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ABSTRACT

This study presents a laboratory-based XANES protocol optimized for the chemical characterization of
historical pigments in cultural heritage materials. Using a refined lab-scale X-ray absorption spectroscopy
set-up, we demonstrate the capability to extract chemically meaningful near-edge features - such as
oxidation-state-dependent edge shifts, pre-edge features, and spectral shoulders - that enable reliable
discrimination among pure pigment systems. The protocol was benchmarked against synchrotron XANES
reference data and supported by ab-initio simulations, confirming the preservation of diagnostically rel-
evant near-edge information under laboratory energy resolution constraints. Linear Combination Fitting
(LCF) was employed to obtain semi-quantitative insights into pigment mixtures. The protocol was first
tested on well-defined binary mixtures simulating the co-existence of original pigments and their poten-
tial deterioration products and was subsequently applied to unknown and compositionally complex mix-
tures, where the identification of different materials is critical for the study of ancient and modern artists’
materials. Laboratory XANES applied to optimized thin sections was demonstrated to reproducibly cap-
ture As(IIl) spectral features in orpiment-based mock-ups, and clearly distinguish it from As,03, demon-
strating its potential for chemical speciation studies in micrometric paint layers. While laboratory-based
XANES does not replace synchrotron measurements in terms of ultimate spectral resolution, it enables
reproducible discrimination of oxidation states and local coordination environment and supports semi-
quantitative phase assessment in contexts where synchrotron access is not feasible. Overall, the results
establish a robust methodological framework for extending XANES-informed chemical interpretation into
routine heritage science workflows, proving that laboratory XANES, compared to synchrotron experi-
ments, can be less invasive and preserve sufficient near-edge sensitivity for reliable speciation and semi-

quantitative bulk analysis, despite the lower spectral resolution.
© 2026 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction and research aim

Understanding the composition and structural organization of
pigment materials in cultural heritage artifacts is essential for their
knowledge, conservation, and historical interpretation. Pigments
not only provide visual and aesthetic significance but also serve
as markers for provenance, dating, and material degradation pro-
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cesses. Analytical methods that offer precise chemical information
are therefore vital for conservation and restoration practices [1].
Among the wide array of analytical and imaging techniques em-
ployed in this context, spectroscopic methods such as X-ray fluo-
rescence (XRF) and X-ray diffraction (XRD), Raman spectroscopy,
and Fourier-transform infrared spectroscopy (FTIR) are commonly
used due to their portability and non-invasiveness, which makes
them highly compatible with the uniqueness of an artwork and its
accessibility [2,3]. However, each method has specific applicability:
XRF provides elemental information without insight into oxidation
states while XRD can only probe into crystalline compounds; Ra-
man and FTIR are sensitive to surface inorganic/organic compo-
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nents but may suffer from fluorescence interference and limited
penetration depth. These techniques can be complemented by X-
ray Absorption Spectroscopy (XAS), providing information on the
local chemical and structural environment within complex pigment
matrices [4-8]. XAS may overcome the limitations other analytical
techniques have. Unlike diffraction-based techniques, XAS does not
require long-range structural order, making it particularly suitable
even for the investigation of amorphous or poorly-crystalline pig-
ments and their alteration products, that are known to evolve as
highly-superficial thin (micrometer or even sub-micrometer range)
surface layers while the bulk material remains unchanged. Further-
more, recent advances in laboratory-based XAS systems (hence-
forth lab-XAS) now allow high-quality spectra to be obtained with-
out the need for synchrotron radiation, thus overcoming major lo-
gistical barriers and enabling routine, in-house analysis.

Either in its XANES (X-ray Absorption Near Edge Structure) or
EXAFS (Extended X-ray Absorption Fine Structure) modalities, XAS
offers peculiar capabilities for probing the local chemical environ-
ment of specific elements in the complex and heterogeneous sys-
tems that often characterize cultural heritage objects [7,9,10], and
particularly artists’ paints, where a metal chromophore is usually
involved. XANES delivers element-specific insights into oxidation
states, electronic structure, and coordination geometry, and allows
for semi-quantitative analysis through spectral deconvolution and
linear combination fitting (LCF) [11,12]. In the last two decades
these features have been proven especially valuable in the study
of historical pigments [11,13-17] and the degradation pathways
affecting ancient [18-23] or modern artists’ pigments [12,24-29],
one of the earliest and most exploited field of application of XAS
for cultural heritage [30,31]. In addition, considerable effort has
been devoted to investigating the influence of binding media on
pigment stability and long-term conservation using XAS-based ap-
proaches [32,33].

EXAFS, on the other hand, extends the analysis beyond the ab-
sorption edge to provide structural information such as interatomic
distances, the type and number of neighbouring atoms, and lo-
cal geometric configurations [7]. This level of structural detail is
critical for identifying specific molecular phases, distinguishing be-
tween polymorphs, and understanding the bonding environment
around absorbing atoms. While EXAFS data is not included in the
present study, its integration into future work is anticipated. It will
complement the chemical information obtained from XANES and
further enhance the interpretive framework for complex pigment
materials.

