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Abstract: The study is focused on the analysis of black crust and soiling on the building materials
of the medieval Lipowiec Castle in southern Poland. The castle was constructed using local, partly
dolomitic limestones and dolomites, supplemented with other limestones and bricks, during 20th-
century renovations of the castle ruins. The crust and soiling components, secondary mineral phases,
and particulate matter of anthropogenic origin were analysed using Raman micro-spectroscopy (RS)
and scanning electron microscopy coupled with energy-dispersive spectrometry (SEM-EDS). The
crust, mostly composed of gypsum and other sulphate phases, was found to contain carbonaceous
matter, spherical Si-Al glass particles, and iron oxides, with admixtures of other elements, including
heavy metals, as well as irregularly shaped particles containing various metals. These components
reflect the air pollution in the region, related to the combustion of solid fuels in both industrial power
plants and local domestic furnaces, Zn-Pb ore mining (operational until 2021), and smelting in the
neighbouring industrial centre. Despite its location in a rural area, the castle has been exposed to
pollution for an extended period due to its proximity to large industrial centres. Therefore, the crust
analysed may serve as an environmental indicator of the nature of the air pollution in the region.
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1. Introduction

Stones used for the construction of external elements of historic castles and other
heritage buildings are susceptible to atmospheric weathering [1]. Concurrently, industrial
development in recent centuries has brought about, among other consequences, substantial
deterioration in air quality, affecting not only urban areas but also rural environments. The
combustion of coal and other fossil fuels, vehicular traffic, and various other industrial
emissions result in atmospheric pollution from sulphur dioxide (SO,), particulate matter
(PM), and numerous other gaseous (e.g., NOy, CO,, H,S, and HCI) and dusty compo-
nents [2-4]. As a result, stone surfaces exposed over long periods gradually darken due to
the accumulation of pollutants, particularly carbonaceous particles [5-9]. Consequently,
these surfaces become coated with thin black layers and/or so-called soiling [10]. These
black layers, in turn, accumulate more air pollutants and may accelerate the physicochemi-
cal deterioration of historic stones [11-17]. Black crust, appearing mainly in sites protected
from direct rainfall or water runoff in urban environments, compromises the durability and
aesthetic appeal of historic buildings and monuments. The crust forms a reactive surface
on which other precipitates may form. This is because carbonaceous particles and metallic
compounds in the particulate matter can act as active catalysts for the transformation of
the substrate (e.g., calcium carbonate) to gypsum. Black crust is commonly defined as a
deteriorated surface layer of hard and fragile stone material, varying in thickness [4,18-22].
Black crust, whether strongly or weakly attached to the background material, may also
freely detach from the stone, especially in cases where the latter is significantly altered.
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Previous studies have revealed that black crust often consists of a gypsum (CaSO4-2H,0)
matrix with atmospheric dust particles (carbonaceous, metallic, mineral, soot, ash, etc.)
trapped inside, which are responsible for its dark colouration [5,8,23]. The gypsum layer,
produced by the reaction of calcite from the stone or mortar with atmospheric SO,, often ex-
hibits high porosity, facilitating the accumulation of not only dust particles but also organic
matter (e.g., microbial biomass and its metabolic products) [24,25]. Microorganisms may
produce various organic acids, dissolving carbonate and even silicate rock components, and
forming water-soluble salts or complexes [25-27]. Microbial cells colonising a stone surface
intensify the degrading effects of pollution. The impacts of biodegradation may resemble
those of physical weathering, e.g., surface roughening, the formation of small fissures, and
colour changes [25]. Under such conditions, it may be difficult to distinguish non-biological
stone degradation from that associated with microbiological growth. Therefore, the identi-
fication of various particles deposited on stone surfaces is crucial for analysing the causes
and nature of stone deterioration [17].

Last year’s studies on black crust focused on salt crystallisation and organic matter, as
well as carbon and metallic (Fe, Zn, Pb, Cd, As, etc.) particle deposition [15,16,25,28-32].
Black crust and soiling may yield significant information about air quality, making them
important for both the environment and human health [17,33]. Heritage building studies
conducted continuously or repeatedly, over long periods of time, may yield data on varia-
tions or tendencies in air pollution, of key importance for pollution control and sustainable
regional development [34,35].

In this study, Raman micro-spectroscopy (RS) and scanning electron microscopy cou-
pled with energy-dispersive X-ray spectroscopy (SEM-EDS) were used for the analysis of
soiling and black crust sampled from the ruins of Lipowiec Castle, situated in a rural area
in southern Poland. The soiling and crust formed as thin, outer layers on the substrata
of Triassic and Jurassic carbonate rocks (limestones and dolomites) and bricks. The study
focused on mineral analysis of the crust samples, including the identification of particulate
matter of anthropogenic origin, initially deposited on the surface and subsequently trapped
in the growing black crust or soiling. Based on the crust components identified, possible
sources of pollution were discussed. Finally, the analyses aimed to present the characteris-
tics of the black crust from a historic building situated in the countryside. New data on the
black crust developed on historic stones in a rural area may aid built heritage management,
promoting projects aimed at its valorisation and, more generally, environmental safety.
This could contribute to the improvement of air quality and, consequently, the health of
people and monuments.

2. Site and Monument

This study presents the black crust and its components from the historic stones of
Lipowiec Castle, situated in the village of Babice, Chrzanéw county, in the Matopolska
province (southern Poland). The castle, built in the 13th-15th centuries and subsequently
seriously damaged by two 17th-century fires, was finally ruined in the 19th century. Since
the 1950s, the picturesque castle ruin on the top of the limestone Lipowiec hill (362 m asl),
covered with mature beech forest, has been legally protected as the Lipowiec Nature
Reserve, extending over an area of 11.39 ha [36].

