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Abstract

A hundred and twenty-seven glass beads found at archaeological sites in southern Africa were

analysed using pXRF and Raman spectroscopy. The beads are identified as European production on

the base of their particular composition and morphology in order to classify beads traded to the region

after the 15th century AD. Six major groups of glass, namely, soda base plant ashes (61%), potash

rich wood ash (14%), synthetic soda (8%), mixed alkali (4%), lead soda (22%) and natron (4%) were
identified. Except for soda base plant ashes and natron (outliers), all the groups date back to the 19th

century. Calcium antimonate in the majority of soda based plant ash glasses (87%) indicated some of

the beads were imported from Europe since the 17th century.
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1. Introduction

Glass beads have been produced and traded since the 7th century to southern Africa for use as
everyday items of adornment, ceremonial costumes or objects of barter. The preservation of glass
beads is good and large hoards have been found in archaeological sites. However, European producers
copied the shapes and colours of ancient beads, highly prized by the African communities, that makes
difficult their identification using morphological criteria [1]. For the preservation of artefacts non-
invasive analyse is needed. The first European glass beads were brought to southern Africa by
Portuguese traders in the 15th century AD [1]. Wood [2] mentioned that these beads were rejected by
native Africans due to their unfamiliar appearance when compared to the beads (Asian beads) used by
their ancestors. It forced the traders to continue bringing South and South-East Asian beads to
southern Africa instead. These glass beads are known as Khami Indo Pacific series and imported
from the 15th to the 17th centuries [1]. However, beads assigned to European origins are generally
found alongside with Khami bead series at very top layers of archaeological sites [3]. These European
beads were presumably imported through Dutch and British trading posts in southern Africa inland
after the 17th century while some pre-European beads found along European ones could be

heirlooms.

Some annular and hexagonal as well as opaque white European beads can be easily discriminated by
visual examination from the pre-European series found in southern Africa sites. However, some of the
monochrome drawn beads look very similar in morphology to the former Asian series [4].
Accordingly, it is possible that some beads such as the simple brownish-red, and, black, were
imported earlier from Europe and distributed along with the beads of the Khami series in southern
Africa. These beads might be differentiated on the basis of their composition, pigments and

opacifiers.

Morphology, composition and pigments can be used for dating European glass beads [1]. In the
present paper, the composition of European glass beads found at Mapungubwe, Bambandyanalo,
Parma and Maryland farms in northern South Africa (Figure 1) were examined using portable XRF.
The results will be compared with similar European beads that were found at Magoro Hill in South
Africa [4], Danamombe [5] and Baranda in Zimbabwe [3] (Fig. S1). Then, the results were associated
with recorded Raman data of beads available in Tournié et al. [6] and Koleini et al. [4] obtained on
beads from K2, Mapungubwe and Magoro Hill sites. PXRF is widely used for material detection in
different domains, namely geology, environment, pollution, agriculture and specifically cultural
heritage due to its non-destructive character [7-10]. Mobile Raman micro-spectroscopy is also non-

destructive and an immediate technique that can be used as a complementary technique with pXRF



for the classification of glass beads at archaeological sites [11]. Finally, the beads were classified and

dated by considering the glass production sequence in Europe.

The history of glass making in the Mediterranean region shows that mineral flux (natron) was in use
from Roman times until about the 10th century AD [12,13]. After the 8th century, and due to some
political problems in the importing of natron from Egypt, glassmakers of eastern and southern Europe
gradually started to use plant ashes from Syria and Lebanon in the Middle-East (Levantine ash) and
from the west Mediterranean (Barilla ash) (see summary in Table S1). Natron was completely
replaced with Levantine ash in Venice during the 14th century [14]. Indeed, Levantine ash was
produced by burring of Salsola soda plant species and was in use in Venice and Italy (Tuscan,
Savona) in the production of glass from the 10th century [15-17]. Later on, in the 17th century,
Levantine ash was gradually replaced by other west Mediterranean coastal ashes because it was no
longer exported to Europe from the Levant [18]. Barilla ash was produced by burning costal plants
(Salsola kali) growing in various places in the west Mediterranean [15]. Barilla, along with Levantine
ash, was employed in glass production from the 13th century [16] and was in use until the 17th
century [18]. Barilla ash can be differentiated from Levantine ash by its higher K,O content (>5 wt%)
than Levantine ash (<4 wt%) [16, 19].

From the 16th century and with the movements of Italian glass makers, very close glass compositions
to Venetian productions, known as Fagon-de-Venise were produced in other parts of Europe [20].
From the late 17th century onwards, two different kinds of glass - pure potassium ash glass found in
Central Europe and lead-based glass in Britain - were produced [21]. Pure potassium-lime silica glass
was produced by mixing purified wood ash with other very pure raw minerals [22]. Finally, in the
19th century, plant ash was replaced by synthetic soda and potash in Central Europe [23-25].

