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Abstract: Marbles from Alpine area have been widely employed to build and decorate masterpieces
and buildings which often represent the cultural heritage of an area (statuary, historic buildings and
sculptures). Candoglia marble, object of the present research, is one of the most famous and appreciated
marbles from Alpine area; it has been quarried since Roman times in the Verbano-Cusio-Ossola (VCO;
Piemonte—NW Italy) extractive area. Candoglia Marble outcrops are present as lenses within the
high-grade paragneisses of the Ivrea Zone, a visible section of deep continental crust characterised
by amphibolite- to granulite-facies metamorphism (Palaeozoic period). Candoglia calcitic marble
(80-85% CaCOj3 and the 15-20% other minerals) shows a characteristic pink to gray colour and
a coarse-grained texture (>3 mm): frequent centimetre-thick dark-greenish silicate layers (mainly
represented by diopside and tremolite) characterize the texture of the marble. It has been largely
used in local rural constructions and historical buildings, but its most famous application has been
(and still is) for the “Duomo di Milano” construction (fourteenth century). The Veneranda Fabbrica
del Duomo di Milano carried out the anthropogenic activities dealing with the Candoglia marble
exploitation; it has to be highlighted that the company have managed the Marble exploitation during
the last seven centuries and that the quarry itself is a tangible sign of the development of extraction
and heritage in the VCO area. Candoglia marble can be recognized as a significant example of a
“Global Heritage Stone Resource”: its exploitation from quarry to building (the Duomo di Milano)
well represents the close correlation between stone and cultural heritage, between georesources and
humankind development.
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1. Introduction

Italy has been the cradle of several cultures and architectonic styles, from the Roman period
to the present. This has left tangible traces, such as historical buildings, sculptures, etc., many of
which are made of a multitude of ornamental stones, frequently sourced from the quarries present
in the area. This cultural heritage represents the tangible signs of the historical and cultural wealth
of an era in specific territories. A clear example of this “stone culture” is represented by the wide
utilization of white marble (e.g., the Luni marble, now recognized as Carrara marble) in both statuaria
and architecture since the Greek and Roman times [1].

Marble varieties from the Italian Western Alps, even though they are not as famous as the
renowned Carrara varieties, have been largely employed for sculptures and buildings construction.
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The Piemonte region has been and still is strongly interested by intensive quarrying activity: exploited
stones were and are largely employed in cultural heritage, from the Roman times (e.i. Arc of Augustus
in Susa (9th BC.) [2]) to the late Baroque period (e.i. Savoy architecture in Turin [3]). Nevertheless,
few publications report on the petrographic and geochemical characteristics from an archaeometric
point of view; moreover, often, the Piemonte varieties are not included in the provenance databases of
classical marble [4-7].

Generally, the stones used for ornamental purposes are documented only via historical documents
or macroscopic data [8]. For a few cases, for example for the Arc of Augustus or the churches of St.
Cristina and St. Filippo Neri in Turin, a deeper scientific analysis was carried out on marble from the
Western Alps for stone provenance definition [9,10]. More recently, a minero-petrographic and isotopic
overview of the main Piemonte marble varieties has been reported [11]. Thus, knowledge on stone
resources (mineral-petrographic characteristics, past and present quarrying and working techniques,
applications in local, national and international buildings and/or architectures, etc.) is fundamental to
emphasize the historical and cultural relevance of such georesources, highlighting the importance of
an economic activity, which is fundamental for the cultures and customs of the different heritages that
have characterized and strengthened the Mediterranean area through the centuries.

It is fundamental to share knowledge on these historical and cultural stones among a wider
audience rather than storing this knowledge and disseminating it only among researchers and
experts, so as not only to improve general knowledge on natural resources but also to enhance the
self-consciousness of the deep connection between environment and exploitation, balancing both
sustainability and cultural heritage. The aim of this paper is to disseminate knowledge on Candoglia
marble, a pink, coarse-grained marble, locally known from the late Middle Ages (with renowned
applications for the Madonna di Campagna Church at Verbania and the San Giovanni Battista Church at
Montorfano, VCO Province, Northern Piemonte), and made famous thanks to its use in the Veneranda
Fabrica del Duomo di Milano in the fourteenth century. It was also used for the facades of different
monuments such as the Certosa di Pavia (Carthusian monastery), the Cappella Colleoni (Bergamo)
and the San Petronio Cathedral (Bologna); moreover, in the past, it was used for altars and columns in
Roman buildings (e.g., two columns in the Chiostro Arcivescovile at Novara, Piemonte) [12].

