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Abstract

:

Phoenician colonisation of the Iberian Peninsula in the 1st millennium BCE introduced many novel and luxurious goods to the local populations of the Western Mediterranean. Among them, black-appearing glass beads are characteristic of indigenous female burials in Southern Portugal during the 6th century BCE. This study presents the results of the first comprehensive archaeometric investigation of black-appearing glass from Vinha das Caliças 4 (Portugal), and of black-appearing glass from the Iberian Peninsula in general. A multi-analytical approach employing Stereomicroscopic observation of manufacture and use traces, VP-SEM-EDS, μ-XRD, and LA-ICP-MS was used to cover a wide range of questions regarding technology and provenance. All analysed samples are natron glass. All samples of black and white beads are characterized by high Zr and low Sr values typically ascribed to the use of Egyptian sands. A comparison of the results of previous studies from the same site clearly demonstrates at least two geochemical provenances for Phoenician-traded glass beads, located in the Levantine region and Egypt, respectively. Furthermore, different colours of glass in individual polychrome beads exhibit similar trace element patterns, which might suggest these beads could have been produced close to glassmaking sites/regions.
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1. Introduction


The beginning of the 1st millennium BCE, roughly coinciding with the start of the Iron Age (IA) in the Mediterranean, saw a critical shift in glassmaking technologies from the Bronze Age tradition of using plant ash (HMG glass) and a mixed type of alkali (HMLK glass) to the increasing use of mineral soda, or natron, as a flux (LMG) [1,2,3,4,5,6]. Since natural occurrences of natron are geographically limited to evaporitic deposits in the Eastern Mediterranean [7], natron glass production would have to have been organised relatively close to natron sources to be cost-effective. Indeed, research into Iron Age glass compositions from the last few decades [1,2,8,9,10,11], including trace element and isotope studies [12,13,14,15,16,17,18,19], largely confirms the Eastern Mediterranean origin of mineral-soda-lime-silica glass 1, with the two well-established regions during the whole 1st millennium BCE (and beyond) being Egypt and the Levantine coast. The produced glass was used to manufacture vessels and adornment objects (most notably beads and pendants) and traded across the Mediterranean and Continental Europe.



In Portugal, and the Iberian Peninsula in general, Iron Age glass beads are considered one of the many Eastern Mediterranean exotica traded by the Phoenicians 2 during their expansion and settlement in the West [12,32,33,34,35,36,37]. The reasons behind the Phoenician expansion in the West have long been debated—and at times contested—including exploitation of ores, territorial expansion, search for arable land, and resources like agricultural produce or cattle [27,28,38,39,40]. Isotopic study of silver hoards from Tell Dor, ‘Akko and ‘Ein Hofez (Israel) strongly suggests that the search for precious metals played a prominent role in the initial expeditions to the West [41]. In reality, all the above-stated motives likely played a part, if not in the initial Phoenician expeditions, then certainly in their later settlement in the West.



1.1. Historical Context


Archaeological evidence of Phoenician presence on the Iberian Peninsula dates from the 10th century BCE onwards, with early settlements in Huelva and (Gadir) Cádiz (Spain) during the 10th and 9th centuries BCE, and somewhat later, Portugal [32,33,42,43,44]. Phoenician expansion in modern-day Portugal relied on navigable routes along the coast and in the interior along the Guadiana, Sado, Tejo and Mondego rivers [33,42], as evidenced by littoral and estuarine sites like Castro Marim, Tavira, Setúbal, Lisbon, Quinta do Almaraz, and Alcáçova de Santarém, among others. The intensification of Eastern Mediterranean cultural inputs brought by the Phoenicians starting from 8th–7th c. BCE is referred to as “Orientalising”, characterised by the import of wine, red-slipped ware, textiles, Corinthian and Attic archaic pottery, alabaster vases, ostrich eggs and ivory, the introduction of urban planning, and the foundation of new settlements like Abul and Santa Olaia that assumed the role of commercial enclaves [33,45,46].



In the Portuguese interior, this process is somewhat delayed (late 7th/6th c. BCE onwards) and more selective compared to the coast, which is interpreted as the indigenous Iberian communities (re)negotiating their relationship with the Phoenician traders and settlers [34,47]. The difference between the coast and the interior is highlighted in the urban–rural dichotomy and consumption practices of Mediterranean goods. Whereas the littoral was becoming urbanised, the interior retained specific regional identities seen mainly in funerary practices and remained organised in small, open rural settlements [33,37,42]. In fact, early attempts to adopt Eastern Mediterranean architecture, evidenced by the construction in the late 9th c. BCE (radiocarbon dates) and later the destruction in the mid-8th c. BCE of the sanctuary on the acropolis of Castro dos Ratinhos (Moura, Portugal) [48], were quickly discarded and never revisited. Nevertheless, contact with the Phoenicians did not cease but instead focused on the procurement of luxury goods through, presumably, trade. Mediterranean goods in the interior are usually found in funerary contexts and mostly consist of adornments like beads, pendants, and amulets or other objects related to bodily care [34,37,46,49]. Of these, glass beads are easily the largest category, greatly surpassing their occurrence at coastal sites where they do not feature as part of funerary assemblages.



One of the notable examples of indigenous Iron Age sites in the Portuguese interior is Vinha das Caliças 4, an enclosure necropolis located close to the modern-day city of Beja (Alentejo, Portugal). Archaeological research on the site took place in 2008 and 2009 to minimize the impact of the waterworks construction linked to the Alqueva water dam [1]. The necropolis includes over forty inhumation burials and several associated structures completely or partially enclosing some of the burials. The rectangular structures consist of ditches dug into bedrock to form an enclosure around burials 45 and 46, with two adjacent partially closed areas containing burials 38 and 48, as well as several burials dug within the negative structures themselves [50]. Closest parallels to this type of structures are found in the region at sites like Carlota, Cinco Reis and Palhais [42,51,52], forming the loosely defined regional group of enclosure necropolises in the Lower Alentejo (Portugal). The material assemblage discovered in the necropolis includes local forms of hand-built pottery, wheel-thrown red-fired and grey-fired pottery, bronze elements of attire and jewellery, bronze and iron belt buckles, iron spears and knives, gold and silver rings, pendants and beads, and a multitude of faience and glass beads [50]. In fact, vitreous artefacts are among the most notable finds from Vinha das Caliças 4, with authors reporting at least 1200 finds, consisting of 794 glass beads, 6 scarab or scaraboid amulets, and ca. 400 Egyptian faience discoid beads [50]. Like in other Iron Age funerary sites in Southern Portugal, black-appearing beads feature prominently at Vinha das Caliças 4 [3,50]. However, black-appearing glass has not been the main focus of previous archaeometric studies of glass beads from the site [35,53]. This study therefore presents the first systematic scientific study of the phenomenon of black-appearing Iron Age glass from Portugal.




1.2. Black and Black-Appearing Glass


Black glass is a specific phenomenon since this colour is actually a result of an increased concentration of colourants which renders the glass of sufficient thickness black-appearing. The relationship between colourant concentration, glass thickness and transparency, as well as the lighting under which glass is observed can be summarized by Lambert–Beer Law:


I = I0exp(−εcd);








where I = transmitted intensity at a considered wavelength, I0 = the incident intensity at a considered wavelength, d = the thickness of the sample, c = the concentration of the colouring agent, and ε = the absorption coefficient [54]. In reality, hues of black-appearing glass are often reported as green, blue, purple, or brown when samples are observed under transmitted light or as thin layers [55,56,57], which can sometimes hinder the identification of black-appearing glass in the literature. However, even in the case of “black” glass, i.e., glass of non-perceivable hue, the colouring species are the same as those recorded for black-appearing/deeply coloured glass [55].



During the Late Bronze Age (LBA), dark or deeply coloured glass was produced by (usually) adding Mn, Co or Cu as a colourant [58,59]. A different colouring technology, not relying on high concentrations of any apparent element as a colourant is recorded somewhat later, from the 14th c. BCE [8,60,61]. Towards the end of LBA and in the early 1st millennium BCE the colouring technology of black glass appears to have switched to the preferential use of iron, as evidenced by finds from Pella (Jordan) [2], and early natron glass found in Italy [14,22], France, and Switzerland [1]. These early black natron glasses are considered a distinct compositional group due to their high iron and low lime contents and are interpreted as products of an experimental stage of natron glass production before the optimisation and later, standardisation of glassmaking recipes. Rather than being a separate ingredient, the high amount of iron was interpreted as the use of iron-rich sands which served as both the network former and the colouring agent [2,14,22]. Other notable types of black/deeply coloured Iron Age glass include a possibly small-scale Central European glass production using potash, as exemplified by black beads from Chotin (Slovakia) [14], and several locally produced natron glass beads from Sardis (Turkey) [21]. In all the mentioned cases, the colouring mechanism relies on varying amounts of iron. Alternative explanations of colouring technology to the standing theories of iron-rich sands acting both as a colourant and the vitrifier for Early Iron Age (EIA) black natron glass, including the use of hammerscale and iron welding, have recently been proposed for some darkly coloured iron-rich glasses from SE Europe [62].



During the Roman Imperial period, black-appearing glass was being produced on a large scale, with production technology changing through time and according to consumer demands. Four major groups of black Roman Imperial glass (1st–5th c. AD) defined on a large dataset from European and Mediterranean sites include (naturally) Fe-coloured plant-ash glass, Mn-coloured purple/black natron glass, Fe-coloured black natron glass, and an Fe-coloured black HIMT-like glass [56,57,63,64].



The phenomenon of black-appearing Iron Age glass in Portugal has so far mostly been covered from a typological and social perspective [3,34,37], with only a few samples subject to scientific analyses so far [35,53]. Current understanding of the Iron Age in Portugal distinguishes black glass beads as a geographically, chronologically, and contextually specific phenomenon [3,34,49], and may be summarised as follows:



Black-appearing glass in the IA context from Portugal occurs exclusively as beads, usually decorated with variations of eye motifs and their distribution is limited to the necropolises in Southern Portugal, namely the Algarve and Alentejo regions. A number of typological groups are documented, but the most common one includes beads decorated with “eye” motifs made by alternating layers of white and black, or sometimes, blue glass. The common decoration scheme for all groups of black-appearing glass is a high contrast between the darkly coloured body and the use of lightly coloured glass (usually white, and sometimes yellow) for the decoration patterns. Most assemblages can be dated to the 6th c. BCE, and their circulation does not seem to extend past the 5th c. BCE. Finally, unlike contemporary beads of other colours which appear in both funerary and non-funerary contexts, black-appearing beads are so far only known from funerary contexts, which could imply they held a specific symbolism in funerary dress.