The Lipowiec hill, situated in the SW part of the Tenczyniski Hump, close to an
important fault stretching E-W and separating it from the Vistula River valley, consists
of various Triassic limestones, partly dolomitised, in the upper part of the profile [37,38].
Lithologically, these include porous limestones from the Rhetium (the uppermost lower
Triassic) and middle Triassic (known as “‘Muschelkalk’) wavy laminated and organogenic
limestones, as well as ore-bearing and organogenic, diplopora dolomites outcropping
nearby [37,39,40]. Direct observations of stone blocks within the castle walls allowed us to
identify practically all varieties of the above-mentioned Triassic limestones and dolostones
(Figure 1). During the complex renovation and conservation work in the 1960s and 1970s,
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before opening the Lipowiec Castle ruin to the public, white Jurassic limestones of superior
quality and resistance parameters, along with bricks, were added to the castle walls.

Figure 1. General view of the Lipowiec Castle after conservatory work in 2022-2023 (a). Examples
of stones used for the construction of the castle, post-conservation: Triassic, wavy laminated lime-
stone (b), Triassic organogenic dolomite (c), and ore-bearing dolomite (d). Signs of deterioration,
black crust, and soiling on stone blocks and bricks before conservation (e-g).

The castle ruin is directly exposed to external factors, such as changing weather
conditions and the direct impact of air pollution. Hence, it suffers from significant dampness
resulting in the crystallisation of water-soluble salts, visible in the form of efflorescences
and the disintegration of some blocks. In areas sheltered from direct rainfall, black and
dark crusts are clearly visible on the stone surfaces. Traces of biological activity from
microorganisms can also be observed. Some stone blocks exhibit more severe damage; they
are cracked throughout, which results in settling and falling off the wall.

Lipowiec Castle, along with the village of Babice, is situated in the western part of
the Matopolska voivodeship, halfway between the city of Krakéw (35 km east) and the
industrial region of Upper Silesia to the west. Although the immediate vicinity of the castle
is a rural area, the whole Cracovian-Silesian region is one of the most polluted in Poland.
The industrial towns of Oswiecim, Libiaz, Chrzanéw, Trzebinia, and Olkusz lie only about
5-20 km W, NW, and N from the castle. Since the 19th century (even earlier in the case of Zn-
Pb ores exploitation and smelting), the industrial development of the region has been based
on mining, metallurgy, energetics, and chemical and metal industries. The area of Babice
and Lipowiec may be affected by emissions from Zn-Pb ores exploitation (permanently
halted in 2021), their processing, and smelting (still operational) in nearby Bolestaw. With
prevailing W and NW winds, the study area is exposed to substantial atmospheric pollution
from the entire highly industrialised Upper Silesian Industrial Region, 30-60 km to the
west. Even long-distance transport of contaminants from southern Upper Silesia, as well as
Karvina and Ostrava in Czechia, about 100 km SW, cannot be ruled out. Possible industrial
pollution from the Krakow agglomeration in the east should also be considered. Finally,
local coal combustion of household fuels in the heating season, transport, and minor
economic activities also contribute to the total air pollution in the study area. It should
be noted that in the last three decades, harmful industrial activity in the region, as the
case across Poland, has substantially decreased. Concurrently, the emission of pollutants
is limited by strict EU and Polish legal regulations. On the other hand, the black crust
on the surface of the Lipowiec Castle stones must have started to form during the onset
and peak of the industrial activity in the region, several decades ago. Therefore, its study
should yield valuable information on the nature of industrial pollution in a rural area, but
in proximity to highly industrial and densely populated centres.
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3. Materials and Methods

Samples were collected during the most recent castle conservation campaign in 2022,
courtesy of Ms Karolina Pachuta from the Conservation and Renovation Company Piotr
Biatko Ltd., Krakéw, Poland. They were taken from the west, south, and north wings of
the castle ruin, at a height of about 1-1.5 m above ground level, with three or four samples
from each side. At the time of sampling, the eastern part of the ruin was inaccessible for
security reasons. The samples represent black crust and surface soiling formed on three
types of building materials: limestone, dolomitic limestone and/or dolomite, and brick
used in the construction and earlier renovations of the castle (Figure 1).

The black crust samples collected could be divided into two categories: larger ones,
up to 20-30 mm, with a piece of stone or brick underlying a black crust (or very thin soiling
only); and very small pieces of a black crust scaled off. In the first case, it was possible to
make polished thin sections, cut perpendicular to the outer layers of the samples. These
thin sections allowed for preliminary mineralogical and petrographic observations of stones
and the determination of mineralogical composition and evaluation of the thickness of the
black crust. They were also used for the SEM-EDS analysis.

For the preliminary microscopic analysis of stones, bricks, and black crust an Olympus
BX-51 polarising microscope was utilised. Laboratory studies comprised extensive min-
eralogical and chemical analyses of the samples based on the following methods: Raman
micro-spectroscopy (RS) and scanning electron microscopy coupled with energy-dispersive
X-ray spectroscopy (SEM-EDS).

