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A B S T R A C T   

Little is known about the production of ruby red copper stained glasses from the Medieval and Renaissance 
periods apart from the fact that the colour is due to the presence of small metallic copper nanoparticles and that 
tin, the most common reducing agent used in copper red glass production since the 19th century, is not present. 
In fact, very few workshops in Europe were able to make red glass in historical times, and they kept it secret, so 
very little is known about how it was obtained. These workshops exported the red glass throughout Europe. 
Recently, the presence of copper sulphide particles and the data obtained in the replication red glass following 
historical recipes suggested that sulphur might be the key ingredient in this process. 

Here, a collection of historical red glasses from these periods has been analysed using a combination of 
microanalytical techniques; Electron Microprobe (EM) and Field Emission and Scanning Electron Microscopy 
(FESEM) to verify the chemical composition and nanostructure of the glasses, Synchrotron radiation micro-X-Ray 
Diffraction (micro-XRD) to establish the nature of the nanocrystalline precipitates, and S, Cu and Fe K-edge 
micro-X-Ray Absorption Spectroscopy (micro-XAS) to determine the speciation. The data obtained show that the 
oxidation of S2− into S6+ in the glass is responsible for the precipitation of copper nanoparticles. The develop-
ment of a sulphide-silicate partition and the presence of Fe3+ in the melt give rise to the precipitation of the high- 
pressure tetragonal polymorph of chalcocite (Cu2S). Differences between the Medieval and Renaissance red glass 
are determined.   

1. Introduction 

Red glasses were used in stained-glass windows in Europe since 
medieval times. In fact, the production of transparent red glass was a 
medieval European achievement, as earlier red glasses were typically 
opaque [1]. The ruby red colouring shown by the glasses is due to the 
presence of metallic copper nanoparticles [2–8]. Very small particles, 
typical sizes below 50 nm, are required, as larger precipitates impart a 
livery red colour to the glass and scatter light, increasing opacity [9,10]. 
A very low fraction of particles (between 0.02% and 0.05% volume 
fraction) is also mandatory, as the absorption and scattering of light by 
the particles drastically reduce the transparency of the glasses. For this 
reason, historical red stained glasses were obtained by applying one or 
several thin layers of red glass over a thick colourless transparent base 

glass. Different types have been identified [7,8,11]; striated glass refers 
to a glass made of multiple alternating thin layers of red and clear glass, 
sandwich glass describes a single layer of red glass covered with a layer of 
clear glass and flashed glass is a single layer of red glass applied over the 
thick clear base glass. Striated glass dates mainly to the 12th and 13th 
century, sandwich since the 13th century, and the flashed glass, which is 
the only surviving glass, from the 17th century. 

Stained red glasses are blown glasses, that is, a molten glass is 
gathered on an iron cane and blown into a cylinder which is afterwards 
cut and flattened while hot. To obtain a thin red glass layer, in modern 
times the molten clear base glass is coated with red glass and blown 
together. 

The solubility of metallic copper in a silicate melt is very low and the 
equilibrium of copper species includes Cu+ and Cu2+. Some glasses show 
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a higher solubility for metallic copper than others; for instance, adding 
Pb2+ to the glass is known to enhance the solubility of metallic copper. 
However, in any case, the melt incorporates copper mainly in its oxi-
dised forms. As the ruby red colour is rendered by the formation of 
metallic copper nanoparticles, at some point the glass has to be reduced 
to induce their precipitation avoiding the precipitation of other copper 
compounds such as cuprite (Cu2O) or the development of large Cuo 

particles (livery red). The use of a reducing atmosphere or the intro-
duction of reducing agents in the melt is commonly used to render the 
precipitation of the copper nanoparticles. Modern red glass is obtained 
by adding lead, tin and iron; lead and tin increase the solubility of 
copper in the glass and tin and iron act as reducing agents [2,3,12]. The 
presence of tin and iron is documented in red copper flashed glasses since 
the mid of the 17th century. However, with regard to Medieval and 
Renaissance stained glasses, tin is present only in trace amounts and iron 
is present in lower amounts than in later glasses [8,13]. 

Very few workshops in Europe were able to make red glass in his-
torical times, and they kept it secret, so very little is known about how it 
was obtained. These workshops exported the red glass throughout 
Europe. 

Some analysis of red stained glasses from the Medieval period have 
been carried out to understand the mechanisms involved in their pro-
duction [7,8,14]. Broadly speaking, the reduction of copper to the 
metallic state was associated with the oxidation of iron during the firing 
of the glass. For the striated glass, a mechanism involving the precipi-
tation of the copper metallic nanoparticles at the interphase between 
intermixed copper rich oxidised and copper-free reduced glass layers has 
been proposed [7,8]. However, considering the greater thickness (about 
200 μm) and homogeneity shown by the red layers in the sandwich and 
flashed red glasses, this process is not very likely. 

Some information is also obtained from historical documents. The 
production of stained glass is first described in the manuscript De diversis 
artibus (1090–1125) by the German monk Theophilus [5,15]. Very little 
is said about coloured glasses and nothing about red glasses. However, 
this is not until the 17th c. when the decrease in the production of col-
oured glass and the fear of loss of knowledge resulted in the proliferation 
of several treatises among them the manuscript L’art vetraria by Neri 
(1612) [16] and later the Ars Vitraria Experimentalis (1679) by Kunckel 
[17]. 

Recently several attempts have been made to replicate the method of 
production described in these treatises. Besides the incongruency be-
tween the chemical composition of the glasses obtained compared to the 
historical glasses, red glass has been replicated following several recipes 
described in Kunkel’s treatise [18]. The main conclusions of the study 
indicate that the incorporation of sulphur seemed fundamental to attain 
the red colour and that an adequate control of the temperature (above 
1100◦C) was more important than controlling the furnace atmosphere. 

