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Abstract

As part of its conservation-restoration, the 13t century stained-glass panel ‘the Annunciation’, was examined at the micro- and macro level. This window,
since 1898 in the collection of the Museum Mayer Van den Bergh (Antwerp, B), was formerly a part of the southern Rose window of the Notre Dame Cathedral
(Paris, F). The insigths emerging from a first phase of the analysis, comprising non-invasive analysis techniques such as optical microscopy combined with
macroscopic X-ray fluorescence (MA-XRF) and X-ray diffraction (MA-XRPD) mapping, were used to select sampling positions for the second phase of
investigation that involved micro-invasive analysis, namely scanning-electron microscopy coupled to energy-dispersive X-ray analysis (SEM-EDX). The aim of
the investigation was fourfold: (1) to assess the applicability of MA-XRF scanning for the characterisation of stained glass windows prior to any conservation
or restoration procedure, (2) to assess the applicability of MA-XRPD scanning to identify the degradation products formed on the surface of stained glass
windows, (3) to establish a method to limit the set of sampled glass fragments taken from a glass panel for quantititive analysis while maintaining sufficient
representativeness and (4) to distinguish the original glass panes and grisaille paint from non-original glass panes that were inserted during various past
interventions. Most of the panes in this window proved to consist of medieval potash glass, consistent with the 13t c. origin of the window while a limited
number of panes were identified as non-original infills, with divergent glass compositional types and/or colorants. Most panes derive their color from the pot
metal glass (i.e. homogenously colored) they were made of. Some of the panes that originally had a red flashed layer on their surface, completely or partially
lost this layer due to weathering. Three main compositional glass families with similar color could be defined. With the exception of the yellow and orange
panes, the chromophoric elements responsible for the dark(er) and light(er) blue (Co), green (Cu), purple (Mn) and red colors (Cu) were identified. Two
different grisaille paints were encountered, part of which were restored during the 19t century. On the basis of this information, all missing pieces were
replaced by glass panes with appropriate colors and the panel could be successfully conserved to its former glory. On the surface of several panes, typical glass
degradation products such as calcite, syngenite and gypsum were identified, together with lead based degradation products such as anglesite and palmierite.
In addition, the presence of hematite and melanotekite in the grisailles was observed; also the presence of Zn, uncorrelated to Cu, in the grissailes on the right
side of the window became apparent.

Keywords

Stained-glass; Chemical imaging; MA-XRF; SEM-EDX; MA-XRPD; Glass composition

1. Introduction

Stained glass windows are prevalent in church buildings from earlier than 1000 A.D. to the present day and therefore constitute
an important part of religious and cultural heritage. Traditionally, the material history of a medieval stained glass panel is derived
by a combination of archival research and visual examination, optionally augmented with chemical analysis of the individual glass
panes constituting the panel. In literature, a wide range of techniques have been surveyed for glass analysis; most established
methods are X-ray fluorescence (XRF) and scanning electron microscopy equipped with energy dispersive X-ray detection (SEM-
EDX).1* Both methods owe their popularity to the ability of detecting and quantifying a wide range of elements in a sensitive and
efficient way.> 6 The principal reasons why such information is relevant is that (a) during the course of its history, individual glass
panes of a stained glass window may gradually become replaced by non-authentic equivalents with another (elemental)
composition and (b) during their age-long exposure to the (indoor and/or outdoor) environment, especially the glass paints use to
stain the glass may suffer from severe degradation. In the past, the authors demonstrated the relevance of Macroscopic X-ray
fluorescence (MA-XRF) mapping as non-invasive elemental imaging method for stained glass panels.” 8 The major benefit of MA-
XRF was identified as its ability to acquire compositional data from the entire surface in a completely non-destructive way, an
aspect that was highlighted by the discovery of an enigmatic cobalt-based green glass in a well-studied stained glass window of
exceptional quality. In addition, the ensuing chemical data can be presented in a visual way, hence allowing interpretation by non-
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XRF specialists. Other non-invasive techniques such as UV-VIS
and Raman spectroscopy are also frequently used in the
analysis of stained glass windows. Uv-Vis-NIR spectroscopy is
often used for the investigation of colored glass, moreover it
can also be used for the distinction between different glass
compositions.® 10 In-situ Raman spectroscopy can also be used
discriminating between different glass compositions.1l An
advantage of MA-XRF over the aforementioned techniques is
that MA-XRF cannot only identify the chromophores in the
glass. It also allows to distinguish between pot metal glass
(chromophores present throughout the entire glass plane) and
flashed glass (chromophores only present in a thin sliver of
coloured glass on top of uncoloured substrate glass). However,
in contrast with conventional SEM-EDX and p-XRF point
analyses on minute glass samples, MA-XRF does not allow for
accurate quantification of the different glass components; the
absence of absolute concentration data prevents inter-
comparison of MA-XRF data obtained from different stained-
glass windows. In this respect, combining qualitative/semi-
quantitative MA-XRF mapping with quantitative SEM-EDX
analyses on a limited number of samples was expected to be
highly relevant. Recently, Bracci et al. and Van der Snickt et al.
integrated the use of non-invasive (VIS range hyperspectral
imaging and MA-XRF) and micro-invasive analysis techniques
(SEM-EDX) for stained glass artefacts; the main advantage of
such a combination is that the number of glass panes that
need to be sampled can be kept to a minimum while
maintaining the representativeness of the analysis.® 12
In the investigation of stained glass windows, X-ray powder
diffraction (XRPD) is a technique that can be used to
investigate crystalline compounds that precipitated on the
surface or in the bulk of glass.13 14 Mostly, it is used to identify
the formed crystalline compounds in the grisailles or the
degradation products.’> 16 However to the best of our
knowledge, this is the first study that uses a mobile XRPD
scanner for the analysis of stained glass windows.
In this work we employ a combination of several non-invasive
and micro-invasive methods to trace the material history of a
13t c. Annunciation panel (diameter 50.1 cm) that currently
belongs to the collection of the Museum Mayer van den Bergh
in Antwerp, Belgium. This medieval stained glass window of Figure 1. The Annunciation Window, Museum Mayer van den Bergh, Antwerp,
exceptional quality was analyzed as part of its conservation- Belgium (diameter: 50.1 cm) before the restoration treatment of 2020. (A) Visual
restoration process. Next to being used for their own merits, the photograph in transmitted light; (B) scheme with coded glass panes, the colors

) ) ) . indicate the visual color of the glass. Black dots indicate the locations of samples
results of the non-invasive Imaging are emploVEd to select and discussed in table 1. The cross-hatched panes were identified as potash glass by
motivate the location of a minimal set of sampling locations on  eans of the SEM-EDX analysis.
the multicolored glass window.

