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The recent conservation and restoration phases of The Ghent Altarpiece have astonished scholars and the public
alike by revealing the exceptional original brushwork of Jan and Hubert van Eyck. Yet some of the polyptych’s
most intricate and enigmatic features remain under investigation: the applied brocades that form the richly
decorated cloths of honour behind the Deity, the Virgin, and John the Baptist. To imitate the lustre and texture
of luxurious silk and gold-threaded fabrics, the Van Eycks employed a highly sophisticated gilded tin-relief
technique. These brocades, now heavily overpainted due to early degradation, present substantial challenges for
conservation while offering a rare opportunity to study one of the few surviving prime examples of this
demanding method. An extensive multimodal analytical campaign was undertaken to (a) identify remaining
original metal-relief areas within surfaces repeatedly impacted by past interventions, (b) characterise the
materials and layer stratigraphy, (c) document the current state of conservation, and (d) elucidate ongoing
degradation mechanisms. Non-invasive analyses on the panels included upright and stereo microscope-aided
visual examination, Macroscopic X-ray Fluorescence (MA-XRF) imaging, and Macroscopic X-ray Powder
Diffraction (MA-XRPD). Complementary microanalyses on sampled material involved Field Emission Gun
Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy (FEG-SEM-EDS), Fourier Transform
Infrared Spectroscopy (u-FTIR), Micro-Raman Spectroscopy (URS), Optical Photothermal Infrared Spectroscopy
(O-PTIR), and Synchrotron Radiation-based micro X-ray Powder Diffraction (u-SR-XRPD). This study has directly
informed ongoing treatment decisions and significantly advanced insight into the Van Eycks’ innovative
metal-relief technique—one of the earliest and most refined examples in European painting.
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INTRODUCTION

The highly monitored conservation and restoration treatment of the Ghent Altarpiece began in 2012.
Given the size of this pivotal artwork, the restoration campaign was divided into three successive
phases: the first dedicated to the altarpiece exterior, the second to the lower register of the interior,
and finally a third phase devoted to the upper register of the Altarpiece interior. During this last phase,
started in May 2023, conservators and researchers faced a new challenge: the conservation of
vulnerable polychromed and gilded tin foil-based reliefs, applied in the areas indicated in yellow in
Fig.1. This sophisticated type of decoration, commonly referred to as “applied brocades”, aimed to
imitate luxurious cloth of honour stretched behind the three, almost life-size, central figures of the
Virgin, the Deity, and John the Baptist [1, 2]. The tin-relief decorations have degraded very early in the



history of the panels and they underwent several overpaint and restoration campaigns in the past [2-
7]. Today, pronounced crack patterns, brittle paint layers and loss of cohesion and adherence are
particularly significant in these areas, and more pronounced when compared to the rest of the painted
panels. Thereby, the applied brocades, of which the original purpose was to imitate both the texture
and lustre of luxurious textiles made of gold and silk threads, are nowadays more difficult to read. It
became soon clear to the conservators that characterising the employed materials, as well as their
conservation state is necessary to better understand the decay of tin-relief decorations and to
optimize treatment and preservation.

The origins and the technique of manufacture of applied brocades have been discussed in only a few
publications [1, 8-12]. The oldest known examples of applied brocades are dated from the 1415-1430
and are localised in the Low Countries, Germany (Cologne, Berlin, Hamburg), and England (Norwich)
[10-12]. This decorative technique became very popular in artworks from the middle of the fifteenth
century and spread throughout Europe, until it fell out of favour by the mid-sixteenth century [1, 10,
12]. Descriptions of several case studies can be found in literature, on panel paintings [13-16], but also
on sculptures or wall paintings [1, 8, 17-25]. Applied brocades can be found in geographical areas such
as the Low Countries [1, 10, 14], Northern Spain [12, 17, 18, 23], Transylvania [24], Cologne [1, 15],
England [1, 10, 19, 20], or France [1, 8, 11, 25]. These studies show that the overall layered structure
of the brocades is consistent with that described in historical textual sources, in particular in I/ libro
dell’arte [26] and in the Liber illuministarum, also referred to as the “Tegernsee Manuscript” [9, 27-
28]. These two manuscripts are dated to the late Middle Ages and are nowadays considered to provide
the most relevant recipes for tin-relief decorations [1, 8-10]. The scheme in Fig. 2 illustrates the typical
stratigraphy of an applied brocade. Basically, the manufacture of applied brocades starts with a tin foil
(layer 6 in Fig. 2) pressed into a mould, providing the three-dimensional shape and volume of the
brocade. This mould, probably made of wood or metal, was previously incised with a decorative
pattern [1, 10]. Then, a pasty material (called the filler or the mass, layer 4 in Fig. 2) is spread over the
tin foil to fill in the hollows. The excess of fill material is removed with a knife until a smooth surface
is obtained [1, 10, 12]. Once the filler is dry, it fixes the reliefs and allows maintaining its shape during
the demoulding and further handling of the tin foil. The ensuing ‘reinforced’ tin foil is then attached
to the surface to be decorated, after an adhesive (layer 7 in Fig. 2) was applied on the mass-side of the
brocade. Finally, the brocade is generally gilded with a mordant (layer 7 and 8 in Fig. 2) and partially
covered with a coloured glaze or a matte paint (layer 9 in Fig.2), either before or after the
aforementioned application [1, 9, 10]. Gilded stripes are left uncovered in order to imitate the gold
threads, as demonstrated in Fig. 2. The applied brocades of the Ghent altarpiece are particularly
refined. They exhibit very thin and delicate striations and an intricate design. They consist of
rectangular sections (17 x 14 cm? on the panel of the Virgin and Saint John, and 19 x 12 cm? on the
panel of the Deity) attached side by side in order to produce a continuous and repetitive design.
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Fig. 1: (a) The Adoration of the Mystic Lamb (Ghent Altarpiece), by Hubert and Jan van Eyck (375 x 514 cm?,
completed by 1432). The RGB image shows the polyptych opened (interior), after the second phase of the
restoration, i.e. with the lower register after treatment and the upper register still awaiting treatment. The
location of the applied brocades is indicated by a yellow line in the three central panels of the upper register,
depicting from left to right: the Virgin, the Deity, and John the Baptist. (Cathedral of Saint Bavo, Ghent; ©KIK-
IRPA). Details of the brocades on the Virgin panel (b), Deity panel (c), and the Saint John panel (d).



Fig. 2: Scheme showing the typical layer build-up of applied brocades, from bottom to top. Layer 0-3 is part of
the traditional preparation of a panel painting: 0. Wooden support, 1. Ground, 2. Isolation, 3. Priming. Layer 4-
9 is part of the build-up of a brocade: 4. Adhesive, 5. Filler (mass), 6. Tin foil, 7. Adhesive layer (mordant), 8. Gold
leaf, and 9. Opaque paint and/or glaze.

