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a b s t r a c t 

The production and distribution of stained glass in Mediterranean Europe during the Middle Ages remains 

inadequately understood. This article focuses on Catalonia, where local glass production is documented 

as early as the 13th century, but little is known about the production of window glass. This study anal- 

yses a collection of stained glass fragments from Girona Cathedral, dating from the 13th to the 16th 

century, some of which is the work of renowned master glassmakers. The data obtained is compared 

with contemporary stained glass documented from other parts of Europe, and with a collection of 15th 

and 16th century archaeological window glass from Barcelona. The data is also contrasted with histori- 

cal documentation on glass production in Catalonia. The findings reveal that the glass from Girona from 

the 13th and 14th centuries is of the potassium-lime type, similar to that produced in the workshops 

of north-western France. By the late 14th and 15th centuries, the composition aligns more closely with 

that of north-eastern France. In the 16th century, however, the glass changes to a soda-lime composition, 

similar to the glass found in Barcelona, suggesting a transition from central European to Mediterranean 

sources, and indicates a change in the raw materials involving the use of soda-lime plant ash instead of 

potassium-lime forest ash. These results indicate that the production of window glass shifted from France 

to Barcelona at the close of the 15th century. 

© 2025 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC 

BY-NC license ( http://creativecommons.org/licenses/by-nc/4.0/ ) 
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Relatively little is known about the chemical composition of 

edieval stained glass in southern Europe. Potassium-lime glass, 

ade from wood ash typical of Central Europe, was the first and 

ain type of window glass used. Soda-lime glass, made from 

he ash of halophytic (salt-tolerant) plants, such as salicornia, and 

ushes, such as salsola kali ( barrilla ) growing in salt marshes typi- 

al of Mediterranean regions which are sodium rich, has also been 

ound in southern France, northern Italy and Catalonia [ 1–5 ]. 

Although there is uncertainty about when soda-lime glass made 

f local plant-ashes began to be used as window glass, it is known 

hat glass was being made locally in Catalonia between 1258 and 

659. The geographical area of Catalonia at this time included the 

resent-day region of Catalonia in northeastern Spain and some 

egions in southeastern France (known as Catalunya Nord). Local 
∗ Corresponding author. 
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lass production existed on both sides of the Pyrenees [ 6–9 ], in- 

luding Barcelona [ 10 ], see Fig. S1. 

Girona is located in the middle of these areas, and it preserves 

n important collection of stained glass dating from the 13th to 

he 16th centuries. This includes the earliest figurative windows 

n the region and the only two surviving whitewashed tables in 

he world used to make the 14th-century windows above the high 

ltar [ 11 ] in Girona Cathedral. Originally a Romanesque cathedral 

onsecrated in the 11th century was rebuilt from the 14th century 

nwards. It also has one of the widest Gothic naves in the world, 

ue to the transformation of the three naves into a single nave at 

he beginning of the 15th century (Fig. S2). 

A selection of glass fragments from Girona Cathedral, dating 

rom the 13th to the 16th centuries, and a collection of archae- 

logical flat glass from excavations in the city of Barcelona with 

erminus post quem from the 15th and 16th centuries have been 

nalysed. It should be noted that flat window glass was not neces- 

arily produced in the same workshops as glass objects. Our study 

herefore focusses on stained glass windows and, in archaeologi- 

al contexts, on flat glass. The data obtained is compared with the 
ss article under the CC BY-NC license 
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Fig. 1. The lower panels of the 13th century stained-glass window found in the Corpus Christi Chapel. © Fons capitol Catedral de Girona. 
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ata from other parts of Europe and with known glass production 

entres. 

The two aims of this study are to determine the origin of the 

lass used in Girona Cathedral, of particular importance due to its 

trategic geographical location; and to obtain direct information on 

he production and trade of stained glass in the south of Europe. 

aterials and methods 

The samples analysed have different origins: 

1) In 2019, during the restoration of a chapel next to the high al- 

tar (Fig. S2), several 13th ( Fig. 1 ) and 14th century glass panels,

mounted together as a composite stained glass window, were 

discovered hidden behind the large Corpus Christi altarpiece in- 

stalled in 1562 [ 12 ], thereby establishing a terminus post quem 

for the stained glass. This is important as there is no documen- 

tary evidence of the execution of these windows. 

A total of 27 samples were recovered from the windowsill (Ta- 

ble S1), 18 are associated with the 13th-century panels, 5 with 

the 14th-century panels, and 3 may be part of a later restora- 

tion. The 13th century glass fragments are all coloured and 9 

have grisaille paint while the 14th century are uncoloured, 3 

have grisaille and one has yellow staining. The colours and gri- 

sailles were characteristic enough to distinguish between those 

belonging to the 13th and 14th centuries. 