The molecular characteristics of the particulate matter were determined using Ra-
man micro-spectroscopy. The spectra were recorded with a Thermo Scientific DXR (Data
Extraction and Recording) Raman Microscope with a 900 grooves/mm grating and a
charge-coupled device (CCD) detector. The Olympus 10x (NA 0.25) and 50x (NA 0.50)
objectives (theoretical spot sizes of 2.1 and 1.1 um, respectively) were used. A 532-nm
diode laser (with a maximum power of 10 mW) was the excitation source. The spectra
were recorded at an exposure time of 3 s and from ten to hundred data accumulations. The
laser power varied from 3 to 10 mW, depending on the quality of spectra, to avoid possible
thermal decomposition of the material analysed. Band component identification was per-
formed using the Omnic software package (Omnic 9, 1992-2012, Thermo Fisher Scientific
Inc., Waltham, MA, USA). The spectra were analysed based on free Raman databases (e.g.,
RRUFF Raman Minerals spectra libraries [41]) and other literature data [42-44]. They were
recorded randomly on the crust samples under study. In addition, Raman line maps across
the samples were acquired, using the computer-controlled x—y-z stage. The line consists of
ca. 100 spectra at a step size of 5 um. All the obtained spectra have been analysed.

The morphology, microstructure of the crusts, and elemental composition of their
components were studied using a Field Electron and Ion Company (FEI) 200 Quanta FEG
(field emission gun) scanning electron microscope with an EDS/EDAX spectrometer (FEI
Company, Fremont, CA, USA, AMETEK (GB), EDAX Business Unit, Leicester, UK). The
maximum excitation voltage was 20 kV and a low vacuum mode (with a pressure of 60 Pa)
was used. Analyses were conducted on relatively flat pieces of the exposed and slightly
altered black or dark crusts. Large numbers of standardised analytical points were used
to characterise the particulate matter present within the crust samples. Characteristics
of anthropogenic particles on the crust surface were based on semiquantitative chemical
composition. Mapping of selected microscopic areas in the samples, demonstrating the
distribution of selected elements over the crust surface, was also performed. Selected
samples were examined in profiles perpendicular to the weathered surfaces (thin sections).

Raman micro-spectroscopy (RS) and scanning electron microscopy with energy-
dispersive spectrometry (SEM-EDS) were chosen as they allow analysis of individual
particles embedded within the black crust. Moreover, even very small, millimetre-sized
samples could be examined, which is very important for historical objects. Restrictions in
sampling stone monuments and minimising sample dimensions often limit a comprehen-
sive application of other analytical methods, making the clarity of results rather problematic.
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At the same time, non-destructive RS and SEM-EDS permit to use of the same samples for
both analytical methods, yielding information about the elemental and molecular composi-
tion of the black crust components. They also enable the visualisation of the distribution
of the crust components based on relevant maps. Finally, Raman spectroscopy allows
us to distinguish secondary salts of various hydration degrees, which are very deleteri-
ous, as they substantially change their volume in dissolution-recrystallisation cycles. The
crystallisation pressure resulting is one of the most effective damaging factors [12,45].

4. Results
4.1. Raman Micro-Spectroscopy

Spectra of carbonaceous particles, presumably soot, were recorded for black crust de-
veloped on limestone, dolomitic limestone, dolomite blocks, and bricks. Typical first-order
Raman spectra collected in this study are presented in Figure 2. The spectra exhibit two
broad bands that peak within 1350-1380 cm~! (D peak, i.e., Defect peak) and between
1580 and 1650 cm ™! (G peak, i.e., Graphite peak). This indicates the presence of both
nanocrystalline and amorphous carbon. As the ratio of the areas of the D and G bands
(ID/IG) serves as an indicator of disorder in the graphite lattice, spectral parameters from
two-band curve-fitting procedures, often used for carbonaceous particles [46—48], could be
determined. The ID/IG ratio decreases with increasing order in the structure of the carbona-
ceous matter [49-51]. However, the ID/IG ratio also depends on the carbon nanostructure,
whether it leans towards an amorphous layered carbon or disordered nanocrystalline
graphitic carbon. Existing sources report that for nearly amorphous carbon films, the
ID/IG ratio increases with increasing dimensions of the graphite crystallites [52,53]. On
the other hand, for disordered nanocrystalline graphitic carbon, the ID/IG ratio decreases
with increasing sizes of the graphite crystallites [48,54].

1010 Gp

o A et

1900 1600 1300 1000 700 400 100
Raman shift /cm-1

Intensity [arb. unit]

Figure 2. Representative first-order Raman spectra of carbonaceous matter, presumably soot (bands
G—Graphite peak, and D—Defect peak), from black crust samples. The spectra also display a band
characteristic for gypsum (Gp, main band at 1010 cm™1).

The spectra produced in this study were fitted with a combination of G and D bands
at ~1600 or ~1585 and ~1360 cm ™!, respectively. It was found that the analysed carbon
particles exhibited different values of the ID/IG ratio. Generally, two groups of soot could
be observed. One group is characterised by a higher ID/IG ratio in the range of 3.55-4.03,
while for the other, these values are significantly lower, in the range of 0.29-0.65. This may
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suggest various structural disorders in soot; e.g., ID/IG for graphite of a solid electrode
bar is 0.2, whereas for highly ordered SHER graphite it is 0.0 [49]. In one of the author’s
previous studies on graphitic carbon from the black crust on the historic monuments in
Krakéw (Poland), these ratios reached 1.3 [55].

A typical Raman line map of the black crust covering the stone blocks is presented in
Figure 3. The distribution of amorphous carbon on the black crust surface is characterised
by the presence of G and D bands in the spectrum (a single peak area option between 1350
and 1650 cm ! was applied), the line consists of ca. 100 spectra at a step size of 5 um. The
varying intensity of Raman bands in the line map seems to indicate that carbonaceous
particles do not form a compact layer. In the selected range, some bands related to f3-
carotene could also be identified [56]. However, due to overlap with soot bands, this
substance could be detected only in a few points of the profile. It may be inferred that the
graph corresponds to the presence of soot in the sample along the profile analysed.

