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1. Introduction 

In this annex, we describe the compositions that define different glass groups mentioned in the 

volume, to avoid redundant information in each article. The geographical spread and temporal 

occurrence are indicated for each group. 

  

Ancient glasses are usually silica-based as sand or crushed silica-rich pebbles were used for 

their manufacture. Alumina, iron, sometimes potash and lime, and a myriad of trace elements are 

part of the silica-rich ingredient selected, contributing to its characteristics. To lower the melting 

point of the silica (1710°C), a flux is added: it is generally an alkali (sodium, potassium) or alkali-

earth (calcium) rich ingredient. For ancient glass, two main types of flux were available: vegetable 

or mineral. Vegetable fluxes came from ashes obtained by burning plants or wood containing a high 

content of soda, potash and/or lime. Other fluxes were taken from mineral deposits, such as the 

natron deposits of Egypt, or obtained from saltpeter. Lead also has been used as a flux. Glass must 

also contain a stabilizer, generally calcium, which is essential to produce a durable glass that is 

resistant to water. Calcium can be added as a third ingredient but can also be incorporated indirectly 

to the glass with the sand and/or the flux. Coloring or opacifying ingredients are optional but very 

often were used to modify the color and transparency of glass. The elemental composition of the 

glass reflects the recipe that was used to manufacture it (Table 1). For more details about raw 

materials used for ancient glass and the connection between recipes and compositions see the 

following recent publications: Degryse and Shortland (2020), Henderson (2013), Koleini et al. 

(2019) and Shortland and Rehren (2020). 

 

 This annex has two major parts: one dedicated to the compositions from Europe that are found 

in the glass trade beads in North America and one for the most common glass compositions found 

around the Indian Ocean. 
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  Silica source Flux Coloring or opacifying 

agents 

Ingredients Sand 

Quartz pebbles or 

crushed siliceous 

stones 

Plant/wood 

ashes 

Alkaline mineral 

deposit 

Lead 

Oxides 

Metallic salts 

Some major and minor 

elements 

brought by the 

ingredients 

Si, Al, Fe, Ca, K, Mg Na, K, Pb, Ca, 

Mg, Cl, P 

Transition elements (Fe, 

Cu, Co…), Sb, Sn, Pb, Ca 

Some trace elements 

brought by the 

ingredients 

Ti, Zr, Sr, Ba, Cs, U, 

Rare earth elements 

B, Li, Rb Pb, Zn, As, Bi, Ba, U 

Table 1. Primary glass ingredients, with a general list of major, minor and trace elements 

contributed with each ingredient addition. Each list is not exhaustive. 

 

 

2. Glass Beads in North America 

Compositional analysis of thousands of glass trade beads from sites across North America has been 

conducted using a variety of methods, predominantly INAA and LA-ICP-MS. In general, these 

beads were produced in European workshops and arrived in North America through colonial trade 

networks. Most of these beads are soda-lime-silica glass of varying recipes (Hancock 2013), and 

most were made by the drawing process, a method of mass-producing both monochrome and 

polychrome beads (see Kidd and Kidd 1970). Soda-lime glass of this type was an innovation of 

Italian glassmakers that diffused across Europe during the 16th century and later. By identifying 

differences in glass ingredients, such as sands, fluxes, stabilizers, colorants, and opacifiers, it is 

possible to sort these glass beads into distinct compositional groups. These groups have been shown 

to change over time, making this method useful for investigating artifacts from archaeological 

contexts from the 16th century onward in North America.  
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Since archaeologists generally classify glass beads visually, based on style or color, 

addressing compositional differences in beads of the same visual types enables better differentiation 

among bead provenances and “batches,” which can compensate for subjectivity in a researcher’s 

visual perception of glass color or bead manufacturing method. Both traits are important attributes 

in the widely adopted Kidd and Kidd (1970) glass bead typology. Bead typologies are used for both 

descriptive and interpretive purposes; for example, Kidd and Kidd’s system has been used to create 

a seriation for sites in Ontario, delineating “Glass Bead Periods” or GBPs. These estimate the age of 

archaeological sites based on the types of beads found there (Kenyon and Kenyon 1983; Kenyon 

and Fitzgerald 1986; Fitzgerald et al. 1995). With varying results, GPBs have been applied to other 

sites across the Northeast. Compositional analysis offers a different approach to classifying and 

sorting glass trade beads and for building chronologies from quantitative datasets, rather than 

making inferences from qualitative observations alone.  The combined use of visual and chemical 

approaches opens broader vistas for research into bead technology, provenance, distribution 

patterns and ultimate uses. 

 

2.1. Methodological Background 

2.1.1. INAA 

Instrumental Neutron Activation Analysis (INAA) was the first widely used method of 

compositional analysis applied to glass trade beads from North American archaeological contexts. 

This method identifies a range of elements commonly present in glass, including cobalt (Co), tin 

(Sn), copper (Cu), sodium (Na), aluminum (Al), manganese (Mn), chlorine (Cl), calcium (Ca), 

arsenic (As), antimony (Sb) and potassium (K) (Chafe et al 1986; Hancock 2013). While iron (Fe) 

and lead (Pb) were also important ingredients in some glass bead recipes, values for these elements 

generally were not obtained using INAA. Measuring these elements requires longer periods of 

irradiation that can leave the artifacts too radioactive to return to their curators in a timely manner 

(Chafe et al. 1986:19). Therefore, early INAA studies did not generally include them. The successes 

of using INAA to identify glass recipe patterns related to chronology and trading relationships 

demonstrated that compositional analysis of glass beads is a viable research approach in North 

America. 

 

From the 1980s to 2000s, INAA of glass beads was undertaken by Ron Hancock, Ian 

Kenyon, Martha Sempowski, Karlis Karklins, Jean-François Moreau, and other collaborators. 

These researchers investigated chemical compositions of several thousand glass trade beads of 

many varieties (generally monochrome) from archaeological sites in northeastern North America 

and the eastern Great Lakes region. Their research goals focused on 1) defining compositionally 
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similar glass groups and then 2) identifying elemental variations within those groups to identify 

chronological patterning and possible trading relationships (Hancock 2013). 

 

2.1.2. LA-ICP-MS 

Today, LA-ICP-MS as a method of elemental analysis is faster, less expensive, and more widely 

available than INAA. It is also possible to determine the concentrations of a wider range of 

elements (in the range of 60) including major, minor, and trace elements compared to INAA. 