2. Material history

The investigated stained-glass window shows a classical Annunciation scene with the archangel Gabriel on the left, informing the
virgin Mary that she is to bear a son. This message from heaven is symbolized by the scroll (in colorless glass) to the right of the
angel. Also a vase (colorless glass) with three lilies (yellow glass), symbolizing the trinity, and a piece of furniture (a prie dieu, yellow
glass) are visible. The dominant color of the background is red; the angel’s garb consists of blue and green panes while Mary’s
clothing contains orange and blue elements. The panes representing the haloes of both figures are blue. The faces of Mary and
Gabriel are in colorless glass, but that of Gabriel is slightly pinkish. A number of anatomical and other details have been rendered
using grisaille paint.



Archival research revealed an intricate provenance and material history. This panel was once part of the large rose window in the
southern transept fagade (built between 1258 and 1260) of the Cathédrale Notre Dame in Paris, France (Figure 2B). However,
historical textual sources indicate that it was not designed for this location and revealed an animated but fragmentary provenance.
Although originally not conceived for the Notre Dame fagade, scholars do situate the Annunciation panel in its vicinity on stylistic
grounds. The range of glass colors, the simple composition with two characters, the uniform background, the slender S-shaped
figures with elongated fingers and toes and the virtuoso but precise trace lines and shadows show a strong resemblance with other
windows from lle de France created between 1260 and 1280, such as the stained-glass windows in the Saint-Sulpice church in
Saint-Sulpice-de Favieres (Essonne, France) and panels in a private collection in the USA, originating from the church of Mantes-
Gassicourt (Yvelines, France).

In the 1720s, the 13t c. south transept fagade of the Notre Dame Cathedral was entirely rebuilt in response to instability of the
stonework. Records indicate that the lead cames of the medieval stained-glass panels that were still in place at that time were re-
leaded by Guillaume Brice, active in Paris between 1700 and 1737. The lead cames form a network of metallic lead profiles that
hold the separate pieces of glass together. At this point, this renowned restorer of stained-glass panels filled the missing parts in
the rose with coeval panels from his own collection, entirely in line with the prevalent restoration practices of that era. According
to the 20t c. scholars Aubert, Perrot and Gatouillat, the panel studied here was one of the panels inserted by Brice in the rose
window.17-19

In 1830, the rose window was again severely damaged by a fire and in 1861 architect Eugéne Viollet-le-Duc rebuilt the instable
facade once more. Stained-glass artist and art dealer Alfred Gérente was charged with the restoration of the rose window panels,
and replaced at that occasion the Annunciation panel with a copy (Figure 2C). Between 1861 and 1895 the medieval panel entered
the collection of Carlo Micheli, another Parisian artist and antique dealer, where it remained until the death of his wife in 1898. In
that year, their entire collection, including the panel described here, was sold to the Antwerp art collector Fritz Mayer van den
Bergh, whose collection formed the basis of the current museum.

Since the opening of the museum in 1904, the panel was presented in the ‘grand gothic room’ of the Museum Mayer van den
Bergh (MMVDB).20 In 1972, the architecture of the museum was modernized during which the panel most likely underwent an
(undocumented) intervention. After being re-leaded, the panel was installed against a window of the ‘little gothic room’ at the
first floor of the museum where it remained until the recent (2020) treatment. In 2018, the panel was declared ‘National Treasure
of Flanders’ (“Vlaams topstuk”), a status guarantying special protection of the item and inducing an in-depth conservation-
restoration treatment. As part of this treatment the panel has been thoroughly examined and chemically analyzed in 2020-2021,
with the ensuing results described below.

Panel Panel sold Conservation
replaced to Fritz treatment and
Creation of panel with copy Mayer van analysis
(A) (o] den Bergh (D)
1726 [1860-1868 c. 1972

1225-1275 c. 1860 1898 2020

Panel placed in
e SoUtharH Panelsoldto Releaded panel

transept facade of Carlo Micheli  placed in ‘Small
the Cathédrale Gothic room’,
Notre Dame, Paris MMVDB, Antwerp

(8)

Figure 2. Timeline of the Annunciation panel: (A) photograph of the Annunciation panel published in the portfolio of J. Helbig, prior to releading of 1972, (B) interior view
of the rose window, with the white rectangle indicating the location (of a copy) of the panel (situation prior to the 2019 fire), (C) interior view of the copy of the
Annunciation panel currently in the rose window, (D) The Annunciation window in its present form, after the restoration of 2020.



3. Experimental
In preparation of the conservation treatment, the panel was visually examined in detail with support of optical microscopy. In the
next phase, the panes of the glass window were non-invasively analyzed by means of Macroscopic X-Ray Fluorescence. During the
conservation treatment, and after the glass panes were removed from the lead came network multiple panes were analyzed by
means of Macroscopic reflection X-Ray Powder Diffraction (MA-rXRPD) imaging. A limited number of glass micro-samples were
collected based on the results of the preliminary analyses. The micro-samples were characterized by means of a Field Emission
Gun Environmental Scanning Electron Microscope equipped with an Energy Dispersive X-ray spectrometer (FEG-ESEM-EDX).

