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Abstract
Excavations conducted between 2010 and 2012 at Magoro Hill, a site in South Africa’s Limpopo Province frequented or intermittently occupied by African farming communities since the first millennium AD, yielded a substantial glass bead assemblage. A selection of the beads was studied non-destructively by classifying them according to morphological attributes, supplemented by Raman analyses and XRF measurements. It became evident that a morphological classification of beads recovered from sites that include imports into Africa after the seventeenth century AD could be problematic due to apparent morphological similarities between earlier and later beads. This paper demonstrates the use and archaeological application of Raman and XRF measurements to separate earlier imported beads from later counterparts by identifying glass nanostructure, as well as pigments and opacifiers, which were not used in bead series pre-dating the seventeenth century AD. Results obtained from Raman and XRF measurements indicate that although some beads retrieved from Magoro Hill pre-date the seventeenth century and belong to the Indo-Pacific (K2, East Coast, Khami) and Zimbabwe series, the largest number of beads is from a later European origin. This ties in with the settlement history of the site, which suggests that it primarily served as a rendezvous for episodic rainmaking rituals before it became the stronghold and capital of a Venda chiefdom, headed by the Magoro dynasty, in the second half of the eighteenth century AD. The comparative analysis of the long bead sequence sheds new light on changing patterns in the availability, range, consumption and origin of glass trade beads imported into the northern interior of South Africa over a period of about 1000 years.[image: A40494_2016_113_Figa_HTML.gif]
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Background
A considerable demand for ivory, rhinoceros horn and gold drew foreign traders towards trading centres along the eastern and southern coasts of Africa since earliest times. Glass beads, which were highly prized by African communities for use as everyday adornment, ceremonial costumes or objects of barter, featured high on the list of imported items that were exchanged for these commodities. From the eighth to the sixteenth century AD the market was dominated by supplies from South Asia (India) and Southeast Asia. With the arrival of European traders in southern Africa the trade routes slowly shifted from India towards Europe and, from the mid-seventeenth century onwards, European beads conquered the market [1]. Noticeable modifications in the morphology and chemistry have been observed in some of the beads traded from the eighth to the sixteenth century. These variations can be linked to different and/or shifting production centres, thus turning beads into useful chronological markers of archaeological sites [2–6]. Some of the beads originating from Europe have specific morphological features that easily distinguish them from the earlier beads [4, 7–9] but some are imitations of earlier beads, or visually resemble them, making classification on morphological parameters alone difficult. In such cases it is imperative to study differences in glass structure and chemistry, as well as pigments and opacifiers, which can be useful factors to accurately date a bead and trace its origin. The colouring of glass is an advanced technology, and innovation in the preparation of new pigments that can be attributed to specific time periods offers unique techno-chronologic markers. Such an example is the identification of a selenium-based pigment colouring moulded red glass beads (Fig. 1), retrieved from a secure archaeological context on Magoro Hill, as nano- (Zn, Cd)SxSex−1 mixed crystals [10]. This pigment was only produced on a large scale in the late 1920s and phased out in the 1990s in response to public concern about toxic cadmium in the environment. This implies that the economic use of cadmium pigments was limited to a small window of time, which facilitated the accurate dating of the beads and eliminated a pre-1920 date for the associated archaeological deposit and structure on Magoro Hill.[image: A40494_2016_113_Fig1_HTML.jpg]
Fig. 1Three beads coloured with nano- (Zn, Cd)SxSex-1 mixed crystals




                     
Site history and archaeological context
Between 2010 and 2012, a series of archaeological excavations were conducted at Magoro Hill, a prominent landmark in South Africa’s Limpopo Province (Fig. 2). Research at Magoro Hill forms part of the Five Hundred Year Initiative, a multi-institutional and interdisciplinary project aimed at exploring the material imprint of Europe’s interaction with African societies during the colonial era [11]. Oral historical accounts and cartographic records indicate that a pedestrian trade route, stretching from Delagoa Bay (Maputo) on the African east coast to present-day Zimbabwe, skirted Magoro Hill during early colonial times [12]. Magoro Hill’s occupation by Venda speakers also overlapped with that of the northernmost colony established by Dutch-Afrikaans emigrants from the Cape at the foot of the Soutpansberg mountain range in 1848 [13]. It was therefore anticipated that the Magoro Hill investigation would uncover material cultural remains, such as glass beads, that could shed light on the ever-expanding impact of European trade and colonisation in northernmost South Africa.[image: A40494_2016_113_Fig2_HTML.gif]
Fig. 2Map indicating the location of Magoro Hill, Limpopo Province, South Africa (left). View of Magoro Hill from the southeast (right)




                        
It soon became apparent, though, that Magoro Hill had a much more complicated settlement history, which implied that the glass trade beads retrieved from the site could not be summarily attributed to a nineteenth-century or colonial-period occupation. A site survey yielded a surface collection of Iron Age earthenware that can be assigned to six well-dated ceramic facies associated with African farming communities: Silver Leaves (c. AD 280–450), Mzonjani (c. AD 450–750), Kgopolwe (c. AD 1030–1350), Mutamba (c. AD 1250–1450), Tavhatshena (c. AD 1450–1600) and Letaba (post-AD 1640) [14].
The steep slopes of Magoro Hill, an inselberg rising nearly 200 m above the surrounding plain (Fig. 2), are lined with numerous stone-walled terraces that buttress platforms for the erection of residential and other domestic structures. With the possible exception of the Middle Iron Age Kgopolwe facies, subsequent excavations of a number of these terraces, as well as middens and a cattle enclosure, produced no evidence of a pre-Letaba settlement on the hill. Charcoal from an iron-working area on the eastern slope of the hill, close to where the majority of Kgopolwe sherds were collected, yielded a radiocarbon date (Beta-324,071) of 720 ± 30 BP (2-sigma calibration: AD 1260–1290). No in situ dwelling structures associated with the Kgopolwe phase were, however, uncovered. It is likely that Magoro Hill, similar to several other hills in northern South Africa, served as a location for episodic rainmaking rituals performed by African farmers [15, 16]. This would account for the surface collection of sherds attributed to Early Iron Age (Silver Leaves and Mzonjani) and Middle Iron Age (Mutamba and, possibly, Kgopolwe) ceramic facies.
Likewise, we have not been able to confirm any permanent settlement associated with the Tavhatshena ceramics facies, which is ascribed to ancestral Venda speakers. It is noteworthy, though, that oral traditions allude that the site formed part of the domain of the Ngona, the ethnonym for an elusive aboriginal Venda grouping, before the Rambau-Singo Venda clan of Magoro conquered the area towards the end of the eighteenth century AD and ensconced themselves on the hill [17]. It became clear from the associated material cultural remains uncovered by the excavations that the stone walls and the terrace deposits can be principally associated with the Venda occupation of the site, in particular the Letaba facies. Burnt house floors associated with pole-and-earth structures, dating to an August 1865 attack on the hill by a combined force of European settlers and African (Tsonga) auxiliaries, have preserved exceptionally well. During this encounter the Magoro chiefdom was almost wiped out. About 300 occupants, mainly adult males, were killed, while several women and 120 children were carried away, the former to be distributed among the Tsonga militia and the latter to be indentured to the Soutpansberg colonists as so-called ‘apprentices’ [18, 19]. A small and impoverished group of Magoro people returned to the hill in the late 1880s, where they remained till the 1950s, when they were relocated under duress by the South African government to make way for the Gazankulu ‘homeland’ for the Tsonga ‘nation’ [17]. During the post-1880s settlement phase the Magoro people mainly occupied the base of the hill except for a rectangular brick-built house, which was located higher up on the eastern side of the hill, probably to serve as the prestige dwelling of the then reigning chief. It was from a secure context inside this rectangular house that the selenium-coloured red beads referred to above was recovered [10]. No human settlement occurred on Magoro Hill after the 1950s.
Based on the complex history of Magoro Hill outlined above, it became clear that the glass bead assemblage could be derived from different periods of occupation or use of the site. Furthermore, as a result of the steep incline of the hill, soil deposits continually trickle downwards, especially during heavy rains or through the erosive impact of droughts, exacerbated by the movement of cattle and goats from nearby subsistence farmers who use the area for pasture. Most of the excavated terrace structures or features containing in situ cultural material were overlain by substantial soil deposits that had washed down or accumulated over many years. This stratigraphic quandary is compounded by the fact that glass beads are small and mobile and could easily filter deeper into underlying deposits, thus complicating an assessment of their contextual association. Additionally, it had to be considered that in order to gain entry into the existing lucrative bead trade market and to cater for the established preferences of African consumers, European bead-makers were obliged to emulate some of the beads that had earlier been imported from the East. Despite these caveats, a comparative analysis of the bead sequence from Magoro Hill potentially could shed new light on changing patterns in the availability, range, consumption and origin of glass trade beads imported into the northern interior of South Africa over many centuries.
In this paper we demonstrate the use and archaeological application of Raman and XRF measurements to separate earlier imported beads from later counterparts by identifying glass nanostructure, as well as pigments and opacifiers, which were not used in bead series pre-dating the sixteenth century AD. Recently we have developed a methodology combining visual classification based on morphology, X-ray fluorescence (XRF) and Raman spectroscopy to classify trade beads imported into southern Africa between the eighteenth and sixteenth centuries AD [6]. This methodology was based on our previous work on glass trade beads recovered from K2 and Mapungubwe Hill, the capital sites of southern Africa’s first state complex in the Limpopo River Basin [20–22]. In studying the beads from Magoro Hill, we follow the same experimental procedures for classifying beads imported up to the seventeenth century AD and extend this approach to beads imported after the seventeenth century, making use of the database compiled for more recent beads retrieved from Mapungubwe Hill. As has been shown, a substantial number of beads from the Mapungubwe Hill collection were found to postdate the heyday of the site’s occupation in the first half of the second millennium AD and were European imports [21, 22].


