International Biodeterioration & Biodegradation 163 (2021) 105276

ELSEVIER

Contents lists available at ScienceDirect

International Biodeterioration & Biodegradation

journal homepage: www.elsevier.com/locate/ibiod
Effectiveness and durability of chemical- and laser-based cleanings of i

lichen mosaics on schists at archaeological sites

J.S. Pozo-Antonio ™, P. Barreiro ", G. Paz-Bermtdez, P. Gonzélez", A.B. Fernandes

@ CINTECX, grupo GEESMin, Dpto, Enxenaria dos Recursos Naturais e Medio Ambiente, Escola de Enxenaria de Minas e Enerxia, Universidade de Vigo, 36310, Vigo,

Spain

b CINTECX, Grupo de Novos Materiais, Departamento de Fisica Aplicada, Universidade de Vigo, 36310, Vigo, Spain
¢ Dpto, Enxenaria dos Recursos Naturais e Medio Ambiente, Escola de Enxenaria Forestal, Universidade de Vigo, 36005, Pontevedra, Spain

d Dire¢ao-Geral do Patriménio Cultural, Palacio Nacional da Ajuda, 1349-021, Lisboa, Portugal

ARTICLE INFO ABSTRACT

Keywords:

Rock art

Archaeology

Schist

Lichen

Biocide

Laser

Raman spectroscopy
Cleaning effectiveness

Lichen mosaics on different-textured schists located in the Coa Valley (Portugal) and Siega Verde (Spain)
archaeological sites were cleaned using different chemicals, namely ethanol (50% v/v in distilled water), ben-
zalkonium chloride (3% v/v) or Biotin T® (3% v/v), and different Nd:YAG laser wavelengths (1064 nm or 266
nm). The surfaces were evaluated 24 h and 4 years after cleaning to determine its durability using colour
spectrophotometry and Raman spectroscopy. Unlike lasers, chemicals achieved overall satisfactory results.
Cleaning effectiveness, harmfulness and durability of chemicals were highly influenced by the orientation of the
schistosity planes of the stone; in Siega Verde samples, the schistosity planes parallel to the surface contributed to
a low impact of the methods on the surface colour and absence of lichen recolonization. Cleaning carried out

upon the devitalization of lichens with benzalkonium chloride and Biotin T were maintained longer in both sites.

1. Introduction

Biological growth (i.e. algae, fungi, lichens, bacteria and cyanobac-
teria) covering rock engravings in archaeological sites can compromise
the artistic and historic value of these cultural heritages, contributing to
physical and chemical decay (Silva et al., 2009; Gaylarde et al., 2012).
Therefore, in order to preserve the appearance of the engravings,
cleaning must be performed. Traditionally, the cleaning methods can be
classified as those using chemical products, mechanical procedures and
laser ablation (Doehne and Price, 2010). Biocides, mainly quaternary
ammonium-based products, are the most-used chemical products to
devitalize biological growths before their removal from archaeological
surfaces (Saiz-Jimenez et al., 2012; Pozo et al., 2013; Favero-Longo
et al., 2017; Sanmartin et al., 2019). Biocidal devitalization of micro-
organisms makes indeed easier to remove using brushes and lancets
(Speranza et al., 2012). Regarding mechanical cleaning, scalpel and
projection of a mixture of air, water and a micro-grained abrasive agent
at low-pressure in order to safeguard the surface are among the most
used methods (Caneva et al., 2009; Pozo et al., 2013). Laser cleaning is
currently being fine-tuned to adequately clean cultural heritage stones
(Pozo-Antonio et al., 2016a). The advantages of this technology lie in its
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selectivity and graduality, and the fact that it does not come into contact
with the surface to be cleaned and is environmentally friendly (Fotakis
et al., 2006).

Considering the deontological code for conservation of cultural
heritage, cleaning should not change the physical and chemical char-
acteristics of the treated materials (Venice Charter, 1964). Therefore,
by-effects such as chemical contamination from cleaning agents, grain
extraction by mechanical procedures and melting of forming minerals
by laser are not admissible. Cleaning of outcrops with archaeological
value has to achieve the most significant removal of lichens while
simultaneously avoiding the by-effects on the engravings (Pozo-Antonio
et al., 2016a).

For cleaning of biological colonization on stones belonging to cul-
tural heritage, removal effectiveness depends mainly on the complexity
of the patina or crust; this biological growth can range from weak bio-
films composed of green algae and/or cyanobacteria, to lichens, which
do not only colonize stone surfaces causing epilithic impacts, but also
the deeper parts of the stone materials establishing interactions with the
rock forming-minerals, causing endolithic damage through physical and
chemical alterations (Ascaso et al., 1998; Gaylarde et al., 2012).

In order to remove weak biofilms composed of green algae and
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cyanobacteria, satisfactory cleaning was achieved regardless of the
method applied (Lopez et al., 2010; Pozo et al., 2013; Barreiro et al.,
2019, 2020). Pozo et al. (2013) cleaned granite covered by filamentous
green algae and cyanobacteria with an abrasive cleaning method,
chemical products in aqueous media (using acids, bleach, benzalkonium
chloride, ethanol and others) combined with vigorous brushing and a
laser (Nd:YVO4 at 355 nm). The best cleaning methods were the
acid-based products and laser. In both cases, biological remains were not
found on the surfaces. Satisfactory results were also achieved when
different laser systems working at different wavelengths (Nd: YAG at
1064 nm, 532 nm and 355 nm and Er:YAG at 2940 nm) and different
pulse durations (ns and fs) were applied to extract similar biological
colonizations from silicate stones, such as granite and schist (Rivas et al.,
2013; Barreiro et al., 2019, 2020).

However, the results are not as encouraging when removing lichens.
Although damage to the lichens (e.g. loss of the upper cortex and severe
effects on the algal layer) was detected, their complete removal was not
achieved (Speranza et al., 2013; Osticioli et al., 2014; Sanz et al., 2015,
2017, Rivas et al., 2018; Pozo-Antonio et al., 2016b, 2019).

In addition to cleaning approaches developed in laboratories, it is
important to know how the cleaning procedures work in situ. Some
studies that focus on cleaning effectiveness, mainly for carbonate stones,
have been carried out in situ and different authors recommended the use
of re-treatments in order to avoid biological proliferation (Nugari and
Salvadori, 2003; Tretiach et al., 2007; Cuzman et al., 2008; de los Rios
etal., 2012). It is therefore important to understand the durability of the
different cleaning techniques, however, the problem with these studies
is the duration of the research, as the studies must be continued over
many years, which is sometimes difficult to achieve due to administra-
tive implications. As a case study, Nascimbene et al. (2009) found that
12 years (1996-2008) after cleaning the calcareous statue Musa del
Parnaso located in the garden of Villa Manin (Passariano, NE Italy,
Friuli-Venezia Giulia), the surface was recolonized by lichen commu-
nities different from those covering the statue before restoration. While
cleaning a biofilm composed of algae and cyanobacteria on a granitic
wall, Pozo-Antonio et al. (2017) found the biocides tested presented
different cleaning durability levels and surfaces that initially showed
satisfactory results, quickly began to be colonized. Therefore, from a
practical point of view, the cleaning durability should be taken into
account in the selection of suitable procedures.

The Coa Valley (Tréds-os-Montes and Alto Douro, Portugal) and the
Siega Verde (Serranillo - Villar de la Yegua, Salamanca, Spain) archae-
ological parks, included in the UNESCO World Heritage List, show
relevant petroglyphs from the Upper Paleolithic (22,000-10,000 BC).
The panels in both locations show figures of animals and anthropo-
morphic forms (e.g. extinct aurochs, goats, deer and mythological
hybrid creatures) engraved in schist outcrops (Fernandes et al., 2017).
The environment is humid due to the presence of the Agueda River in
Siega Verde and the Coa River in the Coa Valley, and subsequently, the
biological colonization of the stones is favoured. Cleaning attempts were
performed in the 1990s (Fernandes, 2007) with water-based soft
scrubbing at both sites. Moreover, an unidentified chemical product was
applied in Siega Verde, but no analysis of the benefits and/or harms of
such actions has been carried out. The biological growth on these sur-
faces and their historical and artistic interests require research on more
effective and more durable cleaning procedures.

Present research was focused on: i) the effectiveness of cleaning with
ethanol at 50% (v/v), two biocides (Benzalkonium chloride and Biotin
T) and two Nd:YAG wavelengths (1064 nm and 266 nm) applied to
devitalize lichens prior to their removal from schist outcrops at the Coa
Valley and at Siega Verde archaeological areas and ii) the durability of
the cleaning after 4 years. Cleaning actions were performed on typical
saxicolous lichen mosaics growing on the schists at these two archaeo-
logical sites. Chemical cleaning was performed in situ. For laser cleaning,
stones slabs colonized by lichens were collected at each site and after
being irradiated with the different wavelengths in a laboratory setting,
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they were returned to their original locations. The influence of the
different rock textures in the two sites, related to the schistosity orien-
tation, on the cleaning effectiveness and the corresponding durability
was also evaluated. Moreover, for comparative purposes, cleaning with
distilled water was also performed in situ as a control sample. The
cleaning effectiveness was evaluated in terms of lichen removal and by-
effects caused to the schists.

