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ABSTRACT: The recent discovery and excavation of 12th century AD urban glass workshops in the city of
Murcia (Spain) have provided good evidences of glass production in the ancient Islamic territory of Al-Andalus.
Among other findings, an important amount of bulk coloured and colourless glass fragments were unearthed
during the archaeological works undertaken. This research presents the results obtained in the characterization
of the chromophores responsible of the different colours found in the glass ensemble, namely turquoise blue,
green bluish, emerald green, purple, yellow and red. The main goal of the study was to get some insights into
the technology developed to obtain different colours in glasses. The resulting data have allowed the assignment
of the ions responsible for each colour studied and have provided outstanding information on the colouring
techniques used by the Islamic glassmakers of Al-Andalus.

I INTRODUCTION

Up to now, little was known on technological aspects
of Islamic glasses manufactured in the ancient terri-
tory of Al-Andalus (Southern Spain, AD 711-1492).
However, the recent discovery and systematic archae-
ological excavation of urban glass workshops in the
city of Murcia has changed this situation since, for
the first time, it is possible to have glasses related to
production sites with a chronology of mostly the 12th
century AD (Jiménez Castillo et al. 2000), These work-
shops are the first evidence of glass production in the
region of Murcia and are currently the only well docu-
mented in Al-Andalus, except the workshop of Pechina
(Castillo & Martinez 2000).

Throughout the 12th century and, particularly, dur-
ing the kingdom of Ibn Mardanish, Murcia reached  Figure 1. Map of the Iberian Peninsula showing the loca-
a high splendour to such as extent that it was one  tion of Murcia and the approximate boundary between
of the most prominent west Mediterranean cities of  the Christian and the Islamic territories around the 12th
that time. For this reason, some Arab written sources  century AD,
reported that Murcia was an important glass produc-
tion centre (e.g., De Gayangos 1984, Jiménez Castillo  of Al-Andalus around the 12th century AD are shown
2000), Ibn Mardanish fought against the Almohads,  in Figure 1.
who came from north of Africa and rapidly dominated One of these Murcian workshops is located in the
the most part of Al-Andalus, during more than two  Puxmarina street. The archaeological excavation of
decades until the city fell in AD 1172 (Jiménez Castillo  this site revealed a total of five well preserved furnaces
2003). The location of Murcia and the approximate  and some remains of three others. These furnaces have
boundary between the Christian and Islamic territories  been dated by archeomagnetism between AD | 100 and
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Some of the glass fragments from the Puxma-
rina workshop (Murcia, Spain) in the state as-received in the
laboratory. Scales are in cm.

Figure 2.

1200 (Gomez-Paccard et al. 2006). Contextual infor-
mation suggested that at least three of the furnaces
could have been used for glass melting, The excavation
also provided a very fragmenied ensemble of plasses,
together with some glassworking waste evidences such
as glass dribbles and threads, melts from batches
and crucible remains (Jiménez Castillo et al. 2005).
The main glass forming technique was blowing, even
though some flat glass fragments were also present.
The majority of glasses were colourless or slightly yel-
lowish and, less frequently, turquoise blue, green bluish
and purple. Only a few fragments of emerald green,
yellow and red glasses were documented. All of them
were transparent and bulk coloured in those cases in
which they had colour. Due to the fragmentary state
of the ensemble, a very few number of shapes could
be reconstructed, including small vases or unguentaria
and small necked bottles. Decoration is only present
in a reduced number of fragments and is composed of
black, white and red paints. Figure 2 shows some of
the glass fragments recovered in the excavation.

The relevance of such findings has been explored
through a project focused on the archacometric char-
acterization of the glass productions, using differ-
ent physical-chemical technigues (Carmona et al., in
press). One of the key goals of the project was the char-
acterization of the chromophores or chemical species
responsible of the different colours exhibited by the
glasses found in the Puxmanna workshop. Such a
rescarch is presented in this paper and was aimed at
providing some insights into the technology devel-
oped by the glassmakers of Mureia, in order to shed
new light on the general topic of the Islamic glass
technology of Al-Andalus,

"

EXPERIMENTAL

2.1

In the first place, a total of 21 fragments, including
glasses and remains of melt batches from furnaces,
were selected to determine the chemical composition

Samples selecred
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of the glass ensemble, This selection encompassed the
whole range of colours. In the second place, a sam-
ple of turquoise blue, green bluish, emerald green,
purple, yellow and red glasses were taken to char
acterize their corresponding chromophores. In boih
cases, those fragments without a recognizable typo-
logical form were preferentially selected to undertake
destructive analyses,
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Chemical analyses were carried out by X-ray Fluo-
rescence (XRF) using a Philips PW-1404 wavelength
dispersed X-ray spectrometer equipped with a tube
of rhodium. Analytical determinations were obtained
through the standard-less analytical software Ui
quant 4.22 based on fundamental parameters. Onee
external deposits were removed by polishing to avoid
contaminations, powder samples were prepared by
grinding body glass fragments in an agate morta
Then, pressed boric acid pellets, using a mixture
of n-butylmethacrylate and acetone (10:90 wt %) g
bonding mediam, were made for the XRF analyses.