Distance /um

3000 2000 1000

Raman shift fem =1 ( )

0.00

100.00

200.00 300.00 400.00 500.00 600.00 700.00
Distance /um

Figure 3. Distribution of amorphous carbon on the black crust surface based on Raman micro-
spectroscopy analyses. Images of resulting Raman signals as a 2D map (Raman intensity in terms

of blue colour brightness) (a), line map (peak area range between 1350 and 1650 cm~! versus

distance) (b), and photomicrograph of black crust with analytical profile (dotted line; “+” starting
point of the profile) (c). Image (a) indicates the presence of gypsum (thin vertical line ~1100 cm™1).

Other black crust components are salt minerals. In the case of the crust developed
on building materials from Lipowiec Castle, sulphate salts predominate. A common and
typical secondary mineral of the black crust is gypsum (CaSO4-2H;0), which was detected
in the crusts formed on limestone, dolomitic limestone, dolomite blocks, and bricks. The
presence of this mineral was confirmed by the bands at 1010 cm ™! (v{ symmetric stretch-
ing), minor bands at 416 and 492 em ™!, in addition to 621 and 672 cm™! (v, symmetric
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Barite

Intensity [arb. unit]

and v4 antisymmetric bending of SO42~, respectively) and 1136 cm ! (v3 antisymmetric
stretching) [50,57] (Figure 4a). Its presence, marked with a line ~1100 cm ™!, is also evident
in the Raman line map (Figure 3).
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Figure 4. Characteristic Raman spectra of secondary salt minerals from the black crust samples:
gypsum and barite (a), pentahydrite and hexahydrite (b), niter and calcite (c), and -carotene and
anatase (d).

In addition to gypsum (hydrated calcium sulphate), in crust samples covering dolomitic
limestone, dolomite blocks and bricks, hydrated magnesium sulphates (MgSO4-nH,O
series) were occasionally detected (Figure 4b). Primarily, however, they occur in the form
of efflorescences, not as a component of the black crust. Shifts of the major 5042~ Raman
band (v1) and the position of the bands around 1050-1200 em ! (v3 SO427) helped to
determine the degree of hydration of these phases [42]. The Raman spectra with the signals
at 1146 (v3), 1079 (v3), 983 (v1), 627 (v4), and 465 (v;) cm ™! correspond to hexahydrite
MgS0,4-6H,0 [42,43]. However, in the absence of a v3 SO42~ band, the presence of epsomite
MgSOy-7H,0 cannot be excluded (v; at 983 cm™1). Furthermore, the bands at 1159 (v3),
1003 (v1), 598 (v4), and a shoulder ca. 450 (v;) should be attributed to pentahydrite
MgSO,-5H,0 [42,43].

Another salt occasionally detected in the black crust on carbonate building stones is
barite (BaSO,) (Figure 4a). Its occurrence is confirmed by the intensive band at 988 (v1) cm™!
and other characteristic absorption bands: v, bands at 453 and 461 cm~1; v3 bands at 1102,
1139, and 1167 cm~!. Additionally, the presence of niter KNOj could be inferred from its
main bands at 1052 cm~! and 712 cm ™! (Figure 4c). This salt was found on both stone
blocks and bricks.

Occasionally, calcite has been observed on the black surfaces of bricks and even as
a white crust on some bricks. Its presence is evidenced by bands at 1086, 713, 280, and
157 cm ™! (Figure 4c).

The previously mentioned carotenoids, registered in the black crust covering the stone
blocks (Figure 4d), should indicate the presence of microorganisms producing these organic
pigments in the crust. The bands recorded at 1006, 1156, 1191, 1273, and 1522 cm ! allow
the identification of 3-carotene [56,58].
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Furthermore, the bands at 144, 397, 517, and 640 cm~! are associated with the presence
of anatase (3-TiO,) (Figure 4d). TiO, particles were found among the components of all the
analysed black crust samples.

4.2. SEM-EDS

Scanning electron microscope observations and analyses of the black crust samples
confirmed the presence of the phases identified by the Raman micro-spectroscopy and
allowed the detection of other particles deposited on the exposed stone surfaces.

The black crust on both stone blocks and bricks was composed of gypsum, and in
some samples, it was accompanied by other salts, such as hydrated magnesium sulphates,
niter, and single crystals of barite. The gypsum layer is up to about 200 um thick (Figure 5).
Gypsum crystals are subhedral and/or anhedral in shape and sometimes they exhibit
signs of dissolution. Magnesium sulphates and niter, occasionally present in black crust
developed on dolomitic limestones, dolomites, and bricks, exhibit anhedral habits. Barite,
present in crust developed on blocks of carbonate rocks, forms irregular crystals with sharp
edges, up to 5 pm in size. Gypsum crystals form a type of network, in which various
solid particles are entrapped. The EDS maps present the distribution of Ca, Mg, and S,
indicating the quantitative domination of sulphate phases. The distribution of Si, Al Fe,
and Ba demonstrates the presence of various chiefly anthropogenic particles embedded in
the sulphate matrix (Figures 5 and 6).

