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Abstract
This study focuses on a group of decorated glass beads (twelfth–tenth century BC), belonging to a larger assemblage that was
excavated from the prehistoric burial tumulus at Lofkënd, Albania. The bulk glass, opaque glass decorations, and corroded areas
were examined and analyzed using variable pressure-scanning electron microscopy with energy-dispersive spectroscopy (VP-
SEM-EDS) and X-ray diffraction (XRD). The four glass beads analyzed were made using a plant ash-based alkali and colored
with an iron containing chromophore which gave the glass its dark green color. Calcium antimonate was the predominant white
opacifier used. Sodium antimonate was found as the opacifier in one sample. Its occurrence is likely accidental and formed due to
a low concentration of calcium in the glass. Lead antimonate was identified in one sample and, along with calcium antimonate
which was also present, would have acted as an opacifier for the white glass.
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Introduction

Beginning in the mid-3rd millennium BC, small glass objects
appear in the archeological record, with evidence of the emer-
gence of a full-scale industry producing and trading glass
across long distances by the sixteenth century BC
(Henderson 2012; Shortland 2012). Even in the early periods
of glassmaking, vitreous materials were made in a range of
colors and both translucent and opaque glasses were created.
The earliest opacifiers used were antimonate-based minerals,
such as calcium antimonate used to produce opaque white

glass and lead antimonate which created opaque yellow glass.
These antimonate-based opacifiers continued well until the
Roman period when tin-based opacifiers were introduced
(Turner and Rooksby 1959, 1961; Shortland 2002, 2012;
Lahlil et al. 2009; Henderson 2012; Biron and Chopinet
2013). Antimonate-based opacifiers are found in opaque
white, yellow, blue, and green glasses and were predominantly
used as trailed decoration on early vessels and beads.

At the site of Lofkënd in southwestern Albania, four glass
beads were discovered, ranging in date from the twelfth–tenth
century BC, that were decorated with antimonate-opacified
white glass. Based on the dates of the Lofkënd beads, it was
assumed that the opaque white areas were colored with a
calcium antimonate compound. However, compositional anal-
ysis showed the presence of additional antimonate compounds
in the opaque white glass. The results of that analysis, along
with a discussion of the different compounds discovered and
how they were formed, are presented in this paper.

The manufacture of calcium antimonate
opacified glass

Opacification is produced by small, crystalline particles in the
glass matrix. These particles have a different refractive index
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from the overall matrix they are dispersed within and reflect
the light differently in order to produce opacity (Turner and
Rooksby 1959; Foster and Jackson 2005; Lahlil et al. 2010b;
Biron and Chopinet 2013). Calcium antimonate crystals,
found as CaSb2O6 and/or Ca2Sb2O7, produce an opaque white
color within a translucent, colorless matrix.

Two methods have been suggested for how glass opacified
using calcium antimonate was manufactured in antiquity
(Mass et al. 1997; Lahlil et al. 2009, 2010a, b; Biron and
Chopinet 2013):

& Through the in situ crystallization of calcium antimonate
from the melt

& By adding synthesized calcium antimonate crystals or
compounds to the melt or raw materials

In situ crystallization

In situ crystallization has been suggested as the method more
commonly used to produce opaque glass in antiquity (Lahlil
et al. 2009, 2010b; Biron and Chopinet 2013). In this tech-
nique, antimonate compounds are added to clear glass, either
with the raw materials or in the melt, and crystals precipitate
directly causing the glass to become opaque. To produce cal-
cium antimonate-opacified glass, an antimonate-containing
material is added that combines with calcium in the glass
matrix to form the opacifying crystals (Lahlil et al. 2009).
Though the exact antimonate containing mineral used in an-
tiquity to make this glass is not known, stibnite (Sb2S3) or
roasted stibnite (Sb2O3, Sb2O4) has been suggested as possi-
ble sources. In replication experiments, in situ crystallization
forms two phases of calcium antimonate, CaSb2O6 and
Ca2Sb2O7. In archeological examples, when both compounds
are present, CaSb2O6 tends to be the major phase with
Ca2Sb2O7 as the minor phase (Lahlil et al. 2010b).

Addition of synthesized calcium antimonate crystals

Another method suggested for the manufacture of calcium
antimonate-opacified glass is based on the addition of these
crystals directly to the melt (Lahlil et al. 2010a; Biron and
Chopinet 2013). Since calcium antimonate does not occur
naturally, the crystals are synthesized in some form to opacify
glass. Experiments conducted to produce these crystals show
that they can bemade by heating CaCO3 together with stibnite
or antimony oxides (Lahlil et al. 2010b). Calcium antimonate
compounds are formed when the mixture is heated between
700 and 1200 °C. In ancient glasses, the calcium is introduced
to the glass melt in the raw materials, such as the sand, which
then combines with the added antimony to form calcium
antimonate.

The addition of synthesized calcium antimonate crystals to
produce opacified glass is thought to have occurred in 18th
dynasty Egypt. Lahlil et al.’s (2010a) study of ancient
Egyptian glasses showed a predominance of Ca2Sb2O7 crys-
tals forming, which were compact and rosary shapes, when
this technique was used. Opaque glass made via in situ crys-
tallization showed the presence of both CaSb2O6 and
Ca2Sb2O7, visible as polygonal crystals larger than 1 μm,
and randomly distributed throughout the glass matrix. When
a group 18th Dynasty Egyptian opaque glasses were exam-
ined, Lahlil et al. (2010a) noted that the phases present, and
the crystal shape and distribution, were similar to those found
in the laboratory glasses opacified through the addition of
synthesized calcium antimonate crystals.