The study of the investigated material was carried out using different analytical techniques,
both traditional (such as optical microscopy and stable isotope analysis) and more modern (Scanning
Electron Microscope (SEM), equipped with an Energy Dispersion Spectrometry (EDS) analytical
facilities) such approach rarely has been applied, to date, on Candoglia marble.

Furthermore, the development of quarrying and working techniques, together with some
information about the Veneranda Fabbrica del Duomo di Milano, are presented in this paper.

2. Geological Setting

Palaeozoic marbles include the Ornavasso and Candoglia ones which pertain to the Verbano—Cusio
Ossola (VCO) quarrying basin (Southalpine geologic domain).

In Piedmont territory, Southalpine domain is represented by deep and intermediate continental
crust units, denominated Ivrea-Verbano zone and “Serie dei Laghi”. They are separated by tectonic
lineaments of Cossato-Mergozzo-Brissago. Ivrea-Verbano zone is mainly composed of Permian age
igneous bodies ([13], with refs.). One of the igneous body is represented by the renowned Ivrea gabbro
batholith, which was put in place at the base of a thinner gneissic crust (Kinzigitic complex; [14]).
The “Serie dei Laghi”, which crops out in S-E Ivrea-Verbano, consists of upper-intermediate tectonic
unit which suffered an earlier metamorphic event in the Ordovician age.

Lenses of marble (up to 30m thick) are inserted within the amphibolite-granulite paragneisses
characterising the Ivrea Zone. The Ornavasso and Candoglia marbles are quarried in the two described
areas in which the lens of marble outcrops (on the right and left sides respectively of the Toce
River-Ossola Valley), few kilometres west of the mouth of the river in the Lake Maggiore (Figure 1b).
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Figure 1. (a) Tectonic sketch-map of the Western Alps. Tectonic lines: IL = Insubric Line; SL = Simplon
Line; SV = Sestri Voltaggio Line, RF = Rio Freddo Line, VV = Villalvernia-Varzi Line; AR: Aosta Ranzola
Fault; PTF: Apennine Front Thrust. MB = Monte Bianco; MR = Monte Rosa; GP = Gran Paradiso; DM =
Dora Maira; AG = Argentera; TH = Torino Hill; MF = Monferrato; TPB = Tertiary Piedmont Basin. The
square correspond to the geologic map reported in Figure 1b. (b) Geological map of the lower Ossola
Valley (from Domodossola to Verbania, on the western branch of Lago Maggiore) [15]. Marble of the
Ivrea Zone are reported as North-North East (NNE) South-South West (SSW) trending, thin lenses
(given in blue colour) within the high-grade paragneiss (given in brown).

3. Candoglia Marble Characterisation: Materials and Methods

3.1. Petrographic and Geochemical Characterisation

Petrographic analysis by optical microscope and SEM, together with the minero-chemical analysis
of the main and accessory minerals by EDS microanalysis and the micro X-ray florescence determination
of trace elements were used to characterise six samples representative of two historical quarries (Table 1).

Table 1. Candoglia marble samples localisation.

Sample Quarry Name
canABl1 Cava Madre underground pit
canAB2 Cava Madre underground pit
canAB3 Cava Madre underground pit
canAB4 Cava Corte Nuova open pit
canAB5 Cava Corte Nuova open pit
canAB6 Cava Corte Nuova oper pit

Petrographic analyses were carried out on polished thin sections, using a Cambridge S360 scanning
electron microscope, according to the analytical conditions reported in [16]. In particular, the working
distance was 25 mm; the probe current was 200 pA; the accelerating potential was 15 kV; the counting
time resulted of 60 s. All the analyses were recalculated with MINSORT program by Petrakakis and
Dietrich [17].

Micro-XRF Eagle III-XPL (Rontgen analytic Messtechnik GmbH, Butzbach, Germany) was used
for trace elements analysis of calcite and dolomite in rock samples. Analytical condition are reported
in [18]. The Candoglia marble archaeometric characterization has been carried out using stable isotopic
data reported by Antonelli and Lazzarini [19].
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3.2. Physico-Mechanical Characterisation

To characterise a stone, it is fundamental, together with the minero-petrographic characterisation,
to know its physico-mechanical behaviour. Data about physico-mechanical characterization (such
as apparent density, water absorption, uniaxial compressive strength, compressive strength after
freeze and thaw, indirect tensile strength and impact strength test) have been collected from published
papers and official web sites. The legislation followed to carry out the different tests is reported in the
consulted publications [20-22].