2) Other samples come from a collection kept in the Diocesan 

Archive. A glass fragment with a grisaille paint with the same 

pattern as the 13th-century panels and another with a cold 

paint were collected from behind the altarpiece (placed there 

in 1678) in the neighbouring chapel dedicated to Saint Cather- 

ine. 

3) Further samples were obtained from those collected by the Cor- 

pus Vitrearum Medii Aevi Internacional team in 1982. 16 frag- 

ments were obtained from the Window of the Apostles, made 
100
by Antoni Tomàs of Tolosa de Llenguadoc (1437) and 1 frag- 

ment was obtained from the Window of the Sibyls, Evangelists 

and Doctors made by Jaume Fontanet of Barcelona (1520) [ 13 ] 

(Table S2). 

4) Five and eight flat glass fragments with termini post quem from 

the 15th and 16th centuries respectively were also obtained 

from excavations in the city of Barcelona (under the current 

market of Santa Caterina). 

The chemical composition of the glasses was measured on pol- 

shed cross sections of the fragments using a JEOL JXA-8230 elec- 

ron Microprobe from the Scientific and Technological Centre of 

he University of Barcelona. The instrument was equipped with five 

avelength dispersive X-ray spectrometers and a probe current of 

5 nA. The grisailles were analysed by FE-SEM (GEMINI) with at- 

ached EDS (Ultim EDS Detector, Oxford Instruments. Aztec Oxford 

nstruments), with a probe current of 20 nA and 120 s measure- 

ent time. The spectrometers were calibrated with mineral and 

lass standards and verified with secondary glass standards (Table 

3) [ 14 ]. 

esults 

The chemical analyses of the samples and the average limits of 

etection for each element following the procedure described in 

 15 ] are given in Table S4. Principal Component Analysis (PCA) was 

erformed on the data, the result is shown in Fig. 2 and the chem- 

cal composition of the glass groups in Table 1 . 

The PCA analysis distinguishes six groups. Group 1 includes 

ll the potassium-lime glasses and can be divided into two sub- 

roups: Group 1a, which includes samples from the 13th and 14th 

enturies (window found behind the Corpus Christi altarpiece of 

562), and Group 1b, which includes samples from the Apostles 

indow of 1437 excluding the fragments suspected of being re- 

airs. Group 2 corresponds to lime-soda glass and contains a sin- 
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101
le sample, the glass corresponding to the Jaume Fontanet’s Sybils 

indow of 1520. Group 3 corresponds to potash glass, and con- 

ains two samples, one of which was found behind the altarpiece 

f Saint Catherine and has a terminus post quem of 1678. Group 4 

orresponds to a high lime and low alkali glass (HLLA), and in- 

ludes two samples from the Apostles window. Group 5 corre- 

ponds to soda-lime glass made from plant ash and includes the 

epair samples from the Romanesque and Gothic windows, as well 

s some samples from the Apostles window. Finally, Group 6 is a 

ynthetic soda-lime glass, most likely from a 19th century restora- 

ion, and includes four samples obtained from the Apostles win- 

ow which does not have a terminus post quem. 

The potassium-lime glass (Group 1) is the characteristic me- 

ieval window glass used throughout Europe made from wood ash 

nd sand. All our glasses have a CaO/K2 O ratio between 0.9 and 1.5 

nd were made from beech wood ash [ 15–17 ]. There are two sub- 

roups of this glass, Group 1a, contains lower amounts of MgO and 

2 O and higher amounts of SiO2 and Al2 O3 and CaO than Group 

b, among other minor differences. Group 1a with an average of 

.19 MgO/CaO ratio correspond to the low lime high magnesium 

LLHM) type ( < 0.24 MgO/CaO) while Group 1b with an average of 

.30 MgO/CaO ratio to the high lime low magnesium (HLLM) type 

 > 0.24 MgO/CaO) described elsewhere. 

We can compare our results with other studies of stained glass 

n medieval Europe [ 16–20 ]. Fig. 3 A shows a K2 O vs. Na2 O plot

here the circles correspond to the data obtained by other studies 

rom the regions where glass production is known to have taken 

lace in this period. North-west France in blue, the Rhenish area 

north-east France and Saxony) in green, and central Europe (Bo- 

emia) in red according to Adlington et al. [ 19 ], Wedepohl and Si- 

on [ 16 ] and Hunault et al. [ 20 ]. 

