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HIGHLIGHTS   

 Sulphate black crusts are mostly collected on carbonate building stones from different 

environments (coastal, rural, urban and volcanic environments). 

 δ34S and δ18O indicate that black crust sulphur is mostly derived from anthropogenic 

sources. 

 Δ33S and Δ36S of black crust sulphate are distinct from those of atmospheric sulphate 

aerosols. 

 The largest Δ17O anomalies are measured in black crust sampled in locations 

downwind of an active volcano (Mt Etna).  
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Abstract  

The deterioration of monument or building stone materials is mostly due to the growth of 

black crusts that cause blackening and disaggregation of the exposed surface. This study 

reports on new oxygen (δ17O, δ18O and Δ17O) and sulphur (δ33S, δ34S, δ36S, Δ33S and Δ36S) 

isotopic analyses of black crust sulphates formed on building stones in Sicily (Southern Italy). 

The measurements are used to identify the possible influence of volcanic emissions on black 

crust formation. Black crusts were mostly sampled on carbonate stone substrate in different 

locations subject to various sulphur emission sources (marine, anthropogenic and volcanic). 

Unlike atmospheric sulphate aerosols that mostly exhibit Δ33S > 0‰, here most of the 

analysed black crust sulphates show negative Δ33S. This confirms that black crust sulphates 

do not result from deposition of sulphate aerosols or of rainwater but mostly from the 

oxidation of dry deposited SO2 onto the stone substrate. The δ34S and δ18O values indicate 

that most of black crust sulphate originates from anthropogenic activities. Δ17O values are 

found to be related to the sampling location. The largest 17O-anomalies (up to ~4‰) are 

measured in black crust from areas highly influenced by volcanic emissions, which 

demonstrates the strong involvement of ozone in the formation of black crusts in volcanically 

influenced environments.   

Keywords: stone degradation, black crust, sulphur isotope, oxygen isotope, Δ
17

O anomaly, volcanic 

emissions.  

* corresponding author.  
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1. Introduction 

“Black Crusts” are micrometric to centimetric thick black layers observed on the surface of 

buildings, monument walls or sculptures (Figure 1). They represent one of the main studied 

cause of carbonate stone deterioration and cultural heritage damage in urban environments  

(Winkler, 1966; Longinelli & Bartelloni, 1978; Del Monte et al., 1981; Camuffo et al., 1982; 

Camuffo et al., 1983; Haneef et al., 1992; Sabbioni, 1995; Torfs et al., 1997; Ausset et al., 

1999; Massey, 1999; Ausset & Lefevre, 2000; Bugini et al., 2000; Cardell-Fernández et al., 

2002; Charola & Ware, 2002; Vallet et al., 2006; Lefèvre et al., 2007; Montana et al., 2008; 

Fronteau et al., 2010; Török et al., 2010; Barca et al., 2011; Kloppmann et al., 2011; Kramar 

et al., 2011; Livingston, 2012; Montana et al., 2012; Ruffolo et al., 2015; Steiger, 2016; 

Bonazza & Sabbioni, 2016; Comite et al., 2017; Pozo-Antonio et al., 2017; Comite & Fermo, 

2018; La Russa et al., 2018, 2017; Farkas et al., 2018; Genot et al., 2020). In present-day 

polluted urban areas, black crusts are mostly found on surfaces partly shielded from rainfall, 

but still humid (Camuffo et al., 1982; Camuffo et al., 1983, Massey, 1999). The crust 

structure is mainly composed of gypsum crystals (CaSO4·2H2O) with entrapped atmospheric 
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particles such as fly-ash and soot which cause the blackening (Del Monte et al., 1981;  

Ausset et al., 1998;  Fronteau et al., 2010). 

Although a fraction of airborne gypsum can be incorporated in the deterioration layer (Davis, 

1981; Camuffo et al., 1983), black crusts are the result of authigenic precipitation of gypsum 

on carbonate stone surfaces due to the chemical reaction between sulphate (SO4
2-) and 

calcite (CaCO3). This chemical reaction, called sulphatation (Camuffo et al., 1982) or 

sulphation (Ausset & Lefevre, 2000; Lefèvre et al., 2007) might also be catalysed by the 

carbonaceous particles formed during the incomplete burning of oil or coal (Novakov et al., 

1974; Britton & Clarke, 1980; Cofer et al., 1980; Cofer et al., 1981; Ausset et al., 1999). Black 

crusts are considered to be good traps for atmospheric particles. As such, their study allows 

to better identify the particulate pollution emission sources in urban areas (Ausset et al., 

1998; Del Monte et al, 2001; Lefèvre & Ausset, 2002). Some insights into sulphur emissions 

sources in polluted urban areas were also gained from their isotopic composition (δ34S and 

very few δ18O) (Buzek & Šrámek, 1985; Pye & Schiavon, 1989; Kramar et al., 2011; Montana 

et al., 2008, 2012). Following previous studies of natural sulphate-containing samples such 

as aerosols, rainwaters, ice cores or volcanic deposits (Bao et al., 2000; Lee et al., 2001a; 

Romero et al., 2003; Jenkins et al., 2006; Mather et al., 2006; Sofen et al., 2011; Alexander 

et al., 2012; Martin, 2018). Genot et al. (2020) reported recently on the first oxygen and 

sulphur multi-isotopic composition measurements of sulphate from black crust (δ18O, δ34S, 

Δ17O, Δ33S and Δ36S).   

Atmospheric oxidants, such as O3, H2O2, OH and O2-TMI (O2 catalysed by Transition Metal 

Ion) indeed carry specific oxygen mass-independent fractionation signatures (O-MIF; Δ17O≠ 

0‰) that are inherited from the ozone molecule precursor. When a sulphur gas (e.g. SO2) is 

oxidized, part or all of the oxidant-specific 17O-anomaly is transferred to the sulphate product. 

Consequently, the Δ17O measured in sulphate can be used as a tracer of sulphur oxidation 

pathways in the atmosphere (Savarino et al., 2000). In addition to O-MIF signatures, there 

have been attempts to use multi-sulphur isotope measurements (Δ33S and Δ36S) as oxidation 
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pathway tracers (Harris et al., 2012a; Harris et al., 2012b; Harris et al., 2013a; Harris et al., 

2013b; Au Yang et al., 2018), including atmospheric photochemical processes (Farquhar et 

al., 2000; Farquhar et al., 2001; Farquhar & Wing, 2003). However, interpretations of multi-

sulphur isotopic data in atmospheric sulphate aerosols remain challenging (Guo et al., 2010; 

Au Yang et al., 2018; Au Yang et al., 2019). 

The only investigation into the origin of sulphate in black crusts using a multi-isotopic oxygen 

and sulphur approach was conducted by Genot et al. (2020). Black crusts were sampled in 

the Parisian Basin (France) according to a NW-SE cross-section, covering from rather 

suburban to more polluted environments in the heart of the Paris megapolis. Unexpected 

MIF isotopic compositions (Δ17O up to 2.56‰, -0.34‰ <Δ33S< 0‰ and Δ36S ~ -0.4‰) were 

measured.  Based on O isotopes and δ34S, Genot et al. (2020) proposed that sulphate from 

Parisian black crusts mostly originate from the oxidation of anthropogenic sulphur gases by 

H2O2. Furthermore, they also suggested that a magnetic isotope effect during the formation 

of black crust sulphate might be responsible for the very unusual S-MIF signature. Since 

black crusts were only sampled in the Parisian Basin, it is not clear whether these singular 

isotopic compositions are common to all black crusts in the world or simply characteristic of 

the Paris megapolis.  

The present work builds on the Genot et al. (2020) study using the same isotopic approach. 

It deals with the formation of black crust all over Sicily (Italy) instead of the Parisian Basin 

(France). Although most of the sulphur sources in Sicily are anthropogenic and marine, as in 

the Parisian Basin, the strengths and mix of emission sources in Sicily and in the Parisian 

Basin are very different, resulting in differences in atmospheric chemical reactivity and hence 

possibly sulphur oxidation. It is therefore essential to understand whether sulphur oxidation 

processes driving the black crust formation in Sicily are the same as in the Parisian area. 

More interestingly, some of the areas sampled in Sicily are downwind of the Mount Etna 

volcano and hence under the strong influence of volcanic emissions, giving the opportunity to 

extend the black crust isotopic characterisation to a new environment. Indeed, Mount Etna 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

5 
 

presents a quasi-permanent activity with an almost continuous passive degassing 

punctuated with regular eruptive phases (average volcanic SO2 emissions ~ 5500 Mg.day-1) 

(Aiuppa et al., 2001, 2005; Scollo et al., 2009; Calabrese et al., 2011). This offers the 

opportunity of exploring the potential effect of volcanic emissions on the formation of black 

crusts, notably the relative importance of different sulphur oxidation processes.   

