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A group of finds (vessels, raw glass chunks, window panes) from three sites in present-day Bulgariawas selected
as representative of the circulation and usage of glass in the LowerDanube region during the 6th c. AD. In total, 79
samples were analysed by EPMA and/or LA-ICP-MS techniques. The data quality was assessed for each analytical
run according to themeasurement of reference glasses and to pairs of results obtained from representative sam-
ples of archaeological glass analysed by both techniques. Combining EPMA and LA-ICP-MS data allowed a suffi-
ciently consistent and unified set of primary results to be formed. As already suggested in an earlier preliminary
paper, only a single glass composition was found to dominate the 6th c. contexts in the region. The current study
recognises this 6th c. glass from the Lower Danube as identical with the so called ‘Serie 2.1.’ defined by D. Foy and
co-workers (2003) in various assemblages in Southern France andNorth Africa. Themajor, minor and trace oxide
evidence presented here indicates that this is a distinct primary glass composition, with an iron-rich sub-group
tentatively differentiated within the main group. Accordingly, an attempt is made to situate it relative to the
other main primary compositions in the region. The proposed interpretation is that the 6th c. glass should not
be linked to the HIMT glass despite the nominal similarity between them due to their elevated iron oxide, man-
ganese, and titania concentrations. Instead, a possible link between the geochemical characteristics of the 6th c.
glass and an earlier group of manganese decolourised glass, equivalent to ‘Serie 3.2.’ outlined by D. Foy and co-
workers (2003) is suggested. This may imply the use of sand from a broadly identical geological area, hence it
is possible that both the 6th c. glass and the manganese decolourised composition are likely to share a common
origin.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A substantial amount of analytical work on Roman and late antique
glass has been carried out during the last decades demonstrating the util-
ity of a growing range of scientific methods (Janssens, 2013) and a
sustained scholarly interest in this researchfield, from someof the earliest
key works (e.g. Sayre and Smith, 1961) to the most recent contributions
(e.g. Keller et al., 2014). Numerous archaeological and compositionalfind-
ings gave ground to the leading andwidely acceptedunderstanding about
the glass industry as being structured in twodistinct stages formost of the
firstmillenniumAD—primary glassmaking and secondary glassworking
(Freestone et al., 2002; Foy and Nenna, 2001). Locating the primary glass
production installations in the Eastern Mediterranean is based on direct
archaeological evidence (e.g. Gorin-Rosen, 2000; Tal et al., 2004; Nenna,
2008). At the same time, analytical research implies thepossible existence
of such primary centres in theWestern parts of theMediterranean aswell
(Brems et al., 2012), as indicated by historical sources (Freestone, 2008).
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The fundamentals of present-day multidisciplinary studies, in the
case of Roman and late antique glass, mostly consist of defining partic-
ular groupswithin the broader category of lowmagnesia soda–lime–sil-
ica glass composition. Distinguished by their specific chemical makeup
such groups reveal the variability of rawmaterials (i.e. sand) and diver-
sity of recipes used in the primary glass production centres. The possi-
bility to unequivocally identify certain groups at the sites of their
manufacture (e.g. Levantine I glass — Freestone et al., 2008b), or,
based on distinct geological settings, to point to wider regions as poten-
tial places of origin for other groups (e.g. HIMT glass — Freestone et al.,
2005; Nenna, 2014) allows the provenance of glass found in various
contexts in theMediterranean and beyond to be traced. Several primary
groups established in the literature so far (Freestone, 2005; Foy et al.,
2003) are most often used as reference points when compositional af-
finities of particular glass assemblages are studied (or ‘quasi-reference’
groups: Rehren and Freestone, 2014, 76). However, the growing body
of available analytical data apparently demonstrates that the variability,
even within relatively narrow ranges of values for most of the oxides,
may result in sub-groups, intermediate, or blurred compositions. This
is due to the complex character of the factors which determine the
chemical makeup of Roman and late antique glass (see also Rehren,
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Location of the fortified settlements near modern Dichin and Odartsi, and the Roman town of Serdica in the Northern part of the Balkans.
After Dinchev et al. (2009).

