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This study focuses on the characterization of black crusts collected from the Monza cathedral located in the
homonymous city (N Italy), a hot spot from the point of view of the atmospheric pollution. Black crusts and
substrate marble specimens were analyzed by a multi-analytical approach including X-ray Diffraction (XRD),
Fourier Transform-Infrared spectroscopy (FT-IR), Stereomicroscopy (SM), Polarized Light Microscopy (PLM),
High Resolution Scanning Electron Microscopy coupled with Energy Dispersive X-ray spectroscopy (HRSEMEDX) and Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP/MS). The characterization of
the carbon fraction (organic carbon, OC, and elemental carbon, EC) was performed using a new approach based
on the use of Carbon Hydrogen Nitrogen (CHN) analysis and Thermogravimetric Analysis (TGA). The integrated
approach allowed the identification of the pollution sources responsible for black crusts forming process. The
precise identification of the main substances responsible for the surface degradation phenomena, in particular
those leading to the blackening and disintegration of the carbonate substrates, is essential for the definition of
conservative intervention and maintenance strategies, as well as for the development of emission reduction
policies on a local scale.

1. Introduction
Atmospheric pollution (such as gases and particulate matter) interacts with stone materials and generates various typologies of decay
[1–5]. Among those we can list, for instance, salt crystallization that
can lead to physical stress or soiling that may evolve to black crusts
(BCs hereafter) when in presence of humidity and absence of water
washout processes [6–8]. The formation of BCs is one of the most
dangerous phenomenon in architectural heritage [9–11]. Currently,
emissions from mobile combustion sources [12–14] are the main agents
responsible for air pollution in cities, although a significant decrease is
expected in the next years, due to reinforced pollution prevention law
and policies. Especially the monuments located in the historic centres of
large cities are subjected to typical anthropogenic emissions. Sulfur
dioxide, despite its decreasing concentration emitted in the atmosphere,
is the main specie responsible for sulfation process that occurs on the

stone [15–22]. Up to now, BCs have been the subject of numerous
studies [10,23,24] which highlighted the importance of investigating
this topic in order to study physical–chemical decay of stone surfaces
[25–30]. BCs formation is not only a form of alteration of carbonate
stones but also of other types of rock such as granite [22,31,32].
It is generally recognized that there is a correlation between the
chemical composition of BC and air pollution [33–40]. The composition
of the surface deposits on the stone (dust, BCs) could be used as an
indicator of environment and climate change [39]. Furthermore, numerous publications have highlighted the importance of deepening the
knowledge of the degradation products because they lead to physical–chemical decay and also act as an accumulator of pollutants
[10,23,25–28].
Starting from this scientific overview, this study is based on the
characterization of BCs taken from the historical cathedral of Monza
(dating to 14th century), placed in a polluted urban centre in the North
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of Italy. The cathedral is located in the homonymous city placed ca.
20 km NE of Milan. Monza covers an area of 33.09 km2 and has
123.776 inhabitants and is the third largest city in the Lombardy region
(Northern Italy) [41]. The city suffers from high pollution produced by
intense vehicular traffic, use of domestic heating, as well as pollution
produced by industrial and agricultural activities typical of the Po
Valley. In Monza, NOX emissions are due mainly to traffic (69%) but are
also to domestic heating (12%), industries (12%) and incinerators (3%)
while anthropogenic VOC (volatile organic compounds) emissions are
linked to the use of solvents (69%) and to traffic (9%). NH3 emissions
on a regional scale are due to agriculture and breeding activities. The
percentage values listed are higher than those recorded for the city of
Milan. Moreover, in spite of SO2 reduction recorded during the last
years, for the city of Monza this pollutant is due to industrial activity for
82% (as reported in INEMAR, INventario EMissioni Aria, ARPA Lombardia 2014), the presence of SO2 still dominates the chemical composition of the deposits in urban environments.
The samples analyzed in this work were taken from the facade of the
Monza cathedral (Basilica of San Giovanni Battista) located in Monza in
the homonym square (Fig. S1 in Supplementary material). The façade, a
remarkable example of 14th century architecture, and divided into three
parts, was designed and finished by Matteo da Campione between 1300
and 1350; it is characterized by alternating dark and white-colored
rows of stone blocks. From the 18th to the 20th centuries several and
complexes restoration interventions followed that involved some areas
of the façade [42]. The dark and white-colored degraded rows were
replaced with new ones, all the missing columns of white marble integrated, and the rose window was consolidated. Furthermore, some
elements of the three-light windows and the quadrangular compartments on the black background of the rosettes in the central area were
restored. In the final phase, a cleaning restoration was performed in the
lower central and upper part of the façade. In 2017 the façade was
restored once again.
BCs sampled from the cathedral façade studied in the present work,
have developed on the different marbles used for the monument construction. In order to completely characterize the samples, several
analytical techniques were used such as: XRD (X-ray Diffraction), FT-IR
(Fourier Transform-Infrared spectroscopy), SM (Stereomicroscopy),
PLM (Polarized Light Microscopy), HRSEM-EDX (High Resolution
Scanning Electron Microscopy coupled with Energy Dispersive X-ray
spectroscopy), LA-ICP/MS (Laser Ablation Inductively Coupled Plasma
Mass Spectrometry) CHN (Carbon Hydrogen Nitrogen) and TGA
(Thermogravimetric Analysis). This integrated approach has allowed us
to gain information about the composition (chemical and mineralogical) and texture of the BCs making it possible to identify the pollution sources causing the stone decay, as well as the variability in BC
composition depending both on the exposure conditions of the analyzed
crust surfaces and their estimated age. In this sense, the older crusts
should be present on the original marbles and crusts of more recent
formation should have evolved on new marbles used during the cathedral restoration.