The tin foil is an essential part of the applied brocades and plays a major role in the alteration of these
areas. According to the existing literature, metallic tin is a relatively stable metal in clean, dry air at
regular room temperatures; however, two main different types of degradation phenomena are known
to affect this material: corrosion and so called ‘tin pest’ [21, 29-35]. The corrosion is a slow process
that corresponds mainly to the oxidation of tin, giving rise to SnO (romarchite) and/or SnO,
(cassiterite) [13, 21, 25, 36-41]. The corrosion of tin is strongly affected by the pH of its environment,
and the contact with chemical pollutants, such as particular matter containing sulphates, nitrates
and/or chlorides, that are usually found in normal atmospheric conditions [30, 32, 40]. Moreover, the
oxidation rate of tin is influenced by the metallic impurities and alloy additions, in the sense that
generally, it is known to increase with the presence of elements such as Mn, Sb, Bi, Pb, Fe and
decreases with additions of Zn, In, Cd and P [21, 30, 37]. The second type of decay affecting tin is the
named “tin pest”. This phenomenon is due to a change in the crystalline structure, from the white
beta metallic form (tetragonal) into the grey powdery non-metallic alpha form (cubic) [1, 21, 29, 30,
37, 39, 42]. This allotropic transformation takes place below 13.2°C. It is a slow process that is
catalysed by humidity and influenced by the grain size (smaller grains are more prone to
transformation), and by the presence of impurities and alloy additions [21, 30, 31-32]. Elements such
as Sb, Bi, Pb, Ag, Cd can delay the transformation while Al, Zn, Ge, Cu accelerates it [30]. Both the
corrosion and allotropic transformation of tin may cause similar deteriorations such as an increase in
volume, cracks, loss of metallic appearance, the surface turning dark, grey, or white, exfoliations,
decrease in cohesion, and loss of adherence of the tin foil with the support [21, 33, 39, 41, 42].

Today, medieval and later tin-foil based reliefs applied on artworks are usually found to be very
degraded. On the Ghent altarpiece, the areas covered with applied brocades are extremely fragile and
present particularly complex challenges for the restorers. A detailed chemical investigation was
conducted to objectively characterize the state of conservation of these areas and to try to understand
which degradation mechanisms are involved. This paper presents the insights gained from an
analytical campaign conducted in two phases, as described by Van der Snickt et al. [43] Non-invasive
analyses were first conducted in situ on the panels (MA-XRF, MA-XRPD), followed by chemical analyses
applied on a selection of micro-samples (u-FTIR, uRS, THM-GCMS, SEM-EDX, FEG-SEM, SR u-XRPD). In
addition to providing material information for the restorers and raising new research questions, it
offers a privileged opportunity to study technical aspects of the manufacture of applied brocades by
unravelling the material structure of these precious decorations.



MATERIALS AND METHODS

Macroscopic X-ray fluorescence (MA-XRF) imaging:

Each panel of the upper register of the altarpiece interior (Fig. 1) was entirely imaged by means of a
MA-XRF scanner custom-built by the AXIS group of the University of Antwerp [44-46]. The X-ray source
inside the measurement head is a 10W rhodium (energy 22.7 keV) anode transmission tube (Moxtex,
UT, USA) and the secondary X-rays are detected by a Hitachi Vortex® EX-90 Silicon Drift Detector. The
XRF measurement head is mounted on a software-controlled X—Y motor stage with a maximum travel
range of 57 x 60 cm? (h x v) [44-46]. To cover the extension of each panel, measurements were divided
into several overlapping scan areas and the MA-XRF scans were performed at a constant distance of
ca. 2.5 cm between the measuring head and the painting. The data obtained were then processed by
using PyMca (Python Multichannel Analyzer), Datamuncher and bAxil software packages, in order to
visualise the spatial distribution of the characteristic X-ray emission lines of the different chemical
elements on the painting. Grey scale maps for each element are obtained in which the grey level of
each pixel corresponds to the intensity of the detected net XRF signal at the corresponding location.
While reading the distribution maps, it must be considered that heavier elements absorb XRF radiation
more readily than lighter elements [44, 46]. As a result, it is possible to see paint distributions
containing heavier elements such as lead or mercury that were overpainted by paint containing lighter
elements such as calcium or potassium, whereas the reverse is rarely possible.

Macroscopic X-ray powder diffraction (MA-XRPD):

Macroscopic X-ray powder diffraction measurements were performed by means of an in-house built
mobile MA-XRPD scanner (AXIS, University of Antwerp, Belgium) [47-48]. The device is set-up with a
low power X-ray micro source (50 W, IuS-Cu, Incoatec GmbH, Germany), which produces a
monochromatic and focused X-ray beam (Cu—Ko; 8.04 keV) with a photon flux = 2.9 x 108 photon/s ;
(output focal distance: 20 cm, divergence: 2.4 mrad and a focal spot impinging on the sample with
sizes around 140 um in the vertical dimension and 800 um in the horizontal one due to the Bragg-
Brentano geometry employed for measurements) a PILATUS 200K (Dectris Ltd, Switzerland) area
detector is used to record the 2D diffraction patterns. To reduce the effect of local topography and
curvature of the painting surface on the diffraction data, the distance between the artwork and the
scanner is automatically adjusted with a laser distance sensor (Baumer GmbH, Germany) at each
measurement point. All components are placed on a motorized platform that is capable of moving in
the X=Y-Z directions (30 x 30 x 10 cm?). An area of 120 x 80 mm? on the artwork was scanned with a
step size of 1.2 mm in both directions and an exposure time of 10 s per point. The diffraction data was
processed using the in-house developed XRDUA software package and fitted using a whole pattern
refinement procedure [47-48].

Cross sections:

In 1951, Paul Coremans, led a research and restoration campaign on the Ghent Altarpiece [2]. In this
context, paint samples were taken and studied mainly as cross sections, sometimes as unmounted
samples by means of microchemical (invasive) reactions [2, 5]. These samples were re-examined in
the late 1980’s [5] and in the current research campaign started in 2012 [4, 49]. In addition, new paint
samples were taken where it was crucial to characterise and understand the layering structure and
the materials composition. The recently taken samples from the applied brocades were embedded in
a Technovit 2000 LC® resin. The resulting block was polished with a Labopol Struers® polisher until it
reached the sample, then manually polished with micro mesh (granularity 3200—12.000). The manual
polishing is the traditional method used for preparing the cross section. It is well adapted for the
microscopical observation of paint layers and allows multiple analytical characterisations. However, it
is less suitable for the sub-micro characterisation of metal foils, as this process inevitably leads to the



distortion of the metal layers within the stratigraphy. For this reason, a selection of cross sections was
prepared with the lon Milling System Hitachi IM 4000®, belonging to the Chair for Experimental
Methodology of Material Science at Saarland University. lon milling works on the principle of
sputtering high energy ions (Ar*) onto the surface to remove the top atomic layers of the sample and
it allows to preserve the delicate structure of the stratigraphy [50, 51]. The analytical characterisation
of the cross-sections was mainly performed at the Royal Institute for Cultural Heritage (KIKIRPA),
where the samples are archived. Exceptionally, when a suitable method was not available in the
KIKIRPA lab, the analyses were carried out in the laboratories of the project partners (LINM, ESRF,
PETRA Ill (DESY), SMIS (SOLEIL)).