Regardless of the explored energy range, the hard X-ray region
(5-35 keV) being most commonly employed in the earliest experi-
mentations and recently giving way to the tender (1.5-5 keV) and
soft (50-1500 eV) regimes [34,35], the exploitation of XAS at syn-
chrotron beamlines (henceforth SR-XAS) has continuously grown,
evolving from large beams suited for bulk analysis to micro- or
nano-focused beams. The process has been fostered by the devel-
opment of highly-focused beamlines [17,36], which are of primary
importance when studying: (1) pigment manufacturing/application
processes, often in complex paint mixtures where different micro-
grains can exhibit distinctive chromophores; (2) deterioration pro-
cesses, which are known to affect the surface at the micro-scale
(usually tens of microns). In parallel, efforts have been made to re-
duce or eliminate the dependency on a sample prepared through
demanding and time-consuming procedures. Depending on the ex-
perimental configuration, SR-XAS typically requires specific sample
preparation and mounting, and measurements can be performed
either in transmission or reflection geometries. Transmission is the
most straightforward configuration, the sample being prepared as
a homogeneous pellet or thin (tens of micrometers) paint cross-
section. In this geometry, the incident beam passes through the
sample and is partially absorbed before reaching the detector. This
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configuration also allows full-field (FF-XAS) measurements if the
beam is unfocused and the detector is, for example, a comple-
mentary metal oxide semi-conductor (CMOS) camera [6,35]. Al-
ternatively, measurements can be carried out in reflection geom-
etry, in which the sample is positioned at an angle with respect
to both the incident beam and the detector, allowing either sin-
gle point analysis (fixed sample) or mapping (scanned sample). The
absorption signal is then obtained using indirect detection modes,
most commonly X-ray fluorescence yield (XFY) or total electron
yield (TEY), often introducing self-absorption effects. Advantages
and limitations of XFY versus TEY in pigment analysis have already
been addressed [37], and provide a useful framework for evaluat-
ing their potential compared to laboratory-based implementations.
In brief, XFY provides a more bulk-sensitive probe, making it par-
ticularly suitable for stratified or heterogeneous systems such as
paint layers. In contrast, TEY is a surface-sensitive technique, char-
acterized by a shallow probing depth and generally lower suscep-
tibility to radiation damage due to the reduced interaction volume.
However, TEY measurements are strongly influenced by surface
conditions and require relatively homogeneous, sufficiently large,
and uncoated samples, as the presence of varnishes or surface con-
taminants can significantly affect the signal. The XRF mode also
allows full-spectral (FS) p-XANES imaging, recording stacks of sev-
eral p-XRF maps around the edge of the element of interest with
variable energy step size before/at/after the pre-edge peak and ab-
sorption edge. FS-XAS has the advantage of being more represen-
tative than single-point p-XANES coupled to single-energy p-XRF
mapping, as it produces a datacube of XANES spectra per pixels
with lower fluence measurements. However, there are some in-
trinsic limitations compared to p-XANES, such as longer acquisition
times and lower spectral resolution [38].

Despite its analytical strength, the routine application of XAS in
heritage science is still limited by its dependence on synchrotron
radiation facilities, which are not only geographically restricted
but also subject to high competition for beamtime and complex
scheduling logistics. These limitations have prevented the incorpo-
ration of XAS as a routine analytical tool in the workflow of her-
itage conservation laboratories [39].

As a response to these challenges, recent developments in lab-
XAS instrumentation have opened new avenues for in situ and
more flexible elemental and structural characterization of several
materials [40,41], although the potential of this approach has not
been explored on artwork and historical samples yet. Advances in
source brightness, detection systems, and analytical software now
permit meaningful data collection with benchtop systems, bridg-
ing the gap between the chemically relevant information content
provided by SR-XAS and the practical constraints of routine labo-
ratory operations. Concerns that have received increasing attention
in SR-XAS studies for heritage science deal with radiation damage
or radiation-induced side effects, respectively defined as any op-
tically visible or non-apparent chemical or structural modification
of a pigment induced by beam exposure [42]. It is well established
that intense and bright micro-focused beams can impart localised
changes to specific pigments, like Prussian blue [24,43,44], ultra-
marine [34,45], or chrome yellows [46]. By contrast, the implica-
tions of beam-induced effects under laboratory conditions have not
yet been addressed in heritage science, to the best of the authors’
knowledge.

In this work, we present a comprehensive experimental pro-
tocol for laboratory-based XANES (lab-XANES) measurements ap-
plied to historical pigments relevant to cultural heritage studies.
The experiments were performed at the XRAYLab of CNR-ISPC
in Catania using a Mo anode X-ray tube coupled with an op-
timized von Hamos Highly Annealed Pyrolytic Graphite (HAPG)
crystal spectrometer and a 2D position- and energy-sensitive
detector.
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The protocol embraces technical setup, sample preparation
strategy, data acquisition procedures, and spectral analysis work-
flows, including LCF for semi-quantitative assessment of selected
pigment systems. Where available, the results are validated against
SR-XAS measurements and compared with simulations, demon-
strating the reliability and applicability of the lab-based ap-
proach for pigment characterization. The proposed scheme is ro-
bust, reproducible, and compatible with multi-analytical work-
flows. It enables the determination of oxidation states, observa-
tion of subtle edge-structure features linked to local coordination,
and the semi-quantitative assessment of pigment mixtures such
as goethite/hematite or the presence of any deterioration prod-
uct in a pigment matrix (for instance CuO in copper-carbonate
greens/blues). It also explores the potential of thin-section analy-
sis to study micrometric surface alteration in paint fragments. In
respect to these aspects, we show the results representative of the
instrument potential.