3.1 MA-XRF

The Annunciation panel was chemically imaged by means of an in-house built mobile MA-XRF scanner (AXIS, University of Antwerp,
Belgium).2! The device uses a 50-W XOS fleXBeam micro tube with Rh anode (XOS, USA) operated at 50 kV and 1 mA and one
Vortex EX-90 SDD detector with an active area of 50 mm? positioned at 45° relative to the surface normal. The excitation beam
was normal to the glass surface and was focused to a focal spot of ca. 200 um by means of a polycapillary x-ray lens. This XRF
measurement head was mounted on a software controlled X—Y motor stage with a maximum travel range of 57 x 60 cm (h x v).
MA-XRF scans were performed by sweeping the measuring head systematically over the glass surface. Careful positioning and
alignment of the scanner ensured a stable distance of ca. 2.25 cm in between the snout of the measuring head and the panel.
Keeping this distance constant reduces fluctuations of the X-ray fluorescence signal by attenuation in the ambient air. During
movement, XRF spectra were recorded in reflection mode every 500 um (step size) with a dwell time of 207 ms and 215 ms for the
internal and external side of glass panel respectively. The resulting spectral data cube was processed employing a combination of
Pymca and Datamuncher software packages.?? 23. The MA-XRF measurements were performed at the start of the conservation
process.

3.2 MA-XRPD

The MA-XRPD measurements were performed by means of an in-house built mobile scanner (AXIS, University of Antwerp,
Belgium). The device is set-up with a low power X-ray micro source (50W, IuS-Cu, Incoatec GmbH, Germany), which produces a
monochromatic and focused X-ray beam (Cu—K,; 8.04 keV), a more detailed description can be found elsewhere.2* A primary beam
angle of incidence of 10° relative to the glass surface was employed due to geometrical limitations. This caused the beam footprint
to become elongated in the horizontal direction so that it was of the order of 0.8 mm in the horizontal and 0.2 mm in the vertical
direction. A PILATUS 200K area detector was used to record 2D diffraction patterns for each irradiated position. To reduce the
effect of local topography and curvature of the glass surface on the diffraction data, the distance between the artwork and the
scanner was 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 XYZ directions (30 x 30 x 10 cm3). The in-house
developed software package XRDUA was used for the processing of all XRPD data. XRDUA provides the necessary tools for
extracting crystalline-specific distributions from the large number of 2D diffraction patterns obtained during XRPD imaging
experiments.2>

The MA-XRPD measurements took place after removal of putty remains from the edges of the glass panes and subsequent rinsing
with a water/ethanol (50/50) mixture. The benefit of this cleaning process was that the panes were already removed from the lead
frame and could be individually placed in front of the instrument. In some areas where the glass panes were severely weathered,
pure ethanol was used; however much care was taken to avoid overcleaning/damage to the substrate glass. A selection of
fragments was made to analyze the internal and/or the external pane surface by performing point or line scans.

3.3 FEG-ESEM-EDX

Very small fragments of glass were collected from a selected number of panes, on the locations indicated in Figure 1B (black dots).
The glass samples were examined with a Field Emission Gun — Environmental Scanning Electron Microscope (FEG-ESEM) equipped
with an Energy Dispersive X-Ray (EDX) detector (FEI Quanta 250, USA), using an accelerating voltage of 20 kV, a take-off angle of
30°, a working distance of 10 mm and a sample chamber pressure of 104 Pa. Imaging was performed based on secondary (SE) and
back-scattered electrons (BSE). EDX spectra from specific locations and regions of the glass were acquired, using a beam current
of ~0.5 nA and a dwell time of 60 s per spectrum. The same beam current was used for EDX mapping. All maps were recorded with
a resolution of 1024 by 704 pixels, with pixel sizes of 0.2-0.5 um, and a dwell time of 0.5 ms per pixel. All EDX data analyses were
performed by using the Aztec software package (Oxford Instruments).



4. Results & discussion

The MA-XRF maps shown in Figure 3 were recorded from both the internal and external sides of the panel with the aim of shedding
light on the various interventions that were signaled by the aforementioned archival research. This was done prior to the actual
start of the conservation process, i.e. with the glass panes still framed by the lead came network. Some of the ensuing elemental
distribution images reveal relevant information on a number of important technical aspects of the window: the major glass
constituents (Si, Kand Ca) as well as some relevant trace elements (Rb, Sr, Ba, Ti), colorants (Cu, Co), opacifiers (Sn) and decolorizers
(Mn and As) that are present in the glass. Other elemental maps provide information on the glass paints (Fe, Cr, Co) or the lead
came network and its soldering (Pb, Sn). As is visible in Figure 3 K and L, in some areas, the glass of the panes was broken while
cracks were filled with a Ba- and Sr-rich material (possibly a putty or glue mixed with BaSO4 and/or SrSQO4). The XRF spectra recorded
in these areas display Ba and Sr peaks with particularly high intensity and were excluded from the correlation plots of Figure 4A
and B, discussed further in the text, to facilitate making the distinction among clusters caused by variations at trace level. The
presence of barite (BaSO4) was confirmed by means of MA-XRPD inside a crack in Gabriel’s wing.

A full set of all elemental maps and the XRF sum spectra resulting from the MA-XRF scans can be found in the supplementary
information (Figures SI1 and SI2) whereas their interpretation is discussed below. The MA-XRF distributions for a given element
derived from both faces of the window are often dissimilar; the different reasons for this are discussed more in detail below. Since
on most panes, the grisaille is present on the interior side, the MA-XRF maps derived from the exterior side were preferred to
gather information on the type, color and authenticity of the actual glass panes while the maps from the interior side were used
to provide data about the glass paints present.

Interior side Exterior side Interior side Exterior Side

Reflected light

K-K

Ca-K

S-K

Figure 3. Reflected light photographs (A,B) and corresponding elemental distributions obtained by MA-XRF from the interior and exterior side of the window.



