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1. Introduction

UNESCO defines cultural heritage as “the legacy of physical artefacts and intangible
attributes of a group or society that are inherited from past generations, maintained in the
present and bestowed for the benefit of future generations”.

The roots of each country and region are anchored in its own cultural heritage. Cultural
heritage is an invaluable legacy and is integral to our future, but due to its fragile and
finite nature we sought to identify the best, most sustainable means of preserving cultural
heritage. This implies the conservation of movable (paintings, sculptures, artifacts) and
immovable (monuments, archaeological sites, industrial archaeology) properties. Today,
cultural heritage is exposed to air pollution, flooding, earthquakes, wrong management
activities, etc., which threaten its integrity. To mitigate damages, research should focus on
analyzing and alleviating deterioration and provide technological solutions for enhancing
the conservation of cultural heritage. These goals can be achieved through interdisciplinary
and transdisciplinary studies.

This Special Issue on Interdisciplinary Researches for Cultural Heritage Conservation
in Applied Sciences aims to bring together some of the latest researches in this field. A total
of 10 papers focusing on different aspects of cultural heritage are categorized into the three
topics detailed below and summarized.

2. Rock Art, Mural Paintings and Stone Monuments

Some of the earliest forms of rock art are cave paintings and petroglyphs, carved
or scratched into the rock surface. The most famous examples of rock art include Al-
tamira and Lascaux caves, well-known examples of flawed management that produced
substantial biodeterioration phenomena, widely discussed in the scientific literature. The
pioneer studies on these two caves promoted the extension to other caves affected by
similar problems.

Altamira, Lascaux and many other caves presented different types of colonization
by phototrophic biofilms, a severe alteration produced by artificial lighting. The most
noticeable effect of the lighting was the growth of a dense phototrophic community of
cyanobacteria, algae and bryophytes on the speleothems, walls and ground of Tesoro Cave,
Rincon de la Victoria, Spain. Jurado et al. [1] tested the application of different mechanical
and chemical cleaning procedures and showed the effectiveness of hydrogen peroxide and
sodium hypochlorite for the successful cleaning of green biofilms from the entire cave.

Cañaveras et al. [2] studied the deterioration processes affecting the sandstones sup-
porting the paintings and carvings of the southern Spanish shelters of Tajo de las Figuras
(Cádiz) and Peñas Cabrera (Málaga). The data showed that the most common deteriora-
tion mechanisms corresponded to natural physical and chemical phenomena, including
mechanical (frost) and chemical (carbo-hydrolysis) weathering, in addition to biological
colonization, for which corrective measures are difficult to apply without producing unfore-
seen consequences, mainly when the state of conservation of the paintings is acceptable.

Appl. Sci. 2023, 13, 1824. https://doi.org/10.3390/app13031824 https://www.mdpi.com/journal/applsci1
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Rabbachin et al. [3] investigated the factors involved in the degradation of petroglyphs
in the Negev desert of Israel, with a focus on biodeterioration processes. The multi-
analytical approach used in this study allowed the characterization of the microbiomes of
limestones covered with black varnish, in close proximity to the petroglyphs, as well as the
weathering of the limestones, thus unveiling mineral–microbial interactions.

Earliest known examples of wall paintings are found in Crete and in Egyptian tombs
that were continued in Etruscan necropolis, Roman, medieval and Renaissance monuments.
The Salón de Reinos is a remnant of the 17th century Palacio del Buen Retiro (Madrid, Spain)
built between 1632 and 1640. The Salón housed famous paintings, now deposited in the
Museo Nacional del Prado, and mural paintings located in the ceiling and window vaults with
a poor conservation status, evidenced by fissures, water filtration and fungal colonizations.
Jurado et al. [4] stated that most of the isolated bacteria and fungi from the paintings origi-
nate from plants, saprophytes or pathogens, data consistent with the abundant vegetation
in parks and gardens near the Salón de Reinos (Retiro Park and Botanical Garden). Likewise,
the presence of a few bacteria and fungi with biodeteriorative activities, previously detected
in other murals and frescoes, was also noteworthy.

The monuments have not only suffered the ravages of times, but are also damaged
by vandalism in modern times. An example is the Cross of the Inquisition located in the
Seville City Hall, Spain. The Cross was vandalized in September 2019 and the restoration
concluded in September 2021. Along with the restoration, a mineralogical and microbio-
logical study was carried out in a few small fragments. The exposure of the Cross of the
Inquisition to an urban environment for more than 100 years promoted the colonization
of the limestone by a lichenic community, associated with bacteria, fungi and bryophytes,
which were detrimental for the stone. Appropriate biocides and consolidants were used in
the restoration [5].

3. Stained-Glass Windows

Two papers deal with materials used in stained-glass windows. Palomar et al. [6]
determined the composition of flashed glasses that have been used since medieval times
in stained-glass windows. They used optical microscopy, field emission scanning electron
microscopy, and linear energy dispersive spectroscopy to determine the thickness of the
colored layers, and laser-induced breakdown spectroscopy for the analysis of major and
minor components, which provided valuable information on chronology, provenance, and
manufacturing processes of these types of glasses.

Machado et al. [7] studied the production of grisaille, the first glass-based paint to be
used in stained-glass windows spread throughout Europe from the 12th century onwards
and still used today. The authors determined that raw materials directly affect the properties
and appearance of grisailles and the proportions between the different grisaille components
(base glasses, coloring agents, firing processes, etc.) were key factors in their stability.

4. Miscellaneous Papers

Morales-Martín et al. [8] explored the use of optical sol–gel environmental pH sensors
for air evaluation in exhibition halls of the Museo Nacional de Ciencias Naturales (Madrid,
Spain). The effects of Madrid air pollution affected the exhibition halls near the entrance
with slightly low pH values, while halls located far from the entrance showed neutral pH
values. Environmental pH sensors allowed the museum to make decisions on preventive
conservation strategies.

Bernabéu-Larena et al. [9] analysed the case of Canal de Isabel II, a water supply public
work and its historic infrastructure built in the second half of the 19th century and the early
20th century. The study showed that the water supply that maintained its original use has
also taken on new functions through the conversion of some of its parts and added new
functions to the existing ones, such as the enhancement of its heritage value.

Wang et al. [10] proposed Lunyu ontology to formally represent concepts concerning
morality in The Analects of Confucius. In this research, the authors explored ways to
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develop a class hierarchy from discrete and abstract ideas and also adopted a term-and-
characteristic-guided methodology derived from taking into account the ISO principles
on Terminology, whereby “a term is a verbal designation of a concept” and “a concept is a
unique combination of (essential) characteristics”.

Overall, the main themes of the papers published in this Special Issue cover important
achievements on diverse Cultural Heritage aspects that were also complemented by other
Applied Sciences Special Issues devoted to Cultural Heritage.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Show caves have different grades of colonization by phototrophic biofilms. They may
receive a varied number of visits, from a few thousand to hundreds of thousands of visitors annu-
ally. Among them, Tesoro Cave, Rincon de la Victoria, Spain, showed severe anthropic alterations,
including artificial lighting. The most noticeable effect of the lighting was the growth of a dense
phototrophic community of cyanobacteria, algae and bryophytes on the speleothems, walls and
ground. The biofilms were dominated by the cyanobacterium Phormidium sp., the chlorophyte
Myrmecia israelensis, and the rhodophyte Cyanidium sp. In many cases, the biofilms also showed
an abundance of the bryophyte Eucladium verticillatum. Other cyanobacteria observed in different
biofilms along the cave were: Chroococcidiopsis sp., Synechocystis sp. and Nostoc cf. edaphicum, the
green microalgae Pseudococcomyxa simplex, Chlorella sp. and the diatom Diadesmis contenta. Prelim-
inary cleaning tests on selected areas showed the effectiveness of hydrogen peroxide and sodium
hypochlorite. A physicochemical treatment involving the mechanical removal of the thickest layers of
biofilms was followed by chemical treatments. In total, 94% of the surface was cleaned with hydrogen
peroxide, with a subsequent treatment with sodium hypochlorite in only 1% of cases. The remaining
5% was cleaned with sodium hypochlorite in areas where the biofilms were entrapped into a calcite
layer and in sandy surfaces with little physical compaction. The green biofilms from the entire cave
were successfully cleaned.

Keywords: cyanobacteria; chlorophytes; bryophytes; surface cleaning; hydrogen peroxide; sodium
hypochlorite

1. Introduction

Caves are heterogeneous karst systems composed of different compartments. As
one progresses from the outside to inside the cave, it can be observed that the microbial
populations colonizing the walls and ceilings are different, and separate into different zones.
In consequence, there is a transition between adjacent ecological systems that involves a
change in the structure and composition of the community and is limited by their spatial
distribution. Phototrophic communities (cyanobacteria, algae, lichens, bryophytes and
lower plants) are usually abundant in the area closest to the outside, generally illuminated
by natural light, and disappear towards the deepest area, depending on the decrease in the
light gradient.

Cyanobacteria and algae are especially successful microorganisms in subterranean
environments due to the high humidity and carbon dioxide concentration and the very low
light intensity in which they thrive. Some authors call these biofilms lampenflora [1–3]. The
lighting in show caves and other underground environments generates a series of problems,
derived from the growth of phototrophic communities, which generally represents a serious

Appl. Sci. 2022, 12, 7357. https://doi.org/10.3390/app12157357 https://www.mdpi.com/journal/applsci5
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ecological distortion and an aesthetic problem due to the presence of biofilms with green to
black colorations colonizing the speleothems and walls.

The problem of the appearance of green biofilms in caves with Paleolithic paintings is
not new. A few cases have been documented in the scientific literature and the phototrophic
communities threaten the Paleolithic paintings.

Lascaux Cave in France had to be closed at the beginning of the 1960s due to the
invasion of the alga Bracteacoccus minor as a result of the intense flow of visitors and hours
of artificial light. The biofilms were removed with antibiotics and formaldehyde [4,5].
Altamira Cave was closed in 2002 due to the occurrence of cyanobacteria and algae on
the paintings [6,7]. A third case was recently reported in El Castillo Cave, with the oc-
currence of biofilms in the Polychromes Panel [8]. In this cave, chlorophytes, specifically
Jenufa aeroterrestrica, a new species described in 2015 [9], as well as Coccomyxa sp. were
found in the biofilms, but no cyanobacteria. In Altamira and El Castillo caves, with initial
stages of phototrophic colonization, lighting was turned off.

Other caves showed extensive green biofilms on speleothems, but far from the paint-
ings, such as in Tito Bustillo Cave, Asturias, whose stalactites and stalagmites were abun-
dantly colonized by phototrophic microorganisms and, in particular, the sediments showed
an exuberant colonization by the calcifying cyanobacterium Scytonema julianum, common
in caves, tombs and catacombs [10–12].

Del Rosal et al. [13,14] found Jenufa sp. in Nerja Cave, with abundant phototrophic
biofilms on the speleothems and walls. In areas with water percolation (occasional or
habitual), chlorophytes (Jenufa sp. and Desmococcus endolithicus) were commonly identified,
while cyanobacteria and the red alga Cyanidium sp. abounded in drier areas.

The Andalusian caves, Gruta de las Maravillas, Murcielagos, Tesoro and Nerja, to
mention a few caves, exhibit different grades of phototrophic biofilm development. All
of them can be accessed and receive a varied number of visits, from a few thousand
to hundreds of thousands of visitors annually. Among them, Tesoro and Nerja caves
stand out due to the abundance of phototrophic biofilms. While Nerja Cave biofilms
have been thoroughly studied [15], the composition of the biofilms from Tesoro Cave is
relatively unknown.

Tesoro Cave (Figure 1) is situated in Rincon de la Victoria, about 11 km from Malaga,
Spain. The cave is located in a calcareous massif (Cantal Alto), formed on a thick bed of
about 70 m of limestone. The cave is about 80 m above sea level. The Cantal hill is widely
karstified with an abundance of small cavities and two main caves, Tesoro and Rincon de
la Victoria, the first located in the central area of Cantal Alto massif, and the second more
to the south.

The climate is semiarid and mesothermal, with small surplus of water in winter. The
water that reaches the karst is scarce; a significant quantity is lost by evapotranspiration,
and the remainder is lost in the urbanized area surrounding the cave entrance. The only
water supply to Cantal karst is reduced to direct rain infiltration with a few dripping points
in the cave; the response time to rain has 2–3 h of delay. This explains why the generation
of speleothems is so scarce in the cave [16].

The cave measurements of CO2, temperature and relative humidity showed partic-
ular features. In Sala del Lago and Sala del Volcan, the CO2 concentrations were from
200 to 550 ppm, the temperature 14.8–16.8 ◦C, and the relative humidity 80% to 90%, all
of which are normal values for a karstic cavity [5–8,13–15]. However, the non-visited area
(Galeria de Breuil) shows anomalous concentrations of CO2 [16], such as 20,000 ppm, the
temperature rises to 22.7 ◦C, and the relative humidity reaches 100% saturation. These
values are characteristic of environments with poor ventilation; in other words, the karstic
system seems to behave, in this Galeria, as a confined and almost impermeable enclosure
that presents a small renewal of air.
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Figure 1. Map of Tesoro Cave. T1–T3 represent the three sectors into which the cave was divided for
study purposes.

Tesoro Cave has experienced severe anthropic alterations. On the surface, the area
was urbanized with roads, parking plots and buildings. Inside the cave, strong alterations
for facilitating visits are observed, including the removal of sediments, building materials
extraneous to the karst, artificial lighting, the construction of an artificial lake, an elevator,
and a wide staircase [16]. Surface corrosion was favored by the microenvironmental
conditions in some galleries. The most noticeable effect of lighting was the growth of
a dense phototrophic community of cyanobacteria, green algae and bryophytes on the
speleothems, walls and ground, near the lighting points and wet areas. The remains of
wood and an old electric installation are also evident.

For study purposes, the cave was divided into three sectors: T1, mainly formed by a
wide hall, Sala de Lagos, with an artificial lake; T2, centered by the main entrance to the
cave with an elevator and staircase as well as halls and galleries at both sides to give access
to zones T1 and T3; and T3, ending in a deep hall, Sala del Volcan (Figure 1). Here, we
report a study on the phototrophic community in Tesoro Cave, the cleaning of biofilms and
the used protocols.

2. Materials and Methods

Phototrophic biofilm samples were scraped off with a sterile scalpel, placed into 1.5 mL
sterile Eppendorf tubes and stored at 4 ◦C until arrival at the laboratory.

Taxonomic identifications were based on the morphological characters of the whole biofilm
and on colonies grown on 15% agar plates with medium BG11 (Sigma-Aldrich, Steinheim, Ger-
many) or Bold’s Basal Medium (BBM) (Sigma-Aldrich, Steinheim, Germany) and incubated at
room temperature and a low light intensity (semi-closed window oriented to the north) [17,18].
The identification of the different microalgae and cyanobacteria was based on the available tax-
onomic keys and confirmed in AlgaeBase [19–24]. Molecular biology techniques were applied
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for the identification of Cyanidium sp. DNA was extracted using the FastDNASPIN for Soil Kit
(MP Biomedicals, Illkirch, France). The amplification of 16S gene sequences was performed
using the cyanobacteria-specific primer pair, Cya106F (5′-CGGACGGGTGAGTAACGCGTGA-
3′) and Cya 781R (5′-GACTACTGGGGTATCTAATCCCWTT-3′) [25]. The PCR amplification
protocol consisted of the following thermal conditions: 95 ◦C for 2 min; 35 cycles of 95 ◦C
for 15 s, 60 ◦C for 15 s, 72 ◦C for 2 min; and a final step of 72 ◦C for 10 min. DNA libraries
of PCR-amplified products were constructed using the TOPO-TA cloning kit (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s recommendations. Plasmids were
extracted with the JetQuick Plasmid Miniprep Spin kit (Genomed, Löhne, Germany), fol-
lowing the manufacturer’s protocol, and sequenced by Secugen Sequencing Services (CSIC,
Madrid, Spain). The identification of phylogenetic neighbors was determined using the
BLASTN algorithm [26]. The 16S rRNA gene sequences of clones and its closest related
sequences were multiplied and aligned using CLUSTAL W [27]. The phylogenetic tree
was constructed using the maximum-likelihood method [28] and Kimura’s two-parameter
model with a discrete Gamma distribution in MEGA version 11 [29]. A bootstrap analysis
of 1000 re-samplings was used to evaluate the robustness of the tree. All sequences were
submitted to GenBank with consecutive accession numbers ON619559–ON619566.

The direct observation of phototrophic biofilms and isolate colonies from enrichment
cultures was carried out using an Axioplan microscope (Carl Zeiss, Oberkochen, Germany)
and the images captured with an AxioCam MRc5 digital camera and processed with
Axiolan LE software and a scanning electron microscope (Quanta 200 FEI Φ EDAX) [13,14].
The samples were subjected to pre-fixation with acrolein vapor and post-fixation with
osmium tetroxide vapor. The samples were double coated with carbon and sputtered gold.

Several treatments were tested for biofilm removal and cleaning. The treatments
applied for cleaning the whole cave included mechanical removal by brush and cleaning
with liquid nitrogen, with hydrogen peroxide and/or sodium hypochlorite.

Physicochemical cleaning was a two-phase treatment: the first physical and the second
chemical. The first consisted of the mechanical removal of the thickest layers of biofilms
using a spatula and a brush. This treatment was conditioned by the type of biofilm and the
rock surface. In fact, this was applied to dense biofilms showing abundance of bryophytes
and/or algae that could easily be removed from the rock surfaces. The application was
never done dry, but rather by means of previous hydration of the surfaces. Once finished,
a chemical treatment was applied, which was conditioned by the typology of the surface
(solid rock surfaces), the type of biofilms (residual algae and/or bryophyte protonema
not removed by brushing) and the environmental conditions (dry or wet surfaces). The
products used were as follows.

Cleaning with hydrogen peroxide: hydrogen peroxide at 10% in water was very
effective in dry areas. It was applied by impregnation with a brush or by spraying with
nebulizers. In the case of more humid areas and with more irregular textures, it was applied
in a percentage of 50% in aqueous solution. This was done by first performing various
tests. We observed that in areas with high humidity (due to condensation or seepages), the
product was diluted, lowering the concentration and losing effectiveness. This chemical
was the most widely used.

Cleaning with sodium hypochlorite: cleaning with 10% sodium hypochlorite in aque-
ous solution was used in very porous or textured areas where cracks abounded and the
conditions, in all ways, were very extreme, and in areas of very high biofilm development,
especially in areas located around light sources. It was applied by impregnation with
a brush.

Subsequent chemical cleaning: this treatment was mainly applied in areas where the
biofilms were entrapped into a calcite layer and on sandy surfaces with little physical
compaction. Two different scenarios were considered, namely, fragile and calcified zones.

Fragile zones: small stalactites, or very fragile surfaces. The treatment was applied
with a nebulizer in areas where hydrogen peroxide was not effective enough.
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Calcified zones: applied in areas where the biofilm was covered by calcite crystals,
showing an intense green hue. To access the biofilms, pads impregnated with sodium
hypochlorite were placed on the mineral layer, which reduced the evaporation of the
product and facilitated its action.

3. Results and Discussion

3.1. Composition of Biofilms in Different Cave Sectors
3.1.1. Sector T1

The cave was divided into three sectors with different ecological and environmental
characteristics. Sector T1, largely represented by Sala del Lago, was influenced by the artifi-
cial lake occupying almost the entire sector, which provided high relative humidity, near
saturation. In addition, the connection with the exterior was relevant through the water.
This and the lighting produced abundant phototrophic biofilms composed of cyanobac-
teria, microalgae and bryophytes near the lighting lamps. The biofilms were dominated
by the cyanobacterium Phormidium sp. (Figure 2B), the chlorophyte Myrmecia israelensis
(Figure 2A) and the rhodophyte Cyanidium sp. It is remarkable that Cyanidium sp. was only
found in this sector and not in the biofilms from the rest of the cave.

 

Figure 2. (A) Cells of Myrmecia israelensis. (B) Filaments of Phormidium sp. Scale bar: 10 μm.

The presence of Cyanidium sp. in Tesoro Cave, which was also observed in Nerja Cave
some 50 km away [14], deserves a special mention. The reports on the genus Cyanidium,
identified by microscopy and morphology and retrieved from non-extremophilic habi-
tats, are very scarce, but not those from extreme and acidophilic environments, where
Cyanidium caldarium is well represented [30,31]. Cyanidium sp. would not correspond to
C. caldarium due to its very different habitat and ecology. In fact, Cyanidium strains from
caves cluster into a separate monophyletic lineage within the class Cyanidiophyceae [32].

The first morphospecies of the genus Cyanidium that did not inhabit acidic ecosystems
or volcanic areas were described from samples from caves (Cyanidium chilense) and from
fissures in coastal rocks, both in Chile [33]. Subsequently, by means of molecular analysis,
three species of non-extremophilic aerophytic Cyanidium have been described, two of
them Cyanidium sp. Monte Rotaro and Cyanidium sp. Sybil Cave, inhabitants of Italian
caves [34,35], and the third, Cyanidium sp. Atacama, in a cave on the Chilean coast [36].

The sequences of clones related to the genus Cyanidium identified in Tesoro Cave
present identities of 95.09%, 94.75% and 92.76% with the strains from Atacama, Monte
Rotaro and Sybil Cave, respectively (Figure 3). In the phylogenetic tree, the Tesoro Cave
sequences form a robust clade far from previous Cyanidium isolates, suggesting that they
could represent a different species of the genus.
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Figure 3. Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences showing the
relationship of clones from phototrophic biofilms collected in Tesoro Cave to isolated species of the
genus Cyanidium. Bootstrap values (>50%) are expressed as percentages of 1000 replicates. The 16S
rRNA gene sequence of Bangia fuscopurpurea was used as the outgroup. Bar: 0.02 substitutions per
nucleotide position.

In many cases, the biofilms also showed abundance of the bryophyte Eucladium verticillatum.
The cause was the intense illumination by means of incandescent lamps, as shown in
Figure 4. Eucladium verticillatum usually live outdoors in very pronounced shaded areas
and produce rhizoid buds. However, this bryophyte is common in limestone caves, where
it grows at varied ranges of light irradiation [37,38]. Whitehouse [39] reported the presence
of E. verticillatum in Altamira Cave in 1955. We also find it in Encajero Cave, in Quesada,
Jaen, with a thick spongy growth giving rise to considerable tufa formations, associated
with Stichococcus bacillaris [40].

 

Figure 4. Growth of the bryophyte Eucladium verticillatum. (A) Sala del Volcan. (B) Sala del Aguila.
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In the studied cases, cells of M. israelensis, Phormidium sp. and E. verticillatum formed
a dense biofilm. Scanning electron microscopy images of the biofilms showed a dense
network of M. israelensis cells (Figure 5A) and filaments of Phormidium sp. (Figure 5B). The
cells of M. israelensis and Phormidium sp. are usually attached to each other by appendages.
Some cells are lodged in depressions that suggest an active mechanism of calcite dissolution.

 

Figure 5. Scanning electron images of biofilms. (A) Cells of Myrmecia israelensis. (B) Filaments of
Phormidium sp. Scale bar: 5 μm.

3.1.2. Sector T2

This sector is characterized by the location of an elevator and the staircase in the center,
connecting with the entrance, and with halls and galleries at both sides connecting with
sectors T1 and T3. Therefore, this sector was anthropically modified and showed high
environmental changes with respect to the rest of the cave.

In Sala de Marco Craso, there was a phototrophic colonization occupying large exten-
sions. The light microscope as well as the scanning electron microscope study revealed
that the phototrophic community was almost exclusively formed by M. israelensis. The
substratum was heavily corroded, and on it had been deposited masses of the algae.

In other biofilms from Sala de Marco Craso, several species of cyanobacteria were
observed: Synechocystis sp. and Nostoc cf. edaphicum (Figure 6A,B) and the microalgae
Pseudococcomyxa simplex, Chlorella sp. and sporocysts of M. israelensis (Figure 6C). Sporocysts
are cells within which spores are formed. The identification of a species of Nostoc is
interesting, since it indicated that there is nitrogen fixation from the air in the cave by
cyanobacteria, which would enrich the niche and provide this element for the growth of
non-nitrogen-fixing heterotrophic microorganisms. The violet color of Figure 6A is due to
the pigment phycocyanin that produces Nostoc and that adheres to membranes.

 

Figure 6. (A,B) Nostoc cf. edaphicum. (C) Sporocysts of Myrmecia israelensis. Scale bar: 10 μm in (A,B),
and 5 μm in (C).
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3.1.3. Sector T3

In sector T3, Sala del Aguila, the biofilms developed significantly. Phototrophic
colonization adopts different morphologies in the distribution on the mineral substratum,
from circular colonies to a homogeneous biofilm covering the rock surface.

The study of the cultured sample in the laboratory from Sala del Aguila biofilms
showed cells of Synechocystis sp., Diadesmis contenta, Phormidium sp., Chroococcidiopsis sp.,
Pseudococcomyxa simplex and M. israelensis, as well as the bryophyte E. verticillatum.

In the samples from the circular colonies, a whitish mass formed by organisms that
retained color, as well as many empty sheaths and dead organisms were revealed under
the light microscope. This may be due to the alternation of dry and wet seasons.

We did not study fungi, because given the amount of bacteria and cyanobacteria
in the biofilms, which usually produce bioactive (antifungal) substances, and in light of
previous studies in other caves, it does not seem that fungi can attain great relevance in
these phototrophic communities, as reported for Nerja Cave [15].

In the gallery accessing to Santuario de Noctiluca, the biofilms were also abundant.
Under the light microscope, M. israelensis and Phormidium sp. were evidenced. The scanning
electron microscope study showed a dense web of filaments of both cyanobacteria and
associated filamentous bacteria.

The phototrophic organisms found in Tesoro Cave have been reported in many other
European caves [14,37,41–49].

3.2. Preliminary Cleaning Testing

After reviewing the different cleaning procedures reported in the literature [50–53],
we selected three methods: (i) mechanical cleaning with liquid nitrogen, (ii) cleaning with
sodium hypochlorite, and (iii) cleaning with hydrogen peroxide. They were tested in
biofilms from Sala del Aguila.

The cleaning with liquid nitrogen on biofilms was performed with a brush. Liquid
nitrogen provided a cleaning technique that combined mechanical removal with freezing.
This protocol, in the case of a biofilm composed mainly of the bryophyte E. verticillatum, or
cyanobacteria and green algae, was much less effective than when using chemicals, because
it was not able to completely remove the green biofilms.

The cleaning with sodium hypochlorite on the biofilm of cyanobacteria and algae was
effective, and was maintained for a long time (Figure 7). This treatment has been applied in
many caves all over the world for removing lampenflora [52]. Two months later, the rock
presented a whiter hue than at the end of the cleaning, indicating that the chemical had a
residual effect.

 

Figure 7. Cleaning of phototrophic biofilms with sodium hypochlorite. (A) Before treatment. (B) Af-
ter treatment.
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Cleaning with hydrogen peroxide on E. verticillatum showed that the hydrogen per-
oxide applied directly with a brush was effective. In the case of abundant colonization of
bryophytes, it is preferable to use the mechanical removal of the organisms, that can be
done easily, and to only apply hydrogen peroxide to the residual protonema and rhizoids
that remain on the rock. Likewise, in the areas on which bryophytes are growing, lighting
should be removed (Figure 8).

 

Figure 8. Cleaning with hydrogen peroxide on Eucladium verticillatum. (A) Before cleaning. (B) Af-
ter cleaning.

The cleaning with hydrogen peroxide on biofilms of cyanobacteria, algae and bryophytes
was very effective as it eliminated the phototrophic community without leaving residues
(Figure 9). This was considered an environmentally acceptable procedure for removing
cave biofilms [51]. Cleaning efficiency can be maintained after treatment if the lighting is
removed after cleaning. In fact, under these environmental conditions, the cleaned areas
should not develop new biofilms and will guarantee the persistence of the cleaning effect.

 

Figure 9. Cleaning of biofilms with hydrogen peroxide. (A) Before cleaning. (B) After cleaning.

From the preliminary tests carried out in the cave, it can be inferred that the most
suitable methods for the cleaning and removal of the extensive green biofilms coating the
cave surface were the use of hydrogen peroxide and sodium hypochlorite. The first should
be used preferentially for its innocuousness. The second can leave residue, and odor can
remain for a short time. Because of its complicated transport and execution, as well as
possible danger to the applicator and for not having shown greater effectiveness than the
other two treatments, the use of liquid nitrogen is not recommended.
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3.3. Recommended Cleaning Protocols

The recommended procedure is first to carry out mechanical cleaning in those cases
where the biofilm is thick, such as, for example, in cases of bryophytes and dense algae
biofilms. Subsequently, hydrogen peroxide must be used to remove the adhered residues,
and not be mechanically removed. This allows the use of less of the chemical and optimiza-
tion of the results.

Cases where the green color is not completely eliminated can be treated exceptionally
well with sodium hypochlorite, first testing a small rock area to check its effectiveness. If the
green color does not disappear with the hydrogen peroxide, or subsequently with sodium
hypochlorite, it is likely because the cells with the chlorophyll pigment are embedded in a
calcite matrix.

Most of the rock art paintings are in a gallery not accessible to visitors (Galeria de Breuil,
Figure 1), and therefore without lighting. No green biofilms were observed in this part of
the cave. However, Sala del Aguila has a marked problem of colonization by phototrophic
microorganisms, associated with the presence of a lighting source, which is very close to
some of the rock art painting. This converts the cave into no longer a natural monument,
but a site of cultural interest, and therefore the precautions that the current legislation
provides for this site were adopted. The occurrence of a lighting point relatively near a
painted horse protome, a typology from the Upper Paleolithic, threatened the painted area
(Figure 10). The occurrence of bryophyte protonema and/or phototrophic microorganisms
represents a real danger for the conservation of the painting. Considering these conditions,
mechanical cleaning was proposed for the bryophytes and active phototrophic colonization,
which was supervised at all times by the archaeological direction of the cave throughout
the duration of the intervention.

Figure 10. Lighting point in Sala del Aguila with phototrophic biofilms next to the Paleolithic painting.
On the right, tracing of a Paleolithic horse protome using digital image analysis.

3.4. Effective Cleaning of Biofilms in Tesoro Cave by Agora S.L.

After the preliminary testing of the cleaning procedures, the treatments applied in
cleaning the whole cave included mechanical removal and cleaning with hydrogen peroxide
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and/or sodium hypochlorite. The distribution of cleaning treatments was as follows:
physicochemical cleaning, 95% (hydrogen peroxide 94%, sodium hypochlorite 1%); only
chemical cleaning, 5%: sodium hypochlorite. The products were applied according to the
needs of the area to be cleaned. The cleaning lasted two months for three full-time restorers
(Figure 11).

 

Figure 11. (A) Biofilms in Sala del Lago (T1) before cleaning. (B) After cleaning. (C) Biofilms in Sala
del Aguila (T3) before cleaning. (D) After cleaning. Cleaning consisted of mechanical removal of
biofilms and treatment of the residues with hydrogen peroxide.

4. Conclusions

The phototrophic biofilms covering the speleothems, walls and ground in Tesoro
Cave, Rincon de la Victoria, Spain, were successfully cleaned using a protocol involving
the mechanical removal of dense biomass, treatment with hydrogen peroxide and, when
needed, it was followed by sodium hypochlorite. To guarantee long-term efficiency, the old
lighting system should be replaced with a new design with monochrome or LED lamps to
be located in the driest area of the cave, or alternatively, implementing visits with electric
lanterns, which is possible due to the easy walkable cave trail.
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Abstract: The sandstones which constitute the host rock for the prehistoric artwork in the Rock
Groups of Tajo de las Figuras and Peñas de Cabrera (southern Spain) show a serious degree of alter-
ation, due both to natural processes and those related to anthropogenic and animal activity. A detailed
study was carried out on the petrological and compositional characteristics of the sandstones (fresh
and altered rock) in both rock groups, and on the geological and climatological characteristics of the
area in which they are located. The sandstones have very similar petrological and compositional
characteristics in both areas. This likeness causes the nature of the natural weathering processes to be
similar in the rock areas studied. These processes can be divided in terms of the predominant mecha-
nisms of alteration into three inter-related categories: mechanical weathering, chemical weathering,
and bio-induced alteration processes. However, the different climatic conditions of the areas in which
the two rock areas are located directly influences the intensity of these processes. The precipitation
and the range of temperature variation with heavy winter frosts in the area of El Tajo de las Figuras
are significantly higher than in the area of Peñas de Cabrera; this translates into a higher rate of
weathering at El Tajo de las Figuras. Regarding the anthropogenic action, two types of influence on
the deterioration can be distinguished: a direct one, which consists of scouring and wetting of the
walls in order to increase the chromatic contrast; and an indirect one, which is the extraction of blocks
of sandstone in the upper part of rock shelters, which in turn encourages the development of the
chemical weathering processes.

Keywords: sandstone weathering; chemical weathering; rock shelter; rock art

1. Introduction

Rock materials have been employed as a host rock and/or frame for artistic represen-
tations, paintings, sculpture, and architecture since prehistoric times. In the last decades,
great progress has been made in investigating the processes of alteration in rock used
for architectural monuments ([1–11], among others). However, works on to the state of
alteration of the host rock for artistic representations located in natural rock outcroppings,
both karstic cavities and rock shelters, are much less common. Recent works address this
problem in art representations executed in natural rock shelters. Campbell (1991) [12]
classified the intensity of the weathering which has affected the sandstone host rock for the
historic carvings in the Writing-on-Stone Park in Canada. Pentecost (1991) [13] studied the
rate of weathering of the Cretaceous Ardingly Sandstone in the Weald (England) where
there are abundant pictorial representations. Benito et al. (1993) [14] analysed the state of
conservation of the paintings and carvings in different rock groups in NE Spain together
with the processes of weathering in their sandstone host rock. Sjöberg (1994) [15] carried
out a study on the alteration of surfaces with carvings from the Bronze Age in southwestern
Sweden. Hall et al. (2007) [16] and Meiklejohn et al. (2009) [17] suggested that rock moisture
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and thermal regimes exert the most damaging influence on indigenous rock art painted on
porous sandstones in southern Africa. Díez-Herrero et al. (2009) [18] studied the influence
of direct insolation in the weathering of cave paintings on Triassic sandstones at Central
Spain. More recently, Peña-Monné et al. (2022) [19] highlighted the role of hydroclastic and
haloclastic processes on weathering processes of the sandstones in the painted rock shelters
of Cerro Colorado (Argentina).

Paintings and carvings on rock surfaces become closely linked with the natural evolu-
tion of the host rock from the moment that they are executed. Because of this, and in order
to carry out an extensive study of the state of conservation of these artistic and cultural
features, it is first necessary to establish the processes and mechanisms by which the rock
has been altered. The purpose of the present work is to establish the alteration processes
which affect the sandstones that constitute host rocks for the paintings and carvings of
the so-called Rock Groups of Tajo de las Figuras (Cádiz) and Peñas de Cabrera (Málaga),
southern Spain.

2. Study Area

The Rock Group of Tajo de las Figuras is located within the municipal boundaries of
Benalup (Cádiz province, southwestern Spain) (Figure 1A), in the extreme southeast of the
Sierra Momia, at an altitude which ranges between 110 and 170 m above sea level. These
sierras, which have little relief, are formed of siliceous sandstone belonging to the Aljibe
Formation (lower Miocene) that grades downwards into reddish clays which range in age
from Oligocene to Aquitanian. The Aljibe Fm., a 1500 to 2000 m thick succession, consists
of meter thick planar-tabular or cross-stratified beds of medium to coarse-grained, pale
orange to yellowish brown sandstones. The quartzose sandstones of Aljibe Fm. are strongly
tectonized, the basic directions of the diaclase network being E–W. Its structure is in the
form of piled up thrust sheets which provides important relief in the form of sierras with
an average altitude of 400 to 500 m. It also has an abundance of structures due to tectonic
instability, such as landslides and sand dykes [20]. The Rock Group of Tajo de las Figuras
includes a total of seven natural rock shelters, mainly facing the south, termed Cueva del
Tajo de las Figuras, Cueva del Arco, Cueva Cimera, Cueva Negra, Cueva Alta, Cueva del
Tesoro, and Cueva de los Pilones. These host a set of engravings which can be attributed
to the upper Palaeolithic and post-Palaeolithic (Neolithic–Chalcolithic–Bronze Age) [21].
These paintings are of zoomorphic and anthropomorphic motives and signs [22] and form
their own artistic style within the so-called “schematic” style, which can be differentiated
from the rest of the artistic rock works in the Iberian Peninsula [23,24].

The Rock Group of Peñas de Cabrera is located within the municipal boundary of
Casabermeja, in the interior of the Málaga province (southern Spain) (Figure 1A). Most
rock shelters are sited on the northern flank of a thick succession of sandstones which ends
in a small hill (570–620 m above sea level) which is located on the southern side of the
Lower Miocene Colmenar Depression. The sandstones are arranged in meter-thick beds
which generally are folded with dips that slightly exceed 30◦. However, at some points,
such as where rock shelters with paintings are found, sandstones appear as blocks with
chaotic distribution, being arranged vertically and even seem to be inverted with some
frequency. The degree of tectonic fracturing of sandstones is very high, showing a dense
network of faults and diaclases with preferential N260◦E and N orientation. Given their
affinity with the Germanic facies and the lack of fauna in the study area, the Permo-Triassic
age has been assigned to these sandstone beds [25]; thus placing them in the Andalusian
domain precisely in contact with the flysch of the Colmenar Unit. The Rock Group of Peñas
de Cabrera is formed of a total of 23 well-known rock shelters of smaller dimensions facing
N, NW, and W. It contains a series of post-Palaeolithic paintings (Chalcolithic) which can
also be assigned to the “schematic” style, with an abundance of anthropomorphic and
idiomorphic representations, idols, tectiforms, and arboriforms [26].
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Figure 1. (A) Location map. Small crosses indicate locations of rock shelters with prehistoric paintings
and engravings. Large crosses indicate locations of the studied rock shelters: Cueva del Tajo de
las Figuras (TF), Cueva del Arco (CA), Shelter no 11, Shelter no 13, Shelter no 17, and Shelter no 24.
(B) Cross-sections of the studied rock-shelters.

Both Rock Groups (Tajo de las Figuras and Peñas de Cabrera) show a high degree of
deterioration, both of natural and anthropic origin, which has promoted various actions
aimed at their protection by the relevant authorities, including their temporary closure to
tourism [27,28].

As the climatic conditions have a determining role in the development of rock weath-
ering processes [29], the main climatic parameters of the study areas were collected for the
period 1995–2014 from data supplied by the Antequera meteorological station (Z = 408,
370146 N, 044454 W) for Peñas de Cabrera and the Grazalema station (Z = 913, 364538 N,
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052227 W) for Tajo de las Figuras. Regarding temperatures, both areas have a mesothermal
to hot climate, but with a greater seasonal contrast in the area in which Tajo de las Figuras
is located with relatively frequent frosts in December, January, and February, and a greater
annual thermal fluctuation can be observed. The mean annual temperature values for both
Tajo de las Figuras and Peñas de Cabrera areas range from 15.2 to 17.3 ◦C, and from 14.7 to
16.5 ◦C, respectively. In the case of precipitations, the differences between the two areas are
of much more importance; Grazalema (Tajo de las Figuras) shows indices of very high rain-
fall with mean annual ranging from 1800 to 2200 mm, which are considerably greater than
that in Málaga (Peñas de Cabrera), with mean annual precipitation values ranging from
3310 to 660 mm. The average annual wind speed in Grazalema is 13.86 km/h with gusts
of over 130 km/h. In Antequera, the average annual value of the wind speed is slightly
lower, 11.99 km/h with some gusts exceeding 80 km/h. At both areas the climate is Csa
(hot summer Mediterranean climate) according to the Köppen-Geiger classification [30].

3. Materials and Methods

The geomorphological disposition of the sandstone beds which act as host rock for
paintings and carvings was determined through a photo-geological study of the area, a revi-
sion of the existing geological cartographies, and field work in which structural and textural
data were collected. The study concentrated on six representative rock shelters from the
two archaeological groups (Figure 1). Two shelters belong to the Rock Group of Tajo de las
Figuras (Cueva del Tajo de las Figuras and Cueva del Arco) and four to the Rock Group
of Peñas de Cabrera (rock shelters 11, 13, 17 and 24), as these are the ones that have the
largest number of artistic representations. To assess the deterioration phenomena, detailed
and comprehensive in situ visual analyses were performed before the sampling campaigns.
The ICOMOS ICS glossary (2008) [31] was used for weathering form terminology. A total of
80 samples were taken from these six rock shelters in order to carry out a petrological, min-
eralogical, and geochemical characterization of alteration processes which affect the sites.
These samples correspond both to fresh rock and to altered rock (flaking, filling with joints,
oxide patinas, detritus of alveoli, and concretions). Analytical procedures were performed
at Museo Nacional de Ciencias Naturales (MNCN-CSIC, Madrid) laboratories. Optical
microscopy and SEM techniques were used for the petrographic study. Qualitative and
semi-quantitative data were obtained on the chemical composition of the different mineral
components present in the sample using an EDS analyser. The mineralogical analyses were
performed using X-ray diffractometry, with quartz as the internal standard. The geochem-
ical composition of the host rock and of the alteration products were determined using
standard procedures with an X-ray fluorescence spectrometer.

