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Abstract 

Glass artifacts have been the subject of extensive trade as exquisite items of the social elite since ancient 

times. Vestiges of their production and migration are still visible around the globe. To comprehend the 

historical narrative of human life encapsulated within them, it is imperative to ascertain their inception, 

which directly correlates with the identification of raw materials used in glassmaking. This is attributed to 

the material’s distinctiveness, enabling it to aptly reflect the climatic and geological characteristics of the 

respective geographic location where the glass is produced. However, glass, made through the fusion of 

raw materials, retains only its bulk chemistry, lacking visual and mineralogical associations with the input. 

Here, we compiled thousands of accessible glass analyses, demonstrating a link between geographic origins 

and geochemical signatures of the artifacts, and delineated the climatic and geological implications of these 

signatures. Climatic differences across regions influence geological processes systematically, resulting in 

environments characterized by unique geochemical signatures. These signatures are reflected in anomalous 

elemental signals indicative of specific raw materials used in glass production. Additionally, analysis of 

rare-earth element patterns provides further confirmation of the inferred flux sources and regional origins. 

We anticipate our assay to serve as a solid foundation for providing a clearer and more visual representation 

of the ancient East–West glass trade. 
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1 Introduction 

Food, clothing, and shelter—the basic necessities of life—are profoundly shaped by the climate and 

geology of the native region. In a similar vein, the products crafted inevitably bear the imprint of the 

nature. Glass, an artificial pre-modern material made from the fusion of natural raw materials, is one of 

the corresponding products. Nearly half a century ago, Sayre and Smith (1961) introduced the potential 

that compositional differences in ancient glass, and regional or chronological classifications were 

systematically interconnected. Despite ample opportunities for new interpretive approaches within a 

broader theoretical framework as subsequent analytical data accumulates (Rehren and Freestone 2015), 

their solid interpretations of the principal categories of ancient glasses remain unchallenged (Henderson 

2013). Nevertheless, the underlying and reliable reason for the correlation remains unexplained. Decades 

later, since the interpretations were initially derived from the behavior of five pinpointing elements in 

approximately 200 fragments, thousands of glass analyses have accumulated due to the dedication of 

numerous researchers, and the advances in analytical techniques. The present moment presents an 

opportune occasion to unveil the concealed origins of ancient glass through novel insights from an 

interdisciplinary perspective, leveraging the definite geochemical fingerprints that a wider group of 

elements can tell us. Upon establishing these foundations, it will become feasible to elucidate the shape of 

bead trade and circulation on a global scale through examining the traces of ancient glasses scattered 

across the world. 

In this study, we have compiled over two thousand chemical analyses of ancient glasses dating 

back to the pre-5th century CE, sourced from sixty-one academic references with openly available 

scientific data. Additionally, newly acquired glass bead data from the southern Korean Peninsula were 

incorporated to address data scarcity in this region. The geographical distribution of the data covers 128 

localities in thirty-five countries across four continents. The chemical composition involved comprises 

thirty-eight elements, encompassing major, minor, and trace with rare-earth elements. Systematically 

organized data-based statistical processing enabled the differentiation of chemical glass types and the 

identification of their geo-spatiotemporal characteristics. Furthermore, an integrated exploration of the 

meaning within the geochemical signatures of each type was conducted, considering the perspective of 

climate and geology. 
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2 Materials and methods 

2.1 Data collection and standardization 

Geochemical data employed in this study mostly originated from peer-reviewed papers, complemented by 

materials gathered from several conference proceedings and books (ESM 2 Table S1). Individual 

literature was primarily obtained through academic online search services (e.g., google scholar), focusing 

on items highly ranked in resultant lists searched with associated keywords (e.g., ancient glass, glass 

beads, glass artifacts, chemical composition etc.). It is noted that there was no intentional bias during the 

collection process. For the Korean region’s data, however, it constitutes a newly reported dataset in this 

study regarding the chemical properties of glass beads excavated from a twin tomb at Yeongam in the 

southern Korean Peninsula. Relevant backgrounds, data acquisition process, and results are described 

separately in ESM 1. Data collected from the literature includes the following items: chemical 

composition, place of discovery, period, color, method of analysis. Extraction of chemical analyses 

focused exclusively on reports for individual glass samples, excluding results presenting average values 

for certain groups due to the inability to compare them under uniform conditions. Owing to variations in 

reporting formats among different data sources authored by various individuals, specific data formats had 

to be converted to facilitate subsequent data processing and analyses: (1) the content of each element was 

converted into a metal-based value instead of an oxide form, (2) analytical results that were not detected 

(e.g., n.d. etc.) or indicated below the detection limits (e.g., <dl, b.d.l. etc.) were blanked only for the 

corresponding element, (3) color names were transformed into 6-digit hex color codes for standardization 

(ESM 2 Table S2), and (4) the age of artifacts, expressed as a period, was transformed into an arithmetic 

probability in centuries. For instance, when labeled as CE 400–500, 0.5 is assigned to both the 4th and 5th 

centuries. 