2. Material and Methods  

2.1. Sampling strategy  

Black crusts were sampled in Sicily, overwhelmingly on building stones made of highly 

porous carbonate rocks (calcarenite, Fig.1). Few black crust samples were also collected on 

lime-based mortar or plaster, and basalt stone substrates. As discussed below, their isotopic 

composition is consistent with the rest of all the samples, therefore they are not discussed 

separately in the paper. In the city of Palermo, 13 samples were collected, while 20 samples 

were collected in the city of Catania and 20 others in the eastern region of the Mount Etna 

Volcano, in or very close to the towns of Acireale, Linguaglossa, and Zafferana Etnea. Most 

of the monuments on which black crusts were sampled were built during the pre-industrial 

period, but information about the construction year of private buildings remain scarce. 

Overall, collected black crusts were formed between the pre-industrial period and the present 

day. Most of the black crusts sampled are sub-millimetric to millimetric thick. Detailed 

locations and substrates on which black crusts were sampled are summarised in table 1. 

Each area represents an environment influenced by a specific mix of emissions. Due to its 

proximity with the Mediterranean Sea and its urbanisation, Palermo city is mainly under the 

influence of marine and anthropogenic emissions (Comite et al., 2017; Varrica et al., 2019). 

Catania, Acireale, Linguaglossa and Zafferana Etnea are subject not only to marine and 

anthropogenic emissions, but also to volcanic emissions (Barca et al., 2011; Lanzafame et 

al., 2014; Andronico & Del Carlo, 2016) depending on the prevailing wind direction and their 

proximity to the Etna volcano. Since the main wind direction is NW-SE, the Acireale and 

Zafferana Etnea areas are likely more influenced by volcanic emissions than Catania and 
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Linguaglossa. On the contrary, Palermo should be not influenced by volcanic emissions at all 

(Fig.1). All the samples were collected on walls at height higher than 1.5m to prevent 

capillary rising from the ground and only the black part of the crust was collected trying to 

prevent significant substratum contamination.  

2.2. Anionic content and sulphate purification 

The anionic content was measured at the ISTeP geochemical laboratory (Paris, France) 

using an anion chromatography (Dionex ISC 110, Thermo Scientific) calibrated for SO4
2-, 

NO3
- and Cl- ions. This chemical analysis was conducted after crushing, leaching in deionized 

water and filtering down to 0.45µm between 30 and 100mg of black crust. The replication of 

the measurements gives a reproducibility of 0.3 ppm, 0.4 ppm and 0.1 ppm for sulphate, 

nitrate and chlorine ion concentrations, respectively.  The sulphate is then extracted from the 

black crust leachate, concentrated, and purified according to the anion-exchange resin 

method developed and described by Le Gendre et al. (2016). At least 10 mg of barium 

sulphate (barite) is finally precipitated in order to comfortably proceed to O- and S-multi-

isotopic analyses.  

2.3.  O- and S-multi-isotopes analyses  

Oxygen and sulphur multi-isotopic analyses on sulphate were performed at the IPGP Stable 

Isotope Laboratory (Paris, France).  

O-multi-isotopic analyses were performed using the laser fluorination method (Bao & 

Thiemens, 2000) on 2-4mg of barite (BaSO4). After fluorination of the sample under 40 Torr 

of BrF5, extracted O2 is purified through a series of liquid nitrogen and slush traps and 

collected on a molecular sieve. The purified O2 is then injected into a Delta-V Isotope Ratio 

Mass Spectrometer (Thermo Fischer Scientific, Bremen, Germany) and run in dual inlet to 

monitor the m/z:  32, 33 and 34 which are then used to determine the δ17O and δ18O. The 

Δ17O is calculated according to the following expression (Bao et al., 2016) :  

Δ17O= δ17O – [(δ18O +1)0.5305-1] 
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Since O2 extraction from barite via the fluorination process is not complete (yield of ~40% on 

the samples from this study), mass-dependent isotopic fractionation occurs, which means 

that measured δ18O and δ17O are different from δ18O and δ17O in barite, whereas the Δ17O is 

not affected by these fractionation processes. The measured δ18O values thus require 

correction using the NBS 127 international standard as a reference. Measured δ18O and 

Δ17O values for NBS 127 are 0.4 ± 0.2‰ and 0.04 ± 0.01‰ (confidence interval (CI) in 2σ, 

n=42), respectively. Assuming a standard certified δ18O value of 8.6‰ for the NBS 127, the 

samples δ18O were systematically corrected according to the NBS127 standards from the 

same analytical session. Based on sample replicates from this study, the global 

reproducibility for δ18O and Δ17O (integrating the uncertainties derived from the sulphate 

extraction method, the fluorination line and the mass spectrometer) is usually lower than 

1.0‰ and 0.1‰ (1 standard deviation; 1σ) respectively.  

For S-isotope analyses, barite samples (BaSO4) were reduced into H2S and precipitated in 

Ag2S following the protocol described in Thode et al. (1961). Silver sulphide was then rinsed 

three times with Millipore water and dried at 70°C overnight before being placed into Ni-

reaction bombs for fluorination to produce SF6 according to Farquhar et al. (2007); Labidi et 

al. (2012). The purified SF6 was analysed using an isotope ratio mass spectrometer 

(ThermoFinnigan MAT-253) running in dual inlet mode, to monitor m/z: 127, 128, 129 and 

131 used to determine δ33S, δ34S, and δ36S. The Δ33S and Δ36S are calculated according to 

the following expressions (Farquhar & Wing, 2003) :  

Δ33S= δ33S – [(δ34S +1)0.515-1] 

Δ36S= δ36S – [(δ34S +1)1.89-1]  

δ34S-values are measured against the in-house SF6 tank that has been calibrated with 

respect to the IAEA-S1 international standard (δ34S(IAEA-S1) = -0.3‰ vs CDT).  Following 

Defouilloy et al. (2016), all our Δ33S and Δ36S values are also given with respect to CDT by 

correcting the initial Δ33S and Δ36S values, initially expressed with respect to the in-house SF6 

tank, with a factor of +0.029 and +0.129‰ respectively.  
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Repeated analyses of the IAEA-S1 internal standard give values of -0.29 ± 0.03; 0.084± 

0.004 and -0.881 ± 0.097 (Confidence Interval (CI) in 2σ, n=14) for δ34S, Δ33S and Δ36S 

respectively.  

Based on in-house standard replicates, the reproducibility that integrates the uncertainties 

derived from the barite reduction step, the purification line and the mass spectrometer is 0.5, 

0.009 and 0.06 (CI in 2σ, n=9) for δ34S, Δ33S and Δ36S respectively. Finally, based on 4 

duplicates from this study, the global reproducibility for δ34S, Δ33S and Δ36S (integrating the 

uncertainties derived from the sulphate extraction method, the barite reduction step, 

purification line and the mass spectrometer) is estimated to be 0.8‰, 0.01‰ and 0.20 (1σ) 

respectively. 

2.4. SEM-EDS analysis  

Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-ray Spectroscopy 

(EDS) were used to produce high resolution images in order to acquire details about the 

microstructure of the black crusts with the image analysis giving some crude estimations 

about their elemental composition. SEM-EDS analyses were conducted at the ISTeP 

Laboratory with a ZEISS Supra 55 VP – microscope (Sorbonne Université, Paris) and at the 

ATeN Center Laboratory with a Thermo Fischer Scientific PHENOM PROX desktop SEM 

(University of Palermo). 