In Figure 1B, a false color scheme of the glass window with
numbered and color-coded panes is presented to facilitate
referring to all ninety-seven glass panes. G1 to G18 are the
green colored glass panes, Y1-8 are yellow, B1-21 blue, C1-11
colorless, 01-8 orange, P1-3 purple and R1-28 red. In addition,
the glass panes R23-28 are color coded in white with a red
border to indicate that the original ‘flashed’ red glass-layer
deteriorated over time, as discussed in more detail below.

On the basis of the MA-XRF data, various panes were first
clustered into groups with similar substrate glass type, thus
allowing to limit the number of glass samples required while
still maintaining the representativeness of the quantitative
dataset. In this way, minute glass samples were collected from
a few panes belonging to each group. The resulting sampling
locations of the glass samples for SEM-EDX micro analysis are
indicated by black dots in Figure 1B . The corresponding
quantitative data on the glass composition is presented in
Table 1. As mentioned above, SEM-EDX analysis serves as a
benchmark for the MA-XRF scanning results and at the same
time complementary information can be gained leading to
further insights into the properties of the stained glass.

4.1 Differentiating between glass types

As the chronological variation of glass composition in Western
Europe is well-documented in literature, chemical analysis of
the substrate glass within a stained window can be useful to
recognize non-original panes that were introduced during past
interventions. When available, quantitative compositional data
can be used to cluster the panes in groups with similar glass
type and (in favorable cases) place them in chronological order
and link these to specific past intervention phases. All this can
assist in reconstructing the often highly complex material
history of a stained glass window.

As shown in previous studies, the added value of MA-XRF in
this context is that data can be obtained from the entire glass
surface, augmenting the representativeness of analysis.® For
the specific purpose of distinguishing between panes of
different glass types, the most obvious is to employ a
correlation plot of the major elements Ca and K since the
calcium and potassium content is indicative of respectively the
network stabilizers and fluxing agent(s) present in the glass.
However, as is evident from comparison of Figures 3B, D and F,
the areas displaying prominent corrosion layers in the
Annunciation panel, (such as the central part of panes G2 or
G6) are visible as highlights in the Ca, K and S distribution maps,
exhibiting signal intensities quite different from those in the
areas with no or less degradation. As glass corrosion crusts
often contain gypsum (CaS04-2H,0) and related materials,
they result in a local increase of the detected Ca-K XRF signal
and/or in an underestimation of the K-K signal due to shielding
of the characteristic radiation stemming from the underlying
bulk glass.

Nevertheless, the correlation plot of the Ca-K vs. the K-K peak
intensities, collected from the exterior side and the
corresponding composite false color image in Figure 4A,
reveals several pixel clusters that can be associated with
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Figure 4. (A) (Ca-K, K-K) correlation plot and corresponding false colour pixel map based
on MA-XRF data collected from the exterior side of the window. (B) Corresponding (Sr-K,
Rb-K) correlation plot and false colour pixel map. (C) (Co-K, Cu-K) correlation plot and
corresponding false colour pixel map. (D) (Ca-K, S-K) MA-XRF correlation plot and
corresponding false colour pixel map of the exterior side of the window. (E) (Fe-K, Zn-K)
correlation plot and corresponding false colour pixel map of the interior side of the
window.



individual glass panes, suggesting that the large amount of data points (partly) evens out localized surface effects. In particular,
the scatter plot shows (a) a group of pixels/glass panes that instantly stands out due to its high potassium signal (in false green),
(b) a large cluster that is relatively poor in K, but richer in Ca (shown in false red in Figure 4A), (c) a group with intermediate values
(in false blue) and (d) four separate sub-groups close to, but clearly distinct from the other clusters (in false yellow). The fact that
several glass panes display pixels attributed to multiple groups is an effect of the presence of weathering crusts on the detected
XRF signals (see above) and renders the interpretation of the results more difficult. This issue can be mitigated by plotting the XRF
intensity of trace elements such as Sr and Rb that are typically associated with specific raw materials in the glass.® As reported in
literature, the concentration of these trace constituents generally correlates well with the network stabilizer (chalk) and fluxing
agents (potash and/or soda) respectively.?6-2° However, since Sr and Rb signals have more energetic X-ray fluorescence K-lines
than K and Ca, their X-ray emission is less attenuated by the superimposed gypsum-like alteration layer. This reduced sensitivity
to surface effects is evident when comparing the cluster maps of Fig. 4A and B. In general, the panes can be more firmly attributed
to specific groups in the false color image of Fig. 4B. However, some ambiguities remain. For instance, the glass pane Y8 in Figure
4B shows some pixels belonging to the red and green clusters while most do not fall in any of the 4 labelled pixel groups. This
misclassification is due to the fact that this pane was erroneously placed in reverse position during a previous intervention and
therefore has glass paint on the exterior side of the window that affects the Rb-K to Sr-K ratio. In addition, two iconographical
important panes, i.e. the face and the hand of the angel (C3-C4), cannot be clearly classified into either the green, red and blue
cluster. The reasons for this remain unclear. It is not unthinkable that these panes are not infinitely thick at the Rb-K and Sr-K X-
ray energies, a precondition for reliable clustering discussed in literature.® Apart from that, many panes display pixels along their
edges that are not correctly classified; however, these are artefacts due to remnants of putty and/or to shadowing effects by the
adjacent lead profiles.

