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This work presents the implementation of Visible Hyperspectral Imaging for the in-situ analysis of glass chromo-
phores in two glass windows from the Casa-Museu Dr. Anastácio Gonçalves (Lisbon, Portugal). The measure-
ments were taken inside the building using natural sunlight as the illumination source. In addition, advantages
and disadvantages of the followed methodology are discussed.
The Dining Room glass window presents glasses colored in bulk with iron, manganese, cobalt, copper, and chro-
mium; silver staining was also detected and was used to create the yellow and orange colors. The Atelier panel
was produced with uncolored glasses painted with grisaille and enamels; the chromophores identified are sim-
ilar to the species identified in the Dining Room panel.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The analysis of stained glass, namely through the identification of
the species responsible for the different colors, allows information to
be disclosed regarding the production technology, such as the use of
enamels, grisailles or silver stain; and even permits restorations to be
detected due to the use of modern chromophores such as the
chromium.

From the physical point of view, glass color is the result of the inter-
action of the light with ionic, molecular, colloidal or microcrystalline
species in the glass, which are commonly known as chromophores [1].
The cations of the transition elements (Mn2+, Mn3+, Fe 2+, Fe3+, Co 2

+, etc.) are the most common group of chromophores. Their valence
electrons can be promoted from the ground state into a higher energy
orbital through the absorption of photons. The absorbed energy, charac-
teristic of each ion, generally corresponds to frequencies in and near the
visible region of the electromagnetic spectra (400–700 nm), conferring
to the glass the complementary color to thewavelengths absorbed [1,2].
This energy depends on the electromagnetic configuration of the
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cations and the free energy levels in the incompleted d orbitals of
their electronic layer. Groups of atoms and/or molecules in a colloidal
or microcrystalline state form the second commonest group of chromo-
phores. In this case, the color is produced by a synergic mechanism of
absorption-dispersion of the light and depends on the nature of the
chromophore, its size and its concentration in the glass. The most com-
mon ones are gold and copper ruby glasses, and the yellow silver stain-
ing. Finally, the last group of chromophores is the one formed by
relatively large compounds such as particles of Cu2O or Cr2O3 [1,3].

In spite of the importance of the color analysis in the characterization
of stained-glass windows, its study has limitations. Optical spectroscopy
in theUV-VIS-NIR range is themost frequent technique used for the anal-
ysis of chromophores, usually in absorption or transmission mode
[4–12], because it permits to identify the chemical state of the chromo-
phores and the nature of the coloring phenomenon; but it is a destructive
technique because it needs a thin and polished sample. For this reason,
only glass fragments rejected during the restoration process have been
generally analyzed [4,8,9,13–16]. It is also possible to perform this analy-
sis by reflectance [17], but the spectra normally have lower quality [18].
Portable setups developed in the last years, partially allow this limitation
to be overcome, enabling glass samples to be analyzed directly on a
stained-glass window panel without sampling [19–21], but they gener-
ally need to remove the panel from its original location. A first use of
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Fig. 1. Glass windows in the Casa-Museu Dr. Anastácio Gonçalves in the a) Dining room,
b) Atelier.
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the sunlight as excitation source with point measurements setup have
been done with a portable instrument in-situ [22].

Some studies have also identified the chromophores on glass frag-
ments from stained-glass windows analyzing the minor and trace ele-
ments on the glasses with electron probe micro-analysis (EPMA) [23],
proton-induced X-ray or γ-ray emission (PIXE-PIGE) [24,25] or laser ab-
lation inductively coupled plasma mass spectrometry (LA-ICP-MS)
[26–28]. Nevertheless, these elemental techniques are not suitable to an-
alyze the glass color since some elements, such as iron or manganese,
have species with different oxidation states that can produce different
colorations in the glass. Thus, the interaction of the chromophores in
the glass batch with the atmosphere inside the furnace has a significant
impact on the redox equilibrium between the different species, inducing
different glass colorations [29–31]. Some of these studies were, also,
complemented by electron paramagnetic resonance (EPR) [23], which
is a specific technique for the detection of paramagnetic ions present in
different oxidation states in the glass fragments; or transmission electron
microscope (TEM) to observe the metallic nanoparticles [25].