We present here the first classification of southern Africa traded European beads based on
morphology and composition that hardly discussed thoroughly by previous researchers who focused
mainly on pre-colonial period. With clarifying the composition of beads, the earlier Asian
monochrome drawn beads can be separated from European replicas. Furthermore, it would be a start
for gathering information on extent and distribution model of different exotic beads in southern Africa

after arrival of European.

2. Materials and methods

2.1 Samples and archaeological context



One hundred and twenty-seven European glass beads lounge at University of Pretoria Museum and
found in southern Africa archaeological sites (Fig. 1) were classified according to morphology (Table
S2) and material composition. From that 105 beads were excavated at Parma (Pr), Maryland (M1),
Mapungubwe (Map), Bambandyanlo (Bd) and K2 sites in the Limpopo valley, South Africa (Fig. S1).
Thirty-five beads from Mapungubwe and Bambandyanalo were previously examined by Raman
spectroscopy and the results published [6,26]. The XRF and Raman results of European beads from
Magoro Hill (Mag) (13 beads) in South Africa [4], Baranda (Ba) (1 bead) and Danamombe (D) (8
beads) in Zimbabwe [3,5] were also added to the data for comparative purposes. The samples are
labelled with the acronym of site followed by XRF test number of the beads as reported in Figure 1.

Bambandyanalo and adjacent test excavation location (K2) (10th-11th century), Mapungubwe (13th
century), Parma and Maryland sites are located along the middle Limpopo River and close to the
current boarders of Zimbabwe, Botswana and South Africa. All the sites were homesteads of Iron-
Age farmers during the early second millennium AD. In the case of Bambandyanalo and
Mapungubwe, there is no further evidence of occupancy of the sites following their abandonment
after the 11th and the 13th century respectively [27]. Therefore, European beads found at these two
sites probably belong to later human activity that continued up to the mid-19th century [26]. Ceramics
and glass finds from the elementary excavation in Parma shows that the occupation started from
Bambandyanalo phase and continued with a later one with an interval between two phases [28]. Three
packets of glass bead are attributed to Parma site in University of Pretoria Museum. The information
on the packets refer to three locations hamely Parma midden, Parma X1 and Parma. Fouché [28]
reported that Maryland was occupied for a short period and consisted of a shallow deposit. Beads
were collected from two locations, close to the stonewall, and a cattle pen next to the main site. Two
packets of beads, labelled as Maryland 1 and 2 in University of Pretoria Museum are attributed to this

site. The occupation date of the site is not clear.

2.2 Analytical methods

X-ray fluorescence was performed by using a handheld Niton Thermo Scientific XL3t GOLDD. The
details of the instrument and analysis procedure are reported in [29]. The elemental concentrations
measured by XRF were converted to oxide forms and then normalized to 100%. Due to the limitation
in measuring of low Z-elements using pXRF instrument, standard glass samples B, C and D of
Corning Museum of Glass were used as reference to obtain (semi-) quantitative data. Each reference
was analysed three times and normalisation factor was calculated by comparing the average result
with the certified values (Table S3). The sample results were corrected by the normalisation factor to

bring them in line with the results from reference samples. In the case of plant ash glasses the average



of normalization factors of standards B (Mineral soda glass) and D (potash glass) was used for
correcting the results. The XRF results of beads that contain less than 15 wt% PbO were corrected by
averaging the calculated normalization factors for standard samples B (Mineral soda glass) and C
(lead glass). The lead oxide content of these beads lie between the measured amounts for standard
samples B (0.48 wt%) and C (28.78 wt%).

Raman spectra of the samples were recorded by three instruments namely, a portable HE532 (Horiba
JobinYvon, France) with a 532 nm Nd/YAG Ventus laser, a HR Raman instrument (Horiba
JobinYvon, France) with a 458 nm laser line of Ar-ion Coherent laser and T64000 micro-Raman
spectrometer (HORIBA JobinYvon, France) with a 514.6 nm laser line with krypton-argon Coherent
laser line. The details of the instruments, the procedure of recording and enhancing of Raman spectra
by correcting the baseline, are described in [29].

3. XRF and Raman results

3.1 The composition of glass

The beads are classified based on flux composition and silica source following Cagno et al. [30] to 6
groups. In this classification, the amount of K,O and CaO reflects the kind of flux used in the
production of glass while the Al,O; content gives information on the purity level of the silica source.
The average concentrations of 7 major oxides (Table 1) measured by XRF show that the majority of
the beads are plant-ash silica glass with average K,O content above 1.5 wt%. Five beads are outliers,
with less than 1 wt% K,0 (c-739a, c-739e, c-739f, ¢c-1835i, c-1843j). Figure 2 plotted K,O against
CaO contents for tested glass beads that clearly shows different groups: 1 (Soda-lime plant-ash), 2
(potash rich), 4 (mixed alkali) and 5 (mineral soda: outliers). The relative concentrations of Al,Qs,
Ca0, K,0 and MgO are plotted in Figure 3 that shows the same clusters of composition with some
dispersion due to the binary effects of Al,Os;and CaO on the composition. Concentrations of chlorine
and lead oxide were other criteria that added two extra groups 3 (synthetic soda) and 6 (lead soda) to

the abovementioned list.