3. Results  

3.1. Anionic content of black crusts   

Chromatography analyses confirm that in most black crust samples, sulphates represent the 

major anionic species, they also reveal the presence of significant amounts of nitrate and 

chlorine (see Table 4 in supplementary material IV). Concentration measurements are 

reported as mass mixing ratios, i.e. ratios of the mass of a specific anion to the mass of black 

crust leached in the sample analysed. The values range between 33563 and 278831 ppm for 

sulphate, 0 and 91904 ppm for nitrate, and 207 and 5032 ppm for chlorine. No correlation is 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

9 
 

observed between the concentrations of the different anions (see Fig.9 in supplementary 

material III). Nevertheless, differences between anionic concentration at different sampling 

locations can be seen. The chlorine concentrations are the highest for black crusts from the 

most coastal cities with mean concentrations of 3118 ppm for Palermo, 2524 ppm for 

Acireale and 1815 ppm for Catania. The nitrate concentrations are the highest for black 

crusts from the largest cities with mean concentrations of 3271 ppm for Catania (note that 

the outlier of 91904 ppm was removed to calculate the average concentration), 3221 ppm for 

Palermo, and 2139 ppm for Acireale. Despite the care taken to collect only the black part of 

the crust, especially at the substratum/crust interface, the possibility of having collected a 

non-negligible fraction of substratum in some samples cannot be excluded. As much larger 

amounts of sulphate, nitrate and chlorine are expected in black crust than in the substratum, 

measured concentrations in black crust samples reported here necessarily correspond to the 

lowest limits for anionic concentrations. Since the measured concentrations in other studies 

(Montana et al., 2008, 2012; Török et al., 2010; Comite et al., 2017; Comite & Fermo, 2018; 

La Russa et al., 2017, 2018) are not always compared to the mass of black crust, the direct 

comparison of absolute concentrations from the literature is not possible. Therefore, in the 

rest of the paper, only ratios of anion concentrations will be discussed.  

3.2. Scanning Electron Microscopy (SEM) analyses   

The micromorphology and composition of black crusts were studied by means of SEM 

observations and Energy Dispersive X-ray Spectrometry (EDS). Figure 2 shows examples of 

SEM images obtained for black crusts from various sampling sites, especially samples from 

Palermo (PA-10 and PA-6), from Catania (CT-5) and from Zafferana Etnea (ZAF-4). Gypsum 

crystals of various sizes and morphologies are found in all the samples (red arrows on Fig. 

2). More widespread are chaotic aggregates formed by microcrystals (1-5µm) with mainly 

irregular morphology (Fig. 2a and 2c). In the samples examined, gypsum is also common in 

the form of rose-like aggregates of tabular-lenticular crystals (20-70 µm) (Fig. 2b and 2e). 

Parallel aggregates of regular prismatic crystals (10-20 µm) are detected more sporadically. 
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The samples from all the sites also contain halite crystals and some NaCl precipitation. 

These halite crystals occur in the form of euhedral (cubic) crystals, often deliquescent, that 

are, as cryptocrystalline and very compact masses, dispersed within the gypsum anhedral 

microcrystals. Both salt precipitation and halite crystals are more frequent in Palermo 

samples (Fig. 2b, 2c and 2d) which indicates a stronger influence of marine emissions, 

consistent with the current prevailing wind direction (from North-West to South-East) blowing 

from the sea. Metallic particles and iron oxide particles generated during fuel combustion are 

also observed in all the samples (Fig. 2a and 2b), confirming the importance of 

anthropogenic emissions at all the sites. Black crusts sampled at Catania, Acireale, 

Linguaglossa and Zafferana Etnea appear to contain many silicate particles, such as olivine, 

plagioclase, pyroxenes and titano-magnetite crystals and also mostly volcanic glass shards 

that are more or less altered (Fig. 2e, 2f, 2g and 2h). Volcanic glass shards appear to be 

relatively less frequent in Catania and Linguaglossa samples, while they are totally absent in 

Palermo samples. These results are fully consistent with the expected influence of volcanic 

emissions on the different areas, with Zafferana Etnea and Acireale being close and often 

downwind from the Etna volcano, in agreement with the direction of the prevailing winds 

(high volcanic influence), Catania and Linguaglossa being close and sporadically downwind 

from the Etna (lower volcanic influence), and Palermo being far from and upwind of the 

Mount Etna (no volcanic influence). Overall, the black crust samples from Sicily contain 

gypsum, calcite, and halite crystals as well as particles inherited from fuel combustion 

processes. Only the black crusts sampled downwind from the Etna volcano differ from the 

other samples with the abundant presence of volcanic particles. These observations are 

consistent with other reported SEM analyses for Sicilian and European black crusts (Bugini 

et al., 2000; Barca et al., 2011; Farkas et al., 2018; Montana et al., 2008, 2012). 

3.3. Sulphur and oxygen isotopic analyses  

The δ18O values measured in black crust samples vary from 7.2‰ up to 16.6‰ while Δ17O 

ranges from -0.17‰ to 3.82‰ (Table 2). Overall, our Δ17O values are positively correlated to 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

11 
 

the δ18O values (R2=0.62) (Fig.3); with different data groups corresponding to different 

sampling areas being distinguishable. The first group (group 1; Fig.3) consists of samples 

from Palermo and is characterised by the lowest values. Δ17O ranges from -0.17‰ to 1.00‰ 

with a mean of 0.44‰ ± 0.26 and δ18O ranges from 7.2‰ to 11.8‰ with a mean of 9.6‰ ± 

0.9 (CI in 2σ; n=12 for both). The second group (group 2; Fig.3), which has intermediate 

values, appears to correspond mostly to samples from Catania and Linguaglossa.  Δ17O 

values from Catania range from 0.72‰ to 3.68‰ with a mean value of 1.54‰ ± 0.50 and 

δ18O values range from 8.9‰ to 16.6‰ with a mean value of 11.5‰ ± 1.4 (CI in 2σ; n=12). 

Note that only one sample shows rather high Δ17O and δ18O values of 3.68‰ and 16.6‰ 

respectively, with the second highest Δ17O and δ18O values being 2.08‰ and 13.8‰ 

respectively. Δ17O values from Linguaglossa range from 0.44‰ to 3.20‰ with a mean value 

of 1.75‰ ± 0.9 and δ18O values range from 10.1‰ to 13.3‰ with a mean value of 10.8‰ ± 

1.6 (CI in 2σ; n=5). The third group (group 3; Fig.3), which shows the highest values, 

consists of samples from Zafferana and Acireale. Δ17O values from Zafferana range from 

2.13‰ to 3.82‰ with a mean value of 3.00‰ ± 0.96 and δ18O values range from 13‰ to 

16.3‰ with a mean value of 14.1‰ ± 2.1 (CI in 2σ; n=3). Δ17O values from Acireale range 

from 0.47‰ to 3.62‰ with a mean value of 2.52‰ ±0,72 and δ18O values range from 10.4‰ 

to 16.3‰ with a mean value of 13.4‰ ± 1.4 (CI in 2σ; n=8). These three groups correspond 

to geographical areas influenced by different contributions from emission sources. If all areas 

are subject to anthropogenic and marine emissions, the influence of volcanic emissions 

increases gradually from group 1 to 3. Indeed, the mean wind direction indicates that 

volcanic emissions do not affect the Palermo area (group 1), while the Acireale and 

Zafferana areas (group 3) are often downwind of the Mount Etna volcano, right in the 

prevailing wind direction (Fig. 1). The Catania and Linguaglossa areas (group 2) are more 

sporadically affected by volcanic emissions.  

Measured δ34S values range from -2.68‰ to 15.04‰ (Table2; Fig.4). Samples from Palermo 

show δ34S values ranging from -2.68‰ to 5.10‰ with a mean value of 0.9‰ ± 1.6 (CI in 2σ; 
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n=9). Samples from Catania show δ34S values ranging from -1.64‰ to 9.13‰ with an 

average value of 4.0‰ ± 2.2 (CI in 2σ; n=8). Black crust from Linguaglossa show δ34S values 

ranging from -0.74‰ to 15.04‰ with an average value of 6.4‰ ± 5.7 (CI in 2σ; n=5) and 

samples from Acireale show δ34S values ranging from -1.74‰ to 5.56‰ with an average 

value of 1.8‰ ± 2.1 (CI in 2σ; n=8).  

Δ36S values for all the samples range from -0.59‰ to 0.41 ‰ with a mean value of -0.23 ‰ ± 

0.2 (1σ; ±0.04 for the CI in 2σ), whereas Δ33S values range from -0.4‰ to 0.02‰ with a 

mean value of -0.11 ‰ ± 0.11 (1σ; ±0.07 for the CI in 2σ; Table2; Fig.5). Note that the global 

reproducibility based on 4 sample duplicates on Δ36S measurements is ±0.20‰ (1σ), which 

suggests that variability in Δ36S observed in our dataset is rather insignificant. Consequently, 

in the following discussion, the Δ36S is considered as relatively constant. In contrast, the 

global reproducibility based on 4 sample duplicates from this study on the Δ33S is ±0.01‰ 

(1σ), which is one order of magnitude lower than the variability observed in our dataset. 

Therefore, the variability observed in the Δ33S is clearly significant. Finally, no correlation is 

found between the sulphur isotopic composition and the sampling areas (Fig.4 and 5), which 

is drastically different from the results obtained for the oxygen isotopes (Fig. 3).  