The characterization of the glass chromophores was
undertaken by UV/VIS absorption spectrophotometry
using a Shimadzu 3100 spectrophotometer attached
with an integrating sphere. Spectra were acquited m
the 380-800 nm range on transparent glass samples of
approximately 1 mm in thickness. The samples wer
obtained by polishing both sides of the glasses will
a manual rotating pohisher using an agqueous suspen
sion of cerium oxide to remove external deposits. To
the best of the authors” knowledge UV/VIS absorption
spectrophotometry has been little used in archacolog:
ical glasses despite its advantages (o investigate then
colours and chromophores (Sanderson & Hutching
1987, Garcia-Heras & Villegas 2004).

Analytical techniques

3 RESULTS AND DISCUSSION

3.1 Chemical analysis

According to the chemical data obtained by XRE
the glasses studied can be classified into two disting
groups: 1) soda-lime-silicate glasses [Na;O-Ca(-
Si0;] and 2) soda-lime lead-silicate glasses [NayOe
Ca0-Pb0O-810; ], which are characterized by a high
content of lead oxide. All the colourless and most of
the bulk coloured glasses belong to the first group
whereas the second one is only represented by emer
ald green glasses. Mean and standard deviation of the
13 main components of both groups are displayed i
Table 1.

I'he major component of soda-lime-silicate glasss
is the network-former Si0s (58.83 wt %). The glas
network-modifier NayO shows a relatively high con
centration (1928wt %). while the content of ih




Table 1. Resulis derived from the XRF chemical analysis
of glasses (weight %).

Soda-lime-silicate Soda-lime lead-silicate

(n=419) (n=2)

Mean SD. Mean S.D.
Na;, O 19.28 1.88 12.46 3.10
MpO 4.89 0.89 2.61 0.69
Al Oy 2 Ui 1.47 3.00 1.51
Si0s 58.83 2.64 49.77 3.68
P;0- 0.27 0.06 012 0.02
50, 0.15 0.04 0.16 0,04
£ 1.06 0.17 0.84 0.08
K;0 2.16 0.48 1.52 0.50
a0 7.27 0.98 4,92 .14
Tty 0.19 0.08 0.14 0.03
MnO 0.34 0.26 0.10 0.04
Fe, 0y 0.96 0.22 1.39 1.29
PhO) 0.83 1.35 22.97 7.79
Total 100.00 100.00

S.D. Standard deviation (k).

network-stabilizer CaO 1s 7.27 wt %. The amounts of
other network-modifiers such as MgO and KO are
4.89and 2.16 wt %, respectively. The content of Al; Oy,
which is also a network-former oxide, is 3.77 wi %.
The percentages of P,Os and SO, are not higher than
030wt % and chloride ions range around 1wt %.
Minor components determined were transition metals
such as TiO; (0.19 wt %), MnO (0.34 wt %) and Fe; 04
(0.96 wt %), Iron and titanium oxides can be consid-
ered as impurities of the raw materials. However, the
manganese oxide was intentionally added as a chro-
mophore to provide the purple colour as is discussed
in the next section.

This first group of glasses can be classified as high
magnesia plant ash glasses (HMG) according to the
terminology proposed by Sayre & Smith (1961). The
use of plant ashes as a source of sodium oxide is docu-
mented throughout the Islamic world between the nine
and fifteenth centuries AD and is strongly indicated
by the high contents of Na,O and MgO, as well as
the noticeable concentration of K;O (Tab. 1). These
indicators suggest that natron was not used as alkali
source because the concentrations of MgO and K,O
had to be then lower or around 1.00 wt %,

In the second group. that of soda-lime lead-
silicate glasses, the major component is also SiO;
(4977wt %). In this group the content of PbO is
around 23.00 wt %, which at high concentrations can
play the role of a network-former oxide (Goz et al.
1976, Fernandez Navarro 2003). The percentage of
Na;0 is 12.46 wt %, that of CaO is around 5.00 wt %
and the content of K0 1s 1,52 wt %. On the other
hand, the concentration of MgO is a little bit lower
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Figure 3. Visible absorption spectrum from a bulk emerald

green soda-lime lead-silicate glass.

(2.61 wi %) than in the first group of glasses. The
rest of components are otherwise very similar in both
groups.

