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ABSTRACT

ARCHAEOMETRIC INVESTIGATIONS OF GLASS FROM THE EARLY
BYZANTINE WORKSHORP IN SIDE, ANTALYA

Geng, Deniz
Master of Science, Archaeometry
Supervisor: Prof. Dr. M. Umit Atalay
Co-Supervisor: Assoc. Prof. DrrAl i Akin Akyol

June 2019, 150 pages

Reconstructing the history of archeological artifacts leads us to examine the materials
using various scientific methods. Therefore, archaeometric investigations allow us to
understand the production technology, the firing temperature, provenance, the raw
materials and the colorants used in the process. This thesis aims to investigate the

archaeological glasses found at the Side excavation site.

Visual and optical microscope analyses were conducted to observe the physical shape,
deterioration types, and the production technology of Side glass. According to the
thickness measurements and their bubble shapes, Side glasses from the Late Antique
period were shaped by the glass blowing technique. The color analysis has revealed
that the Side glasses in various color ranges were mainly in green and blue hues. The
chemical analysis of the Side glasses was conducted by Polarized Energy Dispersive-
X-ray Fluorescence (PED-XRF). The results of the analysis were interpreted with
respect to main, minor and trace elements. In line with these results, Side glass set was
a soda-lime-silica glass fluxed with natron. The vast majority of the glasses were
decolorized by the deliberate addition of manganese. The colorants are iron, copper,
cobalt, manganese, vanadium, and lead. Recycling conditions were revealed using the

marker elements and a comparative plot of Side and primary production glasses. In



accordance with the glass composition, glass groups were identified by hierarchical
clustering and were compared with Late Antique glass from Asia Minor. Furthermore,
clay-based crucibles and kiln fragments were analyzed by the thin section optical
microscopy. Petrographical properties of the crucibles were demonstrated in terms of

rock and mineral contents, the exposed firing temperature and their origins.

Keywords: Early Byzantine, Glass Workshop, Side Ancient City, Glass Analysis,
PED-XRF
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SI DE, ANTALYA ERKEN BI ZANS ATOLYESIi C.
ARKEOMETRI K I NCELEMESI

Geng, Deniz
Yuksek Lisans, Arkeometri
Tez Da nProg Dravh Umit Atalay
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Haziran 2019, 150 sayfa
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CHAPTER 1

INTRODUCTION

Archaeological finds have great value not only by being a part of cultural heritage but
mainly for numerous information that can be obtained from them. A tiny piece of an
archaeological object may provide information on cultural structures, trade links,
social, religious, economic and political relations, industry consumption habits,
traditions, industry, rituals, fabrication techniques, chaine opératoire, production
materials, provenance studies, dating and so on. In obtaining this information,

archaeometric investigation plays a critical role.

Glass, first as a tool and a luxury material, later as a household object, becomes
indispensable for human life starting with the use of natural glass-obsidian and
manmade glass. To fully comprehend glass with its history, condition and production
technology, several scientific research should be conducted via instrumental methods.
These methods can be gathered under four categories; (i) electron beam methods, e.g.
Scanning Electron Microscopy (SEM)- Energy Dispersive X-Ray Spectroscopy
(EDX), Electron Probe Micro Analysis (EPMA), Raman Spectroscopy etc. (ii) X-ray
methods e.g. X-ray Fluorescence (XRF), X-Ray Diffraction (XRD), X-ray Photo-
electron Spectrometry (XPS) etc., optical spectrometric methods e.g. Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES), Atomic Absorption
Spectrometry (AAS), (iii) mass spectrometric methods e.g. ICP-MS (Inductively
Coupled Plasma Mass Spectrometry, Isotope Ratio Analysis etc., and (iv) oxidation
state methods such as Electron spin resonance (ESR) and Ultraviolet and Visible
Spectroscopy (UV-VIS) (Davison, 2003).



In this study, Side glasses were examined by using physical, chemical and
petrographic techniques. Glass samples were documented by using optical
microscopy, thickness meter and chromameter. Chemical analyses were conducted
using PED-XRF. Finally, glass pots and furnace samples were petrographically

examined by thin-section analyses.

The analyses of Side glass have been presented in six chapters. The first chapter
mentions the scientific glass examination techniques and the aim of the study. The
general aspects of glass in terms of its components and its history from the beginning
until the late Byzantine period were given in the second chapter. While the third
chapter gives information about Side archeological site, the fourth chapter introduces
the materials and the methods used for the investigation of the Side samples. The
results and the discussion were presented in the fifth chapter. Finally, the sixth chapter

includes the summary and conclusion.

1.1. Aim of the Study

Interestingly, and regardless of its economic and political significance and its
proximity to primary glass production centers, the investigation of Anatolian glass and

glass workshops in Late antique period is rather an untouched field of study.

Omir Dinya CakmaklI (2014) briefly menti on
Byzantine glass workshops in Caria region.

evidence regarding glass working in Aphrodisias, Nysa, Tralleis, and Kaunos. Emre

Tastemiur (2017) compiled the ancient Anatol.
“Anti k Cam Firrinlar. ve Anadolu Ornekleri”
information about Anatolian glass history, used techniques, main glass finds,

production types, furnace forms, and historical sites that acquire in-situ glass furnace

or glass production evidence.

When it comes to archaeometry, investigations on Anatolian Late Antique glass are

scarce. The limited archaeometric studies regarding Late Antique Anatolian glass



come from Ephesos (Uhlir et al. 2006), Sagalassos (Degryse et al., 2005 and Degryse
2015), Bogazkoy (Nakai et al., 2014), EI a
(Rehren et al . 2 0 1tuBigs abeuin ShrdisBandi ApHrodisas. ( 1 9 9 9)
Unfortunately, complete research on the glass ateliers from the Late Antique period in
Asia Minor is not available in an archaeometric perspective. Hence, this study can be

regarded as a touchstone for Late Antique glass workshops in Anatolia.

Side, currently excavated by H&stenyal 5ab
has been the subject of many researches. However, among various detailed research
topics, glass studies in Side consist of several short reports of Ahmet Tolga Tek in the
Conference of Excavation Results dated between 2009 to 2012 which solely refers
dating, location, typology, and decoration. Unfortunately, no further published
research has been conducted on Side glass finds. The aim of the study is to present an
analytical perspective to Side glasses and the glass workshop with the hope of

contributing to the studies on Anatolian Late Antique glass.

This study aims to elucidate glass production processes in Side by conducting a
chemical and petrographic analysis of various finds from the glass workshop. These
analyses enable us to find out the raw material preferences, added colorants and
opacifiers, heating temperatures, glass quality, weathering conditions, and glass-
working techniques. The analysis of the trace elements will enable us to figure out
whether the glass was recycled or not. Additionally, the chemical data helps us identify
the compositional glass groups which, as a result, contributes to the formulation of an
opinion about the trade links with the primary glass production centers of the period
such as Levant and Egypt. Further, the study presents a comparison between different

compositional groups of Side and Late Roman-Early Byzantine Anatolian glass.






CHAPTER 2

GENERAL ASPECTS OF GLASS AND ITS HISTORY

2.1. Definition of Glass

Glass is basically a state of matter with a disordered chemical structure, a non-
crystalline material. Glass, a translucent amorphous material, initially appears as
obsidian before the man-made glass. Natural glass, obsidian, originates in
subterranean by exposing high temperatures. When the molten silica, magma, reaches
the surface it cools rapidly, which inhibits the arrangement of atoms and molecules
into crystalline order. Obsidian, which can occur in black, green and brown colors,

was generally used as a sharp-edged tool (Davison, 2003).

In antiquity, manmade glass is composed of three necessary ingredients which are
silica, lime, and an alkali. These glasses are entitled as soda lime glasses; in batch,
silica appears around 60-70 percent, sodium oxide stands at 10-20 percent and calcium
oxide is about 5 to 10 percent. Totally these elements can form more than 90 percent
of the glass composition. Adding certain oxides to silica is crucial since they act as
stabilizers, network formers, flux, and colorants. These ingredients form glass when
heated between 1300-1500°C. Silica, having the highest amount in the batch, is the
main constituent of sand, crushed quartz or crushed flint. Because the ancient
glassmakers supply sand from the seashore or riverbeds, it contains the fragments of
shells, which provides lime (Wight 2011). Lime, calcined limestone, provides
durability to the glass. An alkali comes from the ashes of plants, which is known as

potash or soda ash. It serves to reduce the melting point of glass as flux.

Il n this di ssertation, the term

glasses.

gl ass



2.2. Chemical Structure and Composition

Glass falls outside the concepts of classical states of matter; it is solid in terms of being
rigid and having a proper shape, but it is rather liquid in terms of its random and
disordered structure. Its structure is more likely to plastics which is called polymerized
state (Shortland, 2012). However, glass can be separated from other polymerized-
structured matters with its rigidity and stable form in normal temperatures because of

its intense cross-linking between chains (Newton & Davison 1989; Shortland 2012).

The crystalline structure of silica transforms after it melts at 1710°C. When the molten
silica cools the randomly scattered molecules form a less random arrangement because
of the high viscosity of the glass, and the presence of the network modifiers. When
the temperature of the molten glass becomes 1050°C, glass takes a solid form.
However, because the structure of the solid glass is not like crystalline but more spaced

and scattered, the density of glass is lower than silica (Davison, 2003).

Main glass composing oxides are the network formers (mainly SiO,, also B,0,, P,Os,
GeO, As,O and so on) and the network modifiers, namely fluxes (alkali metal oxides
like Na,O, K,0O) and stabilizers (alkaline earth oxides like CaO, MgO). Producing a
pure soda-lime-silica glass is inconceivable, minor and trace elements occur in small
quantities. The elements arise in the glass either deliberately as an impurity of raw
material or accidentally as contamination from the environment or the crucibles and
so on. Although these impurities are present in small amounts, they can have a great

effect on the batch, such as coloring, decoloring and opacifying.



2.2.1. Network Formers

Network former is the main component of glass. For ancient glass, silica (SiO2) is the
chief network former; for later or modern glass, other oxides such as boron, lead,
phosphorus, arsenic, and germanium can be used as network forms. Crystalline silica
has a tetrahedral molecular form; silicon atom in the center attached to four oxygen
atoms at the corners. Every tetrahedral unit shares two oxygen atoms in the crystalline
structure (Figure 1.1). However, if it is heated and cooled rapidly, silica cannot form
a crystalline structure. Instead, the atoms rearrange randomly and form a non-
crystalline structure. Figure 2 shows an imaginary slice of a three-dimensional
network of silica. If we consider the dots as atom A and the circles as atom O, the
composition represented in Figure 1.2 is shown as A>0s. While Figure 1.2a shows the
regular, crystalline structure of A2O3, Figure 1.2b reveals the non-crystalline, vitreous
form of A20s, which is the scheme occurred after melting and rapidly cooling the
former structure (Davison, 2003). As a result, the spaces occurred in the glassy state
cause an increase in the volume and consequently a decrease in the density compared

to the crystalline state.

Figure 1.1. The tetrahedral molecular form of silica (Pollard and Heron, 2008)



Figure 1.2. Schematic representation of compound A203: (a) A203 in the crystalline state, (b) A20s in
the vitreous state. (Davison, 2003)

Silica was either obtained from beach sand and desert sand or from white quartzite
pebbles of the river beds (Turner, 1956). The former source contains more impurities,
such as aluminum, iron, calcium, titanium etc., than the latter (Brill, 1999 in Shortland,
2012). The indicative of the latter is the angular grains detected under the microscope.
The grain size, which changes the melting performance, can be altered by the
environment where sand formation occurs (Henderson, 2013). To purify and prepare
the silica source, sand and pebbles may need crushing and sieving, however, the
preparation of sand is easier compared to pebbles (Shortland, 2012). Additionally,
from 14" to the 17" century, Venetian glassmakers used chert as a silica source
(Zecchin, 1987 in Henderson, 2013).

The rock types, from which sands are derived, affects the purity of the source; for

instance, crystalline rocks contain more feldspar and heavy minerals compared to



rocks composed of sand (Henderson, 2013). The selection of sand source may be
problematic due to the impurities, since miniscule inclusion may affect the quality of
glass such as iron-bearing minerals result in the greenish hues in glass color. These
impurities can be summarized: feldspar, which is one of the most common minerals
in sand, is responsible for the formation of aluminum, sodium, potassium, and
calcium; titanite or sphene introduces chromium, titanium, and calcium to the glass
composition; chromite brings out chromium and iron; epidote introduces alumina,
iron, and calcium to the glass composition (Henderson, 2007). These impurities may

allow us to trace the origin and type of glass.

Boron, which is added to the glass with the ashes of a boric oxide containing plants,
is a key opponent in distinguishing glass compositions. Western Anatolia is rich in
colemanite (hydrated calcium borate). Therefore, some Byzantine glasses may contain
high boron (0.25%) compared to other ancient glasses with 0.01-0.02% (Davison,
2003).

2.2.2 Network Modifiers

Network modifiers are composed of fluxing agents which are alkali metal oxides such

as Na,O and K,O and stabilizers which are alkaline earth oxides such as CaO and

MgO. Two ingredients are adequate for glass manufacture, sand, and soda or sand and
potash. Soda (composed of sodium oxide) and potash (composed of potassium oxide)
are the two main fluxing agents which provide a decline in the melting temperature of
the network former, silica. These agents are highly soluble in water, which cause

instability of glass in water. The silica tetrahedron (SiO,) can melt at the temperature

of 1710°C, with the addition of a fluxing agent, such as soda (Na.CQg), the melting
temperature drops under 1000°C, which becomes reachable by ancient furnaces.
Figure 1.3 shows an imaginary two-dimensional section of a glass network with the
addition of modifiers. One or more positively charged network-modifying ions

(cations) cause the formation of spaces in the silica network. Positively charged



(cations) modifying ions form an ionic bond with negatively charged (anions) non-
bridging oxygen ions. By means of this ionic bond, the bridging atoms within this
tetrahedral network were disrupted and the weakened bond within the silica network
induces the temperature drop. These cations are generally alkali metal ions, sodium
(Na+) or potassium (K+). Because they have only one positive charge, they can easily
move within the network, therefore, if glass interacts with water, cations shift towards
the water (Davison, 2003).

e Network-forming atom
® Network-modifying ion
O Bridging oxygen

©® Non-bridging oxygen

Figure 1.3. Two-dimensional schema of glass

Soda, also known as sodium carbonate (Na:COs), decomposes under high
temperatures by releasing carbon dioxide and forms sodium oxide (Na20). It is the
second most common substance in the ancient glass and when the glass is not
weathered the soda content is around 15-23 percent (Shortland, 2012). Fluxing agents
come from mineral or plant sources. Rehren and Freestone (2015) categorize ancient
glass in four compositional groups; plant-ash glass, mineral-natron glass, lead & lead-

barium glass, and wood ash glass.
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Till the 9" ct. BC by Mesopotamians and Egyptians, later by the Romans and
Sasanians at intervals, glass -was made by using the ashes of halophytic plants, which
live under salty environment, as fluxing agents due to their high sodium carbonate-
containing structure as they turn to ash. Halophytic plant ashes, which can be found
in the coastal margins, dunes and around desert edges, contain various salts that
interact with silica like carbonates, bicarbonates, sulfides, sulfites and hydroxides
(Henderson, 2013). Halophytic plants with genus like Salsola kali and Salicornia
contain high impurities like potash and magnesia accompanying soda (Henderson,
2000). There are two other kinds of plants to be used as a flux; one type is a tree-like
beech that has potash-rich ash and the other type have a high level of soda and also
potash (Shortland, 2012). Natron (Na,CO,-10H,0) or trona (Na,CO,-NaHCO,-2H,0)

and other soda-rich minerals that contain carbonates and chlorides, which are partially
reactive, were collected from large evaporitic lakes and were used for glass production
in antiquity. According to Pliny, R o mably Bgyptan
soda’ during the 1% millennium BC and AD. Within this period, natron was acquired
from Wadi Natrun, the most significant source in Near East (Shortland, 2004).
According to the researches conducted with natron from el-Barnugi, it can be used
without pre-treatment (Jackson et al., 2016). Although the natron composition can be
varying even in the same area, they are mainly composed of sodium compounds
including carbonates, bicarbonates, sulfates and, chlorides (Jackson et al., 2016).
When compared to plant ash, natron is a purer source of alkali and has a more
condensed alkali structure, the magnesia, and potash percent of natron glass is below
1.5 wt% (Henderson, 2013). However, by the 9" century, Egyptian glassmakers
started to use plant ash instead of natron back again (Rehren et al., 2015). Also, there
are several other alkali-rich mineral sources like reh (combination of sodium
carbonate, sodium chloride, sodium sulfate, calcium, and magnesium), oos and
nepheline, which are mainly used in India (Wadia, 1975; Brill 2001; Henderson,
2013). Nepheline syenite —a sodium, potassium, and aluminum silicates, together with

quartz and feldspar, was used in Sagalassos, Antalya, Turkey in the production of a
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frit as a network modifier (Degryse and Poblome, 2002; Henderson, 2013).