Overall, the pixel clustering based on the Sr-K and Rb-K response confirms the previous clustering based on the Ca-K and K-K XRF
intensities, with again three main clusters of which the most Ca-rich is shown in false red and the other two in false green and blue
(Fig. 4B). Next to these, some panes with a deviating XRF response (such as B20, B21, G16) fall within the false yellow cluster while
others (such as B17 and R21, both containing a lower amount of CaO and K;O as seen in Table 1) show up black in Fig. 4B hence
they fall outside all the aforementioned clusters. Compared to the (Ca-K, K-K)-based clustering, the attribution of some panes is
now clearly revised.

sample Colour GlassType Na,0 | Mgo | AlLO, | Si0, | P,O; | SOy cl K,0 | CaO | TiO; MnOo Fe,04 CoO | CuO | ZnO Sn0, PbO K,0/Ca0
Bl6 blue potash 04 4.9 1.7 50.9 3.7 <DL 0.3 17.0 138.0 0.2 1.2 08 0.2 0.3 0.5 <DL <DL 0.93
B12 blue potash 04 4.8 16 50.9 3.7 <DL 0.2 17.0 138.0 0.1 1.3 08 <DL 0.3 04 <DL 0.2 0.94
B5 blue potash 0.8 4.4 19 45.9 5.8 <DL 0.1 20.0 15.0 0.2 1.1 0.8 <DL <DL <DL <DL <DL 1.04
B2 blue potash 0.7 4.3 18 45.4 5.7 1.0 0.1 20.0 15.0 0.2 1.2 0.8 <DL 0.2 0.3 <DL <DL 1.04
B17 blue soda 13.3 0.2 0.6 72.4 =DL <DL 0.1 0.4 11.0 <DL <DL 0.2 <DL 14 <DL <DL 0.7 0.04
B20 blue HLLA 0.2 3.2 14 64.5 18 <DL | <DL 7.6 19.0 0.2 1.0 0.5 <DL <DL <DL <DL <DL 0.40
B21 blue HLLA 1.8 31 4.2 60.4 21 <DL 0.5 53 20.0 0.2 0.8 0.8 0.2 <DL <DL <DL <DL 0.26
R12 colourless potash 04 4.5 1.7 48.6 4.9 0.3 0.2 20.1 17.3 0.1 1.3 0.5 <DL <DL <DL =DL <DL 1.16
R4 colourless potash 04 4.5 16 43.4 4.9 0.3 0.2 20.3 17.5 0.1 1.3 0.4 <DL <DL <DL <DL <DL 1.16
R25 colourless Potash 0.4 4.7 1.7 48.6 5.0 0.3 0.2 19.9 17.1 0.2 1.3 0.4 <DL 0.2 <DL <DL <DL 1.16
R25 red 04 4.5 16 49.4 4.9 0.3 0.2 20.0 16.0 0.1 1.1 04 <DL 0.5 <DL <DL 0.3 1.25
R4 red 0.5 4.4 16 49.4 4.8 0.2 0.2 20.3 15.6 0.1 1.1 0.4 <DL 0.8 <DL <DL 0.6 1.30
R12 red 0.4 4.5 1.6 49.8 4.7 0.2 0.2 20.1 15.4 <DL 1.0 0.5 <DL 1.0 <DL <DL 0.6 1.31
R21 colourless soda 14.1 0.3 0.3 74.0 =DL 0.2 =DL 0.1 11.0 <DL <DL <DL <DL <DL <DL <DL <DL 0.01
R21 red mi ead 4.1 0.2 0.3 56.9 =DL <DL 0.6 9.4 6.5 <DL <DL 0.9 <DL 14 <DL 5.5 14.2 1.45
Cce colourless potash 1.9 5.7 1.5 58.5 2.5 0.1 0.4 15.4 114 0.3 1.6 0.7 <DL <DL <DL <DL <DL 1.35
Cc5 colourless potash 1.9 5.8 14 58.3 2.6 0.1 0.5 15.6 11.4 0.2 1.6 0.6 <DL <DL <DL <DL <DL 1.37
c3 lightpink potash 2.3 5.9 1.0 53.8 3.3 0.2 0.4 18.8 12.1 0.1 1.6 0.5 <DL <DL <DL <DL <DL 1.55
Y3 yellow potash 0.3 4.2 1.7 47.2 3.8 0.3 0.2 24.3 15.9 0.2 14 0.4 <DL <DL <DL <DL <DL 1.53
Y8 yellow potash 0.3 4.2 17 47.3 3.8 0.3 0.2 24.1 16 0.2 1.4 0.4 <DL <DL <DL <DL <DL 1.51
02 orange potash 0.4 2.8 1.6 49.8 1.3 0.4 0.1 259 15.9 0.2 1.2 0.3 <DL <DL <DL <DL <DL 1.63
G3 green potash 2.0 7.0 1.4 50.0 4.5 0.2 0.4 18.1 12.3 0.2 0.9 0.7 <DL 2.3 <DL <DL <DL 1.47
G20 green potash <DL 53 1.7 52.2 3.9 0.1 0.5 16.9 15.2 0.3 1.0 0.5 <DL 2.2 0.2 <DL <DL 1.11
P2 purple potash 1.3 4.8 1.2 52.7 3.7 0.1 0.5 20.6 12.4 0.1 2 0.6 <DL <DL <DL <DL <DL 1.66

Table 1. Compositional data (in % m/m) obtained by SEM-EDX from the glass samples.

All elements are quantified as their respective oxide. The location of the samples is indicated in

Figure 1B. The results are grouped per color; data corresponding to later restoration panes are in bold. Cells with a diagonal in the column ‘Glass type’ indicate that the analysis was

performed in the red stratum of a flashed glass pane. The uncertainy level of the quantitative data is estimated to be at the level of 1%.




Interestingly, the reviewed grouping based on trace elements comes close to a grouping based on color: the false color red
group of Fig. 4B matches well with the red and colorless glass panes, the false green group matches the green glass and the
false color blue group matches fairly well to the blue glass panes. In a previous study, similar observations were made for a
late 15 c. Saint Michael panel from Bruges.® Also here, the red flashed panes were the richest in calcium, while the green
glass emitted significantly higher potassium and lower calcium XRF intensities, approximately of the same order as uncolored
glass.

