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ABSTRACT 

Thirteen glasses from the Byzantine Church of Transfiguration of the Saviour in 

Metamorfosis in Messinia, Peloponnese, dating back to the Middle Byzantine Period 

(12
th
 century A.D.), have been analyzed. The methodology adopted aimed to identify 

the chemical properties of the glasses and the methods used were the following 

complementary techniques: Optical Microscopy (OM) for preliminary morphological 

observations, Scanning Electron Microscopy coupled with Energy-Dispersive X-ray 

Spectrometry (SEM-EDS) for high-resolution morphological examination and 

qualitative chemical analyses and Micro X-ray Fluorescence Spectrometry (μ-

XRF) for the detection of trace elements.  

The chemical characterization of the glasses allowed the discrimination between 

different glass groups and the identification of raw materials and technological 

traditions of their production. Fundamental changes in the production processes 

occurred from the 8
th
-9

th
 century A.D. onwards, when mineral soda was gradually 

replaced by organic plant ash. These changes in the raw materials are reflected in the 

chemical composition of the glasses.  

The major components of the glasses are silicon dioxide (SiO2), sodium oxide 

(Na2O), and calcium oxide (CaO) and the samples can be classified as soda-lime-

silica glass. Most of the fragments revealed an intermediate composition a 

combination of natron and plant ash glass. Among the samples a glass composition 

with a certain amount of plant ash was also identified, an indication of a new glass 

composition introduced after several centuries in which natron glass was dominating 

glass production. Micro X-ray Fluorescence Spectrometry (μ-XRF) results 

highlighted the elements responsible for coloring and indicate the possibility for the 

glasses to be obtained through recycling processes, clarifying production technology 

issues.  

Finally, it is possible to assume as the source of the raw glass to have been the 

Middle East.  
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1. INTRODUCTION 

Glass, as a man-made material, made its first appearance in the 3
rd

 millennium 

B.C., as it is indicated by rare findings in Egypt and the Near East. At that time, the 

discovery of this new material must have been accidental and it was only around the 

15
th
 century B.C. that extensive production of colored glass began to emerge in Egypt, 

following shortly after the appearance of regular glass production in Mesopotamia 

(Smirniou and Rehren 2013).  

In the ancient world, glass was produced by the use of several fundamental 

components. The principal components were silica, characterized as the “network 

former” or as the “vitrifying agent”, alkalis which were characterized as the “network 

modifiers” and were commonly oxides of sodium and potassium, and calcium oxide 

which comprised the “network stabilizer”. In addition to these principal components, 

compounds such as colorants, crystalline opacifiers, clarifiers and fining agents were 

added deliberately to the glass with the purpose to cause changes in the appearance of 

the glass (Fiori and Vandini 2004; Craddock 2009). The raw materials used for the 

production of glass reflect the technological tradition of the time. Discrete changes in 

the raw materials used will be reflected in the chemical compositions of the glass. 

Such changes occurred at the end of the 1
st
 millennium A.D. in glass production 

processes (Fiori and Vandini 2004). 

 During the 1
st
 millennium A.D., soda-lime-silica glass was produced in two 

combinations. The first was a combination of a mineral alkali, probably natron or 

trona (a mixture of sodium carbonate, sodium bicarbonate with contaminations of 

sodium chloride and sodium sulfate) with sand (Henderson 2001; Shortland 2004) and 

the second was a combination of plant ash with a purer source of silica, such as quartz 

(Henderson 2001; Barkoudah and Henderson 2006). The calcium oxide was 

introduced either in the form of shell fragments in the sand or derived from plant ash. 

In addition, several compounds such as colorants and opacifiers were added to the 

glass (J. Henderson 2001).  

Between about the 9
th
 and the 11

th
 centuries A.D., the principal use of natron 

changed to the principal use of organic alkali sources, to plant ashes. The change 

occurred in parts of the Byzantine and the Islamic world, in the Near East as well as in 

southern Europe. In the cis- Alpine zone natron was replaced by potassium rich wood 

ash. 



2 
 

Part of the reason for this radical change in the raw materials and glass production 

technology could have been that Egypt was no longer able to correspond to the 

increasing demands in mineral soda (Shortland, et al. 2006). However, it is also 

probable that the disruption of the supply of natron was a result of the political 

disturbances in the Delta-Wadi-Natrun region during the 7
th

 and the 8
th

 centuries A.D 

(Shortland, et al. 2006). This was a contributory or even a dominant reason in causing 

this apparent shortage of natron. Similarly, the continuing political disturbances 

during the 9
th

 century A.D. were probably the main reason for the subsequent 

replacement of natron by plant ash as the source of alkali in glass production. It is 

unclear if the disruption of the 860s resulted in the complete cessation of natron 

extraction in Egypt however; it is very likely that it was severely disrupted (Gratuze 

and Barrandon 1990; Whitehouse 2002; Uboldi and Verita 2003; Henderson, 

McLoughlin and McPhail 2004). 

According to the technological tradition of the time, natron and plant ash could 

have been used for the production of the glasses inspected. However, the introduction 

of plant ash glass did not occur immediately. The extensive production of natron glass 

resulted in it being in circulation and being worked for a period of time. As an 

intermediate technological phase, natron glass was extended by the addition of plant 

ash glass. Therefore, three different compositional glass types existed: natron glass, 

plant ash glass and mixed natron plant-ash glass (Henderson, McLoughlin and 

McPhail 2004).  

However, Uboldi and Verita (2003) have published the results for five samples of 

Italian intermediate glasses, a combination of natron and plant ash glass, from 

contexts dating to the 6
th
-8

th
, 8

th
-10

th
 and 10

th
-12

th
 centuries, with four plant ash vessel 

glasses dating in the 8
th
-10

th
 and 11

th
 centuries. Mixed natron-plant ash compositions 

have also been identified in 8
th
-9

th
 century A.D. contexts at al-Raqqa in the Middle 

East (Henderson, McLoughlin and McPhail 2004) and are recognizable between the 

chemical analyses of raw glass and Islamic vessels on the Serçe Limani shipwreck, 

off the south-west coast of Turkey with a terminus post quem date of c.1025 (Brill 

1999). 

In the present study glass findings from a Byzantine church dating to the 12
th

 

century (Middle Byzantine Period) were analyzed. The results of the chemical 

analyses were used to identify the variations in the raw materials used and the 

technology for the production of these glasses. 
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The analysis and examination of the glasses provide valuable insights into a period 

perceived to be a time of technological transition and a period of intense interest since 

studies of Byzantine artifacts are scarcely published compared to studies from other 

historical periods. Other authors have also published chemical analyses of glasses 

dating to the period of interest though at a restricted number (Uboldi and Verita 2003; 

Silvestri and Marcante 2011). 

The methodology adopted aimed principally to scientifically select and analyze 

micro samples and secondly to analyze the structure of the glass with the intention to 

define compositional groupings. The methods used were Optical Microscopy (OM) 

for preliminary morphological observations, Scanning Electron Microscopy coupled 

with Energy-Dispersive X-ray Spectrometry (SEM-EDS) for high-resolution 

morphologic inspection of the glass and qualitative chemical analyses and Micro X-

ray Fluorescence Spectrometry (μ-XRF) for the detection of trace elements.  

The study consists of eight chapters. A theoretical framework follows the 

introductory part in which the nature of glass, the raw materials in the production of 

glass according to the technological tradition of the time, the manufacturing process 

and the trading patterns during the period is discussed. In the next two chapters the 

monument where the glass artifacts were excavated, the materials studied and the 

scientific techniques adopted for the analyses are presented. The results obtained after 

the completion of the methods and discussion follows in the next chapter. Finally, 

possible sources of the materials studied and the conclusions are presented in the last 

chapters. 
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2. THEORETICAL BACKGROUND 

2.1 GLASS AS A MATERIAL 

Glass is defined as an amorphous solid material that does not have a long-range 

structural order in the atomic arrangement, as opposed to crystalline materials (J. 

Henderson 2001; Artioli 2010; Ζαχαριάς και Οικονόμου 2010). In the latter, the 

periodic repetition of structural constituents in different directions of space creates a 

configuration of a typical, geometrical regularity. The disorderly arrangement is an 

attribute of liquids from which the amorphous solid materials are differentiated by 

their high viscosity. 

As a consequence of their disorderly arrangement glassy materials which appear as 

rigid, brittle and isotropic masses, when subjected to heat, reach a state of softening 

with a progressive reduction of viscosity, until they are completely melted. In spite of 

the complexity of a rigorous treatment of the properties of the vitreous condition, 

glass can be characterized as an amorphous material acquired from a progressive 

hardening of a liquid that has not crystallized through cooling (Fiori and Vandini 

2004; J. Henderson 2001; Janssens 2013).  In order to realize the glassy condition, 

initiating from a liquid, it is required that a specific material is cooled at a greater 

velocity than the velocity of crystallization. There are materials in nature which, under 

favorable circumstances of cooling, produce glass. Among these, the most significant 

is silica, which was extensively used as a raw material for making glass in ancient 

times (Fiori and Vandini 2004). 

2.2 GLASS RAW MATERIALS 

2.2.1 SILICA SOURCES 

The principal component of ancient glass was silica, characterized as the “network 

former” or as the “vitrifying agent” (Fiori and Vandini 2004). In glass-making, the 

source of silica was sand, crushed quartzite or biogenic sediments. Further evidence 

of the use of sand as a primary component derives from Pliny the Elder. Pliny 

specifically indicates two locations where the glassmaking sands were obtained in 

Roman times: the mouth of the river Belus in Israel and the coast near the mouth of 

the river Volturno in Italy. The Belus location is traditionally defined as the site of the 

accidental discovery of glass, by the fusion of sand and natron (Freestone 2006; 

Artioli 2010).   
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Sources of pure silica sands were very difficult to be located since most fluvial or 

marine sands were contaminated mixtures of quartz with other minerals or with 

organic and bio-inorganic substances. In fact, it is common for mineral contaminants 

to be found in sand, most of them (feldspars, micas, and clays) contributing to the 

aluminum content of the final glass as well as containing a sufficient amount of iron, 

which produces the typical greenish color often observed in the glass. Furthermore, it 

should be noted that some desert sands are composed of particularly pure quartz. 