200 pumg e

D ——

——————

Figure 5. EDS elemental distribution maps of Ca, Mg, C, S, Si, Al, and Fe. Sample of the dolomitic
limestone; thin section cut perpendicular to the surface.
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Figure 6. EDS elemental distribution maps of C, S, Fe, Si, and Ba, and elemental composition of
anthropogenic particles visible at the back-scattered electron (BSE) image of the black crust. The image
presents spherical iron oxide particles with dendritic surfaces (1, 3) and a particle of barium sulphate
(2) dispersed among other anthropogenic particles and gypsum crystals. The semiquantitative
composition of particles 1-3 is provided in Table 1.

Table 1. Semiquantitative composition (weight %) of particles deposited on the black crust, acquired
using EDS. For the exact positions, appearance, and shapes of the particles analysed, see Figures 6-9.

Analysed Point *

Element 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
C 598 747 566 543 2652 2596 522 4.03 5.51 416 6979 5084 477 4.73 4.58
O 41.11 38.84 3424 4551 4178 3237 3751 4059 1896 36.81 2020 16.14 47.00 43.92 40.27

Na bdl bdl bdl 069 039 bdl bdl 024 019 bdl 028 bdl bdl bdl bdl
Mg 330 098 112 122 058 024 056 181 077 120 021 bdl 256 049 051
Al 549 237 245 1474 1094 647 144 18 179 19 064 bdl 228 119 135
Si 6.09 344 349 2350 1224 1088 331 261 281 355 114 092 759 212 266
p 034 bdl 029 bdl bdl bdl bdl 08 bdl 033 bdl bdl 060 bdl bdl
S 203 973 217 089 162 182 18 310 679 355 271 283 478 660  6.65
Cl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
K 049 050 047 289 128 203 045 023 057 042 077 bdl 073 033 041
Ca 277 266 260 193 365 38 296 462 837 579 319 371 9.04 767 7.06
Ba b.dl 29.02 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ti 059 bdl bdl 051 034 bdl bdl 013 038 bdl bdl bdl 05 bdl 032
Cr bdl bdl bdl bdl bdl bdl 064 bdl 2677 bdl bdl bdl 050 bdl 022
Mn 061 b.dl bdl bdl bdl bdl bdl 071 091 059 bdl bdl 317 bdl 017
Fe 3121 497 4764 263 069 085 4604 3990 2610 4067 1.06 629 1426 31.77 3354
Co bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 017 bdl bdl bdl
Cu bdl bdl bdl bdl bdl 032 bdl bdl bdl bdl bdl bdl 115 117 141
Zn bdl bdl bdl bdl bdl 353 bdl bdl bdl 09 bdl bdl 101 bdl 079
As bdl b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl 1911 bdl bdl bdl
Pb bdl bdl bdl bdl bdl 1142 bdl bdl bdl bdl bdl bdl bdl bdl bdl

—

* For the exact positions of the analysed particles, see Figures 6-9. b.d.1.—below the detection limit. The detection

limit is about 0.1 wt%.
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Analyses of single grains, their shapes, and chemical composition determined by EDS
allow for the classification of these particles. Carbonaceous particles, likely soot, giving a
dirty, black appearance to the stone surface, are dispersed among the crust components,
without forming a uniform, continuous layer. The SEM-EDS map of the surface distribution
of carbon, displayed in Figure 6, is consistent with the results based on Raman micro-
spectroscopy analyses (see also Figure 3). Soot particles form aggregates usually elongated
in shape, up to ca. 20 um. Individual grains composing such aggregates were not distin-
guishable enough to be analysed separately. The most detailed structural characteristics of
soot could be achieved by, for example, high-resolution transmission electron microscopy:.

Other commonly observed components of the crust are fly ash particles. These an-
thropogenic components are chiefly represented by smooth, spherical aluminosilicate glass
particles, ranging from several to 20-30 um in size. The principal chemical components of
the glass spheres are silicon (Si) and aluminium (Al), accompanied by calcium (Ca), potas-
sium (K), magnesium (Mg) and, in some particles, admixtures of iron (Fe) and titanium (Ti)
(Figure 7, Table 1). The particles are partially covered by small crystals of calcium sulphate,
presumably gypsum (Figure 7), which may suggest favourable conditions for sulphate
crystallisation. Apart from the above elements, spherical particles containing Pb and Zn,
up to 5 pum in size, have also been encountered (Figure 7, Table 1).
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Figure 7. Back-scattered electron (BSE) images of the black crust and elemental composition of
anthropogenic particles marked on the images. Spherical aluminosilicate glass particles of various
compositions (4-6) are visible. Particle 4 is partly covered with small crystals of calcium sulphate,
likely gypsum, which may indicate favourable conditions for sulphate crystallisation on its surface.
The semiquantitative composition of particles 4-6 is provided in Table 1.

Fairly abundant spherical particles of iron oxides, from several to a few dozen um
in size, exhibited smooth (Figures 8 and 9) or characteristic dendritic (Figures 6 and 8)
morphology of their surfaces. Their main component is Fe, whereas Mn, Ti, Zn, and Cr
are present as admixtures (Figures 6, 8 and 9 and Table 1). Iron oxide particles generally
contain only small, subordinate amounts of glassy matrix.

Irregular and sharp-edged particles were also observed, up to 10 um in size, containing
such metals as Fe, Cr, As, Mn, Co, Cu, and Zn (Figures 8 and 9 and Table 1).