The long-term objective is to establish a standardized lab-XAS
protocol that can be reliably applied to the analysis of both an-
cient and modern pigments within small-scale facilities. The setup
will actively contribute to the network of key fixed research fa-
cilities within the FIXLAB platform of E-RIHS - the European Re-
search Infrastructure for Heritage Science (https://www.e-rihs.eu/
e-rihs-catalogue-of-services/, last accessed 08/06/2026) by devel-
oping and maintaining advanced instrumentation for diagnostics
and archaeometry. By integrating detailed guidelines for sample
preparation, measurement conditions, and data processing, the
protocol supports the routine application of XANES in heritage sci-
ence and establishes the basis for future EXAFS integration toward
full structural elucidation. Understanding the potential and limi-
tations of lab-XAS enables a realistic assessment of which chem-
ically relevant near-edge features can be reliably accessed within
a compact laboratory footprint (4.0 m x 1.0 m), without aiming
to replicate the ultimate energy resolution of synchrotron facilities.
The design of an XAS experiment is of primary importance. Sev-
eral aspects impact on the success of an experiment and need to
be addressed before starting any scientific experiment: (1) the ob-
jectives; (2) the information that can realistically be obtained; and
(3) the procedures that will be followed for a successful conclusion
[47]. The present study aims to define the type and level of infor-
mation that can realistically be obtained using a lab-XAS system
when addressing specific objectives relevant to the study of pig-
ment materials, and to establish an optimized protocol to achieve
meaningful and reproducible results. Within this framework, the
goal is not to replace SR-XAS, but to develop a robust and transfer-
able methodology for extracting chemically interpretable informa-
tion under laboratory conditions.

As sample preparation can strongly affect XAS data quality [48],
particular attention was devoted to the optimization of pigment
preparation procedures, including sample concentration, thickness,
and homogeneity. When dealing with unique or highly valuable
objects, as is often the case in heritage science, defining in advance
the minimum amount of material required for a reliable XAS ex-
periment is also a critical aspect of the methodological design.

Overall, this research provides a comprehensive framework for
evaluating how a lab-XAS facility can address key questions in her-
itage science, ranging from the characterization of ancient materi-
als to the study of conservation treatments and environmentally
driven alteration phenomena in artworks.

2. Materials and methods
2.1. Sample materials and preparation

Pigment standards were selected to represent historically signif-
icant materials commonly used in the creation of artworks and in
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their subsequent restoration. The pigment selection presented here
was intentionally designed as a first step to evaluate the potential
of lab-XAS, focusing on compounds containing relatively light ab-
sorbing elements, which represent a challenging case for labora-
tory measurements. These included Fe-based (goethite, hematite),
and Cu-based (malachite, azurite, CuO) pigments. Samples were
prepared as pressed pellets using a hydraulic press.

Pellets were fabricated by first grinding and homogenising the
powder materials to ensure correct particle size distribution, fol-
lowed by mixing with a cellulose binder. Cellulose (microcrys-
talline powder, SA 435236) was selected for its chemical inertness,
low X-ray absorption, and ability to improve mechanical compact-
ness and homogeneity of the pellet, particularly when the concen-
tration determined to have optimum absorption from the target el-
ement was too low [48]. Each pellet had a diameter of 13 mm,
providing sufficient surface area for reliable beam interaction and
suiting the sample holder diameter (15 mm). To ensure consistency
across all samples, pellets were prepared using a standardized pro-
tocol, enhancing comparability between samples and reduced ex-
perimental variability. Specific aspects were optimized: grinding
(agate ball mill dry grinding for 10 min in agate mortar), applied
pressure (8 tons), pressing duration (2 min) and binder proportion.
For the latter, the optimal mass and thickness of each pellet were
calculated using the XASmassQt software [49], targeting an absorp-
tion edge jump (Apx) close to 1 [48], to avoid the potential thick-
ness effect due to inhomogeneity in the wafer [50]. This allowed
a balance between total absorption and signal-to-noise ratio, crit-
ical for accurate XAS analysis. The edge jump was checked with
a fast run (1 min), and concentrations were adjusted in case this
was found to be below 1, especially for samples where the ana-
lyte was not the only component of a pigment mixture. Optimized
pigment:binder ratios for each commercial pigment are reported in
Table S1 and can serve as reference for sample preparation before
any future lab-XAS measurement. The powder mixture was then
pressed into compact pellets using a laboratory hydraulic press,
setting the pressure to 8 tons for 2 min.!

The applicability of the method to paint fragments prepared as
thin sections was also investigated, as this approach is particularly
relevant for the study of degraded surface layers with micromet-
ric thickness. Such sample preparation is especially advantageous
in the presence of an oil binder, which hinders the direct prepara-
tion of homogeneous pellets from paint layers. Mock-up samples of
orpiment in oil (75 wt% 10700 Kremer pigment and 25 wt% cold-
pressed linseed oil) were prepared by grinding the pigment in an
agate mortar prior to mixing. The resulting paint was applied, in
duplicate, onto microscope glass slides using a controlled-thickness
film applicator, yielding layers approximately 200 yum thick to en-
sure uniformity and reproducibility. Thin sections of 40 and 60 pm
thickness were then obtained from the surface of each mock-up
using a manual rotary microtome (Epredia HM325) in dry room-
temperature conditions. During sectioning, the glass slide was se-
cured with a clamp and a blade (MX35 Premier Plus, Low Profile,
50PK for hard tissues, 34° cutting angle, 0.24 mm thickness) was
used to produce slices.

As 60 pum represents the maximum thickness achievable with
the microtome under the adopted conditions, an additional mea-
surement was performed on a folded 60 pm section, increasing
the total thickness to 120 pm. This approach allowed evaluation
and optimization of the resulting absorption step and assessment
of the feasibility of this preparation method for lab-XAS measure-
ments. We also verified that the lateral dimensions of the thin sec-
tions were compatible with the projected beam footprint on the

T These were determined to be the best pressure and time values for achieving
a compact wafer. Note that they deviate from what recommended for routine XAS
applications [48].
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Table 1

projected beam size on the sample (5 cm distance to source) for the 2nd-order
XANES measurements at the K edge of the elements of interest for the pigments
discussed in this paper.

