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Abstract — Strongly coloured glass vessels decorated with marvered threads of white glass are a wide-spread and popular, but rarely
studied group of high-quality glassware of medieval Islamic origin. Relatively little is known about the composition and production
places of these vessels, and their chronological range is not very well defined, as many of the published finds lack contextual
evidence. Here, we present detailed chemical and microstructural data on a set of well-dated purple glass vessels decorated with
white threads, excavated at the Mali Grad site in Branicevo, Serbia, in an archaeological context dated to the middle/second half
of the 12th century AD. The set comprises at least sixteen different vessels, manufactured from two different batches of probably
Levantine plant-ash glass coloured by manganese oxide. Significantly, the results demonstrate that these batches are correlated

to particular vessel shapes. The base glass of the white threads is comparable to that of the purple vessel glass, but instead of being
coloured by added manganese oxide, it contains considerable amounts of tin and lead oxides which provide the effect of opacity
and white colour. No difference in composition can be seen between the white glass threads used to decorate the vessels from

the two different manganese-coloured batches, thus indicating a likely common production origin of the whole set.

Key words — Islamic glass, Marvering, Brani¢evo, Serbia, 12t century, LA-ICPMS analysis, SEM imaging, pXRF.

INTRODUCTION Allan?, who surveyed and summarised the earlier liter-

Islamic glass vessels of the High Middle Ages are
renowned for their artistic and aesthetic quality.
Among the easily recognisable decorated glass objects
are vessels consisting of an intensely coloured body
trailed with threads of opaque glass, most often of
white colour, typically dragged in a festooned fashion
(i.e. the so-called combed decoration) when the glass
was still soft and often marvered flat into the surface of
the vessel walls!. The first comprehensive survey of
these marvered Islamic glasses was published by James

ature on the subject as well as detailing his own con-
siderable knowledge of the material based mostly on the
Ashmolean Collection, followed by Stefano Carboni’s
review of the material in the al-Sabah Collection?. Since
then, further studies reported more finds, for instance

I Pinder-Wilson 1999, 129-130.
2 Allan 1995.
3 Carboni 2001, 291-321.

The article results from the Glass from Byzantium to Baghdad — Trade and Technology from the Byzantine Empire to the Abbasid Caliphate
project of UCL Qatar, funded by NPRP grant 7-776-6-024 from the Qatar National Research Fund (a member of Qatar Foundation), the project
of the National Museum in Pozarevac Archaeological investigations of Medieval Branicevo (No. 1201-P13), funded by the Municipality of
Pozarevac, and the project of the Institute of Archaeology in Belgrade Urbanization Processes and Development of Medieval Society (No.
177021), tunded by the Ministry of Education, Science and Technological Development of the Republic of Serbia.

125 Manuscript received 26" December 2017, accepted 10! May 2018



Thilo REHREN, Anastasia CHOLAKOVA, Sonja JOVANOVIC

Composition and texture of a set of marvered glass vessels from 12 century AD Brani¢evo, Serbia (125-149)

Fig. 1. Examples of the analysed purple glass vessels with marvered decoration from Branicevo
(Cat. Nos 1, 2, 6 from Spasic-Puric, Jovanovic in this volume; photo: Institute of Archaeology, Belgrade)

Ca. 1. IIpumepuu anaausupanor uypiypror ciiaxkaa uz bpanuuesa ykpauwenu auauuupanum HUmuma
(Cat. Nos 1, 2, 6 uz Spasic-Puric, Jovanovic'y osom 6pojy Ctapunapa, ¢ouio: Apxeosowku unciuuiiyi, beoipag)

from Bet Shean in Israel*, the Wadi al-Tar in Sinaid,
and Jerusalem®. Beyond this, numerous articles and
catalogue entries also depict fragments of such vessels
from various sites or museum collections, attesting the
wide popularity of this group. Despite this popularity,
however, few papers discuss the chemical composition
of these vessels, the main one being Julian Hender-
son’s companion piece to the survey by James Allan’.

Recent excavations at House No 4 from Branicevo
in eastern Serbia have yielded a highly remarkable
assemblage of glass vessel fragments (Fig. 1). They
were found in a closed context formed with the de-
struction of the building and dated, on the basis of the
numismatic evidence, to the middle/second half of the
12t ¢. AD8. The main finds form a set of at least 16
individual vessels, including bowls, bottles and flasks
made from translucent purple glass with opaque white
festooned decoration. They have few published paral-
lels from the Balkans”, and form the topic of this che-
mical study. A full presentation of the vessel set, its
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context and archaeological interpretation is provided
in the preceding paper by Dragana Spasi¢-Duri¢ and
Sonja Jovanovi¢!?. Here, we report the results of com-
positional and microstructural analyses done on this
assemblage.

MATERIALS AND METHODS

The fragments were recovered during regular exca-
vations in 2011 and visually sorted and assigned to at
least 16 different vessels, tentatively identified as six

4 Hadad 2002.

5 Shindo 1993.

6 Brosh 2014; Brosh 2017, 300-301, 303-304.

7 Henderson 1995.

8 Spasi¢-Puri¢ 2016, 113—114, Fig. 56b; Spasi¢-Duri¢, Jova-
novic in this volume.

9 E.g. vessels from Kotor, Montenegro in Krizanac 2001, and
from Corinth, Greece in Davidson 1952, 115-116, Nos 755-758.

10° Spasi¢-Duri¢, Jovanovic in this volume.
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small and two large bowls, two flasks, and three large
bottles; other fragments indicate the presence of a fur-
ther three unidentified, highly fragmented vessels,
potentially also flasks. From the much larger total
number of sherds excavated, 15 fragments representing
at least nine of the different vessels were analysed by
Bernard Gratuze!! using Laser Ablation — Inductively
Coupled Plasma Mass Spectrometry (LA-ICPMS). On
each fragment three spots in the purple glass base and,
where possible, a further three spots in the white glass
were analysed using well-published conditions and
protocols!2. The Appendix reports the average values
of the three measurements per sample, separate for the
purple and the white glass, together with the results for
the reference glass Corning A, whose composition is
assumed known!3 and which was analysed as part of
the same analytical sequence as the compositionally
unknown glass fragments'#. From the analysis by LA-
ICPMS we identified the presence of two different
chemical compositions among the purple glasses (see
below); this separation was further supported by por-
table X-Ray Fluorescence (pXRF) analyses done at the
National Museum in Pozarevac using a hand-held
Olympus Delta InnovX instrument with modified cal-
ibrations based on the instrument’s Soil and Mining
Plus modes (see below).

