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Abstract: Natural stone can undergo disaggregation from various causes, including physical actions
such as freeze-thaw cycles, temperature and humidity variations, chemical actions such as the
solubilization of minerals by organic and inorganic acids, as well as biological actions due to the
colonization of organisms that can produce biocorrosion and biomineralization. This research
investigates the impact of microclimatic conditions and microbial activity on the physical and chemical
integrity of stone heritage, particularly the biodeterioration caused by fungi in the case of a Romanian
rock church. Various analytical techniques were employed, including macroscopic and optical
microscopy, Raman spectroscopy, X-ray diffraction, and culture-based identification methods, to
characterize the mineral composition and microbial contamination of the rock samples. The analyses
revealed that the sandstone consists primarily of quartz (over 90%), muscovite (5-10%), and feldspars.
The identified fungi included Cladosporium herbarium, Aspergillus niger, and Mortierella hyalina. The
SEM images showed fungal hyphae and spores within the kaolinite—illite matrix, indicating significant
microbial colonization and its role in rock deterioration. Additionally, microclimatic data collected
over a 12-week period highlighted the substantial fluctuations in temperature and relative humidity
within the church, which contribute to the physical and chemical weathering of the stone. This study
also noted high levels of particulate matter (PM;.5 and PMjp) and volatile organic compounds, which
can exacerbate microbial growth and stone decay. The comprehensive analysis underscores the need
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for targeted preservation strategies that consider both microclimatic factors and microbial colonization
to effectively conserve stone heritage sites, ensuring their longevity and structural integrity.

Keywords: stone heritage; microorganisms; biodeterioration; X-ray diffraction; Raman spectroscopy;
preservation; conservation; mineralogical composition

1. Introduction

The cultural heritage built with stone support is extremely sensitive to degradations
induced by microclimate and fungi, which can lead to physical weakening and discoloration
of the materials, as well as their mechanical exfoliation through the penetration of fungi
and the production of organic acids [1-4]. Thus, for cultural heritage elements located both
in the external and internal environment, the study of the colonizing microbial community,
which is very sensitive to climate and environmental changes, can be an effective indicator
for monitoring the risks to which they are subjected [5-9]. Natural stone, found both in
the interior and exterior environment, is subject to deterioration [10,11]. Microorganisms
(especially lithobionts) thrive, grow, and develop, even in extremely harsh conditions
(variations in microclimatic parameters; pronounced day/night and seasonal variations;
environment with low nutrient and water content). Thus, it can be mentioned that physical
damage (materialized by aesthetic alterations at the level of the rock surface, especially due
to pigments and biofilms generated by microorganisms) chemical damage (biocorrosion
and biomineralization processes, erosion, discoloration) due to some organic and inorganic
acids; chelating agents enzymes, and extracellular polymeric substances produced by
microbial metabolisms, especially in temperate and humid climate conditions [10,12,13];
and structural erosion of the rock is generated by the penetration of filamentous fungi (e.g.,
Streptomycetes, Alternaria, Cladosporium, Ulocladium, Epicoccum, etc.) [12].

The natural stone support can be negatively affected over time by weathering pro-
cesses, with the disaggregation and alteration of the rock material, generally due to the
action of environmental and anthropogenic factors, as well as due to the action of coloniz-
ing microorganisms. They can produce acids that can lead to crystalline aggression, with
dissolution at the level of the component minerals (e.g., carbonates, silicates, phosphates,
etc.). In the case of calcareous and siliceous rocks, the dissolution of calcite through the
action of microorganisms is a process with dire consequences (sulfur oxidizers dissolve
calcite in calcareous rocks and can generate gypsum crusts). On siliceous rocks, despite
quartz being a more resistant mineral, calcite’s vulnerability disrupts the stone structure’s
integrity [14].

Biopitting phenomena can also occur (especially on calcareous rocks and marbles).
Sometimes, the formation of secondary minerals and mineral and biotic crusts is observed,
with colored patinas on certain surfaces [15-18].

Biodeterioration is due to some phototrophic-heterotrophic communities, which install
subaerial-mixed biofilms built from extracellular polymers (EPSs) (such as polysaccharides,
lipids, proteins, nucleic acids, pigments, and enzymes), nutrients, and organic and inor-
ganic compounds captured from the external environment (dust, pollen, remains of grass
and leaves, bird excrement, mineral components of the stone) [19] that exist in the complex
conditions of the natural stone system (external/internal climatic conditions, environmen-
tal factors, bioreceptivity of the rocks). The latter indicates the ability of the stone to retain
and be a substrate for organisms depending on its mineralogical-petrographic character-
istics and physical-chemical-mechanical properties, among which can be mentioned the
porosity, roughness, permeability, pH of the substrate (alkaline rocks are more susceptible
to fungal attacks than acid rocks), orientation and design of the artifact concerning the
dominant direction of the wind, exposure to precipitation, and lack of prevention and
conservation strategies [18]. On limestone in particular, types of fungi such as Aspergillus,
Cladosporium herbarium, and Alternaria tenuissima biodegrade the stone through the cryp-
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toendolithic growth of the species in specific microclimatic conditions [20]. The studies by
Saleh et al. [21], El-Badry et al. [22], and El-Sayed and Maky [23] highlight the importance
of experimental approaches in the consolidation and protection of sandstone artifacts,
utilizing various analytical techniques such as petrography, scanning electron microscopy
(SEM), X-ray diffraction (XRD), and energy-dispersive X-ray spectroscopy (EDXS) to assess
the effects of aging and treatment processes on sandstone petroglyphs at Sarabit El Khadem
and Wadi Hammamat in Egypt.