Beach sand also incorporates carbonic fragments (shell fragments and foraminifera) 

which could potentially provide a source of calcium in the glass. If a purer source of 

silica was used, for instance, quartz frequently in the form of river pebbles, much 

lower levels of contaminants (such as iron) would accompany it and would be 

introduced into the glass (J. Henderson 2001; Artioli 2010). 

2.2.2 ALKALI SOURCES 

Alkalis are essential to the creation of glasses since they interact with silica and 

reduce its melting temperature from between 1710˚C and 1730˚C to a more 

controllable temperature of c. 1100˚C to 1200˚C for soda-lime glasses. The sources of 

alkalis can be inorganic from minerals or salts or organic-derived from plant ashes. In 

both cases, the final constituents which are combined with silica to produce the glass 

must be oxides that are very soluble in the silicon oxide (SiO2) matrix. 

There are three principal ancient sources of alkali. The first source of alkali 

develops from natural evaporite minerals such as natron. The mineral is characterized 

by a variable composition and it consists of sodium carbonate, sodium bicarbonate 

with contaminations of sodium chloride and sodium sulfate. In antiquity, the primary 

sources of natron were in Wadi el-Natrun and in al-Barnuj, both in Egypt (Shortland 

2004; Shortland, et al. 2006). Another common source of alkali is extracted from 

soda-rich plant ashes, generally derived from salt-tolerant halophytic plants growing 

in maritime environments and desert areas. Such plants are of the genus Salicornia or 

Salsola (Barkoudah and Henderson 2006). The last source of alkali derives from ashes 

of different plants, which regularly contain comparable proportions of sodium and 

potassium and are therefore named mixed alkali sources. This category also 

incorporates ashes of trees and ferns, which often produce greater potassium contents 

(Jackson and Booth 2005) 
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It was first ascertained by Sayre and Smith (1961) and has since become generally 

accepted, that ancient soda-lime-silica glasses are divided into two main categories, 

according to the alkali source; high magnesia glasses (HMG) and low magnesia 

glasses (LMG). In high magnesia glasses, the elevated levels of magnesium oxide are 

accompanied by elevated levels of potassium oxide, specifically more than 1.5% of 

each oxide. In low magnesia glasses, low levels of potassium accompany the low 

magnesia levels, containing less than 1.5% of each of magnesium and potassium 

oxides. In addition, there is a general agreement that low magnesia glasses correspond 

to those produced using natron as the source of alkali, whereas high magnesia glasses 

correspond to those produced by the use of plant ash (J. Henderson 1985). Therefore, 

these two main categories of glass can be distinguished according to their chemical 

composition. 

At the period of interest, three basic traditions natron, plant ash, and wood ash 

glass might all have been used to produce the glass artifacts studied; though within the 

Byzantine tradition wood ash glass seems unlikely (Andreescu-Treadgold, Henderson 

and Roe 2006). Therefore, natron, plant ash and “mixed natron-plant ash”, a 

combination of both, are probable sources of alkali in the glasses studied according to 

the technological traditions of the time. 

2.2.3 CALCIUM SOURCES 

Calcium oxide is essential in the glass as a network stabilizer. Stabilizers make the 

glass strong and water resistant. Without a network stabilizer, water and humidity 

would attack and dissolve glass. According to Pliny the Elder, glass-makers added 

shells to glass as a raw material. The inclusion of shell fragments in the sand is a 

possible source of the calcium identified in glasses. A different source of calcium 

could be dolomite or dolomitic sandstone, though, on rare occasions (J. Henderson 

1985; J. Henderson 2001). On the contrary, plant ashes contain significant amounts of 

calcium which would have negated the need to use calcareous sand in the production 

of glass (Brill 1970;). 

In the period of interest, and as has already been mentioned, soda-lime-silica glass 

was produced with two combinations. The first was a combination of natron with sand 

(Henderson 2001; Shortland 2004) and the second was a combination of plant ash 

with a pure source of silica, such as quartz (Henderson 2001; Barkoudah and 

Henderson 2006). 
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Calcium oxide (CaO) was derived either in the form of shell fragments from the 

sand or derived from the plant ash. Plant ashes in addition to sodium contain 

significant amounts of calcium which would have negated the need to use calcareous 

sand in the production of the glass (Freestone and Gorin-Rosen 1999; J. Henderson 

2001). 

2.2.4 GLASS COLORANTS 

The color is a principal characteristic of glass. The oxides of transition metal ions 

under the right circumstances produce colors. Glass color is the result of a range of 

factors. These factors are the preparation of the glass batch, the occurrence of 

transition metal ions, the presence of crystalline opacifiers, the chemical environment, 

and the gaseous atmosphere of the furnace at different stages of the melting cycle, the 

nature of the heating cycle and the maximum temperatures achieved (J. Henderson 

2001).  

The physical reason for observing color in the glass is because glass absorbs part of 

the visible wavelengths of light through interaction with colorant oxides and the 

reflected balance of light wavelengths form the color that we see. Transition metal 

ions such as Cr
2+

, Mn
2+

, Mn
3+

 Fe
2+

, Fe
3+

, Co
2+

, Cu
+
, Cu

2+
 can provide deep colors in 

translucent ancient glasses (J. Henderson 2001).  

 

I. COBALT 

The deep blue glass was obtained by the use of cobalt which is the most powerful 

transition metal colorant. This means that significantly less cobalt is required to create 

specific color intensity than other transitional metal ions. Cobalt was used as a 

colorant in glazes, faience, enamels and glasses. The dominant source of cobalt blue 

coloration in ancient glasses was cobalt-bearing minerals. Cobalt is commonly found 

in ancient rock mineralization in association with other minerals such as copper, 

arsenic, nickel, iron, manganese and zinc. A range of minerals is rich in cobalt. 

Trianite is a copper-bearing cobalt ore; cobaltite contains cobalt in association with 

sulfur and arsenic and sometimes a trace of zinc. Skutterudite contains cobalt in 

association with nickel, iron, and arsenic. 
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Combinations of other trace elements may also be associated with cobalt-bearing 

minerals and may be detected in ancient blue glasses. These include lead and 

antimony, bismuth and vanadium (J. Henderson 1985, 2001, 2013). 

II. IRON 

One of the principal colorant contaminants in the sand is iron. This can produce a 

variety of colors in transluscent glasses depending on the furnace conditions which 

prevailed when the glass was produced, varying from pale blue, brown, to yellowish 

green and dark olive. Iron oxide was invariably present in early glasses and can be 

added deliberately to produce a translucent dark brown color. However, generally, it 

occurs only as a contaminant which is eclipsed by the addition of colorants such as 

cobalt and copper to the glass-melt. The common iron-green glass of later periods was 

produced by a combination of ferrous (Fe
2+

) and ferric (Fe
3+

) ions in the glass-melt (J. 

Henderson 1985, 2001). 

III. COPPER  

In ancient glasses, the two ionic states of copper produced respectively two 

different colors. A translucent turquoise blue color is mainly caused by the cupric 

(Cu
2+

) ions and a bright sealing-wax red or a brown dull red color due to the presence 

of cuprous (Cu
+
) ions. Specifically, copper imparts a blue-green color to an oxidized 

glass whereas under reducing conditions it can produce a red coloration. Several 

examples of copper green (translucent turquoise green) glasses have also been 

identified (J. Henderson 1985, 2001, 2013). 

IV. MANGANESE   

Purple color in the glass was obtained by the use of manganese. Glasses were 

colored deliberately by the probable use of minute quantities of manganese-bearings 

minerals such as pyrolusite (MnO2). The purple color would be produced by the 

trivalent Mn
3+

 ion in the glass (J. Henderson 1985, 2001, 2013). 

V. BRONZE AND NICKEL  

In ancient glasses, the presence of copper, lead, and tin in some cases, occurring in 

no variable ratios, suggests that leaded bronze was added to produce a turquoise green 
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color. A neutral gray color was produced by the use of nickel in conjunction with 

lesser amounts of cobalt and chromium (J. Henderson 1985). 

2.2.5 GLASS OPACIFIERS 

Opacity in ancient glasses is due to the presence of dispersed crystals in a 

translucent glass wherein the wavelengths of light are reflected from the glass by the 

presence of crystals. Deliberate opacification is caused by the addition of compounds 

characterized as opacifiers or it results from heat-treating the glass to create opacity, 

described as striking it (J. Henderson 2013).  

In ancient glasses, common opacifiers were calcium antimonite (Ca2Sb2O7) which 

produced white opaque glass and lead antimonate (Pb2Sb2O7) which produced opaque 

yellow glass. From the second century B.C., tin in the form of tin oxide (SnO2) 

crystals was added to the translucent glass directly, as the mineral cassiterite to 

produce opaque white glass. Lead-tin oxide (Pb2Sn2O7) was used to produce opaque 

yellow glass. In addition, incompletely dissolved raw materials such as silica crystals 

that remain partially reacted in the glass after its production and masses of air bubbles 

can cause complete or partial opacification (J. Henderson 2001, 2013; Janssens 2013). 

2.2.6 GLASS CLARIFIERS 

Two principal substances were used by ancient glass-makers to produce colorless 

glass. The first was manganese oxide which produced a colorless glass. The second 

principal decolorant was antimony trioxide which normally produced a more brilliant 

colorless glass than manganese. The use of manganese oxide as a decolorant can 

occasionally produce a pale purple tinge and antimony trioxide a pale yellowish tinge. 

The use of antimony trioxide is dating back between the 6
th

 and 2
nd

 centuries B.C., 

while manganese oxide was introduced after the 2
nd

 century B.C. (J. Henderson 2001, 

2013). 