Gratuze (2013) explains that LA-ICP-MS can mitigate surface contamination or corrosion effects 

because data from the first seconds of ablation of sampling of the surface of the artifact may be 

discarded. This method is standard practice in the Elemental Analysis Facility at the Field Museum 

(see Annex A). The point-based sampling method also makes it possible to sample different layers 

of glass or different colors in the same artifact, even if the points sampled are very small and close 

together, as in a layered, drawn polychrome glass bead. Current research indicates that INAA and 

LA-ICP-MS results obtained in different projects are broadly comparable and are useful for 

investigating regional interactions across eastern North America (Walder et al. 2021). 

 

2.1.3. Other methods of analyzing North American glass trade beads  

There are many other methods of analyzing glass to determine its chemical composition (Bonneau 

et al. 2014). These include: X-ray based methods such as X-ray fluorescence (XRF) (Janssens 

2013a), scanning electron microscopy with electron-dispersive spectroscopy (SEM-EDS) (Janssens 

2013b) and ion-beam analysis methods (Šmit 2013). Each method is suitable for distinct goals. 

Some approaches to interpreting compositions attempt to identify a “base” glass recipe that might 

have been used to make all beads from a given workshop or production center, regardless of 

colorant (Purowski et al. 2012). A few recent studies (described below) have applied some of these 

methods to investigate European-made glass beads in North America. 

 

Shugar and O’Connor (2008) used portable XRF and SEM-EDS to analyze mid-18th-

century glass trade beads from Old Fort Niagara at Youngstown, New York. They demonstrated 

that visual classifications of beads using the Kidd and Kidd typology could mask chemical 

differences between beads. Furthermore, they showed that monochrome glass beads might include 

layers of translucent (non-opacified) glass only apparent when beads are cut and examined in cross-

section, which could be missed using surface-based or near-surface analytical methods. The 

presence of opacified and non-opacified layers of glass in the same monochrome bead sheds light 

on manufacturing technologies. 
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Blair has used portable (p) XRF to investigate “non-diagnostic” glass trade beads from 

Mission Santa Catalina de Guale, a 17th-century Spanish mission site located on St. Catherine’s 

Island, Georgia (Blair 2017; Blair et al. 2009). “Non-diagnostic” beads are monochrome beads 

whose shapes and colors occur widely over time and space, and thus have been assumed to have 

limited analytical value.  Blair’s XRF studies demonstrated that a general archaeometric analysis of 

glass opacifiers present in typologically “non-diagnostic” beads, such as monochrome white seed 

beads, can be used to refine chronologies, clarify intra-site spatial relationships among ethnic 

groups, and delineate the global trade networks that developed during European colonial endeavors 

of the 17th century (Blair 2015). Handheld XRF is becoming a more viable method of analyzing 

glass trade beads, with the advantages of portability and a completely non-destructive approach. 

 

However, there still are several disadvantages to using X-ray based methods. In general, 

these are surface-based analysis approaches that do not account for possible glass corrosion or 

surface-contamination of artifacts, and they require the material analyzed to be homogeneous 

(making it impossible to analyze individual layers of polychrome beads). Fewer elements can be 

analyzed using pXRF than with LA-ICP-MS. Although pXRF is more widely available and 

generally faster and less expensive than LA-ICP-MS, this method does not usually provide a fully 

quantitative data-set, and the results might not be comparable with those of future researchers. 

 

2.2. Compositional Groups 

The compositions of glass beads from North American archaeological contexts have been published 

following several organizational schemes. Much of the INAA research focused on beads of a 

particular color, with individual studies describing beads grouped by colorant or bead color (e.g. 

turquoise blue, cobalt blue, white, red, etc.) Another organizational scheme has been publishing 

compositions of beads from a single provenience or site, describing full archaeological assemblages 

of beads of different types. However, unlike in the Indian Ocean trade, for North American trade 

beads, in general, soda-lime (Na-Ca) glass is the dominant base glass recipe, especially before the 

mid-19th century. Potash lime (K-Ca), leaded (Pb-Si), and frit-core beads have also been 

documented, but they generally form a small minority of North American glass trade bead 

assemblages. 

 

Researchers have identified chronological patterns in the base ingredients (sand, fluxes, and 

stabilizers) for soda lime glass beads of several different glass colors. Differences in sodium (Na) 

and calcium (Ca) content (Hancock et al. 1994: 261) as well as potassium (K) (Kenyon et al. 

1995:333) indicate that glass recipes changed through time. Using these methods, it is possible to 
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assign dates to sites of unknown age. Moreau et al. (1997) applied this chronology to a previously 

un-dated archaeological assemblage of blue beads colored with copper and cobalt, at the 

Ashuapmushuan site (DhFk-7) in Central Quebec. Hancock and co-authors also linked particular 

blue glass compositions identified in beads from sites in Ontario, Canada and Amsterdam, the 

Netherlands, hypothesizing a trading relationship between contemporary sites (Hancock et al. 

2000). They demonstrated that chronological and spatial patterns in glass trade beads could provide 

information related to past cultural and technological practices, particularly trading relationships 

and glass recipe shifts.  

 

2.2.1. Soda lime glass 

As indicated above, glass trade beads in North America are predominantly silica (Si) glasses fluxed 

with soda (Na) and stabilized with lime (Ca). To generalize, the soda for the flux is in the range of 

10-15% Na2O, while CaO may range from 7-12%. Elements related to the flux include potassium 

(K), magnesium (Mg), and phosphorous (P). When magnesia (MgO) and potash (K2O) form more 

than 1.5% (weight percent of oxides), it is indicative of plant ash as the soda source (Gratuze and 

Janssens 2004; Dussubieux 2009a).  Potassium is often present in variable amounts ranging from 1 

to 8 % K2O in North American soda lime glass beads. Mineral soda (natron) lime glass would have 

higher Na2O (>12-13%), and MgO and K2O less than 1.5% (see Gratuze and Janssens 2004: Table 

15.1), but mineral soda glasses are not generally found in North American trade bead assemblages. 

Variation in the quantities of MgO, K2O and CaO might be due to ash treatment that were purified 

to increase the proportion of soda (Veritá 2013). 