Multiple damages also occur due to the fungal hyphae penetrating inside the stone,
constituting transport paths for water, organic compounds, and nutrients with the release
of acids, thus facilitating the colonization of microorganisms in the internal part of the rock,
associated with hyphae contraction, expansion processes, polysaccharides, the freeze-thaw
of infiltrated water, etc. [24]. The physical and chemical degradation processes generate
the formation of pores and cracks in the rock mass, which can intensify the actions of the
biological factor, with the resumption and even intensification of the physical-chemical
processes [25].

In temperate climates, bacteria and fungi are highlighted as important agents of
weathering and altering natural stone. Bacteria, with the most common species being
Arthrobacter sp., Bacillus sp., Micrococcus sp., Pseudomonas sp., Streptomyces sp., and Thiobacil-
lus sp., are colonies that can be affected by fluctuating environmental and climatic factors
(wind, rain, relative humidity, temperature, particulate matter, pollutants, etc.) as well as
stone bioreceptivity [5].

The ecological group of fungi colonizing natural stone is characterized by the formation
of thick, pigmented church walls that are easily adaptable to climatic and environmental
conditions, facilitating water retention, with an important role in reducing desiccation
and increasing adhesion. Fungal genera commonly isolated from stone artifacts include
Alternaria sp., Aspergillus sp., Cladosporium sp., Penicillium sp., Rhizopus sp., and Trichoderma
sp. [26-29]. Dematiaceous fungi, including genera such as Aureobasidium, Coniosporium,
Exophiala, Hortaea, Knuffia, and Phaeococcomyces, for arid and semi-arid environments,
respectively, and filamentous species from the genera Alternaria, Cladosporium, Ulocladium,
and Epicoccum in temperate and humid environment conditions, respectively [18,30,31].

Black meristematic fungi (e.g., Hortaea, Sarcinomyces, Exophiala, Knufiaspp Aureobasid-
ium pullulans) are melanized colonies developed on natural stone [11,16,27,32,33]. In the
analyses carried out in various studies, white marble can be colonized by the genera As-
comycota Cladophialophora, Devriesia, Knufia, Lithophila, and Vermiconia, which were identified
as dominant [18,34-36]. Aesthetic changes due to the extracellular pigments synthesized
and excreted by black fungi lead to various colors, the installation of patina on the rock,
etc., especially due to melanin; sometimes, however, melanin can also act as a protector
against harmful radiation from the environment (UV radiation, X-rays and y-rays, and
chemical stress/stress factors).

Cyanobacteria can also be frequently found on monuments with natural stone sup-
ports; they are very adaptable to conditions of very high temperature (T) and a high
degree of drying or pronounced humidity (e.g., India or Bangladesh). Certain species of
cyanobacteria that dominate these biofilms develop survival strategies by secreting a thick
sheath of EPS, rich in pigments (scytonemin and amino acids) that protect against very
intense UV solar radiation and against drying [37]. In the case of stone colonization by
cyanobacteria in conditions of high humidity, the generated biofilms become greenish in
color from black/brown and attack the minerals in the stone’s composition for nutrition,
leading to aesthetic changes and its deterioration [37].

The current study aims to identify the possible dangers the integrity of an atypical
cultural heritage element is subject to, namely a rupestrian church from the 11th-14th
century, with a view to future conservation and a better understanding of it. Such case
studies have been researched before: the research studies by Mang et al. [38] and Cardellic-
chio et al. [39] explore the impact of fungal contamination and biopatina formation on the
rupestrian churches in Matera, Italy, highlighting the effectiveness of treatment methods,
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including the use of glycoalkaloids, to manage microbial growth and preserve the struc-
tural integrity of these historical sites. In our case, the mineralogical composition of the
supporting rock and the identification of the associated microorganisms were considered
in order to understand the mechanisms of damage and the effects on the structure and
surface of the rock. These were corroborated with a determination of the internal and
external microclimatic characteristics of the rock church, including T, relative humidity
(RH), CO,, PMy.5, PM;j, VOC, and HCHO, to assess their impact on the conservation of
the monument and the development of fungal colonies. All of these have as their final
goal the establishment of strategies, based on the data obtained, that take into account the
prevention of damage induced by microclimate and bacteriological microflora to ensure
the long-term preservation of the historical monument.

2. Materials and Methods

The rupestrian church from Jac is located in the northeastern part of Viile Jacului
hamlet, Creaca commune, Sélaj County, Romania (Figure 1). The church is part of the cult
edifices category and is included both in the list of historical monuments in Salaj County
and in the National Archaeological Repertory. It was constructed by carving into the rock
of the hill with manual tools and observing the traces left by them on its walls [40]. From
the point of view of dating, according to some historians, it was built somewhere between
the 11th and 14th centuries [41,42], and others approximate its construction to be much
earlier (8th-9th centuries) [40].
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Figure 1. The location of the rupestrian church at the level of Romania and Salaj County.
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The monument is divided into two distinct rooms. The entrance is constructed on
the north side through a gap in the door, where traces of the old framing can still be seen,
wherein the wooden pillars were fixed, which the church door was possibly attached to.
The first room, the largest, has a rectangular shape oriented in the north-south direction,
two carved niches, and a bench protruding from the vertical line of the wall that can be
seen on the south wall of the room, which is probably the dining table altar [41,42].

The analyzed case study was chosen due to its complexity and relevance in the context
of the deterioration of natural rocks by microorganisms. This church, located in Salaj
County, Romania, represents a historical monument of national importance, which pro-
vides an ideal framework for investigating biodeterioration phenomena due to colonizing
microorganisms. It is also essential to rigorously assess the risks to which the monument is
exposed in order to implement appropriate preventive measures and ensure the long-term
preservation of this element of historical heritage (Figure 2).