Another type of network modifier is the stabilizers which are crucial for glass
considering their unstable and soluble structure. The addition of stabilizers such as
calcium, magnesium, and aluminum provide stabilization to the glass. The addition of
alumina increases the working properties of glass during shaping and forming (Goffer,
2007). The alkaline earth cations such as calcium (Ca++) and magnesium (Mg++) take
double positive charge, which makes them tightly bound to adjacent non-bridging
oxygen atoms unlike single positively charged, loosely bounded network-modifying
ions (Davison, 2003). Therefore, alkaline earth cations make glass stronger, durable

and relatively insoluble.

In ancient times, calcium was added unintentionally to glass, either by the impurities
in silica source as the small shell fragments in sand or by the inclusions of the soda
source as calcium-containing plants derived from limestone (Whitehouse, 2012).
Another calcium source is bone and dolomitic limestone, which was intentionally used
between 16" to 19" centuries in Europe. However, the addition of the latter gives a
positive correlation between magnesia and calcium (Henderson, 2013). Moreover,
glass can be accidentally contaminated from calcium-bearing crucibles and calcium-
bearing minerals in the sand. While some states that magnesia derives from dolomite
or dolomitic sandstones, the weak correlations disproves this relation. On the other
hand, the positive correlation between potassium oxide and magnesia indicates that

magnesium enters the batch through potash (Henderson, 2007).

Lime and alumina are generally used for separating glass groups because they reflect
the glassmaking sand (Schibille et al., 2017). For instance, Roman natron glasses
contain alumina between 1.7- 3.5% due to feldspar that is found in sand. Likewise,
while bronze age and Islamic glasses contain relatively low calcium due to the usage
of Halophytic plant ash, 1%t millennium AD glass has 6.5-9% calcium inclusion
(Henderson, 2013).

12



2.2.3 Colorants, Opacifiers And Decolorants

In antiquity, glass was first emerged as colored and it was used to imitate precious and

semi-precious stones.

Network formers, stabilizers, and modifiers specify the main properties of glass.
However, minor and trace elements, forming a maximum 5 percent of the total mass,
can change the properties of glass, like the color of the glass (Goffer, 2007). The
colorless glass generated only by pure silica, soda and lime can be colored with the
addition of metal oxides. There are several metals that change the color of the glass;
iron, copper, cobalt, tin, manganese, lead, antimony etc. However, apart from the

metal oxides, many other factors affect the color of the glass.

Preparing the batch with fine particles of colorants and heating the batch in high
temperatures provides a homogenous color. (Stoch et al., 1978; Henderson, 2000)
Further, during solidification, unlike glass, some components in the glass may
crystallize. These crystalline impurities, some of which are deliberately added to the
batch or occurred during different heat treatments, lead to opacification. Due to their
insolubility in glass and their deflective property, light scatters and does not pass
through the glass (Biek and Bayley, 1979; Goffer, 2007). Besides, the masses of tiny
bubbles generate opacification in ancient glasses (Davison, 2003). Calcium
antimonate, tin oxide, and calcium fluorophosphates are the main substances to create
white opal glass; and lead antimonate together with lead-tin oxide were the opacifying

agents to create yellow opal glass.

As Biek and Bayley (1979) noted the atmosphere of the furnace can change the color
of the glass; for instance, iron can generate blue or red color regarding the oxidizing
or reducing atmosphere in the furnace. An oxidizing atmosphere is an environment
where oxygen prevails while reducing atmosphere is where carbon dioxide and carbon
monoxide prevails. While the conditions are oxidizing, the iron that is in the 3™ state

can give blue/green hues to the glass, the iron reduces to Fe?* ion in a reducing
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atmosphere and creates black/brown hues (Shortland, 2012). The coloration can also
be affected by the heating cycle; how long the melt stays in specific heats and the
maximum temperatures achieved (Henderson, 2000). The type of fuel and its particle

size are also important since they affect the reached temperature.

Table 1.1 shows the coloring effects of the ions in reducing and oxidizing furnace

environments.

Table 1-1 Glass coloring ions in different furnace environments

Coloring metal
Glass furnace

Glass color Metal lonic form environment
Black Manganese Mn? Reducing
Copper Cu’ Reducing
Red Copper Cu’ Reducing
Gold = Reducing
Pink Manganese Mn* Oxidizing
Yellow Uranium u* Oxidizing
Silver - Reducing
Green Copper Cu™ Oxidizing
Iron Fe® Reducing
Chromium cr Oxidizing
Blue Copper Cu®* Oxidizing
Cobalt Co™ Reducing
Violet Manganese Mn* Reducing

The main coloring elements are given below.
Copper

Copper is one of the oldest colorants in the glass world, which dates back to 4000 BC
in the Near East and Egypt (Tite, 1987). The common feature of minerals that are
mainly used to color glass such as malachite, azurite and turquoise is copper, which
gives glass various colors like blue, green, red and black. While highly oxidized
copper -the cupric ions Cu*2- can color the glass to blue, lightly oxidized copper-

cuprous ions Cu™ - provides red color (Goffer, 2007). Small amounts, approximately
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0.5 %w copper oxide is enough to color the glass. However, smaller amounts around
0.1 %w of copper may result from contamination, not a deliberate addition, and it is
present in all colored glasses (Shortland 2012). From Classical times to the Roman
period, copper sulfide -ferretto- was roasted to obtain metallic copper (Henderson,
1985).

Since oxygen dissolves the opacifying agents, the reducing atmosphere of the kiln may
cause the formation of dendritic cuprite particles in suspension, which results in
opacification when copper is added in high amounts. Although the red color was
mainly generated from copper, it can be formed by several variations of colorants such
as just copper, copper-antimony; copper-tin-antimony, copper-tin-lead-zinc; solely
antimony (Shortland, 2012). While some Egyptian glasses contain small amounts of
tin and lead, Near Eastern glasses from LBA do not contain tin, which shows Near
Eastern glassmakers used a pure source of copper instead of bronze (Shortland 2012).
There are some assumptions that the use of lead may result in the occurrence of green
tint instead of blue color. Further, copper impurities found in cobalt glass is evidence

of using cobalt-rich copper ore as a colorant source (Henderson, 1985).
Cobalt

The first use of cobalt is seen in the Bronze age to imitate lapis lazuli, a highly valuable
precious stone. It is confirmed that Egyptians deliberately added cobalt to the batch in
the 2" millennium (Farnsworth and Ritchie 1938; Shortland 2012). It was continued
to be used in the lron age and later in the Chinese porcelains. In the 2" century BC,
the manganese-rich sources started to be chosen over antimony-rich sources as the
source of cobalt (Henderson 1991). Cobalt is found in ancient rock mineralization,
which contains other minerals such as copper, nickel, manganese, iron, zinc, and
arsenic regarding the type of the mineral. These ores are Erythrite
(Co3(As04)2.8H20), Trianite (2C020.Cu0.6H20), Cobaltite (CoAsS), Skutterudite
((Co,Ni,Fe)Ass), Bieberite (CoSO4.7H20) and Absolane (CoOOH) and they contain

trace elements such as bismuth, vanadium, lead and antimony (Henderson 2013).
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Compared to other colorants, cobalt is the most powerful one, even the smallest
additions such as 0.02% (Co?*) can change the color of the glass to deep blue

(Henderson 2013). On the other hand, when it is in the +2 state it gives a pink color.
Iron

Iron oxide is one of the most common colorizers in ancient and modern glass
production. The characteristic greenish tint of the ancient colorless glass comes from
the iron (1) which appears as an impurity in the sand (Davison, 2003). In the glass,
iron impurities appear as ferrous and ferric ions which supply the formation of various
colors from blue to black. Iron creates very dark colors as added to the batch in (+2)
state, but in (+3) state, it creates a yellow tint. However, if reduced ferrous (Fe?") and
the oxidized ferric (Fe*) irons are mixed, glass gets the green color. Less than 1 percent
of iron oxides is adequate for the classical green tint (Goffer, 2007). During melting,
redox reactions give rise to alteration of these ions. While reducing conditions cause
the formation of brown/black colors, oxidizing conditions cause blue-green tint.
According to Henderson (1985), black color derives from the deliberate addition of
iron. Also, the addition of other colorants gives rise to a change in the color of the
glass. For instance, in the addition of manganese, because they gradually reduce and
oxidize each other, various hues emerge (Biek and Bayley, 1979). When Fe(lll) and
sulfides, which occurs with the reduction of sulfur, combine, yellow- amber color

appears (Lambert, 1997).
Manganese

Manganese gives violet color when it is in the (+3) state Mn(l11) and pink color in (+4)
state Mn(1V), also when it is charged in (+2) state it is less colored (Lambert, 1997).
Pyrolusite (MnO.), a common manganese mineral, was used by the Romans to offset
the green tint and also to produce a violet color (Goffer, 2007). Psilomelane, dialogite,
rhodochrosite, and wad are some of the other less pure manganese containing

minerals, which first needs to be prepared before using (Jackson, 2005). While
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pyrolusite is a purer mineral, psilomelane contains a significant amount of barium,
which is an indicator of psilomelane addition as a source of manganese. On the other
hand, pyrolusite cannot be detected since it is purer (Shortland, 2012). Manganese
sources generally include several trace elements, and one of the most common is iron.

Manganese is not just a colorant but also a decolorant, which is discussed below.

Silver

During the Roman period, the silver mineral was added to the batch to give the glass
a yellow tint. Additionally, it was used to shade the glass. As Goffer (2007) states, the
procedure has three stages. First, the powdered silver minerals together with a clay
binder and water are applied to the glass surface by a brush, then the glass is heated in
600°C in a reducing atmosphere to fix the coating and finally it is left to cool. Silver
ions oxidize to silver oxide when glass starts to melt at >600°C and under reducing
atmosphere, silver ions reduced to metallic silver which shades the glass. The

thickness of the coating can change the level of shading.

Opacifying elements

From at least 2000 BC, antimony was found in glass, probably as an impurity and
since then it has continued to be used as an opacifier till the late Roman period
(Davison, 2003 and Rooksby, 1976). Stibnite and bindheimite are among the
antimony-containing minerals. Stibnite, antimony sulfide, reacts with other
components to form metal antimonites. Antimony is added to glass to obtain calcium
antimonate caused by the reaction of antimony with calcium, which induces crystals
that reflect the light (Henderson, 2007). Regarding the metal in the batch, melt
transforms to opal glass with different colors. For instance, the presence of calcium
leads to the formation of white opal glass because of the crystallization of calcium
antimonite. Likewise, the presence of lead gives rise to a yellow variety of opal glass
(Wainwright et al., 1986).
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Lead antimonate was a colorant and an opacifier used before 2" ct. BC and the main
ore is Bindheimite (Pb2(Sh,Bi).06). The presence of bismuth in the glass batch might
be indicative of the use of this mineral in the production of glass (Henderson, 2007).
The combination of lead and antimony, as in the calcium and antimony reaction, leads
to the formation of undissolved pyroantimonate crystals, that generates yellow opaque

color.

Cassiterite, tin oxide mineral, was used as an opacifying agent since the sixth century
BC in Mesopotamia till it was replaced by antimony. However, after the Roman
Empire, with 4" century AD, tin was started to be preferred instead of antimony
throughout Europe and the Middle East. Cassiterite can produce white opacity.
According to Biek and Bayley (1979) the opaque blue glasses after the Roman period
started to contain tin oxide and yellow opaque glasses contain lead-tin oxide. Lead
stannate (OsPbSn) can generate paler yellow color compared to lead antimonate
(Henderson, 2007).

Decolorants

Normally glass colorants appear in reduced conditions in the furnace, however,
antimony oxide, manganese oxide, and arsenic are added to the batch to oxidize the
iron (Davison, 2003; Arletti et al., 2013).

If manganese appears around 0.1% to 1.6%, the reduction of manganese and oxidation
of iron gives glass transparency because both metals transform from highly colored to
l ightly colored models (Lambert, 1997). Pyro
was used both as a decolorizer and a colorant which gives violet color (Goffer, 2007).
When manganese oxidizes iron, ferrous ions alter to less colorant ferric ions, which
give rise to translucence. Due to the decrease in highly colorant ferrous ions, four
colors compensate each other which lead to the formation of gray color (Brill, 1988).
If manganese exceeds 1 w% in the composition, glass is apt to be colorless regarding

low levels of iron (Jackson and Paynter, 2016; Freestone, 2015).
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Although manganese is used as a decolorizer, antimony is more effective. It also
performs as a fining agent in glass by removing dissolved gases which makes glass
more brilliant (Silvestri, 2008). According to the research of Jackson and Paynter, high
manganese (more than 1wt%) glass with the iron of 0.6 wt% can end up with a blue-
green hue. However, the addition of higher amounts of iron (0.8 wt%) to the antimony
decolorized glass results in colorless glass. According to Silvestri (2008), manganese
does not decolorize effectively unless the ratio of MnO to Fe»Os is bigger than 2.
According to the experiments of Brill (1988), even the correct ratio of MnO to Fe;Os
is achieved to make glass decolorized, if the furnace atmosphere is highly reducing,

manganese does not affect properly as an oxidant which restrains decolorization.

2.3. Brief History of Glass from the beginning to the late Byzantine period

In this section, the emergence of glass, its development, production techniques and its

chemical compositions up to the late Byzantine period are mentioned.

2.3.1 The Origins of Glass and its Chemical Composition until The Roman period

Pliny the Elder, the Roman author and commander, mentions the origins of glass in
his book Natural History. According to Pliny, the natron traders docked to the mouth
of the River Belus and prepared their meal. However, there were not any stones to
support their cauldrons, therefore, instead of stones, they used the natron —an alkali-
in their ships. Once they are heated, the natron that mixed with the sand, turned into
translucent liquid (Wight, 2011). However, it is known that the Mesopotamians
discovered vitreous materials long before those traders. The earliest written source for
glassmaking, a clay tablet, rises to the surface from Tell Umar, Mesopotamia dating
between 1400-1200 BC This cuneiform tablet gives a recipe for red glass production
(Wight, 2011).

Although the exact dates and the origin are unknown, it is thought that glass was

emerged either as an accidental side-product of metal production or as a consequence
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of glazed pottery production. As E. J. Peltenburg states that metal seems the real
antecessor of glass for the need of reaching to the molten state, Robert H. Brill claims
glazed pottery is the antecessor of glass because of using similar compositions
(Lambert, 1998). On the process of metal production, metal ores are refined from
impurities such as silica. After this refinement, the decomposed silica solidifies and
acquires a glassy form. Theodore A. Wertime accepts these slaggy lumps from
Eshnunna as the earliest known glasses (Lambert, 1998). The Archaeological evidence
that comes from Northern Mesopotamian sites shows that glass production started
before 25" century BC (Davison, 2003). However, according to another belief, the
vitreous glazes, which have been used for coloring beads, tiles, pottery and making
them impermeable and enduring, were accepted as the first steps of glass (Wight,
2011).

Early glazes and glasses have common compounds, in both, alkali is added to silica
as a network modifier (Lambert, 1998). The vitreous glazes, the modified silica, were
used for imitating precious, and semi-precious stones (Davison, 2003). This surface
glaze is generally called Egyptian faience, tin-glazed quartz was discovered from
various Predynastic sites in Egypt between 5500-3050 BC and they are also found in
Mesopotamia from 4300 BC onwards (Davison, 2003). Faience contains glassy
materials, blue crystals of cuprorivaite, (Ca,Cu)SisO10) and especially, crystalline
material because it does not expose to high temperatures as glass does, therefore the
crystals cannot dissolve in the composition (Henderson, 2013b). While faience can be
produced in small kilns, glass need furnaces to reach high heat. Moreover, a single
firing procedure is adequate for producing faience where glass needs reheating and
working (Henderson, 2013). According to Hodges (1992), the real glass might have
been initially observed by incidental overheating of faience. The chemical difference

of Egyptian blue compared to glass is its high silica and low alkali composition.