To better understand the manufacturing technology
of the opaque white decoration, and to explore the reason
for the observed internal heterogeneity of the triplicate
LA-ICPMS analyses (see below), six of the 15 frag-
ments analysed by LA-ICPMS were selected for fur-
ther study by optical and scanning electron microscopy.
In preparation for this, the samples were embedded in
cold-setting transparent resin in such a way that the
cross section of the glass would be exposed after grin-
ding and polishing the flat surface of the resin disc,
revealing both the purple glass matrix and the white
decoration. They were then investigated using a Leica
DM2700 Optical Microscope (OM) and a JEOL Scan-
ning Electron Microscope with Energy-Dispersive
Spectrometer (SEM-EDS) at the Archaeological Mate-
rials Science Laboratories of UCL Qatar.

RESULTS

There are two main characteristics to report regar-
ding the results of the scientific analysis of these glass
fragments. Firstly, there is the chemical composition of
the glass, separately for the purple bodies and the white
threads, as determined by LA-ICPMS. Secondly, there
are the textures of the two glass parts on a microscopic
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level, as visualised and determined by SEM Back-
Scatter Electron (BSE) images and EDS analyses for
six fragments' out of the 15 analysed by LA-ICPMS.
Knowing the composition enables us to discuss the
production technology and the likely origin of this
glass, and whether the different vessels were made all
at the same workshop during the same production
event, or whether they are from different sources. The
texture, in addition, provides us some information
regarding the working and colouring processes used to
make and decorate the glass vessels.

Composition

The purple glass fragments are a typical soda-
lime-silica glass, with around 67 wt% silica, 12 to 13
wt% soda, and ¢ 9 wt% lime (Table 1). The presence of
2.5to 3 wt% magnesia and 1.9 to 2.3 wt% potash indi-
cates the use of plant ash as the flux. The purple colour
is due to a manganese oxide content of, on average, 2 to
2.2 wt%, clearly added as a deliberate ingredient of the
colouring recipe. Around 2 wt% alumina and around 1
wt% iron oxide are the only other compounds present
at the percentage level. This composition matches typ-
ical Islamic plant-ash glass compositions known from
extensive literature, and is in accordance with the styl-
istic affiliation of the vessel types and decoration to an
Islamic origin.

Within this compositional range we identify two
subgroups. Purple 1, with eight analysed samples, has
slightly higher concentrations of potash, magnesia
(Fig. 2), and lime, while Purple 2, with seven analysed
samples, has slightly higher concentrations of iron and

11 At the laboratory of the Institute de Recherche sur les Archéo-
matériaux (IRAMAT) — Centre Ernest Babelon, UMR 5060 CNRS/
Université d’Orléans, France.

12 Cf. Gratuze 2016. Three separate spots were placed in the
cross sections of the fragments, analysing a volume of glass ¢ 0.06 mm
wide and ¢ 0.2 mm deep. An exception is sample BRN 1-09 on
which, due to the strong glass heterogeneity of the decoration, nine
individual spots were measured, spread over three different areas,
and then averaged as three separate results; see Fig. 6a, b and the
Appendix — samples BRN 1-09.w(i), BRN 1-09.w(ii), and BRN 1-
09.w(iii).

13 Brill 1972; Adlington 2017.

14 The comparison of the measured oxide concentration to val-
ues published by Brill (1972), Vicenzi et al. (2002), Wagner et al.
(2012), and Adlington (2017, Table 3) shows an overall good con-
sistency; the main discrepancy was seen in the determined lime con-
centration, which was analysed ¢ 13% higher than in the published
values.

15 Fragments BRN 1-04, 1-05, 1-07, 1-09, 1-13 and 1-14b.
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wt% Sio, ALO, | Na,0 K,0 Ca0 MgO P,0, Cl TiO, | Fe,O,
Purple 1 67.4 1.75 122 225 9.1 2.87 0.30 0.71 0.09 0.73
Purple 2 66.7 1.90 12.9 1.91 8.7 2.60 0.26 0.77 0.10 1.06
White (all) 57.8 1.08 9.0 1.81 6.9 235 0.24 0.66 0.06 0.44
ppm Li,0 B,0, | Rb,0 SrO BaO V,0, | Cr,0, | ZrO,
Purple 1 20 315 16 682 1473 27 21 59
Purple 2 25 414 14 677 1547 31 23 67
White (all) 4 225 11 456 195 18 11 39

MnO CoO NiO CuO Zn0 | As,0, Ag Sn0, | Sb,0, | PbO Bi

wt% ppm ppm ppm ppm ppm ppm wt% ppm wt% ppm

Purple 1 2.02 7 17 518 67 19 3 0.04 74 0.13 2
Purple 2 221 13 17 478 86 24 2 0.10 292 0.33 5
White (all) 0.60 8 33 352 39 44 25 6.6 21 12.3 288
va?ﬁftegl(Tli) Si0,* | ALO | Na,0* | K,0¢ | CaO* | Mg0* | P,O* | CI* | TiO} | Fe,0* | MnO*
(Wt%) 71.4 1.33 11.1 224 8.5 291 0.30 0.81 0.07 0.54 0.74

Table 1. Average values for the main oxides and selected trace compounds of the compositional glass groups