In general, MA-XRF results were partly confirmed by SEM-EDX analysis. To facilitate the interpretation of the SEM-EDX quantitative
compositions listed in Table 1, each analyzed glass sample was assigned a glass type following the hierarchical classification based
on their major composition presented by Schalm et al.30 Consistent with its 13t c. origin, most glass panes were found to consist
of potash glass (with a K;O content between 15 and 22% m/m). The samples taken from the three main MA-XRF clusters of Fig. 4B
(red-green-blue) were all classified as potash substrate glass by SEM-EDX. The MA-XRF false yellow group and the panes shown in
black in Fig. 4B corresponds with glass panes that were identified by the conservator as later infills, based on their divergent visual
appearance and lower degree of corrosion. The deviating panes are made in distinctly different glass types: either high lime, low
alkali glass (HLLA) (panes B20, B21), soda glass (panes B17, R21) or in a lead-rich mixed alkali glass (pane R21). The green pane G20
was visually also identified as a later infill as this pane would originally have been part of the red background. However, it was not
recognized as non-original pane, neither by means of the MA-XRF clustering and on the basis of the SEM-EDX data. Instead, G20
was categorized as a potash glass, based on the classification method mentioned above. It is therefore difficult to differentiate
G20 from the original panes based on the (Ca-K,K-K) and (Sr-K,-Rb-K) correlation plots. We therefore assume that G20 stems from
re-use of old recycled glass, which was a common practice amongst glass restorers and is currently referred to as a ‘stop gap’.3% 32
The visual examination also led to the discovery of what seems to be the remnants of a painted face on the exterior side of the
green robe of the angel (pane G2). These facial features emerge in the K-K and Pb-L maps as well and again suggests the recycling
of glass, either from an older window or (more likely) a window that was abandoned in the studio or of panes of which the firing
failed. The detail photograph of this pane can be found in SI3.

Summarizing, we can state that MA-XRF was able to reveal three distinct pixel clusters/pane groups, corresponding to historical,
and likely original, potash glass types, and was able to detect infill panes made in glass with significantly different composition.

4.2 Glass colors

Since MA-XRF allows to record spatial distribution maps of chemical elements, imaging of chromophoric metal ions/atoms such as
Cu?* (for green glass), Cu®(as nanoparticles in red glass) and Co?* (blue glass) is possible. Furthermore, the distinction between pot
metal glass and flashed glass panes can be made in a straightforward manner upon comparing the elemental images recorded
from both sides of the panel. Pot metal glass is homogenously colored throughout its entire thickness and the distribution of the
coloring metal will therefore appear similar in the MA-XRF maps derived from both the interior and exterior side of the window.
In case of flashed glass panes, where a thin layer of colored glass is applied on top of a (relatively thick) substrate of uncolored
glass, the coloring metal ions will only be detected on a single side of the glass. However, previous studies have reported on the
existence of more complex types of flashed glass, including those consisting of multiple colored strata and/or where the colored
layer is covered by a so-called protective ‘coperta’ layer of uncolored glass.33 In the following paragraphs, the detected metal ions
are discussed in more detail.

In the Cu-K distribution (Figure 3 O and P), the green glass panes instantly stand out, exhibiting elevated copper signals along both
sides of the window, while the red panes show up with lower average Cu-K signals, mainly along the interior side. This indicates
that the green glass is of the pot metal type, colored by the introduction of Cu?* ions into the glass batch in an oxidizing furnace
atmosphere.34 For the red glass, Cu is present as nanoparticles of metallic copper that dispersed in the flashed layer on the interior
side.33 The latter is consistent with the tradition of stained-glass artists to orient the thin red layer of flashed panes towards the
interior where it is less prone to weathering. However, in the Annunciation window, a number of flashed pieces were clearly placed
inside out. The red glass panes R21 and R22 show intense copper signals along the exterior instead of the interior side. In addition,
in a second group of reversed panes (R23-28) the flashed layer clearly delaminated due to weathering, leaving only remnants of
the red stratum along the edges/below the lead cames on the exterior side.

Additionally, copper signals were detected in a number of the blue glass panes (B9-B18), in which the blue color is mostly due to
cobalt ions in the bulk glass.35> Moreover, two of the 21 blue glass panes are flashed glass and not pot metal glass: B19 has its
flashed layer along the interior; in pane B18, the blue layer is on the external side of the panel .

When considering the (Cu-K, Co-K) correlation plot (Figure 4C), several clusters show up, with two of the groups matching two
visual hues of the blue glass panes. In particular, the false blue cluster corresponds with the deepest blue panes of Mary’s blue
dress (B9-14) and the archangel’s nimbus (B15-16), while the false cyan group matches the lighter blue panes of the archangel’s
garment (B1-B3) and Mary’s nimbus (B5-B7). Based on the previous discussion, these panes are considered original 13th c. glass.
Again, SEM-EDX appears to confirm the clustering found by MA-XRF. The samples taken from panes B2 and B5 (false cyan cluster,
lighter blue, Figure 4C) show a lower silica content (ca 45% m/m) and somewhat higher soda content (ca 0.7-0.8% m/m) present



compared to samples B12 and B16 (false blue cluster, darkest blue outlook) containing 50% SiO, and ca 0.4% Na,O. Table 1 also
confirms the presence of higher concentration of Cu present in the samples from the blue cluster (samples B12 and B16).

In the blue panes B2, B5 and B12, cobalt is not detectable by SEM-EDX although MA-XRF clearly shows that this element is present.
Being a strong chromophore only a limited amount of cobalt is needed to give the glass a (strong) blue hue, 3¢ its concentration is
likely below the SEM-EDX detection limit (£ 0.05 wt%). Recently, Hunault suggested that copper is not present as a chromophore
in French 13t century blue panes, but as an impurity of the cobalt ore and can be associated to another impurity of this ore,
namely Zn.3> However, a (Cu-K, Zn-K) MA-XRF correlation plot (not shown) cannot be straightforwardly used to verify this because
the Zn distribution is also affected by the presence of other Zn-containing materials (see below).