In order to make a comprehensive analysis of stained-glass win-
dows, some studies on entire glass panels were carried out with
macro X-ray fluorescence (MA-XRF) scanning. The main objective was
to distinguish different glass types and surface alteration products
within the same panel [32–34]; additionally, the chromophores of the
glass fragments were also analyzed in the interior and exterior side of
the glass panel to identify colored bulk glass, flash glass or yellow silver
staining. This procedure implies the removal of the stained-glass win-
dows from its original location and performance of analysis panel by
panel. Another technique that permits the overall analysis of an object
is Visible Hyperspectral Imaging, which allows the inspection of a
wide surface in a very short time. This technique has been widely ap-
plied, in reflectance acquisition mode, to determine pigments on differ-
ent substrates such as canvas, paper or stone [35–40]; however, studies
on historical glasses are scarce, probably due to instrumental difficulties
[21]. Indeed, the most common procedure was to remove the stained-
glass windows from their original site, being analyzed in the laboratory
before the restoration process, working in transmissionmodewith arti-
ficial illumination.

The main objective of this researchwas to establish for the first time
the methodology for the in-situ characterization of glass color in
stained-glass windows by Visible Hyperspectral Imaging with natural
sunlight as illumination, and to apply it for the characterization of chro-
mophores in two Art Nouveau glass windows.

2. Materials and methods

2.1. The stained-glass windows

Two different Art Nouveau glass windows from the Casa-Museu Dr.
Anastácio Gonçalves (Lisbon, Portugal) were analyzed by Visible
Hyperspectral Imaging. They were realized by the Societé Artistique de
Peinture sur Verre in 1904. The Dining room stained-glass window
(formed by three windows of 188 × 64 cm, 210 × 98 cm and 188
× 64 cm placed at 99 cm from the ground) is composed by colored
glass fragments paintedwith grisailles and lead cames defining the con-
tours of the figures (Fig. 1a). This stained-glass window is placed with
south-west orientation and it is directly illuminated for 6 h by the sun
in the summer solstice. TheAtelierwindow (formed by six panels placed
at 60 cm from the ground) was elaborated with hammered glasses
(rectangular pieces of 10 × 15 cm) painted with grisaille and enamels
(Fig. 1b). This window is placedwith north-west orientation and it is di-
rectly illuminated for 4 h by the sun in the summer solstice.

2.2. Visible Hyperspectral Imaging

The Visible Hyperspectral Imaging measurements were performed
using a Surface Optics Corporation SOC 710 camera. The system utilizes
a whiskbroom line scanner producing a 696 × 520 pixels hypercube in
the 400–1000 nmspectral rangewith 128bands and about 4.5 nmspec-
tral resolution. The lateral resolution can be continuously modulated by
adjustable focal length of the mounted objective moving the camera at
the suitable distance. In the current setup, the camera, mounted on a
photographic tripod, was positioned at about 1.8 m from the windows
surface obtaining about 20 × 30 cm single frames. With these condi-
tions, each single frame is defined by about 70 dpi resolution. The
more than 100 single frames collected (containing about 36 million
spectra) in order to cover both the whole windows, have afterwards
been assembled by means of mosaicing software kindly provided by
Dr. John Delaney, National Gallery of Art, Washington. By this way, we
obtained four and six reconstructed hypercubes for the Dining Room
and Atelier, respectively. Each pixel of these hypercubes contains an ir-
radiance calibrated spectrum of the solar light in the 400–1000 nm
spectral range,modified by the color of the glass in the physical position
that corresponds to that pixel in the reconstructed image.

Visible analyseswere also undertaken by UV–vis spectroscopy in ab-
sorbancemode using the AvaSpec–2048-SPU optical fibers spectropho-
tometer with natural sunlight as light source. The AvaSoft software
controlled the acquisition of the spectra in the 200–1100 nm range.
Measurements were performed using 10 ms of integration time with
25 accumulations. These results allow us to validate the spectral fea-
tures obtained with hyperspectral measurements as described in the
following.