This study was rendered by our observation of the presence of copper 
sulphide precipitates in some sandwich red glasses dated to the Medieval 
(13th − 14th c.) and Renaissance (15th and 16th c.) periods. This has 
suggested that the presence of sulphur had an important role in the 
formation of metallic copper nanoparticles in agreement with the work 
of Vilarigues [18]. However, the role of sulphur in the precipitation of 
metallic copper nanoparticles has not yet been studied, nor its connec-
tion with the role of iron previously sustained by some studies [14]. For 
this reason, a collection of red glasses, all of them of sandwich type, 
expanding from the 13th c. to the 16th c. mainly from Catalonia together 
with a piece of 16th c. red glass of Flemish origin belonging to the 
cathedral of Segovia have been gathered and analysed. Local stained 
glass was produced in Catalonia since the Romanesque period but red 
glasses were imported from central Europe [19,20]. Evidence of im-
ported red glass from specialised workshops has also been determined in 
Italy, Spain and the UK [8]. 

Using a combination of microanalytical techniques (Electron 
Microprobe, SEM-FIB-EDS, micro-XRD and micro-XAFS) the composi-
tion of the glasses, the nature of the particles and the oxidation state of 

copper, iron and sulphur were established. Thanks to the micrometric 
size of the analytical techniques chosen, the mechanisms involved in the 
production of red glasses in the period were determined and the role of 
sulphur and iron in the precipitation of the metallic copper nano-
particles was disclosed. Our study has unveiled the mechanisms 
involved in the development of the red colour in the Medieval and Re-
naissance. The data has shown a completely different production tech-
nique compared to the previous red striated and later modern red glasses. 
Some differences between the Medieval and Renaissance glasses are also 
identified. 

2. Materials and experimental methods 

A collection of red glasses from the Medieval and Renaissance pe-
riods (13th − 16th century) are studied, details shown in Table 1. The 
collection includes mainly red glasses found in Catalonia. The earliest 
stained glass known in Catalonia dates to the 11th c. (Museu d’Historia 
de la Ciutat, Barcelona), the earliest in-situ figurative windows to the 
Monastery of Santes Creus (c. 1200) and some recent discoveries of some 
panels at the cathedral of Girona. However the collection studied 
herewith includes the Royal window from the Monastery of Santes Creus 
(Tarragona) dated c. 1284–1320 [21] and one fragment from a 16th c. 
restoration from the same place, eight samples belonging to the cathe-
dral of Barcelona; three samples from the Santa Eulalia window dated 
1330 of unknown authorship, three samples from the Sant Silvestre 
window dated 1386 also of unknown authorship, maybe rearranged by 
Nicoli de Maraye and two samples from Sant Andreu & Sant Llorenç 
window dated 1398–1408 made by Nicoli de Maraye [22]. One sample 
from the church of Sant Joan Baptiste at Valls belonging to the rose 
window made by Giacomo Carnobali (1609) [23] and restored in the 
17th c. reusing earlier glass fragments. To complete the collection, a 
fragment of red glass from the cathedral of Segovia, belonging to the 
panel glasses made by the Flemish master glaziers Pierres d’Hollande 
and Pierres de and Pierres de Chiverry between 1544 and 1548, was 
added. 

Cross sections of the samples were embedded in epoxy resin and 
polished down to 1 μm grade with a diamond paste. The polished sec-
tions were examined in reflected and transmitted light with an optical 
microscope (OM) Nikon Eclipse LV100D equipped with a camera In-
finity 1.3C. 

The cross sections were coated with a carbon layer (<20 μm thick) 
and were examined in a crossbeam workstation (Zeiss Neon 40) 

Table 1 
Details on the samples studied.  

sample dating original 
location/ 
collection 

window/artist glass 
type 

SC13 1284–1320 Monastery of 
Santes Creus. 
Tarragona 

Royal window/ 
attributed to Pere 
d’Insa 

sandwich 

CB8, 
CB9, 
CB10 

1330 Cathedral. 
Barcelona 

Santa Eulalia window 
unknown authorship 

sandwich 

CB3, 
CB4, 
CB5 

1386 Cathedral. 
Barcelona 

Sant Silvestre window 
Rearranged by Nicoli 
de Maraye 

sandwich 

CB1, 
CB2 

1398–1408 Cathedral. 
Barcelona 

Sant Andreu & Sant 
Llorenç window Nicoli 
de Maraye 

sandwich 

PS15 1544–1548 Cathedral. 
Segovia 

Pierres d’Hollande & 
Pierres de Chiverri 

sandwich 

SC14 1560 Monastery of 
Santes Creus. 
Tarragona 

Fragment from a 16th c. 
restoration 

sandwich 

Valls 1609 Church of Sant 
Joan Baptiste. 
Valls 

Rose window/Giacomo 
Carnobali Restauration 
using old glass 
fragments 

sandwich  
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equipped with scanning electron microscopy (SEM) GEMINI (Shottky 
FE) column with attached EDS (Ultim EDS Detector, Oxford Instruments. 
Aztec Oxford Instruments), operated at 20 kV accelerating voltage with 
1.1 nm lateral resolution, 20 nA current. BSE images of the nano-
structures were obtained at 20 kV acceleration voltage. A Focus Ion 
Beam (FIB, Ga ions, acceleration voltage 30 kV) was used to polish the 
surface and to obtain high resolution secondary electron images (5 kV) 
of the nanoparticles when they were too small to be observed directly on 
the mechanically polished cross section. 

The chemical composition of the glasses was measured using an 
Electron Microprobe JEOL JXA-8230 from Scientific and Technological 
Centers from University of Barcelona with five Wavelength-Dispersive 
X-Ray Spectroscopy (WDS) spectrometers, with probe current of 15 
nA. Calibration was performed using mineral and glass standards, the 
oxygen content was calculated by stoichiometry. The totals varied be-
tween 98.4% and 101.2%. Other elements present below the detection 
limit of the microprobe (below 0.01%) were determined in some of the 
red glasses by Laser-Ablation ICP Mass spectrometry (LA-ICP-MS) (de-
tails on the analytical methods are found in Gratuze [24]). 