Materials and experimental techniques
Raman measurements
Raman spectra of the beads were recorded with three different Raman instruments, namely a HR Raman instrument (Horiba JobinYvon, France), a portable HE532 (Horiba JobinYvon, France) spectrometer and a T64000 Raman spectrometer (Horiba JobinYvon, France). Full details of the spectrometers and recording conditions can be found in Koleini et al. [6]. Procedures for baseline correction are also given in Koleini et al. [6]. Many of the annular and hexagonal European beads recovered from house floors had been affected by the fires that burnt down the thatched dwellings in the 1865 battle. Some of these beads were even melted and warped by the heat. Furthermore, some of the beads retrieved from terrace fills, which accumulated through down-slope erosion, and a midden/byre deposit, which extended more than a metre in depth, have corroded surfaces that could influence the results. In the case of severe corrosion several spectra had to be recorded before a spectrum representative of the glass could be obtained and in some instances the corrosion layer was removed on small spots.

XRF measurements
A portable Thermo Scientific Niton XL3t GOLDD spectrometer was used for the quantitative X-ray fluorescence (XRF) measurements of the selected glass beads. This model is equipped with an Ag anode X-ray tube and a Geometrically Optimized Large area Drift Detector (GOLDD). The X-ray tube is capable of 50 kV maximum voltage, 200 µA current and 4 W power. The samples were directly positioned on the analysis window of the Niton XL3 portable test stand due to the small size of the samples. Analyses were carried out using the fundamental parameters calibration that is employed in Mining Cu/Zn modes. Four available elemental ranges, namely main, low, high and light with measurement duration of 100 s each, were applied to detect any trace of 36 elements from Mg to U. The limit of detection of elements (LOD) was calculated using 3 sigma. The concentration of elements in each sample was reported in weight percent (wt%). The total weight of the detected elements was subtracted from the weight of the sample, which gave the weight percent of elements not detected by the instrument (those with lower atomic mass than Mg such as sodium and oxygen).
In order to validate the results obtained using our instrument we analysed beads from each series curated in the Van Riet Lowe (VRL) bead collection housed at the University of the Witwatersrand. These beads were classified by Marilee Wood on morphological parameters and analysed by Robertshaw [23]. Marilee Wood also made available datasheets of the chemical composition of some beads in each series. We compared our data with these, as well as with the XRF data of the Mapungubwe Oblates in reference 20 and our results exhibited the same trends of all the elements discussed in the text (see Additional file 1: Table S1).

Energy dispersive spectroscopy (EDS)
One large yellow bead (Mag-k-y5), the Raman spectrum of which varied as a function of the analysed spot, was sliced using a Struers Minitom Diamond disk to obtain a cross section. A JEOL JSM 55 10LV SEM microscope coupled with a 500 Digital Processing XRF system was used for local analysis and to obtain an elemental distribution map of the bead cross section.

The samples
Beads recovered from archaeological sites in southern Africa have been studied by various researchers over a long period of time, each of them naming the beads according to different criteria. Some names are related to the place where the beads were excavated, some to the presumed place of production or even trade routes that brought the beads to Africa. This has resulted in more than one name for the same bead series in the literature (see reference 21 for more details). In order to avoid any confusion, we follow the classification system developed by Wood [5] for beads traded in southern Africa before the seventeenth century AD (see Table 1 for series name and time period traded into southern Africa). Other beads are broadly classified as European as more research is necessary before an appropriate system can be worked out to assign names to all the types of beads imported after the seventeenth century. Some of the European beads, which have acquired colloquial names such as “white hearts”, “slave beads”, “Russians”, “Dutch” or “Dogons”, can be used as broad temporal markers based on historical production and trade records [4, 8].Table 1Bead series classification based on morphological attributes and elemental analysis [23]


	Bead series
	Period traded in southern Africa

	Zhizo
	Eigth to mid-tenth c. AD

	K2 Indo-Pacific
	Late tenth to early thirteenth c.

	East Coast Indo-Pacific
	Early eleventh to mid-thirteenth c.

	Mapungubwe oblate series
	Thirteenth c.—second quarter to end

	Zimbabwe series
	Fourteenth to early fifteenth c.

	Khami series
	Fifteenth to seventeenth c.




                        
A total of 1557 beads were recovered from the excavations on Magoro Hill. They were provisionally classified according to morphological attributes into seven bead series, namely 19 Zhizo (Z), 17 K2 Indo-Pacific (K2), 78 East Coast Indo-Pacific (EC-IP), 148 Mapungubwe (Map), 14 Zimbabwe (Zim), 40 Khami Indo-Pacific (K) and 1241 European (Eu) beads. From these tentatively grouped series, a sample consisting of 97 beads was selected for further analyses with the aim of verifying their classification. The selection focused on beads where assignment to specific bead series might be problematic. The analysed sample included mainly beads made of black, blue, green, yellow and white glass. After Raman analyses a further 61 beads were selected for XRF analyses. It was assumed that beads with matching morphology and Raman spectra are the same, in which case one representative bead was selected. The samples were labelled according to the site of origin, Magoro Hill (Mag), followed by the name of series mentioned above, the colour of the bead in abbreviation and sample number (1, 2, 3…). For example, a light blue bead morphologically classified as Zimbabwe series was tagged as Mag-zim-lb9.