 

For blue beads from the Northeast, especially copper-colored ones of type IIa40, CaO 

appears to increase through time (but see Blair and Dussubieux, this volume). This pattern was first 

suggested by Peter Francis Jr. (2009:77), who noted that the earliest “early blues” were very 

degraded and low in calcium, and that Ca levels increased over time (Hancock et al. 1994). In that 

study by Hancock and colleagues of beads from the Northeast, the earliest beads, from 16th century 

sites assigned to GBP 1 (1580-1600), had Ca <2%, often resulting in unstable glass and 

“disintegrated” beads, while 17th century beads (GBP 2 and 3, until 1650) were in the 2-5% range 

for this element. This trend holds for Upper Great Lakes sites with copper-colored beads analyzed 

with LA-ICP-MS: those from pre-1670 sites fit a IIa40 Mg-low-Ca subgroup with CaO < 7.0%. 

Later IIa40 beads from sites dated to 1670 - 1700 fit a Mg-low-P+Ca subgroup with CaO > 7.0% 

(Walder 2018). Therefore, calcium is a key chronologically-sensitive element. 

There are variations within plant ash glass as well (Degryse and Shortland 2020:118-119), 

in some cases indicating the use of wood ash from different tree species (Henderson 2013; 
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Wedephol and Simon 2010). Variations in the elements associated with the flux have temporal 

significance in the European glass bead production process during the 17th and 18th centuries. 

Hancock et al. (2000) also identified 17th century variations in plant ash recipes likely related to 

flux, in delineating high-K and low-K groups that correspond to bead shape from early 17th century 

sites in Ontario. Blue glass beads from the Great Lakes region were fluxed using plant ash, with a 

widespread shift in ratios of Mg, P, and K occurring around 1700 (Walder 2018). 

 

Ratios of elements related to different fluxes require further study but may be useful in 

distinguishing compositional differences in beads produced at various European glass production 

centers during the 17th and 18th centuries. 

 

2.2.2. Potash lime glass 

While monochrome, drawn beads are usually made of soda-lime glass, potash is the primary flux 

used for some wound glass beads. It was also possible to mix these fluxes to create potash-soda-

lime recipes for so-called “mixed alkali” glass. While beads of these compositions have not been 

systematically studied, we do have some examples. Brad Loewen has calculated (pers. 

communication 2021) that for beads of European origin that were analyzed and published prior to 

2020, approximately 2.5% are potash-lime glass. 

 

In an early study using SEM-EDS, Karklins analyzed seven 17th and 18th century wound 

glass beads (various colors) that were shown to consist of potash-lime glass, ranging from roughly 

12% to 23% K2O, and one bead was made with a mixed potash-soda recipe (Karklins 1983: Table 

2). He indicated that potash-lime glass was preferred over soda-lime glass for wound beads because 

it would have been more plastic and easier to manipulate while it slowly cooled during the winding 

or lampworking process (Karklins 1983:116).  

 

A similar result was obtained in Walder’s dissertation research (2015:268-269). A group of 

Co-colored beads, dating from the 17th to 18th century (mostly from surface collections), with high 

K2O (> 15.5%), were identified and likely indicate that wood ash was used as a fluxing agent. 

European glassmakers produced wood ash for glassmaking from burning beech trees (Wedepohl et 

al. 2011), and data from sites in what is now Germany show that wood-ash glass was common in 

medieval Europe (Wedepohl and Simon 2010). However, the medieval wood-ash beads that 

Wedepohl and colleagues documented contain more CaO (avg. 19.7%) than the high K2O beads 

from the Great Lakes (CaO avg. 11.5%).  
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For ten large wound white glass beads from the Boughton Hill and the Snyder/McClure 

sites, ranging from c. CE 1675-1710, Sempowski et al. (2000:565) identified a potash glass recipe 

using INAA, with a range of the element K being 12.0-14.4%. Interestingly, these beads contained 

low levels of tin (Sn) and antimony (Sb), which were the opacifiers in use when the archaeological 

sites were inhabited. It is possible the whiteness of these beads was obtained with another 

ingredient, perhaps containing CaF2 (Rooksby 1962; Werner and Bimson 1963), though fluorine (F) 

was not represented in the INAA dataset. 

 

Although this is taking us beyond Europe, it is important to notice that high potash recipes, 

with high lime or high lead concentrations were also used in China to produce beads that were 

generally wound. These beads were traded in North America and can be found along with European 

beads in the early 19th century (e.g. Burgess and Dussubieux 2007) 

 

2.2.3. Lead - silica glass 

For lead (Pb), LA-ICP-MS or pXRF are superior to INAA as lead glass can only be inferred 

through observation of very low levels of other glass ingredients Na, K, Ca, and Cl. This was 

observed in samples from an Amsterdam glasshouse (Kg10) dated to CE 1601-1610 (Karklins et al. 

2002:121).  

 

Though rare as compared to soda-lime glass beads in North America, beads with varying 

lead levels may be temporally sensitive. Lead glass beads with PbO > 70% have been identified 

from a few European contexts, including Kg10 in Amsterdam, from which researchers identified 

two opaque, pale yellow tubular beads (type Ia7) with PbO 72-73% (Dussubieux and Karklins 

2016:586). Three additional Pb-Si glass beads or fragments from Parisian contexts of the 17th or 

18th century have lead oxide near 73%; these beads are also drawn types (IIa), two in translucent 

emerald green and one transparent yellow (Dussubieux and Gratuze 2012:31).  Dussubieux 

(2009a:101) also documented a Pb-Si “dark colored” bead (PbO > 90%) and two opaque yellow 

glasses in a lower lead, Si-Pb group (47% and 49% PbO) from a 17th century workshop in Rouen, 

France. It seems that 17th century glass workshops were experimenting with high lead recipes. 

All these examples of leaded glass come from drawn glass beads. However, based on his 

early SEM-EDS study, Karklins (1983:116) identified that lead-glass recipes may have replaced 

some potash-lime recipes for wound-glass beads in the 19th century.  
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2.2.4. Frit-core beads 

While not strictly a recipe type, rather a production method, frit-core beads represent another 

category of artifact that a glass bead analyst may encounter in North America. As the name 

suggests, these beads include a “core” made of crushed quartz sands or perhaps crushed remnants of 

waster glass. The exterior layer may be fully vitrified glass, while the interior may appear sintered 

but not fully fused. This exterior layer is often blue-black in color with white, raised decorative 

elements, or, sometimes vice versa.  According to Karklins (2016, 2019) frit-cored beads are likely 

restricted to sites in northeastern North America and were produced in France. Bonneau and 

Karklins (2018) expanded Karklins’ original typology frit-core beads to eight decorative style 

types, with a ninth identified in a South American context (Karklins 2020).  

