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ABSTRACT: mmovable polychrome cultural heritage—including grotto murals, architectural wall paintings, painted
plasters, and rock art—presents an analytical problem defined by three simultaneous constraints: the objects are stratified and
materially heterogeneous, the key questions are usually conservation-driven rather than purely descriptive, and the investigation must
be performed in situ with a level of intervention acceptable to conservation practice. In this context, laser-induced breakdown
spectroscopy (LIBS) has moved well beyond its early role as a rapid elemental screening tool. Its practical significance lies in the
fact that it can provide elemental information, micrometric sampling, and depth-resolved data within the same analytical sequence,

thereby addressing problems that are difficult to solve by fully non-contact techniques alone, which is why depth-resolved

investigation is often conservation-critical rather than merely technically attractive. This review focuses specifically on immovable

polychrome heritage and examines how LIBS has been used to identify mineral pigments, disentangle repainting and overpaint,

diagnose salts and surface deposits, estimate layer thickness, and support decisions on cleaning and consolidation. Emphasis is placed
on the analytical logic of field deployment: acceptable micro-destructivity, parameter selection under fragile surface conditions,
pulse-to-depth calibration, chemometric interpretation, and the role of multimodal workflows with Raman spectroscopy, X-ray
fluorescence, optical coherence tomography, and imaging methods. Recent computational and calibration strategies—numerical
simulation, machine-learning-assisted calibration, and micro-CT-aided depth calibration—are also considered as ways to reduce

dependence on ideal physical standards when

exact mural analogues cannot be prepared. The
review argues that the present frontier is no longer
whether LIBS can generate useful spectra from
wall paintings, but whether its outputs can be
standardized, reproduced, and translated into
evidence that conservators can trust. Its long-term
value therefore depends less on broadening
application claims than on consolidating low-
damage protocols, uncertainty-aware
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Portable LIBS provides elemental specificity, micrometric sampling and depth profiling for immovable polychrome heritage.
It helps identify pigments, overpaint and salts, estimate layer thickness, and guide conservation decisions.

conservation decision-making.

INTRODUCTION

Immovable polychrome heritage occupies a distinctive position
within heritage science because the object of study is never just an
image. Murals, grotto paintings, painted plasters, and architectural
polychromy are layered material systems in which pigments,
binders, preparatory grounds, support materials, and surface
deposits are assembled over time and then altered by
environmental exposure, previous interventions, and ageing.
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Consequently, the analytical questions that matter in practice are
rarely limited to the identification of a visible colorant.
Conservators need to determine whether the exposed paint is
original or secondary, whether a discolored area reflects surface
deposition or internal alteration, whether a treatment has
penetrated to a safe depth, and whether the observed stratigraphy
is consistent with the execution history of the monument. Recent
reviews on mural conservation and on spectral analysis of heritage
paintings show a clear shift from single-material identification
toward workflows that material

connect composition,
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deterioration mechanisms, and intervention strategy. !

A wide range of established methods already contributes to that
workflow. Raman spectroscopy, visible-near-infrared reflectance,
Fourier transform infrared spectroscopy, X-ray fluorescence
(XRF), and hyperspectral imaging have all become central to the
study of paintings because they can provide valuable information
without conventional sampling. Yet their strengths are
accompanied by well-known limitations when the object is an
immovable painting in a real architectural environment. Raman
and infrared measurements are often compromised by
fluorescence, varnish-like coatings, or altered organics; reflectance
methods are sensitive to mixtures and to the optical consequences
of surface roughness; and XRF, although indispensable for many
pigments, has limited sensitivity to light elements and cannot
directly resolve the depth from which a signal originates.>” These
constraints become even more restrictive in caves, churches,
tombs, and excavated architectural spaces where illumination,
access geometry, and environmental stability are difficult to
control.

LIBS has been repeatedly proposed to address part of this
analytical gap. Over the past two decades, critical reviews have
established its strengths and limitations in heritage analysis with
increasing clarity: it is rapid, portable, sensitive to light elements,
and exceptionally well suited to micro-area and depth-resolved
elemental analysis, but it is also micro-destructive, strongly
affected by matrix and surface heterogeneity, and far from
automatically quantitative under heritage conditions.®!* The
importance of LIBS for immovable polychromy therefore lies not
in replacing non-contact methods, but in providing a form of
chemically specific, in situ, stratigraphic evidence that those
methods often cannot supply on their own.

This review is devoted to that specific domain. It focuses on
immovable polychrome cultural heritage, especially murals,
grotto paintings, painted plasters, and architectural polychromy,
because these objects most clearly expose both the strengths and
the boundaries of LIBS under field conditions. Recent work on

portable LIBS in the Mogao Grottoes illustrates that the technique
is now mature enough to move beyond proof-of-concept
experiments and into conservation-oriented field investigation,
where pigment identification, particle-size effects, and layer-
thickness estimation can be attempted directly on site.!> The
purpose of the present review is therefore not to summarize every
heritage application of LIBS, but to examine how the method
operates when analytical performance is constrained by
conservation ethics, architectural scale, and the need for decision-
relevant interpretation.

Section 2 begins by explaining the layered structure of
immovable polychromy and the physical sequence of a LIBS
measurement before discussing micro-destructivity, parameter
optimization, depth profiling, and multimodal interpretation.
Section 3 covers pigment identification, original/restored layer
discrimination, alteration diagnosis, treatment control, and field
deployment. Section 4 then addresses quantification, emerging
calibration,

computational transparency of chemometric

workflows, and integration into conservation decision protocols.

ANALYTICAL FOUNDATIONS OF
LIBS FOR IMMOVABLE
POLYCHROMY

Stratigraphy of immovable polychromy and why depth
matters. The need for depth-resolved investigation becomes clear
only when immovable polychromy is treated as a stratified
material system rather than as a colored surface. A mural may
contain, from exterior to interior, a dust or salt crust, a darkened or
altered surface film, one or more paint layers, a ground or
preparatory plaster, an intonaco or arriccio layer, and the
architectural support. Later repairs, limewash, retouching, or
protective coatings may be interleaved with these original layers.
The visible color may therefore represent the original pigment, a
later overpaint, a thin alteration crust, a mixture produced by partial
loss, or a signal dominated by the underlying plaster (Table 1).