Appl. Sci. 2024, 14, 8136

50f21

390 cm
. CP1-13 - Data collection point 1-13 (PM5 5, PM, g, VOC, HCHO, NL) . DLD - Data logger device for T, RH & CO; . AS1-4 - Air sampling point 1-4

Figure 2. The interior of the rupestrian church. (a): The first room of the rupestrian church; (b,c): dam-
aged areas on the interior walls of the rupestrian church.

For the evaluation of the rupestrian church, three types of analysis were implemented,
which involved different ways of taking data and samples, processing them, and inter-
preting the results (Figure 3). First of all, the collection of rock samples from the walls
of the church was considered in order to determine the mineralogical composition of the
constituent material. After obtaining this information, the characteristics of the internal and
external microclimates were determined in order to determine if they had the potential to
cause damage to the material from which the monument is constructed. At the same time,
the determination of the external microclimate (in the immediate vicinity of the monument)
leaves the possibility of comparing the two environments in order to determine the possible
influences. The last stage of the work methodology involved the analysis of fungal and
bacteriological contamination of the air and surfaces in order to determine the risks to
which the rock is exposed due to the action of microorganisms (Figure 4).

t
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Figure 3. Data collection points, samples, and samples inside the rupestrian church. (a) Data
collection points regarding the internal microclimate; (b) air and surface sample collection points to
determine the fungal and bacteriological microflora; (c) points of collecting samples for determining
the mineralogical composition.
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Figure 4. A diagram containing the work steps.

2.1. The Determination of Mineralogical Composition

To determine the mineralogical composition, 12 rock samples were collected from the
walls of the rupestrian church. The collection sites were distributed in such a way as to
cover the entire interior of the structure (Figure 3c). The process was non-invasive for the
monument, considering that only already detached samples were taken; this was important
because there was no need to intervene to detach the rock. Furthermore, only the surface
part of the detachment was used for the analyses.

XRD and Raman spectra (RS) analyses were performed on the 12 samples to determine
the types of minerals. XRD is a valuable method for studying crystalline phases contained
in rocks, and the structural analysis of the investigated sample is also corroborated with
the other applied experimental methods. The XRD analyses were performed at room tem-
perature using a Rigaku SmartLab multipurpose diffractometer, using Cu Koy radiation
(A = 1.54056A) equipped with a 9 kW rotating anode. SmartLab Guidance (v.2) software
was used to acquire the experimental data. The sample was ground to a fine, homogeneous
powder using an agate pestle and mortar and mounted in a sample holder. The measure-
ment was performed in the 5-90° range in steps of 0.01°. Observation on thin sections was
conducted using transmitted light polarized microscopy (BX51 Olympus, Tokyo, Japan),
equipped with UMPIlanF] objective lenses (5x, 10x, and 20x). A circular cross-polarized
filter (A = 137 nm) was used to quantify the texture (i.e., reduction of minerals extinction
and intensity of the interference colors).

RS were obtained at room temperature with a Raman Spectrograph Horiba Jobin-
Yvon RPA-HE 532 with a multichannel air-cooled (—70 °C) charge-coupled device (CCD)
detector, using a Nd-Yag laser 532 nm excitation source and a nominal power of 100 mW.
Spectra were obtained in the spectral range between 210 and 3400 cm~! with a spectral
resolution of 3 cm~!. The Raman system includes a Superhead fiber optic Raman probe for
non-contact measurements with a 50x LWD Olympus objective lens, numerical aperture
(NA) = 0.50, working distance (WD) = 10.6 mm, and FIB50/10M optical fiber. The laser spot
diameter on the sample surface was approximately 2-3 pm (the minimum theoretical spot
diameter is 1.3 pm). Sulfur and cyclohexane were used for the calibration. Data acquisition
was performed at a laser power of 1-53.6 mW on the sample’s surface. Furthermore, the
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laser power was gradually increased by 1% until any photochemical degradation was
observed. Spectra manipulations consisted of basic data treatment, such as smoothing
adjustments and peak fitting (Lorentz function).

The use of RS to complement XRD offers the advantage of a more comprehensive char-
acterization of samples by identifying both crystalline structures and amorphous phases,
to which XRD is less sensitive. RS can detect chemical bonds and organic compounds
not visible by XRD, making it useful in the analysis of biodeterioration and organic con-
taminants. RS also enables non-destructive analysis with minimal sample preparation,
providing details of molecular structure and the possibility of mapping compositions on a
microscopic scale.

2.2. The Determination of the Microclimate Characteristics

The internal microclimate was determined in both rooms of the church, as well as
in its immediate vicinity, in order to correlate the values obtained inside with those out-
side. Thus, the analyzed indicators were temperature T, RH, the concentration of CO,,
particulate matter (PM;.5, PMyp), the total amount of volatile organic compounds (VOCs),
formaldehyde (HCHO), and natural light (NL). These indicators were analyzed due to the
fact that they represent factors with a high destructive potential on natural stone if they are
not kept within normal limits.

The data were collected over a period of 12 weeks between April and June 2024. The
monitoring was carried out in this period in order to capture the conditions characteristic of
spring and early summer, when T and RH fluctuations are significant and favor microbial
activity, thus contributing to stone deterioration. This period offers the opportunity to
observe the direct impact of variable microclimatic conditions on biodeterioration.