2. Materials and methods
2.1. Sites and cleaning procedures

In 2014, in order to perform in situ cleanings, a vertical oriented
surface composed of quartz-mica schists was selected at each archaeo-
logical site (Coa valley and Siega Verde sites) to evaluate different
chemical cleaning procedures (SM-Fig. 1). In Siega Verde, the cleaning
area faced the SW, and in the Coa Valley the selected wall faced SE-S.
Macroscopically, depending on the site, the schist showed differences
in terms of colour and texture. At Siega Verde, the colour of the stone
was greenish-blue, while at Coa, a more brownish tone was present.
Moreover, at Siega Verde, schistosity planes were parallel to the surface
(SM, Fig. 2); at Coa, they were sub-perpendicular to the surface (SM,
Fig. 3). Mineralogically both stone surfaces showed similar composition:
Coa schist is composed of quartz (53%), biotite (7%), muscovite-sericite
(22%) and chlorite (17%) and Siega Verde schist is composed of quartz
(60%), biotite (10%), muscovite-sericite (21%) and chlorite (8%)
(Sanmartin et al., 2019).

Regarding the chemical cleanings, the following products were
selected:

e Ethanol at 50% (v/v in distilled water).

e Benzalkonium chloride at 3% (v/v in distilled water) supplied by
CTS Srl (Italy). Benzalkonium chloride is an organic salt classified as
a quaternary ammonium compound (Pereira and Tagkopoulos,
2019). The quaternary ammonium group is approved for conserva-
tion of cultural heritage monuments by the European Biocide
Directive (EC 2032/2003).

Biotin T® at 3% (v/v in distilled water) supplied by CTS Srl (Italy),
which is a water-soluble n-octyl-isothiazolone-based product and a
quaternary ammonium salt (a cationic surfactant) following its
technical sheet. Therefore, Biotin T® exhibits a broad-spectrum ac-
tivity against phototrophs and is often used to clean facades of
buildings (Gladis et al., 2010; Sanmartin et al., 2011a). It interacts
with thiol-groups of amino acids, degrading proteins that play an
important role in protecting the cells of organisms (Collier et al.,
1990).

At each site, each product was applied by brush in one area of 14 x
10 cm (SM-Figs. 1-3). The in situ cleanings were performed in January
2014. At that time, air temperature was low (ranging between 1 °C to
6 °C) with high humidity due to constant rain and the presence of the
rivers at both sites. Due to these conditions, the thalli were completely
humid with metabolic activity. Therefore, the biocides are effective as
soon as they are applied (Tretiach et al., 2007). After application, each
treated area was covered by a black plastic sheet for 3 h to avoid the
evaporation of the products. Next, surfaces were rinsed with distilled
water and cleaned with a plastic barbed brush. A wooden rod was then
used to mechanically remove the remnants with firmer adhesion to the
surface. For the surfaces cleaned with Biotin T and benzalkonium
chloride, once clean, they were neutralized using a 50% ethanol (v/v in
distilled water) spray solution to avoid chemical contamination from
chlorides salts. In addition to the three cleaned areas, a fourth area was
also cleaned with only distilled water for comparative purposes. After
24 h, cleaning procedures were repeated. It should be noted that during
cleaning, an important extraction of soil from the fractures associated to
the schistosity planes was observed in the Coa samples.



J.S. Pozo-Antonio et al.

International Biodeterioration & Biodegradation 163 (2021) 105276

SV-Biotin T 3% (v/v)

*Circinaria
hoffmanniana N

Miriquidica
eusta

di
Caloplaca sp

N

1

iriquidica deusta

po

SV-266 nm
Xanthoparme

Aspicilia cinerea

\.

s

Lecidea fuscoatra

N

Fig. 1. Digital photographs of Siega Verde samples. Surface before being cleaned with Biotin T (a), during Biotin T application (b) and after cleaning with Biotin T
(c). Benzalkonium chloride-cleaned surface 24 h after cleaning (d) and 4 years after cleaning (e). 1064 nm-cleaned surface after 4 years (f) and 266 nm-cleaned

surface after 4 years (g). SV: Siega Verde samples. FC: Coa samples.

Moreover, two samples with a representative lichen mosaic of each
site were collected to be cleaned in a laboratory setting with a nano-
second pulse duration Nd:YAG laser. The equipment was a Q-switched
Nd:YAG laser (Quanta Ray INDI-series, Spectra Physics) with a repeti-
tion rate of 10 Hz and a 6 ns-pulse duration capable of delivering the
fundamental 1064 nm wavelength (IR radiation) and the 4th harmonic
(266 nm - UV radiation). Therefore, for each site, one sample was
subjected to 1064 nm and the other one to 266 nm. The laser beam
reached the surface using a spherical plane-convex lens (NewPort) with
a focal length of 250 mm. As reported in Sanmartin et al. (2019), after
previous tests, the fluence selected for each wavelength and each site
depends on the nature of the lichen and the thickness of the biological
colonization. After performing several tests working with different flu-
ences ranging from 5 J cm ™2 to 30 J cm™2, the evaluation of the irra-
diated surfaces under stereomicroscopy allowed for the identification of
the fluence that achieved the highest lichen removal with one scan with
minimal damage to the substrates. For the 1064 nm cleaning, in the Coa
sample, 25 J cm ™2 was used, while for the Siega Verde sample, 23 J cm 2
was used. For the 266 nm cleaning, for both locations, 16 J cm~? was
used. Once laser cleaning was performed in the laboratory, samples were
returned to their original positions at each site.

Moreover, in order to identify the effect of the cleaning methods on
uncolonized surfaces, the same cleaning procedures (ethanol, benzal-
konium chloride, Biotin T, water, 1064 nm and 266 nm) were applied in
the laboratory on uncolonized samples taken from the sites. Therefore,

six uncolonized slabs were collected from each site.

2.2. Analytical techniques

2.2.1. Characterization of biological colonization

Previous lichen characterization included in situ identification using
a hand lens with 10x magnification, together with basic reagents (po-
tassium hydroxide and bleach). Identification followed standard
methods for lichenized fungi (Smith et al., 2009). Moreover, lichens on
the samples collected to be exposed to laser irradiation (two from each
archaeological site) were also identified in the laboratory. Thallus
morphology was examined under stereomicroscope (SMZ25 NIKON®).
The structure of the lichen thalli and ascomata was studied from
hand-cut sections mounted in water and observed under a microscope
(Eclipse 80i NIKON®). Micrographs were taken with digital cameras
(1100D EOS CANON® and DS-2Mv NIKON®), which were mounted on
the aforementioned stereomicroscope.

2.2.2. Cleaning effectiveness and durability

The cleaned surfaces were evaluated 24 h after and 4 years after
cleaning by direct observation using a hand lens with 10x magnifica-
tion, together with basic reagents (potassium hydroxide and bleach),
following Smith et al. (2009), to evaluate the presence of lichen rem-
nants or recolonization phenomena.

Spectrophotometry was used to characterize the colour of the
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Fig. 2. Digital photographs of Coa samples. Surface cleaned with ethanol (a), and Biotin T (b) 4 years after application. Cleaned surfaces with laser at 1064 nm after
24 h (c) and after 4 years (d). Cleaned surfaces with laser at 266 nm after 24 h (e) and after 4 years (f). SV: Siega Verde samples. FC: Coa samples.

surfaces 24 h after cleaning and also after 4 years of exposure to natural
environmental conditions. Moreover, the colour of the uncolonized
surfaces subjected to cleaning methods was also measured in order to
identify the effect of the methods on both schists. The colour from the
uncolonized surfaces before treatment was also measured as a reference.
Colour was characterized in CIELAB and CIELCH colour spaces (CIE S
014-4/E, 2007) by means of a Minolta CM-700d spectrophotometer. The
coordinate L* represents the lightness in values ranging from 0 (black) to
100 (white) and coordinates a* and b* express the colour wheel, taking
values ranging from +a* (red) to - a* (green) and from +b* (yellow) to -
b* (blue). It was computed the parameter C*,p,, the chroma or colour
saturation, which expresses the relative strength of a colour, and its
value corresponds to C*,p = [(@)?+(b*)?1"2 and the hue, hyp, =tan [1 -
(a*/b*)]. Measurements taken included specular reflection (SCI), with a
spot diameter of 8 mm, illuminant D65 and an observation angle of 10°.
Twenty colour measurements per sample were randomly taken, in order
to obtain statistically representative results (Prieto et al., 2010).