Raman and XRF measurements of the glass matrix and pigments
The Raman spectrum of glass consists of two broad bands, one around 500 cm−1 (SiO4 bending vibrations), and one around 1000 cm−1 (SiO4 stretching vibrations). In applying the procedure developed in Koleini et al. [6], the first step is to compile a graph in which the wavenumber maxima of the bending (δmaxSi-O) and stretching (νmaxSi-O) Raman bands in the spectra recorded of the beads under study are plotted against each other (Fig. 3). This method was previously used to study glass trade beads from southern Africa [6, 21, 22].[image: A40494_2016_113_Fig3_HTML.gif]
Fig. 3Plot of the wavenumber maxima of the bending (δmaxSi-O) and stretching (νmaxSi-O) bands of the Raman spectra of the beads classified according to morphological parameters. Colour fill represents the colour of the beads




                     
The results of the Raman analyses are presented in Fig. 3. Four groups of beads were distinguished: (A) black beads coloured with high concentrations of the Fe-S chromophore; (B) beads made of soda glass; (C) beads made of soda-lime glass and (D) glass containing high amounts of lead. Group C contains a subgroup, namely plant ash glass, where calcium and sodium were added in the form of plant ashes rich in these elements. As technology improved plant ash was replaced by industrial chemicals resulting in soda-lime glasses where magnesium and potassium, typical of plant ash glass, are absent. It is immediately clear that not all the beads in the study gave spectra that accorded with the series into which they had been morphologically classified. The majority of the beads belong to Group C, classified as soda-lime glass. As will be shown, a large number of the beads represented in Fig. 3 were mostly reassigned to the European bead series based on their chemistry (see Figs. 5 and 6 with beads marked X).
In Fig. 4a, b typical Raman spectra of the beads that were used to compile the data presented in Fig. 3 are shown. The Raman classification into the soda and soda-lime groups depends on the wavenumber position of the bending (δmaxSi-O) band in the spectrum, where the most intense peak in the region 440–560 cm−1 is used for the x-axis of the plot. In many instances the wavenumber position of the most intense peak is clear-cut, e.g. spectra a and b in Fig. 4a, but in spectrum b in Fig. 4b the peaks have similar intensities and the division is more problematic. Since the shape and position of the bands are not only influenced by the glass structure but also by the presence of pigments and opacifiers, confirmation of the Raman division based on glass type with XRF measurements is advisable. Raman analyses of the post-sixteenth-century beads from Mapungubwe Hill identified opacifiers and pigments (e.g. antimony, arsenates, lazurite, etc.), which are useful indicators of provenance and production period for beads arriving in Africa during the last 400 years [21, 22, 24]. Raman spectra recorded of pigments and opacifiers in this study are presented in Fig. 4c and d.[image: A40494_2016_113_Fig4_HTML.gif]
Fig. 4Representative Raman baseline subtracted spectra of beads that fall into a the soda glass group and b the soda-lime group (top). c, d Pigments and other crystalline phases identified through their Raman spectra (bottom)




                     
Beads classified as Indo-Pacific beads (Fig. 5)
Indo-Pacific beads in general are made of mineral soda and characterised by high aluminium levels (mean Al2O3:13%), the presence of uranium traces (84 ± 59 ppm), as well as low calcium (mean CaO: 2.85%) and magnesium levels (mean MgO: 0.59%) (see Additional file 1: Table S2) [23]. The beads classified as Indo-Pacific based on morphological features are shown in Fig. 5 and are subdivided into K2, East Coast and Khami Indo-Pacific (K2-IP, EC-IP and K-IP) beads.[image: A40494_2016_113_Fig5_HTML.gif]
Fig. 5The beads from Magoro Hill that were tentatively classified on morphological grounds as Indo-Pacific beads (see Wood [2]). Pigments or opacifiers that were identified in the beads using Raman or XRF measurements are indicated. Beads incorrectly classified are indicated with [image: A40494_2016_113_Figb_HTML.gif]. Beads reclassified based on the absence or low Uranium content are indicated with a U
                                    




                        
Indo-Pacific beads should all fall in Group B (Fig. 3) as they are made of soda glass. However, it has previously been shown that the resonance-enhanced Raman spectrum of the “Fe-S” chromophore, with a strong band at ~415 cm−1 superimposed on the SiO4 bending vibrations around 500 cm−1 of the glass spectrum [20, 22], causes the formation of a separate group (A) consisting of black beads with Raman spectra mostly independent of glass structure [20]. Although East-Coast Indo-Pacific beads can be opaque black and brownish-red or translucent yellow, soft orange, green and blue-green, only black EC-IP beads were identified based on morphology. As they are coloured with the Fe-S chromophore their Raman spectra should place them in Group A (Fig. 3). Two black beads classified as EC-IP (b1 and b2) fulfil this requirement, corroborated by XRF data showing a high aluminium content and significant uranium traces typical of IP beads (Table 2). The chemical composition of both beads can fit either K-IP or EC-IP profiles as seen in Additional file 1: Table S2, where quite a large variation of compositions are indicated. However, on morphological grounds b1 is larger than b2 and in general K-IP beads tend to be larger than EC-IP beads. Also b1 contains higher calcium and lower potassium levels indicative of the K-IP series [25]. These two factors reclassify b1 as K-IP and b2 as EC-IP. Another black pigment was identified in bead Mag-ecip-b3 with strong Raman peaks at ca. 470 and 600–630 cm−1 and a weak peak at 320 cm−1 (Fig. 4b, c) typical of the spinel jacobsite (Mn2+Fe2
                           3+O4) or other manganese containing spinel. Manganese/iron oxides have previously been identified as pigment in glass trade beads excavated at Mapungubwe [21, 22, 26], the Democratic Republic of the Congo [27], Mayotte Island [28] and black glass of an Islamic multi-coloured bead found at Mapungubwe [23]. This specific bead was not analysed with XRF and therefore does not occur in Table 1, but since it has the same Raman spectrum (jacobsite) as two black beads (Mag-map-b1 and b2) wrongly classified as Mapungubwe Oblates based on their morphology (Fig. 6), it is assumed that it has the same glass structure with low Al (mean 3%) and K (mean 1.1%) concentrations (Table 3). This glass composition is similar to some of the other beads originating from Europe so all three beads coloured with jacobsite are re-classified as European. (See Additional file 1: Table S3 for summary of re-classification).Table 2XRF results of the Magoro Hill beads classified as Indo-Pacific (element wt %)


	Sample
	Mg
	Al
	Si
	K
	Ca
	Mn
	Fe
	Co
	Ni
	Cu
	As
	Sr
	Sn
	Sb
	Pb
	Cr/ppm
	Ag/ppm
	U/ppm
	Bal

	East Coast-Indo Pacific series (EC-IP)

	 Mag-ecip-b1
	0.61
	7.49
	40.28
	2.94
	2.23
	0.00
	2.33
	0
	0
	0.00
	0.00
	0.02
	0.01
	0.00
	0.00
	71.72
	0
	89.75
	44.13

	 Mag-ecip-b2
	0.00
	6.94
	41.55
	5.73
	1.31
	0.00
	1.81
	0
	0
	0.00
	0.00
	0.01
	0.00
	0.00
	0.00
	40.14
	0
	82.12
	42.66

	K2-Indo Pacific series (K2-IP)

	 Mag-k2-lb1
	0.00
	7.63
	48.93
	6.51
	1.73
	0.00
	1.32
	0
	0
	0.51
	0.00
	0.02
	0.02
	0.00
	0.10
	0
	0
	10.085
	33.27

	 Mag-k2-lb2*
	0.00
	
                              1.51
                            
	47.98
	7.46
	
                              5.54
                            
	0.00
	0.50
	0
	0
	1.31
	
                              0.10
                            
	0.10
	0.01
	
                              0.10
                            
	0.00
	0
	0
	
                              0
                            
	35.38

	 Mag-k2-lb6*
	0.00
	
                              1.61
                            
	46.22
	4.33
	
                              4.83
                            
	0.00
	0.81
	0
	0
	1.21
	0.00
	0.10
	0.01
	
                              0.10
                            
	0.10
	0
	0
	
                              0
                            
	40.68

	Khami-Indo Pacific series (K-IP)

	 Mag-k-w1*
	0.00
	4.34
	46.72
	2.02
	3.63
	0.00
	1.72
	0
	0
	0.00
	0.00
	0.10
	0.03
	
                              3.94
                            
	0.20
	110.9
	0
	
                              0
                            
	37.34

	 Mag-k-w2
	0.00
	5.33
	40.04
	1.71
	2.41
	0.00
	2.11
	0
	0
	0.00
	0.00
	0.02
	0.00
	0.00
	0.00
	17.93
	0
	62.46
	48.39