Optical microscopy (OM):

The cross sections were studied and photographed, with an upright optical microscope Axioplan (Carl
Zeiss). Images were taken under white polarized light and UV illumination (excitation band-pass filter
from 390-420 nm) with magnification up to 500x.

Scanning Electron Microscopy (SEM-EDX and FEG-ESEM-EDX):

The elemental composition of each layer of the embedded samples was determined, with a scanning
electron microscopy with energy dispersive X-ray spectrometer (SEM-EDX) on a Zeiss - EVO LS15
microscope (15 kV) with BSE and EDX included (Oxford Instruments-X-MaxN 80mm, ASTEC-Oxford
Instruments Software) at the KIKIRPA laboratory. In addition, a selection of samples was characterised
at the INM-Leibniz Institute for New Materials with a high-resolution field emission gun environmental
scanning electron microscope (FEG-ESEM-EDX) FEI Quanta 400 FEGat 10 kV accelerating voltage. This
instrument is equipped with SE, backscatter, and EDS detectors, both high vacuum (ETD and SSD
detectors) and low vacuum (LFD and SSD detectors) environments were used. The use of a FEG-ESEM
is very suitable to observe the microstructure of samples as it can attain magnification levels between
50000x to 100000x.

Fourier Transform Infrared Spectroscopy by total attenuated reflectance (FTIR-ATR):

Analyses by total attenuated reflectance (FTIR-ATR) were performed on cross-sections using a
Hyperion 3000 spectrometer coupled to a microscope with a tip of germanium (Ge) of 150
micrometres in diameter. FTIR-ATR signals between 4500 and 900 cm™ were captured with a liquid
nitrogen-cooled focal plane detector (FPA). The system allows the imaging of cross-sections and the
collection of infrared spectra over large areas with a resolution of 4 cm™, using 128 scans.

Micro-Raman Spectroscopy (URS)

The analyses were conducted with an instrument Renishaw InVia employing a red diode laser at 785
nm (Toptica photonique XTRA). The analyses are performed on cross-sections with a Leica DMLM
microscope. The power of the laser can be varied between 0.1 and 5 mW; the magnification ranges
from 20x to 100x, the number of accumulations varied from 1 to 10 times per measurement, and the
scanning time selected from 10 to 80 s depending on the signal to noise ratio.

Thermally assisted Hydrolysis and Methylation Gas Chromatography/Mass Spectrometry (THM-
GC/MS):

The samples that were not embedded were analysed by means of thermally assisted hydrolysis and
methylation gas chromatography/mass spectrometry (THM-GC/MS). These analyses involve
pyrolysing the sample into smaller components that are volatile enough for analysis. Since many of
these smaller components contain polar groups that are difficult to separate on the chromatographic
column, a simultaneous derivatization reaction is performed on the sample during the pyrolysis step



with tetramethylammonium hydroxide (TMAH), shielding polar groups through methylation. This
makes certain fragments, such as fatty acids, more visible. The pyrolysis was carried out in the absence
of oxygen, in a helium atmosphere at 480°C, in a Frontier Lab pyrolysis unit model 3030. The sample,
supplemented with 4 uL TMAH (5% in methanol), is placed in a steel cup and dropped into a heated
oven. The chromatographic column was connected directly to the pyrolysis unit, without using a
conventional injector. A Supelco SLB-5ms column (20 m long, 0.18 mm internal diameter, 0.18 pum film
thickness) was used for the chromatographic separation (Thermo TraceGC). The following
temperature program was used: 1 min at 35°C, followed by heating at 10°C/min until reaching 240°C,
then at 6°C/min to 315°C; finally, this temperature was maintained for 5 min. After separation, the
components were detected with a mass spectrometer, which allows identification of the various
separated components with high sensitivity (quadrupole MS, Thermo 1SQ7000, scanned between 35
and 600 amu, MS at 240°C, transfer line at 270°C). The gas flow was programmed to increase with the
rising of the oven temperatures. This results in better resolution at higher temperatures. The resulting
pyrograms were scanned both manually and semi-automatically for marker components derived from
natural or synthetic resins, waxes, oils, or proteins. Extensive reference databases were used for this.
For the semi-automatic data processing, AMDIS (Automated Mass Spectral Deconvolution and
Identification System) was used in combination with specific AMDIS target libraries, including the
ESCAPE expert system.

Microscopic Synchrotron Radiation-based X-Ray Powder Diffraction (SR-based XRPD)

Submicroscopic SR-based XRPD measurements were performed at ID13 the microfocus beamline at
the European Synchrotron Radiation facility (ESRF, Grenoble, France), within the frame of the
«Historical Materials BAG»[52, 53]. ID13 is dedicated to high-lateral-resolution diffraction and
scattering experiments using focused monochromatic X-ray beams. The measurements were
performed on a selection of two samples from the Ghent Altarpiece (P.033.055 and P.033.057,
localized in Fig. 5). Diffraction patterns were acquired in transmission geometry by means of an X-ray
beam with a spot size of 2 x 2 um?, at an energy of 13 keV. XRPD maps are obtained by raster-scanning
the samples and collecting 2D XRPD patterns, in transmission mode, with a Dectris EIGER 4 M single
photon counting detector that acquires frames with 2070 x 2167 pixels (75 x 75 um? pixel size) at a
rate up to 750 Hz. A dwell time of 0.02 second per point was used during these scans thanks to the
high photon flux (10'* photons/s) reached due to the recent Extremely Brilliant Source (EBS) upgrade.

Microscopic Synchrotron Radiation-based X-ray Fluorescence (SR-based XRF)

Fluorescence signals were collected from a selection of cross-sections (P259.25, P259.23, P033.29,
P033.57, localised in Fig. 5) at the microprobe hutch of the Hard X-ray Micro/Nano-Probe Beamline
P06 in Petra lll, at DESY (Hamburg, Germany). This beamline is dedicated to scanning X-ray microscopy
and diffraction with micro/nanoscopic spatial resolution [54]. A primary photon energy of 13.043 keV
was employed for analyzing the paint cross-sections. This energy was chosen to be able to observe the
Pb-L lines of lead and enhance its detection. XRF data were acquired with 0.2 seconds dwell times per
scan pixel.