2. Materials and Methods


2.1. Materials


The sample set comprised thirty-one “black” and white polychrome beads (Figure 1) from five female burials, randomly chosen among over one hundred and forty black-appearing beads. Burials 13, 40, 47, 48 were anthropologically sexed as female, while burial 27 was identified as archaeologically female on the basis of grave goods and funerary attire, which is in conformation with the current understanding of Iron Age funerary practices in the Portuguese interior [34,46,50,65]. Because of their delicate state, sample preparation procedures were omitted for the majority of the samples. Fragments of three samples from (VC-24, VC-110, VC-129) were mounted in resin and hand polished on a silicon carbide paper to remove altered glass layers and cleaned with distilled water in an ultrasonic bath for 5 min to dislodge any contaminating particles. The polished samples served as a control for the potential effects of leaching and/or glass corrosion on the results of the non-polished samples.




2.2. Methods


Analytical techniques were chosen in accordance with previously published studies of glass beads and other vitreous material from Vinha das Caliças 4 [35,53,66,67] to allow comparison with published results. The procedure included stereomicroscopical examination, micro-X-Ray diffraction (μ-XRD), variable pressure scanning electron microscopy with energy dispersive spectrometry (VP-SEM-EDS), and laser-ablation inductively coupled plasma-mass spectroscopy (LA-ICP-MS).



2.2.1. Optical Microscopy


Optical examination of the beads served to document the samples prior to analysis, assess the state of preservation, and identify characteristic signs of degradation and bead manufacture traces. All the samples were initially examined by a Leica M205C stereomicroscope (Leica Microsystems, Mannheim, Germany) mounted with a Leica MC170 HD camera (Leica Microsystems, Mannheim, Germany) for image acquisition. Samples were observed at different magnifications, ranging from 7.8× to 160×.




2.2.2. μ-XRD


All the samples were analysed with a Bruker™ D8 Discover® diffractometer (Bruker AXS GmbH, Karlsruhe, Germany), using a Cu Kα radiation source (40 kV, 40 mA), a Göebel mirror, a 1-mm collimator, and a LYNXEYE linear detector. Analysis conditions included a 2θ angular range of 3–75°, with a step size of 0.05° and a step time of 1 s. All analyses were carried out in micro configuration on black and white glass portions where observable. Crystalline phases were identified in DIFFRAC.SUITE.EVA® software (version 5.1) by search-matching the acquired patterns with those available in the Powder Diffraction File (PDF-2) X-ray patterns database of the International Centre for Diffraction Data.




2.2.3. VP-SEM-EDS


All samples were imaged in backscatter (BSE) mode with a Hitachi™ S3700N scanning electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan) in variable pressure (VP) mode. Elemental mapping and spectral data acquisition were performed using a QUANTAX EDS microanalysis system with a Bruker™ XFlash 630M EDS Detector® (Bruker Nano GmbH, Berlin, Germany). Analysis conditions for all samples included low vacuum (40 Pa), 20 kV accelerating voltage and a working distance of 9–13 mm. Spectral data were processed in Bruker™ ESPRIT compact software package (version 2.3.1.1019) using standardless quantification and the obtained compositions were calculated as normalised oxide wt. %.




2.2.4. LA-ICP-MS


All samples were analysed with an Agilent™ 8800 Triple Quad ICP-MS (Agilent Technologies Inc., Palo Alto, CA, USA) and a CETAC LSX-213 G2 + (Teledyne Technologies, Omaha, NE, USA) laser ablation system for micro-sampling and sample introduction. Laser ablation system conditions for the thirty-one samples are provided in Table 1. ICP-MS analysis conditions are given in Table 2. Analysis conditions, ICP-MS calibration, performance monitoring and post-processing followed earlier studies of vitreous material from Vinha das Caliças 4 [35,67]. System calibration was performed using the SRM NIST 610. The initial signal corresponding to surface layers was discarded to minimise the effect of glass alteration. Data processing was performed in the GLITTER® software (version 4.5), using the SRM NIST 610 as a primary reference material, and SiO2 concentrations detected by VP-SEM-EDS as the internal standard in archaeological samples. SRM NIST 610 was periodically analysed during each run. SRM NIST 612 was analysed following SRM NIST 610, and periodically after three to five archaeological samples (depending on whether one or two colours of glass were analysed for the archaeological sample) during each run as a quality control sample, for a total of 36 measurements. SRM NIST 610 and SRM NIST 612 results, including average concentrations, standard deviations, accuracy (RD%), and precision (RSD%) are reported in Table S1 (Supplementary Information). Minimum detection limits (DL) calculated in the GLITTER® software for the analysed SRM varied between 62 and 0.01 ppm for major elements, and 0.001 and 3.42 ppm for trace elements. The full list of associated DL estimates for SRM NIST 610 and SRM NIST 612 are available in Table S1.



Three to four spots were analysed on each archaeological sample, depending on surface morphology, and the results averaged for each sample. Although white glass decorations were analysed wherever they visually appeared reasonably preserved, analyses of samples VC-24w, VC30w, VC-36w, VC-39w, VC-45w, VC-47w, VC-64w, VC-67w, VC-112w, VC-115w, VC-132w, VC142w are considered non-reproducible because of extensive alteration and high heterogeneity (RSD > 33%) for repeated measurements and are therefore excluded from consideration. For all other obtained results presented in Section 3 and Results and Discussion, Cl, S, and P measured by EDS were added, and the total composition of all elements was normalised to 100.






3. Results and Discussion


3.1. Typology and Bead Manufacture


3.1.1. Typology


Three distinct types of beads, according to the decoration, were identified among the studied set, as well as several examples (VC-11, VC-81, VC-118) which do not fit in the general typology observed on the site, or for black-appearing beads in general [3]. In the remainder of the text, these samples are referred to as “other beads”.



The first and most numerous 3 type is represented by thirteen (VC-16, VC-46, VC47, VC-48, VC-51, VC-64, VC-67, VC-77, VC-109, VC-112, VC-123, VC-132) small beads (d < 14 mm) with one or more wavy lines along the circumference of the bead. This type of beads is actually considered a rare occurrence among black-appearing beads in Portugal [3], and their abundance at Vinha das Caliças 4 is an interesting exception.



Typical “eye” beads are less represented in the necropolis assemblage 4, in stark contrast to other sites with black-appearing beads [3]. They are represented by six beads (VC-24, VC-30, VC-94, VC-95, VC97, VC-129), both as large (d > 14 mm) and small (d < 14 mm) beads 5. Furthermore, fragments of the large “eye” bead VC-24 clearly show that the bead originally had the eye decoration organised in two rows along the bead circumference, which is a variation observed in other black-appearing bead assemblages from Portugal [3]. Following a recently proposed typological classification for Iron Age “eye” beads in Southern Portugal [49], these beads belong to F. Gomes’ Group 1: Annular beads, Sub-Variant 1.b.1.b: “‘Black’ matrix with white and ‘black’ eyes”, and Group 2: Spherical Beads, Sub-Variant 2.c.1.b: “‘Black’ matrix with white and ‘black’ eyes”. In this study, “eye” beads are not split into further types since the basic motif, and to an extent, the manufacturing technique (see below), remain the same.



The third type is represented by nine (VC-26, VC-28, VC-36, VC-39, VC-45, VC-96, VC-110, VC-115, VC142) small (d < 14 mm) beads with a spiral or “pseudo-eye” ornamentation made by looping or trailing a single strand of glass paste around the perforation to create three interconnected eye motifs. This type of bead constitutes a significant number of black-appearing beads from the site 6. This type is not specifically reported for other Portuguese sites [3], nor does it match the descriptions for other published black Iron Age glass [14,22]. Other occurrences of this type of glass beads explicitly mentioned either for Portugal or other regions have not been found in the literature.



Finally, samples VC-11 and VC-81 do not present features typical of black-appearing beads. The remains of white glass on bead VC-11 suggest two circular decorations, possibly “eyes” were added to the body. Due to the brown-and-black streaked appearance of the body, the bead was classified as black-appearing. Sample VC-81 has no discernible decorations, and is tentatively classified as a black-appearing bead because of the similarity of the light alteration layer to those observed on other black-appearing beads.




3.1.2. Bead Manufacture


Optical microscopy of the beads revealed traces characteristic of wire-winding, including spherical bubbles in sections of fragmented beads (Figure 2 centre), asymmetric profiles (e.g., VC-48 in Figure 1), and glass trails around perforation edges (Figure 2, left). Bubbles in glass result from gasses being trapped in the solidifying melt and their shape can be indicative of the way glass was stretched during the working stage. Spherical bubbles in bead cross-section, therefore, evidence that the gather was wound around the mandrel, as opposed to elongated bubbles observable in drawn beads, or glass vessels [68,69]. A large discontinuity in the perforation wall, arising from an incomplete attachment of the viscous glass coils during winding [70], was also observed in sample VC-110 (Figure 2, right). Glass trails, another feature highly indicative of bead winding [70,71], were noted in several examples (Figure 2, left, right). The white decorations on the beads were applied on the viscous bead core, either by one or more continuous motions in the case of beads with waved line decorations and beads with a triple spiral motif (Figure 2, right), or by superimposing layers of white and black glass in the case of eye beads (VC-24, VC-94, VC95, VC-97, VC-129), with the exception of uneven white decoration on sample VC-30 which appears to have been made by directly drawing the eye motif with white glass in the bead body instead of layering different colours. In some cases (VC-95, VC-97), layers of white glass in the eye beads were not preserved, leading to the detachment of the superimposed layers of the eye decoration and lending the beads a triangular prismatic appearance. Based on the observed traces, all the analysed black-appearing beads can be classified as wire-wound beads, made by winding viscous glass around a mandrel, similar to modern-day lampworking, which is a well-documented technique on prehistoric glass beads [62,71,72,73,74].





3.2. State of Preservation


Macro- and microscopic evidence of degradation such as surface porosity, surface damage, fracturing, iridescence, and the formation of discoloured dealkalinised layers (Figure 3, left), was observed to some extent in all the studied beads. White glass decorations appear to be more susceptible to degradation than black glass and are completely absent in some beads (VC-95, VC-96). A surface layer of altered glass resulting from alkali leaching [75,76,77] was noted in practically all samples. The colour of this layer is highly variable among the beads and covers a range of colours ranging from white to blue-grey, hindering accurate description of the true hue of black-appearing glass. Altered layers are extremely brittle and detached easily during handling, which, in conjunction with the characteristic typology of the samples, allowed for their identification as black, or black-appearing beads since in many cases it exposed the underlying glass bulk. VP-SEM-EDS observations of the beads further highlighted the extent of degradation (Figure 3). The surface of the beads is covered by a silica-rich, dealkalinised layer covering both the black-appearing and white glasses, which occasionally made the identification of glass colours by VP-SEM-EDS challenging because of the lack of contrast. In the areas where this surface layer is detached, different colours of glass were easily identified due to the high BSE contrast arising from the presence of opacifier crystals in the white glass. These exposed areas are marked by an irregular texture with a reticulate network of ridges, cracks, especially on the borders of different glass colours, and collapsed bubbles, often filled with organic detritus (Figure 3, right).