1 This conclusion is based on the results from the Bulgarian-excavated part of the site
(Dinchev et al. 2009); see Appendix A.
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2000). Defining such sub-divisions and their affiliations to the well-
recognised major primary compositions is one of the recent foci in the
analytical study of glass. In this way, modified nomenclatures and re-
spective interpretations are often introduced (e.g. Foster and Jackson,
2009; Ceglia et al., in press), posing the overall challenge of how to
maintain a consistent terminology, and how to correlate discussions of
formal compositional groupings with a substantial, up-to-date, archae-
ologically meaningful enquiry.

The present paper aims to outline a particular glass composition
with such ‘intermediate’ characteristics which, at the same time, stands
out as a consistent group in termsof its archaeological and chronological
features, and also seems to be the quantitatively prevailing one in the
Lower Danube region at the end of antiquity. Discussing the 6th c.
glass finds from present day Bulgaria in respect to some of the known
main primary compositions is an attempt to find their analogies else-
where and, on the other hand, to situate them against other contrasting
groups. Furthermore, certain general questions are addressed consider-
ing the principles for defining and differentiating glass groups and sub-
groups, and the interpretative meaning of this patterning.

2. Archaeological background

The 6th century is a turbulent period in the history of the Balkan
provinces of the Empire. The territories at the Lower Danube border
(Fig. 1) have been intensively attacked by different ethnic groups in
the preceding centuries and in the beginning of the Migration period.
During the 6th c., substantial changes of the population structure, settle-
ment patterns and economy of the region are driven partly by the mas-
sive invasions of Avars and Slavs, and, on the other hand, by internal
socio-cultural processes at the margins of the Empire. The reign of
Justinian I (527–565) demonstrates the intention of the state to main-
tain control over the Lower Danube (Whitby, 2001), including a possi-
ble centralisation of supplies to the region through the establishment
of the quaestura exercitus, a new and especially designed administrative
unit (Torbatov, 1997). However, the end of the 6th–early 7th c. marks
the decline and archaeologically well attested final abandonment of
most of the late antique settlements in the region (Dinchev et al., 2009).

Three sites provided glass vessel assemblages for the current study
(Fig. 1). The fortified settlement near the present village of Dichin is sit-
uated in central North Bulgaria. The excavations there were conducted
in the framework of a joint British-Bulgarian project exploring transfor-
mations towards the end of antiquity on the Lower Danube (Poulter,
2007). Founded at the beginning of the 5th c., the semi-urban settle-
ment is relatively prosperous during its first main period of occupation
until ca. AD 490. After a fire followed by a hiatus of nearly half a century,
the settlement is partly rebuilt; this 6th c. phase is dated ca. AD540–580
(Dinchev et al., 2009). A decrease of the quality of construction, of access
Please cite this article as: Cholakova, A., et al., Compositional identificatio
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to imported goods, and an overall decline are evident during this second
main phase of occupation, relative to the 5th c. phase.Matching changes
are attested in the glass vessel assemblage from Dichin (Cholakova,
2009), and confirmed by a shift in the glass composition during the
6th c. (Rehren and Cholakova, 2014).

The site near the present village Odartsi in Northeast Bulgaria is a for-
tified semi-urban settlement similar inmany aspects toDichin. Extensive
fieldwork done by a Polish-Bulgarian joint project (Kurnatowska and
Mamzer, 2007) revealed a complex history of the locality, with most in-
tense late antique habitation during the 6th c. (Dončeva-Petkova and
Torbatov, 2001). The end of this phase is marked by a devastating fire,
probably around AD 610 (Torbatov, 2002), and most of the studied
glass assemblage can be tentatively dated to that time.

Since ancient Serdica lies beneath the modern city of Sofia, the ar-
chaeological research there is mainly performed as rescue work. During
one of the most recent campaigns a large area in the centre of the
Roman and late antique town was excavated (Ivanov, in press). Glass
fragments, well dated to the 6th c. in terms of their context of discovery
and/ormorpho-typologywere selected for the present analysis in an at-
tempt to complement the data obtained from the Dichin and Odartsi
assemblages.
3. Materials and methods