on textural features of the underlying substrate.
Two groups of BCs were identified, group A and group B (Fig. 2S),
according to the information available on restoration interventions in
the specific areas from where they were taken:
- group A is formed by BC samples 1MD, 3MS and 4MS located at ca.
16 m high, and taken from the area restored by Conca (original
marbles replaced in 1735); therefore, these crusts are estimated to
be about 280 years old, consequently pollutants accumulation of
about 280 years was present;
- group B is formed by BC samples taken from a height of ca. 12 m, i.e.
5MC, 7MD, 8MD and 9MS, and BC samples 11MD and 12MD taken
at ca. 5 m height (lower part of the façade) in areas that have never
been restored therefore, these crusts are about 650 years old, i.e.
650 years of pollutants accumulation.
It is worth to noting that also in the literature [13,28,35,36,43-45] it
is attested that dating of BCs can be performed on the basis of the
period of pollutants accumulation.
The sampling points were chosen according to the advice of the
director of the restoration works and his team, who clearly distinguished the BCs growth on the original marbles from the BCs developed on the substituting (new) marbles. Their indications are proven
by documents (unpublished) present in the cathedral archives that have
made it possible to confirm these deductions. Furthermore, the sampled
BCs did not show surface detachment phases (a phenomenon that is
present in the case of restored surfaces) and were positioned within the
architectural frames of windows and oculi (i.e. small circular openings)
in areas protected from rainwater or runoff. The architectural frames
have also protected the sampled areas over time.
A brief sample description accompanied by information regarding
BCs sampling point, height and information on eventual previous restorations is summarized in Table 1. The BC samples were named on the
basis of their position on the facade (M = Monza; D = right;
C = center; S = left). BC samples were divided into different aliquots
and analyzed.
2.2. Analytical methods
2.2.1. Stereomicroscope (SM)
A stereomicroscope (SMZ 1000, Nikon, Japan) equipped for microphotography was used to look at the chromatic and textural features,
as well as the conservation state of the BCs and their marble substrates
studied as chip (bulk) samples.
2.2.2. Polarized Light Microscopy (PLM)
Mineralogical composition, texture, microstructure and conservation state of the BCs and the marble substrates were studied by
Polarized Light Microscopy (PLM) in transmitted and reflected light
using a Carl Zeiss Jenapol U instrument (Germany) with a digital
camera (Nikon D-7000). To this end the chip samples were prepared as
polished thin sections to study their cross sections.

2. Materials and analytical methods

2.2.3. X-Ray Diffraction (XRD)
Mineralogical composition of the BCs was obtained by means of
XRD (Siemens D5000) according to the random powder method. BCs
were separate from the substrate with a hammer and a chisel and then,
they were ground to a fine powder in a mechanical ball mill. In the
diffractograms obtained, relative abundance (semi-quantitative estimation) was determined for each mineral phase using the area of
highest-intensity diffraction peaks and the intensity ratios established
from artificial mixtures of standard minerals [46].

2.1. Sampling
During the last restoration carried out in 2017, 9 samples of BCs
developed on marble stones, were taken from the cathedral façade at
different heights (Fig. S2) following the indications of the restorers. The
facade of the cathedral of Monza is oriented to North-West side which is
the most exposed to the atmospheric agents (rain, winds, etc.) and
corresponds to the lateral nave. The BCs samples were all taken inside
the architectural frames of windows and oculi (i.e. small circular
openings) in areas protected from rainwater or runoff. The samples
show variable color (dark grey and black), morphology (linear compact
and dendritic) and thickness, depending on the exposure position and

2.2.4. Fourier Transform Infrared Spectroscopy (FT-IR)
In order to complete the information given by XRD, the chemical
composition of the BCs (ground samples) was characterized using FT-IR
2
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About 280

About 650

The stone is a later integration (1735 year)
The stone is a later integration (1735 year)
The stone is a later integration (1735 year)

2.2.6. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LAICP-MS)
BCs as well as chemical analyses in terms of trace elements were
performed by LA-ICP-MS. This method allowed us to investigate a great
number of elements with spot resolutions of about 40–50 μm, and to
determinate micrometric compositional variations [47–49]. Analyses
were carried out using an Elan DRCe instrument (Perkin Elmer/SCIEX)
connected to a New Wave UP213 solid-state Nd-YAG laser probe
(213 nm). The number of analyses carried out on the samples were
related to the BC thickness, in particular ranging from three to fivepoint analysis. The analytical procedure to characterize the BCs is well
established in varied studies in the literature [23,43,44,50].

