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The interaction between daylight
and fifteenth and sixteenth century
glass windows from the Low
Countries

Wendy Meulebroeck'*, Karin Nys?, Mathilde Patin® & Hugo Thienpont*

The positive impact of daylight on various forms of life is well understood. The daylight conditions a
person experiences inside a building strongly depend on the character of the glazing. Contemporary
windows maximize the transmission of visible daylight. In post-medieval times glassmakers were
confronted with less pure materials. Driven by the Reformation and Counter-Reformation they were
at the same time challenged by the demand for increased daylight. Luckily, technological evolutions
allowed the production of thinner windows. It is currently an open question if glassmakers in the
(Southern) Low Countries during the booming economic period from the fifteenth to seventeenth
century made use of the interplay between material and fabrication properties to bring light into
the darkness. Therefore, this paper links the impact of glass purity and production technique to

light transmission for a well-diagnosed group of excavated glass window pieces from the castle

of Middelburg-in-Flanders and a set of roundels, all dating back to between the fifteenth and
seventeenth centuries and explores what factors have influenced this technological improvement.

A non-destructive approach making use of UV-vis-NIR absorption spectroscopy unveiled that the
more recent material is less pure compared to the older dated material but that light transmission was
maximized due to the applied production technique.

The golden age of Flanders and its changing window functions. The economic importance of the
Low Countries from the fifteenth to seventeenth century is incontestable. Geographically, the Low Countries are
located in Northwestern Europe, forming the coastal lowland region of the Rhine-Meuse-Scheldt delta consist-
ing of the modern Benelux countries, including additional parts of Northern France and Western Germany.
Between 1480 and 1560, the most populous cities were located in the counties of Flanders, Brabant and Hol-
land. Cities with access to the sea, such as Bruges in the fifteenth century and Antwerp and Amsterdam in
the sixteenth century, experienced flourishing international trade' and a flow of technological knowledge. One
example is the production of plain window glass, which in the fourteenth century was monopolized by the glass-
making families of Normandy and Lorraine but diffused towards the Low Countries in the course of the succes-
sive centuries. The expanding economy, based on mercantilism, resulted in the emergence of a wealthy middle
class, which likewise powered technological innovations. In the case of window glass, the improved Lorraine
method allowed the fabrication of larger and more even glass sheets resulting in cheaper windows that could be
afforded by others than the wealthy?. This gave rise to an increasing popularization of windows in secular build-
ings from the fourteenth century onwards. These non-figurative windows were constructed by a huge number of
small panes joined by lead strips. Various grid patterns were employed over time, including round and diamond
(‘lozenge’) shapes typical for the late medieval (fifteenth century), whereas quadrangular shapes were popular
during the Renaissance (sixteenth century)?. Often, a window was decorated with a so-called stained-roundel,
which is an unipartite glass panel rarely exceeding 30 cm in any dimension, whether circular, rectangular or
oval, to which vitreous paints were applied and then fired'. The sixteenth century was a flourishing period for
roundel production in the Low Countries. To meet the high demand, glass-painting ateliers produced the roun-
dels on a semi-industrial scale. This booming roundel business was definitely driven by the Reformation and
Counter-Reformation"*. Indeed, the declining importance of the stained, full-colour glazing of churches and
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other religious buildings forced glass painters to eventually look for different and new customers. Responding
to the needs to bring as much light as possible to the interior to help worshippers read the Bible, glass painters
turned increasingly to the production of panels painted in a brilliant style>. This preference for clear daylight also
holds for the non-figurative window fenestration.

Glass production in late medieval and renaissance northern Europe. Glass production started in
the eastern Mediterranean region approximately 2700 years earlier than the glass studied in this paper. The glass
industry migrated throughout the Mediterranean towards Europe. Therefore, by the fifteenth century, much was
known about the glass-producing technique, which traditionally includes the activities of glassmaking, glass
melting and glass forming. Glassmaking is the preparation of molten glass (fritting) from its basic raw materi-
als which are silica (sand) as a network former and alkalis as network modifiers (flux). Between the eighth and
tenth centuries, the centralized model of glass production collapsed, and European glassmakers started using
locally available sands and plant ashes to produce glass®. In contrast to Near and Middle East sands, the sands of
many European areas were too impure to be used for glassmaking without prior purification treatments. Oxides
of potassium were employed as a principal network modifier to lower the temperature. This is used as a replace-
ment of the oxides of sodium. The raw ingredients had to be chemically balanced because the addition of too
much alkali increased the water solubility of the resulting glass. Other oxides such as calcium oxide (lime) acted
as counterbalancing stabilizers. Knowledge on these working practices in the early days of glassmaking was
obtained in an empirical way, most likely based on trial and error and then documented in glassmaking recipes.
The twelfth-century manuscript Treatise on Diverse Arts by Theophilus Presbyter”? is the earliest historic source
for medieval and post-medieval glassmaking. Precise instructions on the selection and preparation of the raw
materials are given together with a work plan for making crucibles out of clay. Furthermore, it brings in the rec-
ommendation to use moderate temperatures and to stir the frit to avoid the forming of lumps.

The alkali source came from the burning of mature trees, including beech and oak, or forest plants such
as ferns or bracken’. The various melting properties of each alkali-rich material had implications for the tem-
perature and time required to melt the batch. As reported by Jackson and co-workers, glassmakers were skilled
and competent artisans who understood their materials. One proof is their knowledge on the preferred use of
either beech or bracken ash and sand instead of oak and sand mixtures, allowing glassmakers to work at lower
temperatures and requiring them to use less fuel for their production'’. The applied furnace technology was
another factor that strongly impacted the melting conditions®. As illustrated in the literature*!!, various types
of furnaces were employed in the Northern European glass tradition characterized by differences in size, shape
and building materials, taking into consideration the essential element of heat sharing between the main and
subsidiary furnaces.

