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Abstract: Volcanic tuffs have a historical tradition of usage in Northern Hungary as dimension stones
for monumental construction, Ottoman architecture, common dwellings, etc., admirable at its best
in the medieval castles of Eger and Sirok. This research explores tuff deterioration in the castle
walls, dealing with the mineralogical composition, microstructure, trace-element geochemistry, and
microporosity of the surface weathering products and the near-surface stone substrate. The classic
microscopic and mineralogical techniques–optical microscopy, SEM-EDS, and XRD–were supported
by ICP-MS and nitrogen adsorption analyses. The textures and mineral assemblages of the tuffs
are partly diverse, and so are the weathering characteristics, although including common features
such as secondary crystallization of gypsum, swelling clay minerals, and iron oxides-hydroxides;
deposition of airborne pollutants, i.e., carbon particles and heavy metals; formation of crusts and
patinas; decreased surface microporosity. Nonetheless, the entity of deterioration varies, in relation to
air pollution–involving changing emissions from road and rail transport–and the specific tuff texture,
porosity, and durability–affecting pollutant absorption. The studied stone monuments offer the
possibility to examine materials with analogue composition and petrogenesis but utilized in different
environmental contexts, which allow pointing out the environmental and lithological constraints and
cause-effect relationships related to surface weathering.
Keywords: natural stone decay; pyroclastic rock; air pollution; trace elements; heavy metals; gypsum;
swelling clay minerals; black crusts; porosity; ignimbrite

1. Introduction
The exploitation and usage of volcanic tuffs as dimension stones in Hungary represent part of a
quarrying tradition having a great historical significance, commenced as early as the Roman imperial
rule in the 1st century BCE. In Northern Hungary, acid tuffs have been exploited since the Middle
Ages and used as building and carving stones for numerous public and private works: monumental
construction such as churches and castles, Ottoman architectures like mosques and spas, common
dwellings, etc. [1]. Tuff outcrops, carved or excavated, were also adapted into cave houses, or became
sites for ritual practices or burials like the “beehive stones”, or hosted cellars for storing the prestigious
local wine [2–5].
The castles of the town of Eger and the village of Sirok (Heves County) represent the grandest
examples of monumental architecture made almost exclusively of those local stones (Figure 1). Eger
Castle was built from 1248 to 1261 from the ruins of a preexisting fortification destroyed during the
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reconstructions. It was a private residence for local lords, then reinforced in the 16th century with a
bastion fortification, in the attempt to halt the Ottoman advance. The last major damages were
committed by the Habsburgs, who blew up and partly destroyed the castle in 1713 after the
unsuccessful Rákóczi’s War of Independence. The fortification towers above the village, isolated on
the top2020,
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The soft and porous tuffs from Northern Hungary exhibit a diverse and severe deterioration,
jeopardizing the preservation of monuments and artworks. Although their durability can be inferred
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Figure 1. The
The medieval
medieval castles
castles of Eger and Sirok in Northern Hungary.