Original
Original
Original
Original
Original
Original
Black
Black
Black
Black
Black
Black
12 m rose window central part of the façade
12 m rose window right side of the façade
12 m rose window right side of the façade
12 m left double-arched window, original capital of the façade
5 m double-arched window, right side of the façade
5 m double-arched window, right side of the façade

crust
crust
crust
crust
crust
crust

Black crust on marble
Black crust on marble
Black crust on marble
16 m rose window right side of the façade
16 m rose window left side of the façade
16 m rose window left side of the façade

2.2.7. Carbonaceous fraction analysis
For quantifying the carbonaceous components present in the BCs,
Carbon Hydrogen Nitrogen (CHN) analyses were performed by a CHN
analyser (CHNS/O Perkin Elmer 2400 Series II Elemental Analyzer
using an accessory for the analysis of solids). Thermogravimetric analyses (TGA) were carried out by a Mettler Toledo TGA/DSC 3 + instrument which allows simultaneous TG and DSC (Differential Scanning
Calorimetry) analyses. The analyses were conducted in the range
30–800 °C, increasing the temperature with a rate of 20 °C/minute. The
carbonaceous components were estimated considering their temperature range decomposition previously defined analyzing standards and
using two different atmospheres, i.e. the inert and the oxidant one.
Before performing the analyses, the BCs samples were separated from
the marble substrate (using a scalpel) and ground in an agate mortar.
The power samples were analyzed only once due to the limited quantity
of the sample. The uncertainty of the technique has been previously
evaluated together with the limit of detection [51,52].

5MC
7MD
8MD
9MS
11MD
12MD

3. Results
3.1. SM, PLM, XRD and FT-IR analysis
The stereomicroscope (SM) study revealed that all BCs samples
exhibit intense black color on surface (except 1MD), though their
thickness and surface features vary depending on location and height of
sampling in the building. For instance, 12MD sample taken at 5 m high

Group B

1MD
3MS
4MS
Group A

2.2.5. High Resolution Scanning Electron Microscopy coupled with Energy
Dispersive X-Ray Spectroscopy (HRSEM-EDX)
The micro-texture and chemical composition of the BCs and marbles
substrates were analyzed using a HRSEM-EDX. The instrument was a
Supra 40Vp Carl Zeiss (Germany) furnished with BSE (backscattered
electrons) and SE (secondary electrons) detectors (InLens) that deliver
chemical and morphological images respectively, as well as a microanalysis system (Aztec 3) to provide elemental analyses by EDX (X-Max
50 mm detector). Bulk (chip) samples (to analyze the BC surface) and
polished thin sections (to study the sampleś cross section) were
mounted on Al stubs with double-sided adhesive C tape and carbon
coated. Samples were analyzed under high vacuum level. EDX singlepoint analyses were acquired from different points of interest (5 to 10
single-point analyses for each point) either from bulk or polished thin
sections at 10 kV (bulk samples) and 20 kV beam energy (thin sections).
High-resolution X-ray maps (1024 × 768 pixels, 10 ms dwell time,
2.5 h acquisition, 20 eV/ch resolution, and 43–1000 frames) were obtained from selected areas (thin sections) by compiling elemental distribution maps through the use of the Find Phases tool implemented in
the Aztec 3 EDX. This allowed us to highlight the amount, location and
morphology of crystalline/amorphous phases present in the samples.

on marble
on marble.
om marble
on original marble
on original marble
on original marble

Years of Pollutants accumulation
Stone
Description
Height and location
Sample

Table 1
List of BC samples collected from the façade of the cathedral of Monza.

spectroscopy (Thermo Nicolet 6700) in Attenuated Total Reflectance
(ATR) mode. Functional groups in the absorbance spectra for each
sample were identified. XRD and FT-IR used together allowed a complete mineralogical composition of the BCs.

3
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Fig. 1. Microphotographs of BCs samples (thin sections) from cathedral of Monza taken with PLM (crossed polars). a) 1MD (16 m high), note the large crystal size and
the gypsum crystals filling the calcite crystals fissures; b) 12MD (5 m high), note the intense fissure system of the marble, the 3 layers of the crust and the abundant
BCPs; c and d) 4MS (16 m high), note the heteroblastic fabric of the marble and the small calcite crystals fragments being incorporated into the gypsum crust; e) 7MD
and f) 9MS (12 m high), note the dissimilar marble substrates highly fractured; g) 7MD and h) 9MS, note the orange-brown layer in contact with the marble. BCPs =
Black Carbonaceous Particles.