 

Compositional analysis with LA-ICP-MS has been conducted for undecorated and broken 

frit-core beads from the Ellery site in southern Ontario.  These examples would be considered “type 

3” (Karklins 2016) since they do not have raised, decorative elements. When broken, a glassy, 

cobalt-blue exterior reveals a darker and more heterogeneous-appearing core. Compositional 

analyses indicated that they are made of a soda-lime glass, with significant heterogeneity across 

ablation points within individual beads (Walder et al. 2021). The interior of broken beads analyzed 

was high in MnO (~10%), contributing to the blackish-grey appearance, while the exterior samples 

contained Co in the range of 8400 - 10000 ppm, producing a blue exterior. Additional analyses of 

frit-cored beads, including imaging and compositional characterization using SEM-EDS may be a 

productive avenue of future research to better understand technological processes of their 

production. 

 

2.3. Colorants and Opacifiers 

The visual appearance of glass beads often used for typologies includes their colors and opacity. 

These differences result from a variety of ingredients as well as technological production processes. 

The ingredients used to opacify and color glass contribute a wide range of elements (see Degryse 

and Shortland 2020), and these should be investigated as part of sorting a compositional dataset for 

an assemblage containing more than one color of glass beads. The colorants and opacifiers 

discussed below could be used for various base glasses (e.g. soda lime, potash, etc.) but most 

archaeometric research on North American beads has investigated colorants and opacifiers in soda 

lime glass artifacts. The INAA characterization research provided the fundamental understanding of 

each colorant group, as summarized in Hancock (2013).  
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2.3.1. White Opaque Glass: Tin, Antimony, Arsenic, and Lead 

White glass opacifiers in soda-lime glass beads have a well-documented seriation, moving from tin 

(Sn) in the early 17th century to antimony (Sb) in the late 17th century, c. 1670, to arsenic (As) and 

lead (Pb) by the late 18th to early 20th century (Hancock et al. 1997, 1999, Sempowski et al 2000). 

Importantly, the Sn-Sb shift occurs earliest in Dutch beads, beginning CE 1625-1640 (Sempowski 

et al. 2000:564) and only after c. CE 1650 for beads of presumed French origin outside the Dutch 

trading sphere. This opacifier chronology is applicable broadly across North America and occurs in 

beads from the Northeast analyzed with INAA as well as Spanish colonial mission sites in 

California (Dadiego et al. 2021). For white beads, conducting compositional analysis using LA-

ICP-MS allows for the analysis of any exterior layers of translucent, colorless glass. Sempowski 

described “a thin layer of opacified glass surrounding a clear glass core,” (2000:564) but examples 

of the reverse (a clear exterior surrounding an opaque white core) appear to be common as well (see 

Panich et al. this volume). Both Sn and Sb opacified beads were produced with this compound 

construction method.  

 

Blair (2017) has used XRF to analyze large assemblages of white beads, with the purpose of 

identifying glass opacifiers in a cost-effective, efficient, and completely non-destructive way. His 

work with the bead assemblage of Mission Santa Catalina de Guale, a 17th-century Franciscan 

mission located on St. Catherines Island, Georgia, demonstrates that the seriation of white glass 

opacifiers described above for sites in northeastern North America also applies to sites in the 

southeast. He has provided a comprehensive review of glass opacification changes over time as a 

temporal marker (Blair 2017:32-36). 

 

2.3.2. Blue Colorants: Cobalt, Copper 

The INAA research group had several key contributions to blue glass bead studies in North 

America (Hancock 2013). Their analyses identified copper and cobalt as their two main colorants 

and identified patterns or subgroups within blue types (Chafe et al. 1986; Hancock et al. 1994, 

2000; Kenyon et al. 1995; Moreau et al. 1997). In some cases, the copper colorant ingredient 

correlates with the element zinc, possibly indicating the use of brass in some form, possibly 

recycled, during the coloring process (Walder 2018).   

 

Some varieties of cobalt-blue beads are opacified, first with tin (Hancock et al. 2000) and 

later with antimony (Shugar and O’Connor 2008; Walder 2018). This pattern generally follows the 

temporal sequence for white glass bead opacifiers, with the transition to use of Sb in Co-colored 

blue beads taking place c. CE 1670.  The ratio of cobalt colorant correlates with arsenic, as 
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Hancock and others (2000:571) demonstrated, and the quantity of cobalt used in these beads also 

appears to decrease through time. 

 

2.3.3. Red Glass: Iron, Copper, Tin 

While white and blue glass bead types have been rather extensively studied, other colors have 

received less attention in recent years. The only comprehensive study of red glass trade beads, 

conducted with INAA (Sempowski et al. 2001), examined artifacts from both Amsterdam 

(Asd/Kgl0) and sites across the Northeast. Karklins et al. (2002:117) expanded the dataset of red 

glass beads from Amsterdam, which included fragments of primarily red polychromes with blue 

and white stripes (distinguished by higher Co content in the bulk INAA sample of each artifact). 

The beads were generally soda-lime recipes, and Sempowski et al. (2001) described them as being 

colored red with copper (cuprous oxide) and opacified with Sn, or in a few later 17th century 

artifacts, Sb and Sn. Therefore, for red beads, the compositions generally follow the seriation of 

opacifiers in white beads. Hancock (2013) cautions that red beads of different shapes have different 

recipes, though all remain within the general soda lime glass group. 

 

A drawback of INAA studies is that Fe levels were not measured, but this element is also 

involved in the production of red colored glass along with copper (Kunicki-Goldfinger et al. 2014). 

For glasses with copper as a colorant, adding a metallic iron powder in various quantities could 

produce either a clear green or opaque red glass, by heating in a reducing atmosphere (low in 

oxygen) within the glass furnace (Ahmed and Ashour 1977:182-185). Tin and lead are also 

considered useful as part of producing this opaque red color (Brill and Cahill 1988). For North 

American trade beads, translucent red glass became more common in the later 18th century, and 

compositions of some of these, likely produced in Venice, have been examined and shown to 

contain Pb in the base glass as well as Au as part of the colorant process (Burgess and Dussubieux 

2007).  