Glass composition in late medieval and renaissance northern Europe. The variation in applied
fluxes together with regional differences in soil compositions, resulted in a high variability in major elemental
composition. Moreover, it has been proven that glasses produced with ashes, which were harvested at various
times throughout the growing season, differed in composition'>. Wood/plant ash glasses are typically subdi-
vided into potash and high-lime-low-alkali (HLLA) glasses based upon their K,0/CaO ratio'. Researching the
relation between glass type and chronology has shown that fifteenth-century material tends to be potash glass,
whereas glass from sixteenth and seventeenth contexts often has an HLLA glass signature. However, an overlap
exists between the uses of both glass groups for the early periods. According to the literature, the time transition
point from potash towards HLLA glass strongly depends on the region. HLLA glass was identified by Wede-
pohl in German sites from fourteenth to seventeenth-century contexts'*!*. From the second half of the fifteenth
century to the end of the seventeenth century, both potash glass and HLLA are present in Northern France'.
Initially, potash glass was mainly appearing in the northwestern region, and HLLA glasses were appearing in the
northeastern region close to the German borders. Afterwards, the diffusion of HLLA glasses from east to west
was observed'®. For England, the research of Dungworth and co-workers demonstrated the occurrence of HLLA
glasses from the second half of the sixteenth century onwards'S. References are scarce for the Low Countries. The
existing literature suggests that most of the non-figurative fifteenth- to seventeenth-century material is HLLA®
and that the composition of the roundel glass of the Low Countries does not show significant difference from
ordinary window glass, with HLLA glass being the dominant glass type'”.

Unravelling the interplay between glass technology and daylight transmission. For the non-
figurative windows, the small size of the panes and the lead cames contributed to a window that would transmit
much less light than our modern windows'S. Another aspect that influenced the light transmission was the non-
whitish tint of the glass originating from the applied raw materials. Naturally coloured glasses mainly owed their
colour to iron impurities, which were present in the raw materials. In most silicate glasses, the two oxidation
states Fe** and Fe** simultaneously occurred. The iron redox ratio (Fe?*/Fe**) was influenced by the used raw
materials'®. Apart from the purity of the raw materials, the glass-forming technique could have also played an
important role. Craftsmen could, for example, have tuned the glass thickness with the purity of the raw materials.
Since Roman times, glassmakers were applying spinning techniques to produce window glass using either the
crown or the cylinder glass technique. To obtain crown glass, a glass was blown as a bubble that was then opened
and spun around to form a disk of glass. The cylinder glass technique consists of blowing a glass bubble that is
elongated to form a cylinder, which is then cut open and flattened”. Until the last quarter of the sixteenth century,
two production centres dominated the glass market: French (Normandy) crown- and the Lorraine (Rhine area)
cylinder-production centres. In the fourteenth century, improvements in the cylinder technique, which probably
first took place in Bohemia, resulted in an increased flatness of the window surface. This knowledge was taken to

Scientific Reports |

(2021) 11:21338 | https://doi.org/10.1038/s41598-021-00359-7 nature portfolio



www.nature.com/scientificreports/

Lorraine?. In the second half of the seventeenth century, migrations of glass workers took place due to economic
and political reasons, resulting in the diffusion of crown- and cylinder glass-production centres located in the
Low Countries, England, Germany, France and so on'®".

The principal goal of this paper is to investigate if a chronological evolution exists in the amount of light that
was transmitted through non-figurative windows. Starting from two selected subsets of window fragments that
are attributed to the fifteenth and sixteenth centuries, respectively, we first study the glass purity and bring this
into relation with the glass thickness, after which we compare the calculated transparency values. As a subse-
quent question, we will research if the glass sheets were imported or were produced locally. We also have the
idea to explore if one was preferred over the other in view of the purity of the materials. In a final step, we will
compare the purity and transparency properties of a selection of roundels, with known dating and all originating
from the Low Countries, with those of the non-figurative windows. Most of the investigations were carried out
with Ultraviolet-visible-Near-InfraRed (UV-vis-NIR) absorption spectroscopy because our research group has
proven that this non-destructive technique is especially suitable to make a first-line classification of glass frag-
ments based on their iron ion concentration levels'>?. In doing so, we also fulfilled the requirement of avoiding
the use of destructive material analysis techniques on the full collection. This methodology is possible thanks to
modern technological developments that led to the availability of handheld X-Ray-Fluorescence equipment®?,
mobile Raman instruments**?* and portable spectrometers®? allowing a non-destructive material analysis.
Chemical analyses made on a subset of 11 sampled pieces of the non-figurative window collection, allowed us
to define the major elemental composition.

Materials

The first case study concerns a collection of 29 non-figurative window glass fragments that were excavated on
the site of the castle of Middelburg-in-Flanders (Maldegem, East Flanders province, Belgium). The castle was
founded during the mid-fifteenth century by Pieter Bladelin, who was a counsellor of the Dukes of Burgundy. It
had fallen into ruins by the beginning of the eighteenth century?. This sample set was selected because earlier
research has shown that the samples can be classified into two distinct groups all linked to specific aspects that
are relevant for our research?”. A first group contains five fifteenth-century lozenge-shaped fragments produced
with the crown technique. The second group (24 fragments) contains 16th-century material fabricated with the
cylinder-production technique characterized by the quadrangular pattern shape. We abbreviated these types in
the figures (captions) and when reporting quantitative data as ‘L. and ‘Q;, respectively.

For the second case study, we selected six roundels whose dates span the centuries of interest starting in the
first half of the sixteenth century (IA552 and AV1172) and proceeding towards the mid- (IA4019) and second
half (AV1172) of the sixteenth century and ending in the seventeenth century (IA4039 and AV8097). All pan-
els originate from the (Southern) Low Countries and are linked to either the modern Antwerp (AV1171 and
AV1172), Brussels (IA552) or Leuven (IA4019 and 1A4039) region. Panel AV8097 could not be linked to a specific
region based on its stylistic properties. The literature presents pictures and descriptions for IA552%, AV1171%,
AV1172%,1A4019% and AV8097%. Roundel IA4039 is attributed to the famous 17th-century glass painter Jan
de Caumont’ from Leuven.