is made of 3 layers as clearly seen in Fig. S3a in Supplementary Material
(indicated in the red rectangle); the one in contact with the substrate is
orange-brown, on top there is a white layer and above a black layer.
Some crusts clearly show particles of different color (white, red and
grey) on their surface such as 7MD, 1MD and 11MD samples, these two
last displaying uneven surface continuity (Fig. S3b–d).
The PLM study confirmed that all crust substrates are marbles,
however exhibiting diverse petrographic characteristics in that marbles
are of different types. Fig. 1 shows the marked microstructural

differences in terms of crystal size, shape and grain boundaries. Note
that all marbles are physically degraded presenting varied damage
degree. 1MD and 12MD marbles exhibit granoblastic-heteroblastic
fabric and mosaic type distribution of polygonal cleavage crystals
forming triple junctions at 120°. 1MD displays the largest crystal size
ranging from ca. 0.2 to 1.4 mm (Fig. 1a), while crystals size range from
ca. 0.2 to 0.5 mm in 12 MD (Fig. 1b). Fissures and cracks are abundant
in both marbles. 4MS marble exhibits heteroblastic fabric. Crystals have
sub-angular to rounded shapes and lobate boundaries with sizes
4
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the FT-IR spectrum of the 8MD BC is striking, since in this sample only
gypsum and quartz were detected by DRX. However, the band detected
at 1321 cm−1 could indicate the existence of calcium oxalate together
with the bands at 788 cm−1 and 596 cm−1. Calcite, present in trace
amounts only in 11MD BC, was identified by means of FT-IR through
the FT-IR bands at 1419 and 877, and 713 cm−1. In all the BCs samples,
a band around 1400–1370 cm−1 is detected; in some cases (1MD, 9MS,
3MS, 7MD, 5MC and 11MD) showing considerable high intensity. This
band could be assigned to the symmetric CH3 bending vibrations and,
together with those at 711 and 795 cm−1 could indicate the existence
of organic matter. Also, the band around 1400–1370 cm−1 could be
assigned to the asymmetric NO3 stretching vibrations [53]; this band
together with those at 870 and 711 cm−1 (characteristic of the bending
vibration of NO group) would indicate the presence of nitrate salts.

Table 2
Mineralogical composition of the BCs collected from cathedral of Monza. G:
gypsum; Q: quartz; C: calcite; WD: weddellite; WW: whewellite. + + +
+: > 50%; + + +: 30–50%; + +: 10–30%; +: 3–10%; tr: < 3%. -: not detected.

Group A
Group B

Samples

G

Q

C

WD

1MD
3MS
4MS
5MC
7MD
8MD
9MS
11MD
12MD

++++
++++
++++
++++
++++
+++
++++
++++
++++

+
+
–
tr
++
+++
+
+
++

–
–
–
–
–
–
–
tr
–

–
–
tr
tr
–
–
+
–
–

3.2. HRSEM-EDX and LA-ICP-MS analyses

ranging from ca. 50 µm to 0.3 mm (Fig. 1c). Note the intense cracking
of the substrate and the calcite crystals from the marble substrate embedded in the gypsum matrix of the BC (Fig. 1d). The highly degraded
7MD marble (Fig. 1e) has a microstructure made of rounded crystals
with a bimodal size distribution (< 40 µm to 0.3 mm). A porfidogranoblastic fabric characterizes 9MS marble, composed of non-equidimensional rounded shaped-grains ranging in size from few microns to
0.4 mm (Fig. 1f). Marble is severely degraded as to develop granular
disaggregation.
Gypsum (CaSO4·2H2O) was detected by XRD in all BCs samples as
the main mineral phase (Table 2). Moreover, quartz (SiO2) was detected
in all BCs in different amounts, except in 4MS. Other minerals were
detected in low amounts: i) weddellite (CaC2O4·2H2O) was identified in
4MS, 5MC and 9MS (mainly in the latter), and ii) calcite (CaCO3) in 11
MD.
FT-IR analysis confirmed and completed the XRD results; gypsum is
the main mineral phase in BCs (Fig. 2). The presence of this mineral is
confirmed through the bands assigned to 1) OH functional group related to the hydration state of the mineral and 2) the S-O vibrations. In
the first case, the characteristic OH-(H2O) bands were confirmed by
means of the intense doublet at 3520/3401 cm−1, a slight shoulder at
3244 cm−1, two weak bands at 2640 and 2510 cm−1 and medium
intense bands at 1682/1618 cm−1. Regarding S-O vibration, the
sharped band centred at 1102 cm−1 assigned to S-O stretching and the
lower intense bands at 667, 596 and 460 cm−1 corresponding to S-O
bending vibration [53–56]. The detection of quartz by XRD is confirmed by FT-IR through a slight shoulder at 1004 cm−1, typically assigned to the asymmetrical stretching vibration of SieO of quartz
[53,57]. With respect to calcium oxalates, note that the discrimination
of weddellite and whewellite is made from the bands assigned to the
symmetric OeCeO stretching vibrations at 1317 cm−1 and 1324 cm−1
for whewellite and weddellite respectively [50,58]. In addition, the
vibration corresponding to HeOeH vibration of lattice water is detected at 1630 cm−1 and 781 cm−1 for both oxalates and at 669 cm−1
and at 603 cm−1 for whewellite and weddellite respectively [50,58].
However, confirmation of the presence of calcium oxalate was only
possible in some samples due to two difficulties: 1) the coincidence
between the oxalate FT-IR bands between 600 and 700 cm−1 with those
of gypsum (note that gypsum is the main mineral of all the crusts); and
2) the detection in all BCs samples of a broad shoulder-shaped band
around 1370–1400 cm−1 that frames the 1317 or 1324 cm−1 band of
the oxalates. Despite these difficulties, XRD results allowed us to
identify this oxalate as weddellite. Therefore, identification of oxalates
(weddellite) could be evidenced by FT-IR through the disappearance or
smoothing of the doublet at 1681–1619 cm−1 of gypsum and its
transformation into a wide band nearby these wavenumbers, possibly
as a result of the contribution of the 1630 cm−1 band (intermediate to
double) of weddellite. By means of this doublet modification, the presence of weddellite would be confirmed only in 9MS BC where this
oxalate was found in a proportion > 3% by XRD. On the other hand,