3.1. Selection of the glass fragments

The analytical work presented in this paper was done on 78 glass
fragments from Dichin, Odartsi, and Serdica (Appendix A). In total, 79
sets of sample measurements are reported here, since a chunk of raw
glass is represented by two separate results due to the relatively higher
degree of heterogeneity of this piece (samples SER 22(1) and SER 22(2),
Appendix A). Initially, the samples from Dichin were studied as part of
the research on the entire site assemblage (Rehren and Cholakova,
2014). Through a repeated and integrated refinement of the composi-
tional, morpho-typological, and contextual data (the ‘va-et-vient’ way
of research, Foy et al., 2003, 80), a specific group of fragments (respec-
tively, samples) was outlined; it is believed that this group is represen-
tative of the repertoire of glass used at the site during the period ca. AD
540–580, although some of the finds have been assigned to contexts of
earlier date. Remarkably, only a single chemical composition and a sin-
gle vessel type (Isings 111) are attested in the layers securely dated to
the second phase of Dichin,1 as opposed to the compositional and
n of 6th c. AD glass from the Lower Danube, Journal of Archaeological
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Fig. 2.Vessel shapes generally representative for the 6th c. contexts of Dichin, Odartsi, and Serdica (after Cholakova, 2009 and unpublished); indicated sample numbers correspond to the
data in Appendix A.
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morphological diversity of the glass finds from the first, i.e. the 5th c.
phase of the settlement. Therefore, an initial working hypothesis of a
significant shift in glass circulation and usage in the 6th c. (Rehren and
Cholakova, 2014) was further explored in the assemblage from Odartsi.
As pointed out earlier, nearly all of the glass from this site seems to re-
flect the pattern of consumption in the late 6th–very beginning of the
7th c. AD, and the analyses confirmed that almost all the Odartsi sam-
ples belong to the same composition as the 6th c. group fromDichin. Fi-
nally, the targeted sampling of the Serdica assemblage attested the
correlation between a particular vessel morphology mostly typical for
the 6th c. contexts (Isings 111, lamps), and the composition concerned,
as well as adding further evidence from the analyses of raw glass
chunks. The functional distribution within the whole set of sampled
fragments is as follows: four unworked chunks (represented by five
analyses), three window panes, and 71 vessels (Fig. 2). Furthermore,
53 out of 71 vessels belong to various sub-types of the stemmed goblets
Isings 111 (Isings, 1957). The remaining 18 fragments are reconstructed
mostly as oil lamps of different types,with only two exceptions (a vessel
handle and a flask neck, possibly both belonging to the functional cate-
gory of tableware).

The unifying characteristics of the outlined group of 6th c. vessels
mainly consist of the standardised techniques of their manufacture —
use of pontil, fire-rounded rims, no engraving or any other decoration
added, except two examples of optic-blowing. Interestingly, the colour
range of the fragments is not constant and a variety of tints are ob-
served: from nearly colourless or weakly blue-green to very intense
shades of dark green and dark yellow (Fig. 2). Most probably themajor-
ity of the vessels in this groupwere used as lighting devices, similarly to
many other contemporaneous finds from the Balkans (Olczak, 1995;
Băjenaru and Bâltâc, 2000–2001; Drauschke and Greiff, 2010) and the
Mediterranean (Foy, 2011, Fig. 12). In fact, this can be seen as a signifi-
cant shift in the usage pattern of glassware in the Early Byzantine period
(Cholakova, 2014a). It is believed that the selection of finds fromDichin,
Odartsi and Serdica is fairly representative for the overall circulation
Please cite this article as: Cholakova, A., et al., Compositional identificatio
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and use of glass during the 6th c. in the broader Lower Danube region.
In terms of morpho-typology these examples belong to an interregional
and commonly produced vessel repertoire of late antique glasswork.
However, their manufacture in local and regional secondary ateliers in
the Balkans seems most probable, when various indications are taken
into account, such as the working quality of individual finds and evi-
dence for local workshops.

