C1 (g/m2s0.5) w. Abs. 
(wt. %)

w. Abs 
(vol.%)

Total porosity 
(vol.%)

Saturation 
Index

A mean
(110 °C) 2.71 2.29 68.25 6.65 15.20 15.70 97

St. Dev. ±0.01 ±0.01 ±1.07 ±0.09 ±0.19 ±0.10 ±1

B mean
(200 °C) 2.71 2.31 31.84 5.07 11.57 15.83 73

St. Dev. ±0.01 ±0.01 ±3.28 ±0.07 ±0.15 ±0.17 ±1

C mean
(300 °C) 2.71 2.41 45.01 5.16 12.21 12.72 97

St. Dev. ±0.01 ±0.02 ±13.31 ±0.28 ±0.56 ±0.83 ±2

ρr = real density; ρa = apparent density; C1 = water absorption coefficient by capillarity; w. abs. = water absorption.



50 A. AQUINO, S. PAGNOTTA, M. LEZZERINI

funding

This research received no external funding.

AcknowLedgMentS

Authors are grateful to Marcello Spampinato for its help in sampling 
and sample preparation.

confLictS of intereSt

The authors declare no conflict of interest. 

REFERENCES

AndriAni G.F., wALSh N., 2010. Petrophysical and mechanical 
properties of soft and porous building rocks used in Apulian 
monuments (south Italy). Geological Society, London, Special 
Publications 333: 129-141. doi:10.1144/SP333.13

AntonioLi F., SiLenzi S., Vittori E., ViLLAni C., 1999. Sea level 
changes and tectonic mobility: Precise measurements in three 
coastlines of Italy considered stable during the last 125 ky. 
Physics and Chemistry of the Earth Part A Solid Earth and Ge-
odesy 24, 337-342. doi:10.1016/S1464-1895(99)00038-1

Aquino A., AntoLA M., PAcchini A., PAgnottA S., Lezzerini 
M., 2020a. Thermal decay of monzogranite from Elba Island 
(western Tuscany, Italy): Properties of an ancient building ma-
terial. In 2020 IMEKO TC-4 International Conference on Me-
trology for Archaeology and Cultural Heritage: 38-43.

Aquino A., PAgnottA S., PoLeSe S., tAMPoni M., Lezzerin M., 
2020b. Panchina calcarenite: A building material from tusca-
ny coast. In: IOP Conference Series: Earth and Environmental 
Science doi:10.1088/1755-1315/609/1/012077

bAn M., bArAgonA A.J., weber J., rohAtSch A., MASchA e., 
weber J., 2016. Artificial aging techniques on various litho-
types for testing of stone. In: Science and Art: A future for Stone 
- Proceedings of the 13th International Congress on the Deterio-
ration and Conservation of Stone: 253-260.

bArSotti g., federici P.r., giAnneLLi L., MAzzAnti r., SALVA-
torini g., 1974. Studio del Quaternario Livornese, con parti-
colare riferimento alla stratigrafia e alle faune delle formazioni 
del bacino di carenaggio della Torre del Fanale. Memorie della 
Società Geologica Italiana 13: 425-495.

bAttAgLiA S., frAnzini M., MAngo f., 1993. High-sensitivity ap-
paratus for measuring linear thermal expansion: Preliminary 
results on the response of marbles to thermal cycles. Il Nuovo 
Cimento C 16: 453-461. doi:10.1007/BF02507653

BoSSio A., giAnneLLi L., MAzzAnti r., MAzzei r., SALVAtorini 
g., 1981. Gli strati alti del Messiniano, il passaggio Miocene-
Pliocene e la sezione plio-pleistocenica di Nugola nelle colline 
a NE dei Monti Livornesi. In: IX Convegno Società Paleontolo-
gica Italiana: 55-90.

brAndi C., 1963. Teoria del Restauro, lezioni raccolte da L. Vlad 
Borrelli, J. Raspi Serra, G. Urbani. Edizioni di Storia e Lette-
ratura, Roma.

brotónS V., toMáS r., iVorrA S., ALArcón J.c., 2013. Tempera-
ture influence on the physical and mechanical properties of 
a porous rock: San Julian’s calcarenite. Engineering Geology, 
Volume 167, 117-127. doi:10.1016/j.enggeo.2013.10.012

cAntiSAni e., Pecchioni e., frAtini f., gArzonio c.A., MALe-
SAni P., MoLLi g., 2009. Thermal stress in the Apuan mar-
bles: Relationship between microstructure and petrophysical 
characteristics. International Journal of Rock Mechanics and 
Mining Sciences 46: 128-137. doi:10.1016/j.ijrmms.2008.06.005

cAuLi L. bogi c., 1997. La malacofauna pliocenica del Cisternino 
(Livorno). Quaderni del Museo di Storia Naturale di Livorno 
15: 1-24.