4. Discussion  

4.1. The origin of sulphur from black crusts 

4.1.1.  Anthropogenic emissions as the main contributor of sulphur to black 

crusts  

The δ34S and δ18O signatures measured in black crusts from Sicily range from -2.68‰ to 

15.04‰ (mean value: 2.8‰ ±1.4; CI in 2σ; n=31) and from 7.2‰ to 16.6‰ (mean value: 11.4 

± 0.8‰; CI in 2σ; n=40), respectively (Table 2, Fig.4). In Sicily, the main S-sources are 

anthropogenic from fuel combustion and marine emissions, as well as volcanic emissions in 

the eastern part of Sicily (Fig. 1). The contribution of endogenous sulphates from the stone 

wall is an additional potential source. SEM analyses (Fig.2) also indicate that different 

sources contribute to the formation of black crusts according to their geographical positions 
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with respect to the Etna volcano. Halite crystals (Fig.2b, 2c and 2d) from marine emissions 

and metallic particles (Fig. 2a and 2b) from fuel combustion are observed entrapped in the 

gypsum crust in all the samples whereas volcanic particles (Fig. 2e, 2f, 2g and 2h) are also 

present in samples from the eastern part of Sicily. The confrontation of the isotopic values 

from Sicilian black crusts with the δ34S and δ18O signatures of various sulphur emission 

sources, further supports the influences of the aforementioned sulphur sources. 

Anthropogenic sulphur emissions show the largest range of isotopic values with δ34S values 

spanning from -30‰ for sulphur from coal combustion (Rees, 1970) to 32‰ for sulphur from 

coal and petroleum combustion (Smith & Batts, 1974), and a narrower range of δ18O values 

from ~5‰ to ~11‰ (Lee et al., 2002). Magmatic sulphur species show δ34S and δ18O values 

ranging from -1‰ to 6‰ and from ~5‰ to 7‰ respectively (De Hoog et al.,2001; Eiler, 2001; 

Labidi et al., 2012). Endogenous (intrinsic) sulphates that come from carbonate associated 

sulphate (CAS, in the carbonate stone) and from the wall plaster have specific isotopic 

signatures. CAS δ34S and δ18O range from ~ 12‰ to ~21‰ and from 5‰ to ~20‰ 

respectively (Turchyn et al., 2009; Rennie & Turchyn, 2014). In Europe, δ34S values in 

sulphate from wall plaster range from ~12‰ to ~18‰ and δ18O values range from ~ 14‰ to 

20‰ (Kloppmann et al., 2011; Fig.4). Δ17O values of endogenous sulphates are close to 0‰ 

or even slightly negative (Bao et al.,2008). In contrast, Δ17O values of most of our Sicilian 

black crusts are > 0‰ (Table 2; Fig.3). Therefore, even if black crust δ34S and δ18O 

compositions could reflect the contribution of endogenous sulphates, our Δ17O signatures are 

not consistent with an important intrinsic origin. For this reason, endogenous sulphate should 

represent a minor source of sulphur and will be neglected thereafter. From their geographical 

locations, each sampling area is subject to diverse sulphur emission sources whose relative 

contributions can be estimated from their average δ34S value. From its location and 

urbanization, Palermo represents the sampling site the most influenced by anthropogenic 

and marine emissions. The mean δ34S value of 0.9‰ measured in black crusts from this 

coastal urban area is most likely the result of a mixing between anthropogenic sulphur and 

marine sulphur, with the high δ34S signature of marine sulphur (~ 21‰) being diluted by the 
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low δ34S anthropogenic sulphur. Indeed, if a mean value of 0‰ for the δ34S of anthropogenic 

sulphur is considered, the mean anthropogenic contribution can be estimated to be ~95% 

and a marine contribution of ~5% (see supplementary material I for calculation details). The 

larger input of anthropogenic sulphur is fully consistent with the mean δ34S signature of 2.1‰ 

measured by Montana et al. (2008 in black crusts from Palermo which is explained by an 

anthropogenic contribution of ~90%. In an area, where anthropogenic, marine but also 

volcanic influences are significant, such as Acireale (Fig. 1), the black crusts have a mean 

δ34S value of 1.8‰. Overall, the marine contribution seems to be rather marginal in all the 

black crust samples, even in coastal locations. Assuming that it is of the order of about 5%, 

the mean δ34S value of 1.8‰ measured in black crusts from Acireale can be explained by 

~76% of anthropogenic sulphur (δ34S = 0‰), ~19% of volcanic sulphur (δ34S = 4‰) and ~5% 

of marine sulphur (δ34S = 21‰; see supplementary material I for calculation details). It is 

worth noting that even if the volcanic sulphur contributes significantly to the black crust δ34S 

signature, the anthropogenic emissions remain easily the dominant source of sulphur for the 

black crust.  

The similarity between the isotopic values (especially the δ34S) from Sicilian black crusts (this 

study) and those from other cities in Europe (Longinelli & Bartelloni, 1978; Buzek & Šrámek, 

1985; Pye & Schiavon, 1989;Torfs et al., 1997; Siedel, 2000; Klemm & Siedel, 2002;  Přikryl 

et al., 2004; Vallet et al., 2006; Kloppmann et al., 2011; Genot et al., 2020) suggests that 

similar sulphur sources contribute to the formation of their black crusts. This study thus 

confirms that in large urban areas, the black crust formation mostly results from 

anthropogenic sulphur emissions (Winkler, 1966; Massey, 1999; Bugini et al., 2000; Cardell-

Fernández et al., 2002; Charola & Ware, 2002; Lefèvre & Ausset, 2002; Holynska et al., 

2004; Přikryl et al., 2004; Barca et al., 2011; Kramar et al., 2011; Comite & Fermo, 2018; 

Farkas et al., 2018; La Russa et al., 2018; Genot et al., 2020). More interestingly, the present 

work broadens the study of black crusts to different and various atmospheric environments 

(urban, coastal, rural and volcanic areas), and show that anthropogenic emissions still 
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remain the main source of black crust sulphur. Now it is important to explore whether this 

anthropogenic sulphur contribution originates from sulphur gas (SO2) or sulphate aerosols 

(H2SO4). 

 

4.1.2. Black crusts mostly originate from dry deposition of SO2 and not 

atmospheric sulphate aerosols 

The multi-sulphur isotopic analyses performed on black crusts from different atmospheric 

environments (urban, rural, coastal and volcanic areas) in Sicily show very singular Δ33S and 

Δ36S signatures (Table 2, Fig. 5), characterized by a significant Δ33S variability, from -0.4‰ to 

0.02‰, and a relatively constant Δ36S (see section 3.3). Such negative Δ33S signatures 

associated with relatively constant Δ36S values are also observed in black crusts from the 

Parisian Basin by Genot et al. (2020).  Recent studies on sulphate aerosols also reported 

unexpected negative Δ33S in other natural sulphur compounds (Lee et al., 2002; Shaheen et 

al., 2014; Han et al., 2017; Lin et al., 2018). This was tentatively attributed to an additional 

MIF process occurring during fossil fuel combustion and associated primary sulphate 

formation. To our best knowledge, black crusts remain the only natural sulphur compounds 

showing systematic negative Δ33S (associated to a constant Δ36S), which makes them unique 

in that respect. Hence, sulphate from black crust certainly has a different origin from the 

atmospheric sulphate aerosols that are overwhelmingly characterized by positive Δ33S 

(Fig.5). Two implications result from this observation. First, black crust sulphates cannot 

originate from the dry or wet deposition of atmospheric sulphate on the wall. Instead they 

mostly result from the dry deposition of atmospheric SO2 and its subsequent oxidation into 

sulphate on the stone wall. Secondly, a mass-independent process must occur during 

oxidation to create 33S depletion measured in black crust sulphates. Genot et al. (2020) 

propose the existence of a Magnetic Isotope Effect (MIE; Buchachenko, 2001) that affects 

only odd isotopes between the SO2 deposition on the wall surface and its oxidation into 

sulphate. Although this isotopic effect is still rather speculative and requires laboratory 
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experiments to characterise the exact mechanism, it provides a way to comply with two 

important conditions in order to explain our isotopic data: the generation of a positive Δ33S 

and a negative Δ33S sulphur pools and their physical separation. Therefore, the oxidation of 

SO2 in interaction with the wall under the MIE has to be accompanied by a reaction leading 

to the formation of gypsum, physically separating the residual SO2 (positive Δ33S) and black 

crust sulphate (negative Δ33S). Furthermore, since the wall surface is a humid environment, it 

is very likely that the oxidation of SO2 takes place in an aqueous-like environment such as a 

thin liquid water film on the mineral surfaces (Massey, 1999; Klemm & Siedel, 2002; Behlen 

et al., 2008; Corvo et al., 2010; Wiese et al., 2013). This aqueous oxidation is highly unlikely 

to be identical to that occurring in the atmosphere, where no MIE is expected. Nonetheless, 

the black crust O-MIF signature is still expected to be mostly determined by the isotopic 

signatures of the different oxidants involved in black crust sulphate formation rather than by 

the MIE (Genot et al., 2020).    