3. Results and discussion

3.1. Implementation of the methodology

The raw reconstructed hypercubes have been elaborated using ENVI
software in order to extract the spectral features of the chromophores
responsible for the colors of thewindows. The first operation performed
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consists in the spectral calibration of the irradiance spectra collected by
the camera. For this purpose, a reference area of the hypercube, owning
a known transmittance spectrum, must be selected and, based on its
spectral properties, for all the images' pixels, the software performs a
transformation from irradiance to transmittance spectrum. For all the
data, a transparent uncolored area of the investigated window has
been chosen as reference for the transmittance calibration, assuming it
owns a flat 100% transmittance in the whole spectral range. As a good
homogeneity of the glass optical properties on the same window can
be reasonably assumed, this should represent the best choice in order
to obtain a correct spectral shape for all the colored materials present.
This is surely true under constant homogenous illumination without
any changes in both intensity and spectral distribution. In the present
case study, the sunlight intensity used as illumination source changes,
sometimes drastically, mainly due to the presence of moving clouds.
This natural unavoidable event can affect both the single frame collec-
tion (which requires about 1 min to be performed in the present
setup) and the luminous exposition of the different frames assembled
in the reconstructed images by the mosaicing software. For this reason,
the spectral transmittance gain of the calibrated spectra can be different
and often greater than the 100% physical limit. This experimental evi-
dence is clearly shown in Fig. 2.

Fig. 2b displays the mosaicing of four hypercubes; by looking to the
transparent glass areas it appears that the illumination intensity has
changed during the acquisition. Consistently, the transmittance calcu-
lated on the basis of the initial reference can vary markedly, as shown
in Fig. 2d. If the lightening condition are close to the ones occurring dur-
ing the reference acquisition, the calculated values of transmittance will
be close to 100%, as exemplified by W1. On the contrary, a lower light
intensity will produce lower calculated transmittance values, such as
inW2 andW4.Moreover, the presence of external objects (such as veg-
etation) contributes to the spectra, such as in W3.
Fig. 2. Images of a detail from the Atelier window: a) digital photo, b) RGB reconstruction from
d) Spectra obtained from a 5 × 5 pixel averaged areas listed in panel b.
Fortunately, these interferences do not affect the spectral features of
each different color, at least forwhat concerns themost intense and sat-
urated colors. In fact, despite the differences in the illumination, spectra
apparently different such as those shown in the right plot of Fig. 2d, can
be reasonably treated by the mapping software choosing the correct
value of the Spectral Angle Mapper parameters (see the following for
details). In the example, the spectra of two chromophores (namely
green and blue) obtained from strongly illuminated areas (LG and LB
for the green and the blue, respectively) are compared with the spectra
of the same color obtained in a very dark area (DG and DB for the green
and the blue, respectively). As it is clearly shown comparing the false
color mapping (Fig. 2c) with the digital photo (Fig. 2a), the mapping
software is able to correlate the visible color with the chromophore re-
sponsible for its production in spite of the illumination condition in
which they have obtained. Just in the case of very light colored parts
of the windows, the change in illumination intensity together with ex-
ternal objects contribution (decorative bars positioned outside thewin-
dows, vegetation, etc.) sometimes lead to local spectral distortion,
making it more difficult to obtain the spatial distribution of similar ma-
terials. Nevertheless, this did not prevent a satisfactory description and
distribution of the chromophores as shown in Fig. 2c and in general in
the following.

The following stepwas the selection of themeaningful endmembers
among thewhole family of spectra present in each cube, able to describe
all the differentmaterials present. ENVI can perform this search through
a preliminary estimation of noise statistics from data followed by a Pixel
Purity Index construction,which groups the pixels by their spectral con-
tribution at each wavelength. This obtained result is then treated by an
autocluster function, which extracts themain different spectral features
present on the hypercube. The obtained spectral database can be man-
ually implemented with spectra considered relevant, selected by the
operator, which the software was not able to distinguish. The number
the acquired hyperspectral cubes, c) false color mapping of the different chromophores.



Table 1
Chromophores assignment in the visible region for different colored silicate glasses.

Color Assignment Meaningful band(s) (nm) References

Blue/light blue Co2+ 540, 590, 640 [1,2,41–43]
Violet/pink Mn3+ 500 [1,2,43–47]
Emerald green Cr3+ 450, 630, 650, 675 [1,41,43]

Cr6+ 365
Turquoise green Cu2+ 790 [1,2,43]
Green Fe2+ 440, 1100 [1,2,48]

Fe3+ 380, 420, 440
Yellow/orange Ag0 400–450 [1,5,14,49–51]
Red Cu0 560 [1,52]
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of endmembers obtained for the description of the different colors pres-
ent in the glasses is 19 for theDiningRoomand8 for theAtelier and their
chemical nature is reported in Table 1.

