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A selection of glass samples from the stained glass windows of Leon Cathedral (Spain) dating from Medieval and Renaissance times
has been chemically characterized. The techniques used for this characterization were X-ray diffraction, inductively coupled plasma,
X-ray fluorescence and flame photometry. The analyses indicate that the samples are potash-lime glass, with the Medieval glass
having a low alumina concentration. This fact has given rise to its deterioration throughout history due to environmental conditions.

1. Introduction

The chemical composition of Medieval stained glasses
covers a huge range depending on its geographical origin
and the time when it was manufactured. Glasses dating
from the 13" and 14" centuries have suffered a more
intense corrosion due to their low SiO, weight percent-
age and high content of K,O. It is of great importance
to know the chemical composition of the glass that
makes up a stained glass window, in order to interpret
the attack and deterioration processes that it might have
suffered and also to adequately apply the suitable clean-
ing and protection techniques that may be necessary for
its restoration.

The chemical analysis of stained glasses is usually
carried out by nondestructive methods; among these
methods, the electron probe microanalysis stands out [1
to 5]. Nuclear neutron activation has also been used in
stained glass analyses [6], however less frequently.

Although more precise and exact than the aforemen-
tioned, the analytic techniques that require the sample
to be destroyed (inductively coupled plasma [7], atomic
absorption [8], or X-ray fluorescence [9]) are not widely
used due to the fact that they require a higher amount
of sample, which is not always easy to obtain.

The object of this work has been to determine the
chemical composition of several pieces of glass from
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Leon Cathedral (Spain) dating from different periods
and to relate it with their state of preservation and the
time when they were manufactured. This characteriz-
ation constitutes the preliminary phase of a wider re-
search project aimed at studying the mechanisms of their
chemical alteration and the possible restoration and pro-
tection processes.

2. Experimental
2.1 Criteria for sample selection

Several glass fragments taken from the stained glass win-
dows during the restoration process carried out at the
turn of the 19 century, which had been stored ever
since, have been available for this work. This fact has
made it possible to have a sufficient amount of sample
to carry out a complete analysis of the glasses by means
of destructive methods.

Eleven samples were selected from the whole amount
of available glass according to the following criteria: a)
manufacturing period, b) type of surface alterations, c)
degree of attack and d) colour.

2.2 Mineralogical analysis of corrosion crusts

The XRD spectra of the surface of the selected samples
were recorded by putting the samples directly on the dif-
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fractometer sample holder. The XRD spectra were regis-
tered in a Siemens model DS5000 diffractometer
equipped with a Kristalloflex 710 generator. The radi-
ation used was copper K, radiation (4 = 0.15405 nm),
with a nickel filter, a 0.1 mm detector collimator, at
50 KV and a 30 mA. Diffractograms of both the out-
ward side and the one that had faced the interior of the
cathedral were registered. Spectra of different fragments
proceeding from the same sample have been registered
in order to obtain the closest mineralogical composition
of the glass surface.

2.3 Analysis of the glass samples

Altered layers on the sample surfaces were removed be-
fore analysis by polishing with 600 grit silicon carbide
paper. The samples prepared in this way were quantita-
tively analysed by inductive coupled plasma (ICP) and
flame photometry (FP). A Thermo Jarrell Ash Iris Ad-
vantage dual plasma spectrometer equipped with a solid
state charge injection device detector (CID) was used in
order to analyse the glasses. The minor and trace ele-
ments determination was tackled with axial measures
and an integration time of 30s; determination of the
major elements was tackled with radial measures and
an integration time of 5s. The analysis of the alkaline
elements was carried out with an atomic absorption
spectrometer Perkin-Elmer model 2100, using acetylene
as combustible.

When the available amount of sample was enough
(>1 g), a weight of 0.5000 g of each sample was melted
with anhydrous sodium carbonate following the process
described by Bennet [10] or attacked with a mixture of
concentrated H,SO, and concentrated HF. Silica was
gravimetrically determined while the alkaline elements
were analysed by FP following the process described by
Voinovitch [11]. The other elements besides the alkaline
ones were analysed by ICP.

