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Abstract

simply by visual inspection.

This work presents an assessment of the different decoration techniques applied in the two glass windows

from the Casa-Museu Dr. Anastacio Gongalves (Lisbon, Portugal) by Optical coherence tomography (OCT). The Dining
Room glass window was found to be decorated with grisailles and acid etching, and the Atelier window with grisaille,
enamel, and cold painting. The alteration state of the surface decorations was also assessed. The thicker surface
decorations (grisailles and enamels) presented cracks and detachments, in contrast to the thinner lines which are
normally well preserved. OCT is a suitable technique for characterizing glass decoration in situ without dismounting
the stained-glass window; and able to reveal the condition and methods of manufacture that cannot be detected
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Introduction

The decorative techniques applied to stained-glass win-
dows are very diverse. The most ancient windows were
made with coloured glasses mounted with lead cames.
By the twelfth century, the use of grisaille as a dark
painting to trace contours with a thick line (grisaille 4
contourner) and shadows with a thin and watery layer
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(grisaille a modeler) was widespread in Europe. The
paint was prepared by mixing dark metal oxides, nor-
mally of iron and/or copper, with powdered colourless
glass, and this mixture fixed to the glass support by
thermal treatment. [1, 2]. Another common decora-
tive technique introduced during the fifteenth century
is the use of enamels for colouring glass. Enamels are
layers of glass that melt at lower temperatures than the
glass onto which they are applied [3-5]. A different
method to colour stained-glass windows is the applica-
tion of yellow-silver staining composed of a mixture of
silver salts and clays (ochres). After thermal treatment,
silver nanoparticles are formed inside the glass matrix
by a two-step process of exchange with alkaline ions
and cementation [6-8]. Finally sanguine, a decorative
technique applied to obtain yellowish-brownish-red-
dish colours, became popular at the end of the fifteenth
or beginning of the sixteenth century for decorating
skin colours, hair, and beards [9]. Sanguine is generally
produced by grinding iron oxides with lead-silica glass.
The tone and opacity of the paint are directly related to
the thickness of the paint layer and the size of the Fe,O4
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particles [5, 9, 10]. All the above decorative techniques
require high temperatures to fix the colouration.

By contrast, the ‘cold’ paints such as tempera or
watercolour are directly applied onto the glass with an
organic binder but not fused in a kiln [11]. Their most
important characteristic is that they should be trans-
parent enough to give colour to the glass without dark-
ening it. These paints are normally used to retouch the
decoration or to restore it [12].

In addition to painting techniques, it is common to
use mechanical or chemical procedures, which induce
modifications to the light that passes through the glass
sheet, in order to obtain different decoration effects.
For example, frosting, sandblasting, and etching pro-
duce frosted glass through controlled pitting while
engraving and grooving techniques use diamond tools
to make the decorations by cutting the glass [13].
Among these techniques, acid etching has been widely
used in stained-glass windows to remove the thin col-
oured layer in glasses (flash glasses) or to induce differ-
ent colourations in the same glass piece by controlled
acid attack of the surface with hydrofluoric acid. The
use of acid etching in stained-glass windows has been
recorded from, at least as early as, the fourteenth cen-
tury [14].

The decorative techniques used for stained-glass win-
dows have been studied from a stylistic point of view
[15]. In addition, the characterization of these decorative
techniques provides information about their production
practices in ancient workshops [16, 17]. For most of the
characterization methods, stained-glass windows need
to be dismounted and/or samples must be collected in
order to study their surface and cross-section. However,
in recent years the development of non-destructive tech-
niques, such as visible hyperspectral imaging [18], laser-
based techniques [19, 20] or multiphoton excitation
fluorescence microscopy [21], have made it possible to
perform such studies without sampling and even in situ
[18, 20, 21].

Another promising non-invasive technique for the
study of stained-glass windows is optical coherence
tomography (OCT), which is an interferometric imag-
ing technique that provides cross-sectional images of
the internal microstructure of an object [22]. It was
developed for biomedical optics and medicine because
it allows the analysis of biological tissues in situ and in
real-time at axial resolutions of 1-15 pm [23]. However,
since the beginning of the twenty-first century, OCT has
been applied to objects of cultural heritage as it is a non-
destructive technique with fast data collection and easy
object preparation with no need for the use of a sam-
ple/object chamber. It permits the examination of the
structure of historic samples without sampling when the
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materials on the surface are transparent to infrared light
[24-27].

OCT has been broadly applied to easel paintings since
it gives insight into the varnish layers and semitranspar-
ent glazes underneath [28]. In the case of glass items,
Egyptian faience objects have been characterized by
OCT to determine their microstructure and production
method [29]. In addition, the different IR absorption of
the opacifiers has permitted observation of the differ-
ent decorative layers of Egyptian glass objects [30] or
stratified glass eye beads from the Warring States Period
(China) [31]. OCT is also capable of detecting different
layers of glazy enamels having an approximately 800 pm
total optical thickness [30].

OCT has also been applied to characterize alterations
of glass objects. The formation of silica gel layers on
the glass surface as a result of their interaction with the
environment commonly diminishes the surface refrac-
tive index [32—34]; the difference, though, used not to be
significant enough to be resolvable in OCT. However, the
formation of fissures in the interface of the alteration lay-
ers and the bulk glass makes it possible to estimate their
depth. For example, in the study of post-medieval facon
de Venice goblets, the thickness of their alteration layers
was assessed, being found to be lower than 9 um in stable
glasses and between 50 and 70 pm in the altered one [35].
Similarly, the leaching layers in an Egyptian glass scarab
were found to have a thickness of around 110 pm [30].
Another case study was provided by the crizzled glass
flutes made by Claude Laurent in the nineteenth cen-
tury. OCT detected cracks, delaminations, and different
alteration layers, which could be correlated to the inten-
sity of the hydration band detected by short-wave Infra-
red fiber optics reflectance spectroscopy (SWIR FORS)
[36]. A similar relationship was observed in a piece made
with Limoges enamels, where the most hydrated areas
presented crizzling with broken gel layers and surface
deposits [37]. OCT was also capable of detecting the
droplets and dry particulates produced by weeping, the
first stage of crizzling, in a 19th-century daguerreotype
without opening the encasement [38]. Finally, a 17th-
century Antwerp Facon de Venice glass showed multiple
corrosion fronts, a typical deterioration pattern exhibited
in buried glasses [39].

