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Abstract Blackening and disaggregation of exposed
surfaces of stone monuments are well-known effects of
stone decay taking place in polluted urban environments all
over the world. This paper aims to assess the contribution
of natural and anthropogenic sources of total suspended
particulate (TSP) causing permanent damage (black crusts)
to the stone monuments of Catania (Sicily), one of the most
popular “cities of art” of southern Italy. Atmospheric
pollution of Catania, a typical Mediterranean coastal town,
is mainly contributed by vehicle exhaust emissions rather
than industrial ones. Episodically, the city also suffers
gaseous and ash emissions (plumes) from the nearby
Mount Etna volcano. Thus, to discriminate between natural
and anthropogenic contributions to stone decay on Catania
monuments, black crusts and TSP were sampled within the
urban area and subjected to specific analytical procedures
(optical microscopy, X-ray powder diffraction, Fourier
transformed infrared spectroscopy, scanning electron
microscopy equipped with energy dispersive spectrometry,
ionic chromatography and dual inlet mass spectrometry).
Mineralogical, chemical and isotopic characterization of
black crusts and TSP provided new insights concerning the
partition of sulfate sources in this particular urban context.
The influence of Mount Etna emissions on both TSP and
black crusts compositions was shown. Nevertheless, the
key role of anthropogenic sources in the total sulfate
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budget was confirmed, while sea spray and volcanic
emissions were found to make subordinate contributions.
Quantitative data useful for the identification of the
threshold pollution levels for preventive conservation of
Catania monuments were obtained.
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Introduction

The deterioration of stone materials used in historic
buildings that, on the whole, represent the cultural heritage
of a “city of art” can be considered a relevant phenomenon
for both its scientific and socioeconomic impact. In the last
few decades, the development of human activities, indus-
trialization and urbanization with the release into the
atmosphere of several products and substances constitutes a
risk to the integrity of historic building materials that are
subject to alteration phenomena due to the interaction with
environmental agents (Realini et al. 1995; Rodriguez
Navarro and Sebastian 1996; Lefévre and Ausset 2002;
Schiavon et al. 2004). Weathering has been considered a
natural step in the “life cycle” of rocks since the pio-
neering papers in this field (Honeyborne and Harris 1958;
Robinson and Baker 1975). However, it can be strongly
accelerated by the action of acid substances derived from
several combustion processes (Fassina et al. 1976; Del
Monte et al. 1984; Ausset et al. 1999; Esbert et al. 2000;
Delalieux et al. 2001; McAlister et al. 2006). Composi-
tional and textural features of stone materials are
acknowledged to be determining factors in the efficiency of
the response offered against attack by aggressive environ-
mental agents. In particular, mineralogical and chemical
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composition, grain size distribution and porosity all rep-
resent important properties that control, on the whole, the
kinetics of degradation processes and the durability of
stone materials (Winkler 1982; Amoroso and Fassina 1983;
Camuffo 1986; Theoulakis and Moropoulou 1999; Moro-
poulou et al. 2001; Benavente et al. 2004; Cardell et al.
2008).

Especially since the second half of the 1970s, commit-
tees of European experts have started to develop a sys-
tematic scientific approach concerning different topics
related to stone deterioration and conservation. In this
context, for example, the contributions of RILEM
(Réunion Internationale des Laboratoires et Experts des
Matériaux, Systémes de Construction et Ouvrages, estab-
lished in 1947), ICCROM (International Centre for the
Study of the Preservation and Restoration of the Cultural
Property, established by UNESCO in 1956) and, in Italy,
the “NorMal” Commission (Commissione Normalizzazi-
one Materiali Lapidei, established in 1977) can be cited.

At present, the most common mechanisms of stone
decay (blackening and crust formation, powdering due to
cyclical salt crystallization, frost damage, differential ero-
sion, etc.) can be considered to be rather exhaustively
studied (Fitzner and Heinrichs 2002; Bonazza et al. 2005;
Siegesmund et al. 2008; Toniolo et al. 2009). On the other
hand, several critical revisions concerning the conserva-
tion interventions have also been made (Maxwell 1992;
MacDonald et al. 1992; Moropoulou et al. 2003) since the
1990s. Moreover, the most recent research issues have been
focused on new methods and materials, especially in terms
of compatibility and reversibility requirements for diag-
nostic and restorative purposes like, for example, micro-
Fourier transformed infrared spectroscopy (u-FTIR), laser
ablation inductively coupled plasma mass spectrometry
(LA ICP-MS), laser beam cleaning and consolidation with
nanoparticles technologies (Dei and Salvadori 2006;
Chapoulie et al. 2008; Giussani et al. 2009).

The mechanisms of degradation of stone materials used
in the historical buildings in Sicily have been studied since
the 1990s (Alaimo et al. 1995; Cirrincione et al. 2000;
Mazzoleni et al. 2003; Punturo et al. 2006; Montana et al.
2008). In Catania, one of the most popular “cities of art” of
southern Italy, the modern intensification of air pollution
has caused rapid damage to ancient monuments. The
economy of the city is primarily based on cultural tourism,
light industry and handicrafts, the tertiary sector and agri-
culture. Catania is a typical coastal town where atmo-
spheric pollution is mainly contributed by vehicle exhaust
emissions rather than industrial ones. Episodically, it also
suffers gaseous and ash emissions (plumes) from the
nearby Mount Etna, which is the largest active volcano in
Europe, whose most recent activity was characterized by
permanent open-conduit passive degassing interrupted by
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eruptive paroxysms (Branca and Del Carlo 2005). Volatile
species such as S, Cl, F and trace metals, together with
major compounds (H,O and CO,), are thus continuously
released in the volcano’s plume. It must be underlined that
the calculated yearly SO, fluxes in the Etna plume (1.2 Mt/
a) represent approximately 10% of global terrestrial vol-
canic emissions (Allard 1997). Recent ash emissions by the
Etna volcano (i.e., 2001, 2003, 2005, 2006-2007, 2008)
blanketed the city, leading to severe risks to people’s health
as well as to monuments, infrastructures, agriculture and so
on (Barsotti et al. 2010), with variable strength mainly
depending on the dominant wind direction and speed.