Archeological background

The prehistoric tumulus of Lofkënd is located in theMallakastra
region of Albania, near the modern village of Lofkënd (Fig. 1)
(Papadopoulos et al. 2014a). The site was excavated from 2004
to 2008 through a collaborative project undertaken by the
Cotsen Institute of Archeology at the University of California,
Los Angeles, the Institute of Archeology, Academy of Sciences,
Tirana and the International Center for Albanian Archeology.
Over the four seasons of excavation, some 100 graves were
discovered, containing over 150 individuals (Damiata and
Southon 2014). The tumulus was in use primarily from the
fourteenth century BC to the end of the ninth century BC, span-
ning the Late Bronze Age (LBA) to Early Iron Age (EIA) pe-
riods (Damiata et al. 2009). Several graves were found in the
northeast section of the tumulus which date to AD 1800 and are
evidence for reuse of the site as a modern cemetery.

Most of the graves uncovered at Lofkënd were inhuma-
tions, with the exception of two cremations (Schepartz
2014). Some of the tombs contained multiple individuals.
Grave goods were found within many of the burials and in-
cluded pottery (painted and unpainted), jewelry, including hair
ornaments, fibulae, pins, and beads made of various materials
(Papadopoulos et al. 2014b). Preservation of the finds and
human remains varied across the site.

The four beads analyzed (Fig. 2, Table 1) for this study
come from two different tombs Beads 10/108, 10/115, and
10/116 were found in Tomb XXVIII, a pit tomb containing a
child, and dates to the twelfth–eleventh century BC
(Papadopoulos et al. 2014a). In addition to the glass beads
analyzed for this paper, the grave also included three bronze
ornaments, one bead made of carnelian or sardonyx, and six
glass beads which were found on or around the skull. Bead 10/
109 comes from Tomb LIII which had an adult and a child
interred (Papadopoulos et al. 2014a). The grave contained
additional objects such as a ceramic vessel, four bronze orna-
ments, a carnelian or sardonyx bead, a faience bead, and three
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Fig. 1 Map showing the location of Lofkënd and neighboring sites in Albania. Credit: Lofkënd Archeological Project (prepared by S. Parfenov)



undecorated glass beads, all dating to the eleventh–tenth cen-
tury BC (Papadopoulos et al. 2014b).

Though the tumulus at Lofkënd provides information on
burial practices in the region during the LBA and EIA, not
much information is known about who used the tumulus and
no settlements have been found connected to the burial site
(Papadopoulos et al. 2014a). The artifacts uncovered at
Lofkënd, however, do offer insight into trade networks and
procurement of finished artifacts for use as grave goods. The
forms and styles of some of the metallic and ceramic artifacts
found at Lofkënd, as well as those from neighboring LBA-
EIA sites, show that they are imports from the East, in

particular the Aegean due to the presence of Mycenaean pot-
tery and bronzes (Kurti 2013; Papadopoulos et al. 2014a). At
Lofkënd, bronze pins similar in style to those from the Aegean
and Anatolia were found, in addition to matt-painted pottery
made in the eastern Adriatic/Aegean (Papadopoulos et al.
2014a). With regard to glass production, primary production
of glass in the LBA and EIA was taking place only in Egypt
and the Near East (Henderson 2012; Shortland 2012). Though
glassworking sites have been found in Greece (Panagiotaki
et al. 2005; Smirniou et al. 2009), none have been reported
for this region. Given that there is evidence for the trade of
artifacts from the Aegean, it is likely that the glass beads were

Table 1 Description of the beads analyzed

Catalog no. Other nos. Date Color Decoration Dimensions Beck bead type

10/108 T28–7 (SF341) Tomb XXVIII
twelfth–eleventh

century BC

Opaque orange-brown Opaque white horizontal
band

H 10.20 mm
D 10.51 mm

I.C.1.a/
XLVII.A.1.a

10/109 T53–6 (SF294) Tomb LIII
eleventh–tenth

century BC

Opaque reddish-brown Impressed opaque white
spots and line

H 12.76 mm
D 14.33 mm

II.C.1.a/
XLVI.A.2

10/115 T28–5 (SF339) Tomb XXVIII
twelfth–eleventh

century BC

Dark green glass Opaque white waves or
chevrons

L 16.52 mm
W 14.56 mm
H 10.40 mm;

VII.D.I.a/
XLVII.A.7.a

10/116 T28–9 (SF344) Tomb XXVIII
twelfth–eleventh

century BC

Opaque yellow Opaque white spots Too fragmentary
to measure

XLVI.A.2
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Fig. 2 Group of decorated beads
analyzed. a Bead 10/115 decorat-
ed with opaque white trails in a
chevron or wave pattern. b Bead
10/108 decorated with an opaque
white band. c Bead 10/109 deco-
rated with an opaque white band
and spots. d Bead 10/116 deco-
rated with opaque white spots.
Credit: Lofkënd Archeological
Project/Ian Coyle



imported into southwestern Albania as finished objects along
these same trade routes.

Description of the beads

The four beads analyzed come from grave contexts and range
in date from the twelfth–tenth century BC. Though the beads
vary in shape and style of decoration, theywould have all been
formed and decorated in a similar way.