4. Geological Characteristics of Rock Shelters

4.1. Morphology

The general morphological characteristics of the six rock shelters studied are provided
below. The main alteration products, whose mechanisms of formation are explained later,
are schematically indicated:

- The Cueva del Tajo de las Figuras is a rock shelter opening towards the south, 5.8 m
in height, 4.2 m wide, and 8 m deep (Figure 1B). It is located on a vertical incision
corresponding to a fault plane with an E–W direction (Figure 2A). It has alveolar
structures formed by one centimetre to decimetre-width alveoli with a spherical to
ellipsoidal section particularly located in the back wall and the ceiling of the shelter.
Holes are used by animals (wasps and birds) for their nests. Patinas of reddish to
blackish tones are abundant on the walls and ceiling. Whitish patinas on the external
part of the shelter are also present. These stains are closely related to the colonisation
of plants and the defecation of animals. The floor of the shelter has a smooth, polished,
shining surface. Fallen rock flakes are abundant, particularly in the more external part
of the shelter;
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- The Cueva del Arco is a rock shelter with a domed roof and an overhanging rock ledge
that has partially collapsed. Consequently, a large arch with an elliptical section has
been formed at the entrance of the cavity (Figure 2B). Its approximate dimensions are
2.3 m in height, 10 m wide, and 7.5 m deep (Figure 1B). Alveolar surfaces throughout
the stratification are abundant on the walls and ceiling. The alveoli are one centimetre
in width and have an ellipsoidal shape. Both the walls and the ceiling and floor
show patinas of reddish and orange tones and an abundant colony of fungus, lichens,
and other plants. Remains of fallen rock flakes are numerous;

- Shelter 11 (Peñas de Cabrera) is morphologically similar to the Cueva del Tajo de
las Figuras, but not as deep, with approximate dimensions of 5 m in height, 4 m in
width, and 2.5 m deep (Figure 1B). This shelter is orientated to the north and has
developed on a practically vertical E–W fracture plane. Alveolar structures similar
to those previously described can be seen on the ceiling and upper part of the walls
of the shelter (Figure 2C). The floor is covered with a patina of an intense red colour,
with bright and dark areas. The red tones of the floor appear to be related to the traces
of Neolithic pictorial activity. A well-defined surface blackening can also be observed
on walls and ceilings;

- Shelter 13 (Peñas de Cabrera) faces the north according to fracture planes in a N100ºE
direction and a dip of 50–60◦ S (Figure 2D), with the development of one meter-width
tafone morphologies on its back wall (Figure 2E). This is a shelter with little depth
(less than 3 m) and a maximum height of 8 m (Figure 1B). Honeycomb structures
formed by alveoli of the order of one millimetre can be seen on the back wall of the
shelter together with brownish orange patinas, fallen rock flakes, and white marks
from the defecation of animals. Traces of biological communities, such us fungi or
lichen, on the inner walls of the shelter are practically absent;

- Shelter 17 (Peñas de Cabrera) is 2.5 m in height, 6 m wide, and 1.8 m maximum in
depth (Figure 1B). It faces north and is located very near ground level, thus making a
very clear ground-level ledge. This shelter is almost masked by abundant vegetation.
Reddish patinas and signs of fallen flakes are very abundant. The lower part of the
shelter, up to a height of 50 cm, does not show alteration patinas and is completely
devoid of flakes (Figure 2F);

- Shelter 24 (Peñas de Cabrera) faces west and is small (1.8 m high by 4 m wide and a
maximum depth of 1.5 m) (Figure 1B). This shelter has a great development of alveolar
morphologies in the interior, particularly towards the ceiling. Colonisation of fungi,
lichens and other plants is abundant. The walls of the shelter have a very extensive
blackish patina.

The degree of tectonic fracturing of the sandstone host rock in both rock groups is very
high as they have been affected both by faults and a dense network of joints (Figure 2A,D).
There are older recrystallized, hardened, and patinated fractures in the diaclase systems
which are more resistant to weathering than the sandstone itself. The fracture network
stands out inside the shelters; the sandstone is compartmentalized into patina-encased
rock masses. The most recent fractures, on the other hand, are in a period of enlargement.
It must be taken into account that this is a tectonically active area [20,25] and therefore the
more recent joints must have originated through neo-tectonic activity.
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Figure 2. Morphological features of the studied rock-shelters (see text for explanation). (A,B) Rock
Group of Tajo de las Figuras. (C–F) Rock Group of Peñas de Cabrera. (A) View of the entrance of the
Cueva del Tajo de las Figuras, which is located in a fault plane; note the high number of fissures and
fractures affecting the host rock. (B) General view of the Cueva del Arco. (C) View of the interior
of the shelter 11; honeycomb weathering is developed on walls and ceiling. (D) Lateral view of
shelter 13, which is developed on a fault plane. (E) Frontal view of shelter 13; decimetre-width tafone
are developed in the uppermost part of the shelter wall. (F) Frontal view of shelter 17; selective
weathering due to proximity to ground level is observed.

4.2. Petrology and Geochemistry

The sandstone host rock of the Tajo de las Figuras site is mainly composed of medium
to coarse-grained, poorly sorted sub-arkoses. The framework grains show a relatively
high degree of roundness (Figure 3A). It is mainly composed of: quartz (80–90%); feldspar
(0–15%), with a predominance of plagioclase; mica (<5%), mainly muscovite; tourmaline
(<2%); and opaque minerals (<2%). The matrix is very scarce (<5%) and mainly consists
of kaolinite masses (to a lesser extent illite). Syntaxial siliceous cements, ferruginous rims
and kaolinite pore-linings and pore-fillings were observed. The chemical composition of
the Tajo de la Figuras fresh rock samples (Table 1) is characterised by the high content of
SiO2 (>95%) and low content of Al2O3 (<1.8%) and other elements. In most of the samples,
the MgO and MnO content was below the sensitivity limit of the analytical technique
employed (XRF). This fact appears to be related to the low proportion of phyllosilicates
observed in the petrographic study.
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Figure 3. Thin section photomicrographs. (A) Poorly sorted sub-arkose showing clast-supported
fabric and grains with high degree of roundness (Cueva del Arco). (B) Sub-arkose with feldspar and
biotite grains showing fine-grained alteration and pore-filling kaolinite cement (Shelter 13, Peñas de
Cabrera). (C) Stromatolite-like crust surrounding sandstone surface (Cueva del Tajo de las Figuras).
Calcite cements filling intergranular pores and partially replacing both siliceous framework grains
and cements. All photographs were taken under cross polarized light.
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Table 1. Average chemical composition (in weight %) of fresh sandstone host rocks.

Tajo de las Figuras Peñas de Cabrera

SiO2 96.3 91.53

Al2O3 1.4 5.5

FeO + Fe2O3 0.5 0.45

TiO2 0.25 0.28

MgO 0.10 0.13

CaO 0.07 0.04

MnO <0.01 <0.01

Na2O 0.1 0.04

K2O 0.3 0.98

P2O5 0.06 0.1

L.O.I. 0.99 0.90

Peñas de Cabrera sandstones are very similar to those of Tajo de las Figuras. They are
medium to coarse-grained, poorly sorted quartz-rich sandstones with grains showing a
moderate to high degree of roundness and sphericity. The sandstone is composed mainly
of: quartz (80–90%); mica (5–20%); feldspar (mainly plagioclase) (0–15%); and metamorphic
rock fragments (0–10%). The matrix is scarce (<5%) and consists of masses of illites and
kaolinites. The cements, although scarce, are mainly siliceous and ferruginous. Most of
these sandstones can be classified as sub-arkoses, although locally, sub-lithoarenites are
relatively abundant (Figure 3B). The chemical composition is also similar to Tajo de las
Figuras sandstones (Table 1). The main difference is clearly the greater concentration of
Al2O3 and K2O due to the presence of phyllosilicates (mainly mica and illites).

The superficial alteration rinds on the shelters’ walls and of the fallen flakes are
formed by a compact mass, which is not very porous and has reddish tones. The chemical
analysis for these alteration rinds in the two rock groups indicate a marked enrichment
in FeO + Fe2O3 (4.9% ± 0.5%), MgO (0.42% ± 0.17%), and in the loss on ignition (L.O.I.)
(1.8% ± 0.3%). This fact is consistent with the petrographic observations made and the
mineralogical analyses performed. Framework components show weathering features
such as: (1) strongly altered feldspars and biotites; (2) masses of authigenic kaolinites;
(3) quartz grains with signs of dissolution and syntaxial overgrowth; (4) and muscovites
fragmented into flakes. Fe and Mn oxides/hydroxides in the form of amorphous masses,
which commonly appear to be fragmented and re-cemented, are relatively abundant. Traces
of biological activity, such as lichen thalli, fungal hyphae, and the remains of insect skeletons
were also recognised.

Micrometre to millimetre-thick laminar carbonate crusts (Figures 3C and 4A) formed
by 5 to 50 μm-thick layers mainly composed of calcite crystals (micrite and microsparite)
also occur. Lenticular gypsum crystals (Figure 4B), Fe and/or Mn oxides/hydroxides
grains, clays, and organic elements (biofilms, algae, fungi, and spores) were also recognised.
In the areas where these crusts are developed, it was observed that the calcium carbonate
crystals penetrated the sandstone replacing and/or disintegrating both the framework
components and the matrix/cements (Figure 3C).
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Figure 4. SEM micrographs. (A) Detail of stromatolitic calcite layers enveloping grain surfaces
(Shelter 11, Peñas de Cabrera). (B) Small lenticular gypsum crystals within the stromatolite crust
(Cueva del Tajo de las Figuras).

5. Weathering Processes

A simple visual examination of the shelters which form the two rock groups denotes
the major effectiveness of weathering processes in the Tajo de las Figuras Group, as is
revealed by a major development of alteration rinds, oxide-rich patinas, falling of flakes, etc.
A detailed field and laboratory examination of the alteration products and forms allowed us
to differentiate between natural weathering processes and those induced by human activity.

5.1. Natural Weathering Processes

The natural weathering processes, observed with different intensity in each of the
studied sites, can be divided in terms of the predominant alteration mechanisms in three
inter-related groups: mechanical weathering, chemical weathering processes, and bio-
induced alteration.

5.1.1. Chemical Weathering Processes

Petrological and geochemical analyses of rock samples from the weathered surface of
the walls of the shelters indicate the existence of chemical alteration processes which include
dissolution and/or transformation of minerals and the redistribution of ionic substances.
The main effect observed was the formation of hardened superficial layers. These layers
are enriched in Fe and/or Mn oxides, clays, and silica. This process has been widely
referred in the literature as case hardening (e.g., [32–34]). The driving mechanisms for case
hardening on sandstones are the hydrolysis and carbo-hydrolysis reactions which affect the
aluminosilicate minerals. The carbo-hydrolysis phenomenon constitutes the mechanism
whose action has the greatest effectiveness, in a coherent manner, with warm and humid
climatic conditions. These conditions favour the adsorption of water and a chemical attack
on the rock components through the action of meteoric water which is slightly acidic due
to the dissolved CO2. The CO2 source may be atmospheric or organic (vegetable covering
and soils rich in organic material in the upper area of the shelters). Next is detailed the
geochemical expression that summarises feldspar alteration and clay authigenesis:

6KAlSi3O8 + 4CO2 + 4H2O → K2Al4(Al2Si6020)(OH)4 + 4K+ + 12SiO2 + 4HCO3
−

K-feldspar Illite
2KAlSi3O8 + 2H+ + 9H2O → Al2Si2O5(OH)4 + 2K+ + 4SiO2 + 8H2O
K-feldspar Kaolinite
2CaAlSi3O8 + 11H2O + 2CO2 → Al2Si2O5(OH)4 + 2Ca2+ + 2HCO3

− + 4H4SiO4
Anorthite Kaolinite
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An example of this phenomenon can be observed in Figure 5A,B, with feldspar crystals
altered by carbo-hydrolysis and kaolinite crystals neoformed as the result of the alteration.
It is precisely the abundant presence of kaolinite (Figure 5C) in the Tajo de las Figuras
samples which corresponds to the high humidity level in this location since this authigenic
mineral has been commonly employed as an indicator of wet climates [35]. The availability
of water is very important in the development of the chemical weathering processes [36],
since the solubility of the feldspars is very low (e.g., 3 × 10−7 mol for the K-feldspar
and 6 × 10−7 mol/L for the Na-feldspar) [37] its saturation is reached rapidly and the
dissolution of feldspars needs a continuous renewal of under-saturated water.

 

Figure 5. SEM micrographs. (A) Altered Na-feldspar crystal; on right, authigenic kaolinite ce-
ment. (B) Altered K-feldspar; note the development of intracrystalline fractures and etching fea-
tures on crystal surfaces. (C) Detail of authigenic kaolinite aggregates showing booklet morphol-
ogy. (D) Siliceous overgrowth on quartz crystal. (E) Organic biofilm coating quartz grain surfaces.
(F) Brucite aggregates.
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The silica released (initially as H4SiO4) migrates to the exterior of the rock according
to the preferential directions of water flow and starts to form the superficial hardened rinds
and fillings in the system of joints and fractures (Figure 5D). A similar chemical attack, even
more rapid and efficient, is produced simultaneously on the micaceous ferromagnesian
minerals, such as biotite (2K(Mg,Fe,Mn)3AlSi3O10(OH)2)). The products are the neoforma-
tion of kaolinite, the release of Fe-oxides (limonite and haematite by oxidation) (Figure 5E)
and, in smaller proportions, of Mg-oxides (brucite) (Figure 5F) and Mn-oxides (pyrolusite,
manganite). These oxides migrate to the outer layers of the rock in a similar manner to the
silica and, together, form alteration rinds with reddish tones, which are common in all the
studied shelters. EDS chemical analyses clearly show the Fe and Mn enrichment of these
alteration rinds. The simple dissolution of quartz and feldspar along their crystalline edges
may be added to the processes, favouring the redistribution of cations in the superficial
parts of the rock.

The formation of these hardened surfaces inhibits the progress of superficial alteration
processes since these have low permeability and prevent the ingress of water to the rock
interior. A crumbly area of mineral impoverishment developed below these hardened
rinds. Flakes detachment takes place in favour of these areas (Figure 6A). When a detaching
of part of the alteration rinds is produced in the form of flakes, it can be seen that the
migration of the silica continues to progress and takes the preferred route between the
contact and discontinuity areas, i.e., between these rinds and the fresh rock. Once a piece of
hardened rind is broken or separated, the heterogeneity favours the development of micro-
climatological differences, which numerous authors have evoked as the cause of cavernous
weathering features (e.g., [38–40]). Case hardening, simultaneous with the removal of sand
grains by dissolution or salt weathering are the responsible for the formation of alveoli and
honeycomb patterns on rock surfaces [41].

Figure 6. Weathering products. (A) Flaking processes and bleaching; Cueva del Arco. (B) Incipient
alveolar weathering affecting schematic Palaeolithic rock paintings; on top left, bird droppings
(arrows); Shelter 13. (C) Detail of alveolar weathering; Shelter 13. (D) Flaking; Shelter 17.
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These chemical alteration processes can favour the development of mechanical weath-
ering processes, whose main effect is granular disintegration through the superficial dis-
solution of the grains [34,42] or by the effect of increasing the volume and the pressure
between crystals/grains through the alteration of biotites and feldspars [32].

5.1.2. Mechanical Weathering Processes

In the two cases studied, two different but inter-related mechanisms were observed:

(a) Thermal weathering due to the effect of changes in temperature suffered by rocks,
both seasonally and in night-day cycles. This temperature variation may lead to the
development of a thermal gradient between the surface and the interior of the rock,
given its low thermal conductivity, the effect being their final breaking [17,43–46].
This process is clearly seen in the case of the Peñas de Cabrera shelters, where the
metamorphic rock grains, with dark tones, can become relatively abundant (10%) in
some parts of the shelters. Given their colouring and their textural characteristics,
these components have higher specific heat and expansion coefficients than quartz and
feldspar (majority components in the host rock). This leads to differential expansion
processes and, therefore, variations in greater magnitude through dilatation-retraction
phenomena, which in the long term cause their separation. As a consequence, on many
occasions, lines of holes were observed in the rock. These alignments, which originally
corresponded to laminations enriched in slaty grains, produce incipient alveolar
surfaces (Figure 6B,C). In the studied cases, the heating agent is the sunshine, for which
reason the term ‘insolation weathering’ can be used [47]. Effects of thermal expansion
due to fire [48] have not been recognised. The effects of lighting fires have only been
translated into the formation of blackish patinas with abundant sooty particles;

(b) Frost weathering as a consequence of successive freeze-thaw cycles. The water present
in the rock, whether through the infiltration of meteoric water or through the noc-
turnal condensation phenomena, is introduced in the rock through weakness planes
(fractures, joints, and bedding planes) and may freeze in the winter periods. In many
instances, these weakness planes constitute the contact between the superficial al-
teration rinds and the fresh rock. In this case, the effectiveness of the weathering
phenomena is increased by its simultaneous action with chemical and biological
weathering processes. The final result is the detaching of large superficial rock flakes
(Figure 6D) and the granular disintegration of the rock. Structural (fractures, joints)
and textural (laminations, abundance of phyllosilicates) features of the host rock
have an effect on its frost resistance and its response to other weathering processes
such as salt weathering [49,50]. In the two studied rock groups it was possible to
check that the phenomena of formation and shedding of flakes are very common and
intense. Nevertheless, it must be stressed that in the Tajo de las Figuras site a greater
effectiveness was appreciated as a consequence of the greater thermal oscillation.

5.1.3. Bio-Induced Alteration Processes

The structure of the natural shelters studied favours the colonisation of the surface
part of the rock by diverse biological communities, including various colonies of mosses,
nitrophilous lichens and blue-green algae, particularly associated with fissures and cracks.
The walls with paintings are not much affected. Small black stains observed in the Peñas de
Cabrera shelters can be attributed to the activity of fungi [51]. In Tajo de las Figuras shelters
a greater profusion of nitrophilous lichens, fungi, and crypto-endolithic cyanobacteria were
recognised, particularly in the Cueva del Arco, given the major incidence of direct light
on the walls of this shelter. The influence of these organisms on the alteration processes
of host rock is much contrasted [52–54]. Previous information has been obtained on the
action of lichens both in biochemical alteration processes [55–57] and in the biophysical
processes [58,59] of fungi [60,61] and crypto-endolithic cyanobacteria [3,62,63]. The action
of micro-organisms on Fe-rich rinds [64] has also been recognised. These biological com-
munities facilitate water adsorption and the maintenance of a certain level of humidity
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and they produce CO2 and organic compounds which are soluble in water. These waters
can accelerate the chemical alteration processes and induce the precipitation of CaCO3
in the form of thin crusts. In the Tajo de las Figuras site, these lining alteration crusts
show great development, which is significantly higher than in the Peñas de Cabrera site.
This fact can be related to the high indices of rainfall in the location area with its own
more closed shelter structure and possibly with the higher deterioration through anthropic
actions (paintings getting wet) presented in this rock group. These crusts have different
types of action: (1) covering the rock surface, including the areas where the paintings
are present; (2) favouring the retention of oxides from the chemical alteration processes;
and (3) favouring the precipitation of salts, such as gypsum, whose crystallization pressure
in many cases causes mechanical tensions which aid the flaking of these crusts (haloclasty).

5.2. Human and Aninal-Induced Deterioration Processes

The previous paragraphs focus on the main natural weathering processes detected
in the host sandstones. Nevertheless, it is important to emphasise the influence of an-
thropogenic action on the state of conservation of the paintings. Both in the Tajo de las
Figuras and Peñas de Cabrera sites, the signs left by visitors when wetting and rubbing the
paintings in order to bring up the chromatic contrasts in the artistic features are evident.
This action considerably increases the effect of the wetting-drying cycles of the host rock.
The effect produced by the continuous rubbing of the walls and floors is unquestionable;
this is particularly noticeable in the floor of the Cueva del Tajo de las Figuras [26–28]. Other
deterioration effects resulting from human activity are: (1) fires lit in the shelters, which
have caused the rock surfaces to become black; and (2) removal of blocks of sandstone
(Figure 7A), which has left despoiled areas where the water accumulates and where organic
soils are produced. These actions can considerably favour the natural processes of rock
alteration (e.g., shelter 13, Peñas de Cabrera). Animal activity has also caused deterioration
both in the host rock and in the paintings. The presence of wasps’ nests (Figure 7B) and the
influence of birds, bats, goats, and deer is evident with defecations in the interiors of the
shelters (Figure 6B) and rubbing against the walls.

 

Figure 7. Human and animal-induced deterioration. (A) Sandstone excavation near the top of shelters
11 and 13; the floors of these artificial depressions commonly dam water, and the development of
organic soils is favoured. (B) Wasp nests on the ceiling of the Cueva del Tajo de las Figuras.

6. Discussion and Conclusions

The results of field work and the laboratory analyses showed that the most common
mechanisms of alteration in the study area are: carbo-hydrolysis (chemical weathering),
frost weathering (mechanical weathering) and bio-induced encrustation (biotic weathering).
Other mechanisms such as haloclasty, abrasion, or slaking are considered to be of lesser
importance. Haloclasty, combined with other mechanisms, has been interpreted as being
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the most important in coastal environments ([33,34,41,65], among others) and even desert
areas [66]. However, in our case study, it is not easy to evoke a source of airborne salts in
the form of an aerosol [67,68] because of the long distance to marine waters and industrial
centres [69]. The very scarce gypsum crystals in the alteration rind and in the bio-induced
crust are due to interstitial fluids which migrate outwards controlled by environmental
conditions [67,70]. This is consistent with the existence of levels of gypsum in the under-
lying facies below sandstones beds [20,25]. Hydro-aeolian abrasion processes participate
mainly in the removal of weathering debris in tafoni and alveoli [14,19,40]. Both wind-
blown and water-driven deposits, including organic matter remains and salts, partially
cover the shelter surfaces and/or infiltrate through the porous host rock. The slaking phe-
nomena must have more influence on some shelters (e.g., shelter 17), where repeated cycles
of wetting and drying facilitate extensive flaking by means of ordered-water molecular
pressure mechanisms [47,71].

The similar structural and lithological characteristics of the studied sandstones mean
that, qualitatively, the alteration processes that affect them are similar. In this sense, this
has only been observed as the presence of a greater proportion of slaty grains in the Peñas
de Cabrera sandstones and their separation by thermal weathering processes causes the
formation of lines of small alveoli which was not observed in Tajo de las Figuras. However,
it was proved that the different climatic conditions in the location of both rock groups
directly influence the intensity of physicochemical weathering of sandstones. The Tajo de
las Figuras area shows a rainfall index three times higher than in the Peñas de Cabrera
area. In addition, the Tajo de las Figuras area has a greater seasonal contrast, with a wider
thermal oscillation range and frequent frosts during the winter months. These differences in
the climatic features cause the recognised alteration processes and the interaction between
them to be more effective in the Tajo de las Figuras rock group, since:

- The greater availability of water leads to greater intensity in the chemical alteration
processes. The most obvious effects of which are: (1) a higher degree of alteration in the
feldspars, with kaolinite neoformation; (2) a greater development in case hardening
processes with the formation of superficial alteration rinds, which are enriched in
silica, Al and Fe, and Mg and Mn oxides;

- This hardened rind, a priori, inhibits the development of mechanical erosion processes
but favours the retention of the water infiltrated in the new rock-rind contact area.
When cracking or flaking occurs, the existence of a discontinuous rind produces
differences in the distribution of permeability, humidity, etc., favouring the alteration
processes. This is particularly noticeable in the discontinuity planes which constitute
the contact areas between the superficial alteration rind and the underlying rock. The
latter is generally bleached, relatively poor in cations, such as Si, Al, Fe, and Mn, and
is crumbly. These discontinuity planes act similar to preferential water accumulation
areas, in such a way that the action of the winter freeze-thaw cycles becomes more
effective and the flakes formation and separation phenomena are more common;

- At the same time, the splitting away of the flakes leaves areas of fresh rock once more
exposed to chemical alteration;

- The releasing of Ca2+ and HCO3
− by the feldspars carbo-hydrolysis favours a greater

development of the bio-induced carbonate crusts. This in turn has an incrusting
effect and favours the physical and chemical attack processes towards the interior of
the rock.

With respect to the rates of weathering, the preservation of rock paintings denotes low
rates of weathering, at least in the immediate host rock. Although no data are available
in the form of old photographs, for example to quantify the alteration, the existence of
hardened rinds lining a large part of the walls of the shelters of alveolar structures on
the walls and ceilings of same and biological colonisation are indicative of slow rates of
alteration in the shelters [13,36,72]. The rates of alteration would vary as a function of the
climatic and geographical contexts and the lithological and geomorphic characteristics
of the host rock, generally ranging from microns to a few millimetres a year [13,72–74].
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In the present case, considering both art sites, climate is the most important controlling
factor in the rates of alteration as indicated previously. However, considering each shelter
separately, the major influence of other local factors can be observed, both in the types
and rates of alteration. In this way, it may be stated that in shelters 24 (facing W) and the
Cueva del Arco, given that they have a greater effect of natural light, the rates of alteration
(in particular, biotic) are relatively greater. On the other hand, in the case of the Cueva
del Tajo de las Figuras, the biotic alteration through micro-organisms is restricted, given
its nature of a more enclosed shelter. For shelter 17, its closeness to floor level causes the
alteration in the lower part to accelerate with regard to the rest of the shelter due to the
greater degree of humidity [32].

It is necessary to note that these relatively low rates of alteration correspond to the
more recent evolution of the shelters, at least that which is clearly later than the time
that the paintings were executed (Epi-Palaeolithic-Neolithic). The genesis of rock shelters
probably dates from the humid and glacial cold stages of the Quaternary, when mechanical
alteration processes (freeze-thaw cycles) were predominant and the rates of alteration were
considerably greater.

The alteration features found in the different shelters mainly correspond to natural
physical and chemical phenomena. For this reason, corrective measures are difficult to
apply without producing unforeseen consequences. Presently, the state of conservation of
the paintings is not bad. Natural weathering processes can be considerably accelerated by
both anthropic and animal activity. Anthropic action can be direct (wetting and rubbing
against the paintings, lighting of fires) or indirect (removal of blocks of sandstone from the
ceilings of the shelters). Large animals can produce alteration by different actions (rubbing,
defecation, building of nests, etc.) which are particularly harmful for this type of artwork.
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Abstract: Petroglyph sites exist all over the world. They are one of the earliest forms of mankind’s
expression and a precursor to art. Despite their outstanding value, comprehensive research on
conservation and preservation of rock art is minimal, especially as related to biodeterioration. For
this reason, the main objective of this study was to explore the factors involved in the degradation of
petroglyph sites in the Negev desert of Israel, with a focus on biodegradation processes. Through
the use of culture-independent microbiological methods (metagenomics), we characterized the
microbiomes of the samples, finding they were dominated by bacterial communities, in particular
taxa of Actinobacteria and Cyanobacteria, with resistance to radiation and desiccation. By means of
XRF and Raman spectroscopies, we defined the composition of the stone (calcite and quartz) and the
dark crust (clay minerals with Mn and Fe oxides), unveiling the presence of carotenoids, indicative
of biological colonization. Optical microscopy and SEM–EDX analyses on thin sections highlighted
patterns of weathering, possibly connected to the presence of biodeteriorative microorganisms that
leach the calcareous matrix from the bedrock and mobilize metal cations from the black varnish for
metabolic processes, slowly weathering it.

Keywords: petroglyphs; Negev desert; biodeterioration; nanopore sequencing technology;
metagenomics; analytical techniques

1. Introduction

Rock art, in the form of petroglyphs and pictograms, is found worldwide and has
an undoubtedly immense value as it is considered one of the first forms of expression
of ancient societies and the prehistoric precursor to art [1–4]. As part of the natural
landscape, petroglyphs are constantly exposed to anthropogenic and natural weathering
processes [5–7], but despite this, knowledge regarding preservation and conservation of
this valuable cultural heritage is limited.

Although there is considerable research and published work focusing on the physical
state of rock art sites worldwide [7–9], research focusing on the role of biological agents
in the deterioration of rock art is still minimal. Nevertheless, physical and chemical
weathering processes initiated by stone-dwelling microorganism (biodeterioration) can
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play a significant role in the degradation patterns of the stone [10]. Biodeterioration includes
surface alterations by crusts and pigments that can change the color of the surface [11],
physico–chemical disintegration of the stone material, and dissolution of the lithic substrate
by inorganic and organic acids [12]. For example, hyphal growth and biofilm development
can cause physical disruptions and cracks in stone materials, while the release of acids can
dissolve carbonates, such as limestone, as well as quartz, causing mineral leaching [13]. All
these processes contribute to weakening the stone matrix.

In the Negev desert of Israel, the majority of petroglyph sites are spread throughout
the Negev central highlands and offer a window into the life and culture of desert people
who inhabited the region since prehistoric times [14]. The petroglyphs are considered to
be from 3000 BCE [15] and include figurative images (zoomorphic and anthropomorphic),
geometric shapes, symbols and inscriptions. The engravings are carved through a dark
crust, the so called desert or rock varnish, which coats the local Eocene and late Cretaceous
limestone rocks [16]. Desert varnish is defined as a thin (10–200 μm), dark coating highly
enriched in manganese that forms on exposed rock surfaces in arid and hyper-arid environ-
ments. It is composed of clay minerals and amorphous silica (~70%) in a matrix of poorly
crystallized manganese (Mn) and iron (Fe) oxides and hydroxides [17–19]. Despite the
fact that geochemical aspects of rock varnish have been thoroughly investigated [19–24]
and it is believed that its primary source of material is airborne dust, there is an ongoing
debate about the exact process of formation and specifically whether or not microorganisms
are involved in this process [5,25,26]. In a recent study, Lingappa et al. [27] proposed a
new hypothesis for varnish formation. They state that Cyanobacteria accumulate man-
ganese as a nonenzymatic antioxidant system and that, consequently to the cells death, the
manganese-rich residue left behind is oxidized to generate the manganese oxides present
in the varnish.

Cyanobacteria are often reported as one of the dominant phyla present in rock varnish,
along with Actinobacteria, Proteobacteria, Bacteroidetes and Chloroflexi [16,28]. In fact,
despite the harsh environmental conditions, microbial studies revealed a broad spectrum of
stone-dwelling microorganism associated with desert varnish [29,30]. Just as it is not fully
understood the role played by the microorganisms in the formation of the rock varnish,
it is also uncertain if and how the microbial community influences the weathering of the
stone. In fact, the literature available about this topic is very limited. A few studies report
serious damage in numerous rock art sites due to lichen colonization [31,32]. Nir et al. [33],
with a study combining scanning electron microscopy (SEM) and metagenomic sequencing
methods, suggest that the stone surface of petroglyphs in the Negev desert is colonized
by a complex microbial and lichen community with the biochemical potential to induce
biodeterioration. Despite these studies, comprehensive research on deterioration of rock
art panels, particularly by microorganisms, is still needed.

For these reasons, the aim of the present study was to investigate the potential micro-
bial involvement in the weathering of petroglyph sites through a multi-analytical approach
based on culture-independent microbiological methods (metagenomics) to investigate the
microbiome associated with the petroglyph panels, and on microscope observation and
physico–chemical methods to analyze the lithic substrate.

2. Materials and Methods

2.1. Study Location and Sampling

Two petroglyph sites in the Negev desert were considered for this study (Figure 1a,b):
one is located in the central highlands, close to the ruins of the ancient city of Avdat (N
30′′47′10◦; E 34′′46′20◦), and the second one is in the west highlands close to the community
settlement of Ezuz (N 30′′48′5◦; E 34′′28′30◦).
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Figure 1. Map of the Negev desert indicating the location of the two petroglyph sites (a); view of the
rock art site in Ezuz with examples of rock engravings (b); image of a sampling point (c); and the
sample observed by stereomicroscope (6×) (d).

Both areas are considered an arid climatic zone. The annual temperature in this region
ranges between −3.5 ◦C in winter and 40 ◦C in summer (Israel Meteorological Service, Sde
Boker station), while precipitation ranges from 90 to 100 mm, mostly during the winter
season [34,35]. There are about 200 nights of dew/year, providing abundant liquid water
for microbial lithobiontic colonization in this desert [36].

Sampling was carried out during winter (February and March) 2021. In these months,
meteorological measurements were implemented with an in situ monitoring system (sit-
uated at Carmey Avdat farm, about 100 m from the petroglyph sites) to define local
environmental factors. The monitoring system contained a Campbell CR6 data logger
(Campbell Scientific Inc., Logan, UT, USA) with sensors for air temperature (◦C), air relative
humidity (RH), and rock surface temperature (thermocouples). In addition, it can also
measure the amount of rain received in the area. The data are recorded every 15 min
and every whole hour. Thus, it was found that the air temperature from January–April
2021 ranged from a minimum of 1.9 ◦C to a maximum of 38.5 ◦C, with daily temperature
fluctuation up to 20 ◦C, and the area received 22.5 mm of rain (Supplementary Figure S1a,b).
Additionally, previous measurements revealed that the average rock surface temperature
was relatively higher than the average air temperature, reaching up to 56.3 ◦C in summer.

The stone samples were collected from similar rock types (limestone covered with
desert varnish) in close proximity to the petroglyphs using a hammer and chisel previously
sterilized with 70% ethanol (Figure 1c,d). Seven sampling points were chosen, and from
each one different slabs of rock surface, about 3 cm × 3 cm in size, were taken and placed
in sterile plastic bags (Table 1). For each sampling point, part of the slabs was transferred
to the Ben Gurion University of the Negev, Be’er Sheeva, Israel where Raman and XRF
analysis were done, and part to the microbiology laboratory of the Academy of Fine Arts
of Vienna, Austria, where the rest of the analyses were performed.

39



Appl. Sci. 2022, 12, 6936

Table 1. List of samples collected at the two petroglyph sites with brief description.

Sample Petroglyph Site Brief Description of the Crust

AV1 Avdat Very dark crust covering a reddish layer
AV2 Avdat Very dark crust covering a reddish layer
AV3 Avdat Thinner black crust, intermixed with reddish layer
EZ1 Ezuz Very dark crust covering a reddish layer
EZ2 Ezuz Very dark crust covering a reddish layer
EZ3 Ezuz Dark crust covering a reddish layer
EZ4 Ezuz Orange thick crust

Six of the samples (AV1, AV2, AV3, EZ1, EZ2, EZ4) were prepared as polished pet-
rographic thin sections. The samples were vacuum-impregnated with epoxy resin from
Struers, Denmark. For better visualization of the porosity of clear minerals, the resin was
dyed with a blue dye (EpoBlue from Buehler GmbH, Düsseldorf, Germany). After im-
pregnation, the samples were cut into thin sections, mounted on glass slides and polished
to approximately 30 μm in thickness. The samples were left uncovered for analysis by
transmitted and reflected light optical microscopy and SEM–EDX.

2.2. DNA Extraction, Whole Genome Amplification (WGA), Library Preparation and Sequencing

To assess the composition of the stone microbiome, genomic DNA was extracted from
4 samples using the FastDNA SPIN Kit for soil (MP Biomedicals, Illkrich, France) following
the instruction of the manufacturer. For each sample, two DNA extractions with 0.5 g of
crushed stone were performed, and the obtained DNA was pooled to proceed with the
library preparation. DNA yields were quantified using a Qubit 2.0 fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA) with the Qubit dsDNA HS Assay Kit. The “Premium
whole genome amplification protocol” available in the online Oxford Nanopore community
was followed to perform the WGA and library preparation. All reactions for the WGA
were executed in a BioRad C 1000 Thermal Cycler. The REPLI-g Midi Kit (Qiagen, Hilden,
Germany) was employed, which uses innovative multiple displacement amplification
(MDA) technology. Library preparation was performed following all the steps described
by Piñar et al. [37], using the Ligation Sequencing Kit 1D SQK-LSK109 and the Flow cell
Priming Kit EXP-FLP001 (Oxford Nanopore Technologies, Oxford, UK).

Once the library was prepared, the MinKNOW™ software 21.02.2 (Oxford Nanopore
Technologies, Oxford, UK) was used to perform quality control of the flow cells (SpotOn
Flow cell Mk I R9 Version, FLO-MIN 106D) prior to priming and loading of the DNA library.
Sequencing was performed in the MinIon Mk1C device for 48 h.

2.3. Sequence Analysis

The latest version of high accuracy basecalling of the fast5 files was conducted
with Guppy basecalling software (Oxford Nanopore Technologies, Limited) v5.0.11 +
2b6dbff using the dna_r9.4.1_450bps_hac model. The acquired reads were filtered to obtain
Q scores > 9 and to remove adapter sequences (120 bases trimmed at 5′ and 3′ ends). The
shortest 5% of all reads were also removed from the analysis. After filtering, the median
quality scores were between 13.1 and 13.5, representing a mean error rate of 4.9%. To com-
pensate for the remaining error rate, classification was performed with a more conservative
value for the minimum length of partial hits (50).

Taxonomic classification was carried out using Centrifuge v1.0.4 (Johns Hopkins Uni-
versity CCB, Baltimore, MD, USA) with a custom database containing reference genomes
for Bacteria, Archaea and Fungi retrieved from NCBI. For Bacteria and Archaea, genomes
with complete genome status, and for Fungi, genomes with the complete and draft genome
indication were chosen. Addition of draft genomes for Fungi was selected due to their
somewhat larger and more complex genomes resulting in a low number of complete
genome entries. In addition to the default parameters, the minimum length of partial hits
was set to 50, and k, the number of distinct primary assignments per read, was set to 1.
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Relative abundances were calculated for all genera with a read count abundance of more
than 0.5% in at least one sample and used for the clustered heatmap, which was generated
with the R package pheatmap. All data are available at the NCBI BioProject PRJNA847191.

2.4. Optical Microscopy (OM)

For preliminary observation of the samples, a stereomicroscope (Wild M650, Heer-
brugg, Switzerland) with magnification up to 40× was employed. The system was
equipped with a digital camera connected to a computer, and AmScopeX software al-
lowed acquisition of images at different magnifications.

Detailed morphological analysis of the sample surfaces and observations of thin
sections were performed using a VHX-6000 digital microscope (Keyence, Osaka, Japan).
Observations were completed with plane polarized light (PPL), cross polarized light (XPL)
or with normal transmitted light. The microscope has an LED light source (5700 K). With
this microscope, it is possible to obtain fully focused images of uneven surfaces by a
depth composition function, which also allows the creation of a 3D image with 3D height
information. The pictures were recorded using a VH-Z20 objective with a magnification
range from 20× to 200× and a VH-Z100 objective with a magnification range from 100× to
1000×. Measurements of features of interest were performed directly with the microscope
software.

2.5. X-ray Fluorescence (XRF)

The stone slabs were examined with a portable ELIO spectrometer (XGLab, Milan,
Italy) equipped with a rhodium (Rh) X-ray tube with a maximum power of 4 W at 50 kV
and a silicon drift chamber detector (SDD) with a thin beryllium window. The X-ray beam
had a diameter of about 1 mm. The analyses were carried out in air; therefore, elements
with atomic number lower than silicon (Si) cannot be detected. The measurements were
performed on the crust of the samples and on the bedrock, positioning the stone slab in
such a way that only the contribution of the rock was measured. The time of acquisition
was set at 60 s, the excitation voltage was 40 kV, and the tube current was 60 μA. The results
were elaborated using Elio Software v1.6.0.29.

With a Dremel tool, the black varnish, the orange layer and the bedrock of one sample
were separated, and the loose powders were analyzed with a wavelength dispersive
(WDXRF) spectrometer Axios (1 kW) with SuperQ version 5 software (PANalytical B.V.
Almelo, The Netherlands). The special software Omnian, based on the fundamental
parameter method, was used for quantitative analysis. All elements (from fluorine onwards)
that could be identified by the method were summed and normalized to 100%.

2.6. Scanning Electron Microscopy Coupled with Energy Dispersive X-ray Spectroscopy
(SEM–EDX)

Small slabs of the stone samples and the thin sections were analyzed by SEM FEI
Quanta 200 scanning electron microscope (SEM) combined with an EDX Ametek Octane
Pro system. The stone slabs were placed on a sulfur-free carbon adhesive glued onto an
aluminum stub. SEM images of the examined surfaces were obtained in low vacuum
mode, without the need of a conductive coating, with a secondary electron LFD detector for
morphological analysis of the stone slabs or a dual backscattered electrons (BSE) detector
for analysis of the thin sections, at 20 kV voltage, an average working distance of 10 mm
and a chamber pressure between 70 and 90 Pa. EDX analyses were performed to gain
chemical information about areas of interest both as punctual measurement and elemental
maps. For punctual measurements, the acquisition time was set at 50 s.

2.7. Micro-Raman Spectroscopy

Micro-Raman spectroscopy was used on the untreated stone slabs to study both the
mineralogical and biological components of the crust and associated rock substrate. The
measurements were done with a confocal Horiba LabRam HR Evolution (Kyoto, Japan),
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equipped with a Syncerity CCD detector (deep-cooled to –60◦ C, 1024 × 256 pixels). The
excitation source was a 532 nm laser with power on the sample between 0.5 and 5 mW.
Laser power was kept particularly low (>1 mW) on the black crust since some iron minerals
are easily transformed when heated up by the laser.

The laser was focused with a 50× LWD objective (Olympus LMPlanFL-N, NA = 0.5)
to a spot of about 1.3 mm. The measurements were taken using a 600 g mm−1 grating and
a 100 mm confocal hole. Spectral acquisition times were between 3 and 40 s, with variable
accumulations from 1 to 10. The spectra were baseline corrected and denoised directly with
the instrument’s software (LabSpec 6, v6.5.1.24, Horiba, Kyoto, Japan). Further processing
of the Raman spectra, such as normalization, was performed with OPUS 7.5 spectroscopy
software by Bruker. Identification of the compounds was done either by comparison to
spectra obtained with Raman spectral databases (KnowItAll Informatics Systems 2021,
RruffTM Project [38] and Pigments Checker Raman Database [39]) or by comparison with
Raman spectra in literature.

3. Results

3.1. Metagenomic Analysis
3.1.1. DNA Yield and Sequencing Analysis

Four sequencing runs were carried out, each in an independent nanopore flow cell
loaded with a DNA library prepared from each stone sample. The total reads generated per
sequencing run ranged from 1,240,915 to 3,329,384, with total yields between 5.1 to 15.7 Gb.
After a first filtering, the total reads per run ranged from 1,080,553 to 2,885,034, and about
2% of the analyzed reads in each sample were phylogenetically assigned. In addition, the
mean length of the DNA fragments sequenced was 4678 Kb with an average quality score
of 13.2. Details about the sequencing data are summarized in Supplementary Table S1.

3.1.2. Microbiomes of the Stone Samples

The results of the analyzed reads of the DNA sequencing data that could be phyloge-
netically assigned revealed a similar distribution of superkingdoms among the investigated
samples (Figure 2), showing a microbiome dominated by bacteria, with a lower proportion
of eukaryotes and a very small proportion of archaea. More specifically, samples AV1
and EZ4 showed the highest relative abundance of bacterial communities (92% and 98%,
respectively), while the microbiomes of samples AV3 and EZ1 showed higher propor-
tions of eukaryotes (29 and 35%, respectively). A very small fraction of identified reads
was assigned to archaea, which represented less than 1% of the total microbiome of all
the samples.

3.1.3. Bacterial Communities

Analysis of the bacterial communities, which dominated over the eukaryotic com-
munities, revealed six main phyla, namely Cyanobacteria, Actinobacteria, Proteobacteria,
Bacteroidetes, Firmicutes and Deinococcus-Thermus, representing together on average 98% of
the total bacteria, in addition to some other phyla, each representing less than 0.5% of the
total bacterial community and marked as “others” in Figure 3.

The most dominant phylum was Actinobacteria (54–61.5% of bacteria), with the excep-
tion of sample Ezuz 1, which showed a massive dominance of the phylum Cyanobacteria
(68% of bacteria) and a lower proportion of Actinobacteria (14% of bacteria). The second
most abundant phylum was Cyanobacteria in samples Avdat 1 and Avdat 3 (26–39% of
bacteria), while in sample Ezuz 4, Cyanobacteria represented only 0.6% of the bacterial
community. The phylum Proteobacteria was present with a relative high abundance (21%
of bacteria) in Ezuz 4 and with lower proportions in the other samples (1–9%), followed
by the phyla Bacteroidetes (6–16% of bacteria) and Firmicutes (0.5–2%). The last two phyla
accounted for less than 0.5% in sample Avdat 1. The phylum Deinococcus-Thermus was
identified in very low proportions in all the samples, reaching more than 0.5% only in
samples Avdat 3 and Ezuz 4 (0.5–0.8% of bacteria).
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Figure 2. Relative abundance of bacteria, eukaryotes and archaea in the microbiomes of the four
samples analyzed.