Finally, our results confirm the singular multi S-isotope composition of black crusts measured 

in large urban areas, but they also indicate that this isotopic feature is rather an intrinsic 

characteristic to black crust formation, whatever its atmospheric environment during its 

formation (urban, rural, coastal or volcanic areas). 

The [SO4
2-]/[Cl-] ratios for black crusts from the different Sicilian and other European 

sampling sites range from a few tens (~40) to hundreds (~200), values which are at least two 

orders of magnitude higher than the Palermo rainwater [SO4
2-]/[Cl-] of 0.24 on average and 

the Etnean area rainwater average [SO4
2-]/[Cl-] of 0.99 (Fig.6). Although this difference 

between black crusts and the local rainwaters can result from a preferential incorporation of 

sulphates over chlorine into the crust, leading to higher [SO4
2-]/[Cl-] ratios, it can also be 

interpreted as the rainwater sulphate being a very marginal source of sulphate in black crust. 

Moreover, if aerosol deposition was the dominant process in the formation of black crust, 

some correlation between sulphate and nitrate in black crust could be expected from 

sulphate and nitrate ratios in aerosols. The actual absence of correlation is an additional 
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indication that black crusts do not derive from aerosol deposition. This is consistent with the 

dry deposition of SO2 followed by its oxidation on the stone wall being the dominant source of 

black crust sulphate, as attested by the Δ33S and Δ36S signatures discussed above.  

Furthermore, this mechanism is confirmed by the abundant literature on building stone 

deterioration which considers the dry deposition of air pollutants such as SO2 to be the 

dominant mechanism in  stone decay (Roekens & van Grieken, 1989; Girardet & Furlan, 

1989; Ausset et al., 1999; Massey, 1999; Cardell-Fernández et al., 2002; Charola & Ware, 

2002; Holynska et al., 2004; Livingston, 2012; Steiger, 2016; Bonazza & Sabbioni, 2016).  

The δ34S and δ18O measured in black crusts from Sicily confirm that anthropogenic 

emissions remain the dominant contributor to sulphur in black crust, even in areas subject to 

other emission sources (see previous subsection 4.1.1). The Δ33S and Δ36S signatures and 

the [SO4
2-]/[Cl-] ratios attest that anthropogenic sulphur that contributes to the formation of 

black crusts is very likely to originate, not in the deposition and accumulation of atmospheric 

sulphate aerosols, but mostly in the dry deposition of gaseous SO2 from anthropogenic 

emissions, which is in agreement with previous studies (Massey, 1999; Behlen et al.,  2008; 

Wiese et al., 2013).  

4.2. Volcanic emissions influence the formation of black crusts in urban areas  

4.2.1. High Δ17O signatures in black crusts under volcanic emission influence   

As shown in the previous section, our S-isotopic data confirms that black crust is formed 

predominantly from the deposition of gaseous SO2 on the walls (see section 4.1). Our O-

isotopic data provides some indications about the possible oxidants of deposited SO2. One of 

the most interesting results of this study is that samples from the same area display similar 

O-isotope compositions and that these isotopic compositions are significantly distinct from 

one area to another (Fig. 3). Indeed, based on Δ17O and δ18O, three groups corresponding to 

the main sampling areas can be identified (Fig. 3). Black crusts from Palermo, referred to as 

Group 1, show an average Δ17O value of 0.44‰ ± 0.26 and a mean δ18O value of 9.6 ± 0.9 

(CI in 2σ; n=12). The second group is composed of black crusts from Catania and 
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Linguaglossa showing average Δ17O values of 1.54‰ ± 0.50 (CI in 2σ; n=11) and 1.75‰ ± 

0.9 (CI in 2σ; n=5) respectively and a mean δ18O value of 11.5‰ ± 1.4 (CI in 2σ; n=11) and 

10.8‰ ± 1.6 (CI in 2σ; n=5) respectively. Black crusts from Acireale and Zafferana compose 

the third group, showing average Δ17O values of 2.52‰ ± 0.72 (CI in 2σ; n=8) and 3.00‰ ± 

0.96 (CI in 2σ; n=3) respectively and a mean δ18O value of 13.4‰ ± 1.4 (CI in 2σ; n=8) and 

14.1‰ ± 2.1 (CI in 2σ; n=3) respectively. Such high Δ17O values (up to 4‰; Table 2) have 

been reported in the literature, mostly for secondary volcanic sulphates related to Plinian and 

super-eruption events (Bao et al., 2000, 2001, 2003; Bao, 2005; Bindeman et al., 2007; 

Martin & Bindeman, 2009; Shaheen et al., 2013; Gautier et al., 2019 ) and in sea salt 

sulphates from the marine boundary layer (Alexander et al.,  2005). Yet it is the first time that 

numerous Δ17O values higher than 2.5‰ have been measured in black crusts. 

Δ17O measured in sulphates is expected to reflect the combined isotopic signatures of the 

dominant oxidation pathways involved in their formation. Indeed, each oxidant bears a 

specific 17O anomaly that is partly transferred to the resulting sulphate. The expected O-

isotope compositions for sulphates generated by each of the common atmospheric oxidation 

pathways have been experimentally determined by Savarino et al., (2000). In the gas-phase, 

the oxidation of SO2 by OH-radicals leads to sulphates with a Δ17O value of 0‰ in the 

troposphere because OH radicals are subject to a very rapid isotopic exchange with the 

abundant H2O in the humid troposphere. In the aqueous phase, the oxidation by O2-TMI 

(Δ17OO2 ~ - 0.34‰) leads to sulphates with a Δ17O value of -0.09‰. The oxidation by H2O2 

(Δ17OH2O2 ~ 1.70‰) leads to sulphates with a Δ17O value of 0.87‰ and the isotopic anomaly 

in sulphates produced through the oxidation by O3 is Δ17O = 8.8‰ (Δ17OO3 ~ 36‰; Galeazzo 

et al., 2018). It is noteworthy that, even if not well determined yet, the SO2 oxidation by 

halogen compounds (HOX species such as HOBr and HOCl) could play a role in coastal 

environments (Monks et al., 2015; Chen et al., 2016). However, the produced sulphate is not 

expected to carry any MIF signatures (Chen et al., 2016), which makes these oxidation 

pathways indistinguishable from the O2-TMI pathway. Therefore, in the estimated fraction of 
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SO2 oxidized by O2-TMI, it cannot be ruled out that some of the SO2 was also oxidized by 

halogen species. In the following discussion, the O2-TMI pathway essentially represents all 

the pathways that do not fractionate in a mass-independent way. Moreover, in polluted 

environments with high NOx levels, it has further been suggested that the oxidation of SO2 

by NO2 may also represent a significant pathway (Steiger, 2016; Cheng et al., 2016; Au Yang 

et al., 2018). High Δ17O values (between ~20‰ and ~40‰) can be generated in NOx (NO + 

NO2) when ozone is involved in the NOx cycle  (Morin et al., 2011; Michalski et al., 2013;). 

This 17O anomaly may be transferred to the resulting sulphate during the oxidation of SO2 by 

NO2. However, this pathway remains very uncommon and the constraints on the oxygen 

isotopic transfer are limited. Therefore, this potential oxidation pathway is not considered 

here.  