2.3 GLASS MAKING PROCESS 

The basic process of glass-making can involve five major stages: the selection and 

preparation of the raw materials, fritting the raw materials, mixing the batch and 

melting the glass, working the glass to shape the glass objects and finally, annealing 

the glass objects.  
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The longest lasting ancient glass chemical composition was soda-lime-silica. The 

alkali (soda), a silica source and a calcium-containing raw material were initially 

heated together to form a semi-fused melted glass. The main purpose of this process 

was to eliminate any contaminants, particularly gases which derived from the 

chemical decomposition of carbonates (releasing carbon dioxide) and sulfates/sulfides 

(releasing sulfur dioxide or trioxide). An additional reason was to reduce the number 

of gas bubbles in the glass-melt. Fritting process was conducted at temperatures of c. 

700-800˚C. Then the semi-fused products were placed in the furnace again and heated 

at a point in which glass was allowed to shape. 

The addition of separate parts of colorants, opacifiers, and decolorants to the glass 

batch could either occur previous to the last melt or after the basic glass was 

completely shaped (J. Henderson 1985, 2001, 2013). 

2.4 GLASS PRODUCTION TECHNIQUE 

The invention of glass-blowing in the Eastern Mediterranean occurred around the 

mid first century B.C. A gathering of molten glass was made on the end of a long iron 

pipe and blown to create a hollow bulb. During this period, two types of glass-

blowing emerged: free-blowing and mould-blowing. In the present study, the glass 

artifacts resemble to have been produced with the free-blowing technique. The blown 

glass tends to be very thin just as the glass artifacts of the assemblage. In order a glass 

vessel to be made the blown bubble was transferred from the blowing iron to a lump 

of soft glass on the end of a pontil rod. The blowing rod was then removed, and the 

blown bubble opened up and smoothed to form the rim (Craddock 2009).  

The glass bracelet of the assemblage was created by winding thin glass threads 

around a central glass rod. In principle, two are the ways of producing glass bracelets. 

Seamed bracelets were obtained by bending and closing a cane, while seamless 

bracelets were realized by placing a piece of molten glass and enlarging the resulting 

ring with the aid of a metallic rod. Because of the fragmentary state and the small 

dimensions of the current part of the bracelet, it is difficult to identify the 

manufacturing technique. However, considering the results of preceding studies of 

ancient glass bracelets it is probable that it was produced by the use of the first 

technique (Bugoi, et al. 2013). 
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2.5 GLASS PRODUCTION CENTERS 

Archaeological evidence from the Eastern Mediterranean region (Freestone, Gorin-

Rosen and Hughes 2000) suggests that from the 7
th
 century through the 12

th
 century 

A.D., glass making from its raw materials was conducted in a relatively limited 

number of locations. These centers of primary glass production were located near to 

the sources of raw materials, such as natron and sand. Glass making furnaces from 

sites such as Bet Eli‘ezer (Hadera) and Apollonia (Arsuf) in Israel produced massive 

blocks of glass (Freestone, Gorin-Rosen and Hughes 2000). Other centers of primary 

glass production have also been reported from Egypt and particularly in the Wadi 

Natrun. 

These large masses of glass were broken up into lumps or chunks and distributed to 

glass workshops and there is increasing evidence that raw glass produced in this 

region was widely traded in the eastern Mediterranean (Freestone, Gorin-Rosen and 

Hughes 2000; Freestone, Greenwood and Gorin-Rosen 2002; Freestone, Ponting and 

Hughes 2002). 
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3.  ARCHAEOLOGICAL BACKGROUND 

The church of Transfiguration of the Saviour is located on the northeast side of the 

village of Metamorphosis, formerly named Skarming in northern Greece (J. L. Davis 

1998; Zarinebaf, Bennet and Davis 2005). According to ceramic findings, a medieval 

settlement at the site of Skarminga, some 13km from the sea, dates from the Middle 

Byzantine period. During this phase of occupation, the settlement appears to have 

been a small village (Davis, et al. 1997). 

The church of the Transfiguration is a declared monument and appertains to the 

architectural type of free cross with a narthex on the west side. The dome and the 

vaults of the church collapsed due to unidentified reasons though the church is 

currently covered with a wooden pitched roof coated with roof tiles as it was 

reconstructed by the 26
th
 Ephorate of Byzantine Antiquities in 2002. In May of 2010, 

fieldwork for the rehabilitation of the monument started as part of a scientific project, 

which included the following tasks: the removal of the interior coatings and the 

replacement of the later floor of concrete tiles, inside the monument, with soft-paste 

loam boards. After the removal of the concrete tiles of the later floor and before the 

installation of the loam boards, excavation work was conducted in three stages.  

The first stage was completed in July of 2010 and included the excavation of the 

sanctuary area after the dismantling of the late built-altar which occupied the lower 

part of the semi-cylinder of the apse. During this stage, ceramic fragments of pottery 

with glaze and without decoration where discovered in the fills. The second stage of 

the archaeological survey included the investigation of the nave and took place in 

August and in the first half of September 2010. During the excavation of the western 

part of the cross, a built rectangular grave, expanding also in the central aisle of the 

church was revealed situated axially. The grave contained a burial and in the upper 

layers of the fill, an abundant amount of ceramic remains, of undecorated and glazed 

pottery, metal sheets and glass vessel fragments were recovered whereas intact vessels 

were not recovered. In the area of the fill, around the bones, fifty copper coins were 

discovered, mainly of Manuel Comnenos and Isaac Angelos, scattered in various 

parts.  

In the excavation of the narthex, the third stage of the archaeological survey, three 

poorly structured burials were detected. 
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In the fills, under the floor with the later tiles, an abundant amount of glazed, 

painted, and undecorated ceramic fragments were recovered. Among the findings 

were revealed one lead pectoral cross, metal sheets, and fragments of glass vessels.  

Regarding the chronology of the monument, it is probable to be dated in the 

Middle Byzantine Period and specifically in the 12
th

 century A.D. Nonetheless, the 

chronology of the majority of the findings is not certain, except for the copper coins 

of Manuel Comnenos and Isaac Angelos. The majority of the archaeological findings 

should probably, be dated according to the discovered copper coins, shortly after the 

middle of the 12
th
 century A.D. (Ανδρεαδάκη-Βλαζάκη 2012). 
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4. MATERIALS AND METHODS 

Thirteen Byzantine (c. 12
th
 century A.D.) glass fragments (Fig. 1-2) constitute the 

subject of research in the present study after permission from the 26
th

 Ephorate of 

Byzantine Antiquities located in Kalamata was granted.  

The glass artifacts were discovered in the funerary inventories of the monument in 

a fragmentary state. The majority derives from glass vessels (Ανδρεαδάκη-Βλαζάκη 

2012) while the assemblage includes one glass bracelet fragment. The glass artifacts 

were dated according to the archaeological findings which were revealed and 

collected during the same excavation. Τhe glass fragments, discovered in the 

archaeological context of the Middle Byzantine Church and investigated in this study 

are presented in Table 1 (Appendix I).  

The glass fragments under examination have been corroded consequently to the 

exposure to a humid burial environment for a long period of time. Layers of alteration 

products on the surface of the archaeological glass have been created, an attribute of 

ancient glass materials. The chemical composition is affected in such a way that 

sodium is leached out resulting in an outer layer enriched in silicon dioxide (Davison 

2003). Therefore, to assure the accurate determination of pristine glass composition 

freshly cut and polished cross-sections had to be obtained.  

The glass fragments under investigation were first observed macroscopically, in 

order to select the most representative glass fragments of the assemblage and the most 

characteristic areas for cross-sections. The selection was based on the color of the 

samples and the preliminary results of the X-ray Fluorescence Spectroscopy (XRF). 

Then, six small pieces of a few square millimeters (2-4mm
2
) in size were cut from the 

glass fragments by a diamond coated saw and mounted in epoxy resin (CaldoFix-2 

resin of Struers). Specifically, the selected samples were one green, two naturally 

colored pale green, one blue, one dark blue, one opaque white, which constituted a 

decorative trail in the bracelet, and one colorless. The samples were then fired at 75˚C 

for one hour and thirty minutes and consecutively were grounded down with 

progressively finer silicon carbide grinding papers (grit 180, 320, 400, 800, 1200, and 

2000 of Struers) for 90 seconds to expose fresh cross sections. Following grounding, 

the glass samples were polished through a series of polishing cloths (6μm, 3μm, 1μm 

of Struers) and diamond pastes down to 1μm grade by the use of a Labopol-2 grinding 

and polishing machine. 
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In the last stage, a conductive carbon tape was used as glass does not conduct 

electrons and it needs to be placed in order to prevent the distortion and the deflection 

of the electron beam (J. Henderson 2001). The samples were examined under vacuum.  

The methodology adopted aimed to identify the chemical properties of the glass 

fragments. Therefore, the glass samples were investigated and characterized by the 

following complementary techniques: Optical Microscopy (OM) for preliminary 

morphological observations, Scanning Electron Microscopy coupled with Energy-

Dispersive X-ray Spectrometry (SEM-EDS) for high-resolution morphologic 

examination of the glass and qualitative chemical analyses and Micro X-ray 

Fluorescence Spectrometry (μ-XRF) for the detection of trace elements. 

The Scanning Electron Microscopy (SEM-ESD) analyses were conducted in the 

Laboratory of Archaeometry in Peloponnese and the Micro X-ray Fluorescence 

Spectroscopy analyses were conducted in the Institute of Nuclear and Particle Physics 

in the National Centre for Scientific Research ‘Demokritos’ in Athens.  

 

 

 

 

 

 

  

  

Fig. 1. The glass fragments under investigation 

reported in the study. 

 

Fig. 2. The glass fragments under investigation 

reported in the study (reverse view). 
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5. RESULTS AND DISCUSSION 

5.1 MACROSCOPIC OBSERVATIONS 

The glass fragments reported in this study were first observed macroscopically 

with the aim to obtain information on their color, shape, and dimensions. The glass 

fragments discovered in the Church of Transfiguration of the Saviour constitute an 

assemblage where each has diverse dimensions and colors.  