The earliest glass objects, which dates to 2500 BC, were produced by molding and

cold-working. The ancient glassworkers could not reach the high temperatures that are
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enough to drain the liquid glass into molds, therefore they used casting. This technique
was achieved by putting a variety of heated glass chunks into a mold. After the
annealing process, the glass is finalized by cutting or polishing (Wight, 2011). With
15" century BC, glass was relatively common, however, before the 16" century BC,
glass finds were highly rare and more prestigious (Shortland, 2012). The small number

of glass finds from this period are mainly beads, glass lumps, inlays, and pendants.

During the late Bronze age, Mesopotamians and Egyptians mainly produced small
vessels, pendants, and beads out of glass. However, glass ingots were among the
merchandise goods. These ingots were economically preferable because they can melt
and fuse at lower temperatures, about 750°C (Wight, 2011). For the same reason,
broken and old glass was used as recycled glass. Difficulties in melting glass led
glassworkers to deal with various techniques. Core-forming was revolutionary for
glassmaking to become an industry. First glass vessels were produced by this method.
To shape the glass, they first created a core from terracotta and roll the glass threads
around it and span the rolled glass threads on a surface. After the object was fired, the
core of the terracotta was removed by carving. This technique was used in the making
of long thin glass vessels, sce n t bottles and |jeweleF
formed glass was first used to resemble precious or semi-precious stones, they were
opaque and mainly blue. To achieve this resemblance, glass was exposed to heat
treatments which provokes the calcium antimonite crystals that causes opacity
(Henderson, 1989).

In the 15" century BC, right after core-formed glass vessels, Mesopotamians produced
small and cylindrical zig-zag-patterned, polychrome vessels by using a mosaic
technique, which was developed in the Hellenistic and Roman periods (Wight, 2011).
Glassworkers united various single-colored glass rods to create multi-colored glass
rods. These rods were elongated and cut into small pieces, then the small pieces were
placed between two molds before firing. In order to smoothen the rim, a spiral rod was

used, and the vesselwasf i nal |y |l ustered by fire
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another casting technique, molding appears contemporary with the aforementioned
techniques to create pendants, furniture inlays, figurines, and jewelry. In molding, one
person spills the molten glass into a mold, and the other person pushes the piston to
make the glass penetrate elaborately into the mold. However, in this period, whether
the glass was poured into molds or whether molds were pressed down on a surface is
not known (Davison, 2003). Later on, the casting was applied by using the lost-wax
technique. In this technique, the wax-filled molds are heated and the wax leaks with
the heat; the glass pieces that are thrown in the mold melt and shape the mold
(OGzgumus, 2000)

In LBA, glass manufacturing developed quickly in northern Mesopotamia and spread
to other places like Near East, Cyprus, Mycenean Greece and so on. Despite the
ambiguity of the origin of the glass, most scholars think that the birthplace was
Mesopotamia but the place where the glass was improved was Egypt. Their
composition of silica-lime glass remained quite similar to the present. Moreover, the
Levant region was a significant glassmaking area where raw glass and finished
products were traded. As Pusch and Rehren (2007) suggest, LBA glass manufacturing
was generated in elite-attached workshops as glass ingots -with one or limited range
of colors-, which are later sent to elite-attached studios for output. In this period, glass
vessels resemble faience vessels. (Peltenburg, 1987) The earliest glass vessel

representatives are from Alalakh, Turkey.

Unfortunately, the 13" century was the start of a decline for the glass industry, later
on, glass even disappears for a while, which is accepted as a dark age for glass. The
few finds from this period did not resemble earlier periods with their muddy colors,
highly corroded layers, inclusions and bubbles (Shortland, 2012). Probably the
collapse of the great empires of the Bronze age, endless wars, invasions, and severance
of trade affected the glass industry for hundreds of years. Glass vessels reappear in the

8" and 9™ centuries from Egypt and Mesopotamia (Freestone, 2006).
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It is known that the first glasses are made with two ingredients; silica and plant ash.
The tradition of plant ash glasses lasted from 2500 BC to 800 BC (Henderson 2013).
LBA Egyptian and Near Eastern glassmakers use quartzite pebbles, which is rather a
pure silica source. Therefore, alumina inclusion is lower at 0.7-0.8% levels than latter
sand-used glasses (Shortland, 2012). Soda amounts are below 20%. LBA
glassworkers use plant ash as flux, therefore magnesia and potash levels are high
compared to later periods where natron was used. Magnesia levels vary between 3-
7% and potash levels vary between 0.5 to 3.5%. However, potash values range
according to color; while blue cobalt samples have lower potash values, other colors
have concentrations around 2 to 2.5% (Kaczmarcyzk, 1986 in Shortland 2012). Sayre
and Smith (1961) classify these plant ash glasses as High Magnesia Glass (HMG).
This type is seen around Mesopotamia, Egypt, and Greece during the late Bronze Age.
Between 1100 and 750 BC, a different type of glass emerged in Europe which is
characterized by mixed alkalis, low calcium oxide, and low magnesium oxide. This
type is called low magnesium, high potassium -LMHK-, while magnesium levels are
below 1%, total alkalis are around 14-16% (Henderson 1988). This type is the most
common glass found in Europe with 8-13% KO and 1-2% MgO (Shortland, 2012).
After 800 BC, natron glass, with high magnesia high potash, was used during Middle
Eastern Iron Age, and later used by Etruscans and Phoenicians in Iron Age Europe, by

the Hellenistic Greeks, Romans, Byzantines and so on (Henderson, 2013).
2.3.2 Roman to Late Byzantine Glass and its composition

Romans produced their glass objects with mold-pressed casting technique. However,
the end of the 1% millennium BC was a milestone for glass production. The blowing
technique, which was probably invented around the Syro-Palestinian area, has opened
a new age in glassmaking by terms of mass production and new forms. By means of
glassblowing, production process shortened, therefore glass began to be used at
households and it became no longer a luxury item as it was before. Glassmakers create

new shapes and types of glasses when they get freed from the burden of the thick glass.
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For instance, the first thin and flat window panes are seen in this period. Furthermore,
by the last quarter of the 1% century, the trend of intensely colored glass has mostly
shifted to a colorless or unintentionally colored glass with blue-green hues, with an

increasing demand for tableware (Silvestri, 2008).

The basic of the glassblowing is shaping the glass by turning and inflating the glass
which is on the tip of a metal blowpipe. There are mainly three types of glassblowing.
First one is tube blowing which needs glass tubes instead of blowpipes. One end of
the tube is sealed up and the glass is blown from the other side of the tube. The open
side is broken when the glass is shaped. The second method is free-blowing. In this
method, Glassworkers heats up one end of the blowpipe till it gets red and warms it
down by water. The process requires getting a glob of glass to the end of a blowpipe
and spinning it in the air before rolling and shaping the glass on a marver while
blowing to the pipe. The last method is mold-blowing. The molds can be made of soil,
metal or wood (O z g U mu 9).,Duridgtloviing, the end of the pipe is placed into
the mold and the glass is inflated until the whole mold is filled. It reaches up to
1000°C.

Syro-Palestinian region is the place that Roman glass was evolved during the 3™
century BC, with the conquest of Syria and Egypt in the first century BC, the
glassmakers of the area were introduced to Rome (Lambert, 1997). Millefiori
(thousand flowers) or mosaic glass technique was advanced in this period especially
in the capital. In this period, glassblowing helped the development of cased glass,
where multiple layers of different compositional glass are applied on an object. Cameo
glass is a variation of this technique, where dark-colored glass is covered with white
opaque glass, which is later removed by etching the unwanted parts to create a white-
colored figure on a dark surface. When the empire started to lose its power by the end

of the 5™ century, glass flourishing came to an end.

In consequence of the discovery of a new technique in 50 BC, glassblowing, the use

of glass increased rapidly. Therefore, to supply the increased demand the structure of
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the furnaces has changed. The new reverberatory furnaces have low-roofed
rectangular tanks, a combustion chamber and a vent (Whitehouse, 2012). Unlike the
small-sized furnaces, the new Roman furnaces have the capacity to produce tons of
glass at a time. The mass-produced glass was divided into ingots and chunks, which
are later shipped and cargoed to the secondary production sites where they are re-
melted and shaped. Thus, the emergence of blowpipes and tank furnaces was a

milestone for the glass world.

The style and the form of the Roman glass were progressive across the empire,
however, as researchers like Turner and Sayre and Smith explained, the composition
of the glass was rather homogeneous for almost six hundred years which made the
provenance and technology researches problematic (Lemke, 1998) and strictly
controlling the production technology aroused this homogeneity throughout the
empire. Also, large-scale manufacturing with standard techniques in discrete locations
could be the reason for this consistent composition for the 4" century and later
(Jackson et al., 2003). Or else the recycling of the chunks that come from the primary

production sites could be the reason of this homogeneity.

According to work of Sayre and Smith (1961), there are 2 types of early soda-lime-
silica glass composition; one of them is high potash high magnesia both being higher
than 2%, the other one is low potash low magnesia. Generally, because the Romans
mainly used natron as a soda, the main composition is the latter. If the chosen source
of soda is plant-ash, the composition is the former. The potassium content of the
Roman glass is generally lower than 1%. Although plant-ash glass was replaced by
natron after 800 BC, few examples of plant ash glass continued to be seen around the
Middle East and Europe such as emerald green glass in England and black colored
glass from Austria during 3" c. BC-1% ¢. AD; black unguentaria in Egypt between 2"
to 4™ c.; several samples from northern Italy from 4™ c. AD, red opaque enamel or
mosaic glass from Roman and Byzantine sites and so on (Cosyns et al., 2006; Mirti et
al., 1993; Freestone et al., 1990; Henderson, 1996; Brun et al., 1991; Shugar, 2000;
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Santagostino Barbone et al., 2008 as cited in Henderson, 2013). In the Roman period,
sand was preferred instead of pebbles as a source of silica (Turner, 1956). Feldspar, a
common mineral inclusion found in sand, involves a serious amount of alumina in its
content. Therefore, alumina appears more than one percent in Roman glass
composition (Brill, 1999; Shortland, 2012). Later in the Byzantine period, the glass
may include boron in their structure (0.25%) more than typical ancient glasses (0.01-

0.02%) due to mineral colemanite that is found in western Turkey (Davison, 2003).

During the Roman period, especially from the late 1% century AD and into the 2™
century AD, the popularity of colorless glass increased compared to previous ages
(Jackson, 2005). Different from its antecessors, manganese was used as a decolorant
alternative to antimony. However, from the 2" century BC to 5" century AD antimony
was revived in the compositions (Lambert, 1997). Especially in the non-Roman
Middle East, it was prolifically used from first to third centuries AD, until the increase
in manganese (Lambert, 1997 and Jackson, 2005). By the 5™ century, the use of
antimony was completely finished, and tin oxide took its place as an opacifier.
(Lambert, 1997) As studies show, the soda content in the manganese-decolorized
Roman glass is higher than antimony-decolorized natron glass (Jackson and Panthyr,
2016). In the Roman and pre-Roman periods, calcium antimonate was used as an
opacifier for white opal glass, however, from 5" to 18" centuries, mainly tin oxide
and occasionally calcium fluorophosphate were used, which was later replaced by
calcium fluoride and lead arsenate. Likewise, while glassmakers chose lead
antimonate in the earlier periods, they turned to lead-tin oxide in the later times
(Davison, 2003).

Glass production in the first millennium AD was dominated by a few primary
production sites with high manufacturing capacities. Unlike the small workshops of
the previous periods, in the new millennia, glass was produced in the large workshops
of significant regions with distinctive glass compositions and distributed to the

secondary production sites for working. Therefore, Mediterranean region housed
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several main glass groups during the late antique period; Roman blue-green, Roman
antimony-decolorized, Roman manganese-decolorized, HIMT, Levantine I,
Levantine Il, Wadi Natrun (Egypt 1), Egypt Il, and Magby. Identification of glass
groups is significant for detecting the inter-communal trade links and the
chronological shifts in the goods of primary production centers (Rehren and
Cholakova, 2010).

The most widespread glass type of the Roman period, between the first and the third
centuries CE, was the Roman blue-green glass. The color of the glass generates from
the iron impurities of the raw materials (Silvestri, 2008). The compositional
characteristics show that iron content is around 0.75%, manganese oxide levels are
approximately 0.55% and alumina content is ~2.5%. Relatively lower contents of
magnesia (0.6%), titanium oxide (0.08%), potash (0.8%) were detected. Antimony
levels (~0.2%) show signs of recycling due to its inadequate amount for a deliberate
addition (Foster and Jackson 2009). There have been arguments that Roman blue-
green glass was made both with Egyptian natron and Palestinian sand from the mouth
of River Belus, however it has been objected due to the incoherent lime to alumina
ratios and different oxygen and neodymium isotopes (Foy et al., 2000; Nenna et al.,
1997, Freestone et al., 2000; Degryse and Schneider, 2008 in Foster and Jackson,
2009).

Roman antimony-decolorized glasses (Rom-Sh) have Sb levels varying between 0.3-
0.8% and manganese levels are below 0.05%. The Rom-Sb glasses from Yasmina
Necropolis, Carthage show a strong correlation between MgO and FeO and a weaker
correlation between FeO and Al203 and TiO (Schibille et al., 2007). The British Isles
present comprehensive examples of Rom-Sh, which contain low alumina (1.90%),
low magnesia (0.49%), low lime (5.74%), fairly low potash (0.39%) and low barium
(148 ppm) compared to Roman blue-green glass (Foster and Jackson 2010). Another
decolorized group widely circulated from 1st to 4th centuries is Rom-Mn that is

characterized by manganese above background levels (MnO>0.025%). The antimony
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level of this type is below the detection limits (0.03%). When compared with roman
antimony-decolorized it contains lower soda, higher lime, alumina potash and
magnesia levels (Schibille et al 2007). Foster and Jackson (2010) demonstrates two
subgroups for Rom-Mn; first one is Colourless 2a with low alumina (~1.81%), higher
magnesia than the other colorless glass groups (~0.67%), low lime (5.77%), very low
potash (0.29%), rather low barium (~199 ppm) and the second group is Colourless 2b
samples with higher alumina (2.37%), slightly lower mean magnesia (0.41%), high
lime (8.02%) and higher potash (0.61%).

Probably due to the large-scale economic and political alterations in the 4™ century,
HIMT glass replaced Roman blue-green glass and became widespread all-around
Europe and Mediterranean region (Freestone et al., 2002). The transparent HIMT glass
has a yellowish green or olive-green tint unlike the classical blue-green glass of the
Roman period (Freestone, 1994). This type is termed by Freestone as HIMT due to its
High Iron, Manganese and Titanium concentration. It is thought to be originated from
Egypt regarding its high titanium content as in the Egyptian sands (Foy et al., 2003).
Iron level is above 0.7%, titanium level is above 0.1% and manganese levels are
around 1-2%. While lime is relatively low at 5-6.5%, soda is higher between the range
of 17-20% and magnesia is usually higher (>0.8%) compared to previous glass types
(Freestone et al., 2005; Foster and Jackson, 2009). However, not every glass with high
concentrations of iron, manganese, titanium can be designated as HIMT glass, there
should be a strong correlation between titanium, magnesium, manganese, iron and
additionally aluminum oxide (Freestone et al., 2005). Furthermore, zirconium and
barium are elevated and variable (Mirti et al., 1993; Freestone et al., 2005; Foy et al.,
2003). Aosta, Italy (Mirti et al., 1993), Carthage (Freestone, 1994), North Sinai
(Freestone et al., 2002), France, Tunisia, Egypt (Foy et al., 2003) and numerous

Mediterranean sites show the characteristics of HIMT glass.

