m Egyptian Journal of Archaeological and Restoration Studies "EJARS"
— An international peer-reviewed journal published bi-annually

Volume 9, Issue 2, December - 2019: pp: 115-127 www. ejars.sohag-univ.edu.eg

Doi: 10.21608/ejars.2019.66979 ] _
Review article

THE DECAY OF NANTO STONE IN AN OUTDOOR-SHELTERED
ENVIRONMENT IN THE CLOISTER OF SAINT ANTHONY BASILICA IN
PADOVA

Fassing, V.1, Benchiarin, S.? & Molin, G.2
! Former Superintendence to Fine Arts of Veneto, Veneto, Italy
% Former dept. oI Cultural Property, Univ. of Padova, Padova, Italy

E-mail: vasco.fassina@gmail.com

Received 30/11/2019 Accepted 24/12/2019

Abstract

The present work aims to define the type and extent of deterioration in the funerary monument to
Giovanni Calfurnio (1443-1503), a valuable Renaissance artwork of Antonio Minello. The monument
is made of Nanto stone, a soft yellow-brown stone, often used locally for its aesthetic qualities and easy
working. In order to plan urgent restoration work, characterisation of the stone and decay products, by
means of classic mineralogic-petrographic and chemical methods was carried out. Snce its realization
until 1871 it stayed inside a church, and successively it was moved to the Novitiates’ Cloister of S.
Anthony's Basilica in Padova where, according to detailed photographic documentation, collected
since 1900 up to today, stone decay was considerably increased over the past few decades. Physical
parameters such as relative humidity, temperature, wind as well as sulphur dioxide pollution are
mainly responsible of the rapid decay observed in the last four decades of the last century.

Keywords: Stone decay, Black crusts, Atmospheric pollutants, Carbonaceous particles,
Gypsum crystals

1. Introduction

The funerary monument to Giovanni characterisation and the identification of
Cafurnio (1443-1503) was executed at decay products were carried out using the
the beginning of the 16" century. It was classic mineral ogic-petrographic and che-
conserved until 1871 inside a church and mical methods. At the same time a petr-
later on it was moved to the Novitiates’ ographic investigation was carried out on
Cloister of St. Anthony's Basilicain a actual Nanto stone quarries to ascertain
position protected from direct water run- the monument stone provenance and to
off. Themonument ismade of Nanto stone, investigate the present availability of the
a yellow-brown, marly-arenaceous lim- lithotype for possible substitutions or int-
estone of middle Eocene age, outcropping egrated purposes of heavily decayed areas
near Vicenza (Veneto, North-East of Italy) and some missing parts of the carved sur-
and quarried along the slopes of south- faces. The comparison of the photographic

western sector of the Berici Hills. This documentation collected during the last
stone, often used locally for its aesthetic century has allowed to make a preliminary
qualities and easy working, when exposed visual assessment. In fig. (1-a,b) the sur-

to an urban environment, is subjected to face showed the same feature, while in
severe decay processes [1,2]. In order to fig. (1-c,d) some decayed parts appeared
plan the urgent restoration work the stone on the surface and these can be correlated
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to the increasing concentrations of sul phur out on Venetian monuments by many
atmospheric pollutant as it was exhaus- authors[3-14].
tive demonstrated in the surveys carried

-
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Figure (2) Shows the monument a. in 1900, b..in 1940, c..in 1994, d. 2004 befo restoration

2. The Outdoor-Sheltered Atmospheric Environment of the Monument

St. Anthony's Basilica is located in and subject to particular environmental
the centre of Padova, a city that have suf- condition, caused by its geographic position
fered a rapid post-war industriaization in the Veneto lowland.