chen J.h., currAn h.A., white b., wASSerburg g.J., 1991. Pre-
cise chronology of the last interglacial period: 234U-230Th 
data from fossil coral reefs in the Bahamas. Geological Society 
of America Bulletin 103: 82-97.

chen Y., zhAng c., zhAo z., zhAo X., 2020. Shear Behavior of 
Artificial and Natural Granite Fractures After Heating and Wa-
ter-Cooling Treatment. Rock Mechanics and Rock Engineering 
53: 5429-5449. doi:10.1007/S00603-020-02221-0/FIGURES/19

ciAMPALini A., ciuLLi L., SArti g., zAnchettA g., 2006. Nuovi 
dati geologici del sottosuolo del «Terrazzo di Livorno». Atti 
della Società Toscana di Scienze Naturali, Memorie, Serie A 111: 
75-82.

ciAMPALini A., forLi M., 2014. Una malacofauna tirreniana dal 
sottosuolo di Livorno. Bollettino Malacologico: 142-149.

ciAMPALini A., SAMMArtino f., 2007. Le industrie musteriane e 
le Sabbie di Ardenza (Livorno). Quaderni del Museo di Storia 
Naturale di Livorno 20: 27-45.

cooMbeS M.A., ViLeS h.A., 2021. Integrating nature-based solu-
tions and the conservation of urban built heritage: Challenges, 
opportunities, and prospects. Urban Forestry & Urban Gree-
ning 63: 127192. doi:10.1016/J.UFUG.2021.127192.

coStAntini A., LAzzArotto A., MAccAnteLLi M., MAzzAnti r., 
SAndreLLi f., tAVArneLLi e. et al., 1993. Geologia della Pro-
vincia di Livorno a Sud del Fiume Cecina. Quaderni del Museo 
di Storia Naturale di Livorno 13: 1-164.

EN 13755, 2009. UNI EN 13755:2009 - Natural stone test methods 
- Determination of water absorption at atmospheric pressure. 
Cat. UNI.

EN 1925, 1999. Natural stone test methods - Determination of wa-
ter absorption coefficient by capillarity. 

EN 1936, 2010. Natural stone test methods - Determination of real 
density and apparent density, and of total and open porosity. 

federici P.r., MAzzAnti r., 1995. Note sulle pianure costiere 
della Toscana. Memorie della Società Geolografica Italiana 53: 
165-270.

foLk r.L., 1959. Practical petrographic classification of limestones. 
American Association of Petroleum Geologists Bulletin 43: 1-38.

frAnzini M., gioncAdA A., Lezzerini M., 2007. Le pietre dell’e-
dilizia medievale pisana e lucchese (Toscana occidentale). 5 
- La Maiolica ed il Nummulitico della bassa valle del fiume 
Serchio. Atti della Società Toscana di Scienze Naturali, Memo-
rie, Serie A 112: 9-19.

frAnzini M., Leoni L., Lezzerini M., SArtori f., 2000. The mor-
tar of the “Leaning Tower” of Pisa: the product of a medie-
val technique for preparing high-strength mortars. European 
Journal of Mineralogy 12: 1151-1163. doi:10.1127/ejm/12/6/1151

frAnzini M., Leoni L., SAittA M., 1975. Revisione di una meto-
dologia analitica per fluorescenza-X, basata sulla correzione 
completa degli effetti di matrice. Rendiconti della Società Ita-
liana di Mineralogia e Petrologia 31: 365-378.