Optical Photothermal Infrared (O-PTIR) spectroscopy

O-PTIR measurements (spectra and images) were collected from a selection of two cross-sections
(P.033.055 and P.033.058, localised in Fig. 5) on the mlRage Infrared Microscope (Photothermal
Spectroscopy Corp.) at the SMIS beamline of Synchrotron Soleil. Spectra were collected in reflection
mode, 2 cm™ spectral data point spacing, through a 40x, 0.78 NA, 8 mm working distance
Schwarzschild objective. The pump IR source was a pulsed, tunable four-stage QCL device, scanning
from 928 to 1800 cm™ and from 2800 to 3022 cm™. The pulse rate of this laser was 0.1 kHz, with a
duty cycle of 1% and a pulse width of 100 ns. The probe was a CW 532 nm visible variable power laser



monitored by an APD detector. The power of both lasers has been optimized before the analysis in
order to not cause damage to the sample. Specifically, the QCL laser power was set up at 10% while
the probe laser power was set up at 1%. The spot size of the probe beam was 0.45 um and the maps
were collected using a step size of 1 um in X and y axis. To obtain a good signal-to-noise ratio, 10 scans
spectra were averaged at each point. O-PTIR data were treated using the Quasar 1.13.0 software [55,
56]. The spectra shown were normalized by the min-max method using the most intense band. To
ensure an unbiased comparison, no smoothing, baseline correction or any other adjustment was
applied to the spectra. Spectral maps were generated by plotting the integrated area of selected peaks
with a linear baseline computed using two wavenumbers at the feet of the peak.

RESULTS
Differentiating original brocades from past interventions by non-invasive methods

MA-XRF imaging allowed for the precise documentation of past interventions on the panels such as:
retouches and overpaints, in some cases covering paint losses. Therefore, this non-invasive method is
essential to assess the general state of conservation of the panels. For instance, MA-XRF images show
how three brocade motives along the clothes of Saint John (yellow dashed circles in Fig. 3b.) clearly
exhibit more intense Pb-L signals than a third motive behind his hand (red dashed circle in Fig. 3b).
The most intense lead signals are presumed to originate from the filler (layer 5 in Fig. 2), a lead-rich
paste applied to the tin foil to support its relief, as explained in the introduction. The most intense
lead signals have been associated with the filler, since the Pb-L distribution shows a pattern
reminiscent of the knife resulting from the removal of excess material.

At the same time, the Sn-L and Au-L distribution maps (Fig. 3c. and d.) show that very little metallic tin
and gold remained on these two motives. This confirms that the original metal foils largely
disappeared in these areas, while revealing the filler underneath and accounting for the more intense
lead signals at the same time. Interestingly, despite the loss of the gilded tin leaf in these areas, the
three-dimensional volume and shape of the brocade motive is very well preserved. This shows that
the filler plays an important role in the maintenance of the structure over time. In comparison, more
tin and gold are detected in the motive closest to the hand (Fig. 3c and d, circled in red), which seems
overall better preserved. In this area, the lead signal from the filler is attenuated and sheltered by the
superimposed metal foils and thus less intense.

In addition, the MA-XRF experiments attest that the heavily applied brownish and pink retouching
observed on the surface of the damaged areas contain barium, as indicated by the Ba-L distribution
maps (Fig. 3i). In this context, intense barium signals are considered a marker of non-original
interventions, as barium-based pigments were synthesised only from the late eighteenth century
onwards [57-58], while minor barium signals can also occur due to a natural contamination of mineral
pigments. Coinciding manganese and iron signals, indicative of the use of earth pigments such as
Umber and Sienna, are also detected in the overpaints (yellow dashed circles in Fig. 3f. and 3g), as well
as vermillion (HgS) (dashed yellow circles in Fig. 3c). An open joint between two boards of the wooden
panel (Fig. 3f, g, and h. circled in green) was clearly filled and retouched with a calcium, manganese,
and iron containing material. Finally, a careful inspection of the features of the gold distribution (Fig.
3d.) attests a separate intervention phase during which diagonal stripes with gold paint were applied
locally to replace the original, gold leaf-based brocade. The gold paint is a gold powder dispersed in a
viscous medium that was used to replicate the gilded relief of the brocade in several areas on the
three panels to hide lacunae in the gold striations of the motives. In Fig. 3d (blue arrows) this gold
inpainting can be recognized near the hand by the enhanced Au-L fluorescence signals.



Although the aforementioned local losses and repairs are perceptible by the trained eye of a
conservator upon persistent visual examination (with or without the assistance of an optical
stereomicroscope), MA-XRF images enable immediate, more complete and accurate classification and
documentation of the original remains of metal sheets, while providing information on past treatment

stages and the nature of the filler and intervention materials applied.
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Fig. 3: (a) RGB image showing a detail of the panel of Saint John (OKIKIRPA). The orange square indicates the
detail shown in Fig.4. (b-i) MA-XRF elemental images, showing the distribution of (b) lead (Pb-L), (c) tin (Sn—L),
(d) gold (Au-L), (e) mercury (Hg-L), (f) iron (Fe—K), (g) manganese (Mn—K), (h) calcium (Ca—K), and (i) barium (Ba—
L) and revealing a plenitude of material-technical information. The yellow dashed ellipses indicate largely
disappeared brocade motives that were later retouched while the motive near the hand, indicated by the red
dashed circle is better preserved. The green dashed ellipse signals a repaired and retouched panel joint.

As exemplified by the Saint John detail in Fig. 3, combining MA-XRF images with (stereomicroscopy-
aided) visual examination has allowed to detect several types of past interventions on the applied
brocades of the three central panels. Overall, it was highlighted that the condition of the applied
brocades is very variable. They are well-preserved in several places (such as in the motives circled in
red in Figs. 3b-e), while other areas show numerous losses. In the damaged areas, various fillings, local
retouches, overpaints, and partial regilding are detected, attesting a multitude of past interventions
(Figs. 3d-i)