3.2. Analytical techniques and data handling

The 79 selected samples were analysed using EPMA and LA-ICP-MS
techniques. The sample preparation of the polished cross sections and
the EPMA measurements were done over several years in the Wolfson
Archaeological Science Laboratories at the UCL Institute of Archaeology,
using a JEOL 8100 electron microprobe, following the established labo-
ratory procedures (comparable to the procedures described in
Freestone et al., 2008b). The instrumental settings were as follows:
15 kV accelerating voltage, beam current of 50 nA, analysed area of ap-
proximately 150 μm2, at magnification 800×. Typically, the measure-
ment time was 60 s on peaks and, respectively, 20 s on backgrounds
either side of the peak, with certain variations for some of the elements
analysed. The LA-ICP-MS analyses were carried out at the Institute de
Recherche sur les Archéomatériaux (IRAMAT), Centre Ernest Babelon,
CNRS, in Orléans, in two separate runs. A Nd:YAG pulsed laser, with Ar
carrier gas was used, coupled with an Element XR mass spectrometer,
Thermofisher Instruments (Gratuze, 2013; B. Gratuze pers. comm.), op-
erated at 266 nm at a quadrupled frequency in the ultraviolet region
(VGUV-Microprobe laser system), using 6 to 8Hz laser pulse frequency.
Themeasurementswere performed partly on polished sections used for
EPMA analysis, and partly on lose fragments. The procedure consisted of
20 s time for pre-ablation, followed by 50 s for analysis as point scan-
ning, regular blank runs, and other routine practises. The calculations
of the concentrations were done according to an established analytical
protocol (Gratuze, 2013, Smirniou and Rehren, 2013).
n of 6th c. AD glass from the Lower Danube, Journal of Archaeological
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Fig. 3. Comparison of the trueness of the LA-ICP-MS and EPMA analytical runs expressed as relative difference (Δ relative) from the accepted reference values of Corning A and B glass
standards (major oxides in descending order of their concentrations, using data from Vicenzi et al., 2002, Table 1). Full data and relative standard deviation calculations are given in Ap-
pendix B (1). The graphs illustrate the extent of agreement between themeasurements of Corning A and Corning B produced as part of each analytical run and the accepted values of the
reference glasses. For major oxides, trueness within approximate limits of ±5% Δ relative is achievable for both EPMA and LA-ICP-MS analyses. In cases when Δ relative significantly ex-
ceeds these limits (e.g. EPMA 2010 run) a selective use and additional refinement of the data were preferred.
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Both types of measurements were conducted on 27 samples, anoth-
er 40 samples were analysed by LA-ICP-MS only, and the remaining 12
samples by EPMA only, a total of four analytical runs for the two
techniques.2 A detailed study was done of the inter-method compara-
bility based on the data from the standard measurements (Corning A
and B archaeological reference glasses) and on the paired data from ac-
tual samples analysed twice by both methods (similar to the approach
reported in Lankton et al., 2014). A summarised overview of the results
obtained on the reference glasses within each analytical run and the
correlation of the actual samplemeasurements is given in Fig. 3 and Ap-
pendix B (1, 2). The main implication is that the data obtained by both
techniques, within a particular range of concentrations, can be success-
fully combined in order to achieve a sufficiently consistent and unified
set of primary results. For certain minor oxides measured on represen-
tative actual samples the agreement between both methods is good
enough so that the LA-ICP-MS and EPMA results can be seen as inter-
changeable (strength of correlation for TiO2, MgO, and Fe2O3 expressed
2 This time-fragmented layout of the analytical workwas a result of various constraining
factors such as access to the materials for sampling, availability of the analytical instru-
ments, etc.
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as R2 is N0.96, and for MnO R2 is N0.88; Appendix B (2)). Therefore, for
such oxides the LA-ICP-MS results are preferred in those caseswhen the
EPMA measurements look problematic (e.g. the EPMA 2010 run).
However, some of the major oxides (Al2O3, CaO) have lower extent of
accordance between the EPMA and LA-ICP-MS values obtained on ar-
chaeological samples, despite the overall plausiblemeasurement results
for the reference glasses for most of the analytical runs, or, despite the
empirical corrections applied to bring thedata in linewith the standards
(Appendix B (1)). The preferred solution here is to use such results
mostly as indicative only and to avoid taking them as leading evidence
in the interpretation.

4. Results

Representative analytical data is reported in Appendix A, including
all the details of combining the LA-ICP-MS and EPMA results and their
processing for refinement; the averaged concentrations are presented
in Table 1. Overall, the soda content varies within a wide range of ap-
proximately 15 to 20 wt.%, with a tendency for the samples higher in
iron oxide to have lower soda. Alumina and lime also have generally
broad distribution, from nearly 2 to over 3 wt.% for Al2O3, and about
n of 6th c. AD glass from the Lower Danube, Journal of Archaeological
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3 The preliminary definition for this composition was ‘cleaner Roman blue-green glass’
(Rehren and Cholakova, 2014, 9-, Fig. 11.10). In addition to the parallel with ‘Serie 3.2.’
from Southern France, analogies of this group are attested elsewhere in theMediterranean
and beyond (Gallo et al. 2014, AQ/3; Foster and Jackson, 2010, Group 2).