We have also included the data from the medieval Mediter- 

anean potassium-lime glass from the south of France studied by 



T. Pradell, S. Cañellas, J. Bonet et al. Journal of Cultural Heritage 74 (2025) 99–105

0 10 20 30
K2O

0

1

2

3

4

5

6

7

N
a 2

O

700-1000

1000-14001300-1400

1400-1600
1500

G-AV-8

G-AV-5

G-AV-3

G-AV-1

NW France

0 0.2 0.4 0.6 0.8
MgO/CaO

0

2

4

6

8
%P2O5

Group 1a - 13th c.-14th c.
Group 1b - 15th c.
Group 3 - potash glass
Group 4 - HLLA
Germany. Wedepohl & Simon 2010
North France. Hunault et al. 2021
Provence (France) - 12th c. Foy 2001
Provençce (France) 13th - 14th c. Foy 2001
Llenguadoc-Rosselló (France) - 13th -14th c. Foy 2001

NW France

HLLA

Rhenish
Central
Europe

HLLM LLHM

0.24

P2O5

Rhenish

Central
Europe

Fig. 3. (A) K2 O vs. Na2 O and (B) MgO/CaO vs. P2 O5 plots of the potassium-lime glasses, Group 1, potash glass, Group 3 and HLLA, Group 4. The areas marked are indicative 

of the main composition of the glasses from different production centres of the period [ 16 ]. 

F  

F

c

d

L

n

l

p

c

d

g

r

m

(

t

c

a

c

f

a

3

g

o

i

r

i

h

a

(

o  

S

F

i

1

s

d

b

B

L

t

a

t

f

c

k

b

g

r

G  

C

w

c

1

l

t

(

oy 2001 [ 1 ] although soda-lime glass is also found in the region.

ragments of potassium-lime window glass from the 12th and 13th 

enturies have been found in Provence (Ganagobie, Notre Dame 

e Lure, Dign and, Marseille) and from the 14th century in the 

lenguadoc-Rosselló (Psalmodi, Saint Félix de Montceau, Perpig- 

an). It should be noted that in the Middle Ages, the Rosselló be- 

onged to Catalonia and the Llenguadoc at that time also included 

art of Provence. This area had very close links with the Catalan 

ounties; in fact, Antoni Tomàs, the Master of the Apostles’ win- 

ow, was actually from Tolosa de Llenguadoc. All the 14th century 

lasses from Llenguadoc-Rosselló are soda-lime glasses except the 

ed glasses, which are potassium-lime. Red glass was rare and was 

ost likely imported [ 21 ]. 

Fig. 3 B shows the change from a low lime high magnesium 

LLHM) composition in the 13th-14th-century glasses (Group 1a) 

o a high lime low magnesium (HLLM) composition in the 15th- 

entury glasses (Group 1b). This has also been found in England 

t the end of the 14th-century, suggesting a change in supplier of 

oloured glass [ 19 , 21 ]. 

Apart from the potassium-lime glasses of Group 1, some of the 

ragments with different compositions are also related to wood- 

sh, i.e. groups Group 3 and Group 4. The two samples from Group 

 have a potash glass and Group 4 with two fragments has a HLLA 

lass. The potash glass, Group 3, has been associated with the use 

f potash extracted from wood ash [ 22 , 23 ]. The main characteristic 

s that potash glass is very low in phosphorus, < 0.3 % P2 O5, and 

elatively high in SO3 , like the fragments from Group 3. This glass 

s found in central Europe in the Middle Ages [ 16 ]. 

The HLLA glass, Group 4, was made from washed wood ash and 

as also been found in central Europe [ 22–24 ]. However, it could 

lso have been made locally from the ash of the evergreen tree 

 Quercus ilex ) which is a common Mediterranean tree. The analysis 
102
f the local ash gave us: 86.1 % CaO, 4.5 % MgO, 3.8 % P2 O5 , 1.3 %

O3, 1.7 % MnO, 0.8 % Al2 O3 , 1.5 % SiO2 , 0.5 % K2 O, 0.1 % Na2 O. 

The fragment belonging to the Sybils window made by Jaume 

ontanet in 1520 CE has a lime-soda glass (Group 2). Of the glasses 

dentified as having been used in the restoration of the 13th and 

4th century windows before1562, three belong to Group 5, the 

oda-lime glass. 

Archival documents attest to the existence of local glass pro- 

uction in Catalonia in the 14th-century, and soda-lime glass has 

een found in several 14th century stained glass windows from 

arcelona [ 2–4 ]. Furthermore, the 14th-century glass found in the 

lenguadoc-Rosselló [ 1 ] is soda-lime glass with the exception of 

he red glass. In fact, a local production of soda-lime glass objects 

nd, although to a lesser extent, flat window glass has been iden- 

ified in the region. 

