®

Check for
updates

Chapter 3
Laser Cleaning on Stonework: Principles,
Case Studies, and Future Prospects

Paraskevi Pouli

Abstract The use of laser light to selectively remove and/or precisely reduce
unwanted layers and encrustations from the surface of cultural heritage (CH) objects
and monuments was systematically investigated during the past 30 years bringing
about a significant breakthrough in the field. This chapter aims at briefly introducing
the reader to the basic concepts of laser cleaning, while highlighting the critical and
decisive parameters that determine an efficient and successful laser ablation on
stonework. Limitations ensuring a safe process are discussed, and good practice
guidelines for laser cleaning interventions are presented, with emphasis to their
practical implementation in three laser cleaning projects with different conservation
challenges. Finally, ongoing issues related to careful assessment and reliable moni-
toring of the process are discussed.

Keywords Laser cleaning - Stonework - Good-practice guide

3.1 What Is Laser Cleaning: Principles of Operation

LASER (Light Amplification by Stimulated Emission of Radiation) is a unique illu-
mination source that nowadays holds a vital role in many every-day applications
(i.e., material science, communications, medicine, entertainment, etc.). Laser light
was born in the laboratories in the early 60s based on Einstein’s studies on the
absorption and emission of light. It was progressively established as a valuable
diagnostic and material processing tool due to its distinctive features such as mono-
chromaticity (it is emitted in light beams of single or narrow bands of wavelengths),
high directionality, and coherence, in addition to its high energy. These unique prop-
erties enable laser-material interactions that are characterised by selectivity, spatial
confinement, remote action, immediate control, and feedback, and made possible
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the broad use of lasers for analytical and cleaning purposes in a number of material
processing applications, as well as in the cultural heritage (CH) field [1, 2].

Laser-assisted removal is realized with the deposition of light energy in a con-
trolled volume of material (in the range of a few cubic micrometres)! within a short
time frame (usually a few nanoseconds).? This rapid energy deposition results,
through a series of processes, in material breakdown, generation of a micro-plasma
plume, and eventually in material removal. In fact, the interaction of intense laser
light with matter is a complex process, also known as laser ablation, to which many
parameters play important role.

Physical and chemical properties of the material, such as the absorption coeffi-
cient® (a), the thermal conductivity* (k), the heat capacity® (C), etc., are decisive for
the quality of the cleaning intervention. For materials that strongly absorb the laser
light, laser-ablation is effectively taking place within a well-defined and restricted
volume (Fig. 3.1), and thus any thermal or photo-chemical effects to the underlying
or surrounding material are minimal. Given that the properties of the material are
inherent and cannot be changed, a safe and precise laser cleaning process can be
influenced and controlled by the careful selection of the characteristics of the laser
light. The wavelength® ()), the applied energy density or fluence’ and the pulse
duration® (t,) have a major role in ensuring efficient and satisfactory cleaning pro-
cesses. Other important factors are the laser beam quality and profile, the repetition
rate and the use of enhancing liquids, e.g. water. Fine-tuning of all these parameters
enables the development of an appropriate cleaning methodology and is crucial for
successful conservation interventions that will respect and safeguard the original
surfaces.

In this respect, another very important condition refers to the “self-limiting”
mechanism, i.e., the significant difference that characterizes the onset for ablation
(ablation threshold) between the (unwanted) over-layer and the original surface [1,
2]. As arule of thumb this condition is effective for most of the cases involving dark
encrustations (e.g., soiling and pollutants accumulations) on light-coloured

"1 cubic micrometer (pm?) is a ST measurement unit of volume with sides equal to one micrometer
(1 pm =1 10° meter = 1 millionth of a meter).

21 nanosecond (ns) = 1 10~ second = 1 billionth of a second.

3The absorption coefficient (a) defines how much light of a given wavelength/color (1) is absorbed
by a material of a given thickness.

*The thermal conductivity (k) of a material is a measure of its ability to conduct/transfer heat.
SThe heat capacity (C) denotes the the amount of thermal energy required to raise the temperature
of a substance by one degree.

¢} = The length of one complete light wave. Wavelength is a key characteristic of the laser light,
usually fixed for any given laser system, and characterizes the “colour” of its monochromatic
dimension (measured in nm).

7F = the energy (E) delivered per unit area. In practice this is measured as F = E/S (measured in J/
cm?), where E is the output energy of the system for a single laser pulse and S the surface of the
irradiated area.

87, = The duration of a single laser pulse (z, ranging from several microseconds (us, 107 s) to
picoseconds (ps, 107'? s) are commonly used in laser cleaning applications).
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Fig. 3.1 Schematic representation of (a) the laser system parameters and (b) the material proper-
ties that rule the laser-matter interaction

stonework (e.g., white marble or limestone), but it may not apply in all cleaning
challenges. Therefore, extensive studies have been carried out with the aim to prove
and establish laser cleaning, while, at the same time, significant research is nowa-
days focused on developing reliable monitoring diagnostics.

3.2 Advantages and Limitations

Lasers offer a number of important advantages in respect to other commonly used
cleaning techniques, i.e., chemical (solvent/paste) and mechanical (abrasive/scal-
pel) cleaning, as their unique properties allow the effective handling of a number of
open and vital issues in CH conservation. Laser light is selectively interacting only
with the materials that significantly absorb the specific laser wavelength, resulting
in cleaning interventions confined in space and materials. Indeed, for self-limiting
conditions, the removal process is restricted only to the highly-absorbing, usually
dark-coloured encrustation, and thus, any risks for damages or accidents to the orig-
inal surface due to over-cleaning, or operator’s fatigue and inattention, are practi-
cally minimized. This is particularly important for objects with high surface relief
and curved details, or for delicate and damaged original surfaces, as lasers can
effectively remove the encrustation, and reveal the substrate intact. Furthermore,
they enable contactless and distant operations, as no excessive pressure is exercised
onto fragile surfaces, minimizing any harmful results.