The nature of the particles present in the red glasses was determined 
by micro-X-Ray Diffraction (micro-XRD). The micro-XRD patterns were 
obtained from thin cross sections (about 200 μm) cut from small frag-
ments of the samples included in epoxy resin using a low speed diamond 
saw. Synchrotron micro-XRD patterns were collected in the Materials 
Science and Powder Diffraction beamline (MSPD BL04) [25], at the 
ALBA Synchrotron Light (Cerdanyola, Spain) in transmission geometry, 
using 0.4246 Å wavelength (29.2 keV), a 20 × 20 μm2 spot size, 30s 
acquisition time and a CCD camera, SX165 (Rayonix, L.L.C., Evanston, 
IL) detector. The 2D images have been integrated using the d2Dplot 
program [26]. The XRD data has been identified using the Powder 
Diffraction File Database (PDF) from the International Centre for 
Diffraction Data (ICS) [27]. 

Ultraviolet–Visible (UV–Vis) diffuse absorption measurements were 
obtained in transmission mode using a double beam spectrophotometer 
(Shimadzu 2700) recorded between 200 nm and 800 nm, and NIR 
transmittance measurements using a double beam spectrophotometer 
(Shimadzu 3600) recorded between 800 nm and 3000 nm. 

Fe, Cu and S K-edge micro-XAS data were acquired at the ID21 
beamline, ESRF [28]. X-rays were produced with an undulator, and their 
energy was set using a Si(111) double crystal monochromator. For the 
analysis of the glass samples, the beam was focused to 0.3 × 0.9 μm2 (v. 
× h.) using a Kirkpatrick Baez mirror system. Samples were mounted 
vertically, under an angle of 62◦ with respect to the incident beam. The 
samples were place in vacuum and the XAS Fluorescence data was 
collected using a single energy-dispersive silicon drift detector (SGX, 80 
mm2). For the Fe K-edge, the energy was scanned from 7.10 to 7.35 keV 
and for the Cu K-edge from 8.95 to 9.50 keV, both with steps of 0.5 eV 
and for the S K-edge, from 2.45 to 2.53 keV with a step of 0.3 eV. To 
avoid beam damage, the acquisition time was set at 0.1 s, each spectrum 
was collected only once on each point, and several spectra from different 
points were then averaged (at least even in the small copper sulphide 
particles), to reduce the cumulated dose, the XRF detector was placed as 
closed as possible to the sample and the flux was reduced using titanium 
and aluminium foils of various thicknesses and the scans were collected 
in "continuous" mode. The spectra are deadtime corrected and corrected 
by the beam intensity, measured continuously with a photodiode up-
stream the sample. The monochromator was calibrated using the first 
inflection point of copper and iron metallic foils (maximum of the first 
derivative at 7112 eV for Fe foil, 8979 eV for Cu foil) and the first feature 
of sodium thiosulphate (Na2S2O3⋅5H2O) (2472 eV) using Athena soft-
ware [29]. Spectra of some reference powders (Fe2O3, Fe3O4, Cu2S, CuO 
and Cu2O) spread on a piece of tape and covered with an ultralene foil 
were also acquired with an unfocussed beam (0.3 × 0.3 mm2) in 
transmission mode. 

XRF maps were first acquired at 9.5 keV, over 2D regions in order to 
locate the elements (notably Cu, Fe and S) and identify regions of 

interest. XRF batch fitting was done using Python scripts and the PyMca 
software [30]. From these maps, points of interest were selected on 
which XANES spectra were acquired, in XRF mode, at the Cu, Fe and S 
K-edge. 

The copper speciation was obtained from the analyses of the Cu K- 
edge XAS spectra. As the glasses are essentially rich in oxygen (more 
than 80% of the atoms are oxygen), oxygen is the most probable nearest 
neighbour. Copper in magmas and in silicate glasses has been found to 
form complexes similarly to copper in aqueous solutions [31], with a 
higher intensity and slightly shifted relative to those of crystalline 
copper species. Cu K-edge XANES spectra for copper aqueous solutions 
appeared as copper-oxygen complexes in a distorted octahedral sym-
metry. Cu(I)-oxygen complexes have a very characteristic spectrum that 
displays a strong, rising resonance peak at ≈ 8983–8984 eV while Cu 
(II)-complexes have no pre-edge peak but the absorption maximum 
near 9000 eV [32,33]. Similarly, copper is present as a Cu(I)-oxide 
complex in sulphur-free and Low-S basaltic glasses obtained under 
reducing conditions [31]. Copper is considered a strongly chalcophile 
element and, consequently, it can also form complexes with S, Cu 
(I)-sulphide, the Cu K-edge spectral features of High-S basaltic glasses 
is similar to those of CuS (covellite) but smoother as corresponds to an 
amorphous structure [31]. In fact, various studies have shown that Cu2+

ions are not present in CuS, but that it has a pyrite-type structure where 
Cu1+ and S1− undergo pairing [34]. Consequently, in our S-bearing 
glasses we may expect the presence of Cu(I)-oxide and Cu(I)-sulphide 
complexes besides the presence of crystalline metallic copper and cop-
per sulphide particles. Fig. 2A shows the Cu K-edge XANES spectra 
corresponding to the different model compounds used in this study. 
Thanks to the micrometric beam size, the copper sulphide microparti-
cles, and selected areas of the red glass near and far away from the 
particles were analysed. The red glass spectra fitting was carried out 
with Artemis software [29] as a linear combination of model com-
pounds, Cu(I)-oxide [31], Cu(I)-sulphide and metallic Cu, each weighted 
by the compound fraction. The three-component fitting was done in the 
normalized μ(E) space over an energy range of 8960–9060eV. The 
calculated R factors (Table 3) are a measure of residuals between the 
fitted and measured spectra, lower R-factors correspond to a better fit 
[29]. The EXAFS region was also fitted giving similar results (about 5% 
of difference among them and 15% in the worst case). 