Table 1. Typical structural zones in immovable polychrome heritage and their implications for LIBS interpretation

Structural zone Conservation question

LIBS interpretation issue

Surface deposit, soot, salt
efflorescence, crust, or
coating the paint and plaster?

Paint layer or overpaint

Ground or preparatory

plaster boundary?

Architectural support

Is the observed discoloration or salt signal
superficial and removable, or has it penetrated

Which pigment family is present, and is the
visible layer original, retouched, or repainted?

Where is the paint-ground interface, and has

analysis or treatment crossed a critical layer

Does substrate composition influence the
detected signal, and should further ablation stop?

First-shot spectra may be dominated by contamination; repeated
shots and complementary imaging are required before assigning
the signal to the original paint.

Elemental markers must be interpreted with phase-sensitive
methods such as Raman when pigments share elements or when
mixtures are present.

A transition from pigment markers to Ca-, Mg-, S-, Si-, or Al-rich
signals can indicate interface crossing, but only after pulse-to-
depth calibration.

Substrate signals may be useful for context but should not be
produced unnecessarily on fragile or visually important surfaces.
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Table 2. LIBS parameters that require explicit control when analyzing fragile immovable polychromy

Parameter Analytical function Conservation relevance
Determine laser-material ling, ablati . .
Wavelength and pulse Ciermune ;asermateriat Coupiing, abvatiof Can alter crater morphology and pigment transformation;
. efficiency, plasma formation, and spectral . . .
duration . . wavelength choice must be material-specific.
intensity.
Pulse energy / fluence Controls signal strength, ablated mass, and Should be minimized after reaching acceptable signal-to-noise;

Spot size and focusing
distance

Gate delay and integration
time

Number of shots and shot
spacing

Ambient atmosphere /
buffer gas

Preprocessing and
normalization

plasma stability.

Define lateral sampling area and energy density;
influence spatial resolution and repeatability.
Separate early continuum from characteristic line
emission; affect line ratios and detection limits.

Enables depth profiling, averaging, and mapping.

Modifies plasma expansion, emission intensity,
and detection of light elements.

Reduce pulse-to-pulse fluctuation, matrix effects,
and geometry-induced intensity changes.

excessive fluence increases thermal halos and color change.
Critical on rough or curved surfaces where defocusing causes
signal variability and uncontrolled damage.

Poor timing can force unnecessary energy increase to
compensate for weak spectra.

Determines cumulative ablation and whether a protected
interface may be crossed.

May permit lower energy operation, but the gas delivery
arrangement must be safe in restricted heritage spaces.
Transparent reporting is necessary before spectra can be
compared across sites or interventions.

This stratigraphy explains why an in-depth investigation is
important. If a copper signal is detected only in the first pulse, the
conservation meaning may be a superficial deposit or retouching;
if it persists through a defined number of pulses before a calcium-
rich plaster signal appears, it is more plausibly associated with a
paint layer of finite thickness. Similarly, sulfur, chlorine, sodium,
magnesium, and calcium must be interpreted differently
depending on whether they occur in a removable surface
efflorescence, within the paint layer, or at the plaster interface.
Without depth information, elemental identification can remain
correct but conservation interpretation can still be wrong.

LIBS measurement sequence and the role of experimental
parameters. A LIBS measurement consists of a short laser pulse
focused onto the surface, formation of a micro- plasma by ablation
and excitation, time-resolved collection of atomic and ionic
emission, and spectral interpretation after background subtraction,
line selection, normalization, and, where possible, calibration.
Under this
straightforward. In wall-painting work it is inseparable from

laboratory conditions sequence may appear
surface fragility, optical access, non-planarity, and the need to limit
the number of shots at a given location. The same instrumental
parameter can therefore have two simultaneous meanings: it
controls analytical performance and it controls conservation risk.

The most relevant parameters are summarized in Table 2. Pulse
energy, spot size, and focusing determine fluence and crater
morphology; wavelength and pulse duration affect ablation
efficiency and coupling with different pigments; gate delay and
integration time control continuum rejection and line intensity; and
the number and spacing of shots define the depth-profiling strategy.
Local atmosphere and buffer gas also matter because helium or
argon can modify plasma temperature, electron density, emission
intensity, and crater morphology. For immovable heritage,
parameter optimization should therefore begin with the least
aggressive setting capable of producing interpretable spectra and

https://www.at-spectrosc.com/as/article/pdf/20260012
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should proceed only after visual and microscopic damage checks.

Micro-destructivity and its ethical justification. The primary
challenge for LIBS in mural studies is not instrumental but ethical.
Any technique that removes material from an immovable painting
must justify that intervention in terms that are acceptable to
conservation practice. In the case of wall paintings, the threshold
of acceptability is determined less by the nominal size of a crater
than by the relationship between analytical gain and material risk.
The key issue is whether the technique provides information that
cannot be obtained otherwise without removing a larger amount
of material. Studies on lead-based wall-painting pigments
demonstrated early that this risk cannot be assessed by crater
diameter alone, because the spectroscopic event may be followed
by visible color change or local chemical transformation in the
near-crater zone. 617

That insight remains fundamental. In practice, a LIBS
measurement becomes acceptable only when crater formation,
thermal effects, and secondary transformation are all kept below
the threshold at which the visual or chemical integrity of the
surface is altered. This has important consequences for protocol
design. Energy density, pulse number, focusing strategy, and local
atmosphere must be justified not just with respect to signal
intensity but also in relation to pigment stability. The heritage-
science significance of those early studies is that they shifted the
discussion from the simplistic question of whether LIBS is
destructive to the more relevant question of how damage can be
defined, measured, and limited under specific material conditions 417
The same ethical logic applies throughout: computational
refinement, chemometrics, and multimodal integration are
valuable only when they reduce uncertainty or reduce material
intervention, not when they merely add analytical complexity.

The acceptability of micro-destructive analysis has become
more robustly testable once LIBS was combined with independent

Atom. Spectrosc. 2026, 47(4), 601—614.



Table 3. Analytical tasks considered in this review and the practical operating boundaries of LIBS in immovable polychrome heritage

Main limitation and recommended

Analytical task Conservation question Principal value of LIBS
complement
S L . . s Limited discrimination of phases with
. Which inorganic pigments are Rapid elemental recognition, sensitivity to . .
Pigment . - . . o similar elemental chemistry; usually
. likely to be present in the light elements, and direct in situ use on
screening . strengthened by Raman, FTIR, or
surveyed area? large immovable surfaces. . .
hyperspectral imaging.
Laver Is the visible surface original, Sequential single-point analysis yields Requires crater-depth calibration and
" . repainted, restored, or pulse-resolved depth information and careful control of cumulative damage;
interpretation

Salt and deposit
diagnosis

Treatment
assessment

Large-area field
survey

contaminated?