78 P. Pouli

In parallel, laser cleaning can offer strictly localized action, while it is spatially
confined only to the size of the beam diameter,” without affecting the underlying or
adjacent areas. As a result, issues related to precision of intervention, especially in
cases of non-homogeneous surface crusts, can be easily overcome, while issues
associated with uncontrolled penetration and/or spread of chemicals into the bulk of
the treated surfaces and their surrounding areas, as well as difficulties in residues
removal, are clearly avoided.

Finally, problems associated with the insufficient visibility of the surface under
treatment and the monitoring of the process, as well as repetitive and time-consuming
applications, have been significantly restrained due to the immediate control and
feedback offered by laser cleaning. Issues related to the health and safety of the
operators/conservators and the environment are effectively tackled, by following
strict rules upon laser operation, as well as by carefully collecting and disposing the
extracted dust waste.

3.2.1 Discoloration Side Effects: Darkening of Pigments
and Yellowing of Stone

The wide use of lasers in CH conservation has been often restricted and criticized
due to side effects associated with undesirable discoloration observed on the treated
surfaces. Darkening of paints, as well as yellowing of the cleaned stonework have
been reported as unfavourable fallouts of laser cleaning [3, 4] urging for further
studies.

Discoloration of pigments was among the first drawbacks reported during one of
the earliest laser cleaning interventions at the Portal of Amiens Cathedral in France,
25 years ago [5]. Systematic studies both on pigment powder, as well as on paint
mock-ups, have been performed, aiming to investigate the sensitivity of pigments to
laser irradiation, taking into account both the material properties (chemical compo-
sition of the pigment and the binding media) and the laser parameters (A, F, 7, etc.)
[6-17]. These studies indicated that darkening of the pigment particles and the paint
(pigment-binder mixtures) appears in most of the studied cases upon direct expo-
sure to laser light and depends closely to the chemistry of the pigment and the
binder, as well as the applied irradiation parameters. Light-sensitive pigments, such
as red vermilion (HgS, cinnabar), are particularly sensitive also to lasers, either due
to phase transition to black meta-cinnabar [9], or chemical reduction of HgS to the
darker Hg,S [10, 13]. Lead pigments discolor only temporarily [10, 12], as their
darkening appears temporal while its reversal time depends on the composition of
the pigments and the applied irradiation parameters. Apparently, the chemical

Transportable pulsed laser cleaning systems emit beams with circular diameter, usually in the
range of 5-9 mm. Using appropriate focusing optics the size of the beam diameter can be regulated
and eventually focused to as small as 1 mm.
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composition of the binding medium and its absorbance to the applied laser beam are
important for the appearance of darkening phenomena. It was reported that for
highly absorbing binders (i.e., drying seed oils, protein-based compounds, such as
eggs and glues), the interaction of the ultraviolet (UV) laser beam with the paint was
restricted to a superficial layer, preventing damage to the paint bulk [4, 16, 17].
Nevertheless, as proven by the Acropolis case [31], paint layers or traces hidden
behind the encrustation on polychromed stonework can be safeguarded on the con-
dition that the operating parameters are fine-tuned, and the operator has the total
control of the intervention (i.e., low pulse repetition rates are employed).

On the other hand, discoloration of irradiated stone surfaces towards yellower
hues is mainly associated with infrared (IR) laser ablation of environmental encrus-
tation from marble surfaces and has been under investigation through the past
25 years [18-34]. These studies discuss a number of hypotheses that have been put
forward in order to explain its origin and, accordingly, to offer solutions for its pre-
vention and/or remediation. Initially, it was investigated whether discoloration was
due to the uncovering and revealing of pre-existing layers or patinas (i.e., scialbatu-
ras [4, 18, 30]). These colored surfaces may have been developed naturally through
the years due to the stone’s exposure to the environmental conditions, or they may
have been applied intentionally as protective coatings or as a preparation surface for
the polychromy. The hypothesis that the color of the cleaned surface is different to
what was expected because its original surface has been altered due to its proximity
with the encrustation has been also considered. Indeed, it has been reported that
migration of water-soluble organic compounds from the encrustation to the underly-
ing stone can be favoured in humid environments, causing significant changes to the
original stone color [20, 21]. In any case, no matter whether the colored layers have
been developed naturally or they have been applied on purpose, they may keep valu-
able historical evidence (sculpted details and tooling traces, pigment remnants,
etc.), and therefore their protection and safeguarding is considered imperative [22].

Other hypotheses refer to the chemical transformation of iron and other metallic
components of the crust and stone, induced by the photo-thermal mechanisms that
govern the IR laser ablation. Although the presence of iron in the crust is very low
(~0.6%) [23], its chemical transformation from hematite (Fe,O;) into magnetite
(Fe;0,), goethite (a-FeO(OH)) or even maghemite (y-Fe,O;), may result in notably
visible discoloration [19, 24-27].

Finally, attention was focused on insufficient cleaning due to the selective vapor-
ization of the darker components of the crust. Actually, the dark-colored particles,
embedded in the gypsum bulk of the pollution crusts, absorb highly the IR radiation
and, thus, irradiation at relatively low F values may support their preferential
removal, leaving behind remnants of the non-ablated gypsum matrix, which appear
yellow [3, 34].