2.1. Climatic conditions

In winter, especially at times of atm- This favours the formation of fogs and
ospheric stability and limited windy, a accumulation of the pollutants, enhancing
situation of thermal inversion prevails, with the fog role for stone deterioration. The
the accumulation of cold air at the ground. small diameters of water droplets of fog
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associated with their longer residence time
in the atmosphere, alow effective reaction
with gaseous pollutants and formation of
acidic compounds that interact with the
stones [15]. Other thermo-hygrometric
factors affecting monument wesathering
2.2. Microclimate

The monument, located in the West
wall of the Cloister with the surface ori-
ented to East is sheltered from rainwater
but is exposed to spraying of rain, fog
deposition, and to air turbulence associated
with frequent condensation-evaporation
cycles as well as the water rising from
2.3. Air pollution

Various studies have stressed a strict
relationship between pollutants and dam-
ages to the historical-artistic works [10,
16]. An aarming worsening in the quality
of the air in Padova has taken place in
recent decades, fig. (2). On an annual basis,
vehicles constitute the main source of pol-
lutants like sulphur and nitrogen oxides,
organic volatile compounds (VOC), incl-
uding benzene, carbon monoxide, partic-
ulate matter and carbon dioxide. Vaues
in the air of SO, and particulate matter,
grew steadily until the 1980s, reachi n%
peak levels of 70 pg/m* and 120 pug/m
respectively. These high values were cau-
sed by the combustion of large quantities
of mineral oils and, to alesser extent, of
coa. In winter periods, when the contri-
bution of domestic heating is added to
the normal source of combustion, the most
serious Situations occurred. However,
following the increasing diffusion of met-
hane for domestic heating purposes, the
pollution contribution of the sulphur oxides
Is notably decreased in the years like to
the concentration of carbon monoxide,

are: relative humidity cycles (winter: 50-
80 %, summer: 47-72%), freeze-thaw
cycles (33 yr') and marked annua temp-
erature variations (winter: 0-9 °C, summer:
15-24°C).

the ground-floor by capillarity. The wind
coming from North and North-East
favours evaporation processes which are
more enhanced on the left side of the art-
work, probably due to stronger ventilation
of the corner.

probably due to the use of the cataytic
silencers. The concentration of ozone inc-
reases during the warm and sunny periods
of the year. The particulate matter reaches
high values and is essentially due to the
industrial activities and the vehicular traf-
fic. Asregards the traffic emissions, they
are above all the diesel vehicles to con-
tribute; other meaningful sources of dust
are caused by to the wear of brakes,
rubbers, and road asphalt. There are also
present in atmosphere, in form of airb-
orne particulate, heavy metals and lead.
All these pollutants are potential sources
of deleterious wet and dry deposition proc-
esses [17]. High levels of vehicle emis-
sions are reflected in the blackening of
many buildingsin the city centre, where
traffic reaches high densities every day.
These emissions, combined with slow
wind and high relative humidity, cause
stagnation of pollutants and produce a
blanket of smog. This smog contains high
concentrations of carbonaceous particles
and small quantitiesof heavy metalswhich
may catalyse a sulphation reaction.
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Figure (2) Shows concentrations trend of sulphur, nitrogen dioxide and particulate matter in the urban

centre of Padova from 1984 to 2003
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3. Sampling and Analytical Methods

Extensive sampling of the monument
was performed following the European
standard EN 16085 [18]. After a careful
macroscopic observation, several micro-
flake samples, tab. (1), representative of
the two most common macroscopic stone
varieties used in the decoration of the mon-
ument have been taken. Surface samples
were collected from those areas of the
bas-relief which showed severe symptoms
of stone deterioration: damaged layers were
scraped off, fragments of black crusts and
stone were removed while salt efflores-
cence were sampled on the outer surfaces
of the dlabs of the ornamental stone;
care was taken to ensure that the samples
were representative of the whole mon-
ument, fig. (3). The samples were dried,
ground and stored in sealed containers
until characterization by a combination of
physical-chemical analytical techniques.
Monument stone and decay products
have been quditative and quantitative
characterized by mineralogic-petrographic
and physico-chemical diagnostic invest-
ingation, Optical microscope (OM) and
scanning electron microscope equipped
with a dispersive energy microanalyser
(SEM-EDS) were used for thin section
observation. The characterization of bulk
samples and the insoluble residue was
performed by X-ray diffraction (XRD)