Elem. Energy (eV) Meridional @ (mm) Sagittal @ (mm)
Mn 6539 1.3 2.3
Fe 7112 1.1 2.1
Co 7709 0.9 1.9
Cu 8979 0.7 1.7
As 11867 0.4 1.2

le

Fig. 1. Lab-XAS setup at XRAYLab, CNR ISPC (Catania, Italy); red inset: internal
view illustrating the core components (X-ray source, sample holder, He-purged cells
and HAPG von Hamos crystal in XANES configuration, and hybrid detector), aligned
along two motorized optical rails; blue inset: a close-up of the sample holder with
one position holding a small fragment of cinnabar paint.

sample (at a 5 cm source-sample distance) for XANES measure-
ments at the arsenic K-edge, ensuring optimal interaction between
the incident beam and the analysed area (Table 1):

Reference metal foils for energy calibration, pigment pellets or
thin sections were mounted on an aluminium sample holder using
Kapton tape, chosen for its low X-ray absorption and chemical sta-
bility. This mounting strategy guaranteed stable measurement con-
ditions and optimal interaction between the sample and the X-ray
beam.

2.2. Instrumentation and setup

All XANES measurements were performed at the XRAYLab of
CNR-ISPC using the lab-based hiXAS system designed and imple-
mented by TU Berlin [51] and commercialized by HP Spectroscopy
GmBH. The instrument offers a complete benchtop solution for ei-
ther EXAFS or XANES analysis, integrating a molybdenum-anode X-
ray tube operating at 20 kV and 1.5 mA, a von Hamos HAPG crystal
spectrometer, and a large-area hybrid detector (Fig. 1). A dedicated
software suite enables automated control, calibration, and spectral
processing, facilitating batch measurements with minimal user in-
tervention.

The X-ray tube and spectrometer cover an energy range from
4.5 to 25 keV, including the K-edges of 3d transition metals and L-
edges of heavier elements, making the system suitable for a broad
range of materials. In XANES mode, the system delivers a pho-
ton flux of approximately 1 x 106 ph/s at 8 keV. The spectrom-
eter’s HAPG crystal geometry (bending radius of R = 300 mm) en-
sures high detection efficiency and good signal-to-noise ratio, with
a spectral resolving power of up to E/AE = 4000 across the energy
range.
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The Dectris Eiger2 R 500K detector provides high spatial reso-
lution (75 pm x 75 pm pixel size) and an extended dynamic range
(>10° ph/s/mm?), ensuring reliable photon counting even under
high-flux conditions. Its dual-threshold energy discrimination al-
lows for precise spectral filtering and enhances signal-to-noise per-
formance. With a maximum frame rate of 40 Hz and zero dead
time, the detector supports rapid data acquisition, making it par-
ticularly suitable for time-resolved and in situ measurements. Its
extended sensor layer (77.3 mm x 38.6 mm) is particularly suited
for EXAFS measurements, as it covers the whole EXAFS spectral
range, especially at its lower end. Its operational energy range—
extending up to approximately 18-23 keV—covers the K-edge of
most 3d transition metals and L-edge of heavier elements. The hy-
brid detector setup allows spatially resolved detection, supporting
the assessment of sample homogeneity, and is mounted on a dual-
axis translation stage to enable accurate alignment and focusing. A
partial helium-purged environment (cells with Kapton windows) is
used to reduce X-ray absorption by air and improve performance
at lower energies, particularly below 10 keV.

The main components of the hiXAS instrument are mounted on
a modular optical table and enclosed with integrated interlock sys-
tem for safe operation. The lower part of the enclosure hosts con-
trol units and storage space. The X-ray source assembly includes a
basic sample mount, designed to work in transmission and possi-
bly support customer-provided specialized holders. Two long mo-
torized translation stages allow precise positioning of the crystal
and detector. The spectrometer crystal is mounted on a movable
stage for remote alignment, while the detector is mounted on a
second motorized stage, enabling independent optimization of de-
tection geometry.

2.3. Measurement parameters

Energy calibration was performed using metal foils as refer-
ences, following standard procedures [48]. These reference sam-
ples were measured at the beginning and end of each acquisition
batch to monitor and correct any energy drift. Spectra were ac-
quired in continuous scan mode across the K-edge of each element,
with step sizes of 0.2 eV near the edge and 2-5 eV in the pre- and
post-edge regions. Typical acquisition times for the reference were
60 min, while a good total measurement time for standard pig-
ments with variable concentration and matrix composition was es-
timated to be 350 min (blank ty = 50 min, sample t; = 300 min),
after a series of tests.” Beam stability, count rates and dead-time
correction were constantly monitored using the hiXAS acquisition
software, and real-time visualization was used to adjust integra-
tion time and confirm spectral quality during the scan. This en-
sured consistency and high fidelity across datasets, particularly for
samples analysed over extended timeframes.

2.4. Data processing and analysis

Spectra were processed using the Demeter software package
(Athena), as described by Ravel and co-authors [52,53]. Eq cali-
bration and edge-step normalization were applied following best
practices, and no smoothing was performed. These were carefully
checked before applying the LCF, as preliminary data processing
has strong impact on the goodness of the fit. The LCF method was
applied in the energy range -15 < Eg < + 35 eV to quantify mix-
tures. For the mixtures at known concentration the fit was built
on the experimental spectra (flattened) collected on pure pellets