Results and discussion

The sixteenth-century non-figurative windows transmit more light compared to their fif-
teenth-century counterparts, despite the less pure character of the applied materials. To
investigate the glass-transmission properties, we started from the recorded optical transmission spectra. Tran-
sition metal ions absorb light in the UV-vis-NIR region of the electromagnetic spectrum at fingerprinting
wavelengths that have been frequently reported in the literature'®. Earlier research of our group has shown
that, for naturally coloured plain-glass fragments, the absorption bands of iron,—in particular, but often also of
cobalt—are observable in the recorded spectra®. Therefore, iron and cobalt are the main drivers hampering light
transmission through the windows. The shapes of the recorded spectra indeed demonstrate the presence of both
iron ion types Fe** and Fe®* (Fig. 1). The presence of divalent iron is designated by a characteristic absorption in
the NIR region at 1100 nm'®?*!, whereas the trivalent iron bands are situated in the UV region of the spectrum
with distinct bands close to 380, 420 and 440 nm. Figure 1 points out the positions of the iron-absorption bands
using solid lines. A clear difference in UV and NIR absorption is observed between the lozenge and the quad-
rangular group, indicating a difference in Fe?* and Fe** impurity levels (Supplementary Table S1). In addition to
iron, cobalt impurities are also present. Cobalt is characterized by the presence of three successive absorption
bands close to 535 nm, 596 nm and 640 nm (for soda-rich glass) attributed to the Jahn-Teller split transition
A2—T1(P) of Co*"'8. The positions of these bands are plotted as dashed lines in Fig. 1. For all 29 fragments,
these cobalt bands are observed. The weak presence of the peaks, as well as the knowledge that very small con-
centrations as low as 50 ppm for a 2-mm-thick sample can be observed in optical spectra®, allow us to conclude
that cobalt is present at the impurity level but in much lower concentrations compared to the iron-impurity lev-
els. In relation to iron, cobalt has stronger light-absorption properties, which are caused by its higher extinction
coefficient'®. Chemical analysis made on a subset of 11 sampled pieces (Supplementary Table S2) confirmed the
difference in iron (XFe=Fe®* + Fe®*) concentrations. Compared to the lozenge glass, the quadrangular group is
characterized by higher £Fe concentrations (1.1 wt.% +0.04 versus 0.6 wt.% + 0.05)°. The cobalt concentrations
were below the detection limit of the applied technique.

A first optical measure that will be employed to ‘quantify’ the purity of the 29 non-figurative window samples
is the glass colour. When the sample is purer, its colour values are more closely positioned to the white point of
the colour diagram. Apart from the purity of the sample, the thickness also affects the colour. We therefore need
to calculate the so-called intrinsic colour, which is the colour with the sample thickness normalized to 1 mm.
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Figure 1. Transmission spectra normalized to a 1-mm glass thickness show the presence of iron and cobalt
impurities. Solid (Fe** and Fe**) and dashed (Co*") lines mark the absorption band positions. The differences in
UVAE values are visualized.
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Figure 2. The paler appearance and purer character of the lozenge glass (filled diamond) compared to the
quadrangular glass (filled square) is proven by its CIELab colour values, which are closer positioned to the
origin of the axes.

Important to remark is that we use the thickness at the glass material position where the light transmission was
measured. It goes without saying that, at this location, all deterioration must be removed prior to measure-
ment. For the hereto reported set of samples, Hilde Wouters performed this pre-processing step. Being a glass
conservator, she had the necessary expertise and tools to clean a measurement region of approximately 12 mm?.

The calculated colour values are supplemented with two additional optical parameters. This is needed because
care needs to be taken when trying to map intrinsic glass colour to glass purity because a manipulation of the
redox condition can lead to various colours starting from the same glass composition. Therefore, when studying
iron impurities in naturally coloured glass, a combined study of the intrinsic colour with the UV-absorption
edge (UVAE) values and the absorbance at 1100 nm is advised®. This absorbance value is directly proportional
to the Fe?* concentration'®*!. Charge transfer absorptions between oxygen and trivalent iron ions cause glass
absorption in the UV region. At higher Fe** concentrations, the UVAE shifts to longer wavelengths. Other fac-
tors influencing the position of the UVAE are the presence of other ions, such as Fe?*, Ti** and Mn?*, the alkali
content and the thermal history of the glass fragment™®. Therefore, the UVAE is only an indicative parameter for
Fe** glass impurities. Recent research of our group has demonstrated the need to deviate from the standard UVAE
definition applied for modern glasses when one is dealing with ancient glasses®. For ancient glasses, the UVAE
must be obtained by fitting the transmission spectrum for 1-mm material with a linear curve in the ultraviolet
spectral region and by determining the wavelength at which the fitted line goes to zero. As an illustration, we
have plotted in Fig. 1 the linear curves that we fitted to the two showing light-transmission curves.

The calculated colour coordinates (Supplementary Table S1) show that the lozenge glass has a paler hue com-
pared to the more greenish quadrangular glass, with colour values being more closely positioned to the origin
of the axes on the CIELab colour system (Fig. 2). On the abscissa, the values of a indicate green to red colours,
whereas b changes from blue to yellow. The origin of the axis indicates the absence of colour. We selected this
colour space because the same amount of numerical change in CIELab values corresponds to roughly the same
amount of visually perceived change®*. As can be seen in Fig. 2, all samples cluster in two well-separated groups
(L:a-24%0.6and b2.8+1.1; Q:a—4.6+0.4 and b 7.3£0.9). This classification is mainly due to a difference
in absorption in the UV region (Fig. 3). The obtained UVAE values for the lozenge group range between 333
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Figure 3. A clear difference in the UV-absorption edge value is visible between the lozenge (filled diamond)
and the quadrangular glasses (filled square), confirming a difference in impurity levels between both glass types.

and 340 nm (335.9+2.3), whereas the UVAE values for the quadrangular group are situated between 342 and
366 nm (347.2+6.1).

Next, we quantified the colour difference a glass maker would have observed between two 1-mm-thick glass
samples with glass purities respectively equal to those of the lozenge and the quadrangular group. Starting from
the two colours in the CIELAB space, which are the average intrinsic colour values for the two glass types, we
calculated the colour difference AE,, using the CIE76 formula®. Whereas a AE,, value of ~2.3 corresponds to a
just noticeable difference by a standard human eye, the colour difference we observed is 6.4 +0.84. The difference
in glass purity is thus distinguishable to the eye.

The observed dissimilarity in purity between the two groups indicates that various glass recipes and/or raw
materials were employed, leading to different furnace conditions. Combining the optical and chemical data',
we estimated the Fe?*/ZFe ratio (Supplementary Table S1) and concluded that both iron ion types are present
in the two groups with Fe?*/ZFe values ranging between 0.37 and 0.55 wt.% for the lozenge group, as well as
between 0.27 and 0.34 wt.% for the quadrangular group, indicating that the quadrangular group is slightly more
oxidized compared to the lozenge group. The latter is confirmed by the longer UVAE values for the quadran-
gular group®. We remark that the lozenge samples have higher MnO concentrations (0.7 wt.%+0.1 versus 0.5
wt.%+0.01), which might indicate a deliberate addition of manganese to counteract the natural colour of iron.
Moreover, we note that the overall alkali concentrations for both groups are comparable (wt.% [Na,O +K,O]
equal to 7.8 +£0.3 and 7.8 £0.9 for Q. and L., respectively) and as such have no additional influence in augment-
ing oxidizing conditions®.