This paper deals with the discrimination between natural
and anthropogenic sources of total suspended particulate
(TSP) in the urban area of Catania (Sicily). The study will
determine the role played by TSP in blackening and
thickening of stone surfaces of monuments. To identify the
sources of dry solid pollutants, specimens of black crusts
developed on different stone substrates were collected from
ancient buildings situated in the old city area. At the same
time, TSP was sampled in the urban atmosphere using low
and high flow-rate vacuum pumps and analyzed. The
results are expected to clarify the cause—effect mechanisms
of stone decay and could also facilitate the creation of
deterioration models that will represent a novel quantitative
data set useful for decision-making procedures for pre-
ventive conservation in this city.

Sampling and analytical methods

Black crusts developed on stone surfaces were sampled,
taking into account several characteristics: orientation of
architectural elements, intensity of washout action, linear
distance from the shoreline, height above ground level,
level of road traffic and rock types (petrographic classifi-
cation). Therefore, a total of 18 representative black crust
samples were collected from the same number of signifi-
cant historical buildings, all located in the ancient heart of
Catania according to the indication of UNI-NORMAL 3/80
(Fig. 1).

TSP sampling was done by constant flow portable
sampler (TCR Tecora Bravo H2) and by a high volume
sampler (Staplex Model TF-1A). Two sampling points
were chosen, both located in the city center and charac-
terized by intense vehicle traffic. They were chosen on the
basis of dominant wind flow regime, distance from local-
ized dust sources (like unpaved streets, building demolition
and construction activity or nearby industrial plants with
dust emissions), relative closeness to the sea and proximity
to emission sources represented only by vehicle traffic on
roadways. The first was located at 18 m above ground level
(Site 1: Corso Italia, 55), while the second was sited at
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N. Code Building N. Code Building
ISP S. Placido 10 SFB San Francesco Borgia
2 BSA Badia di Sant’Agata 11 SC S. Camillo
3 SMM S. Michele ai Minoriti 12 SV S. Vito
4 ST SS. Trinita 13 SAC SS. Annunziata al Carmine
5 SMB S. Martino ai Bianchi 14 CTR Cattedrale
/, _ 6 SA S. Agostino 15 SNA S. Nicold L’ Arena
L 7 SCM SS.Crocifisso Dei Miracoli 16 BC  S.Maria dell’Elemosina
N,/ Code TSP sampling point 8 SB S. Benedetto 17 SBG S. Biagio
; ggé ng;g;m 9 SD S. Domenico 18 SAV  S.AgataLaVetere

Fig. 1 Position of TSP and black crusts sampling sites

ground level (Site 2: Piazza Stesicoro, 21). Three TSP
samples (filters) per month were collected at each site from
January to September 2008, giving a total of 54 TSP
samples; each sample was collected over a 24-h period.
Local meteorological data (wind speed and direction,
temperature, relative humidity) and concentrations of the
most important pollutants (SO,, NO,, CO, CO,, PM,y)
during the same time interval were obtained from the SIAS

(Servizio Informativo Agrometeorologico Siciliano) and
the civic monitoring network of Catania, respectively.
Black crust specimens were examined by means of the
following procedures and analytical methods: petrographic
characterization of thin sections by transmitted polarized
light microscope observation; mineralogical analysis by
X-ray powder diffraction (XRD) and Fourier transformed
infrared spectroscopy (FTIR); micro-morphological and
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qualitative chemical analysis through scanning electron
microscopy (SEM-EDS); dosing of soluble salts by liquid
chromatography (IC); and measurements of >*S/°%S ratio
by dual inlet mass spectrometry.

Thin sections were observed by means of optical
microscopy (OM) using a Leica DM LSP polarizing
microscope equipped with digital camera (Leica DC200).
XRD analyses were performed on fine powdered samples
by a Philips X’Pert Pro diffractometer with the following
conditions: generator settings 40 kV and 40 mA; radiation
CuKo (4 = 1.5418 /&); graphite monochromator; continu-
ous scan = 1° min~'; and scan range 2-60°0. Infrared
spectroscopy was performed with a TENSOR 27 FT-IR
spectrometer equipped with a HYPERION 1000 FT-IR
microscope in the region 4,000-400 cm ™' using the ATR
(attenuated total reflectance) method. Liquid chromatog-
raphy was carried out by a Dionex DXI120 system
according to the procedure reported in the current Italian
standards (UNI 11087:2003). An LEO 440 scanning elec-
tron microscope equipped with a Link Analytical ISIS
energy dispersive spectrometer was used for morphological
and qualitative microchemical analysis. Measurements of
the **S/*?S ratio of black crust samples were obtained by
dual inlet mass spectrometry. The conversion of gypsum to
barium sulfate was obtained according to routine proce-
dures (Grinenko 1962; Coleman and Moore 1978). Sulfate
was extracted from the concentrates by leaching with dis-
tilled and degassed water. The sulfate solutions were sep-
arated and acidified, and BaSO, was precipitated. The
dried BaSO, precipitate was loaded into a 5-cm-long,
6-mm-diameter quartz tube and dropped into a 9-mm-
diameter quartz tube, the system was evacuated, and the
sample was heated to 1,170°C. The gaseous products were
passed over a hot copper plug (750°C) and separated
cryogenically. The volume of SO, was measured and
transferred to a suitable bottle for mass spectrometry.
Prepared gases were analyzed on a mass spectrometer
SIRA-II (VG-Isotech) in dual inlet mode. As a dual inlet
system, sample gases are analyzed against an internal
working SO, gas. This gas is calibrated to the CDT
(Canyon Diablo Troilite) scale by analysis of at least three
international reference materials: NZ-1 (IAEA-S-1), S°
(IAEA-S-4), NBS-122, NBS-123 and NBS-127. Sulfur
isotope results are reported as 0°*S%o on the VCDT
(Vienna-Canyon Diablo Troilite) scale. The overall ana-
lytical reproducibility was 0.2%o. Isotopic results are pre-
sented as averages of duplicate analyses. It should be noted
that only the black crust samples showing relatively more
elevated concentrations of sulfate ions after liquid chro-
matography runs were selected for isotopic measurement.