Figure 3. Relative abundance of bacterial communities at the phylum level (cutoff 0.5%).

In Supplementary Figure S2, the relative abundance of the bacterial communities at
the class level is presented, while all the genera representing more than 0.5% of the total
microbiome in each of the samples are summarized in the form of a heatmap in Figure 4.
The heatmap shows the relative abundance of each genus in each sample, highlighting
differences and similarities between them.
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Figure 4. Heatmap displaying the relative abundance (%) of the total microbial community (bacteria
and fungi) at the genus level in each sample; the genera represent an abundance greater than 0.5% in
at least one sample.

Within the phylum Actinobacteria, the dominant class was Rubrobacteria, with all the
members identified belonging to the Rubrobacter genus, present with a very high relative
abundance (35–58% of total reads) in all the samples and a lower abundance in Ezuz 1
(8% of total reads) (Figure 4). Members of the class Actinomycetia were detected in all the
samples with low relative proportions (0.6–4% of bacteria), but Streptomyces was the only
genus present with more than 0.5% relative abundance in samples Avdat 1 and Avdat 3
(Figure 4).

Cyanobacteria were the second most represented phylum within the bacteria and the
one with the highest biodiversity, except in Ezuz 4 where no genus of cyanobacteria was
significantly abundant (above 0.5% of total reads). Inside this phylum, in samples AV1, AV2
and EZ1, members of the order Nostocales were detected, such as the genus Nostoc, which
was present with a relatively high abundance in samples AV1 and EZ1 (~10% of total reads)
but was also relatively abundant in AV3 (4% of total reads); the genus Calothrix, present
with a relative low abundance (1–2% of total reads), and the genera Richelia and Anabaena
were found solely in sample EZ1. Other members of the Nostocales, such as the genera
Fischerella, Tolypothrix, Rivularia, and Nodularia were also identified, but contributed less
than 0.5% of the total reads. Among the Oscillatoriales, the genus Crinalium, was the most
abundant (2–4% of total reads), followed by the genus Allocoleopsis (0.5–2% of total reds)

44



Appl. Sci. 2022, 12, 6936

and the genus Oscillatoria, present only with low abundance in samples AV3 and EZ1 (~0.6%
of total reads). Members of the order Synechococcales were identified in low proportions
only in two samples, being the genus Synechocystis only present in AV1, and the genus
Synechococcus only present in EZ1. Whitin the order Chroococcales, the genus Gloeocapsa
was the only one well-represented in all the samples, with high relative abundance in EZ1
(9% of total reads) and lower proportions in samples AV1 (5% of total reads) and AV3
(2% of total reads). In addition, the genus Chroococcidiopsis (order Chroococcidiopsidales)
was identified in AV1, AV3 and EZ1 in similar proportions (~1% of total reads), while
Leptolyngbya (order Pseudanabaenales) was detected only in sample EZ1 (2% of total reads)
and in lower proportion in AV1.

The phylum Proteobacteria was present in all the samples, with Gammaproteobacteria
class being the most abundant in samples AV1, EZ1 and EZ4. Inside this class, members
of the order Moraxellales were detected, such as the genus Acinetobacter, which accounted
for over 18% of the total microbiome of EZ4 but was below 0.5% of total reads of the other
samples. The genus Psychrobacter was instead identified in significant proportion only in
sample EZ1 (Figure 4).

In contrast, members of the class Alphaproteobacteria were more abundant in sample
AV3, with the genus Brevundimonas representing 4% of the total reads. Within this class, the
genus Mesorhizobium was only significantly represented in sample EZ1.

The phylum Bacteroidetes was well-represented in all the samples except AV1, in
which this phylum was below 0.5% of the bacterial reads. Whitin this phylum, the class
Cytophagia was the most abundant, with the genus Adhaeribacter being present in AV3, EZ1
and EZ4 (0.7–1.5% total reads) and the genus Hymenobacter only significantly identified in
samples AV3 and EZ4. Interestingly, the Pontibacter genus was detected with a relative high
abundance (12% of total reads) in sample EZ4 but did not account for more than 0.5% of
the total reads in the other samples (Figure 4). The Chitinophagia class was present with
more than 0.5% of bacterial reads only in samples AV3 and EZ1. Inside this class, only the
genus Filimonas accounted for more than 0.5% of the total reads and was exclusively in
sample EZ1.

The phylum Firmicutes was represented in samples AV3, EZ1 and EZ4 with members
of the Bacilli class, but each of the identified genera within this class contributed less than
0.5% of the total reads.

Finally, the phylum Deinococcus-Thermus was only significantly represented in AV3
and EZ4 with the class Deinococci, but no genera accounted for more than 0.5% of the
total reads.

3.1.4. Eukaryotic Communities

Eukaryotic communities were mainly present in samples AV3 and EZ1 and only rep-
resented a low proportion of the microbiome of samples AV1 and EZ4. The eukaryotic
sequences were affiliated with the fungi kingdom, in which the phylum Ascomycota rep-
resented more than 98% of the total fungi reads, with the phylum Basidiomycota around
1%. The phylum Mucoromycota was present only in two samples with very low relative
abundance, less than to 0.1%.

The relative abundance of fungal communities at the class level is reported in Supple-
mentary Figure S3. Within the phylum Ascomycota, the Dothideomycetes class was dominant
in samples AV1, EZ1 and EZ4 with a very high relative abundance (42–58% of fungi) and
accounted for 19% in sample AV3. The classes Sordariomycetes, Leotiomycetes and Euro-
tiomycetes were represented in all the samples with similar proportions, ranging from 7 to
17% of the total fungi, followed by the class Pezizomycetes, which contributed between 1 and
6% of the total fungal reads. The class Lecanoromycetes was well-represented in sample AV3
(21% of fungi) and in lower proportion in AV1 and EZ1 (1 and 7%, respectively). Finally,
the class Orbiliomycetes was only significant in sample AV3 (0.6%).

The phylum Basidiomycota was mainly represented by the Agaricomycetes class, present
with low relative abundance (~0.6% of fungi) in samples AV1, AV3 and EZ4.
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Differently from the bacterial communities, which clearly showed the dominance
of some genera, fungal communities revealed very high biodiversity but no dominant
taxa, with most of the genera accounting for less than 1% of the total microbiome of each
sample. Nevertheless, in samples AV3 and EZ1, a few genera contributing with higher
proportion were detected (Figure 4). In sample AV3 the genus Letharia (class Lecanoromycetes)
represented 6% of the total reads, while the genus Tuber (class Pezizomycetes) and the genus
Pseudogymnoascus (class Leotiomycetes) accounted for 1.3% of the total microbiome. In
sample EZ1, the genera Alternaria (class Dothideomycetes), Lachnellula (class Leotiomycetes),
Letharia (class Lecanoromycetes) and Metarhizium (class Sordariomycetes) were present with
a relative abundance of around 2.5%, while the genera Diplodia (class Dothideomycetes),
Talaromyces (class Eurotiomycetes) and Verruconis (class Dothideomycetes) made up between 1
and 1.9% of the total reads.

3.2. Digital Optical Microscopy

The samples collected from the petroglyph sites were first studied under the mi-
croscope without any preparation to gather an overview of their physical characteristics
(microscope images of the samples are reported in Supplementary Figure S4), while mi-
croscope observation of thin sections allowed us to evaluate different aspects such as the
thickness of the varnish, the possible presence of weathered areas in the bedrock, and
where visible, the penetration of microorganisms in the stone.

Six of the rock samples (AV1, AV2, AV3, EZ1, EZ2, EZ3) collected from the petroglyph
sites are coated with a black crust (Supplementary Figure S4a), the so-called desert varnish.
It has been observed that underneath the thin black outer layer, a bright reddish layer is
present, which is intermixed with the stone grains (Supplementary Figure S4b). The black
varnish has a compact, shiny appearance, but when observed under microscope, the surface
is not homogeneous and presents reddish and white patches. Indeed, in the highest points,
the black layer is missing and the orange layer or the white rock are exposed. In the lowest
points (depressions) an accretion of brownish material is visible, with an accumulation of
dust grains in the micro-basins. The appearance of the black crust can vary from sample
to sample and be thinner and/or more intermixed with the reddish layer (Supplementary
Figure S4c). In addition, the black crust does not occur homogeneously throughout the
same sample, and different stages of weathering of the outer black layer can be observed.
Sample EZ4 differs from the others and is covered by an orange crust (Supplementary
Figure S4d). In some areas of sample EZ4, it appears that traces of the black varnish are
present. Finally, the presence of cyanobacterial aggregates was extensively detected in the
samples (Supplementary Figure S4e,f).

The thin sections showed that the limestone bedrock of all the samples mainly consists
of microfossils of foraminifera, bryozoans, diatoms and turritella. Samples AV1, AV2, AV3,
EZ1, EZ2 and EZ3, which are characterized by the black coating, presented similar features.

The black varnish has a variable width, ranging from about 20 μm in the thinnest areas
to about 130 μm in the thickest parts (Figure 5a), but never exceeding 150 μm. The reddish
layer is not homogeneously distributed and is present only in some areas. What is clearly
visible in all samples is a weathered area underneath the varnish. In Figure 5b–e, examples
of this phenomenon are shown. The zones below the black varnish appear to be moderately
to heavily weathered, and grains of the bedrock have been leached, leaving behind a very
porous area with an average depth of about 800 μm but that can also reach about 1.8 mm,
as observed in sample EZ3 (Figure 5c), which shows different layers of weathering. In the
porous weathered areas, it can be noticed that the cavities and pores close to the surface
are coated by the dark crust (see also Supplementary Figure S5). In other areas, beneath
the black coating, the bedrock is heavily weathered, and the stone appears completely
fragmented into small particles with loose arrangement (Figure 5d). In these areas it can be
observed that the shells of the fossils seem to be more resistant to the weathering processes
and remain almost intact, while the softer stone matrix is leached. In sample AV1, mixed
with the loose grains of the weathered stone, we observed a granular brown material.
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Aggregates of cyanobacteria colonized this area, as is well-illustrated in Figure 5e. It can be
noticed that in this zone, the black varnish appears completely fragmented and detached
from the bedrock, and in some areas is no longer present.

Figure 5. Pictures of the petrographic thin sections acquired with the Keyence digital microscope
in transmitted light: (a) detail of the black varnish and of the reddish layer underneath it of sample
AV1; (b–d) examples of the weathered area occurring beneath the black coating in samples EZ1, EZ3
and AV2; (e) weathered area colonized by cyanobacteria aggregates in sample AV1; (f) detail of the
orange crust of sample EZ4.

A different situation was observed in the thin section of sample EZ4. The orange crust
is very porous and reaches a thickness greater than 1 mm. Interestingly, underneath the
orange layer, no weathered area was observed. The bedrock looks undamaged till the
boundary with the crust. Here, the stone seems to gradually merge into the orange layer
(Figure 5f).

3.3. X-ray Fluorescence Spectroscopy (XRF)

Preliminary analysis performed with the portable XRF showed that the dominant
elements of the black varnish (samples AV1, AV2, AV3, EZ1, EZ2, EZ3) are Fe, Mn and Si,
with lower counts of K, Ca and Ti, thus in agreement with the composition described in
the literature, i.e., clay minerals mixed with iron and manganese oxides. In sample EZ4,
which does not have the black crust but presents instead a thicker orange crust, Mn shows
much lower counts or, depending on the spot of analysis, is not present at all. Fe presents
high counts, while Ti, K, Ca and Si are detected with low counts. The bedrock is mainly
composed of Ca and Si.

To better understand the composition of the different layers (white bedrock, black
coating and orange layer beneath it) the powders obtained from each layer of sample AV1
were analyzed with WDXRF, and the results are reported in Table 2.
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Table 2. XRF data (%) of the three layers of sample AV1.

Elements * Black Varnish (%) Reddish Layer (%) Bedrock (%)

Mg 1.1 1.1 2.0

Al 8.4 7.0 3.2

Si 66.1 73.4 48.9

P 1.1 0.5 0

S 1.0 0.3 0.1

K 1.1 1.1 0.4

Ca 8.3 9.9 40.9

Ti 0.6 0.5 0.1

Mn 3.1 0.8 0.1

Fe 8.0 4.7 1.2

Ba 0.3 0 0
* Only the main elements are shown.

The results confirmed that the black varnish is rich in Fe and Mn with a high content
of Si and lower of Ca and highlighted the presence of light elements (not detectable with
the portable XRF) such as Mg, Al, P and S in the sample. Mg is present in higher amounts
in the bedrock, while Al, S and P showed the highest percentages in the black varnish,
followed by the reddish layer. Low amounts of Ti and Ba were also detected in the black
and reddish layers; the latter being present only in the black varnish. While Mn is mostly
present only in the black coating, Fe is present in higher amounts also in the reddish layer,
which seems to be composed mainly of Si and lower percentages of Ca, Al, K and Mg. In
the bedrock, in addition to the presence of Ca and Si, low percentages of Mg, Al and Fe
were also detected.

Because of the difficulty in accurately separating the layers, some elements might
show a higher percentage due to contamination coming from the adjacent layer.

The distribution of the elements in the samples is further discussed in the following
section.

3.4. Scanning Electron Microscopy Coupled with EDX Microanalysis (SEM–EDX)

SEM–EDX was initially used for observation of the stone slabs without any preparation
to detect the presence of microorganisms both in the crust and in the bedrock. On the
black coating, no biological colonization was detected, but at the transversal section of
the samples, putative bacteria (coccoid shape) were revealed (Figure 6a), occupying the
microcavities close to the surface beneath the black layer. In other areas of the samples,
cyanobacterial biofilms were detected (Figure 6b). In addition, on the surface of sample
EZ4, fungal hyphae were observed (Figure 6c).

Observation of surface morphology was also performed by SEM–EDX, and punctual
analyses were carried out to locally characterize the elemental composition of the black
crust, which exhibits strongest maxima of Si and Al, followed by Fe, Mg and Mn and in
lower proportions Ca, K and Ti, thus confirming the results of XRF analysis. The black
coating observed from the external surface shows a structure with mounds and depressions,
where the upper parts appear smoother and more compact while the lower parts appear
more crumbled. EDX performed on different points revealed that Mn is present in higher
amounts on the more compact parts, while in areas that appear more crumbled, the peak of
Mn is lower or not detected at all.
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Figure 6. SEM images in secondary electron mode showing putative bacteria in the microcavities of
the stone (a), a cyanobacterial biofilm (b) and fungal hyphae (c).

Examination of the black varnish in the petrographic thin sections revealed a clear
micron-size laminated pattern (Figure 7a) with a curved shape and oriented parallel to the
surface. This micro texture is defined as a stromatolite structure and is typical of desert
varnish [17,19,27]. Mappings of the elemental composition of the black crust revealed that
Mn and Fe are not homogeneously distributed, but their content varies in the different
layers of the coating. Specifically, we observed that the upper part of the varnish is Mn-
depleted, along with the part in contact with the bedrock, while an accumulation of Mn is
present in the central area. Other elements such as Al, Mg and K are equally distributed
throughout the crust. In addition, accumulation of detrital particles was observed in the
depressions of the outer layer. These particles were mostly composed of clay minerals
(Si, Al, K, Mg and Fe), while the Mn-rich material that characterizes the varnish is only
present in the coating itself (Supplementary Figure S5). Surprisingly, no calcium was
detected in the rock beneath the crust, but only silicon, which was in contrast with the
results of XRF analyses. Therefore, a more thorough analysis of the bedrock was carried
out through EDX punctual measurements, which revealed that the bedrock is composed of
a calcitic matrix with lower content of Mg in which silicate grains and silicified microfossils
are embedded. Interestingly, backscattered images of the thin sections (sample AV1 is
reported as an example in Figure 7b) showed that the bedrock is not homogeneous and,
in the areas corresponding to the porous weathered zones previously observed with the
optical microscope, the calcitic matrix (light grey) is missing except for sporadic grains,
and only the silicate component (dark grey) is left. This phenomenon is clearly illustrated
in Figure 7c, where elemental mapping of the weathered area of sample EZ3 is reported.
Mg is present only in the intact bedrock (and in the black varnish on the surface), while in
the weathered layer in contact with it we observed an initial leaching of Ca, which then
disappears completely in the upper layer, leaving a very porous zone. In this area we
observed only the silicate component, which seems to be homogeneous throughout the
sample. In the upper layer Al, K, Mg, Fe and Mn are distributed in the black crust, thus
along the edges of the pores and on the surface of the sample (Supplementary Figure S5).
In this area, barium sulphate was also detected (bright white grains in the backscattered
image of Figure 7c) but mostly concentrated towards the surface of the sample (maximum
of 400 μm depth).
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Figure 7. SEM–EDX analyses on petrographic thin sections: (a) SEM image in backscattered electron
mode and EDX elemental mapping (Mn, Fe and Si) of the black varnish; (b) SEM image in backscat-
tered electron mode of the thin section of sample AV1 showing the lack of Ca in the upper part of
the sample and a heavily weathered area at the bottom; (c) SEM image in backscattered electron
mode with EDX elemental mapping (Si, Ca and Mg) of the weathered area of sample EZ3 (additional
elemental mappings of the area in the dashed box in Supplementary Figure S5).

The backscattered image of sample AV1 (Figure 7b) shows that in the heavily weath-
ered area that lies at the bottom, where aggregates of cyanobacteria were extensively
detected by optical microscopy, the Ca and Si components of the bedrock seem to be
equally leached, and loosely arranged mineral particles are observed. Mapping of this area
indeed revealed that the mineral fragments in the proximity of the cyanobacteria cells are
mainly composed of Ca and Si, along with Mg-rich grains and other minerals such as Al,
Fe and K (Supplementary Figure S6).

Punctual EDX analysis of the orange crust of sample EZ4 showed that it is mainly com-
posed of Si, Fe, Al and K (as shown by XRF results), and a low proportion of Mn depending
on the point of analysis. The elemental mapping carried out on this sample revealed some
interesting results (Figure 8). We noticed that the distribution of the elements showed a
pattern similar to the one displayed in the weathered areas of the other samples: Ca and
Mg are detected only in the intact bedrock, while silicon is homogeneously distributed (in
the bedrock and in the orange crust). In addition, the map of silicon showed the presence
of silicified fossils in the orange layer. Aluminum is detected solely in the orange layer,
with a distribution similar to that in the surface layer of sample EZ3, i.e., more concentrated
along the edges of the pores, but in this case it appears more spread throughout the layer.
Iron is mostly present in the orange part and seems to be homogenously distributed, while
the mapping of Mn did not give a clear distribution.
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Figure 8. SEM image in backscattered electron mode and EDX elemental mapping (Si, Ca, Mg and
Al) of sample EZ4.

3.5. Micro-Raman Spectroscopy

Raman spectra acquired on the black varnish were quite complex. Depending on the
measurement spot, the spectra displayed different features confirming the heterogeneity
of the varnish composition. In many cases, the overall spectral profile matches well the
spectral features of the pigment burnt Sienna, which is a mixture of iron oxides, quartz
and aluminum oxides. An example is reported in Figure 9a—spectrum A, in which, more
specifically, the bands at 224, 291, 408 and 1322 cm−1 can be assigned to hematite (α-Fe3O4),
while the band around 670 cm−1 is diagnostic for magnetite (Fe2O3) [40]. In the region
between 500 and 700 cm−1, the peaks of the spectra acquired on the black varnish are not
well resolved and a broad band with shoulders is observed; therefore, clear assignment
of signals is challenging. In this spectral region, the characteristic peaks of Mn oxides are
found, so their presence could not be clearly identified. Nevertheless the peaks visible
at around 400 cm−1, at 502 cm−1 and at 574 cm−1 (Figure 9a—spectrum B) might be
assigned to birnessite or birnessite-like minerals [41], a manganese oxide often reported
in the literature as part of the desert varnish [19]. Quartz (sharp band at 465 cm−1) was
often identified in the spectra of the black varnish, and in some areas anatase (TiO2) (band
at 143 cm−1) and pseudobrookite (Fe2TiO5) were also detected.

The spectra obtained on the orange layer emerging from the black varnish (Figure 9a—
spectrum C) showed a spectral profile similar to the one of the orange crust of sample EZ4
(Figure 9a—spectrum D), showing characteristic features of iron oxides (bands around 220,
290 and 400 cm−1) and quartz (bands at 207 and 465 cm−1) at lower wavenumbers. In the
range from 1000 to 1800 cm−1, EZ4 presented a complex spectrum, with overlapping broad
bands that did not allow clear interpretation. The peaks in this range might be related to
organic pigments such as carotenoids combined with amorphous carbon (peaks at 1320
and 1600 cm−1).

The presence of carotenoids was clearly confirmed in a reddish area beneath the
black varnish (transversal section of the sample). Indeed, the Raman spectrum of the area
analyzed (Figure 9b) showed three sharp bands at 1000 cm−1, 1151 cm−1 and 1505 cm−1

typical of carotenoids, which are characterized by three main skeletal features: the stretching
of C=C in the region around 1520 cm−1, the stretching of C–C around 1150 cm−1 and the
bending of C=CH around 1000 cm−1 [42].
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Figure 9. (a) Normalized Raman spectra collected from the black varnish on two different spots (A,
B), on the orange layer emerging from the black varnish (C) and on the orange crust of sample EZ4
(D) compared with reference spectra of burnt Sienna (E) (Pigments Checker Raman Database [39]),
hematite (F) and magnetite (G) (RRUFF [38]) in the spectral range between 150 and 1700 cm−1.
(b) Normalized Raman spectra collected on the orange layer beneath the black crust (a) and on a spot
colonized by cyanobacteria (b) in the range from 900 cm−1 to 1700 cm−1, showing the characteristic
peaks of carotenoids.

On one sample, Raman spectra were acquired in a green area visibly colonized by
cyanobacterial aggregates. The spectral features of carotenoids were again identified but
with a shift in the wavenumbers (1002 cm−1, 1152 cm−1 and 1510 cm−1) compared to the
spectrum obtained on the reddish area (Figure 9b). The shift might indicate the presence of
a different type of carotenoid pigment in the green area. According to Jehlička et al. [42],
the position of the stretching band of the C=C group is diagnostic for the discrimination of
different carotenoids, and they assigned the band at 1506 cm−1 to the carotenoid pigment
bacterioruberin and the C=C signal at higher wavenumbers (1510 cm−1) to β-carotene. The
positions of the two bands correspond very well to the one shown in the Raman spectra of
carotenoids obtained in this study: 1505 cm−1 in the case of the orange spot and 1510 cm−1

in the case of the green spot. Despite this, attribution of the two spectra to one carotenoid
pigment rather than the other cannot be certain solely by Raman spectroscopy.

In addition, the signal of carotenoids on the green spot was detected along with
calcite (band at 1084 cm−1), while on the orange area anatase (band at 141 cm−1) was
also identified.

4. Discussion

The multi-analytical approach used in this study allowed us to characterize the mi-
crobiome of stones associated with petroglyph sites and, at the same time, to characterize
the lithic substrate, thus obtaining a deeper knowledge of possible mineral–microbial
interactions.

The microbiomes of the samples were generated using nanopore sequencing technol-
ogy, which has been employed in different studies in the cultural heritage field [37,43–45],
showing some advantages compared to next-generation sequencing methods. In fact, this
technology, which offers an easier workflow and much more affordable prices, when com-
bined with whole genome amplification (WGA) protocol allows simultaneous obtainment
of the real proportions of different groups of microorganisms (fungi, bacteria and archaea)
as a whole in a given sample, which was one of the first aims of this study.

The microorganism communities associated with rock varnish have been previously
studied to determine whether or not there is a connection between the varnish and the
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microorganisms inhabiting the stone. The results of our metagenomic study are consistent
with the findings reported in the literature [25,33], revealing a microbiome dominated
by bacteria, with lower proportions of eukaryotes, and archaea representing less than
1% of the total assigned reads. Within the bacteria, Actinobacteria and Cyanobacteria
were the most abundant phyla, followed by Proteobacteria and Bacteroidetes, as found
also by other authors in metagenomics studies on microbial communities of stones in
desert environments [16,27,30]. Notable is that sample EZ4, which does not present the
superficial black varnish, showed a different microbiome, in which the genus Rubrobacter
(Actinobacteria phylum) together with the genus Acinetobacter (Proteobacteria phylum) and
the genus Pontibacter (Bacteroidetes phylum) made up almost 90% of the total reads, while
Cyanobacteria represented less than 1%.

In the other samples (AV1, AV3 and EZ1), Cyanobacteria represented between 26
and 39% of the bacterial communities, with a rather high biodiversity. Cyanobacteria are
common photoautotroph bacteria inhabiting rocks in desert environments [29,46,47]; they
are considered primary producers with the ability to withstand stressful environmental
conditions due to their thick cell wall and the production of protective pigments such as
scytonemin and carotenoids, which protect them against photooxidative damage [16,48].
Among the cyanobacteria, the order Nostocales, a nitrogen-fixing family that contains several
pigment-secreting taxa, was dominant, with Nostoc spp. being the most abundant. The
order Nostocales was previously reported to be desiccation resistant [49] and radiation
tolerant and a dominant taxa in hypolith communities of the Atacama desert [50]. The
genus Crinalium (order Oscillatoriales) and the genus Gloeocapsa (order Chroococcales) had
relatively high abundance in our samples and are also known to be well adapted to
harsh environments [51,52]. Within the order Chroococcales, the extremely desiccation and
radiation resistant genus Chroococcidiopsis is often indicated as dominant in cyanobacterial
communities on stone in deserts [27,53,54]; however, in our study it represented only
around 1% of total reads.

Cyanobacteria, as many other microorganisms, can form biofilms, which have huge
weathering potential [55] and can cause both physical and chemical degradation of the stone.
The physical actions involve breaking of the surface and penetration of the microorganisms
between the grains of the rock with consequent decreases in grain cohesion, while chemical
actions include dissolution and chelating processes bringing chemical changes to the stone
substrate [56]. In our study, through optical microscopy and the use of SEM, we could
visualize areas of the samples with cyanobacterial biofilms that were heavily weathered. In
fact, associated with cyanobacteria aggregates, we observed disintegration of the rock, with
loose mineral fragments and consequent detachment of the black crust (Supplementary
Figure S6). Species of the genus Gloeocapsa, which was relatively abundant in our samples,
and of the genus Leptolyngbya, also detected in our metagenomic analysis but with lower
proportions, were, for example, found responsible for the formation of biofilms in historic
stone monuments, with resulting bioweathering of the lithic substrate [57].

Within the Actinobacteria, the genus Rubrobacter was very dominant in all the sam-
ples (as clearly visible in the heatmap of Figure 4). Rubrobacter spp. are often associated
with desert varnish and in general as a bacterium inhabiting stones in desert environ-
ments [16,58]. This genus is known to be highly resistant to many types of environmental
stress, such as exposure to gamma and UV radiation, desiccation, high temperature fluctua-
tions, low water availability and high levels of salts [59,60]. In fact, Rubrobacter spp. are
often reported to grow on walls and stone monuments rich in salts, causing the so-called
rosy discoloration due to the release of carotenoid pigments such as Bacterioruberin [61–63].

The genera Pontibacter, Hymenobacter and Adhaeribacter are also highly radiation resis-
tant bacteria [64] with the ability to synthesize carotenoids and indeed show pink to red
shades [65,66].

The eukaryotic communities were affiliated with the fungi kingdom, which was
mostly represented by the phylum Ascomycota. High biodiversity at the genus level
was observed, but each genus showed low proportion and no dominant taxa, except for
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a few genera contributing with slightly higher proportions, such as Letharia, Alternaria,
Lachnellula, Metharizium and Talaromyces. Most of the fungi detected are not stone-dwelling
species, but they are found ubiquitously in the environment and are probably deposited
on the stone as spores. In fact, we found little evidence that fungi are established on
the rock surface. Within the fungi detected in this study, only the order Chaetothyriales,
with Exophiala spp. and the genus Coniosporium, with the Coniosporium apollinis species,
might actually be established on the rock. The aforementioned fungi are in fact part of the
black fungi, or black meristematic fungi group, which have an extraordinary tolerance to
extreme environmental conditions and are known to inhabit stone surfaces in hot deserts
and moderate climates [67–69].

Previous studies mentioned the presence of fungi and lichens, such as Caloplaca sp.,
as a weathering agent of rock substrates due to the production of oxalic acid and conse-
quent formation of calcium oxalates that can facilitate the disintegration of the calcareous
matrix [33]. In this study, however, we could not detect the presence of calcium oxalates.
Further culture-dependent and culture-independent microbiological studies are being
carried out to have better insight of the fungal communities associated with the rocks of
petroglyph sites.

The characterization of the black crust through XRF and SEM–EDX analysis confirmed
that the varnish is composed of clay minerals and Fe and Mn oxides, as reported by
many studies [18,23,24]. Specifically, the varnish is highly enriched in Mn compared to
the windborne dust deposited in the micro-basins of the surface. This was proven both
by punctual EDX analysis, which showed that the crumbled parts of the surface (loose
material) have low Mn content compared to the compact surface of the varnish, and
SEM–EDX elemental mapping, in which it is clearly visible that the dust deposited in the
depressions of the crust is mainly composed of Al, K and Fe, while Mn is concentrated in
the actual varnish layer. Enrichment of Mn in the varnish layer by a factor of ~100 [19]
compared to its primary source of material, i.e., windborne dust, is one of the main points
of discussion in the literature, especially related to whether or not Mn enrichment is due to
abiotic [19,70,71] or biogenic factors [26,27,46].

Raman analysis allowed us to partially characterize the minerals present in the black
varnish. Identification of iron oxides was quite straightforward, and hematite and magnetite
were detected, consistent with the results of other Raman studies on rock varnish [72–74].
The identification of Mn oxides was more challenging, as also previously reported by
Malherbe et al. [72], who were not able to identify Mn oxides by Raman spectroscopy on
the rock varnish analyzed. Nevertheless, our results seem to indicate that birnessite-like
Mn oxides might be present, which are addressed as the most common Mn compounds
in desert varnish [19]. Interestingly, the Raman spectra of the orange layer of sample EZ4
and of the reddish layer emerging from the black crust of the other samples showed similar
spectral features, indicating the presence of iron oxides, a possible presence of Mn oxides,
and, at higher wavenumber, the peaks around 1320 and 1600 cm−1 suggested the presence
of carbon. Although it is believed that Raman spectroscopy cannot distinguish between
biogenic and abiotic sources of carbon, Malherbe et al. [72] address the possibility that the
graphitic carbon found on the desert varnish in their study might be the result of “highly
thermally process carbonaceous residues from living organisms”.

Raman spectroscopy also pointed out the presence of carotenoid pigments in the
samples, which are used by microorganism as protection against radiation, therefore in-
dicative of microbial activity. A wide variety of bacteria detected in this study are known to
synthesize carotenoids, for example the bacterioruberin from Rubrobacter spp., which might
be the source of the carotenoid pigment we detected on the reddish layer beneath the black
crust. We could also prove the presence of carotenoids directly on cyanobacteria aggregates,
in which the most common pigment is β-carotene. The Raman measurements to detect
biopigments were preliminary, and these results could be implemented in future studies.

The combination of microscope observations and SEM–EDX analysis on the petro-
graphic thin sections showed very interesting results. Optical microscopy unveiled the
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presence of weathered areas beneath the black crust, and SEM–EDX elemental maps re-
vealed that in these areas only the Si component of the bedrock is present while the Ca
and Mg matrix is missing. The same elemental distribution was observed in sample EZ4,
in which the orange layer was mainly composed of Si, also highlighting the presence
of silicified fossils widely present in the bedrock and the lack of the Ca matrix. These
observations brought us to the conclusion that the orange layer, rather than a different
kind of superficial crust, might be a weathered area of the bedrock similar to the ones
observed in the other samples, but in this case, the superficial black varnish is completely
missing. The typical elements normally detected in it, such as Al, K and Fe, are distributed
in the weathered area, including also a low proportion of Mn. These observations might
suggest that elements present in the black crust had been mobilized by microorganisms,
contributing to the slow degradation of the black varnish.

The lack of Ca in the superficial layers of rocks coated by the desert varnish was
previously observed by other authors [33,46], who attribute the calcite matrix deficiency
to dissolution actions by microorganisms. Biodeterioration of calcareous rocks due to
microbial colonization is a well-studied phenomenon [56,75–77], and acidification due to
the production of carbonic, sulfuric and nitric acids as byproducts of cell metabolisms has
been proposed as a possible cause of calcium carbonate dissolution [29,78]. In particular
Lian et al. [79] mention cyanobacteria genera such as Gloeocapsa, Nostoc and Oscillatoria as
able to degrade calcareous rocks. These cyanobacteria genera were all detected as part of the
bacterial communities by the metagenomic analysis carried out in this study. The presence
of microorganisms in the microcavities below the crust was detected by SEM analysis;
further, by means of Raman spectroscopy, we were able to identify carotenoid pigments
in the reddish layer below the dark coating, indicating biological colonization. Moreover,
extensive microbial colonization in the cavities and discontinuities of the rocks associated
with petroglyph sites through SEM–BSE was previously broadly studied by Nir et al. [33],
who identified a complex microbial community (cyanobacteria, heterotrophic bacteria,
free-living fungi and lichens) inhabiting the superficial layers of the rocks in which the Ca
matrix is no longer present.

Krumbein and Jens [46] state that cyanobacteria and fungi dissolve the carbonates
in limestone rocks to reach optimal living conditions such as temperature, humidity and
nutrient supply. Indeed, the interior of the rocks can be a suitable niche for microorganisms
to survive harsh condition due to better nutrient and water availability [54,55]. In the
case of stones covered with desert varnish, this might act as an extra shelter from the
extreme environmental conditions [16]. Moreover, Lang-Yona et al. [25] hypothesized
that some species might take advantage of the rich transition-metal coating, being able to
utilize the varnish minerals; they give as an example the use of Mn by cyanobacteria in
their photosynthetic apparatus. Moreover, the authors of this study report that they detect
enrichment in the metabolic process genes of microorganisms that relay on varnish-enriched
transition metals.

It is known that a wide variety of endolithic microorganism has the ability to mobilize
metal cations [55] and in particular iron [72] and manganese, which are key metals used by
microorganism for protection against UV radiation. Webb and Di Ruggiero [60] state that
the cellular accumulation of Mn by microorganisms might be a widespread mechanism
to survive oxidative stress, and they investigated Mn2+ function in Rubrobacter spp., sug-
gesting that Mn–antioxidant complexes are involved in radiation resistance, while a recent
study [80] on the radiation resistance of Deinococcus Radiodurans established the key role
played by intracellular Fe and Mn in oxidative protection of this microorganism.

In this study, Rubrobacter spp. were dominant in all of our samples, and especially in
sample EZ4, and might uptake both iron and manganese from the black crust. Moreover,
the genus Rubrobacter, as mentioned previously, is known to grow on stone monuments
with the ability to form biofilms and penetrate the porous rock, enhancing mechanical
damage through the detachment of mineral grains [62].
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These observations support the hypothesis that in sample EZ4, the black varnish might
have been degraded by microorganism, including the genus Acinetobacter (18% of total
reads of sample EZ4), which is reported to be able to solubilize Al, Si and Fe from rocks [58].

More and more recent studies seem to support the hypothesis that the black crust is
of biological origin [25,27,81–83] and is possibly produced by microorganisms to protect
themselves from the adverse conditions. In our study, patterns of weathering of the black
crust are observed, and this might be explained as a succession of biogeochemical cycles.
We hypothesize that what we observed in sample EZ4 (presence of a weathering layer
and lack of the black crust) might be a later stage of weathering compared to the other
samples. After an initial protective colonization, the microorganisms that are established
in the superficial layer of the rock, shielded by the black crust, leach the Ca matrix to
reach optimal living conditions. At this point, some species, for example Rubrobacter spp.,
might take advantage of the Mn and Fe and uptake the cations to survive oxidative stress,
leading to a very slow deterioration of the crust, which is also enhanced by the mechanical
detachment caused by weakening of the bedrock.

In support of this theory, we observed also a different microbial community in sample
EZ4 that could be explained in terms of microbial succession. Cyanobacteria, which are
the pioneering colonizers of the stone surface, although able to withstand a stressful
environment, need the protection of the black crust to survive the harsh desert conditions.
With the loss of the black crust, cyanobacterial communities are probably too exposed to
the extreme environmental conditions (high T, low water availability, high irradiation) and
thus gradually disappear, followed by the establishment of more resistant taxa, such as, in
the case of sample EZ4, Rubrobacter, Acinetobacter and Pontibacter.

5. Conclusions

Our results pointed out that:

1. most of the microorganisms detected by metagenomic analysis are taxa adapted to
live in harsh environmental condition such as the Negev desert, with a high resistance
to radiation and desiccation;

2. weathering of the stone beneath the black crust was associated with the potential of
the species detected to leach the calcareous matrix of the rock in order to find optimal
conditions of growth while being sheltered by the black desert varnish;

3. in sample EZ4, the orange layer is probably not a different kind of coating, but it
is actually a weathered area of the bedrock in which the black varnish is no longer
present; therefore, we hypothesize that this sample is in a later stage of weathering
compared to the others;

4. we acknowledge the possible microbial involvement in the origin of the crust, as
previously reported by many authors in the literature, and, on the other hand, what
we observe in our study are patterns of deterioration in the bedrock and in the black
varnish, feasibly connected to microbial action. The two hypotheses can be viewed in
terms of succession of biogeochemical processes and of microbial communities.

Further research is needed to better understand the mineral–microbial interaction;
therefore, the goal of future research will be to further explore the genome of microbial
communities inhabiting stones associated with petroglyph sites and get insight into func-
tional genes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app12146936/s1, Table S1: Details of the sequencing runs. Figure S1:
Charts of the meteorological measurements. Figure S2: Relative abundance of the bacterial commu-
nities at the class level. Figure S3: Relative abundance of the fungal communities at the class level.
Figure S4: 3D pictures of the stone slabs acquired with the Keyence digital microscope. Figure S5:
SEM–BSE image and digital OM picture of a detail of sample EZ3 with EDX elemental mappings.
Figure S6: SEM–BSE image and digital OM picture of a cyanobacteria colonized area with EDX
elemental mappings.
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Abstract: The Salón de Reinos, a remnant of the 17th century Palacio del Buen Retiro, was built as a
recreational residence under the reign of Felipe IV between 1632 and 1640 and was the main room
for the monarch’s receptions. This Salón owes its name to the fact that the coats of arms (shields)
of the 24 kingdoms that formed Spain in Felipe IV’s time were painted on the vault, above the
windows. In addition, the ceiling shows an original decorative composition. The painted ceiling and
window vaults showed deterioration evidenced by fissures, water filtration, detachments of the paint
layer, and black stains denoting fungal colonization related to humidity. Ten strains of bacteria and
14 strains of fungi were isolated from the deteriorated paintings. Their biodeteriorative profiles were
detected through plate assays. The most frequent metabolic functions were proteolytic and lipolytic
activities. Other activities, such as the solubilization of gypsum and calcite and the production of
acids, were infrequent among the isolates.

Keywords: biodeterioration; mural paintings; bacteria; fungi; biocide

1. Introduction

The earliest known examples of wall paintings are found in Crete and in Egyptian
tombs. The Etruscan necropolis of Tarquinia, included in the UNESCO World Heritage list,
contains a large number of decorated tombs, the oldest of which date from the 7th century
BC. Examples of extraordinary Roman wall paintings are found in the magnificent Villa
dei Misteri (1st century BC) in Pompeii. The late medieval period and the Renaissance are
examples of the noticeable use of wall paintings, particularly in Italy, where most churches
display this type of decoration.

Wall paintings can be affected by various problems—environmental pollution, ex-
cessive humidity, water seepage from the ceilings, and poor quality of materials and
construction methods—all contributing to the deterioration of the murals. In wall paint-
ings, different phenomena can be observed; the most common include cracks, detachment
of the painted surface, efflorescence formation, color changes and growth of films of
microbial origin.

In the initial stages of colonization, the growth of microorganisms in a wall painting
causes only aesthetic damage, as little or no alteration of the painted surface occurs.
Subsequently, the cells and hyphae penetrate the paint layer, and the chemical attack
results in pitting, peeling, cracking and loss of paint. To this damage is added that caused
by microbial metabolites, which alter the original color and sometimes produce red, green
or black pigmentations [1–5].

Deteriorated wall paintings contain a variety of hygroscopic salts, including carbon-
ates, chlorides, nitrates and sulfates, which form efflorescences on their surfaces. This
means that, in many cases, efflorescence deposits in murals mimic the conditions found
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in extreme habitats, favoring the growth of halophilic microorganisms. Due to its deterio-
rating effect, saline efflorescence in wall paintings is a common problem and can create
micro-niches with a salt concentration high enough to allow the growth of halophilic
Archaea, as demonstrated by Piñar et al. [6] in two deteriorated wall paintings subjected to
different environmental and climatic conditions: the Chapel of Herberstein Castle (Austria)
and the Tomb of Servilia in the Necropolis of Carmona (Spain).

Of particular importance is the colonization and growth of bacteria in wall paintings.
Gorbushina et al. [7] studied the deterioration of the wall paintings in the church of
St. Martin in Germany. In these paintings, the authors isolated numerous species of
Arthrobacter, Bacillus and related genera (Paenibacillus, Gracilibacillus, Salibacillus), producers
of spores, in addition to Staphylococcus and Nocardioides.

However, the most frequent and conspicuous biodeterioration phenomenon is the
colonization of wall paintings by fungi, since they generally produce black or green colored
patinas. In modern wall paintings from La Rábida Monastery, Spain, the most abundant
fungus was Cladosporium sphaerospermum, followed by Engyodontium album, recently trans-
ferred to the novel genus Parengyodontium album [8] and Aspergillus versicolor. Less frequent
were Acremonium charticola, Alternaria alternata, Botrytis cinerea, Cunninghamella echinulata,
Phoma glomerata, etc. [9]. In addition, the mite Tyrophagus palmarum was found in the
paintings, feeding on bacteria and fungi.

Karpovich-Tate and Rebrikova [10] investigated the biodeterioration of wall paintings
at the Pafnutii-Borovskii Monastery, Russia, finding that Parengyodontium album comprised
90% of the fungi isolated from the deteriorated stone, while Cladosporium sphaerospermum
accounted for 65% of the total isolates from the painted surfaces.

Gorbushina and Petersen [11] studied various wall paintings in Germany and found
Acremonium spp., Cladosporium spp., Verticillium spp., Aspergillus sydowii, Aureobasidium
pullulans, Parengyodontium album, Scopulariosis brevicaulus, Beauveria sp. and Chrysosporium
sp. The walls commonly included springtails, mites, flies and spiders. Arthropod remains
were frequently found in all investigated locations, and most of them were colonized by
fungi. In fact, most of the available data suggest that fungi in wall paintings are related
to arthropods [12]. Entomopathogenic fungi, in particular Parengyodontium album, are
common on wall paintings from different countries [7,9–12].