 

Recent LA-ICP-MS studies of red glass trade beads have focused on opaque monochrome 

types, aiming to analyze all major bead colors represented in several site assemblages in the 

Northeast (Walder and Noël 2021; Hawkins and Walder this volume). In general, Fe203 is between 

1.5 -2.5% and CuO ranges from 1-3% for opaque “redwood” beads of the 17th 

century.  Interestingly, monochrome round red beads from early-mid 17th century Ontario contain 

tin and lead (SnO2~2.5% and PbO ~5.0%), while round red beads from L’Ancienne-Lorette in 

Québec in the late 17th century contain very little Sn, Sb, and also very little lead (PbO ~0.33%). In 

short, more studies of red beads should examine the viability of a compositional chronology based 
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on Sn, Sb, and Pb, though some beads have a clear glass outer layer that makes the analyses of 

these types more challenging.  

 

2.3.4. Other colors (less common)  

Black, purple, yellow, gold, green and various shades in between are also reported for beads from 

North America, though these have been studied less than white, blue, or red varieties. “Black” glass 

may be better described as a very dark purple or green, depending on ingredients used. Manganese 

oxide was commonly used as a black colorant (ranging from MnO 4-8%), but lesser quantities (1.7-

2.3%) can produce purplish glasses (Burgess and Dussubieux 2007:63). Please refer to Hancock 

(2013) for additional discussion of other glass colors. Of course, layers of different colors of glass 

may be combined to produce polychrome beads.  These likewise have had less research focused on 

their compositions but see Hawkins and Walder (this volume) for a review. 

 

 

3. Glass compositions around the Indian Ocean (and beyond)  

3.1. Past studies 

Claire Davison needs to be credited for the first extensive study of glass beads around the Indian 

Ocean (Davison 1972, 1973; Davison and Clark 1974; Davison et al. 1971). Although most of the 

material in her work was from the southern part of Africa, she also included beads from the eastern 

coast of Africa (Kenya, Tanzania) and India. The elemental compositions were generated by INAA 

and also X-Ray Fluorescence (XRF). Although trace elements such as some rare earth elements 

(REE) or uranium (U) were measured, key elements such as potassium or magnesium are absent. 

This permitted Davison for comparison within her own dataset, but it makes it difficult to compare 

her work with results obtained more recently, which include different suites of elements. This initial 

effort had to wait more than two decades to be expanded by Saitowitz (1996). Using scanning 

electron microscopy with energy dispersive spectrometry to measure the major and minor elements 

and LA-ICP-MS to determine the trace elements, specifically the rare earth elements, she analyzed 

glass material from Southern Africa, Egypt, India and Southeast Asia. Saitowitz matched REE 

patterns and cerium (Ce) and europium (Eu) anomalies in Sub-Saharan African and non- Sub-

Saharan African glass beads to infer provenance (Saitowitz 1996; Saitowitz et al. 1996).  

 

Subsequently, Peter Robertshaw combined LA-ICP-MS data with the morphological studies 

carried out by Marilee Wood, offering for the first time a solid glass bead chronology for southern 

Africa and beyond (Robertshaw et al. 2003, 2006, 2010). At that point, the question of glass bead 

provenance could be addressed only partially, because comparison data from possible production 

areas around the Indian Ocean were scarce. It is important to mention the data from Brill (e.g. Brill 
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1987, 1999) that constitute an important resource for material from around the Indian Ocean. They 

cannot be ignored although the analytical techniques used (that varied over the years from flame 

photometry and optical emission spectroscopy, x-ray fluorescence to electron micro-probe analysis) 

provided results with a very limited number of trace elements. Recent works have shown the 

importance of trace elements to differentiate sub-groups (e.g. Wood et al. 2012; Dussubieux et al. 

2008, 2010; Siu et al. 2020). 

 

3.2. Glass groups around the Indian Ocean 

This section describes the different glass groups that have circulated around the Indian Ocean for 

almost three millennia. Some of them originate within the region while others were imports from 

other regions (e.g. the Mediterranean region). Table 2 summarizes the different glass groups that 

will be described here and indicates the types of raw materials that were selected.  

 

3.2.1. Mineral soda – high alumina glass  

The mineral soda – high alumina or m-Na-Al glass is one of the most abundant glass compositions 

found around the Indian Ocean. This is a soda glass with high alumina concentrations (>5%) that 

initially was identified in India, where it was assumed to be manufactured (Brill 1987). The high 

soda-high alumina composition of this Indian glass can be explained by the use of rather immature 

sands with compositions very close to that of the granite from which it derives, and which contain a 

relatively high proportion of feldspar. These sands also contain high concentrations of a range of 

trace elements, including titanium, zirconium, the rare earth elements, and uranium. High 

concentrations of sodium in a glass are generally due to the addition of soda, found either in mineral 

form or produced from the ashes of burnt halophytic plants (which grow in soils containing saline 

water). Colonial accounts (Abraham 2016; Kanungo and Dussubieux, accepted), ethnographic data 

as well as scientific experiments (Kock and Sode 1995; Brill 2003; Gill 2017) indicate that in 

several parts of India (e.g. Gujarat, Uttar Pradesh, Andrah Pradesh), glass makers were using a sand 

called reh, which was naturally mixed to sodic efflorescence and contains large amounts of sodium 

salts (carbonate, bi-carbonate and sulfate) and varying proportions of calcium and magnesium salts. 

It occurs in areas where rivers contain dissolved salts that percolate through the subsoil until 

saturation. Rains dissolve these salts which travel by capillary action upward through the soil 

during the dry season and form white efflorescence on the surface (Wadia 1975: 489, 501, 502). 

These salts occur in arid or semi-arid regions. 