TSP samples were weighed for mass measurements
(gravimetric analysis). The net mass of TSP was obtained
by weighing the preconditioned filter under a controlled
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environment (temperature 20 £ 5°C; relative humidity
50 £ 5% for 48 h) before and after sampling. Filter and
field blanks were prepared following the same procedures
and the obtained mass values were routinely subtracted.

Morphological and qualitative/quantitative microchem-
ical analyses using SEM-EDS (LEO 440 equipped with
Link Analytical ISIS energy dispersive spectrometer) were
also carried out on TSP samples. To have statistically
representative measurements, five portions approximately
1 cm? (area) were cut from each filter (giving a total of 270
subsamples) and analyzed independently and up to ten
single quantitative analytical runs were performed on each
portion by a reduced raster of 100 um?”. Operating condi-
tions for quantitative analysis were: 20 kV accelerating
voltage, 600 pA beam current and 100 s live-time. ZAF
correction of matrix effects was routinely applied. Natural
mineral standards were used to calibrate quantitative
analyses. The EDS elemental detection limit is estimated to
be between 0.5 and 0.1 wt% according to Buseck and
Bradley (1982), thus affecting the detectability of several
trace elements (essentially metals) linked with anthropo-
genic air pollution. However, SEM-EDS requires a trans-
curable pre-treatment of the sample and, at the same time,
several diagnostic major elements useful for differentiating
between the most common sources of TSP can be quanti-
fied. Measurements of the **S/*”S ratio of TSP samples
were performed following the operative conditions already
described in the case of black crusts. However, in this case,
the minimum amount of barium sulfate required for the
analytical procedure followed (20 mg) was reached only
for a very restricted number of samples (3 samples from a
total of 54).

Results and discussion
Black crusts

Black crusts collected from the external walls of several
historic buildings located in the center of Catania (see
Fig. 1) were first subjected to thin-section petrographic
characterization by optical microscopy. The sampled
monuments of the city were frequently built from a com-
bination of basaltic lava ashlars (locally quarried) and
calcareous ones (calcarenites imported from the Hyblean
Plateau, mainly from Syracuse area). The latter were
mostly represented by red algae boundstone (Fig. 2a)
belonging to the Mount Climiti Formation (Oligocene—
Miocene) or by well-cemented fossiliferous packstone
(Middle-Upper Pleistocene). It is interesting to note that
black crusts were exclusively developed on calcareous
substrates. The black crusts, generally adhering well to the
lithic base and stratified, showed a relevant level of
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Fig. 2 Thin section microphotographs: a microscopic features of stone substrates; b microscopic characteristics of black crusts and their

relations with stone substrate (crossed Nicol; scale bar 0.5 mm)

penetration along textural discontinuities (Fig. 2b). Their
thickness was rather variable, usually ranging from a few
tenths of microns up to 2 mm.

They presented a similar mineralogical composition,
confirmed by XRD patterns and by infrared spectra, with
gypsum and calcite being the prevalent mineralogical
phases with traces of quartz, plagioclase, and more rarely
weddellite (dihydrate calcium oxalate). Calcite can be
considered a residual phase from the lithic substratum.
Quartz and plagioclase in all probability derive from dust
deposition, while both gypsum and weddellite are neo-
formed alteration phases. Weddellite is reported predomi-
nantly as a product of the reaction between organic
compounds and calcium carbonate (AA.VV. 1996).

The SEM-EDS analysis revealed the microstructure of
black crusts, which were found to be composed of chaotic
aggregates of gypsum crystals with lamellar habit and size
up to 30 um (Fig. 3a). Concerning bulk chemical compo-
sition, these layers show that S and Ca are by far the main
components followed by smaller amounts of Mg, Al, Si
and Fe, which are certainly related to the deposition of
particulate matter (Fig. 3b). The presence of subspherical
fly ash particles composed of Si, Al, Fe and S was also
observed (Fig. 3c, d). Superficial absorption of SO, by
these kinds of particles was strongly indicated to play a
significant catalytic role in black crust formation (Hutch-
inson et al. 1992).

Liquid chromatography revealed analogous tendencies
in terms of SO,>~, Ca®>*, Na™ and Cl1~ concentrations in all
the analyzed black crusts (Table 1). The variability recor-
ded for NO;™ is likely to be correlated with more or less
intense influences of various anthropogenic sources at the
specific sampling points. HCO5;™~ concentration reflects the
variable contribution of the calcareous substrate to black
crust formation. Mg>" is poorly correlated with SO4>~
(R* = 0.19) and not correlated with Ca*" (R* = 0.09).
These results suggest that their concentrations were con-
trolled by different sources. However, the sum of these ions
(Mg®" 4 Ca*™) shows an elevated positive correlation

with sulfate jons (R* = 0.99) suggesting that both are
present in the form of sulfate salts in the black crusts. In
any case, the abundance of magnesium could likely be
ascribed to natural sources. The SO427 anion was found to
be the prevailing ionic species (average value 225.94 mg/
1), confirming that sulfation was the most important process
in their formation. In Fig. 4a, a linear diagram shows the
variation in C1~ and SO,>~ concentrations measured in the
studied samples. An outstanding enrichment in sulfate with
respect to the seawater can be observed, which is indicative
of additional sulfate sources, while chlorine concentration
is lower. A good correlation between Ca™ and SO,*~ in
black crust samples (R2 = 0.97) was also evident (Fig. 4b).
Concerning the relative abundances of Na® and CI~
(Fig. 4c), together with a good enough -correlation
(R* = 0.83), the black crust samples showed an average
Na/Cl ratio equal to 0.75, which is slightly lower than the
one known for Mediterranean seawater (0.86). These data
suggest a relative surplus of chlorine with respect to
sodium. In general, these results put forward achievable
sources of sulfate and chlorine in the decay process of
Catania monuments that could be agreeably explained
considering also the role played by the emissions from the
Mount Etna volcano. These considerations are also sup-
ported by the presence of neoformed mineralogical phases
such as syngenite K,Ca(SO,),-2H,0, thenardite Na,SO,4
and aphthitalite K3;Na(SO,4), which were revealed by XRD
and SEM-EDS of local black crusts in a previous work
(Alaimo et al. 1995). Alkali metals (Na and K) can be
originated straightforwardly by hydrolysis and dissolution
reactions of feldspars and amorphous silica (glass), which
are the main components of volcanic ash deposited at the
stone surfaces.