HRSEM-EDX allowed us to obtain detailed information on crusts'
morphologies and their interface with the substrate, as well as information about the chemical composition of the particles present in
the BCs. Only a few representative samples of group A (1MD and 4MS)
and B (7MD, 9MS and 12MD) were analyzed in this study. In all BC
samples the results obtained have shown that the crust (degradation
layer) is composed of crystals made of Ca and S (attributed to gypsum)
showing different habits for the two BCs groups. Inside the gypsum
matrix several particles have been observed showing different chemical
composition. In particular, BCs of group B are rich in metal particles.
The substrates of all BC samples show intense crack networks (especially BCs of group B), and in some of these cases, microcrystalline
gypsum has been observed.
LA-ICP-MS analysis allowed us to determine the trace elements
(average concentrations in ppm) related to representative BCs samples
(Fig. 3a, b); in particular, the criteria chosen were: different accumulation time of pollutants, height and location of the BCs on the façade of
the cathedral (right and left).
Results about trace elements suggest concentration especially for
some metals such as: As, Ba, Cd, Cu, Fe, Mn, Ni, Pb, Sb, Sn, Sr, V, and
Zn, in agreement with the HRSEM-EDX results. In general the data
underline that BCs placed at a lower height and with a greater period of
accumulation of pollutants (about 650 years, group B) show higher
contents of heavy metals. On the contrary, BCs samples taken at higher
altitude, which have less period of accumulation of pollutants (about
280 years group A) show lower concentrations of heavy metals.
3.3. Carbonaceous fraction analysis (OC and EC)
In-depth analysis of carbon could suggest possible pollution sources
that cause BCs formation. Total carbon (TC) is composed of OC
(Organic Carbon), EC (Elemental Carbon) and CC (Carbonatic Carbon).
In this work CC clearly should derived from the substrate which is a
marble, although deposition of carbonate-rich soil dust is also possible.
EC is responsible for the black color of the crusts; it has a primary origin
and is emitted by combustion processes [59,60]. OC is both of primary
origin, emitted by traffic or biomass burning [51,61,62], and of secondary origin; in this case it is mainly formed starting from gaseous
precursors such as VOC [59,63,64]. Elemental analysis by CHN allowed
the determination of TC within the BCs. Furthermore TGA has been
successfully applied in the past to discriminate OC from EC [65]. The
analysis by TGA/DCS allowed to quantify carbonate carbon percentage
(CC%) while elemental carbon percentage (EC%) has been calculated as
described in details in La Russa et al., [28]. The organic carbon percentage (OC%) was obtained by difference (OC = TC – (CC + EC)).
Table 3 shows the obtained results of the carbon fraction for the two
groups of BCs A and B.
In this study, we have observed higher OC values (on average 3.22
for group A and 4.12 for group B) with respect to EC (on average 0.83
5
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Fig. 2. ATR-FT-IR spectra of the BCs sampled in cathedral of Monza. a) samples belonging to group A. b) samples belonging to group B. Effects assigned to the
absorbance bands are depicted and the minerals detected by XRD are shown in blue (G: gypsum, C: calcite).

gypsum crystals (Fig. 1b). The surface of the crust shows intense black
color due to the abundant spheroidal BCP (Fig. 1b).
SEM images of bulk 1MD and 4MS (belonging to group A) samples
show that crusts are made of an interlocked structure of lenticular and/
or hexagonal plate-like crystals arranged as rose-like clusters composed
of Ca and S, attributed to gypsum. Fig. 4a is a false-color map based on
SEM-EDX elemental mapping of 4MS thin section showing the many
fissures of the calcite crystals (from the marble substrate) which are
filled by microcrystalline gypsum. Note the copious particles of different nature (e.g. Fe, Si, Mg, Al and Pb) inserted into the gypsum crust
matrix. Moreover, as revealed by SEM-SE/BSE analyses, crust contains
spherical spongy-like carbonaceous particles (Fig. 4b, c), rounded Ferich particles (Fig. 4d, e), Si-rich particles, and cluster of particles where
some of the following components were identified, i.e. Pb-chloride, Cafosfate, Zn, V, Cr, Co and Br (Fig. 4e, f). Analysis of bulk 7MD, 9MS and
12MD samples (group B) by SEM show that crusts have a powdered
texture mostly made of granular and (hexagonal) plate-like gypsum
crystals as well as tabular crystals in lesser amount. Spheroidal spongy
and/or smooth BCP as well as metal particles are more abundant than
in crusts from group A (1MD and 4MS). Analysis of BCs cross sections
reveals the intense crack network developed in the marble area in
contact with the crusts, particularly severe in samples of group B.
Though cracks do not show parallel orientation to the crust surface,
they have the potential for physical disintegration (Fig. 5a–d), as
proved during handling for microscopic analyses. Fig. 5c shows the
dissolution patterns in the calcite crystals and the crystallization of
gypsum filling the calcite fissures and cracks. SEM-EDX study has also