	 Mag-k-y1
	0.61
	6.93
	41.69
	2.55
	2.14
	0.00
	2.04
	0
	0
	0.00
	0.00
	0.02
	0.41
	0.00
	3.16
	37.9
	0
	80.31
	40.47

	 Mag-k-y2
	0.51
	6.95
	40.49
	2.56
	2.35
	0.00
	2.04
	0
	0
	0.00
	0.00
	0.02
	0.51
	0.00
	3.48
	24.6
	65.76
	20.23
	41.10

	 Mag-k-db7
	0.40
	6.34
	37.06
	2.01
	2.52
	0.02
	2.42
	0.20
	0
	0.10
	0.10
	0.02
	0.003
	0.001
	0.00
	50.46
	0
	42.23
	48.84

	 Mag-k-db8
	0.00
	6.16
	43.69
	3.13
	2.22
	0.00
	1.51
	
                              0
                            
	0
	0.40
	0.00
	0.02
	0.00
	0.00
	0.00
	35.7
	0
	21.30
	42.89

	 Mag-k-lb11
	0.00
	4.72
	45.53
	1.71
	1.51
	0.00
	1.51
	0
	0
	0.50
	0.00
	0.01
	0.00
	0.00
	0.00
	0
	0
	54.62
	44.52

	 Mag-k-g12*
	
                              3.35
                            
	6.18
	42.66
	3.67
	2.83
	0.10
	1.15
	0
	0
	0.84
	0.00
	0.02
	1.15
	0.00
	6.50
	80.54
	213.2
	
                              0
                            
	31.55

	 Mag-k-g13
	1.02
	7.57
	47.59
	2.76
	2.05
	0.10
	1.84
	0
	0
	0.51
	0.00
	0.01
	0.41
	0.00
	3.07
	0
	0
	79.00
	33.06

	 Mag-k-g14*
	6.27
	7.43
	25.48
	1.54
	1.54
	0.13
	0.38
	0
	0.13
	1.02
	
                              5.63
                            
	0.00
	0.02
	0.00
	
                              50.45
                            
	0
	343.14
	
                              0
                            
	0.00

	 Mag-k-r16*
	0.00
	
                              3.94
                            
	45.66
	3.94
	
                              4.24
                            
	0.00
	0.71
	0
	0
	2.02
	0.00
	0.10
	0.02
	
                              0.10
                            
	0.10
	42.04
	0
	
                              0
                            
	39.19


Beads marked with * were incorrectly classified based on the presence or absence of the bold minerals
(0) Value indicates the concentration of the element was under the instrument limit of detection (LOD)


 
                           [image: A40494_2016_113_Fig6_HTML.gif]
Fig. 6The bead series that were identified on morphological grounds as plant ash series beads (Wood [2]). Pigments or opacifiers that were identified in the beads using Raman or XRF measurements are indicated. Beads incorrectly classified are indicated with [image: A40494_2016_113_Figb_HTML.gif]. Beads reclassified according to the presence of Uranium are indicated with a U
                                    



 
                           Table 3XRF results of beads classified as plant ash glass (wt % of elements. Ag, Cr and U reported in ppm)


	Sample
	Mg
	Al
	Si
	K
	Ca
	Mn
	Fe
	Co
	Ni
	Cu
	As
	Sr
	Sn
	Sb
	Pb
	Cr
	Ag
	U
	Bal

	Zhizo series

	 Mag-z-db1*
	0.00
	2.56
	53.07
	4.41
	5.43
	0.04
	0.61
	0.04
	
                              0.03
                            
	0.00
	
                              0.11
                            
	
                              0.10
                            
	0.00
	0.00
	0.00
	0
	0
	0
	33.50

	 Mag-z-db2*
	3.11
	4.56
	48.55
	1.87
	3.73
	
                              1.87
                            
	0.83
	
                              0.10
                            
	
                              0.05
                            
	0.10
	
                              1.66
                            
	0.01
	0.03
	0.10
	
                              5.91
                            
	0
	
                              206.59
                            
	0
	27.59

	 Mag-z-db4*
	0.00
	4.02
	39.44
	3.12
	2.82
	
                              0.60
                            
	1.11
	
                              0.02
                            
	0
	0.10
	
                              0.00
                            
	0.04
	0.01
	0.00
	0.10
	
                              45.87
                            
	0
	0
	48.69

	 Mag-z-lb1*
	0.00
	3.84
	47.41
	4.56
	5.19
	0.01
	0.83
	0.00
	0
	1.24
	0.00
	
                              0.10
                            
	0.02
	0.00
	0.10
	0
	0
	0
	36.72

	 Mag-z-lb3*
	0.00
	1.62
	44.57
	2.94
	3.45
	0.03
	0.91
	0.00
	0
	1.02
	0.03
	
                              0.10
                            
	0.01
	0.00
	0.10
	0
	0
	0
	45.28

	 Mag-z-lb4*
	1.14
	
                              7.43
                            
	47.68
	2.89
	
                              2.48
                            
	0.03
	1.75
	0.00
	0
	0.21
	0.00
	0.02
	0.00
	0.00
	0.00
	36.89
	0
	
                              46.06
                            
	36.43

	Mapungubwe oblates

	 Mag-map-b1*
	
                              0
                            
	2.43
	38.93
	1.21
	3.03
	
                              7.89
                            
	1.31
	0.00
	0
	0.00
	0.10
	0.00
	0.00
	0.00
	0.61
	0
	0
	0
	44.49

	 Mag-map-b2*
	
                              0
                            
	3.65
	36.14
	0.91
	2.74
	
                              8.83
                            
	1.42
	0.00
	0
	0.00
	0.10
	0.00
	0.00
	0.00
	0.71
	0
	0
	0
	45.48

	 Mag-map-b3*
	
                              0
                            
	6.65
	41.33
	3.93
	1.92
	0.00
	2.52
	0.00
	0
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	65.1
	0
	
                              39.53
                            
	43.65

	 Mag-map-db2*
	
                              0
                            
	4.22
	41.51
	1.71
	1.61
	0.00
	1.51
	0.10
	0
	0.00
	0.00
	0.00
	0.01
	0.00
	0.00
	30.17
	0
	
                              37.26
                            
	49.35

	 Mag-map-lb4*
	
                              0
                            
	4.62
	43.57
	1.61
	1.41
	0.00
	1.61
	0.00
	0
	0.60
	0.00
	0.00
	0.00
	0.00
	0.00
	0
	0
	
                              41.06
                            
	46.59

	 Mag-map-lb5*
	
                              0
                            
	5.13
	45.77
	2.41
	1.81
	0.00
	1.71
	0.00
	0
	0.40
	0.00
	0.00
	0.00
	0.00
	0.00
	0
	0
	
                              60.53
                            
	42.76

	 Mag-map-bg8*
	1.82
	5.87
	40.17
	3.84
	3.74
	0.00
	1.21
	0.00
	0
	1.11
	0.00
	0.00
	0.71
	0.004
	1.15
	37.37
	0
	0
	40.37

	 Mag-map-bg9*
	1.11
	4.86
	39.29
	3.14
	3.24
	0.00
	1.22
	0.00
	0
	1.11
	0.00
	0.00
	1.82
	0.003
	2.07
	24.28
	0
	0
	42.13

	 Mag-map-g11*
	1.01
	7.18
	47.71
	2.53
	2.53
	0.20
	1.72
	0.00
	0
	1.92
	0.00
	0.00
	0.10
	0.00
	0.44
	0
	62.17
	
                              133.71
                            
	34.67

	 Mag-map-y4*
	
                              0
                            
	5.49
	39.59
	3.83
	3.42
	0.83
	1.24
	0.00
	0.01
	0.00
	0.00
	0.00
	1.14
	0.00
	6.22
	26.53
	