Purple 1, Purple 2 and White from Branicevo, as determined by LA-ICPMS. The lower section reports the base glass
composition of the white glass as recalculated after removing the added oxides (SnO, and PbO), and recalculating
the listed eleven compounds (marked with an asterix) to 100%, see footnote 32. Full data is in the Appendix

Tabena 1. Ilpoceune epegnociiiu I1a8HUX OKCUGA U U3YBOJEHUX jegurbetsa Y Tpaioguma Koju yaase y caciias ciiakia
Ilypuyp 1, [Typuyp 2 u 6eaoi ciiakaa uz bpanuuesa, ycimanosmsenux metmogom LA-ICPMS. [Ipu gny wabene tpukasan
Je ocrosnu caciiiae beaol ciiaxaa gobujen naxon uckwyuueara gogaimux oxcuga (Sn0, u PbO) u fionoenot
ApepauyHasamwa 8pegHoCiiu 3a Upeocliaiux jeganaecti jegurera (03nauenux 3eesgumyom) go 100%, sugu naii. 32.

Kowmiinewinu iogauu gaiwiu cy y upuiory

manganese oxide (Fig. 3), and higher levels of some
trace elements such as lead, tin, antimony, boron and
lithium (Fig. 4).

The differences in trace element levels between
the two subgroups, identified by the LA-ICPMS analy-
ses, were sufficiently clear to be recognised even in the
much less accurate and precise pXRF analyses, partic-
ularly for antimony, but also tin, lead, and even man-
ganese at the level of major oxide. This enabled us to
assign, within the space of a few minutes, specific frag-
ments to either of the two subgroups, as a fast in-situ
method without the need for full analysis in a specialist
laboratory'®. In order to confirm the feasibility of such
an approach, a few fragments already analysed by LA-
ICPMS were measured by pXRF, providing an idea of
the extent of credibility of the data!’. Screening an
additional set of ¢ 30 fragments from the assemblage
in this manner indicated that all were compatible with
either of the two purple glass subgroups, within the
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limitations of the method (Fig. 5a, b)!8. This not only
confirmed the consistency of the overall assemblage
but also helped in assigning some individual fragments
to specific vessels.

The opaque white glass has a similar base compo-
sition as the purple glass, in that it is also a plant-ash
based soda-lime-silica glass. The main difference is that
the white glass contains an additional ¢ 5 to 9 wt% tin

16 The full pXRF data is on file at the National Museum in
Pozarevac; the details of this work will be published elsewhere in a
more technical paper.

17 The purple areas of fragments BRN 1-03, 1-05 (Purple 1)
and BRN 1-04, 1-10 (Purple 2) were re-analysed using pXRF (see
Fig. 5). Based on this internal comparison, we considered the nume-
rical values reported by the pXRF instrument as indicative (labelled as
wt% ind. and ppm ind. in the graph) rather than fully quantitative.

18 For methodology and limitations of the pXRF technique in
glass analyses see Adlington, Freestone 2017.
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Fig. 2. The magnesia (MgO) and potash (K,0) contents of Purple I and Purple 2 both fall in the range associated
with plant ash glass, and differ from each other to show that they form two separate compositional subgroups.
LA-ICPMS data from B. Gratuze, IRAMAT

Fig. 3. The manganese oxide (MnQ) and iron oxide (Fe,0;) contents of Purple 1 and Purple 2 differ from each other,
confirming that they form two separate compositional subgroups. LA-ICPMS data from B. Gratuze, IRAMAT

Ca. 2. Bpegnoctiu oxcuga mainesujyma (MgO) u oxcuga kaaujyma (K,0) y obe Hogipylie ciiaxaa,
usgeojene xao Iypiyp 1 u Ilypiiyp 2, yaase y olicel Koju ce 8e3yje 3a cliiakao Ha ba3u 6umHol leiliead,
goK pasauke uzmehy 08ux 8pegHoCiiiu YKasyjy Ha Hociiojarwe gee uogipyie ca pasiuuuiiium caciideom.
LA-ICPMS tiogayu gobujenu og b. I'pauiysa, IRAMAT

Ca. 3. Bpegnociiu manian-oxcuga (MnO) u oxcuga isoxcha (Fe,0;) y ciiiaxiy usgsojenom kao Iypiayp 1
u ITypuyp 2 ce pasauxyjy, witio owephyjy gee uogipyie cliak.ia pa3auduiiiol caciiasa.

LA-ICPMS tiogauu gobujenu og b. Ipanitysa, IRAMAT
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Fig. 4. The tin oxide (Sn0,) and lead oxide (PbO) contents of Purple I and Purple 2 fall on the same correlation line
as in the white trails, but at different concentrations. Note the logarithmic scale of the two axes.
LA-ICPMS data from B. Gratuze, IRAMAT

Ca. 4. Bpegnociuu oxcuga kaaaja (Sn0,) u onoea (Pb0O) y ciiiaxay usgsojenom kao Iypiyp 1 u Ilypiyp 2 fpaitie ucuty
JAUHUJY KOpeaauuje Kao Kog beaol cliakad, aau ca gpyiauujom KoHuenmpauujom. Bugu aoiapuitiamcky cxaay gse oce.
LA-ICPMS uogauu gooujenu og b. I'patysza, IRAMAT
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Fig. 5. Purple 1 and Purple 2 can be clearly distinguished by their manganese oxide (MnO) and antimony oxide
(8b,0;) contents in the LA-ICPMS data (a). These oxides can successfully separate the two compositional
subgroups even in the less accurate and precise pXRF data (b, numerical values on the axes only indicative;
uncorrected Soil mode measurements). The pXRF data allow recognition of bottle Cat. No 11 as Purple 2 and

three more vessels as Purple 1 — bowl Cat. No 4, flasks Cat. Nos 13, 15 (see Spasic-Puric, Jovanovic in this volume).
A loose handle fragment of bottle Cat. No 9, not analysed by LA-ICPMS, is confirmed to belong to Purple 2.