Total suspended particulate
Figure 5 shows the results of gravimetric analysis of TSP

focusing on the correlation between temperature, wind
speed, wind direction and particulate abundances at the
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Fig. 3 SEM images of black crust samples and correspondent EDS spectra

studied sampling points. It should be noted that TSP
abundances could vary significantly even within intervals
of a few days. When observing TSP weights, a contrariwise
trend with wind speed was evident that could be explicated
considering that elevated wind speed causes a higher dis-
persion of solid particulate in the atmosphere (Fig. 5a). It is
also well known that temperatures directly affect the force
of vertical air convection, causing a negative correlation
with concentration of TSP (Hussein et al. 2006). In this
study, however, this effect was not particularly clear during
the whole period of sampling. On the contrary, TSP con-
centrations were observed to be notably affected by the
height above ground level of the selected measurement
site. In fact, a relatively lower TSP abundance was mea-
sured at sampling site 1 (18 m above ground level) with
respect to site 2 (ground level). A single exception to this
trend was documented in the sample collected on 10 Jan-
uary 2008 at SS1, which showed a remarkable TSP abun-
dance (327 pg/m3). However, on the same date, a
discontinuous explosion occurred at the southeast crater of
Mount Etna volcano, as documented in a report by the
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Istituto Nazionale di Geofisica e Vulcanologia (Neri and
Cascone 2008), and the ash particles moved from NNW to
SSE direction to the city of Catania as also testified by the
TSP sample collected.

To obtain a realistic representation of the various sour-
ces of inorganic TSP in the urban area of Catania, several
filters collected by high volume sampler were analyzed by
SEM-EDS. With this technique, particle sizes and micro-
morphology were investigated by secondary electron (SE)
imaging. Afterward, qualitative and quantitative EDS
analyses were carried out to acquire elemental composi-
tions. As a result, different clusters of particles can be
discriminated on the basis of morphology and/or compo-
sition (Table 2).

Silicate particles exhibit a variety of forms, but are
mostly irregular in shape. They are commonly represented
by 3-10 um granules or even submicrometric particles
forming chaotic aggregates with overall size ranging from
5 to 20 um, made of iron, alkaline metals and alkaline
earth metals (Fig. 6a, b). Carbonate particles ordinarily
show irregular shape, their size being quite varied
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:;b:lrtmifz‘;rfpﬁgt?;‘;‘;sti’sy Sample code ~ Na*  K* Mgt Catt cr- NO;~  SO,~ HCO4~

(values in mg/l) BC 283 476 572 102.69 650  17.23 23242 32.93
sCM 308 5.5 3.45 77.69 7.05 980 17282 2873
CTR 280  5.62 5.93 58.07 705 2549 140.65 6.90
SAC 292 371 9.91 89.65 588 4027 21973 7.38
SB 354 331 256 93.77 6.33 239 20313 41.61
sC 384 3.86 1.76 53.62 7.05 491 117.18 2251
SMB 316 495 8.83 87.27 700 3576  211.08 1075
SNA 257 580 0.72 151.70 690 1031 31693  56.73
SSB 260 517 9.44 99.93 651 3666 23944 1520
sV 250 489  10.13 140.04 620  33.84 32494 3476
SAV 297 418 3.94 53.25 626 1561 12386 12.84
SA 6.14 601 536 7769  11.16  22.01 17937 20.40
SBG 293 450 7.64 99.95 643 2740 23330  23.05
SD 303 447 1507 179.91 653  53.07 42445 3576
SMM 360 427 9.96 140.03 705 3345 32431 3551
SP 541 5.69 1.72 7544 10.10 3.13 16225 3497
ST 360 306 10.26 97.70 624 4103 23762 1038
SFB 337 409 1347 47.00 6.66 0.27 14348 3207
Mean 342 469 6.87 98.01 702 2212 22665 2733

(0.5-10 pm) as well. Sulfate particles (originating from
both alkali-earth and alkaline metals) are mostly composed
of crystals with columnar habit and sized 1-10 pm.
Aggregates of tiny prismatic crystals are common (Fig. 6c¢,
d). Sea salts consist essentially of NaCl crystals with
common cubic habit and mean dimension around 5-10 pm.
Finally, metal oxides particles fall into the finer fractions
(1-3 pm) and usually present subspherical shape.

Quantitative chemical analysis done on the filters col-
lected at the two sampling sites (SS1 and SS2) allowed the
concentration of elements detectable by SEM-EDS to be
estimated. Enrichment factors (EFs) were calculated on the
set of chemical data according to the equation of Puckett
and Finegan (1980) using literature data concerning the
average elemental composition of the upper continental
crust (Mason and Moore 1982). The obtained results are
plotted in the variation diagram of Fig. 7 considering both
crustal and marine enrichment. It can be noted that Si, Mg,
K, Ca and Fe showed relatively lower enrichment factors
with respect to the composition of the Earth’s crust, while,
on the contrary, very high EFs with respect to the seawater
composition were recorded. The most likely sources of
these elements are thus the crustal materials like soil dust
or road dust (re-suspension). The EF values of elements
like Na and S were found to be much higher than unity,
clearly indicating non-crustal sources (sea salts, volcanic
ash emission and car exhausts).