However, while macro X-ray fluorescence (MA-XRF) scanning provides elemental distribution maps, it
does not reveal the crystal structure or precise chemical environment of the detected elements.
Consequently, a comprehensive identification of paint materials and especially their secondary
degradation products remain unattainable based on MA-XRF data alone. In order to further enhance
the understanding of the state of conservation of the fragile brocades, on-site macro X-ray powder
diffraction (MA-XRPD) scanning was also conducted. Results of the combined MA-XRF/MA-XRPD
measurements are exemplified in Fig. 4, that shows a detail of of the panel of Saint John. Meticulous
examination of the elemental distribution of tin provides an assessment of the foil’s overall condition,
allowing differentiation between well-preserved regions and areas in which tin is absent.
Nevertheless, interpretation of the tin mapping necessitates particular caution and must be
undertaken in conjunction with direct visual inspection, as the presence of lead in certain overpaints
can obscure the lower-energy tin signal underlying these layers. In a complementary manner, MA-
XRPD allowed collecting additional information regarding the condition of the tin foil by revealing two
types of tin oxides: romarchite (SnO) and cassiterite (SnO;) as seen in Fig. 4. The distribution follows
closely that of the Sn-K emission lines, indicating that the remaining tin is significantly oxidised. [9, 13,
33, 36]. Romarchite and cassiterite are two typical corrosion products generally encountered in
degraded tin foils. SnO is typically black in appearance, whereas Sn0O, can exhibit a wide range of
colors, including black, brownish black, reddish brown, red, yellow, grey, and white. Both compounds
are opaque, brittle, and crystalline in nature.
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MA-XRF: SnL

MA-XRPD: Romarchite (SnQ)

Fig. 4: (a) RGB image showing a detail of the panel of Saint John, indicated by the orange rectangle in Fig. 3a
(OKIKIRPA). (b) MA-XRF elemental image showing the distribution of Sn-L emission lines. (c-d) MA-XRPD images
mapping the matching distribution of (c) romarchite and (d) cassiterite.

Despite the significant information provided by means of MA-XRF and MA-XRPD, the results collected
with these diagnostic instruments are limited by a few factors. First, the information is often
inadequately layer-specific for a comprehensive understanding of the stratigraphy. The interpretation
is hampered by the fact that the information depth usually varies within one distribution image, due
to the lateral variation of high Z elements (e.g. Pb) in the top layers that locally shield the secondary
signals of lower energy stemming from deeper inside the paint build-up [45]. Moreover, MA-XRF is
insensitive towards organic compounds, while MA-XRPD is limited to crystalline compounds, present
in relative high concentrations. To improve our understanding of how specific materials are distributed
over the layers in the paint build-up, and the possible formation of degradation products, it is
advisable to combine the aforementioned non-invasive methods with analytical techniques of
enhanced chemical selectivity (such as p-FTIR and pRS); an approach that usually requires sample
extraction. Nevertheless, also for the latter, the anterior non-invasive characterisation of the panels
is essential, as it allows distinguishing well-preserved areas that are suitable for sampling, such as the
area circled in red in Fig 3b-e.

Characterization of the materials and layer buildup of the applied brocades using sample analysis

Twelve micro-samples (mostly dating back to a conservation campaign carried out in 1950-51, with
addition of a few new samples) were extracted from various locations on the applied brocades of the
three central panels, as indicated in Fig. 5. Although several small variations were observed, a multi-
analytical characterisation of the ensuing cross-sections highlighted the similarity in materials and
build-up between the panels of the enthroned Virgin, John the Baptist, and the Deity. A summary of
the common features is given in Table 1 (see also analytical data in supplementary information); this
indicates that the method for applying the brocades corresponds to the typical modus operandi of
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that time, as discussed in the introduction and rendered in the scheme in Fig. 2. It should be noted
that the accumulated overpaints and non-original varnishes were not considered in this table.

Table 1: The build-up and the material composition obtained by means of SEM-EDX, FTIR, uRS, THM-
GCMS and SR-XRPD analysis. Each layer of the stratigraphy is labelled with the corresponding number

as in the scheme in Fig. 2.

Layer Analytical results Methods
9. Paint Oil-based paint layers with pigments that vary depending on | SEM-EDX,
the colour of the area, such as lead white (mainly cerussite | FTIR, URS
PbCOs; and hydrocerussite 2PbCOsPb(OH);), azurite
(2CuCO3Cu(OH)y), red earth (hematite Fe;03) and red lake
Gold leaf | Metallic gold containing 0.7 to 1.5 weight % of silver SEM-EDX
Mordant | Dark brown-red layer visible under upright OM but too thin for | OM
selective analysis.
6. Tin foil Metallic tin. Presence of lead and chlorine. SEM-EDX,
Romarchite and cassiterite. SR-XRPD,
SR-XRF
5. Filler Mainly heat-bodied siccative oil (likely linseed oil), with | THM-GCMS
beeswax, small amount of colophony, traces of rapeseed oil.
Lead white, minium (Pbs0,, heterogeneously dispersed). SEM-EDX,
Presence of lead stearates (CzgH70Pb0Os). FTIR, URS,
SR-XRPD
4, Adhesive | Mainly heat bodied linseed oil, some beeswax and colophony, | THM-GCMS
and traces of rapeseed oil.
Iron oxide (goethite and hematite), vermillion, lead white | SEM-EDX,
(hydrocerussite and cerussite), calcium carbonate (CaCOs), | FTIR, URS,
minium, and few of carbon black, bone white, and orpiment | SR-XRPD
(As,S5 in such small amount it might be impurities).
Presence of lead stearates.
3. Priming Oil-based layer *
Lead white, calcium carbonate, with iron oxides (mainly | SEM-EDX,
goethite-rich ochre a-FeOOH), and few grains of carbon black @ FTIR
2. Isolation | Qil-based layer * THM-GCMS
Almost unpigmented, calcium carbonate detected in few = SEM-EDX,
cases, likely originating from the ground FTIR
1. Ground Animal glue * THM-GCMS
layer Calcium carbonate SEM-EDX,
FTIR

*Results obtained during the previous conservation phases [49].
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P255.024

P033.057

P033.056

P259.025  *

Fig. 5: RGB Images showing the brocade areas. (a)
panel of the Virgin, (b) Deity panel, and (c) Saint
A John panel. The coloured dots indicate the
P259.066. location and coding of the samples. Yellow dots
indicate samples extracted during the previous
restoration campaign (1950-51), green dots
indicate the more recently (2024) collected micro-
samples.

When focusing on the strata that directly relate to the brocade (i.e. layers 4-8 in table 1 and Fig. 2),
upright OM showed that the adhesive (layer 4) covering the priming is red/orange, as can be seen in
Fig. 6. Upon studying the sampling site on the panel using a stereomicroscope, it becomes clear that
the adhesive was applied with a brush, as areas lacking the upper layers (layers 5-9) reveal an orange
adhesive layer with a distinct brush mark texture. THM-GC/MS analyses conducted on a selection of
samples (P.259.024, P.259.068, P.259.025) from the panel of Virgin, the Deity, Saint John (see Fig. 5),
suggested the presence of a siccative oil, likely linseed oil, as main component of the adhesive binder.
The analyses also indicated few amounts of beeswax, and a pine resin, identified in particular. In
addition to these substances, a protein fraction is also present in the adhesive. Proteins are poorly
detected by THM-GC/MS due to their high fragmentation. Nevertheless, the presence of proteins in
the samples is undeniable. The markers seem to indicate the presence of proteins associable to egg
binder/varnish, although this cannot be confirmed with certainty by this technique. The adhesive is
binder-rich and also contains a small amount of different pigments such as vermillion and lead white,
whereas few particles of minium, calcium carbonate and iron oxide were identified with SEM-EDX,
FTIR and URS. Few grains of carbon black, bone white, and arsenic sulphide were detected as well, but
in such small amount that these might be impurities. Finally, SR-XRPD analyses allowed to detect
hydrocerussite, cerussite, and lead stearates.