The position and intensity of peaks in Raman spectrum of an aluminosilicate glass are under effect of
the composition (Al/Si ratio, flux cations) and method of fabrication (melting temperature
determining the nanostructure) [31], thus, the difference in any of these criteria might modify the
spectrum of the glass. The low covalence of Al-O bonds makes possible to consider SiO, tetrahedron
as the effective vibrational unit and to establish relationships between spectral and structural

characteristics [31-33]. Recorded spectra of the beads belonging to groups 1 to 5, all show very close



positions of maximum peak intensity of SiO, in bending and stretching counterparts (Fig.4a). The
maximum peak intensity for these beads ranged from 537 to 570 cm™ in the SiO, bending band and
from 1092 to 1100 cm™ in the SiO, stretching band, which is characteristic of soda-lime glass. Table 2
shows a representative selection of the analysed beads in each group. The composition of each group

is discussed as follows:

3.1.1 Group 1 (Soda-lime plant-ash glass)

The beads have K,O concentration between 1.8 and 6.4 wt% typical of ashes were used in the
production of glass in the Mediterranean region, e.g. Levantine and Barilla ashes [16,30]. CaO
content stretched over a wide range from 2.1 to 13.8 wt% (Fig. 2 and Fig. 3) that might have several
reasons. CaO content less than 4 wt% in glass might be due to the purification of the soda ash or using
plant ash with low lime content [34]. The CaO content between 6 and 9 wt% shows the use of un-
purified plant ash and the excess amount might be due to the addition of a calcium-rich raw material
[34]. A part of lime content of glass may also originate from the silica source [35]. Except for the
twelve beads (Mapl122, 123, pr51, MI62, 64, 65,73, Mag4, 14, 21, 25, and Bd120) with less than 4.6
wt% CaO content, beads have CaO concentrations above 5.5 wt%, which indicate use of un-purified

soda-ash in the production of majority of the beads.

The majority of the beads (64%) in this group contain Al,O; of more than 3 wt%, which is compatible
with the produced high alumina soda-rich glass in southern part of Europe except Venice during the
Medieval and post-Medieval periods [15,16]. Soda-rich glass from central and northern parts of
Europe (Fagon-de-Venise) usually contains low Al,Os (<2 wt%) [20,21] (see Table S1). These high
alumina beads were made of purified or unrefined ash (CaO>6 wt%) (see Figs. 3). Those beads
(MI162, 73, Mag4, 14, 25) made of a mixture of impure silica and refined ash (hAl-1Ca) show
dispersion towards the points with high alumina and low CaO wt% in figure 3. This composition is
very close to beads of Mapungubwe series. Close compositions to above mentioned subgroups were
reported for glass objects (Fagon-de-Venise) that were found in Portugal (14th-17th century) and Italy
(13th-16th century) [15,21]. The use of such purified ash in the production of glass only started during
the second half of the 15th century in Venice [21].

Twenty-three samples (36%) with less than 2.5 wt% Al,O5 content are consistent with glass made
from pure silica (likely quartz or flint pebbles). Low alumina glass was produced in a wider region,
from southern to northern parts of Europe. Fifteen of these were made of unrefined ash (Fig. 1). Of
these, some with K,O less than 3.5 wt% caused dispersion of the beads towards IK-hCa composition
which is similar to use of unrefined Levantine ash (Fig.3). The zirconium and strontium contents of

all low alumina beads in this group except Pr52, 58 and 94 are in accordance with the Venetian and



Amsterdam glasses, with concentrations lower than 20 ppm and 400 ppm respectively [17]. A mixture
of pure silica and unrefined Levantine ash (CaO>6 wt%) was in use in the production of glass (Vitrum
Blanchum) in Venice since the 11th century and later in Tuscan Italy (13th century) [15,18]. A close
composition was also reported for glass samples (Facon-de-Venise) found in Portugal, Spain,
Antwerp, Amsterdam and London dated to the 16th and 17th century AD [17,21,36,37]. Only eight
samples of this subgroup (see Table 2) were made of pure ash (CaO<6 wt%) and siliceous pebble
(Fig. 2). These beads contain higher alumina than the usual Venetian Cristallo (0.68+0.14 wt%) as
reported by Verita and Zecchin [18]. Close compositions to these subgroups has been reported from
the 17th century productions of Antwerp [20], London, Amsterdam [36] and Coimbra [21].

Raman shows two different glass structures for beads classified in group 1. The beads with low K,O
content (<4 wt%), show the typical spectrum 1 (Fig. 4a). Spectrum 2 represents Raman signature of
those beads with K,O content of more than 5 wt%. The spectrum shows a broad peak at 948 cm™
which makes it different from the spectrum of beads with lower K,O content. Fukumi et al. [38]
mention that the kind and concentration of alkali have a direct effect on the intensity of the peaks at
950 cm™ in the silicate glass. They showed that the alkalis with higher atomic number as seen in the
case of potassium here, will increase the peak intensity at 950 cm™ more than the lower atomic
number alkalis such as soda. These beads are produced with western Mediterranean ash that contains

high K,O content as compared to Levantine ash.