With the aim of evaluating the possibility of classifying
the TSP particles into different “chemical groups”, a
hierarchical cluster analysis (HCA) was performed on the

set of quantitative chemical data acquired by SEM—-EDS,
using Ward’s method with squared Euclidean measure. The
procedure described carefully in the section on analytical
methods was followed with the aim of obtaining a statis-
tically representative data set (in total, 2,700 spot or
reduced raster EDS quantitative analytical runs were
elaborated). After this statistical treatment, the TSP parti-
cles appear to gather into different chemical groups, which
correspond to dendrogram clusters having acceptable lev-
els of similarity in terms of bulk elemental composition.
Figure 8 shows the dendrogram obtained from the EDS
analysis of the filters collected at SS2 (Piazza Stesicoro);
nevertheless, an identical trend was obtained for filters
collected at SS1 (Corso Italia). Group 1 of Fig. 8 (repre-
senting 24% of the TSP filters) gathers together the parti-
cles composed of Si, Al, Ca, Fe, K and Na (elements
primarily of crustal origin), most likely deriving from the
soil erosion of the volcanic soil of the Catania plain. Group
2 (24%) is yet again characterized by Si-rich particles that,
however, also contain amounts of Na, Al, S, Ca and Fe.
Regarding group 2, the presence of sulfur puts forward a
possible origin directly linked to the ash emissions of the
Etna volcano. Group 3 (13%), which is characterized by S,
Ca, Na and K, could be considered representative of the
euhedral or subhedral crystals of sulfate salts identified by
the SEM (gypsum, thenardite and syngenite) whose origin
might be correlated with natural or anthropogenic S as
well. Group 4 (9%), characterized by Na and Cl, chiefly
represents particles derived from the seawater aerosol
(sea spray). Group 5 (14%) gathers together the Ca-rich
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Fig. 4 a Variation diagram showing Cl~ and SO4>~ concentrations
in the studied samples (equivalent values in seawater after Cotruvo
2005). b Correlation between Ca* ™ and SO,>~ in black crust samples.
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Table 2 Schematic description

. . Elemental composition
of the different categories of P

Particles categories Typical morphology

TSP particles identified in the

. Si(A1)-O or Si(Al)-O-X where
urban area of Catania

X = Na, Mg, K, Ca, Fe
Ca-0 or Ca-Mg-O or Mg-Ca-O
Ca-S-0

S-O-X where X = Na, K, Mg
or associations

NaCl, S

X-O where X = Fe, Ti, V, Cu, Zn, Cr

Silicates Irregular shape
Carbonates Trregular shape
Gypsum Lamellar and/or

prismatic habit

Other sulfates Prismatic habit

Cubic habit
Subspherical shape

Sea salts

Metal oxides

Y T

axtoanal s onalosunl wanulas

Fe
bl a —r S—
10 15 20
Energy (KeV)
¥ 1 | PR T
10 15 20
Energy (KeV)

Fig. 6 SE images and relative EDS spectra of various TSP filters sampled in Catania: aggregate of aluminosilicate particles (a, b) and sulfate

crystals with prismatic habit (c, d)

soil-related particles also containing minor quantities of
Mg. These particles, representing the most common car-
bonate minerals, calcite and dolomite, are ordinary con-
stituents of soils not far from the plain of Catania (about
30 km to the south). Group 6 (16%) comprises the sub-
rounded Fe-rich particles documented by the SEM and
most likely derived from the combustion of fossil fuels.

Sulfur stable isotope ratios in black crusts and total
suspended particulate

Gypsum (CaSO427~2H20) has been definitely acknowl-
edged to be the main mineral component of black crusts for
almost 50 years (Winkler 1966; Winkler 1973). In fact, it
derives from the reaction between Ca®" generally

@ Springer



1106

Environ Earth Sci (2012) 67:1097-1110

a 10— - —

Maximum value
Average value
Minimum value

Enrichment Factor

107 . : . : :
Na Mg Si S K Ca Fe

L — — S— — —
b 10 Maximum value
}A\-cmgc value
]0“- Minimum value
10°
= Max
=] &
2 10
[
= 4
5 10
5 .
2 107+ Min
=
m
10" -
107
4
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dissolved from the stone substrate and atmospheric SO,,
which in turn is oxidized to SO,*>~ and set down on
monument surfaces through dry and/or wet deposition
mechanisms (Amoroso and Fassina 1983).

The isotopic compositions of sulfur-bearing minerals in
black crusts were previously successfully used for dis-
criminating between natural and anthropogenic sources of
SO,. The isotopic ratio **S/**S has been applied since the
end of the 1970s to individuate the various sources of
atmospheric sulfur even if with different aims (Longinelli
and Bartelloni 1978; Buzek and Sramek 1985; Pye and
Schiavon 1989; Thorfs and Van Grieken 1997; Zhao et al.
1998). A correspondent analytical approach was used here
for the black crusts and the TSP samples collected in
Catania. The results of the isotopic analyses are summa-
rized in Table 3.

The 6**S observed in the black crust was found to vary
from a minimum value of +2%o (sample BSA) up to a

@ Springer

Table 3 **S/*S ratios mea-
sured in black crust and total
suspended particulate (TSP)
(analytical uncertainty £0.2%o)

Sample code 5**S (%)

Black crusts

BC +2.3
CTR +2.6
SAC +5.4
SC +3.1
SA +3.1
Sp +9.6
ST +2.3
BSA +2
TSP

P1 +0.3
P2 +4.4
P3 +4.3

maximum value of +9.6%o (sample SP). However, apart
from the sample coded SAC, which also shows a rather
positive **S/*?S ratio (45.4%o), the analyzed samples on
the whole have ratios between +2%o and +43.1%o. These
values seem to be in satisfactory agreement with the ones
recorded in other Italian and European cities: the 5°*S
characterizing the black crusts of Venice ranges between
+4.6%0 and +5.6 %o (Longinelli and Bartelloni 1978); the
'S of black crusts in Prague varies between 41.8%o and
+4.5%0 (Buzek and Sramek 1985); the ratio was found to
be relatively more negative in Antwerp, ranging between
—8%o and +1%o (Thorfs and Van Grieken 1997); the 5°*S
of black crusts of Dresden is evidently positive and con-
strained within +5.7%0 and +10.1%0 (Klemm and Siedel
2002); in Palermo, the only existing Sicilian term of
comparison (Montana et al. 2008), 5%*s ranges between
slightly negative (—0.5%0) and quite positive values
(4+5%o).
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Fig. 9 Comparison between sulfur isotopic composition of wet/dry

depositions and black crusts measured in different European urban
areas (literature data) and the values found in this work