2 Short, averaged measurements were compared to long single measurements. A
good compromise to have reasonable time measurement and acceptable signal-to-
noise ratio for pure pigment analysis was determined to be: single measurement
with total time of 300 minutes.
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of each compound, namely malachite, azurite, Cu;0 and CuO —
acquired under identical conditions using the same lab-XAS system
— in line with methodologies applied in similar studies [54]. The
energy range pre-edge features were analysed to support oxidation
state attribution. Energy shifts observed across batches were cor-
rected based on reference sample calibration. The LCF was eventu-
ally tested on unknown pigment mixtures, i.e. several commercial
ochres where we expected to find a mixture of iron oxides and hy-
droxides, this time using synchrotron reference data. The compar-
ison between lab-XANES spectra and synchrotron reference data
was performed using spectra retrieved from established databases,
providing well-characterized benchmarks for the investigated com-
pounds. While the use of reference data acquired on indepen-
dently prepared samples may introduce variability related to differ-
ences in sample preparation (e.g., pellet composition, density, and
homogeneity), this comparison is intended primarily as a semi-
quantitative validation of the laboratory setup, focusing on energy
alignment and the overall spectral envelope rather than on a strict
quantitative match. In addition, the use of such reference datasets
is often necessary when samples with the exact target composi-
tion are not readily available or cannot be reproducibly prepared
under controlled conditions. In this context, assessing the robust-
ness of the LCF on partially unknown or complex mixtures is par-
ticularly relevant for pigments such as ochres, where the princi-
pal chromophore is generally known but additional iron-bearing
phases may be present and not fully characterized, despite con-
tributing to the XANES signal at the absorption edge.

2.5. Spectral simulation in FDMNES

XANES simulations were performed using the FDMNES code,
which provides multiple-scattering (MST) and finite-difference
(FDM) formalisms for the calculation of near-edge absorption spec-
tra [55]. Unless otherwise stated, all simulations were carried out
using the MST approach (Green keyword) together with muffin-
tin potentials and the standard convolution procedure (Convolu-
tion). The crystallographic structures used as input (CIF files — see
Table S2) were selected from crystallographic databases and cor-
respond to room-temperature phases. For the copper-based com-
pounds (CuO, Cu,O and malachite), a spherical cluster radius of
5 A was adopted, which was sufficient to ensure convergence of
all spectral features. In these systems, no additional treatment of
the core hole (SCFexc/screening) nor extra instrumental broaden-
ing beyond the default Lorentzian lifetime was required. For iron
compounds, convergence tests indicated the need for larger clus-
ters due to their extended electronic interactions and magnetic
ordering. A decreasing-radius strategy was applied: starting from
8 A up to 30 eV above the edge, then 7 A up to 70 eV, 6 A up
to 100 eV, and finally 5 A for the higher-energy region. This ap-
proach ensures accurate reproduction of the near-edge structure
while reducing computational costs at higher energies. In «-Fe and
o-Fe;05 (hematite), the magnetic ground state was explicitly in-
cluded using the Magnetism keyword, whereas FeO(OH) (goethite)
was treated in its non-magnetic approximation.

3. Results and discussion

3.1. Spectral features, oxidation states, and local electronic
environment

Before evaluating unknown samples, we validated the reliabil-
ity and resolution of the lab-XAS setup through direct comparison
with synchrotron data and FDMNES simulations, using both metal
foils and pure compounds.

Fig. 2 illustrates the normalized Fe foil (3 pm thickness) spec-
trum acquired with our lab-based system in 1 h, a synchrotron ref-
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Table 2
Simulated and experimental K-edge energies for Cu-based standards after the mea-
surements shown in Fig. 4.

Compound Simulated E;, (eV) Experimental E; (eV)
Cu 8979 8979
Cu,0 8982 8982
CuO 8984 8984

erence from the XASLIB database (https://xaslib.xrayabsorption.org/
spectrum/110/, last accessed 08/06/2026), and FDMNES simulation.
The close agreement in edge shape and relative edge position in-
dicates that the laboratory configuration preserves the diagnosti-
cally relevant near-edge features required for chemical interpreta-
tion, and confirms the internal consistency of the energy calibra-
tion. Similarly, Fig. 3 presents the XANES spectrum of a CuO pel-
let acquired with the lab-based system, in comparison with syn-
chrotron data and theoretical modelling. The reproduction of near-
edge features further supports the system’s capability to character-
ize oxidized species, resolving edge features of the oxidized copper
phase with high accuracy and consistency with synchrotron data,
although it is less sensitive to EXAFS oscillations.

Fig. 3 also illustrates how theoretical modelling is more sensi-
tive to pre-edge features and the first peak around the main edge,
as already determined comparing experimental and simulated Cu-
based standards [56].

To assess the system sensitivity to different oxidation states, we
analysed a set of Cu standards —metallic copper, Cu,0, and CuO.
Each oxidation state displays distinct edge positions and white line
intensities. As illustrated in Fig. 4, which compares the normalized
spectra acquired with the lab-based XAS system, we could observe
the shift of the absorption edge to higher energy with higher oxi-
dation state [40].

The edge shift and spectral features confirm oxidation-state and
sensitivity to characteristic features. Analysis of pre-edge and near-
edge features also provides insights into the coordination geometry
and ligand environment of the absorbing atoms.

In excellent agreement with previous studies [54], the charac-
teristic low-energy near-edge feature associated with Cu(I) species
was consistently observed at lower energies (at 8984 eV) with re-
spect to the typical shoulder of Cu(Il) compounds (below 8987 eV)
within the internally calibrated dataset. The comparison between
simulated and experimental K-edge energy values (Table 2) shows
that the latter are within the uncertainty of the experimental
energy calibration, demonstrating that oxidation-state-dependent
spectral shifts can be reproducibly resolved under laboratory con-
ditions.

The possibility to detect characteristic features in the XANES
spectra, such as pre-edge peaks and shoulders, contributes to the
identification of chemical differences, aiding in the detection of
degradation products, such as CuO arising from malachite, for ex-
ample after exposure to alkalis or heat [57].