Since many Δ17O values exceed 1‰ in our samples, O3 must be strongly involved in the 

oxidation because, among the common SO2 oxidants, it is the only one able to produce 

sulphate with Δ17O>1‰. Therefore, the SO2 oxidation on the wall surface must take place in 

aqueous conditions, which rules out significant contribution of the gas-phase oxidation by 

OH-radicals. The homogeneity among the Δ17O values of black crusts from the same 

sampling area indicates that different oxidation pathways are involved in black crust 

formation and contribute in similar proportions in each sampling area. Moreover, the positive 

correlation (R2 = 0.62) between Δ17O and δ18O values (Fig.3) indicates that there is a 

transition in the SO2 oxidation pathways budget from one extreme with both high Δ17O and 

δ18O values (>4‰ and >17‰ respectively) to another extreme with low Δ17O and δ18O values 

(<0‰ and <10‰ respectively). These two end-members represent the composition of 

sulphate produced through the aqueous oxidation of sulphur gases by the three prevalent 

pathways previously mentioned but in different proportions. Therefore, from the Δ17O 

measured in black crusts from each group, the relative contributions of the 3 main oxidation 

pathways can be quantified as follows:  
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Δ17O(SO4
2-) measured = fO2-TMI x Δ17O(SO4

2-) O2-TMI + fH2O2 x Δ17O(SO4
2-) H2O2 + fO3 x Δ17O(SO4

2-) O3  

(R1) 

with “f” representing the fluxes (relative contributions) of the different oxidation pathways. We 

assume that the sulphate produced by the oxidation of SO2 by O2-TMI, H2O2, and by O3 

generates a Δ17O in sulphate of -0.09‰, 0.87‰ and 8.8‰ respectively (Galeazzo et al., 

2018).  

Table 3 shows for each group of black crusts the relative contributions of the different 

oxidation pathways. The most striking feature is that the ozone contribution increases from 

group 1 to group 3 with fO3-group1 below 6% for group 1, fO3-group2 ranging from 9% to 19% for 

group 2, and fO3-group3 ranging from 22% and 31% for group 3 (Table 3), with fO3 value up to 

44% for samples having the highest Δ17O anomaly (~4 ‰).  

The main difference between the atmospheric environments of the three black crusts groups 

is their respective degree of exposition to the Mt Etna volcanic emissions (Carn, 2005; 

Andronico et al., 2009; Scollo et al., 2009; Barca et al., 2011; Guerrieri et al., 2015; 

Andronico & Del Carlo, 2016). The 2 sites of group 3 are right in the path of the dominant 

winds (Fig.7, dark areas). The 2 sites of group 2 are rather on the edge of this dark area 

indicating that they are less exposed to winds blowing from Mt Etna. The site of group 1 

(Palermo) is not exposed to winds blowing from Mt Etna. These observations are fully 

consistent with the findings of the SEM analyses, as indicated by the abundance of volcanic 

particles in black crusts from group 2 and 3 and their absence in group 1 (Fig. 2e, 2f, 2g and 

2h). 

Figure 7 clearly shows that the increase in black crust Δ17O from groups 1 to 3, which is 

linked to an increase in the SO2 oxidation by O3, is positively correlated to relative 

contribution of volcanic emissions in the atmospheric environments. In standard urban areas 

such as Palermo and Paris areas, the average Δ17O value measured in black crusts is 0.44‰ 

and 0.86‰ respectively (this study and Genot et al., 2020). Therefore, in urban 
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environments, the formation of black crusts overwhelmingly results (>90%) from the oxidation 

of SO2 by O2-TMI and H2O2. On the contrary, the large O-MIF measured in black crust from 

this study (up to 4‰) is correlated to atmospheric environments influenced by volcanic 

emissions, and can be explained by a large proportion (up to 44%) of SO2 oxidized by ozone 

on the building walls. 

4.2.2. Alteration of volcanic particles as an enhancer of the ozone oxidation  

In samples from groups 2 and 3, where the Δ17O is the highest, the SEM analyses show the 

presence of altered volcanic particles such as volcanic glass or silicates (feldspars) among 

gypsum and calcite minerals (Fig. 2e, 2f, 2g and 2h), which is not observed at all in samples 

from group 1. Alteration of volcanic glass by water is a well-studied process (Fisher & 

Schmincke, 1984; Friedman, 1984; Cerling et al., 1985; Stroncik & Schmincke, 2002) which 

tends to release mobile alkaline and alkaline earth metals such as Ca2+, K+ and Na+ either by 

an interdiffusion process or ion exchange with hydrogenated species (e.g. White & Claassen, 

1980). The alteration of silicate crystals such as feldspars that are Ca-Na-K-rich silicates 

(anorthite (R2), albite (R3) and orthoclase (R4) also leads to the release of Ca2+, Na+ and K+ 

according to the following reactions (Chamley, 1989; Stumm & Wollast, 1990): 

CaAl2Si2O8 + 2CO2 + 3H2O = Al2Si2O5(OH)4 + Ca2+ + 2HCO3
-      (R2) 

2NaAlSi3O8 + 2CO2 + 6H2O = Al2Si4O10(OH)2 + 2Na+ + 2HCO3
- + 2H4SiO4      (R3) 

2KAlSi3O8 + 11H2O = Al2Si2O5(OH)4 + 4Si(OH)4 + 2(K,OH)      (R4)  

The net result of these processes is an increase in the aqueous environment alkalinity via the 

release of bicarbonate (HCO3
-) and alkaline ions. Thus, during the black crust formation, we 

propose that the alteration of volcanic glass and silicates particles contributes to buffer or 

even increase the pH of the stonewall humid layer, where the sulphate from black crust 

forms by SO2 oxidation. 
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In atmospheric aqueous environments (droplets of water, aerosols), depending on the pH, 

various tropospheric oxidants are involved in the oxidation of SO2 into sulphate. While the 

H2O2 oxidation channel is dominant for pH < 6 and leads to low Δ17O values, the O3 oxidation 

channel becomes dominant at pH > 6 and leads to large Δ17O in the end-product sulphate 

(Lee & Thiemens, 2001; Martin et al., 2014; Galeazzo et al., 2018). In standard urban areas, 

black crust sulphates show Δ17O < 1‰, which is explained by an oxidation via O2-TMI + H2O2 

in rather acidic conditions (pH < 6) in the humid layer on the wall surface. However, the 

larger Δ17O (up to 4‰) measured in this study, can only be explained by a large contribution 

of O3 in the SO2 oxidation and therefore less acidic conditions. Consequently, alteration of 

volcanic particles in black crusts can promote the SO2 oxidation via O3 by increasing the pH 

of the humid layer where the black crust forms, rather than by a change in oxidant 

concentrations. More speculatively, it is also possible that volcanic particles catalysed SO2 

oxidation into sulphate, in the same way as carbonaceous particles and fly-ash do (Del 

Monte et al., 1981; Moropoulou et al., 1998; Ausset et al., 1999). Thus, in areas downwind 

an active volcano, black crust formation could be enhanced.   

4.3.  Outline of black crust formation mechanism    

The schema in figure 8 summarises outlines of mechanisms which could be responsible for 

black crust formation as well as their S- and O-MIF signatures. The first possibility to form 

gypsum is through the acid attack of the carbonate stone wall by atmospheric sulphate 

aerosols (H2SO4 from rainwater typically). As observed in sulphate aerosols from urban 

areas, the resulting gypsum (referred to as Aerosol-type Gypsum; Figure 8) is expected to 

exhibit Δ17O close to or > to 0‰ (depending on the oxidant involved in the formation of 

sulphate aerosols in the atmosphere; OH, O2-TMI, H2O2 or O3), Δ
33S > 0‰, and Δ36S ranging 

between -1.5‰ and 1‰. Given the sulphur isotopic compositions measured in black crusts 

(Δ33S < 0‰ and -0.5‰ < Δ36S < 0.5‰), even if not totally excluded, Aerosol-type Gypsum 

cannot be the major component of black crusts. The second and dominant formation process 

of black crust gypsum is initiated by the dry deposition of SO2 on the humid stone surface. It 
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sticks directly to the surface where it is dissolved in a thin liquid layer. According to the Δ33S 

and Δ36S values from this study and from Genot et al. (2020), a mass-independent 

fractionating process (for instance, a possible magnetic isotopic effect) must be operating 

during the oxidation of deposited SO2 and conversion into calcium sulphate. In standard 

urban atmospheres, SO2 is mostly oxidized into sulphate by H2O2 and O2-TMI, leading to the 

formation of gypsum with 0‰ < Δ17O < 1‰ and referred to as Urban-type Gypsum (Figure 8). 

In urban areas under the influence of volcanic emissions (e.g. downwind of an active 

volcano), the SO2 oxidation by O3 is highly enhanced, leading to the formation of gypsum 

with Δ17O > 1‰ referred to as Volcanic-type Gypsum (Figure 8). Although the S- and O-

multi-isotopic composition of black crust sulphates provides critical constraints on their 

general formation mechanism, laboratory experiments on the black crust formation could 

certainly help to test and refine our understanding of mechanisms, including the formation of 

high Δ17O black crusts in the presence of volcanic particles.  