Following the data collection process, a total of 6,865 glass analyses were acquired from sixty-

one sources, including newly reported 57 results in this study. From these, 2,136 analyses meeting the 

specified criteria were selected as a final dataset for statistical analyses: (1) glass predating the 5th 

century, pertaining to the ancient time, (2) glass exhibiting distinct colors such as red, yellow, green, 

turquoise, blue, and colorless, and (3) glass containing no missing values for the seven major elements 

(Na, Mg, Al, Si, K, Ca, and Fe). 
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2.2 Statistical analyses 

Prepared glass dataset was investigated using both principal component analysis (PCA) and cluster 

analysis (CA) to categorize types of ancient glass and identify their geochemical characteristics. Prior to 

the statistical analyses, the dataset was split into the specified six color groups to ensure the independence 

of each analysis result from variations in glass colors. The processing of data on PCA and CA was 

performed using R Statistical Software for Windows (v4.1.3; R Core Team 2021). PCA is a statistical 

method used to reduce the dimensionality of complex variables, highlighting inter-relationships and 

sample variability among variables in multivariate datasets by exposing an underlying structure. In this 

study, seven variables representing major constituent elements (Na, Mg, Al, Si, K, Ca, and Fe) in 2,000+ 

glass samples were subjected to PCA to identify key factors influencing the classification of glass types 

globally. Given the compositional data characteristics of the variables, which represents parts of a whole, 

both log transformation and normalization were applied to all data values before employing PCA. The 

obtained loadings and scores were utilized to illustrate the relationship between variables and principal 

components (PCs) and to assess the extent to which each data sample reflects the extracted PCs. 

 CA is a statistical method that groups individual data points based on similarities (i.e., distance 

between data points), aiming to uncover intrinsic structures and patterns within a dataset. This study 

adopted k-means clustering algorithm, which minimizes within-cluster variances based on Euclidean 

distances as a criterion. Determining the optimal number of clusters (k), a critical part of the analysis, was 

accomplished by applying the Hartigan index (Hartigan 1975). The classified clusters were displayed 

alongside PCA outcomes, featuring distinct colors for data points within each cluster. 

 

3 Results 

3.1 Multivariate analyses: Confirmation of internal consistency 

Focused on the seven major elements, the combination of PCA and CA enabled the categorization of glass 

types into four distinct types (Fig. 1), except for two local variants. Table 1 presents representative 

statistical values of the elemental contents for each type and color of the glasses. Each classified type 

exhibits unique chemical characteristics setting it apart from others, while no statistical claim of absolute 

uniqueness is asserted. 

 In the context of PC loadings, a consistent pattern emerged across all glass colors, except for  
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Table 1 Median concentration (in wt.%) of seven major elements, categorized by glass type and color, 

along with the interquartile range (in gray color). 

Type Color n Na Mg Al Si K Ca Fe 

Na-Mg Yellow 49 12.15 2.35 0.64 30.53 1.92 4.80 0.45 

   (10.29–12.98) (1.94–2.88) (0.46–0.85) (28.19–31.60) (1.32–2.47) (3.62–5.40) (0.26–0.83) 

 Green 164 12.31 2.43 0.85 29.64 2.37 4.51 0.48 

   (11.13–13.80) (2.04–2.88) (0.56–1.28) (28.13–31.43) (1.44–2.82) (3.76–5.30) (0.30–0.76) 

 Turquoise 124 12.53 2.58 0.59 30.20 2.29 4.29 0.42 

   (10.80–13.50) (2.10–3.18) (0.36–0.79) (29.22–31.29) (1.64–2.68) (3.94–5.47) (0.27–0.56) 

 Blue 127 12.86 2.73 0.56 29.96 2.44 4.49 0.48 

   (11.47–13.81) (2.27–3.15) (0.44–0.92) (28.84–31.10) (1.73–2.91) (3.91–5.09) (0.30–0.58) 

 Colorless 37 12.31 2.35 0.48 30.82 1.67 5.07 0.31 

    (11.77–13.43) (1.95–2.89) (0.34–0.59) (29.97–32.22) (1.01–2.49) (4.00–5.70) (0.24–0.51) 