In wall paintings, certain ecological conditions prevail, such as a low concentration of
carbon sources, variable-to-high humidity levels and, generally low temperatures. Under
these conditions the growth of microorganisms is possible, in most cases forming a biofilm
or microbial film composed of many species of bacteria, archaea, fungi, etc. [13–16].

The possible carbon sources in wall paintings are protein-type binders, such as casein,
animal glue, egg, etc., and some pigments, as well as synthetic polymers used for preser-
vation. The destructive activity of microorganisms in the paint film is not limited to its
surface, but penetrates deep into the layer of paint and plaster, and its destructive effect
can be even more intense in the deeper layers than on the surface.

The use of binders by microorganisms as a nutritional source leads to deterioration and,
consequently, to the detachment of pigment particles, devoid of any binding effect. This
process was reported by Piñar et al. [6], who noticed the damage caused during restoration
of the Chapel of Herberstein Castle, Austria, with 14th century frescoes. Around 1580,
the frescoes were covered with plaster for a few hundred years. Restoration works were
carried between 1942 and 1949, and the plaster layer was removed. In this restoration, the
paints were fixed with casein-water (1:10), and casein was also added to the mortar for
consolidation. Fungal growth started only five days after the application of casein, and the
ceiling had to be cleaned again. However, after this restoration, the chapel was abandoned
and used as a warehouse until the mid-1990s. At the beginning of the 21st century, the
paintings showed considerable microbial growth, including loss of consistency in many
areas as well as severe discoloration, with the formation of saline efflorescences and pink
pigmentation due to microbial attack. This is an example of how erroneous restoration
protocols can damage wall paintings. Therefore, it is of the utmost importance to know the
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biodeteriorative activity of the microorganisms isolated from mural paintings in order to
decide which treatments can be safely used in restoration.

2. Materials and Methods

2.1. Historic Overview of Salón de Reinos

On 25 July 2021, UNESCO added the Paseo del Prado and Buen Retiro, a landscape
of Arts and Sciences (Madrid, Spain) to the World Heritage List. This Paseo includes
avenues, fountains, gardens and many buildings, a few of them dedicated to the arts
and sciences: Museo Nacional del Prado, Museo Nacional Centro de Arte Reina Sofía, Museo
Thyssen-Bornemisza, Museo Nacional de Antropología, Museo Naval, and Museo Nacional de
Artes Decorativas.

The Museo Nacional del Prado is a museum campus composed of several buildings.
Two of them, Casón del Buen Retiro and Salón de Reinos, are remnants of the 17th century
Palacio del Buen Retiro. This palace was built as a recreational residence under the reign of
Felipe IV, between 1632 and 1640. The palace was seriously damaged during the War of
Independence (1808–1812), and part of the ruined palace was demolished in 1816–1819,
under Fernando VII. Other palace buildings were demolished in 1868, except the Casón del
Buen Retiro, an old ballroom and party hall, and the Salón de Reinos, the main room for the
monarch’s receptions. A program to expand the Museo Nacional del Prado integrated this
Salón, used as an Army Museum from 1841 to 2005, into the museum properties.

In the 17th century, the Salón de Reinos housed famous paintings (Velázquez, Zurbarán,
and others), now deposited in the Museo Nacional del Prado. The Salón, a room 34.6 m long,
10 m wide and 8 m high, owes its name to the fact that the coats of arms (shields) of the
24 kingdoms that formed Spain in Felipe IV’s time were painted on the vault, above the
windows (Figure 1).

 

Figure 1. Salón de Reinos, Museo Nacional del Prado, Madrid, Spain. (Left), as Army Museum. Photo J. Laurent y Cia. Archivo
Ruiz Vernacci. IPCE, Ministerio de Cultura y Deporte. (Right), before restoration. Photo Juan Aguilar, Ágora S.L.

The conservation of Salón de Reinos was poor (Figure 2). The painted ceiling and
window vaults showed deterioration evidenced by fissures, water filtration (Figure 2B),
detachments of the paint layer (Figure 2C,D) and fungal colonization related to humidity
(Figure 2D,E). Other issues include the urgency of the design and construction of the Salón,
the use of low-quality materials and, above all, the different uses and adaptations of the
building over 400 years, with rehabilitation interventions that caused scratching and hiding
of the paintings in the walls and repainting of the ceiling (Figure 2A).
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Figure 2. Salón de Reinos, Museo Nacional del Prado, Madrid, Spain. (A) Detail of the ceiling showing repaints. (B) Deterioration
produced by a recent water leak. (C) Paint detachment in the ceiling. (D) Burgundy shield (sample M2) with fungal growth
and painting detachments. (E) Detail of fungal growth in (D). Photos provided by Ágora S.L.

While the original decorative composition on the ceiling was preserved almost entirely,
on the walls the decoration was covered by plastering. The scratching of all the wall surfaces
to apply a new plaster caused damage to a large number of the compositional elements as
well as physical deterioration of the pictorial layers and the gilding.

The ceiling was subject to repainting that covered almost its entire surface (Figure 2A).
These patches, although they appeared as a homogeneous stratum, had different chronolo-
gies in the 19th and 20th centuries. At the beginning of the 20th century, a general repainting
of the entire ceiling was carried out; tempera was used mainly for its application, and
occasionally a greasy temper inside the shields was applied. The repaints were dated
“14 April 1912”.

Beneath the repainting, there was a deteriorated and detached original surface (picto-
rial layer and gilding) with an often significant degree of powder and detachment in the
coats of arms or wide gaps due to different textures (Figure 2A). The natural aging of the
pictorial layer was manifested mainly in the ceiling gilding, where the polymerization of
the oils used in the glazes contributed to the generalized micro-exfoliation observed in
large areas. In addition, on the ceiling paintings and on the repaintings, a thick dark layer
of dust, a consequence of environmental pollution, appeared adhered to the surfaces.

Therefore, it was decided that Salón de Reinos needed rehabilitation and adaptation to
meet modern museum requirements, and an international contest for project designs was
launched in 2016. This was won by Foster + Partners and Rubio Arquitectura.

An unpublished study of Ágora Restauraciones de Arte, S.L., Madrid, for the Museo
Nacional del Prado, provides information on Salón de Reinos mortars and paintings. The
report stated the presence of a coarse mortar of gypsum and clays and fine-grained gypsum
plasters, with binders of animal glue, linseed oil, pine resin, sandarac and turpentine of
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Venice. The paintings were made of gold leaf (gilding), a mixture of cobalt and azurite
glaze or natural lapis lazuli (blue color), and red lead (red color). The binders are excellent
nutrient sources of carbon and nitrogen for microorganisms. This indicates the need to carry
out a detailed study on the microbial populations and the possible use of the components
of the mortars and paintings before carrying out a restoration.

This paper reports on the biodeterioration of Salón de Reinos before the restoration.
The aims were focused on the isolated microorganisms and their ability to degrade cultural
heritage materials and products commonly used in restoration works.

2.2. Sampling

The samples studied were located in the ceiling of Salón de Reinos (Table 1 and Figure 2).
Sampling was restricted due to the protection of the monument, and only <500 mg from
three samples were available for the study.

Table 1. Description and location of the samples studied.

Sample Description Location

M1 Surface dust S-3. Mexico shield
M2 Black stains S-4. Burgundy shield
M3 Black stains S-02. Between Galicia and Murcia shields

2.3. Isolation of Culturable Microorganisms

The samples (<500 mg per sample) were homogenized in sterile saline solution (0.9%
NaCl w/v) and inoculated into culture media such as Tryptone-Soy Agar (TSA) for bacteria
and Malt Extract Agar (MEA) for fungi. The plates were incubated at 28 ◦C for 24–72 h to
allow the growth of bacteria, and at 25 ◦C for 4–5 days for fungi. Individual colonies with
different color, size, border shape, and texture were isolated and inoculated in TSA and
MEA, respectively. Once the cultures were obtained from the colonies, the purity of each
isolate was confirmed microscopically. The bacteria were conserved at −80 ◦C in cryovials
(Microbank), and the fungi were preserved at 4 ◦C on MEA slants until studied.

2.4. DNA Extraction and Amplification

The extraction of DNA from the strains was carried out from bacterial biomass and
fungal mycelia. The biomass was transferred to a 1.5 mL Eppendorf tube containing
500 μL of the TNE extraction buffer (10 mM Tris–HCl, 100 mM NaCl, 1 mM EDTA; pH
8) and 2 and 4 mm glass beads. The mixture was homogenized using a stirrer (Fast Prep–
24), applying two cycles of 45 s at a speed of 4.5 m/s. The proteins were removed by
adding 50 μL of sodium dodecyl sulfate (10% w/v) and 70 μL of proteinase K (10 mg/mL),
and the mixture was incubated at 50 ◦C for one hour. DNA was purified with 750 μL
phenol–chloroform–isoamyl alcohol (25:24:1). The mixture was centrifuged at 8000 rpm
for 5 min. The supernatant obtained was subjected to further purification with 450 μL of
chloroform–isoamyl alcohol (24:1). Centrifugation was repeated under identical conditions,
and the supernatant was collected. DNA precipitation was performed by adding 50 μL
of 3 M sodium acetate (pH 5.2) and 1 mL of absolute ethanol. To promote precipitation,
the mixture was incubated at −20 ◦C for 30 min and centrifuged at 13,000 rpm for 10 min.
The precipitate was washed with ethanol (70%) and allowed to dry at room temperature.
Finally, the precipitated DNA was then dissolved in 100 μL of sterile ultra-pure water.

The resulting DNA concentration in the extraction products was quantified using a
Qubit 2.0 fluorimeter (Invitrogen), following the manufacturer’s instructions. The products
were stored at −80 ◦C until use.

For the identification of bacteria, the 16S rRNA gene was amplified, and for fungi, the
ITS region was between the small and large subunit of ribosomal RNA, 18S rRNA and
28S rRNA (ITS1 and ITS2, respectively). The primers 616F (5′–AGA GTT TGA TYM TGG
CTC AG–3′) [17] and 1522R (5′–AAG GAG GTG ATC CAG CCG CA–3′) [18] were used for
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bacteria, and the primers ITS1 (5′–TCC GTA GGT CCT GAA GCG G–3′) and ITS4 (5′–TCC
TCC GCT TAT TGA TAT GC–3′) described by White et al. [19] were used for fungi.

Each PCR reaction was run in a final volume of 50 μL. The reaction mixture consisted
of 5 μL of 10X reaction buffer [750 mM Tris–HCl (pH 9), 500 mM KCl, 200 mM (NH4)2SO4],
2 μL of 50 mM MgCl2, 0.5 μL of each 50 μM primer (Invitrogen Life Technologies), 5 μL of
deoxyribonucleotide mix (dNTPs) (Bioline GC Biotech, Alphen aan den Rijn, The Nether-
lands), 2 mM each, 0.25 μL of Taq polymerase enzyme (5 U/μL) (Biotools M&B Labs,
Madrid, Spain), and 10–20 ng of template DNA; the reaction volume was completed with
sterile ultra-pure water. All samples were run in duplicate, and two negative controls,
containing sterile ultra-pure water replacing template DNA, were included for each batch
of reactions. The PCR reactions were performed in an iCycler thermal cycler (Bio-Rad, CA,
USA). The PCR protocol used for the 16S rRNA gene region consisted of the following
steps: 2 min of initial denaturation at 94 ◦C; 35 cycles composed of 20 s at 94 ◦C, 20 s at
55 ◦C, and 2 min at 72 ◦C; followed by a 10 minute final extension at 72 ◦C. The protocol
used for the amplification of the ITS regions consisted of 2 min of initial denaturation at
95 ◦C; 35 cycles consisting of 1 min at 95 ◦C, 1 min at 50 ◦C, and 1 min at 72 ◦C; followed
by a 5 min final extension at 72 ◦C. To confirm the positive result of the PCR amplifications,
horizontal SeaKem agarose gel electrophoresis (FMC Bioproducts, Rockland, ME, USA)
was performed at 1% (w/v) with TAE 0.5X buffer (20 mM Tris, 10 mM glacial acetic acid,
0.5 mM EDTA).

2.5. DNA Sequencing

The PCR products corresponding to the bacterial and fungal strains were sequenced in
duplicate at Secugen (CIB–CSIC, Madrid), with an ABI 3700 capillary sequencer (Applied
Biosystems, Foster City, CA, USA) using the same primers as for PCR. The sequences
obtained were edited with the BioEdit 7.2.5 program [20], establishing the consensus
sequences for each strain analyzed. Homology searches of the sequences were performed
using the BLASTn algorithm [21]. The fungal sequences were compared with the existing
sequences from the National Center for Biotechnology Information (NCBI) databases,
Standard Nucleotide and ITS Reference Sequence, and the fungi were identified according
to the best matches. However, the ITS marker alone for identification does not discriminate
at the species level in certain fungal genera such as Aspergillus and Penicillium, and it
may be necessary to sequence one or more protein-coding genes to obtain a more precise
identification at the species level [22]. The bacterial sequences were also compared using the
NCBI Standard Nucleotide database and the EZBioCloud 16S database [23], which assigns
the closest cultivated type species. All sequences were deposited in the NCBI GenBank
database (http://www.ncbi.nlm.nih.gov/genbank/, accessed on 23 August 2021).

2.6. Biodeteriorative Activity of the Isolates

The strains were tested in different culture media to know their potential mortar and
paint biodeterioration. Table 2 details the culture media tested for the analyses.

Mortar deterioration was tested for solubilization of gypsum and calcite (CaS and
GyS media). Binder deterioration was tested by means of casein and gelatin hydrolysis
(CH and GH media). The degradation of oils was tested with the lipolytic activity (LH
medium). The production of acid or alkali (AAP medium) was also qualitatively measured.
All tests were carried out in triplicate at 28 ◦C for bacteria and 25 ◦C for fungi for 1 week.
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Table 2. Culture media and metabolic activities analyzed.

Medium Composition * Analysis Reference

GH TSA/MEA + 1% gelatin Proteolytic activity [24]
LH 1% Tween 80 Lipolytic activity [25]
CH Nutrient Casein Agar Proteolytic activity [26]
CaS TSA/MEA + 1% CaCO3 Calcite solubilization [24]
GyS TSA/MEA + 1% CaSO4 Gypsum solubilization [24]
AAP Czapek-Dox broth Acid/Alkali production [26]

* TSA/MEA: TSA or MEA was used for testing bacterial or fungal strains, respectively.

3. Results and Discussion

A total of 10 strains of bacteria and 14 of fungi were isolated. Table 3 shows the
identification of the bacteria isolated from the paintings and dust, and Table 4 shows the
identification of fungi.

Table 3. Identification of bacteria isolated from Salón de Reinos.

Samples Accession Number Strains Identification and Accession Number (% Identity)

M1
MZ827450 MP1B-1 Priestia aryabhattai EF114313 (99.7%)
MZ827451 MP1B-2 Bacillus tequilensis AYTO01000043 (99.9%)
MZ827452 MP1B-3 Bacillus paralicheniformis KY694465 (99.7%)

M2
MZ827453 MP2B-2 Bacillus frigoritolerans AM747813 (99.7%)
MZ827454 MP2B-3 Bacillus paralicheniformis KY694465 (99.7%)
MZ827455 MP2B-4 Bacillus cereus AE016877 (99.6%)

M3

MZ827456 MP3B-1 Cytobacillus oceanisediminis GQ292772 (99.4%)
MZ827457 MP3B-2 Streptomyces thinghirensis FM202482 (99.6%)
MZ827458 MP3B-3 Priestia endophytica AF295302 (99.4%)
MZ827459 MP3B-6 Bacillus frigoritolerans AM747813 (99.7%)

Table 4. Identification of fungi isolated from Salón de Reinos.

Samples Accession Number Strains Identification and Accession Number (% Identity)

M1

MZ827828 MP1B-4 Penicillium chrysogenum MF422150 (100%)
MZ827829 MP1B-5 Penicillium chrysogenum MF422150 (99.7%)
MZ827830 MP1H-1 Alternaria angustiovoidea MK910070 (100%)
MZ827831 MP1H-2 Cladosporium xylophilum MH863875 (100%)
MZ827832 MP1H-3 Penicillium fuscoglaucum NR163669 (100%)
MZ827833 MP1H-4 Mucor racemosus NR126135 (99.0%)
MZ827834 MP1H-5 Cladosporium macrocarpum NR119657 (100%)
MZ827835 MP1H-6 Penicillium chrysogenum MF422150 (100%)

M2 MZ827836 MP2H-1 Stagonosporopsis lupini NR160205 (98.3%)

M3

MZ827837 MP3B-5 Penicillium chrysogenum MF422150 (99.7%)
MZ827838 MP3H-1 Mucor racemosus NR126135 (99.0%)
MZ827839 MP3H-2 Penicillium chrysogenum MF422150 (100%)
MZ827840 MP3H-3 Penicillium chrysogenum MF422150 (100%)
MZ827841 MP3H-5 Botryotrichum domesticum NR169944(98.6%)

3.1. Ecology of Bacterial Isolates

The abundance of strains of the genus Bacillus and bacteria phylogenetically related to
that genus (Cytobacillus, Peribacillus, Priestia), which produce spores, as well as the species
Streptomyces thinghirensis, was remarkable. Most of these species were not previously found
on wall paintings (e.g., Priestia aryabhattai, Bacillus tequilensis, Bacillus paralicheniformis,
Priestia endophyticus) but on plants and soils [27–31]. The habitat of Streptomyces thinghirensis
is also the soil rhizosphere [32]. The possibility of the transport of spores by the air should
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not be excluded, given the proximity of Salón de Reinos to the Retiro Park and Botanical
Garden.

Other bacilli (Bacillus cereus, Bacillus frigoritolerans) were commonly found in wall paint-
ings [7,33–38]. Cytobacillus oceanisediminis was previously found in caves and mines [39,40].

The abundance of bacteria from the genus Bacillus and other related genera (Paeni-
bacillus, Gracilibacillus, Salibacillus) on wall paintings is not new, since previous research
reported their presence and isolation from the deteriorated wall paintings in the church
of St. Martin in Germany [7]. The unique presence of spore-forming bacteria in the wall
paintings was noticeable. The dominance of bacilli may be due to their ability to survive for
a long time as spores, since in periods of favorable conditions (humidity), small populations
of bacilli produce a high number of spores, using these favorable conditions for further
growth. These spores tend to germinate rapidly in culture media.

Laiz et al. [38] isolated 11 species of Bacillus, four of Paenibacillus, three species of
Staphylococcus, two of Micrococcus and Cellulomonas, and one of Streptomyces and Arthrobacter
from the mural paintings located in Servilia tomb, Necropolis of Carmona, Spain. Most of
these strains presented a facultative oligotrophic behavior coincident with the limitation of
nutrients in the mural paintings.

Tomassetti et al. [35] investigated the Tomba degli Scudi in Tarquinia, Italy, after receiv-
ing a conventional treatment with Preventol. Subsequently, a number of bacteria and fungi
were isolated from the walls, including Bacillus frigoritolerans, Bacillus simplex, Fictibacillus
barbaricus, Fictibacillus phosphorivorans, and Bacillus cereus, as well as an unidentified fungus.
Two of these bacteria match those found in the Salón de Reinos. The authors concluded that
the treatment was not totally effective, since a few spores remained active and were able to
grow in laboratory culture media.

3.2. Ecology of Fungal Isolates

The deterioration of wall paintings by fungi is a subject that has occupied the attention
of restorers and microbiologists, even more than the biodeterioration induced by bacteria.
For this reason, there is abundant literature on the topic, which reflects the harmful effects
of the colonization of frescoes and wall paintings in churches, monasteries, tombs, and
catacombs [6,7,9–11,34–37].

Penicillium chrysogenum is one of the fungi most frequently isolated in wall paintings,
and obvious signs of biodeterioration have been found on the surface of paintings [9,41–43].
Therefore, their abundance in the Salón de Reinos paintings is not surprising.

The cosmopolitan genus Alternaria is made up of multiple saprophytic and pathogenic
plant species. Woudenberg et al. [44] considered Alternaria angustiovoidea to be a syn-
onym for Alternaria alternata, based on the study of the genome and comparison of the
transcriptome and molecular phylogenies. Alternaria alternata is widespread on wall paint-
ings [36,41,43].

The remaining fungi from Table 4 (Cladosporium xylophilum, C. macrocarpum, Penicillium
fuscoglaucum, Mucor racemosus, Stagonosporopsis lupini) were commonly isolated from plants
and foods [45–49], and Botryotrichum domesticum from a house [50]. As far as we know,
no reports on their presence on wall paintings have been published, other than for C.
macrocarpum [41,51].

3.3. Metabolic Activities of Bacterial and Fungal Isolates

Trovão and Portugal [5] described the importance of using plate assays for identifying
the deteriorative abilities of microorganisms in order to evaluate the potential risks to
mural paintings. The isolation of microorganisms and plate assays are widely used by
microbiologists in deterioration studies to provide insight into their attack on different
types of materials [5,14,26,52–55]. Table 5 presents the metabolic activities of the isolates
and their role in the hydrolysis of gelatin, casein, and lipids, the solubilization of gypsum
and calcite, and acid production (Figure 3).
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Table 5. Microbial activities of bacteria and fungi isolated from Salón de Reinos.

Strain Reference GH * LH CH GyS CaS AAP

Priestia aryabhattai, strain MP1B-1 - + + - - +
Bacillus tequilensis, strain MP1B-2 - + - + - -
Bacillus paralicheniformis, strain MP1B-3 + - - - - -
Penicillium chrysogenum, strain MP1B-4 - - - - - -
Penicillium chrysogenum, strain MP1B-5 - + + - - -
Alternaria angustiovoidea, strain MP1H-1 - - - - - -
Cladosporium xylophilum, strain MP1H-2 - + - - - -
Penicillium fuscoglaucum, strain MP1H-3 - + + - + -
Mucor racemosus, strain MP1H-4 - - - - - -
Cladosporium macrocarpum, strain MP1H-5 - + - - - -
Penicillium chrysogenum, strain MP1H-6 - - + - + -
Bacillus frigoritolerans, strain MP2B-2 - + + + - +
Bacillus paralicheniformis, strain MP2B-3 + - - - - -
Bacillus cereus, strain MP2B-4 - - - - - -
Stagonosporopsis lupini, strain MP2H-1 - - + - - -
Cytobacillus oceanisediminis, strain MP3B-1 - - + - - -
Streptomyces thinghirensis, strain MP3B-2 - + + - - -
Priestia endophytica, strain MP3B-3 - + + + - +
Bacillus frigoritolerans, strain MP3B-6 - + + - - +
Penicillium chrysogenum, strain MP3B-5 - - + - - -
Mucor racemosus, strain MP3H-1 - - - - - -
Penicillium chrysogenum, strain MP3H-2 - + + - - -
Penicillium chrysogenum, strain MP3H-3 - - + - - -
Botryotrichum domesticum, strain MP3H-5 - + - - - -

* GH, gelatin hydrolysis; CH, casein hydrolysis; LH, lipolytic activity; GyS, gypsum solubilization; CaS, calcite solubilization; AAP,
acid/alkali production.

The most conspicuous activities, with a greater number of positive strains, were the
hydrolysis of casein and lipids, and to a lesser extent, the hydrolysis of gelatin and the
production of acids and alkalis.

The activity of Penicillium chrysogenum stands out, with six out of seven strains hy-
drolyzing casein, in addition to the Penicillium fuscoglaucum strain. All the other fungal
strains were negative for casein hydrolysis. Among the bacteria, five out of the nine
Bacillus strains also hydrolyzed casein, as well as Cytobacillus oceanisediminis, Streptomyces
thinghirensis, and Stagonosporopsis lupini.

The degradation of lipids is important in the Bacillus strains, of which six out of
nine presented lipolytic activity, while only two out of the nine of Penicillium chrysogenum
showed such activity, in addition to Penicillium fuscoglaucum and Botryotrichum domesticum.
It should be noted that only the two strains of Bacillus paralicheniformis were capable of
hydrolyzing gelatin.

Acid/alkali production was found in only five Bacillus strains. Calcite solubilization
was very limited in the isolated strains and showed only in one strain of Penicillium
chrysogenum and Penicillium fuscoglaucum. Gypsum solubilization was present in only three
Bacillus strains.

Bacillus species generally produce enzymes such as lipases, proteases, xylanases, and
others that allow for the breakdown of casein, gelatin, and lipids. Specifically, Bacillus
cereus produces these types of enzymes. However, the strain isolated from Salón de Reinos
does not possess these capacities, since it did not show hydrolytic activity against casein
and lipids.

In light of the obtained data, the species with potential biodeterioration properties
mainly belong to the genera Bacillus, Priestia, Cladosporium, and Penicillium, as described
in other reports [2–5]. In addition, it should be noticed that airborne microorganisms,
commonly isolated from plants, are able to use lipids and casein from mural paintings as
nutrient sources and therefore represent a risk for mural paintings.
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Figure 3. Metabolic activities of isolates. (A) Gelatin hydrolysis by Bacillus paralicheniformis. (B) Lipoly-
tic activity by Priestia endophytica. (C) Casein hydrolysis by Priestia aryabhattai. (D) Calcite solubiliza-
tion by Penicillium fuscoglaucum.

3.4. Cleaning and Biocide Treatment

When treating a biodeterioration, two different aspects must be taken into account:
the elimination of the existing microorganisms and the prevention of new colonization.

The elimination of the effects of a biological attack is a delicate problem. If the growth
is superficial, a mechanical cleaning and a soft biocide treatment should be effective. If the
attack affected deep layers of the mural paintings, the fungal hyphae will be difficult to
eliminate without affecting the painting, and for these situations an appropriate biocide is
recommended.

The ideal biocide should have the following characteristics: broad spectrum of action
at low concentrations, stability in solution, low vapor pressure to reduce evaporation,
stability over time, and physical and chemical neutrality against the components of paints
without action on the colors and texture of the paint.

One of the biocides most used by restorers and conservators in Italy [56–58] and also
tested in Spain [59,60] is Preventol RI 80, based on a quaternary ammonium salt. It is
active against a wide variety of bacteria, fungi, algae, and lichens on stones and building
materials [57,59,61–63]. Nevertheless, quaternary ammonium salts have shown, in a few
cases, to be unsuitable, such as in subterranean environments (caves with rock art paintings)
with high and constant relative humidity (above 90%) [64,65]. However, these conditions
are not present in the Salón de Reinos.

For the prevention of new biological attacks, an environmental control of the hall is
needed. The main causes that favored the biodeterioration in the Salón de Reinos were the
existence of fissures in the walls and water filtration that provoked the microbial growth.
The restoration to be carried out will circumvent these problems.

Considering the variations due to the different compositions of the materials, the ideal
conditions in which works of art (including wall paintings) should be preserved are a
relative humidity of 40–65% and a temperature of 16–18 ◦C. These, or close, environmental
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conditions will prevent the growth and re-colonization of airborne microorganisms that
can be deposited on the painted surfaces.

Bacteria need relative humidity >95% and fungi need 75–95%. In certain cases, some
xerophilic microorganisms can grow at lower relative humidity. For this reason, the
humidity limit in the Salón must never exceed values of 70% and the temperature must be
maintained between 16 and 20 ◦C. If these conditions are maintained, the colonization and
growth of microorganisms will be prevented. Once these conditions have been fixed, an
additional precaution is the periodic cleaning of the painted surfaces (all this, of course, after
the consolidation and restoration processes) to avoid the accumulation of dust particles and
volatile and suspended organic matter as well as the deposition of airborne microorganisms.

As reported by Ágora, S.L., the microorganisms were eliminated using a protocol
consisting of their mechanical removal with a natural bristle brush and the application
of Preventol RI 80 at 0.5 % in demineralized water, which has a broad spectrum in low
concentrations on bacteria, fungi, algae, and lichens. This biocide is effective because it
interferes with the enzymatic processes of the cell and modifies the permeability of its
membrane. However, the sensitivity to quaternary ammonium salts depends on the species
tested [55]. The intervention at the Salón de Reinos was focused mainly on the areas of
superficial fungal colonies, showing black stains, and in specific areas of the lintels of three
windows that were blinded on the south side of the hall.

One of the treatments that wall paintings may require is fixing and consolidation.
Regardless of the type of fixative product that is most suitable for the case, there are some
whose use is not recommended at all, among them the traditional organic fixatives, made
up of natural protein-based products such as albumin and casein. Restorations with casein
tend to cause microbial growth in the short term, since a high number of bacteria and fungi
use it as a nutrient source, as shown in Table 5. Therefore, an acrylic-based micro-emulsion
was used [66–68].

4. Conclusions

Three samples were studied: M1, dust obtained from the paint surface, and M2 and
M3, microbial colonizations subjected to the influence of humidity. The results obtained
are consistent with the nature of the samples. The dust sample shows an exclusive pre-
ponderance of species of the genus Bacillus among the bacteria, and a diversity of fungi,
composed of the genera Penicillium, Cladosporium, Mucor, and Alternaria, with distribution
consistent with the diversity of airborne fungal spores generally found in the air.

The two samples of black biofilms show different profiles, compatible with microbial
colonization, in an advanced status in sample M3, an area favored by humidity. In this
sample, a greater diversity is observed, both of bacteria (Bacillus, Cytobacillus, Streptomyces)
and fungi (Penicillium, Mucor, Botryotrichum), which indicates a better development of
the colonization, or a more advanced stage of deterioration. Sample M2 has intermediate
characteristics, with the presence of Bacillus and only one species of fungus (Stagonosporopsis
lupini).

The nature of the isolated microorganisms points to a high influence of airborne spores.
Most isolated bacteria and fungi have their origin in plants—saprophytes or pathogens—
consistent with the abundant vegetation in parks and gardens near the Museo Nacional del
Prado (Retiro Park and Botanical Garden). Likewise, the presence of a few bacteria and
fungi with biodeteriorative activities, previously detected in other murals and frescoes, is
also noteworthy.
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Abstract: The Cross of the Inquisition, sculpted in 1903 and raised on a column with a fluted shaft
and ornamented with vegetable garlands, is located in a corner of the Plateresque façade of the Seville
City Hall. The Cross was vandalized in September 2019 and the restoration concluded in September
2021. A geological and microbiological study was carried out in a few small fragments. The data
are consistent with the exposure of the Cross of the Inquisition to an urban environment for more
than 100 years. During that time, a lichen community colonized the Cross and the nearby City Hall
façades. The lichens, bryophytes and fungi colonizing the limestone surface composed an urban
community, regenerated from the remains of the original communities, after superficial cleaning of
the limestone between 2008 and 2010. This biological activity was detrimental to the integrity of the
limestone, as showed by the pitting and channels, which evidence the lytic activity of organisms on
the stone surface. Stone consolidation was achieved with Estel 1000. Preventol RI80, a biocide able
to penetrate the porous limestone and active against bacteria, fungi, lichens, and bryophytes, was
applied in the restoration.

Keywords: green algae; lichens; Trebouxia aggregata; black fungi; bryophytes; limestone; mineralogy;
restoration; Seville City Hall

1. Introduction

The construction of the Seville City Hall building started in 1526 and the last works
ended in 1928. The main façade, facing to Plaza Nueva was completed in 1867. The
Plateresque façade from the 16th century, facing to Plaza de San Francisco, was continued
in the 19th and reliefs were carved between the end of the 19th and the 20th centuries. Still
today, part of this façade is unfinished. In a corner of the Plateresque façade is located
the Cross of the Inquisition, sculpted in 1903, raised on a column with a fluted shaft and
ornamented with vegetable garlands (Figure 1A). Previously, another Cross, dating from
the end of the 18th century, devoid of ornamentation, was placed in the same position
as a commemoration of the last case of death at the stake (year 1781), although a few
historians believe that the primitive Cross was erected during a plague epidemic in the
16th century. The Cross and the City Hall façade were restored between 2008 and 2010,
and were vandalized in the early morning of 10 September 2019 (Figure 1B). The Cross
fragments were stored for two years until a restoration was decided, which should include
the repair of damages caused by the act of vandalism, but also previous pathologies caused
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by environmental pollution and anthropic actions which resulted in cracks and losses
of materials. The restoration concluded last September 2021 (Figure 1C), and included
a geological and microbiological study that, unfortunately, was only possible on a few
fragments. The limestone fragments showed dark stains and crusts, likely originated by
lichen colonization. Lichen communities were found on the nearby City Hall limestone.
Here, we present the data obtained in the study, which were to some extent limited by the
scarce availability of samples, as all fragments should be used in the restoration, as well
as the time that the fragments were kept in storage which prevented the study of fresh
biological samples.

 

Figure 1. The Cross of the Inquisition before (A), after the vandalism (B), and restored (C).

2. Materials and Methods

Six small samples, three for geological and three for microbiological studies, were
collected under the supervision of the restorers (Figure 2).

Mineralogy and textural properties of samples were studied on (30 μm-thick) polished
thin sections on a transmitting light microscope. A staining procedure with combined
alizarine red S and potassium ferricyanide solution was applied to distinguish ferroan and
non-ferroan calcite and dolomite phases [1]. Two thin sections were made from the sample,
one from the external surface of the sample and the other being transverse to that surface.
Photomicrographs were performed by using a petrographic microscope: Zeiss Assioskop,
a digital camera: USB UI-1490SE and an image capture software: uEye Cockpit (IDS). The
sample was also studied under a scanning electron microscope (SEM) using BSE mode on a
Hitachi S3000N SEM coupled with an X-ray detector, Bruker XFlash 3001, for microanalysis
(EDS) and mapping. The samples’ observation was carried out under variable pressure
mode without coating with any conductive material. EDS analyses were performed at a
40 Pa chamber atmosphere, 20 kV accelerating voltage and 10–12 mm working distance.

The mineralogical composition was analyzed by powder X-ray diffraction in a Bruker
D8 Discover A25 microdiffractometer. Microdiffraction X-ray equipment makes it possible
to make precise measurements in very small areas without the need to prepare the sample.
The analysis area was selected using an optical microscope and an X-ray micro-source with
a copper anode, using its Kα spectral line. EVA and TOPAS computer programs were
used for data processing and qualitative and quantitative identification, with the Rietveld
method, of the crystalline phases present in the sample.
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Figure 2. Vandalization of the Cross of the Inquisition. (A,B) Fragments of different sizes. (C,E) Frag-
ments with black to brown crusts. (D) Reconstruction of some fragments.

For the identification of the organisms two approaches were adopted in this study.
First, due to the fact that the vandalized fragments of the Cross were stored for two years,
and no fresh samples from organisms could be obtained, we focused our attention on the
identifications of DNA on the fragments available, in order to determine past biological
colonizations. In addition, we sampled the lichen community colonizing the City Hall
limestones in an area around 5 m from the Cross. It was expected that the community or at
least the most abundant lichens in both the building façade and Cross would be the same.
The protocols used were as follows:

Nucleic acids from each sample were extracted with commercial extraction kits, fol-
lowing the manufacturer’s instructions. FastPrep matrix-E lysis tubes (Qbiogene, Carlsbad,
CA, USA) with glass beads were used and physical disruption was performed using a
shaker (Fast Prep-24, Solon, OH, USA) at a speed of stirring at 5.5 m/s for 2 × 30 s. The
extracted nucleic acids (50 μL for each sample) were stored at −80 ◦C until shipment for
sequencing. The concentration of the DNA extracted from the samples was measured by
fluorometric quantification using a Qubit 2.0 fluorimeter (Invitrogen, Carlsbad, CA, USA).
Eukaryotes were identified by sequencing the 18S ribosomal RNA gene. The genes were
amplified by PCR using the primer pairs EUKA (5′-AAC CTG GTT GAT CCT GCC AGT-3′)
and EUKB (5′-TGA TCC TTC TGC AGG TTC ACC TAC-3′) for eukaryotes.

Amplifications were carried out in an iCycler thermal cycler from BioRad (Hercules,
CA, USA). Reactions were set up in 0.2 mL tubes (Greiner BioOne, Monroe, LA, USA).
Each reaction contained: 5 μL of 10× BioTaq PCR buffer (Bioline, Randolph, MA, USA),
1.5 μL of MgCl2 (50 mM stock solution), 1 μL of a mixture of the four nucleotides (dNTP)
(2 mM) (Invitrogen, Carlsbad, CA, USA), 0.5 μL of each of the primers with a concentration
of 50 μM, 0.25 μL of the equivalent BioTaq DNA polymerase (Bioline, Randolph, MA,
USA) at 2.5 units and template DNA. The final volume of the reaction was made up to
50 μL with ultrapure water. For each reaction, about 10–20 ng of DNA extract was added.
The PCR protocol used was as follows: 5 min of initial denaturation at 94 ◦C; 30 cycles
consisting of 2 min at 94 ◦C, 15 s at 55 ◦C, and 2 min at 72 ◦C; followed by a 10-min final
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extension at 72 ◦C. The results of PCR reactions were verified by horizontal electrophoresis
in agarose gels (1% w/v) and the amplified products were purified using the JETquick Spin
kit (Genomed, Bad Oeynhausen, Germany), and stored at −20 ◦C.

In order to identify the main organisms that were present in the limestone samples,
libraries were constructed from the purified PCR products of the 18S rRNA genes. For this
purpose, purified products were cloned using the commercial TOPO TA Cloning Kit for
Sequencing kit (Invitrogen, Carlsbad, CA, USA) following manufacturer’s instructions. The
vector used was the plasmid pCR4-TOPO (Invitrogen, Carlsbad, CA, USA). The colonies
obtained were picked at random using sterile toothpicks and grown in LB liquid medium
with ampicillin. In order to verify that the collected clones had the insert (purified PCR
product), a PCR was performed using the primers promoter T7 (5′-TAA TAC GAC TCA
CTA TAG GG-3′) and M13 Reverse (5′-CAG GAA ACA GCT ATG AC-3′), which were
specific to the vector sequence. This amplified the complete sequence of the insert and part
of the vector at the ends. The clones were processed at the company Secugen (CIB-CSIC,
Madrid, Spain), with an ABI 3700 capillary sequencer (Applied Biosystems, Foster City,
CA, USA).

The sequences obtained were edited with the BioEdit 7.0.5.3 program. Sequences
that were too short (<300 nucleotides) or whose chromatogram showed poor quality were
directly removed. All non-redundant database sequences were compared with sequences
deposited at the National Center for Biotechnology (NCBI) using the BLASTn algorithm [2].
We only considered sequences above 94.5%, which is the minimum threshold sequence
identity for confirming a genus affiliation [3]. The nucleotide sequences generated in
this study were deposited into the NCBI GenBank database under accession numbers
ON479828–ON479853.

3. Results and Discussion

3.1. Mineralogical, Chemical and Petrophysical Characteristics of the Stone

The stone, being massive and granular in appearance, is not very compact, with a high
porosity and a medium–low density, and exhibits a thin altered layer or surface crust. It is
white to light beige (N9 to 10YR 8/2, Munsell rock color chart) with dark mottling in the
altered surface area.

XRD analysis showed a predominant calcite mineral composition (90–95%), as well
as dolomite (5–10%). Analysis of the surface of the sample by μXRD also revealed the
presence of calcite as the main constituent, and other accessory minerals, such as thenardite
(NaSO4) and hematite-type iron oxides (Fe2O3).

The stone is a medium- to coarse-grained oolitic/peloidal limestone. According to
the most used limestone classifications, it would be classified as oopelsparite [4] and
oolitic/peloidal grainstone [5]. It is composed of medium- to coarse-sized (0.15–1 mm),
rounded to sub-rounded grains that show poor sorting (Figure 3), developing a grain-
supported fabric with point, long and concave–convex contacts between the grains
(Figures 3 and 4A).

Highly micritized ooids and peloids (85–95%), ranging from 150 to 750 μm in size,
(Figures 3 and 4) are the predominant framework constituents. Echinoderms, molluscs and
foraminifera fragments of highly variable size were also observed, reaching 2 mm thick in
some cases (Figure 3A–D). The bioclasts showed a good state of conservation in the case of
echinoderm plates and are quite micritized in the rest of bioclasts (Figures 3 and 4). Non-
carbonate grains are very scarce, mainly consisting of small grains of silicate (Figure 3F)
or iron oxide minerals. A very scarce interstitial matrix (micrite) between framework
grains was observed. The main cement types recognized were micro- and mesocrystalline
calcite cements, showing both continuous circumgranular and occluding (syntaxial, mosaic,
poikilotopic) geometries in intergranular positions, corresponding to different cementation
phases (Figures 3C–F and 4A). Micro-mesocrystalline cements partially filling intraparticle
pores (Figure 3C,D), and microcrystalline cements filling fractures or veins (10–25 μm
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thick) (Figure 4B) were also observed. Locally, some microcrystalline siliceous cement was
recognized in an interparticle position (Figure 3F).

 

Figure 3. Optical photomicrographs. (A–C) General view of the sample showing a grain-supported
fabric with framework composed of ooids, peloids and bioclast fragments, all of them bound by
intercrystalline calcite cements. (D,E) Interparticle and intraparticle calcite cements between grains
showing point, long and concave–convex contacts. (F) Detail of altered silicate grain and microcrys-
talline siliceous cement. (A–E) Plane polarized light. (F) Cross polarized light.
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Figure 4. Optical photomicrographs. (A) Interparticle and intraparticle calcite cements between
grains with point, long and concave–convex contacts. (B) Detail of a fracture filled by microcrystalline
calcitic cement. (C) General view of the surface alteration crust. (D–F) Detail of the surface alteration
crusts (see text). (A–E) Plane polarized light. (F) Cross polarized light.

The porosity of the sample is relatively high (5–15%) and fabric selective, mainly
with interparticle and intercrystalline pore types. Framework grains (ooids, bioclasts)
showed severe micritization processes (Figures 3 and 4). Most of the ooids appeared as
rounded micritic grains that locally presented relics of primary microstructures (laminae,
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banded, internal chambers). The sample showed evidence of mechanical and/or chemical
compaction (long and concave–convex contacts) (Figures 3D,E and 4A), as well as fracturing
(Figure 4B).

The surface alteration crust showed a variable thickness (20–100 μm) (Figure 4C–F), a
compact texture, a predominantly very small crystal/grain size (<25 μm), and a greater
abundance of oxides.

3.2. Scanning Electron Microscopy and Microanalysis (SEM-EDS)

The surficial limestone appeared to be covered by a thin, darker layer with gray to
black mottling, commonly discontinuous (Figure 5). The components (grains, crystals)
that compose the surface layer include iron oxides, salts (sodium and calcium sulfates,
sodium chloride) and carbonaceous particles, as well as organic components (biofilm,
microorganisms). Salt crystals were also detected in more internal areas, in the porous
system (Figure 5D), which contributes to the granular disintegration of the stone [6–9].

 

Figure 5. SEM micrographs showing the limestone surface of the Cross of the Inquisition. (A) General
view of limestone surface showing zones with preferential Fe-staining (mottling). (B,C) Detail of the
high porosity (interparticle and intercrystalline pores) at the sample’s surface. (D) Detail of small
idiomorphic halite (NaCl) crystals grown in interparticle porosity.

SEM-EDS analysis showed that the chemical composition of superficial layer is vari-
able and includes (atom.%): O (66.3–64.93), C (11.64–17.44), S (1.38–5.42), Cl (0.16–0.26),
Si (1.59–3.13), Al (0.61–0.92), Ca (5.56–8.63), Mg (1.17–1.53), Na (0.23), K (0.22–0.30), Ba
(1.15–5.40), Fe (0.42–0.67) and Zn (0.14–0.41).