Conclusion  

This work extends the study of black crust isotopic compositions from the urban Parisian 

Basin (Genot et al., 2020) to Sicily with more variable environments (e.g. volcanic and/or 

marine influenced environments). The Sicilian black crusts exhibit S- and O-MIF signatures 

as singular as in the Paris Basin, suggesting that the formation mechanism for all black 

crusts worldwide is similar. Their sulphur signatures (Δ33S and Δ36S) confirm that black crust 

is not formed from the deposition of atmospheric sulphate on walls but rather from dry 

deposition of SO2. The black crust anionic and isotopic (δ34S and δ18O) compositions show 

that, whatever the context, most of this SO2 is of anthropogenic origin.  Δ17O values confirm 

that the SO2 oxidation to sulphate and then gypsum on the stone wall is dominated by O2-

TMI and H2O2 pathways in standard rural to urban environments. It also highlights for the first 

time that in volcanic influenced environments, the formation of black crusts through SO2 

oxidation by ozone is enhanced. The results of the present study provide a working base for 

designing laboratory experiments needed to test the proposed mechanisms and elucidate 
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the role of volcanic particles in the enhancement of ozone oxidation in black crust formation 

and stone deterioration. 
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Figure 1 : a) Simplified map of Sicily showing the different sample locations : Palermo (PA) samples in blue circle, 

Catania (CT) samples in dark green circle, Acireale (AC) samples in pink circle , Zafferana (ZAF) samples in red 
circle and Linguaglossa (Li) samples in light green circle. The brown triangle corresponds to the Etna volcano. 
The main wind directions from the Mt Etna towards the SE are indicated: the grey zone illustrates the sporadic 
wind directions that can lead the volcanic emissions away towards Catania and Linguaglossa and the black zone 
indicates the dominant wind directions that lead the volcanic emissions away towards Zafferana and Acireale. 
Photos b), c), d) illustrate black crusts on highly porous carbonate stones (calcarenites of different geological age 
and grain-size distribution) from some of the considered sampling sites (see Table 1).  
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Figure 2: SEM images of black crusts from Palermo (PA-6 and PA-10) and the Etnean area (CT-5 and ZAF4). 
Gypsum crystals, rose-like gypsum aggregates and more chaotic gypsum aggregates are found in all samples 
(red arrows). Halite crystals and salt precipitation are frequently developed on black crusts from Palermo (white 
arrow on b, white areas on c, and green areas on d). Spherical metallic particles (white arrows on a), iron oxide 
(yellow arrow on a and b) are also observed in all samples. Altered volcanic glass (g) and silicates (blue arrows 
on e and f) are observed in black crust sampled near the Etna. d) corresponds to a chemical map showing the 
repartition of different major elements: Al, S and Ca. Purple zones highlight the areas with Ca and S, which 
correspond to gypsum and the green zones correspond to halite crystals (NaCl). f) Map showing the presence of 
Al, Si and Ca in black crust sampled near the Etna. Blue areas correspond to silicate particles (mineral or glass) 
and most of the red areas correspond to gypsum crystals.  
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Figure 3: Δ
17

O plotted against δ
18

O measured in black crust sulphates from Palermo, Catania, Linguaglossa, 
Acireale and Zafferana. Each cross and the associated coloured area represent the average Δ

17
O and δ

18
O 

values and its standard deviation (2σ). The grey boxes represent the expected isotopic signatures of sulphate 
formed by O2-TMI, H2O2 or O3 oxidation pathways, that are the three main oxidation channels proposed to explain 
our results (Savarino et al., 2000).  
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 Figure 4: δ
34

S as a function of δ
18

O measured in sulphate from black crust from different studies. Expected 
values for magmatic S-bearing gases (dark brown area), modern seawater (purple cross), sea-salt sulphate 
(blue cross), carbonate associated sulphate (light brown), gypsum plaster (yellow area) and anthropogenic 
sulphur from fuel combustion (green area) are also represented. Values are taken from (De Hoog et al., 
2001; Eiler, 2001; Labidi et al., 2012) for magmatic sulphur gases, from (Rees, 1970; Smith & Batts, 1974; 
Faure, 1986) for sulphur from fuel combustion, from (Holt & Kumar, 1991; Rees et al., 1978; Faure, 1986) 
for modern seawater sulphate and sea-salt sulphate, from (Turchyn et al., 2009; Rennie & Turchyn, 2014) 
for CAS and from (Kloppmann et al., 2011) for gypsum plaster. The grey area represents the sulphur 
isotopic composition of the anthropogenic end-member proposed by Genot et al., 2020.  
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Figure 5: Δ
36

S plotted against Δ
33

S measured in black crust sulphates from different sites in Sicily. The grey area 
represents the range of Δ

36
S and Δ

33
S values of black crust sulphates from the Parisian Basin and the light yellow 

area represents the range of Δ
36

S and Δ
33

S values of sulphate from urban aerosols (Genot et al., 2020 and 
references therein). 

 

Figure 6: [SO4
2-

] as a function of [Cl
-
] measured in black crusts from different studies (see legend for details). 

Group 1, Group 2, and Group 3 correspond to black crusts from this study. Ratios measured in seawater, in 
rainwaters from the Etnean area, from Palermo and in the plume of the Mt Etna are also represented (Aiuppa et 
al., 2001; Montana et al., 2012). It is important to notice that, since we report our concentrations to the mass of 
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black crust leached and that some of the other studies report concentrations from the ion chromatography 
measurements, the absolute concentrations between different studies are not comparable but only the [SO4

2-
]/ [Cl

-

] ratios are.  

 

 

 

 

 

 

 

 

 

 

Figure 7: Wind rose representing the dominant wind direction (the darker the area is, the more prevalent the wind 
direction is). The measured Δ

17
O values for each group are given by the distance to the circle centre, the 

rectangle represents the average value with the incertitude for each location. The dark triangle represents 
the Etna volcano. The darkest area (dominant wind direction) highlights the sites the most affected by 
volcanic emissions. It is worth noting that black crust Δ

17
O is higher in locations under strongest influence of 

volcanic emission (Group 3). 
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Figure 8: Schematic of possible black crust formation mechanisms. The two possible sulphur precursors for black 
crust formation are presented on the left-hand side. The middle part describes the possible mechanisms 
operating at the carbonate stone surface and the right-hand side shows the expected S- and O-MIF isotopic 
anomalies. SO2 from different sources (marine, anthropogenic or volcanic) either undergo oxidation in the 
atmosphere to form sulphate aerosols (rainwater sulphate is included) that can be then deposited on the 
wet wall or SO2 undergoes dry deposition on the wet wall. This leads to two possible mechanisms of 
gypsum formation via 1/ the reaction between deposited sulphuric acid and calcium from the carbonate 
stone, resulting in the Aerosol Type Gypsum but certainly a minor formation process according to black 
crust isotopic composition (black rectangle at the top); and 2/ the reaction between sulphate formed by the 
oxidation of deposited SO2 on the wet stone surface and calcium from the carbonate stone substrate, which 
appears to be the dominant gypsum formation process according to black crust isotopic composition, 
resulting in Urban Type Gypsum (blue rectangle) or Volcanic Type Gypsum (orange rectangle) depending 
on the volcanic influence. MIE (magnetic isotope effect) proposed by Genot et al. (2020) occurs on the wet 
wall and is not relevant to the case of the reaction between deposited sulphuric acid and calcium from the 
carbonate stone (black rectangle). See section 4.3 for more details.    
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Table 1 : List of black crust samples with their precise location and the nature of the stone substrate. Sample 

names reflect their main area: PA for Palermo, CT for Catania, Li for Linguaglossa, AC for Acireale, ZAF for 
Zafferana and SV for Santa Venerina. (Note that in this paper, SV samples are considered as ZAF samples due 
to their proximity to Zafferana). 