Finally, the spectral library of endmembers obtained can bemapped,
by means of the Spectral Angle Mapper algorithm present in ENVI,
obtaining a false color image where to each color corresponds a differ-
ent material characterized by its own spectrum. Spectral Angle Mapper
is a physically-based spectral classification that uses an n-D angle to
match pixels to reference spectra. The algorithm determines the spec-
tral similarity between two spectra by calculating the angle between
the spectra and treating them as vectors in a space with dimensionality
equal to the number of bands. No spectra pre-processing has needed for
the elaboration above described.

As validation of the goodness of the implemented methodology de-
scribed above, a comparison among the spectra of the endmembers ob-
tained by hyperspectral imaging and conventional transmittance
spectrophotometer was performed. The spectra obtained by the optical
fiber UV–vis spectrometer and by the Visible Hyperspectral Imaging
system were very similar in shape. In Fig. 3b, the spectra collected by
the two instrumentation are compared and the corresponding spatial
distribution of the identified chromophores is shown in detail picture
Fig. 3. a) Mapping of the green, violet, pale blue and blue areas made by the Visible Hyperspe
Hyperspectral Imaging system and the optical fiber spectrometer on the same colored glasses.
on the Fig. 3a. The differences in transmittance between the two instru-
ments are attributable to the differences in illumination and collection
[41]. The great advantage of the Visible Hyperspectral Imaging system
is to allow themapping of large areas in a relatively short time, to obtain
the spectra from each pixel and to create maps for specific spectra
(Fig. 3a).

3.2. Application to real case studies

3.2.1. Dining room window
The stained-glass window in the Dining room of the Casa-Museu Dr.

Anastácio Gonçalves (Lisbon) is composed by glass fragments with dif-
ferent colors and hues (Figs. 1a, 4).

Blue glasses were used to accomplish part of the window border,
some areas of the vegetation in the forest of the central panel, some
leaves in the hydrangea plant of the left panel, and the lake on the
right panel (Fig. 4). The different hues of the blue color are due to differ-
ent concentration of cobalt ions, generating the different intensities of
the coloration (Figs. 5a, 6a). The blue color in silicate glasses could be at-
tributed to Co2+-ions mainly in tetrahedral coordination, although the
contributions due to 5-fold and octahedral complexes can be over-
lapped modifying the shape and position of the bands [42,43]. In tetra-
hedral coordination, themain band in the visible region is due to the 4A2

→ 4T1 (P) transition, although two other absorption bands correspond-
ing to 4A2→

4T2 and 4A2→
4T1 (F) occur in the infrared region. The split-

ting of the 4A2 →
4T1 (P) band is caused by a spin-orbit coupling which

both splits the 4T1 (P) state and allows the transitions to the neighboring
doublet states (2A1 (G) and 2T2 (G)) to gain in intensity [43,44]. This
electronic transition forms three overlapping bands at 540, 590 and
640 nm [2]. In addition, Co2+-ions have a high molar extinction coeffi-
cient; which means that, even with low concentration, can color the
glass with a blue hue.

In the stained-glass window, the blue glasses from the lake pre-
sented the best-defined spectra (Fig. 5a). In this case, the blue flash
ctral Imaging system based on their spectral features. b) Spectra obtained by the Visible
The chromophores identification is based on the discussion reported below.
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glasses were acid etched to decrease the thickness of the blue layer
diminishing the intensity of the absorption bands, according to the
Lambert-Beer Law. The blue of the decorative frame presented the
same bands, but the spectrum was less defined due to the high optical
density of the color (Fig. 5a). Very pale blue glasses were also detected
on the forest; they presented the same absorption bands due to the
high molar extinction coefficient.

The iris flowers and some of the hydrangeas are violet in different
hues (Fig. 1a). The main chromophore of this color is manganese. The
most common manganese ions found in silicate glasses are Mn2+ and
Mn3+, and they are in equilibrium depending on the temperature and
composition of the base glass [3,42,44,45]. The Mn2+-ions belong to a
d5 configuration, where the electronic transitions are spin-forbidden;
therefore, it produces a low-intensity coloration in the visible region
[3,46]. In contrast, theMn3+-ions belong to a d4 configuration in octahe-
dral coordination in silicate glass and exhibit a single spin-allowed tran-
sition 5Eg → 5T2g. This electronic transition presents an intense
absorption around 500 nm in the form of a broad band (Fig. 5a), due
to the splitting of the ground state generated by Jahn-Teller distortion
[1,2,44,46–49]. In addition, the more alkali in the silicate glass, greater
is the tendency to absorb oxygen and change into the deeply colored
glass [3]. Depending on their concentration, the Mn3+-ions produce a
violet color, which can vary from pale pink color, normally used in the
representation of the human skin [13], to intense mauve or purple,
such as in the case of the flowers on the stained-glass window (Fig. 4)
[48,50]. The absorption spectra of the glasses from the woman face
and the reddish trees, probably ascribable to the same chromophore,
were poorly defined due to their very pale hue and the presence of gri-
saille (Fig. 6b).