Na-Ca Red 41 10.91 0.65 1.24 28.21 0.96 5.53 0.94 

   (9.86–13.09) (0.33–1.42) (0.96–1.44) (25.93–30.48) (0.51–1.84) (4.48–6.29) (0.47–1.28) 

 Yellow 85 10.07 0.27 1.03 28.20 0.47 4.37 0.87 

   (8.19–13.14) (0.21–0.37) (0.63–1.24) (24.45–31.03) (0.24–0.57) (3.14–4.92) (0.41–1.12) 

 Green 148 12.79 0.36 1.24 32.19 0.46 4.87 0.39 

   (11.82–13.35) (0.33–0.48) (1.16–1.34) (30.72–32.70) (0.38–0.52) (4.43–5.61) (0.33–0.60) 

 Turquoise 148 12.06 0.31 1.54 31.26 0.56 3.79 0.56 

   (10.05–13.30) (0.24–0.48) (1.15–3.39) (28.88–32.30) (0.39–1.34) (1.71–5.56) (0.34–0.82) 

 Blue 366 12.39 0.36 1.26 32.30 0.46 5.07 0.54 

   (11.73–13.27) (0.30–0.44) (1.16–1.37) (31.24–32.87) (0.36–0.60) (4.30–5.68) (0.34–0.89) 

 Colorless 120 13.06 0.34 1.26 31.87 0.54 5.27 0.30 

   (11.97–13.85) (0.29–0.46) (1.10–1.39) (31.03–32.63) (0.38–0.67) (4.27–5.86) (0.23–0.50) 

Na-Al Red 99 9.40 0.91 3.74 29.92 2.99 2.24 1.02 

   (7.97–12.08) (0.52–1.03) (3.25–4.37) (28.83–31.72) (2.15–3.89) (1.84–3.07) (0.80–1.62) 

 Yellow 60 11.89 0.20 4.54 27.38 1.55 1.69 0.95 

   (10.56–13.38) (0.19–0.26) (4.06–6.79) (26.12–30.05) (0.71–2.01) (1.47–1.84) (0.73–1.41) 

 Green 85 11.42 0.41 4.05 28.98 1.78 1.81 1.05 

   (8.38–12.44) (0.22–0.72) (3.04–5.75) (28.19–31.18) (1.34–2.39) (1.55–2.75) (0.89–1.39) 

 Blue 122 5.00 0.21 4.37 29.48 2.11 1.42 0.61 

    (2.38–12.08) (0.07–0.35) (2.32–5.79) (28.36–31.66) (1.13–3.64) (1.07–6.68) (0.42–0.88) 

K Red 19 0.98 1.84 1.58 28.14 14.36 4.17 1.40 

   (0.38–1.11) (1.69–2.16) (1.43–1.63) (27.77–30.06) (12.99–15.69) (3.52–4.85) (1.04–1.68) 

 Yellow 19 0.16 0.10 1.58 22.39 7.47 0.39 0.99 

   (0.13–0.28) (0.08–0.20) (1.00–6.99) (17.03–23.64) (0.50–9.25) (0.27–1.12) (0.77–4.80) 

 Green 21 0.75 0.27 1.40 34.08 12.95 1.11 0.45 

   (0.40–0.84) (0.12–0.39) (1.01–2.10) (32.26–35.76) (11.12–14.72) (0.55–1.99) (0.41–0.64) 

 Turquoise 109 1.07 0.28 1.15 35.11 10.63 1.50 0.42 

   (0.42–3.39) (0.18–0.39) (0.87–1.55) (34.30–36.51) (7.80–12.69) (0.95–1.97) (0.29–0.57) 

 Blue 152 0.43 0.26 1.52 34.73 12.95 1.23 0.83 

   (0.15–0.69) (0.15–0.43) (1.12–2.19) (33.58–35.77) (11.06–13.93) (0.67–1.91) (0.64–1.04) 

 Colorless 14 0.41 0.13 0.75 36.97 12.87 1.10 0.55 

   (0.25–0.47) (0.08–0.24) (0.59–1.76) (36.03–37.50) (12.04–13.78) (0.93–1.84) (0.28–0.59) 

Fe Red 12 0.77 0.18 1.05 15.77 0.61 1.63 14.60 

    (0.42–1.28) (0.14–0.23) (0.94–1.56) (14.04–16.61) (0.33–0.93) (1.33–1.99) (11.67–24.21) 

Ca-Al Colorless 15 3.33 0.03 6.97 29.09 2.91 10.91 0.35 

    (2.43–4.19) (0.02–0.04) (6.85–7.18) (28.56–29.84) (1.41–3.67) (9.82–11.87) (0.28–0.42) 
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Fig. 1 Bivariate plots of principal component (PC) scores and loadings for ancient glass data by color. 