Sulphur speciation was obtained from the analysis of the S K-edge 
spectra. S K-edge XANES allows non-destructive investigation of the 
coordination chemistry and oxidation state of sulphur species ranging 
from sulphide, S2− to sulphate, S6+. Sulphur species have a character-
istic spectral feature representing the s→p and d-hybridization photo-
electron transitions. On the contrary, the information that EXAFS can 
provide is limited because the oscillatory structure decays rapidly to a 
line past the edge [35]. S2− or S6+ are generally agreed to dominate in 
silicate glasses rarely showing intermediate oxidation states [36,37] as 
the presence of sulphites is commonly attributed to beam damage. 
Fig. 2B shows the S K-edge XANES, corresponding to oxidised (dominant 
S6+) and reduced (dominant S2− ) silicate glass [37]. Oxidised glasses 
show a sharp K-edge feature with respect to the sodium thiosulphate at 
about 2483.0 eV corresponding to S6+ while reduced glasses have a 
broad band at 2476.9 eV corresponding to S2− . In our glasses sulphur 
was present dissolved both in the transparent base and in the red glass 
where it was also present forming copper sulphide particles. 

With regard to iron, the Fe K-edge shifts to higher energies increasing 
the oxidation state of the iron specie. The energy shift may be estimated 
using the Integral Method [38], which determines the energy for which 
the same total absorption is obtained. The energy shift for the red and 
transparent glasses has been determined. The exact translation of this 
energy shift to the oxidation state of iron depends on the composition of 
the glasses. Nevertheless, a comparison among the glasses can be 
obtained. 

The pre-edge feature of the Fe K-edge absorption is also particularly 
sensitive to the valence state and local geometry. The pre-peak related to 
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Fe3+ appears at about 7114.4 eV to Fe2+ at about 7112.7 eV (taking the 
first inflection of the metallic iron edge at 7112 eV). A centroid (CE) is 
calculated as the weighted position of the pre-peak region [38–40]. 
Therefore, the CE shifts to higher energy as the ratio of ferric to ferrous 
iron increases. The pre-edge region of the normalized X-ray absorption 
near-edge structure (XANES) spectra was analysed developing a python 
code [41] based on procedures described in literature. Considering the 
number of variables involved, imposing some restriction to the number 
of experimental parameters is advisable. For this reason, the Full Width 
at Half Maximum (FWHM) and Gaussian fraction were constrained to be 
shared by all peaks. Moreover, the Gaussian contribution dominates the 
peak profile of the pre-edge spectrum (XG >0.9) measured in standard 
resolution [40], and the FWHM of the standards was ≈2 eV. To avoid 
unrealistic fitting, we decided to fix the gaussian contribution to 1 and 
the FWHM to 2.1 eV. The centroid of the pre-peak has also been 
determined for the red and transparent glasses. The results are consis-
tent with the data obtained with the Integral method. 

3. Results 

All the glasses show a characteristic sandwich-like structure (Fig. 1C, 
Fig. 3B), a red glass layer of about 100–300 μm thickness is applied over 
a transparent base glass of about 1–3 mm thickness and covered by a 
transparent glass of about 50–300 μm thickness. The cover layer is often 
highly corroded, with crystalline precipitates formed on many areas of 
the surface (Fig. 1B) making the glasses opaquer, and sometimes it is 
even missing. 

Table 2 and Fig. 3C, show the chemical composition of the base, red 
and cover glasses. The composition of the three glasses is basically the 
same with the exception of copper; this indicates that copper was added 
to a transparent glass of similar composition to obtain the red glass. 
Between the 13th and the beginning of the 16th century the glasses are 
of the potash-lime type with increasing K2O and CaO content in the 14th 
and 15th centuries (Fig. 3C). In the 16th century a sudden change in the 
glass composition happens in the form of an increase in the SiO2, CaO 
and Al2O3 and decrease in the K2O, P2O5 and MgO content (Fig. 3C). The 
amount of iron and manganese is low (below 0.9%FeO and below 1.1% 
MnO) in all the glasses. Tin is present in amounts below the detection 
limit of the microprobe, it has been determined by Laser-Ablation ICP 
Mass spectrometry (LA-ICP-MS) (details on the analytical methods are 

found in Gratuze [24]). Some of the samples (CB1, CB2, CB3, CB4, PS15 
and Valls) tin contents vary between 2 and 50 ppm. Similarly, As varies 
between 10 and 50 ppm, Zn and Rb between 150 and 250 ppm, Zr be-
tween 100 and 150 ppm and Sr between 500 and 700 ppm. A few ppm of 
Ni, Co, Ag, Sn, Sb, Pb, As and Bi are also present. Potash-lime glasses 
were produced mixing sand which usually contains some clay and 
feldspars with forest wood ashes which are potash and lime rich but also 
contain small amounts of sulphur, phosphorous, chlorine, magnesium 
and manganese. Consequently, Ni, Co, Zn, Ag, Sn, Sb, Pb, As and Bi may 
be related to the source of copper while Zr, Sr and Rb to the sand. 

A Cu/S atomic ratio ≈ 2 is determined for the Medieval glasses (2.5, 
2.3, 2,6, 1.8, 2.3 and 1.9 ± 0.2 for SC13, CB3, CB4, CB5, CB1 and CB2 
respectively see Table 2) and in some few copper sulphide particles are 
identified (Fig. 4A). On the contrary, the Renaissance glasses (PS15, 
SC14 and Valls) have a similar amount of copper but lower sulphur (for 
PS15 and Valls below detection limits of the Microprobe) and profuse 
copper sulphide particles (typical volume fraction of about 0.6%) are 
identified (Fig. 5A). We have to mention, that the analyses of the red 
glasses were performed in areas free of copper sulphide particles, thanks 
to the small beam size of the Microprobe ∼ 1 μm2 and large size of the 
copper sulphide particles (between 0.5 μm and 7 μm). 

SEM images (Fig. 4B and D) of the Medieval red glass layers show the 
presence of metallic copper nanoparticles (typical sizes varying between 
20 nm and 50 nm); SC13 shows also the presence of a few micron sized 
copper sulphide particles (Fig. 4A and C). In the Renaissance (PS15, 
SC14 and Valls) both micron sized copper sulphide particles (between 
0.5 μm and 7 μm) (Fig. 5A, C and D), and metallic copper nanoparticles 
(typical sizes varying between 20 nm and 50 nm) (Fig. 5B and E), are 
found. The micro-XRD patterns taken from the Medieval red glass layers 
show the presence of metallic copper nanoparticles (ICCD file 01-85- 
1326) and in the Renaissance glasses (PS15, SC14 and Valls) also of 
tetragonal Cu2S (chalcocite) (ICDD file 01-72-1071) particles (Figs. 4E 
and 5F). 