Apparently, given that each distinct cleaning challenge fulfils more than one of
the above hypotheses, there is no unique and unambiguous answer to the origin of
the yellow discoloration. Therefore, it is imperative that a thorough investigation of
the stratigraphy and the components of the encrustation takes place prior to defining
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the optimum cleaning level, which will eventually influence the degree of the
discoloration.

In parallel a series of experiments were undertaken using different laser param-
eters (A, t,, F values etc.) [4, 28-34] with the aim to avoid or rectify the unpleasant
yellowing. These experiments employed real fragments, as well as technical mock-
ups simulating black crusts, starting from its simplistic approach, i.e., charcoal par-
ticulates embedded in gypsum [4], to more sophisticated crust simulations [28].
Comparative tests, using the 1064 nm and 355 nm beams from a QS — Nd:YAG
laser, confirmed the IR-induced discoloration on the gypsum-charcoal mock-ups.
The presence of the charcoal was found to have a vital contribution to the recorded
discoloration, as the intensity of the yellowing was found to be dependant to its
quantity. Furthermore, voids, resulting due to preferential removal of charcoal, were
reported upon irradiation with lower F values, at least for those ones that lay below
the ablation threshold of gypsum and above the one of charcoal. On the contrary, no
discoloration was observed to the reference gypsum mock-ups (without charcoal) or
upon UV irradiation of the gypsum-charcoal ones. In this latter case, a “layer-by-
layer” model of removal was confirmed for higher F values, which put into risk the
gypsum crystal, as its damage threshold at 355 nm was found to be rather low.
Similarly, IR irradiation on real samples verified the preferential removal of dark
particulates at lower F values and the beige-yellow discoloration of the residual
gypsum-rich matrix material.

These studies inspired the combined use of the two laser ablation regimes in
order to exploit their advantages, and early experiments were focused on the sequen-
tial employment of the UV laser beam to rectify the IR-induced discoloration [30].
However, their result was inhomogeneous, almost at the borderline of damage,
while colour rectification was not satisfactory. Further experimentation was focused
to their synchronous use in partial and temporal overlapping, while the contribution
of each individual ablation mechanism was regulated by adjusting the energy den-
sity ratio of the two beams (Fir/Fyy) [4, 30-34]. Systematic studies on mock-ups
and fragments with different crusts and careful assessment of the cleaned surfaces
resulted in the optimization and fine-tuning of this 2-A methodology, which was
then adapted for the cleaning challenges of the Athens Acropolis sculptures
described in paragraph 3.5.1.

3.3 Historical Review & Main Research Highlights

The first laser assisted removal of unwanted material on CH surface took place 50
years ago in Venice [35-38]. In the course of a project related to the holographic
recording of the famous Venetian monuments, John Asmus and his collaborators
experimented on the use of a ruby laser to clean black pollution crust from stone-
work. Several cleaning tests were performed, but it took another two decades before
the scientific community considered laser ablation for conservation interventions,
mainly due to restrictions posed from the laser technology itself.
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In the early 90s, systematic investigation for establishing laser cleaning on stone-
work was reported mainly in Europe. In the UK, Loughborough University and the
National Galleries on Merseyside in Liverpool collaborated towards a methodical
description of the mechanisms ruling Nd:YAG laser ablation of encrusted stone-
work, and the definition of the first systematic methodology for cleaning interven-
tions, with emphasis on black pollution crusts on limestones [1, 39-42]. In parallel,
in France, the Laboratoire de Recherche de Monuments Historiques in Paris [18, 22,
24-27] undertook a detailed comparison of laser assisted crust removal to mechani-
cal and chemical means and applied the technique in situ at Portail de 1a Mere Dieu
in Amiens Cathedral [5]. The issue of laser-induced discoloration was reported for
the first time. In parallel, St. Stephen’s Cathedral in Vienna [43, 44] and Maddalena
church in Venice [45] were laser cleaned in situ, while a very active research team
was formed in Florence at Consiglio Nazionale delle Ricerche (CNR) investigating
different laser ablation regimes and challenges [45-54]. Meanwhile, in Greece, the
Foundation of Research and Technology-Hellas (FORTH) performed the first
experiments for removing aged varnish layers from wooden icons and paintings, as
well as biological stains from paper substrates using UV laser radiation (at 248 nm
and 193 nm) emitted from excimer laser sources [2, 55]. Concurrently, the Greek
research team, in close collaboration with the Acropolis Restoration Service, initi-
ated a thorough research for investigating the appropriate cleaning methodology
and, most importantly, the laser-diagnostic techniques for the removal of pollution
crusts from the sculptures of the Acropolis in Athens [56-62]. Thereafter, signifi-
cant research effort has been dedicated worldwide for the broad application of lasers
in the conservation, as well as the analysis and diagnosis, of CH objects and
monuments.

In 1995, validating the pioneer role of this research, the first LACONA (LAsers
in the COnservation of Artworks) conference was organised by FORTH in Crete,
Greece. Twelve LACONA conferences!® were subsequently organised and the mul-
tidisciplinary research community was vigorously dedicated to the wide establish-
ment of laser technology in the field, while showing the way to new tools and
applications. Within the past three decades, several national and EU funded projects
allowed the flourishing of this pioneer research, and several supporting measures,
for example, the G7 COST action on “Lasers and Optical Methods in Artwork
Restoration”, set the basis for facilitating the communication and collaboration
between the various disciplines. Finally, a number of training activities were estab-
lished in order to enable the conservation professionals to become acquainted with
the laser technology.