The beads were made by winding the molten glass onto a
metal rod, known as a mandrel (Küçükerman 1988; Spaer
2001). Each bead has a single perforation that is conical in
shape. Using Beck’s (1973) bead typology, the perforation is a
Type III single cone. On each bead, the area around one per-
foration is rounded, while the other flatter and slightly
inverted. This, along with the conical perforation, suggests
that the bead was made using a tapered mandrel (Beck 1973;
Küçükerman 1988; Spaer 2001).

Once the bead was formed, a gob of opaque white glass
was picked up on a metal rod and trailed along the surface to
make the design (Spaer 2001). A pointed metal tool or wire
would have been used to comb or rake across the white trails
applied to bead 10/115 producing a wave or chevron pattern.
After decorating, the bead would be gently rolled on a marver
to flatten the applied white designs to be flush with the surface
(Beck 1973). This resulted in the opaque designs being
impressed into the glass, which leave a void or recess if the
white glass is lost (Fig. 3). The marver would have also been
used to flatten one side of bead 10/115.

Bead with opaque white trails (10/115)

Bead 10/115 is made of dark green glass, visible under micro-
scopic examination, but appears almost black to the naked
eye. It is decorated with white trails in a chevron or wave
pattern (Fig. 2a) (Papadopoulos and Muros 2014). The bead
is ellipsoidal in shape and has one flat side. The bead shape
corresponds to Type VII.D.I.a, circular, flat, long bead (Beck
1973). The trails measure approximately 0.9–1.88 mm in
width. Beck describes this type of pattern as impressed wire
or combed chevrons (Type XLVII.A.7.a) (Beck 1973).

Of the glass beads found at Lofkënd, 10/115 is the best
preserved, though it does show signs of deterioration. There
are small abrasions and pits on the surface of the dark green
glass, as well as air bubbles and voids visible under magnifi-
cation. Small inclusions are visible within the glass matrix and
appear to be unreacted raw materials. There are small losses to
the surface around the perforations. Some of the glass seems to
have corroded to an orange-brown color, especially around the
perforation. Some of this orange-brown-colored glass is also
visible in areas of the interface between the opaque white and
dark green glass. The opaque white glass is very soft and pow-
dery and easily damaged mechanically. It is not vitreous in
appearance. The opaque white decoration has been lost in areas
leaving behind a recess or depression on the surface (Fig. 3).

Bead with opaque white band (10/108)

Bead 10/108 is opaque orange-brown in color (Fig. 2b)
(Papadopoulos and Muros 2014). The bead is circular in shape
with one end slightly tapered or ovoid in longitudinal section.
The shape corresponds to a circular standard bead, Type I.C.I.a
(Beck 1973). It is decorated with a horizontal band of opaque
white glass (Fig. 4). The white decorative band is 1.66–
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Fig. 3 The white decoration on the Lofkënd beads was impressed into the
surface by rolling on a marver after the white glass was trailed or dropped
onto the surface. Areas of loss of the white decoration on bead 10/115
show the recess left behind on the glass surface Fig. 4 Detail of the opaque white band on bead 10/108



2.32 mm wide and is located slightly above the central section
of the bead. Where the white glass is lost, a recess is visible
where the glass was impressed into the surface of the bead.
Based on the decoration, the bead can be classified as a zone
bead Type XLVII.A.I.a, which has a line running round the
perimeter dividing the bead into sections, or zones (Beck 1973).

Examination of the surface shows that the bead has under-
gone severe corrosion during burial. The glass appears rough
and porous, and the matrix contains different colored mate-
rials. The bead was broken in half, and the interior revealed a
core of a dark-colored glassy material (Fig. 5a). Under mag-
nification, the color appears dark green, and in some areas
almost black. This dark glass is likely the original color of
the bead and has weathered or corroded to the orange-brown
color observed on the surface.

This type of color change due to corrosion/deterioration
has been observed in eighteenth–nineteenth century and me-
dieval glasses, in particular on beads and bottle glass (RHBrill
2008, personal communication). In these instances, deteriora-
tion of very dark green or dark olive-amber-colored glass has
resulted in the formation of orange-brown or red-brown cor-
rosion crusts. These glasses are colored using iron-sulfur com-
pounds or ferric and ferrous ions (RH Brill 2008, personal
communication). When the alkalis and alkali earths are
leached out of the surface layers due to weathering, the sili-
ceous products that remain can become enriched in iron
(Freestone 2001). This would give the corroded glass an
orange-brown or red-brown color. Though these glasses tend
to be high in potash or are mixed-alkali glasses (RH Brill
2008, personal communication), the formation of an orange-
brown or red-brown corrosion crust has been observed on
ancient soda-lime glasses. Olive green-colored glass beads
that had turned brown in color were found in a ninth century
BC tomb at the Athenian Agora (Smithson 1968). Brown
weathering products have also been observed on black frit-
like beads from the eighth–fifth century BC site of Chotin
(Brill 1999). The orange-brown areas seen around the perfo-
ration on 10/115 could be an indication of this type of glass
corrosion beginning to form (Fig. 5b).

Bead with opaque white band and spots (10/109)

Bead 10/109 appears opaque and reddish-brown in color (Fig.
2c) (Papadopoulos and Muros 2014). The bead is decorated
with opaque white spots and an opaque white horizontal band
running below one of the perforations. The bead is slightly ovoid
or tapered towards one endwhen viewed in longitudinal section.
The ends are relatively flat. Based on the shape of the bead,
which is elliptical in transverse section, the bead corresponds
to Beck’s Type II.C.I.a, elliptical standard bead (Beck 1973).