Table 1
Average concentrations of major, minor and selected trace oxides in the 6th c. samples fromDichin, Odartsi and Serdica; combined EPMA and LA-ICP-MS data (details are given in Appen-
dix A). The results are presented separately for themain compositional group and for the iron-rich sub-group, as well as a general average of all the samples for comparisonwith the pub-
lished values of ‘Serie 2.1’ (Foy et al., 2003, Annexe 2).

Wt.% ppm

SiO2 Na2O Al2O3 CaO K2O MgO Fe2O3 P2O5 Cl SO3
a TiO2 MnO

6th c. composition 66.1 17.7 2.52 7.97 0.69 1.10 0.98 1478 0.82 0.34 0.15 1.37
SD (n = 50) 1.0 1.1 0.24 0.58 0.12 0.14 0.15 452 0.08 0.02 0.37
6th c. Fe-rich sub-group 65.2 17.8 2.82 7.61 0.78 1.16 1.83 1846 0.79 0.35 0.15 1.04
SD (n = 29) 0.9 1.1 0.22 0.54 0.08 0.12 0.56 530 0.06 0.02 0.33
total average 65.8 17.8 2.63 7.84 0.73 1.12 1.29 1613 0.81 0.35 0.15 1.25
SD (n = 79) 1.0 1.1 0.28 0.59 0.12 0.13 0.55 511 0.08 0.02 0.39
‘Serie 2.1.’ Foy et al., 2003 64.5 18.5 2.54 7.78 0.79 1.23 1.35 1800 0.16 1.60

ppm ZrO2 Cr2O3 HfO2 Nb2O3 Y2O3 La2O3 CeO2 PrO2 Nd2O3

6th c. composition 112 26 2 3 9 10 17 2 9
SD (n = 50) 16 13 0 1 1 1 2 0 1
6th c. Fe-rich sub-group 116 25 2 3 12 13 18 3 12
SD (n = 29) 16 2 1 1 2 3 2 1 2
total average 114 26 2 3 10 11 18 2 10
SD (n = 79) 16 11 0 1 2 2 2 1 2

ppm NiO As2O3 Li2O Rb2O BaO SrO V2O5 B2O3 Sb2O3 CoO CuO ZnO SnO2 PbO

6th c. composition 18 6 10 9 320 831 54 498 186 12 95 30 34 137
SD (n = 50) 6 1 9 3 45 88 9 54 135 6 99 8 31 84
6th c. Fe-rich sub-group 29 14 7 10 278 777 75 497 122 24 113 43 26 198
SD (n = 29) 8 6 6 1 32 74 21 35 70 7 28 8 8 76
total average 22 9 9 9 305 812 61 498 164 16 101 34 31 158
SD (n = 79) 8 5 8 3 46 87 17 48 120 9 82 10 26 86

a No sufficiently representative data is available to calculate the standard deviation for SO3; the average values are indicative only.
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6.7 to 9.7 wt.% for CaO. As another relatively clear trend, higher alumina
levels are typical for the iron-rich samples. Potash hasmore constant con-
centrations, approximately 0.5 to 1 wt.%, and the same can be observed
for titaniawhich varieswithin 0.11 and 0.19wt.%, with a single exception
of a higher (0.24 wt.%) content. The results for magnesia are somewhat
elevated, approximately 0.9 to 1.5wt.%, compared tomore commonmin-
eral soda glass compositions; this is one of the characteristics for all the
samples in the analysed 6th c. group. Iron oxide demonstrates similarly
higher values of nearly 0.8 to 3.5 wt.% and a separation of the samples
in two sub-clusters with a slight gap between them at about 1.2 wt.%
Fe2O3. The same division in two sub-groups is evident for certain trace
oxides (NiO, As2O3, V2O5), which have higher ranges for the samples
with elevated iron oxide. However, such a separation is not seen in the ti-
tania concentrationswhich have a relatively narrow range, as pointed out
above, and which are not correlated with iron oxide. Manganese has a
wide spread of concentrations, from 0.2 to nearly 2 wt.%, but typical
values are higher than 0.7 wt.%. Interestingly, strontium oxide is above
the expected levels for common natron glass (e.g. Freestone et al., 2003,
Fig. 3), with an average of about 800 ppm and reaching concentrations
of approximately 1000 ppm in individual samples.