for group A and 1.02 for group B), in accordance with what happens in
the aerosol particulate matter in Milan where OC is the main constituent of TC [52,64–66].
4. Discussion
Samples cross-sections examined with PLM allowed the evaluation
of the crust-substrate interface. Regardless of the marble substrate,
crusts sampled from the highest altitude (16 m) are made of a single
gypsum layer. 1MD (thickness ca. 60–130 µm) is composed of welldeveloped needle-like gypsum crystals which also fill the marble fissures and cracks near the surface. As Fig. 1a shows, the borders of
crystals near the surface are intensely fractured into micrometric grains.
Instead, gypsum crystals in 4MS crust display both prismatic and
granular habits yielding a thick crust (thickness ca. 145 µm) with copious embedded BCP (Black Carbonaceous Particles) (Fig. 1c, d). BCs
are clearly stratified in several layers of different nature, color and
thickness in the BCs samples from group B (7MD, 9MD, 12MD see
Fig. 1). Here, an orange-brown layer appears at the contact between the
substrate and the crust. Similar layers as the one described here have
been identified as weddellite by Capittelli et al. [58]. This layer is called
patina noble [67]. At 12 m high in the building, 9MS (thickness ca.
100–200 µm) and 7MD (thickness ca. 330 µm) BCs exhibit, above the
orange-brown layer, a gypsum layer embedding (sub)-spherical BCP in
addition to red, yellow and grey particles (Fig. 1g, h). At 5 m height,
12MD BC (thickness ca. 270 µm) show the orange-brown layer which is
discontinuous since it is fissured and filled by acicular microcrystalline
6
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Fig. 3. Histograms showing the average concentrations (in ppm) of heavy metals in BCs of group A and B. a) Fe and Pb; b) As, Ba, Cd, Cu, Ni, Sb, V and Zn.

revealed the numerous metal particles embedded in the gypsum crust
matrix in BCs from group B, their morphology and distribution (Fig.
S4). In particular, the X-ray map of a selected area in the 7MD sample
(Fig. 5b) proves the presence of gypsum, Si-rich, Fe-rich, P-rich and PbK-rich particles, these last preferentially located at the marble crust
interface. Pb enriched level in the inner zone of crusts has been reported
elsewhere [43,45], probably due to the affinity of Pb with calcite from
the carbonate substrate.
XRD and FT-IR results allowed to identify that BCs are composed
mainly by gypsum as result of the wet or dry deposition of atmospheric

sulfur [68] and the subsequent sulfur reaction with the calcium from
the marble, regardless of the age of the BC (groups A and B). Despite the
most important source of sulfur is SO2 emissions from fossil fuels, also
biological activities and construction materials (mortars and concrete)
could contribute to BCs formation [21,32,69–72]. In addition, BCs belonging to group B (650 years old) showed higher quantities of calcium
oxalates, since 9MS (mainly), 8MD and 5MC showed weddellite. In
samples belonging to group A (280 years old), only traces of this mineral were found in 4MS. Capittelli et al. [58] also identified a mixture
of calcium oxalate (both weddellite and whewellite) and gypsum in

Table 3
CC (Carbonate Carbon), EC (Elemental Carbon), OC (Organic Carbon), OX (Oxalate) and TC (Total Carbon) concentrations (wt%) of the collected BCs. Some
significant ratios for the analyzed BCs are shown. Average values and standard deviations (wt%) were determined for group A and B.
Sample

CCTGA%

ECTGA%

(EC + CC)TGA%

OC%

OXTGA %

TCCHN %

OC/EC

EC/TC

1MD
3MS
4MS
Average BC group A
St.dev

3.32
3.52
1.48
2.77
0.65

0.79
0.53
1.18
0.83
0.19

4.19
4.11
2.73
3.68
0.47

3.25
5.73
0.69
3.22
1.45

0.08
0.16
0.16
0.13
0.03

7.44
9.84
3.42
6.90
1.87

4.09
10.81
0.58
5.16
3.00

0.11
0.05
0.37
0.18
0.10

5MC
7MD
8MD
9MS
11MD
12 MD
Average BC group B
St.dev

3.67
3.85
2.50
4.42
3.94
3.57
3.66
0.26

0.37
1.04
2.32
1.05
0.79
0.53
1.02
0.28

4.09
4.93
4.93
5.73
4.88
4.87
4.91
0.21

4.53
4.21
1.94
5.04
4.87
4.10
4.12
0.46

0.05
0.11
0.27
0.15
0.1
0.17
0.14
0.03

8.62
9.14
6.87
10.77
9.75
8.97
9.02
0.53

12.18
4.06
0.84
4.79
6.19
3.43
5.25
1.15

0.04
0.11
0.37
0.10
0.08
0.13
0.14
0.05
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Fig. 4. SEM images showing the BC of 4MD sample: a) SEM-EDX false-color mineral map (thin section); note the significant fissure system of the marble -filled by
gypsum- originating granular disaggregation, and the particles of varied nature enclosed into the BC, such as Fe-, Pb-, Si-, and Ca-rich particles; b) spherical spongylike carbonaceous particle; c) EDX spectrum of carbonaceous particle shown in b); d) BSE-SEM image showing rounded Fe-rich particles (white box) and cluster of
metal particles (black box); e) EDX spectrum of white box shown in d; f) average EDX spectrum of the black box shown in d).