In the meantime, there was also a significant development in laser technology,
resulting in a considerable number of laser cleaning systems available for use in
various applications. The early experiments employed the 1064 nm beam of a QS
Nd:YAG system with t, in the range of 10-25 ns. The harmonic wavelengths of this

0Heraklion, GR (1995), Liverpool, UK (1997), Florence, IT (1999), Paris, FR (2001), Osnabriick,
DE (2003), Vienna, AU (2005), Madrid, ES (2007), Sibiu, RO (2009), London, UK (2011),
Sharjah, UAE (2014), Krakéw, PO (2016), Paris, FR (2018) and forthcoming Florence, IT (2022).
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laser (mainly the 2nd (532 nm) and 3rd (355 nm) and to a lesser extent the 4th
(266 nm) and the 5th (213 nm)) have also been employed for a number of applica-
tions with promising results, while the combination of 1064 nm and 355 nm was
proposed as a solution to prevent unwanted side effects related to discoloration of
stonework. Longer laser pulses emitted from SFR!'' and LQS'!' Nd: YAG systems are
also broadly used especially for applications related to removal of pollution crusts
from stonework. In these cleaning regimes, photo-thermal mechanisms are impor-
tant, and the presence of a moistening agent is imperative. Material is removed
through vaporisation as a result of water steam formation, while the ablation depth
can be controlled, allowing discrimination of the various layers. Plenty of world-
known monuments and objects with complex and demanding stratigraphy and
cleaning challenges have been treated successfully with these types of lasers (e.g.
the Santi Quattro Coronati [50] and the Porta della Mandorla [51] in Florence). On
the other hand, shorter laser pulses (of pico'>- and femto'>-second duration) have
been also considered as they can practically minimise thermal phenomena.
Irradiation using ultra-short laser pulses is associated with shorter thermal diffusion
lengths, resulting into more effective material removal, which is particularly impor-
tant in case of hard encrustations. The disadvantage, in this case, is the fact that the
operative fluence window may be smaller than in other laser cleaning regimes,
necessitating the presence of monitoring approaches, especially for multi-layered
encrustations [28].

Er:YAG laser systems have also been used for cleaning applications in the CH
field (initially in paintings conservation and later in other materials), in parallel to
their broad implementation in medical and dental applications. IR pulses at 2940 nm
emitted from Er:YAG laser systems rely on the selective excitation of molecules
containing OH-groups (i.e., water and other solutions) which are the main absorbers
at this wavelength. Their presence favours the thermal dissipation of the laser energy
into the outer surface of the unwanted material, increasing its temperature and pres-
sure, stimulating its removal through steam formation and gas expansion. Thus,
ablation in this regime is photo-thermally dominated. A significant number of stud-
ies have been dedicated to the investigation of the potential heating effects, also
aimed at defining the most suitable moistening agents and the appropriate laser
parameters in order to confine the absorption of the 2940 nm radiation to the outer
surface layers, and effectively control the cleaning interventions in this regime
[63-68].

ISFR: Short free running 50-120 ps and LQS: Long Q-switched 120-950 ns.
21 ps=10""25=1/1000 ns and 1 fs = 10> s = 1/1000 ps.
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3.4 A Methodological approach for Laser Cleaning
of Stonework

Laser cleaning, similar to any other irreversible intervention, must be approached
with high level of responsibility and attention. Although it is established as a safe,
controllable, and effective cleaning tool, care should be taken to determine the opti-
mum parameters for each individual cleaning case, in order to avoid any damaging
and/or irreparable situations. Along these lines, a protocol that can ensure careful
and effective conservation processes is briefly presented (Fig. 3.2), aiming to indi-
cate the main steps that must be followed, keeping in mind that every single conser-
vation challenge, although appearing similar to previously studied ones, may vary
significantly, and, thus, necessitates its own consideration.

3.4.1 Phase A: Definition of the Conservation Challenge

With the aim to define the cleaning level and ensure safeguarding of the original
surface, a systematic study is essential prior to any cleaning intervention. This is
well-practised in CH conservation and refers to careful analytical investigation of
the involved materials and layers with emphasis to the determination of their chemi-
cal composition, their morphology, thickness, and stratigraphy, taking into account
historical data and past conservation treatments. In laser cleaning, specifically, it is
crucial to additionally determine the physico-chemical characteristics of the
unwanted materials and the original substrate, including their absorptivity profile,
as they are critical for the selection of the operational characteristics of the laser
system. Other important details that characterise each unique conservation chal-
lenge refer to the presence of organic materials (due to past conservation

Good practice guidelines for laser cleanlng

Ck of cleaning level
9 Sefting the
: mc.wm = N, repetition rate, wetting
« Over-cleaned | damaged = Soenning. overlepping
» Imaging (spectral, photoacoustic) Timely detection of the crust-
.M.W{LES.I_JFMJ subsirate interface
* Optical coherence (DHSPI, OCT)

Fig. 3.2 Good practice guidelines for approaching the different laser cleaning challenges
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treatments) and paint traces, the state of cohesion and adhesion of the involved
materials and surfaces, their ageing condition (fresh or aged polymeric coatings),
and any variations in thickness and/or stratigraphy across the surface.