When only a little amount of sample was available
(<1 g), the lithium metaborate flux process, as described
by Ingamells [12], or attack with a mixture of HF and
HNOs, as proposed by Bernas [7], were used to put the
samples in solution.

3. Results and discussion
3.1 Study of corrosion crusts by XRD

The chemical composition of the glass and the environ-
mental conditions to which it has been exposed for many
centuries determine, in essence, the formation of both
the gel layers and the corrosion crusts [13]. While the gel
layer formed on the glass surface is homogeneous and
can be considered as a continuation of the vitreous
structure but more open, the corrosion crusts are in-
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Figure 1. Diffraction spectra of the corrosion product crust on
the surface of some Medieval and Renaissance window glasses;
V: gypsum (CaSO,-2H-0); @: bassanite (CaSO,4-0.5H50).

homogeneous and are made up of different crystalline
and amorphous phases whose composition varies de-
pending on the depth and the surface analysed [13 to
18].

Figure 1 shows some diffraction spectra of the sur-
face of the selected Medieval and Renaissance glass
panes. The analyses reveal the presence of gypsum
(CaS0O,4-2H,0), bassanite (CaSO4-0.5H,0), or a mix-
ture of both, as major crystalline phases, both on the
outward side and on the side that faced the interior of
the cathedral. The corrosion crusts of the interior side
show a lower degree of crystallization and in some cases
they are amorphous. No evidence of the existence of
syngenite (K,Ca(SO,),-H-0) has been found. Accord-
ing to Pérez y Jorba [16] syngenite is formed, together
with gypsum, in Medieval glasses with a total content of
alkali greater than 16 wt%, that is to say, there are other
factors, apart from composition, that influence the na-
ture of the crystalline phases which form the corrosion
crust. —
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Table 1. Quantitative analysis of selected Medieval glasses (composition in wt%) from Leon Cathedral as obtained by ICP and FP

sample no.
1 10 11 12 13 20 23
SiO, 46.2 50.1 534 50.9 49.5 53.2 48.2
AlLO3 1.30 0.75 0.83 0.60 1.82 0.93 1.21
BaO 0.27 0.14 0.082 0.16 0.40 0.066 0.2
CaO 22.9 13.0 13.6 14.1 19.7 14.4 20.3
CoO 0.010 0.28 0.005 0.010 0.002 0.003 0.004
Cr,0;5 0.008 — = 0.003 0.007 0.006 0.004
CuO 0.035 0.24 0.005 0.050 0.028 0.027 0.032
Fe,O; 0.50 0.82 0.52 0.43 0.35 0.55 0.44
K-O 22.0 17.2 16.3 17.2 20.8 16.8 23.3
MgO | 7.10 7.12 6.80 3.10 5.90 2.20
MnO 0.58 1.46 0.84 1.55 0.56 0.80 0.95
Na,O 0.31 2.65 290 3.16 0.16 2.50 0.26
NiO 0.020 = 0.001 0.001 0.002 0.002 0.002
P>Os 1.48 4.30 3.70 3.70 1.15 3.45 1.19
PbO 0.36 0.25 = 0.001 0.85 0.003 0.26
Rb,O 0.10 0.080 0.050 0.070 0.17 0.057 0.18
SO; 0.34 0.38 0.20 0.29 0.38 0.15 0.22
SrO 0.13 0.040 0.050 0.045 0.10 0.060 0.090
TiO, 0.096 0.11 0.095 0.052 0.085 0.10 0.096
ZnO 0.051 0.50 0.044 0.033 0.037 0.038 0.035
3.2 Quantitative analyses 30
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Group M1 is characterized by having silica concen-
trations higher than 50 %, moderate to high concen-
trations of CaO and K,O, unusually high MgO concen-
trations and P,Os and Na,O concentrations higher than
those of the Renaissance glass. Group M2 has, with re-
gard to M1 group, slightly lower silica concentrations,
very high CaO and K,O concentrations and low con-
tents of Na,O and P,Os.