Overall low Na2O values detected by EDS in non-polished samples (<0.1–16.2 wt. %, avg. 1.7, Table S2—Supplementary Information), coupled with a relative enrichment in silica (15.2–86.2 wt. %, avg. 73.4) are clearly indicative of extensive degradation. Such an extent of alteration was not observed on previously studied blue, turquoise, white, colourless and yellow glass from the site [35], suggesting the apparent chemical instability of black-appearing beads might arise from a significant compositional difference compared to previously analysed beads from Vinha das Caliças 4. A possible relationship between the chemical composition and colour of the studied beads and their susceptibility to aqueous attack is further discussed in Section 3.3. Considering the surface-sensitive nature of EDS analysis and the impossibility of mounting and polishing all of the samples, LA-ICP-MS proved to be a crucial technique for accurate study of major and minor (Table 3), as well as the trace element composition due to the possibility of sampling the pristine glass by laser ablation. Even so, eight samples of white glass (VC-16w, VC-26w, VC-28w, VC-77w, VC-109w, VC-110w, VC-123w, VC-141w,) were found to be extremely leached (Na2O + K2O < 1.5 wt. %) and should be considered with caution when mentioned in further discussion.




3.3. Glassmaking Technology


3.3.1. Fluxing Agent


Major glassmaking technologies are defined on the basis of the fluxing agent used, namely a mineral soda source (generally agreed to have been natron) which does not contribute to the MgO and K2O content of the glass, halophytic plant ash which results in high MgO content, wood-ash glass which results in high K2O and MgO, and low Na2O, and the use of “mixed alkali” flux typical of European LBA glassmaking technology resulting in (relatively) high K2O and low MgO [78]. Although MgO and K2O values detected on bead surface by VP-SEM-EDS range from <0.1 wt. % to 3.5 wt. % and from <0.1 wt. % to 1.5 wt. % for MgO and K2O, respectively (Table S2), low concentrations of these oxides (<0.6 wt. % MgO, <0.9 wt. % K2O) in the glass bulk detected by LA-ICP-MS suggest all samples could be classified as natron glass or mineral-soda lime glass if the effects of leaching and surface contamination are considered. Oxide concentrations detected by VP-SEM-EDS in polished samples VC-24, VC-110, and VC-129 (Table S2—Supplementary Information) confirm this conclusion as their alkali values, aside from sample VC-24w, fall well within the natron glass range. When measurements of the glass bulk by LA-ICP-MS are considered, the effect of leaching tends to be less pronounced in black-appearing glass (14.3–17.8 wt. % Na2O) compared to white glass decorations (<0.1–16.9 wt. % Na2O) which tend to have low alkali contents even when sampled by laser ablation (Table 3). A ternary diagram of Na2O–MgO + K2O–CaO [78], as well as a typically high alkali ratio (<0.95) [79], illustrate that all relatively preserved (Na2O + MgO + K2O > 10 wt. %) samples can be characterized as mineral soda-lime-silica glass, or natron glass (Figure 4), which is in accordance with the current understanding of Iron Age glass exchange in the Western Mediterranean [12,35,36,53,80].




3.3.2. Network Former


The main source of silica (SiO2) used as the network former in soda-lime-silica glass is quartz, added either in the form of (crushed) pebbles or as sufficiently pure quartz-rich sand. To a lesser extent, both Ti and Al may substitute for Si in the crystalline structure of quartz, but their content in glass is usually taken as an indicator of mineral impurities such as feldspars, clays, pyroxene, rutile and Fe-Ti oxides [81]. Alumina in particular is indicative of silica purity since it is highly abundant in sand deposits as the clay fraction. All the analysed samples from Vinha das Caliças 4 exhibit low Al2O3 values (0.33–1.2 wt. %) as well as low TiO2 (0.06–0.21 wt. %). Low amounts of these oxides related to mineral impurities in sand suggest the use of a highly pure silica source.



Until recently, low-Al (<1.5 t.%) natron glass has mostly been reported sporadically [1,9,22,25,82,83]. Notable datasets which identify low-Al glass as a characteristic compositional group include some Hellenistic vessels from the 3rd c. BCE votive deposit at Satricum (group “Satricum A”) [20], 2nd c. BCE Mediterranean III vessels from Italy [13], data on Iron Age glass beads from Slovenia, Croatia, and Bosnia and Herzegovina [62], and some translucent Hallstatt period glass beads from Poland [25]. Other notable sets in the Mediterranean include Early Iron Age (EIA) natron glass from South Italy [22], Iron Age glass from Mallorca (Spain) [12], and black-appearing glass from Carthage (Tunisia) [80]. Although later in date, the Egyptian 1 (Eg 1) group of Celtic glass also displays similar alumina content [17]. The similarity of the silica source used for the production of black-appearing glass beads from Vinha das Caliças 4 to other 1st millennium BCE low-Al glass is illustrated in Figure 5. Titania and alumina ratios of the studied beads show a good overlap with low-Al natron glass from SE Europe [62], black glass from Carthage (Tunisia) [80], and S Italy [22,84]. Drastically higher titania–silica and lower alumina–silica ratios for low-Al glass indicate that this type was made with a silica source different from the alumina-rich sand used for the production of high-Al Mediterranean Group II core-formed glass vessels from Satricum (Satricum B and C) (Italy) [20] and Mediterranean Group I and II vessels from Adria (Italy) [13], as well as Iron Age glass beads of Levantine origin from Vinha das Caliças 4 (Portugal) [35] and Mallorca (Spain) [12] (Figure 5A). The studied samples also differ in titania–silica–alumina ratios from EIA black glass from Italy [14,22,84], which groups closer to low-Al natron glass from Son Mas (Mallorca, Spain), low-Al Mediterranean Group II glass vessels from Satricum (Italy) [20], and Mediterranean Group III vessels from Adria (Italy) [13]. Although visually similar to the high-Fe EIA black glass representative of early natron glass production [1,2,14,22], black-appearing beads from Vinha das Caliças 4 are characterised both by the use of a purer silica source, and lower amounts of iron, comparable to the black glass from Carthage [80] (Figure 5B).



Regarding the nature of the network former, i.e., the use of high-purity sand or pure quartz, the heightened Zr content (29.1–334 ppm, avg. 138 ppm) of both black-appearing samples and white glass decorations could point to the use of sand, since Zr is often concentrated as zircon accessories in the heavy mineral fraction [81,85]. Similarly high Zr contents were detected in low-Al-high-Zr natron glass from SE Europe [62], and EIA (high-Zr) natron glass from Italy (FM4inc, AM1g, SN37t, SN35t, SN38t, NS32g, SN4t, SN7t, SN9g, SN3inc, SN33a, CA13inc) [22,84], with authors interpreting these values as indicative of the use sand [62], specifically of mature sands rich in quartz and zircon in the case of Italian samples [22,84], as opposed to pure quartz.



Nevertheless, it is important to stress that glasses known to have been made with sand, such as Hellenistic or Roman glass, commonly contain higher Al2O3 concentrations (>2 wt. %) and TiO2 in variable amounts (0.05–0.5 wt. %) [9,13,56,63,64,69,86]. On the other hand, investigations of potential European glassmaking sands used in antiquity identified the deposits in Puglia (SE Italy) as sand suitable for glassmaking, with low Al2O3 content (1.1 wt. %) [81,87,88]. The possibility that pre-Roman glass was produced in Italy using local, low-Al sand has been proposed, but remains unconfirmed so far [20]. Earlier analyses of low-Al (<1 wt. % Al2O3) glassmaking sands exist for Egyptian deposits, notably the deposits at Achmounein (Tel el Ashmunein) and Alexandria [89], but the lack of trace element data precludes a more detailed comparison.




3.3.3. Stabilizer


In soda-lime-silica glass, calcium oxide is introduced to natron glass as calcite or shell impurities in the sand or as an intentionally added fraction. CaO values for the polished samples analysed by VP-SEM-EDS (7.8–9.9 wt. %), and the LA-ICP-MS data (1.9–10.0 wt. %, avg. 7.0 wt. %) fall within the typical range for Iron Age soda-lime-silica glass (Figure 6A) [12,13,14,20,22,35,62,80,84], with the exception of low CaO samples VC-16w (1.89 wt. %) and VC-110w (3.35 wt. %). The low levels of lime detected in these two samples could be related to their state of preservation. Although CaO values are within the expected range for natron glass, low MgO and Al2O3 concentrations result in overall lower stabilizer content of the studied samples as opposed to high-Al natron glass. The resulting relative depletion of stabilizing ions in the studied samples might explain the chemical susceptibility of black-appearing beads as opposed to other colours reported for the site [35]. Alumina substitutes for SiO2 in the glass network, increasing the chemical durability, surface hardness, and mechanical endurance of glass [90]. While alumina content of black-appearing beads is lower than in the previously analysed samples from the site [35], their lime contents are comparable, meaning that the black-appearing beads are overall depleted in oxides which are known to increase the chemical durability of glass, mainly CaO* (avg. 7.66 wt. %), MgO* (avg. 0.45 wt. %) and Al2O3* (avg. 0.64 wt. %). The low alumina in black-appearing beads from Vinha das Caliças 4 could therefore have contributed to the mechanism which rendered these beads prone to chemical attack [35]. A further argument in favour of this explanation could be the fact that white glass with lower FeO* (avg. 0.71 wt. %) appears more degraded than the black glass body in which the higher concentration of iron (avg. 4.09 wt. % FeO*) assumes the dual role of colourant and stabilizer [2]. A similar mechanism was previously argued for the precipitation of a corrosion layer on the bead surface of low-Al HMG glass from Świbie (Poland) [25].



Because calcium oxide can derive from various raw materials, a further examination of Ca-associated trace elements can offer insight into the nature of the stabilizer used. CaO/Sr ratios have been used as indicators of the source of lime [13,14,15,35,91] and, to an extent, as a discriminant between the use of coastal (mollusc-rich) or inland (mollusc-poor) silica sources since Sr in seawater is continuously incorporated into mollusc shells and aquatic microorganisms through biomineralization [92,93,94]. Low Sr values (<200 ppm) are associated with early Islamic (8th–9th c. AD) primary glass reworking at Tel el Ashmunein, Egypt, while high values (>300 ppm) are reported for Byzantine (6th–8th c. AD) primary production at Bet Eli’ezer and Bet She’an on the Levantine coast [91]. CaO/Sr ratios calculated for potential raw materials show that low ratios (212) can be expected if marine carbonates were present in the batch, and high ratios (870) if limestone is used as a stabilizer [94]. Consequently, low CaO/Sr ratios (<200) have been interpreted in the literature as evidence for the presence of fresh seashells in the glass batch (either added or present in coastal sand), whereas high CaO/Sr ratios (>600) are considered indicative of the use of inland deposits containing diagenetically altered limestone as a stabilizer [35,91,94]. Calculated CaO/Sr ratios for the analysed black (241–453, avg. 321) and white glass samples (263–652, avg. 385), are overall higher than those previously reported for the Levantine glass from Vinha das Caliças 4 (161–215, avg. 189) [35], indicating the use of a different stabilizer type (Figure 6B), unlikely to have been sourced in coastal areas. Comparative datasets displaying similar behaviour of CaO/Sr ratios in Figure 6B include early natron glass from South Italy, interpreted as possible use of diagenetically altered shells [22], low-Al glass from SE Europe [62], and Mediterranean group III vessels from Adria (Italy) [13], thought to have been made with continental sand.