Alteration in stained-glass windows has also been
characterized by OCT [26, 27, 35, 40]. The presence of
silica gel layers on stained glass from the Basilica of St.
Mary in Cracow (fourteenth century) resulted in a high
level of scattering in the analysis, obscuring significantly
the ability of OCT to detect the reach of alteration. How-
ever, examination through the glass allowed observation
of the silica gel layers including the gel-glass bound-
ary and pitting on the glass surface [27]. A 19th-century
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stained glass from a church window in Powidz (Poland),
whose surface was severely crizzled, was also analysed.
Here again, analysis by OCT showed the presence of
a high level of scattering as well as small cracks parallel
to the surface which indicated the gradual and localized
delamination of the glass [35]. Targowski et al. also deter-
mined the morphology of grisaille layers by analysis of
the OCT scans taken from both sides of the glass piece,
since glasses are transparent enough to permit deep pen-
etration of the examining IR light [26]. This procedure is
not always possible, especially with the in situ analysis
of stained-glass windows, but it is useful to characterize
the painting used on Reverse glass paintings (Hinterglas-
malerei) and their delamination without touching the
fragile painted surface [25], and also to monitor the con-
solidation of detachments in this type of object [41].

As can be seen, OCT is a versatile non-destructive
technique to characterize glass objects, mainly to quan-
tify alteration of the glass. However, it is necessary to be
cautious with possible multi-scattering events produced
by silica gel layers that can render estimation of their
thickness impossible [42].

The present study aims to explore the feasibility of
non-destructive OCT analysis for the characterization
of the different decorative techniques (grisaille, enamel,
textured glass, and cold painting) by direct observa-
tion of two 20th-century vertical stained-glass windows.
Additionally, the condition of some of the decorations
was assessed aiming to relate their degree of alteration to
their morphology and to the prior restoration interven-
tions identified in some areas of the windows.

Materials and methods

Glass windows

The Casa-Museu Dr. Anasticio Gongalves (CMAG)
located in Lisbon (Portugal) has two glass windows in Art
Nouveau style signed by the Societé Artistique de Pein-
ture sur Verre in 1904. One is located on the first floor in
the current Dining Room, and the other is in the Atelier
on the second floor.

The stained-glass window in the Dining Room is a
traditional window made with glasses coloured in bulk
and mounted with lead cames, depicting a woman
picking oranges from a tree (Fig. 1). The glasses were
coloured with iron, manganese, cobalt, copper, and
chromium to give greenish, bluish, and purplish hues.
Silver staining, copper ruby and iron-amber glasses
were also used to create warm colours [18]. The dec-
orations were made with grisaille and textured glass
and, in general, were in good condition, with the
exception of some grisailles that showed fissures. The
Atelier window exhibits a naturalistic painting with
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Fig. 1 Glass windows in the Dining Room of the Casa-Museu Dr.
Anastécio Gongalves with the areas analysed superimposed
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Fig. 2 Glass windows in the Atelier of the Casa-Museu Dr. Anastécio
Gongalves with the areas analysed superimposed

iris flowers, reeds, bellflowers, vines and birds. It
was made with rectangular pieces of hammered glass
decorated with grisailles, enamels and cold paintings
coloured with iron, manganese, cobalt, copper and
chromium [18]. This panel was in a very poor state of
preservation in its lower part with loss of the bluish
and purplish enamels. Some of these areas were prob-
ably retouched with dark paints (Fig. 2). Descriptions
of the areas analysed in both windows are summarised
in Table 1.



Palomar et al. Heritage Science (2023) 11:203 Page 4 of 17

Table 1 Summary of OCT analyses of the Dining Room and Atelier windows

Window Panel Spot Motif Decoration
Dining room Central 1 Pedestal Cracked grisaille
2 Grass Grisaille @ modeler
3 Flower petal Grisaille a modeler
4 Flower petal Grisaille a modeler
5 Flower petal Textured glass
6 Flower petal Textured glass
Left 7 Flower Cracked and repaired glass
8 Flower Cracked and repaired glass
9 Flower petal Textured glass
10 Flower petal Textured glass
Right 11 Bird Grisaille
12 Water Textured glass
13 Decorative frame Thick grisaille
14 Decorative frame Thick grisaille
15 Decorative frame Thick grisaille
16 Decorative frame Grisaille with degradation products
17 Decorative frame Thin altered grisaille
18 Decorative frame Thin and thick altered grisaille
Atelier Central 1 Leaf Enamel with grisaille contours
2 Leaf Enamel with grisaille contours
3 Stem Lost enamel with grisaille contours
4 Leaf 2 colours in grisaille a contourner
5 Leaf 2 colours in grisaille a contourner
6 Leaf Blue paint
8 Flower Pink paint
9 Leaf Green enamel
10 Leaf Green enamel
1 Flower Pink enamel
13 Leaf Blue enamel
Right 7 Leaf Blue enamel
12 Brown leaf Brown enamel
15 Red flower Yellow colour and grisaille
16 Red flower Red enamel and grisaille
17 Red flower Red enamel and grisaille
18 Red flower Red enamel and grisaille
Left 14 Stems Green enamel and grisaille
19 Blue bird Blue paint
20 Purple flower Purple enamel
Central (from external side) 21 Blue flower Blue painting
22 Blue leaf Blue painting
23 Pink flower Pink enamel
24 Pink flower Pink enamel
25 Blue leaf Blue painting
Optical coherence tomography be used for the examination of cultural heritage objects.

The OCT examination was made with a prototype high- In brief, OCT is an interferometric technique capable
resolution portable Spectral domain (SdOCT), an instru-  of localising structures which scatter or reflect IR radia-
ment built under the EU FP7 CHARISMA Programme to  tion within media of moderate light absorption. This
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is accomplished by registration of the time (or optical
path) needed for propagation to the object, reflection
from an element of its structure, and propagation back
to the instrument. The spectral range of the probing
light is 770-970 nm. The axial resolution is 3.3 pm in air
and 2.1 pm in a material with a refraction index of 1.6,
such as glass. In the case of using the OCT technique to
assess the thickness of the glass layer, the location of the
two interfaces should be determined and, consequently,
the error in the determination of the glass layer thickness
is+4 pum, which applies to all glass thicknesses given in
this work. The lateral resolution is 15 pm. It is specific for
the OCT technique that the axial resolution is decoupled
from the lateral one. The former depends entirely on the
spectral properties of the probing light: the broader the
spectrum, the higher the axial resolution. Furthermore,
this resolution deteriorates quickly on increasing the cen-
tral wavelength, which very often leads to an enforced
trade-off between the penetration range (usually better
for long wavelengths) and the axial resolution. The lat-
eral resolution depends on the focal length of the objec-
tive and thus it is usually kept reasonably low to ensure
a large imaging area [23] (up to 17x17 mm? for this
instrument). The axial imaging range is 1.4 mm and for
spectral domain OCT it depends mostly on the spectral
resolution of the detection channel. For the measure-
ments described in this contribution, the power of the
probing light at the object was lower than 1 mW and the
distance to the object from the most protruding element
of the instrument was 43 mm.

In every spot (numbered independently for both win-
dows, as in Table 1) a narrow beam of the probing light
was fast-scanned over a set of 100 parallel linear trajec-
tories covering an area of 12X 12 mm? (except for Spot
1 in the Atelier window which was collected over an
area of 10x 10 mm?). Most of the scans were performed
in the horizontal direction, except for that of Spot 18 in
the Dining Room window, which was analysed twice in
both directions (horizontal and vertical). The resultant
3D data cube could be exploited in two ways: by extract-
ing a single 2D cross-section slice, hereinafter referred to
as the OCT tomogram (Fig. 3) or by extracting the glass
surface profile (Fig. 4).