These data point to the existence of silicates (clays), soot and sulfated minerals (gyp-
sum, thenardite) in addition to the observed halite, which seem to indicate a strong impact
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due to environmental contamination from vehicle exhaust pipes. The effects of this contam-
ination were described in the Cathedral of Seville, near the City Hall [10–12]. In some stone
surfaces, a deep deterioration caused by biological colonization, with abundant pitting and
channels produced by organisms, was observed (Figure 6).

 

Figure 6. SEM micrographs showing biological weathering features on the limestone surface, Cross
of the Inquisition. (A) Pits generally show a cylindrical morphology, a diameter between 2 and 10 μm
and are not interconnected, although transitions patterns to interconnected pits can also be observed.
(B) Channels produced by the action of filamentous microbes on the limestone surface.

Indeed, Figure 6A shows the abundance of pitting in the limestone. Pitting is gen-
erally produced by cyanobacteria, algae and fungi, and has been widely described as a
product of the dissolution of limestone caused by the biological activity of colonizing
organisms [13–15]. The existence of pitting, without biological structures inside, as ob-
served in Figure 6A, denotes that the colonization was ancient, and the organisms have
disappeared.

In addition to pitting, the dissolution of the limestone is produced by hyphae up to
3 microns in diameter, possibly from fungi, which are shown in Figure 6B, confirming that
the colonization, in this case, was more recent.

3.3. Organisms on the Cross of the Inquisition limestone

Table 1 shows a summary of the eukaryotic organisms found in the limestone. Table 1
highlights the occurrence of Trebouxia aggregata in the black and brown crusts, which clone
sequences show over 99% identity. Trebouxia aggregata is a unicellular green alga found
in any habitat and is the most common photobiont of lichens. The green alga Trebouxia
is the photobiont of many lichens such as Lecanora, Caloplaca, Xanthoria, Ramalina, Buellia,
Umbilicaria, etc. [16–19].

The occurrence of Trebouxia aggregata suggests that the black crust observed on the
limestone was actually lichens. The storage of the Cross fragments for two years pre-
vented the collection of fresh material for an accurate taxonomical identification of the
lichen community.
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Table 1. Description of samples from the Cross of the Inquisition, Seville City Council, and list of
eukaryotic organisms.

Sample Species Accession Number Group *

Brown crust (CD1)

Trebouxia aggregata ON479828 Chlorophyta
Tortula truncata ON479827 Bryophyta
Pseudostichococcus monallantoides ON479830 Chlorophyta
Phoma sp. ON479831 Fungi
Naganishia albida ON479825 Fungi
Myrmecia sp. ON479826 Chlorophyta
Alternaria alternata ON479829 Fungi

Black crust (CD3)

Scleroconidioma sphagnicola ON479833 Fungi
Pseudostichococcus monallantoides ON479834 Chlorophyta
Neofusicoccum parvum ON479835 Fungi
Lichinella cribellifera ON479836 Lichen
Aureobasidium pullulans ON479837 Fungi
Phoma sp. ON479832 Fungi

Black crust (LQ1)
Trebouxia aggregata ON479838 Chlorophyta
Pseudostichococcus monallantoides ON479839 Chlorophyta
Dothidea berberidis ON479840 Fungi

* Lichens are taxonomically classified by their fungal partner, so all lichens belong to the Fungi kingdom. However,
in this work we distinguish between fungi and lichens for convenience.

The green alga Pseudostichococcus monallantoides appeared in the three crusts (Table 1).
This microalga is halotolerant and salt tolerance mechanisms are associated with its resis-
tance to desiccation, a necessary behavior for microalgae in terrestrial environments [20].
Myrmecia sp., a green alga in the brown crust, is frequent in desert biological crusts [21],
and is a lichen photobiont [22].

Together with the green algae, the bryophyte Tortula truncata, synonymy of Pottia
truncata, was identified in the brown crust. Casas et al. [23] considered that this species is
rarely distributed in Spain, although specimens collected in the provinces of Seville and
Badajoz are deposited in the Herbarium of the Faculty of Sciences, University of Oviedo.

Tortula species are usually common on the walls of buildings in urban environ-
ments [24], where they tend to resist air pollution and periods of desiccation. Iser-
mann [25] found Tortula truncata, Tortula muralis, Syntrichia ruralis and many other species of
bryophytes in the campus of Bremen University. Ekwealor and Fisher [26] found Syntrichia
caninervis and Tortula inermis, with a high tolerance to desiccation, under the rocks of the
Mojave Desert, demonstrating their resistance in hypolithic habitats.

Table 1 comprises the fungi Phoma sp., Naganishia albida, Alternaria alternata, Scleroconi-
dioma sphagnicola, Neofusicoccum parvum, Aureobasidium pullulans, and Dothidea berberidis.
Most of these fungi form the group of dematiaceous fungi, which are characterized by
their black color due to the synthesis of melanin and by inhabiting rocks in arid environ-
ments [27,28]. The high identity values of the clone sequences allow for the identification
at the genus and species level.

The genus Phoma comprises saprophytic and many other lichenicolous species [29,30].
Phoma spp. have been isolated from the lichens Caloplaca, Cladonia, Ramalina, etc. [31].
Phoma is frequent on rock surfaces in urban environments, with Phoma glomerata being the
most abundant species.

Naganishia albida, a saprophytic yeast found in the Cross, can be isolated from differ-
ent environments such as air, soils, bryophytes and plants [32,33]. Alternaria alternata, a
cosmopolitan species, is one of the most frequent fungi in the air, stones and plants [34,35].

Scleroconidioma sphagnicola is a necrotrophic parasite of bryophytes [36,37]. Neofusicoc-
cum parvum, a common and cosmopolitan plant pathogen species, has been isolated from a
wide variety of hosts [38,39].

Aureobasidium pullulans is a ubiquitous species of black yeast, saprophytic in plants and
frequent in the air of urban environments [40], but also found on monument surfaces [41–43].
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Dothidea berberidis is included in the order Dothideales, comprising melanized fungi from
rocks [44]. Aureobasidium pullulans also belong to this order.

Table 1 also comprises Lichinella cribellifera, a lichen growing on dry rock surfaces and
representative of the xerophilous lichen flora of Southern Spain [45,46].

Rock-inhabiting fungi usually colonize the surfaces, forming a dark patina adhered to
the substratum [47–50]. Electron microscope observations demonstrated the presence of
pitting, whose shape and size were compatible with the endolithic action of filamentous
microorganisms, observed in the Cross limestone (Figure 6A). These fungi are character-
ized by enduring extreme changes in humidity and long periods of desiccation, which
undoubtedly is an advantage in the colonization of limestone in the climate of Seville.

Sterflinger and Prillinger [51] studied the buildings of Vienna, finding a diversity of
fungi greater than in the same types of rocks in rural environments. Among the fungi, three
species of Phoma were isolated: Phoma exigua var. foveata, Phoma glomerata, Phoma macrostoma
and Aureobasidium pullulans, among others. Aureobasidium pullulans and Phoma sp. were
identified in the Cross, which suggests a similar ecology of these species in limestone
monuments in urban environments.

To discern the origin of the photo- and mycobionts listed in Table 1 we surveyed the
lichens colonizing the City Hall façade, close to the Cross location. Three main lichen species
were abundant on the façade, with white, yellow and blackish brown thalli (Figure 7).

 

Figure 7. Lichen communities on the City Hall façade, close to the Cross of the Inquisition. (A) Com-
munity dominated by Pyrenodesmia variabilis. (B) Same community with Caloplaca citrina group
species. (C) Community of Pyrenodesmia variabilis, Caloplaca citrina group species and Kuettlingeria
teicholyta. (D) Community with Kuettlingeria teicholyta.

The white lichen (Figure 7D) was identified as being Kuettlingeria teicholyta (Ach.)
Trevis. (=Caloplaca teicholyta (Ach.) J. Steiner). The yellow lichen (Figure 7B,C) was included
in the Caloplaca citrina group [52]. This species complex, which still needs a thorough
revision in Spain, occurs in a wide variety of substrata, from asbestos–cement, concrete
and mortar, to basic siliceous rocks or even wood, and is very tolerant to, and even
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favored by eutrophication [53]. The blackish brown lichen (Figure 7A,B) was affiliated with
Pyrenodesmia variabilis (Pers.) A. Massal. (=Caloplaca variabilis (Pers.) Th. Fr.). Taxonomical
reviews on the family Telochistaceae transferred species of the genus Caloplaca to the new
genera Kuettlingeria and Pyrenodesmia [54,55]. Muggia et al. [56] revised the black endolithic
Caloplaca and reported that almost all the species shared Trebouxia as a photobiont. Caloplaca
is a cosmopolitan lichen genus found in most xeric and mesic habitats [57].

The clones retrieved from lichen samples are shown in Table 2. The three lichens
showed Trebouxia aggregata as the photobiont, which confirmed that the finding of this
green alga in the Cross fragments was associated to the occurrence of a lichenic crust.
Muggia et al. [56] stated that the photobiont of Caloplaca variabilis and other closely related
Caloplaca spp. (e.g., Caloplaca chalybaea) was an unknown taxon of Trebouxia, typical of the
Mediterranean area. These three lichens (among others) identified in the City Hall were
also found on natural limestone outcrops, buildings and monuments [58–62].

Table 2. Identification of eukaryotic organisms associated with the three main lichens colonizing the
limestones from Seville City Council.

Lichen Associated Species Accession Number Group *

Kuettlingeria teicholyta

Trebouxia aggregata ON479841 Chlorophyta
Pyrenodesmia chalybaea ON479847 Lichen
Xanthoria parietina ON479846 Lichen
Xanthoria sp. ON479845 Lichen
Phoma sp. ON479844 Fungi
Ceratobasidium sp. ON479843 Fungi
Pyrenidium cf. actinellum ON479842 Fungi
Chaetothyriales sp. ON479848 Fungi
Rhinocladiella sp. ON479849 Fungi

Caloplaca citrina group
Trebouxia aggregata ON479852 Chlorophyta
Xanthoria parietina ON479850 Lichen
Xanthoria sp. ON479851 Lichen

Pyrenodesmia variabilis Trebouxia aggregata ON479854 Chlorophyta
Capnobotriella sp. ON479853 Fungi

* Lichens are taxonomically classified by their fungal partner, so all lichens belong to the Fungi kingdom. However,
in this work we distinguish between fungi and lichens for convenience.

Clones of other lichens (Pyrenodesmia chalybaea, Xanthoria parietina and Xanthoria sp.)
were present in the sample of Kuettlingeria teicholyta, and in the Caloplaca citrina group
lichen were identified as being Xanthoria parietina and Xanthoria sp.

In addition, a few fungi were retrieved from Kuettlingeria teicholyta (Pyrenidium cf.
actinellum, Phoma sp., Rhinocladiella sp., Ceratobasidium sp., and Chaetothyriales sp.). Most of
these fungi are lichenicolous from arid habitats (e.g., Phoma, Pyrenidium, Rhinocladiella), as
well as Capnobotriella sp., associated with Pyrenodesmia variabilis [49–51,63,64].

Table 2 shows that a complex crustose lichen community colonizes the building façade
of the Seville City Hall. This community is the result of the biological regeneration after
the restoration of the Cross and façade, carried out between 2008 and 2010. The protocol
consisted in mechanical cleaning of the limestone surfaces with water and natural soap and
the joints were filled with lime mortar [65].

Previous studies on the efficacy of mechanical procedures and laser cleaning for re-
moval of crustose lichens from granite showed that these methods were unable to eliminate
the thalli into fissures [66,67]. In our case, Figures 5 and 6 showed that different organisms
penetrate the limestone through pitting and channels. Likely, the 2008–2010 cleaning did
not affect the endolithic hyphae, which grow from the crustose lichen thalli and penetrate
the porous limestone. These endolithic hyphae facilitate the subsequent recovery of the
lichen community, in the same way that the roots in the soil allow the regeneration of the
aerial part of the plants after harvesting.
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Favero-Longo and Viles [68] recognized that rock-dwelling organisms are agents of the
deterioration of cultural heritage stone surfaces, but their removal is usually followed by a
rapid recolonization. Ariño et al. [59] reported that epilithic lichens can provide a protective
cover for stones because biodeterioration is a slower process than physical and chemical
weathering produced by environmental factors. This fact was confirmed in a study on
colonized and uncolonized flagstones in an archaeological site. Concha-Lozano et al. [69]
found that limestone secondary porosity was filled by lichen hyphae, and the thalli gave a
waterproofing effect that conferred preservation to ancient monuments. Pinna [70] stated
that a lichen crust protects porous stones from weathering by stabilizing the surfaces,
and although the removal of lichens from statues and monuments is widely practiced,
it can damage the stone due to the intimate association of biological structures with the
stone components.

Salvadori and Municchia [71] in a review on the role of fungi and lichens on monu-
ments stated that biodeterioration and bioprotection are not mutually exclusive and can
occur simultaneously in a lichen community.

Indeed, Nascimbene et al. [72] studied the re-colonization of a limestone statue by
lichens 12 years after cleaning and restoration. The lichen flora was dominated by ni-
trophilic species of Caloplaca and Verrucaria, which gave an orange–grey–black color to the
community. The restoration protocol of the statue included the application of a biocide
(Metatin N-58-10/101), mechanical removal of the biomass, a new application onto the
cleaned surfaces and consolidation with Akeogard CO. The authors reported that the
long-term effectiveness of the restoration was low because the total number of species
(25) before restoration was similar to that found years after (20), indicating a progressive
colonization along the time. This colonization was favored by the location of the statue
surrounded by trees in a park [73]. In the case of the restored Cross of the Inquisition,
located in an urban environment with scarce trees in the surroundings, it was expected that
recolonization by ascospores from epiphytic lichens will take place in the very long-term.

A few reports suggested that the application of biocides, water-repellent products and
consolidants was an effective treatment for preventing biological growth on stones [74–78],
as performed in this restoration. However, due to the short distance of the lichen community
colonizing the façade of the City Hall (Figure 7) to the Cross of Inquisition, the dispersal
and settlement of ascospores on the restored limestone cannot be ruled out.

3.4. Restoration of the Cross of the Inquisition

The restoration of the Cross was carried out by Atelier Samthiago, Conservaçao e
Restauro. The result of the final restoration is shown in Figure 1C. The main steps included:

Photographic survey: mapping of pathologies, registration of existing pathologies,
three-dimensional record.

Dry cleaning of superficial dirtiness: removal of superficial dirt deposited on the monu-
ment’s surfaces, using soft brushes and spatulas.

Biocide treatment: Preventol RI80 was applied with a soft paintbrush and by spraying
on the entire area including the pedestal.

Physico-chemical cleaning of surfaces: after biocide treatment, a cleaning with nylon
brushes and water was applied. For the homogenization of the surface layer with chromatic
alteration, a poultice soaked with an aqueous solution of ammonium bicarbonate, EDTA
and drops of neutral Teepol detergent was applied. In the cruise and the pedestal, poultices
with different products and aqueous solutions were applied.

Consolidation of the stone surface: to reinforce the inter-granular cohesion of the stone,
which was very weakened in some areas, all the fragments and the pedestal of the cross
were subjected to a general consolidation with Estel 1000, applied with a brush. The
consolidation was reinforced in areas of cracks, applying the product with a syringe.

Elimination and replacement of corroded internal metallic structures: removal of resin
remains from previous restorations and metal elements that lost their structural function.

86



Appl. Sci. 2022, 12, 6222

Volumetric reconstitution: adhesion of the fragments allowing volumetric reconstitution
and reintegration of structural gaps with Sikadur 31EF epoxy resin adhesive. In some joints,
the adhesion was reinforced with small fiberglass or stainless steel spigots.

Coating and micro-coating for the reintegration of surface discontinuities: application of
lime putty with chromatic correction for coating and micro-coating of surface gaps, fissures
and joints. Lime putty was used in a 1:1 ratio between inert hydraulic lime binder and lime
Glue Bio Pasta Gordillos, adding natural pigments.

Opening, cleaning and sealing of joints, with volumetric correction: the cement filling the
joints was mechanically removed using a chisel, then cleaned with nylon brushes and water
in a controlled mode. The joints were cleaned and reintegrated with the same lime putty.

Assembling the cross on the cruise: fixation of the cross on the cruise with epoxy resin
(Sikadur 31EF) by means of a metallic spigot treated and reinforced with two more fiberglass
spikes of 8 mm diameter and about 90 mm long, distributed between the two elements.

Final protection: the water-repellent and anti-graffiti product Aguasil ST was applied
with a brush to the entire monument surface, paying special attention to the carving, the
cruise and the pedestal.

4. Conclusions

The data obtained are consistent with the exposure of the Cross of the Inquisition
to an urban environment, where it has remained for more than 100 years. During that
time, a lichen community colonized the limestone, associated with bacteria, fungi and
bryophytes. Evidences of ancient (pitting) and recent (fungal hyphae) colonizations have
been found. The occurrence of lichens, as denoted also by the green algae photobiont,
lichenicolous and black fungi, and other microorganisms in the limestone have composed
a mature and well-developed urban community on the limestone over the years, even after
the 2008–2010 restoration, due to its regeneration capacity. Likewise, the species found
in the Cross limestone were also identified in other urban environments and monuments,
located in the Mediterranean Basin.

In arid and semi-arid environments of the Mediterranean Basin the climatic conditions
are too extreme for most fungi, so the communities move towards the so-called black yeasts
and other rock-inhabiting fungi, which form small black colonies on the surface and within
the limestone and often occur in close association with lichens.

The microbial activity has been detrimental for the integrity of the limestone. The
activity of rhizines (hyphae that keep the lichen fixed to the substratum), the rhizoids of
bryophytes, and endolithic microorganisms has produced channels and pitting, which
have evidenced the lytic activity of microorganisms on the stone surface. Therefore, stone
consolidation was achieved with Estel 1000. In addition, a biocide (Preventol RI80), able to
penetrate the porous limestone and active against bacteria, fungi, lichens and bryophytes,
was used.
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Abstract: Flashed glasses are composed of a base glass and a thin colored layer and have been used
since medieval times in stained glass windows. Their study can be challenging because of their
complex composition and multilayer structure. In the present work, a set of optical and spectroscopic
techniques have been used for the characterization of a representative set of flashed glasses commonly
used in the manufacture of stained glass windows. The structural and chemical composition of the
pieces were investigated by optical microscopy, field emission scanning electron microscopy-energy
dispersive X-ray spectrometry (FESEM-EDS), UV-Vis-IR spectroscopy, laser-induced breakdown
spectroscopy (LIBS), and laser-induced fluorescence (LIF). Optical microscopy and FESEM-EDS
allowed the determination of the thicknesses of the colored layers, while LIBS, EDS, UV-Vis-IR,
and LIF spectroscopies served for elemental, molecular, and chromophores characterization of the
base glasses and colored layers. Results obtained using the micro-invasive LIBS technique were
compared with those retrieved by the cross-sectional technique FESEM-EDS, which requires sample
taking, and showed significant consistency and agreement. In addition, LIBS results revealed the
presence of additional elements in the composition of flashed glasses that could not be detected by
FESEM-EDS. The combination of UV-Vis-IR and LIF results allowed precise chemical identification of
chromophores responsible for the flashed glass coloration.

Keywords: flashed glass; multianalytical characterization; chemical composition; chromophores;
laser-induced breakdown spectroscopy; thickness measurements

1. Introduction

Flashed glasses are constituted by two layers of different thicknesses; a thick one of
clear or light glass, and a thin colored layer applied on top of the first one. The production
of flashed glasses usually involves dipping a colorless base glass into a colored bath,
producing a multi-layered glass pane in which the thickness of the colored layers controls
the color tone [1]. By sandblasting or etching the flashed (thinner, brighter) layer, a striking
two-tone effect can be achieved [2].

Flashed glasses have been used since medieval times in stained glass windows, espe-
cially for obtaining those of ruby-red color. The procedure to obtain this type of flashed
glass is very complex as it involves the nucleation of copper nanoparticles of a suitable size
in the glass matrix. If the nanoparticles are too small, light could pass through the material
without interaction, while if they are too large, the glass would appear dark brown or
black [3,4]. Additionally, the thickness of the colored glass layer also affects the color hue,
being more intense when the glass is thicker [1]. This complexity, added to the expensive
raw materials, has favored the development of these two-layer glasses, with the suitable
color and the appropriate thickness to be installed in stained glass windows.

Although red-flashed glass is the most common [5–10], other colors have also been
used in historical stained glass windows, including pink-purple [7,11,12], green [1,7], or
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blue [7]. Nowadays, flashed glasses are elaborated in almost all chromatic palettes and are
commonly used for the creation and restoration of historical stained glass windows.

The characterization of glasses from stained glass windows has quickly improved
in the last years. Laboratory-based techniques, such as field emission scanning electron
microscopy/energy-dispersive X-ray spectroscopy (FESEM-EDS) and X-ray fluorescence
spectrometry (XRF), are usually destructive, as sampling is usually necessary [13–16]. On
the other hand, portable XRF instruments are becoming more and more available for in
situ measurements. This technique allows one to distinguish different glass types within
the same panel, identifying chromophores, enamels, grisailles, and other decoration layers;
however, it is also sensible for unpolished and weathered glass surfaces because the analysis
can only be undertaken very near to the glass surface due to low penetration. Therefore, the
real bulk glass composition cannot be properly determined. Additionally, low Z elements,
such as magnesium and sodium, elements normally used for glass type differentiation, are
not detected by XRF. Another analytical technique frequently used for the study of stained
glass windows is UV-Vis-IR spectroscopy, which working in transmission or absorption
modes allows us to identify the glass chromophores [5,17,18]. UV-Vis-IR spectroscopy is a
point analysis technique, and recent developments in in situ visible hyperspectral imaging
offer alternatives for the overall analysis of whole glass windows in a few hours using
sunlight as the illumination source [19].

Nowadays, valuable glass objects benefit from the availability of non-invasive or
micro-invasive techniques, which allow distinguishing different glass types within the
same glass panel and identifying chromophores, enamels, grisailles, and other decora-
tion layers [20–23]. Laser spectroscopic techniques, such as laser-induced breakdown
spectroscopy (LIBS) and laser-induced fluorescence (LIF), have been combined in several
studies to provide complementary elemental and molecular composition in a non- or micro-
invasive way [24–32]. LIBS is a micro-invasive technique based on the spectral analysis of
the luminous plume generated by the pulsed laser ablation of a small amount of material
from the surface of the sample and has the capacity for quantitative determination. LIBS
has been shown to be an effective technique for the characterization of glasses from a wide
variety of perspectives [30,33–39]. Previous works, using LIBS, have focused on finding
the optimal parameters for the analysis of model soda-lime silicate [33] and historical lead
silicate glasses [34], on the characterization of chromophores and opacifiers of ancient
glasses, and on characterizing degradation pathologies [35,37,39,40]. From a complemen-
tary perspective, LIF spectroscopy provides valuable molecular information and facilitates
the detection of trace elements and/or chromophores responsible for the glass coloration
in a totally non-invasive way [30,41–44].

In this work, we present a multianalytical approach based on optical microscopy (OM)
and FESEM-EDS for thickness determination of a multi-layered set of modern flashed
glasses commonly used in stained glass windows. Besides, FESEM-EDS, LIBS, UV-Vis-IR
spectroscopy, and LIF techniques served for their chemical characterization. FESEM-EDS
and LIBS allowed the identification of most chemical elements present in both the base
glasses and in their corresponding-colored layers, while UV-Vis-IR and LIF spectroscopies
served for glass chromophore characterization.

2. Materials and Methods

The study was conducted in a set of 11 flashed glasses, provided by LambertsGlas®,
consisting of a colorless base glass covered by layers of different colors and thicknesses
(Figure 1).

The samples were compositionally and structurally characterized by OM, FESEM-EDS,
UV-Vis-IR spectroscopy, LIBS, and LIF.

OM observations were carried out with a reflected light microscope Nikon SMZ1000
coupled to an Axiocam 105 color controlled with the software Zen2012 (blue edition)
from Carl Zeiss Microscopy GmbH, 2011. Cross-section examinations and chemical linear
analyses were performed by a field emission scanning electron microscope HITACHI S-
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4700. For elemental chemical linear analysis by EDS, a NORAN system six was connected
to the FESEM.

Figure 1. Images of the flashed glasses considered in the present study.

Transmission spectra of original glasses were recorded with a Perkin Elmer Lambda
950 UV-Vis-IR spectrophotometer. The illumination was provided by a tungsten-halogen
and deuterium light source in a double optical path covering the 200–2500 nm range with a
resolution of 10 nm.

LIBS analyses were performed upon laser excitation at 266 nm (4th harmonic of a Q-
switched Nd:YAG laser, 15 ns pulses, 1 Hz repetition rate) and a 0.2 m spectrograph (Andor,
Shamrock Kymera-193i-A) equipped with a grating of 1200 grooves/mm, blazed at 500 nm.
The output of the spectrograph was coupled to an intensified charge-coupled device (ICCD)
camera from Andor Technology, Belfast, Ireland (iStar CCD 334, 1024 × 1024 active pixels,
13 μm × 13 μm pixel size). The laser beam was steered to the surface of the samples at an
angle of 45◦ by using different mirrors. A cut-off filter of 300 nm was placed at the entrance
of the spectrograph to reduce the scattered laser light and avoid second-order diffraction.
The shot-to-shot fluctuation of laser pulse energy was less than 10%. The laser beam was
focused on the surface of the sample with a 10 cm focal length lens achieving a fluence of
8.3 J cm−2 (2.6 mJ per pulse in a 200 μm laser spot diameter). The spectra were recorded
at 50 nm intervals in the 230–300 nm wavelength range and step and glue spectrograph
mode in the range of 300–600 nm with 0.2 nm resolution and with a gate delay and width
of 200 ns and 3 μs, respectively, with respect to the arrival of the laser pulse to the sample
surface. The spectra resulted from summing up the emissions of the ablation products after
ten successive laser pulses, a number that provided good signal-to-noise ratios.

For the LIF measurements, we used the same laser source as for LIBS analysis and a
0.30 m spectrograph (TMc300 Bentham) blazed at 500 nm with a 300 grooves/mm grating
coupled to an ICCD, 2151 Andor Technology device, Belfast, Ireland. In this case, the time
gate was operated with a zero-time delay with respect to the arrival of the laser pulse to the
sample surface and with a width of 3 μs. The sample was illuminated at an incidence angle
of 45◦ through a pinhole, to select the central part of the unfocused laser beam, giving rise
to a spot on the sample of elliptical shape with axes dimensions between 1 and 2 mm and
with fluences of around 6 × 10−3 J/cm2. LIF spectra were recorded at 300 nm intervals in
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the wavelength range of 300–700 nm with 5 nm resolution. A cut-off filter at 300 nm was
also used for the LIBS measurements. Each spectrum resulted from the accumulation of
10 individual ones.

3. Results and Discussion

3.1. Thickness Measurements

The different colored layers on the base glasses from the considered flashed glass
samples were measured by OM and FESEM-EDS.

Analysis of the flashed glasses by OM (Figure 2 and Table 1) showed a structure
of parallel layers with a large range of thicknesses for the colored layers. Following
the Lambert–Beer law, the thicker the colored layer, the higher the intensity of the color.
Nevertheless, some of the pieces with thin layers showed dark colorations due to a high
concentration of chromophores.

Figure 2. OM images of the colored layers on the flashed glasses in cross-section. Colored layer (top)
and base glass (bottom). All the samples have the same scale.

Table 1. Thickness of the colored layers measured in the cross-section of the glasses using OM,
FESEM, and chemical linear analyses with FESEM-EDS.

Sample

Thickness (μm)

OM FESEM Linear FESEM-EDS Analyses

Pink1 137 ± 1 147 ± 1 -

Pink2 127 ± 1 - 106–206

Brown1 331 ± 2 334 ± 2 -

Brown2 351 ± 1 - 306–403

Blue1 675 ± 1 652–747

Blue2 173 ± 2 - 176–226
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Table 1. Cont.

Sample

Thickness (μm)

OM FESEM Linear FESEM-EDS Analyses

Blue3 386 ± 2 - 373–391

Black 175 ± 1 177 ± 2 -

Green1 193 ± 2 195 ± 1 -

Green2 352 ± 1 - 235–314

Green3 175 ± 1 180 ± 2 -

The pinkish and brownish glasses showed similar thicknesses; however, the bluish
and greenish ones displayed completely different thicknesses. It is also interesting to note
that the Blue1 and Green2 samples present a multilayer structure that could be related to
their fabrication processes. The Brown2 and Blue3 glasses showed a non-homogeneous
coloration in cross-section that can be related to the diffusion of the colored layer into the
base colorless glass or that the fragment was not completely perpendicular in cross-section,
inducing an optical effect of color fading.

The same set of glass pieces was inspected by FESEM-EDS and two different behaviors
were detected. Some of the pieces (Pink1, Brown1, Black, Green1, and Green3) showed
a clear surface layer that corresponds to the colored one, but the other samples behave
differently (Figure 3). The differences in the hue shown in the micrographs are related to the
dissimilar chemical composition (Section 3.2.) and not to the contribution of chromophores
in the layer, as these could not be detected by FESEM-EDS due to their low concentrations.

Figure 3. FESEM images of the colored layers in the flashed glasses in cross-section. The scale is the
same for all the images.

In the samples with a clear layer, FESEM-EDS thickness measurements were compara-
ble to those quantified by OM (Table 1); however, when this layer was not observable, the
thickness was estimated through FESEM-EDS linear analyses by determining the profile of
the chemical concentration of different elements (Figure 3). In the Pink2, Brown2, Blue2,
and Blue3 samples, it was observed that the surface layer has a higher concentration of
potassium or cobalt than the base glass; however, the thickness of the surface layer on the
Green2 sample was estimated using calcium element, which presents a lower concentration
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in the colored layer in comparison with the base glass (Figure 3). The thickness was esti-
mated as a range between the following two values: the depth at which the composition of
the colored layer loses its homogeneity and the depth when the homogeneous material of
the base glass appears. In this range, the chemical composition varies as a result of the ion
exchange produced between the two glasses during manufacturing. This measurement
method is not as accurate as that provided by OM, although the values obtained by the
two methods are in good agreement (Table 1). Green2 was the only sample in which
the thickness measurements did not match because OM revealed the presence of some
colored lines in the bottom of the colored layer that was too thin to be detected by EDS
linear analysis.

3.2. Chemical Characterization

The chemical composition of the flashed glasses was determined using FESEM-EDS,
UV-Vis-IR spectroscopy, LIBS, and LIF.

3.2.1. Field Emission Scanning Electron Microscopy/Energy-Dispersive X-ray
Spectroscopy and UV-Vis-IR Spectroscopy

The FESEM-EDS analysis of the cross-sections revealed that all the base glasses are
soda-lime silicate glasses with similar chemical compositions (Table 2). The content of
silica varied between 63 and 72 wt.%, sodium oxide between 14 and 20 wt.%, and calcium
between 9 and 14 wt.%. The base glass of the Green2 sample was slightly different, with an
extra amount of around 9 wt.% of BaO. This oxide is sometimes used in substitution of PbO
as it increases the refraction index of the glass and, therefore, its shine, and additionally
avoids unwanted devitrification [45].

Table 2. Chemical composition (wt.%) of the surface-colored layer and of the base glass analyzed by
FESEM-EDS. CL: Colored layer, BG: Base glass.

Na2O MgO SiO2 K2O CaO TiO2 Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO BaO PbO

Pink1 CL 0.9 - 29.1 5.5 - - - - - - - - - 3.7 60.8

BG 14.5 - 71.3 1.1 13.1 - - - - - - - - - -

Pink2 CL 10.7 - 71.6 5.1 11.5 - - - - - - 1.0 - - -

BG 15.0 - 69.6 1.4 14.0 - - - - - - - - - -

Brown1 CL 8.7 - 48.9 2.3 9.3 - 16.7 - 14.1 - - - - - -

BG 15.3 - 70.4 0.8 13.5 - - - - - - - - - -

Brown2 CL 11.8 - 72.4 5.4 9.7 - - - - - - 0.7 - - -

BG 15.3 0.8 70.4 0.7 12.6 - - - - - - - - - -

Blue1 CL 14.9 - 70.7 1.6 10.9 - - - - - - 1.9 - - -

BG 17.0 - 70.3 1.2 11.5 - - - - - - - - - -

Blue2 CL 15.0 0.6 69.8 2.1 10.6 - - - - 1.8 - - - - -

BG 17.6 0.6 70.4 0.6 10.8 - - - - - - - - - -

Blue3 CL 16.6 1.2 64.3 1.1 8.9 - - - - 6.7 - - 1.1 - -

BG 19.0 1.6 69.0 0.4 9.9 - - - - - - - - - -

Black CL 12.9 0.6 60.0 1.6 8.9 - - 12.8 - 1.2 1.9 - - - -

BG 17.1 - 71.9 0.5 10.5 - - - - - - - - - -

Green1 CL 2.5 - 46.6 9.4 - 4.4 1.5 - - - - - - - 35.6

BG 18.3 1.8 70.4 - 9.5 - - - - - - - - - -

Green2 CL 11.7 1.2 55.5 0.4 6.6 - - - 6.3 - - 6.7 - 11.5 -

BG 16.7 1.4 63.1 0.4 9.1 - - - - - - - - 9.3 -

Green3 CL 2.3 - 44.4 10.5 - - 1.4 - - - - 3.9 - - 37.4

BG 19.3 1.9 68.2 0.4 10.2 - - - - - - - - - -

Regarding the colored layers, three samples (Pink1, Green1, and Green3) display a
high content of lead. This element is commonly used to reduce the melting point of the
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surface layer, favoring its adherence to the base glass. These three samples, together with
the Black one, are those in which the colored layer showed a clear hue under FESEM
observation (Figure 3), an effect attributed to the high content of heavy elements such
as lead.

About the colorant agents, most of the surface layers showed a relatively high concen-
tration of chromophores. Pink1 is the only sample in which the chromophores were not
detected by FESEM-EDS; however, in the UV-Vis-IR spectrum (Figure 4a), the band of Mn3+

was detected with a slight shift to higher wavelengths as a result of the high concentration
of lead in the colored layer [19]. A low concentration of manganese may color the surface
layer with a pink hue, although its concentration could not be high enough to be detected
by FESEM-EDS.

Figure 4. Transmittance spectra of the different colored flashed glasses: (a) pink, (b) brown, (c) blue,
(d) black, and (e) green.

In the colored layer of the Pink2 piece, CuO was detected by FESEM-EDS. However,
no clear band of copper was observed in the UV-Vis-IR spectrum, except for a shift of the
absorption front to ~560 nm (Figure 4a), a behavior that is related to the plasmon resonance
of copper nanoparticles [19]. The chemical composition of the Brown2 sample is similar to
that of Pink2 (Table 2), but the color was more intense due to the presence of larger copper
nanoparticles and/or a thicker colored layer.

In the Brown1 sample, which displays a yellowish hue, high contents of Cr2O3 and
Fe2O3 (Table 2) were detected. Some of the bands of Cr3+ at 630, 650, and 675 nm appeared
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in the visible spectrum; whereas, the bands at 435 nm (Cr3+) and 365 nm (Cr6+) are over-
lapped with the shift of the absorption front to ~430 nm (Figure 4b). This shift, shorter
than in the Brown2 spectrum, can be attributed to an iron-amber glass [45]. In this case,
the chromophore is formed by mixed tetrahedral coordination, in which one Fe3+ ion is
surrounded by three oxygen ions (bonded to silicon) and one sulfide anion (bonded to alkali
ions for preserving electro-neutrality) (FeO3S). To obtain this color, reductive conditions
are necessary during glass fabrication. For this reason, the band at 1100 nm is assigned to
Fe2+ (Figure 4b). The color observed in the surface layer is produced by the overlap of the
bands of the different chromophores.

Regarding the blue samples, Blue1 has a relatively high content of CuO (~2 wt.%),
which is also observed in the visible spectrum by virtue of the broad band of Cu2+

(Figure 4c). On the contrary, in Blue2 and Blue3, cobalt instead of copper was detected in
the EDS analyses. The bands of Co2+ are clearly observed in the visible spectrum, being
saturated in the darker glass (Figure 4c). Blue3 also contains ~1 wt.% of ZnO. The presence
of this oxide decreases the dilatation coefficient of glasses, favoring their resistance to
thermal shock that can be generated in bluish glasses in direct contact with the colorless
ones due to their highest NIR absorption [46].

In the Black glass, a high concentration of MnO, CoO, and NiO was detected in the
FESEM-EDS analyses. Mn3+ and Co2+ ions in high concentration give intense purple and
blue colorations, respectively, due to their high molar extinction coefficient. NiO was
also detected by FESEM-EDS and by virtue of the bands of Ni2+ in the visible spectrum
(Figure 4d). The color associated with this ion depends on its type of coordination and on
the nature of the glass. In silicate glasses, Ni2+ in tetrahedral coordination produces a violet
color, while in octahedral coordination gives a yellow hue. If both types of coordination are
present, it is common to find grey glasses. The intense coloration of the three chromophores
yields the black color to the colored layer.

Finally, in the green glasses, common greenish chromophores such as Cr2O3, Fe2O3,
or CuO were detected. Green1 has a high content of PbO (~36 wt.%) together with 4.4 wt.%
of TiO2 and 1.5 wt.% Cr2O3. PbO favors the decrease in the melting temperature of the
colored layer, but it also gives a yellowish hue due to the shift of the absorption front into
the visible range. The triplet band of chromium is clearly observed in the visible spectrum,
which is not the case with the band of Ti3+ at 570 nm (Figure 4e). Nevertheless, this ion
may produce an amber coloration when reacting with impurities of iron oxide, giving rise
to the formation of ilmenite (FeTiO3) [45]. The Green3 sample spectrum also showed the
overlap of bands from chromium and copper, as well as a shift of the absorption front
produced by lead. Finally, the visible spectrum of Green2, with ~6 wt.% of Fe2O3 and
CuO, predominantly showed the band of Cu2+ at 790 nm (Figure 4e). This glass also has
~11 wt.% BaO, a compound that helps to stabilize the glass and increase its shine [45].

3.2.2. Laser-Induced Breakdown Spectroscopy

The LIB spectra from flashed glasses, displayed in Figure 5 were recorded on colorless
base glass (lower black spectra) and on their corresponding colored layers (upper red
spectra). The assignment of the spectral lines was based on the NIST database [47]. Table 3
summarizes the main elemental components of the base glasses and of the corresponding-
colored layers of the considered samples, determined by the assignment of the spectral
emission lines.
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Figure 5. Cont.
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Figure 5. LIB spectra of base glass (lower black spectra) and colored layers (upper red spectra)
from flashed glasses. The assigned neutral (I) and ionic (II) atomic lines are indicated. The gap at
wavelengths between 260 and 270 nm has been intentionally left to avoid the scattering light from
the excitation laser at 266 nm. (a–k) correspond to LIBS spectra of samples Pink1, Pink2, Brown1,
Brown2, Blue1, Blue2, Blue3, Black, Green1, Green2 and Green3, respectively.

100



Appl. Sci. 2022, 12, 5760

Table 3. Elemental composition of base glass and colored layers of flashed glasses as determined by
LIBS. The main components and possible chromophores are indicated in bold black and bold red,
respectively. BS: Base glass, CL: Colored layer.

Samples Elemental Composition as Determined by LIBS

Pink1
CL Si, B, Mn, Fe, Pb, Al, Ca, K, Ba, Sr, Ti, Na

BG Si, Mg, Al, Ca, Na, K, Ba, Sr, Ti

Pink2
CL Si, B, Mg, Sn, Al, Ca, Cu, Na, K, Fe, Ti

BG Si, Mg, Al, Ca, Na, K, Ba, Sr, Ti

Brown1
CL Si, B, Fe, Mn, Mg, Ca, Al, Cr, K, Ba, Sr, Ti, Na

BG Si, Mg, Al, Ca, Na, K, Ba, Sr, Ti

Brown2
CL Si, B, Fe, Mg, Ca, Al, Cu, Na, K, Ti

BG Si, Mg, Al, Ca, Na, K, Ba, Ti

Blue1
CL Si, B, Mg, Ca, Al, Cu, Na, Fe, K, Ba, Ti

BG Si, Mg, Al, Ca, Na, Fe, K, Ba, Ti

Blue2
CL Si, B, Mg, Ca, Al, Cu, Na, Co, K, Ba, Ti

BG Si, Mg, Al, Ca, Na, K, Ba, Ti

Blue3
CL Si, B, Co, Mg, Ca, Al, Cu, Na, Ba, Ti, Zn

BG Si, Mg, Al, Ca, Na, Ba, Ti

Black
CL Si, Mg, Fe, Mn, Ca, Al, Ni, Na, Co, K, Ba, Cr, Sr, Ti

BG Si, Mg, Al, Ca, Na, K, Ti

Green1
CL Si, B, Mg, Mn, Ca, Al, Pb, Cr, Ti, Cu, Co, K, Na

BG Si, Mg, Al, Ca, Na, K, Ti

Green2
CL Si, B, Fe, Cr, Mg, Al, Ca, Cu, Co, K, Ba, Sr, Na

BG Si, Mg, Al, Ca, Na, Ba, Sr, Ti

Green3
CL Si, B, Mn, Cr, Mg, Pb, Al, Ca, Cu, Co, Ba, Na

BG Si, Mg, Al, Ca, Na, Ti

The spectra reveal the elemental composition of the glasses by virtue of the emission
lines of the main and minor components. These are silicon, calcium, aluminum, potassium,
sodium, magnesium, barium, strontium, titanium, and iron. The elements Si, Ca, Al, K,
and Na correspond to the main glass components. Other components (Mg, Ba, Sr, Fe, and
Ti) can be attributed to impurities from the raw materials employed in the manufacturing
processes and to stabilizing agents. Sr, Fe, Ti, with Al, which could not be detected by
FESEM-EDS due to their low concentrations below the detection limit of the technique,
were observed by LIBS. Besides, the Brown2 and Green2 glasses showed a high content
of barium in comparison to the rest of the glasses, in good agreement with FESEM-EDS
results. The high content of Na observed in all base glasses indicates that these are mostly
based on soda-lime silicate glass. This corroborates the EDS results (Table 2).

The LIB spectra acquired on the different colored layers are richer in line emissions
than those corresponding to the colorless base glass (upper red and lower black lines,
respectively, in Figure 5) due to additional elements responsible for their coloration. Be-
sides, in most of the spectra of coloration layers, boron lines are present, testifying to the
intentional use of this element alone or in combination with lead to lower its melting tem-
perature to obtain better adhesion. Figure 5a shows the LIB spectrum of the colored layer
of the Pink1 sample, revealing the presence of Si, B, Mn, Fe, Pb, Al, Ca, K, Ba, Sr, Ti, and Na
emissions. The high intensity of Na lines indicates that the material is a soda-lime silicate
glass. Additionally, the high-intensity Pb lines (an element also detected by FESEM-EDS)
with B lines are obtain lower melting temperatures and to avoid thermal bending or other
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deformations of the base glass substrate during the production of the flashed glass. The
presence of Fe lines, and the minor contribution of Mn lines, indicate the presence of the
chromophores [45] responsible for the slight pink coloration of these colored layers. The
rest of the components (Si, Al, Ca, K, Ba, Sr, and Ti) are attributed to impurities, stabilizer
agents, and elements used in the fabrication of the glass.