LA-ICPMS data from B. Gratuze, IRAMAT

Ca. 5. Iypuyp 1 u ITypuayp 2 jacho ce pasaukyjy io 8pegrociiuma manian-oxkcuga (MnO) u oxcuga aniiumona
(8b,0;) apema LA-ICPMS tiogauuma (a). Osu okcugu moly jacio ga pasgeoje gee xemujcku pasiuuuiiie Hogipyie
CIIAKAA, WO Ce UaK MOXce goOUIU u 'y mare upeuusnum meperwuma pXRF-om (b; nymepuuxe 8pegrociiiu Ha ocama
Cy camo ungukamiusie; nekopuiogaua ,,Soil mode” mepemwa). Iogauu gobujenu memiogom pXRF oiipegenyjy bouy
Cat. No 11 kao Iypiiyp 2 u wipu gpyie tocyge kao Iypuyp 1 — 3geaa Cat. No 4, maae boue (,flasks”) Cat. Nos 13, 15
(sugu: Cuacuh-Bypuhi, Josanosuh y osom bpojy Crapunapa). @paimenii gpuixe boye Cat. No 9

Koju Huje anaausupan memiogom LA-ICPMS, tiomwspheno je ga tipuiiaga wogipyuu I[Typuyp 2.

LA-ICPMS tiogauu gobujenu og b. Ipauiysa, IRAMAT

oxide and around 10 to 17 wt% lead oxide; accordingly,
the other components of the initial glass melt are redu-
ced by about 18 to 22 % of their original concentration
due to the dilution from the added metal oxides. An
exception is sample BRN 1-13.w which has signifi-
cantly lower levels of tin and lead oxides (adding up to
only ¢ 8 wt%) compared to the rest of the opaque white
glasses. This compositional peculiarity is possibly a
result of insufficient homogenization of the glass melt
during the introduction of the tin- and lead-rich addi-
tive, when this particular portion of the batch absorbed
lower amounts of opacifying substance!®.

When considering the compositional results of the
white glass samples, one has to bear in mind that these
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are data from LA-ICPMS, which means that they repre-
sent only a microscopically small volume of material?’.
Since the white glass is compositionally heterogene-
ous (see below), this can result in highly variable mea-
sured concentrations, especially of lead and tin oxides,
depending on which parts of the heterogeneous glass
was ablated by the laser. This is particularly evident in
the white decoration of fragment BRN 1-09 analysed
in three separate areas (cf. Fig. 6).

19 Cf. Fig. 8a, b.
20 See footnote 12.
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Remarkably, the levels of antimony and copper are
significantly lower in the white glass than in the purple
glass (Fig. 7); the same is true for other trace elements
such as lithium, boron, zinc, strontium and barium. In

contrast, some elements, such as arsenic, silver and
bismuth, commonly associated in terms of their geolo-
gical occurrence with lead, are significantly increased
in the white glass.

Fig. 6. Close-up photograph of the decorative trails on a fragment of bottle Cat. No 10 showing streaks of purple glass
in the white thread (a; width of image c¢ 1.7 mm). Mixing of white and purple glass in the cross section of sample
BRN 1-09 (sampled from the same vessel) as seen in the SEM-BSE image as different grey shades and in the OM
micrograph in colour (b; scale bar is 0.2 mm). The mixing is potentially due to contamination of the tool during the
dragging of the trails, and also explains the differences between the three analyses of the white glass in this sample
(BRN 1-09.w(i), (ii), (iii))

Ca. 6. lewian gekopayuje na ppaimeniiy boye Cat. No 10 tpuka3syje wipaioge HypiuypHol ciiiakaa upoxiceiie

Kpo3 beae Huitiu (a; wupuna cauxe c. 1,7 mm). Mewarwe 6eaoi u iypiiyprol ciiiakia y tipeceky y3opka BRN 1-09
(y3opak uciiie tocyge), witio ce ha SEM-BSE cauyu tipetio3naje y 8ugy pasaunuiiiux cusux cenku, a Ha OM muxpoipagpy
y 6oju (b; pasmepa je 0,2 mm). Meware je moxcga pe3yamiaii KOHMAMUHAYU]e U3A38aHE AAATKOM KOJOM CY ce
HaHocuae CIaKAeHe HUMU, wito maxkohe objawmnasa u paszauke y mpu meperwa 6eaol CiaKiay 0860Mm Y30pKy

(BRN 1-09.w(i), (i), (iii))
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Fig. 7. The antimony oxide (Sb,0;) content

in the purple glasses is significantly higher than

in the white glass, particularly in Purple 2,

while copper oxide (CuO) is only elevated in some
of the analysed samples compared to the white glass.
LA-ICPMS data from B. Gratuze, IRAMAT

Ca. 7. Cagpaaj oxcuga animiumona (Sb,05)

Y UypiypHOM CTIAKAY je Y 3HAUAJHO] MePU UL

Helo y beaom CHaK.1y, HapoOUUIo Kog Y30paKd
uogipyiie Ilypiiyp 2, gok je baxap-oxcug (CuO),

y Hopebewy ¢ beaum caKiom,

Hosuer camo y HeKuM UCTUTHAHUM Y30PUUMAL.
LA-ICPMS tiogauu gobujenu og b. I'paiitysa, IRAMAT
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BEC 20kV

WD9mm SS58

Fig. 8. Cross section through fragment BRN 1-13. Note the homogenous body (mid grey) and the white trail
marvered into the body (white, upper part, with discrete bright white particles and clusters of tin oxide).
SEM-BSE image (a; scale bar is 0.5 mm). Close-up of the left corner of the trail as OM micrograph and as
SEM-BSE image showing that the glass is not fully opacified and only the external layer of the trail is rich

in tin and lead oxides (b; scale bar is 0.2 mm)