3.2. Quantitative mixture analysis

To evaluate the capability of the lab-XANES system to dis-
criminate and semi-quantitatively assess component contributions
in pigment mixtures, we first analysed a set of synthetic sam-
ples of known composition. The application of an effective LCF
to model degraded systems can provide a robust framework not
only to identify but also to quantitatively assess the extent of
transformation processes, thereby offering a useful tool to eluci-
date and monitor deterioration mechanisms in historical pigments.
Hence, we explored the potential of the LCF method in the evalua-
tion of several Cu-based systems like Cu,CO3(OH),/CuO (ratio 3:1),
the oxide being a possible degradation product of basic copper
carbonates, especially under high-temperature or oxidizing condi-
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tions [57]. Clear spectral differences between the copper carbon-
ate, Cu,CO3(0OH),, and the oxide CuO, were observed in the XANES
spectra of the pure pellets, confirming the system’s sensitivity to
oxidation state and ligand field variations, as already reported in
Gaur et al. [54], which assisted the goodness of the LCF. Applied
to the known binary mixtures, the LCF demonstrated that the lab-
XANES system could quantify pigment proportions within an esti-
mated error of +5%. These results are consistent with the reported
accuracy thresholds in recent operando lab-XAS studies [58]. For
instance, both carbonate/oxide mixtures yielded fitted values in
close agreement with the known mass ratios (Table 3), the fitted
curve showing very minor deviations from the experimental data
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Table 3
Summary of LCF results on known mixtures: comparison between nominal and fit-
ted pigment ratios.

Mixture Type Known Ratio (%) Fitted Ratio (%) Error (%)
Malachite/CuO 75| 25 73 | 27 + 2
Azurite/CuO 7525 76 | 24 +1
Cu,0/Cu0 75 25 80 /20 +5

(R factor = 0.0025661; chi-square = 0.01874) that may reflect ma-
trix effects or particle size disparities [48].
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Fig. 5a displays the analysis of the malachite/CuO0 mixture.
The spectral differences between Cu(ll) in malachite and CuO are
sufficient to enable oxidation-state differentiation and component
quantification. The LCF accurately determined the actual composi-
tion used to prepare the pellet, confirming that, under controlled
conditions, lab-XANES can assess relative component contributions
with good internal consistency.

Analogously, the percentages estimated by the LCF method for
the azurite:CuO mixture (Fig. 5b) was 76% and 24% respectively,
with an error of + 1%, and the values obtained for the statisti-
cal goodness-of-fit parameters are: R-factor = 0.001401 and chi-
square = 0.01249.

The mixture Cu,0:CuO gave the highest error (5%), the esti-
mated mass ratio being 80 to 20% (R factor = 0.0006486; chi-
square = 0.00576). Observed spectral differences (Fig. 6), especially
in the CuO pre-edge region, which impact the LCF estimation, can
be attributed to a combination of factors, including variability in
sample preparation (e.g., homogeneity and packing), as well as in-
trinsic variations in signal-to-noise ratio across laboratory mea-
surements. In addition, slight differences in data processing (e.g.,
normalization and background subtraction procedures) may con-
tribute to subtle variations in the intensity and shape of pre-edge
features.

Following the validation on a system of known composition,
we applied the same analytical protocol to several commercial
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and CuO (grey) spectra and residual plot (black solid); pellet samples prepared as
in Table S1.

ochres with unknown proportions of iron-bearing phases. Overall,
the XANES spectra acquired for Fe-based pigments exhibited well-
resolved spectral features consistent with known reference com-
pounds. The distinction between goethite and hematite is evident
through differences in pre-edge intensity and edge position, in
agreement with recent DFT-based investigations [59]. Particularly,
the red sample, which we expect to be hematite-predominant, ex-
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Fig. 7. Normalized lab-XANES experimental spectra (black dashed) of different commercial ochres (a = Red ochre Sinopia, b = Pale yellow ochre, ¢ = Natural Sienna
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varies in weight from sample to sample, hematite having the highest content in the red sinopia and goethite in the Pale yellow ochre.

Table 4

Summary of LCF results on unknown mixtures: determination of hematite and goethite content in different com-
mercial ochres, with statistics from the fit (R factor and x?2) and E, fit with error.

R factor X2 Goethite ref Hematite ref
weight  error Ep error  weight error  Eg error
Zecchio08  0.001811  0.01592 038 0.03 4.4 0.2 0.60 0.03 7.7 0.1
Zecchi812  0.003071  0.02823  0.75 0.06 13 0.1 0.18 0.06 2.2 0.6
Zecchi813  0.006419  0.06203  0.60 0.06 -63 0.2 0.40 0.06 -3.7 04

hibited the spectral features typically observed for Fe,0O3, with a
pre-edge, a shoulder, an intense white line and a post-edge shoul-
der (Fig. 7a). However, their positions shifted towards higher ener-
gies compared to reference XANES spectra [60]. For this, in the LCF
procedure we refined the edge position.

Ochres are commonly composed of clay, quartz, and iron oxides,
where the relative proportions of goethite and hematite influence
the hue [61]. The developed lab-based protocol allows for non-
destructive quantification of the main mineral phases imparting
the hue to the pigment, relevant for the classification and conser-
vation of historical pigments. Iron in ochres could also come from
minor phases like lepidocrocite, ankerite or natrojarosite [62-64].
Consequently, the goodness of the LCF resulted improved when we
did not force weights to sum to 1. In this case, the LCF coefficients
should be interpreted as spectral weights reflecting the dominant
iron-bearing phase contributing to the XANES signal, rather than as
absolute phase fractions, due to the possible presence of additional
minor components and matrix effects not explicitly included in the
fitting model. The LCF performed on each sample determined the
predominant colouring agent using hematite and goethite refer-
ence spectra. On the red ochre sinopia (Fig. 7a), it yielded a com-
position of approximately 60% hematite and 38% goethite. The Nat-
ural Sienna earth exhibits intermediate spectral features (Fig. 7c)
with peak positions and intensities indicative of 60% goethite and
40% hematite. Finally, in the pale-yellow ochre goethite predomi-
nates (Fig. 7b), its content being 75% with 18% hematite.