At one end of the bead near the perforation, there is a raised
ridge. Below this area, there is a recessed horizontal band,
2.16 mm wide, which follows the circumference of the perfo-
ration. The line is not continuous and is interrupted in one area
by a small, rounded protrusion (Fig. 6a). In this area, the band
narrows to 0.07mm. There is opaquewhitematerial along some
of the edges and within the recess, which is likely the remains of
glass impressed into the surface to make a white band.

Visible along the central section of the bead are several
circular depressions. One of these areas, 3.42 mm in diameter,
contains a small patch of an opaque white material similar to
that seen in the recessed band (Fig. 6b). Another circular de-
pression, 3.94 mm, also contains traces of an opaque white
powdery material. Near these depressions are smaller recessed
circles, 2.04–3.02 mm in diameter, with a similar white mate-
rial inside. The larger circles are positioned near each other,
but overall, there does not seem to be a pattern in their arrange-
ment. These circular depressions are likely areas where opaque
white glass was pressed to make a decoration which now has
been lost. The bead seems to have been decorated with a series
of spots and a linear band. Because of the poor preservation of
this decorated section, it is difficult to get a sense of the pattern
to be able to classify the bead based on its decoration. It does
share some similarities to the decoration found on simple spot
glass eye bead (XLVI.A.2b.3) (Beck 1973).

The bead is very corroded and the opaque white glass is
friable and powdery. The bead surface has a somewhat granu-
lar appearance. Black, white, and dark green inclusions of what
looks to be a glassy or vitrified material were found (Fig. 6b).
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Fig. 5 a Interior of bead 10/108 showing areas containing a dark glassy
material thought to be the original color of the glass surrounded by
orange-brown weathered areas. bAn area around the perforation on bead

10/115 appears orange brown in color. This area could be undergoing a
similar type of corrosion to that observed on bead 10/108. Credit:
Lofkënd Archeological Project/Ian Coyle



The dark inclusions which appear to be small pieces of glass
could be the remains of the original glass. The red-brown color
observed is likely due to weathering. The other inclusions vis-
ible in the matrix could be unreacted raw materials.

Bead with opaque white spot (10/116)

Bead 10/116 is opaque yellow in color and has opaque white
decoration (Fig. 2d) (Papadopoulos andMuros 2014). The bead
is poorly preserved and very fragmentary. Consequently, the
shape of the bead and perforation type could not be determined.

Three fragments show a distinct layer of an opaque white
glass on top of the yellow glass (Fig. 7a). On one fragment, the
white area has a rounded edge indicating that it is some kind of
impressed decoration flush with the top surface of the glass
(Fig. 7b). This bead may be a spot glass eye bead (XLVI.A.2)
(Beck 1973); however, not enough of the bead is preserved to
clearly identify the decoration.

Examination of the glass matrix using a stereo microscope
shows that there are inclusions of a black glassy material and
white spherical inclusions. The black inclusions are actually a
dark green color under magnification. As with the other weath-
ered beads, this dark green color was the original color of the
glass which in this case has corroded to a yellow opaque mate-
rial. The white spherical inclusions (Online Resource 1) could
be unreacted raw materials or possibly ions that have migrated
from the burial environment into the glass matrix (Silvestri et al.
2005; Anaf 2010; Henderson 2012).

Methods/experimental

X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was used to identify the
composition of the opaque white glass which was sampled
from each bead using a scalpel. The samples were analyzed
using a Rigaku R-Axis Spider X-ray diffractometer located in
the lab of the UCLA/Getty Conservation Program, Cotsen
Institute of Archeology, UCLA. They were mounted on a
glass spindle with Apiezon N vacuum grease from M&I
Materials, Ltd. XRD spectra were recorded at 50 kV/40 mA
using a Cu-kά target for 900 s. The samples rotated 360°
during acquisition. XRD data were processed and matched
against reference spectra from the International Center for
Diffraction Data (ICDD) files using the Jade, v8.2 software
from Materials Data Inc.

Variable pressure scanning electron microscopy
with energy dispersive spectroscopy (VP-SEM-EDS)

A variable pressure scanning electron microscope equipped
with an energy-dispersive spectrometer (VP-SEM-EDS) was
used to obtain compositional data on the dark green glass, the
weathered areas on the beads (orange-brown, red-brown, and
yellow), and the areas decorated with opaque white glass.
Glass samples were taken using a scalpel and mounted and
polished for elemental analysis. Areas of the bead that were
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Fig. 6 a A small rounded
protrusion (indicated by the
arrow) is visible along an area of a
recessed line around the
perforation of bead 10/109. This
recessed area contains remnants
of an opaque white material. bAn
example of one of the circular
depressions (indicated by the
arrow) which were found on the
lower half of bead 10/109
containing opaque white glass

Fig. 7 a A small fragment from
bead 10/116 showing an area of
opaque white glass overlying
yellow glass. b One of the frag-
ments from bead 10/116
contained part of a circular design
made of opaque white glass



visually identified under magnification as containing both
weathered glass from the surface and more pristine glass
which were sampled. Areas from the center of the bead which
appeared to contain no weathering or alteration, but only pris-
tine glass, were also sampled.