The soft and porous tuffs from Northern Hungary exhibit a diverse and severe deterioration,
jeopardizing the preservation of monuments and artworks. Although their durability can be inferred
from relevant petrophysical and mechanical properties [6–11], only one study has documented the
weathering of the monumental stone: the most recurring decay patterns, i.e., differential erosion,
crust formation, crumbling, and other detachment morphologies, are dependent on mineralogy,
pore-size distribution, and proportions of matrix, lithics, and pumice [7]. Indeed, the literature about
tuffs in cultural heritage generally gives much broader consideration to technical characterization,
and relatively few works deal with weathering-related mineralogical and geochemical changes of the
stone in historical sites and buildings, this being a matter traditionally focused on carbonate rocks (the
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The mineralogical composition was determined by X-ray diffraction (XRD), with a diffractometer
Siemens D5000 (Siemens AG, Munich, Germany) equipped with Cu anode operated at 40 kV and
40 mA, measuring in the range 3–65◦ 2θ with scan steps of 0.05◦ 2θ.
The mineralogical and microstructural features were investigated on thin sections perpendicular
to the exposed surface (1–2 cm cross sections) with a polarized-light microscope, and analyzed
on uncoated samples with a scanning electron microscope (SEM) Zeiss EVO MA10 (Carl ZEISS,
Oberkochen, Germany) equipped with W cathode and operated in low-vacuum conditions, integrated
by a system EDAX for energy-dispersive X-ray spectroscopy (EDS).
The geochemical composition of the non-silicate fractions was analyzed by inductively coupled
plasma mass spectrometry (ICP-MS), using a tandem triple-quadrupole spectrometer Agilent 8800
ICP-QQQ (Agilent Technologies, Santa Clara, CA, USA) after acid digestion with HNO3 .
Microporosity was investigated by N2 adsorption, measuring the adsorption and desorption
isotherms at −196 ◦ C with an analyzer Quantachrome NOVA 2000 (Quantachrome, Boynton
Beach, FL, USA). Total pore volume and specific surface area by the multipoint BET method
(Brunauer–Emmett–Teller) were determined within a pore-diameter range from about 3 to 200 nm.
Complementary calculations of mean pore diameter and pore-size distribution by the BJH method
(Barrett–Joyner–Halenda) were done, and porosity was estimated from skeletal density [11].
3. Environmental Setting
The continental climate of Hungary (Köppen classification: “Dfb”) can be defined, in the studied
locations, as moderately warm and dry [34], featuring warm summers and cold winters. July is the
warmest month (averaging 20 ◦ C, with a mean maxima of 27 ◦ C) and January the coldest (averaging
−3 ◦ C, with a mean minima of −6 ◦ C). Annual mean temperature is 10 ◦ C, and precipitations, the highest
in May and June, are around 550 mm yearly [35].
Concerning air pollution, Hungary has followed the general European trend of air quality
improvement registered in the past 20 years [36], ranking among the countries producing the lowest
total emissions [37]. The concentration of the main pollutants recorded in Eger is shown in Table 1,
compared to Budapest–the capital and largest city of Hungary–where NOX is three times more
abundant, and CO and PM10 concentrations are noticeably higher too [38]. No data were available
for Sirok; it is worth reporting, however, that the village is just 15 km away and is much smaller
than the town of Eger; the population is about 2000, against the 50,000 of Eger. The relatively low
pollution level in the region could also be inferred by comparing the data from other populated areas
in Northern Hungary [39]. Heves County and, more generally, Norther Hungary used to have an
important industrial role–involved in coal mining, metallurgy, heavy-machinery production, and the
chemical industry–that, after the end of the communist era (1989), gradually declined [40]. Today,
the most important industry still operating is a coal power station, among the largest plants in all
of Hungary, 20–25 km from Eger and Sirok to the east; due to the prevailing northeasterly winds,
however, most of its pollution plumes do not affect the studied sites.
Table 1. Average daily concentrations of air pollutants in Eger and Budapest, measured from 2012 to
2020 and expressed in µg/m3 [38].
Location

SO2

NO2

CO

O3

NOX

NO

C6 H6

PM10

Eger
Budapest (3 stations avg.)

7.1
5.7

18.6
41.0

486.6
621.2

45.3
31.5

27.8
80.1

6.0
25.8

1.2
0.9

24.7
32.2

4. Petrographic Study
The volcanic stone used in the historical walls of the castles of Eger and Sirok is a greyish-creamy
pumice tuff, with pseudo-porphyritic texture and glassy matrix. The pumice clasts and phenocryst
fragments, typically of plagioclase, display a diverse grain size, which can reach lapilli size, with

The petrographic study helps identify the quarry sources of the three tuff varieties [11]. The tuffs
of the historical walls of Eger Castle come from the nearby quarries of Demjén or Eger, whereas those
of the restored walls from the area of Bogács, a few kilometers apart. The provenance of the tuff of
Sirok Castle is the hill itself where the structure was built, or the nearby outcrops. In those locations,
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5. Surface
Weathering
considering the major mineral phases (Ab = albite; Act = actinolite; Bt = biotite; Crs = cristobalite;
mHal = meta-halloysite; Mnt = montmorillonite; Qz = quartz).