In a next step, we related our observations on the glass purity, with the glass thicknesses measured during the
macroscopic research. It was reported that both identified groups not only differ in shape but also in thickness?”.
The lozenge material is at least 3 mm thick, whereas the quadrangular material features a thicknesses of up to
2 mm. These observations point to an inverse relationship between glass purity and glass thickness.

From the previous paragraphs, we know that, on the one hand, a difference in purity exists between both types
of fenestration. On the other hand, we are also aware of an occurring difference in material thickness. Therefore,
the question arose if there is a noticeable difference in transparency between the two types of windows. The
transparency is calculated from the transmission spectra (Supplementary Table S3). A fully transparent window
characterized by a 100% transmission over the entire visible wavelength range (380-780 nm) has a transparency
value of 100%. The calculation was performed on simulated spectra starting from the intrinsic spectra. As we
explained before, the high level of material deterioration required a cleaning of the material prior to the optical
recording. As simulated thicknesses, we applied the boundary values obtained from the macroscopic research?’
(i.e. 3 mm for the lozenge glass and 2 mm for the quadrangular glass). Transparency values are linked to the
L colour parameter, which quantifies the brightness of the transmitted light. Therefore, we calculated both the
transparency and the brightness values. Figure 4 shows the results, which demonstrate that, despite the greener
tint of the quadrangular material, this window type transmitted more daylight compared to the lozenge windows
due to its lesser thickness (L.: 21% + 16% of transparency; Q.: 34% +7%). The large variations on the calculated
values are induced by the more severe weathering conditions of the lozenge material, inducing larger errors on
the measured sample thicknesses and, as such, on the derived intrinsic transmission spectra.

The raw materials most probably originated from local workshops. Further study of the cobalt
band positions provided the first hints of a calco-potassic composition. Earlier research showed that the ligand
field strength influences the positions of the absorption peaks, and therefore, a change in chemical composition
results in a shift of the bands. Pieces of glass from the calco-calcic glass family have their first cobalt absorption
band located at shorter wavelengths (~ 526.5 nm + 1.5 nm) compared with soda-based glass compositions, where
the band is shifted towards longer wavelengths (535 nm+2 nm)*. Starting from the chemical composition and
following the schemes available in literature®*, both glass pattern shapes were assigned to different HLLA sub-
groups (Supplementary Table S2). All glass pieces have CaO/(CaO +K,0) greater than about 0.75 (0.78 £0.05
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Figure 4. The transparency and brightness (L colour coordinate) values calculated from the simulated light
transmission spectra with fixed thickness (3 mm for lozenge and 2 mm for quadrangular) show a higher light
transmission for the later-dated quadrangular window glass.

Belgium Belgium Belgium France France Germany UK
Type A III (Barrera & Type A IV (Barrera & ‘Wood ash lime

This work L | This work Q | Group B (Schalm) | Velde) Velde) (Wedepohl) HLLA 2a (Dungworth)

15th. ¢ 16th. ¢ 15th-17th ¢ 15th-16th ¢ 16th-17th ¢ 1400-1600 AC ¢. 1567-c. 1600
Sio, 60.4+7 60.5+0.7 56+2 55.86+3.82 60.4+1.8
ALO, 3.8+£0.6 3.740.1 3.7+£0.8 2.50+0.87 2.8+1.0
Fe,0; 0.6+0.1 1.1+0.1 1.1+£04 0.82+0.35 1.01+£0.20
MnO 0.7£0.1 0.52+0.01 1.2+0.6 1.28+0.71 0.94+0.37
Na,O 1.4+0.5 2.0+£0.1 1.0+0.6 0.1-0.3 0.3-0.4 2.58+0.67 1.4+0.7
K,O 64+14 5.84+0.3 7.1£0.9 5.10+1.53 5.6+1.6
MgO 29+0.4 2.8%0.1 3.7+£0.3 1.8-2.9 2.1-2.6 4.06+0.58 34£0.5
CaO 20.4+0.7 20.8+0.4 23+1 23.69+£2.23 21.5+1.9
K,0/Ca0 0.3+0.08 0.3+0.01 0.3+0.1 0.1-0.4 0.1-0.25 0.22+0.08 0.3+£0.1
Cl 1.1+0.5 1.0+0.1 0.2£0.1 0.40+0.16 0.3£0.2
P,0; 1.6+0.3 1.3+0.1 2.7+£0.8 3.34+0.82 2.1£0.2

Table 1. Comparison between glass identified in this work and fifteenth to seventeenth c. material from
Belgium?, fifteenth to seventeenth c. French material'®, fifteenth to seventeenth c. wood ash lime glass from
Germany', and British sixteenth to seventeenth c. material'®.

and 0.76 +£0.05 for Q. and L., respectively) with less than about 10% alkali (Na,O + K,0). Indeed, subgroups are
often easily defined due to the inhomogeneity of post-medieval and Renaissance glass pieces. Examples of HLLA
subclassifications are diverse in the literature, including the HLLA(I-IIT) groups distinguished at a Polish excava-
tion site and the HLLA(A-E) groups defined during the study of Belgian non-figurative window fragments®?’.

In what follows, we analyse and discuss the differences in applied glass technology and in the geographical
locations of the glass production centres. First, we compare the chemical data of the major elements (Supplemen-
tary Table S2 and reference®), with published data (Table 1) on regional specific potash-lime glass compositions
from the broad region neighbouring Middelburg-in-Flanders. Making a comparison with the Belgium region
was possible in this study due to the work of Schalm, who studied a set of 434 window glass fragments from 12
sites in Belgium®. In this paper, we focus on his ‘Group B’ because of the reported fifteenth to seventeenth-century
dating. This group contained 59 samples. For the French glass composition, we refer to the study of Barrera and
Velde on 11 individual sites'. In their paper, the potash-lime groups are indicated as Type A with respective
subgroups III (second half of fifteenth to the end of the sixteenth century) and IV (end of 16th to the end of
the seventeenth century). A group of 30 samples originating from four German sites define the wood ash-lime
group that Wedepohl described'*. Finally, for post-medieval England, we refer to the HLLA 2a group (c. 1567-c.
1600) that Dungworth identified'®. Here, the study encompasses samples originating from several sites scattered
throughout the broad English region.