 EFFECTS OF THERMAL AGEING ON CALCARENITE 51

frAnzini M., Lezzerini M., 2002. The stones of medieval buil-
dings in Pisa and Lucca (western Tuscany, Italy). 4 - “Agnano 
breccias” from Mt. Pisano. European Journal of Mineralogy 
14(2): 447-451.

frAnzini M., Lezzerini M., 2003. A mercury-displacement method 
for stone bulk-density determinations. European Journal of Mi-
neralogy 15, 225-229. doi:10.1127/0935-1221/2003/0015-0225.

frAnzini M., Lezzerini M., MAnneLLA L., 2001. The stones of 
medieval buildings in Pisa and Lucca (western Tuscany, Italy). 
3 - Green and white-pink quartzites from Mt. Pisano. Europe-
an Journal of Mineralogy 13: 187-195.

frAnzoni e., SASSoni e., Scherer g.w., nAidu S., 2013. Artifi-
cial weathering of stone by heating. Journal of Cultural Herita-
ge 14: e85-e93. doi:10.1016/j.culher.2012.11.026

freire-LiStA d.M., 2021. The forerunners on heritage stones inve-
stigation: Historical synthesis and evolution. Heritage 4: 1228-
1268. doi:10.3390/heritage4030068

freire-LiStA d.M., fort r., 2019. Historical City Centres and 
Traditional Building Stones as Heritage: Barrio de las Letras, 
Madrid (Spain). Geoheritage 11: 71-85. doi:10.1007/S12371-
018-0314-Z/FIGURES/10

freire-LiStA d.M., fort r., VArAS-MurieL M.J., 2016. Thermal 
stress-induced microcracking in building granite. Engineering 
Geology 206: 83-93. doi:10.1016/j.enggeo.2016.03.005

heArtY P.J., MiLLer g.h., SteArnS c.e. SzAbo b.J., 1986. Ami-
nostratigraphy of Quaternary shorelines in the Mediterra-
nean Basin. Bulletin of the Geological Society of America 97. 
doi:10.1130/0016-7606(1986)97<850:AOQSIT>2.0.CO;2

iMProtA M.C., 2012. Il restauro dei materiali lapidei. Le antolog. 
Centro Di., Firenze, 255 pp.

LAzzArini L., LAurenzi tAbASSo M., 2010. Il restauro della pietra. 
Utet Scienze Tecniche, Torino, 334 pp.

LAzzArotto A., MAzzAnti r., nencini c., 1990a. Carta Geologi-
ca dei Comuni di Livorno e Collesalvetti. Quaderni del Museo 
di Storia Naturale di Livorno 11: 1-85.

LAzzArotto A., MAzzAnti r., nencini c., 1990b. Geologia e 
morfologia dei Comuni di Livorno e Collesalvetti. Quaderni 
del Museo di Storia Naturale di Livorno 11: 1-85.

LeiSS b., weiSS t., 2000. Fabric anisotropy and its influence on 
physical weathering of different types of Carrara marbles. 
Journal of Structural Geology 22(11-12): 1737-1745. doi:10.1016/
S0191-8141(00)00080-8

Lezzerini M., 2005. Mappatura delle pietre presenti nella facciata 
della chiesa di san frediano (Pisa, Italia). Atti della Società To-
scana di Scienze Naturali, Memorie, Serie A 110: 43-50.

Lezzerini M., LegnAioLi S., Lorenzetti g., PALLeSchi V., tAM-
Poni M., 2014a. Characterization of historical mortars from 
the bell tower of St. Nicholas church (Pisa, Italy). Construc-
tion and Building Materials 69: 203-212. doi:10.1016/j.conbu-
ildmat.2014.07.051

Lezzerini M., rAMAcciotti M., cAntini f., fAtighenti b., 
AntoneLLi f., Pecchioni e., frAtini f., cAntiSAni e., 
giAMeLLo M., 2017. Archaeometric study of natural hydraulic 
mortars: the case of the Late Roman Villa dell’Oratorio (Flo-
rence, Italy). Archaeological and Anthropological Sciences 9(4): 
603-615.

Lezzerini M., tAMPoni M., bertoLi M., 2013. Reproducibility, 
precision and trueness of X-ray fluorescence data for mineralo-
gical and/or petrographic purposes. Atti della Società Toscana 

di Scienze Naturali, Memorie, Serie A 120: 67-73. doi:10.2424/
ASTSN.M.2013.15

Lezzerini M., tAMPoni M., bertoLi M., 2014b. Calibration of 
XRF data on silicate rocks using chemicals as in-house stan-
dards. Atti della Società Toscana di Scienze Naturali, Memorie, 
Serie A 121: 65-70. doi:10.24.24/ASTSN.M.2014.16

MALAteStA A., 1940. L’industria musteriana di Livorno. Atti della 
Società Italiana per il Progresso delle Scienze 18: 367-370.

MALAteStA A., 1942. Le formazioni pleistocenice del Livornese. 
Atti della Società Toscana di Scienze Naturali, Memorie, Serie 
A 51: 145-206.