3.4. Colouring Technology


Compositional data for the analysed samples also allowed for the characterisation of the colouring technology employed in the production of black-appearing bead bodies and white glass decorations.



Thirty black-appearing glass samples can be characterised as Fe-coloured black-appearing glass since they feature heightened FeO concentrations (2.21–7.58 wt. %) relative to other colourants (Figure 7A). Notable amounts of Sb2O3 were detected in samples VC-24bl, VC-30bl, VC51bl, VC-94bl, VC-95bl, VC-96bl, VC-97bl, VC-129bl, and of PbO in samples VC-51bl, VC-95bl, VC-109bl, VC-115bl, VC-118bl and VC-129bl. One of the beads identified as a black-appearing bead during the visual examination, VC-81, is better characterised as Cu-Co blue, containing 0.68 wt. % CuO and 0.04 wt. % CoO, as well as low FeO (0.48 wt. %). Coupled with low Al2O3 content, the composition of sample VC-81 is drastically different from previously studied blue beads of Levantine origin from the site [35], indicating both a different glassmaking recipe and colouring technology employed in its production.



The white colour of the bead decorations was achieved through the addition of a high amount of antimony relative to other colouring species (Figure 7B) and the formation of calcium antimonate opacifiers in the matrix. Exceptionally, the white colour of the decoration in the bead VC-26 was achieved by incorporating gaseous bubbles in the glass matrix. Iron-coloured back-appearing and antimonate-coloured white glass are further discussed below.



3.4.1. Black-Appearing Glass


Although glassmaking sands usually contain some naturally present iron, iron-rich sands might have intentionally been chosen for the production of EIA black glass [14]. In the black-appearing glass beads of Vinha das Caliças 4, the iron content is higher than other non-black low-Al glass, suggesting iron was intentionally added as a colourant (Figure 5B). FeO-Al2O3 and FeO-TiO2 ratios (>2.4 and >18, respectively) are high and there is no strong correlation between iron and titania (R2 = −0.28) or alumina (R2 = −0.2), further illustrating that an iron-rich colourant might have been intentionally added to the base glass from Vinha das Caliças 4.



The results of mineralogical and textural analysis of the black-appearing glass offer additional evidence for the intentional use of iron-based colourants. Analysis by μ-XRD revealed a single case of magnetite (Fe3O4) in the sample VC-67bl (Figure 8, Table S3—Supplementary Information), most likely corresponding to the iron inclusion observed by VP-SEM-EDS in the same sample (Figure 9A). Virtually identical inclusions of dendritic iron oxide were observed in the black-appearing samples VC-110bl, VC-129bl, and VC132bl, (Figure 9). EDS analysis of these inclusions showed they are composed of iron oxide. Their composition and morphology match the iron inclusions observed in black glass beads from the Tophet in Carthage (Tunisia) which have been interpreted as magnetite in the form of iron slags added to imported glass to produce the characteristic black colour [80]. Similar technology was likely employed to obtain the black-appearing colouration of the beads from Vinah das Caliças 4.



Moreover, four distinct colourant groups of black-appearing glass can be distinguished based on their iron contents, and Fe-associated elements like Al, Sb, Mn, Pb, and Ba (Figure 10, Table S4—Supplementary Information), suggesting a link between bead typology and colouring technology. Elevated concentrations of (de)colourant-related transition metals like Mn, Cu, Sn, Sb, and Pb can be indicative of the mixing (or recycling) of different glasses. These practices are well documented for Roman glass and the early medieval period [81,85,95,96,97,98] but less understood for periods prior to the Late Iron Age, when glassworking and the import of raw glass became a widespread phenomenon throughout Europe [17,18]. For Roman glass, intermediate amounts (ca. 100–1000 ppm) of colourant-related transition metals are taken as indicators of recycling or mixing or raw glass [95]. Aside from elevated concentrations, highly variable concentrations of transition metals can also be an indicator of glass mixing [98]. On the other hand, very high levels of transition metals in glass (>1000 ppm) are usually considered to result from intentional addition, rather than mixing and recycling of different glasses [81,85]. Discrete ranges of Sb, Mn, Ba, and Pb in the observed colourant groups (Figure 10, Table S4—Supplementary Information) suggest that the compositions of the four colourant groups result primarily from different colouring processes, rather than glass mixing or recycling. A notable exception would be the colourant Group 4, whose elevated and variable Mn and Sb content could suggest the mixing of different types of glass, in conjunction with the addition of a specific ingredient imparting high Pb and Ba to the final product. In this case, attempting to understand the final composition of each colourant group by looking at some element-specific associations could illuminate particular aspects of the chaines opératoires resulting in each of the black-appearing groups.



Group 1—high-Mn-Fe “black”—is represented by twelve samples. All beads of this group are beads with white decorations in a wavy line pattern. This group is characterised by a high FeO/Al2O3 ratio (8.24) and high FeO (avg. 4.27 wt. %). Mn content of this group is the highest among the analysed black-appearing beads (avg. 518 ppm), and these twelve samples also have an overall low Ba content (avg. 50.7 ppm). The lack of a strong Ba-Mn correlation (R2 = 0.24) excludes the possibility that these two elements originate from the same ingredient. On the other hand, the Fe-Mn correlation is strong (R2 = 0.58), suggesting at least some of the Mn in this group was introduced with the colourant. While MnO can be used to produce dark purple “black” glass, the reported contents for Roman Mn-black glass are much higher (>2 wt. %) than those detected in Group 1 [56,63,64]. Elevated Mn of Group 1 could also be explained by the use of manganese as a decolourant for the base glass prior to the addition of an iron-based colourant [99]. Although the use of Mn as a decolourant can be traced back to the Late Bronze Age glassmaking tradition [60], Mn-decolourised glass was rare prior to the Hellenistic period (5th c. BCE–1st c. BCE) [99]. Nonetheless, given the high Mn concentration, significantly above the ~200 ppm cutoff value for Mn-decolourised glass reported in the literature [99], and the lack of Ba-Mn correlation which would have suggested its addition as impurities in the silica source, it seems that the black-appearing glass of Group 1 could have been made by adding a colourant to a previously Mn-decolourised glass. The low alumina values and high FeO/Al2O3 ratio of the samples included in this group also point to the use of a silica source with a very limited amount of impurities. FeO shows a strong positive correlation with both Co (R2 = 0.64) and Mn (R2 = 0.58), which is a relationship characteristic of magnetite, and likely reflects its addition to the glass [100,101].



Group 2—mid-Mn-Fe “black”—consists of beads with “pseudo-eyes” made by looping a single strand of white glass. Alumina content of Group 2 is the highest of the black-appearing groups (Table 4), and when coupled with the generically elevated titania values (Table 4) and the low FeO/Al2O3 ratio (3.35) of these samples, could suggest the use of a comparatively less pure silica source in their manufacture. Ba is elevated in all the samples, in the 100–200 ppm range (avg. 129 ppm), while Mn is slightly higher (avg. 246.41), but comparable to Ba. Both elements are positively correlated (R2 = 0.55), suggesting they were introduced with the same raw material, most likely as sand impurities. Based on iron and manganese concentrations, Group 2 can further be split into 2 subgroups: (a) low iron subgroup (FeO < 3 wt. %, Mn < 220 ppm), and (b) high iron subgroup (FeO > 3 wt. %, Mn > 260 ppm) (Figure 10B).



Group 3—high-Sb-Fe “black”—is comprised of “eye” beads. Like Group 1, this group has a high FeO/Al2O3 ratio (11.2), and the iron content is slightly higher (5.64 wt. %) than that of the other groups. The Sb content of this group is very high (724–7311 ppm), meaning that it was most likely either a component deliberately added to the base glass, or an impurity in the colourant [56,64,81]. Ba and Mn levels are the lowest of all the groups (avg. 31.8 and 120 ppm, respectively). Both elements are strongly positively correlated (R2 = 0.67). Coupled with their low concentrations, they could have been introduced as impurities naturally present in the silica source. Similar Mn, Ba, and Sb concentrations to those of Group 3 (“eye beads”) are reported for Fe-Co blue and colourless or weakly coloured low Al natron glass from Southeast European contexts [62], which could imply Group 3 was made by adding an iron colourant to the same base glass. It is also interesting to note that the low-Al samples Lj3b (Ljubač, Croatia) and SM66b (Sanski Most, Bosnia and Herzegovina), which exhibit FeO concentrations comparable to Group 3, are also “eye beads”, although their hue is listed as blue [62]. Co concentrations of these two samples, as well as of Group 3 samples are low (<53 ppm), and it is not clear what part they play in the colouring mechanism given the high amount of iron. It is worth noting that the Co and Ni contents of Group 3 are on average higher than that of the other black-appearing Groups (Table S4—Supplementary Information), which could imply Group 3 glass was originally coloured with a Co-bearing ingredient. While Co is a strong glass colourant known to impart a blue hue in concentrations as low as ~40 ppm [102,103], the polished fragments of samples VC-24bl and VC-129bl exhibit a green hue under transmitted light. Taking the high Sb content of both the low Al glass from SE Europe and the black-appearing Group 3 eye beads into account, it could be posited that this base glass was deliberately decoloured and later coloured with an iron-based colourant, either in different workshops across the Mediterranean, or somewhere in the glassmaking region. Alternatively, the elevated Co content could result from the use of a specific type of iron, such as magnetite, which can incorporate transition metals including Ti, Cr, Mn, Co, Ni and Zn [100,101]. In fact, Co-enriched iron particles interpreted as naturally present impurities in sand were documented in Egyptian faience beads from Vinha das Caliças 4 [67]. The use of Sb as a decolourant in natron glass is attested throughout the 1st millennium BCE [8,15,17,25,99,104,105,106], and is, in fact, documented in the contemporary colourless beads of Levantine origin from Vinha das Caliças 4 [35]. In this case, both Groups 1 (beads with wavy line decorations) and 3 (“eye” beads) might have been made using decolourised glass coming from (presumably) at least two workshops relying on starkly different decolourants.