Are altered materials confined
to the surface or distributed
within the paint stratigraphy?

How deep has a cleaning or
consolidation product
penetrated?

Which areas require more
expensive follow-up analysis or
intervention?

interface detection.

Can trace element distribution across
shallow depth and assist in separating
substrate from deposited material.

High sensitivity to marker elements and
compatibility with localized post-treatment
control.

Portability, rapid point-by-point
measurement, and suitability for screening
under restricted access conditions.

OCT or 3D microscopy is highly desirable.
Strong heterogeneity and surface
roughness complicate quantitative
interpretation; environmental context and
XRF remain important.

Elemental evidence alone does not
establish long-term compatibility; should
be paired with physical or chemical
durability testing.

Signal repeatability is affected by
geometry and surface condition; field
protocols require explicit standardization.

depth and morphology measurements. Optical coherence
tomography (OCT) and related profilometric approaches make it
possible to convert a general claim of low invasiveness into
explicit values for crater depth, pulse-dependent penetration, and
layer crossing .'® This is crucial for immovable polychromy, where
the issue is not only whether a crater is small, but whether a given
pulse sequence has crossed an interface that should not be
breached. Related studies on Dunhuang murals have further
shown that buffer gas selection can influence both signal quality
and crater morphology, reinforcing the view that conservation
acceptability must be designed into the experiment rather than
inferred after the fact.!®

Parameter optimization on fragile heritage surfaces. The
analytical performance of LIBS on wall paintings is strongly
conditioned by experimental parameters that are trivial on
homogeneous industrial samples but decisive on fragile heritage
surfaces. Laser wavelength, pulse energy, spot size, delay time,
and optical geometry all reshape the balance between useful
emission and unwanted alteration. Comparative work on ns-LIBS
for painting techniques showed that wavelength changes do not
simply affect intensity; they also alter crater morphology, matrix
dependence, and the practical discriminability of surface layers.?’
More generally, microscopic LIBS studies on solids have long
shown that highly localized identification is possible, but only if
focusing conditions and signal collection remain sufficiently stable
over irregular, non-planar surfaces.”!

In real murals, that stability is further disturbed by pigment
particle size, binder distribution, surface roughness, and localized
weathering. Work on Dunhuang green pigments demonstrated that
particle-size distribution is not a secondary nuisance variable. It
modifies spectral intensity patterns, classification boundaries, and

the apparent response of a paint layer to repeated laser shots.?>?

https://www.at-spectrosc.com/as/article/pdf/20260012

For field applications, this means that parameter optimization must
be material-specific. A protocol that is satisfactory for a dense
copper carbonate layer may be inappropriate for a loosely bound
arsenic sulfide or for a powdering surface with active salt damage.

Buffer gas selection illustrates the same point. Helium and
argon can improve plasma properties, but their practical value in
heritage applications lies less in maximizing signal than in
enabling an acceptable signal at lower effective damage. Under
field conditions, where measurement geometry is constrained and
repetition at a single point must often be minimized, such
parameter choices determine whether LIBS remains a viable in
situ option at all. Parameter reporting should therefore include not
only instrument make and nominal energy, but also estimated
fluence, focusing condition, number of shots, delay/integration
settings, atmosphere, distance to target, crater inspection method,
and the criterion used to stop ablation. The practical implications
of these constraints, together with the main questions that LIBS
can and cannot answer in conservation work, are summarized in
Table 3.

Depth-resolved analysis and microscale spatial mapping. The
analytical dimension that most clearly distinguishes LIBS from
other field-deployable techniques in mural studies is depth
resolution. For immovable polychromy, many decisive questions
are stratigraphic: whether a visible color belongs to the original
execution or to later repainting, whether a salt-rich surface zone is
superficial or internally migrated, and whether a blackened film
overlies or penetrates the paint. Studies on Roman frescoes and on
historical varnished wood demonstrate that sequential acquisition
from a single point can reconstruct chemically meaningful layer
transitions, provided that normalization and pulse handling are

carefully chosen. 4%
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The challenge is that pulse number is not depth unless the
relationship between them has been calibrated for the material
under investigation. Repeated irradiation changes the crater
geometry, causes contributions from both crater bottom and crater
walls, and can produce nonlinear ablation behavior across
heterogeneous interfaces. For this reason, work on multilayer
heritage samples has emphasized the need to relate LIBS
sequences to independently measured crater depths or pulse-by-
pulse ablation rates.’?’ In heritage science, this calibration
problem is not a technical detail; it is what separates a suggestive
depth trend from a defensible statement about layer thickness or
interface position.

Depth profiling is also the point at which mural structure,
experimental parameters, and conservation ethics converge. A
sequence of five low-energy shots may be harmless on a modern
test coupon but unacceptable on a powdering arsenic sulfide layer
if it crosses an original interface. Conversely, one carefully
calibrated sequence at a selected sacrificial point may prevent far
larger sampling elsewhere. The correct depth strategy is therefore
not necessarily the fewest possible shots, but the fewest shots that
can answer the stratigraphic question with declared uncertainty.

Once that relationship is established, LIBS gains a type of
evidential value that is difficult to obtain by non-contact
spectroscopy alone. It can identify where a compositional
transition occurs within the upper tens of micrometers of a paint
system and thus transform elemental analysis into stratigraphic
diagnosis. This is precisely the scale at which overpaint, surface
deposition, and treatment penetration often need to be assessed in
mural conservation. The method is therefore best understood not
as a generic elemental tool but as a controlled micro-excavation
technique coupled to time-resolved optical emission.

Strengthening interpretation through multimodal workflows.
In mural studies, LIBS rarely provides a complete answer when
used in isolation. This is not because the technique fails, but
because conservation questions usually extend beyond elemental
composition alone. Early combined studies of painted artworks
and Roman frescoes established the now-standard pairing of LIBS
with Raman microscopy, in which LIBS resolves elemental
signatures and Raman confirms mineral phases or chemically
similar pigments. 2#?° That combination remains central because
many heritage pigments are better distinguished by integrating
elemental and molecular evidence than by privileging either
domain alone.