3.4.2 Phase B: Feasibility Study

The ablation threshold values for the involved materials (i.e., the onset for removal
of encrustation material, F,, and the onset for damage to the substrate, Fyae) are
particularly important when it comes to the decision of the appropriate laser clean-
ing approach. Their relative difference may ensure a self-limiting process
(Ferust < <Fgupsrare) OF may call for extra monitoring processes. To this end, it is advis-
able to perform “etch-rate” studies for the encrustation and substrate in order to
determine how much material is removed for different F values. Practically, this can
be achieved on the basis of series of irradiation trials involving spot tests of single
(1), as well as multiple (2, 5, 10 etc.) pulses at increasing F values. The resulting
craters are significant for the determination of the cleaning methodology. This phase
may necessitate the use of model mock-ups of the same or very similar physico-
chemical properties, thickness, surface morphology, and ageing condition to the
actual cleaning challenge. Alternatively, real fragments (unidentified or of lower
historical importance) of the same monument or site may be also utilised.

In this stage, it is also important to investigate whether the presence of a wetting
agent may enhance the cleaning efficiency [1, 4, 52] and, thus, irradiation tests on
pre-wetted surfaces should be also implemented. Moistening must take place in a
standard way (i.e., by means of a spray or by a clean and slightly wet cotton-swab,
sponge, or brush), while care must be taken in order to avoid excessive wetting of
the surface which may cause staining or other undesired surface alterations to the
surrounding areas, including uncontrolled ablation.

A first indication of the ablation thresholds of the involved materials is usually
based on visual and spectral imaging of the irradiated spots supported by micro-
scopic (optical, stereo-, and scanning electron microscopy) evaluation. When appli-
cable, determination of the depth of the laser induced craters using mechanical
profilometers or optical diagnostics can be also employed in order to fully study the
etching rate of the unwanted crusts.

Once the ablation thresholds of the involved materials are determined, further
tests on larger areas (e.g., I cm?) are advisable in order to further evaluate the result
[69, 70]. Their assessment must be multi-analytical and responsibly address the
cleaning result in regard to:

(a) Surface morphology: undesirable effects due to excessive or insufficient irra-
diation conditions may be observable as surface alteration (i.e., disrupted mar-
ble crystals, darkened ceramics, or damaged biotite grains within the granite
[69]), micro-cracking, selective vaporisation of individual (darker) components
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of the crust leaving behind usually bleached or discoloured crust remains, melt-
ing, and other thermally induced phenomena.

(b) Colour: the cleaned surface must show similar coloration to the surface selected
as reference. Discoloration can usually be detected easily, due to the high sen-
sitivity of human eye, nevertheless, its quantitative measurement, e.g., by using
a colorimeter, can be a demanding process and must be evaluated with caution.

(c) Physicochemical changes to the inorganic and/or organic components or layers
of the original surface: their effects may be directly visible (i.e., darkening of
pigments) or they may affect the surface in the long-term (i.e., dehydration of
inorganic or polymerisation of organic molecules). Different analytical and
diagnostic tools may be employed for the detection of such potential altera-
tions, including X-ray diffraction [23, 24, 70], Raman spectroscopy [13, 34], IR
spectroscopy [11, 23, 64, 94], X-ray photoelectron spectroscopy [10], fluores-
cence spectroscopy [11, 23], and mass spectrometric techniques [11, 30, 71],
while issues of sensitivity of the analytical technique, sampling restrictions, and
reliability of results, due to point or superficial analysis, are currently under
discussion by researchers.

3.4.3 Phase C: Development of the Cleaning Methodology

This phase is rather technical and refers to the fine-tuning of the laser cleaning
parameters to ensure a homogeneous and satisfying result. The number of applied
pulses according to the thickness and the morphology of the encrustation, their rep-
etition rate (in Hz), the spot size of the light beam, the scanning protocol (either
manually or computer-driven) and the optimization of its conditions (i.e., overlap-
ping, repetitions etc.), the most suitable moistening scheme, the archiving protocol,
etc. are among the parameters that must be decided for an optimum laser-assisted
encrustation removal. It is also important to clearly differentiate this optimal clean-
ing level compared to under-cleaned and/or damaged surfaces [80].

3.4.4 Phase D: Monitoring of the Process

Finally, to ensure a responsible and safe laser cleaning intervention, reliable and
careful control of the removal process, in situ and, if possible, in real time with the
actual process, is imperative. A key issue in this respect is to find out the appropriate
controlling tool and, accordingly, to determine the critical point that denotes when
the cleaning limit is about to be reached and, thus, the process must be timely termi-
nated or continued to an adjacent point or area, ensuring that the original surface is
safeguarded from any mistakes or irreversible damage. This is not an easy and
straightforward procedure, as in most of the cleaning cases, the treated objects
involve multifaceted layers and materials of possibly different weathering or ageing
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states, with heterogeneous structures and thicknesses that may significantly vary
across the object. Therefore, total automation of laser-cleaning processes, as well as
cleaning at high repetition rates, are not advisable, as they risk preventing the end-
user to react timely to any unpredicted situation. On the contrary, it is recommended
to continuously and carefully observe the treated area and employ the suitable mon-
itoring device.

Early studies were focused on imaging approaches [72, 73], and were based on
digital processing of the acquired images to quantitatively identify the differences
between an optimum, under-cleaned, and damaged surface. In parallel, laser spec-
troscopies (LIBS, laser induced breakdown spectroscopy and LIF, laser induced
fluorescence) were also considered, as they were easily adopted using the same
laser beam [56-58, 74, 75]. In this case, the monitoring relies on the observation of
the optical emission of the ablation plume and the recording of the intensity of spe-
cific spectral lines for successive laser pulses upon the cleaning process. Any sig-
nificant changes to these spectral lines are expected to delineate the
encrustation-substrate interface, on the condition that the emission spectra of the
removed material and the underlying substrate are different. Another critical point
is that the laser ablation plasma is associated with high F values that most of the
times are close to the Fyygae and thus, call for particular attention. Optical coher-
ence techniques have also been investigated for their potential to control cleaning,
either by determining the thickness of remaining organic coatings (optical coher-
ence tomography [76, 77]), or by detecting structural changes (holographic interfer-
ometry [78, 79]). Recently, photoacoustic signals generated upon laser ablation
have been also considered for on-line control with encouraging results [§0-82].