                              138.58
                            
	0.00
	38.24

	 Mag-map-y5*
	3.03
	5.04
	23.83
	2.40
	8.20
	0.13
	0.63
	0.00
	0.13
	0.00
	
                              5.55
                            
	0.00
	0.38
	1.13
	
                              49.05
                            
	166.72
	408.82
	0.00
	0.50

	Zimbabwe series

	 Mag-zim-y1*
	6.19
	3.16
	23.36
	0.38
	4.17
	0.13
	0.38
	0.00
	0.13
	0.00
	
                              7.95
                            
	0.00
	0.13
	0.38
	
                              53.66
                            
	0
	443.36
	0
	0.00

	 Mag-zim-y2
	2.21
	6.11
	40.46
	3.48
	4.00
	0.84
	1.05
	0.00
	0.00
	0.11
	0.11
	0.00
	2.11
	0.00
	10.33
	0
	233.94
	0
	29.19

	 Mag-zim-db2*
	
                              0.00
                            
	6.55
	42.64
	2.32
	1.92
	0.00
	2.02
	0.10
	0.00
	0.00
	0.10
	0.00
	0.00
	0.00
	0.00
	42.36
	0
	
                              60.89
                            
	44.35

	 Mag-zim-db3*
	
                              0.00
                            
	2.23
	44.43
	2.94
	4.76
	0.00
	0.91
	0.30
	0.20
	0.00
	0.51
	0.10
	0.00
	0.00
	0.30
	0
	0
	
                              34.03
                            
	43.32

	 Mag-zim-g4*
	4.64
	6.37
	24.27
	0.66
	3.05
	0.13
	0.40
	0.00
	0.13
	0.80
	
                              6.23
                            
	0.00
	0.04
	0.00
	
                              53.32
                            
	0
	347.12
	0.00
	0.00

	 Mag-zim-lb9*
	
                              0.00
                            
	6.64
	48.09
	2.31
	2.21
	0.00
	2.11
	0.00
	0.00
	0.60
	0.00
	0.00
	0.00
	0.00
	0.00
	0
	0
	
                              67.12
                            
	38.03

	 Mag-zim-lb11*
	
                              0.00
                            
	3.92
	44.38
	1.10
	2.11
	0.00
	0.70
	0.00
	0.00
	1.41
	0.00
	0.00
	0.01
	
                              0.10
                            
	0.10
	0
	0
	0.00
	46.18


Beads marked with * were incorrectly classified based on the presence or absence of the bold minerals
(0) Value indicates the concentration of the element was under the instrument limit of detection (LOD)



                        
Typical K2 Indo-Pacific (K2-IP) beads are made of mineral soda and belong in Group B (Fig. 3). In colour they range from transparent to translucent blue-green to light-green and are drawn beads with a tubular form (diameter 2–3.5 mm, length: 1.4–4 mm) [2]. Although the beads classified as K2-IP (Fig. 5) fit the morphological requirements, only one of the beads (Mag-k2-lb1) gave a Raman spectrum that places it in Group B. XRF measurements (Table 2) confirm that this bead is made of soda glass and its uranium (10.1 ppm) and aluminium (Al 7.63%) content also complies with that of K2-IP beads (U: 68 ± 68 ppm, mean Al2O3: 11.8%) [24]. The Raman spectra of the other beads place them in the soda-lime group, confirmed by XRF measurements (Al too low, Ca too high, absence of uranium and the presence of small amounts of antimony (Sb) and arsenic (As) probably added as opacifiers) and therefore they can be assigned to the European period. (See Additional file 1: Table S3 for summary of re-classification).
Khami Indo-Pacific (K-IP) beads are drawn and can be opaque (black and brownish red) or translucent blue–green, green, yellow, orange, cobalt blue and off-white. Their shapes vary: most are irregular cylinders in sizes medium to large (3.5–5 mm diameter) [2]. K-IP beads are distinguished from the other IP beads by very high uranium counts (189 ± 100 ppm) and also higher Na2O, (mean 18.66%), CaO (mean 3.39%), MgO (mean 1.21%) and Al2O3 (mean 9.81%) levels [23]. Only one Khami classified bead (white) falls into the soda-glass group (Mag-k-w2) according to its Raman spectrum (Fig. 3). The earliest white beads in the archaeological record of southern Africa are slightly translucent, off-white Khami beads for which Robertshaw [23] could not determine a specific pigment. Mag-k-w2 fits this description as we could also not identify any pigment. From 11 Khami beads analysed with XRF, the absence of uranium in three (kw1, g12, r16) and high lead and arsenate in g14 confirm that they do not fit the elemental composition profile for the Khami-IP series (Fig. 5). Based on glass composition g12 belongs in the Map/Zim series, kw1 and g14 contain calcium antimoniate and lead arsenate respectively and are therefore of European origin and r16 is made of a low aluminium European glass. Db7 is an exception that cannot be placed in a known glass series as its glass composition is close to the IP series but the presence of calcium antimoniate (very low concentration, 0.001 ppm) indicates an European origin. The remaining six beads analysed with XRF (kw2, y1, y2, db8, lb11, g13) have similar compositions as Khami-IP beads in the concentration of both main and trace elements. One of the beads (ky5) is inhomogeneous in composition (made of recycled glass—see later). Db6, lb9, lb10 and lb15 were not analysed with XRF and have similar Raman spectra as lb11 (Khami-IP series) so we believe the Khami classification is correct. The placement of most Khami classified beads in the soda-lime group (C) (Fig. 3) despite similarity in composition to those in the soda group can possibly be due to recording Raman spectra on areas where corrosion has occurred. As the XRF measurements for the Magoro Hill beads were done using a portable instrument, beads with uranium content slightly lower than 100 ppm were not excluded from the Khami group based on their uranium content. (See Additional file 1: Table S3 for summary of re-classification).