Starting from the reported dating of the different considered groups, we selected the following material
for comparison with the fifteenth century dated lozenge material: Group B with Belgian material (fifteenth to
seventeenth century), Type A III group with French material (fifteenth to sixteenth century) and the wood ash
lime group containing German compositions (1400-1600 AC). The soda levels of the lozenge group (1.4+0.5
wt.%) are in the range of those reported for the Belgian HLLA Group B material (1.0 £0.6 wt.%). The French
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Figure 5. Plotting the Na,O concentration against the K,0/CaO ratio shows that all groups have comparable
K,O/CaO ratios but deviating soda levels. Considering all groups with a fifteenth century assignment shows
that the lozenge group (filled diamond) best matches Group B of Schalm. The same exercise used for the
quadrangular group (filled square), unveils some overlapping behaviour with the German wood ash lime that
Wedepohl researched, as well as the British HLLA 2a material that Dungworth described.
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14 1 (HLLA 2a)

12 + Middelburg (Q.)

K10 1 '—«»—r

Schalm (Group B)

308 + ¢
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[N
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Figure 6. The Mn-Fe chart shows that the lozenge material (filled diamond) has lower iron levels compared
with the Group B material that Schalm reported. Meanwhile, the quadrangular material (filled square) unveils
iron and manganese levels which are close to those of the Group B material of Schalm and the HLLA 2a group
of Dungworth.

Type A III samples provide the compositions with the lowest amount of soda (0.1-0.3 wt.%), whereas the Ger-
man material is on average characterized by higher soda levels (2.58 +0.67 wt.%). The K,0/CaO contents of all
groups are in the same range with average values close to 0.3 wt.% (Fig. 5). The same observation is true for the
MgO levels (L.: 2.9 0.4 wt.%, Belgium Group B: 3.7+ 0.3 wt.%, French Type A III: 1.8-2.9 wt.% and German
wood ash lime: 4.06+0.58 wt.%). A final aspect that discerns the lozenge group samples is the observation of
a lower iron concentration (0.6+0.1 wt.%) in comparison with the other groups (Belgium Group B: 1.1+0.4
wt.% and German wood ash lime: 0.82£0.35 wt.%). All groups show manganese concentrations in the same
order of magnitude (Fig. 6).

For the quadrangular material, we performed the comparison of the fifteenth to seventeenth centuries mate-
rial Group B with Belgian material supplemented with the sixteenth to seventeenth centuries Type A IV material
of France, the wood ash lime group with German material and the HLLA 2a group (c. 1567-c. 1600) identified
for the British region. As with the lozenge material, a similarity in soda levels is also observed here between
the Middelburg-in-Flanders material (2.0+0.1 wt.%) and the comparative Belgian Group B material (1.0+0.6
wt.%). Also, the British group HLLA 2a material (1.4+0.7 wt.%) and the wood ash lime group from Germany
(2.58 £0.7 wt.%) show soda levels that are within the error margins. These soda concentrations are much higher
than that of the French Type A IV material (0.3-0.4). As with the lozenge group material, here, all considered
groups are also characterized by comparable K,0/CaO ratios (close to 0.3 wt.%) (Fig. 5) and MgO contents (close
to 3 wt.%). The Mn-Fe chart (Fig. 6) shows that the quadrangular material has manganese levels which are close
but slightly lower (0.52+0.01 wt.%) compared with the Belgian (1.2 £0.6 wt.%), German (1.28 +0.71 wt.%) and
British (0.94 +0.37 wt.%) materials. The iron levels are all within the same range, approximately 1 wt.%.

The above-described findings might favour the identification of local production. Knowing the typical high
variability in major elemental compositions due to regional differences in soil compositions and/or applied ashes,
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Figure 7. The colour values of the roundels show that the earlier roundel material (IA552, IA1172 and IA4019)
is purer compared with the later material (IA4039 and AV8097). The following symbol code was applied:

early 16th c. (diamond), mid-16th c. (circle), late 16th c. (triangle), and 17th c. (square). The colour filling of
the symbols represent the location of origin: Antwerp (red), Brussels (green), Leuven (purple) and undefined
(orange). The colour coordinates of the Middelburg material are plotted in grey.

we believe that both the lozenge and the quadrangular material from Middelburg were produced in the broad
area of the Low Countries. The difference in iron concentrations between the Middelburg samples and Group B
that Schalm reported, might have stemmed from the use of a different sand source, whether or not a potential
difference in the fluxing agent was also found. It is reported that seaweed ash leads to lower iron content than
beech wood glass pieces do*®. For the lozenge material, the strong correlation (R*=0.99) between sodium and
chlorine is apparent.

From the above explanations, we conclude that both glass pattern shapes were fabricated with different reci-
pes. This might not be entirely unexpected because for stained glass, the use of local materials appeared to be a
common practice during this period. Illustrations that support this statement are the reccommendations that the
Antwerp Guilds made to use local glass', as well as the Raman signal variability that was observed for stained
glass pieces originating from different locations®. On the one hand, the lozenge and the quadrangular glass could
originate from two different local glass workshops. In this case, the lozenge glass-production centre was likely
closer to the seaside, and the quadrangular material was produced closer to the eastern borders. The first factor
that supports this statement is the lower iron content potentially originating from seaweed ash for the lozenge
glass. The strong correlation between sodium and chlorine might also indicate that the glassmakers collected
their alkaline raw materials near salty seashores. Second, the seaside region is geographically closer to the French
region. The fact that the lozenge material was fabricated using the crown-glass production method highlights the
knowledge transfer that occurred from France towards other European regions, including the Low Countries. It
is an open question if the historically documented diffusion of French crown glassworkers arriving in England
in 1567 occurred through the Low Countries or if the diffusion to both regions occurred independently. Finally,
we remark the compositional similarities of the Middelburg material with the average compositions of 2a group
historic window glass pieces from England that Dungworth reported. This supports the existing trade between
mainland Europe and English glass producers'®. On the other hand, both glasses could have been produced at
the same workshop, and glass workers at a certain moment in time may have noticed that the cylinder method
was preferential in view of a higher light transmission, even if less pure raw materials were employed. The latter
might then explain the difference in the raw materials. The information that window glass manufactures were
taxed on the weight of the materials would obviously also have played an import role in the preferred use of the
quadrangular material leading to thinner glass sheets'®.

Independently of which of these two scenarios is the valid one, it is clear that fifteenth to sixteenth-century
glassmakers in the Low Countries were using technological innovations to maximize daylight transmission. The
researched colour difference AE,;, value of 6.4 between the two glass groups proves that the colour difference
was definitely notable to the glassmaker, and preference was given to maximize daylight upon the ‘whiteness/
colour’ of the windows.