OCT tomograms illustrate reflective and scatter-
ing properties of the material examined. Here, these are
presented in a scale of false colours, where warm col-
ours indicate strong reflection or scattering areas, and
cold colours mark weaker reflecting or scattering areas.
Regions that do not scatter light, such as air, glass, and
areas inaccessible to radiation, are imaged in black. In
the figures, light is incident from the top, and the first
visible structure is the surface of the glass. Due to the
big difference in the refractive index of air and glass, the
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reflection signal from the surface is usually the strongest.
For the same reason, cracks in glass structure are highly
visible. Another feature specific to OCT tomograms
are structures visible directly under the surface as verti-
cal, gradually fading lines Figs. 5, 6¢. They are caused by
multiple scattering of the probing light in the structure
directly above. The boundary of two media (e.g., air—
glass) is represented in the OCT tomogram as a thin,
strong line in two cases: either the probing light propa-
gates further in non-absorbing media—like a transpar-
ent glass—or the glass at the surface absorbs so strongly
that only light scattered by or reflected from the surface
can be registered. In the case of multiple scattering, the
light propagates for longer in the medium, which results
in the visualization of seeming structures deeper in the
glass layer. It must be also admitted that OCT does not
visualize the refractive index of medium directly, but
only by back reflection if there is a boundary for which
the change in refractive index is rapid. Thus, in the case
of small changes in glass composition (e.g., leaded versus
alkali glasses), this boundary is not detectable.

For the convenience of the reader and due to the axial
resolution being higher than the lateral, the tomograms
are nine-fold vertically stretched. In principle, OCT
as an optical detection method, retrieves optical dis-
tances as opposed to geometrical ones. The tomograms
presented here are corrected for this effect with a com-
mon refractive index ny =1.6 [43]. Since the vertical dis-
tances imagined are small, the possible error caused by
the approximation of ny is below the axial resolution and
thus not significant.

A detailed description of the instrument and data pro-
cessing procedures can be found in Targowski et al. [44].
A graphical description of how to interpret the tomo-
grams can be found in Fig. 7.

OCT data collections were performed in the absence
of direct solar light. In the Dining Room window, wood
panels were placed in the windows to block the sun, since
that facade receives sunlight over several hours during
the afternoon [45]. The Atelier window, oriented to the
northwest, received sunlight in the evening, so those data
collections were made during the morning and afternoon
(Fig. 8) because, due to the architectural distribution of
the facade, it was not possible to protect the window.

Other techniques

The condition of the decorative elements was assessed
using the naked eye. Photographic records were made
using Canon EOS 1200D camera, with Canon EFS
18-55 mm objectives, and with the 8MPx camera of a
BQ Aquaris A4.5 phone, without the use of special light-
ing. Pictures were usually taken with natural illumina-
tion; however, the figures referred to in the text as by
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Fig. 3 Visual interpretation of the tomograms as a function of the decoration on the glass surface

reflected light were taken with artificial lamp illumina-
tion with wood panels blocking the sun.

Results
Dining Room window
Grisaille
Grisaille is a dark paint, usually black or brown, formed
by small grains of iron and copper oxides fixed to the
glass surface with lead glass [2]. It is used in the form of
thick lines to define the contours of the figures, and in the
form of thinner layers to produce shades and volumes.
The presence of crystals of metal oxides distributed
heterogeneously inside the grisaille produces dispersion
of incident light, creating the aspect of a dark, rough, and
dull painting. It results in some propagation of OCT light
inside the layer where it is partially absorbed. Therefore,
the OCT response is less intense, resulting in a bluish
hue in the tomogram. For the surface of the glass, light

is reflected/scattered directly, without absorption, the
back signal is stronger and is visible in the tomogram by a
yellowish-greenish hue (Fig. 5b—d ). Light scattering pro-
duced by grisaille has previously been observed by Tar-
gowski et al. who analysed the glass from both sides of a
glass window piece to characterize its morphology [26].
In the thinner layers of grisaille, the material is trans-
parent to the OCT illumination, and therefore the thick-
ness of these layers can be measured: it can be estimated
to be about 7 pm in Spots 2, 3 and 4 and around 11 pm
in Spot 14 (Table 2). The thickness of thicker grisailles,
used to define contours, was difficult to determine due
to the opacity of this material to OCT light. As these
thick grisailles usually exhibited fissures and cracks, we
determined the thickness of cracked grisailles using the
detached areas for the glass surface. Previous analyses
of historical grisailles showed that the altered cracks are
commonly formed along the glass/grisaille interface [46],
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Fig.4 Setups of the OCT technique in the a Dining Room window,
and b Atelier window

this being a good baseline for the measurement of thick-
ness. The measurements varied between 50 and 70 pm
(Spots 13, 14, 15) (Table 2), but it was detected as up
to 200 pm in a thick line in the decorative frame. Here,
though, the material was substantially altered by several
grisaille detachments (Fig. 6).

Finally, some of the grisailles (Spots 1, 16 and 17) had
a whitish hue, probably due to their degradation with
formation of whitish alteration products. The differ-
ent observed absorption of IR OCT light by the whitish
alteration products of the grisaille arises due to increased
scattering, which creates multi-scattering artefacts in
comparison to areas of better-preserved grisaille (Fig. 7)
(Spots 16 and 17). However, some areas have higher
transparency to IR (e.g., Spots 1, 11). According to the lit-
erature, the alteration products could be carbonates and
sulphates [2, 47].

Textured glass
The flowers and the lake represented in the stained-
glass window have textured decoration (Figs. 1 and 8a).

Page 7 of 17

Fig. 5 a Detail of the pigeon head in the right panel in the Dining
Room window (Spot 11). OCT tomograms: b Tomogram 86, showing
the thick grisaille in the pigeon head. c Tomogram 33, showing

the thick grisaille contouring the beak of the pigeon, defining its
nares and its mouth; some areas also have thin grisaille which yield
volume to the beak. d Tomogram 15, showing the presence of thick
grisaille contouring the beak and defining the mouth, and thin
grisaille yielding its volume. Solid line: thick grisaille; dotted line: thin
grisaille. The tomograms are presented on the same scale

This type of decoration could have been made by either
decreasing the thickness of the glass with treatment
by hydrofluoric acid called acid etching, or by increas-
ing it by fusing, i.e., adding small glass pieces at high
temperatures.
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Fig. 6 a Detail of the decorative frame in the right panel

in the Dining Room window (Spot 18). OCT tomograms: b Tomogram
48, in horizontal analysis, showing the morphology of the altered
thick grisaille; ¢ Tomogram 75, in vertical analysis, showing

the difference between the area in which the grisaille has been
detached and the thick cracked grisaille. Solid line: thick altered
grisaille; Dotted line: thin grisaille. The tomograms have the same
scale