Group 4—high-Pb-Ba “black”—includes samples VC-51bl, VC-96bl, VC-109bl, and VC-115bl. Represented types include beads with a wavy pattern and beads with “pseudo-eyes”. The group is not easily defined because of its highly heterogeneous compositions. This group has the lowest iron content (2.71 wt. %) and the FeO/Al2O3 ratio is low (3.87). However, compared to other colourant groups, Group 4 exhibits the highest Pb (722–2828 ppm) and Ba (861–115,586 ppm) contents, intermediate Mn (avg. 161 ppm), overall low FeO (2.71 wt. %), and variable Sb (126–11,385 ppm) levels. Samples VC-51bl, VC-109bl and VC-115bl also contain heightened levels of Zn (61.4–118 ppm). Extremely high Ba and Pb concentrations are probably a result of the intentional addition of the colourant, rather than the result of glass mixing. Ba and Mn are weakly negatively correlated (R2 = −0.15), excluding the possibility that their concentrations result from the same ingredient. Sample VC-118 can also be considered within this group due to its similar Pb and Ba content, as well as trace and REE behaviour patterns. However, it is important to note that the Mn (282 ppm) and FeO (3.7 wt. %) levels of VC-118bl are somewhat higher compared to the rest of the Group 4 samples. Although heterogeneous, Group 4 stands out as particularly interesting due to its unusual composition. Comparable barium levels in Iron Age natron glass have seemingly only been recorded in black-appearing glass from Carthage Tophet [80], but were mostly found in the altered glass matrix of small, highly crystalline dark beads (glass type C) and correspond to the lower Ba range (>2000 ppm) of colourant Group 4. Since trace element data are not available for an in-depth comparison, highlighting some high-Pb samples (5588A, 6939A, 5598A, 3187A, 3187B, 3187C) can be used to establish another compositional parallel between the Carthage samples and the colourant Group 4 of black-appearing glass from Vinha das Caliças 4. Barite inclusions were not observed by VP-SEM-EDS in the analysed samples and no Ba-containing inclusions were present in the LA-ICP-MS signal curve of the Group 4 samples, excluding the possibility that the Group 4 is an artefact resulting from sample heterogeneity. Similarly, to the interpretation of the local colouring and manufacture for the black-appearing glass from Carthage, group 4 black-appearing glass from Vinha das Caliças 4 could represent a (so far) small-scale manufacture(s) reliant on mixing of available glass and colouring it with locally available colourants. The relationship between Ba, Pb, and Zn in Group 4 could, for instance, be indicative of the addition of lead slags to the glass. Lead slags are known to contain iron, barium, and zinc [57], and are usually associated with silver extraction [41,107,108,109]. Their use has been documented in the production of medieval lead glass [107,109,110], including high-Ba Umayyad (mid-8th c. CE–818 CE) lead glass from Šaqunda (Cordoba, Spain) which was linked to the use of lead slags from silver-mining operations at Villanueva del Duque mines (Spain) by Pb isotope analysis [107]. Although there is a significant chronological and technological difference between medieval lead glass and Iron Age soda lime silica glass, silver extraction from Iberian lead ores has been confirmed as far back as the Iron Age [41,111], raising the possibility of waste material associated with Phoenician metallurgical activities like those attested in Carthage [112] being added, accidentally or on purpose, during secondary glass reworking.



Sample VC-11bl can be considered an outlier as it exhibits low levels of Ba, Mn, Pb, and Zn, similar to Group 3, but its low Sb content and somewhat lower FeO (3.3 wt. %) set it apart as a potentially fifth colourant.




3.4.2. White Glass


The white colour of the decorations was achieved predominantly by the addition of calcium antimonate acting as both colourant and opacifier, with Sb2O3 showing a wide range of values (1.4–10.6 wt. %) and corresponding to the relative amount of opacifiers observed in the glass texture (Figure 11). A single exception among the white decorations is sample VC-26w, in which the white appearance of the decoration was achieved by gaseous bubbles (Figure 12) in the glass matrix rather than the addition of antimonate opacifiers (<30 ppm Sb2O3). Unlike the black-appearing glass, different compositional groups cannot confidently be defined for the white glass due to the limited dataset and extensive leaching. Reproducible measurements by LA-ICP-MS were only obtained for thirteen white glass samples (VC-11w, VC-16w, VC-26w, VC-28w, VC-46w, VC-48w, VC-51w, VC-77w, VC-109w, VC-110w, VC-129w, VC-141w), and only five samples (VC-11w, VC-46w, VC-48w, VC-51w, VC-129w) were reasonably well preserved (Na2O > 14 wt. %).



Calcium antimonate (CaSb2O6) was identified by μ-XRD in seventeen samples, primarily in white glass decorations (VC-16w, VC-24w, VC-30w, VC-46w, VC-47w, VC-48w, VC-51w, VC-94w, VC-112w, VC-115w, VC-123w, VC-129w, VC-132w) (Figure 13, Table S3—Supplementary Information). The few instances of the characteristic XRD patterns observed in black glass samples (VC-16bl, VC24bl, VC-123bl, VC-129bl) likely represent surface contamination during handling, since antimonate crystals were not observed in the texture of black glass (Figure 9). The textures of antimonate-opacified white glass samples are characterised by a homogenous distribution of opacifiers in the matrix. However, unlike the Levantine opaque glass from the site [35], the size distribution and morphology of individual aggregates in white glass of black-appearing beads could testify to a different opacification technique. Several works have suggested that the aggregate morphology of calcium antimonate can be used as an indicator of the opacification technique [35,113,114]. Elongated crystal aggregates documented in white glass decorations are reminiscent of rosary-shaped aggregates documented in Late Antique Roman white glass [115] linked to an ex-situ opacification technique, i.e., the addition of previously synthesised antimonate to the glass. In line with the experimental studies of opacifier aggregate morphology [114], it could be argued that the elongated aggregates documented in the white decorations of black-appearing beads suggest an ex-situ opacification technique in which the previously synthesised opacifiers were added to the base glass, like in the 18th dynasty Egyptian (HMG) glass [113]. On the other hand, there does not appear to be a firm consensus on the link between aggregate morphology and the opacification technique so far [113,114,115,116,117]. It is also important to note that the current understanding between opacifier morphology and the opacification technique results from a relatively small number of targeted studies [113,114,115,116,117] which necessarily abstract the variability of actual conditions and materials used by ancient glassmakers.



All the samples contained exclusively hexagonal calcium antimonate (CaSb2O6) as opposed to the combination of hexagonal and orthorhombic (Ca2Sb2O7) calcium antimonate. The singular presence of hexagonal calcium antimonate detected by μ-XRD stands in stark contrast to previously analysed opaque (Levantine) glasses from the site [35,53], further illustrating different technological conditions, possibly involving a relatively short, high-temperature regime [115].





3.5. Silica Sources


Aside from common sand impurities like alumina, trace elements related to accessory minerals in the silica source are indispensable for an in-depth characterisation of raw materials and understanding their provenance. In particular, trace elements related to heavy-mineral present in glassmaking sands are considered good discriminants of Egyptian vs. Levantine/Syro-Palestinian silica sources [12,15,17,18,35,118]. The zirconium content of the glass is thought to be a good indicator of the geological provenance of the silica source, regardless of whether the glassmaking technology relied on the use of pure quartz [119], or quartz sand as the source of network former [12,18,22,35]. Elements which substitute for Zr in zircons, like Nd or Hf, are also useful in silica provenancing [20]. Many natron glasses dating from the Iron Age to the late Antiquity/Early Medieval period show a remarkable similarity in their trace element patterns. Low Zr and high Sr and Ba values in natron glass are typically interpreted as originating in the Levantine region, based on the analyses of sand from the Belus River [81] and Levantine raw glass from Bet Eli’ezer and Apollonia [120]. On the other hand, glass from the 8th–9th c. CE Egyptian workshop at Tell-el-Ashmounein [120], as well as Celtic, Roman and Islamic natron glasses of Egyptian origin, are typically characterised by high Zr and low Sr contents [17,69,121]. Other trace elements mostly introduced to the glass through silica sources include Ti, V, Rb, Y, Ba, REE, Ta, Th, and, to an extent, U [81,85]. While Sr is more closely influenced by the stabilizer, rather than silica, it is considered among trace elements indicative of silica sources in this study because lime could have been naturally present in the glassmaking sand.



Trace element patterns of the analysed glass from Vinha das Caliças 4 normalised to the composition of the Upper Continental Crust [122] are illustrated in Figure 14. The samples are divided according to similar trace element behaviour into “high Sr”, “high Zr”, “low Zr”, “high Sr-Ba”, and “high Ba” groups, based on the most noticeable difference in Sr-Ba-Zr relationship (Figure 14).



Samples VC-16bl, VC-24bl, VC-46bl, VC-47bl, VC-48bl, VC-67bl, VC-77bl, VC-112bl, VC-123bl, VC-129bl, VC-132bl, and VC-141bl (“high Sr”) present a relatively uniform trace and REE pattern group characterised by elevated Sr (avg. 235 ppm) in relation to Zr (avg. 91.2 ppm), low Ba (avg. 47.7 ppm) and Cr (avg. 10.7 ppm), and a slight negative Ce anomaly. The three samples (VC-28bl, VC-142bl, VC-110bl) of the “high Sr-Ba” group behave similarly to the “high Sr” patterns but have a somewhat elevated Ba content (128.65 ppm) which could be ascribed to minor variations in the same silica source since the REE patterns of the two groups do not display marked differences, barring the smoother pattern of sample VC-110bl. Samples VC-11bl, VC-11w, VC-26bl, VC-30bl, VC-36bl, VC-39bl, VC-45bl, VC-46w, VC-48w, VC-81b, VC-95bl, VC-129w belonging to the “high Zr” group, exhibit some of the highest Zr levels (avg. 166 ppm) among the studied beads, comparable to their Sr contents (avg. 216 ppm). Relatively elevated Cr (avg. 18.1 ppm) in relation to Sr of this group could also be considered an attribute of the silica source, rather than the iron colourant, as white and blue glass samples VC-48w and VC-81b of this group contain more Cr (31.3 ppm and 17.1 ppm, respectively) than black glass in the “high Sr” (<14 ppm) and “high Sr-Ba” groups (Table S5—Supplementary Information). Ba contents (avg. 66.8 ppm) fall within the ranges for the “high Sr” and “high Sr-Ba” groups. Coupled with the similar REE patterns of the three groups, it could be taken to indicate a common source of silica, with compositions varying slightly between prepared glass batches or on a geologically local scale. Two black-appearing samples, VC-94bl and VC-97bl, are characterised by low Zr values (29.1 ppm and 51.4 ppm, respectively) more similar to Mediterranean coastal sands [13,91,120], although their Sr (239 ppm and 242 ppm) and Ba (23.6 ppm and 27.6 ppm) contents are significantly lower than the Sr and Ba contents of coastal sands. The “high Ba” group consists of six samples (VC-51bl, VC-51w, VC-96bl, VC-109bl, VC-115bl, VC-118) and corresponds to the Group 4 iron colourant. The trace element composition of this group is rather heterogeneous and slightly elevated compared to the other four groups, but common characteristics shared with most of the analysed samples include similar Rb, Sr, Y, Zr, Hf, Ta, Th and U behaviour, and a negative Ce anomaly. The positive Eu anomalies in the “high Ba” samples VC-115bl and VC-109bl further set these three samples apart from the rest of the analysed beads. Considering no other samples exhibit a noticeably positive Eu anomaly, the peculiar behaviour of these two samples could be influenced by the colouring technology via the same mechanism that impacts Ba and Sr levels, rather than the silica source. Continental barites, aside from occurring in association with galena (PbS), chalcopyrite (CuFeS2), and sphalerite (ZnS), also show positive Eu anomalies [66]. In other words, the positive Eu anomaly might have resulted from the introduction of the same low-grade iron or lead slags used to colour the three samples. On the other hand, it is worth pointing out that trace element patterns of some archaeological glasses from Carthage are characterised by high Ba and Zr, as well as high Sr [120], which might prove to be indicative of a yet unidentified silica source, possibly along the North African coast.