 

 

This supplementary material accompanies 'The Elemental Analysis of Glass Beads: Technology, Chronology and Exchange', L. Dussubieux & H. Walder, eds  
(Leuven: Leuven University Press, 2022) and is made available Open Access under the Creative Commons license CC BY-NC-ND 4.0. © The respective author



  Flux 

Soda potash 

Mineral Plant ash 

Sand High alumina m-Na-Al 

Al2O3 > 5 % 

MgO < 1.5 % 

CaO < 3 % 

U > 5 ppm 

  

v-Na-Al 

Al2O3 > 4 % 

MgO > 1.5 % 

CaO > 4 % 

U < 2 ppm 

v-Na-Ca-Al 

Al2O3 ~ CaO ~ 5-

6 % 

MgO >1.5 % 

U = from a few 

ppm to several 

hundreds ppm 

low lime – high 

alumina – potash 

Al2O3 = 2-6 % 

CaO < 2 % 

U < 2 ppm 

Relatively 

high alumina 

and lime 

m-Na-Ca-Al 

Al2O3 ~ CaO 

MgO variable 

U > 10 ppm 

      

High lime m-Na-Ca glass 

(natron glass) 

Al2O3 < 4 % 

MgO < 1.5 % 

CaO > 4 % 

U < 2 ppm 

    low alumina – high 

lime – potash 

Al2O3 < 1 % 

CaO = 2-5 % 

U < 2 ppm 

Rather pure   v-Na-Ca 

Al2O3 < 4 % 

MgO > 1.5 % 

CaO > 4 % 

U < 2 ppm 

  moderate lime and 

alumina – potash 

Al2O3 = 1-2 % 

CaO < 2.5 % 

U < 2 ppm 

Table 2. Different glass groups around the Indian Ocean with the type of ingredients used and the 

concentrations or concentration ranges for some key elements. 
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  1 2 3 4 6 7 8 9 10 11 12 

MgO 

(wt %) 

0.72 0.94 1.24 0.83 0.70 0.86 1.02 0.48 0.96 0.65 0.98 

0.78 0.28 0.24 0.28 0.20 0.20 0.19 0.14 0.45 0.19 0.31 

CaO 

(wt %) 

2.51 4.37 2.30 1.33 2.22 2.55 1.35 2.68 2.17 2.63 2.06 

1.41 1.22 0.56 0.41 0.53 0.73 0.22 1.04 0.88 0.98 0.50 

Sr 

(ppm) 

348 222 112 86 188 159 90 170 143 200 151 

103 52 18 19 70 41 14 44 57 74 40 

Zr 

(ppm) 

460 162 162 237 212 178 241 286 198 207 224 

147 66 49 110 64 64 31 55 86 60 53 

Cs 

(ppm) 

0.5 0.6 3.3 3.7 1.3 0.7 3.3 0.8 1.9 0.8 2.5 

0.2 0.2 0.8 1.0 0.4 0.3 0.5 0.1 0.9 0.3 0.7 

Ba 

(ppm) 

951 358 320 500 442 264 329 821 303 388 442 

270 81 44 196 243 41 45 924 54 130 105 

U 

(ppm) 

13 123 64 100 54 29 209 31 244 14 133 

10 59 25 58 27 12 63 7 87 5 18 

Table 3. Average concentrations of 7 glass constituents that are key to separate the m-Na-Al glass 1 

to 4 and 6 to 12. The relative standard deviations are indicated in italic. Group 5 is unrelated to the 

Indian Ocean and is not included here. 
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A growing number of different sub-groups were identified for the m-Na-Al glass 

(Dussubieux et al. 2010; Dussubieux and Wood 2021; Trivedi et al. in preparation) using the 

concentrations of the following elements: Mg, Ca, Sr, Zr, Cs, Ba and U (Table 3). 

 

In South India and Sri Lanka, the most abundant glass available is the m-Na-Al 1 glass type. It is 

associated in a few instances with evidence of glass working. Several lines of evidence including 

isotope analysis suggest that this glass was certainly manufactured in Sri Lanka (possibly at the site 

of Giribawa) and on the east coast region of South India (Dussubieux et al. 2021). The 3rd century 

BCE – 2nd century CE settlement of Giribawa, located in the northwestern part of Sri Lanka, 

yielded glass beads and furnaces lined with vitrified m-Na-Al 1 materials and blocks of raw glass 

with similar compositions (Gratuze et al. 2000; Dussubieux 2001; Bopearachchi 1999, 2002). High 

alumina sand sources were identified in the area (Dussubieux 2001). Mantai is another notable site 

for glass in Sri Lanka (Francis 2013). Bead production certainly took place at the site although 

evidence of glass production remains elusive. At Mantai, while m-Na-Al 1 glass dominates the 

studied glass assemblage (Dussubieux, unpublished report), it is quite likely that beads were also 

manufactured from raw glass imported from elsewhere. In south India, a few sites are possibly 

places where drawn beads were manufactured from m-Na-Al 1 glass. This is the case for 

Karaikadu, a site mentioned by Francis (2002) where unfinished beads and raw glass was found 

(Deshpande (ed.) 1975: 21). The analysis of a few glass samples from this site revealed an m-Na-Al 

1 glass composition (Dussubieux 2001). More recently, Manikollai was identified as a possible 

location of drawn bead production. The analysis of surface finds revealed the presence of m-Na-Al 

1 glass at this site (Lankton et al. 2014). 

 

Initially, the m-Na-Al 2 glass was identified at sites dating from the 9th to the 19th century 

CE and located on the west coast of India and the east coast of Africa (Dussubieux et al. 2008). 

Recently, additional research based on analysis conducted on more beads from the east coast of 

Africa refined the chronology for this glass and suggested an occurrence from the 14th century CE 

and onward. M-Na-Al 2 beads found at Chaul in Maharashtra may indicate that suggesting that this 

port was entry point for these beads into Indian Ocean trade and possibly a place of manufacture. 

Gogte et al. (2006) consider Chaul as a bead making location but their article does not offer any 

description of the artifacts and features leading to this conclusion. Glass beads made in “Chiawle” 

(interpreted as Chaul) that the Portuguese brought to ports along the east coast of Africa are 

mentioned in the travel account of Caesar Frederick (Federeci and Hickock, online), a Venetian 

merchant that visited the western part of India in the 16th century CE. The glass itself might not 
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have been produced in Maharashtra but isotope analysis and historical evidence suggest that 

western Uttar Pradesh could have been a source for it (Dussubieux et al. 2021). 

 

In the eastern part of Uttar Pradesh, the Kopia site, which likely dates to the 1st century CE 

(Kanungo et al. 2010), yielded glass objects with a composition called m-Na-Al 3. The presence of 

crucible sherds lined with greenish glass as well as raw glass fragments with the same composition 

(Dussubieux and Kanungo 2013) found at the site strongly indicate local glass production. In 

contrast, isotope analysis seems to show that the raw glass was manufactured elsewhere (possibly in 

Uttar Pradesh) as the isotope signatures of the glass found at Kopia and the raw materials available 

nearby are different (Kanungo and Brill 2009; Brill and Stapleton 2012). In Southeast Asia, early 

sites yielded glass beads with m-Na-Al 3 compositions suggesting that this glass type was produced 

since at least the 4th century BCE and traded as both raw material and finished objects throughout 

Southeast Asia (Dussubieux and Bellina 2017, 2018; Dussubieux and Pryce 2016; Lankton et al. 