Considering colour measurements of the uncolonized surfaces before
treatment as reference, colour difference after cleaning (24 h after
cleaning and 4 years later) was computed as follows:

AL* = L* — L%

* g% *
Aa = a*, — a%

Ab* = b*, — b¥
AC*y, = Crypy, x — C¥upy
Ah = ¥, — B

AE*, = [(ALx)* + (dax)* + (4bx)’]"’

The subscript x denotes the colour parameter of a cleaned area at
different moments x, specifically just 24 h after cleaning (step 0) and 4
years later (step 1), and the subscript ; denotes the colour parameter of
the uncolonized surface. Therefore, a lower AE*,;, would indicate a low
modification of the colour surface for uncolonized samples exposed to
cleaning methods or a greater effectiveness of biological colonization
removal for the cleaned samples.

Raman spectroscopy was used to detect organic remnants on surfaces
after laser treatment. The measurements were made using a portable i-
Raman — BWS415-785S equipment, which delivers an excitation beam
at 785 nm provided by a narrow bandwidth CleanLaze model laser, with
300 mw of maximum power adjustable from 0 to 100% and coupled to
an optical head. Individual areas of measurement were controlled with a
light-emitting diode and a high-resolution colour camera. The scattered
radiation was collected through the objective lens, passed through an
edge filter that cut off Rayleigh scattering, and focused into an optical
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fibre that was fed into a compact spectrograph, equipped with a concave
grating, providing spectral coverage in the 175-3200 cm™! range at a
spectral resolution of approximately 3-7 cm ™. The detector, a Synapse
™ CCD (2048 pixels), was Peltier-cooled and featured high sensitivity
with low dark counts. During the analysis, the power delivered by the
laser beam on the sample surface was adjusted from 9 to 300 mW and an
exposure time range between 1000 and 15000 ms in order to obtain the
optimal spectrum in each measurement. Spectra corresponded to an
average of 5 consecutive scans on the same point. Raman spectroscopy
was applied on the uncolonized schist, on the lichens and the cleaned
surfaces 24 h after cleaning and 4 years later.

3. Results
3.1. Characterization of biological colonization

Identification of lichens colonizing each area before the cleaning by
the different procedures (ethanol, biocides and water) was done in both
archaeological sites (Table 1). The lichens found were already reported
in previous works (Marques et al., 2014; Pozo-Antonio et al., 2019;
Paz-Bermudez et al., 2018).

3.2. Cleaning effectiveness and durability

3.2.1. In situ observations

Regarding the performance of the cleaning with chemicals combined
with mechanical removal, 24 h after the treatment it was possible to
identify by the naked-eye that in the selected walls from both outcrops,
satisfactory results were achieved, even for the surface cleaned with
distilled water (Siega Verde: SM-Fig. 2 and Coa: SM-Fig. 3). It was
observed that Biotin T induced a colour change towards the pinkish-
orange of the foliose lichen-Dermatocarpon miniatum (Fig. 1a and b).
An orange-whitish coloration was identified in Siega Verde, regardless
of the biocide (Fig. 1c and d; SM-Fig. 2). Contrary to the high cleaning
levels obtained by the chemicals and the water, the results were not as
encouraging for both laser wavelengths (SM-Figs. 2 and 3). With laser
cleaning, the lichen must be removed while safeguarding stone integrity,
and therefore, total removal of the lichen was not achieved (Table 2),
with the 266 nm being less effective in comparison to the 1064 nm (SM-
Figs. 2 and 3). It is important to highlight that in addition to the un-
satisfactory cleaning, 1064 nm induced grooves on the surfaces at both
locations, with an intense paling effect (SM-Figs. 2 and 3).

After 4 years, in general terms, the cleaning level achieved by
chemical treatments was maintained over time (Table 1, Figs. 1e and 2a,
b, SM-Figs. 2 and 3) due to scarce recolonization. In some cases, the
small thalli left that surrounded the cleaning areas had completely dis-
appeared (highlighted with a rectangle in Fig. 1d and e). With further
details (Table 1), for Siega Verde samples, on ethanol-cleaned surfaces,
no recolonizing lichen species were detected, except for some minute,
unidentifiable thalli. In the areas treated with either benzalkonium
chloride or Biotin T, the surfaces appeared to be cleaner after 4 years as
the few organic remnants detected 24 h after the cleaning were no
longer present (Fig. 1d and e). Regarding Coa samples, in the areas
treated with ethanol, benzalkonium chloride and Biotin T (Fig. 2a and
b), only small thalli of Aspicilia/Circinaria were identified filling fissures
and voids. Regarding the control cleanings with water, some isolated
small areolas of Aspicilia/Circinaria sp, Miriquidica deusta and Rhizo-
carpon geographicum, were found in the Siega Verde sample, while in the
Coa sample, minute thalli of Aspicilia/Circinaria were detectable.
Moreover, in the chemical- and water-cleaned samples from Coa, deep
cavities were identified associated with subperpendicular schistosity
planes (Fig. 2a and b) as a result of soil/sediment dragging between
these planes due to the mechanical effect of the brushing. Regarding
laser cleaning, the low effectiveness registered 24 h after cleaning was
also detected on the surfaces after 4 years. For Siega Verde samples
subjected to 1064 nm (Fig. 1), Circinaria hoffmanniana remnants, which

Table 1
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Lichens identified by the authors on the cleaned areas at Siega Verde and Coa
Valley archaeological sites, before and four years after cleaning.

Archaeological
site

Treatment

Before cleaning

4 years later

Siega Verde

Coa

Distilled water

Ethanol at 50%
(v/v in distilled
water).

Benzalkonium
chloride at 3%
(v/v in distilled
water).

Biotin T at 3%
(v/v in distilled
water).

1064 nm

266 nm

Distilled water

Ethanol at 50%
(v/v in distilled
water).

Benzalkonium
chloride at 3%
(v/v in distilled
water).

Biotin T at 3%
(v/v in distilled

water).

1064 nm

Caloplaca sp,
Dermatocarpon
miniatum, Lasallia
pustulata, Lecidea
fuscoatra,
Rhizocarpon
geographicum and
Xanthoparmelia gr
pulla.
Dermatocarpon
miniatum, Lasallia
pustulata,
Rhizocarpon
geographicum and
Xanthoparmelia
conspersa.
Caloplaca sp,
Circinaria
hoffmanniana,
Dermatocarpon
miniatum, Lasallia
pustulata and
Rhizocarpon
geographicum
Caloplaca sp,
Circinaria
hoffmanniana,
Dermatocarpon
miniatum, Lasallia
pustulata,
Rhizocarpon
geographicum and
Xanthoparmelia gr
pulla.

Aspicilia gr.
contorta, Caloplaca
sp, C. pellodela,

C. variabilis
Circinaria.
hoffmaniana,
Miriquidica deust
and Xanthoparmelia
gr. pulla

Aspicilia gr.
contorta, Caloplaca
sp, C. pellodela,

C. variabilis.
Circinaria.
Hoffmaniana,
Miriquidica deusta
and Xanthoparmelia
gr. pulla
Xanthoparmelia
conspersa and X. gr
pulla

Caloplaca subsoluta,
Lecanora
pseudistera, Peltula
euploca,
Xanthoparmelia
conspersa and X. gr
pulla

Circinaria
hoffmanniana,
Xanthoparmelia
conspersa and X. gr
pulla.

Caloplaca subsoluta,
Peltula euploca and
Xanthoparmelia
conspersa

Some isolated small
areolas of: Aspicilia/
Circinaria sp.,
Miriquidica deusta
and Rhizocarpon
geographicum,

No recolonizing
lichen species were
detected, except for
some tiny,
unidentifiable
thalli.

No recolonizing
lichens.

No recolonizing
lichens.

Caloplaca sp,
Circinaria
hoffmanniana,
Miriquidica deusta
and Xanthoparmelia
grpulla

Aspicilia cinerea,
Circinaria
hoffmaniana and
Lecidea fuscotra

Small thalli of
Aspicilia/Circinaria
sp

Small thalli of
Aspicilia/Circinaria
sp

Small thalli of
Aspicilia/Circinaria
sp

Small thalli of
Aspicilia/Circinaria
sp

(continued on next page)
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Table 1 (continued)

Archaeological Treatment Before cleaning 4 years later

site
Candelariella Circinaria
vitellina, Circinaria hoffmanniana,
hoffmanniana, Rinodina confragosa
Lecanora bolcana, and R. teichophila
Rinodina confragosa,
R. teichophila and
Xanthoparmelia
loxodes.