Clusters of ancient glass, categorized by color through k-means cluster analysis, are represented on the PC 

score plane. 

 

the extraordinary red. The loadings associated with Na, K, Al, and Mg display a radial orientation in four 

distinct directions, forming approximate right angles (Fig. 1). These arrangements imply that each 

element acts as an incompatible end member with distinct characteristics from the others. Indeed, these 

elements are fundamentally connected to the fluxes' properties (e.g., biogenic or geogenic origins) utilized 

in glass production and to the underlying climatic and geological conditions. Their roles are pivotal in 

differentiating the geochemical signatures of clusters identified through CA. Additionally, it is observed 

that the loadings of two specific elements exhibit a concurrent directional movement. Specifically, the 

presence of Al–Fe and Na–Ca pairs are present, and although there are variations in magnitude depending 

on the color of the glass, a clear trend can be discerned (Fig. 1). There are definitive reasons for these 
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consistent geochemical traits, and we aim to elucidate the inevitability of such characteristics within the 

context of sequential processes in environments where climate and geology are interlinked. Further 

details are elaborated upon subsequently. 

 

 

Fig. 2 Spatiotemporal distribution and frequency of occurrence for ancient glass by classified type. The 

vertical axis of time series data corresponds to square root scale. EU = Europe, AS = Asia, ME = Middle 

East, and AF = Africa. 

 

3.2 Distinct geochemistry in glass types yields unique spatiotemporal distribution 

Geospatial and temporal visualization of glasses showed discernible differences based on the classified 

types (Fig. 2). Nonetheless, even within the same category, the processes of production, circulation, 

utilization, and final deposition vary, leading to a broad geographic spread of glass artifacts, as illustrated 

on the map. In the first instance, Na-Mg type glass aligns with the commonly referred ‘plant ash glass’, 

which is a typical soda-lime glass with a high magnesium content (Table 1). It is predominantly found in 
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the historical “cradle of civilization”, comprising the Middle East and Egypt, and extends from the 

Balkans to the southern part of the Apennine Peninsula and to Denmark through Eastern Europe, with 

some occurrences in parts of Asia (Fig. 2a). In terms of the time series, its peak prosperity spanned from 

approximately 1,500 to 700 BCE, except for a recession during the Greek Dark Ages (circa 1,100–800 

BCE). 

The second type, Na-Ca glass, is known as ‘natron glass’, which utilizes sodium carbonates 

(e.g., natron, trona) as a fluxing agent. This type has lower levels of potassium and magnesium compared 

to the former, but a higher amount of aluminum (Table 1), indicative of a mineral origin for bulky source 

materials. As the power shifts from Mesopotamia to Europe, the density of glass decreases in the Fertile 

Crescent while increasing in regions along the southern coast of the Anatolian Peninsula, extending 

towards southern Europe and North Africa (Fig. 2b). Although in limited amounts, its presence is also 

confirmed along the Asian inland route to the Indochina Peninsula and Far East Asia. Their golden age 

substantially coincides with the rise and fall of Rome, spanning from the Roman Kingdom in the 8th 

century BCE through the Republican and Imperial periods until the division into the Eastern and Western 

Empires in the late 4th century CE. 

The third chemical category is Na-Al type, characterized by more than double the aluminum 

content and considerable variability in sodium composition within different color groups (Table 1). The 

composition seems to align with the ‘Indo-Pacific glass’ category (Francis 1988; Dussubieux et al. 2010; 

Pion and Gratuze 2016). While the majority occurs in the Far East including Southeast Asia, the 

geospatial bias is minimal due to significant quantities also found in Europe, Middle East, Africa, and 

Central Asia (Fig. 2c). Given its tendency to generally distribute along coastlines (e.g., the Mediterranean 

Sea, and spanning from the Bay of Bengal up to the Yellow Sea), the extensive geographical prevalence 

appears to originate from a principal reliance on maritime trade (Francis 2002). This type held dominance 

exclusively within Europe during approximately the 13th–5th centuries BCE. Subsequently, a clear 

bimodal distribution has emerged, primarily shifting the center of influence to Asian regions. The context 

and reason for the bimodality have not been established yet. 