Compared with the non-figurative window glazing, roundels transmitted more daylight. The
purer the roundel material, the more that light was transmitted. Because we were not permitted
to sample the material, the purity was studied based on the earlier described optical parameters. Roundels are
typically characterized by several areas with painted silver stain or grisaille layers. Therefore, it was important
to first identify those locations where no (or a minimum amount of) paint layer was present. Only for roundel
IA4039 did it appear that the entire surface was coated with a thin grisaille layer. An analysis of the optical
parameters demonstrated that a parallel could be drawn between the purity of the non-figurative windows and
the roundels. For example, the earlier material (IA552, IA1172 and 1A4019) is purer compared with the later
material (IA4039 and AV8097) (Supplementary Table S4). In comparison with the older dated roundels, the
colour coordinates of roundels IA4039 and AV8097 are further away from the origin of the Lab colour diagram
(Fig. 7), and their UVAE values are also higher (Fig. 8). The deviant purities of roundels IA4019 and 1A4039,
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Figure 8. Plotting the UVAE values against the absorption values at 1100 nm confirms the purer character of
the earlier material. The same legend code as in Fig. 7 was applied.
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Figure 9. The brightness and transparency values show that more daylight was transmitted through a roundel
compared with the non-figurative window glazing. The same legend code as in Fig. 7 was applied.

which both originate from the same region (Leuven), prove that the difference in glass purity is not caused by the
geographical location of the workshop but rather to a chronological difference in applied production technique.
At first sight, roundel IA1171 appears to be an outlier. Based on its stylistic properties, this roundel was classified
in the second half of the sixteenth century, while its glass purity matches with that of the later non-figurative
window material. It is an open question if this roundel was painted on a bare glass sheet that was still in stock
from an earlier date or if the glass purity transition point for roundel material must be situated at the end of the
sixteenth century. Another observation is that every optical parameter, measured at different locations within
one roundel, leads to a specific cluster and that the different clusters do not overlap. Another remarkable notice
is that for each of the earlier defined non-figurative window groups, a roundel was found for which the colour
values, the absorption at 1100 nm and the UVAE values, overlap. These are roundel IA552 for the lozenge group
and roundel IA4039 for the quadrangular group.

Finally, we studied the daylight transmission of these roundels (Fig. 9) and concluded that more daylight was
transmitted through the roundels compared with the non-figurative window glazing. This is with the exception
of roundel IA4039. The higher absorption might stem from the grisaille layer. The higher light transmission of
the roundels might reflect their social status (i.e., roundels were considered to be luxurious materials). A sec-
ond conclusion is that in contrast to the non-figurative window material, the purer roundel material resulted in
the highest daylight transmission, which originates from similar glass thicknesses (Supplementary Table S4).
This is seen in Fig. 9, where the transparency and brightness values of roundels IA1172 and 1A4019 are higher
compared with those of roundel AV8097. For this last roundel, it was noticed that despite its less pure material
character, transparency values could be obtained that are comparable to those of roundels produced with much
purer materials (roundels IA552 and IA1171). The reason for this can be ascribed to its lesser thickness (Sup-
plementary Table S4). We remark that this roundel might originate from the Northern Low Countries. After the
‘Fall of Antwerp’ in 1585, the Low Countries were more or less divided into the Protestant Northern Netherlands
and Catholic Southern Netherlands. In the sixteenth century, most roundels were executed on cylinder glass, but
it is reported in the literature that especially in the Northern Netherlands, crown glass made a comeback by the
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end of the seventeenth century due to fabrication improvements resulting in larger crown diameters, thinner
sheets and a better surface quality®.

Methods

Spectroscopic analysis. For each glass fragment, we recorded the transmittance spectrum T(\) from 250
to 1250 nm. With this spectral range, we are able to study all defined optical measures—the UVAE, the colour
values and the absorption bands in the visible part of the electromagnetic spectrum supplemented with the
iron-absorption peak around 1100 nm. We obtained the intrinsic spectra (1-mm-thick sample) by dividing the
calculated absorbance spectra by the measured sample thickness. To calculate the absorbance spectra, we used
the formula of A(\)= —log,T(A). For constructing the simulated spectra for a desired sample thickness, the
procedure consisted of multiplying the intrinsic absorption spectrum with the simulated thickness and calcu-
lating the corresponding transmittance spectrum. For recording the spectra, a spectral broadband light source
(Avalight-HAL + DHSBAL; Avantes) illuminated the sample. An optical spectrum analyser (AvaSpec-3648,
AvaSpec-256-NIR1.7; Avantes) was used to measure the transmitted intensity as a function of the wavelength.
The light that the light source emits, is focused to a spot size of 1.5 mm at the position of the glass fragment. All
of the transmitted light is then captured via an integrating sphere (AvaSphere-30; Avantes). Spectra are recorded
with a spectral resolution of 1.5 nm.

Colour analysis. The colour values which we represent on the widely used CIELAB colour space (CIELab)
are derived from the CIE 1931 XYZ colour values. For the first step, the measured transmission spectrum is mul-
tiplied with the colour matching functions and the spectrum of the CIE standard illuminant D65. We selected
this illuminant because it is one of the standard models of average daylight. The integration of the three obtained
spectra over the spectral region for which the human eye is colour sensitive (i.e., 380-780 nm) leads to three
values: X, Y and Z. These values allow us in a final step to calculate the Lab colour values with the aid of the
conversion formulas described in literature. Brightness value L is scaled between 0 (black) and 100 (white). The
chromaticity green-red component is represented on the a axis (green in the negative direction and red in the
positive direction), whereas the blue-yellow component is embodied by the b axis (blue in the negative direction
and yellow in the positive direction)*.

Calculation of the UVAE. We applied the methodology that our group previously defined to calculate
the position of the UVAE for archaeological glasses®. For modern glass pieces this position corresponds to the
wavelength at which the transmission is a certain percentage (10% or 50%) of the maximum transmission after
the normalisation of the spectrum to a 5-mm-thick sample®. In the case of archaeological glasses, normalizing
to a 5-mm-thick sample leads to too high of an absorption. In addition, the absorption bands of Fe** at 380, 420
and 440 nm hamper the determination of the UVAE position. Therefore, in this work, the UVAE is obtained by
fitting the transmission with a linear curve in the ultraviolet spectral region and by determining the wavelength
at which the fitted line goes to zero.