The OCT analyses showed that the glass surface was
flat in thicker and darker areas as well as in thinner and
clearer ones. In the joint of the two areas, rounded edges
were observed as if material had been removed (Fig. 8).
The colour of these pieces depended on the thickness
of the glass in each area. The difference in thickness
between the thinner and thicker glasses varied between
29 and 95 pm (Spots 5, 6, 9, 10, and 12) (Table 2). Accord-
ing to the Lambert—Beer law, the absorbance of a mate-
rial is directly proportional to its thickness, for this
reason, the areas with greater thickness (depicting sta-
mens) have a more intense hue than those of petals with
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Fig. 7 a Detail of the grisaille decoration in the central panel

in the Dining Room window in reflected light (Spot 16). OCT
tomograms: b Tomogram 84, showing the presence of alteration
products that cause the multi-scattering artefacts (arrows).
Tomogram 50, showing the same alteration products also formed
in the thin layer of grisaille. Solid line: thick grisaille; Dotted line: thin
grisaille; Dash-dot line: alteration products. The tomograms have
the same scale

lesser thickness [48]. In some motifs, the grisaille layer
is apparently lying on top of the textured glass decora-
tion, as indicated by the difference in scattering proper-
ties visible at the surface of the stained glass (e.g., Spots
9, 10). This behaviour also pointed to the fact that no
interface inside the glass could be related to the presence
of adhered glass. These observations provide evidence
pointing to the use of acid etching rather than fusing to
give additional texture to the flowers and lake.

Restoration areas

Damage on one of the flowers in the left panel had been
restored (Fig. 9a) (Spots 7 and 8). The restoration was
visible to the naked eye, and the OCT analyses showed
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Fig. 8 a Detail of a flower in the left panel in the Dining Room window (Spot 10). b OCT tomogram 24, showing the two-level decoration
and the presence of a thick grisaille on it; dotted line: thin grisaille. ¢ 3D representation of the glass surface showing the circular decoration
on the upper level. The colours code the elevation of the surface. The position at which tomogram 24 was taken is shown as a black line

Table 2 Analyses performed on the Dining Room window

Grisaille Spot Thickness Acid attack Spot Thickness
*4 (um) +4 (pm)

Light 7 Purple 5 54
Light 7 Purple 5 56
Light 7 Purple 5 66
Light 11 Purple 6 27
Black thick 43 Purple 6 30
Black thick 43 Purple 6 33
Black thick cracked 50 Purple 9 89
Black thick cracked 70 Blue 12 60
Black thick cracked 52

Black thick cracked 51

Black thick cracked 83

Black thick cracked 62

Black thick cracked 54

Black thick cracked 71

Black thick cracked 153

Black thick cracked 85

Black thick cracked 192

Average 61 52
Standard deviation 50 21
Minimum 7 27
Maximum 192 89

that the repair was not properly levelled with the rest
of the panel (Fig. 9b and c) and that it presented some
voids which could have affected the physical stability
of the glass (Fig. 9b). The remains of lumps along with
transparent layers, probably of glue, were also observed
in this area. It is possible that this restoration was per-
formed in situ, without removing the panel, despite all
the difficulty of working in a vertical position.

Atelier window

Grisaille

The grisaille was applied to the window in the form of
thick lines to define the contours of the figures, and
their volume was brought out by the use of enam-
els of different colours (Fig. 2). In a similar way to the
other stained-glass window (Sect. “Grisaille”), the gri-
saille produced light dispersion and, therefore, it was
perceived in the tomogram as a bluish colouration
(Fig. 10b). In the thicker grisaille lines, the detachments
exposed the subjacent glass (Fig. 10b).

The well-preserved grisailles had a thickness of
around 20 pm, and the detachments were observed in
lines with thicknesses larger than 30 pm (Table 3). Gri-
sailles with thicknesses larger than 60 pm were also
identified (e.g. Spot 5) (Table 3).
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Fig. 9 a Detail of a restored flower on the left panel in the Dining
Room window (Spot 8). OCT tomograms: b Tomogram 90, showing
the incorrect alignment of glass pieces and the presence of a void
on the glue-glass boundary (however, the presence of a bubble
inside the adhesive cannot be excluded); c Tomogram 49, showing
the glass pieces at different levels due to a careless restoration.
Dotted line: cracks fixed with glue. The tomograms are shown

on the same scale

Enamels

In contrast with grisailles, the enamels analysed
showed a better translucency to the OCT light, show-
ing a similar thickness in the different areas analysed.
Layers as assigned to original enamels had thicknesses
around 7-15 pm (Spots 1, 2, 4, 7-14, 16-18, 20, 21, 23,
24) (Table 3). No correlation was found between the
degree of alteration and the thickness of the enamel
layers, but it was observed that their state of pres-
ervation is related to their colour. Reddish, pinkish
and pale enamels look stable (Spots 1, 2, 4, 11, 16, 17)
(Fig. 11a—c); however, some of the brownish and blu-
ish ones are damaged (Spots 7, 12, 13, 14, 18) or have
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Fig. 10 a Detail of the grisaille decoration in the Atelier window
(Spot 3). b OCT tomogram 34, showing the thick grisaille that creates
the contour of the flower, in the left line the grisaille has been
partially lost. Solid line: well-preserved grisaille; Dotted line: altered
grisaille

been lost (Fig. 12a). In most of the altered areas, the
enamel exhibited paint losses with circular shapes, cre-
ating a speckled appearance on the surface of the glass.
These spots tended to merge in groups, creating larger
sections of loss (Fig. 12a). These detachments can eas-
ily be observed by OCT (Fig. 12b). Similar alterations
were observed in Spots 7, 12, and 18. In some areas of
the bottom part of the window, well-preserved enam-
els near significantly altered ones were observed. The
analysis of these areas, such as Spot 13, showed the
presence of two transparent layers (Fig. 13a and b). This
result can be related to the application of two different
enamels, or a retouching by cold painting of the altered
enamel. Individual enamel layers had an approximately
12 pm thickness, similar to the original layers.