Lastly, K type glass contains potassium as a primary constituent after silica and, in certain 

instances, exhibits comparable proportions to sodium. Potassium content usually exceeds 10 wt.% on 

average, while the other five major elements remain below 2 wt.% (Table 1). This category covers the 
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listed four traditional glass types, forming a unified group owing to their relatively coherent composition: 

(1) high potassium glass (HKG), (2) low magnesium and high potassium (LMHK) glass, and (3) mixed-

alkali glass in Europe, (4) potash glass in Asia. The origin of these potassium-rich glasses remains 

uncertain (Liu et al. 2013; Dussubieux et al. 2020; Ma et al. 2022a). However, the compiled geographical 

distribution suggests a confined potential provenance. The highest spatial density is observed along the 

line from the Malay Peninsula to the eastern inland China, to a lesser degree in southern Italy and Poland, 

as well as in some parts of the Central Asian Silk Road (Fig. 2d). Like the prior Na-Al type, its 

chronological distribution is divided into a dominant European era preceding the circa 7th–6th centuries 

BCE, followed by an Asian predominance, with some temporal overlap. Once more, the implications of 

this bimodality are still uncertain. 

 

 

Fig. 3 Sequential variational patterns of minor and trace elements by classified type. Glass data are 

normalized to the composition of upper crust (Rudnick and Gao 2014). Solid line denotes the median, while 

the gray area represents the interquartile range. Open circles in the background correspond to individual 

data. 
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4 Discussion 

4.1 Climate and geology shape glass compositions through raw material selection 

The presence of glass types distinguished by an independent singularity in terms of chemistry, geography, 

and time span highlights its originality. In this regard, regions with a high occurrence density of a 

particular glass type likely indicate comprehensive centers for producing and distributing that glass, 

implying potential provenance in a broad sense. Simultaneously, it is essential to note that the geographic 

scope itself is intertwined with unique climatic and geological characteristics, which impact the 

physiochemical and mineralogical attributes of raw materials employed in glassmaking significantly. 

Consequently, a given glass type could display distinct patterns of minor and trace elements resembling 

fingerprints, thereby providing insights into the provenance and source of the raw materials (Fig. 3). 

 

4.2 Carbonate legacy: Across the Mediterranean to the Middle East 

In the Mediterranean Sea and its coastal regions, calcareous geological formations are ubiquitous (Laugié 

et al. 2019; Michel et al. 2019). This is closely linked to the evolution of the ancient Tethys Sea and its 

associated tectonics since the Mesozoic Era (Calvo and Regueiro 2010). During periods of extensional 

tectonic regime (e.g., passive continental margins) in the Mesozoic and Neogene, widespread carbonate 

platforms with bioclastic sediments (e.g., remains of stony corals and seashells) developed in shallow and 

warm marine basins alongside the Tethys, particularly ranging from the Mediterranean to the Middle East 

(Michel et al. 2020). These rocks then uplifted mainly during the Pliocene, culminating in their current 

state. Hence, it is logical that the distribution of the Na-Mg and Na-Ca types, marked by a notable 

calcium content of approximately 4–5 wt.% (Table 1) and a prominent positive strontium (Sr) anomaly 

(Fig. 3a, b), centers on the Mediterranean and Middle East regions. In general, substitution of calcium 

ions for strontium ions exhibits a higher affinity for aragonite, a major constituent mineral of the 

bioclastic sediments, than for calcite due to differences in their inherent crystallographic compatibility 

(Finch and Allison 2007). 

 

4.3 Mid-latitudinal high-pressure zone: Saline lakes with evaporites 

Climate also engaged with geology as an influential factor. Paleolatitude reconstruction reveals that the 

Mediterranean region shifted northward over the past 50 million years, spanning approximately 20–35° N 
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(Besse and Courtillot 2002; Torsvik et al. 2012; van Hinsbergen et al. 2015). These latitudes, 

corresponding to the mid-latitudinal high-pressure zone, features descending air masses induced by the 

latitudinal atmospheric circulation near the 30th parallel. The masses suppress vertical cloud development 

and subsequent rain formation, resulting in arid and semi-arid climates. This leads to more 

evapotranspiration relative to annual precipitation and facilitates the formation of saline lakes with 

accompanying evaporites (e.g., gypsum, halite) in the Mediterranean Basin and along the Red Sea coast. 

Like strontium (Sr), a sulfur (S) peak is evident in both Na-Mg and Na-Ca types (Fig. 3a, b). These sulfur 

anomalies are expected to originate from inorganic sulfur, particularly the widespread gypsum 

(Natalicchio et al. 2014). Sulfur from organic sources, such as halophytes, may also be present, but it is 

likely that it has already been volatilized in the high-temperature environment during plant ashing (e.g., 

Barlow 1904; Jackson et al. 2005). Meanwhile, strontium substitution can also take place in gypsum, but 

less common and generally occurs in trace amounts compared to carbonates mentioned above. 