The Zr values of analysed beads (99.6–334, avg. 168 ppm, with the exceptions of VC94bl and VC97bl) are overall higher than those recorded in the previously published blue, colourless, turquoise, yellow, and white beads from Vinha das Caliças 4 [35]. These values are also higher than those reported for Eastern Mediterranean coastal sands (<ca. 74 ppm Zr or 100 ppm ZrO) and more evocative of the Zr content of Egyptian glass or glass made from inland sands reported in the literature [12,13,17,91,120,121,123]. The studied beads also differ drastically in their Ba/Sr and Zr/Sr ratios (Figure 15) from the Levantine beads from Vinha das Caliças 4 [35], plotting more closely to low-Al natron glass from SE Europe [62], some natron glasses from Italy [22,84], Egyptian glass from Mallorca [12], and the low-Al Mediterranean Group II vessels from Satricum (Satricum A) [20]. A clearer distinction between the low-Al natron glass assemblages can be seen in Y and Ce concentrations (Figure 16), which group along three different trends (Figure 16), with the “high Sr”, “high Sr-Ba”, “high Zr”, and “high Ba” black-appearing beads showing more affinity to low-Al natron glass from Italy [22,84] and SE Europe [62] than the glass from Son Mas [12] and Satricum A [20] samples. It is interesting to note that an Egyptian origin was proposed for the Italian natron glasses, the Son Mas samples, and the low-Al glass from SE Europe, while the Group A glasses from Satricum were not attributed to a specific silica source. The slight difference between these assemblages could point to the existence of multiple primary workshops in the geologically common glassmaking region, or the use of a less homogenous silica source. Based on the presented trace element data, a common, possibly Egyptian, geological origin for the black-appearing Iron Age glass beads and the majority of other Iron Age low-Al glasses is proposed.





4. Final Remarks and Implications for the Understanding of Iron Age Glass Trade Networks in the Mediterranean


Typological and compositional links between the back-appearing beads from Vinha das Caliças 4 and other Iron Age glass assemblages from the Mediterranean explored in this work indicate that the presented set of black-appearing beads is a result of a complex network of primary glassmaking centre(s), secondary colouring workshops, and an uncertain number of beadmaking workshops situated in Phoenician-mediated Mediterranean trade networks. The major and minor oxide content of the samples is different from early natron glasses with low Ca, like EIA black glass, or Al-Co blue glass, and corresponds to low-Al natron glass, which is a less represented type of glass during the Early and Late Iron Ages [12,13,17,20,22,62]. Trace elements related to the silica source show more similarities with Iron Age glass interpreted as being of Egyptian provenance, as exemplified by their Zr, Sr, Ti and REE behaviour, suggesting that the base glass used in bead manufacture was produced in this, or a geochemically similar region. Distinct colourant groups detected among the black-appearing glass samples, however, point to different episodes of colouring, and the link between bead typology and colourant might suggest the existence of at least four workshops, one of which (Group 4) could have been an “amateur” workshop relying on low-grade colourants and imported, possibly mixed glass, to recreate bead types circulating in the Western Mediterranean.



The following observations on black-appearing Iron Age glass from the Iberian Peninsula might be considered useful in future Phoenician and Western Mediterranean studies. Firstly, the primary production centre(s) for the majority of the black-appearing glass considered here relied on a different glassmaking recipe and raw material sources than the centre which produced the blue, colourless, turquoise, yellow and white beads discovered at Vinha das Caliças 4 and was most likely not located along the Levantine coast, as evidenced by the different major, minor, and trace element compositions between the two datasets. Secondly, the presented beads form a subset of a larger, but less common, IA compositional group, recently referred to as “low-Al glass” [62] that was in circulation throughout most of the 1st millennium BCE [1,12,17,20]. Based on the parallels with the Egyptian high-Zr beads from Mallorca (Spain) [12], Satricum A Hellenistic glass from Italy [20], Mediterranean II vessels from Adria (Italy) [13], early natron glass from Italy [22,84], and low-Al natron glass from SE Europe [62], the primary production region for this group could be located in Egypt or possibly a non-confirmed geochemically similar region, like South Italy or the North African coast. Egyptian workshops could be a good candidate for the origin of low-Al black-appearing beads, since other Egyptian imports like scarab amulets, faience beads, and Egyptian blue (cuprorivaite) frit were also discovered at Vinha das Caliças 4 [14,16,18], but further studies on Egyptian glassmaking sands are needed. Finally, the colouring technologies employed for the black-appearing glass are different from the early IA black glass, including black natron glass (9th–7th c. BCE) [14,22,84], and more similar to the black glass from Carthage [80]. Moreover, there appears to be a strong link between bead typology and the colouring technology, suggesting the studied beads were produced in several beadmaking workshops employing iron colourants of different origins, or at least in several chronological instances in which different colourants were used. Textural and compositional similarity to black beads from Carthage [80], and the apparent limited distribution of this type of glass could imply that Eastern Mediterranean raw glass was reworked in the West to suit the local demands, particularly in relation to “eye” beads (Group 3) and Group 4 which mimics other types but uses an apparently less pure iron colourant, in addition to using glass from different workshops. Alternatively, the beads could have been manufactured close to the primary production centre and traded as a finished product. If the latter is true, and with the caveat of a limited dataset from a single site, the typological–compositional link between Levantine beads [35] and low-Al black-appearing glass in Portugal (this study) could suggest that the trade networks in the Western Mediterranean were colour-coded to some extent, with different workshops supplying specific products and colour palettes.



The results presented here were obtained on a limited dataset from a single site. As such, they cannot be considered representative of the reality of the black-appearing glass phenomenon in Southern Portugal. Nonetheless, the conclusions regarding the production technology, origin of the raw materials, and distribution patterns reached through a compositional and textural study of black-appearing beads from Vinha das Caliças 4 allow us to put forth a set of working hypotheses to be tested in future studies of this peculiar phenomenon:




	
Black-appearing beads from Southern Portugal are (predominately) low-Al natron glass coloured with iron;



	
Trace element and REE related to the silica source show more similarities with glasses thought to have been produced in Egypt, than other known glassmaking regions in the (wider) Mediterranean;



	
Different iron colourants, were consistently used in the production of black-appearing beads;



	
There is a link between bead typology and the type of iron colourant used.
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Notes


	
1

	

For other possible sources of natron glass in the 1st millennium BCE, see references [20,21]. For 1st millennium BCE glass other than mineral soda-lime-silica (natron glass), see references [14,22,23,24,25].






	
2

	

“Phoenicians” is an ethnonym taken from the ancient Greek to designate the people inhabiting Levantine city-states like Tyre, Byblos, and Sidon. During the 1st millennium BCE, these cities saw a rapid colonial expansion across the Mediterranean and established a wide-spread network of maritime trade and production of luxury goods like dyes, textiles, and glass. There is, however, little evidence for their cultural, political, linguistic or religious centralisation. For further discussion, see references [26,27,28,29,30,31].






	
3

	

A full morphometric and typological study of the assemblage is underway. So far, 77 occurrences of beads with one or more wavy line decorations were documented in a set of 133 beads initially described as black-appearing.






	
4

	

28 occurrences among 133 observed black-appearing beads.






	
5

	

Diameter, measured as the largest perceived dimension of the bead when the apex (perforation) of the bead is observed.






	
6

	