HIMT glasses are divided into two groups by Foy and his co-workers; Série 1 and

Série 2. Série 1 from the 5™ century contain higher Fe, Ti, and Mn and lower lime
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(6%) concentration compared to Série 2 of the 6™ and 7™" centuries with higher lime
(7.7%) (Foy et al. 2003). Foster and Jackson (2009) define these two subgroups as
HIMT 1 (strong HIMT) and HIMT 2 (weak HIMT). Iron (1.36%), manganese
(1.71%), titanium (0.33%) levels of HIMT 1 group double the iron (0.72%),
manganese (0.98%) and titanium (0.12%) concentration of HIMT 2 group. Both
subgroups show correlations between the aforementioned elements, although HIMT
1 glass demonstrates stronger correlations (Foster and Jackson 2009). Magnesia
(0.98%), barium (600 ppm), chromium (30 ppm), zirconium (117 ppm), strontium
(501 ppm), vanadium (33 ppm) concentrations of HIMT1 glass is higher than HIMT
2 glass (0.76%, 290 ppm, 8 ppm, 31 ppm, 446 ppm, 17 ppm respectively). Both
HIMT1 and HIMT2 groups from Romano-British assemblage contain low levels of
lime and high levels of soda. Another subgroup is defined by Rehren and Cholakova
(2010) as HIT (High Iron Titanium) for the glasses with low manganese from late 5%
century Dichin, Bulgaria. Ceglia and his coworkers (2015) introduce the term HLIMT
(High Lime Iron Manganese Titanium) to the literature for the glass of the 6™ and 7%
centuries with high lime (7-9 %) . Al t hough HLI MT gl ass, wh
2, from Cyprus contain high iron, it is still relatively low compared to HIMT glasses.
HLIMT glass, which is widely found in Europe in Frankish/ Merovingian/Anglo-
Saxon contexts, resembles weak HIMT with its similar titanium concentration
(Freestone et al 2018).

Levantine | group, a contemporary example of HIMT glass, originates from
Palestinian region and prevails during the late Roman / Early Byzantine period
between 4" and 7™ centuries AD. In this category, Jalame presents examples from the
4™ century and Dor, Bet Shean, Apollonia offer samples from 6" to 7" centuries; even
Romano-British sites show similar homogenous compositions from the late antique

peri od. This type corresponds to Foy’' s
Levantine | with Foy-2, magnesium, boron, and lithium concentrations are lower
(Schibille et al., 2016). While the soda (~15%), iron oxide (~0.4%) and alumina (2.5-

3%) contents are lower, lime (8-9%) content is higher compared to other predominant
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glasses of the period (Foster and Jackson, 2009). The soda to lime ratio is
approximately 2:1. Jackson and Foster presents two subgroups to this category;
Levantine la with a significant amount of magnesia, approximately at 1-2% and
Levantine 1b with trace amounts of magnesia at 0.1%. According to Freestone et al.
(2000), Levantine glass during late antiquity involves low levels of zirconium and
high levels of strontium. Considering strontium is obtained from the shell pieces, it
has been accepted that coastal sand involves high strontium (>150 ppm) and low
zirconium (<160 ppm). Otherwise, we can mention the use of inland sand compared
to coastal sand. It has been thought that Levantine glass has been made from the sands

of the Syro-Palestinian region (Foster and Jackson, 2009).

From the beginning of the 4" century HIMT glass and Levantine | glass were
manufactured in the Eastern Mediterranean in close regions. These two glass types
dominate the Mediterranean region; however, when compared, HIMT producers were
more accomplished in distributing their glass. They have shipped off their goods even

to the north-west provinces of the empire (Foster and Jackson, 2009).

Levantine 11 glass of the 7M-8" centuries contain lower lime (6-8%), lower sodium
(10-13%) with higher alumina (3-4%) and silica (73-76%) contents compared to
Levantine I, which suggests a different sand origin in the Palestinian coast (Freestone
et al ., 2002) . B dstael dBdws conepehensive examples foHa d e r a
Levantine Il type dating Late Byzantine-Ummayad period. Manganese (<0.1%) was
not preferred in the Byzantine period Bet Eli-ezer glasses compared to 4™ century

Levantine | glasses from Jalame, until the 9™-10™ centuries (Freestone et al., 2000).

Gratuze and Brandon (1990) analyzed two Egyptian origin glass from Wadi Natrun;
Egypt | and Egypt 1. While Egypt | type, dating to 7™ century, has low lime (2-4%)
and high alumina (3.5-4.5%) content (Freestone, 2003), the other relatively later
composition from Wadi Natrun dating 8" and 9™ centuries, Egypt Il glass type, was
characterized with low alumina (1.5-2.5%) and high lime (9%) (Freestone et al.,

2000). Egypt 1l is also known from the glass studies of Sayre and Smith (1974), Tal
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and his colleagues (2008), and Nenna and colleagues (1997). Egypt | group is
characterized by high magnesia (0.9-1.3%) and low lime (2.6-4.5%) (Ceglia et al.,
2015). Additionally, low strontium content of Wadi Natrun types proves that inland

sand was used (Freestone et al., 2000).

Magby (Magnesium Byzantine) glasses dating to the late 6™ early 7™ century, use

plant-ash as a flux, instead of natron (Schibille et al., 2016). Magnesium and potassium

oxide concentrations are above 1.5 wt%. Magby glasses from Schibille and her

coll eagues’ work (2016) showOwthegetaledong co
phosphorus concentrations. Titanium, zirconium, hafnium, and iron are similar to the

weak HIMT glass.

2.4. Glass Production Models

In order to talk about glass production, it is necessary to grasp the difference between
the terms of glass making and glass working. If the glass is obtained from its raw
materials like sand and alkali, it is called glass making; however, if the glass is taken
as a raw material itself -such as glass ingots or glass rods- and transformed into an
end-product in the same or another workshop, it is called glass working (Dardeniz,
2016).

Throughout the years, two main models of glass production —local and centralized-
have developed (Degryse et al., 2014). Until the 1990s it is believed that glass was
produced locally like ceramics; every workshop makes their own glass from nearby
sources and creates their own composition and typology (Freestone, 2005). However,
according to the centralized model, unlike Medieval Europe, in the Roman era, glass
production occurs both in primary and secondary production sites. Primary production
sites are the centers where glass making has occurred in large-scales by melting the
main ingredients in great furnaces that appears close to the source of raw materials.
During the 4" to 8™ centuries, a small number of primary production centers, mainly

located in Egypt and Syro-Palestine, have the capacity to produce 8-9 tons of glass at
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once in the tank furnaces with a size of up to 6 meters (Freestone, 2005, Freestone et
al., 2000). The tons of glass slab were cut into chunks and shipped into small sized but
numerous secondary workshops. These secondary production centers are the sites
where the raw glass supplied from primary production centers is worked by coloring
and shaping the unformed glass into objects. Moreover, these workshops are highly
common compared to primary production sites. In order to provide the standardization
in these workshops, Syrian skilled glassworkers were slaved and shipped to Rome
(Fleming and Swann, 1999). Therefore, in this centralized model, few major glass
compositions can be detected throughout the empire, which solely formed in the main
glass production centers. These major glass compositions may subject to slight
changes in the secondary production centers due to coloring procedures. Additionally,
there is a third model in which glass is produced both in large primary centers together

with some exceptional local primary centers (Degryse et al., 2014).

2.5. Recycling

Glass production is an industry which always needs a lot of energy and source.
Therefore, people have started to recycle glass. Considering how hard it was to reach
such high degrees in ancient times together with the scantiness of primary production
sites, the need for recycling can be understood more clearly. Since the pacification of
the Mediterranean in the Augustus period along with the evolution of blowpipes, glass
became a frequently used product (West, 1932; Degryse et al., 2014). During the
Roman period, cullets were traded for re-melting and reproducing. The long distance
and seaborne transport have been revealed with the discovery of the shipwrecks of
lulia Felix and Embiez. These shipwrecks together with the ones in the coast of Israel
have carried raw chunks, glass cullets and scrap glass to the secondary production

sites for recycling (Silvestri, 2008; Gorin-Rosen, 2000).

As Jackson and Foster (2014) state, detection of recycling is rather problematic since
the ‘markers’ of recycling is similar to the components of colorants or decolorants.

These markers are highly small quantities of antimony, cobalt, lead, copper and tin
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(Henderson, 1995 and Jackson, 1996, as cited in Jackson and Foster, 2014). In the
recycled glass, unlike the raw batch, some contaminations appear due the o mixing of
highly colored glass with the colorless or naturally colored glass or due to long and
continuous exposures to heat and furnace atmosphere (Paynter, 2008; Jackson and
Foster, 2014). The level of the impurities found in the colorless recycled glass is
neither as high as the components in the colored glass nor as low as in the raw glass.
On the other hand, diagnosing recycling is hard for highly colored glasses because
those impurities may already derive from the colorant minerals. However high
concentrations of antimony for colored glass is also a sign for recycling. As a result
of Foy’' s (2003) study, the i mpur sCu
< fPpm, Plho,asn dO .SM . HowdVer, @ le More certain, highest impurity
levels of raw should be evaluated, if the colorless/naturally colored glass sample have
concentrationssuchasCu = 100pp m, P b, the sanple i cansidergdb
as recycled (Foster and Jackson, 2009). While Rehren and Briiggler (2015) specify the
maximum limits of raw HIMT glass as 100 ppm Cu; 75 ppm Pb; 25 ppm Sn and 20
ppm Sb, recycling is indicated via higher concentrations. Moreover, according to
scholars, glassworkers either use manganese or antimony as a decolorizer, therefore
detection of manganese and antimony together in one composition is a clear sign of
recycling. As Cholakova and Rehren (2018) 20-800 ppm of antimony, which is
considered low for deliberate addition of a decolorizer, represents the contamination

from the pre-existing antimony-rich glass.

The experiments of Paynter (2008) which were conducted on pots, furnaces, and glass
prove that continuous heating resulted in numerous changes in glass over time. The
alkali-rich gases occurred by wood firing in the furnace cause an increase in the alkali,
potash and phosphate concentrations in the glass composition. According to results,
lime-rich ash, which is another by-product formed as a result of heating, does not
significantly affect the composition of glass, unlike potash. In recycled glass, while
potassium and calcium tend to strongly correlate with phosphorus, chlorine may

represent a weak inverse correlation with K,O due to its volatile structure which
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results in depletion of chlorine (Al-bashaireh et al., 2016; Tal et al., 2008). Glass
composition can also be affected by the absorption of iron from the working materials

such as pontil and from the pot surface and furnace materials (Freestone, 2015).

Also, the more the glass melts, the more the composition becomes homogenous and
fewer imperfections are detected according to P a y n exgemmierdgs. With prolonged
heating of glass, the grains of quartz, feldspar, zircon, potassium and spinel have
gradually dissolved, and bubbles have become less visible, also alkali fluxes start to
diminish as a result of continuous reheating. (Freestone, 2015; Paynter, 2008).
Additionally, some glass became dull especially when they are overheated because of
the sulfur and zinc-containing atmosphere. Change in color and increase in viscosity

are among the effects of recycling (Jackson and Paynter, 2016; Freestone, 2015).
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CHAPTER 3

SIDE ARCHAEOLOGICAL AREA

3.1. Ancient Site Side

Side, the prominent city of the Pamphylia region, is an ancient Greek site in Antalya
province, on the southern Mediterranean coast of Turkey (Figure 2.1). Pamphylia,
located in the shores of southern Anatolia, is the region that is surrounded by the
Taurus mountains in the north, the Mediterranean Sea on the south, Lykia in the west
and Kilikia Trakheia in the east (Bosch, 1957). The region, due to its location,
becomes an important part of the trade network among Egypt, Syria, Phoenicia,
Aegean islands, and the Greek mainland. The history of Pamphylia dates back to
prehistoric periods, however, there were no prehistoric ruins found in and around Side.
Though the name was mentioned in the Hittite Period, a column of the late Hittite
period, which was unearthed during the excavations, is still on display at the Side

Museum.
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Figure 2.1. Location of Side archaeological site in Asia Minor

According to Strabo (1917) and Arrian (1999), Side was established in the 7! century
BC by the colonists that came from Cyme in Aeolis Region, an area of western
Anatolia. However, according to Arif MUfid Mansel, the first official archaeologist of
Side, the settlers forgot the Greek language and started to speak the language of Side,
which is the local language that was used in the Pamphylia Region. The roots of the
word “Side”, which means “pomegranate”, <co0me
Therefore, one may think that the city of Side could have been established long before
the Greeks and it was not a Greek colony, instead, it became a city where Greek
communities settled since the 7" century BC considering the inscriptions from the 2"

and 3" centuries BC written mainly in the language of Side (Mansel,1967; 1978).

It can be said in general that Side did not play an important role in the history of
Anatolia and it mostly shared the fate of Pamphylia (Mansel, 1967). In the 6™ ct BC,
Side, together with Pamphylia, first came under the domination of the Lydian

kingdom. From the collapse of the Lydians in 547 BC until the besiege of Alexander
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the Great in 334 BC, Side remained under the domination of Persians. Right after the
death of Alexander the Great, Side became a fighting issue among the Hellenistic
Kingdoms. For a short time in the 4™ century, the city was controlled by Antigonos,
later in the 3" century, Ptolemaic Kingdom took the charge. However, in the 2™
century BC Antiochus the Great seized the power until he got defeated by the fleet of
Rhodes that was on the side of the Romans. Thus, Side was given to the Pergamum
Kingdom, the ally of the Romans. Thanks to the grand mercantile fleet and its
protecting war fleet, Side improved its trade with Eastern Mediterranean countries,
therefore it reached prosperity (Mansel, 1967). The city also became a center of
science and culture until the spread of the pirates from Kilikia and the conquer of
Mithridates VI of Pontus.

After the Romans saved Pamphylia, Side was under the government of Romans while
having a certain autonomy. However, during the reign of Augustus, Pamphylia was
bounded to the Galatia Kingdom and in 25 BC became a state by itself. Hereafter, Side
was dependent on Roma in foreign policy but independent in domestic affairs. The 2™
and 3™ centuries were the second golden era of Side thanks to maritime commerce
and the slave trade. In this era, Side became a central metropolis of the regional
governor and administrative staff and great boulevards and monumental structures

were erected.

In the second half of the third century, Pamphylia was attacked by the Scythian pirates

(Mansel, 1978) and by the Isaurian tribes from the Taurus mountains, which were later
defeated by t he Ro ma During the aitawks, thé oty vean y a | 1
damaged, with the 4th century, the city got poorer and took a Christian outlook

(Mansel, 1967).

By the year 395, the Empire was divided, while the Western Roman Empire began to
be ruled from Rome, the Eastern Roman Empire was ruled from Constantinople.
Therefore, Pamphylia remained in the Eastern Empire. As the traditional rivalry

continued, Side was chosen as the prime Bishop of Pamphylia and Perge was chosen
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as the second Bishop. Al thouuwdiendtlright e mpi r e an
during the 5" and the 6" centuries, Side as the spiritual metropolis of Pamphylia,
gradually slipped away from poverty and lived its third golden era (Mansel, 1978).
The settlement reached its original limits and even surpassed the Hellenistic period

walls.

However, in the 7™ century, the city was weakened both by Arab and pirate raids. As
the Arab historian Idrisi mentions, with the fire in the 10th century, the city was

completely abandoned, and the inhabitants moved to Antalya (Mansel, 1967).

The Side was first explored by the European travelers in the 19" century and the first

comprehensive scientific investigations were made by the Austrians. Arif Mufid

Mansel conducted the first excavation in 1947 and it continued for 20 years. After

Mansel, respectively, Jale In a n , Ul ka | zmDn Mélgmmét akKar aPrlolf
continued the excavations. Since 2009, the excavations have been carried out by Prof.

Dr. Hiseyin Sabri Al a nayrad 1 Pr o f . Dr . theFHead of Artheology Al anyal 1,

Department of Anadolu University's Faculty of Letter.

The great majority of the glass finds comes from the Theater (115 finds) and the
Dionysus Temple (68 finds) and the small majority is from the Museum Zone (8
finds), APS-Attius Philippus Wall (3 finds), N2 (8 finds) and TT (3 finds).

Dionysus temple, with an entrance from the southern front, was built in the second
half of the 1% century BC before the construction of the theatre. The temple was named
by the Mansel because of its close proximity to the theater and also because of the
numerous epigraphic, archaeological and numismatic documents belonging to the
Dionysus cult in the city (Mansel, 1963). However, many votive inscriptions of
Nemesis from the theatre and surrounding areas, documents regarding the Emperor
cult around the temple from 1% century BC, the portraiture of Augustus that is found
in the walls of the theatre and also the known presence of the Dea Roma cult from 188

BC in Side arouse suspicions that the templ e
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The excavations were conducted from 2009 to 2012 with 17 drillings to understand

the development of the structure in the historical process (Figure 2.2).