The value of multimodal design becomes most apparent when
the candidate pigments share part of their elemental chemistry. A
recent study on arsenic sulfide mural stratigraphy showed that
LIBS and Raman are not merely complementary in a general sense;
together they can resolve a specific interpretive difficulty, namely
the distinction between realgar- and orpiment-containing layers

https://www.at-spectrosc.com/as/article/pdf/20260012
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within a stratified system. LIBS identifies the stratigraphic
transition, whereas Raman anchors the phase identity of the layers
being crossed.>® For mural conservation, this is exactly the kind of
division of analytical labor that turns data into usable evidence.

The same logic extends beyond Raman pairing. Studies on
color-changed murals, multisensor hyperspectral fusion of
historical pigments, and multi-resolution diagnosis of wall-
painting architecture all show that the most reliable interpretations
arise when local chemical evidence is reinserted into a broader
structural and spatial context.?!-* LIBS thus becomes strongest not
when presented as a self-sufficient technology, but when
embedded in a workflow where each technique answers the part
of the question to which it is most appropriate.

FIELD APPLICATIONS IN MURAL
AND ARCHITECTURAL PAINTING
STUDIES

Pigment identification on wall paintings and grotto surfaces.
The first heritage applications of LIBS in painting research were
driven by a straightforward question: can the technique identify
historical pigments on actual works rather than on pure standards?
Foundational studies on painted artworks established that
characteristic elemental lines were often sufficient to identify
many mineral pigments and to show that LIBS could be used as a
practical analytical probe for art objects.>*** These early reports
were methodologically important because they demonstrated
feasibility under conditions far closer to cultural heritage reality
than conventional analytical spectroscopy of prepared laboratory
samples.

The subsequent extension of LIBS to painted plaster, fresco, and
rock art confirmed that the method retained value even when the
target surface was compositionally complex, weathered, or poorly
planar. Investigations of Bronze Age painted plaster, Roman
frescoes, and Ethiopian rock paintings showed that signal
fluctuation and mixed matrices complicate the spectra but do not
eliminate the interpretive utility of elemental signatures.>*3® What
changed in these applications was not the basic physics of LIBS,
but the nature of interpretation: instead of reading spectra as if they
represented pure pigments, researchers began to treat them as
responses from actual painted surfaces conditioned by binders,
grounds, impurities, and deterioration products.

Recent work in the Mogao Grottoes marks a further step from
field
classification. Portable LIBS has been used there not only to

isolated pigment identification toward operational
identify pigment families but also to build spectral-matching
routines and machine-learning models that can handle the

complexity of real mural surfaces.*#! The analytical significance
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of this transition is illustrated in Fig. 1A, where chemometric
treatment enables the separation of copper-based green and blue
pigments in situ, and in Fig. 1B, where pulse-resolved data and
clustering results demonstrate that LIBS can distinguish both
layer-related change and green-pigment particle-size classes under
mural conditions.

Three case-level points are important. First, the Mogao Cave 98
study demonstrates that a portable system can link pigment
recognition, overpaint assessment, and layer-thickness estimation
in the same field campaign rather than treating these as separate
laboratory questions.'> Second, the particle-size studies show that
physical morphology is analytically active: coarse and fine green
pigment particles produce different spectral responses and
different apparent ablation behavior.?>?* Third, the spectral
matching and machine-learning studies indicate that future field
surveys will depend on well-documented spectral libraries with
metadata on color area, surface state, fluence, gate delay, and crater

inspection, not merely on collections of labeled spectra.*0:4!

Distinguishing original paint from later interventions. Once

LIBS moved beyond single-pulse pigment identification, its most
consequential applications in mural studies concerned layer
relationships. The ability to distinguish original paint from later
intervention or contamination depends on recognizing systematic
spectral change across successive shots, not merely on labeling the
surface composition. Chemometric preprocessing has played a
major role in that development. Standard normal variate treatment
and related approaches have been shown to reduce the influence
of intensity fluctuation and to improve discrimination among
painting layers, particularly when surface heterogeneity would
otherwise obscure the sequence of compositional change.*?

Early mapping and dual-technique studies helped define the
interpretive logic of such work. CF-LIBS mapping of Roman
fresco pigments and the joint use of LIBS with Raman microscopy
demonstrated that overpaint assessment requires both spatial
context and phase confirmation. LIBS can reveal where elemental
distributions change, but the historical meaning of that change
depends on whether the transition corresponds to an original layer
boundary, a later repainting campaign, or a restoration material
introduced much later.##
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Fig. 1 Representative results illustrating the progression from spectral discrimination to depth-resolved diagnosis in mural studies. (A) Principal component
analysis of mural pigments measured in situ, showing the separation of copper-based green and blue pigment classes, including atacamite versus malachite and
azurite versus lapis lazuli. (B) Shot-resolved LIBS evidence used to identify overpaint transitions together with PCA-based discrimination of green pigment
particle-size classes. (C) Relationship between pulse number, total crater depth, and average ablation rate in realgar—orpiment stratigraphy models. (D) Depth-
dependent Raman spectra acquired after successive laser shots, showing the layer-by-layer transition within arsenic sulfide pigment systems. Panel A was
adapted from Fig. 8 of Yin et al.,"” panel B from Fig. 10 of Yin et al.,"® panel C from Fig. 9 of Sun et al.,** and panel D from Fig. 10 of Sun et al..** The panels
were cropped, reassembled, and relabeled for the present review under the Creative Commons Attribution 4.0 International license of the source articles.
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The more mature application of this logic can be seen in recent
Pompeian case studies, where portable LIBS, elemental mapping,
and chemometrics were used to identify the effects of
volcanogenic and non- volcanogenic degradation on mural
surfaces.®*® For stratified pigment systems, the progression from
spectral recognition to true layer diagnosis is exemplified by Fig.
1C and 1D. Fig. 1C shows how crater depth and ablation rate vary
across pulse sequences in realgar—orpiment model samples,
whereas Fig. 1D shows the corresponding depth-dependent
Raman response, making it possible to locate the transition
between chemically related pigment layers rather than inferring it
indirectly from a surface spectrum.>