Two different techniques were individualized to determine the indicators. For the
determination of PM,.5, PM;o, VOC, HCHO, and NL, the data were collected manually
using 13 individual points (12 inside the church and 1 outside). The values were determined
at three different times of the day: in the morning (7), at midday (13), and in the evening (19).
The data collection points were positioned in such a way as to obtain the best possible
coverage of the rooms, leaving at the same time the possibility of performing some analyses
of the distribution of these parameters at the level of the church (Figure 3a). T, RH, and CO,
were monitored using two data logger sensors, which aimed to record data automatically.
All sensors were set to capture data at hourly intervals to obtain as large of a database as
possible. One sensor was positioned inside the first room of the church, and the second
was positioned at the entrance to the monument (Figure 3a).

T, RH, and CO, were determined using two Extech SD800 type datalogger devices
(Extech Instruments, Nashua, NH, USA). The accuracy of the device is £40 ppm for CO,
concentration measurement, +0.8 °C for T measurement, and 4% for RH determination.
The data collection was performed at a 1 m distance from the ground, the sampling time
being 1 min/point, and the average of all values obtained for that minute being validated.

Total air volume PM concentration was determined using a PCE-PCO 2 portable
device (PCE Instruments UK, Southampton, UK). This instrument has the capability to
analyze indoor air samples and display the concentration of suspended particles separately
for the sizes of 0.3 pm, 0.5 pm, 1.0 pm, 2.5 um, 5.0 um, and 10 pm. In the present study,
only particles with sizes of 2.5 um and 10 um were analyzed. The device determines the
indicators with an error of up to 5% and allows the saving of 5000 data sets in the internal
memory. The air sampling time to determine the concentration of PM,.5 and PM;g was
30 sec/ collection point.

VOC and HCHO concentrations were determined using a BLATN BR-smart-123s
device (BLATN Science and Technology, Beijing, China). It has measuring ranges between
0 and 5.0 mg/m? for HCHO and between 0 and 9.9 mg/m? for VOCs. The measurement
resolution for both indicators was 0.001 mg/m?, and the margin of error was up to +5%.
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NL was measured three times a day using an Extech SDL400 datalogger lux meter
(Extech Instruments, Nashua, NH, USA). This device indicates the amount of light in lux,
with an accuracy of £4%, having the ability to save the recorded values.

ArcGIS 10.8.2, Matlab R2024a, and Microsoft Excel 6.2.14 programs were used to
analyze the obtained values.

2.3. The Determination of the Fungal Contamination

The Koch sedimentation method was used to evaluate the fungal contamination
of the air. For the Koch method, Sabouraud agar plates consisting of 40 g/L glucose,
10 g/L peptone, 15 g/L agar, and 50 pug/mL chloramphenicol at pH 5.6 were used [43].
Three plates were placed in four distinct points in the investigated cave and left open
for 10 min. Swabs were also employed to collect samples from the rupestrian church
(Figure 3b). After collection, all samples were sealed using parafilm. All investigations
performed on the fungal samples took place in the Molecular Biology Center at the Institute
of Interdisciplinary Research on Bio-Nano-Sciences of Babes-Bolyai University in Cluj-
Napoca, Romania, according to standard procedures applied to microbiological sample
handling [44]. The plates used for the Koch method were incubated at 20 °C for 10 days.
The Omelianski formula (CFU/ m? air = n*10,000/S*k, where n = number of colonies
developed on the plate; S = surface of the Petri dish (@90 mm); k = air exposure time
coefficient: k = 1 for 5 min, k = 2 for 10 min, k = 3 for 15 min, etc.) was used to estimate the
fungal colony-forming units (CFUs) present in cave’s air.

The swabs were washed in 1 mL of saline solution and 150 uL of the resuspended cells
were inoculated on Sabouraud agar plates. For each swab, the inoculations were run in
triplicates. The plates were incubated at 20 °C for 10 days.

For every 10-day-old independent colony obtained on plates, the DNA was extracted
using the Animal and Fungi DNA Preparation Kit® (Jena Bioscience, Jena, Germany)
according to the manufacturer’s instructions. The polymerase chain reaction (PCR) am-
plifications were carried out in a 25 uL final volume consisting of 1x MyTaq Reaction
Buffer (Meridian Bioscience®, London, UK), 0.5 mM of each primer (Macrogen Inc., Seoul,
South Korea), 1.25 U MyTaq Red DNA Polymerase (Meridian Bioscience®, London, UK),
and 50-100 ng of DNA template. The PCR program consisted of the following conditions:
initial denaturation at 95 °C for 5 min; 35 cycles of 95 °C for 30 s (denaturation); 56 °C for
30 s (annealing); 72 °C for 30 s (elongation); and final elongation at 72 °C for 5 min. The
identification of the isolated fungi was based on the ITS region, and the utilized primers
for the PCR amplifications were ITS 1 (5'-TCCGTAGGTGAACCTGCGG-3') and ITS 4
(5’-TCCTCCGCTTATTGATATGC-3'). The DNA fragments generated by PCR processing
were extracted from the agarose gel using the commercial kit NucleoSpin™ Gel and PCR
Clean-up (Macherey-Nagel, Ping-Tung, Taiwan) and sequenced using the standard sequenc-
ing commercial service at Macrogen (MacrogenEurope, Amsterdam, The Netherlands).
Several genera were identified through DNA and metagenomics, including bacteria com-
monly found in environmental and human-associated habitats. Understanding the specific
genera present helps in tailoring conservation strategies to mitigate microbial-induced
deterioration [45]. The DNA sequences were submitted to GenBank under the accession
numbers PP949376-PP949378.