Figure 5b shows the LIB spectrum derived from the Pink2 sample revealing a qualita-
tively similar composition than that of the Pink1 sample, except for the additional presence
of Cu chromophore, as determined also by FESEM-EDS. The contribution of Fe to the dark
pink coloration of the Pink2 sample is revealed to be minor. Emission lines assigned to Si,
Ca, Al, K, and Na correspond to the main glass components, while other emissions due to
Ti, Mg, and Sn are attributed to stabilizing agents and impurities of the raw materials.

The LIB spectrum from the colored layer of the Brown1 sample (Figure 5c) displays
emission lines of Fe, Mn, and Cr corresponding to the chromophores. Other lines in the
spectrum are attributed to Si, B, Mg, Ca, Al, K, Ba, Sr, Ti, and Na. The composition of the
colored layer from sample Brown2, displayed in Figure 5d, differs from that of sample
Brown1, as in the latter, Cu is the main chromophore with little Fe contribution. Sr and Ba
lines are not observed for the Brown2 sample.

The LIB spectra acquired on the colored layers of Blue1, Blue2, and Blue3 samples
(Figure 5e,f,h) are qualitatively similar with the exception of the lines associated with their
chromophores. Cu and Fe (with less contribution) are responsible for the coloration of
sample Blue1, while Cu and Co are associated with the coloration of Blue2 and Blue3
samples. With respect to the minor components, the presence of potassium is observed in
samples Blue1 and Blue2 and titanium in sample Blue3, in addition to Si, B, Mg, Ca, Al, Na,
and Ba.

The LIB spectrum of the colored layer of the Black sample (Figure 5g) shows the
presence of a higher number of elements related to chromophores when compared to the
rest of the studied samples (Fe, Mn, Ni, Co, and Cr). The additional elements are Si, Mg,
Ca, Al, Na, K, Ba, Sr, and Ti.

LIB spectra of Green1, Green2, and Green3 samples are shown in Figure 5i–k. The
different shades of green color of these samples (from light green for Green1 to dark green
for Green3) are due to quantitative differences in the main chromophores, Cr and Cu for
Green1, Fe, Cr, and Cu for Green2, and Cr, Cu, and Co for Green3.

A comparison of the results of the elemental composition of the samples retrieved
from FESEM-EDS and LIBS analyses (Tables 2 and 3, respectively) reveals that LIBS is
able to detect the presence of all elements identified by FESEM-EDS in addition to other
elements that could not be observed by this technique, such as light and trace elements.

3.2.3. Laser-Induced Fluorescence

The LIF spectra collected on the flashed glasses of this study are displayed in Figure 6.
All spectra consist of a broad feature in the 300–700 nm wavelength range, although each
sample displays different characteristics that are associated with its chemical composition,
including chromophores.

The LIF spectra corresponding to the base glass of the different samples (black lines in
Figure 6) are rather similar and can be described as the sum of emissions from different
glass components. The emission in the 300–500 nm range encompasses the contribution of
oxygen deficiency centers (ODC) from the glass network [42,44,48]. Besides, an additional
shoulder with different relative intensities in each sample is noticed around 520 nm and
assigned to Ca2+ of the glass lattice [39,49].
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Figure 6. Cont.
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Figure 6. LIF spectra of base glass (lower black spectra) and colored layers (upper red spectra) from
flashed glasses. ODC and (*) refer to bands due to oxygen deficiency centers and copper nanoparticles,
respectively. Possible chromophores are tentatively assigned and marked by horizontal bars. (a–k)
correspond to LIF spectra of samples Pink1, Pink2, Brown1, Brown2, Blue1, Blue2, Blue3, Black,
Green1, Green2 and Green3, respectively.
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The LIF spectra of colored layers (red lines in Figure 6) display some specific features
in addition to those observed in the base glass. As already indicated and revealed by
FESEM-EDS, UV-Vis-IR spectroscopy, and LIBS, chromophores based on Fe, Cu, Mn, Co,
Ni, and Cr account for the different colorations. The contribution of these chromophores
to fluorescence emissions of the colored layers is not much evident in the LIF spectra of
the samples due to the expected reabsorption of the fluorescence from these compounds
with absorption bands in the near-UV and visible spectral ranges. Despite this, the weak
shoulders over-imposed on the main emission band and observed at 360, 475, 500, 540, and
610 nm have been tentatively attributed to the presence of Fe3+/Fe2+, Cu2+, Fe3+, Mn2+,
and Mn3+, respectively [40,45]. On the other hand, the prominent bands observed around
580 nm, specifically for the dark-colored layers from the samples Pink2 and Brown2, may
be assigned to emissions from copper nanoparticles [19].

The light coloration from samples Pink1 and Brown1 is due to the presence of Mn- and
Fe-based chromophores, while the additional emissions attributed to copper nanoparticles
account for the dark hue of Pink2 and Brown2 samples, in agreement with LIBS and
FESEM-EDS results. Emissions attributed to different chromophores contribute to the black
coloration in the Black sample, as also revealed by LIBS and FESEM-EDS. Regarding the
green and blue samples, Cu, Fe, and Mn with different amounts and contributions are
considered chromophores in these samples [19].

The combination of LIF and UV-Vis-IR spectroscopy techniques has been revealed to
be very effective for the determination of the chromophores responsible for the coloration of
glasses, although the latter has shown high sensitivity with respect to the former, revealing
the presence of a very high number of chromophores.

4. Conclusions

Flashed glasses, constituted by two layers, one of a colorless glass with a thin colored
layer applied on top, have been structurally and compositionally analyzed by optical
microscopy, field emission scanning electron microscopy, and linear energy dispersive spec-
troscopy to determine the thicknesses of the colored layers. The elemental composition of
the base glasses and their corresponding-colored layers was determined by laser-induced
breakdown spectroscopy and field emission scanning electron microscopy-energy dis-
persive spectroscopy. Laser-induced fluorescence and UV-Vis-IR spectroscopy provided
further information about the chemical nature of the base glasses and colored layers,
signposting the presence of the main chromophores responsible for their colors. Laser-
induced breakdown spectroscopy results allowed, in a micro-invasive way, the detection
of light, major, minor, and trace elements, both in the base glasses and colored layers,
with higher sensitivity for major and minor components as compared with the destructive
cross-sectional technique of field emission scanning electron microscopy-energy dispersive
spectroscopy, which in turn can yield valuable information on chronology, provenance,
and manufacturing processes and adds extra value to studies in these type of glasses.
Laser-induced breakdown spectroscopy has been revealed as a powerful technique to
determine the elemental composition and to look for chemical differences or similarities
in the composition of non-destructible samples with historical and heritage value. The
speed of analysis achieved with this technique, added to the development and production
of portable devices, facilitates the examination of a large number of samples in the field, at
excavation sites, in museums, cathedrals, and other civil buildings. Finally, the combination
of laser-induced fluorescence and UV-Vis-IR spectroscopy has been revealed to be very
effective for the determining of the nature of chromophores responsible for glass coloration.
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Abstract: Grisaille is a glass-based paint made by mixing metal oxides (iron or copper) with ground
lead-silica glass. The different materials used in the grisailles production (coloring agents, base glasses,
or vehicles) can significantly impact their long-term stability along with the firing conditions. The
main objective of this study was to achieve a better understanding of how raw materials influence the
production and stability of these paints. To achieve this goal, 27 grisailles were produced, changing
the raw materials, proportions, and firing conditions. The produced grisailles were characterized by
X-ray fluorescence and diffraction, colorimetry, roughness measurement, and contact angle analysis.
Adhesion and cleaning tests were also made. The use of different coloring agents has a significant
impact on the final appearance and on the chemical and mechanical stability of the grisailles, but
the latest is more affected by both firing temperature and the proportion between pigments and
base glasses.

Keywords: grisaille; recipe; raw material; conservation; degradation

1. Introduction

Grisaille was the first glass-based paint to be used in stained-glass windows. Its
use spread throughout Europe from the 12th century onwards and is still used today
for drawing the contours and outlines of images, called grisaille à contourner, and for the
creation of shadows and textures, grisaille à modéler [1–4]. The grisailles are usually dark
in color, mainly in different shades of brown and black, and are painted on colored or
colorless glass supports, together with enamels, sanguine paint, and yellow silver stain [1].

The production of grisailles has changed slightly throughout history, being the first
known grisaille recipe found in the Eraclius manuscript “De coloribus et artibus Romanorum”
(10th–13th century). He describes the paint as a mixture of iron pieces that fall from the
blacksmith anvil (oxidized iron) with Jewish glass (ground lead-rich silicate glass) [2,5].
This mixture of base glass and coloring agents is painted on a glass support and fired at
temperatures between 650 ◦C and 700 ◦C. After the firing process, a thin and uneven layer
of colorless glass matrix with the iron oxides dispersed is formed [4]. Recipes for grisaille
paint can be found in historical written sources from the 10th to the 19th century [2]. The
most common raw materials identified were base glasses and coloring agents [2]. The first
ones permit the grisaille adhesion to the glass support and the second ones are responsible
for the grisaille coloration.

The use of a high lead base glass continued to be described throughout the different
sources, slightly varying the proportions between the silica and lead oxide or even changing
the lead source in their production [2]. Initially, it is mainly described the use of burned lead,
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for example, in the Eraclius recipe for the Jewish glass [5], and later, as in the 19th-century
treatise Guide du verrier by Georges Bontemps, is described the use of the mineral minium
as lead source [6]. The lead is going to reduce the melting temperature of the glass [7],
which explains the continuous use of high lead-based glasses in the grisailles formulation,
as it is needed that grisailles have a lower melting temperature than the support glass in
the way of not deforming it during the firing treatment of the paint layer.

Iron and/or copper oxides, obtained by firing these two metals, were the main coloring
agents described throughout the centuries [2,4]. However, firstly proposed by Vasari in
the 16th century [8] and later described by Bontemps [6], iron-based pigments, such as
hematite, substituted these burned metals. Manganese is also punctually mentioned as a
grisaille colorant in the 17th century, Ars Vitraria Experimentalis by Johannes Kunckel.

The recipes also describe vehicles and temporary binding agents as the materials that
give the necessary plasticity to the mixture before being fired, allowing it to be applied on the
glass support. The vehicles usually described are the common ones used in glass painting,
such as gum arabic and water, wine, vinegar, egg white, and oils such as lavender oil [2].

Other materials, including various compounds, are also mentioned. The role of these
compounds on the grisailles is uncertain, as it is not described in the historical sources.
However, they can be understood as additives that can work as opacifiers and/or fluxes.
For example, the use of the pigment lead white, described by Kunckel, can also help lower
the melting temperature [2].

From the analytical results on historical grisaille compositions described in the litera-
ture, it was possible to confirm the use of the same raw materials described in the historical
recipes. The grisailles generally present a high quantity of lead in their composition [9–11],
which confirms the use of high lead-based glass in their production. Veritá et al. [12]
analyzed the stained-glass windows of the Sainte Chapelle in Paris (France) and detected
that the vitrified matrix had high lead contents, low silica, and small traces of alumina, lime,
and potash [12]. Regarding the coloring agents, it is also possible to confirm the recurrent
use of iron and copper oxide, being the hematite (α-Fe2O3) and tenorite (CuO), the main
compounds identified in historical grisailles used individually or in combination, agreeing
with the historical recipes [9,11,13]. When used in combination, mixed compounds can be
formed as the cuprospinel (CuFe2O4), identified in the grisailles from the cathedral of St.
Michael and Gudule in Brussels (Belgium) [14] and in the grisailles from the cathedrals of
Avila and Segovia (Spain) [11].

All the changes in the raw materials can impact the grisaille paint layer’s stability. As
stated by Bettembourg [8] and further developed by others [1,9], the grisaille alteration can
depend on its chemical composition and production methodology. Additionally, the firing
conditions, the ratios between the different components, and the compatibility between
the grisaille and the substrate glass can also influence the grisaille’s durability [1,15,16].
For example, Schalm et al. [14] proposed that the pulverization of the granular grisailles
from the windows of the cathedral of St. Michael and St. Gudule in Brussels (Belgium)
is probably due to an unbalanced proportion between the coloring agents and base glass,
which can lead to a poor attachment of the pigment grains to the glass support that can
easily result in paint loss with small mechanical stress [1,14].

Hence, this work aims to understand better how raw materials and different pro-
duction methodologies can influence the long-term conservation and stability of grisaille
paint layers.

2. Materials and Methods

2.1. Samples Preparation

To better understand the influence of the raw materials on the stability, different
grisailles were produced and compared, changing one variable each time, showed in
Table 1. The variables considered were the coloring agents, base glass, vehicles and other
materials, the firing temperature, the proportions between the components, and the glass
support (Table 1).
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The initial grisaille (Model grisaille) formulation agrees with the most common raw
materials identified in the historical treatises [2]. It was made by mixing burned iron and
burned copper (1:1 wt%) as coloring agents, rocaille (SiO2 + PbO (1:3 wt%)) as base glass,
gum arabic (0.1 wt%) and water as temporary binder and vehicle. The base glass and the
coloring agents were used in a 1:1 wt% ratio, painted on the non-tin side of commercial
glass slides (Deltalab®), following the paint application methodology from Vilarigues
et al. [3], and fired at 650 ◦C. A total of 26 grisailles were produced, changing one of the
variables each time (see Table 1).

Practical grade (PA) reagents were used for some raw materials. All the brands and
manufacturers of the commercial PA reagents are described in Appendix A.

Low-carbon steel and standard copper plates were used to obtain the burned iron and
copper. Both metals were cut into small pieces and placed in crucibles in an electric furnace,
during two heating cycles, to a maximum temperature of 850 ◦C for 1 h, promoting metal
oxidation. Afterward, both metals were grounded into a fine powder for 5 and 10 min.

The SiO2 and PbO for the base glasses were mixed in different proportions (Table 1).
After 10 h of melting in an electric furnace (BARRACHA-model E6) at 1100 ◦C in ce-
ramic crucibles, the mixtures were poured into water, dried, and grounded in an electric
agate mortar.

Different substrate glasses were produced (Table 1) according to the compositions of
the most common glasses from historical stained-glass windows [17]. They were melted
in an electric furnace (TERMOLAB–BL) at 1400 ◦C for 3.5 h in ceramic crucibles and
blown into the form of a roundel using the same procedure as the historical production of
crown-window glass.

Most of the other materials added were practical grade reagents, except for the burned
tin and lead and the lead white. The burned tin and lead were produced according to the
descriptions from historical recipes; lead oxide (PbO) and tin oxide (SnO2) were mixed in a
1:1 wt% ratio and burned at 900 ◦C for 2 h. This burned lead and tin was also known as a
lead-tin-yellow pigment, widely used in oil painting [18].

The lead white pigment used was produced by exposing metallic lead to acetic acid
(vinegar) [18].

The other materials (alumina, antimony, burned lead and tin, burned lead, and lead
white) were added to the grisailles in proportions of 1:1 wt% with the coloring agents.
Moreover, the sum of the coloring agents and the other materials was 1:1 wt% with the base
glass. Leaving grisailles with 1:1:2 wt% proportions between the coloring agents, other
materials, and base glasses. These ratios were chosen according to the quantities described
in the historical recipes with these materials in their composition [2].

The different grisaille mixtures were painted and fired at different temperatures
(600 ◦C, 650 ◦C, 700 ◦C) in a side-heated electric furnace (BARRACHA-model E1) with a
temperature ramp of 3 ◦C/min up to the maximum temperature, followed by a dwell of
30 min and slow cooling. All the produced grisailles are shown in Table 1.

2.2. Analytical Techniques

The raw materials were characterized by X-ray fluorescence and X-ray diffraction. The
produced grisailles were also characterized by X-ray diffraction, and the roughness, contact
angle, and color were measured. Adhesion tests were conducted to assess the grisaille
adhesion to the glass substrate. The tests were performed following the European ISO Stan-
dard, Paints, and varnishes–Cross-cut test (ISO 2409:1992). Following Wolbers’ methods [11],
a cleaning study was also performed to test the chemical solubility of these grisailles.

To identify the chemical composition of the different base and substrate glasses used
in the sample preparation, analyses by X-ray fluorescence (XRF) were made. A PANalytical
MagicX (PW-2424) wavelength-dispersed X-ray spectrometer equipped with a rhodium
tube (SUPER SHARP) of 2.4 KW was used. Analytical determinations were carried out
through the analysis of the IQ+ curve, with a powder sample prepared in a fused pearl. The
pearls were made in a Philips Perl’X3 equipment, melted at 1050 ◦C, in a platinum-gold
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crucible, from a homogeneous mixture of 0.3 g of the powder sample (<75 μm) and 5.5 g
of Li2B4O7 anhydrous and LiBr. The spectrometer can detect light elements starting at
18.998 atomic mass (Fluor) with an LOD of 0.1%.

The X-ray diffraction (XRD) of the coloring agents and additives identified the different
crystallographic phases of the compounds. A Benchtop X-Ray Diffractometer RIGAKU
model MiniFlex II, with a monochromatic X-ray source (Cu Ka line) operated at 30 kV of
acceleration voltage and 15 mA current, was used. The spectra were acquired between 10
and 90◦ at 2◦/min. X-ray diffraction was also performed on selected grisaille samples to
identify the different crystallographic phases formed after the firing. A PANalytical X’Pert
PRO MPD diffractometer equipped with an X’Celerator 1D detector and CuKα radiation
was used. The XRD data were acquired in the 14◦–90◦ 2θ range with a step size of 0.02◦.
The identification was made using the X’Pert HighScore Plus software and database and by
comparison with the RRUFF database.

Roughness analyses were performed to compare and measure the surface morphology
of the samples. The measurements were made with an optic rugosimeter TRACEiT from
Innowep GmbH. Three-dimensional topographical maps (5 × 5 mm) with a resolution of
2.5 μm (Z-axis) and 2.5 μm (in X/Y axes). To compare the samples, the roughness maps
were flattened, and the arithmetic average roughness (Ra) was measured with the software
Gwyddion version 2.6 [19] and calculated following the method of Ariyathilaka et al. [20]

Contact angle measurements were made to attest to the hydrophilic and hydrophobic
properties of the samples. Under laboratory conditions, the tests were performed using
distilled water with the Easy Drop Standard “Drop Shape Analysis System” Kruss DSA
100 measurement apparatus. The diameter of the needle was 0.5 mm, and the drop volume
was 2 μL. The contact angle of each sample was measured automatically by the equipment
in the fitting mode three times, and the average and standard deviation were calculated.

A colorimetric study was performed to measure the color variations between the
samples. A CM-700d Konica Minolta portable sphere spectrophotometer with vertical
alignment with an 8 mm diameter mask was used. The data were recorded in SCI mode
with a D65 Illuminant and processed by Color Data Software CM-1 in a CIELab color space.
The analyses were performed in three areas on each sample, calculating the averages and
standard deviation. Afterward, the results were converted to xy coordinates, and the results
were expressed in a chromaticity diagram CIE 1931.

Finally, it was assessed the adhesion of the grisaille to the glass substrate by adhe-
sion tests. Following the European ISO Standard, Paints, and varnishes–Cross-cut test (ISO
2409:1992) [21]. An Elcometer® cutter with six blades (equally spaced by 1 mm) was used,
and the ISO Standard Adhesive Tape was applied. The test was performed three times
in each sample to verify the uniformity samples and the reproducibility tests. Based on
the Classification Table for the ISO Standard [21], the results were classified from 0 to 5,
corresponding to:

0—Only the superficial layer was cut without detachment;
1—Only the superficial layer was cut, with residual detachment visualized in the

adhesive tape;
2—Residual detachment was visualized in the adhesive tape, and between 5% and

15% of the cross-cut area was affected;
3—Residual detachment was visualized in the adhesive tape at 15%, and 35% of the

cross-cut area was affected;
4—Residual detachment was visualized in the adhesive tape at 35%, and 65% of the

cross-cut area was affected;
5—Total detachment of the painted layer.
A cleaning study was made on the studied samples to test their solubility and sol-

vent resistance. The methodology for this cleaning study was adapted from Wolbers’
methods for painted surfaces of temperas and oils [22]. The solubility was evaluated
with four solutions: distilled water (H2O), distilled water (H2O) + ethanol (C2H6O) (1:1),
ethanol (C2H6O), and acetone (C3H6O). These solutions are the most common ones used
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for cleaning stained-glass windows [23]. The samples’ surfaces were cleaned with each
solution (Figure 1) under the observation of the Dino-Lite Edge digital portable microscope,
model AM7915MZTL.

Figure 1. Representation of the order and position in which the solvents were tested in the sample
cleaning study.

3. Results and Discussion

3.1. Raw Materials Characterization

The chemical composition of base and substrate glasses was analyzed by X-ray fluo-
rescence, as shown in Tables 2 and 3.

Table 2. Base glasses composition (wt.%) obtained by XRF.

Na2O Al2O3 SiO2 K2O Fe2O3 PbO

SiO2:PbO (1:2) - 0.57 33.9 - - 65.5
SiO2:PbO (1:3) - 1.97 26.7 - - 71.3
SiO2:PbO (1:4) 0.56 2.26 28.6 0.15 0.22 68.0

Table 3. Substrate glasses composition (wt.%) obtained by XRF.

Na2O MgO Al2O3 SiO2 P2O5 K2O CaO MnO Fe2O3

Glass slide 11.8 4.43 1.58 72.9 <0.05 0.72 8.12 <0.05 <0.10
Soda-lime glass

(Na-Ca-Si) 12.3 1.78 3.78 67.8 <0.05 3.80 9.20 <0.05 <0.10

Potash-lime glass
(K-Ca-Si) <0.10 1.79 2.97 52.5 1.75 20.7 19.9 <0.05 <0.10

Mixed-alkali glass
(K-Na-Ca-Si) 9.49 3.89 3.29 62.1 0.14 6.88 13.4 0.37 0.40

Despite the increasing amounts of lead added, it was impossible to see a significant
change in the chemical composition of the different base glasses. The glass with a 1:4
proportion between SiO2 and PbO experienced a high lead loss due to lead volatilization,
shifting the proportion of SiO2:PbO to (1:2.5). In the binary SiO2-PbO systems, a sharper
deflection of PbO volatilization occurs with the increase in lead content, mainly above
80 wt% PbO [7,24]. It is also possible to see small amounts of aluminum contamination
through the different glasses and sodium, potassium, and iron in the SiO2:PbO (1:4) glass.
All these elements can appear due to contamination from the crucible during the melting
process. The increasing amount of these elements in the SiO2:PbO (1:4) glass can be related
to the higher amount of lead in the initial formulation, which leads to a higher contact time
of the molten glass with the crucible walls as the glass reaches the melting point faster and
at a lower temperature. As these contaminations represent less than 3 wt% of the base
glasses composition, they would not influence the future results of this study.
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The composition of the different substrate glasses is shown in Table 3. These glasses
represent typical compositions from historical stained-glass windows: soda-lime silicate
glass, potash-lime silicate glass, and mixed-alkali glass [17]. The glass slide is also classified
as soda-lime silicate glass.

The X-ray diffraction results showing the crystallographic phases of the coloring
agents and other materials tested are represented in Table 4. All the diffractograms can
be consulted in Appendix B, Figures A1–A11. For the burned iron, it was only possible to
identify it in one state of oxidation after the burning, iron (III) oxide (hematite (Fe2O3)).
On the other hand, the burned copper is composed of a mixture of copper oxides in two
different oxidation states, copper (I) oxide (cuprite (Cu2O)) and copper (II) oxide (tenorite
(CuO)). For the mixture of burned tin and lead, independent oxides of lead (massicot
(PbO) and minium (Pb3O4)) and tin (cassiterite (SnO2)) were formed instead of a mixed
compound as a lead stannate (Pb2SnO4). It was also possible to confirm the crystallography
of the chosen practical grade (PA) compounds: burned lead (PbO), manganese (MnO2),
hematite (Fe3O4), alumina (Al2O3), and antimony (Sb2O3)). Iron (III) oxide (hematite
(Fe2O3)) was also identified for the pigments/earths of natural hematite and burned
umber. This was unexpected, as usually, these natural pigments have a significant number
of impurities, such as aluminum oxide in the hematite and manganese in the burned
umber [18]. Hydrocerussite ((Pb3(CO3)2(OH)2), which is a hydrated form of cerussite
(PbCO3), was identified in the lead white pigment [18].

Table 4. Crystallographic phases of the coloring agents and other materials obtained by XRD.

Crystallographic Phases

Burned iron Hematite (Fe2O3)
Burned copper Cuprite (Cu2O), Tenorite (CuO)
Manganese PA Pyrolusite (MnO2)
Hematite PA Hematite (Fe2O3)

Natural hematite Hematite (Fe2O3), Quartz (SiO2)
Burned umber Hematite (Fe2O3)
Alumina PA Corundum (Al2O3)

Antimony PA Senarmontite (Sb2O3)
Burned SnPb Cassiterite (SnO2), Massicot (PbO), Minium (Pb3O4)

Burned lead (PbO PA) Massicot (PbO)
Lead white Hydrocerussite (Pb3(CO3)2(OH)2)

3.2. Grisaille Properties
3.2.1. Crystallographic Characterization

Table 5 shows the crystalline phases of the model grisaille, which, as described in
Table 1, was produced with a mixture of burned iron and copper. The results showed the
presence of hematite (Fe2O3), cuprite (Cu2O), and tenorite (CuO). These three compounds
were previously identified in the raw material characterization (Table 4). However, the
tenorite (CuO) has a much higher intensity in the model grisaille (Figure A12) than in the
burned copper diffraction result (Figure A2). This indicates that some cuprite oxidizes into
tenorite during the grisaille’s firing. At these firing conditions, tenorite is also a more stable
compound [25].

The results for the grisailles (Figures A13–A17) where different coloring agents were
used and the other materials added are also shown in Table 5. The identified components
were the same as the ones identified in the raw materials (Table 4), except for the burned
lead and lead white that formed the compound called iron barysilite (Pb8Fe(Si2O7)3) after
the firing process of the grisailles.

The crystalline phases identified correspond to previously identified components in
historical grisaille samples characterized and found in the literature [11,12,26–28].
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Table 5. Crystallographic phases of selected grisaille samples obtained by XRD.

Grisailles Crystallographic Phases

Model Hematite (Fe2O3); Cuprite (Cu2O); Tenorite (CuO)
Hematite PA Hematite (Fe2O3)

Natural hematite Hematite (Fe2O3); Quartz (SiO2)
Burned umber Hematite (Fe2O3)

Burned lead Hematite (Fe2O3); Cuprite (Cu2O); Tenorite (CuO);
Iron barysilite (Pb8Fe(Si2O7)3)

Lead white Hematite (Fe2O3); Cuprite (Cu2O); Tenorite (CuO);
Iron barysilite (Pb8Fe(Si2O7)3)

3.2.2. Colorimetry

The results from the colorimetric study are represented in Figure 2. It is possible to
observe that the results for almost all the samples agree with the model grisaille, where
similar color was observed. The use of hematite (PA or natural) and burned umber changes
the color toward a warmer hue (red). These color alterations are directly related to the
original colors of raw materials, as the hematite and burned umber are red-brownish
pigments [18,29]. In addition, after the firing process, it was not possible to see any changes
in the crystalline compounds used for these grisailles, as visible in Table 5 results, where
hematite (Fe2O3) was identified as the main compound for these three grisailles.

Figure 2. Colorimetric xy diagram for the produced samples.

Additives can also influence the final color of the grisaille. The lead white and the
PbO turn the grisailles toward a yellowish color, as shown in Figure 2. This change can
occur because when these two lead compounds are added to the grisaille mixture, a new
compound called iron barysilite (Pb8Fe(Si2O7)3) is formed (Table 5). This compound
is a lead-rich iron silicate that can be a low-temperature precursor of the melanotekite
(Pb2Fe2(Si2O7)O2) with a yellowish/greenish hue, which can influence the final color of
the grisaille [11,30,31].
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3.2.3. Roughness

The results from the roughness analyses are represented in Figure 3.

Figure 3. Results from the roughness analysis, (a) graphical representation from the average rough-
ness (Ra*) and their standard deviations of the produced grisaille samples, (b) graphical representation
of the roughness variation throughout the sample length.

The interpretation of these results must consider that despite the painting technique
for applying the paint layers into the substrate glass was the same, and it was made by
hand, so the final grisaille layers are susceptible to handcraft-related variations.

Considering what was described before, it is possible to see that the average roughness
of the different grisaille samples does not present a significant variation from the model
grisaille (1.99 ± 0.28 < Ra* < 11.96 ± 1.20 μm), being the average of almost all the samples
inside the range of the model grisaille standard deviation, as shown in Figure 3a. Never-
theless, the samples where the copper and iron were only grounded for 5 min presented a
higher rugosity (7.08 ± 1.59 μm and 11.96 ± 1.20 μm, respectively) because the size of the
metal’s oxides was larger (Figure 3a). Nonetheless, iron presents a higher rugosity than
copper because iron has higher hardness [20] in comparison and, therefore, needs more
grinding time to obtain a thinner powder.

In the grisaille, with more base glass (CA:BG (1:2)), the roughness almost doubles the
value (10.81 ± 0.20 μm) compared with the model sample and with the one with less base
glass (CA:BG (2:1)) (4.71 ± 0.85 μm). This can indicate that the time or temperature used
during the firing was insufficient to soften this higher quantity of base glass and even out
and flatten the painted layer.

The different base glasses used (SiO2:PbO (1:2) and SiO2:PbO (1:4)) also give higher
rugosity (9.95 ± 1.54 μm and 8.71 ± 0.84 μm, respectively) to the grisaille when compared
with the one used for the model grisaille (SiO2:PbO (1:3)) (3.90 ± 0.99 μm). These glasses
are the ones that have less lead in their composition, as shown in Table 2. Therefore, they
have a slightly higher melting temperature being less flattened.

An increase in rugosity (8.30 ± 2.82 μm) and its range of standard deviation was also
observed when water without any binding agent was used as a vehicle (Figure 3a). This is
a consequence of the difficult manipulation and application of the paint only using water
as a vehicle. Less plastic paint is obtained during the application, which leads to a struggle
to achieve a final smooth and even layer.
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The standard deviation of the results also gives information about the samples because
smaller ranges, such as the samples with burned umber, alumina, and burned tin and lead,
can indicate a homogeneous surface throughout the sample.

Higher rugosities can increase the grisailles porosity, which, combined with bubbles
and fissures, can increase the susceptibility of water penetration through the paint layers,
accelerating the degradation process [11–13,16,32–35]. This is visible in the samples from
the Czech Republic, studied by Cílová et al., where it was possible to visualize vertical
and horizontal cracks throughout the paint layer [35]. These cracks probably facilitated the
water penetration and were responsible for the high corrosion observed in the substrate
glasses under the grisaille layers, ultimately leading to the paint layers’ pulverization.

Figure 3b shows the roughness variation throughout the length of the samples, rep-
resenting the samples with the higher (Fe 5 min sample) and lowest (lead white sample)
rugosity measured, as well as the model sample result. It is possible to observe that the
grisaille with a higher rugosity (Fe 5 min) also presents higher variation throughout the
length of the sample with its uneven line, and the grisaille with the lowest rugosity (lead
white) presents a more even line throughout the length of the sample.

3.2.4. Contact Angle

Figure 4 represents the results of the contact angle measurement. The higher the
contact angle, the more hydrophobic the sample is. In Figure 4a, it is possible to visually
compare the water drops’ behavior when in contact with the model sample and with a less
hydrophobic one (burned umber).

The results showed a general decrease in the contact angle value when comparing
the samples with the model grisaille (Figure 4b), which is related to a decrease in the
hydrophobic characteristics of the samples, demonstrating the impact that the different
variables can have in the grisailles water affinity.

The samples that showed a higher affinity with water were the ones where hematite
(PA or Natural) and burned umber were used, as well as the grisaille fired at 700 ◦C and
the one painted on a mixed-alkali glass (Figure 4b).

These results do not match the roughness results (Figure 3). It is expected that the
samples with higher rugosity were the more hydrophilic ones. However, the water fixation
and penetration in the grisaille paint layers depend on several factors. For example,
unsuitable firing temperatures and incompatibilities between the grisaille and glass support
can create bubbles and tensions, which can lead to the formation of fissures helping the
water penetration [16,35,36]. This is visible in grisailles from the windows of the church
of S. Giovani and Paolo in Venice (Italy) [16], which showed fissures in the grisaille layers
parallel to the glass support, which were caused by a wrong firing temperature. This can
justify the lower contact angles presented by the grisaille fired at 700 ◦C and the one painted
on a mixed-alkali glass. The intrinsic properties of some raw materials can also influence
the hydrophilic characteristic of the painted layers. This can be observed in the grisailles
where hematite (PA and Natural) and burned umber were used, which also presented
lower angles. Shrimali et al. previously studied hematite ores used to have contact angles
between 60 and 10 degrees [37] depending on the surface hydroxylation, which agrees with
the results presented in Figure 4b. The burned iron did not present similar results despite
also being hematite. This could happen because it was produced by burning steel pieces,
which creates a more aggregated and less thin powder with a less exposed contact surface.

The contact angles from the different support glasses without grisaille paint were
also measured, and the results are shown in Figure 4b. Comparing the results from the
support glasses with the ones obtained for the grisailles painted on them, it is possible to
understand that most support glasses present lower contact angles, being more hydrophilic
than the grisaille layers. This indicates that the grisaille layer, in its majority, can become a
protective layer, diminishing the water affinity of the surface. However, this also depends
on the raw materials’ intrinsic characteristics, the firing temperature, the compatibility
between the grisaille and the substrate glasses, and the presence of fissures or bubbles.

121



Appl. Sci. 2022, 12, 10515

Figure 4. Contact angle results (a) examples of pictures taken during the test and (b) graphical
representation of contact angle for all the samples (model sample in black).

3.3. Adherence Tests

The adhesion tests were made to analyze the compatibility between the grisailles and
substrate glasses, shown in Table 6. The model sample was classified as 1, where only the
superficial layer was cut, as it is practically impossible to observe the marks in the painted
sample, but with residual detachment visualized in the adhesive tape (Table 6). Eighteen of
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the samples (Fe 10 min, Fe 5 min, Cu 10 min, Cu 5 min, BG (SiO2 + PbO 1:2), BG (SiO2 +
PbO 1:4), water, urine, wine, vinegar, alumina, antimony, burned PbSn, 700 ◦C, CA:BG (1:2),
mixed-alkali glass, soda-lime glass, and potash-lime glass) were also classified as 1 showing
similar results as the one for the model grisaille. Indicating that these variables will not
significantly impact the adhesion of the grisaille paint layers. Some of these variables’
results are shown in Table 6.

Table 6. Results from the adhesion test.

Variable Painted Samples Adhesion Test

(Before Adhesion Tests) (Reflected Light) Adhesive Tape Classification

Model grisaille 1

Fe 5 min 1

Cu 5 min 1

Manganese 3

Hematite PA 4

Natural hematite 3

Burned umber 4

Burned SnPb 1

PbO 2

Lead white 2

600 ◦C 2

700 ◦C 1
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Table 6. Cont.

Variable Painted Samples Adhesion Test

(Before Adhesion Tests) (Reflected Light) Adhesive Tape Classification

CA:BG (2:1) 2

CA:BG (1:2) 1

The samples where pigments were used as coloring agents were the ones that showed
less adhesion of the grisaille (Table 6). The samples with manganese and natural hematite
had an intense detachment, classified as 3, and the hematite PA and burned umber grisailles
were classified as 4 (Table 6). In general, the pigments have smaller particle sizes than the
burned metals leading to an increase in the contact surface between the coloring agents
and the base glass, needing more base glass to obtain a suitable fixation of the coloring
agents. The proportion between the base glass and coloring agents must be enough to
cover the metal oxide grains to guarantee suitable adhesion to the substrate, as described
by Bettembourg [32]. These results also agree with the contact angle results (Figure 4)
where hematite (PA and natural) and burned umber were added and also showed a higher
affinity with water, reinforcing that the addition of these raw materials seems to create less
resistant grisailles.

The grisailles where burned lead and lead white were used also showed poor adhesion
and were classified as 3 (Table 6). These compounds can also create unbalanced grisailles,
altering the ratios between coloring agents and base glasses.

A lower temperature (600 ◦C) can also be insufficient to create a suitable adhesion, be-
ing probable that the softening temperature was not reached, as well as a higher proportion
of coloring agent to base glass.

Table 7 shows some examples of the cleaning test. The results showed that the model
grisaille is not susceptible to solvents, with only some fibers of the cotton swab being visible
on the surface, and the cotton swabs did not present any grisaille trace (Table 7). Similar
results were observed in 18 of the samples (Fe 10 min, Fe 5 min, Cu 10 min, Cu 5 min, BG
(SiO2 + PbO 1:2), BG (SiO2 + PbO 1:4), water, urine, wine, vinegar, alumina, antimony,
burned PbSn, 700 ◦C, CA:BG (1:2), mixed-alkali glass, soda-lime glass, and potash-lime
glass) the same stable samples as in the adhesion tests.

The grisailles that showed a higher susceptibility to the solvents are the ones where
burned umber, burned lead, and lead white were used, with the total removal of the
painted layers. The grisailles where manganese and hematite were used showed traces
of the grisaille on the cotton swabs but without removal marks on the painted layers
(Table 7). These results show that a superficial layer was susceptible to the solvents, but the
underneath layer was more resistant to cleaning. The solvents that have a higher impact
are ethanol and acetone.

The cleaning test also proved that a temperature of 600 ◦C is insufficient to create a
cohesive and well-adhered grisaille. The solvents can remove the painted layer, and the
ones based on ethanol seem more aggressive, leaving intense marks on the surface (Table 7).
The sample with a higher proportion of coloring agent can also interfere with the grisaille
adhesion, showing some traces of paint on the ethanol cotton swab (Table 7).

The cleaning and adhesion tests (Table 6) agree with each other, as the less adhered
grisailles are more susceptible to the solvents tested.
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Table 7. Results from the cleaning test.

Variable Before After Swabs

Model

Fe 5 min

Cu 5 min

Manganese

Hematite PA

Natural hematite

Burned Umber

Burned SnPb
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Table 7. Cont.

Variable Before After Swabs

PbO

Lead White

600 ◦C

700 ◦C

CA:BG (2:1)

CA:BG (1:2)

4. Conclusions

This work has demonstrated that raw materials directly affect the properties and
appearance of grisailles.

Iron and copper produce similar hues; however, pigments, such as hematite (PA or
natural) and burned umber, and other materials, such as lead oxide or lead white, can give
specific characteristics or appearances to the final paints.

The raw materials also affect the affinity to water. Less hydrophobic materials, such
as hematite and burned umber, showed an increase in the hydrophilic properties of the
samples. A significant impact was also visible at temperatures of 700 ◦C and when a less
compatible substrate glass (mixed-alkali glass) was used. These reinforce the idea that the
water absorbance and penetration depend not only on the rugosity, as these results do not
agree with the roughness analysis.
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Considering the analysis, the average roughness (Ra*) did not show significant changes
in the majority of cases. Concluding that the most important factor is the size of the coloring
agents, and it is essential to adapt the grinding time to the hardness of each raw material in
the grisailles production.

Another factor that can significantly impact the long-term stability of the grisailles
is the unbalanced volume between base glass and coloring agent particles. The adhesion
and cleaning test results proved this. As in both cases, the grisailles with hematite (PA or
natural), burned umber, and manganese showed less resistance to the cutting blades and
solvents, justified by the small particle size of these pigments, which created unbalanced
grisailles in volume. Additionally, the grisailles with hematite (PA and natural) appeared to
have a superficial layer susceptible to the solvents and another one that was more cohesive
and resistant underneath.

With the characterization and tests carried out in this study, it was possible to under-
stand that the grisaille stability can be affected by different reasons. The variables chosen to
be tested allowed for establishing the main factors that must be considered while choosing
the raw materials to produce grisaille. The coloring agents used and their treatments before
being added to the grisailles can greatly affect the final paint layer, not only in its color but
also in its rugosity, affinity with water, and adhesion and chemical resistance. The different
base glasses mainly affected the grisailles rugosity, as their lead content will influence the
firing conditions needed. The different vehicles tested did not greatly impact the final
grisailles. It was only possible to observe the rugosity affected by the use of water due to
the difficult manipulation of the grisaille and its application before firing. Paired with the
coloring agents, the other materials can also significantly affect the grisailles, mainly the
burned lead and lead white. Not only was it verified that they would impact the color and
the grisailles adhesion and chemical resistance, but also that during the firing process, they
will decompose and link themselves with components from the coloring agents and base
glass, forming new mixed compounds. The temperature is another variable to consider as
unsuitable firing conditions affected the grisailles, demonstrated by the contact angle mea-
surements and the results of the adhesion and cleaning tests. As described in the literature
and verified in this study, the proportions between the different grisaille components can
also be a key factor in the grisailles stability. The tests verified that unbalanced proportions
could affect the grisailles rugosity, mainly their physical and chemical adhesion to the
glass support. The different substrate glasses tested showed suitable compatibility with the
grisailles. Nevertheless, it is always a factor to take into consideration.

Furthermore, aging tests on the produced samples will significantly contribute to
understanding the long-term stability and possible corrosion mechanisms of these grisailles,
as well as to verify the real impact that each of the variables tested in this study will have
on the grisaille layers degradation.
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Appendix A

Table A1. Brands/manufacturers of the commercial materials used in the samples production.

Compound Brand/Manufacturer

SiO2 Sigma-Aldrich Chemistry
PbO Sigma-Aldrich Chemistry0
SnO2 Alfa Aesar Chemicals
Fe2O3 Riedel-de Haën–Honeywell Research Chemicals
MnO2 Panreac Química SLU–ITW Reagents
Al2O3 Fluka–Honeywell Research Chemicals
Sb2O3 Alfa Aesar Chemicals

Burned Umber Winsor and Newton
Gum Arabic Debitus–Peintures pour verre

Appendix B

Figure A1. XRD result for burned iron. Hematite (H) was identified.

Figure A2. XRD result for burned copper. Cuprite (C) and tenorite (T) were identified.
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Figure A3. XRD result for manganese PA. Pyrolusite (P) was identified.

Figure A4. XRD result for hematite PA. Hematite (H) was identified.

Figure A5. XRD result for natural hematite. Hematite (H) and quartz (Q) were identified.
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Figure A6. XRD result for burned umber. Hematite (H) was identified.

Figure A7. XRD result for alumina PA. Corundum (O) was identified.

Figure A8. XRD result for antimony PA. Senarmontite (S) was identified.
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Figure A9. XRD result for burned tin and lead. Cassiterite (A), massicot (M), and minium (N)
were identified.