In another area, some enamels seemed to be very heter-
ogeneous, and their colours were brighter in comparison
with other colours found in the window (Fig. 14a). The
OCT analyses in these areas revealed a very irregular sur-
face (thickness 7—17 um) with the presence of large drops
of enamel on the surface and two layers in some areas
that might correspond to the grisaille and the enamel
(Fig. 14b). Some of these pieces were analysed from
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Table 3 Analyses made on the Atelier window
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Grisaille Spot Thickness Enamel Spot Thickness (um) Painting Spot Thickness+4
+4 (um) (um)

Brown (well) 3 17 Red 1 8 Blue 6 23
Brown (well) 5 23 Red 2 10 Blue 6 34
Dark Rose 11 15 Dark 4 7 Blue 6 52
Dark Rose lump 1 17 Blue 7 14 Blue 19 47
Black 15 19 Blue 7 15 Dark purple 20 30
Brown (cracked) 3 32 Rose 1 9 Dark purple 20 36
Brown-Dark (double layer) 4 44 Brown 12 14 Blue 21 56
Brown-Dark (double layer) 5 57 Brown 12 14
Black (double layer) 14 28 Greenish 13 11
Black (upper layer) 14 18 Double layer 13 31

Blue 14 9

Red 16 1

Red 16 13

Pale red 17 10

Pale red 18 10

Pale red 18 10

Blue 21 9

Rose (restoration) 8 7

Rose (restoration) 8 51

Green (restoration) 9 14

Blue (restoration) 10 14

Green (restoration) 10 16

Pink (restoration) 23 38

Pink (restoration) 24 30
Average 27.0 15.7 39.6
Standard deviation 13.9 10.7 12.1
Minimum 15 7 23
Maximum 57 51 56

outside (Spots 23 and 24) and a layer of approximately
30 pm thickness was detected (Fig. 14c and d). This coat-
ing is thicker than the layer identified as the original
enamel (10-15 um) and it was applied irregularly, result-
ing in the unusual appearance of their colour. Similar
results were also observed in Spots 9 and 10. These areas
might correspond to past restoration attempts.

Restoration areas

In the lower part of the glass panel, some opaque areas
were detected (Fig. 15a). The analyses of these areas
(Spots 6, 8, 19 and 21) identified the presence of thick,
25-60 pm, layers (Fig. 15b). Additionally, these layers are
not completely fixed to the glass substrate, being locally
detached from the surface (Fig. 16a and b). The analy-
ses from the external side showed a change in refrac-
tive index in the whitish areas, indicating the presence
of delamination, that is, a separation of the paint layer
from the glass substrate, but without detachment due to

the plastic behaviour of the layer (Fig. 16). The opaque
appearance, the greater thickness and different detach-
ment behaviour of these layers with respect to enam-
els allowed us to identify them as cold paintings, which
could have been applied during a restoration [11, 49].

Discussion

The two windows have completely different decorative
techniques. The Dining Room window (Sect. “Dining
Room window”) is made with coloured glasses deco-
rated with grisailles and acid etching; the Atelier window
(Sect. “Atelier window”), on the other hand, is decorated
with grisailles, enamels, and cold paintings. The charac-
teristics of the materials used and their state of preserva-
tion are summarized in Table 4.

According to OCT characterization, the thickness of
the grisaille @ modeler is around 10 pum, and that of the
grisaille & contourner is 30—100 pm. From the literature,
analyses made to cross-section and analyses by laser
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Fig. 11 a Detail of the enamel decoration in the Atelier window
(Spot 11). OCT tomograms: b Tomogram 84, showing a continuous
layer of well-preserved purple enamel; c Tomogram 51, showing

a continuous layer of well-preserved pink enamel. Solid line:
well-preserved grisaille/enamel. The tomograms are shown

on the same scale

techniques of historical grisailles are consistent with the
values measured by OCT [21, 50-52]. Regarding the
enamels, the well-preserved ones have a thickness of
7-16 pm, similar to those of modern enamels, as meas-
ured in cross-section by Schalm et al. and Beltran et al.
[53, 54]. One glass tile from the Atelier window showed
enamels with a completely different appearance: they are
thicker and rougher, and the colours do not match with
those observed on the rest of the panel. Additionally, this
specific tile was mounted wrongly upside down. For these
reasons, it would appear that it is the result of a resto-
ration made with non-original enamels. Finally, some of
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Fig. 12 a Detail of altered enamel decoration in the Atelier window
(Spot 12). b OCT Tomogram 55, showing the homogeneous
alteration to the brownish enamel. Solid line: preserved enamel

the enamels from the bottom part of the Atelier window
have suffered excessive alteration over time, and in these
areas a thick layer, that might reflect cold painting, was
observed over the thin layer of original enamel.
Concerning the state of alteration, in general, the Din-
ing Room window seems to be better preserved than the
Atelier one. In the Dining Room window, the acid-etched
glass is well preserved, as well as are the thinner grisailles;
only the thicker grisaille lines showed cracks and detach-
ments. This variable alteration of grisailles as a function
of thickness has previously been reported in the literature
and it is normally due to thermal stress [55—57]. Thermal
evaluation of this window in the summer detected varia-
tions up to 10 °C due entirely to solar impact, with varia-
tions of approximately2 °C every 20 min during the first
hour of direct solar radiation, and a maximum decrease
of 3.6 °C in 20 min with the arrival of sunset. Addition-
ally, changes of >15 °C from day to night were reported
[45]. These recurrent variations can induce stresses in
materials, especially in those with different thermal
expansion coefficients [55, 56]. The presence of whitish
alteration products on the thickest altered grisailles was
also observed. These products may be carbonates or sul-
phates, which are the most common degradation prod-
ucts formed on high-lead glasses [2, 47]. Since these thick
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Fig. 13 a Detail of enamel decoration in the Atelier window (Spot
13). b OCT tomogram 21, showing the presence of two layers

of enamel that could be related to a past restoration. Solid line:
well-preserved enamel. Double line: two layers
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grisailles were regularly subjected to high thermal stress,
several fissures and cracks were created (Fig. 6).

In the Atelier window, on the other hand, only thin
grisailles and the enamels with pinkish, reddish and pale
hues are well preserved (Table 4). Interestingly, the enam-
els with bluish, greenish and brownish colour exhibited
fissures and paint losses, which might result from ther-
mal stress, because these colourations are the most sensi-
tive ones to solar radiation [55, 56]. Previous studies with
coloured glasses [56] proved that, under the same solar
radiation, blue, green and turquoise glasses became the
warmest ones because their chromophores induced the
highest NIR absorption, and this would make them more
thermally incompatible with the colourless glass sup-
port. Beltran et al. [53] also observed that the presence
of cobalt and copper chromophores and spinel particles
may be responsible for the large cracks filled with corro-
sion precipitates found in the Modernist green and blue
enamels, and this could accelerate detachment of the
enamel.

Due to the reduced solar impact, this window expe-
rienced a lesser increase in apparent surface tempera-
ture than the other window. Variations of up to 5 °C
due to the solar impact, with variations of around 1.3 °C
during each 20 min of the first 40 min of direct solar
radiation, approximately 2 °C each 20 min during the
hour following sunset, and changes of >7 °C from day
to night, were reported [45]. This difference in behav-
iour is due to the different orientation of the panel, the

From external side

i

30 um
EEE—|

From external side

Fig. 14 a Detail of enamel decoration in the Atelier window (Spot 8). b OCT tomogram 49, showing the rough and thick pink enamel in the glass
pieces that have been restored. ¢ Detail of enamel decoration in the Atelier window from outside (Spot 24). d OCT tomogram 50, showing the same
area but analysed from the external side of the window. Solid line: well-preserved enamel. Double line: two layers
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Fig. 15 a Detail of cold painting in the Atelier window (Spot
6). b OCT tomogram 63, showing a thick layer of cold painting
and the areas where it was detached. Solid line: preserved cold
painting

shorter period of solar exposure, the lower greenhouse
effect in the room due to its dimensions and, possi-
bly, the lower outdoor temperature [45]. Enamels and
cold paintings used for repairs were also identified as
a function of their thickness, colour, and morphology
(Table 4). Cold painting was observed predominantly in
the lower part of the panel. For several years, this win-
dow was mounted inside out, with the painted surface
facing outdoors, which could also have caused a faster
deterioration of the enamels and grisailles in the bot-
tom part of the panel, less protected from rain, wind
and other external agents [58]. Recently, the develop-
ment of fissures, cracks and delamination in dark cold
paintings (Figs. 15 and 16), probably produced by ther-
mal stress on the surface, has been observed [56].