Calculation of the colour difference AEab. Starting from two colours in the CIELAB colour space of
(L1, a1, b1) and (Ly, a», by), the CIE76 colour difference formula is defined as 3

AEg = \/(Lz —L1)* + (a2 — a)* + (b — by)®

Chemical analysis. Scanning electron microscope—energy dispersive X-ray spectroscopy (SEM-EDX)
measurements were performed with a JEOL 6300 scanning electron microscope equipped with an energy dis-
persive X-ray detector. With this instrument, secondary electron and backscattered electron images (BEI) of the
embedded samples were registered. The spectra were collected for 200 s by using a 2 nA electron beam current,
an accelerating voltage of 20 kV and a microscope magnification of 500. These parameters were found to be suit-
able for the quantitative analysis of glass without significant diffusion of sodium during the irradiation. The net
intensities were calculated with the program AXIL (Analysis of X-rays by Iterative Least squares) and quantified
by means of a standard less ZAF program *.

Conclusion

This paper is the result of a close collaboration between art historians and optical engineers in the field of heritage
research, and it offers new insights into the interplay between used raw materials and fabrication technology in
the economic flourishing period from the fifteenth to the seventeenth century in the (Southern) Low Countries.
Starting from two well-diagnosed groups of excavated non-figurative glass window pieces, we researched the
combined influence of the purity of the raw materials and the glass thickness obtained with either the crown or
the cylinder method on the amount of transmitted light transmission. Earlier-performed macroscopic research
unveiled a difference in the obtained glass thickness between both glass fabrication methods. First of all, the
analysis of the recorded optical transmittance spectra demonstrated that the earlier-dated lozenge shaped glass
is purer compared with the more recent quadrangular material, mainly due to the lower iron-impurity levels.
Nonetheless, the study of the light transmission properties has shown that despite its better glass purity, the
lozenge glass is less transparent compared with the more greenish quadrangular glass. Linking the observations
of the spectroscopic research with earlier reported chemical data on a subset of samples allows us to conclude
that the glass was produced in (a) local workshop(s) employing different fabrication technologies regarding the
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use of raw materials. The fact that the more recent material is made from less pure materials but finally leads
to increased window transparency demonstrates that changing socio-economic realities prompted the ancient
glassmakers to innovate. In a second case study, we assessed these research findings and studied six roundels
originating from glass ateliers located in the (Southern) Low Countries. For this glass material, we also observed
an evolution towards less pure materials in later periods. Despite this, more light was transmitted through the
roundels compared with the non-figurative windows due to their lesser thickness. This can be seen as proof for
their status as a luxury commodity.

The above-described insights on glass technology and the related daylight transmission indicate that as is the
case in today’s world, societal and cultural needs strongly drove technological innovations, and glassworkers defi-
nitely succeeded in increasing daylight transmission as required by the Reformation and Counter-Reformation.
This work can further contribute to historic research conducted in an attempt to unravel the relation between
glazing choices and related social and economic encounters.

A similar research methodology can be applied in future research to validate the findings of this paper with
materials from other sites, including the full range of existing glass pattern shapes.

Received: 26 May 2021; Accepted: 11 October 2021
Published online: 29 October 2021

References

1. Husband, T. B. The silver-stained roundel in northern Europe. in Investigations in Medieval Stained Glass—Materials, Methods,
and Expressions (eds. Carson Paston, E. & Kurmann-Schwarz, B.) 307-319 (Brill, 2019).

2. Davison, S. Conservation and Restoration of Glass (Butterworth-Heinemann Series, 2003).

3. Schalm, O, Janssens, K., Wouters, H. & Caluwé, D. Composition of 12-18th century window glass in Belgium: Non-figurative
windows in secular buildings and stained-glass windows in religious buildings. Spectrochim. Acta Part B At. Spectrosc. 62, 663-668
(2007).

4. Parker, J. M. & Martlew D. Stained glass windows. in Encyclopedia of Glass Science, Technology, History, and Culture—Vol. 1 (ed.
Pascal, R.) 1341-1359. (Wiley, 2021).

5. Berserik, C. J. & Caen, J. Silver-Stained Roundels and Unipartite Panels Before the French Revolution Flanders. Vol. 4: Addenda.
(Brepols, 2018).

6. Adlington, L. W. et al. Regional patterns in medieval European glass composition as a provenancing tool. J. Archaeol. Sci. 110,
104991 (2019).

7. Dodwell, C. R. The Various Arts (Translation of Theophilus’ De Diversis Artibus) (Thomas Nelson & Sons, 1961).

8. Hawthorne, J. G. & Smith, C. S. On Divers Arts: The Treatise of Theophilus (The University of Chicago Press, 1963).

9. Smedley, J. W. & Jackson, C. M. Medieval and post-medieval glass technology: batch measuring practices. Glass. Technol. 43, 22-27
(2002).

10. Jackson, C. M. & Smedley, ]. W. Medieval and post-medieval glass technology: Melting characteristics of some glasses melted from
vegetable ash and sand mixtures. Glass. Technol. 45, 36-42 (2004).

11. Charleston, R. J. Glass furnances through the ages. J. Glass Stud. 20, 9-33 (1978).

12. Jackson, C. M. & Smedley, J. W. Medieval and post-medieval glass technology: seasonal changes in the composition of bracken
ashes from different habitats through a growing season. Glass. Technol. 49, 240-245 (2008).

13. Wedepohl, K. H. & Simon, K. The chemical composition of medieval wood ash glass from Central Europe. Chem. Erde 70, 89-97
(2010).

14. Wedepohl, K. H. The change in composition of medieval glass types occuring in exvacated fragments from Germany. in Annales
du 14e Congres de I’Association Internationale Pour I'Histoire du Verre, Venezia Milano. 253-257 (2000).

15. Barrera, J. & Velde, B. A study of French Medieval glass composition. J. Glass Stud. 31, 48-54 (1989).

16. Dungworth, D. The value of historic window glass. Hist. Environ. 2, 21-48 (2011).

17. Caen, J. The Production of Stained Glass in the County of Flanders and the Duchy of Brabant from the XVth to the XVIIIth Centuries:
Materials and Techniques. (Brepols, 2009).

18. Bamford, C. R. Colour Generation and Control in Glass (Elsevier Scientific Publishing Group, 1977).

19. Ceglia, A. et al. Iron speciation in soda-lime-silica glass: A comparison of XANES and UV-vis-NIR spectroscopy. J. Anal. At.
Spectrom. 30, 1552-1561 (2015).

20. Ceglia, A. et al. Light through glass: The spectrum of Late Antique glass from Cyprus. J. Archaeol. Sci. Rep. 7, 614-624 (2015).

21. Dungworth, D. Historic windows: Investigation of composition groups with nondestructive pXREF. Glass. Technol. J. Glass. Sci.
Technol. Part A 53, 192-197 (2012).