The existence of two groups of Medieval glass, as
well as the differences existing between them, becomes
evident when the relations between concentrations in
wt% of the major oxides that become part of their com-
position are represented (figures 2 to 5). R. H. Brill [19]
has classified the Medieval glass, as regards its compo-
sition, in three different types. Glass of types I and II

CaO content inwt % ———»

Figure 2. CaO versus K,O content (in wt%) in Medieval and
Renaissance glasses from Leon Cathedral, compared with Me-
dieval stained glasses from different sites. [J: Cologne Cathedral;
<O, X: St. Catherine Church Oppenheim; O: clerestory in Leon
Cathedral; A: Erfurt Cathedral; +: St. Gatien Cathedral Tours.

have a similar composition, although not identical.
These glasses are characterized by having a high K,O
concentration, 12 to 20 wt%; a moderate to high per-
centage of CaO, 10 to 15 wt%; and a high MgO content,
5 to 10 wt%, along with high concentrations of P,Os, 2
to 6 wt%. The difference between glass of types I and II
is not very clear; perhaps, the biggest difference is related
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Figure 3. MgO versus K,O content (in wt%) in Medieval and
Renaissance glasses from Leon Cathedral, compared with Me-
dieval stained glasses from different sites. [J: Cologne Cathedral,
O, X: St. Catherine Church Oppenheim; O: clerestory in Leon
Cathedral; A: Erfurt Cathedral; +: St. Gatien Cathedral Tours.
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Figure 4. P,Os versus MgO content (in wt%) in Medieval and
Renaissance glasses from Leon Cathedral, compared with Me-
dieval stained glasses from different sites. [1: Cologne Cathedral;
O, X: St. Catherine Church Oppenheim; O: clerestory in Leon
Cathedral; A: Erfurt Cathedral; +: St. Gatien Cathedral Tours.

to the P,Os concentration which is higher in glass of
type II, around 4 to 5%, in contrast with glass of type
I which has a 2 to 3 % concentration. This difference can
be indicative of the different origin of the ashes used to
manufacture the two types of glasses. Glasses of type 111
are characterized by having a low silica content (often
lower than 50 wt%), a very high content of K,O (20 to
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Figure 5. K,0/P,05 versus CaO/MgO in Medieval and Renais-
sance glasses from Ledn Cathedral, emphasizing differences by
using different plant ash sources. (J: Cologne Cathedral; <, X:
St. Catherine Church Oppenheim; O: clerestory in Leon Ca-
thedral; A: Erfurt Cathedral; +: St. Gatien Cathedral Tours.

27 wt%) and CaO (19 to 24 wt%), along with moderated
percentages of MgO (=~ 4 wt%) and a low P,O5 concen-
tration (= 1 wt%).

The analyses of the Medieval glass which have been
carried out in this work coincide with those made by
R.H. Brill [19] in the clerestory glass from Leon Ca-
thedral, and confirm that in the stained glass windows of
this cathedral there are glasses manufactured in different
periods and/or places. According to R.H. Brill, the
glasses of types I and II were manufactured between the
13t and 14" centuries, while the glasses of type III be-
long to the 16™ century. The fact that there is a great
variety in the compositions and in the different periods
of manufacture of the glass is a consequence of the mul-
tiple transformations that the stained glass windows of
Leon Cathedral have suffered during both their manu-
facture and the following conservation and restoration
interventions to which they were subjected throughout
their history [20], Brill [19] considers that the high con-
centrations of MgO (> 6 %) and K,O found on the glass
of types I and II are unusually high for glass dating from
this period. He has taken this fact as an indication that
the glass panes of Leon Cathedral dating from the 14t
century were manufactured in the region. Nevertheless,
these compositions are also found in other contempo-
rary churches and cathedrals in Europe. It is also fre-
quent to find Medieval glass with a high MgO concen-
tration (>6 %) along with K,O concentrations of 17 to
20 wt% [21 and 22]. In spite of the similarities between
these compositions, the possibility that the glasses from
Leon Cathedral were melted in glassworks in Burgos or
Leon is not ruled out.
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Table 2. Quantitative analysis of selected Renaissance glasses
(composition in wt%) from Leon Cathedral as obtained by ICP
and FP