The 5°*S value found in the samples P1, P2, and P3 was
considered as a representative isotopic marker for the TSP
of the urban area of Catania even if with caution as a
consequence of the difficulties in collecting measurable
particulate specimens (in terms of sulfate content). The
lowest value recorded (+0.3%0) belongs to sample Pl1,
which was collected during the already cited ash explosion
of the Mount Etna volcano that occurred on 10 January
2008. This relatively less positive 5>*S value confirms the
predominant role played by volcanic SO, in this odd case,
being also fully consistent with the data reported by Allard
(1983), who previously analyzed the isotopic composition
of the SO, emitted by the Mount Etna volcano revealing
%S ratios between +0.2%o and +2.2%o.

In Fig. 9, the existing literature data for 5°*S isotopic
ratios measured in other cities in Italy and Europe con-
cerning both wet and dry depositions are compared with
those found in TSP and black crusts of Catania. In all the
reported case studies, the isotopic compositions of sulfur
were interpreted as being predominantly contributed by
anthropogenic sources with only subordinate influence of
natural emissions. The correspondent isotopic values
measured in TSP and black crusts of Catania seem to agree
with the literature data, being chiefly controlled by
anthropogenic S, which is considered to be in general
depleted in >*S.

An additional confirmation of the incidence of anthro-
pogenic sulfur comes from the examination of the binary
correlation diagram involving chloride and sulfate con-
centration in the analyzed black crust samples. In Fig. 10,
the bold gray line (SW) indicates the Cl/SO, ratio in the
Mediterranean Sea, while the hatched area represents the
range of variation of the same ratio found in the plume of

the Mount Etna volcano (data by Aiuppa et al. 2001). It is
worth noting that CI/SO, ratios in black crust samples do
not match typical ratios reported for Etna’s plume or for
seawater, which, consequently, seem to be somewhat less
important sources of SO4. For that reason, the origin of
sulfate in the black crusts in Catania can be considered
principally correlated to anthropogenic sources.

Concluding remarks

Chemical and isotopic characterization of black crusts and
TSP has provided new insights concerning the partition of
sulfate sources in Catania (Italy).

The results of the analyses of 6°*S ratios carried out on
black crusts deposited on stone monuments of Catania as
well as on TSP allowed us to determine that in the studied
urban area, air pollution deriving from vehicle exhausts can
be considered a main contributor to black crust formation
together with a minor impact of marine salts and volcanic
emissions. Therefore, isotope ratio measurements have
proven to be a good tool for clarifying the origin of black
crusts on monuments.

However, the contribution of Mount Etna emissions to
both TSP composition and, consequently, black crusts has
been pointed out clearly in this work. The occurrence of
volcanic plagioclase was documented by XRD on black
crusts of exposed stone surfaces; moreover, secondary
mineral phases (Na and K sulfates), derived from alteration
of volcanic minerals/glass, were also found to be a sig-
nificant component of sampled TSP (average frequency
13%). The input of Etna volcano was also confirmed by the
average Na/Cl ratio (0.74) found in the analyzed samples,
which is somewhat lower than that of seawater (0.86),
suggesting the presence of chlorine of volcanic origin in
black crusts. Sulfate ions, which are the main component of
black crusts, are certainly also derived, to some extent,
from the emissions of the Etna volcano.

Nevertheless, considering the above hypothesis, the
theoretical comprehensive contributions of marine and
volcanic sulfate were not able to explain the measured
amount in the studied black crusts. Therefore, an important
contribution of anthropogenic sources to the total sulfate
budget should be realistically considered. In this connec-
tion, the isotopic data seem to suggest that sulfur is chiefly
sourced from vehicle exhausts and, in contrast, both sea
spray and volcanic emissions contribute to a less important
extent. However, at present it is still difficult to assess
quantitatively the volcanic supply due to the numerous
variables influencing the isotopic composition of individual
sulfur compounds (i.e., stage of activity, type of eruption,
temperature, kinetic isotope effects, exchange during redox
reactions, etc.).
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Further studies should investigate more closely the iso-
topic composition of volcanic sulfate aerosols in Catania to
obtain a more detailed knowledge of this sulfur source.
Additionally, the combination of other stable isotopes
(above all oxygen) could increase the discriminatory power
of isotope studies with respect to contaminant sources in
this peculiar urban context.

Acknowledgments The authors thank the staff of the Servicio
General de Isétopos Estables of the University of Salamanca for their
laboratory assistance and general support in the isotopic analysis
under the supervision of Prof. Clemente Recio Hernandez as Tech-
nical Director. The authors also thank the anonymous reviewers for
their constructive comments and suggestions which have contributed
to improving this paper.

References

AA.VV. (1996) In: Realini M, Toniolo L (eds) Proceedings of the 2nd
international symposium on the oxalate films in the conservation
of works of art, Milan, March 25-27, 1996, Editeam, Bologna

Aiuppa A, Bonfanti P, Brusca L, D’Alessandro W, Federico C,
Parello F (2001) Evaluation of the environmental impact of
volcanic emissions from the chemistry of rainwater: Mount Etna
area (Sicily). Appl Geochem 16:985-1000

Alaimo R, Gagliardo Briuccia V, Giarrusso R, Montana G (1995) The
facade of the Collegiata Church of Catania (Sicily): forms and
causes of deterioration. Sci Technol Cultural Herit 4(1):39-49

Allard P (1983) The origin of hydrogen, carbon, sulphur, nitrogen and
rare gases in volcanic exhalations: evidence from isotope
geochemistry. In: Tazieff H, Sabroux JC (eds) Forecasting
volcanic events. Elsevier, Amsterdam, pp 337-386