4. Candoglia Marble Characterization: Results

4.1. Petrographic and Geochemical Characterisation

Candoglia marble shows a characteristic pink to gray colour and a coarse-grained texture (>3 mm);
furthermore it is characterised by the 80-85% CaCOj3 and the 15-20% other minerals, concentrated
along discrete layers. The greyish aspect is due to diopside and tremolite (centimetre-thick) (Figure 2a);
minor minerals include epidote, quartz, barite, Ba-feldspar, sulphides and, rarely, phlogopite. It shows
a heteroblastic texture with a sutured grain boundary shape of the carbonate crystals (Figure 2b).
The structure is isotropic as no preferred crystallographic orientation of calcite grains has been
evidenced. The average grain size is 0.28 + 0.1 mm and the high standard deviation is linked to the
heteroblastic microstructure, which results in a maximum grain size (MGS) showing a median value of
3.3 mm (from 2.6 to 4.9 mm). Such a coarse grain characteristic, exceeded by varieties of Mediterranean
marble only from Naxos marble and Brossasco marble [11,19], did not prevent this marble from being
widely used in architecture and statuary. The marbles coming from VCO quarrying basin are also
characterized by values of oxygen more negative than other marble of the Western Alps. For Candoglia
marble, a range between —7 and —13 850 is reported by [19]. This feature is probably due to the high
metamorphic grade reached by the Ivrea Zone, the geological unit to which Candoglia marble pertains.

Figure 2. (a) Macroscopic appearance of marble: the presence of dark-greenish silicate layers (centimetre-
thick) which highlight the suffered ductile deformation is clearly visible. (b) Photomicrograph of
marble (can AB2), showing the heteroblastic texture, with the sutured grain boundary shape of the
carbonatic crystals. The structure is isotropic as no preferred crystallographic orientation of calcite

grains has been evidenced. Optical microscope crossed nicols.

Candoglia marble also shows distinctive minor and trace element contents, which help in
characterizing and distinguishing it from all the other Mediterranean marbles. The manganese and
iron contents are respectively 119 + 3 and 186 + 4 ppm, reflecting the chromatic features of the marble.
Despite remarkable macroscopic heterogeneities, the Fe and Mn concentrations do not show significant
variations within all the analysed areas. The Sr concentration results in a mean of 212 + 30 ppm, which
is significantly higher than most of the investigated Mediterranean varieties. Quantitative results,
referring to micro-X-Ray Fluorescence (XRF) calcite trace element concentration, are reported in Table 2.
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Table 2. Geochemical and minero-petrographic variables characterizing Candoglia marble reference
samples. Micro-XRF trace element composition of calcite has been recalculated based on 43.97% CO5.
AGS and MGS refer to average and maximum grain size, respectively, while the microstructural and
textural features are expressed as categorical variables. Ho/He refers to homeoblastic vs. heteroblastic
microstructure; Iso/Aniso to isotropic vs. anisotropic microstructure. The grain boundary shape (GBS)
is, in this, case sutured (Sut).

Mg Ti Mn Fe Zn Sr .
Sample %) (ppm) (ppm) (ppm) (ppm) (ppm) AGS MGS Ho/He Fabric GBS
canAB1  0.418 2 119 179 4 228 0.29 351 He/Ho Iso Sut
canAB2  0.296 2 119 189 5 216 0.32 312 He/Ho Iso Sut
canAB3  0.378 2 117 189 7 241 0.20 3.09 He/Ho Iso Sut
canAB4  0.393 2 116 187 3 186 0.39 3.39 He/Ho Iso Sut
canAB5 0417 2 120 187 2 202 0.46 347 He/Ho Iso Sut
canAB6  0.489 2 122 187 2 202 0.34 3.16 He/Ho Iso Sut

The peculiar pink colour, the coarse grain size and the isotopic value of 1850 are all archaeometric
characteristics that make it easy to identify this marble from any other Mediterranean marble used in
local and international cultural heritage.