The realgar—orpiment case also shows why elemental evidence
must be interpreted cautiously. Arsenic and sulfur alone cannot
distinguish realgar from orpiment; both phases can contribute
related elemental lines. LIBS becomes stratigraphically powerful
when it defines where the As/S-rich layer changes, but Raman or
another phase-sensitive method is still required to identify the
mineral phase at that depth. This is a useful model for other same-
element or overlapping-element pigment pairs, such as copper
carbonates and copper chlorides, where elemental detection is
necessary but insufficient. The same study is also important
because it did not stop at model samples: after calibrating the
combined LIBS—Raman sequence on realgar—orpiment mock-ups,
the method was applied to an actual mural fragment from Mogao
Cave 196 to identify pigment type and estimate pigment-layer
thickness. 3°

A further stratigraphic analogue is provided by recent work
combining femtosecond LIBS with macro- XRF on post-
Byzantine painting mock-ups. Although the samples were not
immovable murals, they were designed as multilayer paint
systems and showed that carefully selected LIBS markers could
identify two- and three-layer sequences using only a small number
of shots, while macro-XRF compensated for elements that were
difficult to assign by LIBS alone.”” This case is useful for mural
studies because it demonstrates a low-damage logic for separating
overlying and underlying layers when a fully non-contact map is
informative but not depth-selective.

Diagnosis of surface alteration products. In architectural
painting conservation, not every analytical question concerns the
paint layer itself. Surface deposits, salt efflorescence, gypsum-rich
crusts, and pollutant-derived black layers frequently control the
urgency and type of intervention. LIBS has proved especially
useful where the conservation problem requires discrimination
between the substrate and a chemically distinct surface alteration
layer. Work on marble encrustations showed that elemental ratios
and their evolution with depth can distinguish crust-forming
pollutants from the carbonate substrate, while standoff LIBS
studies on architectural heritage demonstrated that such diagnosis
can be performed at a distance on monumental surfaces that are

https://www.at-spectrosc.com/as/article/pdf/20260012
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For murals in caves and rock-cut environments, this problem
intersects with environmental forcing. The deterioration of the
paint layer cannot be separated from humidity fluctuations, salt
transport, and the mechanical consequences of repeated wetting
and drying. Studies on cracking behavior in the Mogao Grottoes
have shown that moisture gradients and interlayer mechanical
contrast are central to the development of craquelure and flaking.*
At larger scale, remote hyperspectral imaging in archaeological
settings has provided a non-contact way of screening wall
paintings for altered zones and inscriptions before more localized
analytical intervention.’>! In this combined perspective, LIBS is
best used where the spatially extensive overview provided by
imaging has to be tested against direct local chemistry.

A related and increasingly important application is the
evaluation of conservation products. In limestone studies, LIBS
has been used to estimate the penetration depth of silver- and
titanium-based nanobiocides, thereby transforming treatment
assessment from a visual judgment into a chemically anchored
measurement.”> The same principle is highly relevant for
immovable polychromy, where the critical question is often not
simply whether a treatment reached the surface, but whether it
remained within a depth range compatible with the original
stratigraphy.

The Pompeii studies provide an additional conservation-
oriented case type. Volcanogenic and non-volcanogenic
degradation can produce visually comparable alteration, but their
elemental associations and environmental implications differ.
Portable LIBS combined with chemometrics can therefore help
separate visually similar deterioration pathways and guide
different intervention priorities.*>* The Malaga Cathedral
standoff case is different in scale: it demonstrates that access
geometry and distance can be decisive for architectural surfaces,
so that field feasibility must be considered part of analytical design
rather than a logistical afterthought.*®

Broader applications in architectural and rock-cut settings.
LIBS also occupies a distinctive place in the analysis of
architectural polychromy because it can be integrated into active
treatment workflows. This is most evident in laser-cleaning studies,
where LIBS functions not only as a diagnostic technique but also
as a control mechanism used to stop cleaning before the substrate
is reached. Such online monitoring has been demonstrated for
sandstone, stained glass, limestone, and marble, and the
underlying analytical principle is directly relevant to painted
architectural surfaces where the boundary between deposit
removal and paint loss must be observed with great care.33->

The feasibility of LIBS for these tasks depends increasingly on
portable, handheld, and standoff instrumentation. Open-path LIBS,
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portable systems for field geology, and handheld archaeological
applications together show that instrument design is no longer a
peripheral matter. Access geometry, distance to target, and speed
of deployment define which parts of a monument can actually be
studied and how representative a field survey can become.>¢>8 For
immovable polychromy, portability is therefore not a convenience;
it is part of the method’s analytical identity.

A recent real-site example is the deployment of the mobile
SYSPECTRAL multi-spectroscopic system at the wall paintings
of the Monastery of St. John at Miistair. In that study, LIBS
stratigraphy helped reveal lead- and iron-based pigments in black
and red areas, titanium-bearing white retouching or cleaning
residues, and copper evidence consistent with Egyptian blue when
interpreted with complementary reflectance and microscopic
information.”®” The case is important because it links LIBS depth
profiling to the practical realities of a UNESCO-listed
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architectural painting site, including ambient field conditions,
access constraints, fluorescence limitations for Raman, and the
need to combine local laser data with broader imaging evidence.
At the same time, architectural polychromy is rarely
interpretable through LIBS alone. Fig. 2A shows how pigment-
specific micrographs and corresponding XRF spectra can support
localized interpretation in a color-changed mural, while Fig. 2B
demonstrates how such material evidence feeds directly into a
virtual reconstruction of the original appearance. Fig. 2C and 2D
further show the value of multimodal microchemical mapping and
chemometric fusion for understanding impurity patterns in
ultramarine blue.?'3? These examples emphasize that, in practice,
the greatest strength of LIBS in architectural painting research
often lies in how effectively it can be integrated with
complementary evidence rather than in how much it can do alone.