A summary of the LCF results comparing the content of the
colouring agent (CA in Fig. 7d) - either hematite or goethite - in
the different ochres analysed by the lab-XANES system is given in
Table 4.

These values are consistent with compositional ranges reported
in literature for natural ochres [64,65]. As expected, hematite pre-
dominates in the red sample, while goethite displays the highest
content in the pale-yellow sample, 60% being enough for hematite
to impart the intense red hue to the Sinopia (Zecchi 008), consis-
tently with previous findings on archaeological samples [66].

3.3. Thin section analysis

The use of thin sections enables the study of superficial layers
of a paint sample, which is of primary importance for the defini-
tion of any chemical change occurring when a deterioration pro-
cess is ongoing. Controlled variation of sample thickness is essen-
tial during the preparation steps, as it provides a simplified repre-
sentation of the uppermost layers in a paint fragment, allowing to
probe averaged chemical information across micrometric layers. In
order to assess the feasibility of XANES measurements under labo-
ratory conditions, we measured thin sections prepared with differ-
ent thickness to determine the maximum absorption step achiev-
able with this type of preparation for orpiment in oil mock-ups.

Lab-XANES spectra acquired from both pellet and thin sections
exhibit the characteristic features of As(Ill) species, with excellent
consistency in the position of the white line observed between
11869 and 11870 eV (compare maxima in the first-derivative plot
of Fig. 8a inset), in agreement with reference data [67,68]. As ex-
pected, the absorption edge step varies with sample preparation,
with the optimum value Aux ~ 1 achieved for the pellet prepared
according to the calculated pigment:cellulose ratio (15:85 mg). For
thin sections, the 40 pm thickness was insufficient to yield an ade-
quate absorption edge step, whereas the best compromise was ob-
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Fig. 8. a) lab-XANES experimental spectra of orpiment: pure in a cellulose pellet (dotted black line), and with oil binder as thin section of different thicknesses (red
line = 40 pum, blue = 60 pm, solid black = sandwiched 60+60 pm); b) comparison of orpiment pellet (dotted black) and sandwiched thin section (solid black) with a

possible alteration product, As,03; (A1010 Merck chemical, pellet, grey plot).

tained with the sandwiched 60pm-thick paint fragment, resulting
in Anx ~ 0.8 (solid black line in Fig. 8a).

Comparison with a reference As,03 pellet (Fig. 8b), a com-
mon deterioration product of arsenic-based pigments [69], demon-
strates that its spectral features can be clearly identified and dis-
tinguished from those of orpiment. In particular, As,03 exhibits a
white line at slightly higher energy (11872 eV) and a characteris-
tic post-edge feature at approximately 11883 eV, both of which are
resolved in the lab-XANES data, fostering the distinction from or-
piment, irrespective of whether the latter is prepared as a pellet or
a “sandwiched” thin section.

3.4. Methodological considerations and limitations

The experimental protocol proved robust and repeatable across
multiple sample types, despite the inherent limitations of the lab-
oratory source compared to synchrotron radiation [51,58]. Within
the optimised acquisition time, signal quality was sufficient for
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meaningful interpretation of both qualitative and quantitative data.
Although acquisition times are substantially longer in laboratory
measurements (hours) compared to synchrotron experiments (sec-
onds/minutes), several factors point to a much lower probability
of any radiation-induced side effect or damage to occur during
lab-XAS measurements: (1) the use of a low-power source, typi-
cally operating at 20 kV and 1 mA (20 W), as in mobile or hand-
held instrumentation [70,71]; (2) the significantly lower photon
flux achievable with the lab-based instrument - order of 10° ver-
sus the typical values (108-10'2 ph/s) of a synchrotron experiment
[17,30,44,46]; a much larger beam size - millimetric rather than
micrometric, as in the most recent SR configurations used to study
pigment deterioration [17,22,23,46,72,73].

Overall, the optimisation protocol here described for a selected
set of pigments incorporates a series of radiation-damage miti-
gation factors consistent with those addressed by Bertrand et al.
[42,74]. As noted above, some of these are intrinsic, as they
arise from instrumental design. Additional mitigation is achieved
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through experimental validation: having estimated sample quan-
tity and acquisition time —sufficient to achieve adequate absorp-
tion step and data quality as described in Section 2.1 —avoids
repeated measurements and the probability of radiation damage,
and hence prevents data misinterpretation, especially in speciation
analysis of faded artworks [38].

While SR-XAS remains the method of choice for high spatial
resolution studies requiring micrometric beam sizes and detailed
stratigraphic mapping, the lab-XAS system presented here offers
complementary capabilities that are particularly relevant for cul-
tural heritage research. It reduces the need for extensive prepa-
ration of standards or mock-up samples typically required to opti-
mise experimental conditions and mitigate radiation damage when
using high-brilliance, micro-focused sources [74]. This makes the
approach particularly suitable for preliminary or systematic inves-
tigations of radiation-sensitive pigments, like As-based yellows and
reds, where minimising damage is critical.