266 nm Candelariella Candelariella
vitellina, Circinaria vitellina, Circinaria
hoffmanniana, hoffmanniana,
Lecanora bolcana, Lecanora bolcana,
Rinodina confragosa,  Rinodina confragosa,
R. teichophila and R. teichophila and
Xanthoparmelia Xanthoparmelia
loxodes. loxodes

were detected after cleaning, were maintained over time. Burnt thalli
belonging to Xanthoparmelia gr pulla were detected after the cleaning,
and 4 years later they had disappeared. Moreover, lichens such as Mir-
iquidica deusta and Caloplaca sp., which were not detected after cleaning,
were identified on the surface 4 years later (Fig. 1f). On the 266 nm-
cleaned surface, the lichens Aspicilia cinerea, Circinaria hoffmaniana and
Lecidea fuscotra were found (Fig. 1g) 4 years after the cleaning, while
some Caloplaca sp. and thalli of Xanthoparmelia gr pulla disappeared

Table 2
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during these years. In Fig. 1g, a rectangle points out the area where these
two lichens were found 24 h after cleaning. In a Coa sample cleaned with
1064 nm, the lichens Rinodina teichophila and Rinodina confragosa
damaged by the laser presented an enhanced vital state with time and
the thalli belonging to Circinaria hoffmanniana showed recovery of the
upper cortex (Fig. 2¢ and d). For the 266 nm-cleaned surface, as just
after cleaning, lichens were slightly damaged as reflected by a greyish
colour due to burning (Fig. 2e). After 4 years, the original colour
appeared again due to lichen re-growth (Fig. 2f). Xanthoparmelia loxodes
thalli were observed to be detached in only some areas.

Therefore, for both sites, areas cleaned with ethanol, Biotin T and
benzalkonium chloride showed similar conditions, and the last two
chemicals showed to be the most efficient and durable biocides, as a
more intense recolonization was identified in the ethanol-cleaned sur-
face. Also, Coa samples showed slightly higher recolonizations than
those of the Siega Verde samples. Despite the cleaning level being
satisfactory, areas cleaned with water showed a slight recolonization.
Among both unsatisfactory wavelengths, the 1064 nm radiation ach-
ieved the highest removal level, but visible grooves were also detected
on the surfaces. Both laser-cleaned surfaces were notably recolonized
after 4 years.

3.2.2. Colour spectrophotometry

Considering colour evaluation of the cleaned surfaces, the L*-C*
scatter plots (Siega Verde samples: Fig. 3 and Coa samples: Fig. 4)
showed the colour of the uncolonized schists, the cleaned areas 24 h

Colorimetric differences (AL*, Aa*, Ab*, AC*,, and AH*) and the global colour change (AE*,;) considering the colour of the uncolonized schist as reference. In
addition to the data for the areas cleaned of lichens, data from the uncolonized surfaces subjected to the cleaning methods was also provided (depicted with No lichen).
0: corresponds to the treated surface 24 h after cleaning and 1: corresponds to the surface 4 years after cleaning.

Method Time AL* Aa* Ab* AC* AH* AE*y,
SIEGA VERDE
Water No lichen 0.80 —0.04 —0.59 -0.76 0.34 0.99
0 1.52 —2.59 —-5.29 -5.73 1.15 6.08
1 —1.56 0.47 -0.15 -0.14 -0.41 1.64
Ethanol No lichen 1.66 —0.06 —-0.94 —-0.94 0.07 1.91
0 0.21 —2.84 —5.41 —5.91 1.54 6.11
1 —5.42 —0.11 —-0.57 —-0.53 0.22 5.45
Biotin T No lichen 0.48 —0.56 -2.17 -2.17 0.57 2.29
0 3.68 0.04 -1.96 -1.90 0.46 4.17
1 -1.77 0.56 0.80 0.83 —0.50 2.02
Benzalkonium chloride No lichen 0.05 0.28 -1.00 -0.93 —0.06 1.04
0 5.66 0.17 -1.25 -1.24 0.11 5.80
1 —3.40 —-0.05 -1.30 -1.25 0.27 3.64
1064 nm No lichen 9.88 —0.12 1.15 1.16 —0.02 9.95
0 10.58 0.91 -0.34 -0.41 -0.94 10.63
1 10.33 0.12 —-0.05 —-0.07 -0.12 10.33
266 nm No lichen 0.61 0.03 0.60 0.59 -0.10 0.85
0 —7.54 1.75 1.52 1.46 -1.81 7.88
1 —3.55 3.23 4.10 4.23 -3.10 6.32
COA
Water No lichen 2.68 —0.95 —1.88 —2.03 0.55 3.41
0 3.18 -1.01 —2.68 —-2.83 0.45 4.28
1 -8.67 —2.52 —6.24 —6.68 0.26 10.98
Ethanol No lichen 3.59 -0.37 1.09 0.92 0.70 3.77
0 8.39 —-3.57 -0.90 —1.88 3.21 9.16
1 -14.86 —2.05 ~7.84 ~7.98 -1.02 16.92
Biotin T No lichen 0.94 0.71 0.53 0.76 —0.48 1.29
0 4.75 —-3.76 —-2.25 —-3.24 3.00 6.47
1 -13.09 —4.44 -9.57 —10.44 1.49 16.81
Benzalkonium chloride No lichen 6.59 —4.40 —4.85 -5.91 2.89 9.29
0 6.29 —3.56 -2.21 -3.16 2.80 7.56
1 —-9.03 —2.60 -5.09 -5.60 0.92 10.69
1064 nm No lichen 4.27 —2.54 —4.58 —5.02 1.57 6.75
0 5.75 —0.68 -2.72 -2.78 0.36 6.40
1 —11.44 0.15 —0.66 —0.65 1.40 11.46
266 nm No lichen 2.04 —-0.37 0.51 0.39 0.50 2.14
0 —3.40 —0.55 -2.01 —2.06 0.37 3.99
1 —14.96 —1.57 —6.99 -7.07 0.98 16.58
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after cleaning and the same areas 4 years later. The graphs show that
despite the fact that in some areas no lichen recolonization was detected
in the in situ evaluation, the complete recovery of colour was not ob-
tained after any of the cleaning procedures, regardless of time. It is
important to highlight that more colour dispersion was detected in the
samples from Coa: the colours corresponding to each state were further
away from each other than those detected in Siega Verde samples. L*-
C*,p scatter plots showed different colour evolution depending on the
site:

i) For Siega Verde cleanings (Fig. 3), the colour of the surfaces
cleaned with chemicals and water, 4 years after cleaning, was closer to
the uncolonized schist than the colour of the areas 24 h after cleaning
(Fig. 3a-d). For laser-cleaned areas, the colour of cleaned surfaces
regardless of time, was similar because colour for both time lapses (24 h
and 4 years) was overlapped and different than the colour of the
uncolonized schist (Fig. 3e and f), mainly for the 1064 nm-cleaned
surface (Fig. 3e). Similar to the uncolonized surface, benzalkonium
chloride- (Fig. 3c) and Biotin T- (Fig. 3d) cleaned areas showed C*y,
decreases (the colour was paler) for both time lapses, while the surfaces
cleaned with water (Fig. 3a), ethanol (Figs. 3b) and 266 nm (Fig. 3f)
showed C*,} increases (the colour was more vivid). Of the latter, an L*
decrease (a darkening) was also detected (Fig. 3f). On the surfaces
cleaned with 1064 nm, no C*,, change was detected while the L*
showed increases for both time lapses (Fig. 3e).

ii) For Coa cleanings (Fig. 4), the colour of the cleaned surfaces 24 h
after cleaning was closer to that of the uncolonized schist than the colour
observed 4 years later. In comparison to the uncolonized surface, on the
surfaces 24 h after cleaning, C*,p, decreased and L* slightly increased,
with exception of the surface cleaned with 266 nm, where a slight L*
decrease was detected (Figure 7f). After 4 years, both L* and C*y,
decreased.

Considering the colorimetric differences of the cleaned areas
(Table 2), L* was the parameter most affected, with the exception of the
Siega Verde areas cleaned with water and ethanol, 24 h after cleaning,
where b* was the most affected parameter (b* decreases show a
reduction of yellow coloration), and cleaned with 266 nm, 4 years later,
where b* showed increases (intensifying the yellow colour). Despite L*
being the most affected parameter in most cases, it showed different
trends: i) for the chemicals- and water-cleaned areas, L* showed in-
creases 24 h after cleaning and decreases after 4 years, ii) for the areas
cleaned with 266 nm, from both sites, a darkening was detected,
regardless of the time lapse and iii) for the areas cleaned with 1064 nm,
in Siega Verde, L* showed increases regardless of the time lapse, while in
Coa, L* increased 24 h after cleaning and decreased after 4 years. The
parameter a* also showed changes: i) for Siega Verde samples, a*
increased with exception of that measured on the ethanol-cleaned sur-
face regardless of the time lapses and the benzalkonium chloride-
cleaned surface after 4 years, where a* decrease, i.e. a greenish colour
was observed. However, those a* changes are negligible as they were
lower than 3 CIELAB units. For the Coa samples, all the cleaned areas,
regardless of the time lapses, showed reductions of a* (a greenish effect).