with a Philips X Pert Pro with 6-0 geo-
metry, employing CuKa (1,54 A) rad-
iation filtered by nickel at the following
operative condition: 40KV / 40mA, while
X-ray fluorescence (XRF) with WDS Phi-
lips PW2400 sequential spectrometry was
used for the elemental composition anal-
ysis. Sulphur, carbon, nitrogen and hydr-
ogen were measured by EA 1110 CHNS
analyzer, while organic carbon was obt-
ained by subtraction of the total carbon
performed by CHNS analysisand theinor-
ganic carbon performed with thermal ana-
lysis. Differential thermal analysis (DTA)
and thermo gravimetric analysis (TGA),
with a heating rate of 10 °C min™ were
use for the determination of gypsum and
carbonates. Anion concentrations such as,
sulphates, oxalates, nitrates and chlor-
ides, were measured by ion chromategr-
aphy (IC) using a Dionex DX 100 equipped
with AS4A-SC column. The morphological
characteristics of the black crusts have
been observed by examining 3D samples
using secondary electrons of scanning ele-
ctron microscopy (SEM). The presence
of organic compounds was determined
by infrared spectroscopy (FT-IR). The
petrographic classification adopted is that
proposed by Dunham [19] with modify-
cation by Embry & Klovan [20].

Table (1) Description of samples and type of analyses perfor med.

Sample Description of the sample Type of analysis

MFC1  Yelowish-brown rock fragments OM, XRD, XRF, DTA, TGA, CHNS
MFC2 Y ellowish-brown rock fragments with superficial black scabs OM, XRD, XRF, SEM, DTA, TGA, CHNS
MFC3  Greyish-black scab OM, XRD, SEM, XRF,

MFC4  Yellowish-brown rock fragments OM, XRD, XRF, DTA, TGA, CHNS
MFC5  Yelow rock fragment OM, XRD, SEM

MFC6  Greyish-white patina XRD

MFC7  Greyish-black scab OM, XRD, SEM

MFC8  Yelow fragments XRD

MFC9  Black scab OM, XRD, SEM

MFC10 Superficial black patina XRD

MFC11 Grey rock fragments OM, XRD, SEM,XRF, DTA, TGA, CHNS
MFC12 Grey rock fragments OM, XRD, SEM, DTA, TGA, CHNS
MFC13 Greyish-Black scab OM, XRD, SEM, XRF, DTA, TGA,CHNS
MFC14 Greyish-Black scab OM, XRD, SEM, XRF, DTA, TGA,CHNS
MFC15 Rock fragment SEM

MFC16 Red pigmentation OM, SEM

MFC17 Black pigmentation OM, SEM

MFC18 Blackish-grey fragments OM, SEM

MFC19 Rock dust IC
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MFC20
MFC21
MFC22
MFC23
MFC24
MFC25
MFC26
MFC27
C1

Golden-yellow scab

Bituminous black scab

Acetone tampon

Rock dust

Black scabs

Salt efflorescence

Salt efflorescence

White patina

Y ellowish-brown rock fragments

IC

OM, SEM

FT-IR

IC

XRD, XRF, DTA, TGA, CHNS
XRD, SEM

XRD

XRD

OM, XRF

OM= Optical Microscope; XRD=X Ray Diffraction; XRF= X Ray Fluorescence; DTA= Differential
Thermal Analysis;, TGA=Thermo Gravimetric Analysis; CHNS= Carbon Hydrogen Nitrogen Sulphur
SEM= Scanning Electron Microscopy; |C= lon Chromatography; FT-IR= Fourier Transmission

Infrared Spectroscopy.

Figure (3) Shows sampling locatio

4. Results

The sections below report the results
of mineralogical, petrographic and chemical
analysis carried out on the yellowish-
brown and greyish lithotypes used in the
monument. The samples, although are cha-
racterized by different chromatic feature,
can be petrographically classified as gra-
instone/packstone, even if some samples
show a laminar structure so that are clas-
sified as bind stone with laminae consti-
tuted by grain stone; the matrix is discrete,
porosity is high and cementation is fair.
The texture is clastic-organogenic, with
grain support. The skeleton is mainly due
to Benthic and Planktonic Foraminifera,
platesand spinesof Echinoderms, Red Algae
and rare few microns sized skeletal debris.
The skeletal grains, with sutured grain
boundaries, are cemented by sparite and
micro-sparite of carbonate crystals (calcite
and dolomite), and rare goethite. More
evident is the clear calcite syntaxia ove-
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rgrowth cement on plates and spines of
Echinoderms. The mesopores are cemented
by drusy calcite. In thin section it was
observed clear euhedral dolomite rhom-
buses casually disseminated in the rock.
The siliciclagtic fraction is very low in
the stone (<1% by optical microscope;
silicais attested on 4-5.5% for al samples
while aluminium on 1.4-2.7% by XRF),
and made up of afew isolated grains of
biotite, glauconite, chlorite, phosphates,
pyrite, quartz, feldspars and clay minerals
(mainly smectite), as shown by thin section
and XRD analysis. The samples are mainly
composed of calcite (by XRD) confirmed
also by XRF that shows average values
of 42% in terms of CaO, although goethite,
dolomite and ankerite are also abundant,
fig. (4). The XRD of the insoluble residue
(15%) shows clay mineras (smectite),
quartz, chlorite and K-feldspar.
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Figure (4) Shows X-ray diffractogram of rock sample MFC1 and a sample of damaged layer MFC5. G =
gypsum; C = calcite; Go = goethite; A = ankerite.