3.5 Case Studies and Ongoing Issues

Within the past 30 years the laser ablation mechanisms have been carefully studied
and different cleaning challenges and side issues have been satisfactorily tackled.
The interested reader may find in various scientific journals and conference pro-
ceedings (e.g., the LACONA conference proceedings) plenty of relevant informa-
tion on multifaceted laser cleaning queries, reflecting careful investigations to
determine and fine-tune the appropriate ablation parameters and methodologies. In
this section, selected examples of laser cleaning on stonework are briefly presented
with emphasis on the dedicated cleaning approaches that have been developed for
different encrustation materials on three unique Greek heritage objects and
monuments.



3 Laser Cleaning on Stonework: Principles, Case Studies, and Future Prospects 87

3.5.1 Gypsum-rich Dark Pollution Encrustation on Marble -
The Athens Acropolis Sculptures

A unique example of laser-assisted removal of pollution encrustation using the 2-A
methodology is the cleaning intervention at the sculptures of the Athens Acropolis
[33]. This unique complex of monuments, located on a hill in the centre of Athens
in Greece, has been exposed to the environmental conditions and weathering for
more than two and a half millennia. Nevertheless, the main cause for its weathering
is considered the rapid industrialisation of the Greek capital within the past 70
years, favouring the intense deposition of pollution particulates on these fine-
sculpted objects made of exquisite white Pentelic marble. The cleaning challenge
involved the controlled removal of various overlayers in order to reveal the
original substrate.

Studies of the stratigraphy of the encrusted sculptures indicated a complex situ-
ation calling for careful treatment. Three main types of encrustations on the sculp-
tures were encountered: (a) loose gypsum-rich deposits of soot and dirt forming a
uniform thin veil that obscures surface details; (b) homogeneous compact crusts of
well-adhered deposits that hide any surface traces and details; and (c) thicker den-
dritic crusts of re-crystallised and re-precipitated calcium carbonate bonded together
with gypsum and dark atmospheric particles that significantly alter the surface con-
dition. The substrate is comprised mainly of weathered marble, while two mono-
chromatic layers of ancient origin are recorded on well preserved marble surfaces,
indicating important historical details. These two layers are identified as the “epi-
dermis”, an orange-brown thin (30-100 pm) lower layer rich in calcium oxalates,
calcium phosphates, and iron oxides [23, 33, 83], and the “coating”, a thicker
(80—120 pm) outer beige layer of calcium carbonate. They are a distinctive indica-
tion of the original surface, as they retain tool-marks and pigment traces, and they
must be preserved.

To deal with this particularly challenging cleaning problem, the conservators and
researchers of the Acropolis Restoration Service (YXMA) investigated several con-
servation methodologies. Laser radiation was found superior over the conventional
cleaning methods due to its selectivity, effectiveness, and controllability, but scepti-
cism regarding yellowing triggered the research related to the combination of two
ablative mechanisms to reach an optimum cleaning result. Figure 3.3 shows a series
of laser irradiation tests using different laser parameters (details in [33]) on a newer
marble corner-complement of the Parthenon West Frieze with a thick pollution
crust. The critical evaluation of these tests on the basis of the potential chemical
alterations or colour changes induced to the substrate allowed fine-tuning of the
method, and the development of a prototype hybrid portable laser cleaning instru-
ment dedicated to the specific cleaning challenge. Ranges for F values that would
ensure effective and safe cleaning result were determined [33, 84].

The first assemblage from the Acropolis to benefit from the laser cleaning meth-
odology was the West Frieze of the Parthenon (2002-2005). Figure 3.4 shows an
area on block N. 6 during the laser cleaning. Dendritic crusts (on the horse-rider’s
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Fig. 3.3 Laser cleaning tests using different laser parameters (A and F values, as well as F ratios
upon simultaneous irradiation) on a newer marble corner-complement of the Parthenon West
Frieze with pollution encrustation. Snapshot during the laser cleaning on marble substrate. Area
(1) was irradiated at 1064 nm, area (2) at 355 nm and areas (3)—(10) at various combinations of the
two beams. Detailed info can be found in [33]. © Hellenic Ministry of Culture and Sports, Hellenic
Organization of Cultural Resources Development, Acropolis Restoration Service (YSMA) and
Ephorate of Antiquities of Athens

Fig. 3.4 Parthenon West Frieze, Block N. 6 (VI). (a) Snapshot during the laser cleaning on marble
substrate, (b) general view, and (¢) detail of Block N. 6 (VI) before cleaning. © Hellenic Ministry
of Culture and Sports, Hellenic Organization of Cultural Resources Development, Acropolis
Restoration Service (YSMA) and Ephorate of Antiquities of Athens, photos by S. Mavrommatis

cloth), compact crust (on the background), as well as loose deposits (on the horse
body) were removed in an effective and controlled way, ensuring the safeguarding
of the ancient surface layers and the weathered marble surface. Employment of the
2-) laser cleaning approach has been, since then, followed for the surface treatment
of these unique sculptures, either on site (i.e., for the cleaning of the coffered ceiling
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Fig. 3.5 (a) The porch at the Erechtheion prostasis with the Caryatids casts, and (b) laser cleaning
of its coffered ceiling. © Hellenic Ministry of Culture and Sports, Hellenic Organization of
Cultural Resources Development, Acropolis Restoration Service (YSMA) and Ephorate of
Antiquities of Athens, photo 3.5a by P. Pouli and photo 3.5b by D. Garbis

of the Erechtheion prostasis at the Caryatids porch, Fig. 3.5), or inside the Acropolis
conservation laboratories (for a number of sculptures such as the Northern and
Eastern Parthenon metopes and the Frieze of the Temple of Athena Nike).