3.1.2 Group 2 (potash-rich glass)

All the 18 beads in this group are hexagonal cobalt blue except one annular cobalt blue bead (K2-
153). Two hexagonal beads (K2-107, 108) are simple while the rest of beads are compound in
structure. The K,O content of the beads is between 10.9 and 18.6 wt%. The CaO content varies
between 5.9 and 10.5 wt% (Figs. 2 and 3). Simple and compound hexagonal beads show differences
in phosphate concentration, which places them in two subgroups with high and low phosphate

content.

The majority of the beads except the simple hexagonal beads and one annular bead (K2-107, 108,
153), contain high P,Os (1.2-2.5 wt%) which is characteristic of wood-ash alkali (Table S4). The
K,0/CaO ratio of the samples is between 1.3 and 2.7 that make them close to potash-rich glass,
introduced as K-Ca-3 glass by Stern and Gerber [39]. According to the authors [39], K-Ca-3 glass was
manufactured by the addition of a potash rich material (extracted potash) to the leached vegetable ash
and silica source. Extracted potash is produced by leaching of the fresh wood ash, and as such is poor

in insoluble oxides like lime, magnesia, phosphate, iron and manganese [39]. Leached ash, however,



contains insoluble minerals of wood ash that could be the most probable source of phosphate and lime
in this type of glass [39,40].

In the case of samples with phosphate content lower than 0.5 wt% (K2-107, 108, 153) the leached ash
has been probably replaced by a mineral source of calcium such as limestone (potash-lime glass) [39].
The latter beads also contain MnO, (0.4-3.3 wt%) which is reported as a substance added in
production of ordinary colourless glass, a mixture of sand, lime and potash ash, in central Europe in
the beginning of the 18th century [21,22].

It is impossible to determine the Na,O content of the samples using pXRF for comparing the results
with K-Ca-3 glass with soda content lower than 1wt%. However, the correction of the oxides
concentration with the impact of normalisation factor (NF), gained from measuring the Corning glass
sample C (potash glass), gives possibilities to estimate the soda content in glass beads. The results
show that the samples may have soda content of between 3.4 and 8.1wt% (Table 1). The amount of
soda higher than 1wt% indicates the probable addition of soda-glass culet to the composition [39]. It
seems, therefore, that the potash-rich samples were probably made of a mixture of extracted potash,
pebbles and soda-glass culet. However, the source of calcium (leached ash or a natural mineral)
divides them further into two subgroups as also demonstrated by Raman spectra 3 and 4. The spectra
show that the peak with maximum intensity in the bending band appeared in a lower wavenumber
(535-540 cm™) compared to the beads in group 1. Spectrum 3 is related to potash rich glass with high
phosphate content. The strong peak at 960 cm™ is the signature of calcium phosphate crystalline
precipitates [41]. The same spectra were reported for some hexagonal and one annular beads from
Congo [42] and one Mapungubwe hexagonal bead [6]. Accordingly, the peak at 960 cm™ is not
observed in potash rich beads with low phosphate content (spectrum 4).

3.1.3 Group 3 (Synthetic Soda glass)

All the beads in this group are annular dark blue. The beads contain K,O in the range 2- 3.6 wt% and
Ca0, in the range 5 -7.4 wt%. These beads have lower concentrations of MgO (mean value= 0.5 wt%)
and chlorine (mean value = 0.3wt%) compared to the low K,O content beads in group 1 (see Tables 1
and S4). Low chlorine indicates the alkali has a mineral synthetic source although the potassium
content of the samples is higher than usual synthetic soda glass with <0.5 wt% K,O in the
composition [25]. These samples have a close composition with the annular beads found at
Fichtelgebirge and Mehlmeisel, Germany, dated to the late 19th and the early 20th century [43]. It
was indicated that the high concentration of K,0 (2.2-5.7 wt%) in the annular beads of Fichtelgebirge
is probably due to the feldspar in the sand. This might be also due to the addition of saltpetre

(potassium nitrate) which was in use as a refining agent from 1870s onwards [25].



The Raman spectrum of these beads is the same as low potassium content (K,0<4 wt%) beads in

group 1 (Fig.4, spectrum 1).

3.1.4 Group 4 (Mixed alkali glass)

Only five beads belong to this group, all of them except one being hexagonal and annular, and, on
morphology, similar to the beads in groups 2 and 3 (potash-rich and synthetic soda). The samples in
this group contain K,O between of 7.8 and 9.5 wt%, which is high for usual soda-rich glasses with
K,O content typically less than 5 wt% [44]. In the same way, the K,O content is lower than usual
potash-rich glass with K,O content more than 10 wt% in composition [21]. The amount of CaO
fluctuated between 6 and 8.5 wt% which is too low to be a high lime low alkali glass. Figures 2 and 3
show that these samples have a composition of between potash-rich glass (forest and wood ash glass)
and plant ash soda-lime glasses as mentioned by Dungworth and Mortimer [45] and Coutinho [21]. It
was reported that low quality or purification of the consumed plant ash might be the reason behind the

formation of these mixed alkali glass [19,44].