5.1. Mineralogy and Microstructure
Location
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Act

Crs

The weathering layers observed on the tuff surfaces have diverse color, morphology, and
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60%
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clay minerals,
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Sirok Castle
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The petrographic study helps identify the quarry sources of the three tuff varieties [11]. The tuffs
of the historical walls of Eger Castle come from the nearby quarries of Demjén or Eger, whereas those
of the restored walls from the area of Bogács, a few kilometers apart. The provenance of the tuff of
Sirok Castle is the hill itself where the structure was built, or the nearby outcrops. In those locations,
the rock composition (bulk and of juvenile components) is mostly dacitic [33].
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5. Surface Weathering
5.1. Mineralogy and Microstructure
The weathering layers observed on the tuff surfaces have diverse color, morphology, and extension,
and the mineralogical and microscopic analyses reveal the most significant components being C particles,
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gypsum, and swelling clay minerals, from both Eger Castle and Sirok Castle.
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reprecipitates. The role of mortars in gypsum formation on volcanic rocks has been already
postulated in the literature [43,45,46], although some studies indicate the possible contribution of the
rock-forming minerals, e.g., calcic plagioclases [15,47]. Generally, the possible role of wind-blown
carbonate grains, from loess or calcite-rich rocks, needs also to be considered [48,49].
The deterioration risk associated with weathering crusts with a mix of organic and inorganic
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reprecipitates. The role of mortars in gypsum formation on volcanic rocks has been already postulated
in the literature [43,45,46], although some studies indicate the possible contribution of the rock-forming
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extent, the glassy matrix. Volcanic glass is thermodynamically unstable and alters more rapidly than
the associated minerals and, when it has a silicic composition, montmorillonite is the most common
product [54]. Enrichments in swelling clay minerals may enhance stone vulnerability during
wetting/drying alternating phases, producing damaging cycles of dilation/contraction [55–58].
Differential erosion may also increase [7,11]. Figure 6b shows a characteristic surface topography of
the tuff from the historical walls of Eger Castle (c.f. Figure 2): the surface outline follows the coarse
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As for the clay minerals, specifically montmorillonite, their crystallization seems generally more
widespread on the exposed surfaces. This arises after comparing the XRD signals from the host
rock and the surface (Figure 5) and the examination of the outermost layers under the microscope:
there, the alteration degree of feldspar phenocryst fragments is higher, and the matrix, typically
having very low crystallinity, shows several domains of devitrification to cryptocrystalline aggregates
(Figure 6a). Indeed, the clay minerals derived from the hydrolysis of the feldspars and, to a greater
extent, the glassy matrix. Volcanic glass is thermodynamically unstable and alters more rapidly
than the associated minerals and, when it has a silicic composition, montmorillonite is the most
common product [54]. Enrichments in swelling clay minerals may enhance stone vulnerability
during wetting/drying alternating phases, producing damaging cycles of dilation/contraction [55–58].
Differential erosion may also increase [7,11]. Figure 6b shows a characteristic surface topography of
the tuff2020,
from
historical
walls of Eger Castle (c.f. Figure 2): the surface outline follows the coarse
Minerals
10,the
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PEER REVIEW
8 of 14
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Finally, it is worth mentioning a weathering pattern observed more frequently at Sirok Castle, i.e.,
Finally, it is worth mentioning a weathering pattern observed more frequently at Sirok Castle,
orange patinas mainly constituted of goethite (Figure 5). This phase might derive from the leaching of
i.e., orange patinas mainly constituted of goethite (Figure 5). This phase might derive from the
leaching of Fe-bearing minerals and subsequent Fe mobilization [43], especially from biotite–which
releases Fe2+ from the octahedral layers–or the basaltic-andesitic lithoclasts [29]. Another source
might be the glassy matrix that, during hydration, is subjected to the strong oxidation of the Fe
contained therein [54]. In fact, an enrichment in Fe oxides and hydroxides was observed nearby
biotites and in the matrix, spreading out following the pore channels and penetrating into the pumice
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Fe-bearing minerals and subsequent Fe mobilization [43], especially from biotite–which releases Fe2+
from the octahedral layers–or the basaltic-andesitic lithoclasts [29]. Another source might be the glassy
matrix that, during hydration, is subjected to the strong oxidation of the Fe contained therein [54].
In fact, an enrichment in Fe oxides and hydroxides was observed nearby biotites and in the matrix,
spreading out following the pore channels and penetrating into the pumice clasts (Figure 6c). This was
also in agreement with the higher biotite concentration in Sirok tuff, estimated by XRD (Table 2), which
exceeds 50% in some samples.
5.2. Trace-Element Chemical Composition
The ICP-MS analyses of the non-silicate fraction of crusts, patinas, and deposits on the tuff
surfaces, as well as of the host rock, allow outlining the concentration patterns of trace elements.