The filler (layer 5), directly below the tin foil, is heterogeneously coloured, whitish in some areas and
reddish in some others, as exemplified by the micrograph in Fig. 6 (the filler is highlighted by the red
lines). THM-GC/MS analsyses of the aforementioned samples revealed a binder containing similar
components to those identified in the adhesive, with a high concentration of siccative oil, along with
small amounts of beeswax and colophony. However, the protein fraction detected in the adhesive is
completely absent from the filler. The precise proportions of each material are difficult to determine,
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as the ageing process of some organic compounds might hamper the analysis outcome. For instance,
resin components are known to oxidize. The emergence of a range of increasingly polar degradation
products affects the chromatographic signal, potencially leading to either a false negative result or a
significant underestimation of their concentration [59]. This might very well be the case for colophony,
which was detected in very small quantities in the filler and the adhesive. The composition of the
binder corresponds to literature on the brocades from the Low Countries [1, 8-10, 15, 19, 20] as
previous authors reported the identification by chemical analyses of beeswax as a filler, either alone
or in combination with oil and pine resin [1, 8, 9, 15].

The filler also contains pigments, as identified by combined SEM-EDX, FTIR, uRS, and SR-XRPD, with
lead white (hydrocerussite and cerussite) as main component in several samples, along with some
grains of minium that are heterogeneously dispersed in the reddish part of the layer. SR-XRPD also
allowed to detect the presence of lead stearates. Although this interpretation remains hypothetical,
the heterogeneous appearance of the filler—characterized by red and white areas (as illustrated in
Fig. 6)—may indicate that the presence of lead white was not the result of a deliberate addition by
the artist, but rather a possible consequence of the localized degradation of minium. The chemistry
involved in the transformation of the lead compounds that may have occurred through natural aging
is complex and was discussed elsewhere [60-67]. However, it is well-known that the interaction of
minium with oil may lead to the formation of plumbonacrite 3PbC0O3.PbO.Pb(OH), and consecutively
to the formation of hydrocerussite and cerussite as shown by Vanmeert et al. [61] A posteriori the
solely identification of the last two compounds mention can bring to the miss-interpretation of a lead
white layer while it is actually observed the aging of minium [60-63]. However, its potential
transformation is affected by multiple parameters including humidity, light, oxygen, and the presence
of atmospheric pollutants (such as SO, and CO,) of which it is not clear to what extent these can reach
the filler that is situated relatively deep in the stratigraphy [63, 66-67].

Adhesive

Fig. 6: Micrographs of paint cross-section P.259.024 extracted from the applied brocade on the panel of the
Virgin, in normal light (left) and UV light (right) (Magnification X200). The preparatory layers (priming, isolation,
ground) as well as the upper parts (paint, non-original varnishes and overpaint) are missing on this sample. The
interfaces of the adhesive and the filler are highlighted with yellow and red lines, respectively. The sample
location is indicated in Fig. 5.

The adhesion of the gold leaf to the tin foil constitutes a significant aspect of the material composition
and technique. Only two from the 12 samples (P259.023 and P033.56, see Fig. 5) exhibited a thin (< 2
pum) mordant layer (layer 7 in Table 1 and Fig. 2) in between the tin foil and the gold leaf, as illustrated
by Fig. 7 and 8. It was observed with the upright OM as a fragmentary, translucent layer of which the
extreme thinness might have aimed at maintaining the delicate topography of the tin foil [1, 20]. This
mordant emerges more clearly in the backscattered electron image (BEI), recorded with FEG-SEM at
high magnification (20000x), as a 1-2 um thick, amorphous layer (Fig. 8c). A point SEM-EDX analysis
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(Fig. 8d) revealed the presence of gold, tin and lead. The gold and tin fluorescence signals
are originating from the metallic foils applied (tin foil below the mordant and gold leaf above), whereas
the detection of lead is considered to be mainly rising from the mordant. Unfortunately, this
translucent adhesive layer was too thin to isolate for selective THM-GCMS analyses. The literature
available on the topic of gilding on tin describes the use of an oil-based mordant prepared with
addition of lead compounds added probably for their oily drying capabilities [1, 27, 68, 69]. For
instance, the Tegernsee Manuscript (German, ca. 1500) describes a recipe with linseed oil and minium
to prepare a mordant for gilding on tin, that is consistent with the detection of lead in these layers
[27]. Although no discernible pigment grains or particles were found in this sample, a pre-heated oil
containing a lead compound may have been used [70, 71], allowing the lead to start reacting with the
siccative oil while all the solid leftover has been filtered away.

’ - .' n..
Overpaints Overpaints

Filler

Adhesive Adhesive

Fig. 7: Micrographs of cross-section (P033.56) extracted from the applied brocade on the panel of the Virgin, in
normal light (left) and under UV light (right) (Magnification X200). The sample location is indicated in Fig. 5.
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Fig. 8: Top row: Micrographs (magnification X200) of the cross-section P.059.023 extracted from the applied
brocade on the panel of the Virgin, in (a) normal light and (b) UV light (the sample location is indicated in Fig. 5).
Bottom row: FEG-SEM Backscattered Electron image (10000x) recorded on cross-section P.059.023 (location
indicated with a yellow square in fig. 8a). The red spot indicates the location of a point analysis by FEG-SEM-EDX,
(d) FEG-SEM-EDX point analysis (indicated by the red spot in Fig.8c) revealing the presence of Au, Pb, and Sn.

Finally, the original paint partially covering the gold leaf (corresponding to layer 9 in Fig. 2) was
identified as oil-based with a variety of pigments that are commonly found in paintings of that period
in the Low Countries (see Table 1). Over time, various overpaints and varnishes were superimposed
during past restoration campaigns; however, these fall outside the scope of this work [2-4].