As a result, C*,, and hyp, also have shown changes. C*,, showed
mainly decreases suggesting surfaces paler than the uncolonized sur-
faces, with the exception of the surface from Siega Verde cleaned with
266 nm. The h,}, changes were lower than 3 CIELAB units.

Regarding the AE*,y, for Siega Verde cleanings, a reduction of this
parameter was detected after 4 years while in Coa, AE*,}, increased. For
Siega Verde, 24 h after cleaning, all areas showed visible colour changes
because AE*,, was greater than 3.5 CIELAB units (Mokrzycki and Tatol,
2011) while after 4 years, the water- and Biotin T-cleaned areas did not
show visible changes. It is important to note that, considering the
cleanings performed in the uncolonized surfaces, with exception of the
1064 nm, the rest of the procedures did not induce visible colour
changes. For the cleanings performed in Coa stones, regardless of the
time, all the AE*,, were higher than 3.5 CIELAB; therefore, all the colour
changes would be detected by an unexperienced observer. All the
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cleaning methods applied to the uncolonized surfaces also induced
visible colour changes.

3.2.3. Raman spectroscopy

Raman spectroscopy was used to identify the peaks assigned to the
components of the stone and organic remnants on the schists. Fig. 5
shows the Raman spectra of the uncolonized schist, the most represen-
tative lichen on each surface and the surfaces cleaned with each cleaning
method, 24 h and 4 years after cleaning. Considering that lichens were
identified by the intense fluorescence they presented as was found in
Pozo-Antonio et al. (2019) and Barreiro et al. (2019), when the fluo-
rescence intensity is higher, the cleaning effectiveness is worse.

In the Raman spectrum of the schist from Siega Verde (Fig. 5a and b),
peaks were identified according to the different forming minerals (Lima
et al., 2001; Wang et al., 2002; Pan et al., 2010): a peak at 200 cm !
associated with biotite, a peak at 264 cm! associated with muscovite,
and a peak at 464 cm™! associated with the main mineral component
quartz, due to the Si-O-Si symmetric stretching of the six-membered
rings of SiO4. There were also low intensity peaks at 1222, 1257 and
1400 cm™! associated with graphitic carbon (Sadezky et al., 2005;
Beyssac and Lazzeri, 2012). Graphitic carbon is often associated with
middle-grade metamorphic rocks, such as marble, schist and paragneiss
(Walter, 2004; Selverstone, 2005; Lyu et al., 2020). The crystallinity of
carbonaceous compounds is mainly controlled by thermal meta-
morphism from an amorphous stage, through a process called graphi-
tization (Liinsdorf et al., 2017). For the Coa stone (Fig. 5c and d), the
peaks associated with muscovite (264 cm 1) and those at 1222, 1257
and 1400 cm™! associated with graphitic carbon (Sadezky et al., 2005)
were more intense than those for the Siega Verde samples. Moreover, a
shoulder at 1300 cm ™! and peaks at 1494 and 1600 cm ™! which were
not detected in the Raman spectra of the samples from Siega Verde, were
also identified. These peaks were also associated with graphitic carbon
(Sadezky et al., 2005).

In the Raman spectra of the cleaned surfaces (Fig. 5) peaks associated
with the forming minerals and graphitic carbon were identified. The
intensity of Raman peaks varied due to the heterogeneity in composition
of these polymineralic stones. The lichens remains on the surfaces 24 h
after cleaning and the recolonization of the surfaces 4 years later were
identified through the fluorescence appeared in some of the areas: for
Siega Verde, surfaces cleaned with water (24 h after cleaning- Fig. 5a),
ethanol (regardless of the time lapse- Fig. 5a), benzalkonium chloride
(24 h after cleaning- Fig. 5a), Biotin T (24 h after cleaning-Fig. 5a) and
laser, mainly at 266 nm (regardless of the time lapse-Fig. 5b); for Coa,
Raman spectra from the cleaned surfaces showed fluorescence with
exception of those cleaned by Biotin T after 4 years, 1064 nm after 4
years and 266 nm after 24 h (Fig. 5c¢ and d). Despite these three surfaces
did not show Raman spectra with fluorescence, broad bands at 1300
cm ™! appeared. This band may be possibly attributed to organic matter
(Edwards et al., 2003; De Oliveira et al., 2009; Jorge-Villar et al., 2011).

4. Discussion

Regardless of the site, the in situ evaluation, 24 h after cleaning,
allowed the identification of a greater lichen removal on the chemical-
cleaned surfaces than those subjected to both laser wavelengths
(1064 nm or 266 nm). Comparing between both sites, for the chemical
cleanings in Siega Verde stones, an orange coloration was detected,
which was also found by Rivas et al. (2018) removing Pertusaria amara
and Pertusaria pseudocorallina with a Nd:YVO4 (355 nm) laser on granite.
This coloration was associated with lichen thalli remnants, specifically,
the algal layer and the medulla. The presence of these remnants on Siega
Verde samples induced colorimetric changes, which were visible by an
inexpert eye because AE*,, was higher than 3.5 CIELAB units (Mokr-
zycki and Tatol, 2011). For Coa samples, although organic remnants
were not identified by the in situ evaluation, the AE*,, was higher than
the threshold for a visible change (Mokrzycki and Tatol, 2011) and the
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a* parameter (redness/greenness) showed lower value than that for the
uncolonized schist showing the greenish effect due to the presence of an
unnoticed biological colonization as was stated by Sanmartin et al.
(2010). Raman spectroscopy also allowed for the identification of bio-
logical colonization on the surfaces cleaned with most of the biocides,
mainly for Coa samples. The identification of this biological colonization
was performed by the presence of the typical fluorescence in the Raman
spectra of the lichens. Regarding the surfaces 24 h after cleaning, for the
Foz Coa surfaces, and particularly that cleaned by 266 nm, the biological
colonization was determined through the broad band at 1300 cm™!
which was attributed to organic matter (Edwards et al., 2003; De Oli-
veira et al., 2009; Jorge-Villar et al., 2011). This band at 1300 cm~! was
also detected in the Raman spectra of the surfaces treated with Biotin T
and 1064 nm, 4 years after cleaning. However, it is important to
consider that the spectra of the uncolonized schist showed also a
shoulder at 1300 cm™! and peaks at 1494 and 1600 cm ™' which were
associated with graphitic carbon (Sadezky et al., 2005). In fact, AE*,;, of
the surfaces from Coa were higher than those for their counterparts from
Siega Verde, despite the fact that in the latter, orange organic matter was
found. The AE*,, computation also took into account the effect of the
cleaning method on the surface colour, which was identified in the Coa
samples as the soil extraction from the fissures associated with the
schistosity planes sub-perpendicular to the surface. In Siega Verde, these
planes were horizontal and therefore, earth was not dragged from the
fissures. This effect was also detected by colour spectrophotometry on
the uncolonized samples exposed to the different chemicals. That said,
the uncolonized Coa sample cleaned with water showed visible colour
changes as a result of the earth extraction.