The precipitation of sodium carbonate is another consideration in the context of the evaporitic 

environment, as it necessitates the influx of a highly alkaline source beyond the evaporitic setting. The 

alkaline composition typically sources from alkali-rich rocks and minerals (e.g., carbonatite, nephelinite, 

phonolite, and melilite), primarily associated with alkaline magmatism found in continental rifts and 

intraplate hotspots (Philpotts and Ague 2022). Near the Middle East, the East African Rift stands as the 

world’s largest active continental rift zone, featuring a volcanic composition that spans from 

hyperalkaline to tholeiitic and felsic rocks (Saemundsson 2010). In this zone, one can find Ol Doinyo 

Lengai, the only active volcano on Earth associated with natrocarbonatitic lava eruption. To the north of 

the volcano lies Lake Natron, characterized by its high sodium carbonate content, and the area affected by 

volcanic eruptions substantially coincides with the upper Nile River basin. This suggests that the alkaline-

rich sources from large-scale eruptions could migrate enough downstream along the river. Such 

geological and geographical peculiarities substantiate Egypt’s pivotal role as a natron supplier, as 

confirmed by historical literature (Conte et al. 2016; Jackson et al. 2018). 

Previous discussions have confirmed that Na-Mg and Na-Ca glass types originate from similar 

geological and climatic settings, yet the Mg content is significantly higher in the Na-Mg type (Table 1). 

Fundamental distinction arises from the type of flux utilized: Na-Mg glass is produced using biogenic 

flux from the ash of halophytes in saline environments, unlike the geogenic flux in Na-Ca glass, which is 
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the primary factor for the Mg content discrepancy. Specifically, in saline lake contexts where halophytes 

thrive, the precipitation of Ca carbonate leads to a reduction in Ca2+ concentration, commonly resulting in 

an increased Mg/Ca ratio, which may facilitate the formation of Mg carbonate (Eugster and Hardie 1978; 

Tosca and Tutolo 2023). While there is variability among halophyte species, ash commonly contains 

significant MgO content, typically within the range of 2 to 10 wt.% (Henderson 2013). This evidence 

reduces the probability that the elevated Mg content in Na-Mg glass is due to the enhanced use of stony 

coral and seashell fragments. 

 

4.4 Tropical weathering processes: Upper crust-like compositions 

On the contrary, the Na-Al type displays an almost flat pattern with y-values near unity in the multi-

element diagram (Fig. 3c), signifying a pronounced chemical similarity between this glass type and the 

Earth’s upper crust. The diagram predominantly features elements categorized as incompatible, and they 

are relatively abundant in the upper crust. In the K type, albeit to a lesser extent, it demonstrates an 

overall pattern and elemental content akin to the Na-Al type, except for specific anomalies in P, Mn, and 

Rb (Fig. 3d). Certainly, it bears much lower similarity to the Na-Mg and Na-Ca types. 

These two glasses (i.e., Na-Al and K types) are mainly found in the Asian region, with the 

highest density observed in Southeast Asia, centered around the Indochina Peninsula (Fig. 2c, d). The 

region, extending from India through the peninsula to inland eastern China, has a tropical climate 

(including monsoon and savanna patterns) along with a humid subtropical climate (Peel et al. 2007), 

marked by high average temperature, annual precipitation, and alternating dry and wet seasons. These 

climatic conditions expedite the weathering and erosion of prevalent granitic rocks in the continental 

crust. This process releases incompatible elements into soils and surface waters, resulting in their 

enrichment in the uppermost layers of the Earth’s crust. Specifically, tropical weathering processes, such 

as laterization, lead to intense leaching, causing the removal of soluble elements. Nevertheless, certain 

elements such as Fe, Al, Ti, Mn, V and Ni exhibit notable resistance to leaching and remain in the soil, 

contributing to laterite formation. As presented in Table 1, the consistently high aluminum and iron 

content in the Na-Al type, regardless of glass color, is attributed to the utilization of raw materials that 

reflect the regional climate and geological characteristics, thus confirming their provenance. This also 

suggests the incorporation of highly weathered sources in the raw materials like soils or its derivatives. A 
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representative example is sodic efflorescence called reh (Agrawal and Gupta 1968; Brill 1987; 

Dussubieux et al. 2010), which served as a flux in the production of Indo-Pacific beads of the Na-Al type. 