Ca. 8. Ipecex kpo3 @ppaimenii BRN 1-13. Youasajy ce xomoieno ieao (cpegrwe cusa) u beaa HUll Cliotibena

ca weaom tocyge (beaa, ioprwi geo, ca GUCKPETTHUM CECTHAUM OeaUM YeCTHUUAMA U KAACTREPUMA OKCUGA Kaaaja).
SEM-BSE cauka (a; pasmepa je 0,5 mm). [eiwian aesoi yiaa beae nutiiv kao OM muxpoipagp cauxa u kao SEM-BSE
cauka okasyje ga ciakao Huje HOMHYHO HeAPO3UPHO U gd je Camo CHObAUY CA0] HUTU O0IATE OKCUGUMA 01084

u xkaaaja (b; pasmepa je 0,2 mm)

Texture of the purple glass

Vessel glass is often considered very homogenous,
due to the nature of glass as a melt which solidified with-
out crystallisation. The purple area of fragment BRN
1-13 is an example of such a very homogenous glass
(Fig. 8a, b). However, all other sampled purple glasses
are not entirely homogenous in their texture, but in cross
section appear striated with slightly lighter stripes or
layers within the predominantly mid-grey?! matrix (Fig.
9a, b). These stripes are due to different concentrations
of metal oxides in the different layers, with increased
lead and tin content in the lighter parts. At higher mag-
nification, discrete particles rich in lead and tin oxide
become visible within some of the light striations (Fig.
9b). Among the six fragments studied microscopically,
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this is particularly pronounced in the purple areas of
BRN 1-04, 1-09, and 1-14b. BRN 1-05 and 1-07 are less
clearly layered, while only BRN 1-13 appears entirely
homogenous in the purple glass. There is no correla-
tion between the presence and intensity of layering and
the compositional subgrouping; two of the striped
fragments belong to Purple 1 subgroup (i.e. samples
BRN 1-14b.p, 1-05.p), and three to Purple 2 subgroup
(i.e. samples BRN 1-04.p, 1-09.p, and 1-07.p).

21 The grey shade refers to the appearance in the SEM-BSE
images, which highlight compositional differences. Lighter shades
represent higher concentrations of elements with a higher atomic
number, such as heavy metals.
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BEC 20kV WD9mm S858 x100 100um BEC 20kV S—

WD9mm SS58 X750 20pm

Fig. 9. Partial cross section through fragment BRN 1-04, showing the striation in the purple body.

Different shades of grey represent different compositions, with higher levels of lead and tin oxide showing as
lighter tones. Air bubbles appear black (lower left corner), while the upper edge of the image shows the beginning
of the bright white layer on top of the purple body. SEM-BSE image (a; scale bar is 0.1 mm). Close-up of the
same fragment, showing details of the striation in the purple body. The bright white particles are very rich in lead.
SEM-BSE image (b, scale bar is 0.02 mm)

Ca. 9. [leaumuuan npecex kpo3 ppaimeniti BRN 1-04 iioka3syje tipyiacie mpaioge Ha WYpUuYPHO] HO3AGUHU.
Pasauuuiiie cenxe cuse boje tpegciiiasnajy pasauiuisi Xe MujcKu caciias, ca sUMUM 8PegHOCIIIUMA OKCUGA 04084 U
Kaaaja Koju ¢y Upukasanu y ceeiitaujum mornosuma. Bazgyunu mexypuhiu ce wojasnyjy y upnoj 6oju (gorwu aesu yiao),
JoK [OpHa usuya cauke Upukasyje oueiiax ceeltiaoi beaol caoja na uospuunu ypiuypHe ochoge. SEM-BSE cauxa
(a; pasmepa je 0,1 mm). Kpytian tiaan uctiiiol ppaimeniiia wokasyje geiiane apylaciiiux eaemenaiia y uypiuypHOj OCHOBI.

Caeitine beae uectmiuye cy seoma boiaitie 0a08om. SEM-BSE cauka (b; pasmepa je 0,02)

The triplicate LA-ICPMS analyses of almost all
analysed fragments also show this strong and relatively
unusual pattern of compositional heterogeneity, indi-
cating that the molten glass was not very well mixed, and
contaminated with some white glass, as demonstrated
by the elevated tin and lead content (see below).

The white decoration

The trails of opaque white glass were clearly applied
on the outer surface of the purple vessels, as is common
for this type of decoration which goes back to the first
core-formed glass vessels dating to the Late Bronze
Age, and continued to be used through the Hellenistic
and Roman to Late Antique periods, into the Islamic
period and even into early modern Western Europe??.
Typically, the trailed decoration was then combed and
marvered into the body glass, making a flush and smooth
overall surface and feathered design??.

While the vessels studied here fall into the group
of vessels commonly referred to as ‘marvered’, it is
noteworthy that in several of the Branicevo fragments
this marvering appears not to have been done fully in
each case, with some of the white trails left standing
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proud of the purple glass surface (Fig. 10a, b; Fig. 11).

In other areas, however, the white glass appears
fully pressed into the purple glass, as one would expect
from properly marvered glass. The marvered working
is recognisable in some cross sections, from the sloping
boundary between the two glass types, and the dislo-
cation of the striations in the purple glass (Fig. 12; see
also Fig. 8).

As already mentioned, the LA-ICPMS data sug-
gests that the white glass is compositionally quite het-
erogeneous (see Appendix), and this is also evident
from the SEM imaging, in particular if the contrast is
adjusted to reveal these differences (Fig. 13a, b, c¢). In
SEM-BSE images, the white glass also appears white
due to its high lead and tin content, in a similar contrast
to the optical appearance (cf. Fig. 6b). Closer inspection

22 An extraordinary example of marvered combed decoration
from Western Europe, late 16™ — beginning of the 17 c. in Patin et
al. 2017.