In addition to the determination of microbiological contamination from the air and
from the surfaces inside the rupestrian church, the rock samples were also analyzed with
an electronic microscope to highlight the fungi that colonize the rocks and their possible
action on the base material. For this, the Phenom ProX scanning electron microscope was
used, which is particularly useful in studying different types of materials and their micro-
and nano-level structural changes. It allows for the selection of an appropriate magnitude
to observe fine surface details and is equipped with an energy-dispersive analysis system,
which allows for the identification and quantification of the chemical elements present on
the surface of the samples. The SEM analysis was conducted using a high vacuum mode
with an acceleration voltage of 30 kV. Both upper and lower secondary electron detectors
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were employed to capture detailed images. Two levels of magnification were utilized:
a lower magnification for an overall view of the samples and a higher magnification to
closely examine the surface topography.

The SEM images thus obtained were processed to determine the degree of fungal
coverage of the samples. SEM images were imported into Image] software (v. 1.54j), where
their processing was based on contrast and shape. To improve the differentiation between
fungi and constituent minerals, the image contrast was adjusted using dedicated functions;
the optimal values were established empirically to clearly highlight fungi and minerals.
Grayscale images were binarized to create a black-and-white image using the optimal
contrast threshold. Threshold values were manually adjusted for each image to clarify the
separation between fungi and constituent minerals. To remove noise and small particles
that are not part of the fungi, the median filter with a radius of 1-2 pixels was used.

The percentage coverage was determined as the ratio of the total area covered by fungi
to the total image area. The software automatically calculated this ratio and saved it in the
result table generated by Image].

3. Results and Discussion
3.1. The Determination of Mineralogical Composition

The whole-rock thin section and the photomicrographs (Figure 5a—f) show the char-
acteristics of a micaceous sandstone [46—48]. The quartz arenite rock is characterized by a
poorly sorted grain distribution, predominantly composed of angular to subrounded grains
of quartz (>90%), with clastic flakes of muscovite (5-10%) and up to a 5% composition
of feldspars (Figure 5). The matrix, comprising 5-10% of the rock, consists of authigenic
clay minerals, suggesting an immature texture of the rock. The muscovite flakes are often
distorted and bent between the clastic grains, suggesting compaction (Figure 5b,f).

The quartz arenite samples from the church show elongated muscovite grains within
monocrystalline quartz grains (Figure 5e,f), suggesting an initial sedimentary environment
with muscovite flakes as detrital grains. During diagenesis, silica-rich fluids precipitated
quartz crystals around the detrital muscovite grains, embedding them within the quartz
matrix. The elongated shape suggests compaction during burial and diagenesis.

RS analyses have revealed the presence of quartz (SiO;) and muscovite [KAl,(AlSi3O19)
(OH)2] in the sample, confirming the mineral composition observed in the thin sections.
The Raman spectrum of the sample has the strong characteristic Raman peak of quartz
located at 467 cm ™!, which is attributed to the v; symmetric stretching of Si-O-Si [49].
The peaks at 412 cm~! and 1087 cm ™! can be assigned to muscovite. Figure 6 shows the
recorded Raman spectrum of the sample of the present study compared with the reference
RS of quartz (R150091) and muscovite (R150091) from the RRUFF database.

XRD is a suitable method for investigating crystalline phases contained in various
rocks. The structural analysis of the investigated sample was also corroborated with the
other applied experimental methods.

The powder X-ray pattern is presented in Figure 7 and highlights the presence of
four minerals. Silicon oxide found in the form of quartz, S5iO, (PDF 00-087-2096), is the
dominant mineral, highlighted by the intense peak that appears at 20 = 26.6° and a series
of smaller peaks that appear at high diffraction angles.

Another two present phases are muscovite and illite, with the latter acting as a cohesion
agent of the muscovite crystals, both being identified by the specific diffraction peak at
26 = 8.80° and other peaks seen at 17.5° and 26.8°.

Kaolinite represents another constituent phase whose presence is indicated by the
slightly broader diffraction peaks compared with the rest of the phases and appears at
20 =12.21°,21.0°, and 24.8°.

We can conclude that by using XRD, the quartz and muscovite were both confirmed
(Figure 7). Moreover, the clay matrix comprises kaolinite and some illite, both of which
were identified only with XRD analysis (Figure 7).
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Sandstone, like other sedimentary rocks, is susceptible to biodeterioration due to
microbial activity. Over time, depending especially on the climate conditions, fungal
colonization and activity can contribute to the degradation of sandstone, resulting in
changes in time to its texture, color, and mechanical properties [50].

Figure 5. (a,d,e) Photomicrographs of quartz arenite samples under cross-polarizers; (b,c,f) circular
cross-polarizers. Abbreviations: m-Qz = monocrystalline quartz; p-Qz = polycrystalline quartz;
Ms = muscovite; P1 = plagioclase; Fsp = feldspar; p.s. = pore space; m = clay matrix; * = muscovite
crystals embedded in quartz. Scale bars on the photomicrographs are 100 um.

r 467 7
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Figure 6. Recorded Raman spectrum of the sample of the present study compared with the reference
RS of quartz (R150091) and muscovite (R150091) from the RRUFF database [51].
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Figure 7. The diffraction pattern shows mineral assemblages of the quartz arenite sample from
rupestrian church.

Experimental XRD patterns were recorded at room temperature using a Rigaku Smart-
Lab multipurpose diffractometer, using Cu Ka; radiation (A = 1.54056 A) and equipped
with a 9 kW rotating anode. SmartLab Guidance (v.2) software was used to acquire the
experimental data. The sample was ground to obtain a fine homogeneous powder using an
agate pestle and mortar and mounted in a sample holder. The measurement was performed
in the 5-90° range in steps of 0.01°.