The assemblage consists of thirteen glass fragments. With reference to the 

typology of the glass artifacts twelve of them derive from vessels and one fragment 

derives from a bracelet. Regarding their color, one glass fragment is green, one is 

blue, one is colorless, and the rest are ‘weakly’ or ‘naturally colored’ glasses, 

characterized by a pale green tinge caused by small amounts of iron oxide in the glass, 

as opposed to the ones containing intentionally added colorants (Foster and Jackson 

2009; Jackson and Paynter 2016). The predominant color of the assemblage is pale 

green.  

The glass bracelet is dark blue decorated with two threads of white glass and has a 

circular cross-section shape. Bracelets were considered to be a very common find at 

Middle Byzantine sites and comparable glass bracelets have been discovered in 

Byzantine archaeological sites located in the Balkan Peninsula. More specifically, 

they have been revealed in Turkey, Romania, and Greece dating from the 10
th

 until 

the 13
th
 century A.D. (Antonaras 2009; Lauwers, Degryse and Waelkens 2010; Bugoi, 

et al. 2013). The detailed description of the glass artifacts and the observations made 

are presented in Table I (Appendix Ι).  

Regarding the dimensions of each glass fragment, their values in cm are presented 

in the aforementioned table. The dimensions presented are length, width, and 

thickness. The smallest fragment is 2.4×1.8 cm and the largest is 5.9×4.7 cm. while all 

the glasses have an identical thickness of 0.1 cm. After the completion of the 

macroscopic observations, optical microscopy provided more in-depth observations 

and results. 

5.2 OPTICAL MICROSCOPY (OM) 

The glass fragments then were investigated and observed by Optical Microscopy 

(OM) technique aiming to acquire preliminary morphological results. Optical 

microscopy provides a helpful approach to the identification of the structural 
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properties of archaeological glasses and information about the characteristics of the 

glass. The surface structure of the glass artifacts was examined with a portable LED 

microscope (Model: i-Scope Viewer by Moritex. USB 2.0) and specifically with the 

subsequent magnifications: 10×, 50× and 200×. Optical microscopy (OM) was 

conducted on the entire surface of the glass fragments while the detailed description 

of the investigated glass fragments and the observations made are presented in Table I 

(Appendix I). 

5.2.1 OPTICAL PROPERTIES 

By investigating a variety of optical attributes, such as color, transparency, and 

opaqueness, it was achieved and useful information was provided in the 

characterization of the materials studied. The majority of the glass artifacts, regarding 

their optical properties, are transparent; colored transparent and colorless transparent, 

allowing the transmission of light through glass (Janssens 2013). Particularly, Sample 

2 is the only transparent colorless glass of the assemblage while the rest are colored 

transparent. However, the two white threads of the glass bracelet constitute an 

exception since they are opaque (Fig. 3-4) and the opacity is due to undissolved silica 

crystals (Fig. 5-6) (Janssens 2013). 

 

 

Magnification:50× 
 

Magnification:50× 

  

Fig. 3. The two white opaque threads twisted 

around the dark blue rod. 

 

Fig. 4. The two white opaque threads twisted 

around the dark blue rod (different view). 
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Magnification:50× Magnification:200× 

  

Fig. 5. Incompletely dissolved silica crystals 

partially reacted in the glass bracelet. 

 

Fig. 6. Incompletely dissolved silica crystals 

partially reacted in the glass bracelet (200×). 

The appearance of trapped air bubbles and inclusions on a μm scale was also 

observed additionally to the examination of regions with different optical properties.  

Masses of air bubbles reduce the transmission of light through the glass as well. 

Moreover, in the majority of the investigated glass fragments, an abundant amount of 

trapped air bubbles is incorporated in the volume of the glass. Particularly, in some of 

the glass artifacts, the bubbles are numerous, circular and are present in the entire 

glass (Fig. 7-8). In the rest of the glass artifacts of the assemblage, the presence of 

circular air bubbles sparsely scattered in the bulk of the glass was also observed. In 

addition, in some of the glass fragments, decoration signs are evident (Fig. 9-10). 

However, the decoration is restricted only to a few engraved lines (Κόρδας και 

Αντωναράς 2002). 

Magnification:50× Magnification:50× 

  

Fig. 7. Sample 2 presenting numerous air bubbles. Fig. 8. Sample 8 presenting air bubbles. 



19 
 

 

5.2.2 SURFACE WEATHERING  

Moreover, it was identified that the majority of the glass fragments demonstrate 

visible signs of alteration and traces of weathering products. Moreover, the glass 

fragments under investigation, demonstrate modified surfaces, signs, and traces of 

weathering products. The surface creates an intense and visible effect of iridescence 

as they are covered by iridescent exfoliating layers and illustrate reduced transparency 

(Fig. 11-14) (Zacharias and Palamara 2016). 

Magnification:50× Magnification:50× 

  

Fig. 9. Sample 7 presenting decorative lines. 

 

Fig. 10. Sample 10 presenting decorative lines. 

 

 

Magnification:50× 

 

Magnification:50× 

 
 

Fig. 11. Sample 5 presenting iridescence. Fig. 12. Sample 6 presenting iridescence. 

  



20 
 

 

Iridescence is an optical phenomenon which appears on the surface of the glass 

artifacts. In the ancient glass, environmental factors are responsible for the occurrence 

of the iridescence effect. The formation of iridescence is caused by interference 

effects of light reflected from several layers of weathering products and as the 

consequence of the deposition of metallic oxide ions on the surface of the glass 

(Davison 2003) though, certain glass fragments do not exhibit major visible signs of 

glass degradation. A more detailed morphological characterization was obtained by 

Scanning Electron Microscopy technique. 

5.3 SCANNING ELECTRON MICROSCOPY (SEM-EDS) 

Scanning Electron Microscopy (SEM) is primarily used for microanalysis and for 

imaging structurally or compositionally heterogeneous materials. The systems are 

frequently fitted with an Energy-Dispersive Spectrometer, a secondary and a back-

scattered electron detector. The secondary electron detector provides images of the 

surface of the materials while the back-scattered electron detector principally provides 

images of variations in composition (J. Henderson 2001).  

Scanning Electron Microscopy (SEM) is appropriate for many investigations 

involving glass samples. SEM-EDS technique is suitable for chemical analysis of 

major and minor elements of glass samples. Quantitative information of these 

elements in archaeological glass artifacts is significant in identifying manufacturing 

technology and raw materials for the production of glass. 

Magnification:50× Magnification:50× 

 
 

Fig. 13.  Sample 11 presenting iridescence. Fig. 14.  Sample 13 presenting iridescence. 
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Among the benefits of the SEM-EDS technique also included the small size of the 

sample needed and the ability to analyze corroded samples. Chemical analyses of 

glasses with SEM have been also fulfilled by several authors (Verità, Renier and 

Zecchin 2002; Andreescu-Treadgold, Henderson and Roe 2006). 

The determination of the major composition of the glass samples was performed 

with a Scanning Electron Microscope of Jeol (JSM-6510LV) coupled with an Energy 

Dispersive Spectrometer (EDS), by Oxford Instruments and the quantification was 

carried out using INCA software. Scanning Electron Microscopy analysis was 

performed with an accelerating voltage of 40KeV, counting time of 180 seconds and 

working distance at 15mm. The glass samples were examined using both secondary 

and backscatter electron mode. The polished samples were examined by the use of 

backscatter electron mode and the non-polished glass fragments of the assemblage by 

secondary electron mode. 

With the Scanning Electron Microscope (SEM-EDS), quantitative chemical 

analyses were obtained by microanalysis of random points. Generally, three 

measurements for each sample were obtained at a microscope magnification of ×150. 

Afterwards, mean and standard deviations were estimated. The mean values and the 

standard deviations of the non-polished samples are presented in Table 1 and Table 2 

respectively. The standard deviations range from 0.34% to 5.06% indicating the 

inhomogeneity of the glass samples. The standard deviations of the polished samples 

which range from 0.05 % to 2.69% and the mean values are presented in Table 3 and 

inTable 4. The compositional results for the analyzed glass samples are expressed as 

weight percent oxides for major elements, normalized to 100%. 

5.3.1 SURFACE CHEMICAL COMPOSITION 

Most glasses illustrate corrosion or weathering. The majority exhibits iridescent 

layers, which detach easily, revealing multi-colors underneath (Fig. 11-14). Chemical 

analyses were conducted on the surface of the glass fragments and the results are 

presented in Table 1and Table 2. According to the aforementioned Tables, the glass 

fragments are especially corroded; presenting a different degree of corrosion. As a 

result, in order to assure the accurate determination of pristine glass composition 

freshly cut and polished sections were obtained and analyzed. 
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Table 1. Mean chemical compositions and standard deviations of the 13 glass samples obtained by 

Scanning Electron Microscope (SEM-EDS), expressed as weight percent concentrations of element 

oxides. 

 
Sample Na2O σ MgO σ Al2O3 σ SiO2 σ P2O5 σ 

           

Sample 1 13.38 3.24 1.84 0.24 2.93 0.58 70.31 1.42 - - 

Sample 2 11.63 3.11 2.67 0.48 4.19 1.27 71.38 1.49 - - 

Sample 3 

blue 

14.46 0.91 2.33 0.24 3.34 0.72 69.51 1.29 - - 

Sample 3 

white 

9.82 1.57 1.03 0.17 3.99 1.57 73.32 0.37 - - 

Sample 4 10.27 6.85 1.51 0.81 7.04 3.02 72.95 5.48 - - 

Sample 5 13.74 6.56 1.47 0.75 5.53 5.58 71.01 3.40 - - 

Sample 6 4.31 3.39 0.58 0.59 10.81 3.76 75.4 3.79 - - 

Sample 7 1.95 1.07 0.73 0.39 12.35 0.48 73.28 1.63 0.45 0.05 

Sample 8 3.96 2.76 1.11 0.69 11.59 4.34 72.43 1.65 - - 

Sample 9 1.10 0.36 0.63 0.57 12.88 0.37 75.17 4.23 - - 

Sample 10 1.55 0.42 0.26 0.23 12.22 0.97 74.85 3.80 - - 

Sample 11 1.31 0.11 0.32 0.31 14.41 0.32 75.21 2.11 - - 

Sample 12 5.6 5.86 0.81 0.42 8.25 4.46 75.29 1.72 - - 

Sample 13 3.71 2.69 0.89 0.63 12.18 2.56 71.63 3.48 - - 

Mean 6.91  1.16  8.69  72.98  - - 

Std Dev. 5.06  0.73  4.10  2.01  - - 

Table 2. Mean chemical compositions and standard deviations of the 13 glass samples obtained by 

Scanning Electron Microscope (SEM-EDS), expressed as weight percent concentrations of element 

oxides. 