All the beads in this group except the annular bead (Mag32) contain less than of 0.6 wt% phosphate
(Table S4). Therefore, it is possible that the hexagonal beads were produced by adding a higher
amount of soda (soda culet) to the composition of low phosphate content potash-rich glass in group 2.
The annular bead (Mag32) contains 1 wt% phosphate that indicates the use of wood ash as a part of

alkalis used in its production. Raman spectrum 5 was recorded on mixed alkali glass (group 4).

3.1.5 Group 5 (Outliers)

This group consists of five beads with less than 1.1 wt% K,O and high chlorine content (mean value =
1.2 wt%) (Tables 1 and S4). The low alumina content (<2.5 wt%), indicates the use of pebble as the
source of silica. CaO content is high with the mean value of 8.45 wit%. Four white beads contain lead
oxide (mean value = 8.5 wt%) which discriminates them from the only cobalt blue bead (Pr99) in this
cluster. The composition of these beads is compatible with mineral soda glass (natron) produced
since Roman times until the early medieval period in Europe [46]. However, the presence of natron
glass does not coincide chronologically with the archaeological context where the beads were found.
On the other hand, the high chlorine content shows that the beads could not be made with synthetic
soda. The Raman spectrum of these beads is the same as the low K,O content beads in group 1 and

synthetic soda glass of group 3 (Fig.4, spectrum 1).

3.1.6 Group 6 (lead-soda glass)



Among the analysed beads, 28 samples contain high level of lead (Table 1). The majority of these
beads (24 samples) contain also elevated amounts of arsenate (>9 wt%). The composition indicates
that these beads opacified with lead arsenate. Lead arsenate beads consist of some simple beads in
white, pink, powdery light and powdery dark blue colours. White hearth and striped beads that are
compound in the structure (the beads are made of two different coloured layers) are found in this
group as well (Fig. 1). Due to the lack of a standard sample with close composition to these beads,
their compositions were reported as measured by XRF in Table S4.

Four green beads (K2-111, Pr98, Map148-149) contain lead oxide above 40 wt% and a low arsenate
content (<6 wt%) that discriminates these beads from the above mentioned composition (Table 1).
These beads are opacified with calcium antimonate. Previous Raman spectroscopy placed both
categories of lead glasses in lead-soda glass [4,6].

Raman spectrum 6 is related to the beads with high lead content. After baseline subtraction
eliminating the strong Boson peak below 300 cm™ the peak maxima of Si-O have a lower position in
the bending (450-500cm™) and stretching bands (949-1060 cm™) in the recorded spectra [6]. No lead

arsenate phase is observed in beads with low arsenate content.

3.2 Pigments and opacifiers

Figure 4b shows spectra with the significant contribution of pigments and opacifiers in the beads.
Pigments identified are listed in Table S5. Calcium antimonate with two strong peaks at 480 cm™ and
630 cm™ was detected as opacifier in some of the beads in groups 1, 5 and 6 (spectrum 1). Calcium
antimonate was in use since antiquity. However, it was the predominant opacifier from the middle of
the 17th to 19th centuries in Europe [47]. The presence of antimonates in soda rich plant ash glass
(group 1) shows that the samples are contemporary with the decline of Venetian glass during the mid-

17th century and the spread of Fagon de Venise in Europe [21,46].

Arsenate-based phases are characterized with a strong peak at around 815-830 cm™, as detected in
lead-soda glass of group 6 (spectrum 2) [48-50]. Lead Arsenate was in use since the 16th century in
the production of lattimo glass in Venice [41] although due to its toxicity, predominant use only
started in the 19th century and continued into the 20th [51,52]. Therefore, all the beads with lead

arsenate are attributed from the early 19th to the 20th centuries.

Ultramarine (synthetic) or lapis lazuli (natural rock with blue mineral lazurite), with the characteristic

sharp peak at 533 cm™ of S-S bond chromophore which is hosted in zeolithe (synthetic) or feldspar
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(natural) framework, was detected in three light blue beads (Bd120, Map122 and Mag25) (spectrum
3) [4,6]. The beads also contain antimony and copper ions as the opacifier and a blue colorant
respectively (Table S4). Swirls of different shades of blue are visible on the surface of these three
oblate shaped beads that indicates chromophore did not distribute evenly in the glass matrix,
according to a dispersion of pigments. The beads have different glass compositions due to their
alumina (Map122 and Mag25) or K,O content (Bd120) (Table S4).