Window glass from the 15th and 16th centuries has also been 

ound during excavations at Santa Catarina market (which was a 

onvent in the Middle Ages) in the city of Barcelona which is 

nown to have been an important glass centre in the 15th-century, 

oth in terms of production and distribution [ 1 ]. 

The data corresponding to the 14th-century Mediterranean 

lass from Llenguadoc-Rosselló, Barcelona and Santa Croce in Flo- 

ence (Italy) [ 5 ] are plotted together with Girona Cathedral’s glass, 

roup 5, in Fig. 4 . We can see clearly that the glass found in Girona

athedral corresponds very well to the glass found in Barcelona, 

hile the Llenguadoc-Rosselló glass has a higher MnO and P2 O5 

ontent. All this points to a switch from France to Barcelona in the 

5th-century. 

Finally, there are three fragments of soda-lime glass with a very 

ow phosphorus and magnesium content, probably made from syn- 

hetic soda. Synthetic soda was first obtained from salt in 1791 

Leblanc) and later in 1860 (Solvay). The samples belong to the 
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Fig. 4. Chemical composition of soda-lime glass made with plant ash. 
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ancets of the Apostles window, which does not have a terminus 

ost quem, and may have been repaired in the second half of the 

9th-century. 

We have analysed the grisailles (Table S6). The average and 

tandard deviation of the composition are given in Table 2 . The 

esults show two clear types, according to the pigment particles 

sed. Grisailles from the 13th, 15th and 16th centuries contain iron 

xide, while those from the 14th century contain copper oxide par- 

icles instead. Both types are described in medieval treatises. Her- 

clius (10th-13th century) mentions iron oxide, while Theophilus 

12th century) and later treatises mention copper oxide. Indeed, 

opper-rich grisailles were found in Germany between the 14th 

nd the 18th centuries [ 25 ]. 
103
iscussion 

Analysis of the stained glass from Girona Cathedral has shown 

hat the 13th- and 14th century glass panels are of the potassium- 

ime type, made from beech ash, similar to those found in the 

orkshops in northwestern France (LLHM). The fragments from the 

postles’ Window (1437), are also of the potassium-lime type, but 

ith a different chemical composition (HLLM). This is similar to 

hat found in other European regions and has been attributed to 

 change in the supply of coloured glass at the end of the 14th 

entury. 

Two fragments of potash glass (Group 3) have been identified, 

ne which comes from a repair to the 13th-century window and 
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Table 2 

Average chemical composition (bold) and standard deviation (italics) in wt % of the grisailles. -: below detection limit. 

Glass group Date 

(nº samples) 

Na2 O MgO Al2 O3 SiO2 P2 O5 Cl K2 O CaO FeO CuO ZnO PbO 

Group 1a 13th c. avg 0.5 0.7 0.6 15.4 0.8 0.3 1.4 1.6 35.4 0.3 – 42.7 

(10) std 0.3 1.2 0.3 2.1 1.0 0.2 0.9 1.0 11.1 0.2 8.8 

14th c. avg 0.8 0.4 1.0 14.5 1.2 0.5 1.4 5.3 0.6 46.3 0.5 27.0 

(4) std 0.0 0.2 0.1 1.4 0.8 0.1 0.6 2.2 0.1 3.6 0.1 3.2 

Group 1b 15th c. avg 0.3 0.3 1.6 18.6 1.7 0.4 1.1 2.7 27.2 3.4 - 41.8 

(3) std 0.1 0.1 1.5 1.6 1.5 0.6 0.5 1.2 7.9 0.8 12.2 

Group 5 before 1562 CE avg 0.8 0.2 0.9 21.4 0.3 0.2 1.4 3.2 26.1 – – 43.1 

(2) std 0.6 0.0 0.0 3.3 0.2 0.3 1.4 3.0 8.9 1.9 
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he other from the Apostles window which could have been made 

ocally from the ash of the evergreen tree. 

The lime-soda fragment from to the Sybils window (dated 

520) together with several soda-lime fragments from the Corpus 

hristi chapel and from the Apostles’ window correspond to the 

5th- and 16th-century flat glass found in Barcelona. They are most 

robably related to repair pieces added before 1562 CE. In fact, 

aume Fontanet from Barcelona signed a contract to supervise the 

aintenance of the windows in the Cathedral from 1523 to 1538. 