The samples were placed in a 1 in. Teflon (PTFE) ring and
embedded in Struers EpoFix resin under vacuum. Themounted
samples were ground using aluminum oxide sand paper and
polished using Buehler’s Metadi diamond suspensions (6 and
1 μm) on Buehler Mastertex cloths. After mounting and
polishing, the samples were examined and photographed using
a Keyence VHX-1000 digital microscope (×50–200 magnifi-
cation) in the Molecular and Nano Archeology Lab at UCLA.
The dark green glass and weathered samples were mounted
and polished successfully; however, the opaque white glass
could not be. Therefore, samples of the opaque white glass
were placed directly on a pin stub for analysis.

A Nova NanoSEM 230 located at the Molecular and Nano
Archeology Laboratory, UCLA, was used for imaging in sec-
ondary electron (SE) mode using a low vacuum detector
(LVD). Elemental analysis was performed with a Thermo
Scientific NORAN™ System 7, X-ray EDS. The data were
processed using the NSS Spectral Imaging System software
from Thermo Scientific, Inc. Three areas on each sample,
measuring approximately 750 μm2, were analyzed at an ac-
celerating voltage of 20 kV, beam current of 10 nA and work-
ing distance of 5–6 mm. Spot analysis was also performed.
The weight percent of oxides was calculated for each area
analyzed, normalized to 100% and averaged. PROZA (Phi-
Rho-Z) corrections were applied to the data collected. Glass
reference samples—Corning A, B, and C—were used to
check the accuracy of the concentrations obtained (Table 2).

Results and discussion

Composition of the bulk glass

EDS analysis of the dark green glass (pristine/unweathered
areas) indicates that the Lofkënd beads are plant ash-based

(Table 3). The soda (Na2O) content in these areas ranges from
15.68 to 23.47% and potash (K2O) from 1.13 to 1.38%. The
glass contains 2.62–3.37% magnesia (MgO) and 0.87–1.66%
alumina (Al2O3). The lime (CaO) content varies from 2.24 to
6.12%.These concentrations are similar to published data
from analyses of Egyptian, Mesopotamian, and Mycenaean
glass from this time period, as well as from glass ingots re-
covered from the Uluburun shipwreck (Nikita and Henderson
2006; Shortland and Eremin 2006; Nicholson 2007; Smirniou
et al. 2009; Jackson and Nicholson 2010; Polikreti et al. 2011)
(Fig. 8). Late Bronze Age plant ash glass was generally com-
posed of 15–20% Na2O, 2–8% K2O, 4–8% CaO, and 2–8%
MgO (Nicholson 2007; Henderson 2012; Shortland 2012),
and the dark green glass used to make the Lofkënd beads falls
within these ranges.

A bivariate plot comparing the concentrations of MgO and
K2O (which are elements that come into the glass through the
flux) in the Lofkënd beads to LBA glasses shows that the dark
green glass analyzed on the four beads is similar to glass found
in the Eastern Mediterranean (Fig. 8). The Lofkënd beads
seem to be more similar to Egyptian and Mycenaean glasses.
This may suggest a possible geographic source for where this
material was produced.

High concentrations of iron were detected in the dark green
glass which acted as the colorant. The FeO concentrations
ranged from 2.83 to 7.95% (6.32% average). No antimony
compounds were detected in the dark-colored glass.

Composition of weathered/corroded areas

Analysis of the weathered areas of the dark green glass
showed depletion of the alkali and several other elements
(Table 3). The soda content is very low, averaging 3.6%, as
are the potash concentrations (averaging 0.86%). The loss of
these elements associated with the flux is the common form of
deterioration observed in buried glasses due to the action of
water (Freestone 2001). Alkaline earths, such as magnesia,
may also be leached out of the glass matrix. Two of the weath-
ered samples (10/108 and 10/116) show depletion of MgO,
with levels ranging from 0.76 to 0.86%. The sample taken

Table 2 Results of EDS analysis of glass reference standards Corning
A, B, and C. The accepted values for the Corning standards are taken
from Vicenzi et al. (2002). Concentrations are given as weight percent

(wt%) in oxide form except for chlorine (Cl) which is given as wt% in
elemental form. n.d. not detected

Reference standard Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO FeO CuO BaO PbO

Corning A measured 15.76 1.65 1.33 68.67 0.19 n.d. 0.29 2.95 5.65 1.04 0.91 0.86 0.58 n.d. n.d.

Corning A expected 14.3 2.66 1 66.56 0.14 0.1 0.1 2.87 5.03 0.79 1 0.98 1.17 0.56 0.12

Corning B measured 19.68 0.57 3.72 60.98 0.93 0.62 0.17 1.00 8.76 0.35 0.21 1.16 1.86 n.d. n.d.

Corning B expected 17 1.03 4.36 61.55 0.82 0.5 0.2 1 8.56 0.09 0.82 0.31 2.66 0.12 0.61

Corning C measured 0.52 2.43 0.76 33.39 n.d. n.d. 0.17 2.56 4.51 2.59 0.47 0.25 1.10 9.43 39.32

Corning C expected 1.07 2.76 0.87 34.87 0.14 0.1 0.1 2.84 5.07 0.79 0.82 0.31 1.13 11.40 36.70
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from 10/109 showed enrichment of MgO unlike the afore-
mentioned samples. The reason for this enrichment is un-
known. However, because 10/109 was found in a different
tomb, it is possible that it could be due to the particular con-
ditions within that grave’s burial environment resulting in a
microenvironment that favored depletion of other elements in
the bead leaving behind a matrix higher in MgO.