Samples Location Stone substrate Type of building  

PA1 
Via Garibaldi 53 cross with Via 
Schiavuzzo 

lime based mortar private building 

PA2 Via Garibaldi 59  biocalcarenite private building 

PA3 
Via Alloro 123 cross with Via dei 
Credenzieri 

reddish biocalcarenite 
and yellowish 
biocalcarenite 

private building 

PA4 
Via Paternostro A. 40 cross Via 
Caltabellotta 

lime mortar on 
biocalcarenite 

Cattolica Palace 

PA5 Corso Vittorio Emanuele 111 biocalcarenite Amari Palace 

PA6 Corso Vittorio Emanuele limestone Chiesa di Santa Maria di Portosalvo 

PA7 Corso Vittorio Emanuele 39 lime based mortar Vassallo Palace 

PA8 Corso Vittorio Emanuele 31b biocalcarenite 
Chiesa di S. Maria della Catena-
Archivio di Stato 

PA9 Via del Celso 19 biocalcarenite Santamarina Palace 

PA10 Piazza Montevergini biocalcarenite Chiesa di S. Maria di Montevergini 

PA11 Via del Celso 145 (in front of) biocalcarenite Chiesa di S. Agata alla Guilla 

PA12 Piazzetta Sant'Agata alla Guilla biocalcarenite Chiesa di S. Agata alla Guilla 

PA13 Via del Protonotaro 
lime based mortar and 
biocalcarenite 

private building 

CT1 Via Auteri 52  Iblean calcarenite private building 

CT2 Via Sgroi 12 Iblean calcarenite private building 

CT3 Via Sgroi 12 basalt private building 

CT4 Via Crociferi 9 Iblean calcarenite private building 

CT5 Via Crociferi Iblean calcarenite 
Chiesa di S. Francesco Borgia - 
balustrade 

CT6 Via Crociferi Iblean calcarenite 
Chiesa di S. Francesco Borgia - 
stairs 

CT7 Via Crociferi Iblean calcarenite 
Chiesa di S. Francesco Borgia - right 
pilaster 

CT8 Via S. Elena Iblean calcarenite Chiesa di S. Camillo-lateral facade 

CT9 Via Cerami Iblean calcarenite Cerami Palace 

CT10 Via Santa Maddalena 27 Iblean calcarenite private building 

CT11 Via Santa Maddalena 27 
substrate of sample 
CT10 

private building 

CT12 Via Gesualdo Clemente Iblean calcarenite private building 

CT13 Piazza Dante 34 
substrate of sample 
CT14 

IBAM Institute 

CT14 Piazza Dante 34 Iblean calcarenite IBAM Institute 

CT15  
inside of the Monastero dei 
Benedettini 

Iblean calcarenite Monastero dei Benedettini 

CT16  
Piazza Dante cross with Via 
Teatro Greco 

basalt 
Conservatorio delle Verginelle di S. 
Agata - Lateral facade 

CT17 Via Teatro Greco 84 basalt 
Conservatorio delle Verginelle di S. 
Agata - Lateral facade 

CT18 Via Teatro Greco 84 efflorescences on basalt 
Conservatorio delle Verginelle di S. 
Agata - Lateral facade 

CT19 Via Teatro Greco 84 
efflorescences on Iblean 
calcarenite 

Conservatorio delle Verginelle di S. 
Agata - Lateral facade 

CT20 Via Vittorio Emanuele 300 Iblean calcarenite Valdisavoja Palace 
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LI1 
Linguaglossa, via Camillo Benso 
Conte di Cavour, 21 

Iblean calcarenite/plaster private building 

LI2 
Linguaglossa, via Camillo Benso 
Conte di Cavour, 19 

Iblean calcarenite private building 

LI3 Linguaglossa, via Roma 142-144 
Iblean calcarenite/lime-
based plaster 

private building 

LI4 Linguaglossa, via Roma 95-97 Iblean calcarenite private building 

LI5 Linguaglossa, via Roma 117 Iblean calcarenite private building 

ZAF1 
Zafferana Etnea, Umberto I Place 
24 

Iblean calcarenite private building 

ZAF2 Zafferana Etnea, Via Roma 321 
Iblean calcarenite/lime-
based plaster 

private building 

ZAF3 Zafferana Etnea, Via Roma 274 Iblean calcarenite private building 

ZAF4 Zafferana Etnea, Via Roma 156 Iblean calcarenite private building 

SV1 
Santa Venerina, Via Ardichetto (in 
front of n. 22) 

Carrara marble private building 

AC1 Acireale, Via Lancaster 1 Iblean calcarenite private building 

AC2 Acireale, Via dei P.P. Filippini lime-based mortar private building 

AC3 
Acireale, Vicolo dei P.P. Filippini 
21 

Iblean calcarenite private building 

AC4 Acireale, Vicolo Zelanti 10 Iblean calcarenite private building 

AC5 Acireale, Via Pennisi 7-9 lime-based plaster private building 

AC6 
Acireale, Via Vittorio Emanuele II 
(in front of n. 184) 

lime-based plaster Sant'Antonio Church 

AC7 
Acireale, Via Vittorio Emanuele II 
199-201 

Iblean calcarenite private building 

AC8 
Acireale, Via Vittorio Emanuele II 
154 

Iblean calcarenite private building 

 

 

Table 2: oxygen and sulphur multi isotopic values measured in black crusts. All values are expressed in permil ± 
0.8, 0.1, 0.8, 0.01 and 0.20 (1σ) for δ

18
O, Δ

17
O, δ

34
S, Δ

33
S and Δ

36
S respectively. Mean values and standard 

deviation (2σ) for each group are indicated in bold.  

Samples δ18O 
SMOW 

Δ17O 
SMOW 

δ34S 
CDT 

Δ33S 
CDT 

Δ36S 
CDT 

Group 1 9.6 ± 0.9 0.44 ± 0.26 0.9 ± 1.56 -0.2 ± 0.09 -0.3 ± 0.11 

PA1 11.8 -0.07 1.36 -0.31 -0.53 

PA2 11.5 0.84 0.56 -0.05 -0.37 

PA3 9.3 0.52 -0.59 -0.29 -0.07 

PA4 - - 0.21 -0.4 -0.39 

PA5 10.2 -0.14 - - - 

PA6  8.6 -0.17 -0.43 -0.05 -0.38 

PA7 7.2 0.02 -2.68 -0.2 -0.59 

PA8 9.2 0.71 0.59 -0.18 -0.39 

PA9 10.3 0.94 - - - 

PA10 11.3 1.00 4.14 -0.1 -0.19 

PA11 9.5 0.98 5.1 -0.01 -0.18 

PA12 7 0.26 - - - 

PA13 8.9 0.37 - - - 

Group 2 11.3 ± 1.1 1.61 ± 0.43 4.9 ± 2.52 -0.06 ± 0.03 -0.17 ± 0.11 

CT2 11.2 1.36 4.05 -0.06 -0.07 

CT3 12.9 1.37 - - - 
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CT4 9.8 0.73 - - - 

CT5 9.5 2.00 5.84 -0.08 -0.24 

CT6 9 1.03 5.77 -0.1 0.41 

CT7 8.9 0.97 - - - 

CT9 16.6 3.68 -1.64 0.02 -0.2 

CT10 12.7 1.78 3.99 -0.09 -0.21 

CT12 10.8 0.72 2.88 -0.14 -0.36 

CT14 11.9 1.24 9.13 -0.04 -0.06 

CT20 13.8 2.08 1.91 -0.19 -0.43 

Li1 8.5 1.27 6.51 -0.01 -0.15 

Li2 13.3 1.73 10.14 0 -0.17 

Li3 10.6 3.20 -0.74 -0.01 -0.19 

Li4 10.1 0.44 15.04 -0.01 -0.16 

Li5 11.5 2.12 0.88 -0.08 -0.33 

Group 3 13.6 ± 1.1 2.7 ± 0.58 1.6 ± 1.9 -0.1 ± 0.08 -0.2 ± 0.11 

AC1 12.9 2.81 2.62 -0.34 -0.22 

AC2 12.5 1.75 5.56 -0.02 -0.16 

AC3 13.8 3.62 -1.27 -0.03 -0.44 

AC4 16.2 3.01 5.55 -0.08 0.18 

AC5 12 2.85 -1.74 0.01 -0.29 

AC6 13 2.13 4.23 -0.05 -0.29 

AC7 16.3 3.54 -0.11 -0.08 -0.2 

AC8 10.4 0.47 -0.5 -0.3 -0.25 

ZAF2 13.1 2.13 - - - 

ZAF4 13 3.04 - - - 

SV1  16.3 3.82 0.25 -0.03 -0.07 

 

 

Table 3: Proportion of the different oxidation channels fO2-TMI, fH2O2 and fO3, that contribute to the SO2 oxidation on 
the stone substrate for each group of black crust samples. The Δ

17
Omeasured values correspond to the average 

value for each group. Group1 includes black crusts from Palermo, Group 2 includes black crusts from Catania 
and Linguaglossa and Group 3 includes black crusts from Acireale and Zafferana. Calculation details are in 
supplementary material II.  

Black crust 
Δ17Omeasured 

(‰) 

fO2-TMI 

(%) 

fH2O2 

(%) 

fO3 

(%) 

Group 1 0.44 45-94 55-0 0-6 

Group 2 1.61 0-81 91-0 9-19 

Group 3 2.65 0-69 78-0 22-31 
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