An overall evaluation of the results reported here
indicates that OCT may provide valuable information
on the production methodologies of historical glasses
and their degradation pathologies that cannot be
revealed by other techniques.

Finally, the particularly novel result obtained by
OCT and reported here, detailing the extent of altera-
tion of grisailles and enamels in situ as a function of
their thickness, without dismounting the window, is
highlighted.
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From external side

Fig. 16 Detail of the cold painting in the Atelier window from the a
internal surface, b internal surface seen from the outside (Spot 25).

¢ OCT tomogram 50, registered from the external side, therefore
through glass, showing the internal surface of the glass with a thick
layer of cold painting (absorbing strongly) and an area of very

strong surface scattering. Structures below the surface, thus visible
in the area where air is expected, are multi-scattered artefacts
indicating strong surface scattering, possibly related to detachments.
Solid line: well-preserved cold painting. Dotted line: possible
detachments

Conclusions

This study has established the feasibility of using the
OCT technique to characterize different decorations
directly on the glass windows in situ in a non-destructive
way, while avoiding having to dismount them. The OCT
analyses reported characterized grisailles, enamels, cold
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Table 4 Summary of the characteristics of the materials and their state of alteration

Window Material Thickness Condition
Dining room Grisaille <15 um (Thin lines) Well preserved
>50 um (Thick lines) Cracked
Acid etched glass 30-100 um Well preserved
Atelier Grisaille 15-25 um Well preserved
>30 um Cracked or repainted
Enamel <15um Well preserved, original
10-20 um Damaged
15-40 um (irregular) Non original
Cold painting 15-60 um Non original, delamination
paintings, textured glass, and a restored area. Original Declarations

grisailles and enamels were in relatively good condition
in both windows when they were applied in thin layers.
However, thick grisailles and enamels presented fissures
and detachments, probably as a consequence of ther-
mal stress. In the Atelier window, different alterations
depending on the colour of the enamel was observed,
with darker colours altered more than reddish and pur-
plish ones. Moreover, a thick dark layer on the bottom
part of the Atelier window was identified as a cold paint-
ing, probably applied during a past restoration. In the
Dining Room window, the textured glass of the flowers
and the lake was identified as an acid-etched decoration
since the holes appeared rounded and there was no inter-
face between the thicker layers.

Abbreviations

CMAG Casa-Museu Dr. Anastacio Gongalves

OCT Optical coherence tomography

SWIRFORS  Short-wave infrared fiber optics reflectance spectroscopy

Acknowledgements

The authors are indebted to the Casa-Museu Dr. Anastacio Gongalves (Lisbon,
Portugal) for providing access and its cooperation to carry out this scientific
research. The authors are also grateful to Dr. Robert Dale for critically reading
the manuscript.

Author contributions

TP, IPC, and MV designed the study; TP, Ml and PT designed the methodol-
ogy; Ml and PT carried out the tests and analyses; TP and PT prepared the
original draft. All authors read, reviewed and approved the final version of the
manuscript.

Funding

This study was partial funded by the Fundagéo para a Ciéncia e a Tecnolo-
gia of Portugal (Projects ref. UID/EAT/00729/2020, UIDP/00729/2020, UIDB/
04349/2020, PTDC/ART-OUT/5992/2020 and researcher grants CEEC-
IND/02249/2021 and 2021.01436.CEECIND) and acknowledges the financial
support of the Access to Research Infrastructures activity in the H2020
Programme of the EU (IPERION CH Grant Agreement n. 654028 and IPERION
HS Grant Agreement n. 871034).

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author and through Zenodo.

Competing interests
The authors have declared no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.

Received: 31 March 2023 Accepted: 9 September 2023
Published online: 22 September 2023

References

1. Machado C, Machado A, Palomar T, Vilarigues M. Grisaille in historical writ-
ten sources. J Glass Stud. 2019;61:71-86.

2. Machado C, Vilarigues M, Palomar T. Historical grisailles characterisation: a
literature review. J Cult Herit. 2021;49:239-49.

3. Schalm O, Van der LindenV, Frederickx P, Luyten S, Van der Snickt G, Caen
J, et al. Enamels in stained glass windows: preparation, chemical compo-
sition, microstructure and causes of deterioration. Spectrochim Acta B.
2009;64:812-20.

4. Raguin VC, Higgins MC. The history of stained glass: the art of light medi-
eval to contemporary. London: Ltd T& H; 2003.

5. Caen J. The Production of stained glass in the country of Flanders and
Duchy of Brabant from the XVth to the XVIlith centuries: materials and
Technigues. Antwerp: Brepols; 2009.

6. Delgado J, Vilarigues M, Ruivo A, Corregidor V, Silva RCD, Alves LC. Charac-
terisation of medieval yellow silver stained glass from Convento de Cristo
in Tomar, Portugal. Nucl Instruments Methods Phys Res Sect B Beam
Interact Mater Atoms. 2011;269:2383-8.

7. Jembrih-Simburger D, Neelmeijer C, Schalm O, Fredrickx P, Schreiner M,
De Vis K, et al. The colour of silver stained glass—analytical investiga-
tions carried out with XRF, SEM/EDX, TEM, and IBA. J Anal At Spectrom.
2002;17:321-8.

8. Pérez-Villar S, Rubio J, Oteo JL. Study of color and structural changes in
silver painted medieval glasses. J Non Cryst Solids. 2008;354:1833-44.

9. Santos A, Vilarigues M. Sanguine paint: production, characterization, and
adhesion to the glass substrate. Stud Conserv. 2019,64:221-39. https.//
doi.org/10.1080/00393630.2018.1482708.

10. Schalm O, Janssens K, Adams F, Albert J, Peeters K, Caen J. Une étude
historique et chimique de peinture de verre “rouge Jean Cousin’= Liege.
Doss la Comm R des Monum Sites Fouill 3 - Grisaille, Jaun d’Argent, Sang
Email Peint a Froid. Liege: Commission royale des Monuments, sites et
fouilles; 1996. p. 155-161.

11. Hahn O, Bretz S, Hagnau C, Ranz HJ, Wolff T. Pigments, dyes, and black
enamel-the colorants of reverse paintings on glass. Archaeol Anthropol
Sci. 2009;1:263-71. https://doi.org/10.1007/512520-009-0021-4.