Degradation of the tin foil

Examination of the samples with upright OM indicates that the tin foils are severely deteriorated.
Instead of the anticipated metallic sheen, the tin foils have a heterogenous appearance, locally
exhibiting a dark brown, dark grey and/or a whitish grey colour (fig. 9). The thickness of the degraded
tin foil ranges between 13 and 20 um, while the gold leaf thickness was measured to be between 0.10
and 0.16 um. This difference was expected as, being a less ductile metal than gold, tin could not be
beaten as fine as gold leaves. According to literature, tin foil thickness varies between 5 to 80 um
depending on the dexterity of the beater and the type of application for which it is created [1, 17, 72].
However, determining the thickness of tin foils remains challenging, as their thickness most likely
increased with the oxidation or phase transformation of the metal [33]. Nevertheless, the tin foils of
the Ghent Altarpiece are considered rather thin, as authors previously reported degraded tin foils of
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20-50 um in other artworks from the same period [1, 17, 18]. It is not unthinkable that Van Eyck
preferred a very thin foil, as this would have allowed to obtain the particularly refined design of the
applied brocades on the altarpiece.

Fig. 9: Micrographs showing cross-section (P033.058) extracted from the applied brocade on the panel of the
Virgin, in normal light (left) and UV light (right) (Magnification X200). The location of the tin foil is indicated by a
white rectangle. In visible light, the tin foil appears dark on the left part of the image, but white-greyish towards
the right side. The sample location is indicated in Fig. 5.

SEM-EDX point analyses conducted on various locations of the degraded tin foil in all 12 cross-sections
indicates that the metallic tin used for beating the foil contains a few weight percentages of lead. SEM-
EDX analysis also shows a variable amount of oxygen as part of the tin oxides that formed, as well as
some chlorine that seems to be bound with lead rather than with tin. The presence of lead in the tin
alloy is a significant parameter as this element is known to impact the aging behaviour of tin. For
instance, the presence of lead increases the oxidation rate of tin, while it reduces the risk of tin pest
formation [21, 29, 33, 38, 41]. However, these results should be interpreted with caution, since factors
such as the width of the instrument beam and/or the sample inclination may lead to contributions to
the EDX spectra from surrounding lead-rich layers. Nevertheless, synchrotron radiation-based X-ray
fluorescence (SR-XRF) conducted on a selection of microsamples (P259.023, P259.024, P259.025,
P259.066, P259.067 localised in Fig.5) allowed to confirm the presence of lead in the tin foils, as
exemplified in fig.10.
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Fig.10: (a) Micrograph showing cross-section (P.033.066) extracted from the applied brocade on the panel of
the Virgin (the sample location is indicated in Fig. 5) in VIS light (Magnification X200). The red rectangle indicates
the area that was analysed by means of SR-XRF. (b-d) corresponding SR-XRF maps showing the distribution of
Sn-L (b), Pb-L (c) and Pb-M (d), indicating the presence of lead in the tin foil. The Pb-rich region observed at the
top is attributed to the presence of lead in the filler material adjacent to the tin foil.

In addition, SR-XRPD was conducted on several microsamples (P259.25, P259.23, P033.29, P033.57,
sample location is indicated in Fig. 5) in an attempt to obtain a more accurate characterisation of the
tin foil. These analyses allowed to provide information regarding the distribution of romarchite (SnO)
and cassiterite (Sn0;), detected earlier by MA-XRPD (see p.10). On this selection of microsamples, the
SR-XRPD analyses revealed that the metallic tin had fully degraded into SnO and SnO; (see fig. 11).
These corrosion products are primarily expected to result from the oxidation of the tin foil through
contact with the binders in the surrounding layers and exposure to atmospheric oxygen [13, 72].
However, the simultaneous presence of SnO (stannous oxide, Sn(ll) and SnO, (stannic oxide, Sn(1V))
may also result from more complex chemical pathways occurring within the tin foil [73-78]. In
particular, the formation of both oxides could be influenced by the presence of additional tin-
containing compounds, such as tin chloride (SnCl,) and/or tin oxalates (SnC,04) [75-76]. Metastable
SnO is described in the literature as an intermediate phase in the process of the formation of SnO,,
the most stable and final product of tin oxidation [13, 78]. Thermodynamic considerations derived
from archaeological studies of corrosion products on pewter artifacts recovered from marine
environments suggest that romarchite, as metastable phase, arises due to sluggish kinetics in the
process of the formation of cassiterite (Sn0;) [78 - 80]. These studies further propose that romarchite
may form through distinct reaction pathways, depending on the prevailing environmental conditions.
In any case, the detection of both romarchite and cassiterite in the tin foils on the Ghent panels after
nearly 600 years demonstrates the presence of continuous and complex chemical interactions
occurring within the tin foil.
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Fig. 11 (a) Micrograph showing cross-section (P.033.057) extracted from the applied brocade on the panel of the
Virgin (the sample location is indicated in Fig. 5). Normal light (Magnification X200). The red rectangle indicates
the area that was analysed by means of SR-XRPD. (b) Detail of area of the cross section indicated by the red
square in Fig. 11a, (c) associated SR-XRPD maps showing the distribution of romarchite (d) and cassiterite.

The microstructure of the tin foil was further characterised with the use of a Field Emission Gun —
Scanning Electron Microscope (FEG-SEM), after polishing the samples with ion milling (see Method).
The BE images taken at different magnifications (200 to 50000x) illustrate variable condition states of
the tin foil. In particular, less-altered tin areas show a porous and compact structure with small fissures
(Fig. 12a), while other parts are heavily altered with cracks running through the tin foil either
perpendicular with (see yellow arrow in Fig. 12b), or parallel to the surface (see yellow arrow in Fig.
12c). The detachment of micro fragments of tin often occurs around the interface of the foil with the
superimposed gold leaf or the underlying filler. In addition, a detachment of the superimposed paint
layer is often observed above the gold leaf (see red arrow in Fig. 12c) or the tin foil (in areas where
the gold leaf is missing) (see red arrow in Fig. 12b). These degradation processes have rendered the
brocades highly fragile, with a loss of cohesion and adhesion of the tin foil. This condition can
reasonably be considered to account for the extensive overpainting of the brocade areas.
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Fig. 12: FEG-SEM BE images illustrating various alterations. (a) FEG-SEM BEI (5000x) of cross-section (P.059.023)
extracted from the applied brocade on the panel of the Virgin (the sample location is indicated in Fig. 5). The
image shows a relatively well-preserved tin foil with compact structure (blue arrow). Visible alterations are the
small fissures visible near the surface of the tin foil, around the interface with the adhesive (mordant) (yellow
arrow). (b) FEG-SEM BEI (1400x) of cross-section (P033.055) extracted from the applied brocade on the panel of
the Virgin (the sample location is indicated in Fig. 5). The image shows a tin foil broken up by large perpendicular
cracks (yellow arrows). A delamination of the upper paint layer is also visible above the tin foil (red arrow). (c)
FEG-SEM BEI (10000x) of cross-section (P033.058) extracted from the applied brocade on the panel of the Virgin
(See Fig. 5 for the sample location). The image shows a tin foil with a crack running parallel with and near (yellow
arrow) the interface with the filler (bottom edge). This almost leads to the detachment of a micro-fragment of
tin. A crack between the gold leaf and the superimposed paint layer is also visible (red arrow).