4.2. Physico-Mechanical Characterization

Table 3 reports the more common physico-mechanical characteristics tested for Candoglia marble,
compared to the famous Carrara white marble. The characteristics of both are comparable except for
three values: the water absorption (higher in Candoglia marble), compressive strength after freeze and
thaw (lower in Candoglia marble) and impact strength (lower in Candoglia marble). The first two
characteristics are linked to the feature of the rocks: coarse grain size in Candoglia marble and finer
grain size in Carrara marble.

Table 3. Physico-mechanical characterisation of Candoglia marble.

Characteristics Unit Candoglia Marble Carrara Marble ***
Apparent density kg/m3 2620-2830 * 2688
Water absorption % 0.8 ** 0.16
Uniaxial compressive strength MPa 44-155* 118.6
Compressive strength after freeze and thaw MPa 95 ** 115.8
Indirect tensile strength MPa 1.8-12.3* 17
Impact strength test cm 38 ** 73.8

* data from [20]; ** data from [21]; *** data from [22].

5. Candoglia Marble Exploitation and Processing

The first traces of the exploitation of marble outcrops in the Ornavasso territory belongs to the
Roman period; the marble presents in Ornavasso pertains to the same marble lenses of Candoglia
marble (Figure 1) and is locally recognized as the Candoglia “bastard brother”. Both the Candoglia
and Ornavasso marbles have been widely employed in local buildings and infrastructures; the more
noble variety, Candoglia marble, is renowned for its applications in the Milan Cathedral: in the 1387
Gian Galeazzo Visconti obtained the authorisation to exploit the Candoglia Marble. From that time,
Candoglia marble quarries have been quarried by the Veneranda Fabbrica del Duomo of Milano and
the exploited material, nearly 1.000 t/year, has been and still is employed uniquely for building and
maintenance of the Cathedral [23,24].

The quarrying activity evolved over the centuries: from small open pits, near Candoglia village,
to the large underground quarry (Cava Madre) (Figure 3; Figure 4). Cava Madre is characterized by
homogeneous materials, exploited in subvertical benches (Figure 5), first using sledgehammers, punciotti
(plug and feather), chisels and gunpowder (Figure 6a) and later using heilcoidal wires (Figure 6b) and
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diamond wires [12]. The bench is interested by side forces, that need to be constantly monitored and
contained [20,25-27]. The activities in the quarry yard were characterized by initial selection of the
best blocks, chosen on the basis of the aesthetical, physical, and lithological characteristics.

Figure 3. (a) View (and sketch) of the Candoglia quarries (from San Nicola church in Ornavasso): 1.
Cava Madre underground pit; 2—4. Cava Corte Nuova open pits, active up to the early XX cent. (b) View
of the Candoglia open pit quarries and harbour (from Ornavasso side). Late XIX cent. (Veneranda
Fabrica Historical Archive).

Figure 4. (a) Cava Madre quarry profile (1814) (Veneranda Fabrica Historical Archive). (b) Cava Madre
entrance: view from San Nicola Church bell tower (Ornavasso).
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Figure 5. (a) Entrance of Cava Madre underground quarry. (b) Cava Madre underground pit. XX
century. (Veneranda Fabrica Historical Archive).

Figure 6. (a) Quarry worker with a sledgehammer, punciotti (plug and feather), and chisels. (b)
Candoglia open pit yard: helicoidal wire. (Veneranda Fabrica Historical Archive).

The selected blocks were squared directly in the quarry yard: a first rough sketch of the sculpture
to be produced was arranged in the yard, based on sketch drawings of blocks and sculptures (Figure 7),
before being transported to the working plants to be chiselled and refined. The less valuable blocks
(not aesthetically good) were sold as a secondary category material, which was crushed and used to
produce lime (traces of kilns are still visible in region Calmatta, near Ornavasso Village) [28].
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Figure 7. (a) Sketch drawings of blocks, with defects. XVIII Cent. (b) Sketch of sculptures, each
assigned to a single stone worker. (Veneranda Fabrica Historical Archive).

After being quarried and squared, the blocks were transported from the quarry to the
manufacturing plants on running routes, thanks to the employment of large wooden sledges—*“struse”
(Figure 8). More recently (from the 1920), the “binda” (jack) or the derrick were used to move the
blocks. The blocks were then transported to the river docks by means of wagons towed by pairs of
oxen (Figure 9a). From the River Toce docks, the marble was transported to small manufacturing
plants (Figure 9b), in Suna and Baveno (along Lake Maggiore); in these laboratories, all the locally
exploited blocks were squared, cut and worked. It has to be highlighted that the first mechanized saw
for blocks was built for the processing of Candoglia marble.