Beads classified as plant ash glass (Fig. 6)
Zhizo, Mapungubwe and Zimbabwe glass beads were made from plant ash glass [23] and belong in Group C in Fig. 3. These beads were generally made by adding plant ash as flux to silica-rich ingredients (e.g. sand) and are differentiated from the soda glass beads (IP series) by higher Ca and Mg content, lower Al and the absence of uranium. Zhizo series beads have lower aluminium content than the Mapungubwe and Zimbabwe series beads.
Zhizo beads are drawn cobalt, yellow, blue-green or green tubes and generally larger than the other plant ash beads (2.5–13 mm in diameter and up to 20 mm long). All the beads classified as Zhizo fall in the soda-lime group (group C) in Fig. 3, compatible with plant ash glass. However, XRF measurements of six of the beads, selected because they had different Raman spectra, show that they do not match Zhizo beads in composition. The absence of Mg in four beads (db1, db4, lb1, lb3) disqualifies them as plant ash glasses and the two that do contain magnesium are disqualified for other reasons. The high lead content and glass composition of Mag-z-db2 are compatible with some European classified beads (db21, lb25 and w8) and the cobalt colouring the bead is associated with silver, manganese, nickel and arsenic, similar to European classified beads (db21, db30, db31 and db32). This is in contrast to the cobalt colouring Zhizo beads with a higher ratio of Co/As (>1) or cobalt associated with high iron and low manganese content (Mn/Fe < 0.1) as found in Jingdezhen glazes, both originating from east of the Euphrates [29, 30]. Mag-z-db4, a wound bead, contains high aluminium levels and malayite (Cr-Sn sphene), a phase also detected in some soda glass beads recovered at the Antsiraka Boira necropolis on Mayotte Island (twelfth-thirteenth century) [28]. The cobalt colouring this bead is associated with a high amount of Mn and the ratio of Co/Mn is about 0.3 reported for cobalt minerals from Far East Asia (China and Vietnam) [31]. As not one of the beads analysed with XRF could be placed in the Zhizo series we assume that the three beads not analysed with XRF also have a European origin. (See Additional file 1: Table S4 for summary of re-classification).
The Mapungubwe Oblate bead series consists of translucent cobalt blue and plum beads (rare), as well as opaque black, bright yellow, orange, green and turquoise beads. Among these colours, green and turquoise beads contain tin oxide as an opacifier. They are uniformly small oblates (2–3.5 mm diameter) with heat-rounded edges and typically contain MgO (3%), K2O (3.8%), CaO (4.7%) and Al (8.2%) [20]. Black beads are the most common and coloured with the Fe-S chromophore, but give distinct Raman spectra compared to EC-IP beads [20]. Two of the black beads classified as Mapungubwe Oblates are coloured with jacobsite, which reclassifies them as originating from Europe. The third black bead contains uranium, which implies that it is not made of plant ash glass but soda glass and can, therefore, be reclassified as a Khami bead. The glass chemistry of only two beads (Mag-map-bg8 and Mag-map-bg9) is similar to the Mapungubwe Oblates, but both are blue–green, in contrast to the very bright Mapungubwe Oblate yellow-green beads (see Fig. 1 in reference 20) coloured by mixing lead tin yellow type II, copper and tin oxide (Table 1a, reference 20). Both beads contain Cu and lead tin yellow type II but the presence of calcium antimoniate disqualifies them to be Mapungubwe Oblates. However, the high Al content suggests an Asian origin and therefore we could not classify these beads into one of the existing groups. As for the remaining beads, some lack Mg content, one falls into the lead arsenate group, five contain uranium and one bead is coloured with cobalt associated with silver, which disqualifies it since the cobalt colouring the Mapungubwe Oblates is associated with arsenic [20]. (See Additional file 1: Table S4 for summary of re-classification).
Zimbabwe series beads (size: 2–3.5 mm), with a similar glass structure as the Mapungubwe Oblates, include translucent blue–green, blue, yellow, transparent dark green and opaque black cylinders and oblates [2]. They are made of plant ash glass (soda-lime group) and therefore contain no uranium and have higher levels of CaO (6.9%) and MgO (4.3%) than the Indo-Pacific series [23]. Opaque beads should contain tin oxide. Only one bead (Mag-zim-y2) chemically fits into this classification. Three beads contain Mg, but two of them have high Pb and As contents placing them in the lead arsenate group. The presence of uranium in two beads (db2, lb9) and antimony in one of the beads (lb11) classify them as Khami and European respectively. One of the beads (db3) is European due to the absence of Mg, high uranium and low aluminium content of the glass that does not match with the pre-European series. (See Additional file 1: Table S4 for summary of re-classification).
It should be noted that the XRF results were obtained with a portable XRF instrument and the detection of lighter elements is not as accurate as for more sophisticated instruments. A low count of Mg should therefore not be the only criterion by which a bead should be eliminated as made of plant ash.

Beads classified as European beads (Fig. 7)
The beads that on morphological attributes did not fit into the above groups were loosely classified as of European origin. According to their Raman spectra, these beads are placed in Groups B, C and D and therefore can be made from soda glass (Group B), soda-lime glass (Group C) or a glass with high concentrations of lead (~11–43 wt %) and arsenic (~4–13 wt %), placing them in Group D (Fig. 3). The replacement of strong covalent bonded Si cations by ionic bonded Pb2+/As2+ leads to depolymerisation of the glass network causing the stretching massif to shift downwards to between 949 and 1072 cm−1. Most of the spectra of these beads also have a strong sharp peak at ca. 820 cm−1, a signature of arsenate in the composition (Fig. 4c) [32, 33]. The use of lead arsenate is associated with Venetian glassmakers who used this compound from the end of sixteenth century in the production of lattimo glass [34]. The very hazardous nature of working with volatile arsenic limited production to Venice and its use only increased after improving the production process during the mid-nineteenth century [33, 35]. Therefore, these beads were probably only imported into southern Africa from the late nineteenth century AD. Group D mostly consists of beads morphologically classified as European in addition to a few beads classified as Mapungubwe, Zimbabwe and Khami (Figs. 5, 6, 7) due to similar morphological parameters. The amount of soda in these beads is low considering the non-detected elements’ weight percentage (on average 5.4 wt %). A representative Raman spectrum is seen in Fig. 4c.[image: A40494_2016_113_Fig7_HTML.gif]
Fig. 7European beads that on morphological grounds could not be assigned to the pre-sixtieth -century series beads (Wood [2]). Pigments or opacifiers were identified in the beads using Raman or XRF




                        
White beads were coloured with calcium antimoniate (CaSb2O6, CaSb2O7) (seventeenth c.) and lead arsenate (nineteenth c.), both pigments readily recognised through their Raman spectra [21, 22] and XRF. The pigment in the glass of the white dots on the large red bead (“fancy bead”) and in the white core of the small red-on-white bead (“white heart”) is lead arsenate, placing them in the same time period as the other arsenate-containing beads. One of the white beads (Mag-eu-w15) (Fig. 7) is actually a white button which was made by a Prosser moulded production process from 1840 onwards. They were made by moulding a mixture of feldspar or clay with quartz and other materials and compressing it under pressure i.e. a glass-ceramic. This is reflected in its spectrum that shows several sharp peaks at 476, 514, 1122 cm−1 corresponding to a mixture of feldspars (Fig. 4a, d).
The large faceted hexagonal beads, which were made in Bohemia (Czechoslovakia), as well as the single-wound annular (ring) beads mainly made in Germany (top row Fig. 7), appeared in southern Africa in the nineteenth century and are therefore useful chronological markers [2]. It would appear from contemporary documentary records that annular and hexagonal beads were popular among the Venda in the 1860s. Known as tombo-ḽa-Venḓa (literally: Venda stone), strings of annular beads constituted the most common bead type listed in the account book of Manuel de Gama (n.d), an Indian-Portuguese trader whose trading-post was located between Magoro Hill and Elim (see map, Fig. 1). In 1862 João Albasini, superintendent of ‘native tribes’ in the Soutpansberg, reported that four African carriers had been robbed and killed on a trading trip from Maputo into the South African interior. The stolen goods included 400 strings of annular (“matombo”) beads, six bundles of annular (“matombo”) beads, 300 bundles of small multi-coloured beads, as well as twelve bundles of faceted (hexagonal) beads [36]. The recovery of partly charred annular and hexagonal beads from the floor of a hut (MB11) destroyed during the August 1865 attack also testifies to their wide circulation in the region (Fig. 8).[image: A40494_2016_113_Fig8_HTML.jpg]
Fig. 8Glass beads and a maize cob retrieved from the floor of a hut that burnt down during the attack on Magoro Hill in August 1865




                        
It is noteworthy that the strong calcium phosphate peak at 958 cm−1, previously observed in the Raman spectrum of European-period hexagonal beads from Mapungubwe Hill [21], did not appear in the spectra of hexagonal beads from Magoro Hill. This is a clear indication that there was more than one origin for the beads as also mentioned by Van Riet Lowe [37]. XRF results show these beads are potash-lime glass with potassium content between 7.5 and 12.3%. (Note that potassium-based glass continued to be produced in England up to the mid 19th century, although soda glass were produced in other parts of Europe beacause of the availability of Leblanc and then Solway soda.) Cobalt, associated with silver (Ag), was detected as colourant in these beads. The source of cobalt is most probably from the Erzgebirge in Saxony [24, 38, 39]. Based on trace elements, four different sources of cobalt can be assumed for blue beads. More research is, however, needed to differentiate between the wide range of beads imported from Europe and to determine their respective centres of production. The XRF analyses of these beads are available in Table 4.Table 4XRF results of the beads classified as from European origin. The results reported in element wt % except for U


	Sample
	Mg
	Al
	Si
	K
	Ca
	Mn
	Fe
	Co
	Ni
	Cu
	As
	Sr
	Ag
	Sn
	Sb
	Pb
	U/ppm
	Bal

	Mag-eu-w1
	4.75
	10.57
	36.03
	7.01
	1.83
	0.11
	0.22
	0.00
	0.11
	0.00
	
                              13.92
                            
	0.00
	0.01
	0.00
	0.00
	
                              25.46
                            
	0.00
	0.00

	Mag-eu-w5
	1.41
	3.23
	49.39
	4.34
	5.05
	0.00
	0.51
	0.00
	0.00
	0.00
	0.00
	0.10
	0.00
	0.00
	