Uniquely, both reh and laterite formation share the characteristic of rainwater percolation into surficial 

rocks as well as leachate rise driven by capillary action recurring during alternating wet and dry seasons 

(Wadia 1975; Dussubieux et al. 2022). 

In particular, K type glass is posited to originate from regions devoid of geogenic mineral fluxes 

and halophytes. Its distribution predominantly covers the region from the interior of the Indochina 

Peninsula to southern mainland China (Fig. 2d), marked by extensive vegetation and tropical rainforests. 

As a result, an ash-based flux like that used in Na-Mg glass was adopted; however, wood ash was 

utilized, manifesting unique geochemical signatures. Furthermore, a pronounced positive anomaly in Rb, 

which easily substitutes for K, is identified as a defining trait of K type glass (Fig. 3d). These factors 

underscore the significant influence of climate and the geological attributes of raw materials in the origin 

identification. 

 

4.5 Phosphorus and manganese: From fluxes to orogenic belts 

Patterns of minor and trace elements also provide insights into estimating the origin of flux. For instance, 

an anomalous phosphorus signal could indicate the use of biogenic-origin flux like plant ash in glass 

manufacturing (Stern 2017). This is because phosphate plays a pivotal role in the framework formation of 

both flora and fauna and remains resistant to decomposition at high temperatures. As a result, it persists in 

the residual ash, imparting a distinctive chemical signature to the glass in which it is employed. Indeed, 

positive phosphorus anomalies are evident in the Na-Mg and K types (Fig. 3a, d), indicating the use of 

plant or wood ash, in line with previous research findings. In contrast, Na-Ca and Na-Al types, denoting 

glasses produced with geogenic-origin flux such as natron and reh, exhibited either no peak or only 

minimal levels (Fig. 3b, c). A noteworthy observation is that the absolute phosphorus content in the Na-Al 

type closely resembles that of the Na-Mg and K types (Fig. 3), without any conspicuous peaks. This 

occurrence is likely due to the prevalence of phosphate minerals (e.g., monazite and xenotime) associated 

with REE deposits in this region, rather than to biogenic sources, as will be elaborated on later. 

Regarding manganese, spikes and large deviations are only evident in the Na-Ca and K types 

(Fig. 3b, d), which are based in Europe and Southeast Asia, respectively. This behavior is especially 
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prominent in the Alps (northern Italy) and the Eastern Himalayan Fold Belt region centered on Myanmar. 

Both these regions share the characteristic of being located within global orogenic belts associated with 

Jurassic–Cretaceous ophiolites (Saccani 2015). The connection between ophiolites and manganese is 

primarily related to the presence of manganese-rich deep marine sediments or associated rocks in the 

uppermost part of the ophiolite complex. Upon the uplift of these complexes, subsequent weathering and 

concentration processes lead to the development of ore deposits or nodules in its vicinity. Nonetheless, 

manganese solubility is influenced by an intricate interplay of factors including the ion’s oxidation state, 

pH, redox conditions, and its complexation. Consequently, manganese concentration shows substantial 

spatial heterogeneity, which explains the large deviations observed in the glass analyses. 

 

 

Fig. 4 Upper crust-normalized rare-earth element patterns for different glass types. Normalizing values 

from Rudnick and Gao (2014). Solid line denotes the median, while the gray area represents the interquartile 

range. 
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4.6 Rare-earth element (REE): Core repository for cross-check 

A clear contrast in the occurrence of REE deposits between Europe–Middle East and Asia provides an 

enhanced foundation for more robust provenance identification. Although rare in Europe and the Middle 

East, numerous deposits are either under development or identified across Asia, extending from India 

through Southeast Asia to northeastern China, with a fairly even spatial distribution (Deady 2021). The 

normalized REE patterns for each glass type demonstrate these characteristics well (Fig. 4). The Na-Al 

and K types, predominantly found in Asia, present higher REE levels compared to the Na-Ca and Na-Mg 

types prevalent in Europe and the Middle East, respectively. Furthermore, the clear recognition of heavy 

REE enrichment, which can be considered a signature of REE deposits in Asia (Xie et al. 2016; Li et al. 