® Biplot 1199 em? = Nd u P
selected pisels

Fig. 2 Representative results from multimodal diagnosis of historical pigments and wall paintings. (A) Local color-area micrographs and corresponding XRF
spectra from different regions of a color-changed mural. (B) Analytical reconstruction of the line drawing and virtual restoration of the original chromatic
appearance of the mural. (C) Cross-platform microchemical comparison using elemental maps from EDX, ToF-SIMS, and LA-ICP-MS. (D) Chemometric
outputs from fused microanalytical data, including score/loading relationships and spatial distributions of selected spectral variables. Panel A was adapted
from Fig. 7 of Chai et al.*', panel B from Fig. 14 of Chai et al.*!, panel C from Fig. 3 of Gonzalez-Cabrera et al.*2, and panel D from Fig. 8 of Gonzalez-
Cabrera et al. 2. The panels were cropped, reassembled, and relabeled for the present review under the Creative Commons Attribution 4.0 International license

of the source articles.
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BRIDGING ANALYTICAL
PERFORMANCE AND
CONSERVATION PRACTICE

Field-deployable
geometry. The transition from laboratory LIBS to conservation

instrumentation and measurement
practice is primarily a transition in measurement geometry.
Monumental paintings are often high above floor level, recessed
within narrow architectural spaces, or located in fragile
environments where heavy instrumentation is impractical. Under
these conditions, the decisive analytical variable is not only
spectral quality but also whether the system can reach the target
reproducibly and safely. Experience from standoff, portable, and
handheld LIBS shows that field-ready configurations reshape the
experiment at every stage, from focusing and beam delivery to the
number of feasible measurement points and the way in which
uncertainty should be reported.>¢->8

This has methodological consequences. In the laboratory, an
analyst can optimize a single point until the spectrum is
satisfactory. In the field, the more relevant objective is often to
collect a robust set of comparable measurements within severe
spatial and temporal constraints. The value of a portable LIBS
system therefore lies not only in miniaturization but also in its
capacity to support survey logic: repeated access to the same zone,
rapid relocation across different colored areas, and explicit
documentation of the optical geometry used for each point. For
immovable heritage, reproducibility at the survey level is often
more important than maximizing the performance of an isolated
measurement.

Scanning strategies extend this logic from point selection to
spatial interpretation. When LIBS is used to generate
compositional maps, it becomes possible to evaluate whether an
anomalous signal is isolated, aligned with cracks, concentrated in
retouched areas, or distributed along a transition between two
pigment fields. This ability to place local chemistry back into a
broader spatial pattern is essential for conservation because
intervention priorities are defined spatially, not abstractly. Field-
deployable LIBS becomes analytically useful when its
measurement design follows that reality.

Toward meaningful quantification under heritage constraints.
Quantification remains one of the most contested issues in heritage
LIBS. Classical calibration approaches and the broader
calibration-free literature have shown that LIBS can yield
quantitatively meaningful data under suitable conditions,
especially when matrix effects are well constrained and the plasma
assumptions remain acceptable.%> For immovable polychrome
heritage, however, those conditions are seldom fully satisfied.
Historical paint layers are heterogeneous, standards are never
exact analogues, and repeated measurements for averaging are
limited by the need to minimize intervention.

https://www.at-spectrosc.com/as/article/pdf/20260012

This does not mean that numerical interpretation is futile. What
it does mean is that the conservation relevance of a number
depends on how that number is framed. Hybrid calibration-free
and artificial-neural- network approaches, as well as depth-
dependent calibration strategies and tomography-aided calibration,
have all broadened the methodological toolbox for difficult
samples.®% In mural studies, these strategies are most useful
when the goal is not absolute bulk composition but a bounded
analytical inference: whether a marker element is enriched in the
surface zone, whether a treatment has penetrated beyond a desired
limit, or whether a specific layer differs compositionally from its
neighbors in a consistent way.

Modern computational approaches can help bridge the gap
between ideal calibration and the realities of immovable heritage.
Numerical plasma and spectral modeling provide a way to test
how temperature, electron density, self-absorption, and line
overlap affect inferred composition before a fragile surface is
measured. Recent work on calibration challenges and data-
science-assisted LIBS emphasizes that matrix effects, signal drift,
and changing experimental conditions remain central obstacles,
but also that matrix-independent calibration, data fusion, and
machine learning can improve robustness when applied with
transparent validation.®* Synthetic-spectrum strategies go further:
radiative-transfer or Monte Carlo calibration-free frameworks can
generate large numbers of spectra from sampled plasma
parameters, and a learned or model-based procedure can then
estimate composition or plasma parameters without requiring a
large library of physical standards. 882 These approaches are not
substitutes for heritage validation, but they can reduce the number
of trial measurements required on the monument and make
uncertainty sources more explicit.

Micro-CT-aided calibration is particularly relevant to stratified
cultural heritage because it connects a non-destructive volumetric
measurement to a destructive depth profile. In archaeological
ceramics, micro-CT has been used to calibrate LIBS depth
profiling of glazed layers, showing how independent three-
dimensional information can convert pulse count into a more
defensible depth scale.® A similar logic can be transferred
cautiously to mural mock-ups or detached fragments: micro-CT,
OCT, 3D microscopy, or profilometry can define layer thickness
and crater geometry, while LIBS supplies the elemental sequence.
Virtual LIBS simulation environments are treated here in a narrow
sense: at present they are more appropriate as training and
workflow-replication environments than as independent
quantification tools, but they can still help users test parameter
choices and learn damage-aware protocol design before field

deployment.®?
Accordingly, the most defensible position for immovable
polychromy is a tiered one. Fully quantitative claims should

remain restricted to situations where calibration and material
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Table 4. Representative LIBS studies relevant to the conservation of immovable polychrome cultural heritage

No. Object Analytical focus Configuration Main contribution to conservation practice Ref.
) y 4 P
In situ pigment survey Demonstrated that field LIBS can support pigment
Cave 98 mural, Mogao . . . . . . . 15
1 Grott and layer-thickness ~ Portable LIBS identification, particle-size assessment, and local thickness
rottoes
estimation evaluation directly in a monument context.
. Single-point LIBS with . . . .
White lead and red lead Damage threshold and glep Established that micro-destructivity in heritage surfaces must .,

2 L . L complementary 3 ) 6,

wall-painting pigments discoloration risk . . be evaluated chemically as well as morphologically.
microanalysis
L L. Thickness and Provided a clear pulse-to-depth calibration framework for ¢
3 Historical painting models . LIBS + OCT .
stratigraphy painted layers.
Signal optimization with ~ LIBS under different = Showed that local atmosphere affects both spectral quality and
4 Dunhuang murals . S . 19
minimal damage buffer gases crater morphology, which is critical for fragile murals.
L . Confirmed that wavelength modifies both spectral
Painting techniques and . s . . 2

5 Wavelength selection ns-LIBS discrimination and damage behavior; protocol design must be

model systems . .
material-specific.
Demonstrated that particle-size distribution influences both

6 Green mural pigments Particle-size effect LIBS + chemometrics classification and apparent ablation behavior in real mural 223

systems.
Roman  frescoes  and .
L. . . . Confirmed the practical relevance of depth-resolved LIBS for ~, .