 
Sample Cl σ K2O σ CaO σ MnO σ FeO σ CuO σ 

             

Sample 1 0.88 0.11 1.49 0.17 7.1 0.87 0.59 0.22 1.48 0.47 - - 

Sample 2 0.78 0.27 1.88 038 6.06 1.56 0.56 0.1 0.85 0.26 - - 

Sample 3 

blue 

0.77 0.14 1.68 0.3 6.01 0.62 0.88 0.22 1.01 0.34 - - 

Sample 3 

white 

1.24 0.79 1.02 0.3 7.59 0.4 - - 1.99 0.64 - - 

Sample 4 0.41 0.70 0.87 0.34 6.29 0.72 - - 0.65 0.57 - - 

Sample 5 0.53 0.39 1.24 0.19 5.31 0.79 0.39 0.34 0.78 0.09 - - 

Sample 6 - - 0.99 0.52 6.39 1.24 0.46 0.79 1.06 1.12 - - 

Sample 7 0.15 0.25 0.98 0.02 8.33 0.35 0.26 0.23 1.55 0.51 - - 

Sample 8 0.23 0.26 1.48 0.50 7.43 0.60 0.56 0.57 1.20 0.50 - - 

Sample 9 - - 1.42 0.26 6.46 1.22 0.59 0.76 1.40 1.29 0.35 0.61 

Sample 10 0.06 0.10 0.84 0.23 9.54 4.73 - - 0.68 0.32 - - 

Sample 11 0.06 0.11 0.75 0.34 7.44 2.27 - - 0.49 0.10 - - 

Sample 12 0.61 0.40 1.32 0.30 6.82 0.89 - - 1.30 0.33 - - 

Sample 13 0.30 0.32 1.45 0.28 7.64 1.77 0.61 0.16 1.60 0.51 - - 

Mean 0.50  1.24  7.03  0.54  1.15  - - 

Std Dev. 0.37  0.34  1.08  0.17  0.43  - - 
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5.3.2 BULK CHEMICAL COMPOSITION 

The chemical compositions of the polished glass samples are presented in Table 3 

and Table 4. The major components are silicon oxide (SiO2), sodium oxide (Na2O), 

and calcium oxide (CaO) and the samples can be classified as soda-lime-silica glass. 

The mean values of the major oxides are 71.37 (±2.69) wt% SiO2, 13.99 (±1.21) wt% 

Na2O, and 7.17 (±0.72) wt% CaO. The glass fragments have relatively comparable 

compositions with small dispersions of the mean values. The reported data are similar 

to those published by Andreescu-Treadgold, Henderson and Roe (2006) for medieval 

glass tesserae. 

A primary attribute of many ancient glasses, irrespective of whether they are 

natron or plant ash type is that there is a positive correlation between the levels of 

magnesium oxide (MgO) and potassium (K2O) and a differentiation can be revealed 

by examining the aforementioned contents (Sayre and Smith 1961; Lilyquist and Brill 

1995). From this initial examination, the chemical compositions of the glass samples 

revealed the following glass types: natron with the lower levels of magnesium (0.72 

wt%) and potassium (0.56 wt%) oxides, plant ash glass with higher levels of both 

(2.57 wt% and 2.06 wt% respectively) and mixed natron-plant ash compositions with 

intermediate levels (1.66±0.14 and 1.44±0.26) as it is presented in fig. 15 and fig. 16. 

According to fig. 16, the natron glass contains the lowest calcium oxide (CaO) levels, 

the plant ash glass the highest levels and the mixed natron-plant ash glasses occupy an 

intermediate position between the two. 

The aluminum oxide (Al2O3) high content (Table 3) indicates that quartz sand was 

used in both natron and plant ash glass, instead of the crushed quartz pebbles as a 

source of silica (Turner 1956; Tite and Shortland 2003). By plotting the contents of 

titanium (TiO2) and iron (FeO) oxides (Fig. 17) it is very unlikely that the same silica 

source was used to produce both natron and plant ash glasses. The two high iron 

(FeO) samples belong to blue and dark blue glass samples. 

The values in the bi-plot are the result of SEM-EDS and μ-XRF analyses as μ-XRF 

has lower detection limits and SEM-EDS provides higher precision and accuracy for 

the light elements than the μ-XRF method. 
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Moreover, the majority of the glass samples contain significant amounts of 

manganese (MnO) oxide (0.85±0.13) and iron (Fe2O3) oxide (0.85±0.19). However, 

three glass samples (Sample 1, Sample 7 and Sample 3) which are colored, turquoise 

green, blue and dark blue also contain substantial levels of manganese. 

 

 

Fig. 15. Magnesium (wt %) versus potassium (wt %) oxides concentrations in the 

glass samples analyzed. 

 

 

Fig. 16. Magnesium (wt %) versus calcium (wt %) oxides concentrations in the 
glass samples analyzed. 
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Fig. 17. Titanium (wt %) versus iron (wt %) oxides concentrations in the glass 

samples analyzed. 

 
     

PLANT ASH GLASS 

Among the glass samples a glass composition with a certain amount of plant ash 

was identified, Sample 2 of the assemblage (Table 1, Appendix I). The values of 

potassium (K2O) and magnesium (MgO) oxides, in excess of about 2% indicate that 

the glass was produced with sodium derived from plant ashes (following Lilyquist and 

Brill 1995), rather than with natron. This colorless glass is an indication of a new 

glass composition introduced after several centuries in which natron glass dominated. 

However, in parts of the Middle East and Western Asia, the use of plant ashes in glass 

production never ceased entirely (I. Freestone 2006). 

The colorless glass presents low amounts of aluminum oxide 1.76 wt% and iron 

(0.64 wt %). These elements were introduced as secondary components of the silica 

sand (J. Henderson 2001) and therefore it could be suggested that the glass was 

produced with a high-quality silica sand with low concentrations of these elements (I. 

Freestone 2006). The amount of sodium oxide (12.93 wt%), which is specifically low, 

and calcium oxide (5.7 wt%) were introduced in the glass from the plant ashes 

(Barkoudah and Henderson 2006). On the contrary, magnesium oxide and silicon 

oxide are higher than in the other glasses. Manganese oxide is also present (0.74 wt%) 

reflecting the deliberate addition probably with the intention to counteract the 

coloration imparted by iron (Brill 1988).  
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The magnesium and potassium oxide values for the glass are low with 2.57 wt% 

and 2.06 wt%. The plant ash glass shows similarities with the plant ash glasses from 

the Syria-Palestine region. These glasses have compositions with magnesium and 

potassium of 2-3.5% (I. Freestone 2006). In addition, according to M. S. Tite, A. 

Shortland, et al. (2006) in the production of the glass they could have used the lumps 

of plant ash, such as chinan and osnan, obtained in Syria, Iraq, and Iran, and known to 

have been used in glass or soap production to create the specific plant ash glass. This 

is also confirmed by the low lime content. The reduction in the lime content suggests 

that the ashes of different plant species of the genus Salsola or Hammada could have 

been used as alkali sources (J. Henderson 2003).  

 

NATRON GLASS 

One glass sample, the white opaque decorative thread, of the dark blue bracelet, 

(Fig. 22) shows low potassium (K2O) and magnesium (MgO) contents with less than 

1.5%. These attributes correspond to glasses that were produced with natron, as a 

source of alkali while the predominant sources of natron were in Wadi el-Natrun and 

in al-Barnuj, both in Egypt (A. J. Shortland 2004; Shortland, et al. 2006).  

The natron glass sample is characterized by a high silicon oxide and low sodium 

oxide composition. It contains higher levels of silicon oxide (77.19 wt% SiO2) and low 

levels of both calcium (5.72 wt% CaO) and sodium (12.47 wt% Na2O) oxides. In 

addition, it shows a low aluminum oxide content (1.79 wt%. Al2O3). The low contents 

of calcium oxide (CaO) and aluminum oxide (Al2O3) are indicative of the production 

of the glass with the use of a pure sand rich in quartz and relatively poor in feldspars, 

calcite and heavy minerals, as also presented by the generally low contents of iron 

oxide (Fe2O3) (Freestone, Ponting and Hughes 2002). Finally, the glass sample 

presents no detectable concentrations of manganese (MnO) in relation to the rest glass 

samples which are characterized by significant amounts of manganese (MnO).  
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INTERMEDIATE GLASS 

An interesting contribution to the technological transition of the period is provided 

by the analyses of five glass samples (1
st
, 7

th
, 3

rd
, 11

th
 and 12

th
 sample) characterized 

as the intermediate group (Table 2, Table 3), a combination of natron and plant ash 

glass. These glasses have contents of potassium (K2O) and magnesium (MgO) oxides 

intermediate, 1.66±0.14 wt% and 1.44±0.26 wt% respectively, between those of natron 

and plant ash. They are distinguished from the glass samples by their higher calcium 

oxide (CaO) values, a mean of 7.55 wt%. This difference is attributable to a summed 

effect of using two calcium-bearing raw materials found in the sand (shell fragments) 

and in the plant ash (J. Henderson 2003). 