Silicates, among them quartz and feldspars (alkali feldspars KAISi3Og and NaAlSizOg),
were also identified as particulate matter deposited on stone surfaces.
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Figure 8. Back-scattered electron (BSE) image of the black crust and elemental composition of some
particles are marked on the image. The image presents spherical particles of iron oxide of various
morphology and composition (7-8), sharp-edged shaped particles enriched in heavy metals (9-10),

and a carbonaceous particle (11) trapped in a gypsum matrix. The semiquantitative composition of
particles 7-11 is provided in Table 1.
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Figure 9. Back-scattered electron (BSE) images of the black crust and elemental composition of some
particles, marked on the image. The images present irregular particles containing heavy metals (12,
15) and spherical particles enriched in iron and other metals (13, 14) among gypsum crystals. The
semiquantitative composition of particles 12-15 is provided in Table 1.

5. Discussion

Based on the RS and SEM-EDS analyses, black crust samples from various stone blocks
and bricks, collected from different parts of the castle ruin, were found to be quite uniform
in their chemical and phase composition. This lack of significant variability, depending on
geographic and prevailing wind directions, is presumably due to the proximity of multiple
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sources of pollution in the region. The black crust on stones and bricks consists of a gypsum
matrix with carbonaceous matter, likely soot, and other anthropogenic particles entrapped
among the sulphate crystals. According to the literature, this is a characteristic feature of
black crust [20,22].

Major sources of soot emissions include transportation, industry, individual house-
holds (for heating and cooking), and open burning. In small towns and villages in Poland,
household coal combustion is still a major source of soot, particularly in the autumn and
winter seasons. Nevertheless, the origin of the soot particles is difficult to determine. Their
morphology, sizes, and shapes vary, depending on type of the fuel burned, combustion
processes (temperature, cooling rate of the exhaust gases), and chemical reactions in the
atmosphere [59]. Raman micro-spectroscopy analyses provided significant data for the
characteristics of these particles. Based on these analyses, the observed variations in the
ID/IG area ratio calculated (ID/IG ratios in the ranges of 3.55-4.03 and 0.29-0.65) reflect
different sources of carbonaceous matter. A study of the airborne ambient soot (PM 2.5)
collected at suburban air monitoring stations in southern Poland (Silesia province) revealed
that the ID/IG area ratio is distinctly higher for samples from the heating season than for
these from the non-heating part of the year, mirroring the ID/IG ratio for soot originating
from coal combustion and wood burning. On the other hand, values for the non-heating
season samples are close to the ID/IG area ratio of diesel soot [60]. In the case presented,
the anthropogenic particles observed on the black crust surface, including soot, have been
deposited over an extended period, most likely since the last major conservation campaign
in the 1970s. Therefore, they should reflect the long-term aerosanitary condition of the
area. The variations in the ID/IG ratio indicate the presence of both soot from coal or wood
combustion and transportation-related emissions deposited over the years.

A more detailed analysis of the carbonaceous matter, using a five-band combination
(G, D1, D2, D3, D4) after deconvolution of the Raman spectrum, enables the determination
of additional parameters. These include the full width at half maximum (FWHM) of the D1
and ID/IG bands, among others [49-51], which characterise carbon particles. The degree
of graphitic structural ordering in soot increases as the width of the D1 band decreases.
Moreover, as suggested by Soewono and Rogak [48], plotting the ID/IG relationship against
the D1 FWHM may facilitate the separation of particles into different clusters, giving a
broader view of the diversity of carbonaceous matter.

The fly ash particles, commonly present in the crusts analysed, are mostly spherical
aluminosilicate glass particles, with other metals such as Ca, K, Mg, Fe, and Ti, and
occasionally Pb and Zn, in their chemical composition. Al-Si glass spheres are characteristic
products of high-temperature combustion of solid fuels. Fly ash is produced by coal-fired
power and steam-generating plants and individual heating furnaces. In the black crust,
Al-Si glass spheres are a molten mineral residue of coal (the composition of these smooth
particles is akin to that of clay impurities in coal), which, in the case of power plants, were
not removed by particulate emission control devices and thus entered the air. However, an
important part of such contaminants in the region discussed may be due to local emissions
related to individual heating. The chemical composition of the pollutants emitted into the
atmosphere from household coal combustion varies, depending on both the physical and
chemical parameters of the hard coal burned and the combustion technology [61]. Elements
such as As, Cd, Pb, Ni, Zn, and Cu occur in hard coal accessory minerals (such as pyrite,
sphalerite, galena, magnetite, and hematite). During combustion, they concentrate on solid
products and are emitted into the atmosphere along with dust [62]. Therefore, the presence
of Pb and Zn in the Al-Si spheres may be linked to the hard coal combustion processes.

On the other hand, mining and processing of Pb and Zn ores in the neighbouring
Olkusz area (ca. 20 km to N), may be a more important source of such particles. Vast Zn-Pb
deposits, of the Mississippi Valley type, have been exploited for centuries, until the closure
of the last mine in 2021. The Triassic ore-bearing dolomites contain primary sulphides
(ZnS—sphalerite, PbS—galena, FeS,—pyrite and marcasite) and secondary Zn and Pb
minerals, including oxides, carbonates, sulphates, silicates, etc. [63,64]. Besides Zn, Pb, and
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Fe, these ores contain minor or trace amounts of other heavy metals (Mn, Cd, Tl, Ag) and
metalloid elements (As, Sb) [64,65]. Ore enrichment and various metallurgical processes
(roasting, melting, sintering, casting, and rolling) are all potential sources of harmful heavy
metal emissions [66]. Although the plants use highly efficient dust collectors to curb the
emission of pollutants into the air, dust particles, especially the finest ones, still manage to
enter the atmosphere. These particles then settle on the earth’s surface, contaminating soils,
groundwater, and plants, eventually making their way into the food chain. In general, the
chemical composition of dust from various iron and non-ferrous metallurgy processes is
different. Jabtoriska et al. [67] demonstrate that elements such as Fe, Mn, Cr, and V occur in
significantly higher quantities in waste from iron metallurgy. The copper content in dust
from both iron and non-ferrous metallurgy varies considerably, with higher levels observed
in non-ferrous metallurgy. The content of zinc, lead, and especially cadmium is also higher
for dust from non-ferrous metallurgical processes.