12. Cortés PF. Principales actuaciones en la conservacion—Restauracion de
vidrieras. Ge-Conservacion. 2015;8:122-33.


https://doi.org/10.1080/00393630.2018.1482708
https://doi.org/10.1080/00393630.2018.1482708
https://doi.org/10.1007/s12520-009-0021-4

Palomar et al. Heritage Science

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

(2023) 11:203

. Hall S. The color of light: commissioning stained glass for a church.

Chicago: Liturgy Training Publications; 1999.

. Baroni S, Brun G, Travaglio P. Creation and colouration of stained-glass

windows in mediaeval literary sources: new perspectives on technical
treatises dated between the 12th and 16th centuries. In: Recent Adv
Glas Stain Ceram Conserv. 2013. p. 133-40.

. Cothren MW. Using style to interpret Medieval stained glass: a case

study at Beauvais. In: Kurmann-Schwarz B, Pastan E, editors. Investiga-
tions in Medieval stained glass: materials, methods, and expressions.
Leiden: Brill; 2019. p. 215-26.

. Cothren MW. Production practices in medieval stained glass

workshops: some evidence in the Glencairn museum. J Glass Stud.
1999;41:117-34.

. Hunault MOJY, Bauchau F, Boulanger K, Hérold M, Calas G, Lemasson Q,

et al. Thirteenth-century stained glass windows of the Sainte-Chapelle
in Paris: an insight into medieval glazing work practices. J Archaeol Sci
Rep. 2021;35:102753.

. Palomar T, Grazia C, Pombo Cardoso |, Vilarigues M, Miliani C, Romani

A. Analysis of chromophores in stained-glass windows using visible
hyperspectral imaging in-situ. Spectrochim Acta A. 2019;223:117378.
https://doi.org/10.1016/j.5aa.2019.117378.

. Oujja M, Palomar T, Martinez-Weinbaum M, Martinez-Ramirez S,

Castillejo M. Characterization of medieval-like glass alteration layers by
laser spectroscopy and nonlinear optical microscopy. Eur Phys J Plus.
2021;136:859. https://doi.org/10.1140/epjp/s13360-021-01834-w.
Machado C, Oujja M, Alves LC, Martinez-Weinbaum M, Maestro-
Guijarro L, Carmona-Quiroga PM, et al. Laser-based techniques for

the non-invasive characterisation of grisaille paints on stained-glass
windows. Herit Sci. 2023. https://doi.org/10.1186/540494-023-00917-4.
Oujja M, Agua F, Sanz M, Morales-Martin D, Garcia-Heras M, Villegas MA,
et al. Multiphoton excitation fluorescence microscopy and spectro-
scopic multianalytical approach for characterization of historical glass
grisailles. Talanta. 2021;230:122314.

Schmitt JM. Optical coherence tomography (OCT): a review. IEEE J Sel
Top Quantum Electron. 1999;5:1205-15.

Fujimoto JG, Drexler W. Introduction to OCT. In: Drexler W, Fuji-

moto JG, editors. Optical coherence tomography. Cham: Springer
International Publishing; 2015. p. 3-64. https://doi.org/10.1007/
978-3-319-06419-2_1.

OCT4Art Community. OCT4ART. Optical coherence tomography for
examination of works of art. 2023. http://www.oct4art.eu/. Accessed 9
Mar 2023.

Targowski P, Iwanicka M, Rouba BJ, Frosinini C. OCT for examination of art-
work. In: Drexler W, Fujimoto JG, editors. Optical coherence tomography.
Cham: Springer International Publishing; 2015. p. 2473-95. https://doi.
0rg/10.1007/978-3-319-06419-2_84.

Targowski P, Rouba B, Géra M, Tymirska-Widmer L, Marczak J, Kowalczyk
A. Optical coherence tomography in art diagnostics and restoration. Appl
Phys A. 2008;92:1-9. https://doi.org/10.1007/500339-008-4446-x.
Targowski P, Iwanicka M. Optical coherence tomography: its role in the
non-invasive structural examination and conservation of cultural heritage
objects—a review. Appl Phys A. 2012;106:265-77.

Alfeld M, Broekaert JAC. Mobile depth profiling and sub-surface imag-
ing techniques for historical paintings—a review. Spectrochim Acta B.
2013;88:211-30.

Liang H, Sax M, Saunders D, Tite M. Optical coherence tomography for
the non-invasive investigation of the microstructure of ancient Egyptian
faience. J Archaeol Sci. 2012;39:3683-90.

Liang H, Peric B, Hughes M, Podoleanu AG, Spring M, Roehrs S. Optical
coherence tomography in archaeological and conservation science—a
new emerging field. 1st Canterb Work Opt Coherence Tomogr Adapt
Opt. 2008;7139:713915.

Zhao HX, Li QH. Combined spectroscopic analysis of stratified glass eye
beads from China dated to the Warring States Period. J Raman Spectrosc.
2017;48:1103-10. https://doi.org/10.1002/jrs.5177.

Lind MA, Hartman JS. Natural aging of soda-lime-silicate glass in a semi-
arid environment. Sol Energy Mater. 1980,3:81-95.

Casparis-Hauser E, Guenther KH, Tiefenthaler K. Spectrophotometric and
ellipsometric study of leached layers formed on optical glass by a diffu-
sion process. In: Jacobsson JR, editor. Thin film technologies I, vol. 401.
Bellingham: SPIE; 1983. p. 211-5. https://doi.org/10.1117/12.935521 full.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Page 16 of 17

Kaspar TC, Reiser JT, Ryan JV, Wall NA. Non-destructive characterization of
corroded glass surfaces by spectroscopic ellipsometry. J Non Cryst Solids.
2018;481:260-6.

Kunicki-Goldfinger J, Targowski P, Géra M, Karaszkiewicz P, Dzierzanowski
P. Characterization of glass surface morphology by Optical coherence
tomography. Stud Conserv. 2009;54:117-28.

Brostoff LB, Ward-Bamford CL, Zaleski S, Villafana T, Buechele AC, Muller

IS, et al. Glass at risk: a new approach for the study of 19th century vessel
glass. J Cult Herit. 2022;54:155-66.

Read M, Cheung CS, Ling D, Korenberg C, Meek A, Kogou S, et al. A non-
invasive investigation of Limoges enamels using both Optical coherence
tomography (OCT) and spectral imaging: a pilot study. In: Targowski P,
Groves R, Liang H, editors,, et al,, Optics for arts, architecture, and archae-
ology VII. Bellingham: SPIE; 2019. p. 2. https://doi.org/10.1117/12.2527092.
full.

Brostoff L, Zaleski S, Ward-Bamford CL, Montagnino E, Muller |, Buechele
A et al. Nineteenth century glass manufacture and its effect on photo-
graphic glass stability. J Inst Conserv. 2020;43:125-41. https://doi.org/10.
1080/19455224.2020.1754263.