Figure 8. Running routes made of quarry waste (left) and big wooden sledges—"struse”—to transport
the blocks from the quarry to the valley (right) [29].
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Figure 9. (a) Wagons towed by pairs of oxen which transported the blocks from the valley to the river
pier. (b) Veneranda Fabbrica working yard in Milan (XIX-XX cent.) [29].

After the working phase, the blocks were transported, using big barges, from the Candoglia pier
(Figure 10a) to the Navigli in Milan (Figure 10b), up to the Duomo di Milano working yard: the path
was through the River Toce, the Lake Maggiore and the River Ticino. The presence of rivers (Toce and
Ticino) and the construction of canals (Navigli) guaranteed the direct and easy transport from the
quarry area to the Cathedral yard. Thus, Candoglia marble was preferred to other more famous Italian
marble (e.g. Carrara marble) even if its minero-petrographic features (coarse grain-size) were not
the most suitable to use for statuary applications. It has to be highlighted that until mid-XV century,
approximately 400 people were employed as stone workers for the Duomo construction, with another
400 people as transport workers [29].

Figure 10. (a) Candoglia pier (late XIX-XX century). (b) Navigli di Milano during the Duomo di Milano

construction activities (portrait). (Veneranda Fabrica Historical Archive).

Nowadays, all the quarried material is exploited and used in different applications: from the
best quality (used to produce sculptures and masterpieces for the maintenance of the Cathedral) to
irregular or not aesthetically suitable blocks (employed as armour stones).

The working activities are run out in Candoglia and Milan. In particular, the first block squaring
by means of a diamond-wire block cutter is set in the working area close to the Cava Madre quarry.
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The squared blocks are sent to the main working plant near Milan to be mechanically worked for the
production of a first rough sketch of the sculpture. After this rough working phase, the blocks are sent
back to the Candoglia mason stone cutter laboratory (near the offices of the Venaranda Fabrica del
Duomo di Milano) to be chiselled by expert stone workers, to obtain the copy of the pieces to substitute
(Figure 11).

Figure 11. (a) Rough working sketch of the sculpture. (b) Chiselled sculpture to substitute the
original one.

6. The Duomo di Milano and the Museum of the Venaranda Fabbrica del Duomo di Milano

The Milan Cathedral (Figure 12) is the seat of the Archbishop of Milan and is named to St Mary of
the Nativity (Santa Maria Nascente). It could be considered as a “still alive” yard; indeed, Duomo di
Milano has been completely built but its maintenance continues (the overlapping of maintenance with
construction started in the mid-XIX century, when a large piece of the main spire fell onto the terraces
below). The Cathedral is one of the most important and famous worldwide known Catholic church
(5t place in term of size) and in Italy it comes after the Basilica of San Pietro, in Rome.

Figure 12. Duomo di Milano: general view from the main square and sketch of sculptures and steeples
(different colours due to the different maintenance phases have to be highlighted).
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The plan consists of a central nave with four side aisles, crossed by a trampset; opposite to the
entrance it is possible to admire the choir and the apse. The main nave shows a 45 m height; it
represents the he highest Gothic vaults of a completed church. Tourists can reach the roof, from which
it is possible to appreciate some spectacular sculptures that otherwise would not be enjoyed.

The Museum of the Veneranda Fabbrica (Figure 13a) hosts several precious sculptures made of
Candoglia marble, such as a Saint Ambrogio statue (Figure 13b).

Figure 13. (a) Museum of the Veneranda Fabbrica del Duomo di Milano: located at Sforza palace,
South of the Duomo. (b) Sant Ambrogio—Milan patron saint—sculpture. (c) sculptures stored in
the museum.

7. Conclusions

Candoglia marble represents an example of heritage stone valorisation for the next generation:
a unique and priceless material, a witness of the culture change of a wide territory in Piemonte and
Lombardia (the quarrying area in Candoglia and the Milan cathedral). Indeed, thanks to its unique
characteristics (physical, petrological and mineralogical) and to the peculiar history of its exploitation
during the centuries for the construction and maintenance of an unique heritage building, Candoglia
marble is worldwide well-known and appreciated.