Regarding laser performance, the cleaning was unsatisfactory mainly
for the 266 nm, as complete lichen structures were recognized and the
typical fluorescence of the lichen or the broad band at 1300 cm ™! were
identified in the Raman spectra. Consequently, the AE*,, were higher
than the threshold for a visible change (Mokrzycki and Tatol, 2011). The
266 nm did not induce visible colorimetric changes in both uncolonized
stones, while 1064 nm already caused visible colorimetric changes on
uncolonized surfaces. This colorimetric change, mainly on the 1064
nm-cleaned surfaces, is due to the grooves causing an intense pale effect.
These grooves appeared from the thermal and mechanical effects due to
the laser-stone interaction (Ramil et al., 2017). These effects depend on
the melting point (as the biotite has the lowest melting point, this
mineral is the most sensitive) and the respective linear thermal expan-
sion as was reported by Ramil et al. (2017) working with graffiti
cleaning on a Spanish granite. Biotite is the first mineral to melt due to
its high optical absorption along with its relatively low melting point of
650 °C while other silicates also present in the schist need higher tem-
peratures, e.g. 1710 °C for quartz (Kliem and Lehmann, 1979). In
addition to the melting of minerals, mechanical effects such as fissures
and grain extraction due to the linear thermal expansion coefficient
cause the grooves. Therefore, although the quartz has the highest
melting point, this silicate shows the higher average linear thermal
expansion coefficient, 16.67 (107%/°C), in comparison with the
muscovite-biotite with 12.13 (10~%/°C) (Skinner, 1966; Fei, 1995). The
higher linear thermal expansion for quartz in comparison with biotite
explains why quartz shows a deterioration pattern with cleavage frac-
turing, inducing the existence of grooves. Quartz is the main forming
mineral in both schists (53% in Coa and 60% in Siega Verde). Gemeda
et al. (2018), working with laser cleaning of basalts, found intense
thermal effects (melting of minerals) in areas cleaned with 1064 nm
while ultraviolet radiation was more protective, minimizing the thermal
effects on the stones. Ultraviolet Nd:YAG wavelength (355 nm) was also
detected as the less aggressive radiation on granite to extract a sub-aerial
biofilm (Barreiro et al., 2020). The L* increases were associated with the
increased roughness due to the laser; the rougher the surface the lighter
the colour, as was reported by other authors working with other sub-
strates (Simonot and Elias, 2003; Yonehara et al., 2004; Sanmartin et al.,
2011b).
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Regarding the cleaning durability, after 4 years, the Coa samples
cleaned using chemicals showed higher recolonization levels in com-
parison with Siega Verde samples, because small thalli of Aspicilia/Cir-
cinaria had grown into the cavities between schistosity planes, which
were revealed after earth dragging due to the brushing performed dur-
ing the cleaning. The higher recolonization on the Coa samples was
confirmed by spectrophotometry as a reduction of the colour a*
parameter was registered in all the surfaces cleaned with chemicals; as
was stated in Sanmartin et al. (2019), these Aa* are related to concen-
trations of phototrophic pigments, including chlorophyll a, phycocyanin
and carotenoid. Absence of lichen recolonization was detected on Siega
Verde samples cleaned with Biotin T and benzalkonium chloride. San-
martin et al. (2019) found, after 42 days of inoculation, a reduction of
the biofilm growth on schists cleaned with Biotin T. Moreover,
Pozo-Antonio et al. (2017), who evaluated the cleaning durability of a
granitic wall after 2 years of exposure to a temperate humid climate,
reported that benzalkonium chloride was one of the biocides with the
best results. In that study, ethanol at 50% was also used and after 2 years
the cleaned area showed considerable recolonization. In the current
research, on the surfaces cleaned with ethanol, some tiny, unidentifiable
thalli were found in Siega Verde and small thalli of Aspicilia/Circinaria
were identified in Coa. Moreover, areas cleaned with water after 4 years
showed a slight recolonization, depending on the site. The higher
recolonization found in Coa samples was attributed to the irregularities
associated with the schistosity planes that contribute to the adherence of
microorganisms. The low bioreceptivity found in Siega Verde samples
does not coincide with findings by Sanmartin et al. (2019), who reported
higher bioreceptivity index values for these samples regardless of the
cleaning method. This difference is related to the orientation of the
schistosity planes of the sample, because as observed in micrographs by
Sanmartin et al. (2019), these planes were parallel to the surfaces, which
is not the real orientation of the planes in the outcrops as shown in Fig. 2.
It is important to highlight that for the Siega Verde site, 4 years after
cleaning with water, the visual inspection allowed us to identify some
small areolas of: Aspicilia/Circinaria sp., Miriquidica deusta and Rhizo-
carpon geographicum. However, Raman spectroscopy did not register the
typical fluorescence or the broad band at 1300 cm™! assigned to bio-
logical colonization. This mismatching can be assigned to the size of the
area covered by the different techniques. In situ, the visual inspection
was performed using the entire surface, while Raman spectroscopy al-
lows punctual analyses. Therefore, since the lichens showed a scattered
distribution on the surface, the Raman spectra cannot be used as an
unequivocal analytical technique to determine the presence of organic
matter. The results of this analytical technique must be accompanied by
a visual inspection and a chromatic study.

Regarding laser cleaned surfaces, unsatisfactory cleaning was
recorded at both sites, and they also showed intense recolonization
during these 4 years. Sanmartin et al. (2019) found that laser cleaned
schist surfaces showed a well-developed biofilm after 42 days of inoc-
ulation due to the cleaning ineffectiveness and also due to the grooves
created during the laser application.

5. Conclusions

The harmfulness and durability of cleaning on schist are influenced
by the orientation of schistosity planes, mainly for chemicals applied
using a brush. Earth dragging from the fissures among schistosity planes
once they are subperpendicular to the surfaces affects the colour and the
resulting cavities enhance lichen recolonization. The most effective and
durable effects were obtained with the biocidal treatments with Biotin T
and benzalkonium chloride.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence



J.S. Pozo-Antonio et al.

the work reported in this paper.

Acknowledgements

The authors are grateful to the Coa Valley and Siega Verde Archae-
ological Parks for permission to collect rock samples. The study was
partially financed by the European Regional Development Fund (ERDF)
through the Spanish Ministry of Science and Innovation under project
CGL2011-22789. J.S. Pozo-Antonio is grateful to the Spanish Ministry of
Economy and Competitiveness (MINECO) for Juan de la Cierva-Incor-
poracién (1JCI-2017-3277).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ibiod.2021.105276.

References

Ascaso, C., Wierzchos, J., Castelld, R., 1998. Study of the biogenic weathering of
calcareous litharenite stones caused by lichen and endolithic microorganism. Int.
Biodeterior. Biodegrad. 42, 29-38. https://doi.org/10.1016/50964-8305(98)00043-
2.

Barreiro, P., Gonzalez, P., Pozo-Antonio, J.S., 2019. IR irradiation to remove a sub-aerial
biofilm from granitic stones using two different laser systems: an Nd: YAG (1064 nm)
and an Er:YAG (2940 nm). Sci. Total Environ. 688, 632-641.

Barreiro, P., Andreotti, A., Colombini, M.P., Gonzalez, P., Pozo-Antonio, J.S., 2020.
Influence of the laser wavelength on harmful effects on granite due to biofilm
removal. Coatings 10, 196. https://doi.org/10.3390/coatings10030196.

Beyssac, O., Lazzeri, M., 2012. Application of Raman spectroscopy to the study of
graphitic carbons in the Earth Sciences. EMU Notes Mineral. 12 (12), 415-454.

Caneva, G., Nugari, P., Salvadori, O. (Eds.), 2009. Plant Biology for Cultural Heritage:
Biodeterioration and Conservation. Getty Conservation Institute, Los Angeles, CA,
USA.

CIE S014-4/E:2007, 2007. Colorimetry Part 4: CIE 1976 L*a*b* Colour Space,
Commission Internationale de I’eclairage. CIE Central Bureau, Vienna.

Collier, P.J., Ramsey, A.J., Waigh, R.D., Douglas, K.T., Austin, P., Gilbert, P., 1990.
Chemical reactivity of some isothiazolone biocides. J. Appl. Bacteriol. 69, 578-584.

Cuzman, O.A., Tiano, P., Ventura, S., 2008. New control methods against biofilms
formation on the monumental stones. In: Lukaszewicz, J.W., Niemcewicz, P. (Eds.),
Proceedings of the 11th International Congress on Deterioration and Conservation of
Stone. University of Nicolaus Copernicus, Torun, Poland, pp. 837-846.

de los Rios, A., Pérez-Ortega, S., Wierzchos, J., Ascaso, C., 2012. Differential effects of
biocide treatments on saxicolous communities: case study of the Segovia cathedral
cloister (Spain). Int. Biodeterior. Biodegrad. 67, 64-72.

De Oliveira, L.F.C., Pinto, P.C.C., Marcelli, M.P., Dos Santos, H.F., Edwards, H.G., 2009.
The analytical characterization of a depside in a living species: spectroscopic and
theoretical analysis of lecanoric acid extracted from Parmotrema tinctorum Del. Ex
Nyl lichen. J. Mol. Struct. 920 (1-3), 128-133.

Doehne, E., Price, C.A., 2010. Stone Conservation: an Overview of Current Research. In:
Technical Report, vol. 158p. Getty Conservation Institute, Los Angeles, USA, ISBN
978-1-60606-046-9.

EC 2032/2003. COMMISSION REGULATION (EC). 4 November 2003 on the second
phase of the 10-year work programme referred to in Article 16(2) of Directive 98/8/
EC of the European Parliament and of the Council concerning the placing of biocidal
products on the market, and amending Regulation (EC) No 1896,/2000. https://eur
-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32003R2032&from=ES.

Edwards, H.G.M., Seaward, M.R., Attwood, S.J., Little, S.J., Oliveira, L.F.C., Tretiach, M.,
2003. FT-Raman spectroscopy of lichens on dolomitic rocks: an assessment of metal
oxalate formation. Analyst 128, 1218-1221.

Fernandes, A.P.B., 2007. The conservation programme of the coa Valley archaeological
park: philosophy, objectives and action. Conserv. Manag. Archaeol. Sites 9 (2),
71-96. https://doi.org/10.1179/175355208X381822.