The presence of copper sulphide precipitates is not unexpected in 
silicate melts. Copper is a high chalcophillic element and sulphur has 
very low solubility in a silicate melt. Consequently, a sulphide-silicate 
melt partition happens at high temperature in the melt with the pre-
cipitation of solid copper sulphide blebs (spherical inclusions) after 
cooling. In particular, the temperature at which copper sulphide sepa-
rates from a basaltic melt depends also on the pressure; at low pressure, 

Fig. 1. (A) Scene from Santa Eulalia window, cathedral of Barcelona, c. 1330. (B) On the left, transmission and on the right, reflection image of the fragment from 
which the CB1 sample was cut and (C) dark field optical image of a cross section of CB1 from Sant Andreu & Sant Llorenç window, cathedral of Barcelona c. 
1398–1408 by Nicoli de Maraye. 

M. Yuan et al.                                                                                                                                                                                                                                   



Ceramics International xxx (xxxx) xxx

5

the temperature may be extrapolated [42] between 1050◦C and 1100 ◦C. 
The experiments performed [42,43] provided also evidence for oxide or 
oxy-sulphide complexing of Cu in the silicate melts, showing a decrease 
in the solubility of copper increasing the sulphur content of the melt 
(between some tens of ppm up to about 103 ppm). It should be noted that 
the composition of our glasses differs from basaltic glasses (it is richer in 
potassium and poorer in iron) and, consequently, the range of temper-
atures for which the silicate/sulphide partition happens does not 
necessarily coincide. 

Among the impurities present in the glass which may produce sul-
phide precipitates Ni, Ag, Bi are the most probable and Co, Pb, Sn and Sb 
less probable [39]. In our case, from a few to some tens of ppm of Ni, Co, 
Ag, Sn, Sb, Pb and Bi are determined in the red glasses. In fact, in our 
glasses silver sulphide precipitates are also found (Fig. 4C). Although no 
other elements are found in the particles studied, they could also be 
present in the sulphide precipitates. 

In order to understand the role of sulphur in the development of the 
red colour of the glasses Cu K-edge and S K-edge (only for SC13) micro- 
XANES spectra were obtained in different areas of the glasses and par-
ticles (Fig. 6). 

Cu K-edge spectra were obtained from the red glass far from the 

copper sulphide particles, in the copper sulphide particles and in 
sulphur-poor areas of the copper sulphide particles (Fig. 6A). The data 
show that the red glass contains a large number of small metallic copper 
particles, and a few larger ones, of a composition consistent with Cu2S; 
the spectra of the sulphur-poor areas in the particles show also mainly a 
copper sulphide shape but with some contribution of metallic copper. 
The red glass spectra can be fitted by a linear combination of metallic 
copper, copper(I)-oxide and copper(I)-sulphide complexes model com-
pounds [31] following the procedure indicated in the Materials and 
Methods section. The results are shown in Fig. 7 and Table 3. 

The data show that metallic copper and Cu(I)-oxide are present in all 
the red glasses analysed while Cu(I)-sulphide is also present in the Re-
naissance glasses (PS15 and Valls). S K-edge spectra were also obtained 
from different areas of SC13; the red and transparent glasses, the copper 
sulphide particles and around the copper sulphide particles (Fig. 6B). 
The data show that the sulphide particles spectra are consistent with 
Cu2S. S6+ is determined in the transparent glass and in the red glass far 
away from the copper sulphide particles, while a mixture of S2− and S6+

is found in the area around the copper sulphide particles. This result is in 
good agreement with the literature [36,37], S2− and S6+ coexist in sil-
icate melts while S4+ is absent or insignificant. The result is also 

Fig. 2. (A) Cu K-edge XANES of the model com-
pounds, 1Cu(I)-oxide, Low-S basaltic glass spectrum 
and 2Cu(I)-sulfide, High-S basaltic glass spectrum 
after Lanzirotti [31], Cu foil and Cu2S (chalcocite) (B) 
S K-edge XANES, of the model com-
pounds,3completely oxidised (black) and reduced 
(grey) basaltic glass after Jugo [37] and Cu2S, chal-
cocite, (magenta) used to fit the red glasses. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 3. (A) Glass fragment from cathedral of Segovia by Pierres d’Hollande & Pierres de Chiverri, 1544–1548 from which the sample PS15 was cut, (B) Optical 
transmission image of the polished cross section of PS15. (C) Chemical composition of all the red (r) and base (b) glasses analysed by Microprobe showing changes in 
the composition of glasses over time. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Table 2 
Major and minor elements composition of the glasses. Microprobe analysis. bd: below detection limit. *cover glass was missing.  

Sample colour SiO2 Al2O3 TiO2 CaO Na2O MgO BaO MnO FeO CuO K2O Cl SO3 P2O5 Tot at%Fe at%Cu at%S 

SC13 cover 54.3 2.86 0.16 16.0 0.83 4.76 0.31 0.98 0.68 bd 14.1 bd 0.20 4.21 99.4 0.21 0.00 0.11 
red 52.7 2.94 0.19 16.1 0.87 4.87 0.34 1.05 0.73 0.65 14.8 bd 0.13 4.30 99.7 0.23 0.17 0.07 
base 55.0 2.88 0.22 16.0 0.81 4.70 0.28 0.94 0.73 bd 14.1 bd 0.20 4.25 100.1 0.22 0.01 0.11 

CB8* red 48.3 2.93 0.23 18.9 0.33 4.01 0.90 1.24 0.52 0.81 18.0 0.12 0.23 2.30 98.8 0.17 0.23 0.13 
base 47.6 2.83 0.20 19.4 0.34 4.07 0.83 1.28 0.50 0.16 18.7 0.14 0.23 2.47 98.8 0.16 0.04 0.13 