23 For instance, see kohl bottles from the al-Sabah Collection,
dated to the 12"—13t ¢. in Carboni 2001, 304-305, Cat. No 80.
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a b

Fig. 10. Examples of white decoration trailed onto the wall surface but not marvered into the body —
wall fragment of a bottle (a) and rim fragment of a flask (?) Cat. No 14 (b);
width of each image ¢ 3—4 cm

Ca. 10. Ipumepuyu bese gekopauuje na HOSPUUHU TOCYge KOjU HUCY CHIOTLEHU Ca THeA0M HOCYge —
¢paimeniu weaa boue (a) u Pppaimenitt oboga maane boye? Cat. No 14 (b);
WUPUHA C8aKe cauke UsHocu oko 3—4 cm

BEC 20kV WD9mm SS58 x40 BEC 20kV WD9mm SS58

Fig. 11. Cross section through fragment BRN 1-07, with an incompletely marvered white thread overlaying

the purple glass body (mid-grey). Air bubbles appear black. Note the internal heterogeneity of the white glass,
and the elongated air bubbles trapped between the white and purple glass showing the incomplete bonding

of the two glasses. SEM-BSE image; scale bar is 0.5 mm

Fig. 12. Cross section through fragment BRN 1-05. The tapering of the white colour shows how the white glass
has been marvered into the purple body. SEM-BSE image; scale bar is 0.5 mm

Ca. 11. Ipecex kpo3 ¢ppaimeniti BRN 1-07, ca neliomiiyHo CIOUbeHOM U YIIUCHYTIOM OeaoMm HUiU KOja HOKpUed
HypuypHo teno nocyge (cpegwe cusa). Basgywnu mexypuhiu cy ypru. Obpamiuiiiy axcwy Ha YHYTPAumby
Xeliepolenoci beaol ciiakaa u usgysxcene mexypuhe ., 3apoowene” usmehy beaol u LypuypHol cCllakad Koju yKazyjy
Ha HelloWiiyHo chiatiarwe ose gee gpciiie ciiiakaa;, SEM-BSE cauka; pa3mepa je 0,5 mm

Ca. 12. Ilpecex kpo3 ¢ppaimenizi BRN 1-05. Hciarwusamwe beae boje tokasyje kako je beao ciiakao ymanao

y uypuyry ocnosy; SEM-BSE cauka; pasmepa je 0,5 mm
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BEC 20kV  WD9mm  SS58 BEC 20kV__ WD9mm _ SS58

BEC 20kV_ WD9mm  SS58 x200

P —

Fig. 13. Cross section through fragment BRN 1-04, at normal contrast setting showing the lead-rich white layer

on top of purple (mid-grey, striated). Note the equally elongated air bubbles (black) in the white and purple glass,
indicating that the vessel was possibly further inflated after the white decoration had been applied. SEM-BSE image
(a; scale bar is 0.5 mm). The same area with the contrast setting to show the heterogeneity of the lead-rich opaque
white layer on top of the purple glass (almost black, striation faintly visible). SEM-BSE image (b, scale bar is

0.5 mm). Close-up of the same area showing the internal structure within the white layer with parts of the glass
having a much lower lead content (dark grey), and discrete particles and clusters of tin oxide (white) acting as

an opacifier. SEM-BSE image (c; scale bar is 0.1 mm)

Ca. 13. IIpecex kpo3 ppaimenizi BRN 1-04. Ilpu Hopmaanom togewasarwy KOHIGPACHa youasa ce c4oj beaol ciaxad
bolaiii 0.1080M HA HYPUYPHOJ OCHOBU (cpegre cuda, Upylaciiu wpaiosu). Youasajy ce jegHako usgyxcenu 8a3gyutHu
mexypuhu (ypHa boja) u'y beaom u 'y GypuypHoM CIIAKLY, KOjU HA8OGe HA HOMUCAO ga je TocYga HOHO80 §y8aHAa
HAaKoH witio je beaa gexopauuja atauyupana; SEM-BSE cauka (a; pazmepa je 0,5 mm). Hcitiu geo ca KORIPACTIHUM
Hogeuasarem HoKasyje xemiepoieHoC Heapo3upHoT beaoi caoja boIamior 04080M HA TYPUYPHO] OCHOBU

(cxopo upua, pyiaciiu eaemenii jegea sugsus); SEM-BSE cauxa (b; pazmepa je 0,5 mm). Yeehamwe 080t geaa
Hokasyje clupyKkmypy beaol caoja ca geaosuma Clllakaa Koju Umajy 3HAWHO HUNCU HUBO 01084 (THAMHOCUBA),

U guckpeliine yecimiuue U Kaacimepe okcuga kaaaja (beao), koju ce kopuciu ga ou ce HOCHUiAG HeTuPO3UPHOCTL

SEM-BSE cauka (c; pasmepa je 0,1 mm)

and respective SEM-EDS measurements demonstrate
that the white glass has variable quantities of tin and
lead oxides resulting in a swirled or schlieren appear-
ance typical of incomplete mixing of two viscous lig-
uids. Higher magnification shows the individual dis-
crete particles and bigger clusters of particles of tin
oxide which give opacity to the glass, and their uneven
distribution in a matrix which is also very variably sat-
urated with lead oxide.

The white thread in fragment BRN 1-13 is unusu-
al in that it seems to consist mostly of a thin lead-rich
outer layer surrounding a core of weakly coloured
glass which is only partly opacified with relatively big
particles of tin oxide and, according to the EDS data,
contains hardly any lead oxide (see Fig. 8b). Thus, the
texture of the white area of fragment BRN 1-13 provides
further evidence of the heterogeneity of the opaque
white glass.

DISCUSSION

Several aspects of the results presented here can be
discussed that are informative for the understanding
and archaeological interpretation of this unique assem-
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blage. Firstly, there is the question of how the different
glass compositions relate to each other, and what this
tells us about the working practices of the producers of
these vessels. Secondly, there is the question of the ori-
gin of the base glass and the nature of the colorants
used to produce these colourful objects. Finally, we will
briefly discuss how this assemblage compares compo-
sitionally to other analysed marvered vessels with white
trails.