Soda-lime lead-silicate glasses can be classified as
Islamic high lead oxide glasses, following the termi-
nology of Sayre & Smith (1961), and are documented
in the same period of time.
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Figure 3 shows the absorption spectrum from a bulk
emerald green glass. According to chemical analysis
data, it seems that this colour was only produced in
soda-lime lead-silicate glasses. The sample presents a
unique wide absorption band of high intensity which
can be assigned to Cu”* ions. The band shifts towards
lower wavelengths up to 740 nm, This can be attribuied
to the incorporation of high contents of lead oxide to
the glass network since, as mentioned above, it can
play the role of a network-former oxide at high con-
centrations. The high polarisability of the Pb** ions
induces the glass to asymmetric structures able to be
deformed (Fernandez Navarro 2003: 453). This fact
shifts the absorption band of Cu** ions from ~800
to ~740 nm, thereby changing the colour from blue
to emerald green. The presence of copper oxide in
this glass (422wt %) was confirmed by chemical
analysis data obtained by XRFE. The UV absorption
edge of this sample is around 425 nm and is proba-
bly due to the presence of Fe'* ions which absorb at
380, 420 and 440 nm. Therefore, the intense emerald
green colour was achieved by the synergic effect of the
Cu®*ions, which progressively shift their absorption
band from blue to green due to the presence of a high
lead oxide content in the glass, and the yellow colour

Characterization of chromophores
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Figure 7. Visible absorption spectrum from a bulk silver
yellow glass probably of the soda-lime-silicate type.

the optical absorption results, since the concentration
of manganese oxide in this glass was 1.14 wt %,

The bulk yellow colour is due to the formation of
Ag silver colloidal nanoparticles, which are respon-
sible of the absorption recorded at around 400 nm in
the spectrum of Figure 7. The introduction of silver
compounds in the glass gives rise to the formation
of colloidal nanoparticles through the following three
steps process: 1) dissolution of Ag™ ions and incor-
poration into the glass network, 2) thermal reduction
of Ag" ions to Ag atoms by means of a reducing
atmosphere, and 3) precipitation and aggregation of
Ag atoms which tend to form colloidal nanoparti-
cles responsible of the yellow colouring (Fernandez
Navarro & La Iglesia 1994). Due to the reduced num-
ber of bulk vellow glass fragments found and the low
weight available, it was not possible to analyze them
chemically by XRE. Consequently, the content of silver
could not be analytically confirmed.

In any case, a very low concentration of silver (from
0.05 t0 0.50 wt %) is enough to provide the characteris-
ticsilveryellow colour to the glass (Fernandez Navarro
2003: 472).

Finally, Figure 8 displays the absorption spectrum
from a bulk red soda-lime-silicate glass. It shows an
mtense and well-defined absorption band at around
560nm, which is characteristic of copper ruby red
glasses. The red colour is due to the formation of
Cu'/Cu colloidal nanoparticles in a similar process
to the silver ones but using copper compounds. The
mimimum concentration of copper oxide to produce the
ruby red colour is estimated in ~0.50 wt % (Fernandez
Navarro 2003: 468). The content of copper oxide
determined in this sample by XRF was 0.59 wt %,

Either in the case of copper or in the case of sil-
ver colloids it is necessary to produce critical reducing
conditions during the glass melting to develop ruby red

Absorption (a.u.)

Wavelength (nm)

Figure 8, Visible absorption spectrum from a bulk ruby red
soda-lime-silicate glass.

or yellow colouring. Therefore, from the technological
point of view, obtaining such colours is difficult. It
is important to point out that the solubility of both
copper and silver nanoparticles rises as far as the
alkalinity and the lead oxide concentration of the glass
increase (Ferniandez Navarro 2003: 472). This fact
could explain why a certain amount of lead oxide
(2.84 wt % detected by XRF) was present in the bulk
ruby red glass,

4 CONCLUSIONS

The results of the present research have allowed the
assignment by UV/VIS absorption spectrophotome-
try of the ions responsible for each glass colouring
studied. The characterization of these chromophores
indicated that Murcian glassmakers of the | 2th century
AD used copper oxide compounds to obtain emer-
ald green, turquoise blue, green bluish and ruby red
colouring in glasses. That is, by using the same copper-
based chromophore, they were able to produce three
different bulk colours varying the sensitive redox con-
ditions of copper oxide during the melting process of
glass. They also employed manganese oxide to obtain
purple and some silver compounds to obtain the yel-
low colour. The presence of these ions was confirmed
through chemical analysis by XRF, except in the case
of the silver yellow in which there was not enough
amount of sample available to be chemically analyzed.

The resulting data suggest, therefore, a deep knowl-
edge of glass colouring techniques. This implies a high
degree of specialization in glass production in which
control over different colours and glass compositions
was achieved. [n this sense it is important to emphasize
the use of a soda-lime lead-silicate glass to specif-
ically produce the emerald green colour, since both



high contents of lead oxide and glass alkalinity favour
the incorporation and solubility of copper oxide to the
glass. However, it is unlikely that Murcian glassmak-
ers were aware of this point beyond the empirical level.
Overall, this research sheds new light on the Islamic
glass technology developed in the ancient territory
of Al-Andalus in which, up to now; little scientific
evidence was available,
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