5. Discussion

As stated previously, the main objective of the present study is to
characterise a particular glass composition which, according to the chro-
nology and distribution of the finds, during the 6th c. AD seems to be the
dominant one in the Lower Danube region. The analyses demonstrate
that this composition is similar to a certain extent to the glass produced
in the earlier Roman tradition although it has elevated concentrations for
most of the impurities introduced with the glassmaking sand. Using the
average composition of late Roman blue-green glass from Foster and
Jackson (2009, Table 4) as a reference, this similarity provided the basis
for its preliminary definition as ‘dirtier Roman blue-green glass’
(Rehren and Cholakova, 2014, 90, Fig. 11.10). A subsequent refinement
of the data shows that the 6th c. glass from the Lower Danube is in fact
consistent with the broadly contemporary compositional group attested
in Southern France and Northern Africa and named ‘Serie 2.1.’ (Foy et al.,
Please cite this article as: Cholakova, A., et al., Compositional identificatio
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2003). This identification becomes evident when the main components
are juxtaposed (Table 1). It is further confirmed by the high concentra-
tions of strontium oxide which seems to be of diagnostic importance
for this group. The average SrO values of ‘Serie 2.1.’ is nearly 790 ppm
(669 ppm Sr, Foy et al., 2003, Annexe 2), compared to 812 ppm for the
glasses analysed here, while other late antique glass groups have typical-
ly less than about 600 ppm SrO (bc 500 ppm Sr, Freestone et al., 2003,
Fig. 3). Furthermore, the similarity in chronology and morpho-
typological range of the vessels in ‘Serie 2.1.’ (Foy et al., 2003, Fig. 11)
provide additional arguments to draw an archaeologically meaningful
parallel between the finds from the Mediterranean and those from the
Lower Danube. A closer assessment of the data obtained from the 6th
c. Balkan materials allows a sub-group with elevated iron oxide concen-
trations to be separated within the main glass composition (Table 1).
However, a more detailed discussion of this sub-group is beyond the ob-
jectives of the present paper.

Taking as a starting point the recognition of the 6th c. glass from the
Lower Danube as identical with the ‘Serie 2.1.’ from theWestern Medi-
terranean, a concise discussion of the present results in respect to the
othermain glass groups found in the region is a necessary part of the in-
terpretation. The plot of alumina and lime concentrations (Fig. 4) illus-
trates the position of the 6th c. samples relative to the two main
compositional groups of the 5th c. in the Lower Danube — HIMT glass
(Rehren and Cholakova, 2010) and a manganese decolourised
composition3 neatly matching ‘Serie 3.2.’ as defined by Foy and co-
workers (2003). It does not seemprobable to explain this ‘intermediate’
position of the 6th c. glass simply as an effect of mixing and recycling of
the earlier glasses. In fact, an attempt to find arguments for possible
links and affiliations of the 6th c. glass to any of the earlier groups,
based on such blurred pattern only, may not be quite conclusive. Even
though, the 6th c. glass seems closer to the manganese decolourised
group rather than to the HIMT cluster. This observation stands in
n of 6th c. AD glass from the Lower Danube, Journal of Archaeological
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Fig. 5. Trace oxide ratios in the samples from Dichin, Odartsi and Serdica analysed by LA-
ICP-MS: a comparison of the 6th c. glass and the earlier HIMT andmanganese decolourised
compositions (data from present work and unpublished).
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contrast to theunderstanding that ‘Serie 2.1’ is a variety of HIMT compo-
sition (as seen for example in Foster and Jackson, 2009; Jackson and
Foster, 2014, 8; however, recently opposed by Ceglia et al., in press).