Candoglia marble exploitation has influenced the culture and industrial development of an entire
area over the centuries. Candoglia has to be deemed as a place where humankind and nature interact.
Indeed, visiting the Candoglia area, the audience is fascinated by the immeasurable twist of natural
landscape and human activities, which are tangible in:

- the need to discover and exploit a unique local resource, Candoglia marble, aesthetically suitable
for the realisation and the maintenance of a worldwide known cultural and religious building(the
Duomo di Milano);

- the presence of working and historical quarries which developed over the centuries from open pits
to underground yard that reach into the heart of the mountain and exploit the most prospective
part of the formation. Furthermore, the need to preserve the resource has brought about an
upgrade of the quarrying technologies: from open pits exploited with explosives to underground
pit yards, exploited with more modern techniques( the helicoidal and then the diamond wire
machines);

- the continuing upgrade of working techniques, from local working activities (in Candoglia, Suna
and Baveno) to the more recent activities managed both in Candoglia (in the quarry yard and the
mason stone cutter laboratory) and Milan;

- the presence of historical means of transport, such as the “vie di lizza”, the wagons being towed
by pairs of oxen, the big barges, developed utilizing more modern transport by truck.
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All these natural and human features of the area are fundamental to indicate the Candoglia marble
area as geoheritage, with the consequence that Candoglia marble will be indicated for its designation
as “Global Heritage Stone Resource”.

A geotourist path “from quarry to building” can be organised, starting from the Candoglia quarry
area (including both the still active Cava Madre and some yet accessible historic open pits) to the
laboratory, and finally visiting the Duomo di Milano. It is also possible to consider a geotourist path
“from building back to quarry”, starting from the more famous Duomo di Milano, directing people to
discover where everything started: an example of this approach is the path from the famous Arena of
Arles back to the ancient quarries, exploited for the production of the employed stones.

Author Contributions: Conceptualization, G.A.D., A.B., D.C. and B.C.; Data curation, G.A.D., A.B., D.C., EC. and
E.C.; Funding acquisition, A.B. and D.C.; Investigation, G.A.D., A.B., D.C., EC. and E.C.; Methodology, G.A.D.,
A.B. and B.C,; Supervision, G.A.D., A.B. and D.C,; Validation, G.A.D., D.C. and E.C.; Writing—original draft,
G.A.D. and A .B.; Writing—review and editing, G.A.D., A.B., D.C. and EC.

Funding: This research was funded by Compagnia San Paolo and University of Torino in the frame of the
GeoDIVE Project, by MIUR (Italy) and CNR-IGG U.O of Torino (Italy).

Acknowledgments: Vittorio Barella and Enrico Allais (ISO4—Torino) are thanked for isotope analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Primavori, P. Carrara Marble: A nomination for ‘Global Heritage Stone Resource” from Italy. Geol. Soc. Lond.
Spéc. Publ. 2015, 407, 137-154. [CrossRef]

2. Fiora, L.; Audagnotti, S. Il Marmo di Chianocco e Foresto: Caratterizzazione minero—Petrografica ed Utilizzi; Atti 1°
Congresso nazionale di Archeometria Patron Editore: Bologna, Italy, 2001; pp. 235-246.

3. Borghi, A.; D’atri, A.; Martire, L.; Castelli, D.; Costa, E.; Dino, G.; Favero Longo, S.E.; Ferrando, S.; Gallo, L.M.;
Giardino, M.; et al. Fragments of the Western Alpine chain as historic ornamental stones in Turin (Italy):
A new geotouristic approach for the enhancement of urban geological heritage. Geoheritage 2014, 6, 41-55.
[CrossRef]

4. Attanasio, D.; Brilli, M.; Ogle, N. The Isotopic Signature of Classical Marbles; “L'Erma” di Bretschneider: Roma,
Italy, 2006; p. 297.

5. Gorgoni, C.; Lazzarini, L.; Pallante, P.; Turi, B. An Updated and Detailed Mineropetrographic and C-O
Stable Isotopic Reference Database for the Main Mediterranean Marbles Used in Antiquity. In ASMOSIA V:
Interdisciplinary Studies on Ancient Stone; Hermann, ].J., Herz, N., Newton, R., Eds.; Archetype Publications:
London, UK, 2002; pp. 115-131.