Natron and plant ash glasses with similar compositional characteristics were 

combined in different ratios to produce the positive correlation as is shown in fig. 19. 

If plant ash or natron glasses with different potassium and magnesium oxide levels 

from those used had been combined, much more would not plot on the positively 

correlated mixing lines. The data present that there is almost a continuous mixing line 

between the intermediate and natron glass. This could result if glasses were melted 

using varying proportions of raw natron and plant ash glass compositions, which 

adhered to similar respective compositional characteristics (Andreescu-Treadgold, 

Henderson and Roe 2006).  

Similar intermediate compositions have been found in 8
th
-9

th
 century A.D. contexts 

at al-Raqqa in Syria, though none was detected in later periods (Henderson, 

McLoughlin and McPhail 2004) and have also been found in the 11
th

 century 

Serçe Limani shipwreck (Brill 1999). 

Finally, it is interesting that the glass samples belong to the natron, intermediate, 

and plant ash groups, thus demonstrating the transition from a natron to plant-ash 

alkali source. 
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Table 3. Mean chemical compositions and standard deviations identified in cross sections obtained by  

Scanning Electron Microscope (SEM-EDS), expressed as weight percent concentrations of element 

oxides.  
 

Compositional 

type 
Color Na2O σ MgO σ Al2O3 σ SiO2 σ Cl σ 

Natron glass 

Sample 3 

Opaque 

white 

 

12.47 

 

0.44 

 

0.72 

 

0.07 

 

1.79 

 

0.2 

 

77.19 

 

1.3 

 

0.81 

 

0.08 

Plant ash glass  

Sample 2 

 

Colorless 

 

12.93 

 

0.13 

 

2.57 

 

0.26 

 

1.76 

 

0.05 

 

71.77 

 

0.12 

 

0.83 

 

0.08 

Intermediate 

Sample 1 

 

Green 

 

14.67 

 

0.24 

 

1.61 

 

0.06 

 

2.06 

 

0.14 

 

70.39 

 

0.33 

 

0.84 

 

0.15 

Sample 3 Dark blue 12.76 0.55 1.89 0.09 
 

1.94 0.16 70.99 0.19 
 

0.92 0.06 
 

Sample 7 Blue 15.06 0.29 1.6 0.17 2.05 0.10 69.97 0.85 0.84 0.08 
 

Sample 11 Pale 

green 

15.03 0.03 1.67 0.22 1.94 0.01 69.35 0.53 0.92 0.12 

Sample 12 Pale 

green 

15.03 0.22 1.51 0.11 2.11 0.24 69.91 0.55 0.81 0.12 

Mean  13.99 

 

 1.65  1.95  71.37  0.85  

Std Dev.  1.21  0.55  0.14  2.69  0.05  

Table 4. Mean chemical compositions and standard deviations identified in cross sections obtained by  

Scanning Electron Microscope (SEM-EDS), expressed as weight percent concentrations of element 
oxides.  

 
Compositional 

type 
K2O σ CaO σ TiO2 σ MnO σ FeO σ 

Natron glass 

Sample 3 

 

0.56 

 

0.19 

 

5.72 

 

0.4 

 

- 

 

- 

 

- 

 

- 

 

0.74 

 

0.21 

Plant ash glass  

Sample 2 

 

2.06 

 

0.16 

 

6.7 

 

0.19 

 

- 

 

- 

 

0.74 

 

0.11 

 

0.64 

 

0.15 

Intermediate 

Sample 1 

 

1.29 

 

0.1 

 

7.56 

 

0.2 

 

- 

 

- 

 

0.81 

 

0.14 

 

0.76 

 

0.14 

Sample 3 1.91 0.10 
 

7.48 0.25 
 

- - 0.95 0.12 1.15 0.25 

Sample 7 1.33 0.06 
 

7.38 0.35 
 

- - 0.7 0.17 
 

1.07 0.15 
 

Sample 11 1.30 0.16 7.74 0.11 0.20 0.18 1.03 0.25 0.82 0.29 

Sample 12 1.38 0.06 7.59 0.19 - - 0.87 0.22 0.8 0.19 

Mean 1.40  7.17  -  0.85  0.85  

Std Dev. 0.49  0.7  -  0.13  0.64  
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5.3.4. GLASS COLORATION 

The colors of the transparent glasses analyzed consist of one transparent turquoise 

green (Sample 1), one transparent blue (Sample 7), one transparent dark blue (Sample 

3), two transparent ‘naturally colored’ with a pale green tinge (Sample 11 and Sample 

12), one colorless (Sample 2) and one opaque white (the decorative thread of Sample 

3).  

Mixed natron plant-ash glass was used for making turquoise green, pale green, blue 

and dark blue glasses, with colorants probably being added when the natron and plant 

ash glasses were combined as part of a secondary production phase (Andreescu-

Treadgold, Henderson and Roe 2006). Plant ash glass was used for the colorless glass 

and natron was used only for the production of the opaque white decoration thread. In 

order to examine the relationship between the glass colors and the colorants used, a 

bi-plot of manganese (MnO) versus iron (Fe2O3) was made (Fig.18). The decorative 

white opaque thread has been excluded from the bi-plot since it contains no detectable 

amount of manganese.  

The lowest iron content is 0.64 weight percent in the colorless glass sample with a 

maximum of 1.15 weight percent so that most fragments show more or less distinct 

colors of greenish or bluish hues, which have not been compensated for by 

manganese. According to fig. 18. the colorless glass contains relatively low levels of 

iron oxide compared to the transparent blue and transparent green glasses. The 

‘naturally’ colored glasses do not contain any deliberately added colorant and 

demonstrate a pronounced ‘natural’ pale green color owing to the fact that they 

contain appreciable levels of iron, added in the form of sand contaminant (J. 

Henderson 2001). The elevated iron oxide levels over and above the ‘natural’ 

impurity level can be explained as its intentional addition and as a colorant to the 

translucent blue glasses (Uboldi and Verita 2003) and to the translucent turquoise 

green glass (J. Henderson 2001) as it is presented in Table 3 and Table 4. It could also 

be suggested that leaded bronze has been added to produce a turquoise green color 

according to the presence of copper, lead and tin (J. Henderson 1985).  

All the glasses contain between 0.7 and 1.03 weigh percent manganese oxide 

indicating its deliberate addition as a decolorant. Brill (1988) has suggested that 

manganese oxide levels of about 0.4 weigh percent and above can be considered a 

deliberate addition to the glass. 
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The results for the analyzed glass samples demonstrate that manganese oxide 

levels of above 0.4 weigh percent and certainly above about 1 weigh percent are likely 

to have been added deliberately. Islamic plant ash glasses of various colors are 

invariably characterized by elevated manganese oxide levels (Freestone, Gorin-Rosen 

and Hughes 2000) just as the mixed natron-plant ash glasses which contain elevated 

manganese oxide levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.4.1 GLASS OPACIFICATION 

White opacity can be caused by the presence of calcium antimonite (Ca2Sb2O7) or 

by the presence of tin oxide (SnO2) crystals (J. Henderson 2001). However, the white 

opaque decorative thread of the dark blue bracelet is different (sample 3). It does not 

contain the traditional opacifiers, calcium antimonite or tin oxide. On investigation 

with the Scanning Electron Microscope (SEM-EDS), it was observed to contain a 

distribution of silica crystals (Fig. 19). In the absence of any detected opacifying 

oxides, the natron decorative thread appears to have been made opaque with silica 

crystals; this interpretation is also supported by the unusual high silica level detected 

(77.19 wt%) in the sample (Andreescu-Treadgold, Henderson and Roe 2006). 

 

 

 

Fig. 18. Manganese (wt %) versus iron (wt %) oxides concentrations in the glass 

samples analyzed. 

 

0 

0,2 

0,4 

0,6 

0,8 

1 

1,2 

1,4 

0 0,2 0,4 0,6 0,8 1 1,2 

F
e
O

 (
w

t%
)  

MnO (wt%) 

Blue 

Dark blue 

Turquoise green 

Pale green 

Colorless 



31 
 

Silica crystals have also been used as an opacifier in blue mosaic tessera excavated 

in the Venetian lagoon and dating in 10
th

-12
th

 centuries (Verita, Alessandro and 

Sandro 2002). A similar technology was observed in the 10
th

 century Byzantine 

mosaics in Hosios Loukas, in Greece where the main opacifier employed in the 

production of the tesserae was quartz crystals (Arletti, Fiori and Vandini 2010). In 

Italian glass mosaics quartz has also been used as opacifier (Verita 2005).  

 

 

 

 

 

 

Magnification: 50×. Magnification: 100×. 

  

 

Magnification: 150×. 
 

Magnification: 250×. 

  

Fig. 19. SEM back-scattered images of the decorative white trail opacified with quartz grains (dark 

grey in the images). 
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6. MICRO X-RAY FLUORESCENCE SPECTROMETRY (μ-XRF) 

Trace elements were analyzed by Micro X-Ray Fluorescence Spectrometry (μ-

XRF). Measurements were conducted with 50 kV, 600μA where no Helium or filter 

was used. Areas free of weathered layers were selected for the analyses. All areas 

were measured by area scan procedure. In every case, four spots were analyzed except 

of sample 13 were six spots were measured. The quantitative results were produced 

by the analysis of the summed spectrum (Sokaras, et al. 2009). The chemical 

compositions of the analyzed glass samples are presented in Table II for the major 

elements and in Table III for the trace elements, respectively (Appendix II). Major, 

minor and trace elements are expressed as weight percent concentrations of element 

oxides. Some major and minor elements, such as silicon oxide (SiO2), calcium oxide 

(CaO), manganese oxide (MnO) and iron oxide (Fe2O3) were determined by both 

SEM-EDS and μ-XRF methods.  

By comparing the analytical data resulted by Scanning Electron Microscopy 

(SEM-EDS) and Micro X-ray Fluorescence Spectroscopy (μ-XRF) techniques there is 

a good agreement for the following elements: silicon oxide (SiO2), potassium oxide 

(K2O), calcium oxide (CaO), manganese oxide (MnO) and iron oxide (FeO). 