CB9 cover 48.7 2.84 0.18 19.6 0.30 4.05 0.91 1.26 0.51 0.09 18.3 0.13 0.21 2.36 99.4 0.15 0.02 0.16 
red 48.8 2.84 0.20 18.8 0.33 3.85 0.87 1.19 0.48 1.07 17.6 0.08 0.23 2.17 98.5 0.16 0.30 0.13 
base 48.6 2.83 0.17 19.6 0.32 4.02 0.84 1.21 0.46 0.07 18.5 0.11 0.29 2.18 99.2 0.16 0.02 0.12 

CB10 cover 49.0 2.89 0.20 19.1 0.29 3.87 0.76 1.31 0.54 0.09 18.0 0.10 0.24 1.99 98.4 0.18 0.03 0.14 
red 49.0 2.96 0.20 18.7 0.33 3.92 0.94 1.23 0.54 0.97 17.6 0.04 0.21 2.18 98.8 0.18 0.27 0.12 
base 49.8 2.90 0.20 19.2 0.34 3.83 0.72 1.22 0.47 0.12 18.2 0.13 0.28 2.06 99.5 0.15 0.03 0.16 

CB3 cover 49.0 2.37 0.11 19.2 0.40 5.04 0.36 1.06 0.49 bd 18.0 0.16 0.23 4.60 101.0 0.15 0.01 0.13 
red 49.7 2.40 0.12 18.8 0.42 5.01 0.37 1.07 0.51 0.92 17.4 0.15 0.19 4.06 101.1 0.16 0.25 0.11 
base 48.6 2.37 0.09 18.1 0.48 5.32 0.49 1.00 0.43 bd 18.9 bd 0.21 4.21 100.2 0.13 0.02 0.12 

CB4 cover 49.0 2.40 0.14 19.0 0.38 5.03 0.39 1.09 0.50 bd 18.3 0.15 0.27 4.33 101.0 0.16 0.02 0.15 
red 49.4 2.39 0.12 18.8 0.42 5.05 0.39 1.07 0.53 0.91 17.3 0.14 0.18 4.05 100.8 0.17 0.25 0.10 
base 48.8 2.41 0.11 19.0 0.37 5.03 0.40 1.11 0.50 bd 18.5 0.16 0.20 4.51 101.1 0.16 0.01 0.11 

CB5* red 48.2 2.37 0.11 18.6 0.38 4.97 0.37 1.03 0.51 0.81 17.7 0.15 0.22 4.37 99.8 0.13 0.00 0.13 
base 47.4 2.32 0.16 18.4 0.38 5.26 0.50 0.99 0.40 bd 18.7 bd 0.22 4.20 98.9 0.16 0.23 0.12 

CB1 cover 46.9 3.08 0.20 20.5 0.33 4.71 0.36 1.19 0.64 0.25 18.3 bd 0.28 3.50 100.2 0.21 0.07 0.16 
red 46.7 3.21 0.16 20.1 0.33 5.15 0.33 0.98 0.72 0.81 17.8 bd 0.18 4.18 100.7 0.23 0.23 0.10 
base 46.5 2.95 0.27 19.8 0.36 5.15 0.35 1.10 0.51 bd 19.1 bd 0.30 3.44 99.8 0.16 0.01 0.17 

CB2 cover 45.9 3.01 0.21 20.5 0.33 4.94 0.37 1.17 0.65 0.30 18.3 bd 0.26 3.43 99.4 0.21 0.09 0.15 
red 45.7 3.13 0.14 20.1 0.31 5.12 0.36 0.98 0.71 0.81 17.9 bd 0.21 4.33 99.8 0.23 0.23 0.12 
base 45.9 2.98 0.12 20.5 0.36 4.82 0.42 1.19 0.65 bd 18.7 bd 0.27 3.73 99.6 0.21 0.01 0.16 

PS15 cover 61.2 4.16 0.21 19.6 1.92 3.33 0.25 0.83 0.60 0.16 5.50 0.52 0.18 2.33 100.8 0.17 0.04 0.09 
red 61.9 4.15 0.22 19.3 1.81 3.17 0.20 0.71 0.57 0.64 5.44 0.45 bd 2.39 101.0 0.16 0.16 0.00 
base 61.2 4.16 0.21 19.8 1.79 3.39 0.27 0.99 0.61 bd 6.08 0.53 0.21 2.24 101.2 0.18 0.01 0.11 

SC14 cover 57.0 4.23 0.27 22.0 0.80 3.80 0.41 0.97 0.72 bd 7.09 bd 0.18 2.65 100.1 0.21 0.00 0.09 
red 57.0 4.25 0.25 21.7 0.77 3.80 0.43 0.96 0.86 0.12 7.02 bd 0.15 2.43 99.7 0.25 0.03 0.08 
base 56.7 4.23 0.31 21.7 0.79 3.78 0.30 1.02 0.76 bd 7.09 bd 0.19 2.57 99.4 0.22 0.00 0.10 

Valls cover 58.9 4.01 0.23 21.2 0.39 3.70 0.41 0.94 0.84 bd 6.78 bd 0.27 2.03 99.7 0.25 0.00 0.14 
red 59.1 4.66 0.24 20.0 0.38 3.47 0.41 1.02 0.82 0.79 7.07 bd bd 1.94 99.9 0.24 0.21 0.03  
base 58.2 4.12 0.20 21.9 0.40 3.99 0.38 1.03 0.76 bd 7.11 bd 0.13 2.03 100.3 0.22 0.00 0.07  
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consistent with the fact that S2− is pretty insoluble compared to S6+ in a 
silicate melt and, consequently, a higher concentration of S6+ can be 
present in the silicate melt without saturation or precipitation of sul-
phate compounds, while relatively low S contents (as S2− ) is required to 
reach sulphide saturation [37]. 

Moreover, the transition from S2− to S6+ in silicate melts occurs over 
a very narrow interval of oxygen fugacity contrarily to the transition 
from Fe2+ to Fe3+ which expands over 16 orders of magnitude [44]. 
Consequently, a slight increase in the oxygen fugacity results in a fast 
transformation of S2− into S6+. Finally, although sulphur occurs as sul-
phide (S2− ), sulphate (S6+) or a combination of both in the silicate melts, 
it can also be released as SO2 (S4+), secondly as H2S and in minor 
amounts as S2 and COS [37]. Therefore, the release of S to the atmo-
sphere during the glass firing cannot be withdrawn. 