Figure 2.2. Drills of Dionysus Temple in 2009- 2012 excavation season

In the light of the areal survey and excavations, the construction is handled in four
construction phases. As Histphassrepesantsthd any al |
time between the construction of the temple and the erection of the theatre in the first
half of the 2" century AD. When the temple partly remained under the Roman theater,
the plan of the temple changed (Phase 11). In the last quarter of the 4™ century, as the
temple lost its religious significance, the area was leveled by removing the stair steps
from the first phase of the structure and the area continued to be used without

interfering the inside (Phase I11). The temple turned into a podium in the second half
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of the 6" century and afterward (Phase 1V). In place of the dismantled blocks, a simple
wall was built to reinforce the building and a water basin was placed in front of this
wall. This wall and the basin are part of a workshop. The available data indicate that
the building and its surroundings were used as workshops until the middle of the 7th

century( Al anya.l 1, 2016)

The theatre, which is in the center of the city, was constructed in the 2" century AD
on the ruins of the Hellenistic period. The theatre has a unique plan among the
Anatolian theatres with its cavea supported by vaults, unlike its counterparts which
stand upon a hillside (Bean, 1999). The infrastructure that carries the upper cavea is
composed of vaulted galleries, which are mostly damaged. The galleries on the first
floor have reached the present day in good condition. One of the galleries must have
been transformed into a chapel with an addition of a wall with an apse. The chapel
was supposed to have been built with the repair of the theater in the 5" century AD

and then turned into a glass workshop in the 7" century AD ( Y1 | d 1 r 1 m,
3.2. Evidence of glass production in Side

During the processes of glass making and working, various traces can be found in the
area to detect glass production. Furnace and crucible fragments, clay containers, fuel
deposits, forming and shaping tools as blowpipes, pontils, jacks, molds, by-products
of manufacturing like drops, pulls and dribbles of glass, vessel fragments and raw

glass cullet are some of the evidence for production (Henderson, 2013).

Side provides comprehensive evidence regarding glassmaking such as furnace and
crucible pieces, vitrified clay materials, chunks, drops and pulls of glass, spilled glass
adhered to ground or furnace pieces, scrap glass, and vessel fragments. Side sample
set contains one cylindrical in a greenish shade (Figure 2.3). Moils are waste products
that occur at the end of the blowing pipe after cracking the vessel off (Price, 1988;

Amrein, 2001). These moils are the direct proofs of glassblowing.
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Figure 2.3. Moil sample from Side excavation

Moreover, glass rods, trails, pulls of glass, drops, droplets and blobs that are found in
the area are the by-products of glass manufacturing. These wastes are formed during
gathering, blowing and working. The large spills are lime-rich glassy wastes some of
which have porous and dull surface due to long exposure to high temperature (Jackson,
2008). Complete Side glass set contains tens of lumps in various sizes (Figure 2.4 and
Figure 2.5) which have a layer of glass and highly porous limy and ashy debris beneath
it. These lumps either occur as a waste product or by spilling the raw glass while

mixing it in the furnace.
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Figure 2.4. Glass lump adhered to porous clay

41



Figure 2.5 Profile of the spilled glass adhered to clay fragments from the complete Side set, showing
the layers of material
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The spots of the kiln and the workshop, located in the Dionysus Temple, are shown in

Figure 2.6.

glassfurnace

workshop

Figure 2. 6. Dionysus Temple and the glass kiln
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CHAPTER 4

MATERIALS AND METHODS

4.1. Materials

Within the archaeometric analysis of the Side excavation, 207 glass samples that were
found from Theatre, Atius Philipus Wall, Temple of Tyche, Museum Area and N2
area were investigated. The archaeological context of the glass samples is listed in
Table B.1. Most of the samples come from the theatre building and its surrounding
(the galleries and the Dionysus Temple) since this area has been used by glass
workshops. Figure 3.1. marks the areas with traces of glass production around the

Theatre and Dionysus Temple.

Figure 3.1. Spots for the traces of glass production in Side Theater (Tek, 2014)
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207 samples were classified into categories; chunks, products, drops-threads, window
panes, crucible or kiln fragments, tesserae, waste glass, and slaggy lumps. For the
visual examination, the coded samples were documented photographically. The
samples were measured and photographed under a binocular microscope. The visual
examination was completed by color analysis. Once the documentation and visual
examination were finished, samples were selected for further chemical and
petrographic analysis. Of 207 samples, 78 glass samples and 9 clay samples were
chosen for this study. During the selection, representation of different categories, color
diversity, adequate sample weight, and physical condition were taken into
consideration. The samples were selected from five different categories; chunks
(Figure 3.2, Figure A.l.), products -vessel fragments- (Figure 3.3, Figure A.2),
window panes (Figure 3.4, Figure A.3.), droplets-threads (Figure 3.5, Figure A.4.),
and crucible-kiln fragments (Figure 2.5, Figure 3.6, Figure A.5.).

Within the complete Side glass set, 15 raw chunks (ranging between 5 x 2.7 cmto 2.1
x 1.3 cm) of dark navy, black and green shades were found, which were probably
broken from larger chunks or primary glass chunks to make artifacts. However, it is
more likely that they are parts of larger chunks considering their edgy forms. 32
products (comprises of vessel fragments, goblet pieces, broken handles, glass bases,
and rims), 21 window panes and 10 droplets-threads were chemically investigated by
PED-XRF. The products have a wide variety of colors; cobalt blue, blue, blue-green,
dark green, green, yellow, olive-green, amber. Five samples (ASK-G62d, ASK-G73,
ASK-G75b, ASK-80a, ASK-G81) from the products are colorless glass. While the
droplets and threads are mainly in blue-green, blue and green hues, the color range of

the window panes varies between colorless to blue and green.
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Figure 3.2. Chunks samples from the complete Side sample set

Figure 3.3. Product and vessel fragments from the complete Side set
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Figure 3.4. Window panes from the complete Side sample set
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Figure 3.5. Droplet samples from the complete Side sample set

Side sample set contains spilled glass adhered to crucible and furnace fragments
(Figure 3.6, Figure 2.5.). Eight crucible and furnace fragments were analyzed
chemically and petrographically. Their glassy layers were detached from the clay
pieces and separately analyzed. Additionally, one slaggy lump (ASK-G4) was

examined to understand the composition of its clayish porous structure.
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Figure 3.6. Spilt glass adhered to clay fragments from the complete Side set

Figure 3.7. shows a graph about the chronology of the glass finds that were found

between 2009 and 2012 according to the coin assemblage.
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Figure 3.7. <<Loss/ Use Ratio of Coins Per Annum>>according to the "1000/ total x", "amount per
period/ total excavated from the site" formulae of the 161 samples with exact dates identified among
the 230 coins collected from Side, Dionysus Temple 2009-2012 excavation (Tek, 2014).
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4.2. Methods

Archaeometric studies of Side samples include visual, chemical and petrographic
analysis. The complete Side glass sample set was documented before the various
archaeometric analysis on selected samples. The sample set was coded and classified
as chunk, window panes, waste glass, crucible, slag, end-product, threads, and drops.
In the coding, “ASK” symbolizes the initials of the city and the name of the excavation
area (Antalya, Side Excavation / Antalya, Side Kazi ¥and “G” symbolizes the type of

the sample material, glass. Accordingly, ASK-G1 refers to glass sample #1.

The Nikon D5100 (16.2 Mp) digital camera was used for photographic
documentation. The sample photographs of 78 glass samples are given in Figure A.1
— Figure A.5. In order to have an idea about the production technique of the window
panes, the thicknesses of the walls of the glasses were measured with digital thickness
meter. Glass sample measurements and the excavation data are listed in Table B.1 and
Table B.2. Their photographs were taken under a binocular microscope (Figure A.6.)

to examine the physical condition, the shape of the bubbles and its quality.

Chromametric analysis was carried out to document the colors of the glass samples.
ColorQA PocketSPEC with Pro System 111 software was used. Color analyses were
made using the standard CIE L*a*b* (Commission Internationale de L Ec | ai r age)
color system. (L) value stands for the lightness value of the color, where (a+) is the
intensity of red in the color; (-a) is the intensity of green in the color; (+b) is intensity
of yellow in the color and (-b) stands for the intensity of blue color (Ohno, 2007). The

color codes and the color schema are listed in Table B.2 and Table B.3.

The main, minor and the trace elemental composition of the glasses were identified by
the Polarized Energy Dispersive X-Ray Fluorescence Spectroscopy (PED-XRF)
method (Table B4-B9). SPECTRO XLAB 2000 Model PED-XRF device with a liquid
nitrogen-cooled Si(Li) detector was used. The analysis applies the USGS (United
States Geological Survey) standards and referred to GEOL, GBW-7109, and GBW-
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7309. The resolution values were <150 eV Mn K , 5000 cps. For the preparation, the
sample impurities were removed initially, and the samples were crushed in an agate
mortar as a fine powder, which was later pressed into thick pellets of 32 mm diameter
using wax as a binder. The precision limit of the device is 0.5 ppm for heavy elements
and 10 ppm for light elements. For this work, 48 elements were identified, and the

elements were evaluated for 87 samples (Table B.4 — Table B.9).

4.2.1. X-ray Fluorescence (XRF) Spectroscopy

X-ray fluorescence (XRF) is a technique used to analyze the chemical composition of
a material in solid, powdered or liquid forms. XRF, a nondestructive technique in
principle, can detect any element from beryllium to uranium (Z = 4 to 92). XRF can
detect major, minor and trace elements qualitatively and also quantitively. While the
measurement of the energy of the photons permits qualitative analysis, the detection
of the number of photons permits quantitative analysis (Streli et al., 1999). Application
field of XRF is highly extensive; geology, metallurgy, mining, soil survey, oil
analysis, medicine, cement production, environmental studies, fine arts, and
archaeology are some of the areas. In terms of glass, XRF is used for investigating
raw materials, characterizing the glass types, testing quality, detecting trace elements

and for supporting other inspection methods. (Bach & Krause, 2010)

In simple terms, high-intensity x-ray, obtained from an x-ray tube, irradiates the
specimen by bombarding it with accelerated electrons as the origin of primary
radiation. This high intensity (high enough to extract electrons from the orbit K) x-ray
beam activates the inner electrons of the atoms since the energy of the sent photons or
ions exceeds the binding energy of the bound inner electrons (Kramar, 1999 and Uhlig,
1999). When the inner electron is ejected, the atom gets unstable, and one of the
elements in the outer shell transfers to the inner shell for stabilization causing an
energy difference between the initial and the final energy state which is released as a
photon of the energy (Figure 3.8) (Kramar 1999). The emission of the electromagnetic

radiation, secondary spectrum, reveals the elemental composition since every element
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has its own distinct X-ray fluorescence radiation generating from the unique energy
differences between the higher and lower states of the atom. The characteristic line
spectrum comprises of various possible electron transitions. Such as, when a K- shell
electron is replaced by an L-shell electron Ka radiation occurs and when a K-shell
electron is replaced by an M-shell electron, KR radiation occurs (Valentin 2010). This
analysis is conducted under vacuum to prevent the loss of intensity. The intensity is
assessed by flow or sealed proportional and scintillation counter, which is later
compared with known standard intensities to quantify (Uhlig, 1999). Regarding the
measured raw intensities, elemental percentages are calculated according to the

analytical software programs.

1 = incident X-ray quantum

2 = knocked-out K-shell electron

3 = substituting L-shell electron

| = emitted characteristic X-radiation (Ke radiation)

Figure 3.8. Generation of characteristic X-ray radiation (Valentin, 2010)

XRF analyzes the characteristic Ka-lines or L-lines (for the ones with higher atomic
numbers) of the elements (Kramar, 1999). These specific X-ray lines can be detected
with two types of X-ray spectrometer; by wavelength-dispersive spectrometers (WD-
XRF or WDS) which use wave phenomena of X-rays, or by energy-dispersive
spectrometers (ED-XRF or EDS) using their energy characteristic. While ED-XRF
generates a broad spectrum of wavelengths or energies at the same time, WD-XRF

counts solely the X-rays of a single wavelength at a time. Simultaneous measurement
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has its merits such as detecting many elements in a short span of time, yet the count
rate of EDS is restricted to 50-70 kcps (Streli et al., 1999).

Mainly, WD-XRF counts the X-rays beams of the distinct wavelengths that are
emitted by a crystal. The characteristic radiation of the sample is diffracted in various
wavelengths according to Bragg's law, which later scatters into distinctive spectral
lines when reflected from analyzer crystal. The emerging radiation is recorded by
detectors that separate the distinctive energies. To briefly describe, the logarithmically
curved analyzer crystal selects the wavelength radiation that comes to the detector, a
scintillation counter or a proportional counter. In the analyzer, the beams are dispersed
from different atomic layersand as t o Bragg’ s | aw,
constitutes constructive interference at a certain angle. In WD-XRF, scanning a wide
spectral range and identifying the wavelength characteristic X-ray radiation of the
specimen is achieved by shifting the angle thanks to the movable crystal and the
detector. Therefore, this setup limits the wide and overlapping peaks. Compared to
ED-XREF, this setup has higher resolution, high sensitivity for trace elements and low
atomic number elements, however, the major challenge for WD-XRF is longer run
times, complex design and higher cost. Figure 3.9 shows the WD-XRF setup which
includes an X-ray tube, the sample chamber, analyzer crystal and the detector unit
with an amplifier, window discriminator, lower level and registration unit (Kramar,
1999).
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Figure 3.9. WD-XRF setup (Kramar, 1999)

The energy-dispersive analysis uses a detector to classify the energies of photons. X-
ray tube provides polychromatic radiation which scatters according to the Rayleigh or
Compton effect towards the detector, generating a high bremsstrahlung background
and line interferences originating from the characteristic lines of the anode material
and the emerging Compton peak. Typically, EDS composes of an X-ray tube, sample
support, pre- and main amplifier, pile-up rejecter, analog-to-digital converter and
multichannel analyzer (Figure 3.10) (Kramar, 1999). While the low costs, the simple
design and the fast run times make EDS favorable, its poor resolution, poor accuracy
at low concentrations, poor sensitivity for low atomic number elements and broad

overlapping peaks are the undesirable facts of the energy-dispersive spectrometers.

On the other hand, the accuracy and the sensitivity of the polarized X-ray fluorescence
(PXRF) are superior to WDS and the detection limits are better than normal ED-XRF.
The polarized beam is used to diminish the scattering from the specimen. Unlike

nonpolarized radiation, the spectral background is highly low. In this technique, the
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primary X-rays are polarized regarding Bragg's law or Barkla scattering to energize
the atom and the secondary x-rays are calculated by the orthogonal geometry to the
polarization plane (Kramar, 1999). While the Barkla polarizer scatters the complete
spectrum of the stimulating radiation, the Bragg polarizer also conducts like a

monochromator (Streli et al., 1999).
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Figure 3.10. ED-XRF setup (Kramar, 1999)

In general, the major advantage of XRF is its low costs compared to other devices.
Being a non-destructive method makes XRF a desirable technigue in archaeology and
art history. Portable XRF is a non-destructive device with zero preparation procedure
(if the sample is not weathered). However, since the penetration depth is relatively
low in XRF spectroscopy, the sample should be homogenous for an accurate
evaluation and representing the entire volume. Thus, to make the sample homogenous
for the heterogeneous material, it should be destructed. On the other hand, ED-XRF
and WD-XRF are also preferable with its relatively rapid and simple preparation
possibilities. Solid and heterogeneous samples are crushed or ground and turned into

pellets by pressing. Additionally, the homogenous solid samples can solely be
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prepared by milling and polishing the surface. For the liquid ones, cups or filter

preparations are adequate (Uhlig, 1999).

XRF spectrometry is a frequently used method for determining the chemical
composition of glasses since it is simple, quick and cheap. However, XRF analysis
also has some major disadvantages such as the poor detection limits for the low atomic
numbered elements (between Z=5 and 11), especially at small concentrations. For
instance, lithium (Z=3) cannot be detected due to its low fluorescence radiation and
the measurement of boron (Z=5) is only possible with special equipment (Bach &
Krause, 2010). Since boron is a characteristic of the Byzantine glasses from Asia
Minor (Davison, 2003) low detection limits become problematic for some samples.
Another negative part of this method is its insufficiency to analyze low mass samples.
Moreover, it is dependent on the signal from the matrix composition, which
necessitates a set of calibration standards for high precision analysis (Meckel et al.
1999).