7 historical wooden  Layer interpretation Multi-pulse LIBS . . -

. stratified heritage surfaces.
coatings

g Multilayer heritage  Pulse-to-depth LIBS with independent  Clarified that ablation rate must be calibrated rather than ..
samples calibration crater measurements assumed when reconstructing thin-layer stratigraphy.

X Elemental and Established the enduring complementarity of elemental and .,

9 Roman fresco pigments X . . LIBS + Raman .. . . §

molecular identification phase-sensitive methods in mural studies.
Realgar-orpiment mural . Resolved a phase-identification problem within a layered
Same-element pigment . o 30
10 models and Mogao Cave X LIBS + Raman arsenic sulfide system and transferred model calibration to a -
stratigraphy
196 fragment real mural-fragment case.
Material study . Demonstrated how local analytical evidence can be translated
Color-changed mural, . . Imaging + local . S Lo . . 31

11 supporting visual into art-historical and conservation interpretation of original -

Cave 254 . spectroscopy
reconstruction appearance.
Ultramarine blue  Microchemical . . Showed the value of combining spatially registered elemental ~ ,,

12 . . Multisensor data fusion . . . .
pigments heterogeneity and molecular images for complex pigment interpretation.

13 Brancacci Chapel wall  Multimodal structural ~ Multi-resolution Reinforced the principle that local chemistry must be .,
paintings and material diagnosis workflow interpreted together with architectural and structural evidence.
Painted artworks and  Foundational pigment R Provided the initial proof that historical pigments can be .,

14 . . . Early LIBS studies . . o . 3435
mural fragments identification differentiated by LIBS on culturally significant materials.

Extension  to  real . .
Bronze Age plaster, . . LIBS and complementary ~ Showed that heterogeneous painted archaeological surfaces 5.,

15 archaeological painting i R K 36,37,3
fresco, and rock art . spectroscopy remain analyzable despite strong matrix effects.

systems
In situ classification and ~ Portable LIBS + matching  Shifted field LIBS from isolated point identification toward 0,

16 Mogao Grottoes murals . . . . . . . o

spectral libraries and machine learning operational classification routines for survey work.

7 Layered wall-painting ~ Spectral preprocessing SNV and multivariate ~ Showed that stable interpretation of mural spectra often
samples for layer discrimination treatment depends on preprocessing choices.

R Spatial elemental X Demonstrated early compositional imaging on wall-painting ~;

18 Roman mural pigments K CF-LIBS mapping X X K §

mapping surfaces and helped establish spatial LIBS as a heritage tool.
Dual elemental and Highlighted that pigment identification in heritage practice
19 Painted artworks LIBS + Raman sig . P8 . . . S a4
molecular approach often requires two analytical dimensions from the outset.
. Differentiated ~ volcanogenic and  non-volcanogenic
. Degradation source  Portable LIBS + L . . 4
20 Pompeii murals e . . contributions to mural alteration and linked elemental
identification chemometrics . L. .
mapping to deterioration analysis.
A 3 A . . Demonstrated that superficially similar mural damage may
Ariadne House murals, Comparative In situ multianalytical . . . %

21 . . correspond to different environmental histories and
Pompeii degradation pathways study T

conservation implications.

2 Marble monuments and Crust and  deposit  Depth-sensitive and  Established the use of LIBS for distinguishing pollutant- .
architectural surfaces characterization standoff LIBS derived crusts from substrate composition on monuments.

- i i . Clarified why chemistry-based diagnostics must be
Humidity-driven Material-environment . O X . 4
23 Mogao murals A . . interpreted within a coupled environmental and mechanical 9
cracking mechanisms modeling
framework.

2 Archaeological wall  Large-area non-contact  Remote hyperspectral  Illustrated the complementary role of imaging in identifying 50,51
paintings and inscriptions screening imaging zones that warrant local LIBS verification.

Limestone treatment  Penetration depth of . Demonstrated how LIBS can provide treatment-depth

25 ) ) LIBS depth profiling i K . i
studies protective products information directly relevant to conservation control.

Stone, marble, and . . Showed that LIBS can serve as a stopping criterion in laser 4, <

26 Process monitoring On-line LIBS control 534,55

stained-glass cleaning

cleaning, conceptually transferable to painted architectural
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surfaces.

Confirmed that instrument form factor is an analytical variable
in immovable heritage work, not a secondary engineering
detail.

Defined boundaries under which numerical LIBS results can

acquire practical credibility in conservation contexts.

Demonstrated that volumetric imaging can calibrate LIBS
depth profiles when physical standards are difficult to match.

Demonstrated a low-damage stratigraphic approach in which
ultrafast LIBS markers and macro-XRF maps jointly resolve
multilayer paint sequences with limited crater size.

Showed, at an immovable architectural painting site, that
mobile LIBS stratigraphy can support interpretation of lead-
and iron-based hues, titanium-bearing white retouching or
residues, and Egyptian blue evidence.

Shows an emerging route for using physical simulation and
synthetic spectral databases to reduce dependence on exact
standards, subject to validation.

Provides a route for protocol training and parameter
exploration before field deployment on fragile heritage
surfaces, without treating virtual simulation as conservation-
grade quantification.

Emphasized that reproducible preprocessing, spatial metadata,
and explicit uncertainty reporting are prerequisites for

56,57,58

59,60,64,67

68

77

78,79

80,81,82

69,71,74,75

Architectural and
R Access, reach, and  Standoff, portable, and
27 archaeological field .
. deployability handheld LIBS
settings
Heritage-relevant model X X Calibration-free, =~ ANN,
Quantification and
28 systems and . and depth-dependent
R calibration strategy
heterogeneous materials approaches
Glazed archaceological . .
. - External depth  Micro-CT-aided LIBS
29 ceramics and stratified N .
calibration depth profiling
analogues
Post-Byzantine painting  Two- and three-layer
30 . fs-LIBS + MA-XRF
mock-ups stratigraphy
— . . Mobile LIBS-LIF-
Miistair Monastery wall ~ Real-site material and
31 o R K k Raman-reflectance
paintings degradation diagnosis
system
1 Complex mixtures and  Standard-scarce Numerical modeling and
simulated spectra calibration ML-supported CF-LIBS
3 LIBS training and  Virtual experimental  Training-oriented virtual
workflow replication operation simulation setup
L Chemometric . .
Wall-painting and | . Chemometrics, mapping,
34 i i interpretation and . I
multilayer studies R and multimodal validation
uncertainty

conservation-grade interpretation.

comparability can be explicitly demonstrated. In most field cases,
semi-quantitative interpretation is more appropriate and often
more useful. Conservation decisions rarely depend on an
elemental concentration reported to two decimal places; they
real,

depend on whether a compositional difference is

stratigraphically located, and meaningful enough to support action.