Therma anayses (TGA+DTA), fig. (5-ab) (samples MFC 1,2,3,5,7,9).

tab. (2) discriminated the presence of ii) The second variety is different from
carbonates, with values between 55% the previous one for the small quantity of
and 74% (average 66%). TGA+DTA Algae and for the presence of intraclasts.
analysis aso showed high quantities of The cementation results more evident
gypsum, due to decay processes, and than in the other ones (sample MFC4).
minor amounts of various iron and clay iii) the third variety is characterised by
mineras, characterized by loss of wei- the predominance of Red Algae on the
ght at low temperatures. The grainstone/ other bioclasts, lesser quantity of
packstone lithotype shows three compo- Echinoderms and for the prevalence of the
sitional varieties: i) the first variety is planktonic with respect to the benthic
essentially composed by Echinoderms, Foraminifera. A bijection exists between
Red Algae and Foraminifera with prev- Red Algae and planktonic Foraminifera,

alence of the benthic on the planktonic, fig. (5-¢) (samplesMFC 11, 12, 13, 14).
Table (2) Gypsum and carbonate concentrations measured by TGA expressed as percentages.

Sample MFC1 MFC2 MFC4 MFC12 MFC13 MFC24
Carbonates 73 64 64 74 56 61
Gypsum - 12 13 10 32 26

B Lo 8 fad o O B St af . MK
OWS coarse grain stone a. with foraminifera, echinoderms (sometimes of millimetric
dimensions), globigerinoides and few micro sized skeletal debris. intragranular carbonate
cement (a), diffuse goethite (b). nanto stone. Nicols //, 2.5 x., b. with hyaline (a) and
porcelaneous (b) calcareous foraminifera. plates of echinoderms (c) with clear calcite
syntaxial overgrowth cement. nanto stone. Nicols //, 5x, c. fine grain stone with hyaline
planktonic foraminifera (a) and occasional millimetric dimensions spines of echinoderms
(b). Nanto Stone. Nicols//, 10x.

L AV i
Figure (5)

Brownish-reddish iron oxides hydr- include | and Il varieties) than in the grey
oxidegrains (identified by XRD as goethite- one (11 variety), in agreement with the
limonite) are significantly more abundant Fe,O3; content of the samples, tab. (3)
in the yellow-brown ground-mass (that that confirms the different concentration of
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iron oxides among the different varieties.
XRF data of the IIl variety samples
underline an increase of Mg than in the
others, in agreement with the greatest
content of Red Algae that can contain
up to 30% of MgCOs. The diagenesis,
creating situations of different cementation
and compaction, has contributed to modify
the textura character. Examination of
thin sections highlighted the following
diagenetic phases: * Isochemical diagenetic
phase: in all samples, if present, the early
cement is calcitic. * Allochemical diage-
netic phase: the dissolution of the early
cement is followed by local precipitation
of clear euhedral dolomite rhombuses cem-
ent scattered in the rock and occasional
changes in the chemistry of the local cir-
culating solutions is responsible of the
silicization of some bioclasts. Petrogra-
phic characterization, composition and
percentages of the insoluble residue, and

the chemical analyses of the bulk rock,
indicate that the monument is made of
"Nanto stone". The composition, generaly
homogeneous in spite of three varieties,
indicates a shallow-water deposit, subject
to temporary energy and/or chemical
changes. The differences, in fact, do not
involve a change of facies, but oscillations
of the skeletal amount, ascribed to weak
fluctuations of morphology, energy and
chemical composition in a depositional
basin. In this environmental context the
laminated structures, like bind stone, could
occur. The classification of these samples
as bind stone is due to the discontinuity
surfaces which are a earlier cyanobacterial
structures enhanced by the deterioration.
Structural, textural and compositional
characteristics suggest that all samples
belong to the same lithotype and come
from the same quarry.