Other abundant crust components are spherical particles of iron oxides, exhibiting
smooth or dendritic surface morphology. Crystallographic data acquired in one of the au-
thor’s previous studies [68] using the electron back-scattered diffraction technique (EBSD)
enabled the identification of most of these iron oxide particles as hematite. However, the
dendritic surfaces of some particles may be related to the coexistence of hematite and
magnetite. These two iron oxides often intergrow, indicating that the dendrites could
initially have formed in the reducing part of the furnace as Fe3O4 and later oxidised to
Fe, O3 [69,70]. Unfortunately, no spectra indicating the presence of hematite or magnetite
were recorded during the Raman micro-spectroscopy analyses. This may be due to the
very small dimensions of these particles, along with the phenomenon of fluorescence,
which hampers the registration of spectra. The iron oxide particles are typical for emis-
sions from the metallurgical industry, but they could also be associated with emissions
from coal power plants [59]. Similarly, spherical particles and aggregates, with chemical
composition comparable to all of those from the crust samples analysed in this study, were
observed in the soils sampled near the Zn-Pb metallurgical plant in nearby Bukowno. In
addition to small amounts of Si and Al, they also contain admixtures of Fe, Zn, Pb, Mn, Cd,
and As [65,71]. The presence of these metallic elements confirms a large contribution of
emissions from metallurgical processes to soil contamination.

The presence of irregularly shaped and sharp-edged particles enriched in heavy
metals, such as Zn, Pb, Mn, As, and Fe, is mostly associated with emissions from the
Zn-Pb industrial region of Olkusz and Bukowno. Their presence could also be due to the
material itself, i.e., pieces of ore-bearing dolomite in the castle walls, with altered sulphide
crystals (Figure 1d). However, their presence within the black crust, interspersed among
the gypsum crystals, does not preclude their deposition with falling dust. This is further
supported by their composition, which does not correspond to that of the ore minerals
present in the rock. Unfortunately, metal deposition monitoring has not been carried out
in this region for several years, but the results of measurements performed in the 1990s
revealed the presence of these metals in the PM10 dust fraction [72].

It should be emphasised that the particles containing heavy metals discussed above
are hazardous to human health due to their toxicity. They can enter the human body via
the respiratory system. PM 2.5 can reach the alveolar parts of the lungs and directly enter
the bloodstream. Epidemiological and toxicological studies have proven that exposure
to these fine particles increases mortality and hospital admissions due to respiratory and
cardiovascular diseases [73]. However, there is increasing evidence that coarse particles
(>2.5 pm) could also cause adverse health effects [74]. Coarse particles are particularly
abundant in areas with high road traffic, and/or high industrial emissions combined with
relatively low precipitation.

The origin of other particles identified in the black crust analysed, like anatase and
barite, should be considered in the context of both anthropogenic and natural sources.
Particles of anatase (3-TiO;), detected in all samples analysed, are likely to originate from
cements and plasters, which are made with titanium white pigment to increase their
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resistance to colour changes [75]. However, TiO; is also used as a support material for
catalyst processes and as a component in asphalt pavement [76]. Aggregates of TiO,
particles have previously been reported in the black crust on heritage buildings and in
atmospheric particulate matter [55,59,77]. As this mineral is extremely rare in limestones,
its presence as one of the substrate components can be ruled out.

Regarding barite particles, occasionally detected in the crust, their origin may be
related to the limestone itself, which may contain isomorphic admixtures of barium. This
element tends to accumulate in aragonite (a polymorph of CaCOj3) forming the skeletons
and shells of marine invertebrates. Over time, aragonite transforms into calcite; however,
barium concentrations in calcite are often lower than in aragonite [78]. Barite could also
have formed through reactions between rock components and a polluted atmosphere. In
dark, gypsum-rich crusts on limestone blocks, barite was also reported in previous studies
on heritage stony buildings [55]. However, given the low levels of barium in fresh samples
of quarried limestone [79], the rock itself may not be a sufficient source of this element.
On the other hand, barium could have come from other sources as well. Among others,
this element was intentionally introduced into building stones during previous restoration
procedures. Barium chloride (BaCly) or barium hydroxide (Ba(OH);) are commonly used to
remove harmful salts from stones and to consolidate the material [1]. Finally, the presence of
barite crystals could result from inefficient burning of Ba-enriched coals (up to 4260 ppm Ba)
for domestic purposes at temperatures of 800-900°C and subsequent emission of unmolten
barite [80]. At substantially higher temperatures of coal burning for industrial purposes,
barite decomposes into BaO, which, in turn, may react with airborne sulphuric acid to
produce nanometre-sized secondary barite.

Geogenic grains of silicates and aluminosilicates, which are resistant to weathering,
may be related to the composition of the castle’s stones and bricks, the cement and mortar
binding the stone blocks, and the local geological background (pieces blown from the
ground by the wind). On the other hand, quartz and feldspars belong to the main crystalline
components identified in ashes from coal combustion [61].