The natural mineral (Lazurite) was in use since antiquity [53] and artificial ultramarine was produced
during the early 19th century, but its use as glass or glaze pigment not reported at our knowledge.
The natural lazurite is found in the Islamic glaze and enamel from Iran (13th-14th century), the
Mamluk Sultanate (13th-15th century) and Italy (13th c. AD) [54,55]. Natural lazurite is probably
used for colouring of the beads since the beads fall in soda-rich alkali group (group 1) which its
production came into decline in the 18th century [21]. Tournié et al. [6] attributed these beads to
production in Fustat and Iran, although it is possible that the beads were produced in southern Europe
where their glass industry was influenced by traditional Islamic glass recipes until the 15th century
[46].

Modified Naples Yellow (Pb-Sn-Sb triple oxides) with peaks at 125 cm™ (Pb ion mode), 458 cm™
(Sn-O mode) and 507 cm™ (Sh-O mode) [56] was detected in three green beads in group 6 (spectrum
4). The pigment was in use since antiquity. However, the antimony in the composition of southern
Africa yellow and green beads was only detected in European beads [4,6]. Manganese/iron oxide
spinel with typical strong peaks around 470 cm™ and 600-640 cm™ (Spectrum 5) was detected in four
black beads (Magl, MI62, 65 and 73) in group 1 [4,6]. The beads have a high manganese oxide
content (mean value =16.87 wt%). Black beads with manganese oxide were also reported from
Kindoki in Congo [42]. Manganese oxide as a black pigment was in use since Antiquity in eastern
Anatolia and later spread out towards the southern Balkans and northern Italy [57,58]. Mn-rich spinel
reported as black pigment in the glazed pottery fragments and glass from the 13th to 16th centuries in
Italy [59]. Three of the black beads contain a low amount of lead oxide (7-10 wt%) that makes them
different from Mag1l.

A low amount of lead oxide (2.5-13 wt%) was also detected in some of the white, light blue and
brownish-red beads in groups 1 and 5 (Table S4). These beads are coloured or opacified with calcium
antimonate or contain cuprous oxide in the case of brownish-red beads. This low amount of lead
shows a slight downward shift of stretching maximum in some of these beads. Sayre and Smith [60]
reported that the addition of lead in glass increases the solubility of copper, antimony and tin oxides at
high temperatures that may direct to glass opacification by precipitation of oxide particles at lower

temperatures. The method was in practice for production of brownish-red glass coloured with copper
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nanoparticle since Antiquity [61,62] and continued in Islamic glass production [63] and later, in post-
medieval Europe [36]. The opacification of glass with antimony in the presence of lead was practiced
in Roman times [64]. In the case of antimony, lead concentrations of between 4 wt% and 25 wt%
facilitate the formation of Ca,Sh,0- instead of CaSh,Og in the glass [64]. As the result, the brownish-
red, black and antimonate opacified beads were manufactured using two different methods, with or
without the addition of lead oxide in the composition. This indicates the possible different origins of
the beads.

4, Discussion

We identified six different glass compositions among imported European beads to southern Africa
(Table 1). The glass beads in group 1 are soda-lime plant ash which were produced using Levantine or
West Mediterranean ashes. These could be the earliest European beads to have been imported into
southern Africa from the late 15th century onwards. However, the majority of the beads in this group
contain calcium antimonate that shows the beads predominantly belong to the second half of the 17th
century. This date coincides with the arrival of Dutch and English traders in southern Africa [65,66].
There are only 8 beads with no antimony content in black, brownish red on black, plum, light and
dark blue. Large differences in CaO and Al,O3 content of the beads in group 1 are consistent with
different workshops/factories. Both high and low alumina glass beads are found in group 1. While
soda-glass with high alumina content is confined to southern Europe, the low alumina glass has been
produced in a wider region from southern into central Europe (see Table S1). The concentration of Sr
and Zr in low alumina beads shows that some of the beads are close with the glass productions in
Amsterdam and Venice. Although, the amount of alumina in these beads is not in the range of
Venetian beads. Therefore, it would need a more detailed study to indicate where in Europe the low
alumina beads may have been produced. The composition of European high alumina glass produced
by purified plant ash is close to Mapungubwe series imported to southern Africa between 1240 and
1300 AD. Morphology and the kind of opacifier which is calcium antimonate in European beads are

the differences of these two series.

The beads analysed here are black, dark and light blue, plum as well as a series of compound beads
such as brownish-red on black and green or blue on light grey. Francis [67] and Karklins [68] reported
that compound brownish-red beads were produced in Venice and Amsterdam respectively during the
late 16th century. All of the compound beads of this assemblage, except Map123, contain calcium
antimonate that attribute them to the second half of the 17th century. The date is in accordance with
Beck who mentioned these beads were brought into southern Africa from the 18th to the 19th century
[69].
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Hexagonal beads were common in southern Africa since the early 19th century [70-72]. The beads
have compound or simple structure and find in different sizes. Venice was mentioned as a production
centre [72,73]. Francis [74] reported that these beads were also produced at Bohemia (now Czech
Republic). The compound beads (dark blue on white) are known as Ambassador beads and were
produced in both Venice and Bohemia [74]. The morphology of compound beads of this assemblage
are similar to Bohemian beads reported in Francis and dated to the late 19th century [74]. All the
compound hexagonal beads are potassium rich glass with high phosphate content (group 2). Although
similar glass composition with as high potash-high phosphate beads has been reported for cobalt blue
annular beads from Fichtelgebirge in Bavaria [43] no compound hexagonal beads were among this
collection.