The powder X-ray pattern is presented in Figure 7 and highlights the presence of four
minerals. Silicon oxide (found in the form of quartz, SiO;) is the dominant mineral [52],
being highlighted by the intense peak that appears at 20 = 26.6° and a series of smaller
peaks that appear at higher diffraction angles.

Another two present phases are muscovite and illite, which act as cohesion agents of
the muscovite crystals. Both are identified by the specific diffraction peak at 26 = 8.80 [53]
and other peaks seen at 17.5° and 26.8°.

Kaolinite (Al,(SipO5)(OH)4) represents another constituent phase [54] whose presence
is given by the slightly broader diffraction peaks compared with the rest of the phases and
appears at 12.21°, 21.0°, and 24.8°.

3.2. The Determination of the Microclimate Characteristics

In order to protect the artifacts of the cultural and natural heritage, the internal mi-
croclimate must be kept as much as possible within the accepted limits, avoiding large
and frequent fluctuations. Regarding objects created from stone, they fall into a broader
category of artifacts, which are individualized by the need to regulate the internal microcli-
mate between 15 and 25 °C in terms of T, with fluctuations of a maximum of £+4 °C during
24 h [55]. Lower Ts are preferable to slow chemical reactions that can damage materials. For
RH, a range of 40-60% is recommended, with a maximum fluctuation of £5% during 24 h.
Stable RH values are crucial to prevent damage through the expansion and contraction
of materials [56]. Regarding the present study, T varies within a gap of 20.6 °C, ranging
from a minimum of 3.9 °C to a maximum of 24.5 °C; the average over the entire monitoring
period is 9.8 °C. As far as the average is concerned, it falls within the standards; however,
the hourly values fluctuate quite a lot and frequently. At the same time, in 99.5% of cases,
the T values are below the minimum allowed value of 15 °C (Figure 8). Given that the
study concerns a rupestrian church, the T values are expected to fluctuate frequently and
often be below the permissible minimum of 15 °C. This behavior is mostly normal for the
specific cave environment, where microclimatic conditions are influenced by natural factors
such as heat transfer and natural cave ventilation [57]. The RH values obtained inside the
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church indicate an average of 90.6%, with maximums of 99.7% and minimums of 43.6%; the
difference in which the values varied was 56.1%. At the same time, in 99.5% of the cases,
the RH values exceeded the upper limit of acceptability, which can affect the integrity of the
minerals in the rocks (Figure 8). In the presence of high RH, soluble salts can be transported
to the surface of the rocks and, as the water evaporates, they crystallize. The crystallization
of salts can generate high internal pressures that can lead to the cracking and disintegration
of rocks. In addition, high RH levels favor the development of microorganisms, including
molds and bacteria, which can produce organic acids capable of dissolving minerals [58].
A high RH can accelerate chemical reactions that lead to mineral alteration. For example,
oxidation-reduction reactions and hydrolysis can be enhanced under high RH conditions,
which can damage the mineral structure [18].

T RH CO,
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Figure 8. The values obtained for the T, RH, and CO; indicators during the period of April-June 2024
inside the rupestrian church.

Although there are no specific standards for CO; levels in caves alone, it is essential to
keep concentrations as close as possible to natural atmospheric levels (~400-500 ppm) to
prevent the formation of carbonic acid, which can accelerate mineral degradation [57,58].
Most of the time, the CO, values remain within normal limits, with some peaks exceeding
600 ppm, the maximum reaching 834 ppm. However, the variations are insignificant,
and the high values are only sporadic. The average value indicates 525 ppm, and the
minimums reach 405 ppm on multiple occasions. Approximately 88% of the measured
data are below the limit of 600 ppm (Figure 8). Considering the fact that there is no
human activity inside, these small variations in the amount of CO; can be determined
by the respiration of organisms (small animals, microorganisms, or plants), soil and rock
interactions (decomposition of organic matter), or the air exchange between the cave and
the outside environment [59,60]

CO;, variability can influence the chemical balance in the cave, affecting the formation
and stability of speleothems and other mineral structures. In the long term, even minor
fluctuations can cause changes in rocks’ chemical composition, especially through carbonic
acid formation [60]. Thus, although high values are sporadic, the cumulative effects of peri-
odic increases in CO; can contribute to the progressive degradation of minerals, especially
in the presence of constant high levels of RH, which facilitate chemical reactions [61].

Fine and coarse particles (PM;.5, PMjp) can act as abrasive agents, leading to the
erosion of mineral surfaces and deposition of chemicals that can react with rocks [62]. VOCs
and HCHO can lead to chemical reactions that form organic acids, accelerate the alteration
of minerals, and cause the growth of microorganisms that contribute to biodegradation [63].
At the same time, the photooxidation process is activated by natural light and involves
chemical reactions that break down organic and inorganic matter. This can lead to rock
surface chemical and physical modification, making them brittle and more susceptible to
erosion [64]. International standards regulate the concentrations of PM;.5, PMjp, VOCs,
and HCHO to protect human health, such as those established by the World Health
Organization. However, specific standards for protecting rock integrity are less common,
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and general recommendations include keeping concentrations of these pollutants as low
as possible. In the case of NL, international standards indicate that for less sensitive
objects, such as metal, ceramics, stones and glass, they can be continuously exposed to an
illumination of up to 300 lux without affecting their integrity [65].