Figure A10. XRD result for burned lead. Massicot (M) was identified.

Figure A11. XRD result for lead white. Hydrocerussite (Y) was identified.
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Figure A12. XRD result from the model grisaille. Hematite (H), tenorite (T), and cuprite (C)
were identified.

Figure A13. XRD result from the grisaille where hematite PA was used. Hematite (H) was identified.

Figure A14. XRD result from the grisaille where natural hematite was used. Hematite (H) and
quartz (Q) were identified.
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Figure A15. XRD result from the grisaille where burned umber was used. Hematite (H)
was identified.

Figure A16. XRD result from the grisaille where burned lead was used. Hematite (H), cuprite (C),
tenorite (T), and iron barysilite (B) were identified.

Figure A17. XRD result from the grisaille where lead white was used. Hematite (H), cuprite (C),
tenorite (T), and iron barysilite (B) were identified.
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Abstract: Optical sol-gel environmental pH sensors have been applied for air evaluation in exhibition
halls of the Museo Nacional de Ciencias Naturales (Madrid, Spain). Sensor synthesis and calibration
was undertaken following a previous patent by some of the present authors. Monitoring was carried
out for one full year to check the influence of meteorological seasons as well as quality of surrounding
outdoor air to a big avenue located in downtown Madrid and close to the museum. Particular sites
selected for sensor positions were inside showcases, under the free environment of exhibition halls,
and outdoor façades of the building, for comparison purposes. pH recordings showed that exhibition
halls near the outdoor air entrance had slightly low pH values, which can be attributed to outdoor
pollution. However, halls located far from air entrance had neutral conditions. Concerning showcases
tested, some of them showed slightly acidic pH while others were moderately acidic due to natural
goods exhibited and/or to materials with which showcases were made. pH values recorded allowed
the museum to make some decisions on its preventive conservation strategy.

Keywords: environmental pH; exhibition halls; sensors; museum; preventive conservation

1. Introduction

Preventive conservation in exhibition halls is a complex challenge frequently condi-
tioned by items exhibited, visitors’ regimes, and the near environmental characteristics.
Reference literature has usually dealt with issues concerning environmental protection
of collections [1] as well as conservation concepts for curators and natural history collec-
tions [2,3]. The effects of pollutants in the museum environment (storerooms and exhibition
halls) have been studied [4,5], and guidelines on preventive conservation have also been
published [6]. Very often, environmental conditions needed by goods do not fit well with
those more comfortable for visitors, even though items exhibited are located inside show-
cases or in some kind of protected places. Moreover, outdoor environment, air quality, and
potential pollution risk from urban locations could also affect long-term conservation [7,8].
Indoor air pollution and its control has been analyzed to design adequate conservation
strategies [9], and microclimates generated by pollutants in museums have been monitored
to propose preventive conservation measures [10]. In addition, the use of museum spaces
as places for socialization and interaction between the general public and the museum
culture makes the museum environment a fragile system that needs to be stabilized for
proper preventive conservation of exhibited items [11,12]. Accordingly, the evaluation of
the museum air quality and the limit of pollutants has been also investigated [13].

In fact, these concepts and starting assumptions are the same or very close to those
considered for storerooms of museums where many items, which are even more abundant
than those exhibited, must be properly conserved [14]. Environmental monitoring by using
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sensors has proved to be a useful strategy for protecting cultural and natural items, espe-
cially those sensitive to pollutants and susceptible to deterioration or corrosion [15]. Within
this subject, previous research was conducted in the Museo Nacional de Ciencias Naturales
(MNCN) using environmental pH sensors. Resulting data pointed out the meaning and
relevance of the deviation from neutral conditions and how it should be considered a direct
methodology to evaluate air quality and real preventive conservation conditions.

Environmental pH sensors are based on sol-gel technology; they consist of a thin
coating applied upon a common soda lime glass slide. The coating matrix is composed of a
polysiloxane network obtained from a silicon alkoxide in which a sensitive organic dye,
against pH, is immobilized into the porous coating structure. Partial thermal densification
of the whole coating allows one to obtain a material able to exhibit sensitivity to air chemical
acid/base species (due to its residual porosity) and is stable against water, chemicals and
handling [16].

Some former investigations carried out in different museums demonstrated that these
sol-gel sensors are useful to indicate the current status of environmental pH in exhibition
halls, showcases, storerooms, etc. They are also informative about pH variations due to
natural or controlled ventilation, the impact of an unusual number of visitors, or when a
special event took place in the museum spaces or in its surroundings [17,18]. Therefore,
environmental pH monitoring by using these sensors is a useful tool to check preventive
conservation conditions quickly, since no more than 24 h is needed for sensitization of
sensors with accuracy high enough to detect small variations on air quality (sensor accuracy
is estimated to be ±0.1 units of the pH scale) [19].

Other properties and characteristics of pH sensors are reversibility, reuse, low cost,
and miniaturization possibility, or adaptation for every real need in museum spaces. In
addition, sensors can be used to check outdoor pH, which allows an air quality comparison
indoors and outdoors, as well as an assessment of the impact of potential urban pollution
on museum collections. One of the most practical properties of sensors is reversibility.
They are able to determine environmental pH in a dynamic way, i.e., they detect all the
acid/basic species affecting the whole pH at a given moment, since they are continuously
sensitized, and indicate the air pH value quantitatively. Therefore, they can be regenerated
in the laboratory by using pH-buffered solutions, which makes the sensors reusable for
many evaluations until their lifetime is ended (at about 9 months for indoor use and
4 months for outdoor use). Among other papers on preventive conservation based on air
quality monitoring and evaluation of air acidity [20–23], a work by some of the authors
has reviewed other pH sensors currently available and the outstanding advantages of the
present pH optical sensors [19].

The aim of the present research was to evaluate environmental pH in several exhibition
spaces of the MNCN. This main objective was essential to revise preventive conservation
actions necessary to be taken into account for integral conservation of the MNCN collections
and, in particular, of natural items exhibited, which are visited by many people, due to
their high biological and cultural significance. This conservation interest is even higher
because of the nature of these items which are, in part, dissected animals from varying
geographical origins, dissection methods, sizes, and natural components (skin, hair, feather,
squama, bone, etc.) [24].

From previous work with environmental pH sensors carried out in the MNCN, the
methodology applied consisted of sensor installation in the most critical positions and close
to the most important specimens to be monitored, comparison with pH values detected
outdoors, study of the ventilation regime, and assessment of the influence of meteorological
parameters in the one full year evaluation. In this way, the interpretation of the overall
results can be of great help for making decisions on a preventive conservation strategy of
the MNCN.
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2. Materials and Methods

Sol-gel pH-sensitive coatings upon common soda line glass slides were prepared
following a previous patent by some of the present authors [25]. The silica matrix was pro-
vided from tetrathoxysilane (Si(OC2H5)4, TEOS), absolute ethanol (EtOH), and hydrochlo-
ric acid (37 wt. % HCl). All reagents used were of analysis grade purity. The pH-sensitive
phase added to the prehydrolized silica matrix was chlorophenol red (C19H12Cl2O5S,
3′-3′-dichlorophenolsulfonaphthalein, CR), an organic dye that changes its optical absorp-
tion depending on pH: yellow below pH 4.8, violet above pH 6.7, pink around neutral pH.
Details on sol synthesis are provided in [19]. Coatings upon glass slides were obtained by
dipping at room temperature and at a drawing rate of 1.35 mm × s−1. Thermal partial
densification of coatings was achieved at 60 ◦C for 3 days in a forced air stove. After that,
the coated area of the glass slide was cut from the uncoated one, and the glass edges were
then polished. Figure 1 shows the aspect of one of the sensors obtained.

 

Figure 1. Aspect of a pH sensor obtained from the glass slide, coated, cut, polished and finally
protected by a polyethylene bag and provided with a gripper.

Sensors were calibrated one by one using pH-buffered solutions (Buffer Hydrion Salt,
Sigma Aldrich, St. Louis, MO, USA) in which they were immersed for 10 min. After that
immersion time, a visible spectrum was recorded within the 380–750 nm wavelength range.
An Ocean Optics model HR 4000 CG spectrophotometer was used. Sensor calibration
was mainly carried out at pH 5, 6, 7 and 8. These pH values were selected because the
most important pH range to be evaluated is around neutrality. Values of the absorption
band intensity at 575 nm (characteristic band of CR) for each pH nominal calibration were
used to set up the calibration curve. Figure 2 shows the calibration curve for one of the
sensors synthesized and the error bars corresponding to standard deviation. On the basis
of individual calibration curves for all sensors synthesized, estimated sensor accuracy is
±0.1 units of the pH scale.

Once the sensors were calibrated, they were installed in different positions of exhibi-
tion spaces of the MNCN, according to criteria of specimens’ importance and/or potential
risk of urban pollution impact as well as of visitors’ impact. Table 1 summarizes sensor
positions during the evaluation carried out in February 2019.
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Figure 2. Calibration curve for sensor number 1 obtained on 22 November 2019.

Table 1. Sensor position during the evaluation carried out in February 2019.

Sensor nr.
Inside (I)

Hall Free Environment (E)
Outdoor (O)

Particular Position

1 I Showcase, common moorhen, Biodiversity area
2 E On the showcase ceiling, common moorhen, Biodiversity area
3 I Showcase, rhinoceros (complete specimen), Biodiversity area
4 E Entrance on the guard’s space (on the ceiling of showcase V18), Biodiversity area
5 I Showcase, kangaroo skeleton, Biodiversity area
6 E On the whale skeleton, Biodiversity area
7 I Showcase, birds, National Parks area
8 E On the first joist, National Parks area
9 I Showcase, little bustard, Terrestrial Mediterranean area

10 E On the diorama ceiling, Pyrenean chamois group, Terrestrial Mediterranean area
11 O Main façade gate, Biodiversity area
12 O Rear façade gate, Biodiversity area

Sensors were sensitized for 24 h, and then their optical response was recorded in
situ using the patented portable measure unit [25], which was connected to a laptop.
The computer was provided with the specific software for handling the records [26].
Methodology for recordings consisted of taking the sensor from its sensitization position
and, immediately, introducing it in the measure unit. Then, the pH values detected appear
in the laptop screen. This routine was repeated for all sensors installed, and, after that, all
sensors were regenerated one by one at the laboratory by using pH-buffered solutions and
repeating the calibration procedure explained above. Following this procedure, the sensors
could be reused many times in the same or in different positions, according to needs and
criteria of the museum collection curators. In general, sensors were installed once again
in the same position to check potential pH changes due to meteorological seasons and/or
to visitors, but in other cases in which pH showed noticeable stability near neutrality,
the corresponding sensors were installed in other positions to obtain additional data on
environmental pH. Recordings were taken after the first 24 h of sensor exposition and
then at both 48 and 72 h. These later recordings were taken to confirm the results of the
first recordings since 24 h is enough for sensors to be fully sensitized. After two or three
confirmation recordings, sensors were uninstalled, regenerated, and recalibrated in the
laboratory up to the next evaluation that could be undertaken immediately or after some
days or weeks.
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3. Results

Evaluation with pH optical sensors has been accomplished for the four seasons of
a full year from February 2019 to November 2019. Monitoring covered four different
exhibition halls in which 12 positions were checked. A total of 236 recordings were made.
In exhibition halls, the sensor positions were inside showcases as well as under the hall free
environment. In addition, two sensors were installed outdoors for comparison purposes.
One of them was installed in the main façade (West orientation) and another one in the
rear façade (East orientation). The main façade is near Paseo de la Castellana, an important
avenue in downtown Madrid with heavy road traffic. The rear façade is somehow protected
from pollution and is very close to a backyard without road traffic. Figure 3 shows some
sensor positions.

   
(a) (b) (c) 

Figure 3. Some sensor positions. (a) Under the hall free environment. (b) Inside a showcase. (c) Outdoor in the main
MNCN façade.

Winter evaluation (Table 1) was carried out from 4 February up to 18 February.
Six recordings were done for each sensor from the day after installation up to the end of
evaluation when sensor recordings were stabilized. Outdoor sensors were installed on
6 February and they were exposed up to 18 February. Figure 4 summarizes the average
results obtained.

Although the initial pH values before sensor sensitization were plotted in Figure 4,
these values are not taken into account for average calculations. Sensor number 4 was
lost during the evaluation period; therefore, its recordings of 14 and 18 February are
missing. As can be seen in Figure 4, all indoor sensors are stabilized after the first 24 h
of exposition, which confirms, as expected, their high sensitivity and fast response time.
However, sensors installed outdoors showed a decreasing habit that indicates an intensely
acidic pH as well as insufficient exposition time. Probably they would reach stabilization
after more days of exposition.
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Figure 4. pH average results obtained during the evaluation carried out on February 2019. Numbers
at the bottom of the X axis are the sensors numbers.

The second evaluation was undertaken from 20 May up to 27 May. Four recordings
were taken for each sensor from the day after installation up to the end of evaluation.
Sensor positions were the same as for the former evaluation. pH average results obtained
are shown in Figure 5. In this case, an initial stabilization of pH recordings from outdoor
sensors can be observed.

 

Figure 5. pH average results obtained during the evaluation carried out on May 2019. Numbers at
the bottom of the X axis are the sensor numbers.

Summer evaluation was carried out from 23 July up to 31 July. Four measurements
were recorded from the day after installation to the evaluation ending. All sensor positions
were changed except those of showcase V18 near the MNCN entrance and the two sensors
installed outdoors. Figure 6 shows the results obtained, and Table 2 summarizes the new
sensor positions.
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Figure 6. pH average results obtained during the evaluation carried out in July 2019. Numbers at the
bottom of the X axis are the sensor numbers.

Table 2. Sensor positions during the evaluation carried out in July 2019.

Sensor nr.
Inside (I)

Hall Free Environment (E)
Outdoor (O)

Particular Position

1 I Showcase, African fauna, Biodiversity area
2 E On the ceiling showcase, geographical distribution, Biodiversity area
3 I Showcase, rhinoceros skull, Biodiversity area
4 E Entrance on the guard’s space (on the ceiling of showcase V18), Biodiversity area
5 I Showcase, okapi, Biodiversity area
6 E On the totem close to thylacine, Biodiversity area
7 I Diorama Imperial Eagle Group, National Parks area
8 E On the second joist (on diorama Badgers Group), National Parks area
9 I Diorama Shoveler Ducks Group, Terrestrial Mediterranean area
10 E On the diorama ceiling Cranes Group, Terrestrial Mediterranean area
11 O Main façade gate, Biodiversity area
12 O Rear façade gate, Biodiversity area

Finally, the fourth evaluation corresponding to fall was carried out from 25 November
up to 29 November. Sensor positions were the same as in the former summer evaluation
(Table 2). Three recordings were taken for each sensor, and the corresponding results are
summarized in Figure 7. It should be noted that in this evaluation the pH values from
outdoor sensors reached stabilization during the evaluation period.
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Figure 7. pH average results obtained during the evaluation carried out on November 2019. Numbers
at the bottom of the X axis are the sensor numbers.

Comparison of all pH recordings from the different meteorological seasons are sum-
marized in Table 3. For clarity, the results corresponding to different positions of the same
sensor (e.g., 1a, 1b) are indicated in separated cells.

Table 3. pH average results obtained during the four evaluations.

Sensor nr. Feb-2019 May-2019 Jul-2019 Nov-2019 Average pH

1a 6.4 6.5 - - 6.5
1b - - 6.7 6.7 6.7
2a 6.6 6.9 6.8
2b - - 6.8 7.0 6.9
3a 6.8 6.8 6.8
3b - - 7.1 6.9 7.0
4 6.8 6.9 6.8 7.0 6.9

5a 6.6 6.8 - - 6.7
5b - - 6.7 6.8 6.8
6a 6.7 6.8 - - 6.8
6b - - 6.8 7.1 7.0
7a 6.9 6.7 6.8
7b - - 6.0 5.9 6.0
8a 7.0 6.9 - - 7.0
8b - - 6.9 7.0 7.0
9a 6.5 6.7 - - 6.6
9b - - 6.4 6.2 6.3
10a 7.0 7.0 - - 7.0
10b - - 7.0 7.0 7.0
11 5.3 5.3 3.9 6.8 5.3
12 6.1 5.9 5.2 6.9 6.0

Orange = Inside showcase. Blue = Hall free environment. Red = Outdoor. - Not measured.

4. Discussion

Results obtained indicate that pH values recorded vary to a great extent depending on
the particular location of exhibition halls and showcases as well as on meteorological seasons.

Related to the influence of sunlight, environmental humidity, and temperature in
sensing results, sunlight, in this case, does not affect the sensor response since they were
installed indoors and were always illuminated by LED systems. It was widely demon-
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strated in former research [19] that environmental humidity affects the sensor response
(obviously, pH depends on the amount of H3O+ and OH−), while temperature affects
results as far as it influences relative humidity. Temperature and relative humidity are
simultaneously measured and controlled during pH sensor sensitization. The patented
portable device that measures the sensors’ optical responses [25] includes both relative
humidity and temperature sensors. Either the calibration curves or the specific software
for the corresponding results management take into account humidity and temperature
effects. Such effects were widely investigated in [27–29] and revised in [19].

Concerning sensors two, four and six installed in the so-called Biodiversity hall (main
greatest hall and the first one after the museum entrance), the positions of sensors two
and six were changed during the third and fourth evaluation. Two other sensors were
installed in two smaller halls (number eight in the National Parks hall and number ten
in the Mediterranean hall); these were somehow protected from the urban air coming
from the outdoors. Sensors two, four and six of the Biodiversity hall recorded an average
pH between 6.7 and 6.9 (slightly acidic). Since some sensors were not stabilized after
the evaluation period, the exposition time was then extended. This could be due to the
particular environmental conditions of the Biodiversity hall, which is directly exposed to
the urban air that enters through the very big main door oriented to Paseo de la Castellana,
a big avenue with heavy road traffic. No control of such ventilation was provided during
the sensor sensitization. Moreover, intake of potential polluted air could be intensified
by the high number of visitors accessing the museum by this main door, which is the
regular entrance for museum personnel also. However, sensor numbers eight and ten
installed in other exhibition halls far from the main entrance recorded pH average values
near neutrality (6.9–7.0). Therefore, the connection between urban air, probably polluted,
and the slightly acid recordings at the Biodiversity hall seems to be clear.

As far as the five sensors installed in showcases (numbers one, three, five, seven
and nine) are concerned, all their positions were changed during the third and fourth
evaluations. Except the sensor located in the showcase containing a rhinoceros skull, which
recorded neutral pH, all the other sensors recorded a slightly acidic pH in the 6.5–7.0 range.
Among them, three sensors (numbers 1a, 7b and 9b), which were installed inside ancient
wooden showcases with small size and abundant organic matter (e.g., dried plants, feathers,
paper, wood, etc.), recorded pH average values below 6.5. Combination of these kinds of
materials and showcase tightness could promote generation of an acidic microenvironment,
probably due to the emission of volatile organic compounds (e.g., formaldehyde, formic
acid and acetic acid).

Concerning the sensors installed outdoors, recordings show a very acidic environment
due to the heavy road traffic of Paseo de la Castellana as is mentioned above. The main
acidic pollutants in urban areas are SO2 and NOx, which are combined with moisture
generated sulfuric and nitric acid [30]. In addition, when relative humidity is low, for
instance during warm seasons, a dry acid deposition phenomenon takes place [31–33].
Outdoor positions of sensors 11 and 12 are shown in Figure 8, and the corresponding pH
average recordings are summarized in Table 3.
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Figure 8. Location of the MNCN in downtown Madrid and position of outdoor sensors 11 and 12.

Although pH average values recorded in both main and rear façades of the MNCN
are strongly acidic, pH values corresponding to the main façade are lower due to its direct
exposure to road traffic, while the rear façade is oriented to the opposite direction towards
a backyard. Influence of outdoor environmental conditions on indoor pH can be analyzed
from the data of Table 3 (sensors number 2a, 4, 6a and 11) and Figure 9.

Figure 9. Evolution of pH average values recorded in the main Biodiversity hall and the main façade. Numbers at the
bottom of the X axis are the sensor numbers.

The same behavior pattern can be observed both indoors and outdoors, which means
that the slightly acidic pH recorded in the Biodiversity hall is due to the influence of the
nearby polluted urban environment. The fact that indoor pH is noticeably less acidic than
outdoor pH is explained by the effect of the building as an absorbing surface for gaseous
pollutants (e.g., porous materials: masonry, bricks, painted walls, tiles, etc.).

According to the present environmental evaluation results, the main entrance of the
MNCN, including the circulation path of visitors and staff, has been redesigned to mitigate,
as far as possible, the urban pollution which are combined with moisture and then generate
sulfuric and nitric acid effects on the Biodiversity hall. Likewise, the pandemic situation
generated by COVID-19 required a new organization of the museum entrance and new
security protocols. Main access to the MNCN is composed of three big doors of the same
size in central, right and left positions. These doors are directly connected to the Zoology
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area in which biodiversity exhibitions are located, where environmental pH measures
indicated some acidic values. To minimize the direct entrance of outdoor air in this area
(probably polluted), the visitor circulation was changed in such a way that the entrance was
restricted to one of the side doors and the exit was restricted to the other, while the central
one remained closed. Nowadays, this central door is reserved and only opened in case of
exceptional events and emergency situations. From 5 June 2020, the museum reopened after
the general confinement due to the country alarm situation. Since that date, the remodeled
access will contribute to the preservation of a clean and safe environment for both natural
items and human beings. Likewise, some other preventive actions concerning natural
items in showcases were adopted, which include substances that absorb pollutants [34,35];
even more preventive measures are now under discussion and are being validated by
interdisciplinary points of view, taking into account visitors and staff health and optimal
conservation of natural and cultural items of collections and exhibitions.

Further pH measurements in the MNCN, to check the influence of mitigation measures
carried out, are the subject of an ongoing research, and results will be published elsewhere.

5. Conclusions

Field research undertaken with sol-gel pH sensors in exhibition spaces of the MNCN
and the corresponding outdoor locations has pointed out a very acidic pH near the build-
ing’s façades, especially in the main one oriented near a heavily trafficked avenue, which
directly affects pH values recorded indoors in the adjacent hall. Climate and meteorological
seasons influence pH values recorded. Acidity recorded during long dry seasons is stronger
than that during rainy seasons, which are scarce in Madrid. This fact is related to the dry
acid deposition phenomenon.

Comparison of pH average values of the main hall close to the MNCN entrance
and pH values recorded in other smaller halls far from the main entrance indicates that
uncontrolled ventilation promotes a more acidic environment. In showcases, pH average
values vary from slightly acidic to moderately acidic, and are mainly due to natural goods
exhibited and/or the kind of materials with which showcases were made.

Bearing in mind the former results, some recommendations could be stated. In
exhibition halls located far from the main entrance, no special preventive conservation
actions should be adopted. However, in the main Biodiversity hall, some preventive
measures could be considered, such as those oriented to diminish the entrance of urban
polluted air, especially during the long dry seasons, e.g., control of the main door opening,
installation of some physical–chemical barrier in the entrance area by means of panels,
etc. The slightly acidic pH detected inside showcases could be neutralized by periodic
ventilation or tightness release, or by introducing absorbing substances to neutralize
volatile organic compounds, e.g., active carbon.

Among other preventive measures, the main entrance to the MNCN through the
façade big door has now been protected and changed to a lateral entrance that deadens
urban pollution impact. Further research will include evaluation of air acidity in this
MNCN area to re-check environmental conditions.
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Abstract: The historic water supply to large cities constitutes a constructed heritage characterised
by comprising a range of public structures—dams, canals, tanks, siphons and aqueducts—over a
large geographical area. Within this international context, this paper looks at the case of Canal de
Isabel II (CYII) and its historic infrastructure, built in the second half of the 19th century and the early
20th century. The purpose of this study is to analyse how these water supply public works, which
maintain their original use, have also taken on new functions through the conversion of some of their
parts and added new values to the existing ones. In order to do this, an inventory was drawn up with
the location and cultural value of each structure based on its historic, technological, landscape and
symbolic features, as well as its use. The results establish the significance of the overall system, not
only in functional terms but also as a cultural resource. It is essential to understand the historic water
supply infrastructure as a whole, not just as individual components but rather as pieces of a network.
This is also essential for the management and preservation of the system, both where the structures
are still in use as part of the water supply and where they have been converted for other uses.

Keywords: public works; dams; aqueducts; siphon; reservoir; overall value; heritage system; network;
new uses

1. Introduction

The heritage of public infrastructure must take into consideration its relationship with
its surroundings. A connection with location lies in the original meaning and function
of a structure and in turn forms part of the building up of the cultural landscape of the
environment in which it is situated [1]. Historic water supply systems for large towns
and cities necessitated the construction of a number of highly significant public works,
particularly in terms of both size and cultural value.

The arrival of railways in the mid-19th century represented a major transformation
of the function of the landscape, the growth of urban areas due to the phenomenon of
rural exodus and greater industrialisation; this led to increased demand for water for
the population. During that period, most large European and American cities (London,
Paris, New York, Boston, etc.) had to rethink their water supply systems, as they were
insufficient in terms of both quantity and quality (Table 1); in Spain, Madrid approved
modern engineering projects, such as those in Jerez [2], El Puerto de Santa María [3],
Santander [4] or Valladolid [5], which were completed over subsequent decades.

It was not only a case of increasing the available flow due to the growth in the urban
population; the purpose was also to increase the amount of water available per person per
day. With some exceptions, European cities did not receive more than 100 L per person
per day, yet at the end of the 19th century, there was some consensus on the need to
provide more than that: Parker recommended 157 L/person/day, Prouts recommended
200 L/person/day, and Pettenkofer even suggested as much as 300 L/person/day (Table 1).
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As a result, projects in smaller provincial capitals such as Cáceres or Lugo were designing
networks based on 200 L/person/day by the end of the century [6].

The projects submitted and completed during the 19th century also supported ongoing
research into the flow of water through pipes and canals that dated back a century: in
1728, Pitot proved that resistance to flow varies inversely to the diameter. In 1732, Couplet
was credited with the first known gauging of flow-through pipes, and in 1777, Bossut
developed a practical formula for calculating water head loss due to curves. Later, notable
contributions made by Darcy or Bazin in the 19th century helped to develop better and
more ambitious water supply projects [7] (p. 108).

Table 1. Some supply and systems data from different towns and cities in Europe and America.
Authors’ own creation from [8–14].

Town/City System
Supply (Litres per
Person per Day)

Inhabitants Year per Data Source

Albany

Dam and transport
via man-made

canal to storage
tank

757 60,000 1855 [8]

New York

Dam and transport
via man-made

canal to storage
tank

272 500,000 1855 [8]

New York

Dam and transport
via man-made

canal to storage
tank

405 1,000,000 1876 [9]

Boston

Mixed system with
ground and

elevated tanks and
pumping to

storage tanks.

219 140,000 1855 [8]

Philadelphia - 200 400,000 1885 [10]

Lisbon

Mixed: water
drawn from a
spring, indoor

sources, etc.

4, 46 in summer 350,000 1856 [11]

Berlin

River water
pumped to

different
distribution tanks.

104 437,000 1857 [12]

Chicago - 180
Calculated for

when the city has
1 million inhabs.

1874 [13]

Paris - 67 1863 [14]

Rome
Spring water and
water supplied by

aqueducts
1105 1863 [14]

London - 112 1863 [14]

Madrid was no exception, as its population had reached 200,000 (Figure 1), and the “water-trips” from the Arab
Era making up the means of water supply until that time were gradually closed down due to a lack of acceptable
hygiene conditions [15].

This study looks at the case of Canal de Isabel II in the historic supply to the city
of Madrid, undertaken in the mid-19th century. The purpose of the paper is to analyse

152



Appl. Sci. 2022, 12, 6731

how these water supply public works, which maintain their original purpose, have also
taken on new uses through the conversion of some of their parts, added new value to the
existing ones and positioned the infrastructure as an identifying mark on the landscape. The
system’s cultural value—understood to be an integral vision encompassing constructions,
technology, activities and landscapes—helps us to understand this system in terms of its
historic, cultural and social significance.

The existing literature and studies on supply works generally focus on their historical
development as shapers of the modern city at the beginning of the 20th century [16–18]
or their technological development [19,20], mainly centred on nodal elements such as
dams [21–23], reservoirs [24–26], aqueducts [27] or pumping stations [28,29], without
considering structures such as wells and cisterns [30,31].

Recently, Douet, in a study commissioned by the International Committee for the
Conservation of the Industrial Heritage (TICCIH) on the “water industry”, listed the
different values of public water works [32] (p. 61) and, through different case stud-
ies, reflected on how “the heritage of the modern water industry is almost totally ab-
sent” in the UNESCO World Heritage List, “despite its indisputable relevance for human
development” [32] (p. 9).

Hunter also argued for the need to enhance the value of this heritage of the water
industry, where the management of historic waterworks from a heritage point of view is a
challenge, both because they are designed to be “silent and unseen” and because they are
active systems as part of everyday life that are “frequently ignored by the public unless it
stops working” [33] (p. 21).

Both Douet, who devoted a section to examples of cities with “distant gravity supply”,
and Hunter included examples of the reuse and revaluation of water industry elements
with the aim of establishing evaluation criteria. Although they recognised their relevance
within cultural, industrial and maritime landscapes, both urban and rural, they did not
generally cover the territorial extent of the system, only looking at different elements in
isolation (dams, tanks, pumping stations, water treatment plants, etc.) rather than the
whole system.

The best-known example of heritage recognition of a water supply system as a whole
is the Old Croton Aqueduct in New York (1837–1842). It was designated a National
Historic Landmark in 1992 from the Croton dam until the touchdown of the High Bridge in
Manhattan (41.8 km). It also has several individual structures listed individually on the
New York State Register of Historic Places [32] (pp. 89–93).

However, its recognition as a landmark of civil engineering came once it was no
longer used due to insufficient supply (1955) and was replaced by the New Croton
Aqueduct, which tripled its dimensions. In 1968, it became the Old Croton Aqueduct
State Historic Park, thus adding a new recreational and cultural use to its heritage and
symbolic dimension.

Another similar case of heritage recognition is the Lisbon water supply system
(1731–1799). It was designated as a National Monument in 1910 and included in the
UNESCO “Tentative List”. It remained in service until 1968. Its most iconic elements,
namely, the Aguas Livres aqueduct bridge (1748), the Mãe d’Água das Amoreiras cistern
(1746), the Patriarchal Reservoir (1864) and the Barbadinhos pumping station (1880), are
managed by the Water Museum, an institution responsible for research and dissemination
of water resources [34].

Fortunately, in both cases, functional obsolescence has not led to their abandonment,
but rather, these public works have acquired new values and meaning not only as en-
gineering landmarks but also as identity elements of the landscape that they form. The
management of an operational supply system as a historical resource, as in the case of
Canal de Isabel II, is more complicated, as utility usually takes preference over heritage,
historical, cultural and landscape values. The study forms part of the research project
“Analysis and definition of territorial scale strategies to characterise, restore and heighten
esteem for the public works heritage” [35].
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A number of sources were used for this research: academic research material, UNESCO
documents, media reports and field work on several sections of Canal de Isabel II.

Under the Section 2, there is an analysis of the historic construction of Canal de Isabel
II and its subsequent development. We identified the “visible” parts of the system, its
structures and its constructions that demonstrate the values described by Douet [32]. We
address a management system that allows the supply network to be run alongside the use
or transformation of its cultural elements. Under the Section 3, we emphasise the overall
value of the linear public works, their interest as networks connecting different places and
actions, and their value as cultural heritage beyond their practical use. In Canal de Isabel II,
we highlight newly acquired values and the new uses of some of its components despite
the obsolescence of their original function. The final Discussion resumes the matter of the
territorial nature of public works, the importance of discipline over the landscape in order
to understand and value it, opportunities and new uses, concluding with the importance
of considering their value as a whole.

Figure 1. Evolution of the population of Madrid: year–inhabitants. Source: Created by the authors
based on data from the Spanish National Institute of Statistics, INE 2022.

2. Materials and Methods

2.1. Historic Construction

In around 1850, Madrid was still supplied with drinking water through the same
system that had been in use since the 16th century. There were 77 public water fountains
within the urban perimeter, plus around 1000 water carriers. It is estimated that the amount
of water supplied would have ranged between 2000–2500 m3 per day for a population of
about 235,000 [36] (p. 27). In other words, there were between 50 and 100 litres available
per person per day. The projected urban growth was also notable, as can be seen in the
approval of the project for the urban development of Madrid before the end of the decade
in 1857.

Under the reign of Isabel II and the government of Bravo Murillo, a water supply
project was undertaken for Madrid. It was first decided that water would be brought
down from the Guadalix and Lozoya rivers due to the purity of their waters. After several
different proposals, in 1848, the project put forward by Rafo and Ribera was accepted. After
the appointment of a team of engineers (José Garcia Otero, Lucio del Valle, Juan de Ribera
and Eugenio Barron), in 1851, work started on a new dam over the bridge called Pontón de
la Oliva (Figure 2) and the dam built by Cabarrús (1775) for an irrigation canal linking the
Lozoya and Jarama river basins.
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Figure 2. Construction of the Pontón de la Oliva dam, 1855. Photo: Charles Clifford. (Public domain.
Biblioteca virtual del Patrimonio Bibliográfico, https://bvpb.mcu.es/es/consulta/registro.cmd?id=
403102) (accessed on 15 May 2022).

At the same time, construction work began on the canal and storage tanks in the city
itself (Figure 3). When mapping out the routes, it was decided to build large infrastructures
in order to shorten the length of the system. In other words, instead of following the
curvature of the landscape, it was decided to transport the water as directly as possible
(Figure 3), meaning the construction of tunnels, aqueducts, siphons, etc., to bridge valleys
and ravines. Irrigation canals, siphons, regulating tanks and related constructions were built
up into this network, at the same time becoming milestones across the Sierra Madrileña.

Work was complicated and full of ups and downs, not just because of the socio-
economic context (lack of income, scarcity of resources, non-specialist manpower, illness,
etc.) but also because it was a considerable engineering challenge at the time, without
the precedent of similar projects. Cities all around the world (Washington, New York,
Manchester, Paris, Lisbon, etc.) were all facing the same problem: how to create a water
supply that could allow for population growth.

In addition, there were issues with seepage through the limestone on which the El
Pontón de la Oliva dam was located, which meant that the water was not rising high
enough to reach the entrance to the canal [37] (p. 113). A provisional connection from the
Guadalix river was put in place with a new aqueduct, which eventually became permanent.
At the same time, the Azud de Navarejos diversionary dam was built upstream of the
Pontón de la Oliva to act as the new connection to the head of the canal.

With a total length of 70 km, made up of 29 bridges/aqueducts, 4 siphons and 41 shafts,
on 24 June 1858, the Canal Bajo was officially opened by the Queen. The new water supply
started to transform the city with decorative fountains in the streets, plazas and gardens,
improving not only hygiene but also people’s way of life.

Due to the increased demand for water, low pressure in some areas and the poor
functioning of the Pontón dam due to water seepage, Canal de Isabel II ordered the
construction of a new dam further upstream in a narrow gorge around 50 metres below an
old bridge called El Villar.

Although water flow increased with the new dam, the issue of murky water for
several days a year continued, and so work began on the transverse canal or Canal del
Villar (22 km), which entered into service in 1911. This 22-km canal ran from the Villar
dam and joined the Canal Bajo at the Aldehuela aqueduct, taking out of service the older
stretch of the canal running from the La Parra dam to the aqueduct. Taking advantage of
the difference in altitude (150 m) between the start and the end of this new stretch, the
Torrelaguna hydroelectric plant was built.
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Figure 3. Ground route of the first Canal de Isabel II, 1868. Source: Created by the authors.

To completely resolve the murky water issue, the Puentes Viejas dam was built
(1914–1929) upstream of El Villar, which used sedimentation to clean the water before
it was transferred to the first dam.

In 1921, an extension was proposed for the transversal canal with what was known as
the Canal Nuevo (1929–1945). This was built almost entirely underground and ends at the
storage tanks in Chamartín (Figure 4).
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Figure 4. Evolution of the water supply network and the urban nucleus of Madrid: 1868, 1945 and
2022. Source: Created by the authors.

2.2. System Components

It is important to understand the canal as a whole: its material and functional com-
ponents (layout, structures, materials, etc.) are not isolated and unrelated elements, but
rather, they make up a network that is not always visible, which can prevent it from being
perceived in this way.

The combination of all of these components is what makes the water supply work
and, at the same time, is a reflection of the history of Madrid, which would not be the

157



Appl. Sci. 2022, 12, 6731

same without its water. These components include dams (Figure 5), bridges/aqueducts
(Figure 6), storage tanks (Figure 7) and siphons (Figure 8).

 

Figure 5. Pontón de La Oliva (1858–1860): straight solid masonry gravity-based dam and narrow-
lipped spillway. Villar Dam (1869–1882) Engineers Elzeario Boix and José Morer: first curved gravity
dam built worldwide with a lateral spillway system. Puentes Viejas Dam (1914–1929): curved plan
gravity dam. Source: FMA.

 

Figure 6. Canal Bajo Aqueducts: La Sima Aqueduct (1855), La Retuerta Aqueduct (1855) and El
Espartal Aqueduct (1852). Source: FMA.

 

Figure 7. Tanks: Primer Depósito-Campo de Guardias (1858), Santa Engracia water tower (1912),
Tercer Depósito (1893) and Plaza de Castilla water tower (1939; relocated in 1952). Source: Charles
Clifford and FMA.

Twenty-nine narrow aqueducts were built, combining structural elegance with savings
in construction material [37] (p. 67). In the higher sections of the system, they are masonry-
built using local stone, while in lower sections, they are constructed in brickwork, only
using masonry for angles and edges.

The canal project is important because it overlaps with the long tradition of structures
of this kind built in Spain: Roman aqueducts such as those in Tarragona (Las Ferreras),
Segovia or the whole of Mérida [38] had continuity over the centuries in constructions
such as the Morella aqueduct (13th century) [39], the Arcos de San Antón in Plasencia
(16th century) [40], the Seventeen Arcs in Lorca (18th century) [41] or the Arroyo Quintana
aqueduct, part of the San Telmo water pipeline in Malaga (18th century) [42]; this list
continued into the 20th century, and Eduardo Torroja designed some notable constructions,
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such as Tempul in Jerez de la Frontera (1925) or Alloz in Navarra (1939), which were
ground-breaking in their typological concept thanks to the use of new materials [43].

 
Figure 8. Siphons: Guadalix Siphon; Morenillo Siphon. Source: Clifford, 1858; FMA.

The aqueduct also links us to countries of the Mediterranean environment, such as
Italy, which to its collection of Roman aqueducts would add others in the Modern Age,
such as those of Eleuterio in Palermo (1443) or Bigini in Castelvetrano (16th century) [44],
or Portugal, with the 16th-century aqueducts Água da Prata in Évora and Amoreira in
Elvas [45]. Similarly, the bridge aqueduct technology would also spread to America and, in
particular, to present-day Mexico, where major works were undertaken in the 16th century,
such as the Padre Tembleque Aqueduct crossing the Tepeyahualco ravine, a magnificent
hybrid of European and pre-Hispanic technology [46], or the aqueduct in Valladolid, today
renamed Morelia [47]. In other words, bridge aqueducts in the canal’s system are links in
a triple chain connecting the land where they are located with the constructive history of
Spain, with the Mediterranean basin and with colonial America. In short, we note that all of
the aqueducts mentioned are still standing today, and they are core parts of the landscape;
some have even been declared World Heritage Sites, such as Padre Tembleque, Segovia,
Elvas, Tarragona or Mérida.

The Roman-inspired underground storage tanks are formed by archwork with barrel
vaults and brick pillars built on masonry plinths. The first tank (Primer Depósito) also
presented seepage problems and was therefore closed in 1894, when the second and third
tanks were opened. A project for three water towers was drawn up for the supply of areas
on higher ground; only the one in Calle Santa Engracia was built [37] (p. 208). The structure
had a central elevator mechanism designed by Ramon de Aquinaga, which raised the water
to a tank 36 metres above the ground (Figure 7).

Siphons are also an interesting part of the project (Figure 8). Although they have
been used since ancient times, the ceramic material that limited diameters and advanced
knowledge of the hydraulic principles required made it more common to opt for the
construction of aqueducts. For the Canal de Isabel II project, cast iron was chosen as the
material for the siphons. At the time, they were considered some of the most notable
examples: Bodonal, Malacuero or Guadalix [1] (Table 2).
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Table 2. Main siphons in Europe. Note the maximum load of those designed in Madrid, exceeded
only by the ones in Liverpool [2].

Population Siphon Length (m)
Maximum Load

(m)
Interior Diameter

(m)
Thickness (m)

Madrid Guadalix 323.50 53.60 0.92 0.018

Malacuero 843.00 45.00 0.92 0.018

Bodonal 1410.00 21.00 0.92 0.018

New York Manhattan 1254.00 31.50 0.92 0.018

Glasgow Glasgow 3500.00 25 1.12 0.19

Liverpool Aspull a Montrey 13,000 86.50 1.12 0.025

Jerez Albaladejo 10,200 80.00 0.61 0.019 and 0.025

Guadalete 18,000 90.00 0.61 0.019 and 0.025

2.3. Water Management for Water Supply

Water management policies are indissolubly associated with the construction of water
supply public works. They are at the base of their promotion, construction, regulation
and exploitation. The management model determines the growth of the city and the
sociocultural signification of water. This section identifies the turning points in water
management that have influenced urban development.

At the beginning, Canal de Isabel II was a public company run by a Board made up
of State representatives, the City Council and a small group of stakeholders. However, in
1868, it became a public company, reporting to the Ministry of Public Works and Transport.
It was not until hydropower arrived in the region and the private company Hidráulica
Santillana was constituted that this management scheme changed. Hidráulica Santillana
opened the Colmenar hydraulic plant in 1902 and obtained a royal concession to supply
water to the northern areas of the city, supported by the City Council, in 1906 [48] (p. 20).
These two events created a conflictive situation due to the competitiveness that forced
an administrative reorganisation of the company in 1907. CYII became an independent
organisation using an industrial business model, still reporting to the Ministry of Public
Works [49] (p. 214). It was at this point that CYII initiated the modernisation of its
infrastructures and its organisation [50] (p. 483). In 1976, it became a public limited
company with its own assets and independent management, reporting to the Ministry of
Public Works and Transport until 1984, at which point it started reporting to the regional
government, the Comunidad Autónoma de Madrid.

The crucial turning point came in 2002 when its objectives and the composition of
its management board were amended by law. Since then, CYII has had permission to
provide services outside the Comunidad Autónoma de Madrid and may carry out any
kind of commercial or industrial activity directly related to its functions, including taking
a minority or majority shareholding in companies with the permission of the regional
government [51] (p. 144). In this way, CYII and the city of Madrid can form part of the
virtual network system that runs new international-scale economic processes. This new
concept of CYII as a multinational company widens its geographical influence, making it
difficult to describe [52].