@ Springer

CI (mg/l)

Allard P (1997) Endogenous magma degassing and storage at Mount
Etna. Geophys Res Lett 24(17):2219-2222

Amoroso G, Fassina V (1983) Stone decay and conservation.
Elsevier, Amsterdam

Ausset P, Del Monte M, Lefevre RA (1999) Embryonic sulphated
black crusts on carbonate in atmospheric simulation chamber
and in the field: role of carbonaceous fly-ash. Atmos Environ
33:1525-1534

Barsotti S, Andronico D, Neri A, Del Carlo P, Baxter PJ, Aspinall
WP, Hincks T (2010) Quantitative assessment of volcanic ash
hazards for health and infrastructure at Mt. Etna (Italy) by
numerical simulation. J Volcanol Geotherm Res 192:85-96

Benavente D, Garcia del Cura MA, Garcia-Guinea J, Sanchez-Moral
S, Ordéiiez S (2004) Role of pore structure in salt crystalli-
sation in unsaturated porous stone. J Cryst Growth 260(3—4):
532-544

Bonazza A, Sabbioni C, Ghedini N (2005) Quantitative data on
carbon fractions in interpretation of black crusts and soiling on
European built heritage. Atmos Environ 39:2607-2618

Branca S, Del Carlo P (2005) Types of eruptions of Etna volcano AD
1670-2003: implications for short-term eruptive behaviour. Bull
Volcanol 67:732-742

Buseck PR, Bradley JP (1982) Electron beam studies of individual
natural and anthropogenic microparticles: compositions, struc-
tures, and surface reactions. In: Schryer DR (ed) Heterogeneous
atmospheric chemistry. Geophysical monograph 26. American
Geophysical Union, Washington DC, pp 57-76

Buzek F, Sramek J (1985) Sulphur isotopes in the study of stone
monument conservation. Stud Conserv 30:171-176

Camuffo D (1986) Deterioration processes of historical buildings. In:
Schneider T (ed) Acidification and its policy implications.
Elsevier, Amsterdam, pp 189-221

Cardell C, Benavente D, Rodriguez-Gordillo J (2008) Weathering of
limestone building material by mixed sulfate solutions. Charac-
terization of stone microstructure, reaction products and decay
forms. Mater Characterization 59(10):1371-1385



Environ Earth Sci (2012) 67:1097-1110

1109

Chapoulie R, Cazenave S, Duttine M (2008) Laser cleaning of
historical limestone buildings in Bordeaux appraisal using
cathodoluminescence and electron paramagnetic resonance.
Environ Sci Pollut Res 15(3):237-243

Cirrincione R, Lombardo T, Mattina D, Mazzoleni P, Pezzino A
(2000) I materiali lapidei utilizzati nel chiostro di levante del
monastero di S Nicolo L’Arena di Catania e considerazioni sul
loro degrado. Boll Acc Gioen Sci Nat 33(357):175-186

Coleman ML, Moore MP (1978) Direct reduction of sulphates to
sulphur dioxide for isotopic analysis. Anal Chem 50:1594-1595

Cotruvo JA (2005) Water desalination processes and associated health
and environmental issues. Water Condition Purif 2005:13-17

Dei L, Salvadori B (2006) Nanotechnology in cultural heritage
conservation: nanometric slaked lime saves architectonic and
artistic surfaces from decay. J Cult Herit 7(2):110-115

Del Monte M, Sabbioni C, Vittori O (1984) Urban stone and oil fired
carbonaceous particles. Sci Total Environ 36:369-376

Delalieux F, Cardell C, Todorov V, Dekov V, Van Grieken R (2001)
Environmental conditions controlling the chemical weathering
of the Madara Horseman Monument, N.E. Bulgaria J Cult Herit
2:43-54

Esbert RM, Diaz-Pache F, Grossi CM, Alonso FJ, Ordaz J (2000)
Airborne particulate matter around the Cathedral of Burgos
(Castilla y Léon, Spain). Atmos Environ 35:441-452

Fassina V, Lazzarini L, Biscontin G (1976) Effects of atmospheric
pollutants on the composition of black crust deposited on
Ventian marbles and stones. In: 2e Colloque sur la Détérioration
des Pierres en Oeuvre. Athens, pp 201-210

Fitzner B, Heinrichs K (2002) Damage diagnosis at stone monu-
ments—weathering forms, damage categories and damage
indices. In: Prykril R, Viles (eds) Understanding and managing
stone decay. Carolinum Press, Prague, pp 11-56

Giussani B, Monticelli D, Rampazzi L (2009) Role of laser ablation-
inductively coupled plasma-mass spectrometry in cultural her-
itage research: a review. Anal Chim Acta 635(1):6-21

Grinenko VA (1962) The preparation of sulphur dioxide for isotopic
analysis. Zh Neorgan Khim 7:2478-2483

Honeyborne DB, Harris PB (1958) The structure of porous building
stone and its relation to weathering behaviour. In: Proceedings of
the tenth symposium of the Colston Research Society. Butter-
worths Scientific Publications, London, pp 343-359

Hussein T, Karppinen A, Kukkonen J, Harkonen J, Aalto PP, Himeria
K, Kerminen VM, Kulmala M (2006) Meteorological depen-
dence of size-fractionated number concentrations of urban
aerosol particles. Atmos Environ 40:1427-1440

Hutchinson AJ, Johnson JB, Thompson GE, Wood GC, Sage PW,
Cooke MJ (1992) The role of fly-ash particulate material and
oxide catalysts in stone degradation. Atmos Environ A General
Topics 26(15):2795-2803

Klemm W, Siedel H (2002) Evaluation of the origin of sulphate
compounds in building stone by sulphur isotope ratio. In: Sieges-
mund S, Weiss T, Vollbrecht A (eds) Natural stones, weathering
phenomena, conservation strategies and case studies. Geological
Society, London Special Publication, vol 205, pp 419429