The particles discussed above are embedded among gypsum crystals, forming a
kind of network. In cases of dolomitic limestone, dolomite blocks, and bricks, gypsum
is occasionally accompanied by hydrated magnesium sulphates—hexahydrite and/or
pentahydrate. These secondary sulphate minerals could have primarily formed in the reac-
tion between rock or building material components, mainly calcite CaCOj3, and dolomite
CaMg(COs),, and polluted atmosphere (presence of sulphur oxides; wet and dry deposi-
tion) [2,55]. The presence of magnesium sulphates of various hydration states may suggest
that hydration/dehydration processes are taking place, which may result in stone dam-
age due to the crystallisation pressure generated during these processes [45,81,82]. The
formation of gypsum (CaSO4-2H;0), the main component of black crusts, also exerts me-
chanical stress on stones due to its significantly higher molecular volume compared to
calcite (CaCO3).

The crystallisation of calcium sulphate dihydrate and the presence of carbonaceous
particles are two important factors in the formation of black crust. The metallic compounds
of the particulate matter in polluted environments and higher concentrations of carbona-
ceous particles enhance the SO,4% formation on stone surfaces [21]. Metals such as Mn,
Fe, Zn, Cu, and Ti are efficient catalysts for the oxidation of SO, into S042~ [35]. Another
crucial factor that significantly increases the reaction rate of sulphate formation is the
concentration of NOy in polluted air, with NO, acting as an oxidant. Nitrates, occasionally
observed in the crust, may be related to the transformation of substrate minerals containing
potassium (e.g., feldspars present in mortars, plaster, bricks, and stones) specifically in the
presence of nitrogen oxides in a polluted atmosphere. The principal sources of nitrogen
oxides in the air are emissions from vehicle exhaust and industry. In recent years, increasing
concentrations of nitrates among the crust constituents and in the form of efflorescences and
subflorescences appearing on historic monuments in Krakow have been reported [28,55].
On the other hand, NOy gases can be oxidised by lithotrophic bacteria into nitric acid,
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which also contributes to stone decay [26,27]. Nitrate formation on stone surfaces may
also be related to animal activity. Bird droppings are a potential source of a wide range of
soluble salts and uric acid, generating, among others, phosphates and/or nitrates on the
surface [24,57,82].

The existence of microorganisms in the crust covering the blocks is confirmed by the
presence of carotenoids. The 3-carotene recorded indicates that the carotenoid-producing
alga Trentepohlia was present at the sampled sites. As this component has only been
occasionally recorded, and no macroscopically visible discolouration was observed on
the stone surface, the presence of Trentepohlia is rather sporadic. Other organic com-
pounds, such as products of microbial metabolism and their reactions with substrates
(e.g., oxalates—whewellite and weddellite, characteristic of fungal presence) were not de-
tected [30]. However, a deeper investigation of microbiological activity on the stone surface
is beyond the scope of this research.

Finally, the calcium carbonate recorded occasionally on the black surface of bricks is
most likely related to the dissolution and leaching of lime-sand or cement-lime mortars
binding the structural blocks and the karstification of the adjacent limestone blocks. It
should be noted that calcite may also be linked to the carbonation process of hydrated
calcium oxide Ca(OH); present in bricks [83]. In a polluted atmosphere, calcium carbonate
present on the brick surface may become a substrate in a reaction to form hydrated calcium
sulphate, i.e., gypsum.

The results demonstrate that degradation symptoms, such as black crust, are closely
related to pollution not only in big cities and other urban environments but also in rural
areas affected by surrounding industrial and urban complexes. This implies that the
protection of heritage buildings in rural areas is also an urgent task. The study confirms
that the crust composition could be considered an important natural sensor of air pollution
in rural areas. These facts should aid stone conservators in planning the most appropriate
strategies for protecting monuments and preventing the deposition of contaminants on the
surface, using various conservation cleaning methods.

6. Conclusions

The study aimed to analyse the composition and determine the nature of the black
crust and soiling formed on the historic stones and bricks of Lipowiec Castle (southern
Poland), located in the countryside. To the authors” knowledge, this is the first study of
its kind for this castle as well as for a rural region. The non-destructive RS and SEM-EDS
methods employed facilitated a detailed analysis of the crust components.

The examined black crust, relatively uniform in composition, consists of gypsum with
minor admixtures of hydrated magnesium sulphates in some samples. Carbonaceous
soot, siliceous fly ash, and spherical metal-bearing particles (containing Fe, Mn, Ti, Zn, Cu,
Pb, and Cr) do not form a continuous layer but are dispersed among the sulphate crust
components. Irregular and sharp-edge-shaped particles contain significant amounts of
metals such as Cr, Fe, Mn, Cu, Zn, Pb, and As. The moderate content of carbonaceous
particles may suggest a certain self-cleaning of the castle stones exposed to the actions of
wind and rainfall, partly washing away some of the black deposits.

Although the Lipowiec Castle is situated in a rural part of the region, its proximity to
large industrial and urban complexes, coupled with prevailing NW winds, exposes it to
harmful pollutants from the neighbouring industrial and urban centres. The composition
of the analysed particles reflects the state of air pollution in the region.

This confirms that ongoing studies on soiling and black crust covering architectural
heritage objects can be used as an environmental indicator of the state and trends of air
pollution. Such studies should also yield data on past pollution levels.

Black crust and soiling monitoring may be one of the preventive conservation mea-
sures, providing data for analyses of the impact of air pollution on the deterioration of
heritage buildings over time. This, in turn, should facilitate the adoption of preventive
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countermeasures to reduce risks associated with potential environmental pollution and
ensure the long-term preservation of the architectural heritage.
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