The working practices of the vessel producers

The assemblage consists of three chemically distinct
glasses, namely the two subgroups of the translucent
purple — Purple 1 and 2 — and the opaque white glass.
The compositional difference between Purple 1 and 2
is only small, but for several oxides and trace elements
it is clearly bigger than the variability within each sub-
group, indicating that they are indeed two separate sub-
divisions of the purple glass. On balance, the base
chemical makeup of Purple 1 and Purple 2, their colo-
urations, as well as the technique of vessel decoration
bind the two subgroups together. Importantly, the opaque
white glass on the two purple glasses does not separate
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into two clearly distinct subgroups, but appears to be
chemically consistent, regardless of whether it is applied
on Purple 1 or Purple 2. Thus, the white glass was taken
from one and the same stock, even if the purple glass
is slightly different. One can, therefore, argue that all
vessels were probably made in the same workshop,
with Purple 1 and Purple 2 representing two different
stocks, batches or pots of molten glass, while the opaque
white trails, used much more sparingly and in smaller
amounts than the purple, were from the same batch for
both production series of purple vessels.

Important differences between the two purple sub-
groups are observed in their trace element patterns, par-
ticularly in the levels of tin and lead oxide contamina-
tion (see Fig. 4), where Purple 2 has noticeably higher
levels. We argue that the presence of these elements
indicates some contamination of the batch by the white
glass, possibly by incidental inclusion of white glass
pieces (wasters?), or/and perhaps during the working
process when the same tools were used to retrieve hot
glass and combine it with the purple paraison when
forming the vessels. Such a hypothetical explanation is
further corroborated by the contamination of the opaque
white glass of fragment BRN 1-09. Its adulteration
with stripes of purple glass (see Fig. 6) represents the
opposite effect of the same working practice, i.e. a cer-
tain amount of purple glass was accidentally admixed
into the white batch. As mentioned above, Purple 2
subgroup features higher SnO, and PbO values than
Purple 1, and this peculiarity once again confirms the
differentiation of the two subgroups, possibly caused by
variations of the secondary glass working operations.
Nevertheless, the seemingly different trends for the
Sn/Pb ratios in the two subgroups (see Fig. 4) should be
taken with caution since the calculated higher average
lead oxide levels in Purple 1 samples may well result
from the internal heterogeneity of some of them?*.

At the same time, Purple 2 has an intriguing pat-
tern of relatively high contamination with antimony
oxide (around 290 ppm on average compared to only ¢
75 ppm in Purple 1); the white glass, in contrast, has even
less antimony, with only about 15 ppm Sb,0; (see Fig.
7), close to the natural background concentration of
this oxide in glassmaking raw materials?>. The copper
content is variable but also higher (at trace oxide level)
in the analysed purple fragments than in the white
glass, and this pattern is overall indicative of a further
source of contamination of the purple batches. Increased
levels of elements which can affect the colour of the
glass (e.g. copper, cobalt, antimony, etc.), which are,
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however, significantly lower than those of purposely
used additives, have long been recognised to denote
contamination of raw glass with cullet containing small
amounts of coloured fragments2°. Accordingly, we inter-
pret the current data as evidence of the addition of cer-
tain amounts of cullet glass, particularly in the purple
melts. Such mixing could have taken place either at the
stage of primary glass making, or in the secondary glass
workshop where the actual vessel manufacture took
place, or possibly even at both stages of production?’.

An even more detailed insight into this practice of
cullet re-melting can be inferred from the differences
at trace element level between Purple 1 and Purple 2.
Samples of the Purple 2 subgroup feature the highest
boron concentrations in this assemblage which set them
apart from the other purple glass and the white glass
(Fig. 14). Traces of boron are usually present in the
raw materials used in glass making but such an abrupt
increase of B,0; concentrations as seen in Purple 2
(even if still being at trace oxide level) could indicate
an additional source of this element in the glass melt.
High-boron glasses of the Middle Byzantine period,
approximately contemporaneous with the vessel assem-
blage from Brani¢evo, form a well distinguishable cate-
gory of various chemical compositions, which is likely
related to specific raw materials from Western Anato-
lia?8. Recently, a particular link between these compo-
sitions and manufacture of 10"—12t ¢. Byzantine glass
bracelets has been proposed?®. As suggested above,
the cullet inclusion in the purple batches seems quite
probable, and the increased B203 levels in Purple 2
allow further hypothesizing that at least a certain part
of that reused glass was of high-boron composition.
This, in turn, could be interpreted as evidence for an

24 The heterogeneity of Purple 1 subgroup is particularly pro-
nounced for the PbO content of samples BRN 1-05 and BRN 1-11.
The coefficient of variation between the triple individual PbO measu-
rements for the Purple 1 samples typically ranges between ¢ 6% and
27%, while for samples BRN 1-05 and BRN 1-11 itis 57% and 103%,
respectively. The highest PbO level is nearly 8000 ppm, measured
on BRN 1-05, and the lowest individual measurement on the same
sample is ¢ 1000 ppm.

25 Brems, Degryse 2014, 79; Jackson 2005, 764; Rehren,
Briiggler 2015, and literature therein.

26 Jackson 1996; Freestone 2015, 34-36.

27 Recycling of cullet and discarded glass is considered an
intrinsic feature of Islamic glass production — cf. Jenkins 1986, 3;
Freestone 2002, 76.

28 Brill 2005, 215-219; Rehren et al. 2015, 276-277.

29 Swan et al. 2018, 228 and literature therein.
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unselective and possibly ad hoc recycling practice which
could have taken place in the workshop of the vessel
manufacturers, causing minor compositional variations
between the different batches of purple glass.