To investigate the role of iron in the process, Fe K-edge spectra were 
also obtained from the red and transparent glasses from the Medieval 
(SC13, CB5) and Renaissance (PS15 and Valls) periods. Fig. 8 shows also 
a different behaviour for the Medieval and Renaissance glasses. While in 
the Medieval glasses SC13 and CB5, the red glass is more oxidised than 
the transparent glass, in the Renaissance glasses PS15 and Valls, the 

transparent glass is more oxidised than the red glass. The data indicates 
a more oxidising atmosphere for the red Medieval glasses and a more 
reducing atmosphere for the red Renaissance glasses. 

Although the precipitation of copper sulphide is expected in silicate 
melts containing sulphur, the precipitation of tetragonal chalcocite was 
not expected. Chalcocite at room temperature is monoclinic and inverts 
to hexagonal at 103◦C; at 435◦C the cubic high polymorph forms 
continuous solid solution with cubic Cu9+xS5 [45]. At low-temperature, 
a high-pressure polymorph stable only above ~0.8 kbars has tetragonal 
symmetry [46]. Therefore, at room temperature and pressure, mono-
clinic chalcocite should be formed. However, some studies have 
demonstrated the stabilisation of tetragonal chalcocite in presence of 
Fe3+ [47]. The stabilisation of tetragonal chalcocite seems therefore 
related to the presence of iron in the melt. 

The cubic crystallographic structure of tetragonal chalcocite is 
particularly interesting as while S atoms maintain a rigid sublattice, 
interstitial Cu atoms are distributed throughout many possible positions 
(up to 25). This high degree of structural disorder is also related to a high 
mobility of copper ions with temperature, resulting in a ‘liquid-like’ 
behaviour of copper ions around a crystalline sublattice [48,49]. 

Finally, UV–Vis–NIR analysis of the red glasses was also performed to 
assess the nature of the particles present (Fig. 9A), and colour co-
ordinates (a* and b*) of the red glasses, Fig. 9B. Small metallic copper 
nanoparticles have a strong Surface Plasmon Resonance absorption 
band (SPR) at about 560 nm, responsible for the red colour of the 
glasses. On the contrary, copper sulphide particles absorb light in the 
Near-Infrared (NIR) region (above 800 nm) and, therefore, they do not 
contribute to the red colour of the glasses. The hue calculated by the 
slope of the line, in the colour wheel, Fig. 9B, is similar for all the red 
glasses (fitted value h* = 22.0(9)o, r2 = 0.998). This indicates that 
copper nanoparticles present have a similar size for all the glasses 

Table 3 
Copper XANES speciation calculated using a linear combination of Cu(I)-oxide 
(Low-S basaltic glass) and Cu(I)-sulphide (High-S basaltic glass) after Lanzir-
otti [31] and metallic Cu.  

Red glass Cu(I)-sulphide (%) Cu(I)-oxide (%) Cuo (%) R factor (%) 

SC13 – 37(1) 63(1) 0.05 
CB5 – 58(3) 40(3) 0.50 
CB2 – 52(2) 46(2) 0.30 
PS15 16(2) 54(1) 29(1) 0.20 
Valls 26(3) 38(2) 35(2) 0.10  

Fig. 4. (A) SEM-BSD image of a Medieval red glass 
SC13 (1284–1320, Monastery of Santes Creus. Tar-
ragona) showing the presence of a micrometric Cu2S 
particle (B) Magnification of the red square area from 
(A) showing the presence of small metallic copper 
nanoparticles. (C) Magnification and S, Cu and Ag 
linescan corresponding to one of the Cu2S particles 
showing the presence of Ag2S precipitated at the edge 
and (D) magnification of the metallic copper nano-
particles. (E) Micro-XRD pattern taken from a cross 
section of the red glass showing the presence of 
metallic copper, ICCD file 01-85-1326. (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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Fig. 5. (A) SEM-BSD image of a Renaissance red glass 
sample, Valls (Church of Sant Joan Baptiste de Valls, 
from the rose window by Giacomo Carnobali, c.1609) 
showing the presence of abundant micrometric Cu2S 
particles (B) Magnification of the red square area 
from (A) showing the presence of small metallic 
copper nanoparticles. (C) Magnification and (D) Cu 
and S linescan corresponding to a large micrometric 
Cu2S particle and (E) chemical linescan of the small 
nanometric metallic copper particles. (F) Micro-XRD 
pattern taken from a cross section of the red glass 
showing the presence of tetragonal Cu2S, chalcocite, 
ICDD pattern 01-72-1071 and metallic copper, ICCD 
file 01-85-1326. (For interpretation of the references 
to colour in this figure legend, the reader is referred 
to the Web version of this article.)   

Fig. 6. (A) Copper K-edge XAFS of the red glass, 
copper sulphide particle and glass area around the 
particle of SC13 (1284–1320. Monastery of Santes 
Creus. Tarragona) and Valls (c.1609. Church of 
Sant Joan Baptiste de Valls) and of the red glasses 
from CB5 (1386. Cathedral. Barcelona) and CB2 
(1398–1408. Cathedral. Barcelona) samples. (B) S 
K-edge XANES of SC13 transparent base and cover 
glasses and red glass, copper sulphide particle and 
glass area around the copper sulphide particle 
showing that sulphur in the glass areas is mainly 
present as S6+. Reference spectra corresponding to 
Cu2S (magenta) and a completely oxidised (black) 
(S6+) and reduced (grey) (S2− ) basaltic glass after 
Jugo [37]. (For interpretation of the references to 
colour in this figure legend, the reader is referred 
to the Web version of this article.)   
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studied (below 50 nm). Lightness (L*) and saturation (c*) vary among 
the samples depending on the thickness and fraction of metallic copper 
nanoparticles of the red glass layer, but also on the thickness of the 
transparent base and cover glasses and the presence of alteration com-
pounds at the surface which strongly reduce the light transmitted. 