However, differentiations are observed for the chlorine (Cl).These deviations should 

be attributed to the larger areas spotted by μ-XRF in comparison to SEM where 

healthy glass areas were analyzed. 

6.1 RECYCLING 

Traces of the elements copper (CuO), tin (Sn), and lead (Pb) in quantities above 

100 ppm (0.1 wt%) may indicate recycling. In particular, according to Henderson and 

Holland (1992), there are two explanations for the presence of these elements in glass: 

one source of copper, tin and lead impurity levels is that a leaded tin bronze alloy was 

somehow introduced in the glasses with the purpose of providing green or blue hues 

to the glass. The second explanation is that mosaic tesserae were introduced into the 

glass to increase its volume. Further possible sources of these impurities are a supply 

of highly colored vessel glass and a combination of two or three of these possible 

sources. 
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According to table 3, the highest copper (CuO) levels occur in mixed natron-plant 

ash glasses while the natron glass contains the lowest levels. However, mixed natron-

plant ash glasses contain between 0.031 and 0.276 wt% and very low or non-

detectable levels of tin (Sn). The plant ash glass and natron glass also contain these 

very low or non-detectable tin (Sn) levels. It might be anticipated that the majority of 

mixed natron-plant ash glasses, could contain relatively high levels of impurities 

because the glass was being ‘recycled’. It can further be assumed that the mixed 

natron plant-ash glasses were probably made by melting natron and plant-ash glass 

together. The presence of copper, lead, and tin, indicators of natron glass recycling in 

these samples supports this hypothesis. The plant ash glass and the natron glass 

generally, contain the lowest levels of impurities. Concerning the natron glass; even 

though there is a probability to be recycled it contains negligible levels of copper 

(CuO), lead (PbO), tin (Sn) impurities and no detectable levels of antimony (Sb) 

(Table 5) and this distinguishes it from natron recycled glasses that have been 

published by other authors (Uboldi and Verita 2003). The same low levels of 

impurities are also evident for the plant ash glass. It could be suggested that the 

presence of low levels of lead (PbO), zinc (Zn) and tin (Sn) in the plant ash glass is 

due to the plant ashes. The ashes could also provide a source of these elements that 

are identified in the glass at trace levels (Barkoudah and Henderson 2006).  

In conclusion, according to Table III (Appendix II), it is evident that the majority 

of the glass samples analyzed contain high contents of trace elements, such as copper 

oxide (CuO) and lead oxide (PbO) and in some cases also tin (Sn). In this case, 

recycling cannot be excluded and there is a possibility these glasses to be obtained 

through recycling procedures. 
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Table 5.  Trace elements obtained by Micro X-ray Fluorescence Spectrometry (μ-XRF) expressed as 

weight percent concentrations. (BDL: Below Detection Limits, concentrations in bold: element close to 

detection limits). 

Sample Ti V Cr Co Ni CuO Zn Ga SrO Zr Sn PbO 

             

Sample 3 

white 

0.16 0.0005 0.0044 BDL 0.0037 0.0068 0.0091 BDL 0.0196 0.0128 0.0046 0.021 

             

Sample 2 0.1 0.0024 0.00062 BDL 0.00053 0.0250 0.0053 BDL 0.078 0.0034 BDL 0.046 

Sample 1 0.14 0.0015 

 

0.00227 

 

BDL 

 

0.00133 

 

0.108 

 

0.015 

 

BDL 

 

0.055 

 

0.0075 

 

0.027 

 

0.23 

 

Sample 3 

blue 

0.1 0.0009 

 

0.0023 

 

BDL 0.0016 

 

0.0950 

 

0.086 

 

BDL 0.0610 

 

0.0040 

 

BDL 0.031 

 

Sample 7 0.083 

 

0.0020 

 

0.00044 

 

BDL 0.00038 

 

0.064 

 

0.010 

 

BDL 0.040 

 

0.0046 

 

0.00801 

 

0.170 

 

Sample 11 0.13 0.0019 

 

0.00061 

 

BDL 0.00089 

 

0.104 

 

0.021 

 

BDL 0.063 

 

0.0829 

 

0.00967 

 

0.276 

 

Sample 12 0.1 0.0017 

 

0.00093 

 

BDL 0.0004 

 

0.090 

 

0.017 

 

BDL 0.055 

 

0.0073 

 

0.017 

 

0.24 
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7. POSSIBLE SOURCES OF THE GLASSES 

At the period of interest, the most comprehensive large-scale archaeological 

evidence for the production of 7
th

-12
th
 century raw glass has been found in the Levant 

and in Syria (J. Henderson 1999; Gorin-Rosen 2000; Henderson, McLoughlin and 

McPhail 2004). Since there is no primary archaeological and historical evidence for 

the fusion of glass in the area studied in the 12
th
 century the aforementioned areas will 

be considered as a possible source for the glass in more detail below. 

NATRON GLASS 

Natron glasses, the first probably being of Egyptian origin (J. Henderson 2003), 

present a narrower range of chemical compositions than plant ash glasses, especially 

between the minor levels of oxides percent, mainly because plant ashes have a much 

wider compositional range (Brill 1970). Natron glasses could be sourced by 

examining the calcium and aluminum concentrations as they are associated with the 

sand used to produce them. These elements are particularly indicative of the natron 

glass production groups (Freestone, Gorin-Rosen and Hughes 2000; I. Freestone 

2006).  

During this period of time, few primary glassmaking sites supplied secondary glass 

working sites with raw glass. As a result, the natron glass may be usefully compared 

with the major compositional groups of natron glass that have been identified from the 

mid- to late first millennium A.D. in the eastern Mediterranean and Near Eastern 

region (I. Freestone 2006). Four groups of glass were identified by Freestone, Gorin-

Rosen and Hughes (2000) to which a fifth was added by Freestone, Greenwood and 

Gorin-Rosen (2002). Two of these groups were associated with glass production in 

Egypt (Egyptian I & II), two with Palestinian production (Levantine I & II) and one 

with glass that was widely traded in the western Mediterranean (HIMT).  

A comparison of the natron glass with the aforementioned categories indicates 

similarities between the natron glass and the ‘Levantine II’ group, the latter being 

produced at Bet Eli’ezer near Hadera, in Israel. The glassmakers at Bet Eli’ezer 

produced a natron glass which had a composition of 73-76% silicon oxide (SiO2) and 

11-13% sodium oxide (Na2O). The natron glass studied is characterized by a high 

silicon oxide (77.19±1.30 wt % SiO2) and a low sodium oxide (12.47±0.44 wt % 

Na2O) composition. 
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In addition, it contains low calcium oxide (5.72±0.40 wt % CaO) values which are 

characteristic of glasses melted in Bet Eli’ezer (Freestone, Gorin-Rosen and Hughes 

2000). According to the data, the natron glass exhibits similarities with the Bet 

Eli’ezer glasses and there is a possibility that the raw glass from which it was made to 

be derived from this region. 

PLANT ASH GLASS 

It has been suggested that it would be possible to group the compositions of plant 

ash glasses according to source since plant ash glasses could be categorized into 

coherent compositional production groups in terms of their major element 

compositions (J. Henderson 2003; I. Freestone 2006).  

A comparison of the chemical compositions of the plant ash and mixed natron- 

plant ash glasses with chemical analyses of accurate dated glass produced in the 

Middle East and particularly of raw ‘factory’ glass could be useful in investigating 

possible sources for the glasses. Chemical compositions of Islamic raw glass and 

vessels from the 11
th

 century Serce Limani shipwreck (Brill 1999) provide a great 

compositional comparison for the mixed natron plant-ash glasses.   

Magnesium oxide (MgO) and aluminum oxide (Al2O3) are generally a reflection of 

the type of alkali and silica raw materials used respectively (I. Freestone 2006). Fig. 

20 is a bi-plot of magnesium oxide versus aluminum oxide in both plant ash and 

mixed natron plant-ash glasses from the site studied and glasses from the Serce 

Limani shipwreck (Brill 1999), whereas mixed natron-plant ash glass was the 

prevailing glass type, Banias in Israel (Freestone, Gorin-Rosen and Hughes 2000) and 

al-Raqqa in Syria (Henderson, McLoughlin and McPhail 2004). According to fig. 26 

the glasses are distinctly different from the plant ash glasses produced at Banias and 

al-Raqqa in the 11
th
 century and exhibit more similarities with the Serce Limani 

mixed natron-plant ash glasses.  Although of a similar transitional glass type, 

however, there are also compositional distinctions between them. 

The 12
th
 century glass artifacts studied and the Serce Limani compositions, 

therefore, conform to quite similar compositions. This suggests that the combination 

of plant ash and natron glass occurred in one or more Middle Eastern glass factories 

(Adreescu-Treadgold and Henderson 2004). 
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In addition, a similar intermediate composition was reported for glass samples 

from Torcello dating to the 11
th
-12

th
 century (Andreescu-Treadgold, Henderson and 

Roe 2006). Since the chemical characteristics of the glass samples studied, exhibit 

more similarities to the Serce Limani mixed natron plant-ash glasses and to the 

Torcello glass, this compositional match makes it is possible to assume the same raw 

glass provenance. The source of most of the raw glass could have been the Middle 

East. 

 

 

 

Fig. 20. Magnesium (MgO) wt% versus aluminum (Al2O3) concentrations in the plant ash 
and mixed natron-plant ash glasses. 
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8. CONCLUSIONS 

The 12
th
 century is a period perceived to be a time of technological transition. 

During this period discrete changes occur in glass technology and are reflected in the 

chemical compositions of the glass artifacts analyzed. The change from a mineral to 

an organic alkali source started in the 9
th

 century A.D. and resulted in three principal 

compositional glass types: natron glass, plant ash glass and mixed natron plant-ash 

glass. As an intermediate technological stage, natron was extended by the addition of 

plant ash glass since the supply of natron was severely disrupted.  