Murru A., freire-LiStA d.M., fort r., VArAS-MurieL M.J., 
MeLoni P., 2018. Evaluation of post-thermal shock effects in 
Carrara marble and Santa Caterina di Pittinuri limestone. Con-
struction and Building Materials 186: 1200-1211. doi:10.1016/J.
CONBUILDMAT.2018.08.034

PereirA d., tourneur f., bernáLdez L., bLázquez A.g., gArcíA 
bLázquez A., 2015. Petit Granit: A Belgian limestone used in 
heritage, construction and sculpture. International Union of 
Geological Sciences. doi:10.18814/EPIIUGS/2015/V38I2/003

rAbAt toMáS r., cAno M., MirAndA t., 2020. Impact of water 
on peak and residual shear strength parameters and triaxial 
deformability of high-porosity building calcarenite stones: 
Interconnection with their physical and petrological char-
acteristics. Construction and Building Materials 262: 120789. 
doi:10.1016/J.CONBUILDMAT.2020.120789

rAMAcciotti M., SPAMPinAto M., Lezzerini M., 2015. The build-
ing stones of the apsidal walls of the Pisa’s cathedral. Atti della 
Società Toscana di Scienze Naturali, Memorie, Serie A 122: 55-
62. doi:10.2424/ASTSN.M.2015.20

rodoLico f., 1953. Le pietre delle città d’Italia. Le Monnier, Fi-
renze, 475 pp.

roSenhoLtz J.L., SMith d.t., 1949. Linear thermal expansion of 
calcite, var. Iceland spar, and Yule Marble. American Miner-
alogist 34: 846-854. Available at: http://www.minsocam.org/
ammin/AM34/AM34_846.pdf

roYer-cArfAgni g.f., 1999. On the thermal degradation of mar-
ble. International Journal of Rock Mechanics and Mining Scienc-
es 36: 119-126. doi:10.1016/S0148-9062(98)00169-7

SArtori R., 2004. Panchina: materiale lapideo tipico di Livorno e 
di Volterra. Bollettino degli Ingegneri 11: 13-16.

Shen Y.J., hou X., YuAn J.q., zhAo c.h., 2019. Experimental 
Study on Temperature Change and Crack Expansion of High 
Temperature Granite under Different Cooling Shock Treat-
ments. Energies 2019 12: 2097. doi:10.3390/EN12112097

SiegeSMund S., uLLeMeYer k., weiSS t., tSchegg e.k., 2000. 
Physical weathering of marbles caused by anisotropic thermal 
expansion. International Journal of Earth Sciences 89(1): 170-
182. doi:10.1007/s005310050324

tAMPoni M., Aquino A., PAgnottA S., Lezzerini M., 2020. A fast 
and user-friendly software for quantitative chemical analysis 
through XRF. IOP Conference Series: Earth and Environmental 
Science 609: 012058. doi:10.1088/1755-1315/609/1/012058

terrAzzini A., 1992. Il restauro conservativo dei materiali lapidei: 
Manuali tecnici. Independently published.

wAng f., konietzkY h., 2019. Thermo-Mechanical Properties of 
Granite at Elevated Temperatures and Numerical Simulation 
of Thermal Cracking. Rock Mechanics and Rock Engineering 
52: 3737-3755. doi:10.1007/S00603-019-01837-1/FIGURES/31



52 A. AQUINO, S. PAGNOTTA, M. LEZZERINI

wong L.n.Y., zhAng Y., wu z., 2020. Rock strengthening 
or weakening upon heating in the mild temperature range? 
Engineering Geology 272: 105619. doi:10.1016/J.ENG-
GEO.2020.105619

zAnchettA g., becAttini r., bonAdonnA f.P., boSSio A., ci-
AMPALini A., coLoneSe A. et al., 2006. Late Middle Pleisto-
cene cool non-marine mollusc and small mammal faunas from 
Livorno (Italy). Rivista Italiana di Paleontologia e Stratigrafia 
112(1). doi:10.13130/2039-4942/5854

zAnchettA g., bonAdonnA f.P., ciAMPALini A., fALLick A.e., 
Leone g., MArcoLini f. et al., 2004. Intratyrrhenian cooling 
event deduced by non-marine mollusc assemblage at Villa S. 
Giorgio (Livorno. Italy). Bollettino della Società Paleontologi-
ca Italiana 43: 331-343.

(ms. pres. 12 luglio 2022; ult. bozze 12 dicembre 2022)