Fernandes, A.B., Reis, M., Escudero Remirez, C., Vazquez Marcos, C., 2017. Integration of
natural stone features and conservation of the Upper Palaeolithic Coa Valley and
Siega Verde open-air rock-art. Time Mind 10 (3), 293-319.

Favero-Longo, S.E., Benesperi, R., Bertuzzi, S., Bianchi, E., Buffa, G., Giordani, P.,
Loppi, S., Malaspina, P., Matteucci, E., Paoli, L., Ravera, S., Roccardi, A.,

Segimiro, A., Vannini, A., 2017. Species- and site-specific efficacy of commercial
biocides and application solvents against lichens. Int. Biodeterior. Biodegrad. 123,
127-137.

Fei, Y., 1995. Thermal expansion. In: Ahrens, T.J. (Ed.), Mineral Physics and
Crystallography - A Handbook of Physical Constants, AGU Reference Shelf 2.
American Geophysical Union, Washington, USA, pp. 29-44.

Fotakis, C., Anglos, D., Zafiropoulos, V., Georgiou, S., Tornari, V., 2006. Lasers in the
Preservation of Cultural Heritage: Principles and Applications. Taylor & Francis,
London.

Gemeda, B.T., Lahoz, R., Caldeira, A.T., Schiavon, N., 2018. Efficacy of laser cleaning in
the removal of biological patina on the volcanic scoria of the rock-hewn churches of
Lalibela, Ethiopia. Environ. Earth Sci. 77 (2), 36.

12

International Biodeterioration & Biodegradation 163 (2021) 105276

Gaylarde, C.C., Gaylarde, P.M., Neilan, B.A., 2012. Endolithic phototrophs in built and
natural stone. Curr. Microbiol. 65, 183-188. https://doi.org/10.1007/500284-012-
0123-6.

Gladis, F., Eggert, A., Karsten, U., Schumann, R., 2010. Prevention of biofilm growth on
man-made surfaces: evaluation of antialgal activity of two biocides and
photocatalytic nanoparticles. Biofouling 26 (1), 89-101.

Jorge-Villar, S.E., Miralles, 1., Capel Ferrén, C., Hernandez, V., 2011. Raman
spectroscopy study of lichens using three spectrometers under different experimental
conditions: analyses of the results with relevance for extraplanetary exploration.
Anal. Methods 3, 2783.

Kliem, W., Lehmann, G., 1979. A reassignment of the optical absorption bands in biotites.
Phys. Chem. Miner. 4, 65-75.

Lima, A.M.C., Noronha, F., Charoy, B., 2001. Study of Daughter Minerals in Fluid
Inclusions from Lithium Pegmatiteaplite Veins of the Barroso-Alvao Field (Northern
Portugal) ECROFI XVI Abstracts, pp. 257-260. Porto.

Lopez, A.J., Rivas, T., Lamas, J., Ramil, A., Yanez, A., 2010. Optimisation of laser
removal of biological crusts in granites. Appl. Phys. Mater. Sci. Process 100,
733-739. https://doi.org/10.1007/s00339-010-5652-x.

Liinsdorf, N.K., Dunkl, I., Schmidt, B.C., Rantitsch, G., Von Eynatten, H., 2017. Towards a
higher comparability of geothermometric data obtained by Raman spectroscopy of
carbonaceous material. Part 2: a revised geothermometer. Geostand. Geoanal. Res.
41 (4), 593-612.

Lyu, M., Cao, S., Neubauer, F., Li, J., Cheng, X., 2020. Deformation fabrics and strain
localization mechanisms in graphitic carbon-bearing rocks from the Ailaoshan-Red
River strike-slip fault zone. J. Struct. Geol. 140, 104150.

Marques, J., Hespanhol, H., Paz-Bermtdez, G., Almeida, R., 2014. Choosing between
sides in the battle for pioneer colonization of schist in the Coa Valley Archaeological
Park: a community ecology perspective. J. Archaeol. Sci. 45, 196-206.

Mokrzycki, W.S., Tatol, M., 2012. Colour difference AE - a survey. Mach. Graph. Vis. 20
(4), 383-411.

Nascimbene, J., Salvadori, O., Nimis, P.L., 2009. Monitoring lichen recolonization on a
restored calcareous statue. Sci. Total Environ. 407 (7), 2420-2426.

Nugari, M.P., Salvadori, O., 2003. Biocides and treatment of stone: limitations and future
prospects. In: Koestler, R.J., Koestler, V.H., Charola, E.A.E., Nieto-Fernandez, F.E.
(Eds.), Art, Biology and Conservation: Biodeterioration of Works of Art. The
Metropolitan Museum of Art, New York, USA, pp. 518-535.

Osticioli, I., Mascalchi, M., Pinna, D., Siano, S., 2014. Removal of Verrucaria nigrescens
from Carrara marble artefacts using Nd:YAG lasers: comparison among different
pulse duration and wavelengths. Appl. Phys. A 118, 1517-1526. https://doi.org/
10.1007/500339-014-8933-y.

Pan, A., Rebollar, E., Chiussi, S., Serra, J., Gonzalez, P., Ledn, B., 2010. Optimisation of
Raman analysis of walnut oil used as protective coating of Galician granite
monuments. J. Raman Spectrosc. 41, 1449-1454.

Paz-Bermtdez, G., Carballal, R., Marques, J., Lopez de Silanes, M.E., 2018. Catalogue of
saxicolous lichens (ascomycota) of the archaeological area of Siega Verde
(Salamanca, Spain). An. del Jardin Botanico Madr. 75, e076.

Pereira, B.M.P., Tagkopoulos, I., 2019. Benzalkonium chlorides: uses, regulatory status,
and microbial resistance. Appl. Environ. Microbiol. 85 (13) art. no. 00377-19.
Pozo, S., Montojo, C., Rivas, T., Lopez-Diaz, A.J., Fiorucci, M.P., Lopez de Silanes, M.E.,
2013. Comparison between methods of biological crust removal on granite. Key Eng.

Mater. 548, 317-325. https://10.4028/www.scientific.net/KEM.548.317.

Pozo-Antonio, J.S., Rivas, T., Lopez, A.J., Fiorucci, M.P., Ramil, A., 2016a. Effectiveness
of granite cleaning procedures in cultural heritage: a review. Sci. Total Environ. 571,
1017-1028.

Pozo-Antonio, S., Fiorucci, P., Rivas, T., Lopez, J., Ramil, A., Barral, D., 2016b.
Suitability of hyperspectral imaging technique to evaluate the effectiveness of the
cleaning of a crustose lichen developed on granite. Appl. Phys. Mater. Sci. Process
122, 100. https://doi.org/10.1007/500339-016-9634-5, 9pp.

Pozo-Antonio, J.S., Montojo, C., Lopez de Silanes, M.E., de Rosario, 1., Rivas, T., 2017. In
situ evaluation by colour spectrophotometry of cleaning and protective treatments in
granite. Int. Biodeterior. Biodegrad. 123, 251-261.

Pozo-Antonio, J.S., Barreiro, P., Gonzdlez, P., Paz-Bermtdez, G., 2019. Nd:YAG and Er:
YAG laser cleaning to remove Circinaria hoffmanniana (Lichenes, Ascomycota) from
schist located in the Coa Valley Archaeological Park. Int. Biodeterior. Biodegrad.
144, 104748, 10pp.

Prieto, B., Sanmartin, P., Silva, B., Verdd, F.M.M., 2010. Measuring the color of granite
rocks: a proposed procedure. Color Res. Appl. 35 (5), 368-375.

Ramil, A., Pozo-Antonio, J.S., Fiorucci, M.P., Lopez, A.J., Rivas, T., 2017. Detection of
the optimal laser fluence ranges to clean graffiti on silicates. Construct. Build. Mater.
148, 122-130.

Rivas, T., Lopez, A.J., Ramil, A., Pozo, S., Fiorucci, P., Lopez de Silanes, M.E., Garcia, A.,
Vazquez de Aldana, J.R., Romero, C., Moreno, P., 2013. Comparative study of
ornamental granite cleaning using femtosecond and nanosecond pulsed lasers. Appl.
Surf. Sci. 278, 226-233.

Rivas, T., Pozo-Antonio, J.S., Lopez de Silanes, M.E., Ramil, A., Lopez, A.J., 2018. Laser
versus scalpel cleaning of crustose lichen on granite. Appl. Surf. Sci. 440, 467-476.

Sadezky, A., Muckenhuber, H., Grothe, H., Niessner, R., Poschl, U., 2005. Raman
microspectroscopy of soot and related carbonaceous materials: spectral analysis and
structural information. Carbon 43, 1731-1742.

Saiz-Jimenez, C., Miller, A.Z., Martin-Sanchez, P.M., Hernandez-Marine, M., 2012.
Uncovering the origin of the black stains in Lascaux Cave in France. Environ.
Microbiol. 14, 3220-3231. https://doi.org/10.1111/1462-2920.12008.