When the alkali and alkaline earths are leached out from the
glass matrix, enrichment of other elements occurs. In the case
of the Lofkënd beads, the samples of weathered glass taken
from several of the beads showed increased concentrations of
Al2O, Ti2O, and FeO. The increased concentration of iron
resulted in the yellow to reddish brown coloration observed
in the heavily corroded areas of the dark green glass.

Composition of opaque white glass

Calcium antimonate compounds

XRD analysis identified calcium antimonate compounds in
the opaque white decoration on beads 10/109, 10/115, and
10/116 (Table 4, Online Resources 2, 4, and 5). Bead 10/109
contained the compound Ca2Sb2O7, similar in structure to the
mineral romeite. Bead 10/115 contained CaSb2O6 as well as
antimony oxide (Sb6O13). Bead 10/116 contained both
CaSb2O6 and Ca2Sb2O7.

The specific calcium antimonate compounds identified can
provide information on the firing conditions. Experimental
data based on the synthesis of pure calcium antimonate crys-
tals has found that CaSb2O6 forms at about 927 °C and is the
major phase present at higher temperatures (Lahlil et al. 2009).
In replication studies, if the glass is heated near 1100 °C, for
about 1–2 days, only CaSb2O6 forms (Lahlil et al. 2010b;
Silvestri et al. 2015). Based on the data produced from these
studies, it appears that opaque white glass on bead 10/116 was
heated above 900–1000 °C when manufactured in order for
both CaSb2O6 and Ca2Sb2O7 to form (Lahlil et al. 2008). Only
Ca2Sb2O7 was found in the opaque white glass on bead 10/
109 indicating that the bead was made using lower tempera-
tures. Bead 10/115 contained only the phase CaSb2O6 and
likely was produced using higher temperatures.

The forms of calcium antimonate identified could also pro-
vide information on themethod of manufacture used to produce
the opaque white glass. The identification of antimony oxide in
sample 10/115 suggests that the opaquewhite glass on this bead
was made via in situ crystallization (Lahlil et al. 2009). The
antimony oxide identified by XRD is likely unreacted raw ma-
terials. The samples taken from 10/109 only contained
Ca2Sb2O7. This would likely be the only phase formed if the
opaque white glass was made through the addition of synthe-
sized crystals of calcium antimonate (Lahlil et al. 2010b).

VP-SEM examination and EDS analysis showed a very de-
teriorated matrix and depletion of the alkali elements in all fourTa
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Table 4 Results of XRD analysis
Bead no. Area sampled Results

10/108 Opaque white horizontal band Brizziite (NaSbO3)

Na2Sb2O6

10/109 Opaque white line Romeite (Ca2Sb2O7)

10/115 Opaque white wavy line Calcium antimony oxide, (CaSb2O6)

Antimony oxide (Sb6O13)

10/116 Opaque white dot Calcium antimony oxide (CaSb2O6)

Calcium antimony oxide (Ca2Sb2O7)

Bindheimite (Pb2Sb2O7)

Lead oxide PbO

1778 Archaeol Anthropol Sci (2019) 11:1769–1782

Fig. 8 Bivariate plot of concentrations of MgO and K2O in the Lofkënd
beads compared to plant ash glasses from Egyptian (Shortland and
Eremin 2006; Nicholson 2007), Mesopotamian (Shortland and Eremin
2006), and Mycenaean (Nikita and Henderson 2006; Smirniou et al.
2009; Polikreti et al. 2011) sites, as well as to ingots from the Uluburun

shipwreck (Jackson and Nicholson 2010). The concentrations of these
oxides in the dark green glass of the Lofkënd beads, which were contrib-
uted from the flux used, are similar to other LBA glasses, primarily those
from Egyptian and Mycenaean sites



opaque white glasses (Table 3). The soda content ranged from
0.43 to 0.66%. Potash concentrations were about 0.12–0.30%,
and magnesia was also low, 0.41–0.69%. These values indicate
the leaching of alkali and alkali earths due to weathering
(Freestone 2001). Analysis of Egyptian opaque white glasses
shows that the general composition of opaque white glass is
very similar to colorless glass (Shortland 2002, 2012; Shortland
and Eremin 2006). The difference between the two is the pres-
ence of antimony which was added as the opacifier. Therefore,
the concentrations of Na2O, K2O, and MgO in the Lofkënd
white glass were expected to be similar to the concentrations
found in the dark green glass. The opaque white glass showed
that several oxides were present in higher concentrations as
compared to the composition of dark green glass. These includ-
ed Al2O3 (4.69–12.9%), CaO (6.15–14.45%), and Sb2O3

(5.84–19.04%). The higher concentration of Sb2O3 in the
opaque white glass is due to the presence of an opacifier.
Higher concentrations of alumina and lime could be due to
enrichment caused by weathering of the glass and loss of some
of the oxides leaving a matrix richer in these two oxides.

The presence of CuO was detected in three of the opaque
white samples, 10/108, 10/115, and 116, and the high concen-
tration of this oxide cannot be explained through enrich-
ment due to leaching or deterioration of the glass matrix.
Since it was found in opaque white glass, it would not have
been added as a colorant. These three beads do come from the
same tomb and were found next to each other near a bronze
fibula and a bronze wheel-shaped pendant. It is possible that
the CuO detected is a contaminant due to the migration of Cu
ions from the corroded bronze objects into the porous matrix
of the deteriorated opaque white glass.