                              3.64
                            
	0.10
	0.00
	32.22

	Mag-eu-w7
	0.00
	2.21
	52.01
	3.52
	3.52
	0.00
	0.60
	0.00
	0.00
	0.00
	0.00
	0.10
	0.00
	0.00
	
                              0.50
                            
	0.10
	0.00
	37.42

	Mag-eu-w8
	0.00
	2.25
	45.34
	1.84
	3.38
	0.00
	0.61
	0.00
	0.00
	0.00
	0.00
	0.05
	0.02
	0.00
	
                              2.56
                            
	
                              5.53
                            
	0.00
	38.49

	Mag-eu-w10
	1.61
	3.93
	49.19
	4.13
	5.44
	0.00
	0.50
	0.00
	0.00
	0.00
	0.00
	0.03
	0.00
	0.00
	
                              0.30
                            
	0.10
	0.00
	34.78

	Mag-eu-w11
	3.23
	2.08
	33.33
	7.84
	1.27
	0.12
	0.12
	0.00
	0.12
	0.00
	
                              7.15
                            
	0.00
	0.05
	0.00
	0.00
	
                              29.41
                            
	0.00
	15.34

	Mag-eu-w12
	2.54
	4.87
	40.04
	1.22
	2.32
	0.11
	0.22
	0.00
	0.00
	0.00
	
                              8.96
                            
	0.00
	0.03
	
                              0.11
                            
	
                              0.77
                            
	
                              12.28
                            
	0.00
	26.55

	Mag-eu-w13
	4.57
	3.28
	25.67
	1.29
	5.39
	0.12
	0.23
	0.00
	0.00
	0.00
	
                              9.85
                            
	0.00
	0.04
	0.00
	
                              0.47
                            
	
                              24.03
                            
	0.00
	25.09

	Mag-eu-w14
	0.40
	4.13
	47.43
	2.82
	2.72
	0.00
	0.20
	0.00
	0.00
	0.00
	0.10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	42.20

	Mag-eu-w15
	0.00
	8.12
	57.92
	11.32
	0.10
	0.00
	0.10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	22.44

	Mag-eu-db21
	3.62
	2.41
	46.43
	3.51
	2.85
	
                              0.55
                            
	0.55
	
                              0.11
                            
	0.05
	0.11
	
                              0.88
                            
	0.00
	
                              0.04
                            
	0.00
	
                              0.11
                            
	
                              14.16
                            
	0.00
	24.70

	Mag-eu-lb24
	0.00
	3.82
	48.39
	2.92
	1.91
	0.00
	1.31
	0.00
	0.00
	
                              0.60
                            
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	
                              40.42
                            
	41.05

	Mag-eu-lb25
	0.00
	3.67
	40.77
	1.63
	1.53
	0.00
	0.20
	0.00
	0.00
	
                              1.33
                            
	0.20
	0.00
	0.02
	0.00
	
                              1.22
                            
	
                              7.34
                            
	0.00
	42.10

	Mag-eu-lb26
	7.41
	3.23
	27.72
	4.78
	0.72
	0.12
	0.12
	0.00
	0.12
	0.00
	
                              14.70
                            
	0.00
	0.12
	0.00
	0.00
	
                              39.19
                            
	0.00
	1.79

	Mag-eu-g27
	6.30
	5.91
	30.46
	1.16
	1.54
	0.13
	0.26
	0.00
	0.13
	
                              0.77
                            
	
                              5.40
                            
	0.00
	0.05
	
                              0.64
                            
	
                              0.64
                            
	
                              46.66
                            
	0.00
	0.00

	Mag-eu-g28
	5.30
	3.95
	29.35
	1.48
	3.33
	0.12
	0.62
	0.00
	0.12
	
                              1.48
                            
	
                              5.80
                            
	0.00
	0.12
	
                              0.37
                            
	
                              0.99
                            
	
                              46.98
                            
	0.00
	0.00

	Mag-eu-g29*
	0.00
	6.31
	42.57
	2.24
	2.44
	0.00
	
                              3.05
                            
	0.00
	0.00
	
                              0.92
                            
	0.00
	0.00
	0.00
	
                              0.41
                            
	0.00
	
                              2.95
                            
	
                              87.20
                            
	39.10

	Mag-eu-db30
	0.41
	1.02
	49.34
	
                              12.72
                            
	6.31
	0.02
	0.10
	
                              0.05
                            
	
                              0.03
                            
	0.00
	
                              0.20
                            
	0.00
	
                              0.01
                            
	0.00
	0.00
	0.00
	0.00
	29.91

	Mag-eu-db31
	0.50
	1.21
	52.96
	7.54
	4.32
	0.10
	0.20
	
                              0.10
                            
	
                              0.10
                            
	0.10
	
                              0.40
                            
	0.00
	0.01
	0.00
	0.00
	0.10
	0.00
	32.36

	Mag-eu-db32
	0.00
	3.04
	50.00
	7.81
	4.46
	0.10
	0.91
	
                              0.04
                            
	
                              0.04
                            
	0.01
	
                              0.41
                            
	0.00
	0.01
	0.00
	0.00
	0.00
	0.00
	33.16


The bold elements were used for classification of the beads and underline elements are pigments or colorants
Beads marked with * were incorrectly classified
(0) Value indicates the concentration of the element was under the instrument limit of detection (LOD)



                        
One of the light blue beads (Mag-eu-lb25) is coloured with lazurite/ultramarine (Fig. 4a, b) and opacified with antimony. Lazurite in the form of natural mineral was detected in Islamic ceramic glazes and glass from the thirteenth–fifteenth century AD [40] but the synthetic form (ultramarine) was only in use since 1828 in Europe [41]. It is not possible to discriminate between the natural and synthetic forms of the pigment with the laser lines used, but the glass that the bead (lb25) is made of has a high lead content (7.2%) which differentiates it from the earlier beads series (before seventeenth century) from south Asia and the Middle East and is more similar to beads from the European series (Mag-eu-db21 and Mag-eu-w8) with low lead content. Mag-eu-db1 is a low aluminium and high calcium glass with cobalt used as colourant. The associated elements with cobalt are nickel, arsenate (Co/As = 0.4) and bismuth (432.69 ppm), while cobalt blue from east of the Euphrates (such as cobalt in Zhizo beads) shows a higher ratio of Co/As (>1) or is associated with a high iron and low manganese content (Mn/Fe < 0.1) as found in Jingdezhen glazes [29, 30]. Mag-eu-lb1 and Mag-eu-lb3 have the same glass composition as Mag-eu-db1 and some of the white European beads (Mag-eu-w5-7-10) without Ni, As, and Bi that are associated with cobalt. These beads all contain low Fe, Ti and high Sr (Table 2).
Raman spectra of the glass assigned EC-IP (only 1 black), K2-IP (only 1 light blue), and Zim beads to the correct groups in Fig. 3. European beads were scattered in more than one group in accordance with a variety of origins, but the placement of Khami beads in both the soda and soda-lime groups reflects uncertainty as to their common origin. However, a ternary diagram plotting the aluminium content (Al high for Indo-Pacific series), magnesium and potassium content (indicative of plant ash glass) and calcium content against each other shows a very small scattering between the Khami beads (Fig. 9), confirming a common source. Although the quantity of EC-IP (only 1 black), K2-IP (1) and Zim (2 yellow and green) beads (Zhizo and Mapungubwe Oblates not present) was small, they are in the correct groups in Fig. 9.[image: A40494_2016_113_Fig9_HTML.gif]
Fig. 9Ternary diagram of all the glass beads analysed with XRF, plotting the aluminium content (Al high for Indo-Pacific series), magnesium plus potassium content (indicative of plant ash glass) and calcium content against each other. The type of bead indicated is after reclassification




                        