2017), in both Na-Al and K types of patterns indicates the utilization of local source materials reflecting 

the regional geology. Final point to note is the presence of a positive europium (Eu) anomaly, observed in 

both Na-Al and Na-Ca types (Fig. 4). In general, divalent europium (Eu2+) is known to preferentially 

incorporate into plagioclase in reducing magma due to its ion size and charge similarity with the Ca2+ ion 

of plagioclase. Accordingly, a positive Eu anomaly indicates the presence of plagioclase in the source 

materials. Coincidentally, both glass types correspond to cases where geogenic-origin flux was utilized, 

implying inadvertent introduction of plagioclase along with fluxes into the glassmaking process. Notably, 

the Eu anomaly is most pronounced in the Na-Al type, which is prone to incorporating weathered soil due 

to regional climatic conditions. On the other side, feldspar often shares grain boundaries with quartz in 

rocks, potentially leading to its unintentional inclusion as a raw material. However, considering that the 

Eu anomaly is prevalent only in types primarily reliant on geological-origin fluxes, it can be inferred that 

the quartz used was in a pure state with minimal impurities. 

 

5 Conclusions 

Utilizing over 2,000 chemical analysis datasets gathered during this study, ancient glass artifacts have 

been categorized into several distinct types based on their major chemical compositions. The origins, as 

well as the geospatial and temporal distribution characteristics, of the unique geochemical properties of 

each type, have been analyzed from both climatic and geological perspectives. Naturally, given that the 

dataset does not encompass all available glass analyses, it remains a possibility that the robustness of the 

interpretation could undergo slight variations with the inclusion of additional data. Furthermore, it is 
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conceivable that certain individual glass samples may exhibit characteristics of multiple types 

simultaneously or possess more nuanced subtypes, potentially introducing classification ambiguity. 

Nevertheless, the study’s key findings entail the classification of four unique types of ancient glasses 

using objective statistical techniques. Moreover, it highlights that the chemical fingerprints of each type 

are inherently linked to geography, geology, and climate, confirming their interdependence. 

In the future, efforts should focus on a comprehensive interpretation that integrates the 

geochemical approach with typology, while also considering the social, economic, and ritual uses of 

glass. It is also imperative to investigate the evolution of glass across an extended temporal and spatial 

context, encompassing the medieval and modern eras beyond ancient times. Notably, there is a pressing 

need to expand glass analysis data in the Indian region, a geographically significant area bridging Europe 

and Southeast Asia. Above all, the paramount importance lies in providing novel insights to reconstruct 

the development patterns of trade and circulation of glass artifacts based on scientific data rather than 

relying only on literature. From this perspective, the spatiotemporal distribution data enable us to infer the 

glass’s origin but also serve as a representation of a distribution network by offering insights into its 

movement, utilization, and eventual burial. The picture will become clearer with the accumulation of 

additional data. Lastly, the discovery of various types of ancient glass in Korea holds significance as it 

confirms Korea's active participation in global trade at the time, despite its location at the eastern end of 

the Eurasian continent. 

 

Supplementary information This study includes two supplementary materials and details are 

described below. 

1) Electronic Supplementary Material 1 (ESM 1): Materials and methods 

2) Electronic Supplementary Material 2 (ESM 2): Tables S1 to S6 
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Table captions 

Table 1 Median concentration (in wt.%) of seven major elements, categorized by glass type and color, 

along with the interquartile range (in gray color). 

Table S1 (ESM 2) List of literature sources for the geochemical data used in this study. 

Table S2 (ESM 2) List of color names and corresponding 6-digit hexadecimal color codes for each color 

group. 

Table S3 (ESM 2) Reference and measured values of major and minor chemical compositions for Corning 

A, B, and C glasses determined by EPMA. 

Table S4 (ESM 2) Chemical composition of glass beads unearthed from a twin tomb at Yeongam, South 

Korea. 

Table S5 (ESM 2) LA-ICP-MS elemental data for the NIST SRM612 standard compared with its 

reference values. 

Table S6 (ESM 2) Trace element concentrations of glass beads unearthed from a twin tomb at Yeongam, 

South Korea. 
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Figure captions 

Fig. 1 Bivariate plots of principal component (PC) scores and loadings for ancient glass data by color. 

Clusters of ancient glass, categorized by color through k-means cluster analysis, are represented on 

the PC score plane. 

Fig. 2 Spatiotemporal distribution and frequency of occurrence for ancient glass by classified type. The 

vertical axis of time series data corresponds to square root scale. EU = Europe, AS = Asia, ME = 

Middle East, and AF = Africa. 

Fig. 3 Sequential variational patterns of minor and trace elements by classified type. Glass data are 

normalized to the composition of upper crust (Rudnick and Gao 2014). Solid line denotes the 

median, while the shaded area represents the interquartile range. Open circles in the background 

correspond to individual data. 

Fig. 4 Upper crust-normalized rare-earth element patterns for different glass types. Normalizing values 

from Rudnick and Gao (2014). Solid line denotes the median, while the shaded area represents the 

interquartile range. 