PM,;.5 recorded an average value inside the church of 4.2 pg/ m3; in its immediate
vicinity, the values were 6.4 ug/ m3. The maximum values reached 8 ug/ m? indoors
and 12 pg/m? outdoors, with the minimum being 0 pg/m3 indoors and 2 pg/m? out-
doors. Regarding the spatial distribution of PM;.5 within the church, the highest average
values over the entire monitoring period are identified at the entrance to the church
(between 5.2 and 5.8 pg/ m?) and in the first room within it, because in the second room,
the values reach a maximum of 4.3 pg/m?3 and a minimum of 3 ug/m? (Figure 9). In
the case of PMyj, the average values were 8.9 pg/m? indoors and 12.8 pg/m?® outdoors,
with maximum values of 15 ug/ m? and 24 ug/ m?> and minimum values of 1 ug/ m?3 and
4 ng/m3, respectively. The spatial distribution of this indicator follows the evolution of
coarser particles (PMj5), with averages ranging between 10.1 pg/ m? and 10.5 ug/ m?3 at the
entrance to the church, and a downward evolution of the concentration up to the second
room, where the maximum was 8.7 ug/ m?, and the minimum was 7 ug/ m? (Figure 9).

ENTRANCE ENTRANCE ENTRANCE

[ [ | [ e
0.01 004 00 11884

Figure 9. The spatial distribution at the church level of the average values of PM;.5, PM;9, HCHO,
VOCs, and NL (the values represent the average for each collection point).

Regarding the co-concentration of VOCs, the indoor average during the analyzed
period was 1.24 mg/m3, with a minimum of 0.33 mg/m?3 and a maximum of 3.78 mg/m?.
The exterior showed an average value of 1.62 mg/m?, with a minimum of 0.78 mg/m? and
a maximum of 4.11 mg/m?3. The spatial distribution indicates higher values at the entrance
to the monument (up to 1.48 mg/m3), which gradually decrease in the first and second
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rooms, up to minimum values of 1.03 mg/m?> (Figure 9). This indicates a close connection
between the exterior and interior, with interior values being largely influenced by the VOC
concentration in the exterior environment. The HCHO values also fluctuate in the same
pattern, registering higher values in the first room (up to 0.04 mg/m?), decreasing and
reaching a minimum of 0.01 mg/m? in the second room and the lower part of the first one.
The average of this indicator was 0.02 mg/m? indoors and 0.03 mg/m? outdoors (Figure 9).

The average quantity of NL was in line with the international standards in terms of
intensity, reaching 247.4 lux. The minimum was 0 lux and the maximum 1188.4 lux, but
in 92.3% of cases, the values did not exceed 300 lux. The spatial distribution indicated,
as in the case of the other indicators, very high values at the entrance to the monument
(over 1000 lux in three points and over 600 lux in two points) and low values inside (under
200 lux in the first room and under 70 lux in the second), indicating the close relationship
between exterior and interior) (Figure 9).

In addition to the destructive effects that the action of these pollutants can have on
the minerals in the base rock, they also play a vital role in the development of fungi. Thus,
fungi are highly influenced, especially by T and RH; they develop best in conditions of
T below 10 °C and RH above 85%, with species such as Fusarium and Cephalosporium
thriving in these levels [66,67]. The respective microclimate conditions are also found in
the current case study. Aspergillus and Penicillium species showed varied responses to CO,
concentrations. Some species can grow at high CO; levels (up to 60%) but show reduced
growth and mycotoxin production under such conditions [68]. These species of fungi are
also associated with PMj.5 and PM;g, which are significant components that contribute
to the production of organic carbon and the mass of aerosols in the atmosphere [69]. As
for HCHO and VOCs, these indicators can also facilitate additional microbial growth and
affect the integrity of materials and artifacts, especially VOCs like 3-methyl-1-butanol and
1-octen-3-ol [70].

3.3. The Determination of the Fungal Contamination

The fungal loads and the degree of contamination of the air samples were estimated
based on indoor applied standards (Table 1) [71]. The Petri dishes used for the Koch method
can be observed in Figure 10.

Table 1. Fungal loads in the air in the rupestrian church.

Air Sample Number of Fungal CFU/m?3 of Air Degree of Contamination
AS1 892 High
AS2 580 High
AS3 367 Medium
AS4 1102 High

Porca et al. [72] proposed standards that characterize the cave’s atmosphere based on
the identified fungal loads in the air samples. Point AS3 falls into category III (between
150 and 500 CFU m ~3)—threatened by fungi and requires different cave management and
controls—while AS1 and AS?2 fall into category IV (between 500 and 1000 CFU m3 )—already
affected by fungi as a result of massive visits or spillage—and AS4 falls into category V
(above 1000 CFU m~3)—having irreversible ecological disturbance.

Cladosporium herbarum (belonging to the genus Cladosporium, phylum Ascomycota),
Aspergillus niger (belonging to the genus Aspergillus, phylum Ascomycota), and Mortierella
hyalina (belonging to the genus Mortierella, phylum Mucoromycota) are the fungal species
identified in the analyzed isolates. Their abundance varies in the different collection
points (Figure 11). Cladosporium herbarum is present in all analyzed collection points, while
Aspergillus niger is absent in one wall sample (WS1) and Mortierella hyalina in three wall
samples (WS3, W54, and WS5).
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Figure 10. Petri dishes were used for the fungal load estimation in the associated air by the Koch
method for the collection sample points 1 (a), 2 (b), 3 (c), and 4 (d).
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Figure 11. Identified fungal species in the analyzed rupestrian church in the samples collected from
the air and walls and abundance plots of the fungal isolated from each collection point.