Simple hexagonal beads (small and large) are among low phosphate beads in group 2 or mixed alkali
glass in group 4. A small imported hexagonal bead with the same composition as the low phosphate
beads in group 2 was reported from North America dated to the early 19th century [43]. This
composition is attributed to the glass production of central Europe from the 18th century [21,22] to
the 19th century [43]. The differences in the phosphate concentration of beads in group 2 is due to
different sources of the lime in the beads. The mixed alkali beads seem to have been produced by the
addition of soda culet to the potash-low phosphate glass. Therefore, the hexagonal beads were

produced with three recipes and may be of three separate origins.

Annular beads have three different compositions although the majority of them are made of synthetic
soda (group 3). Two annular beads, K2-153 and Mag32, have been placed in the rich potash glass
with low phosphate content (group 2) and the mixed alkali glass (group 4) respectively. Different
compositions indicate that the beads were manufactured in three different places. K2-153 has the
same composition as that of the small hexagonal beads (K2-107 and 108) with low phosphate content,
and as such, are probably of the same origin. The same composition was reported for amber annular
beads found at Fichtelgebirge [43]. The cobalt blue beads were probably imported together with
amber annular beads to southern Africa during the early 19th century [75]. It should be mentioned
that potash glass was in production until the mid-19th century in England. The annular beads made of
synthetic soda might be later in date because the synthetic soda was used in the production of glass
(first Leblanc, and then, Solvay soda glass) from 1830 onwards in Europe [25]. This later
composition is probably related to annular cobalt blue beads that Francis [75] referred to in terms of

their importation to southern Africa during the late 19th century.
The mixed alkali beads with the same morphology as the simple hexagonal and annular beads in
groups 2 and 3 respectively are also similar in P,Os and chlorine content. Low phosphate content of

simple hexagonal shows the beads were probably made by the addition of excess amount of other
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alkali such as soda or limestone to the potash rich glass. Mixed alkali hexagonal and annular beads

were also reported from archaeological sites in the Congo, in central Africa [42].

Although it is clear that the mineral soda beads in group 5 were made by natron as alkali, dating of the
beads remains problematic. Here, calcium antimonate in the white beads cannot be used as a
chronological marker since the pigment was in use during Roman times as well. On the other hand,
the beads were found along with later European beads in the same context in Parma Farm and
Bambandyanalo in southern Africa. It is possible these beads were made from recycling earlier glass
probably dating to the Medieval Period in Europe.

The lead soda glass (group 6) shows two different compositions. Some of these beads are opacified
with arsenate. These beads were being produced from the 19th to the 20th centuries. The second part
of beads is opacified with calcium antimonate, which attributes them to a period from the late 17th to
the late 19th century. The latter are close in terms of morphology and composition to drawn green
beads found in Garumele, in West African Niger [76].

5. Conclusion

Raman and pXRF as two non-destructive methods are significantly effective in detecting different
types of glass represented in this paper. We identified six different glass compositions among
imported European beads to southern Africa and proposed some provenances. The results show that
Raman can detect soda-lime, potash and lead-soda glass by recording a single spectrum. Although
Raman put a difference between low and high K,O content soda-lime glass it cannot discriminate
synthetic soda, natron and mixed alkali types from them. XRF could fill this gap by semi-quantitative
measuring elemental concentrations. Raman with detecting pigments and opacifiers in glass shed a

new light for dating the beads.
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Figure captions and tables titles

Fig. 1 Representative analysed beads classified in 6 different compositional groups. {= Low lime (pure
ash), *=Calcium antimoniate, ®m=Lead <13%, ®=Manganese, A =Arsenate, +=Pb-Sn-Sb triple oxides,
+=Lazurite

Fig. 2 Plot of CaO versus to K,O concentration of European glass beads
Fig. 3 Ternary diagram of CaO, Al,O3 and K,O + MgO concentrations

Fig. 4 Recorded Raman spectra of European glass beads a) glass matrix b) pigments and opacifiers

Table 1. As measured and corrected major and minor element oxides concentration of glass beads
presented in wt%

Table 2. Dispersion of analysed beads in selected sites by type, date and possible origins of
them. (The beads are kept in University of Pretoria Museum)

Fig S1. Representative analysed beads in 7 different compositional groups

Table S1. Summary of European soda rich plant ash glass composition and distribution in Europe
from the10™ to the 17" centuries

Table S2. Archaeological context, morphology and series of 188 analysed glass beads with pXRF
after Wood (2011)

Table S3. Comparison of 19 major, minor and trace element wt% in glass references B and D
obtained by pXRF and LA-ICP-MS (193nm laser ablation)*

Table S4 Corrected major and minor element oxides concentration (wt%) of glass beads with the
impact of normalization factors (NF) of Corning samples A, C and D. The results for glass beads with
arsenate content are reported as measured after normalisation.