SEM–EDS analysis of bead Mag-k-y5
A yellow Khami bead (Mag-k-y5) in Group C contains calcium carbonate inclusions (Fig. 10a, zone 3) similar to those previously detected in a Khami bead with high CaCO3 content that was made of different kinds of glass through a recycling process. In order to test the generality of this observation we analysed this bead using SEM–EDS.[image: A40494_2016_113_Fig10_HTML.gif]
Fig. 10The SEM image and corresponding K map of bead Mag-k-y5 (top). Raman spectra recorded at different localities/zones (bottom)




                     
The EDS results of bead Mag-k-y5 confirmed that it is inhomogeneous. The SEM image and SEM mapping of potassium in Fig. 10 show that a K-rich phase welds the pristine grains of other glass types together. Further EDS analyses of three spots on the cross section of the bead show the presence of soda glass in addition to calcium-potash glass. The ratio of elements (K/Na/Ca/Si) was found to vary depending on the spot sampled, namely:
Spot 1: 14.8% K/9%Na/29.5%Ca/46.4%Si calcium-potassium glass;
Spot 2: 24.8%K/5.3Na/28.9%Ca/41%Si calcium-potassium glass;
Spot 3: 4.9%K/33.7%Na/6.2%Ca/55.2%Si sodium glass.
Raman spectra recorded on zones 2 and 5 identify a typical soda-lime glass, while spectra in zones 1 and 3 show the presence of phosphates. This heterogeneous composition indicates that the bead was made of a variety of recycled glasses and corroborates the existence of beads made of reused glass in the Khami period, as shown in reference 6.

Discussion
Raman and XRF analyses revealed that a fair number of the selected glass beads (marked with an X) from Magoro Hill, which had provisionally been assigned on morphologically grounds to the period pre-dating the seventeenth century, belong to the European series beads. These beads, together with the positively identified European beads, can undoubtedly be linked to the Venda occupation of the hill. The 1241 beads morphologically classified as belonging to the European bead series consist of the following morphological types: 118 red-on-green (“green hearts”), 15 red-on-white (“white hearts”), 12 blue-on-white, 32 striped, 9 annular, 43 hexagonal, 3 round fancy, 250 seed (white, red, pink, light blue, green orange, clear) and 759 larger (black, cobalt blue, light blue, green, yellow, white, clear) tubes and cylinders. Several of these types appear in a catalogue of Venda heirloom beads (Fig. 11), which was compiled in 1950 and forms part of the Van Riet Lowe Collection at the University of the Witwatersrand. The following bead types depicted in the catalogue were retrieved from Magoro Hill: hexagonal (no. 1), annular (no. 7), large cobalt blue (no. 3), large white (nos. 4 and 5), smaller blue-grey tubes (no. 8), red-on-green (no. 13), red-brown tubes (no. 14) and all colours of small beads (no. 19).[image: A40494_2016_113_Fig11_HTML.gif]
Fig. 11Venda beads, Van Riet Lowe collection, University of the Witwatersrand (courtesy of Marilee Wood)




                     
In summary, beads imported into southern Africa before the seventeenth century could be recognised based on the classification system outlined in [6], utilising both XRF and Raman spectroscopy. However, a substantial number of beads of European origin that resemble the older series beads could not be classified correctly using morphological attributes only. It is known that by the time that trading partners shifted from South Asia (India) and Southeast Asia to Europe, beads had become a valued item of traditional attire in many southern African societies and many of the beads had special meaning for different African communities. African clients were not always satisfied with the new varieties of beads and efforts were made by trading partners to copy the older style beads [4]. For example, red-on-green beads, referred to as “green hearts”, were produced in Venice to substitute the red-brown Khami beads imported from the East.
The morphological resemblance between some European beads and the earlier Indo-Pacific beads is also striking. This is borne out by supply-side sources as well. It is well known that Venice and Bohemia were principal centres for bead making. One of the most important exporters of beads to West Africa, acting as intermediary between bead producers and traders, was the firm of J.F. Sick and Co. When in 1964 the firm closed its office in Venice, it donated the sample collection of some 22 000 Venetian glass beads kept in its head office in Amsterdam, as well as a catalogue of J.F. Sick & Co, Beads, to the Tropenmuseum, an ethnographic museum in Amsterdam. This collection is extensively discussed in the book, The bead goes on: the sample card collection with trade beads from the company J.F. Sick & Co. in the Tropenmuseum, Amsterdam [42]. This German (later Dutch) company was one of the most important exporters of beads to West Africa in the first half of the twentieth century. The collection is available online and in chart 42 (Fig. 12) seed beads with similar colours and sizes as the Mapungubwe Oblates can be seen, as well as black beads that on morphological parameters resemble many of the black beads in the older series beads. These beads were made in Gablonz (Jablonec), a city in the north-western part of the modern Czech Republic which served as the centre of the famous Bohemian glass industry. Unfortunately, these beads are not physically in the Tropenmuseum and could thus not be chemically analysed.[image: A40494_2016_113_Fig12_HTML.gif]
Fig. 12Chart 42 in the 19 catalogue from the company J.F. Sick in the Tropenmuseum, Amsterdam (left) http://​pivotcentraal.​ab-c.​nl/​tradebeads and a selection of the Mapungubwe Oblates associated with the gold graves on Mapungubwe Hill (thirteenth c.)




                     
It is doubtful, however, if the resemblance between European beads and bead series dating several centuries earlier, such as for example the Mapungubwe Oblates, can be attributed to deliberate imitation. Rather the use of the same production method for the Mapungubwe and the European oblates may account for the resemblance between the beads. Importantly, from an archaeological perspective the Magoro Hill study has demonstrated that in cases where oblate beads are recovered from a multi-component site that includes a European-period occupation, physico-chemical analyses will be necessary to definitively distinguish the more recent oblates from older bead series. It is clear that a study of the glass recipes of the suppliers of beads will constitute a critical component of future investigations of beads traded into Africa after the sixteenth century AD.

Conclusion
These results illustrate that the classification of glass trade beads on morphological parameters only can be inconclusive, especially in sites with a long settlement record and a complex stratigraphy. In such cases, XRF and Raman spectroscopy are complementary and useful methods for identifying glass composition, heterogeneity due to recycling and pigments that can help to classify the beads correctly. Raman spectroscopy is a strong technique in identifying pigments in glass discriminating between bead series. On the other hand, XRF, by revealing the elemental compositions of the glass, can make a link between the glass bead series as well as glass groups and their Raman spectra. XRF also presents good information regarding the dissolved colourants, such as Cu, Fe and Co, as well as trace elements (As, Ag, U) accompanying them, that cannot be detected by Raman spectroscopy. The limitation of XRF in the detection of light elements such as Na and corroded surfaces of old glass beads as the result of lixiviation should be considered in the interpretation of the results.
The 1557 beads recovered from Magoro Hill were provisionally classified according to morphological attributes as Zhizo (19), K2 Indo-Pacific (17), East Coast Indo-Pacific (18 black, 60 red), Mapungubwe Oblates (148), Zimbabwe (14), Khami Indo-Pacific (40) and European (1241). Raman spectra were recorded on 9 Zhizo beads, 7 were analysed with XRF with end result that not one of them belong to the Zhizo bead series (see Additional file 1: Table S4). It is assumed that the other 10 beads not analysed also do not belong to this series. Only one K2-IP bead was positively identified from the 6 analysed, but this indicates that a few more might be present (see Additional file 1: Table S4). Only two of the Mapungubwe Oblate/Zimbabwe series beads were positively identified, but more might be present. A larger sample of black Khami Indo-Pacific series beads (10) was present in the sample, but most of the Magoro beads had a European origin. This distribution ties in with the archaeological assessment of the site, which suggests that the hill was only intermittently frequented by iron-using African farming communities prior to becoming the capital of the Venda chiefdom of Magoro in the second half of the eighteenth century AD. While most of the European trade beads probably reached Magoro Hill from entrepots in Mozambique along the eastern coast of Africa, others could have been derived from new trading networks further south with Natal and the Cape Colony, which emerged after the settlement of Dutch/Afrikaans colonists in the Soutpansberg on the northern South African frontier in 1848.
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