The most interesting data are related to heavy metals (Figure 7). Generally, compared to the bulk
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scenario, stone chemical alteration can even be the least intense, depending on the tuff variety, as
already pointed out. Pb concentration can be taken as a representative example: the average values
recorded, ranging from about 5 to 20 ppm, are very far from the 100s and 1000s ppm detected in black
crusts from Budapest and other European cities [49]. In other terms, the boundary environmental
conditions of the castles of Eger and Sirok and air quality may be less significant than the lithological
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Pb concentration can be taken as a representative example: the average values recorded, ranging from
about 5 to 20 ppm, are very far from the 100s and 1000s ppm detected in black crusts from Budapest
and other European cities [49]. In other terms, the boundary environmental conditions of the castles of
Eger and Sirok and air quality may be less significant than the lithological constraints in defining the
accumulation of metallic pollutants.
Therefore, metal mobility and its dependence on the rock properties must be taken into account
too. The tuff from the historical walls of Eger Castle, if compared to the others, has a significantly
higher open porosity (by a factor of 1.4 to 1.6) given almost totally by large pore-size classes (i.e.,
capillary pores and macropores [11]), those mainly affected by water infiltration and movement. These
characteristics allow for a boosted pollutant absorption and deeper migration inwards, even in liquid
solution when the surface gets wet. That explains the low heavy-metal concentrations on the surface
and the relative geochemical balance with the inner layers. Finally, that tuff is also the softest and most
prone to disintegration, so that, during the enhanced surface recession (Figure 2), the accumulation of
airborne particulate may reset frequently.
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of BET surface area is also recorded, that translates to a higher chemical reactivity, i.e., larger surfaces
accessible to decay processes [67]. Nevertheless, a microporosity decrease may also result in
hindering further absorption of water vapor and dissolved pollutants; in fact, microporosity is strictly
associated with hygroscopic condensation, which can occur in micropores even for values of relative
air humidity much lower than 100%–the smaller the pore, the lower the humidity of condensation
[68–70].
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BET surface area is also recorded, that translates to a higher chemical reactivity, i.e., larger surfaces
accessible to decay processes [67]. Nevertheless, a microporosity decrease may also result in hindering
further absorption of water vapor and dissolved pollutants; in fact, microporosity is strictly associated
with hygroscopic condensation, which can occur in micropores even for values of relative air humidity
much lower than 100%–the smaller the pore, the lower the humidity of condensation [68–70].
The aforementioned considerations refer only to the investigated size range of micropores, which
have a different weight depending on the tuff variety. A previous study of Eger Castle, in fact, reports
a weathering-related increase of larger pores, involved in possible enhanced processes driven by
liquid water [7]. One example is the increased accumulation of heavy metals in the historical walls,
mentioned previously.
Finally, it is worth mentioning the only data that do not conform to the general trend, obtained on
the tuff of the restored walls of Eger Castle. Its weathered surface has a porosity increased by a factor
of 1.2, compared to the host rock. This might indicate a less advanced stage of compaction, influenced
by, among other things, the shorter exposure time from the restorations and the relative lowest open
porosity [11].
6. Conclusions
The stone materials used for building and restoring the medieval castles of Eger and Sirok are acid
tuffs featuring diverse textures and mineral assemblages, which allow for the recognition of the local
quarry sources. Some differences are also noticeable in the characteristics of surface weathering of the
stone walls. The most representative features involve the crystallization of secondary phases such as
gypsum, swelling clay minerals, and Fe oxides-hydroxides and the deposition of airborne pollutants–C
particles and heavy metals–acting as catalysts. Those weathering products may form crusts and
patinas, and fill the smallest surface pores. The decreased microporosity measured on the stone
surface enhances the chemical and technical differences with the host rock and the tuff vulnerability.
The general decay mechanisms are dependent on the chemical alteration of rock components (glass,
feldspars, biotite, and lithoclasts) and mineral phases in the mortars, and the air pollution, mainly
deriving from motor vehicle exhaust emissions. Nevertheless, the entity of deterioration varies, in
relation to both environmental and lithological constraints. Eger Castle rises in the middle of a town,
close to a busy road and a railway, whereas Sirok Castle stands isolated on a hill, nearby a much
smaller village. The emissions from the road (and rail) transport in Eger are higher, and that reflects a
higher average concentration of the associated trace elements, e.g., C, Pb, Zn, Cu, and Cr. In some
cases, these general observations do not apply, so that the boundary environmental conditions of the
two monuments cannot be considered drastically different, from the viewpoint of air pollution. Rock
texture and physical properties are other critical parameters to consider; even in a higher-pollution
scenario, softer, more porous, and less durable tuffs may report only a slight surface deposition of
pollutants, which instead migrate into the inner substrate or are removed because of a more severe
stone disintegration.
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