19 occurrences among 133 observed black-appearing beads.
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Figure 1. Black-appearing glass beads from Vinha das Caliças 4 analysed in this study. 
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Figure 2. Glass alteration and manufacture traces documented on the samples from Vinha das Caliças 4. Left: VC-28, detail of the bead showing the difference between the light blue leached layer and the exposed black-appearing glass. The white decoration exhibits a porous and irregular appearance consistent with a higher degree of degradation. The red arrow points to a glass trail on the perforation edge; Centre: VC-132, cross-section with remains of the bead release. The red arrow points to a large round bubble indicative of bead winding; Right: VC-110, detail of the perforation with a large discontinuity. White dashed arrows highlight a possible direction of glass winding. The red arrow points to a glass trail on the perforation edge. 
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Figure 3. VP-SEM-EDS image of samples VC-51 (left) and VC-109 (right) showing the difference in opacifier crystals (seen as bright areas in BSE images) observable in the altered, silica-rich layers of white glass decorations and the exposed white glass bulk. 
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Figure 4. Na2O–MgO + K2O–CaO ternary diagram of the analysed black-appearing beads from Vinah das Caliças 4 (LA-ICP-MS data). Extremely leached samples (VC-16w, VC-26w, VC-28w, VC-77w, VC-109w, VC-110w, VC-123w, VC-141w,) are highlighted by the dashed ellipse. Glass family ranges from [78]. 
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Figure 5. (A) TiO2*/Al2O3*–Al2O3*/SiO2* biplot showing the differences and similarities in silica sources used to produce black-appearing beads from Vinha das Caliças 4 (this study, LA-ICP-MS data) and comparative Iron Age glass from various assemblages. (B) FeO*–Al2O3*/SiO2* biplot demonstrating the addition of iron colourant to black-appearing beads from Vinha das Caliças 4 (this study) compared to other Iron Age glass from various assemblages. All values normalized (*) to the sum of 8 oxides (Na2O, MgO, Al2O3, SiO2, K2O, CaO, TiO2, FeO). Explanation of comparative dataset: Italy—natron and black glass beads from Sarno, Cumae, and Capua [22], black glass beads from Bologna, Pozzuoli and Cumae [14], natron and black glass beads from Francavilla Marittima, Torre Galli and Amendolara [84], Mediterranean Group I, II, III vessels from Adria [13], Mediterranean Group II vessels from Satricum [20]; SE Europe—low-Al natron glass beads from Una River Valley and Sanski Most (Bosnia and Herzegovina), Turska Kosa, Istria, Kompolje, Smiljan, Ljubač and Pannonia (Croatia) [62]; W Mediterranean—black glass beads from Carthage (Tunisia) [80], Levantine natron glass beads from Vinha das Calicas 4 [35], natron glass from Son Mas (Mallorca, Spain) [12]; EIA black glass—soda-lime-silica samples reported as black glass [14,22,80]; high-Al—Al2O3 > 1.5 wt. %.; low-Al—Al2O3 < 1.5 wt. %. 
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Figure 6. (A) CaO*/SiO2* biplot showing the differences and similarities in the lime content of black-appearing beads from Vinha das Caliças 4 (this study, LA-ICP-MS data) and comparative Iron Age glass from various assemblages. Leaching in samples VC-16w, VC-26w, VC-28w, VC-77w, VC-109w, VC-110w and VC-141w (dashed ellipse) results in relative enrichment of SiO2*. (B) Sr/CaO biplot demonstrating different lime sources for black-appearing beads from Vinha das Caliças 4 (this study, LA-ICP-MS data) and comparative Iron Age glass from various assemblages. CaO*, SiO2*—values normalized to the sum of 8 oxides (Na2O, MgO, Al2O3, SiO2, K2O, CaO, TiO2, FeO). Explanation of comparative dataset: Italy—natron and black glass beads from Sarno, Cumae, and Capua [22], black glass beads from Bologna, Pozzuoli and Cumae [14], natron and black glass beads from Francavilla Marittima, Torre Galli and Amendolara [84], Mediterranean Group I, II, III vessels from Adria [13], Mediterranean Group II vessels from Satricum [20]; SE Europe—low-Al natron glass beads from Una River Valley and Sanski Most (Bosnia and Herzegovina), Turska Kosa, Istria, Kompolje, Smiljan, Ljubač and Pannonia (Croatia) [62]; W Mediterranean—black glass beads from Carthage (Tunisia) [80], Levantine natron glass beads from Vinha das Calicas 4 [35], natron glass from Son Mas (Mallorca, Spain) [12]; EIA black glass—soda-lime-silica samples reported as black glass [14,22,80]; high-Al—Al2O3 > 1.5 wt. %.; low-Al—Al2O3 < 1.5 wt. %. 
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Figure 7. Relative content of selected colourant-related oxides (LA-ICP-MS data). (A) Black-appearing glass. The high content of FeO relative to other colouring oxides shows the colouring technology relied on the addition of iron to achieve the dark colouration. (B) White decorations. Relatively high amounts of Sb2O3 indicate that the colouring technology relied on the addition of calcium antimonate, with the exception of sample VC-26w. 
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Figure 8. The analysed spot and the diffractogram of sample VC-67bl with identified crystalline phases: (m) magnetite, (q) quartz. 
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Figure 9. Iron inclusions observed by VP-SEM-EDS in the black-appearing glass beads from Vinha das Caliças 4: (A) VC-67bl; (B) VC-132bl; (C) VC-110 (polished section); (D) VC-129bl (polished section). 
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Figure 10. Biplots showing element associations in different black colourant groups from Vinha das Caliças 4. (A) FeO/Al2O3 biplot; (B) FeO/Mn biplot; (C) Mn/Ba biplot; (D) Sb/Mn biplot; (E) Pb/Ba biplot; (F) Zn/Ba biplot. 
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Figure 11. Examples of white glass textures characterised by different amounts of antimonate opacifiers observed by VP-SEM-EDS (BSE images). Note the heterogeneous size distributions of the aggregates and the elongated morphology in both textures. (A) VC-129w (10.6 wt. % Sb2O3) (B) VC-110w (4.6 wt. % Sb2O3). 






Figure 11. Examples of white glass textures characterised by different amounts of antimonate opacifiers observed by VP-SEM-EDS (BSE images). Note the heterogeneous size distributions of the aggregates and the elongated morphology in both textures. (A) VC-129w (10.6 wt. % Sb2O3) (B) VC-110w (4.6 wt. % Sb2O3).



[image: Heritage 07 00061 g011]







[image: Heritage 07 00061 g012] 





Figure 12. BSE image of the white glass decoration of bead VC-26. Note the absence of high-contrast opacifier crystals and the presence of bubbles in the matrix. 
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Figure 13. The analysed spot and the diffractogram of sample VC-51w with identified crystalline phases: (a) calcium antimonate (CaSb2O6). 
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Figure 14. Trace element patterns of the black-appearing glass beads from Vinha das Caliças 4. Values obtained by LA-ICP-MS and normalised to the Upper Continental Crust [122]. Leached samples VC-16w, VC-26w, VC-28w, VC77w, VC-109w, VC-110w, VC-123w, VC-141w (Table S1—Supplementary Information) not plotted. 
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Figure 15. Ba/Sr vs. Zr/Sr biplot for the black-appearing beads from Vinha das Caliças 4 and comparative Iron Age glass from various assemblages. Leached samples not plotted. Explanation of comparative dataset: Conte et al. 2016—natron glass beads from Sarno and Capua (Italy) [22]; Conte et al. 2019—natron glass beads from Francavilla Marittima, Torre Galli and Amendolara [84]; Costa et al. 2021—Levantine natron glass beads from Vinha das Caliças 4 [35]; Franjic 2020—low-Al natron glass beads from Sanski Most (Bosnia and Herzegovina), Turska Kosa, Istria, Kompolje, Smiljan, Ljubač and Pannonia (Croatia) [62]; Oikonomou et al. 2018 Satricum A—“Satricum A” compositional group of Mediterranean Group II vessels from Satricum (Italy) [20]; Van Strydonck et al. 2018 Egyptian—natron glass from Son Mas (Mallorca, Spain) of Egyptian origin [12]. 
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Figure 16. Y/Zr vs. Ce/Zr biplot for the black-appearing beads from Vinha das Caliças 4 and comparative Iron Age glass from various assemblages. Leached samples not plotted. Explanation of comparative dataset: Conte et al. 2016—natron glass beads from Sarno and Capua (Italy) [22]; Conte et al. 2019—natron glass beads from Francavilla Marittima, Torre Galli and Amendolara [84]; Franjic 2020—low-Al natron glass beads from Sanski Most (Bosnia and Herzegovina), Turska Kosa, Istria, Kompolje, Smiljan, Ljubač and Pannonia (Croatia) [62]; Oikonomou et al. 2018 Satricum A—“Satricum A” compositional group of Mediterranean Group II vessels from Satricum (Italy) [20]; Van Strydonck et al. 2018 Egyptian—natron glass from Son Mas (Mallorca, Spain) of Egyptian origin [12]. 
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Table 1. Laser ablation system (CETAC LSX-213 G2 +) conditions.






Table 1. Laser ablation system (CETAC LSX-213 G2 +) conditions.





	Laser energy output
	100%



	Analysis mode
	spot



	Spot size
	50 μm



	Repetition rate
	20 Hz



	Burst count
	600



	Carrier gas (He) flow
	0.8 L/min



	Run
	55 s



	Gas blank
	15 s



	Ablation
	30 s



	Washout
	10 s










 





Table 2. Agilent™ 8800 Triple Quad ICP-MS conditions, including analysed elements and their respective dwell times.






Table 2. Agilent™ 8800 Triple Quad ICP-MS conditions, including analysed elements and their respective dwell times.





	
Acquisition mode

	
time-resolved analysis (TRA)




	
Scan type

	
MS/MS




	
Plasma parameters




	
RF power

	
1200




	
RF matching

	
1.25 V




	
Sample depth

	
4.0 mm




	
Carrier gas (He)

	
0.6 L/min




	
Plasma gas (Ar)

	
15 L/min




	
Analysis mode

	
no gas




	
Dwell times




	
2 ms

	
23Na; 28Si 56Fe; 57Fe




	
5 ms

	
24Mg; 27Al; 39K; 43Ca; 44Ca; 55Mn




	
10 ms

	
47Ti; 51V; 52Cr; 59Co; 60Ni; 63Cu; 66Zn; 85Rb; 88Sr; 137Ba; 208Pb




	
20 ms

	
75As; 89Y; 90Zr; 93Nb; 118Sn; 121Sb; 139La; 140Ce; 141Pr; 146Nd; 147Sm; 153Eu; 157Gd; 159Tb; 163Dy; 165Ho; 166Er; 169Tm; 172Yb; 175Lu; 178Hf; 181Ta; 209Bi; 232Th; 238U











 





Table 3. Major and minor oxide concentrations for the studied beads. All oxides expressed as wt. %. LA-ICP-MS data unless indicated otherwise (*).






Table 3. Major and minor oxide concentrations for the studied beads. All oxides expressed as wt. %. LA-ICP-MS data unless indicated otherwise (*).





	Sample
	Colour
	Na2O
	MgO
	Al2O3
	SiO2 *
	P2O5 *
	SO3 *
	Cl *
	K2O
	CaO
	TiO2
	MnO
	FeO
	CoO
	CuO
	SnO2
	Sb2O3
	PbO





	VC-11bl
	“black”
	16.6
	0.4
	0.4
	71.2
	<0.1
	0.6
	<0.1
	0.2
	7.2
	0.1
	<0.1
	3.3
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-11w
	white
	16.3
	0.3
	0.4
	69.6
	<0.1
	<0.1
	0.8
	0.1
	6.1
	<0.1
	<0.1
	0.2
	<0.1
	<0.1
	<0.1
	6.0
	<0.1



	VC-112bl
	“black”
	16.5
	0.4
	0.5
	68.3
	<0.1
	0.3
	1.1
	0.6
	7.6
	<0.1
	<0.1
	4.5
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-16bl
	“black”
	16.2
	0.4
	0.5
	69.2
	0.1
	0.4
	0.9
	0.5
	7.4
	<0.1
	<0.1
	4.3
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-16w
	white
	0.2
	0.3
	0.9
	90.4
	0.4
	0.2
	0.3
	<0.1
	1.9
	0.2
	<0.1
	1.1
	<0.1
	<0.1
	<0.1
	4.1
	<0.1



	VC-24bl
	“black”
	15.6
	0.4
	0.5
	68.7
	0.4
	0.2
	0.9
	0.3
	7.6
	<0.1
	<0.1
	5.0
	<0.1
	<0.1
	<0.1
	0.3
	<0.1



	VC-26bl
	“black”
	17.1
	0.5
	0.8
	68.8
	<0.1
	1.5
	0.3
	0.4
	7.7
	0.1
	<0.1
	2.8
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-26w
	white
	<0.1
	0.4
	0.3
	88.8
	<0.1
	0.3
	1.0
	<0.1
	8.3
	0.2
	<0.1
	0.5
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-28bl
	“black”
	17.3
	0.5
	1.0
	68.1
	<0.1
	<0.1
	0.7
	0.6
	8.9
	<0.1
	<0.1
	2.6
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-28w
	white
	<0.1
	0.4
	0.5
	89.2
	<0.1
	0.2
	0.3
	<0.1
	6.2
	0.1
	<0.1
	0.3
	<0.1
	<0.1
	<0.1
	2.6
	<0.1