Table (3) Elemental composition of samples measured by XRF.

Major elements (%)

Oxide MFC1 MFC2 MFC3 MFC4 MFC11 MFC12 MFC13 MFC24 C1
SO, 5.55 5.08 3.99 5.04 4.62 4.41 3.91 5.53 4.90
TiO, 0.45 0.36 0.28 0.39 0.31 0.28 0.26 0.33 0.29
Al,O3 2.72 2.28 1.90 2.49 1.65 151 1.40 1.84 191
FeO 0.24 0.24 0.27 0.24 0.21 0.24 0.20 1.93 0.63
Fe,03 5.75 4,57 3.64 5.27 241 1.32 1.32 0.02 2.52
MnO 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02
MgO 1.62 1.36 1.32 1.67 2.02 1.70 1.44 1.48 0.68
CaO 4210 41.09 4271 4227 44.34 45.79 44.19 43.38 48.11
Na,O 0.32 0.29 0.27 0.34 0.20 0.19 0.10 0.10 0.01
K,0 0.63 0.73 0.53 0.60 0.59 0.47 0.43 0.61 041
P,Os 0.27 0.21 0.18 0.25 0.10 0.11 0.10 0.13 0.17
L.Ol. 3949 3750 3659 3961 39.81 40.14 36.78 36.14 39.97
Total 99.16 9371 9171 98.19 96.28 96.17 90.14 91.50 99.62

Trace elements (ppm)

Sc <2 <2 <2 <2 <2 <2 <2 <2 <2
Y, 178 133 118 169 57 46 50 62 76
Cr 120 97 74 110 62 47 44 56 56
Co 11 9 4 11 12 4 <2 4 3
Ni 42 33 27 43 40 10 10 15 24
Cu 26 28 24 17 16 16 18 25 12
Zn 83 60 66 58 33 23 41 84 30
Ga <3 <3 <3 <3 <3 <3 <3 <3 <3
Rb <2 8 2 <2 1 <2 6 15 <2
Sr 589 555 539 593 571 547 505 495 424
Y 12 8 8 12 10 10 10 13 8
Zr 33 15 14 22 17 12 21 39 6
Nb 5 3 3 4 8 6 9 17 <2
Ba 62 73 88 66 66 60 68 93 64
La 8 <10 <10 <10 <10 7 <10 10 <10
Ce 22 18 8 <10 <10 <10 12 <10 10
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Nd 12 8 12 16 <10 8 <10 11 8

Pb 52 51 61 31 51 55 71 119 25

Th 28 42 23 32 <3 3 <3 <3 45

U <1 <1 <1 <1 <1 <1 <1 <1 <1
4.1. Quarry material

The mineral ogic-petrographic and comparison to the samples of the monu-

chemical analyses of samples coming from ment. It is possible to affirm that both
a Nanto stone quarry were compared the lithotypes derived from the same
with the ones related to samples coming stratigraphic interval or from proximity
from the monument to identify the quarry horizons. The detected differences, in
material with the closest properties of fact, do not involve a change of facies,
the stone used in the monument and at but oscillations of the skeleton contri-
the same time to identify a stone suitable bution, ascribed to weak fluctuations of
for possible replacement of some parts morphol ogy, energy and chemical comp-
of the monument. Petrographic analysis ositionin depositional basin. The chemical
shows notable analogy of structural and analysis shows in the quarry sample,
textural characteristics compared to the tab. (3) (MFC1 sampl€e) minor quantities
monument lithotype, and particularly with of sometrace elements (V, Cr, Co, Cu, Pb,
the I and I varieties, fig. (6). The mea- Zn) conversely enriched in the monument
ningful difference consists in the absence by atmospheric pollution, that develops
in quarry’s samples of dolomitization a kinetic action to decay processes as
(confirmed by the decrease of the mag- suggested by Amoroso and Fassina[17].

nesium vaue performed by XRF) in

Ko 1)

Figure (6) Shows coarse grain stone with hyaline planktonic (&) and benthic (b) cal careous foraminifera
and spines of echinoderms (c) syntaxial and intragranular clear calcite cement. Nanto stone.
Nicols//, 5x.