The inauguration of the new Acropolis Museum in 2009 also signalled a new era
in the laser cleaning practice, as a temporal, but at the same time, advanced laser
laboratory has been set-up inside the exhibition area to enable preservation activi-
ties in situ and open to the public. The specially designed platform, developed by
the Acropolis Museum, is surrounded by protective curtains, in agreement with
laser safety measures, and “embraces” and isolates one sculpture at a time, while it
is moving in different heights to offer optimum access along the working area
(Fig. 3.6). The original Caryatids, the female figures holding the Erectheion porch,
were initially treated, while the visitors were able to follow the interventions in real
time in a symbolic connection between ancient and modern Greece [31].

3.5.2 Insoluble Aluminosilicate Encrustations on Excavated
Marble — The Hermes of Ancient Messene

The removal of inorganic encrustations from excavated objects is a controversial yet
essential intervention. Such crusts are carbonatic, rich in aluminosilicates and
metallic components, that may be abundant in the surrounding soil during the burial
period. In most of the cases, no gypsum compounds can be detected, while the pres-
ence of surface patination layers (protective treatments or polychromy preparation
layers) is uncommon. Thick layers of crust well-adhered to the substrate can be
found on sound surfaces (usually on the parts of the sculptures and fragments which
were buried face-down), while thinner layers occupying inter-crystalline space, due
to the stone’s disaggregation, are present on the parts that were buried face-up.
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Fig. 3.6 (a) The open-to-the-public laboratory set-up at the Acropolis Museum dedicated to the
laser cleaning of the original Caryatids, and (b) snapshot during the intervention. © The Acropolis
Museum, photo 3.6a by G. Vitsaropoulos and photo 3.6b by C. Arvanitakis

Although burial crusts cannot be considered harmful to the object, they may under-
mine aesthetic, artistic, and archaeological value, as they can obscure significant
details, expressions, and textures, and therefore, their removal is recommended.

Hermes is a life-size Roman (first century AD) marble statue, excavated in 37
fragments in Ancient Messene in the Peloponnese, Greece. Its appearance after con-
servation undermined legibility and appearance, so cleaning of the inorganic encrus-
tations was proposed. Prior to being the first statue to be laser-cleaned in situ in
Greece, cleaning trials were undertaken in order to compare the result of most com-
mon conventional techniques (ultrasound pick and micro-air abrasive) on a marble
fragment from the same excavation, characterised by a thick dark brown crust, simi-
lar in texture and composition to the one on the Hermes statue. The cleaning results
were evaluated by means of optical microscopy and spectral imaging, for different
types of crust and substrate condition, as well as their performance efficiency, the
degree of control, and their complexity in handling [85]. The sculpture, which is
currently exhibited in the Archaeological Museum of ancient Messene, was laser
cleaned on February 2001 in situ by “Lithou Sintirissis Conservation Associates”,
using a QS Nd:YAG system (Lynton Lasers) on damp surfaces. F range was
0.8-1.6 J/cm? (Fig. 3.7).

3.5.3 Cement on Selenite — The Peripheral Monuments
of the Minoan Palace of Knossos (Crete, Greece)

Another cleaning challenge refers to the removal of hard and often insoluble encrus-
tation (i.e., cement) from stonework. The task gets more demanding in case of sensi-
tive surfaces (i.e., weathered marble) or other softer substrates (i.e., mineral
gypsum), as the removal threshold of the overlayer can be significantly higher com-
pared to the damage threshold of the authentic surface. Therefore, the determination
of the operative laser parameters requires extra caution.
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Fig. 3.7 Hermes sculpture
before cleaning (left) and
details of the surfaces
cleaned with 1064 nm

QS- Nd:YAG laser at
F=0.8-1.6J/cm? ©
Lithou Sintirissis
Conservation Associates,
photos by S. Mavrommatis

Selenite (mineral gypsum, CaSO,+2H,0) is extensively used in the Minoan
Palatial architecture both as an ornamental and building element due to its excep-
tional iridescence properties, but it is particularly soft (2/10 on the Mohs scale of
mineral hardness) and fragile (due to its susceptibility to weathering and humidity).
During the reconstruction of the archaeological site of Knossos, in Heraklion, Crete,
at the beginning of the twentieth century AD, dark-coloured cement was used exten-
sively, mainly to attach the gypsum elements on their original position, but also as a
“coating” covering the Minoan selenite walls. Such types of cement coatings dis-
turb the appearance of the Knossean monuments, and endanger the longevity of the
selenite surfaces, mainly due to the different mechanical properties (hardness, elas-
ticity, etc.) of the materials, resulting in structural and surface failure. Therefore,
their removal was deemed necessary. Although a significant part of the cement crust
can be removed by mechanical means, attempts to remove thinner remains resulted
in partial detachment of the original gypsum, due to the loss of cohesion between
the surface layers of selenite crystal aggregates. Laser cleaning was considered, and
feasibility tests were focused on investigating the cleaning parameters that will
ensure: (a) cement removal without any change (physical or chemical) to the sele-
nite crystalline phase (due to the de-hydration of gypsum to hemihydrate and/or
anhydrous calcium sulphate), and (b) preservation of the “colored surface patination
layers” (rich in calcium oxalates, calcium phosphates, calcite, and clay minerals).