Two of the opaque white glasses contained about 6% CaO
which falls within the range of lime found in published glasses
from this time period (Nicholson 2007; Shortland 2002, 2012;
Henderson2012).Twoof thesamples,however,hadmuchhigher
values for lime, 12.87% (10/109) and 14.46% (10/108). Reasons
as towhy the sampleswere enriched inCaOare being investigat-
ed. One possibility is that the leaching of the alkali elements and
other soluble components in the glass has left amaterial enriched
in lime (Zacharias andPalamara 2016).Another possibility could
be the incorporation of material from the burial environment mi-
grating into the glass matrix. Lofkënd soils are highly calcareous
(Foss 2014), and the beads were found in a burial context on or
around a skull. It is possible that someof the calciumdissolved in
the burial environment was absorbed by the bead.

The antimony concentrations in the opaque white samples
were also quite elevated when compared to published exam-
ples. Egyptian antimonate-opacified glasses average about 2–
3% antimony oxide (Mass et al. 2002; Shortland 2012). For
Roman antimonate-opacified glasses, the concentrations are
greater, averaging 4–5% (Mass et al. 2002; Foster and
Jackson 2005). Higher concentrations of antimony oxide have
been found for glasses from both periods; however, the Sb2O3

content of the opaque white glass on the Lofkënd beads is
higher at 12.53%. As with the high concentration of lime, it
is possible that this area has become enriched in antimony, or
calcium antimonate crystals, due to the weathering of the glass
and the leaching of other components.

Identification of sodium antimonate

Sodium antimonate was identified in the opaque white glass
on bead 10/108. Two phases of sodium antimonate were
found: NaSbO3, similar in structure to the mineral brizziite,
and Na2Sb2O6 (Table 4, Online Resource 3). The detection of
sodium antimonate in antimonate-opacified glasses has been
reported in mosaic tesserae from the first century BC to the
third century AD (Lahlil et al. 2008; Verità and Santopadre
2015) and the sixth century AD (Silvestri et al. 2015), several
Roman head-stud brooches dating to the first to second cen-
tury AD (Painter and Sax 1970), and in the opaque white glaze
on bricks from Susa (sixth century BC) (Tite and Shortland
2004), Hasanlu (ninth century BC) (Stapleton 2011), Nimrud
(ninth century BC) (Holakooei et al. 2017a) Persepolis (mid-
1st millennium BC) (Holakooei et al. 2017b), and Tepe Rabat
(seventh–sixth century BC) (Holakooei et al. 2017b).

Because the opaque white glass sampled from 10/108 could
not be mounted and polished, extensive imaging of the crystals
and the mineral phases present was difficult. However, a
sodium-containing calcium antimonate crystal was identified
(Fig. 9). The crystal was found to contain 11.02% Na2O,
54.61%Sb2O3, and someCaO (3.53%) (Table 3). The surround-
ing opaque white glass contained 0.66% Na2O, 5.84% Sb2O3,
and 14.45%CaO. This shows that in addition to the predominant
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Fig. 9 SEM image of a sample of the opaque white decoration on bead
10/108 where a calcium antimonate crystal was identified

sodium antimonate phases detected by XRD, sodium containing



calcium antimonate crystals were also present. Similar values for
these types of crystals were found in blue and turquoise tesserae
from a third century AD mosaic: 14–19% Na2O, 75–77%
Sb2O3, and CaO (2–8%) (Verità and Santopadre 2015). In an-
other group of turquoise tesserae dating to the first century BC to
third century AD, the composition was 5–11.5% Na2O, 71.5–
83.4% Sb2O3, and 6.5–9% CaO (Lahlil et al. 2008).

The formation of sodium antimonate in antimonate-
opacified glass has been attributed to the precipitation of these
crystals from the melt, in a similar way to the formation of
calcium antimonate via in situ crystallization. Sodium
antimonate has been found to form in glasses that are low in
lime and have a high soda content. In these cases, there is not
enough lime present in the melt to form calcium antimonate
crystals, and therefore, sodium is substituted for calcium
(Lahlil et al. 2008; Zacharias et al. 2018). Its formation is
considered accidental since its occurrence is sporadic,
appearing only in a few samples from an assemblage where
other opacifiers predominate or it is found in the same sample
along with other opacifiers such as calcium antimonate or lead
antimonate (Holakooei et al. 2017a, b; Stapleton 2011; Tite
and Shortland 2004). At the sites of Tepe Rabat and
Persepolis, however, sodium antimonate was the primary
opacifier found in a group of glazed bricks analyzed and sug-
gests that it is present due to a technological choice
(Holakooei 2018, personal communication; Holakooei et al.
2017a). In these cases, the availability of, or selection of cer-
tain raw materials, in addition to the influence of specific
manufacturing conditions, likely contributed to the com-
pound’s formation.

Though the original composition of the opaque white glass
on bead 10/108 cannot be determined due to the extent of
weathering, the composition of the dark green glass on this bead
does fit the high soda-low lime pattern found in the published
examples. Bead 10/108 had the highest Na2O content of the four
beads analyzed, at 23.60%, and also had the lowest CaO content,
2.26%. If the bulk compositions of the dark green and opaque
white glass are assumed to have been similar when first
manufactured, then this could explainwhy sodiumwas substitut-
ed for calcium and sodium antimonate compounds formed.

Identification of lead Antimonate

Lead oxide (PbO) and a lead antimonate compound (Pb2Sb2O7),
similar to bindehemeite, was identified in the opaque white glass
sample taken from bead 10/116 (Table 4, Online Resource 5).
EDS analysis of several areas on the opaque white sample av-
eraged 4.80% CaO, 7.33% PbO, and 7.96% Sb2O3 (Table 2).
No individual crystals of lead oxide or lead antimonate could be
identified using VP-SEM-EDS.