4.2. Soluble salt measurements
lon Chromatography (IC) analyses (4). Quantitative determination of sulph-
of stone materials taken at different ates salts may explain some of the decay

depths from the stone surface by micro- phenomena suffered by the monument.
drilling technique [17,21] identified sulp- SEM s analyses (BSE images) of cross
hates as the most abundant anions, with sections show extensive micro-cracks in
trends decreasing from the surface inwards. the limestone, parallel to the stone/crust
These sulphates, as noted previoudly, interface, completely filled with gypsum.
are clearly related to the presence of These cracks, of a thickness ranging
gypsum. |C analyses show gypsum conc- between 5 to 30 um, reach millimetric
entration ranging from 27% to 36% on lengths and may extend to a depth of 5

the surface that fall to 1% in depth, tab. mm inside the stone, although it is
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possible that they reach even deeper,
fig. (7). These micro-fissures have been
observed in the samples classified as
bind stone. Although the lamination is
certainly enhanced by the deterioration,
this seems to have acted on native disc-
ontinuity surfaces of probable cyanoba-
cterial structure. Different amounts of
nitrates widespread in the stone have
been found by IC. Evidence of the
migration of water through porous stone
is demonstrated by efflorescence at the
basement of the monument, composed
of salnitre, identified by XRD analysis.
Salnitre is probably closely related to
capillary rising damp transporting salts
coming from decomposing organic mat-
erias. CHNS analysis of other samples,
tab. (5), taken from the stone surface,
showed values of nitrogen lying between
0.15% and 9.74%, which correspond
approximately to a percentage of nitrates
lying between 1% and 43%. Nitrates in
the upper part of the monument are
probably due to pigeon droppings [17]
Chlorides are related to the wind from
the Adriatic coast [17], and oxaates to

bi odegradation productsformed by trans-
formations of organic materials applied
on the stone surface in the past as part
of some form of maintenance treatment.
The CHNS determinations allow to justify
the lower closing value of the fluoresc-
ence anaysis (table 1, Total), due partly
to the presence of trace elements, but
above al to the not negligible content
of nitrogen and sulphur not considered
in the planning of the same quantitative
analysis see table (3). On some parts of
the monument the presence of traces of
red pigmentationwasobserved. Thispig-
ment, of Si-Al composition, is classified
as Red Bole, and was used as a prepa-
ration layer for the application of gold
leaf. Sample MFC16 contains flakes of
gold. Upon floral motif a black pigment
wood-based embedded in an organic
matrix was found, infrared spectroscopy
revealed linseed oil and egg yolk in sample
MFC22. The former is probably related
to an old attempt to protect the surface,
and the latter to the red pigment. The
linseed oil probably caused superficia
yellowing of the surface.

Table (4) Anion concentrations (%) of stone materia taken at different depths and measured by lon

Chromatography (IC)

Sample S0, cl NO5 Oxalate
MFC19a (0-1mm) 20.10 - 0.23 -
M FC19b (1-2mm) 3.36 . 0.35 ;
MFC19c (2-3mm) 3.15 - 0.33 -
M FC23a (0-1mm) 15.44 0.39 1.70 -
M FC23b (1-2mm) 114 0.33 132 -
MFC23c (2-3mm) 0.68 0.34 1.70 -
M FC20a (Omm) 30.33 8.91 0.51 0.99
M FC20b (1mm) 26.35 0.79 0.68 0.41

.

-

Figure (7) Shows sub—par lel IoI

123

ites and micro-cracks of the stone filled with gypsum (a).



Table (5) Average concentration of sulphur (S), nitrogen (N), total carbon (C), organic carbon (C,)

expressed in percentagesin black crusts.