All the identified species are frequently reported as cave inhabitants [73-76]. Cladospo-
rium herbarum is frequently present in the air and wall samples in caves worldwide [73,77].
Cladosporium herbarum is present in the inside air as well as in the outside air. Usually, its
frequency is much higher outside, a fact that makes it one of the most frequent contam-
inants. Aspergilus niger can be also present in air and wall samples [73,77]. In contrast
to Cladosporium herbarum, Aspergilus niger is more frequent in the inside air than the out-
side [73]. Mortierella species are cosmopolitan fungi frequently recovered from soils where
they maintain a saprotrophic lifestyle. They can also be plant pathogens. The species are
commonly found in subterranean environments and show metal tolerance. Mortierella
hyalina is a root-colonizing fungi, and its presence may be associated with the agricultural
fields near the rupestrian church entry.

SEM images processed with Image] software (Figure 12) reveal the presence of fungal
hyphae and spores on and within the matrix of the kaolinite-illite mineral assemblage.
This can be attributed to various bio-geological processes (i.e., sedimentary deposition,
diagenesis, and mineral alteration). Fungal hyphae can infiltrate sediments, releasing
nutrients and forming fungal networks. In environments with clay minerals, fungal activity
can contribute to the breakdown of organic matter and the alteration of clay minerals.
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Figure 12. Processed SEM images of the samples of sandstone from the rupestrian church. The green
color suggests the presence of identified fungal hyphae and spores on and within the matrix of the
kaolinite—illite assemblage (blue) (a—f)—different SEM images of the analyzed samples).

Aspergillus and Cladosporium have been reported as biodeteriogens on objects, monu-
ments, etc., belonging to the cultural patrimony with a natural stone support. Their identi-
fication and evaluation of biodeterioration, often materialized by discoloration, pigmented
patina, powdering, and dissolution [78,79], precede restoration and conservation activities.
The mentioned fungi can produce enzymes, pigments, and organic acids such as gluconic,
succinic-malic, oxalic, and citric acid with the release of calcium by the rock it colonizes,
and it has the possibility of developing calcium oxalate microcrystals, which irreversibly
damage the artifacts with calcareous support [27,80-82]. Cladosporium hyphae can penetrate
the rock, leading to structural changes (and acting through biopitting) due to various acid
metabolites (organic or siderophores) that dissolve component minerals of the stone using
biomineralization and secondary mycogenic actions with the development of the colony
and penetration into the depth of the rock [18,27,28,83,84]. Chemoorganotrophic fungi
such as Aspergillus damage the stone. However, by infiltrating the hyphae, they manage to
penetrate inside and exert a biocorrosive activity (due to excreted organic acids, the oxida-
tion of cations generating neominerals, etc.) and contribute to the discoloration of stone
surfaces, and the excretion of melanin leads to the installation of colored patina [85-87]
and mechanical stress. Polymeric substances applied to the stone with a protective role can
be attacked by Aspergillus colonies [88-90].

4. Conclusions

This study has provided a comprehensive analysis of the factors contributing to the
deterioration of natural stone in the rupestrian church in Jac, Romania, focusing on the
combined effects of microclimatic conditions and microbial activity. The findings under-
score the multifaceted nature of stone degradation, influenced by physical, chemical, and
biological processes. The physical disaggregation of stone is significantly influenced by
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environmental conditions such as T fluctuations and RH variations. The freeze-thaw cycles,
common in the Romanian climate, cause expansion and contraction within the stone’s
pore structure, leading to mechanical stress and eventual cracking. The data collected over
12 weeks demonstrated substantial T and RH variations within the church, contributing to
this type of weathering. Chemical weathering is another critical factor affecting the integrity
of the stone. The solubilization of minerals by organic and inorganic acids, as observed
in the sandstone samples, plays a significant role in the chemical breakdown of the stone.
RS and XRD analyses confirmed the presence of quartz, muscovite, and feldspars, which
are susceptible to dissolution under acidic conditions. The high levels of VOCs detected
within the church further exacerbate this chemical weathering process. Through oxidation
and other chemical reactions, VOCs can produce acids that accelerate the deterioration of
the stone’s mineral composition. The biological aspect of stone deterioration was a central
focus of this study. The culture-based identification methods revealed the presence of
several fungi, including Cladosporium herbarum, Aspergillus niger, and Mortierella hyalina.
These fungi contribute to biodeterioration through biocorrosion and biomineralization pro-
cesses. SEM images provided visual evidence of fungal hyphae and spores infiltrating the
kaolinite—illite matrix, demonstrating the extent of microbial colonization. The metabolic
activities of these microorganisms lead to the production of organic acids and enzymes
that further degrade the stone’s structure. This study also identified that high church RH
levels create an ideal microbial growth environment. With RH averaging 90.6% and often
exceeding 99%, the conditions are highly conducive to fungal proliferation. This excessive
moisture supports microbial activity and facilitates the dissolution and transport of salts
within the stone, leading to efflorescence and further structural weakening. The compre-
hensive microclimatic data highlight the interplay between environmental conditions and
stone decay. High levels of PMy.5 and PM;( were observed, which not only have abrasive
effects on the stone surfaces but also act as carriers for microbial spores, thus enhancing
biological contamination.

Given the multifaceted nature of stone deterioration identified in this study, it is
clear that effective preservation strategies must be equally comprehensive. Stabilizing
the microclimate within the church is paramount. Additionally, monitoring and reducing
indoor pollutants, particularly VOCs and PM, are crucial to preserving the stone’s integrity.
Biocontrol measures are also essential to mitigate the impact of microbial colonization.
Regular cleaning and applying biocides can help control the growth of biodeteriogenic
fungi. Furthermore, protective coatings that are permeable to water vapor but resistant
to microbial penetration could be applied to the stone surfaces to provide an additional
layer of defense (different nanoparticles, siloxane-based coatings, acrylic polymer coatings,
silicate-based coatings, alkylalkoxysilanes, etc.).
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