In contrast, the panes shown in Figure 4C as false yellow show a quite divergent (Cu-K, Co-K)-ratio, evidencing that each individual
pane stems from different batches. Moreover, these pieces were already flagged as inset panes of a later date during the above
discussion of the (Ca-K, K-K) and (Sr-K, Rb-K) plots. In this plot, the pixels in which only copper and cobalt were detected show up
as vertical or horizontal clusters close to the axes and are associated with green pot metal glass and grisaille of pane Y8 respectively
and were not color-labelled to improve the readability of the cluster map.

The six pixel clusters indicated in Figure 4C also show up in correlation plots of the typical contaminant metals of the parent Co-
ore minerals. See Figure Sl4 and SI5 for the (Co-K, Ni-K) and (Co-K, As-K) correlation plots. As shown by the As-K image, panes B17
and B21 are particularly rich in arsenic; the Co-K to As-K intensity ratio of pane B21 suggests a deliberate addition of arsenic to the
glass, as was customary in high quality 18th and 19t century glass, rather than a contamination.3” From the SEM-EDX data (Table
1), it is possible to identify sample B17 as 19t century soda-lime glass due to its high soda (>11 wt%) and low magnesium and
phosphorous contents. Sample B21 is identified as HLLA glass, a glass type which was common from the end of the 15t" century
until the 19th century.3%9 Here SEM-EDX was not able to determine any As and Ni oxides above the detection limit.

The SEM-EDX analysis of sample P2 does point to a high Mn content resulting in the purple hue; in the Mn MA-XRF maps also
panes P1-P3 light up, indicating elevated Mn levels.

Analysis and the dating of the glass both exclude the use of yellow glass paint as yellow silver stain was introduced only at the end
of the 13t century and no Ag was detected.38 3 Therefor it is likely that the yellow and orange hues are originating from the
specific redox and/or co-ordination states of iron, manganese and sulphur,3% 40 While it is possible that specific kiln conditions may
have been applied to achieve the desired colour, little is known on the exact formation of medieval bulk yellow and orange glasses.
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Figure 5. Selected MA-XRF maps from the interior side of the window: Fe-K (A), Co-K (D), Pb-L (C) and Cr-K (D). SEM-EDX maps of embedded cross-sections of glass samples taken from
panels Y3 (A) and B5 (B). The schematic clarifies the 3-layered structure of these samples: putty layer (Ca-rich) (1), grisaille (rich in Pb and Fe) (2) and glass substrate (3).



4.3 Glass paints

At the assumed time of creation, grisaille was intensively used as an opaque glass paint for applying trace lines and shadowing on
the individual glass panes. A grisaille consists of a glass powder mixed with metal oxide(s) and an organic binding medium to
facilitate application and painting on the substrate glass, prior to firing. The paint is rendered opaque through the addition of iron
oxides particles (such as hematite) or sulfates that do not dissolve in the glass melt. Lead oxides were commonly introduced to
lower the glass melting point, allowing the paints to be fired without causing deformation to the substrate glass. Grisaille paints
were predominantly applied onto the interior side of the panes in order to protect the relatively vulnerable paint from outdoor
conditions. Consistent with this, all grisailles are visible in the MA-XRF iron and lead distributions collected from the interior side
of the window, as shown in Figure 5A and C. The presence of hematite was detected by means of MA-XRPD in the grisailles,
together with melanotekite (PbsFe;(Si,07)02), an iron lead silicate, which is formed during the grisaille firing process.14
Interestingly, the grisaille is rich in cobalt as well while also a limited amount of chromium is detected (Figure 5B and D). The
presence of these two elements suggests a 19t" century (partly) repainting of the grisailles (likely by glass restorer A. Gerenté) as
both these elements are not encountered in glass paints of the medieval period.*! Visual inspection of the grisailles allows to
differentiate between two grisaille colors: a brown one and a black one. SEM-EDX maps of samples taken from grisaille-covered
panels Y3 and B5 (Figure 1B) are shown in Figure 5E and F. A relatively thin grisaille layer (labelled 2, 10-50 um), rich in Fe and Pb,
covers the glass (3). On top of this, an additional Ca-rich layer (1) is present, interpreted to be the remains of Ca-containing putty
(see also Figure 3E) and not of the repaint grisaille. As the sampling of the glass fragments was done in areas underneath or near
the lead cames, as expected, no repainted grisaille layers (these were only applied in areas showing visible degradation) were
encountered on the surface of these glass samples.

Upon inspecting the MA-XRF maps collected from the exterior side (Figure SI2), it becomes clear that the Y8 pane (the ‘prie dieu’)
was erroneously placed in reverse position during a previous intervention and therefore featured glass paint on its exterior side.

4.4 Glass corrosion and superficial deposits

The exterior side of the Annunciation panel shows several forms of weathering. In reflected light, the external surface displays a
whitish crust that is not uniformly distributed (Figure 3B). Glass weathering products are usually caused by an ion exchange
between H*-ions in water absorbed on the original glass surface and Ca2* and/or K*-ions that are leached out of the glass.2 The
latter can react with atmospheric compounds or species dissolved in the fluid in contact with the glass, forming carbonates,
sulphates, chlorides and nitrates of the leached ions as well as organic compounds.#244 A detailed description of glass degradation
mechanisms and the structural changes inside the glass it may cause can be found elsewhere.*> The most commonly found
corrosion crusts on medieval stained glass include the sulphates gypsum (CaS04-2H,0) and syngenite (K,Ca(SOa4),-H20). When
looking at Figure 3H, it becomes apparent that the S-distribution is very similar to the shape of the crust, suggesting that one or
more sulfate salts precipitated on the surface of glass window. The correlation plot of Ca-Kand S-K shown in Figure 4D also suggests
that calcium sulfates precipitated on the glass surface. Non-invasive MA-XRPD experiments of which the full overview is given in
Table SI1, identified crystal phases typical of glass degradation: both calcium sulphates, gypsum and syngenite are present. Other
calcium based degradation products were also identified: calcium carbonate (calcite, CaCOs) and calcium oxalate (weddellite,
CaC,04-2H,0). The presence of oxalates can be attributed to the vital processes of micro-organisms (fungi, lichen and bacteria).*5
47 Literature describes how the oxalic acid segregated by such micro-organisms can transform calcite into calcium oxalate.*®
Furthermore, lead-based degradation products such as palmierite (K.Pb(S04)2) and anglesite (PbSO,4) were found with MA-XRPD.
These can be associated with glass paints and/or can result from reactions of environmental species with the lead cames.
Furthermore, it is known that during degradation processes, environmental divalent cations such PbZ* and Mn?2*, can enter cation-
depleted glass corrosion bodies and precipitate there.49 50