sample no.
24 25 26 27
Si0, 46.3 47.8 49.2 47.2
Al O3 4.59 4.69 3.90 4.20
K,O 15.8 16.8 16.5 15.4
Na,O 1.83 1.87 1.68 1.98
Rb,0 0.006 0.010 0.008 0.01
CaO 21.7 18.2 18.8 22.0
MgO 3.10 3.18 3.07 3.81
SrO 0.085 0.10 0.075 0.056
BaO 0.15 0.21 0.20 0.70
MnO 0.66 0.84 0.68 0.37
ZnO 0.028 0.38 0.27 0.011
PbO 0.032 0.077 0.050 0.018
NiO 0.085 0.026 0.017 0.010
P,05 227 1.90 2.20 1.98
TiO, 0.25 0.21 0.20 0.25
CoO 0.97 0.11 0.084 0.043
CuO 0.026 1.87 1.34 0.12
Cr,04 0.004 0.003 0.0008 0.003
As,03 0.20 0.10 0.080 0.020
Fe,0; 1.02 0.84 0.82 1.05
Ag,0O = = = 0.020
SO, 0.21 0.32 0.20 0.19

3.2.2 Renaissance glass

Table 2 shows the results of the analyses of four pieces
of Renaissance glass. Renaissance glass compositions are
more complex and constant than Medieval glass ones.
However, if only the CaO/K,O relation is taken into ac-
count, two subgroups formed by samples 24 and 27 and
by samples 25 and 26 can be established (figure 2). Even
though it may be considered that the composition of Re-
naissance glasses is similar to that of type III defined by
R. H. Brill, the lower content of K,O and, especially,
the high concentration of alumina (of the order of
4 wt%) clearly distinguish them from Medieval glasses
that have the same silica proportion. The presence of
alumina in low proportions stabilizes the glass due to
the formation of tetrahedric groups [AlOy].

Among the minor oxides that form part of the Re-
naissance glass composition, it is worth pointing out the
presence of Ag,O (sample 27) and of Bi,O; (samples 24
and 27) in relatively high concentrations. Both oxides
probably come from impurities of the source materials
used for the batch preparation. Silver is a common im-
purity of sands and quartzites, where it can be found in
concentrations of the order of 1073 wt%, whereas bis-
muth oxide is incorporated through both ashes and
source materials which furnish silica [5]. Bismuth oxide
forms part of the composition of Medieval glass, except
for English glass, in concentrations of 1 to 5-107% wt%.
Curiously, this oxide is not present in the compositions

R20 RO
RO content inmol % ——»

Figure 6. Triangular representation of glass compositions (in
mol%) of samples from Leon Cathedral. @, : Medieval and
Renaissance glasses (this work); +, X, %: types I, II and III
Medieval glasses from Leon Cathedral [5].

of the Medieval glass in Leon Cathedral that had been
analysed by R. H. Brill [5 and 19].

3.2.3 lliffe-Newton diagram

The representation of the compositions of the eleven Me-
dieval and Renaissance glass samples in an Iliffe-Newton
diagram (figure 6) [23] highlights some affirmations pre-
viously made. The compositions of the clerestory glass
in Leon Cathedral that had been analysed by R. H. Brill
[5] have been represented in the same figure. In both
cases, the existence of two composition groups for the
Medieval glass, types I—II and type III, is confirmed
and the existence of two glass groups for the Renais-
sance glass is also revealed.

4. Conclusions

The possibility of having a sufficient number of Medie-
val and Renaissance glass samples from Leon Cathedral
has allowed chemical analysis of the glass by means of
techniques that require the samples to be destroyed and
which provide a high reliability.

The silica content has not been a defining factor in
order to distinguish Medieval and Renaissance glass.
Nevertheless, the proportion of major oxides and the re-
lations between them allow the glass from both periods
to be clearly distinguished. This relationship establishes
the existence, within the Medieval glass, of two groups
manufactured in different places or periods.
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Renaissance glasses are more complex and have a
greater constancy in their composition than Medieval
glass. The greater chemical stability of these glasses is,
above all, due to their high content of alumina.

The corrosion crusts formed on the surface of the
panes of glass correspond to the chemical composition
of the glass and to its degree of attack caused by atmos-
pheric agents in the course of time. The XRD spectra of
the surface of the panes of glass reveal the presence of
gypsum and bassanite as main crystalline phases.
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