Following systematic studies [70] on technical mock-ups (1 mm thin cement
layer on 1-1.5 mm of tabular translucent selenite crystal layer parallelepipeds) and
real fragments (collected from a stone-pile located nearby the Royal Villa, at the
east of the Minoan Palace), it was shown that a short-pulse IR laser beam at 1064 nm
effectively removes such thick and hard insoluble cement crusts without affecting
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Fig. 3.8 Close magnifications of IR laser irradiation tests at 1064 nm to remove cement from
selenite: (a) 10 pulses at F = 6.5 J/cm? on selenite reference “monolayers”™; (b) 5 and 30 pulses at
3 J/em? on cement covered selenite “monolayers”; and (¢) removal of light-coloured thick cement
layer from a real fragment using 30-50 pulses at 1064 nm. All irradiations were performed on wet
surfaces

the gypsum surface morphology, the colour, and the chemistry of the authentic sel-
enite surface, as it was confirmed through a number of imaging (optical microscopy,
spectral imaging) and analytical (Raman spectroscopy, X-ray diffraction) tech-
niques. Through these studies, the removal threshold of cement (F.pey = 1.5 J/cm?)
and the damage threshold of selenite (Fyene = 6.5 J/cm?) were determined, and,
accordingly, the range of cleaning F (2-5 + 0.3 J/cm?) was chosen (Fig. 3.8). Tests
with the UV beam of the same QS Nd:YAG laser at 355 nm indicated that the dam-
age threshold of selenite in this regime was significantly lower, and the removal
efficiency of the cement was appreciably effected compared to the IR. Therefore,
this cleaning regime was rejected for the purposes of this study.

3.5.4 Other Materials

Further to the above-mentioned cases, other challenging encrustations disturb CH
stonework and urge for careful solutions. Biological formations, quite common in
archaeological sites with high humidity, call for particular attention, as they may
penetrate within the stone bulk, causing further irreversible damage. Therefore,
their removal is considered a particularly demanding intervention [54, 65, 86—89].
Usually these types of crusts can be removed using the 532 nm beam of a Q-Switched
Nd:YAG laser [54, 87-89], although successful approaches have been reported with
the 2940 nm of an Er:YAG laser [65].

Another difficult cleaning case is the removal of graffiti from stonework, due to
their diversity in pigments and binding media, and the inevitable penetration of the
paints into the stone bulk. Their complete removal, especially for the paint that
occupies inter-crystalline space, is challenging and was approached using mainly
Nd:YAG lasers [69, 90-94]. Nevertheless, an important issue in this respect is their
practical implementation, as their diversity and wide-scale use necessitates auto-
mated cleaning processes.
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Other demanding cases involve removal of various crusts from plaster [31, 95],
brickwork [96], and granite, to mention a few. Plaster substrates appear to get
intensely discoloured upon IR irradiation, and the yellowing is being avoided using
a 532 nm beam [95] of the Nd: YAG laser or an appropriate combination of the 1064
and 355 nm beams [31]. Instead, brickwork gets darkened [96] upon 1064 nm irra-
diation. Likewise, an ongoing issue in laser cleaning of stonework refers to the
removal of overlayers (black crusts and graffiti) from granite. Granite is a rather
complex substrate which, due to its polymineralic grained texture [69, 94, 97, 98],
appears highly sensitive to laser cleaning. Indeed, biotite, potassium feldspar, and
plagioclase grains, main constituents of the granitic stone, can be easily damaged
(melted, extracted) upon non-optimised laser irradiation conditions, and, thus, care-
ful cleaning approaches must be employed. Another important issue, posing further
difficulties as regards the determination of the optimum laser cleaning parameters
for granitic substrates, is the fact that gypsum rich crusts must be totally eliminated,
as their calcium component does not originate from the stone itself but from exter-
nal sources (i.e., from the dissolution of joint mortars). For this reason, surface lay-
ers of gypsum show different physical and mechanical behaviour with respect to
granite, which may lead to detachments and surface losses. Regarding this issue,
dual wavelength cleaning approaches have been considered with promising results
[69, 98].

3.6 Conclusions and Future Trends

The role of lasers as reliable, safe, and controlled cleaning tools is well established
in the CH conservation practice. However, given the irreversibility of the interven-
tion, careful optimisation of the cleaning methodologies (following cautious feasi-
bility studies and best practice protocols) and thorough assessment of the result,
combined with in situ and real-time monitoring of the laser-ablation process, must
be followed. In this respect, non-invasive and non-destructive analytical and diag-
nostic sensors must be adopted and carefully chosen on the basis of the require-
ments posed from each individual cleaning challenge. Their integration into agile
suites of surface, optical, and chemical sensors is expected to establish the reliabil-
ity, controllability, and applicability of laser cleaning, and to highly advance the
conservation process. Along these lines the development of portable cleaning and
analytical instrumentation, augmented with user-friendly control interfaces, is
imperative. Also, the recording, handling, using, and re-using of the acquired data
related to laser operational parameters, evaluation, and monitoring information [99]
in a FAIR (findability, accessibility, interoperability, and reusability) perspective is
expected to play an important role in the field, as this knowledge will become more
reachable and comprehensive to heritage scientists and conservators.
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