Trace oxide data provide further very useful insight into the question
of the relationships between the compositional groups (Fig. 5). Here the
gap between the HIMT samples from the Lower Danube region and the
6th c. glass is evident. At the same time, a nearly complete overlap be-
tween the latter and the manganese decolourised composition of the
5th c. points to probable links between the geochemistry of glassmaking
sands used for the production of these two groups. This hypothesis cor-
roborates the preliminary observation made about the Dichin assem-
blage that the 6th c. glass and the earlier manganese decolourised
glasses form a broad continuum with positively correlated minor
oxide levels (Rehren and Cholakova, 2014). Interestingly, the trace
oxide pattern of the iron-rich sub-group seems to place these glasses
even further away from theHIMT cluster, apparently excluding their ex-
planation as a result ofmixingHIMT culletwith themain 6th c. glass, e.g.
due to recycling. In fact, the peculiarity of this sub-group consistsmostly
in the lack of correlation between iron oxide and titania (Fig. 6). An
identical trend is seen in ‘Serie 2.1.’ from the Western Mediterranean
(Foy et al., 2003, Annexe 2), reinforcing a possible implication that the
sub-group in the 6th c. glass from the Lower Danube is not only a re-
gional phenomenon.

A comparison of some of the diagnostic oxides for the 6th c. glass
(Fe2O3, MgO, and TiO2) confirms its identification as a separate primary
glass group with close similarity to the 5th c. manganese decolourised
composition in the Lower Danube (Fig. 7, left graph), once again imply-
ing the use of sand from a broadly identical geological area (evenwith a
possible internal zoning resulting in compositional fluctuations be-
tween themelting episodes over time), andwhich differs fundamental-
ly from the rawmaterials of the HIMT glass production.When the same
comparison ismade for the respective groups from Southern France and
Britain (Fig. 7, right graph) the overall pattern is still very similar, espe-
cially for the samples from the Western Mediterranean. Nevertheless,
differences and a certain blurring of the groups are also evident, not at
least because of the chronologically more complex perspective.

It has to be clearly said, that even if the main 6th c. glass group ap-
pears to fully match the manganese decolourised composition, i.e.
‘Serie 3.2.’ in Fig. 7, there are many other compositional criteria that
keep both groups apart as discrete clusters (e.g. alumina and lime con-
centrations (Fig. 4), or their levels of manganese), so they can be
recognised as probably linked but still different primary compositions.
A particular argument for distinguishing between both groups is the
positive correlation between strontium oxide and manganese in the
Fig. 4.Alumina vs lime concentrations of the 6th c. glass from the LowerDanube compared
to the HIMT and the 5th c. manganese decolourised compositions from the same region
(refined data from Rehren and Cholakova, 2010; Rehren and Cholakova, 2014, present
work, and unpublished), and to the respective compositions from the Mediterranean.
Data from Foy et al. (2003).
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6th c. glass which is not characteristic of the 5th c. manganese
decolourised composition (Fig. 8). As pointed out, the average concen-
tration of 800 ppm SrO in the 6th c. glass is above the common levels
for natron glass suggesting the likely presence of an additional source
of SrO, along with the well-known sand impurities (i.e. lime and sea-
shells). The correlation of SrO andMnO levels indicates that themanga-
nese containing additive most probably introduced certain amounts of
strontium oxide to the glass melt, as already proposed elsewhere
(Gallo et al., 2013, Fig. 8b). Manganese-rich minerals with significant
amounts of strontium are known (e.g. strontiomelane with approxi-
mately 9–13 wt.% SrO — Meisser et al., 1999), and could have been
used by the glass producers as recipe ingredient in the 6th c. The ab-
sence of such correlation in the compositions preceding the 6th c.
glass in the Lower Danube marks certain changes in raw material sup-
plies and technology of production towards the end of antiquity.