4.2.2. Thin Section Optical Microscopy

Thin sections of kiln or crucible pieces or clay fragments were prepared and examined
under the optical microscope (Figure 4.34). In the examinations, the optical
microscope LEICA Research Polarizing Microscope DMLP Model was used.
Photographs were taken by the digital camera Leica DFC280, connected to the
microscope and assessments were made by using the Leica Qwin Digital Imaging
Program (Kerr, 1977; Rapp, 2002).
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1. Visual and Binocular Microscope Analyses

According to visual analysis, samples are either highly or moderately weathered apart
from some exceptions. The humid and salty environment of Side makes weathering
inevitable. Dulling, iridescence, black discoloration, and milky surfaces were
observed in most of the samples. To briefly explain, dulling is the loss of transparency;
iridescence is the occurrence of shiny, rainbow colors on the surface; milky, enamel-
like surfaces are generally opaque white corrosions; black discoloration is the opaque
blackened layer on the surface caused by the oxidation of iron and manganese ions
(Davison, 2003).

In the assemblage, chunks were the less corroded group. On the other hand, window
panes were highly corroded. Black discoloration appears in ASK-G6, ASK-G22c,
ASK-G36a, ASK-G40a, ASK-G62a, ASK-G75a, and ASK-G93a. ASK-G47 shows
milky surfaces and all the rest of the window panes show either a thin or thick layer
of iridescence. ASK-G93a and ASK-G93b detach layer by layer. Droplets and threads
are moderately weathered. ASK-G72c and ASK-G58e display small black
discoloration layers. Iridescence is observed in ASK-G51e, ASK-G55b, ASK-G60b
and, ASK-G60c in small quantities. Dulling is detected in almost all of the drops.
Products show a high amount of corrosion. In ASK-G42 the corroded surface is started
to flake away. Most of the products (ASK-G31c, ASK-G37, ASK-G50c, ASK-G55a,
ASK-G62c, ASK-G62e, ASK-G69a, ASK-G69c, G71a, and G84) show black
discoloration. These samples have high manganese (>1.2%) amounts which can result

in oxidation. ASK-G82b is marked by milky enamels. Dulling and iridescence are
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visible for the rest of the products. Dulling may have been caused also as a result of

recycling due to the sulfur and zinc-containing atmosphere.

The thickness measurement was only applied on the window panes The thickness of
the Side window pane samples varied between 1.3 — 4.6 mm. Even thicknesses and
elongated bubbles are among the features of cylinder-blown glasses (Davison, 2003).
Considering their thin structure (<3 mm) with almost even thickness and elongated
bubbles, 18 out of 21 window panes were made with cylinder-blown technique. The
three glass samples (ASK-G47, ASK-G52b, and ASK-G75a) draw attention with their
relatively thick structure and normal bubbles. Elongated bubbles of the window panes
are visible in the optical microscope photographs. Figure A.6 shows the optical
microscope photographs of the samples. However, highly weathered samples cannot
be photographed due to the corrosion layers. The black photographs show the

weathered samples.

The optical microscope photographs demonstrate that the majority of the Side glass
have seedy complex, only a few samples have fine, bubble-free structure. Although
antimony acts as a fining agent to dispose of the seeds (Brill, 1988), the bubble-free
samples of Side do not include antimony in their composition. The dulling can be
detected from the microscopic photographs of ASK-G51e, ASK-G62d, ASK-G75a
and, ASK-G80a.

5.2. Chromametric Analysis

According to the color analysis, Side samples show a wide color range from dark green
to light blue, cobalt blue, blue-green, light green, purple, aqua and decolored glass.

The color codes and the shade card are available in Table B.2 and Table B.3.

Most of the chunks (11 out of 15 samples) are in green tones. The largest chunks
(ASK-G39a, ASK-G52c, ASK-G62b and, ASK-G88a) have the darkest green hues.
The colors of ASK-G39a and ASK-G52c are almost black. The small chunks ASK-
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G67c and ASK-G74c are cobalt blue. The only amber-colored sample in chunks is
ASK-G66d. ASK-G2 has the lightest green and ASK-G49 is the only olive-green

chunk.

The window panes range between blue, green and colorless. The colorless glass of
window panes (ASK-G41, G45, G52b, G93a, G93b) are not completely colorless, the

blue or green tint cannot be avoided due to high iron inclusion.

The color of the droplets and threads vary in blue and green hues. Two samples (ASK-
Gb51e, G60c) are olive green or yellowish green, three samples are green (ASK-G58e,

72c, 72d) and four samples are blue-green or blue.

The most colorfully varied group is products. Brown, amber, dark-green, green, blue-
green, yellowish green, yellow, blue, cobalt blue, blue-tinted colorless, colorless are

among the color varieties.

It is stated that while Levantine glass typically has blue-green color, Egyptian glass
shows a wide color range from yellow-green to pale tint (Freestone et al. 2018). The
origin of these glasses either with blue-green or yellow-green tones will be illuminated

in the chemical results section.

5.3. Chemical Analysis Results

The PED-XRF results reveal that silica is the chief network former, soda is the main
fluxing agent and lime is the main stabilizer for Side glasses. According to the main
glass components, the silica content of the sample is in the range of 48.08% -75.16%
with an average of 63.33% ( 5.53), the lime content is in the range of 1.00-21.93%
with an average of 8.12% ( 2.58) and the soda, the fluxing agent, content is between
0.09-16.39%. and the average is 11.80% ( 2.87). Although the average SiO, and Na,O
contents are lower than its contemporaries, PED-XRF data reveals that Side glasses

are soda-lime-silica glass, compatible with the period. The low results (Si02<60%,
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Na>0<15%) can be associated with the weathering of glass. Additionally, the low soda
content indicates the preference of the blowing method instead of casting. Since
blowing does not necessitate high fluidity as casting, small amounts of soda are

adequate for the glass paste (Schibille et al, 2008).

The glasses contain less than 1.5% magnesium oxide (MgO) and potassium oxide
(K20) which is an indication of natron usage as a source of a fluxing agent instead of
plant ash (Sayre and Smith, 1961). Side samples are natron glasses that show low
magnesia and potash content with three exceptions (ASK-G74a -window pane-, ASK-
G39a, ASK-G88a -chunks-) (Figure 4.1). While exceeding the limits of 1.5wt% for
K20 (1.7%, 2.3%; 1.9% respectively), these three samples -highlighted with red in the
graph- have low MgO levels (<1%).
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Figure 4.1. The Scatter plot of potassium oxide vs. magnesium oxide for Side sample set

The triangular plot (Figure 4.2) drawn according to the main components of glass
(silica-soda-lime) shows that the Side glass set is more or less homogeneous. The

triangular plotting was also applied on separate glass groups.
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Figure 4.2. Triangular plot (SiO2- Na2O- CaO) of the Side glass set

According to the plot (Figure 4.3), chunks are also homogenous with two exceptions.
The average silica, soda, and lime concentration of the chunks are 61.24% ( 6.17),
11.73% ( 3.81), and 8.78% ( 4.00) respectively. Sample ASK-G52c is an outlier,
which has the highest lime (21.93%), lowest soda (0.089%) and silica (48.08%)
concentration and also, ASK-G71b has the highest silica (75.16%) concentration

compared to chunk group.
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Figure 4.3. Triangular plot (SiO2- Na,O- CaO) of Side chunk group

The silica, soda and lime averages of the product group are 64.47% ( 6.42), 11.03%

( 3.15), and 8.19% ( 2.85) respectively. Although quite homogenous, the triangular
plot of the products (Figure 4.4) is slightly dispersed compared to the other glass
groups of Side. Out of 32 product, 7 samples outstand from the group. ASK-G62e is
the most detached sample with the highest lime (16.30%) and the lowest silica
(50.29%) content. Two samples (ASK-G44a and ASK-G69b) outstand with their
drastically low soda (3.07 and 3.03%) concentration. G69b has rather low silica
(51.66%) and high lime (15.85%) contents. ASK-G51f has rather low soda (9.4%) and
rather high lime (14.91%). ASK-G77 has slightly low soda (10.89%) and rather high
lime (11.03%) content. The last distinguished sample is ASK-G54a with its rather low

soda concentration (7.6%).
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Figure 4.4. Triangular plot (SiO2- Na,O- CaO) of Side product group

The average silica, soda, and lime concentration of the window panes are 64.23%
( 3.13), 12.93% ( 1.82), and 7.43% ( 0.77) respectively. The triangular plot seen in
Figure 4.5 demonstrates the window panes, which is highly homogenous with one
exception. ASK-G52b outstands with the lowest Na20 value (7.73%).

The silica, soda and lime averages of the droplets and threads are 60.91% ( 4.31),
11.41% ( 1.43), and 8.35% ( 0.93) respectively. The triangular plot seen in Figure
4.6 demonstrates the droplets. This group is the most homogenous one compared to

other groups.

When the glass groups of Side were compared, the highest SiO, was observed at the

products and the lowest SiO> was identified at droplets. The highest Na>O value was
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seen in window panes and the lowest Na,O value was seen in products. While the
highest CaO concentration was detected in chunks, the lowest CaO was spotted on

window panes.

5i02

Na20 ' Ca0

Figure 4. 5. Triangular plot (SiO2-Na,O-CaO) of Side window-pane group
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Figure 4.6. Triangular plot (SiO.- Na,O- CaO) of Side droplet group

Trace elements can help to distinct groups and verify the associations between the
groups (Freestone, 2004). The traces are normalized to the continental crust in Figure
4.7. According to the diagram, while Side vessels and window panes follow a similar
path, chunks and vessels dissociate from each other. Therefore, vessels and window

panes of Side glass are associated with each other regarding the raw material source.

When Side assemblage was examined according to the location, such as Dionysus
Temple, Theatre, MZ, N2, TT and APS, no meaningful difference is detected. The
comparison of the selected main elements (Figure 4.8) does not provide a distinct glass
variation. We can say that the artisanal quarter of Side produces a more or less similar

glass type. Thus, no need for further investigation of the regional differences was seen.
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5.3.1. Sand

Strontium, zirconium, and barium are associated with the sand used for glass
production. Ba is linked to the content of alkali feldspars in the sand (Silvestri et al.,
2008). The barium content of Side glass varies from 102 ppm to 672 ppm with an
average of 318 ppm (' 103). No significant difference is detected between Side glass
groups. However, the barium content is differing among samples; the small amount
of the samples has low barium content at ~100 ppm, which is related with sand that is
poor in alkali feldspar and more than half of the samples contain >300 ppm, which is

linked to sand, rich in alkali feldspar.

A positive correlation between barium and manganese (Figure 4.9) may show that
manganese and barium come from the same source. In addition to pyrolusite (MnOy),
psilomelane [(Ba,H20)2Mns010] may also be used as a source of manganese, due to

its barium-bearing structure (Silvestri et al., 2008).
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Figure 4.9. Scatter plot of MnO vs. Ba of Side glasses
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Strontium (Sr) and zirconium (Zr) contents provide some implications about material
sources. Sr is geochemically similar to Ca and contains lime-containing substances
(such as sea shell, limestone, and plant ash). Sr levels, which are higher than 400 ppm,
suggests that the sand used in the production of the glass is nautical (Freestone et al.,
2003). Whereas, Zr is expected to be higher than 160 ppm, in glasses produced with
terrestrial sand. Sr content of the Side chunks varies between 358-698 ppm with an
average of 585 ppm. Zr is between 28-139 and the average is 103.84 ppm. The Sr
levels of the threads are between 465-834 ppm and have an average of 628 ppm. Zr is
between 47-117 ppm and has an average of 81.95 ppm. The Sr level of the products
is between 455 and 691 ppm, with a mean of 542 ppm. Zr is between 68.7 and 143
and has a mean of 94 ppm. Sr levels of ASK-G52c, ASK-G69b, ASK-G2, and ASK-
G80a are lower than 400ppm, which is 218, 333, 358, and 379 ppm respectively.
However, only ASK-G52c has high levels of zirconium at 256 ppm. Since ASK-G69b,
ASK-G2, and ASK-G80a have zirconium levels below the terrestrial limits of 160
ppm and their strontium levels are slightly lower than 400 ppm, they are presumably
of nautical origin. To sum up, the results show that all the samples except ASK-G52¢
are made with marine sands. Figure 4.10 and 4.11 show the graphs demonstrating Sr

and Zr concentration of Side glass set.

According to Henderson (2013), the positive correlation between calcium and
magnesium is an indicator of the use of dolomite as a source of lime. However, there
was no positive correlation between calcium and magnesium in Side glasses, which
suggests that lime derives from shell fragments within the sand. Moreover, the
aluminum levels of Side glasses are extremely low with an average of 1.04% ( 0.71).

This is accepted as an indication for the use of pure high silica sand.
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Figure 4.10. Strontium graph of Side glass samples
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Figure 4.11. Zirconium graph of Side glass samples

69



5.3.2. Colorants

Side glasses have a wide variety of colors. The samples are mostly green and blue, but
also have purple, yellow, black and cobalt blue colors. The elements for coloring the
Side samples are detected as iron, manganese, copper, and cobalt. Furthermore, the

main decolorant is manganese, however, antimony is detected in four samples.

There are different opinions about the deliberate addition of manganese in Late
Antique glass. While according to Wedepohl and his coworkers (2011), the levels
above 0.1-0.2 percent is considered deliberately added; this level reaches to 0.2
percent in(5$8a¢gBe, sOwdr kn Brill’™s s
(2005) andupto 1% inHender son’s (1985) and Mi
Brems and Degryse (2014), the glass, which is appropriate for production, contains
manganese between 0.004 and 0.078%. Thus, the natural background impurity is
lower than 0.1 percent. Moreover, Brill notes that the values between 0.1 and 0.4%
imply mixing of different cullets, some of which include more manganese than others.
According to these statements, it can be said that 15 samples out of 78 have manganese
lower than 0.1%, 8 samples have manganese inclusion between 0.1 and 0.4% and the
rest of the Side samples (55 samples) have greater values than 0.4%. Therefore, we

can conclude that manganese is intentionally added to more than half of the samples.

Additionally, manganese presence can either occur as an impurity associated with iron
or deliberate addition, to testify it manganese and iron correlation can be investigated
(Nakai et al. 2014). Figure 4.12 shows that there is no correlation between iron and
manganese. This scatter graph can verify our statement about manganese. Moreover,
as asserted by Freestone and his coworkers, 250 ppm of manganese appears in glass
naturally, higher levels are the indicators of pyrolusite (MnO2) inclusion. According
to this statement, Side samples with 6 exceptions (ASK-G50a, ASK-G52a, ASK-
Gb54a, ASK-G69b, ASK-G75b, ASK-G80a and ASK-G55b) were decolorized by the

mineral pyrolusite.
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Figure 4.12. Scatter graph demonstrating Fe2Os vs MnO for Side glass set

Manganese was also used as a colorant that gives brown, purple tones. There are 3
brown/purple-colored samples in the Side glass set; 1 chunk (ASK-G66d), 2 vessels
(ASK-G79c and ASK-G83a). These 3 samples have the highest manganese levels
(2.13, 2.92 and 2.89% respectively) compared to the Side assemblage with an average
0f 0.89% ( 0.67). These three samples were graphed according to their trace elements
which were normalized to average continental crust. This spider diagram (Figure 4.13)
reveals the similarities of the samples to understand whether these glasses can be
attributed to the same source. According to the spider diagram, all three samples
follow quite a similar pattern, the sand used to produce these samples might be from

the same region.
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Figure 4.13. Spider diagram of high manganese purple-colored glasses, normalized to the average
continental crust

Antimony is the strongest decolorant in the ancient glass world, and the less tinted
glasses of Side is decolorized with antimony. Only 4 samples (ASK-G75b, ASK-80b,
ASK-G81, ASK-G82b) include a significant amount of antimony as 3381, 7395, 4451
and 8918 ppm. ASK-G75b is completely colorless, which does not contain greenish
or bluish tints. However, although highly colorless, ASK-G80a and ASK-G81 involve
remarkably pale-yellow tint due to their iron inclusion at 0.7 and 0.6%. Even with the
highest antimony content, ASK-G82b is a dark-colored glass. In this situation,
antimony did not act as a decolorizer but as a reducer depending on the red-ox

conditions of the furnace environment (Schibille et al., 2016).

Copper, iron, and cobalt elements are the most used colorants in the ancient glass
world. The iron (I11) oxide concentration of the Side assemblage is 0.95% ( 0.78),
when the outlier (ASK-G52c¢ with 7.16% Fe>Oz) is excluded, Fe>O3 concentration is
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in the range of 1.83-0.33%. When the outlier (ASK-G52c with 26710 ppm) is
excluded, the average copper content is 118 ( 236) ppm and ranges from 2 ppm to
1386 ppm. Also, the average cobalt content is 28 ( 51) ppm and ranges from 4 ppm
to 405 ppm in the absence of the outlier (ASK-G52c with 1570 ppm).