Korzh VD (1976) Chemical exchange between the ocean and
atmosphere as a factor of the formation of salt composition of
river waters. Dokl Akad Nauk SSSR 230(2):432-435

Lefévre RA, Ausset P (2002) Atmospheric pollution and building
materials: stone and glass. Geol Soc Spec Publication 205:329-345

Longinelli A, Bartelloni M (1978) Atmospheric pollution in Venice,
Italy, as indicated by stable isotope measurements. Water Air
Soil Pollut 10:335-341

MacDonald J, Thomson B, Tonge K (1992) Chemical cleaning of
sandstone: comparative laboratory studies. In: Webster RGM
(ed) Stone cleaning and the nature, soiling and decay mecha-
nisms of stone. Donhead, London, pp 3-49

Mason B, Moore BC (1982) Principles of geochemistry. Wiley, New
York, pp 46-47

Maxwell I (1992) Stone cleaning—for better or worse? An overview.
In: Webster RGM (ed) Stone cleaning and the nature, soiling and
decay mechanisms of stone. Donhead, London, pp 3—49

Mazzoleni P, Punturo R, Russo LG, Censi P, Lo Giudice A, Marletta
D, Pezzino A (2003) I materiali lapidei dell’apparato di facciata
della Chiesa di S. Nicolo L’ Arena di Catania: caratterizzazione e
considerazioni sulla provenienza. In: Proceedings of National
Congress AlAr, Ravello, 6-7 February

McAlister JJ, Smith BJ, Térok A (2006) Element partitioning and
potential mobility within surface dusts on buildings in a polluted
urban environment. Budapest Atmos Environ 40(35):6780-6790

Montana G, Randazzo L, Oddo IA, Valenza M (2008) The growth of
“‘black crusts’® on calcareous building stones in Palermo
(Sicily): a first appraisal of anthropogenic and natural sulphur
sources. Environ Geol 56(2):367-380

Moropoulou A, Bisbikou K, Van Grieken R, Torfs K, Polikreti K
(2001) Correlation between aerosols, deposits and weathering
crusts on ancient marbles. Environ Technol 22(6):607-618

Moropoulou A, Kouloumbi N, Haralampopoulos G, Konstanti A,
Michailidis P (2003) Criteria and methodology for the evaluation
of conservation interventions on treated porous stone susceptible
to salt decay. Prog Org Coatings 48(2—4):259-270

Neri M, Cascone M (2008) Attivita esplosiva discontinua al Cratere di
Sud-Est (Etna) (10 Gennaio 2008—aggiornamento ore 17:00
locali). Report dell’Istituto Nazionale di Geofisica ¢ Vulcanolo-
gia—Sezione di Catania

Puckett KJ, Finegan EJ (1980) An analysis of the element content of
lichens from the Northwest Territories, Canada. Can J Bot
58:2073-2089

Punturo R, Russo LG, Lo Giudice A, Mazzoleni P, Pezzino A (2006)
Building stone employed in the historical monuments of Eastern
Sicily (Italy). An example: the ancient city centre of Catania.
Environ Geol 50:156-169

Pye K, Schiavon N (1989) Cause of sulphate attack on concrete,
render and stone indicated by sulphur isotope ratios. Nature
342:663-664

Realini M, Negrotti R, Appollonia L, Vaudan D (1995) Deposition of
particulate matter on stone surfaces: an experimental verification
of its effects on Carrara marble. Sci Total Environ 167:67-72

Robinson G, Baker MC (1975) Wind-driven rain and building.
Technical paper no 445. Division of Building Research, National
Research Council of Canada

Rodriguez Navarro CR, Sebastian E (1996) Role of particulate matter
from vehicle exhaust on porous building stones (limestone)
sulphation. Sci Total Environ 187:79-91

Schiavon N, Chiavari G, Fabbri D (2004) Soiling of limestone in an
urban environment characterized by heavy vehicular exhaust
emissions. Environ Geol 46(3-4):448-455

Siegesmund S, Snethlage R, Ruedrich J (2008) Monument futures:
climate change, air pollution, decay and conservation—the
Wolf-Dieter Grimm-volume. Environ Geol 56:451-453

Theoulakis P, Moropoulou A (1999) Salt crystal growth as weathering
mechanism of porous stone on historic masonry. J Porous Mater
6(4):345-358

Thorfs KM, Van Grieken RE (1997) Use of stable isotope measure-
ments to evaluate the origin of sulfur in gypsum layers on
limestone building. Environ Sci Technol 31:2650-2655

Toniolo L, Zerbi CM, Bugini R (2009) Black layers on historical
architecture. Environ Sci Pollut Res 16:218-226

UNI 11087:2003 (2003) Beni culturali—Materiali lapidei naturali ed
artificiali. Determinazione del contenuto di sali solubili. CNR —
ICR, Roma

UNI 11182:2006 (2006) Alterazioni macroscopiche dei materiali
lapidei: lessico. CNR — ICR, Roma

@ Springer



1110

Environ Earth Sci (2012) 67:1097-1110

Winkler EM (1966) Important agents of weathering for building and
monumental stone. Eng Geol 1(5):381-400

Winkler EM (1973) Stone: properties, durability in man’s environ-
ment. Springer, New York, pp 137-153

Winkler EM (1982) Decay of stone monuments and buildings: the
role of acid rain. Technol Conserv Spring 1982:32-36

@ Springer

UNI Normal: 3/80 (1980) Materiali lapidei: campionamento. CNR —
ICR, Roma

Zhao FJ, Spiro B, Poulton N, Mcgrath SP (1998) Use of sulphur
isotope ratios to determine the anthropogenic sulphur signals in a
grassland ecosystem. Environ Sci Technol 32:2288-2291



	Natural and anthropogenic sources of total suspended particulate and their contribution to the formation of black crusts on building stone materials of Catania (Sicily)
	Abstract
	Introduction
	Sampling and analytical methods
	Results and discussion
	Black crusts
	Total suspended particulate
	Sulfur stable isotope ratios in black crusts and total suspended particulate

	Concluding remarks
	Acknowledgments
	References