22. Van der Snickt, G. et al. Chemical imaging of stained-glass windows by means of macro X-ray fluorescence (MA-XRF) scanning.
Microchem. ]. 124, 615-622 (2016).

23. Colomban, P. The on-site/remote Raman analysis with mobile instruments: A review of drawbacks and success in cultural heritage
studies and other associated fields. J. Raman Spectrosc. 43, 1529-1535 (2012).

24. Vandenabeele, P, Edwards, H. G. M. & Jehlicka, J. The role of mobile instrumentation in novel applications of Raman spectroscopy:
Archaeometry, geosciences, and forensics. Chem. Soc. Rev. 43, 2628 (2014).

25. Meulebroeck, W. et al. The potential of UV-VIS-NIR absorption spectroscopy in glass studies. in SPIE Proceedings Volume 8422:
Integrated Approaches to the Study of Historical Glass (eds. Thienpont, H., Meulebroeck, W., Nys, K. & Vanclooster, D.). Vol. 8422.
842208 (SPIE, 2012).

26. Palomar, T. et al. Analysis of chromophores in stained-glass windows using visible hyperspectral imaging in-situ. Spectrochim.
Acta Part A Mol. Biomol. Spectrosc. 223, 117378 (2019).

27. De Clercq, W. et al. Living in times of war: Waste of c. 1600 from two garderobe chutes in the castle of Middelburg-in-Flanders
(Belgium). Post-Medieval Archaeol. 41, 1-63 (2007).

28. Caen, J. & Berserik, C. J. Silver-Stained Roundels and Unipartite Panels Before the French Revolution Flanders. Vol. 3: The Provinces
of Flemish Brabant and Limburg. (Brepols, 2014).

29. Caen, J. & Berserik, C. J. Silver-Stained Roundels and Unipartite Panels Before the French Revolution Flanders. Vol. 1: The Province
of Antwerp. (Brepols, 2007).

30. Meulebroeck, W. et al. Optical spectroscopy applied to the analysis of medieval and post-medieval plain flat glass fragments
excavated in Belgium. in SPIE Proceedings Volume 7726: Optical Sensing and Detection (eds. Berghmans, F.,, Mignani, A. G. & van
Hoof, C. A.). Vol. 7726. 77261E (SPIE, 2010).

31. Weyl, W. A. Coloured Glasses (Society of Glass Technology, 1967).

Scientific Reports |

(2021) 11:21338 | https://doi.org/10.1038/s41598-021-00359-7 nature portfolio



www.nature.com/scientificreports/

32. Green, L. R. & Alan Hart, F. Colour and chemical composition in ancient glass: An examination of some roman and wealden glass
by means of ultraviolet-visible-infra-red spectrometry and electron microprobe analysis. J. Archaeol. Sci. 14, 271-282 (1987).

33. Scholze, H. Glass Nature, Structure, and Properties. (Springer, 1991).

34. Wyszecki, G. & Stiles, W. S. Color Science Concepts and Methods, Quantitative Data and Formulae (Wiley, 2000).

35. Ceglia, A. et al. Cobalt absorption bands for the differentiation of historical Na and Ca/K rich glass. Surf. Interface Anal. 44,219-226
(2012).

36. Dungworth, D. Historic window glass the use of chemical analysis to date manufacture. J. Archit. Conserv. 18, 7-25 (2012).

37. Kunicki-Goldfinger, J. J., Kierzek, J., Freestone, I. C., Malozewska, B. & Nawrolska, G. The composition of window glass from the
cesspits in the old town in Elblag, Poland. in AIHV Annales du 18e Congrés. 395-400. (2009).

38. Colomban, P. On-site Raman identification and dating of ancient glasses: A review of procedures and tools. J. Cult. Herit. 9, 55-60
(2008).

39. Schalm, O. & Janssens, K. A flexible and accurate quantification algorithm for electron probe X-ray microanalysis based on thin-
film element yields. Spectrochim. Acta Part A At. Spectrosc. 58, 669-680 (2003).

Acknowledgements

The research leading to these results was funded by the Vrije Universiteit Brussel (HOA15 & Industrial Research
Fund IOF & Methusalem) and by the Belgian Science Policy Office supported through contract no. BR/175/A3/
FENESTRA. The authors would also like to express their gratitude to Prof. W. De Clercq (UGent University,
Belgium) for granting us permission to study the material and to Hilde Wouters for the pre-processing of the
Middelburg material prior to the optical measurements. We are grateful to the curator of the flat glass collection
of the Art & History museum (Brussels, Belgium) Dr. Valérie Montens for providing access to the material and
to Adeline Vanryckel and Alain Carton for hosting us during the in-situ measurement session of the roundels.
A special thanks goes to Dr. Isabelle Lecocq for her input on the dating of the roundel material. We also thank
the MAS-Vleeshuis (Antwerp) for providing access to the material. In particular, we wish to thank the head of
the research MAS Dr. Leen Beyers and the former curator of the MAS | Collection Vleeshuis, Annemie De Vos.
In addition, we are also very grateful to Eva Meesdom and Morgane Pieters for hosting us during the in-situ
campaigns in the museum warehouse.

Author contributions

All authors contributed to the research as a whole. W.M. performed the spectroscopic research with support of
M.P. who recorded and processed the roundel spectra. The integrated analysis was done by W.M., M.P. and K.N.
H.T. facilitated the purchase of the instrumentation that was used for the absorption measurements. W.M. wrote
the manuscript and produced all figures shown in this paper. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-00359-7.

Correspondence and requests for materials should be addressed to W.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:21338 | https://doi.org/10.1038/s41598-021-00359-7 nature portfolio


https://doi.org/10.1038/s41598-021-00359-7
https://doi.org/10.1038/s41598-021-00359-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The interaction between daylight and fifteenth and sixteenth century glass windows from the Low Countries
	The golden age of Flanders and its changing window functions. 
	Glass production in late medieval and renaissance northern Europe. 
	Glass composition in late medieval and renaissance northern Europe. 
	Unravelling the interplay between glass technology and daylight transmission. 
	Materials
	Results and discussion
	The sixteenth-century non-figurative windows transmit more light compared to their fifteenth-century counterparts, despite the less pure character of the applied materials. 
	The raw materials most probably originated from local workshops. 
	Compared with the non-figurative window glazing, roundels transmitted more daylight. The purer the roundel material, the more that light was transmitted. 

	Methods
	Spectroscopic analysis. 
	Colour analysis. 
	Calculation of the UVAE. 
	Calculation of the colour difference ΔEab. 
	Chemical analysis. 

	Conclusion
	References
	Acknowledgements