Where exact standards are unavailable, the most credible strategy
is a hybrid workflow: physically plausible simulation to explore
parameter sensitivity, independently measured crater or layer
geometry to anchor depth, replicate low-damage spectra to assess
repeatability, and conservative wording that distinguishes absolute
concentration from stratigraphic enrichment or depletion.

Data treatment and the challenge of interpretive transparency.

As datasets become larger and more heterogeneous, the
interpretive burden of LIBS shifts from measurement to data
handling. Chemometric studies on wall-painting pigments have
shown that preprocessing and multivariate classification can
transform unstable raw spectra into useful analytical patterns, but
they also make the result increasingly dependent on
methodological choices.®®”! For conservation practice, this means
that the value of a classification model is inseparable from the
transparency with which spectra were normalized, variables

selected, and classes defined.

This requirement is especially pressing for spectral libraries and
imaging workflows. General work on compositional mapping and
tomographic LIBS has made clear that spatial sampling interval,
shot overlap, and the alignment of chemical information with
physical coordinates are not technical afterthoughts. They

https://www.at-spectrosc.com/as/article/pdf/20260012
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determine whether two maps can be compared at all.”>” In
immovable mural studies, where surface roughness and access
geometry vary from point to point, a spectral library that lacks
adequate metadata is of limited transferable value, regardless of
how many spectra it contains.

Uncertainty reporting is therefore not optional. Studies on
multilayer painted surfaces and on the combined use of LIBS with
handheld XRF or Raman indicate that layer boundaries are often
transitional rather than abrupt and that pulse-dependent
penetration is rarely perfectly uniform.*7¢ If LIBS is to move
from impressive demonstration to conservation utility, analysts
must report not only identifications but also confidence levels,
interface ambiguity, crater-depth error, and any assumptions used
to link pulse sequence to stratigraphy. Representative studies that
have shaped the present state of the field are summarized in Table 4.

Embedding LIBS in conservation decision workflows. The
final question is not whether LIBS can measure a mural surface,
but whether it can be embedded into a sequence of decisions that
conservators make. In this regard, the most productive role for
LIBS is rarely as a stand-alone arbiter. It is a technique that
narrows uncertainty. It can indicate which areas justify further
examination, whether a visible change is likely to be superficial or
stratigraphic, and whether a treatment boundary is where it is
assumed to be. These are precisely the points at which
conservation choices become materially consequential.

For that reason, the future of LIBS in immovable polychromy
depends on workflow design as much as on instrumental
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innovation. A robust conservation protocol may begin with large-
proceed to selected LIBS
measurements for local chemical and stratigraphic verification,

area non-contact imaging,
and then rely on Raman, microscopy, or laboratory sampling only
where ambiguity remains. In such a sequence, LIBS does not
replace other techniques; it reduces the need to deploy them
indiscriminately and helps define where more invasive or more
expensive analyses are justified.

This translational role also explains why standardization matters
so much. A measurement that cannot be reproduced, compared
across projects, or interpreted within an explicit uncertainty budget
will not become part of routine conservation practice, however
elegant its spectra may look. By contrast, a modest but well-
documented LIBS dataset tied to clear field metadata, crater-depth
control, and complementary evidence can enter the documentary
record of a monument and remain meaningful for future
interventions. Minimum reporting should include object condition,
color area, layer hypothesis, optical geometry, pulse energy or
fluence, spot size, delay and integration settings, number of shots,
atmosphere, preprocessing route, reference spectra or standards,
crater-depth evidence, and the exact conservation question that the
measurement was intended to answer.

CONCLUSIONS

For immovable polychrome cultural heritage, the importance of
LIBS lies in the combination of three properties that are rarely
available together under field conditions: elemental specificity,
micrometric sampling, and depth-resolved analysis. That
combination explains why the technique has remained relevant
despite the rise of many fully non-contact imaging and
spectroscopic methods. It is particularly effective when the key
conservation question is stratigraphic—whether a visible surface
corresponds to the original paint layer, whether an alteration is
confined to the outermost zone, or whether a treatment has
exceeded a safe penetration depth.

At the same time, the field has moved past the stage at which
successful spectra from a mural surface are sufficient to establish
methodological value. The critical issue is now interpretive
credibility. Low- damage protocols, pulse-to-depth calibration,
transparent chemometric treatment, and explicit uncertainty
reporting are the conditions under which LIBS results become
transferable from an analytical notebook to a conservation dossier.
Credibility also depends on clear presentation of the LIBS
measurement sequence, an explicit understanding of mural
stratigraphy, and a careful account of how experimental
parameters shape both signal and damage. In other words, the
future of the technique in immovable polychromy depends less on
broadening its list of possible applications than on making those
applications reproducible and decision-relevant.

https://www.at-spectrosc.com/as/article/pdf/20260012

Seen from that perspective, LIBS should not be framed as a

universal replacement for Raman spectroscopy, XREF,
hyperspectral imaging, or microscopy. Its strongest role is that of
a bridging method: it narrows uncertainty between large-area non-
contact screening and highly targeted confirmatory analysis; it
links surface chemistry to shallow stratigraphy; and it provides a
practical evidential basis for intervention boundaries in the field.
Numerical modeling, machine-learning-assisted calibration,
micro-CT- or OCT- aided depth calibration, and training-oriented
virtual simulation should be viewed as supporting tools within this
bridge, not as shortcuts around conservation validation. If those
roles continue to be consolidated through standardization and
careful integration with complementary methods, LIBS is likely to
remain one of the most consequential analytical tools for the

conservation of immovable polychrome cultural heritage.
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