Overall, we interpret the chemical composition of
the BraniCevo assemblage to indicate that the analysed
vessels were made in two separate production events, but
most likely in the same workshop which used slightly
different batches of purple glass. This could have been
either on two different days, or even at the same time,
using two separate pots of molten glass from which
glass blowers worked side-by-side. It is noteworthy
that it seems that a single stock of white glass was used
during both production episodes. From the trace ele-
ment concentrations we recognise the incorporation of
some cullet containing certain amounts of copper in the
purple batches, and antimony and boron in the Purple
2 batch in particular. Such an indiscriminate recycling
could indicate relatively unsophisticated production
practices, as is further corroborated by the reciprocal
contamination of the purple and white batches, possibly
resulting from not too attentive or skilful tool manipu-
lation by the craftsmen when applying the vessel deco-
ration.

Finally, when comparing the purple compositional
subgroups and vessel shapes, it is evident that the bot-
tles and the analysed bigger bowl are made of Purple 2
glass, while the smaller bowls and flasks are Purple 1
(see Appendix). The correlation between glass compo-
sitions and vessel shapes within a single set, likely
manufactured in a single workshop, provides an
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Fig. 14. The rubidium oxide (Rb,0) and boron oxide
(B,0;) contents of the purple glasses are higher than
those of the opaque white glass, with a further increase
of B,0; in the Purple 2 subgroup which is tentatively
explained as resulting from the addition of cullet of
high-boron composition in the Purple 2 batch.
LA-ICPMS data from B. Gratuze, IRAMAT

Ca. 14. Bpegnoctiiu oxcuga pybugujyma (Rb,0)

u bopona (B,0;) euwe cy y ypiyprom cliaxty

Helo y HeUPO3UPHOM Deaom CIIaK.Ly,

ca gasum ysehawem B,O; y dogipyau [lypiyp 2,
WO je YCAOBHO 00jaAUWEHO KAO pe3YATlall gogasarnd
clilakaeHol Ouaga ca 8UCOKOM KOHUEHIAPAUUJOM
bopona y pemianawy togipyiie [Typiyp 2.
LA-ICPMS togauu og b. I paiiiyza, IRAMAT

intriguing glimpse at the organisation of the craftsmen.
It seems possible that relatively standard series of uni-
form vessels were made from a single batch — e.g. bot-
tles with handles made of Purple 2 glass only — either
by a single (specialised?) glassblower, or by several
craftsmen simultaneously implementing identical pro-
duction tasks.

The origin of the glass, and its colouration

The composition and provenance of Islamic glass
from the late 1% and early 2" millennium AD has been
the subject of numerous studies®’, which provide a
sound body of comparative data against which to jux-
tapose the composition of the vessels from Branicevo.
In this way, it is possible to broadly specify the pro-
duction region from which the glass used for the man-
ufacture of the set originated. Such an attribution,
however, would only locate the production of the raw
glass itself, and does not imply that the vessels as
objects were necessarily manufactured in the same
region. This is due to the organisation of the medieval
Near Eastern glass industry which was likely divided
into technologically, and possibly also spatially, sepa-
rate stages of glass making and glass working3!.

As mentioned earlier, the analysed purple and white
samples generally match the common Islamic soda

30 Most recently Phelps 2017; Henderson et al. 2016; and Swan
et al. 2017, 110-114, and references therein.
31 Whitehouse 2009, 506-507.
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Fig. 15. The alumina (Al,0;) and magnesia (MgO) contents of the Branicevo glasses (the opaque white glass
recalculated to represent the base composition — see footnote 32) compared to published analytical data for selected
glass groups from the Levant. The samples of purple glass decorated with marvered threads in the Ashmolean
Museum (data from Henderson 1995) have generally higher magnesia and do not seem to form a defined cluster

Ca. 15. Bpegnociuu oxcuga asymunujyma (Al,O;) u mainesujyma (MgO) y citiak.ry us bpanuueea (epegnocitiu 3a
HeIPO3UPHO beao CliaKao cy mogupukosane — sugu Hail. 32) y wopeherwy ca myoAUKO8AHUM AHAAUTEUUKUM THOGAUUMA
3a usgeojene ipyiie ciiaxkaa ca Jlesauiia. Y3opuu uypuypHol ClliaKAQ YKPAUEHU AUAUUUPAHUM HUTHUMA Y MY3€]y
Ewmoaujen (iogayu uz: Henderson 1995) umajy ienepaino sumu HU80 MaiHe3ujym-oKcuga u we upegciids.sajy

geunucany pyiy

plant-ash glass composition, as could also be expected
on the basis of the stylistic features of the vessels.
Among the several major regions known to have pro-
duced glass in the early 2" millennium AD Byzantine
and Near Eastern Islamic worlds32, the Levantine coast
and the adjacent territories seem to provide the closest
compositional parallels of the Branicevo assemblage.
It is beyond the scope of this paper to present a thor-
ough comparison of the Branicevo samples with the
known glass makeup from this region, not least because
of the variable extent of compatibility between the
available literature data. Nevertheless, some general
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compositional affiliations are outlined below, based on
two diagnostic major oxides.

A scatter graph of the alumina and magnesia levels
in the present samples shows how they relate to some
of the published analytical sets from the Levantine

32 These regions include Egypt, the Levantine coast, Mesopo-
tamia and Iran, and Western Anatolia, with the latter two being ruled
out based on their specific trace element pattern. The differentiation
between glass of Egyptian and Levantine origin is less clear-cut,
and for now better understood for earlier mineral natron glasses than
for medieval plant-ash glasses.
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region, broadly dated to ¢ 10"-12t/14%h ¢, AD (Fig.
15). Since the added tin and lead oxides in the opaque
Branic¢evo samples significantly distort the original
composition of the raw glass, the values for all the white
glass in this plot are recalculated in order to make them
consistent with the rest of the data (see Table 1)33.

As expected, the Purple 1 and Purple 2 subg