2008). 

 

M-Na-Al 4 glass was first identified in Indonesia on the island of Sumatra in the form of 

glass fragments, dated from the 15th to 16th century CE (Dussubieux, 2009). Based on this finding, 

this glass type seemed to be fairly late. A slightly earlier dating may be proposed after the recent 

identification of m-Na-Al 4 beads found at Pulau Kampai, Malaysia, a site that dates to the 11-14th 

century CE (Dussubieux and Soedewo, 2018), and at Angkor Thom, Cambodia (12th-14th century 

CE) (Carter et al. 2019). A few m-Na-Al 4 glass beads also were found on the east coast of Africa 

(Dussubieux et al. 2008). The m-Na-Al 3 and 4 glasses present similarities for their elemental and 

Sr isotopic composition: both have significantly higher cesium (Cs), relatively high uranium 

concentrations and a fairly high Sr isotope ratios compared to the other m-Na-Al glass types. A 

possible place of manufacture located in Uttar Pradesh was proposed (Dussubieux et al. 2021). 

 

As the original m-Na-Al 5 glass was found to come from Turkey and not India, it will not be 

considered here (see Schibille 2011; Swan et al. 2018). The m-Na-Al 6 glass was recently identified 

among glass beads excavated on the east coast of Africa. It occurs at sites dating from the 9th to the 

13th century CE (Dussubieux and Wood 2021). Its place of production remains very uncertain at 

this point. Recent Sr isotope analysis conducted on m-Na-Al 6 glass samples revealed a fairly 

radiogenic signature (0.747+/-0.005). Such a radiogenic ratio is compatible with an origin from the 

Indo-Ganges region (Seman et al. 2021) where this glass may have been produced. The presence of 

this glass in Southeast Asia is likely but has not been explored yet. 
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The study of glass found at the site of Indor, Rajasthan (14th and onward) revealed at least 6 

additional sub-groups (m-Na-Al 7 to 12) (Trivedi and Dussubieux, in preparation). Little 

information is available about their provenance and distribution and further research is necessary. 

  

3.2.2. Potash glass 

The diffusion of the potash glass around the Indian Ocean is more limited in time and space 

compared to the m-Na-Al glass. In this glass, potash is the most abundant constituent after silica 

and its concentration is around 15 %. Soda concentrations are generally low (< 1 %) as are 

magnesia concentrations. Lime and alumina concentrations vary in a wide range and based on 

compositions identified in South and Southeast Asia, three groups were distinguished: low lime – 

high alumina – potash glass, low alumina – high lime – potash glass and a moderate lime and 

alumina – potash glass (Dussubieux and Gratuze 2010; Lankton et al. 2008; Lankton and 

Dussubieux 2013). From a general point of view, it seems that most of the potash glass from South 

Asia belongs to the group with moderate lime and alumina concentrations, whereas the potash glass 

from China seems to have higher alumina levels. While some samples from Southeast Asia seem to 

have distinctively low alumina and high lime concentrations, others fit variously into the moderate 

lime and alumina group or the high alumina group.  

 

While potash glass is widely distributed in China (Huang Qishan 1996; Li 1999; Zhang et 

al. 2004) and through South and Southeast Asia (Dussubieux 2001; Dussubieux and Gratuze 2010; 

Lankton and Dussubieux 2006; Lankton et al. 2008), it is also attested in Central Asia (Hall and 

Yablonsky 1998) and East Asia (Lee et al. 1993; Koesuka and Yamasaki 1996). Astoundingly 

enough, one potash bead was identified at the site of Jenne-Jeno in Mali (Brill 1994). This 

composition ranges in time from the middle of the 1st millennium BCE to the early part of the 1st 

millennium CE.  The existence of several sub-groups supports the hypothesis that potash glass was 

produced at different locations.  

 

The provenance of potash glass was explored using isotope analysis (Brill and Fullagar 

2009; Li 1999). At least three different strontium isotope signatures were identified suggesting that 

potash glass could have been manufactured in at least three locations. Li (1999) tested high alumina 

– low lime potash glass and moderate alumina and lime potash glass from the province of Guangxi 

in southern China and concluded based on their lead isotope signatures that they were manufactured 

locally. Orange glass beads from Myanmar with a potash composition and containing several 

percent of copper exhibited a lead isotope signature that pointed toward a copper source located in 

northern Vietnam (Dussubieux and Pryce 2016). The presence of potash-based faience artifacts 
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from different locations in China also indicates a long tradition of potash glassmaking in China (Yi-

Xian Lin et al. 2019; Henderson et al. 2018). 

 

3.2.3. M-Na-Ca-Al 

The distribution of this glass is similar to that of potash glass, with some important differences.   

This glass group is characterized by a very exceptional heterogeneity. Perhaps additional data may 

help to distinguish some sub-groups. While its composition varies widely, in general, it is a soda 

glass with soda concentrations ranging from 10 to 15%. Lime and alumina concentrations vary in a 

wide range and can be as high as approximately 7%. Magnesia and potash concentrations are 

generally low and are below 1.5% but there are exceptions with much higher concentrations of 

these constituents for specific colors such as red or black. This glass often has relatively high 

uranium concentrations (Dussubieux and Gratuze 2003a; Dussubieux et al. 2012).  

 

A certain number of sites such as Phu Khao Thong, Thailand, 2nd century BCE - 4th 

century CE, Arikamedu, India, 2nd century BCE and onward and Aw Gyi, Myanmar, 1st centuries 

CE, yielded particularly high proportions (~50% or more) of m-Na-Ca-Al glass. Other sites 

throughout South and Southeast Asia included m-Na-Ca-Al glass beads but in lesser proportions. 

M-Na-Ca-Al glass beads were found at the site of Kish in Iraq in a context dating from the 2nd – 

1st century BCE which represents its sole known occurrence in western Asiatic regions 

(Dussubieux, 2021). 