6. Conclusion

Analytical work done on a representative group of 6th c. AD glasses
(vessels, windowpanes, and chunks) found at three sites in present-day
Bulgaria allows a specific composition to be outlined. Based on the ar-
chaeological evidence, this composition is considered as the predomi-
nant one in the region at the end of antiquity. It is characterised by an
overall increased content of minor oxides which was the reason for its
preliminary definition as ‘dirtier Roman blue-green’ in the Dichin glass
Fig. 6. Iron oxide vs titania concentrations of the 6th c. glass from the Lower Danube
compared to the HIMT and the 5th c. manganese decolourised compositions from the
same region (refined data from Rehren and Cholakova (2010); Rehren and Cholakova
(2014), present work, and unpublished).
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Fig. 7. Combined results for iron oxide,magnesia, and titania for the 6th c. glass from the Lower Danube, juxtaposedwith earlier HIMT andmanganese decolourised compositions from the
same region (left graph; refined data fromRehren and Cholakova, 2010; Rehren and Cholakova, 2014, present work, and unpublished), and the same comparison for the respectivemajor
reference glass groups (right graph; data from Foy et al., 2003; Foster and Jackson, 2009; Foster and Jackson, 2010).
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assemblage, evolving out of the ‘cleaner Roman blue-green’ glasses of
the earlier periods (Rehren and Cholakova, 2014).

The present study identifies the 6th c. glass from the Lower Danube
as a distinct composition, identical with ‘Serie 2.1.’ as described by Foy
et al. (2003), but not linked to the HIMT group despite its elevated
iron oxide content. This is based on the logic of geochemical evidence
and implies a particular interpretativemeaning. It is generally acknowl-
edged that the different primary glass groups correspond to different lo-
cations of production. Defining their compositional relationships and
affinities, and recognising gradual shifts or clear gaps between the
groups are essential tools of provenancing and for reconstructing the
dynamics of the primary glass making industry of the first millennium
AD. Certain compositional separations may reflect deliberate changes
of the location of production, different choices of raw materials and/or
their supplies, recipes, or even modifications in the organisation and/
or ownership of the manufacturing. Another type of patterning could
be driven only by the internal geological heterogeneity of sand deposits
within a single area. Additionally, beyond the stage of primary glass
making, phenomena such as cullet recycling andmixingwould contrib-
ute to an even more complex picture of compositional grouping.

Based on the present data, the 6th c. glassmay be associated through
its geochemical characteristicswith the earliermanganese decolourised
group (identical with ‘Serie 3.2.’ of Foy et al., 2003). Therefore, as a
working hypothesis, these two compositions can be considered related
to each other in terms of their origin (hence, separately from the HIMT
glass; discussing the provenance of any of these compositional groups
Fig. 8. Strontium oxide vs manganese concentrations in the samples from Dichin, Odartsi
and Serdica analysed by LA-ICP-MS: a comparison of the 6th c. glass and the earlier HIMT
and manganese decolourised compositions (data from present work and unpublished).

Please cite this article as: Cholakova, A., et al., Compositional identificatio
Science: Reports (2015), http://dx.doi.org/10.1016/j.jasrep.2015.08.009
remains beyond the scope of this paper). At the same time, a range of
features, including the levels of added manganese, indicates that the
two main compositions of the 5th and 6th centuries, respectively, in
the region still have to be differentiated as separate primary groups,
and not simply seen as a single geochemical continuum evolving over
time. At this stage, the reasons for defining the cluster of iron-rich sam-
ples as a sub-group within the 6th c. glass, rather than a separate group
in its own right, lie mostly in the understanding that it is due to a deteri-
oration of the quality of the glassmaking sand, possibly within the same
locality. However, a technological explanation may well be possible, and
more data is needed to address in details the question of this sub-group.

Certain other aspects of the 6th c. glass remain outside the present
summarised discussion, for example the evidence for recycling in
these glasses, or, the significance of the group in terms of its archaeolog-
ical interpretation. An overview of the geographical distribution of this
composition and its equivalents or possible analogies in the Balkans
(e.g. Drauschke and Greiff, 2010) and far afield (e.g. Freestone et al.,
2008a; Ceglia et al. in press) is also beyond the limits of this paper, as
well as the key question of how this group should be placed in the dis-
course on the currently recognised ranges of HIMT glass.

However, it is hoped that the data presented here and the suggested
explanations contribute to a better understanding of the existing varia-
tions in glass group terminology (Rehren and Freestone, 2014) and its
interpretative reading.

Considering the broader long-term perspectives of glass studies, it
may seem beneficial not only to achieve a coherent nomenclature of
the compositional groups but also to progress from the formal labelling
of data. A promising way forward would be an attentive examining of
the technological phenomena behind the data in the context of the
socio-cultural and economic processes of Late Antiquity (e.g.
Cholakova, 2014b).
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