Regarding the green colors, three different tones were mainly ob-
served on the vegetation represented on the window (plants, tree,
grass, and forest) (Fig. 1a).
Fig. 4. False-colormapping of the different chromophores in the stained-glasswindow from the
tra from each false-color are represented in Fig. 5 (saturated colors) and Fig. 6 (light colors).
The emerald green coloration is due to chromium ions. They can be
in two oxidation states, Cr3+ and Cr6+, although the former is the most
stable. The typical emerald coloration is due to the blue-green light that
transmits the Cr3+-ions and the yellow light transmitted by the Cr6+-
ions. The Cr3+-ions, with an electronic configuration 3d3, presents an
octahedral symmetry and permits the 4A2 →

4T2 (at around 650 nm),
4A2 →

4T1 (F) (at around 450 nm) transitions, together with the transi-
tions to the forbidden states 4A2 → 2T1 (~630 nm) and 4A2 → 2E
(~675 nm) (Fig. 5b). The Cr6+-ions presents a 3d0 configuration, that
means it does not permit a transition d ↔ d, but produce an intense
band centered in the ultraviolet region (365 nm), which can own a
tail in the visible producing a yellow color [1,42,44].

Copper ions usually give a turquoise color on soda-lime silicate
glasses. The Cu2+-ions have an electronic configuration 3d9 in octahe-
dral coordination, which permits the electronic transition 2E → 2T2
(790 nm) (Fig. 5b). This electronic transition corresponds to a wide sin-
gle band that presents a significant deformation due to the Jahn-Teller
effect. As result, it is produced the pronounced enlargement of one of
the octahedral axes which leads to a tetragonal symmetry [1,2,44].
This band can bewidened giving a dark green color to the glass depend-
ing on the copper concentration, the thermal process of glass
manufacturing, and, even, the glass alkalinity [1].

Iron ions can also act as green chromophore, but it depends on the
equilibrium Fe3+/Fe2+-ions in the glass. The Fe2+-ions, with a 3d6 elec-
tronic configuration, produce an absorption band at 440 nm and two
more in the infrared region (1100 (5T2→ 5E) and 2100 (distortion split-
ting) nm), whose maxima falls outside the sensitivity range of the
human eye [2,44]. Thewide band at 1100nmenters in the visible region
and is the responsible for the bluish color. On the other hand, the Fe3+-
ions in tetrahedral coordination present the absorption bands at 380
(6A1 → 4T1(D)), 420 (6A1 → 4E(G)) and 440 (6A1 → 4A1(G)) nm
(Fig. 5b) [1,2]. These bands can change their intensity depending on
Dining room of the Casa-MuseuDr. Anastácio Gonçalves (Lisbon). The transmittance spec-



Fig. 5. Transmittance spectra measured by the Visible Hyperspectral Imaging system
a) blue and violet glasses, b) green and turquoise glasses, and c) warm-color glasses,
from the stained-glass window in the Dining room. The colors of the plotted spectra
resume the false colors used in the mapping of Fig. 4.

Fig. 6.Transmittance spectrameasured by theVisibleHyperspectral Imaging systemof the
light colors in the background a) bluish and greenish glasses, and b) grayish and reddish
glasses, from the stained-glass window in the Dining room. The colors of the plotted
spectra resume the false colors used in the mapping of Fig. 4.
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the content of alkaline in the glass [51]. The presence of one of the ions
predominantly depends on the concentration of iron, the type of glass
and the atmosphere during the fusion. As result, iron ions can act as
chromophore producing glasses from pale blue to dark yellow.