4. Discussion 

The presence of small metallic copper nanoparticles absence of other 
copper precipitates such as cuprite is responsible for the ruby red colour 
of the glasses. Due to the limited solubility of metallic copper in a silicate 
melt, copper has to be previously oxidised. Consequently, in order to 
render the ruby red colour, reducing agents have to be incorporated in 
the melt to induce the precipitation of metallic copper. 

Small amounts of sulphur were present (associated with the plant 
ashes) in the glasses from the Medieval and Renaissance period. Sulphur 
can be present in a silicate melt as S2− or S6+ the first predominates 
when the melt is fired under reducing and the second when it is fired 
under oxidising conditions. Nevertheless, the solubility of sulphur in the 
melt is very low, in particular for S2− and a sulphide-silicate melt 
partition happens, about ~1100◦C extrapolated from the behaviour of 
basaltic glasses and also consistent with a recent replication of red glass 
[18]. As copper is a highly chalcophillic element, copper accumulates in 
the sulphide partition and during the cooling of the melt (Cu2S) particles 
are formed. The presence of Fe3+ in the melt may be responsible for the 
stabilisation of tetragonal chalcocite the high-pressure tetragonal poly-
morph of chalcocite [47] rather than the low temperature/pressure 
form. 

The Medieval glasses studied show that sulphur is present in the glass 
as S6+, copper is present either as Cu+ in the glass and forming metallic 
copper nanoparticles. Very few copper sulphide particles of tetragonal 
chalcocite (Cu2S) are found. Sulphur is present as S2− and S6+ in the 

glass around the particles and as S6+ in the glass. Therefore, we believe 
that during glass melting the equilibrium between ionic species causes 
sulphur to oxidise to S6+ while copper is reduced to the metallic state. 
The transition from Fe2+ to Fe3+ expands over a large oxygen fugacity 
range contrarily to the transition from S2− to S6+. Therefore, it is more 
likely that iron acted as an oxidation/reduction buffer, becoming more 
reduced or oxidised by the atmosphere rather than directly intervening 
in the reduction of copper to the metallic state and consequent precip-
itation of the copper nanoparticles. 

In the Renaissance glasses, probably due to the use of a more 
reducing atmosphere and favoured by the different composition of the 
glasses, silica richer, iron appears more reduced, little sulphur is dis-
solved in the glass and a large number of copper sulphide particles also 
of tetragonal chalcocite (Cu2S) occurs. In this case, metallic copper 
nanoparticles are also found in the glass but in a lower amount than in 
the Medieval glasses (about 30%–35% for the Renaissance glasses 
compared to 40–63% for the Medieval glasses) (Table 3). Iron is more 
reduced in the red glass than in the clear base glass which is also 
consistent with the use of more reducing conditions during the glass 
melting. And, in this case, iron cannot be responsible for the reduction of 
copper to the metallic state. 

Then, to blow the glass, it is reheated in the air to the working 
temperature (∼ 1050◦C). At this temperature not only the glass but also 
the copper sulphide particles (melting point 1030◦C) are liquid. 
Reheating of the glass is mentioned in the treatises as sometimes 
necessary for the glass to develop the red colour (striking). During this, 
S2− present in the melt will be oxidised and copper reduced to the 
metallic state. The presence of both S2− and S6+ in the glass around the 
particles and the peculiar hollow-like structure shown by the copper 
sulphide particles (Fig. 5), indicate that during the reheating of the glass 
some particles decompose. This would result in the precipitation of 
metallic copper nanoparticles. The high mobility of copper ions with 

Fig. 7. Linear combination fitting of the Cu k-edge XANES spectra corresponding to the Medieval (SC13, CB5, CB2) and Renaissance (PS15 and Valls) red glasses 
using metallic copper (Cuo), Cu(I)-oxygen and Cu(I)-sulphide complexes after Lanzirotti [31]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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temperature in tetragonal chalcocite [48,49] can favour this. 

5. Conclusions 

The ruby red colour of the glasses is obtained thanks to the presence 
of small metallic copper nanoparticles. Small amounts of sulphur were 
present in the Medieval and Renaissance red glasses. Sulphur has a low 

solubility in a silicate melt and is present as S2− and/or S6+. S6+ is more 
soluble than S2− , consequently, a sulphide-silicate partition at a tem-
perature above 1100◦C is obtained; copper is a highly chalcophillic 
element and accumulates in the sulphide partition. The presence of iron 
in the melt may be responsible for the precipitation of tetragonal rather 
than monoclinic chalcocite (Cu2S) particles. During the melting and/or 
reheating of the glass at high temperature under oxidising conditions, 

Fig. 8. (A) Fe K-edge spectra corresponding to the transparent and red glasses of the Medieval (SC13, CB5) and Renaissance (PS15 and Valls) and to the standards. 
(B) Centre shift (CE) and total Area (A) of the pre-peak [38,39] and (C) edge shift calculated using the Integral method. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. (A) UV–Vis and NIR absorbance correspond-
ing to Renaissance (PS15 and Valls) red glasses 
showing the characteristic Surface Plasmon Reso-
nance peak corresponding to the metallic copper 
nanoparticles and a broad absorption peak in the NIR 
related to the Cu2S precipitates. (B) CIE L*a*b* colour 
coordinates, a* and b* of the red glasses analysed (red 
dots) and fitted h* (hue) (dotted line). (For interpre-
tation of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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sulphur is oxidised and copper reduced to the metallic state (striking). 
The differences found between Medieval and Renaissance red glasses 
may be related to the different composition, silica richer in the Re-
naissance glasses, or to more reducing conditions in the melting. 

In summary, our data shows that sulphur was a key ingredient in the 
production of the red glasses of the period, in agreement with the main 
conclusions obtained from the replication of red glass following some 
historical recipes. On the contrary, iron does not seem to have a direct 
role in the reduction of copper and the precipitation of copper nano-
particles but rather an indirect role stabilizing tetragonal chalcocite and 
acting as an oxidation/reduction buffer. 
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