Chunks contain two black-colored (ASK-G52c, ASK-G39a) opacified samples. While
ASK-G52c include the highest levels of cobalt (1570 ppm), copper (26710 ppm) and
iron (7.16%), ASK-G39a do not contain a high amount of cobalt (16 ppm), copper (63
ppm) and iron (0.7%). The dark color of ASK-G39a can be explained by the
remarkably low manganese content (0.27%). These two black samples are opacified
with lead (Pb=916 and 84270ppm). 8.4% of lead is the highest lead concentrations by
far, compared to Side glass. Other dark green chunks (ASK-G8b, ASK-G22e, ASK-
G62b, and ASK-G88a) have iron content above 1% and copper concentrations are 94,
116, 66 and 114 ppm, respectively. Likewise, the iron content of ASK-G86b and ASK-
Gb53c is above 1%, but due to their high manganese concentration (1.3 and 1.4%), they
are not as dark as the other 4 high-iron samples. The highest copper (Cu= 1386, 912,
438 ppm) and cobalt (Co= 405, 173, 71 ppm) values occur in the two cobalt blue
(ASK-G67c, ASK-G74c) and one blue (ASK-G71b) chunks.

The cobalt blue sample ASK-G51f has the highest copper (1269 ppm), cobalt (179
ppm) and lead (4511 ppm) content among the products. The highest lead levels are
detected in the two cobalt chunks (ASK-G67c, ASK-G74c) and the cobalt vessel
fragment (G51f) with the concentrations of 3130, 5940 and 4511 ppm, except the
ASK-G52c. Another blue sample, ASK-G59d, has lower cobalt (39 ppm)
concentration with 81 ppm of copper. While some samples have higher concentrations
than ASK-G59d, this sample has darker tones compared to the others, which is due to
the remarkably low levels of manganese (0.03%). ASK-G82b has the second highest
copper content as 570 ppm and it is one of the darkest samples among the products.
Another dark green sample is ASK-G37 with the highest iron content (1.4% Fe>03)
and 124 ppm Cu. ASK-G22a and ASK-G50c have rather high copper (116 and 75
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ppm) and iron (I11) oxide inclusion above 1%, however, they are not as dark as we

expected because of the high manganese concentrations.

Highest iron concentrations of window panes (1.5 and 1.2 %) are seen in the darkest
samples, ASK-G40b and ASK-G68. These samples also have rather high copper
inclusion 224 ppm and 123 ppm compared to the average value (77 ppm) of the
window panes. ASK-G41la is a quite light, green tinted specimen with rather high

copper content (144 ppm), which again can be explained by high manganese level.

Droplets and threads of Side do not have dark colors as seen in chunks, but almost
half of them contain iron (I11) oxide above 1%. The lighter colors are sustained by
manganese exceeding 1 percent. However, high copper inclusion can overcome the
decolorizing effects of manganese as can be seen in ASK-G72d. This sample has the
second highest manganese concentration (1.43%), however, it is the darkest green
color compared to other droplets. The rather high copper inclusion (144 ppm) restrains
the decolorization. Furthermore, the ideal ratio of iron to manganese is not achieved

for decolorization purposes.

Bronze is used as a coloring agent for green and blue colors. To understand the use of
bronze, the correlation between copper and tin is inspected. The samples that contain
>100ppm of copper are selected. The scatter plot of Sn and Cu (Figure 4.14) reveals
that there is a highly strong correlation between these elements. Therefore, the

presence of copper might result from the addition of bronze.

Tin is known to be yellow colorant. However, 7 yellow- yellowish green samples from
Side (ASK-G44a, ASK-G49a, ASK-G62d, ASK-G79b, ASK-G74a, ASK-G51e, and
ASK-G60c) have an insignificant amount of tin. Additionally, silver, which gives the
glass a yellow color, is below the detection limits. Hence, the yellow hues do not
derive from tin or silver. Nonetheless, the manganese converted Fe?* that gives blue
tones to Fe**, which gives a weak yellow hue (Sayre, 1963). For instance, ASK-G51e

has a high (1.32%) iron inclusion, however, it has the 4" highest manganese
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concentration among the Side assemblage, therefore, its yellowish pale green color is

clear.
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Figure 4.14. Scatter plot of copper and tin for the samples that contain >100 ppm of Cu

As previously mentioned, cobalt is a well-known colorant for the blue color, and it is
incorporated into the composition of the glass through minerals. Therefore, the
presence of copper, nickel, manganese, iron, zinc, sulfur and arsenic helps us to
identify the mineral choice for a coloring agent. The correlation of these elements with
cobalt can specify the mineral ores. Scatter graphs (Figure 4.15; Figure 4.16; Figure
4.17) are plotted for the samples which have high cobalt concentration (>100 ppm).
The lack of correlation between cobalt and sulfur is an indication that cobaltite
(CoAsS) and bieberite (CoSO4.7H20) were not used as a colorant. Moreover, the high
correlations of cobalt with nickel, arsenic, and iron increase the possibility of the use
of Skutterudite ((Co,Ni,Fe)As3) as a cobalt bearing mineral source (Schibille, 2016).
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Figure 4.15. Scatter plot of arsenic and cobalt for samples that contain cobalt
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Figure 4.16. Scatter plot of iron oxide and cobalt and cobalt for samples that contain cobalt
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Figure 4.17. Scatter plot of cobalt vs. nickel for cobalt-bearing samples

5.3.3. Recycling

As mentioned above (Chapter 2.5), recycling is a problematic issue due to the
complications of recycling markers and colorants. Also, there are different opinions
about the elevated impurity concentrations which specify recycling. While Jackson
and Foster (2014), designate the colorless/naturally colored glass impurity levels as
Cu z2ppthp Pb = 0. the%npurity levelzare Cu> 108qpm, Pb> 75
ppm, Sn> 25 ppm and Sh> 20 ppm for Rehren and Briiggler (2015). Moreover, Brems
and Degryse (2014) assert that glassmaking sands contain an insignificant amount of
SbO, which is lower than 1.4 ppm and any elevated concentrations may result from
the contamination caused by re-melting of different glass cullets, rather than deliberate
addition. Further, Cholakova and Rehren (2018) designate the recycling limits of
antimony in the range of 20-800 ppm. Additionally, according to Jackson and
Paynther (2016), the antimony decolorized glass group contains SbO varying between
0.3 and 0.8%.
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Although the minimum value for recycled glass is ambiguous, the maximum value
can be assigned as 800 ppm. When we designate the minimum level as 20 ppm, 49
samples out of 77 are assumed to be recycled. Figure 4.18 and Figure 4.19 show the
correlation of K>O vs P,Os and CaO vs P20s for 49 samples (Sh=20-800 ppm).
Potassium and calcium strongly correlate with phosphorus for recycled glass (Al-
Bashaireh et al., 2016). Although not strong, a correlation can be seen in the scatter
plots for the 49 samples.
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Figure 4.18. K;0 to P,Os for the samples Sh= 20-800 ppm
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Figure 4.19. CaO to P,0s for the samples Sb=20-800 ppm

The recycling markers of cobalt, copper, and lead cannot assign recycling for the
colored glass. Therefore, these markers can be applied solely for the colorless or the
naturally colored glass. Side glass set contains 1 colorless and 24 naturally colored
glass. For Pb level of Side samples is measured between 4-317 ppm, with an average
of 109 ppm ( 102). Cu levels are between 6-144 ppm with an average of 43 ppm
( 39). Sb levels are between 1-7395 ppm, with an average of 657 ppm ( 1771). When
we take out the deliberately antimony-decolorized samples (>800 ppm), only 8
samples out of 25 samples can meet some of the above-mentioned criteria for
recycling. These 8 samples tend to show a high correlation between CaO and K>O
(Figure 4.20) and the high K>O samples tend to have higher P,Os (Figure 4.21),

suggesting ash-related contamination (Davis and Freestone, 2018).
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Figure 4.20. The scatter plot of CaO and KO for the 8 recycled colorless/naturally colored glass
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Figure 4.21. The scatter plot of K,O and P,Os for the 8 recycled colorless/naturally colored glass
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5.3.4. Identification of Compositional Groups

In order to categorize Side glasses into compositional groups, cluster analysis was
conducted using R-studio software. The results are shown in a dendrogram, acquired
by Ward’s method as a clustering algorit
measure of dissimilarity of the data. The dendrogram (Figure 4.22) was performed on
elements; MgO, K:O, Ca0, TiO,, MnO, and Fe.Os. Although Na;O and Al.O3 are
characteristic elements for identifying the compositional groups, Na.O and Al.O3
levels of Side are lower than expected due to the weathered glass structure. The
dendrogram acquired by these elements presents five main compositional groups.
However, when different levels of antimony are taken into account, 7 different groups
emerge within the Side assemblage. These are Roman antimony-decolorized, Roman
manganese-decolorized, Roman mixed antimony-manganese decolorized, HIMT(?),

Levantine 11, high lime, and lead glass (the outlier).

Table 2.1 shows the average elemental composition of different glass groups of Side.
It should be noted that silica, soda, and alumina levels are lower compared to the

contemporary glass due to the high corrosion levels of Side glass.
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Table 2-2 Average elemental compositions of Side glass groups

Sb-decolorized | Mixed Sh-Mn High-Mn High CaO HIMT (?) Levantinel Outlier-Pb glass
Na20 13410 12.075 11.155 7.907 12.59 11.170 0.089
MgO 0.387 0.765 0.497 0.398 0.70 0519 0.927
Al203 0.467 0.634 0.886 0.561 0.99 1.038 6.389
Si02 68.885 71320 68.010 54.047 62.12 65.464 48.08
P205 0.019 0.080 0.040 0.019 0.06 0.068 0.178
SO3 0.375 0.359 0.246 0.308 0.32 0.217 0.021
Cl 0.919 0.809 0.759 0.467 0.72 0.747 0.001
K20 0.488 0.881 0.734 0.702 0.85 0.871 1.079
Ca0 5.051 6.097 6.658 15.695 749 8.135 21.93
TiO2 0.108 0.113 0.087 0.112 0.17 0.096 0.531
V205 0.005 0.008 0.009 0.007 0.01 0.005 0.023
Cr203 0.004 0.002 0.001 0.003 0.00 0.004 0.114
MnO 0.020 0.720 2.895 0.455 1.29 0.353 0.109
Fe203 0.541 0.730 0.602 0.745 112 0.586 7.166
LOI 8.975 5.700 7.280 18.666 1158 10.763 13.36
Co 126 15.0 29.1 64.1 30.7 24.0 1570.0
Ni 5.7 14.1 236 283 227 131 1955.0
Cu 120 297.8 80.7 449.0 1316 79.7 26710.0
Zn 174 24.6 15.0 9.0 205 101 1834.0
Ga 29 14 2.8 25 21 30 21.0
Ge 0.9 0.6 05 05 0.7 05 5.1
As 143.0 56.9 33 43 6.3 2.0 128.0
Se 0.3 04 03 05 0.3 03 74
Br 8.1 8.8 7.3 126 10.1 8.7 242
Rb 5.6 8.0 10.0 9.8 9.9 104 99.1
Sr 409.7 599.3 5404 489.7 629.6 480.1 218.9
Y 44 37 5.6 4.0 6.0 59 120
Zr 61.1 69.3 68.1 824 98.3 58.6 256.0
Nb 29 7.1 2.8 45 4.1 35 7.2
Mo 30 8.0 7.3 35 52 37 36.8
Cd 7.7 6.1 10 11 11 0.9 21
In 31 4.0 0.9 0.8 11 0.9 2.7
Sn 422 58.1 9.3 41.0 20.0 55 1181.0
Sh 5388.0 6684.5 107.3 59 37 14.1 142.6
Te 103 34 14 15 15 13 18
| 31 39 2.7 2.8 2.6 24 7.7
Cs 5.0 6.3 45 4.8 45 44 6.9
Ba 129.3 2447 598.3 203.9 3573 2765 1359
La 9.2 113 9.3 155 126 135 29.0
Ce 16.6 32.7 25.9 215 21.6 22.2 32.7
Hf 53 20.2 6.6 233 100 6.0 810.0
Ta 21 75 41 8.0 5.2 37 160.0
W 17 24 2.0 2.2 21 19 28.0
Hg 0.7 0.8 0.7 0.9 0.7 0.7 7.0
Tl 0.7 11 0.8 16 1.0 09 103.6
Pb 146.2 560.6 1787 1618.9 3816 258.4 84270.0
Bi 0.8 14 0.8 18 0.9 0.7 31.0
Th 13 33 17 9.9 34 2.3 2714
U 114 9.1 71 85 83 8.3 31.0
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Roman antimony-decolorized glass (Rom Sbh)

There are only two samples (ASK-G75b and ASK-G80a) that fit this group. The main
separators of this group are the presence of antimony oxide as a decolorizer together
with the partial absence of manganese (Mn0<0.03%). SbO levels are 3381ppm and
7395ppm. The manganese concentrations of the two samples are 0.016% and 0.024%.
The two colorless specimens are the rare colorless samples that do not contain blue or

green tint in the Side sample set, due to their high antimony and low colorant contents.

Although 13.4% of soda is quite low for the Late Antique glass, the highest level of
soda and the lowest levels of alumina (0.4%) and lime (5%) are detected in this group
compared to Side assemblage. This group is known to be a non-recycled, primary
glass due to the absence of manganese (Schibille et al., 2016). While ASK-G75b does
not meet any of the recycling criteria, ASK-G80a has 267 ppm lead content which is
higher than the accepted threshold for sand impurities. Hence, we can say that, even
if ASK-G80a was not recycled with a manganese-bearing glass, it might be re-melted

or recycled with a lead-bearing glass.

Roman manganese-decolorized glass (Rom Mn)

Inclusion in this group is constrained with manganese contents above the background
levels (>0.025%) and antimony levels below the detection limits of XRF. This natron-
based group has lower soda (11.15%), higher lime (6.65%) and alumina (0.8%),
together with slightly higher K-O (0.73%), MgO (0.4%) and Fe»O3 (0.6%) compared
to Roman antimony-decolorized type. Rom-Mn is comprised of only 2 samples (ASK-
G79c and ASK-G83a) with the highest manganese values (2.9 and 2.8%) compared
to the assemblage. The two samples are not colorless but have dark purple, brown
colors when in the state of trivalent manganese Mn3*. Apart from soda and alumina

levels, this type corresponds to the typical Rom Mn glass.
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Roman mixed antimony-manganese decolorized glass (Rom Sb-Mn)

Only two samples (ASK-G81 and ASK-G82b) correspond to this widespread group
from the 1 to 3" centuries. Presence of manganese and antimony above the detection
limits (>0.025 and >0.03%) is the marker of this group. While manganese
concentrations of ASK-G81 and ASK-G82b are 0.04% and 1.4%, antimony
concentrations are 4451 and 8818 ppm. Rom Sb-Mn glass group is composed by
mixing two distinct glass groups, which is decolorized by manganese and antimony
separately. Therefore, the base glass components such as soda (12.07%), alumina
(0.63%), and manganese (0.72%) levels are also in between the antimony decolorized
and manganese decolorized glass groups. Pb levels above 100 ppm (310 and 810 ppm)
also verifies the recycling process. Phosphorus concentrations being higher than both
Rom-Sb and Rom-Mn groups is an indication of ash-related contamination for staying
longer in the furnace environment. Moreover, the iron levels are higher than the two
groups, which probably occurs due to contamination from the furnace wall (Freestone,
2008).

High Iron Manganese Titanium- HIMT (?)

HIMT glass, which spread by the 4th century AD onwards, shows elevated levels of
iron (> 0.7%), manganese (~ 1-2%) and titanium (> 0.1%), at the same time it has
high soda (>18%), high magnesia (>0.8%) and low lime (~6%) values (Freestone
1994). HIMT glass has subgroups such as HIMT1 (strong HIMT) and HIMT2 (weak
HIMT), the levels of iron, manganese, and titanium of HIMT1, which is higher than
HIMT?2 glass (Foster and Jackson, 2009). The widely distributed weak HIMT in the
6th and 7th centuries throughout the Empi
2000). In addition to these, the glass with only high iron-manganese-titanium content

is not considered HIMT glass unless there is a correlation between Mn, Ti, Zr, and Fe.

This group, which includes the great majority of the samples (41) of Side, resembles
the weak HIMT group with its high titanium (0.17%), iron (1.12%), manganese (1.29
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wt.%) and low alumina (0.99%) content. Compared to other glass groups, it has the
highest Sr (620 ppm) and Zr (98 ppm- except the outlier with 256 ppm) levels.