A Regional Government Act in 2008 went one step further with this idea of the
liberalisation and extension of the influence of CYII: it permitted the creation of a public
limited company for the provision of services relating to water and allowed the privatisation
of 49% of shares. In June 2012, the new company “Canal de Isabel II Gestión, S.A.” was
created, completely separate from the original CYII, which remains a regulation body.
Canal de Isabel II Gestión, S.A took over the operation of water supply, sanitation and
hydraulic works for the next 50 years. Even though today, over 80% of its shares are held
by CYII and the rest are held by local authorities [53], there is still tension between the
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people and the regional government. A hydraulic technique has replaced water culture in
Madrid, as happened in the 19th century when Canal de Isabel II was created [49] (p. 208).

3. Results

3.1. Value of the Overall System

As a work of engineering, Canal de Isabel II was a fundamental part of the develop-
ment and modernisation of Madrid. However, it is not only functional; as heritage, it also
“contains knowledge of the past with specific present uses” [54]. Its management should
be analysed from a functional point of view not only as a water resource but also as a
cultural resource.

The difficulty in valuing the heritage of this kind of linear hydraulic work is that
it is not always visible. Through individual structures (aqueducts, siphons, irrigation
canals, water tanks, etc.) (Figure 9), its value as a whole or as a system must be understood
insofar as these components are part of the greater network. They cannot be understood in
isolation but only as part of a system, a network with great historic, technical and cultural
value. Although some elements of the canal no longer form part of the system in functional
terms, they must still be perceived as an integral part of it. It is important to stress the
transformative power of this entire network on the landscape.

In addition to its value as a system, the canal and its different components also have
other heritage values:

• Historic: It is proof of a significant activity from history, the bringing of water to
supply the people of Madrid.

• Technological: The canal has played a role in the evolution of engineering and in
significant elements such as the design of dams, aqueduct design, pump technology,
etc. These are technical milestones and technological challenges overcome from the
double perspective of typology and the construction process, bearing in mind their
innovative nature. They have the capacity to adapt to different uses over time while
maintaining their original character.

• Social or identity: The utilitarian purpose (value of use) tends to prevail over cultural
value, as this is a large infrastructure for the service of the population (allowing
the elimination of diseases transmitted in water, improved comfort, etc.) and has
made a positive economic contribution (allowing urban and geographical growth,
industrial development, etc.). However, it also has a strong presence in our society
and culture (literature, songs, films, stamps, folklore, etc.). The canal has become a
cultural reference in collective memory. It can evoke and stage and establish links to
the viewer. It has taken on a symbolic character.

• Singularity: From a technical point of view, these are integral and authentic structures
(not imitations). Some of the elements are singular typologies or are first examples of
other more common structures. The canal is also unique from the perspective of the
historic moment, as it set a precedent for the construction of later systems.

• Aesthetic, landscape and environmental: Its linear nature creates networks that trans-
form the landscape on both urban and geographical scales, giving it unity through its
structures, materials, etc.
Canal de Isabel II, as a public company reporting to the Ministry of Public Works and
Transport since 1977 [55] (p. 138), not only is the authority in terms of water/water
resources but, through its Foundation, seeks to provide know-how in innovation,
bring the environment and culture closer to citizens and also promote taking care of
water resources [56].
Canal de Isabel II, as a piece of cultural heritage, is included under the National
Industrial Heritage Plan, which defines heritage as “an integral whole including the
landscape in which the different components that make it up” “are included and
related” (covering its declaration as a Bien de Interés Cultural).
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Figure 9. Canal de Isabel II as a whole system. Source: Created by the authors.

3.2. New Values and New Uses

Water supply systems often maintain the utilitarian function for which they were
created, subject to ongoing transformations and extensions in order to cover the growing
demand for water by the urban population. However, as Sáenz de Ruidrejo claimed,
changes for multiple uses over time are a typical feature of large public works that often far
exceed the expectations of their creators [57] (p. 27). In this way, some of the components
of Canal de Isabel II are no longer used as originally intended and yet, at the same time,
have acquired new uses and values, remaining part of the overall system (Table 3).
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Table 3. Heritage elements of the canal, types and original and current uses. Note the correspondence
with Figure 9.

Type Number Name Year In Service New Use

Aqueducts 1 Cuevas 1852 Yes
2 La Aldehuela 1852 Yes
3 Espartal 1852 Yes

4 Bajada
Morenillo 1852 Yes

5 Regachuelo 1855 Yes

6 de la Cerca
de Gavino 1855 Yes

7 Fuente del
Palo 1855 Yes

8 Valmayor 1855 Yes
9 Barbotoso 1855 Yes

10 Navalperal 1855 Yes
11 Retuerta 1855 Yes
12 Sima 1855 Yes
13 Valcaliente 1855 Yes
14 Colmenarejo 1855 Yes
15 Cabeza-Cana 1855 Yes
16 Mojapán 1855 Yes
17 El Cerrillo 1855 Yes
18 La Parrilla 1855 Yes
19 Valdealeas 1858 Yes

20 Valle de la
Fuente 1858 Yes

21 Vallegrande
o Valdelatas 1858 Yes

22 El Sotillo 1858 Yes
23 Valdeperales 1858 Disappeared
24 Los Pinos 1858 Yes
25 La Traviesa 1858 Yes
26 Valdeacederas 1858 Yes

27 Los
Barrancos 1858 Yes

28 La Huerta
del Obispo 1858 Yes

29 Amaniel 1858 Yes
Syphons s1 La Malacuera 1858 Yes

s2 Los Yesos 1858 Yes
s3 El Morenillo 1858 Yes
s4 Guadalix 1858 Yes

s5 El Bodonal,
Viñuelas 1858 Yes

Tanks 1 First buried
tank

1858–
1894 No Archive, exhibitions

2 Second
buried tank 1879 Yes Park

3 Third buried
tank 1915 Yes Park

4 First elevated
tank

1912–
1952 No Exhibitions

Dams 1 Pontón de la
Oliva 1858 No Landmark

2 Navarejos 1859 Yes
3 El Villar 1882 Yes
4 La Parra 1904 Yes

5 Puentes
Viejas 1929 Yes
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• Pontón de la Oliva dam. Although it no longer performs the function for which it
was built, the dam remains standing and is part of the historic heritage of the Ayllón
mountain range. The mountain wall on the left bank of the dam is used by climbing
enthusiasts. The dam is also part of a popular trekking route.

• Recreational area at Riosequillo. Located on the right bank of the Riosequillo reservoir
is one of the largest swimming pools in the Madrid region, with a capacity of more
than 2000 people. It is operated by the town hall of Buitrago de Lozoya.

• Cervera Marina. Located on the El Atazar reservoir, this recreational area is the only
nautical base in the region of Madrid. It is home to an adapted sailing school, and
people can practice windsurfing and rowing, as well as rent berths.

• First underground tank at Campo de Guardias (1858). It was converted into an archive
(1990) and then provisionally into an exhibition hall (2001).

• Second tank, or the first water tower in Santa Engracia (1907) with a capacity of
1500 m3. It was taken out of service in 1952 and reopened as an exhibition in 1985,
maintaining its unique character (Figure 10).

 
Figure 10. First water tank (1907) converted into exhibition hall (1985). Source: FMA.

• Third tank (J.E. Ribera, 1915) converted into the Santander Park (2007). The tank was
waterproofed, and the pillars and archwork were reinforced to build a large park with
sport and leisure facilities on the roof (80,000 m2) of the tank still in use (capacity
500,000 m3).

• Fourth tank in Plaza de Castilla or second water tower (1935) with a tank capacity
of 3800 m3. One of the underground tanks was converted into an exhibition hall in
2000, maintaining its special and characteristic layout of 1447.5 m high brick arches
(2500 m2); a park has been created over the roof of the structure (45,000 m2).

All of these new uses are managed differently, but always through the Canal de Isabel
II Foundation.

All of these elements making up Canal de Isabel II, both those still in use as originally
intended and those that have been adapted for other uses, are key parts of the collective
memory and of the conservation and recovery of the urban landscape. They constitute an
immense heritage to be rehabilitated and reused, with great potential for the socio-economic
and cultural development of the areas where they are located. These new actions must
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always seek to maintain the character of the canal as key testimony to understanding and
documenting this great work of engineering in the city of Madrid.

Nevertheless, as the infrastructure is still in use, some clashes arise with new uses,
such as water quality problems due to recreational activities or overuse, the deterioration
of vegetation and the environment, the surrounding area with the opening of new paths or
routes, etc. In order to avoid this, a balance must be found between the different parts of
the system and the new uses, with the new activities having virtually zero effects on the
canal and its geography.

4. Discussion

The landscape is the sum of the many dialogues between people and the land, adding
layer after layer to make up our current reality. These layers are the images of that territory,
which humans have collected throughout their existence, and they blend together into
the mental image—the landscape—that humans have of that land [58] (Lynch said that
“the landscape serves as a vast mnemonic system for the retention of group history and
ideals” [59], p. 126). Furthermore, a phrase from Waterman (humans have always left their
mark on the landscape, such as the first cave paintings or the “great feats of engineering such
as Stonehenge” [60], p. 15) shows that not all layers of the landscape have the same depth
or weight. Without a doubt, certain public works are major protagonists of the character
of the landscape and therefore make a distinctive mark on it [61,62]; Canal de Isabel II is
the protagonist of the territory where it is located because its “layer” overshadows other
man-made or natural elements present along its path; it can therefore be considered the
cultural landscape of engineering.

With this idea in mind, three types of cultural landscapes of engineering can be
distinguished: one or more elements in an urban location; a singular isolated work or one
in a rural environment; and a set of interrelated elements with common characteristics,
located across a large geographical area. Given that it is a work comprising a set of singular
elements, Canal de Isabel II falls under the third category and should therefore be protected
and managed on a territorial scale, integrating the whole environment [63].

Similarly, in recent times, there has been an increase in a new way of integrating
into the landscape and perceiving it from within, as a part of it. One example of this is
the spread of new viewpoints or observation sites appearing across the landscape, which
demonstrates the need to relate to places [64]. A work of engineering can therefore be a
special place for looking out over the landscape. There are notable examples of this reality
in geographical routes established in recent years, associated with linear public works:
within Spain, the Caminito del Rey [65], the Canal de Castilla [66] or the numerous green
routes [67,68].

Indeed, tourism is an attractive option for the valuation of these heritage sites with
such a historic background. We believe that aqueducts and visitable civil works should
be considered places with the potential for receiving visitors interested in the history of
engineering techniques or old structures. As pointed out by Medina Lasansky: “Every-
thing, from historical monuments to exotic holiday destinations has been redesigned and
packaged up for tourist consumption.” “As a result we now have a new conceptualisation
of the history of specific buildings, spaces and places” [69].

Regarding the tourist use—but not exclusively linked to it—it is worth referring to
the assumption that the space crossed by the canal is a cultural landscape of engineering.
Just as Aldo Rossi said that architecture is a place, an event and a symbol all at the same
time [70] (p. 7), we can apply the idea to large engineering works and attribute to the
entire system the idea of a single place, as well as that of the technical symbol of a specific
moment in time and, therefore, an event.

To conclude, it is essential to ensure the cultural preservation of public works. It
should be remembered that, despite its monumental features, in the mid-20th century—
and after the first declarations of historical and artistic monuments in Spain, dating from
1844, after the protection of the Segovia Aqueduct in 1884 and the Tarragona Aqueduct
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in 1905, and after Riegl published The Modern Cult of Monuments in 1903—in around
1915, the 16th-century Los Pilares aqueduct in Oviedo, with 41 arches and 3190 m in length,
was partially pulled down to widen the bay of tracks for the railway station. Only five
lonely arches remain in an uneventful area of the town. This, and other cases—such as
the Eiffel bridge over the Tagus, recognised at the time as one of its 10 best bridges [71],
yet demolished in 1932—must alert us to the risk posed to public works, which is always
difficult to protect from an administrative point of view once they fall into disuse.

The greatest enemy of public works is ignorance of their existence, in conjunction with
open-air deterioration due to natural causes: sun, frost, wind, rain and biological activ-
ity [72,73]. Registration, conservation and rehabilitation are necessary for the preservation
of these works, but their recognition as heritage must be based on the significance of public
works as a cultural value. The conservation of heritage must be supported by a system of
protection that allows for renovation. As we have seen, one of the greatest threats to public
works is obsolescence. For this reason, the best approach is one that deals not only with
the conservation and repair of works but also—fundamentally—with their adaptation and
rehabilitation for new uses.

In the case of historic supply systems, it is essential to understand these works as a
whole, not just as individual components but rather as pieces of a network. This is also
essential for the management and preservation of the canal, both where the structures are
still in use as part of the water supply and where they have been converted for other uses.

5. Conclusions

In this work, the case of the Canal de Isabel II water supply to Madrid was used
to analyse how these public works, which maintain their original purpose, have also
taken on new uses through the conversion of some of their parts, added new values to
the existing ones and positioned the infrastructure as a landmark. The main features
of the original project are described in the Section 2, including the administrative and
technical contexts, or the main constructions (dams, tunnels, aqueducts, siphons, etc.), and
the importance of considering the water supply as a whole unit and not as a group of
isolated elements is highlighted. Moreover, the relevance of aqueducts in the history of
water supply projects from Roman times to the 20th century in Spain and the tradition
of aqueduct construction in western Mediterranean countries or in Spanish America is
underlined to understand the cultural relevance linked to this kind of public work in its
geographical context. Additionally, the evolution of the water management model from
the origin of the CYII to today is described.

The results establish the significance of the overall system, not only in functional terms
but also as a cultural resource. Thus, several heritage values are stated: historic, techno-
logical, social or identity reference, singularity, aesthetic, landscape and environmental.
These characteristics make the canal a relevant item in terms of historic, cultural and social
significance, especially given the almost total absence of the heritage of the modern water
industry in the UNESCO World Heritage List.

Another key point of the research is the knowledge of the new uses given to some
elements of the water supply scheme. Thus, some of the components currently out of
service, such as the Pontón de la Oliva dam or some old tanks, hold new uses linked to
the cultural sector; however, Canal de Isabel II still manages them through its Foundation.
This administrative solution, which is uncommon, allows the canal to continue its history
as a singular and vast individual element regarding its unit.

Overall, the main finding of the research is the relevance of the whole water supply
system. This fact is decisive not only in the use and management of the infrastructure, in
which each element is part of the system, but also in the enhancement of its heritage value
and in its eventual transformation. Its consideration should not be limited to the individual
element but extend to the overall network. It is essential to maintain the potential of the
whole in its use, management, reconversion and heritage value.
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As future lines of research, we would like to point out two lines of interest. On the
one hand, the study methodology and valuation proposal can be applied to other public
works that also have an important territorial extension and historical value and use, for
example, roads, railways or ports. In addition to their linear development in the territory
or along the coast, they also have similarities to water supply systems in their important
territorial identity and to the historical evolution of the cities. Finally, the analysis of tourist
opportunities as social and cultural activators is a line with great potential. Again, it will
be essential to maintain the overall character of public works in their heritage appreciation.
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Abstract: Confucianism, recognized as the belief system of Chinese, is one of the most important
intangible cultural heritages of China. The main ideas of its founder, Confucius, are written in The
Analects of Confucius. However, its scattered chapters and the obscurity of ancient Chinese have
prevented many people from understanding it. In order to overcome this difficulty, it needs some
modern ways to reveal the vague connotation of Confucianism. This paper aims to describe how to
construct the Lunyu ontology in which all concepts are abstract within the core scope, i.e., morality of
Confucianism. The key task of this project lies in identifying essential characteristics, a notion that is
compliant with the ISO principles on Terminology (ISO 1087 and 704), according to which a concept is
defined as a combination of essential characteristics. This paper proposed an approach in the practice
of identifying essential characteristics of abstract concepts from different meanings of its Chinese
terms in The Analects of Confucius. With this work, Lunyu ontology established a semantic, formal,
and explicit representation system for concepts of Confucianism, and the new proposed approach
provides a useful reference for other researchers.

Keywords: cultural heritage; ontology; Confucianism; The Analects of Confucius; essential characteris-
tics; protégé

1. Introduction

Cultural Heritage is a civilization’s memory of a country or a society, as well as the
wealth shared by people all over the world. It records the thoughts and activities of the an-
cients who lived in a certain area and at a certain time. Cultural heritage is divided into the
tangible cultural heritage and intangible cultural heritage (ICH). According to Convention
for the Safeguarding of the Intangible Cultural Heritage [1] reported by UNSECO, “Intangible
Cultural Heritage means the practices, representations, expressions, knowledge, skills—as
well as the instruments, objects, artifacts and cultural spaces associated therewith—that
communities, groups and, in some cases, individuals recognize as part of their cultural
heritage.” As the most important one among the rich ICH of China, Confucianism has been
transmitted from generation to generation for over 2200 years and has been interpreted by
thinkers in different eras, including thinkers in the present. Literally, the reason to recog-
nize it as the most essential ICH of China is that Confucianism is the cultural foundation
of Chinese society since the Qin dynasty (221 BCE–207 BCE) until the beginning of the
20th century. The main content of Confucian culture is condensed in the book named The
Analects of Confucius (Chinese: Lunyu), which was written during the Spring and Autumn
Period and the Warring States Period (770 BCE–221 BCE). The difficulty of understanding
The Analects of Confucius lies in two aspects. One is that this book is a collection of dialogues;
thus, it is difficult to understand its meaning without context. Second, there are great
differences between ancient Chinese and modern Chinese. Therefore, compared with the
requirement of other cultural heritages, which is to be preserved, Confucianism needs to
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be represented in more modern ways such that people with different cultural backgrounds
can understand it better.

People in different dynasties of China all faced the problems mentioned above more
or less and attempted to solve them. In Chinese history, many scholars annotated The
Analects of Confucius. One of the most famous scholars is Zhu Xi, who lived in the Southern
Song Dynasty, and his contributions will be referenced in this study in later chapters. In
the modern era, the form of research on The Analects of Confucius varies from annotation
to illustration, translation, etc. However, although much effort has been paid, it is still
hard to clearly define Confucianism. Since the challenge to comprehend The Analects of
Confucius derives from the illogicality of the text and the barrier of the ancient Chinese,
this study attempts to reshape its core content—the morality system of Confucianism,
based on ontology to propose an approach to solve this problem. Ontology is a modeling
tool that could be used to describe concepts of information systems on semantic and
knowledge levels [2]. Conversely, the Confucian morality system is embodied in the
concept of some single characters that are independent in form but related in connotation.
From the perspective of requirement and function, the formalization and clarity of ontology
are exactly in line with the purpose of reshaping ideas in The Analects of Confucius. The
outcome of this study, Lunyu ontology, aims to devote contributions to both providing a
new way to learn about Confucianism and expanding the application of this methodology.

The rest of this paper is organized as follows: Section 2 briefly introduces the history
of Confucianism and describes the domain of research, Section 3 puts forwards the objec-
tives, Section 4 reviews the state of the art, Section 5 is dedicated to our contribution to
ontology building methodology relying on a meaning analysis of Chinese terms and the
ISO principles on Terminology, Section 6 presents the Lunyu ontology in Protégé, and the
final section presents the evaluation of the Lunyu ontology.

2. Foundation of Research

2.1. Brief History of Confucianism

Confucianism is one of the most influential philosophies in the history of China, and
it has existed for over 2500 years. It is a belief system rather than a religion, which focuses
on the importance of personal ethics and morality. Confucius, the creator of Confucianism,
is the most famous philosopher and teacher in China history and his thoughts on ethics,
good behavior, and moral character were written down by his disciples in several books,
the most important being The Analects of Confucius [3,4].

After Confucius, Mencius (Chinese: Mengzi), a fourth-century BCE Chinese thinker,
enriched Confucianism by his theory that all human begins share innate goodness that
either can be cultivated through education and self-discipline or squandered through
neglect and negative influences, but never lost altogether [5].

When time came to the Southern Song Dynasty, another famous Confucian Zhu Xi
created the supreme synthesis of Son-Ming Dynasty (960–1628 CE) Neo-Confucianism,
which is known as lixue or daoxue. He redefined the Confucian tradition and brought the
focus of Confucianism back to the moral cultivation of people which is the original focus
of Confucianism by selecting the essential classical Confucian texts including The Analects
of Confucius then compiling them with annotations [6]. This is why we referenced his
contribution.

About 400 years later, Wang Yangming, who studied Zhu Zi seriously in his teenage
years, developed his contribution to Neo-Confucianism. Wang Yangming’s thought broke
through the limitations of lixue by arguing for a different philosophical interpretation and
cultivation of the xin or mind-heart, such that his distinctive philosophy is called xinxue or
the teaching of the mind-heart. Xinxue and lixue are the two most significant movements of
Neo-Confucianism. Until the end of China’s feudal dynasty, Neo-Confucianism dominated
the political field of China [7,8].
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2.2. Description about Data Resource

Obviously, all content of Confucianism is too complex and profound; thus, this study
selected the most core part of it, the morality system, to promote our work. The domain of
this research can be outlined as follow four constraints:

1. All concepts, therefore, all terms, come from The Analects of Confucius.
2. Every concept is related to Confucian morality.
3. Meanings of terms which points to the concepts are referenced from Shisanjing Dictio-

nary [9] and The Analects of Confucius Variorum [10].
4. Meanings of terms irrelevant to Confucian morality are not considered.

The first constraint is based on the fact that Confucian culture experienced a process
of continuous derivation and scholars in different times made different interpretations of
Confucianism. The Analects of Confucius mainly records the dialogues between Confucius
and his disciples, some of the events of his life, and disciple’s comments on Confucius; thus,
it is not a philosophical book that logically introduces the thought system of Confucius.
If any book other than the Analects of Confucian was involved, there may be ambiguity in
the connotation of a specific concept. Even if the scope was limited to such a book, there is
no worry if some important concepts have been missed, because The Analects of Confucius
comparably concentrated embodies the political views, ethical thoughts, moral concepts,
and educational principles of Confucius and Confucian school. The Analects of Confucius
seems to be short in length, but actually, as mentioned above, it covers many aspects of
Confucian Culture.

Confucius advocated telling rather than writing; thus, The Analects of Confucius did not
describe or explain Confucius’s thoughts, and even if they recorded what Confucius said,
they did not record the context and background of the dialogues. Therefore, each chapter
of The Analects of Confucius is only a few sentences long and almost independent from each
other. This is why the second limitation is that concepts should be related to morality.

In particular, ancient Chinese is dominated by monosyllabic words, that is, a word
represents an independent and complete meaning; thus, all concepts in our ontology appear
in the form of a single word in The Analects of Confucius. These particularities of this book
caused another problem for this study, that is, it is impossible to find the characteristics of
these concepts in the original text. It led to the third condition that Shisanjing Dictionary
and The Analects of Confucius Variorum provide meanings of terms. Actually, the entries in
the Shisanjing Dictionary already contain almost all the meaningful words (i.e., characters)
in The Analects of Confucius and list all their explanations that occurred in this book. While
some of them are still not detailed or comprehensive enough and were replenished by
Zhu Xi’s annotation in The Analects of Confucius Variorum. Of course, meaning items of
terms referring to moral concepts have been eliminated if they are not within the scope of
Confucian morality, as the fourth constraint says.

To sum up, we obtained all terms from The Analects of Confucius with the guide of
experts. In order to ensure the accuracy of the comprehension of Confucianism, we acquired
the meanings of each term from the Shisanjing Dictionary, a dictionary specially compiled
for 13 Confucian classics, and Zhu Xi’s The Analects of Confucius Variorum of The Southern
Song Dynasty (960–1279) as a complement.

3. Objective

The goal of this study includes (1) to build a knowledge representation of Confucian-
ism at the aspect of morality and ethic in the form of an open ontology in a W3C standard
and (2) to build a bilingual (Chinese-English) terminological e-dictionary for users who
want to know the thoughts of Confucianism. This article aims to present the first goal that
aims to build a knowledge base based on ontology for the second goal. It is an attempt to
express Chinese philosophical ideas in a new way from traditional ones where Chinese
philosophy tends to use vague and suggestive language when expressing ideas. With the
building of Lunyu ontology, thoughts of Confucianism will be represented in a formal
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and explicit form. Moreover, we hope to accumulate some experience in the process of
constructing the ontology to contribute to the methodology.

Competency questions are used to specify the requirements of the ontology [11]. A
question such as “What are the Chinese terms of concept and their equivalents in English?”
raises the problem of modeling the linguistic dimension of the terminology. Questions such
as “What are the concepts that express character?” stress the hierarchy of classes. While
“What are the definitions of the “filiality” in English and Chinese?” particularly affects
ontology modeling because it directly relates to the focus of the ontology. Answering these
questions requires an explicit representation of essential characteristics.

Table 1 presents some of the competency questions taken into account for the imple-
mentation of the Lunyu ontology. The table specifies the classes and relations required to
answer these queries.

Table 1. The three competency questions.

CQ Competency Questions Class Relation

1 What are the Chinese terms of concept
and their equivalents in English? Concept Rdfs:subClassOf,

skos:prefLabel

2 What are the concepts that express
character? Concept, Character Rdfs:subClassOf

3 What are the definitions of the
“filiality” in English and Chinese? Concept, Filiality Rdfs:subClassOf,

skos:definition

4. State of the Art

This chapter will present some current work about ontology and its application in
cultural heritage. A general introduction of ontology and ontology building methodologies
is to be made initially. Then we are going to take some examples to show how ontology is
applied in cultural heritage conservation. In the last part, standards and models available
will be introduced.

Ontology originated in philosophy and extended to other fields with the rapid de-
velopment of computer science. After Nech et al. proposed the definition of ontology in
artificial intelligence [12], its definition was expanded and refined to the point where it
is now the most common definition which is “an ontology is a formal, explicit specifica-
tion of a shared conceptualization” including four layers of meaning: conceptual model,
explicit specification, formal, and shared [13,14]. Ontology construction is a systematic
engineering, but there is no absolutely correct methodology for developing ontologies.
The characteristic of domain knowledge is also a key factor to be considered during on-
tology design. Nonetheless, ontology construction still follows certain basic steps. There
are various methods to develop a domain ontology, including Skeletal Methodology [15],
IDEF5 [16], TOVE [17], SENSUS [18], and so on. The Ontology Development 101 [19]
method developed by Stanford University School of Medicine is the most mature and
widely used ontology development method at present.

Ontology has a wide range of application scenarios in the domain of cultural heritage
and could be used in different stages in cultural heritage protection. Ontology for capturing
and processing 3D cultural heritage objects could enhance the operability of 3D scanning
and the control of data quality [20]. Mohammed Maree et al. proposed Holy-Land ontology,
which attempts to encode knowledge about Palestine’s cultural heritage, aiming to provide
multi-language semantic retrieval support for their cultural heritage system [21]. Compared
to tangible cultural heritage, ICH is abstract and requires more detailed consideration in
ontology design. Correspondingly, an appropriate ontology model can be of great benefit
in representing abstract transactions. Ontology of Terengganu Brassware Craft completely
records the knowledge about this craft and the process of constructing it presenting the
experience in developing a domain ontology for ICH [22]. Similarly, ontology-based knowl-
edge and understanding obtained from experts and knowledgeable members improved the
inheritance of culture [23]. By building ontologies beforehand, entities and relationships
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could be extracted from the structured or unstructured text about ICH [24,25]. In some
cases, existing ontologies can be reused to organize and classify new cultural heritage data
collection. The degree of reuse depends on what class and properties those ontologies have.
As for an example of representing an idea system with ontology, we have not yet found
one, although there are not many studies that introduce ontology into ICH.

The digitization of the ICH is much more complicated than the general cultural
heritage; thus, it requires the extension of the standard ontology for digitization of cultural
heritage [26]. For this reason, it would be helpful to reference some public resources when
developing a specific domain ontology of ICH. The W3C standard OWL (Web Ontology
Language) [27] can be used to explicitly represent the meaning of terms in vocabularies and
the relationships between those terms with good machine interpretability. SKOS (Simple
Knowledge Organization System) [28] is a data model for sharing and linking knowledge
organization systems on the Web. It captures the similarity of many knowledge organization
systems and makes it explicit; thus, it is widely used in knowledge organization. DC
(Dublin Core) [29] is a metadata schema (Schemas are machine-processable specifications
that define the structure and syntax of metadata specifications in a formal schema language.)
based on 15 essential properties to describe online and physical resources and it is also
cited in this study. OTContainer proposed a term-guided method for ontology construction,
which is applied in TAO CI ontology [30]. We will adopt this method in our research. There
are also specific standards for cultural heritage. The CIDOC CRM [31] ontology is an official
standard whose ISO standard can be found at ISO 21127: 2014. It provides the basic classes
and relations devised for the cultural heritage. EDM [32] defined formal specification of
the classes and properties that could be used in Europeana which develops expertise, tools,
and policies to empower the cultural heritage sector in its digital transformation, whereas
both are not suitable for our ontology modeling because we need to build a “granular”
ontology to represent concepts of The Analects of Confucius, which means that we extract
knowledge at a much deeper and more detailed level and build the ontology from it. The
knowledge is specific and has the particularity of the field. Nevertheless, classes CIDOC
and EDM defined are too general and common to be transplanted to our ontology.

5. The Methodology of Lunyu Ontology

Ontology building follows a lifecycle of several stages [33]. Some of them have to be
specialized, others have to be newly introduced to take into account the specificities of
the domain. The theory of concept underpinning the ontology can also strongly impact
the methodology of engineering it. Following the ISO principles on Terminology where
“a term is a verbal designation of a concept” and “a concept is a unique combination of
(essential) characteristics” (An “essential characteristic” is a characteristic (abstraction of
a property) of a concept and is indispensable to understanding that concept (ISO 1087).
Essential characteristics correspond to rigid predicates in DL [34] and to rigid properties
in the OntoClean method [35]. Unlike essential characteristics, which define the concept,
“descriptive characteristics” own values which describe the current state of an object, e.g.,
weight, color, etc.) (ISO 1087, ISO 704), we adopt a “term-and-characteristic” guided
method derived from previous work [36–38]. Identifying essential characteristics becomes
the first goal to achieve.

The problem of identifying essential characteristics is a new and central phase of our
methodology. For concrete concepts, this phase is aimed at identifying differences between
objects (chair with leg versus chair without a leg). For abstract concepts, this phase is
aimed at identifying differences between meanings of concepts because the concepts do
not have a physical entity corresponding to it, e.g., the meaning of the term “礼” (ritual) is
a hierarchical system that regulates the external behavior. Thus, the essential characteristics
were {/system/, /hierarchical/, /external/, /behavior/}.

The term-and-characteristic guided methodology includes seven steps, each aiming
at different tasks. Step 1: identify the scope of the domain and the objectives; Step 2:
identify terms and objects; Step 3: identify essential characteristics; Step 4: define concepts;
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Step 5: build ontology using one of the available tools; Step 6: integration of other resources;
Step 7: evaluation.

This chapter is dedicated to step 3 (identifying essential characteristics) and step 4
(combining essential characteristics into concepts). The first step has been presented in
the previous chapter 3. There is no phase of identification of terms and objects, since the
experts know the terms to be defined. The Lunyu ontology engineering in the OWL phase
as well as the evaluation phase will be presented in dedicated chapters.

5.1. Identifying Essential Characteristics of Abstract Concepts

Identifying differences between meanings is a useful means toward identifying essen-
tial characteristics. Because this paper focuses on the concepts related to personal morality
in The Analects of Confucius, the differences can be an object that is described by a concept
(e.g., for oneself, for others), object’s identity (parents, brother, friends, monarch), concept’s
type (character, ability, need, attitude, system, and morality). Thus, the presence or the
absence of differences can be interpreted as essential characteristics. For example, the
meaning of concepts could be divided into analysis axis: person, resource, identity, binding,
range, action, hierarchy, performance and type (Figure 1).

Figure 1. The analysis axis.

From the concept type point of view, the concepts could be divided into concept for
attitude, concept for character, concept for ability, concept for need, concept for system, and
concept for morality corresponding to the essential characteristic/character/, /ability/,
/need/, /attitude/, /system/, and /morality/ (Figure 2). These essential characteristics
are exclusive to each other.

Figure 2. The essential characteristics of type analysis axis.

5.2. Defining Concepts Based on Essential Characteristics’ Combination

From the terminology point of view, a concept is defined as a unique combination of es-
sential characteristics (ISO 1087). However, not any combination of essential characteristics
defines a meaningful concept from the expert’s point of view. For the expert, concepts of
interest are those that are named in a natural language. Hence, a concept is a set of essential
characteristics stable enough to be named in a given language (even if some concepts, with-
out any designation in natural language, can be introduced for organizational purposes of
the conceptual system). Terms can be then considered as guidelines for identifying domain
concepts to be defined from the expert point of view. For example, the term “信”, “trust”
in English, denotes the set of essential characteristics {/morality/, /realize/, /promise/,
/others/, /honesty/}. Based on this formal definition, the definition in natural language is
then: “Morality that realizes promise to others and expressed as honest”.
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6. The Lunyu Ontology

The specific implementation method of the “term-and-characteristics” guided method
in Protégé was presented in the literary [37,38]. For example, concepts are defined as
named classes in Protégé. Terms are represented as labels (skos:prefLabel, skos:altLabel,
skos:definition). Relations, such as “hasRange”. “hasObject” are represented as object
properties. Implementing essential characteristics is a slightly more complex process. Since
essential characteristics correspond to rigid predicates, they cannot be directly expressed
into description logic. Reference [39] introduced different ways to implement essential
characteristics in Protégé. The first way is to implement essential characteristics as classes.
For example, the essential characteristics corresponding to the action of concepts are
subclasses of the Action class. Owning an essential characteristic for a concept (class) is
represented as a restriction of an object property whose range is the class associated with
the essential characteristic. For example, owing the essential characteristic/control/will be
translated into the restriction of the “has action” object property: “has action” some Control.

However, the essential characteristics of type are special in our ontology. They were
defined as the subclasses of the Concept class. In other words, the essential characteristics
of types were translated as classes, which is an “is-a” relationship between owning essential
characteristics for a concept (class) and essential characteristics of types (classes).

6.1. Class

The Lunyu ontology includes 100 classes, 8 object properties, 204 logical axioms.
Although The Analects of Confucius includes different concepts, this paper focused on the
concepts related to morality.

Let us consider the concept denoted by the term “礼” (ritual), denotes the set of
essential characteristics: {/external/,/hierarchy/,/normalize/,/behavior system/}, which
was defined in OWL as following (Figure 3):

 

Figure 3. The “Ritual” as a class.
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Li ≡ BehaviorSystem � ∃hasAction. Normalize � ∃hasRange. External � ∃hasHierarchy.
Hierarchy.

6.2. Properties

There were eight object properties, which included hasResource, identityIs, has Action,
hasBinding, hasHierarchy, hasPerformance, hasRange, isRelatedTo (Table 2). There are no
data properties because the concept is an abstract concept, whose attributes are defined as
the essential characteristics. Thus, we did not need data properties to describe the concept
in Lunyu ontology.

Table 2. The object properties.

Object Properties Domain Range

hasResource Concept Resource
identityIs Concept Identity
hasAction Concept Action
hasBinding Concept Binding
hasHierarchy Concept Rank
hasPerformance Concept Performance
hasRange Concept Range
isRelatedTo Concept Person

6.3. Annotation

In Lunyu ontology, we reuse the RDFS, DC, OTContainer, and SKOS vocabular-
ies to express metadata information. For example, dc:publisher, dc:license, dc:creator,
skos:prefLabel, skos:altLabel, skos:definition, rdfs:comment. OTContainer:conceptName.

7. Evaluation

Evaluation is the last stage of building ontology, whose goal is “to assess the quality
and correctness of the obtained ontology” [40]. In this paper, we used the OOPS! [41],
OntoMetrics [42] and queried the ontology against the Competency Questions defined in
chapter 3.

When we submitted Lunyu ontology to OOPS!, it only detected minor pitfalls (e.g.,
P08 “Missing annotations”, P13 “Inverse relationship not explicitly declared”, P36 “URI
contains file extension”). The minor pitfalls are not a problem.

When we submitted Lunyu ontology to OntoMetrics, Table 3 shows the result of
schema metrics and knowledge base metrics about ontology clarity and conciseness.

Table 3. The Lunyu ontology advanced metrics.

Metric Value

Attribute richness 0.0
Inheritance richness 1.84
Relationship richness 0.05641
Class/relation ratio 0.512821
Average population 0
Class richness 0

Most of the scores are low, that is due to:

1. The implementation of essential characteristics in Description Logics. In our work, the
essential characteristics were translated as the classes without any attributes (attribute
richness). Thus, the value of the attribute richness is a “0”.

2. The goal of Lunyu ontology is the classification and definition of concepts; they did
not represent the relationships between concepts in The Analects of Confucius and
concepts defined in other literature (relationship richness, class/relation ration).
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3. The Lunyu ontology is about the abstraction concept, which does not correspond to
the physical entity in the real world. Thus, we could not define any individuals in
Lunyu ontology (average population, class richness). Depending on the calculation
formula of the average population and class richness in OntoMetrics, the values of
the average population and class richness are “0”.

Evaluation of criteria strongly depends on the aims of the ontology and the choices
made to regard to its implementation: “a good ontology does not perform equally well
with regards to all criteria” [43].

We should note that, about our objectives of classification and terminology, the Lunyu
ontology well covers the domain concept (classification), and each concept is clearly defined
as a unique combination of essential characteristics (terminology). It should provide the
domain knowledge to a bilingual terminology e-dictionary (http://dh.ketrc.com/lunyu/
index.html, accessed on 25 November 2021). Thus, the low values of OntoMetrics do not
affect the construction of a bilingual terminology e-dictionary.

The last validation concerns the answers to the Competency Questions. All of them
are satisfied. The three competency questions were translated into SPARQL as following.
Figure 4 is the returned results.

Figure 4. The result of Sparql.

1. What are the Chinese terms of concept and their equivalents in English?

PREFIX xsd: <http://www.w3.org/2001/XMLSchema#>
PREFIX skos: <http://www.w3.org/2004/02/skos/core#>
PREFIX owl: <http://www.w3.org/2002/07/owl#>
PREFIX rdf: <http://www.w3.org/1999/02/22-rdf-syntaxns#>
PREFIX rdfs: <http://www.w3.org/2000/01/rdf-schema#>
PREFIX otc:<http://www.dh.ketrc.com/otcontainer/data/otc.owl#>
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PREFIX lunyu:<http://www.dh.ketrc.com/ChineseCulture/data/lunyu.owl#>
PREFIX skos:<http://www.w3.org/2004/02/skos/skos#>
SELECT ?name_en ?name_zh
WHERE {

?x rdfs:subClassOf* skos:Concept.
?x skos:prefLabel ?name_en.
?x skos:prefLabel ?name_zh.

FILTER(Lang(?name_en) = ‘en’)
FILTER(Lang(?name_zh) = ‘zh’)

2. What are the concepts that express character?

PREFIX rdfs: <http://www.w3.org/2000/01/rdf-schema#>
PREFIX otc:<http://www.dh.ketrc.com/otcontainer/data/otc.owl#>
PREFIX lunyu:<http://www.dh.ketrc.com/ChineseCulture/data/lunyu.owl#>
PREFIX skos:<http://www.w3.org/2004/02/skos/skos#>
SELECT DISTINCT ?Name
WHERE {

?x rdfs:subClassOf lunyu:Character.
?x skos:prefLabel ?Name
}

ORDER BY ?Name

3. What are the definitions of the “filiality” in English and Chinese?

PREFIX xsd: <http://www.w3.org/2001/XMLSchema#>
PREFIX skos: <http://www.w3.org/2004/02/skos/core#>
PREFIX owl: <http://www.w3.org/2002/07/owl#>
PREFIX rdf: <http://www.w3.org/1999/02/22-rdf-syntaxns#>
PREFIX rdfs: <http://www.w3.org/2000/01/rdf-schema#>
PREFIX otc:<http://www.dh.ketrc.com/otcontainer/data/otc.owl#>
PREFIX lunyu:<http://www.dh.ketrc.com/ChineseCulture/data/lunyu.owl#>
PREFIX skos:<http://www.w3.org/2004/02/skos/skos#>
SELECT DISTINCT ?definition_en ?definition_zh
WHERE {

?x skos:prefLabel “trust”@en.
?x skos:definition ?definition_zh.
?x skos:definition ?definition_en.

FILTER(Lang(?definition_zh)=‘zh’)
FILTER(Lang(?definition_en)=‘en’)

In our research, concepts referring to morality in The Analects of Confucius are translated
into a clearly-defined format, and then a bilingual terminology e-dictionary is developed.
This work will provide practical value on at least two levels. For anyone who wants to
learn the thought in The Analects of Confucius, they can avoid the difficulties caused by the
chaotic organization of the text and easily gain access to the connotation of each concept
and the potential relationship between them. Especially for those who are not familiar with
ancient and Confucianism, a clear definition with modern expression can help them quickly
understand the concept. Conversely, the bilingual terminology e-dictionary could support
cross-language retrieval such that even people who do not speak Chinese can accurately
acquire knowledge about Confucianism. With all the work we have performed, we hope
the Lunyu ontology, with the e-dictionary based on it, will be helpful to anyone interested
in Confucianism.

8. Conclusions

Our publication proposed Lunyu ontology to formally represent concepts concerning
morality in The Analects of Confucius. In this research, we explored how to develop a class hi-

180



Appl. Sci. 2022, 12, 287

erarchy from discrete and abstract ideas. We also adopted a term-and-characteristic guided
methodology derived from taking into account the ISO principles on Terminology, whereby
“a term is a verbal designation of a concept” and “a concept is a unique combination of
(essential) characteristics”.

The problem of identifying essential characteristics is a new and central phase of our
methodology. Usually, the essential characteristics of the concrete concept are extracted
from differences between objects, but for abstract concept, they come from the differences
between meanings in this study. This method may provide reference for developing
ontology based on abstract concepts.

Lunyu ontology was published at: http://www.dh.ketrc.com/ChineseCulture/data/
lunyu.owl, accessed on 25 November 2021.

In our future work, we would like to enrich our work in two aspects: (i) expand
the scope of concepts to other topics, such as politics, learning and life; (ii) develop a
multilingual e-dictionary for our ontology. At present, we limited the range of concepts
to the ethics topic, which reflects only a single slice of Confucianism. It will make our
ontology more valuable to enrich the content of it. The multilingual e-dictionary will
provide a user-friendly entry point to access our outcome. Another issue that deserves to
be researched is that is there a common method or process or workflow to identify essential
characteristics of abstract concepts. It will be a methodological discussion.
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43. Vrandečić, D. Ontology Evaluation. In Handbook on Ontologies; Staab, S., Studer, R., Eds.; Springer: Berlin/Heidelberg, Germany,
2009; pp. 293–313.

182



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Applied Sciences Editorial Office
E-mail: applsci@mdpi.com

www.mdpi.com/journal/applsci





ISBN 978-3-0365-6819-5 

MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34

www.mdpi.com


	A9R1qeiq28_qr50jr_cj0.pdf
	[Applied Sciences] Interdisciplinary Researches for Cultural Heritage Conservation.pdf
	A9R1qeiq28_qr50jr_cj0