Not every glass has just one chromophore, glasses can present amix-
ture of chromophores to expand their color range. This is the case of the
turquoise glasses used in some of the tree and bush leaves, in which
were detected Co2+- and Fe3+-ions to obtain a turquoise color
(Figs. 5b, 6a).

The previous chromophores (Co2+, Mn3+, Cr3+/Cr6+, Cu2+, and Fe3
+/Fe2+) are ionic species which give the coloration due to the electronic
transition of the d electrons in the penultimate electronic layer. How-
ever, the warm colors (yellow, orange and red) are due to the presence
of nanoparticulates and/or nanocolloidal aggregates, which produce the
mechanism of absorption and dispersion of the light. The size, the form
and the type of nanocolloidal aggregation determine the hue of the glass
[1].

An intense yellow and orange were observed on the sky, the plat-
form under the woman and the acanthus leaves in the window border.
This coloration is generally obtained by silver staining. Historically, this
colorationwasmade by applying amixture of silver salts, clays or ochres
on one of the glass surfaces and firing them at moderate temperatures
(500–650 °C). During firing, there is the ionic exchange between the
Na+-ions in the glass surface and the Ag+-ions from the salts, the pre-
cipitation of the metallic atoms, and the nanoparticles growth and ag-
gregation. The coloration is generally yellow but, if the thermal
treatment is prolonged, a brownishhue can result [1,5,52–54]. In silicate
glasses, silver staining normally presents an absorption band at 410 nm,
but it can be present a slight red-shift (400–450 nm) depending on the
Plasmon resonance of the silver colloids (Fig. 5c) [14]. The different col-
oration observed in the sky can be related to the application of different
silver salts, which can produce different tones during the thermal treat-
ment. It is also possible that the coloration was due to consecutive ther-
mal treatments, but it could be a longer and riskier process. Regarding
the orange glasses from the orange fruits, they were bulk colored,
which confirmed the use of high-quality equipment for the firing and
annealing process.

Red color was observed in the skirt, some of the hydrangea flowers
and the pistils of the flowers from the frame. This color is due to the col-
loidal dispersion of metallic copper (Cu0) (copper ruby glasses). The
copper was added to the glass as Cu+-ions, which are linked to the lat-
tice in groups [Si-O-Cu], but, with a heat treatment, react between them
to form the metallic nanoparticles [55]. If the thermal treatment is
prolonged, the crystals can grow up to particles larger than 1 μm,
which could give a turbid or opaque appearance [1]. The characteristic
copper surface Plasmon resonance produces the dispersion of the light
presenting an absorption band at 560 nm (Fig. 5c).

The brown glasses located in the tree trunks and the lady's corset
could be due to amber glass, in which the coloration goes from golden
yellow to dark brown. In the iron-amber glasses, the chromophore is
formed by a mixed tetrahedral coordination, in which one Fe3+-ion is
surrounded by three oxygen ions (bonded to silicon) and one sulfide
anion (bonded to alkali ions for preserving electro-neutrality) [FeO3S].
This coordination has an absorption band at 295 nm, due to an
electron-transfer between the sulfide and ferric ions, and at 425 nm
(Fig. 5c) [1]. The color intensity depends on the concentration of Fe3+-
ions and S2−-ions, the atmosphere, the alkali concentration in the
batch, the addition of reductive components such as carbon, and the
heat treatment, among others [1,3,56–58].
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Finally, the light grayish glass in the clouds and the grass were pos-
sibly obtained with a mixture of chromophores, but the low quality of
the absorption spectra due to their light pale and the presence of surface
grisaille made their identification impossible (Fig. 6b).

3.2.2. Atelier window
The Atelier window is composed of rectangular uncolored glasses

painted with grisaille and enamels. These materials need a low melting
point to be fixed to the support glasses and, for this reason, lead glasses
were used with/without borax [59–61]. This different glass matrix can
affect the local state (coordination and valence) of transition metals
ions in the glass matrix and the glass color itself [42].

Contrary to the stained-glass window in the dining room, this panel
is darker; especially in the areas near the frame because of both the use
of almost opaque paintings and the shadow produced by the
architectonical decoration. The unconventional colors observed in the
lower part of this panel can be related to probable retouching. These
dark areas showed saturated spectra (Fig. 8a), in which the chromo-
phores were difficult to be identified.

Vegetation in the lower part of the panel presented four different
colorations: green, dark green, brown and blue (Fig. 1b). They showed
similar spectra but the relative intensity of the bands is different
(Fig. 8a).