6.  Moens, L.; Roos, P; De Rudder, ].; De Paepe, P.; Van Hende, ].; Marechal, R.; Waelkens, M. A multi-method
approach to the identification of white marbles used in antique artifacts. In ASMOSIA I: Classical Marble:
Geochemistry, Technology, Trade; Herz, N., Waelkensb, M., Eds.; Kluwer Publishing Company: Dordrecht,
The Netherlands, 1988; pp. 243-250.

7. Belfiore, C.M.; Ricca, M.; La Russa, M.F,; Ruffolo, S.A.; Galli, G.; Barca, D.; Malagodi, M.; Vallefuoco, M.;
Sprovieri, M.; Pezzino, A. Provenance study of building and statuary marbles from the Roman archaeological
site of Villa dei Quintili (Rome, Italy). Ifal. |. Geosci. 2016, 135, 236-249. [CrossRef]

8.  FrisaMorandini, A.; Gomez Serito, M. Indagini Sulla Provenienza dei Materiali Lapidei Usati Nell’architettura
e Nella Scultura di Epoca Romana. In Archeologia in Piemonte, II: L’eta Romana; Mercando, L., Ed.; Allemandi:
Torino, Italy, 1998; pp. 223-233.

9.  Chiari, G.; Colombo, F.; Compagnoni, R.; Fiora, L.; Rava, A.; Di Macco, M.; Ormezzano, F. Santa Cristina:
Restoration of a Fagade by Filippo Juvarr. In Proceedings of the International Congress on Deterioration and
Conservation of Stone, Lisbon, Portugal, 15-18 June 1994; pp. 1393-1402.

10. Chiari, G.; Fiora, L.; Compagnoni, R. Studio dei materiali di facciata della Chiesa di S. Filippo in Torino.
In Atti Terzo Simposio Internazionale ‘La conservazione dei monumenti nel bacino del Mediterraneo’; Grafo Edizioni,
a cura di Fulvio Zezza: Venezia, Italy, 1994; pp. 773-778.


http://dx.doi.org/10.1144/SP407.21
http://dx.doi.org/10.1007/s12371-013-0091-7
http://dx.doi.org/10.3301/IJG.2015.19

Sustainability 2019, 11, 4725 13 of 13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Borghi, A.; Vaggelli, G.; Marcon, C.; Fiora, L. The Piedmont White Marbles Used in Antiquity:
An Archaeometric Distinction Inferred by a Minero-Petrographic and C-O stable isotope study. Archaeometry
2009, 51, 913-931. [CrossRef]

Cavallo, A ; Bigioggero, B.; Colombo, A.; Tunesi, A. The Verbano Cusio Ossola province: A land of quarries
in northern Italy (Piedmont). SPECIAL ISSUE 3: A showcase of the Italian research in applied petrology.
Per. Mineral. 2004, 73, 197-210.

Quick, J.; Sinigoi, S.; Mayer, S. Emplacement dynamics of a large mafic intrusion in the lower crust,
Ivrea—Verbano Zone. J. Geophys. Res. 1994, 99, 21559-21573. [CrossRef]

Peressini, G.; Quick, J.E.; Sinigoi, S.; Hofmann, A.W.; Fanning, C.M. Duration of a Large Mafic Intrusion and
Heat Transfer in the Lower Crust: A SHRIMP U-Pb Zircon Study in the Ivrea-Verbano Zone (Western Alps,
Italy). J. Pet. 2007, 48, 1185-1218. [CrossRef]

Carte géologique de la Suisse; scale 1:500.000. Schweizerische Geologischen Kommission, 1980. Available
online: https://shop.swisstopo.admin.ch/fr/products/maps/geology/GK500/GK500_DIGITAL (accessed on
18 July 2019).

Vaggelli, G.; Sebar, L.E.; Borghi, A.; Cossio, R.; Re, A.; Lo Giudice, A. Improvements to the analytical protocol
of lapis lazuli provenance: first study on Myanmar samples. Eur. Phys. ]. Plus 2019, 134, 104. [CrossRef]
Petrakakis, K.; Dietrich, H. MINSORT: A Program for the Processing and Archivation of Microprobe Analyses of
Silicate and Oxide Minerals; Neues Jahrbuchfiir Mineralogie—Monatshefte: Stuttgart, Germany, 1985; Volume
8, pp. 379-384.