Lead antimonate compounds are generally found in yellow
opaque glasses. However, lead has been found in some opaque
white glasses from Nevers, France (eighteenth century) and

Orsoni, Italy (twenty-first century) (Lahlil et al. 2008). Analysis
of theareasrichincalciumantimonate inthesemodernglasseswas
foundtocontainalsolead,andit is likelythatsomeoftheleadinthe
matrix is substituting for calciumwhich is present in low concen-
trations. This substitution is similar to what is suggested for the
formation of sodium antimonate.

In the Nevers and Orsoni glass, the base glass contained lead.
The source of the lead in the sample of opaque white glass taken
from bead 10/116, however, is unknown. As early as the fifteenth
century BC, lead has been found in small concentrations as a
component of glass (Turner 1956). In many of these examples,
the lead enters the glass not as an intentional addition but through
the raw materials used (Charleston 1960; Rehren and Freestone
2015). In the west, beginning in the Roman period, lead is used
as a glass flux and its addition lowers the working temperature of
the glass. Lead also increases the refractive index resulting in a
more brilliant glass (Rehren and Freestone 2015). The addition of
lead to opaque white glasses made prior to the Roman period
could have occurred as a way to improve the working properties
of themelt or possibly to aid in the precipitation of the opacifying
crystals (Mass et al. 2002; Foster and Jackson 2005). The iden-
tification of lead oxide in the Lofkënd sample suggests the addi-
tion of lead compounds to the to form lead antimonate as an
additional opacifier in the glass. Lead antimonate along with
calcium antimonate was found in the white glaze on a brick
fragment from Persepolis where both materials acted as an
opacifier (Aloiz et al. 2016).

The opaque white glass sample from bead 10/116 is very
weathered, and it is not possible to determine the original com-
position. The Na2O concentration (0.51%), along with the MgO
(0.47%), and K2O (0.12%) concentrations are very low indicat-
ing leaching of the alkali. If compared to published examples, the
Lofkënd sample had values for CaO, PbO, and Sb2O3 that were
lower than the lead containing calcium antimonate crystals in the
Orsoni glass and the crystals analyzed in the Nevers glass (Lahlil
et al. 2008). Compared to published examples of LBA opaque
white glass, the CaO concentration of 10/116 is low and the
Sb2O3 is elevated (Nicholson 2007; Shortland 2002, 2012;
Henderson 2012;).

Conclusions

The analysis of four twelfth–tenth century BC beads from the site
of Lofkënd provides a case study on the materials and manufac-
ture of opaque white glass from this time period and in particular
that found in southwestern Albania. The dark green glass that
comprised the bulk of the beads analyzedwasmade using a plant
ash flux with concentrations of the alkali and alkali earths similar
to other published examples of LBA glass in the eastern
Mediterranean, in particular Mycenaean and Egyptian glass.
This may suggest an origin for the Lofkënd material. However,
since only a few samples were included in this study, further
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analysis, involving a larger number of samples and additional
analytical techniques, is required to securely identify the LBA
production center for the glass beads.

Three of the four beads were very weathered, and the color
of the beads had altered to opaque yellow, orange-brown, or
red-brown. These areas showed depletion of the alkali and
enrichment of certain elements, including iron which is likely
responsible for the coloration observed.

The opaque white glass decorations on three of the beads
were opacified using calcium antimonate. Bead 10/115
contained CaSb2O6 suggesting that the glass was made at
higher temperatures, above 900 °C. The identification of an-
timony oxide in the sample is likely due to the presence of
unreacted raw materials and may suggest that the glass was
opacified via in situ crystallization. Bead 10/116 contained
CaSb2O6 and Ca2Sb2O7, both phases often found in
antimonate-opacified white glass of this time period. The
opaque white glass on this bead was also heated to higher
temperatures during production in order to produce both
forms of calcium antimonate. The opaque white glass sample
taken from 10/109 contained only Ca2Sb2O7 and was not only
made at lower temperatures but may have been produced
through the addition of synthesized crystals of calcium
antimonate to the raw materials or the melt.

Sodium antimonate compounds and a sodium-containing
calcium antimonate crystal were found in the opaque white
glass on bead 10/108. These crystals likely formed due to the
low lime content of the glass and the substitution of sodium for
calcium during crystallization of the opacifier. Though the for-
mation of this compound is likely accidental, the raw materials
used or the manufacturing conditions, such as kiln temperature,
may have had an effect on the formation of these compounds.

Lead antimonate and lead oxide were identified in the opaque
white glass on bead 10/116. Based on the identification of lead
antimonate in white leaded glass, the mechanism for its forma-
tion is the substitution of lead for calcium due to the low levels of
lime in the melt, similar to the way in which sodium antimonate
forms. Because the level of deterioration of the opaque white
glass was severe, analysis of the original glass constituents was
not possible. However, the identification of lead oxide in the
white glass using XRD indicates that lead compounds were pres-
ent in the melt, whether intentionally added or entering the glass
as impurities in the raw materials. Though the original composi-
tion of the opaque white glass on bead 10/116 could not be
determined, the presence of lead compounds suggests that this
white glass was manufactured using materials, and methods dif-
ferent than those used for the other Lofkënd beads. This could
indicate a different origin for this bead or source for the opaque
white glass and warrants further investigation.
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