Sample S@ N ° c° [
MFC1 0.10 0.33 9.14 0.42
MFC2 2.30 0.41 7.90 0.25
MFC4 0.44 0.39 9.16 1.54
MFC11 1.46 0.38 9.42 0.55
MFC12 1.32 0.30 .38 0.46
MFC13 4.94 0.15 7.84 1.16
MFC24 3.97 9.74 8.66 1.28

5. ¢ Measured by CHNS, ¢ Calculated combing TGA and CHNS

5. Discussion

Decay processes; petrographic anal-
yses of all surface crusts show gypsum,
in both microcrystalline flakes and in
acicular crystals. XRD analyses, performed
on the fractions obtained by scraping
the surface layer of black crust indicate
gypsum as predominant phase, fig. (4)
due to sulphation processes, according
to the characteristics of the atmosphere
in contact with the stone surface [17-20,
22-24]. Therma analyses of decayed
stone samples show a significant amount
of gypsum, in the range between 8%
and 32% (average 16%). Also CHNS
analyses indirectly confirm high values
of gypsum since sulphur in this type of
samples is lying between 0.1% and 4.94%,
tab. (5). SEM analyses (back scattered
electrons-BSE images) of decayed crusts
cross-sections show a dendritic crust
with thickness lying between 30 um and
1Imm. These crusts have two main features:
i) irregular aggregates of needle-shaped
gypsum crystals (lenticular and minute
crystals), sometimes arranged in a fan,

the structure of which is responsible of
thehigh porosity of thecrust. The stone/crust
interface is transformed into microcrys-
talline calcite, which shows chemical tra-
nsformation in progress; ii) embedded
in the gypsum crust are iron, titanium
and porous carbonaceous particles, with
diameters between 10 and 40 um and
with concentrations ranging from a few
percent to about 30% by volume. In fig.
(8-a,b) (left picture) the substrate (left side
of cross-section) is clearly disting-uishable
from the damaged area (right side), in
which the main component is gypsum, as
demonstrated by the X ray map distribution
of sulphur. Three-dimensional images of
the black crusts SEM- BSE, show platy
crystals of gypsum sets of minute crystals
fig. (8-c), carbonaceous, spherical and
porous particles, emitted by the comb-
ustion of heavy oils [25] fig. (8-d) and
smooth spherical particles mainly com-
posed of iron and other metals, derived
from the combustion of fossil fuels [26-
32] fig. (8-€).




D e
Figure (8) Shows a.

distribution of sulphur (right picture), c. sets of platy crystals of gypsum, d. carbonaceous
particle, e. smooth spherical metal particle.

6. Conclusions

On the basis of mineralogical, petrographic and chemical analyses it has been possible to identify
the stone. The samples, although are characterised by different chromatic feature, can be petrogr-
aphically classified as grainstone/packstone and show three compositional varieties. Furthermore,
it was possible to determine the provenance of the lithotype used in the monument by comparison
with a detailed petrographic investigation of quarry’s area. This study is very important to any
assessment of the present availability of the stone for replacement of decayed or missing parts of
the ornamental material of the monument. The study of the decay products, their extent on the
surface and in depth of the stone and the causes that have led to their formation allows an
important evaluation of decay degree to plan the restoration work. Thermal analyses of decayed
stone samples show a significant amount of gypsum which is ascribed to sulphation processes
mostly active during last decades. SEM analyses (back scattered electrons-BSE images) of
cross-sections of decayed scabs show a dendritic crust with thickness lying between 30 yum
and 1mm. Embedded in the irregular aggregates of needle-shaped gypsum crystals, porous
carbonaceous particles were observed. Carbonaceous, spherical and porous particles are
emitted by the combustion of heavy oils, while smooth spherical particles, mainly composed of
iron and other metals, derived from the combustion of fossil fuels. SEM analyses (BSE images) of
cross sections show extensive micro-cracks in the limestone, parallel to the stone/crust
interface, completely filled with gypsum. These cracks, of a thickness ranging between 5 to 30
um, reach millimetric lengths and may generally extend to a depth of 5 mm inside the stone,
even if sometimes they can develop at higher depth. The information acquired confirms the
usefulness of this multi-problematic approach to the detailed evaluation of weathering phenomena
to decide the most appropriate procedure of restoration to be carried out. Considering the general
decrease in SO, emissions in the last few years, it is presumed that, after proper restoration, the
monument can be well conserved in time.
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