An interesting phenomenon was observed in the layers below the tin foil, i.e. the filler and the
adhesive, in which very small and dispersed aggregates of tin were detected with FEG-SEM (Fig. 13).
These tin aggregates seem to adhere as a film around the walls of the cavities present in the filler and
adhesive, which are both rich in organic binder (fig. 13a-c). Their presence in these layers raises the
guestion whether the formation of organo-tin products (e.g. tin soaps) can result from the reaction of
the tin foil in contact with the oil-resinous-wax matrix [81-84]. If formed, these tin compounds could
then migrate and accumulate in pre-existing pores in the adhesive and filler.

To test this hypothesis, O-PTIR analysis were performed on the areas containing tin aggregates (Figure
13d). O-PTIR is a recently developed technique that provides spectra comparable to FTIR in
transmission mode, with a spatial resolution of 0.5 um, which has been successfully applied to the
characterization of small particles and thin layers of paintings samples [85, 86]. In order to avoid
potential radiation damage induced by the SEM-EDX maps, a nearby area showing the same features
was analysed. As it can be observed, the spatial distribution of the Sn aggregates is correlated with
two broad absorption peaks cantered at around 1630 and 1385 cm™: these peaks fall within the
spectral regions of the asymmetric and symmetric vibrations of carboxylates, typically detected in
mixtures of linseed oil with metallic ions [87, 88]. Given that only Sn (and small amounts of Si) are
present in this area (Fig.13c), the results suggest the formation of Sn carboxylates. However, the
unambiguous identification of these compounds would require a more dedicated study, including the
analysis of pure reference materials and additional high-spatial-resolution data from the interface
between the binding medium and the tin foils.

Literature on this topic is in fact very scarce, but a recent study by Biocca did demonstrate the
production of tin metal soaps due to interactions between tin foils and the fatty acids present in the
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oil-resinous-wax based adhesive mixture of artificially aged mock-ups [81]. According to Biocca, these
chemical interactions would be promoted by humidity and variations of temperature [81, 82]. In
addition, the same author confirmed, for the first time, the presence of tin soaps in tin-based
decorations on artworks, i.e. on the fresco Vela Della Castita (Basilica of Saint Francis in Assisi) and the
Giotto Universal Judgement (Scrovegni Chapel in Padua) [81]. It is not impossible that similar reactions
occurred on the applied brocades of the Ghent Altarpiece since similar materials are encountered.
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Fig. 13: (a) FEG-SEM BEI (1400x) of cross-section (P033.058) extracted from the applied brocade on the panel of
the Virgin (the sample location is indicated in Fig. 5). The yellow square indicates the detailed area (higher
magnification) shown in Fig.13b, the blue square indicates the area analyzed with O-PTIR in Fig.13d; (b) FEG-
SEM BEI (20000x) of cross-section (P033.058). The ‘white rims’ that seem to coat the edges of (or fill) the pores
of the oil-, wax-, and resin-based filler contain tin. The location of the point EDX analysis shown in Fig 13c, is
indicated by the red spot. (c) FEG-SEM EDX point analysis indicates the presence of tin. (d) O-PTIR multispectral
imaging analysis (map size: 41 um x 15 um, pixel size: 1 ym x 1 pym): integration map of the spectral region
corresponding to the markers tentatively assigned to tin carboxylates (1670-1570 cm™) and representative
spectra of (1) carboxylates potentially formed with tin and (2) organic binder.

Finally, the FEG-SEM images taken from several samples (P033.058, P259.024, P259.025, localised in
Fig. 5) highlight yet another compelling alteration phenomenon at the interface between the tin foil
and the gold leaf. The gold leaf takes a tooth-like shape at the interface between Au/Sn as if both
metal foils dissolve into each other (Fig. 14, indicated by the yellow arrows). In fact, this degradation
shows strong resemblance to a mechanism that is well-known in metallography: the dissolution of
metallic gold in tin [89-93]. This process may occur over a long period of time when Au® is in contact
with Sn%nd it is known to be accelerated by heating. The two layers interact to form intermetallic



22

compounds and alloy such as: AuSns, AuSn; or AuSn at their interface [89-93]. This interaction
between tin and gold, coupled with the degradation of the tin foil itself, could be the reason why the
fine mordant film in between both metal layers is no longer visible in most of the samples analysed.

Fig. 14: (a) FEG-SEM BE image (20000x) of cross-section (P033.058) extracted from the applied brocade on the
panel of the Virgin (the sample location is indicated in Fig. 5). The yellow square indicates the detail shown in
fig. 14b. (b) FEG-SEM BE image (20000x) of cross-section (P033.058). The yellow arrows indicate the “teeth” like
structure in the gold leaf, at the interface with tin.

CONCLUSION

Combining careful visual inspection of the panels with in situ non-invasive analyses by MA-XRF/MA-
XRPD and chemical analyses of samples by SEM-EDX, FTIR, uRS, THM-GCMS, FEG-SEM, O-PTIR, SR-XRF
and SR-XRPD, was a successful approach to characterise the applied brocades of the Ghent Altarpiece.
As exemplified by the Saint John detail, the MA-XRF scans proved particularly useful to provide
information regarding the nature of the materials, to assess the general conservation state of the
applied brocades, to localise several past interventions (overpaints, filling, regilding, etc.) and to
determine the most suitable areas for collection of microsamples. The latter was necessary to obtain
a more accurate characterisation of the materials and a better understanding of the general structure
of the applied brocades. Furthermore, this study highlighted degradation phenomena. The tin has
largely transformed into the corrosion products romarchite (SnO) and cassiterite (Sn0O,), accompanied
by extensive cracking, loss of cohesion and delamination at the interfaces between/ within the filler,
gold leaf, and paint layers. Additional alteration phenomena include the possible formation of organo-
tin compounds within the organic layers and intermetallic interactions between gold and tin,
contributing to the disappearance of the original mordant and further destabilisation of the
stratigraphy. Both these phenomena were rarely observed and investigated on applied brocades. So
far, numerous papers have been published on the degradation of objects made of tin (such as crockery
and organ pipes), but literature is very scarce on the degradation of gilded tin foils in contact with
paint layers. This study clarified that future work should focus on potential interactions between tin
foils and organic binders (e.g. the formation of organotin compounds such as tin soaps), and assess
their role in brocade deterioration. In addition, the possible transformation of minium into lead white
in the filler layer and its impact on the stability and alteration of the overlying tin foil is another aspect
that merits further study.
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