The data obtained so far show that glass made from wood ash 

as replaced by glass made from halophytic plant ash, typical of 

he Mediterranean climate, and indicate a change in the supply 

f glass from France to Barcelona at the beginning of the 16th- 

entury or earlier. 

he origin of the glass according to the documentation 

Archival documents provide some information about the origin 

f the glass used to make the stained glass windows. A contract 

igned in 1385 [ 26 ] states that the glass used to repair the win-

ows in Girona was bought in Barcelona. However, it is not speci- 

ed whether these glasses were made in Barcelona or if they were 

rought to Barcelona from elsewhere. In 1385, only one glassworks 

glass kiln) was operating within the city of Barcelona located in 

lose proximity to Viladalls, that is, where the street called "carrer 

el vidre" still exists today [ 27 ]. 

In the case of Antoni Tomàs, who worked and resided in Girona, 

t is possible that the glass came from Girona or nearby as there 

s also documentary evidence that there were several glassworks 

n Girona and the surrounding area [ 28 ]. It is worth mentioning 

hat a document from 1470 states that the stained glass windows 

f the church of Saint Matthew in Perpignan were to be made of 

good, clear glass from Elna and Palau" [ 7 ]. Nevertheless, as has 

een found in the Llenguadoc and Catalonia regions of southern 

rance, soda-lime glass coexisted with potassium-lime glass. We 

ave found that the windows were made of potassium-lime glass 

rom northeastern France. 

The Fontanet family lived in Barcelona and worked with the 

lass that was produced in the city’s new glassworks located in 

la de Llull [ 29 ]. Mateu Llorens, as head of this glassworks, sold

he Fontanet family flat glass for the windows of Santa Maria del 

ar (1494) [ 30 ], the Royal Monastery of Santa Maria de Pedralbes 

1496) [ 31 ] and the Casa Llotja in Barcelona (1496) [ 32 ]. The con-

ract for the latter, it was specified that the glass should be “of 

ood salicorn, clear and of good quality” (1507) [ 33 ]. 

In 1550, Jaume Fontanet, who was working on the stained glass 

indows for the Cathedral of Vic, wrote a document in which he 

xplicitly states that the stained glass windows were to be brought 

n crates from Barcelona and that the master was to be paid for his

aintenance and that of his horse for the time he needed to install 

he windows in the Cathedral [ 34 ]. This suggests that the stained 

lass windows were made in his workshop in Barcelona and then 
104
aken to the place where the windows were needed to complete 

he installation. 

Father Pere Gil [ 29 ], who visited the glassworks in Barcelona 

n the 16th-century, stated that among the different types of glass 

roduced in the city, there were some made with salicornia , which 

ould correspond to the quality of the glass ordered in the afore- 

entioned contracts. The established price of salicornia (referring 

o a high-quality ash from Valencia), at that time, was almost twice 

hat of the ash obtained from local plants and known as sosa . 

In summary, there are documents that indicate that flat glass 

or stained glass was being sold in Barcelona at the end of the 

4th-century, whether it was produced there or not. Our results 

how that at least the glass found in Girona Cathedral, dated to 

he 16th-century, was made in Barcelona, and that it was made 

rom the ash of halophytic plants. 

onclusion 

The Romanesque and Gothic stained glass recently discovered 

n Girona Cathedral some of which is the work of renowned mas- 

er glassmakers, has been analysed. The data obtained is compared 

ith contemporary stained glass documented from other parts of 

urope, and with a collection of 15th and 16th century archaeo- 

ogical window glass from Barcelona. The study has shown that 

he stained glass of the 13th, 14th and 15th centuries was of the 

otassium-lime type, made from beechwood ash. The 13th- and 

4th-century glasses had a composition similar to that of the glass 

roduced in the workshops of northwestern France (LLHM), while 

 change in the glass composition (HLLM) in the 15th-century in- 

icates a shift in the production to eastern France. This concurs 

ith the change in the supply of coloured glass at the end of the 

4th-century towards the northeastern France as has been found 

n other European regions. 

The 16th-century glass found in Girona Cathedral is of the 

ime-soda and soda-lime type. It was made from the ash of halo- 

hytic plants rather than from potassium-lime forest ash, indicat- 

ng a shift from central Europe to a Mediterranean ash source. Its 

omposition has been compared with the 15th-16th century glass 

rom the city of Barcelona and with soda-lime window glass from 

lenguadoc-Rosselló and from Florence (Italy). Analytical data ob- 

ained suggests that the 16th-century glass found in Girona Cathe- 

ral was made in Barcelona. Historical records on glass production 

n Catalonia show that window glass was already being sold in 

arcelona by the end of the 14th-century, regardless of where it 

as produced. Our research strongly suggests that the production 

f window glass moved from France to Barcelona by the end of the 

5th-century. 
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