Table S5 Pigments, opacifiers and colorants detected in glass beads by Raman spectroscopy and XRF
analysing in addition to the estimated date
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Fig. 1 Representative analysed beads classified in 6 different compositional groups. 1= Low lime (pure
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Table 1 As measured and corrected major and minor element oxides concentration of glass
beads presented in wt%

Groups Si0, AlLO; MgO Ca0 K,0O Fe,0; PbO Balance
Lo Min 63.67 093 - 214 180 019 - 9.23
[%2]

8BS Max 76.61 973 300 1383 639 578 - 16.18
[y

oS Average 69.61 349 113 773 436 133 - 12.35
=}

gg sm 312 171 070 259 118 124 - 1.43
_  Min 65.72 1.18 - 592 1098 0.09 - 3.37

~ S Max 7013 377 227 1045 1857 090 - 8.13
‘g% Average 68.35 231 120 7.22 1430 018 - 6.43

©6& STD 129 081 086 121 190 018 - 1.21
[+

8 Min 7001 2.34 - 506 202 036 - 13.97

w S Max 7475 423 119 737 355 057 - 15.46
[5)

SE  Average 7247 336 050 597 248 044 - 14.78

G & STD 138 058 054 065 050 006 - 0.44
= Min 66.97 1.04 - 611 7.81 004 - 11.47

<3 Max 7114 390 097 851 948 094 - 13.06
S€ Average 6871 240 048 688 895 037 - 12.21

G= STD 179 120 045 101 067 037 - 0.67
g Min 7143 154 - 518 090 039 - 11.50
(@)

02 Max 7567 245 093 999 133 093 - 19.31
S @ Average 7369 204 034 845 111 057 - 14.01

G= sSTD 172 033 042 204 017 023 - 3.31

Min 3548 071 131 109 085 029 4191 691

Max 3985 105 190 334 285 0091 47.46 10.60
Average 3748 082 156 237 200 0.68 43.96 8.95
STD 195 016 026 094 090 0.27 246 171

Group 6
Lead soda
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Table 2 Dispersion of analysed beads by type, date and possible origins in selected sites. (The beads are

kept in University of Pretoria museum.

Glass groups/ types Subgroups/bead%/Origin/date Sites  XRF test No. N.
Groupl High alumina + pure ash/ (8%) Ml 62-73 2
Soda-lime plant-ash Southern Europe Mag 4-14-25 3
15th-late 17th c.
High alumina + unrefined ash / (56%) Bd 14-24-25-26-27-44-152-163 8
Southern Europe M 1
15th-late 17th c. Pr 56-90-93-102-82 5
Map 112-116-117-124-130-132- 8
140-142
Mag 1-2-5-10 4
D 1-4-6-7-9-11-12-13 8
Low Al + pure ash/ (11.5%) Bd 120 1
South and central Europe Ml 64-65 2
Pr 51 1
Map  122-123 2
Mag 21-8 2
Low Al + unrefined ash/ (24.5%) Bd 35-37 2
South and central Europe Ml 63 1
Pr 52-58-81-89-94-96-97 7
Map 113-118-125-119 4
Ba 6 1
Group 2 High P,0s (1.2-2.5 wt%)/ (83%) Bd 30-31 1
Potash rich Bohemian Pr 49 1
Late 19th c. Map 45 1
Mag 30 1
K2 1-2-3-4-32-33-42-43 8
Low P,0s (<0.5 wt%)/ (17%) K2 107-108-153 3
Early 19th c.
Groupe3 K,0< 4wt% , mean CI=0.5 Bd 5-6-7-8-158 5
Synthetic soda Mean MgO=0.5wt% K2 9-11-12-28-29 5
Late 19th-20th c.
Group 4 19" c. Bd 156 1
Mixed alkali Pr 47 1
Mag 3-31-32 3
Group 5 Natron/? Bd 13-17-18 3
Mineral soda/ PR 99-57 2
Group 6 High lead oxide and low arsenate Pr 98 1
Lead soda PbO>40% and As,0;<6% Wt% Map 148-149 2
Late 17th c. K2 111 1
Low lead oxide and high arsenate Bd 16-38-104-105-106-160-166- 10
PbO<37% and As,03>9 wt% 167-168-169
Early 19" c. Pr 83-85-86-91-92 5
Ml 79 1
Map  133-147-159 3
K2 39-40-41-114 4
Total 127

Note. Labels with underline show the beads with K20<3.5wt%. Bd: Bambandyanalo, MI: Maryland, Pr:
Parma, Map: Mapungubwe, Mag:,Magoro Hill, D: Danamombe
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