	VC-30bl
	“black”
	16.6
	0.4
	0.6
	68.5
	0.3
	0.7
	<0.1
	0.2
	6.5
	0.1
	<0.1
	5.8
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-36bl
	“black”
	17.8
	0.5
	1.0
	66.8
	0.2
	0.3
	0.7
	0.5
	7.5
	0.1
	<0.1
	4.5
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-39bl
	“black”
	17.1
	0.5
	1.0
	68.8
	<0.1
	0.1
	0.2
	0.6
	7.6
	0.1
	<0.1
	3.8
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-45bl
	“black”
	16.9
	0.4
	1.2
	67.9
	0.4
	0.9
	0.2
	0.8
	6.9
	0.1
	<0.1
	4.1
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-46bl
	“black”
	16.3
	0.5
	0.5
	68.9
	<0.1
	0.3
	0.4
	0.6
	7.5
	<0.1
	<0.1
	4.7
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-46w
	white
	16.8
	0.5
	0.4
	68.4
	<0.1
	<0.1
	1.2
	0.5
	7.8
	<0.1
	<0.1
	0.2
	<0.1
	<0.1
	<0.1
	4.1
	<0.1



	VC-47bl
	“black”
	17.0
	0.4
	0.5
	69.2
	<0.1
	0.2
	0.3
	0.5
	7.5
	<0.1
	<0.1
	4.1
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-48bl
	“black”
	17.1
	0.5
	0.5
	69.1
	<0.1
	<0.1
	0.5
	0.8
	7.5
	<0.1
	<0.1
	3.9
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-48w
	white
	14.5
	0.5
	0.7
	71.9
	<0.1
	<0.1
	0.7
	0.4
	6.3
	0.1
	<0.1
	0.4
	<0.1
	0.2
	<0.1
	4.4
	<0.1



	VC-51bl
	“black”
	17.7
	0.4
	0.6
	69.1
	<0.1
	0.6
	0.5
	0.5
	6.8
	0.1
	<0.1
	2.3
	<0.1
	<0.1
	<0.1
	0.6
	0.3



	VC-51w
	white
	14.6
	0.4
	0.7
	70.7
	<0.1
	0.6
	0.6
	0.3
	7.2
	0.2
	<0.1
	2.6
	<0.1
	<0.1
	<0.1
	1.4
	0.2



	VC-64bl
	“black”
	16.5
	0.6
	0.8
	66.2
	0.2
	0.1
	0.1
	0.6
	8.2
	0.1
	<0.1
	6.3
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-67bl
	“black”
	16.9
	0.4
	0.4
	69.8
	0.2
	0.8
	0.5
	0.4
	7.5
	<0.1
	<0.1
	3.0
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-95bl
	“black”
	17.1
	0.4
	0.5
	69.1
	<0.1
	<0.1
	1.1
	0.2
	6.0
	0.1
	<0.1
	5.4
	<0.1
	<0.1
	<0.1
	0.2
	<0.1



	VC-97bl
	“black”
	14.3
	0.5
	0.6
	66.2
	<0.1
	<0.1
	0.4
	0.2
	9.1
	<0.1
	<0.1
	7.6
	<0.1
	<0.1
	<0.1
	1.0
	<0.1



	VC-77bl
	“black”
	16.0
	0.5
	0.6
	70.0
	<0.1
	<0.1
	<0.1
	0.6
	7.9
	<0.1
	<0.1
	4.2
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-77w
	white
	0.1
	0.4
	0.7
	90.8
	<0.1
	<0.1
	0.2
	<0.1
	4.4
	<0.1
	<0.1
	0.4
	<0.1
	<0.1
	<0.1
	2.9
	<0.1



	VC-81b
	blue
	16.9
	0.4
	0.6
	71.1
	<0.1
	0.7
	0.2
	0.6
	8.0
	0.1
	<0.1
	0.5
	<0.1
	0.7
	<0.1
	<0.1
	<0.1



	VC-94bl
	“black”
	14.6
	0.5
	0.5
	66.9
	<0.1
	<0.1
	1.4
	0.2
	10.0
	<0.1
	<0.1
	5.4
	<0.1
	<0.1
	<0.1
	0.4
	<0.1



	VC-96bl
	“black”
	15.1
	0.6
	0.8
	71.8
	<0.1
	0.3
	0.9
	0.4
	6.9
	0.2
	<0.1
	2.2
	<0.1
	<0.1
	<0.1
	0.2
	0.5



	VC-109bl
	“black”
	17.0
	0.4
	0.7
	68.0
	0.2
	0.7
	0.4
	0.5
	7.3
	0.1
	<0.1
	2.6
	<0.1
	<0.1
	<0.1
	1.2
	0.2



	VC-109w
	white
	0.2
	0.4
	0.7
	88.1
	0.2
	0.7
	0.4
	<0.1
	4.6
	<0.1
	<0.1
	0.6
	<0.1
	<0.1
	<0.1
	4.0
	<0.1



	VC-110bl
	“black”
	16.4
	0.4
	0.8
	70.2
	<0.1
	1.9
	<0.1
	0.4
	7.1
	<0.1
	<0.1
	2.7
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-110w
	white
	0.2
	0.3
	0.8
	87.3
	<0.1
	2.1
	<0.1
	<0.1
	3.4
	<0.1
	<0.1
	0.8
	<0.1
	0.2
	<0.1
	4.6
	<0.1



	VC-115bl
	“black”
	16.8
	0.4
	0.7
	68.5
	<0.1
	0.5
	0.5
	0.4
	7.9
	<0.1
	<0.1
	2.8
	<0.1
	<0.1
	<0.1
	<0.1
	0.3



	VC-118
	“black”
	16.5
	0.4
	0.7
	69.8
	<0.1
	0.4
	0.7
	0.4
	7.1
	0.1
	<0.1
	3.7
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-123bl
	“black”
	16.1
	0.5
	0.5
	69.5
	<0.1
	0.2
	0.4
	0.8
	7.8
	<0.1
	<0.1
	4.1
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-123w
	white
	0.3
	0.4
	1.1
	83.8
	<0.1
	0.1
	0.3
	<0.1
	5.7
	<0.1
	<0.1
	0.9
	<0.1
	0.1
	<0.1
	7.1
	<0.1



	VC-129bl
	“black”
	15.9
	0.4
	0.4
	69.8
	<0.1
	0.1
	1.2
	0.2
	7.0
	<0.1
	<0.1
	4.6
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-129w
	white
	14.5
	0.3
	0.4
	65.4
	0.1
	0.3
	1.3
	0.1
	6.6
	<0.1
	<0.1
	0.2
	<0.1
	<0.1
	<0.1
	10.6
	<0.1



	VC-132bl
	“black”
	16.8
	0.4
	0.5
	68.6
	<0.1
	<0.1
	0.9
	0.7
	7.7
	<0.1
	<0.1
	4.3
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-141bl
	“black”
	16.4
	0.4
	0.5
	69.6
	<0.1
	0.2
	1.1
	0.6
	7.6
	<0.1
	<0.1
	3.5
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1



	VC-141w
	white
	0.1
	0.4
	0.6
	89.6
	<0.1
	<0.1
	0.1
	<0.1
	4.6
	0.1
	<0.1
	0.6
	<0.1
	0.2
	<0.1
	3.6
	<0.1



	VC-142bl
	“black”
	17.7
	0.5
	1.1
	67.4
	<0.1
	0.8
	<0.1
	0.6
	8.9
	<0.1
	<0.1
	2.8
	<0.1
	<0.1
	<0.1
	<0.1
	<0.1







* Analysed by VP-SEM-EDS.













 





Table 4. Average major and minor oxide concentrations for the black-appearing colourant groups. All oxides expressed as wt. %. LA-ICP-MS data unless indicated otherwise (*).






Table 4. Average major and minor oxide concentrations for the black-appearing colourant groups. All oxides expressed as wt. %. LA-ICP-MS data unless indicated otherwise (*).





	

	
Decoration Type

	
Na2O

	
MgO

	
Al2O3

	
SiO2

	
P2O5 *

	
SO3 *

	
Cl *

	
K2O

	
CaO

	
TiO2

	
MnO

	
FeO

	
CoO

	
CuO

	
SnO2

	
Sb2O3

	
PbO






	
black Group 1 (N = 12)

	
wavy line

	
avg

	
16.53

	
0.46

	
0.52

	
68.94

	
0.04

	
0.23

	
0.55

	
0.61

	
7.64

	
0.07

	
0.06

	
4.27

	
>0.01

	
0.01

	
>0.01

	
0.01

	
>0.01




	

	
SD

	
0.36

	
0.05

	
0.10

	
1.04

	
0.08

	
0.22

	
0.37

	
0.12

	
0.25

	
0.01

	
0.01

	
0.83

	
>0.01

	
0.01

	
>0.01

	
0.02

	
>0.01




	
black Group 2 (N = 7)

	
“pseudo-eye”

	
avg

	
17.18

	
0.47

	
1.00

	
68.27

	
0.10

	
0.81

	
0.29

	
0.55

	
7.78

	
0.11

	
0.03

	
3.32

	
>0.01

	
0.02

	
>0.01

	
>0.01

	
>0.01




	

	
SD

	
0.48

	
0.05

	
0.15

	
1.10

	
0.17

	
0.70

	
0.28

	
0.12

	
0.80

	
0.03

	
0.01

	
0.80

	
>0.01

	
0.01

	
>0.01

	
>0.01

	
0.01




	
black Group 3 (N = 6)

	
“eye”

	
avg

	
15.67

	
0.42

	
0.50

	
68.20

	
0.12

	
0.17

	
0.86

	
0.23

	
7.71

	
0.09

	
0.02

	
5.64

	
>0.01

	
>0.01

	
>0.01

	
0.33

	
>0.01




	

	
SD

	
1.08

	
0.07

	
0.06

	
1.37

	
0.17

	
0.29

	
0.51

	
0.05

	
1.56

	
0.03

	
0.01

	
1.03

	
>0.01

	
>0.01

	
>0.01

	
0.33

	
0.01




	
black Group 4 (N = 5)

	
various

	
avg

	
16.63

	
0.44

	
0.71

	
69.43

	
0.05

	
0.48

	
0.60

	
0.42

	
7.18

	
0.13

	
0.02

	
2.71

	
>0.01

	
0.01

	
>0.01

	
0.39

	
0.27




	

	
SD

	
0.94

	
0.06

	
0.08

	
1.46

	
0.11

	
0.16

	
0.19

	
0.05

	
0.47

	
0.04

	
0.01

	
0.58

	
>0.01

	
0.01

	
>0.01

	
0.51

	
0.14




	
outlier

	
other

	
VC-11bl

	
16.63

	
0.36

	
0.42

	
71.21

	
>0.01

	
0.55

	
>0.01

	
0.16

	
7.20

	
0.10

	
0.01

	
3.31

	
>0.01

	
>0.01

	
>0.01

	
>0.01

	
>0.01




	

	
SD

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-








* measured by VP-SEM-EDS.
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