The blue colorwas attributed to a cobalt-rich product (Fig. 8a). Saffre
(CoO + contaminations) or smalt (SiO2-K2O-CoO + contaminations)
were used as colorant in ancient stained-glass enamels, but since 19th
century, industrial cobalt-oxide (CoO) was used to make a dark-blue
enamel [60]. The bands in lead glasses appeared in similar positions
than in soda-lime silicate glasses; however, their intensity can change
due to the different glass basicity (Fig. 8a) [42,62,63].

The spectra of green and brownish leaves presented three main
bands at around 547, 587 and 632 nm (Fig. 8a). The former two
Fig. 7. False-color mapping of the different chromophores in the window panel from the
Atelier of the Casa-Museu Dr. Anastácio Gonçalves. Transmittance spectra from each
false-color are represented in Fig. 8.
maximums correspond to the absorption bands of Fe3+-ions and the
latter to the main band of Cr3+-ions [62]. The bands of Cr3+-ions in
lead-glasses appeared in a similar position than in soda-lime silicate
glasses [62], but their intensity can decreasewith the increase of basicity
of the glass matrix [42]. On the contrary, the bands of Fe3+-ions are
moved to larger wavelengths in rich-lead matrixes [62]. The different
colorations of the enamels in thewindow are due to the presence of dif-
ferent chromophores in different concentrations (Fig. 8a). Together
with these maximums, it is possible to observe the absorption of the
glass matrix at low wavelengths (Fig. 8a), because a high content of
lead in the glass favors the movement of the matrix absorption bands
into the visible region of the electromagnetic spectrum [62]. Some of
the brownish areas detected in the false-color map of the panel, mainly
in the upper frame (Fig. 7), were misinterpreted because of the color of
the decorative elements of the buildings.

In contrast to the vegetation, the flowers of the Atelier window pre-
sented a pinkish-purplish and red color (Figs. 1b, 7). The flowers pre-
sented their original enamel in a very good state of conservation. The
pinkish-purplish color was due to the presence of Mn3+-ions in the
enamels (Fig. 8b). It is interesting that, even when the color is appar-
ently similar to the otherwindow, the shape of the spectra is completely
different. The change in the base glass influenced the atomic surround-
ings and moved the absorption band to higher wavelengths (Fig. 8b).
The color variations were also motivated by the addition of other chro-
mophores to the enamel such as copper or cobalt oxide (Fig. 8b) [60].

The red flowers presented the characteristic spectrum of the Plasmon
resonance of the copper colloids (Fig. 8b), and the yellow pistils of the
flowers were made by the silver staining with nanoparticles of silver on
the uncolored support glasses. These areas showed the band characteris-
tic of the Plasmon resonance of the silver colloids at 415 nm, together
with a low contribution of the Plasmon resonance of the copper colloids
at 552 nm due to the proximity of the pistils to the petals (Fig. 8b).
Fig. 8. Transmittance spectra measured by the Visible Hyperspectral Imaging system for
a) Blue, green and brown glasses, b) Yellow, red, and purple glasses, from the window
panel in the Atelier. The colors of the plotted spectra resume the false colors used in the
mapping of Fig. 7.
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4. Conclusions

This study showed the implementation of the methodology for the
in-situ characterization of the glass color in the stained-glass windows
from the Casa-MuseuDr. Anastácio Gonçalves (Lisbon, Portugal) by Vis-
ible Hyperspectral Imaging. The great novelty of theworkwas the use of
natural sunlight as illumination. Themain disadvantage of this method-
ology was the variation in the intensity of the sunlight during the day,
which significantly affected the spectral transmittance. Nevertheless,
this interference did not affect the spectral features of each different
color that allowed the identification of the chromophores. Concerning
the glass color, highly saturated spectra were difficult to interpret and
light colors were affected significantly by external features.

Regarding the analysis of the stained-glass windows, the Dining
Room glass window present glasses colored in bulk with iron, manga-
nese, cobalt, copper, and chromium; silver staining, copper ruby and
iron-amber glasses were also detected to create the warm colors. The
Atelier panel was made with uncolored glasses painted with grisaille
and enamels; the chromophores of these paintings were iron, manga-
nese, cobalt, copper, and chromium; however, they showedwavelength
shiftings due to the high content of lead and/or borax in the glass paint-
ing matrixes.
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