yellow-ochre layer on marble of the Milan Cathedral (Italy). As was also
found in our samples, Capittelli et al. [58] reported the presence of
organic matter and calcite in their patinas. As was indicated by other
authors [73,74], calcium oxalates can be formed via biological activity
of organisms and reactions of organic compounds in rain or aerosols
with the stone. According to literature formation of oxalates can be also
due to the application of substances to preserve the rock surfaces [74].
However, having looked carefully at the BCs thin sections and not
having detected a continuous layer of oxalate by PLM observations, we
can suppose a biological origin.
Higher values of TC and OC (see Table 3) have been found for BCs
from group B which were formed on original marble substrates, since
these crusts have more years of pollutant accumulation. A great
variability of OC/EC value has been observed within both groups of BCs
even if on average this ratio is quite similar. On the contrary EC/TC in
case of group A is slightly higher indicating, as expected for the most
recent BCs, a major contribution of traffic source.
Different studies have put into relation the OC/EC ratios with possible particulate matter (PM) emission sources [75,76]. Relatively high
ratios for biomass burning emissions and lower ratios for vehicular
emission are reported in the literature, Seinfeld at al. [77] and Schauer
et al. [78,79], have stated that OC/EC ratios in the range 1.0–4.2 are
typical for diesel- and gasoline-powered vehicular exhaust while ratios
in the range 16.8–40.0 are related to wood combustion even if Saarikoski et al. [80] reported an OC/EC ratio of 6.6 for biomass burning
and 0.71 for vehicular emissions.

In the present study OC/EC ratios basically lower than or about 4
(1MD group A; 7MD; 8MD, 9MS and 12MD group B) could suggest the
dominance of fossil fuel burning sources (mainly vehicular emissions).
As stated earlier, Monza is a city with high vehicular traffic. Values
above 5 found on a few BCs samples (3MS, 5MC and 11MD) may indicate a greater contribution of biomass burning used as home heating
system in the past. It has been evidenced a preferential accumulation of
OC in almost all BCs samples. Furthermore a ratio of OC/EC higher than
2.0 has been associated to the presence of both primary and secondary
sources while a higher ratio indicates a higher contribution of secondary organic compounds [81]. In this paper, we observed that out of
9 BCs samples examined 7 (1MD, 3MS, 5MC, 7MD, 9MS, 11MD and
12MS) showed an OC/EC ratios > 1 (between 3.43 and 12.18), suggesting a prevalence of organic carbonaceous species over elemental
carbon, confirming the formation of secondary organic compounds
[76]. This result evidences, contrary to what we believed in the past,
that vehicular traffic is not the only source of pollution that affects
monuments exposed in polluted urban environment. As previously
mentioned, organic substances have different origins also coming from
VOC that can be embedded in the BC. We should point out that about
50% of the organic fraction present in powder deposits collected from
marble surfaces in Milan [28] is water-soluble and the presence of these
substances can be worrying because contributing to accelerate stone
decay. The higher values of OC observed for some BCs samples can be
attributed to the effect of the biologic colonization that can develop in
some cases on the crusts; in fact, some studies indicate [82–85] that
8
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Fig. 5. SEM microphotographs of 7MD and 12MD BCs (thin sections): a) BSE-SEM image of 7MD showing in brighter grey color the copious metal particles; note their
accumulation in the interface between the marble and the BC; b) SEM-EDX false-color mineral map of 7MD; note the high amount of Pb and K in the interface marblecrust; c) BSE-SEM image of 12MD revealing the calcite crystals dissolution patterns (arrows) and the structure of the crust which is detaching from the substrate; d)
SEM-EDX false-color mineral map of 12MD clearly showing the composition, morphology and distribution of the particles enclosed in the BC.

these processes could create an excess of organic material. Indeed in a
recent study, the biological colonization present on the façade of the
cathedral of Monza [86] has been highlighted. For example, in sample
3MS (Fig. S5), characterized by a higher OC value with respect to the
other BCs samples, this phenomenon was clearly visible. It is also interesting to compare EC/TC ratios with the results obtained for other
European cities [29,52,87–90]. In fact, BCs from group A and group B
show an average value of EC/TC (0.18 and 0.14 respectively, see
Table 3) lower than those observed for the city of Seville (where the
same ratio are in the range 0.22–0.36) and Milan (0.5–0.9). Furthermore, BCs collected from cathedral of Monza are influenced by organic
substances, probably of secondary origin (because of the high OC/EC
ratio).
High CC values detected in group B indicate the greater alteration of
the marble substrates as compared to group A. In fact, SEM analyses
have shown in these BCs samples the presence of calcite crystals embedded in the gypsum matrix coming from the degraded marble substrate (see Fig. 4a). Calcite was also detected by XRD and FT-IR spectroscopy. TGA allowed the calculation of gypsum percentage in the BCs.
It is worth noting that the amount of gypsum is variable (Fig. S6), in
agreement with the results obtained with the HRSEM-EDX study. For
example, sample 4MS is made mostly by gypsum, while 12MD sample is
formed by two well defined layers, being the outermost layer made of
gypsum. In addition to the substrate composition as the major influence
parameter on the crust development, the cited differences can be
caused by different parameters such as the height of sampling, vertical