 

3.2.4. Mineral soda-lime and soda plant ash (v-Na-Ca) glasses 

Those two types of glass are discussed together as both are imports from the West. They are both 

soda-rich glass with significant concentrations of lime (generally around 5 % although it can vary 

from 3 to 10 %). In the mineral soda-lime glass, the lime is part of the sand. The soda is taken from 

a mineral source such as natron that is a relatively pure ingredient bringing little potash and 

magnesia to the glass. Both constituents have concentrations in the glass that are below 1.5 %. In 

contrast, in the soda plant ash, the soda is added in the form of the ashes of halophytic plants 

(growing in salty soils) that also contain significant concentrations of potash, magnesia and lime. 

The sand in the soda plant ash glass comes from a rather pure source of silica (e.g. crushed quartz 

pebbles).  

 

The soda plant ash glass is the earliest glass manufactured in the Middle-East and Egypt 

during the Late Bronze Age (e.g. Shortland et al. 2018). Around the 9th century BCE the plant ash 

flux is replaced by natron in Egypt and the Syro-Palestinian region (Shortland et al. 2006) but the 
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plant ash-based recipe continues to be used in the Sasanian Empire (Mirti et al. 2008; 2009). 

Finally, natron glass disappears at the end of the 1st millennium CE and soda plant ash glass returns 

(Phelps 2018; Schibille et al. 2019). Started around the 8th century CE, the diffusion of soda plant 

ash follows the expansion of the Arab trade, more especially around the Indian Ocean.  

 

In southern and on the west coast of Africa, four sub-groups of soda plant ash (or v-Na-Ca) 

glass were identified. Three of these sub-groups were first identified at the site of Chibuene in 

Mozambique (Wood et al. 2012) while a fourth one originates from Egypt c.14th century CE 

(Dussubieux 2017). The three sub-groups from Chibuene are:  

-       v-Na-Ca 1: it is the most abundant v-Na-Ca glass type at Chibuene and was associated 

with the 8th to 10th century CE period. This glass was used to manufacture the Zhizo beads 

(Robertshaw et al. 2010). 

-       v-Na-Ca 2: this glass type has significantly high amount of chromium correlated with 

the presence of nickel. It was found at Chibuene in samples in the forms of glass sherds or wastes 

and was associated with the 8th to 10th century CE period. 

-       v-Na-Ca 3: this glass, usually in the form of bluish or greenish drawn glass beads, 

contains higher trace elements such as Rb, Ce, Cs, Ba, La and U. It was associated at Chibuene with 

the earliest context, ranging from the 7th- to the 9th century CE.  

 

In Southeast Asia, natron glass appears mostly in the form of fragments of glass vessels. 

However, there is a major exception with the site of Ban Ro in Thailand (unpublished results), 

which yielded significant quantities of natron glass wastes and drawn beads, raising the possibility 

of imported glass for recycling purpose. Glass vessel fragments with a soda plant ash composition 

in Southeast Asia are generally dated from the end of the first millennium CE (Carter et al. 2019; 

Dussubieux 2009b; Dussubieux and Allen 2014; Dussubieux 2014); however, this glass type, 

exclusively in the forms of beads, is available at many sites at an earlier period, around the 

beginning of the 1st millennium CE (Dussubieux 2001). The mechanisms of the exchanges bringing 

these beads to Southeast Asia is not known at this point. 

 

3.2.5. V-Na-Al glass 

This glass type is fairly similar to the v-Na-Ca glass but instead of having alumina concentrations 

lower than the lime concentrations, the trend is reversed in the v-Na-Al glass. This glass was likely 

manufactured from soda plant ashes and a high alumina sand. Trace elements are generally lower 

compared to the m-Na-Al glass. Soda plant ash – high alumina glass can be found in Central Asia 
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(Dussubieux and Kusimba 2012; Then-Obłuska and Dussubieux 2016; Carter et al. 2019; Siu et al. 

2020).  

 

Robertshaw et al. (2010) identified two v-Na-Al glass sub-groups in Southern Africa: the 

Mapungubwe Oblate (MO) bead series dating from the 13th to the 14th century CE and the 

Zimbabwe (Z) bead series, dating from the 14th-15th century CE with higher soda, phosphorus and 

barium but lower magnesia in the latter compared to the former. Siu et al. (2020) distinguished four 

different sub-groups: type A, B, C and D. Types C and D only include glass vessels and are not 

relevant here. They placed the MO bead series in type A glass and the Z bead series in type B glass. 

Also in the type A are the glass beads found in Mambrui, Kenya (15th – 16th century CE). that is 

part of the glass material at the center of the Siu et al. (2020)’s study (Table 4).  

 

  Type A Type B 

 Mambrui beads  

(Siu et al. 2020) 

Mapungubwe Oblate 

(Robertshaw et al. 2010) 

Zimbabwe 

(Robertshaw et al. 2010) 

Na2O (%) 16.1+/-1.1 12.40+/-2.09 14.56+/-2.89 

MgO (%) 4.33+/-0.59 5.28+/-1.84 4.01+/-0.74 

Al2O3 (%) 5.55+/-0.41 7.18+/-1.43 6.51+/-1.14 

K2O (%) 3.15+/-0.55 3.30+/0.58 3.54+/-0.60 

CaO (%) 5.50+/-0.87 6.13+/-1.73 6.54+/-1.30 

Ti (ppm) 1268+/-247 1422+/-413 1421+/-244 

Sr (ppm) 361+/-46 489+/-120 487+/-104 

Zr (ppm) 69+/-12 119+/-25 200+/-38 

Ba (ppm) 407+/-30 486+/-126 635+/-175 

Table 4. Average concentrations for key elements of types A and B as defined by Siu et al. (2020) 
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3.2.6. V-Na-Ca-Al 

This glass type is similar to the v-Na-Al glass but it has higher lime concentrations and also it 

exhibits different trace element patterns.  Lime and alumina are higher than 5 %. If lime is often a 

constituent of the ashes, alumina is quite likely part of the sand. This glass is called v-Na-Ca-Al for 

vegetable soda – high lime and alumina.  

 

 V-Na-Ca-Al compositions characterize the glass productions of Pakistan and Central Asia. 

Their presence was found in Afghanistan (Brill 1999), Uzbekistan (Abdurazakov 2009; Rehren et 

al. 2010) and Pakistan (Dussubieux and Gratuze 2003b) for a wide period ranging from the 2nd 

century BCE to the 14th century CE. The glass samples from Pakistan found in Bara (200 BCE – 

200 CE) are the only ones that have trace element concentrations available.  
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