On the surface of the deep blue and orange glass panes, and especially on the panes constituting the Virgin Mary, a significantly
thinner precipitation crust is visible. Throughout the panel, pit corrosion is present (Fig. Si6). SI6 shows that the corrosion pits show
up in the Zn-K distribution of the external side of the window. On the other hand, on the interior side, the Zn-K distribution is
related to the grisaille contour lines, especially on the right part of the window. The origin of this correlation remains unclear, but
it is currently assumed that these are depositions of Zn-rich dirt or particulate matter from an external source. Zn-rich powdery
material may have accumulated on the surface of the glass panes, and adhered on the surface especially in areas with a rough
topography, such as areas with corrosion pits, grisaille paint or putty residues. Zn-compounds such as ZnO and ZnS are often used
as a whitening agents in paints and other finishing layers, so it is not unthinkable that these are remnants released during
construction works, painting or sanding of the museum interior. Interestingly, the (Fe-K, Zn-K) correlation plot shown in Figure 4E
suggests that the glass panel can roughly be divided in two halves, each depicting one of the two figures. On the right side (Virgin
Mary), a strong spatial correlation of Zn-K and Fe-K in the grisaille (false red cluster in Fig. 4E) suggests that hematite was used in
the grisaille, which was also confirmed by means of MA-XRPD as mentioned earlier; here the positive correlation could be explained
by assuming that traces of Zn are present in the hematite. To the best of our knowledge, in the past, Zn-containing grisaille was
only found on two other occasions by Vilarigues et al.#% 51 who suggested that the use of brass during the making of the grisaille



paints could explain the presence of Zn in the grisailles. However, in this case, no correlation could be found between the Zn and
Cu distributions in the Annunciation window.

In the other half of the window (Archangel Gabriel), the negative correlation between the Fe-K and Zn-K (false green cluster in Fig.
4E) seems to be consistent with a Zn-containing covering layer (perhaps putty) that absorbs some of the Fe-K signals that originate
in the grisaille layers underneath.

4.5 Result of the Conservation process

In Figure 2D, the Annunciation window is shown, after the finalization of the 2020-2021 conservation-restoration. Next to the
replacement of the lead cames with thinner lead profiles and the addition of two outer borders of white and red glass panes, the
putty and dirt remnants on the glass panes were removed. The broken panes, as for example the mantles of virgin and archangel
were bonded together. Lacunae in the grisaille and the weathered red layer in some pieces of flashed glass were touched-up.
Missing parts were reconstructed with modern glass of matching color and painted with grisaille paints. To make these additions
easily visible, the trace lines and shades were highlighted with fine lines. Old infilling glass panes with unmatched colors, such as
panels B17, G19, G20, were replaced by modern glass of appropriate colors. As part of the reconstruction of the “prie dieu”, the
orientation of pane Y8 was switched around so that the grisaille paint is now on the interior side of the window. To reconstruct
the chair, the inset glass panes R22, B20 and B21 were replaced by a painted yellow panel similar to original pane Y7 and Y8.

The conservator observed some particular aspects concerning the depiction of Mary. Compared with the other glass panes of the
panel, all glass applied for the representation of Mary has special aspects. The glass of head and hands is quasi colorless and shows
no corrosion. This in contrast to the head, feet and hand of the archangel Gabriel showing a pink-purple hue. From Table 1, it
appears that there is also an analytical difference present between the panes depicting the heads of Mary (C5-C6) and Gabriel
(C3). C5 and C6 contain a higher amount of SiO; than C3. The glass of Mary’s blue coat is also of high quality and shows nearly no
deterioration, whereas the orange glass of her dress, though weathered, is a rare color in Medieval (and later) stained-glass
windows. All this suggests that the artist-glass painter took special care of the choice of materials when he realized the
representation of Our Lady. A phenomenon that we also know from paintings and polychrome sculpture, but, as far as we know,
never evidenced in stained glass.

5. Conclusions

In this paper, the material history of a corroded medieval stained-glass panel showing an Annunciation scene is revealed. In this
regard, combining the information provided by the MA-XRF maps from both sides of the window with MA-XRPD and SEM-EDX
analyses of a limited number of samples was particularly relevant. The fact that the non-invasive MA-XRF analysis was conducted
prior to invasive sampling made it possible to select the sampling locations in an optimal manner while the number of samples
needed for obtaining a comprehensive compositional overview could be minimized. The analyses led to the observation that
among the 97 glass panes that constitute the panel, three different glass types were encountered: the original potash glass used
in the 13t" century, and two types present in restoration panes: HLLA and soda glass. With the exception of the yellow, orange and
purple panes, the color of most pane colors could be attributed to the presence of one or more chromophoric ions. On the surface
of several panes, typical glass degradation products were identified by means of a mobile MA-XRPD scanner, such as calcite,
syngenite and gypsum, together with lead based degradation products such as anglesite and palmierite. The original grisaille paints
can be visualized by the distribution of iron on the interior side of the window because of the presence of hematite in these paints;
on the other hand, by means of the cobalt and chromium distributions, the extent of the 19t" century restoration grisailles could
be visualized. The XRPD measurements were able to confirm the presence of hematite and melanotekite in the grisailles.
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