or horizontal position, the exposure to atmospheric agents and the wash
out. In fact, the dynamics that are put in motion during the sulfation
process are very complex.
Since BCs could be considered as a passive sampler of atmospheric
pollution, a deeper investigation of the geochemical features was obtained by measuring the average concentrations of trace elements,
using the LA-ICP/MS method. In general, the results are characterized
by a certain variability among BC samples. Fe, Pb and Zn are the most
abundant elements, while As, Ba, Cd, Cu, Mn, Ni, Sb, Sn and V were
always present in a lower amount (in terms of average concentrations).
The graph in Fig. 3a, b shows that the crusts of group B show higher
concentrations of trace elements with respect to group A, in particular
(Fig. 3a) of Fe (average 136,473 and 20831 ppm for B and A respectively), Pb (average 23,847 and 2055 ppm for B and A respectively) and
Zn (Fig. 3b) (average 2595 and 502 ppm for B and A respectively).
Differences were also observed (Fig. 3b) for As (average 329 and
114 ppm for B and A respectively), Ba (average 1839 and 435 ppm for B
and A respectively), Cd (average 132 and 14 ppm for B and A respectively), Cu (average 2048 and 344 ppm for B and A respectively), Ni
(average 191 and 114 ppm for B and A respectively), Sb (average 563
and 98 ppm for B and A respectively) and V (average 370 and 87 ppm
for B and A respectively).
In particular, group B shows the highest concentrations of heavy
metals, since these BCs were taken from the lower part of the façade,
most exposed to vehicular traffic and characterized by a longer pollutants accumulation period. On the contrary, the BCs belonging to group
9
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A show the lower concentration of heavy metals since they were taken
from the highest areas not directly exposed to vehicular traffic, and also
affected by a lower pollution accumulation period. The heavy metals
enrichment observed in BCs from group B is mainly due to the high
vehicular traffic that characterizes the city of Monza and the metropolitan area of Milan, although the cathedral has been located in a
pedestrian zone in the last decades. However, in the past years, numerous vehicles have been authorized to circulate both in the vicinity
and inside the square where the monument is located (see Fig. S1).
In general, all BCs show high contents of Fe, related to emissions
from the numerous industries (oil refining, storage, metal extraction
and metallurgy, energy production and distribution, and waste incinerator) placed in the near industrial area of Po valley [91,92]. The
highest concentrations of Pb, Fe, and Zn observed for BCs of group B are
in agreement with the use of lead gasoline [12,93], employed until
about 25 years ago. At the same time, Cu, Ni, Cr, and V well match with
the use of other combustibles such as: oil combustible, diesel, and gasoline [12,93–97], widespread after the abolition of leaded gasoline.
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5. Conclusions
BCs formed on marble stones have been collected from the facade of
cathedral of Monza (Italy) and analyzed by several analytical techniques. Two groups of BCs samples were identified, group A and group B,
according to the information available on restoration interventions in
the specific areas from where they were taken. Petrographic analyses
have confirmed that those crusts belonging to group B show a more
complex stratigraphy attributable to the greater accumulation time of
pollutants compared to BCs of group A, which show a simpler texture.
Furthermore, XRD and FT-IR confirm that all BCs are mainly composed
of gypsum, with some traces of oxalate and quartz that were detected in
different amounts for the different groups; weddellite was mainly found
in BCs belonging to the group B (older crusts). The HRSEM-EDX analysis showed that BCs of group B have accumulated more metal particles, mainly Pb-rich particles that are particularly mixed with Cl, which
are located in the interface marble-crust due to the affinity of Pb for
calcite. Conversely, much less amount of Pb-rich particles are present
on the surface of the BCs from group A. Since BCs from group B are
closer to the bottom of the building, the impact of vehicle pollution is
more evident.
As regards the carbonaceous species (OC and EC), we have demonstrated the preferential accumulation of organic substances in the
BCs, probably of the secondary origin or in some cases due to biological
contamination.
Significantly different concentration amounts between BCs from
group A and B as regards iron, lead, zinc, copper and vanadium have
been highlighted, which represent the fingerprint of air pollution occurred in the different years of deposition in the analyzed BCs. In fact,
the city of Monza is affected by pollution from the industrial activities,
as well as from vehicular traffic.
In conclusion this study confirms the importance of BCs chemical
characterization in order to evaluate the actual risk of degradation to
which a monument is subjected when exposed to environmental pollution.
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