Vaggelli, G.; Cossio, R. u-XRF analysis of glasses: A non-destructive utility for cultural heritage applications.
Analyst 2012, 137, 662-667. [CrossRef] [PubMed]

Antonelli, F,; Lazzarini, L. An updated petrographic and isotopic reference database for white marbles used
in antiquity. RENDICONTI Lince 2015, 26, 399—413. [CrossRef]

Morlin Visconti Castiglione, B.; Oggeri, C.; Oreste, P. Tecnica estrattiva e storia nella cava madre di Candoglia.
In Geologia e Turismo: Dall’affioramento al Costruit; ISPRA—Istituto Superiore per la Protezione e la Ricerca
Ambientale: Bologna, Italy, 2013; pp. 273-279.

Selecting Candoglia Marble. Available online: http://www.italithos.uniroma3.it/welcome.php (accessed on
14 February 2019).

Dino, G.A.; Chappino, C.; Rossetti, P.; Franchi, A.; Baccioli, G. Extractive waste management: A new
territorial and industrial approach in Carrara quarry basin. Ital. |. Eng. Geol. Environ. Spec. Issue 2 2017,
47-55.

Ferrari Da Passano, C. La Veneranda Fabbrica del Duomo di Milano. Quarry-Laboratory-Monument. Int.
Congr. Pavia Proceeding 2000, 1, 23-34.

Canali, F. Il Marmo di Candoglia. In Bollettino Italia Nostra 487; Gangemi Editore: Rome, Italy, 2015; pp. 17-18.
Pelizza, S.; Oreste, P; Peila, D.; Oggeri, C.; Oreste, P. Stability analysis of a large cavern in Italy for quarrying
exploitation of a pink marble. Tunn. Undergr. Space Technol. 2000, 15, 421-435. [CrossRef]

Pelizza, S.; Oggeri, C.; Oreste, P; Peila, D. The Candoglia quarry: The stability of the large room and
the enlargement. In Proceedings of the 15th International Symposium on Mine and Planning Equipment
Selection MPES 2006, Turin, Italy, 2022 September 2006; Volume 1.

Pelizza, S.; Oggeri, C.; Oreste, P.; Peila, D.; Morlin Visconti Castiglione, B.; Corbetta, E. Una Grande Caverna
Per L'estrazione di Pietra Ornamentale: II Caso Della Cava Madre del Duomo di Milano a Candoglia.
In Gallerie e Grandi Opere Sotterranee; Patron Editore: Granarolo dell’Emilia, Italy, 2010; Volume 95, pp. 23-30.
Dino, G.A,; Cavallo, A. Ornamental stones of the Verbano Cusio Ossola quarry district: Characterization of
materials, quarrying techniques and history and relevance to local and national heritage. In Global Heritage
Stone: Towards International Recognition of Building and Ornamental Stones; Pereira, D., Marker, B.R., Kramar, S.,
Cooper, B.J., Schouenborg, B.E., Eds.; Geological Society of London, Special Publications: London, UK, 2015;
Volume 407, pp. 187-200.

Moschini, C. Il Percorso dei Marmi: Dalle Cave di Candoglia ed Ornavasso al Duomo di Milano; Skira Editore:
Milan, Italy, 2005; p. 158.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/j.1475-4754.2008.00447.x
http://dx.doi.org/10.1029/94JB00113
http://dx.doi.org/10.1093/petrology/egm014
https://shop.swisstopo.admin.ch/fr/products/maps/geology/GK500/GK500_DIGITAL
http://dx.doi.org/10.1140/epjp/i2019-12523-4
http://dx.doi.org/10.1039/C1AN15518K
http://www.ncbi.nlm.nih.gov/pubmed/22163367
http://dx.doi.org/10.1007/s12210-015-0423-4
http://www.italithos.uniroma3.it/welcome.php
http://dx.doi.org/10.1016/S0886-7798(01)00011-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Geological Setting 
	Candoglia Marble Characterisation: Materials and Methods 
	Petrographic and Geochemical Characterisation 
	Physico-Mechanical Characterisation 

	Candoglia Marble Characterization: Results 
	Petrographic and Geochemical Characterisation 
	Physico-Mechanical Characterization 

	Candoglia Marble Exploitation and Processing 
	The Duomo di Milano and the Museum of the Venaranda Fabbrica del Duomo di Milano 
	Conclusions 
	References