Sanmartin, P., Aira, N., Devesa-Rey, R., Silva, B., Prieto, B., 2010. Relationship between
color and pigment production in two stone biofilm-forming cyanobacteria (Nostoc sp
PCC 9104 and Nostoc sp PCC 9025). Biofouling 26, 499-509.


https://doi.org/10.1016/j.ibiod.2021.105276
https://doi.org/10.1016/j.ibiod.2021.105276
https://doi.org/10.1016/S0964-8305(98)00043-2
https://doi.org/10.1016/S0964-8305(98)00043-2
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref2
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref2
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref2
https://doi.org/10.3390/coatings10030196
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref4
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref4
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref5
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref5
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref5
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref6
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref6
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref7
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref7
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref8
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref8
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref8
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref8
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref9
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref9
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref9
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref10
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref10
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref10
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref10
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref11
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref11
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref11
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32003R2032&amp;from=ES
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32003R2032&amp;from=ES
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref13
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref13
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref13
https://doi.org/10.1179/175355208X381822
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref15
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref15
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref15
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref16
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref16
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref16
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref16
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref16
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref17
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref17
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref17
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref18
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref18
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref18
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref19
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref19
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref19
https://doi.org/10.1007/s00284-012-0123-6
https://doi.org/10.1007/s00284-012-0123-6
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref21
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref21
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref21
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref22
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref22
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref22
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref22
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref23
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref23
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref24
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref24
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref24
https://doi.org/10.1007/s00339-010-5652-x
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref26
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref26
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref26
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref26
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref27
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref27
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref27
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref28
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref28
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref28
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref29
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref29
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref30
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref30
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref31
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref31
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref31
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref31
https://doi.org/10.1007/s00339-014-8933-y
https://doi.org/10.1007/s00339-014-8933-y
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref33
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref33
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref33
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref34
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref34
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref34
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref35
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref35
https://10.4028/www.scientific.net/KEM.548.317
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref37
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref37
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref37
https://doi.org/10.1007/s00339-016-9634-5
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref39
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref39
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref39
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref40
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref40
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref40
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref40
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref41
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref41
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref42
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref42
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref42
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref43
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref43
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref43
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref43
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref44
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref44
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref45
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref45
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref45
https://doi.org/10.1111/1462-2920.12008
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref47
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref47
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref47

J.S. Pozo-Antonio et al.

Sanmartin, P., Villa, F., Silva, B., Cappitelli, F., Prieto, B., 2011a. Color measurements as
a reliable method for estimating chlorophyll degradation to phaeopigments.
Biodegradation 22, 763-771.

Sanmartin, P., Silva, B., Prieto, B., 2011b. Effect of surface finish on roughness, color and
gloss of ornamental granites. J. Mater. Civ. Eng. 23 (8), 1239-1248.

Sanmartin, P., Fuentes, E., Montojo, C., Barreiro, P., Paz-Bermudez, G., Prieto, B., 2019.
Tertiary bioreceptivity of schists from prehistoric rock art sites in the Coa Valley
(Portugal) and Siega Verde (Spain) archaeological parks: effects of cleaning. Int.
Biodeterior. Biodegrad. 142, 151-159.

Sanz, M., Oujja, M., Ascaso, C., de los Rios, A., Pérez-Ortega, S., Souza-Egipsy, V.,
Wierzchos, J., Speranza, M., Canamares, M.V., Castillejo, M., 2015. Infrared and
ultraviolet laser removal of crustose lichens on dolomite heritage stone. Appl. Surf.
Sci. 346, 248-255. https://doi.org/10.1016/j.apsusc.2015.04.013.

Sanz, M., Oujja, M., Ascaso, C., Pérez-Ortega, S., Souza-Egipsy, V., Fort, R., de los
Rios, A., Wierzchos, J., Canamares, M.V., Castillejo, M., 2017. Influence of
wavelength on the laser removal of lichens colonizing heritage stone. Appl. Surf. Sci.
399, 758-768.

Selverstone, J., 2005. Preferential embrittlement of graphitic schists during extensional
unroofing in the Alps: the effect of fluid composition on rheology in
low-permeability rocks. J. Metamorph. Geol. 23 (6), 461-470.

Silva, B., Aira, N., Martinez-Cortizas, A., Prieto, B., 2009. Chemical composition and
origin of black patinas on granite. Sci. Total Environ. 408, 130-137. https://doi.org/
10.1016/j.scitotenv.2009.09.020.

Simonot, L., Elias, M., 2003. Color change due to surface state modification. Color Res.
Appl. 28, 45-49.

13

International Biodeterioration & Biodegradation 163 (2021) 105276

Skinner, B.J., 1966. Thermal expansion. In: Clark, J.R.S.P. (Ed.), Handbook of Physical
Constants, Revised Edition, vol. 97. The Geological Society of America Inc, Memoir,
pp. 75-96.

Smith, C.W., Aptroot, A., Coppins, B.J., Fletcher, A., Gilbert, O.L., James, P.W.,
Wolseley, P.A., 2009. The lichens of great britain and Ireland. The Natural History
Museum Publications in association with the British Lichen Society.

Speranza, M., Wierzchos, J., De Los Rios, A., Perez-Ortega, S., Souza-Egipsy, V.,
Ascaso, C., 2012. Towards a more realistic picture of in situ biocide actions:
combining physiological and microscopy techniques. Sci. Total Environ. 439,
114-122.

Speranza, M., Sanz, M., Oujja, M., de los Rios, A., Wierzchos, J., Pérez-Ortega, S.,
Castillejo, M., Ascaso, C., 2013. Nd-YAG laser irradiation damages to Verrucaria
nigrescens. Int. Biodeterior. Biodegrad. 84, 281-290. https://doi.org/10.1016/j.
ibiod.2012.02.010.

Tretiach, M., Crisafulli, P., Imai, N., Kashiwadani, H., Hee Moon, K., Wada, H.,
Salvadori, O., 2007. Efficacy of a biocide tested on selected lichens and its effects on
their substrata. Int. Biodeterior. Biodegrad. 59, 44-54.

Venice Charter for the Conservation and Restoration of Monuments and Sitesm, 1964.
http://www.icomos.org/venicecharter2004/index.html.

Walter, J.M., 2004. Fabric development, electrical conductivity and graphite formation
in graphite-bearing marbles from the central damara belt, Namibia. PhD Thesis.
Georg-August-Universitat zu Gottingen.

Wang, A., Freeman, J., Kuebler, K.E., 2002. Raman spectroscopic characterization of
phyllosilicates. Lunar Planet. Sci. XXXIII. art. no.1374.

Yonehara, M., Matsui, T., Kihara, K., Isono, H., Kijima, A., Sugibayashi, T., 2004.
Experimental relationship between surface roughness, glossiness and color of
chromatic colored metals. Mater. Trans. 45, 1027-1032.


http://refhub.elsevier.com/S0964-8305(21)00106-2/sref48
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref48
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref48
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref49
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref49
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref50
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref50
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref50
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref50
https://doi.org/10.1016/j.apsusc.2015.04.013
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref52
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref52
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref52
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref52
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref53
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref53
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref53
https://doi.org/10.1016/j.scitotenv.2009.09.020
https://doi.org/10.1016/j.scitotenv.2009.09.020
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref55
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref55
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref56
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref56
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref56
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref57
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref57
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref57
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref58
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref58
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref58
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref58
https://doi.org/10.1016/j.ibiod.2012.02.010
https://doi.org/10.1016/j.ibiod.2012.02.010
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref60
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref60
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref60
http://www.icomos.org/venicecharter2004/index.html
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref63
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref63
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref63
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref64
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref64
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref65
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref65
http://refhub.elsevier.com/S0964-8305(21)00106-2/sref65

	Effectiveness and durability of chemical- and laser-based cleanings of lichen mosaics on schists at archaeological sites
	1 Introduction
	2 Materials and methods
	2.1 Sites and cleaning procedures
	2.2 Analytical techniques
	2.2.1 Characterization of biological colonization
	2.2.2 Cleaning effectiveness and durability


	3 Results
	3.1 Characterization of biological colonization
	3.2 Cleaning effectiveness and durability
	3.2.1 In situ observations
	3.2.2 Colour spectrophotometry
	3.2.3 Raman spectroscopy


	4 Discussion
	5 Conclusions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