Although spatial resolution is limited compared to synchrotron
micro-beams, information from paint fragments can still be ac-
cessed through the analysis of prepared thin sections with con-
trolled thickness, as demonstrated in this work. The optimisation
of a thin-sectioning protocol and its use for pigment analysis pro-
vides a simplified representation of the most superficial paint lay-
ers, allowing to probe averaged chemical information across micro-
metric layers. Lab-XANES retains sensitivity to oxidation state and
local coordination environment, making it applicable to the study
of amorphous or poorly crystalline materials (e.g., glasses and cer-
tain ceramics), where long-range order is not required. However,
matrix effects and sample heterogeneity remain potential chal-
lenges, particularly for elements at low concentration.

In parallel, the LCF method proved particularly sensitive to the
data processing protocol, which must be as consistent as possi-
ble across different pigments mixtures. A continuous optimisation
of sample preparation protocol, acquisition parameters and data
processing steps, as preliminarily done in the present study, is a
key aspect to minimise sampling, improve spectral reproducibility
and, consequently, the robustness and reliability of the LCF anal-
ysis, while mitigating radiation damage. Future integration with
structural methods like XRD will allow the integration of quantita-
tive results. Further characterization of the EXAFS mode will sup-
port structural resolution at the atomic scale, as proposed in prior
synchrotron-driven heritage studies [75].

4. Conclusions and future perspectives

This study demonstrates the feasibility and analytical relevance
of a lab-XANES protocol for the characterization of pigments used
in cultural heritage. By employing a compact laboratory XAS setup
based on a Mo anode X-ray source coupled with a wavelength-
dispersive von Hamos HAPG crystal spectrometer, it is possible to
extract chemically meaningful near-edge features that enable the
identification of oxidation states, the discrimination of local co-
ordination environments, and the comparative assessment of pig-
ment systems sharing the same absorbing element. Because both
laboratory and synchrotron XAS require sampling, the first ap-
proach generally implying higher amounts (in the order of tens
of milligrams), and given the uniqueness and value of cultural
heritage materials, in this work particular attention was devoted
to optimising the sampling and preparation protocol for a com-
prehensive list of paint materials. This provides practical guid-
ance for heritage science professionals on how to minimize the
amount of material required for lab-XAS while ensuring suffi-
cient absorption step and adequate data quality, starting from
compounds having light absorbing elements. It also proposes a
detailed workflow to optimize the procedure and reduce user-
dependent variability, both for pellets and thin sections. Investi-
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gations on additional pigments, including those based on heavier
elements such as chromium and lead, are currently ongoing and
will further extend the applicability and validation of the proposed
methodology.

The results show that, although lab-XANES does not achieve
the ultimate energy resolution attainable at synchrotron facilities,
it preserves a significant fraction of the diagnostically relevant
near-edge information required for chemical interpretation. In con-
trolled systems, such as well-defined binary mixtures, the LCF pro-
vides constrained semi-quantitative estimation of relative compo-
nent contributions, while in more complex materials it supports
the identification of dominant phases when interpreted within a
carefully defined fitting framework. Demonstrating the effective-
ness of LCF applied to well-defined binary mixtures, this study
preliminarily highlights the capability of lab-XANES to distinguish
between pigments and their alteration products. Extending this
approach to artificially aged mock-ups and pellets prepared with
varying pigment-alteration product ratios will enable a more ac-
curate determination of detection limits and the assessment of the
system’s sensitivity to early-stage degradation processes. In this
sense, an important step would be the combination of lab-XANES
with other quantitative methods like XRD with Rietveld refine-
ment.

These capabilities are particularly relevant in heritage science
contexts, especially when access to synchrotron facilities is lim-
ited but laboratory-based investigations on sampled materials are
necessary to address routinely targeted chemical and mineralog-
ical questions. In this framework, lab-XAS represents a valuable
complementary approach to SR-XAS, enabling systematic and re-
producible studies under controlled laboratory conditions within
small-scale research facilities. SR-XAS provides higher flux, reso-
lution, and flexibility in detection modes (transmission, XFY, and
TEY), but it involves stricter experimental constraints and greater
risk of radiation damage. The described lab-based system con-
figures as a more accessible, less invasive alternative for routine
heritage science. The proposed protocol benefits from low photon
flux and optimized conditions, eluding self-absorption issues typ-
ical of the XRF mode. However, radiation effects from prolonged
exposure still require systematic evaluation. Future work could as-
sess beam-induced changes in pigment samples introducing in-
terim data monitoring and extending the study to a wider range
of materials. This would potentially benefit from a multimodal ap-
proach combining lab-XAS with complementary techniques to cor-
relate spectroscopic and structural information to any morpholog-
ical, compositional or structural changes induced by beam expo-
sure.

The results achieved on thin sections demonstrate that analy-
sis by lab-XANES on this type of sample may represent a viable
and effective approach for systematic, low-impact investigation of
pigment degradation. Despite the intrinsic limitations in flux and
spatial resolution compared to synchrotron techniques, the method
enables reliable identification of chemical speciation within micro-
metric superficial layers, from where deterioration typically starts
and progresses. Further research could extend this approach to
thin sections derived from a broad range of pigment/pigment
mixture mock-ups, before and after artificial ageing, to sys-
tematically evaluate the effects of degradation under controlled
conditions.

Future developments will also focus on extending the present
protocol to EXAFS analysis, enabling access to interatomic distances
and coordination numbers that will further strengthen the struc-
tural interpretation of complex pigment systems and their dete-
rioration pathways. In parallel, continued optimization of sample
preparation strategies and ongoing improvements in spectrometer
performance, detector efficiency, and data modelling are expected
to enhance spectral fidelity, robustness, and analytical throughput,
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consolidating lab-XAS as a reliable and versatile tool for heritage
science research within fixed laboratory infrastructures.
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