Liang H, Peric B, Hughes M, Podoleanu A, Spring M, Saunders D. Optical
coherence tomography for art conservation and archaeology. In: Fotakis
C, Pezzati L, Salimbeni R, editors. O3A optics for arts, architecture, and
archaeology, vol. 6618. Bellingham: SPIE; 2007. p. 661805. https://doi.org/
10.1117/12.726032.full.

Pantano CG, Hamilton JP. Characterization and structure of leached
surface layers on glass. Riv Della Stn Sper Del Vetro. 2000;30:81-6.
Iwanicka M, Kwiatkowska EA, Sylwestrzak M, Targowski P. Application

of Optical coherence tomography (OCT) for real time monitoring of
consolidation of the paint layer in Hinterglasmalerei objects. In: Pezzati L,
Salimbeni R, editors. O3A optics for arts, architecture, and archaeology Ill,
vol. 8084. Bellingham: SPIE; 2011. p. 80840G. https://doi.org/10.1117/12.
890398 full.

Sylwestrzak M, Kwiatkowska EA, Karaszkiewicz P, Iwanicka M, Targowski P.
Application of graphically oriented programming to imaging of structure
deterioration of historic glass by Optical coherence tomography. In:
Pezzati L, Salimbeni R, editors. O3A optics for arts, architecture, and
archaeology II, vol. 73910A. Bellingham: SPIE; 2009. p. 1-8. https://doi.org/
10.1117/12.827520.

Palomar T, Pradell T, Mosa J. The refractive index of historical stained-glass
enamels: theoretical calculation and non-destructive analysis (in prepara-
tion). Appl Surf Sci.

Targowski P, Kowalska M, Sylwestrzak M, Iwanicka M. OCT for examination
of cultural heritage objects. In: Wang M, editor. Optical coherence tomog-
raphy and its non-medical applications. London: IntechOpen; 2020. p.
147-64.

Palomar T, Silva M, Vilarigues M, Pombo Cardoso |, Giovannacci D. Impact
of solar radiation and environmental temperature on Art Nouveau glass
windows. Herit Sci. 2019;7:82. https://doi.org/10.1186/540494-019-0325-3.
Pradell T, Molina G, Murcia S, Ibéfiez R, Liu C, Molera J, et al. Materials,
techniques, and conservation of historic stained glass “grisailles” Int J Appl
Glas Sci. 2016;7:41-58. https://doi.org/10.1111/ijag.12125.

Palomar T, Mosa J, Aparicio M. Hydrolytic resistance of K2O-PbO-SiO2
glasses in aqueous and high-humidity environments. J Am Ceram Soc.
2020;103:5248-58. https://doi.org/10.1111/jace.17202.

Weyl WA. Coloured glasses. Sheffield: Society of Glass Technology; 1951.
Davison S, Newton RG. Conservation and restoration of glass. Oxfordshire:
Routledge; 2003.

Verita M, Nicola C, Sommariva G. The stained glass windows of the Sainte
Chapelle in Paris: Investigations on the origin of the loss of the painted
work. In: Ann du 16e Congres I'Association Int pour |'Histoire du Verre.
2003. pp. 347-51.

Palomar T. Chemical composition and alteration processes of glasses
from the Cathedral of Ledn (Spain). Bol Soc Esp Ceram V. 2018;57:101-11.
Beltran M, Schibille N, Brock F, Gratuze B, Vallcorba O, Pradell T. Modernist
enamels: composition, microstructure and stability. J Eur Ceram Soc.
2020;40:1753-66.

Beltran M, Schibille N, Gratuze B, Vallcorba O, Bonet J, Pradell T. Composi-
tion, microstructure and corrosion mechanisms of Catalan Modernist
enamelled glass. J Eur Ceram Soc. 2021;41:1707-19.

Schalm O, Caen J, Janssens K. Homogeneity, composition and
deterioration of window glass fragments and paint layers from two


https://doi.org/10.1016/j.saa.2019.117378
https://doi.org/10.1140/epjp/s13360-021-01834-w
https://doi.org/10.1186/s40494-023-00917-4
https://doi.org/10.1007/978-3-319-06419-2_1
https://doi.org/10.1007/978-3-319-06419-2_1
http://www.oct4art.eu/
https://doi.org/10.1007/978-3-319-06419-2_84
https://doi.org/10.1007/978-3-319-06419-2_84
https://doi.org/10.1007/s00339-008-4446-x
https://doi.org/10.1002/jrs.5177
https://doi.org/10.1117/12.935521.full
https://doi.org/10.1117/12.2527092.full
https://doi.org/10.1117/12.2527092.full
https://doi.org/10.1080/19455224.2020.1754263
https://doi.org/10.1080/19455224.2020.1754263
https://doi.org/10.1117/12.726032.full
https://doi.org/10.1117/12.726032.full
https://doi.org/10.1117/12.890398.full
https://doi.org/10.1117/12.890398.full
https://doi.org/10.1117/12.827520
https://doi.org/10.1117/12.827520
https://doi.org/10.1186/s40494-019-0325-3
https://doi.org/10.1111/ijag.12125
https://doi.org/10.1111/jace.17202

Palomar et al. Heritage Science

55.

56.

57.

58.

(2023) 11:203

seventeenth-century stained glass windows created by Jan de Caumont
(~1580-1659). Stud Conserv. 2013;55:216-26. https://doi.org/10.1179/
sic2010553216.

Becherini F, Bernardi A, Daneo A, Bianchini FG, Nicola C, Verita M. Thermal
stress as a possible cause of paintwork loss in medieval stained glass
windows. Stud Conserv. 2008;53:238-51. https://doi.org/10.1179/sic.
2008.53.4.238.

Palomar T, Enriquez E. Evaluation of the interaction of solar radia-

tion with colored glasses and its thermal behavior. J Non Cryst Solids.
2022;579:121376.

Van der Snickt G, Schalm O, Caen J, Janssens K, Schreiner M. Blue enamel
on sixteenth-and seventeenth-century window glass. Stud Conserv.
2006;51:212-22.

Palomar T, Vilarigues M, Silva M, Pombo Cardoso |, Marques MT, Mantua
A. Assessment of the conservation state and analysis of chromophores
of two Art Nouveau glass windows. In: Conf“IPERION CH 3rd Transnatl
Access Users Meet. Paris (France); 2019.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1179/sic2010553216
https://doi.org/10.1179/sic2010553216
https://doi.org/10.1179/sic.2008.53.4.238
https://doi.org/10.1179/sic.2008.53.4.238

	Assessing the decorative techniques of two Art Nouveau glass windows by optical coherence tomography (OCT)
	Abstract 
	Introduction
	Materials and methods
	Glass windows
	Optical coherence tomography
	Other techniques

	Results
	Dining Room window
	Grisaille
	Textured glass
	Restoration areas

	Atelier window
	Grisaille
	Enamels
	Restoration areas


	Discussion
	Conclusions
	Acknowledgements
	References