The methodology adapted in the present study has been successful. Scanning 

Electron Microscopy coupled with Energy-Dispersive X-ray Spectrometry (SEM-

EDS) and Micro X-ray Fluorescence Spectrometry (μ-XRF) analyses allowed the 

quantitative chemical composition of major, minor and trace components to be 

determined with high sensitivity.   

The analyses of the glass artifacts have permitted to identify these compositional 

variations in the glasses and demonstrate a gradual technological transition from 

natron glass to plant ash glass. The raw materials used for the production of the 

glasses also reflect the technological traditions of the time. Quartz sand was used in 

the production of the natron and the plant ash glass with the use of different sources of 

silica sand. 

The glass artifacts analyzed in the present study were made of transparent glass in 

which the control of colors was obtained by exploiting the presence of iron through 

the deliberate addition of manganese oxide. The analyses reveal that the translucent 

blue glasses owe their color to the intentional addition of iron oxide as a colorant as 

well as the translucent turquoise green glass. A leaded bronze could have also been 

added to the production of the turquoise green glass. The ‘naturally’ colored pale 

green glasses do not contain any deliberately added colorant and owe their color to the 

presence of iron oxide, added in the form of sand contaminant. The analyses of the 

white opaque decoration applied on the glass bracelet demonstrated that it was made 

opaque with silica crystals.  

The presence of copper, lead, and tin in the mixed natron plant-ash glasses indicate 

recycling. Probably, mixed natron plant-ash glasses made by melting natron and 

plant-ash glass together and the presence of the aforementioned elements in these 

samples also supports this hypothesis.  
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Finally, by comparing the glass samples with compositional groups already defined 

by other authors it is possible to assume as the source of the raw glass to have been 

the Middle East.  

Concluding, future work could be conducted in a larger glass collection of the 

period studied. The analysis and examination of glasses deriving from a larger 

archaeological record and over a greater geographical area could, therefore, provide a 

complete method for understanding the production technologies used in the 12
th

 

century and more in general in the Mediterranean area. It could then be possible to 

recognize the changes in glass production technology in the 12
th

 century and to 

identify potential production centers, such as that of the early and later Roman 

periods.  
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APPENDICES 

APPENDIX I 

 

Table I. Macroscopic observations and description of the analyzed glass fragments reported in the 

study. 

SAMPLE  
LENGTH 

(cm) 

WIDTH 

(cm) 

THICKNESS 

(cm) 
COLOR 

SURFACE 

CONDITION 

 

Vessel 
glass 5.9 4.7 1.2 

Green; 
the 

decorative 
strips are 

blue 

Altered 
surface 

 

Vessel 
glass 5.4 4.9 0.1 Colorless Altered 

surface 

 

Bracelet 
with   

circular 
cross-
section 
shape 

External 
Outline 

8 

Inner 
Outline 

6.1 

Diameter 
0.7 

Dark blue 
glass with 
two white 

stripes 
winded 

around the 

central 
dark blue 

cane 

Without major 
signs of 

alteration 

 

Vessel 
glass 4.2 2.1 0.1 

Naturally 
colored 
with a 

pale green 
tinge 

Iridescent 
signs 

 

Vessel 
glass 4.7 3.1 0.1 

Naturally 
colored 
with a 

pale green 
tinge 

Iridescent 
signs 
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Vessel 

glass 4.7 1.2 0.1 

Naturally 
colored 
with a 

pale green 
tinge 

Iridescent 

signs 

 

Decorative 

thread 
2.4 0.6 0.9 Blue 

Altered 

surface 

 

Vessel 

glass 3.3 2.2 0.2 

Naturally 
colored 
with a 

pale green 
tinge 

Iridescent 

signs 

 

Vessel 

glass 3.4 1.6 0.1 

Naturally 
colored 
with a 

pale green 
tinge 

Iridescent 

signs 

 

Vessel 

glass 2.4 1.8 0.1 

Naturally 
colored 
with a 

pale green 
tinge 

Iridescent 

signs 

 

Vessel 
glass 3.7 2.1 0.1 

Naturally 
colored 
with a 

pale green 
tinge 

Iridescent 
signs 
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Vessel 

glass 2.7 1 0.1 

Naturally 
colored 
with a 

pale green 
tinge 

Iridescent 

signs 

 

Vessel 
glass 3.7 3 0.1 

Naturally 
colored 
with a 

pale green 
tinge 

Iridescent 
signs 
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APPENDIX II 

Micro X-ray Fluorescence Spectroscopy (μ-XRF) 

Table II.  Major element analysis results, obtained by Micro X-ray Fluorescence Spectroscopy (μ-

XRF), expressed as weight percent concentrations. (BDL means Below Detection Limit, concentrations 

in bold: element close to detection limits) 

SAMPLE TIME 

(sec) 
 

SiO2 SO3 
 

Cl K2O CaO TiO2 MnO Fe2O3 

Sample 1 

base 

 

1000 64.4 0.80 0.75 1.2 6.5 0.11 0.81 0.97 

Sample 1  

body 

 

1000 70.9 0.61 0.80 1.5 8.2 0.14 1.0 1.2 

Sample 1 

decoration 

 

1000 65.4 0.27 0.60 1.3 6.9 0.12 0.86 1.0 

Sample 7 

 

1000 49.7 0.16 0.26 0.8 4.6 0.083 0.59 0.73 

Sample 7 

(cross-section) 

 

1000 65.3 0.16 0.53 1.2 6.6 0.104 0.78 1.22 

Sample 3 

blue 

 

2000 73.8 0.104 0.79 2.2 8.8 0.12 1.5 1.9 



49 
 

Sample 3 

blue 

(cross-section) 

 

1000 60.2 BDL 0.62 1.8 6.8 0.083 1.19 1.4 

Sample 3 

blue 

 

1000 64.1 BDL 0.75 1.8 7.1 0.10 1.29 1.6 

Sample 3 

white 

 

2000 58.1 0.20 0.57 0.8 6.8 0.16 0.13 1.6 

Sample 3 

white 

(cross-section) 

 

1000 8.2 BDL 0.28 0.061 1.0 0.015 0.021 0.3 

Sample 2 

 

1000 71.9 0.11 0.49 2.1 7.4 0.10 1.3 0.73 

Sample 5 

 

1000 60.5 0.18 0.36 1.1 6.4 0.12 

 

0.83 

 

 

1.0 

 

Sample 6 

 

1000 59.2 

 

BDL 

 

0.51 1.1 6.1 0.11 

 

0.74 

 

 

0.9 

 

Sample 8 

 

1000 69.9 0.11 0.37 2.1 7.0 

 

0.087 

 

 

1.06 

 

 

0.68 
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Sample 9 

 

1000 70.5 0.22 0.18 1.7 7.1 0.135 1.26 0.92 

Sample 9b 

 

1000 69.9 0.10 0.32 1.7 7.5 0.109 1.14 0.78 

Sample 11 

 

1000 71.0 0.18 0.53 1.3 7.4 0.13 0.93 1.1 

Sample 12 

 

1000 65.7 0.20 0.53 1.2 6.6 0.1 0.8 1.0 

Sample 13 

 

2100 54.2 0.44 0.46 0.84 4.57 0.076 0.54 0.66 
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Table III.  Trace element analysis results, obtained by Micro X-ray Fluorescence Spectroscopy (μ-

XRF), expressed as weight percent concentrations. (BDL means Below Detection Limit, concentrations 

in bold: element close to detection limits). 

 V Cr Co Ni CuO Zn Ga SrO Zr Sn PbO 

 

0.0009 0.00228 BDL 0.00058 0.084 0.015 BDL 0.055 0.0075 0.02 0.23 

 

0.0015 0.00227 BDL 0.00133 0.108 0.020 BDL 0.078 0.0117 0.043 0.281 

 

0.0007 0.00057 BDL 0.00063 0.094 0.0180 BDL 0.058 0.0073 0.0210 0.251 

 

0.0020 0.00044 BDL 0.00038 0.064 0.010 BDL 0.040 0.0046 0.00801 0.170 

 

0.00098 0.0018 BDL 0.00235 0.1200 0.043 0.007 0.054 0.0079 0.021 0.205 

 

0.0009 0.00181 0.0434 BDL 0.116 0.104 BDL 0.08 0.0089 BDL 0.037 

 

0.0008 0.0016 BDL 0.0020 0.0910 0.080 BDL 0.0620 0.0070 BDL 0.033 
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0.0009 0.0023 BDL 0.0016 0.0950 0.086 BDL 0.0610 0.0040 BDL 0.031 

 

0.0005 0.0044 BDL 0.0037 0.0068 0.0091 BDL 0.0196 0.0128 0.0046 0.021 

 

0.0005 0.0055 BDL 0.0007 0.0013 0.0024 BDL 0.0036 0.0052 BDL 0.0050 

 

0.0024 0.00062 BDL 0.00053 0.0250 0.0053 BDL 0.078 0.0034 BDL 0.046 

 

0.0026 0.00052 BDL 0.00068 0.086 0.01 BDL 0.055 0.0055 0.00535 0.236 

 

0.0016 0.00183 BDL 0.00049 0.0790 0.015 BDL 0.040 0.0056 BDL 0.211 

 

0.0012 0.0017 BDL 0.00038 0.039 0.0081 BDL 0.056 0.0046 BDL 0.109 

 

0.0012 0.00133 BDL 0.00060 0.078 0.006 BDL 0.055 0.0092 0.0053 0.681 



53 
 

 

0.0011 0.00060 BDL 0.00066 0.052 0.013 BDL 0.057 0.0088 0.005 0.155 

 

0.0019 0.00061 BDL 0.00089 0.104 0.021 BDL 0.063 0.0829 0.00967 0.276 

 

0.0017 0.00093 BDL 0.0004 0.090 0.017 BDL 0.055 0.0073 0.017 0.24 

 

0.0011 0.0011 BDL 0.00041 0.057 0.010 BDL 0.042 0.004 0.012 0.15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