Interestingly, the scatterplot of TiO2 vs Zr, and TiO2 vs Fe>O3 shows strong correlation
for the Side glass assemblage (Figure 4.23). However, when a graph is plotted solely
by HIMT group, the same correlation does not occur for TiO2 vs Zr and TiO- vs Fe.O3
(Figure 4.24; Figure 4.25). As well, Mn and Fe do not correlate with each other (Figure
4.26). Thus, so-called HIMT2 group does not meet the entire criteria. Moreover,
Ceglia et al. (2015) introduce the term HLIMT glass to the literature as a subgroup to
HIMT glass, similar to weak HIMT with the exception of high lime content. Gliozzo

and his counterparts present similar gl ass
signifies as CaO-rich, and CaO-rich/NaO-poor glass. To understand the resemblances
between these glass groups, we compared these three samples. Fe>Os/TiO2 versus
Fe>Os/Al203 graph in Figure 4.27 is useful to differentiate compositional groups
(Ceglia et al., 2015). Sidesamp | es did not follow the same sl
samples and Gliozzo et al’s Herdonia sampl es
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Figure 4. 23. (a) Scatter graph of Zr vs. TiO; for Side assemblage; (b) Scatter graph of Fe;0;3 vs. TiO;

for Side assemblage
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Figure 4. 24. Scatter graph showing Fe;Os vs TiO, concentrations for Side HIMT(?) glasses
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Figure 4. 25. Scatter graph showing Zr vs. TiO; concentrations for Side HIMT(?) glasses
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Figure 4. 26. Scatter graph showing Fe2O3; vs MnO concentrations for Side HIMT(?) glasses
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Figure 4. 27. Scatter graph showing Fe,Os/TiO; vs. Fe,03/Al,03 concentration for Side HIMT(?)
glasses with HLIMT glass samples of Ceglia et al, 2015; CaO-rich HIMT and CaO-rich/NaO-poor
HIMT glass samples from Gliozzo et al, 2015
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Pergamon assemblage presents a sample with a similar composition to HIMT(?) glass

group. Whether these glasses were produced in similar regions or not can be
investigated through the tr acecedaedfthement s .
CaO-rich and CaO-rich/NaO-poor glass groups together with the Pergamon weak

HIMT sample are plotted after the values are normalized to the average continental

crust . Figure 4.28 shows that while Perg

patterns, HIMT(?) glass from Side has slightly elevated levels of trace elements.

# Side HIMT (?)

[ CaO-rich/NaO-poor (Gliozzo et al 2015)
1 CaO-rich (Gliozzo et al 2015)

1 Pergamon weak HIMT (Rehren et al 2015)

T TTTT
I 0

TTTTT

I
|

Figure 4.28. Spider diagram showing the trace elements of High CaO HIMT glass samples from Side,
Pergamon, and Herdonia

Figure 4.29 presents a scatter graph demonstrating ratios between TiO2 and Al,O3z with
Al,Oz and SiO, of variant HIMT samples from Anatolia, such as Sagalassos,
B o § a zHkttiisy, and Pergamon, together with other archaeological sites from
Europe and Egypt. Since SiO., Al,Oz and TiO. concentrations represent quartz,

feldspar and heavy mineral contents respectively, this graph is particularly powerful
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in distinguishing production groups. According to the graph, Side HIMT(?) group is
pronouncedly dissociated from other glass samples, meaning that Side cannot be

associated with any of the HIMT groups.
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Figure 4.29. The scatter diagram of variant HIMT glass group samples from Anatolia, Europe, and
Egypt showing TiO/Al;,03 vs. Al,05/SiO;

Levantine |

Levantine glass, which was produced in the 6th and 7th centuries, is characterized by
high lime (~9%), high alumina (~3%) and low soda (~15%), titanium and iron levels
(Freestone et al., 2000). The second largest Side glass group (31 samples) resembles
the Levantinel group with its high lime (8.5 wt.%), low titanium (<0.1 wt.%), and low
iron (~0.5 wt.%) content. Soda content is extremely low at ~11%, this marginal level

is only seen in Freestone’'s (2000)
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presented below. Compared to the other groups (except the outlier), Levantine | glass
has marginally the highest concentrations of alumina (1.03%) and the lowest
concentrations of titanium (0.09%) and zirconium (58 ppm). This occurs because the
feldspar content is richer in its glass-making sand and therefore, the heavy elements

such as zirconium and titanium are lower.

The comparison of Levantine glass groups from various Anatolian sites, such as
Ephesus, Pergamon, Aphr odHattsa &demonsBated al as s ¢
in Figure 4.30, which shows TiO2/AlOs versus Al>Os/SiO2, a useful graph for
separating glass groups. The Side-Levantine I glass group has similar results only with
the samples from Pergamon (Rehren et al, 2015) and Aphrodisias (Brill, 1999). To
understand whether these glass groups are made in similar production regions, a spider
diagram of the trace elements is needed. However, trace elemental data is not available

for the mentioned sites, except Pergamon.

The available trace element data from the primary production sites such as Apollonia

and Bet EIi’  ezer (current I srael), and a
l zmir) were plotted with a spider diagrar
the average continental crust (Figure 4.31). The diagram exposes that while the

Levantine glass sample from Pergamon and the primary glass from the Levant show

close elemental concentrations, Levantine | glass from Side follows a separated line

from the other glass groups, which is probably suggesting different production sites.
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Figure 4.30. The scatter diagram of Levantine glass group samples from various Anatolian sites
showing TiO2/Al203 vs. Al,O3/SiO;
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Figure 4.31. The spider diagram showing the trace elements of Levantine glass from Side, Pergamon,
Apol l onia and Bet EIli’ " ezer
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High lime glasses (High CaO)

Only three samples emerge in this group. Since the loss on ignition values are
remarkably high, commenting on the concentration of this group would not be reliable.
However, three samples outstand with their significantly high CaO levels. The average
lime concentration is 15.69% which shows the highest values (except ASK-G52c)

among Side glass.
The outlier

ASK-G52c is the sole representative of lead glass with 8.4%. While scarcely any soda
(0.08%) content is detected, lime and alumina levels present the highest value (21.9%
- 6.38%) in the assemblage. The silica concentration is the lowest value with 48
percent. The alumina levels above %3 do not fit the standards of Roman glass
(Freestone, 2008). The extraordinarily high concentration of alumina and extremely
low concentration of chlorine (10 ppm) make us think that this specimen is not

contemporary with the assemblage. Most likely, it was made in the later periods.
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Figure 4.32. (a) Scatter graph showing TiO- vs. Fe;Os for Side glass
(b) Scatter graph showing TiOzvs. Zr for Side glass
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The graph (Figure 4.32a-b) that plots TiO vs. Fe2Oz and TiO> vs. Zr can demonstrate
the differences in silica sources (the outlier is not plotted). Highest values come from
HIMT (?) group. Other glass groups do not show any significant clustering. The graphs
prove that HIMT(?) and Levantine groups of the Side glass are apparently made from
distinct silica sources. As mentioned before, the lower values of the heavy elements

can be explained by the comparatively higher feldspar content of Levantine glass.

The trace elements of seven glass groups are demonstrated in the spider diagram
(Figure 4.33). It suggests different production regions for every glass group. Except
for the outlier, the most distinctive one is the High-CaO group with the highest thorium

level.
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Figure 4.33. Spider diagram showing the trace elements of seven glass groups from Side
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1.4. Petrographic Thin-Section Optical Microscopy Analysis

9 clay fragments from the furnaces and crucibles were analyzed by thin section optical
microscopy. Petrographic properties of the samples were investigated in terms of rock
and mineral contents (Table 4.1). The samples were exposed to heat between 600-900
°C. Two samples (ASK-G88b and ASK-G29) have relatively low temperature values
at about 600°C. As mentioned before, Side assemblage contain spilled glass adhered
to ground pieces occurred during shaping, such as ASK-G88b and ASK-G29. These
clay samples were not exposed to high temperatures at the furnace as in the other
samples, but were exposed to the heat of the molten glass, which explains the

relatively low heat values.

The structural porosity ratio of the crucibles varies between 3-8%. The mineral and
rock structure of the crucibles indicate the origin of the raw materials. Ancient site
Side and nearby regions have conglomerate and lime stone rock formation. However,
minerals and rock fragment contents of the crucibles showed the volcanic type rock
formation, so, the crucibles might be prepared by using clay material which were
provided from long distance. Therefore, we can conclude that the crucibles were used
on purpose for glass production. The selection of volcanic based rock fragments for

clay of the crucibles might be chosen on purpose for exposing to high temperatures.

Table 4-1 The table showing the porosity, endured temperature, rock and mineral types and the
origin of the rocks of the clay samples

_sample | 70 | P09 | Rocks veminerals | _Rock origin |

ASK-B1 .
ASK-G25b >900 8 Q,Ch,PI Granite
Ch,PI.C,0

<800 Q.Ch,PI.C.0p Andesite
Yl ~600 6 Q,Ch,PI,C,By,0p Schist
ASK-G29 m(-ile} 5 Q,Ch,Pl,By,Op,Sr Andesite
ASK-G84
ASK-G86a Shist
ASK-Go0 [ QKs,Op (kaoline-illite)

ASK-G92
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Additionally, according to PED-XRF results (Table B.9), the average value of SiOz,
Ca0, Al;03, Fe;03, Na20O, and MgO of the crucible and kiln fragments is respectively
46.11%, 16.17%, 5.96%, 4.11%, 2.94% and 1.83%. SiO., Na>O and Al>Os contents
are high while Fe2Os concentration is near to the standard values of clay samples. SiO>
and AlbOs are representative for the origin of clay, however, the high values of SiO>
and Al>Osz regarding to the clay content indicate the connections of the samples with
glass production, which supports the petrographic analysis.

ASK-G86a ~ ASK-G86a

ASK-G84

Figure 4.34. Thin section optical microscope photographs of the clay samples
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CHAPTER 6

CONCLUSION

The investigation of Side glass assemblage was conducted on visual, chemical and
petrographic bases. According to the results of the analyses, Side Early Byzantine
glass workshop, which was operating between the 4" and 7" centuries BC, mainly
produced glass in compliance with the standards of the period. It is essential to
determine the production type of glass workshop.

Visual and optical microscope analyses show that a great majority of the Side glass
samples were highly or moderately weathered. Dulling, iridescence, black
discoloration, and milky surfaces are the deterioration types which were detected in
most of the samples. Optical microscope photographs reveal the seedy structure of
Side assemblage, with an exception of few bubble-free samples. The thickness
measurements and the bubble shapes reflect that a great number of Side assemblage
was shaped by glass blowing as expected from the general trends of the Late Antique
period. Although Side assemblage has a wide range of colors, they were generally in
blue-green or yellow-green shades, which were the dominant colors of the Late
antique glass originating from the primary production centers of Egypt and Levant

region.

The petrographic thin section analysis shows that the crucible and furnace fragments
were deliberately chosen to endure high temperatures. The volcanic rocks that were
used in the crucibles of Side might have brought from distant places since Side and

the nearby sites have conglomerate and lime stone rock formation.

The PED-XRF results show that Side assemblage was a soda-lime-silica glass with a
homogenous composition, except the outlier sample, ASK-G52c. As it can be

understood from the low magnesia and potash levels (both below 1.5 wt.%), Side
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glasses were fluxed with natron instead of plant ash. The absence of a correlation
between CaO and MgO suggests that the lime source of Side assemblage was the shell
fragments naturally occurred in the sand, instead of dolomite. Strontium and
zirconium levels reveal that Side assemblage was produced with nautical sand.
Although Side glass is a natron-fluxed, soda-lime-silica glass, which is compatible
with the period, soda, silica, and alumina levels are lower than expected. While this
situation mostly arises from the glass deterioration, the low alumina levels can be
explained by the selection of a purer sand source. Also, the glass blowing technique

needs lower soda inclusion compared to the casting method.

The main colorants were iron, copper, manganese, and vanadium. According to the
graphical correlations, bronze was the source of copper and skutterudite was the
source of cobalt. On the other hand, manganese was used as the main decolorant
deriving from pyrolusite. The deliberate addition of manganese was detected for the
great majority of the Side glass set. Only four samples have been found to include a
stronger decolorant, antimony. The used decolorants did not sustain utterly colorless
glass due to high iron content which is above 1 wt%. When the 25 colorless or
naturally colored glass samples were investigated to understand the recycling

conditions, it is been observed that only 8 of them were subjected to recycling.

According to the prevailing aspect of the production models in 1% millennium AD,
glass that was produced in the great tanks of the primary production centers was
shipped to the secondary production centers to be shaped and colored. To understand
whether Side glass fits this concept or not, the glass groups were identified with the
help of hierarchical cluster analysis. 7 different glass groups were identified; Roman
antimony-decolorized, Roman manganese-decolorized, Roman mixed antimony-
manganese decolorized, HIMT(?), Levantine Il, high lime, and lead glass (ASK-
G52c- the outlier). Only four samples were found matching to the Roman Sb and
Roman mixed Sb-Mn groups. The great majority of the Side assemblage was classified

under HIMT(?) and Levantine | groups.
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While Rom Sb, Rom Mn, and Rom Sh-Mn groups fit well to the compositional
standards of the period -except the soda and alumina contents-, the classification of
the HIMT(?) glass group is a bit problematic. In general, HIMT glass is an Egyptian-
origin, widespread Late Antique group, which is recognized with its high iron,
manganese, and titanium contents. The HIMT(?) group of Side corresponds most of
the standards with its high Fe, Mn and Ti levels. However, it does not meet the
correlation criteria between Zr, Tiand Fe required to be HIMT glass. The HIMT group
has normally low calcium content, yet the CaO level of Side-HIMT samples was
higher than the common HIMT. Although few are encountered, similar glass groups
have been identified in the literature. When the high CaO-HIMT samples of Side were
compared with its contemporaries from Anatolia and other regions, Side samples fall
in a separate glass group. Likewise, similar comparisons were also conducted on the

Levantine | glass, which were also dissociated from its contemporaries.

According to Freestone, the Late Antique glass that came to Anatolia was solely made
in primary production workshops like the ones in Levant or Egypt, since the size of
the kilns and crucibles were quite small to melt glass in Asia Minor. Thus, when we
consider the size of its furnace, Side can be regarded as a secondary production site.
Although the provenance of Side glass is a bit ambiguous, the great majority of the
samples might have come both from Levant and Egypt to be shaped in the secondary

glass workshop of Side.

Since boron is a key element for the Asia Minor, further chemical analyses which
enable the detection of boron will be helpful for tracing the roots of glass. However,
provenance studies are absolutely necessary to understand whether these glasses were
produced locally or not. In terms of eliminating the confusion about the provenance
of the glass groups, Sr isotope analysis is highly useful to detect the origin of the raw

materials.
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A. FIGURES

Figure A.1. Chunks
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Figure A.2. Products
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Figure A.2. (continued) Products
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Figure A.2. (continued) Products
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Figure A.3. Window panes
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Figure A.3. (continued) Window panes
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Figure A.4. Droplets and Threads
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Figure A.5. Kiln and crucible fragments
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Figure A. 6. Optical Microscope Photographs of Side Samples
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Figure A. 6. (continued) Optical Microscope Photographs of Side Samples
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Figure A. 6. (continued) Optical Microscope Photographs of Side Samples
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Figure A. 6. (continued) Optical Microscope Photographs of Side Samples
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Figure A. 6. (continued) Optical Microscope Photographs of Side Samples
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B. TABLES

Table B.1. The documentation of the Side sample set classified into groups

SampleNo Description Region Excavation Date| Depth SondageNo| Batch No
ASK-G2 Chunk piece Dionysus Temple 5.08.2009 3 K45
ASK-G8b Chunk piece Dionysus Temple 6.08.2009 3 K47
ASK-G22e Chunk Dionysus Temple 4.08.2009 3 K42
ASK-G39%a Chunk Dionysus Temple 2012 12.19-11.38 2 K9
ASK-G44c Chunk Thegtre 2009 2 K60
ASK-G49% Chunk piece Thestre 9.08.2009 11.97-11.82 2e K23
ASK-G52c Chunk Theatre 2009 2e K72
ASK-G53c Chunk piece Thegtre 11.08.2009 11.88-11.71 2e K105
ASK-G62b Chunk Thegtre 23.07.2009 13.08-12.72 2b K4
ASK-G66d Chunk piece Theatre 2009 2d K38
ASK-G67c Small chunk piece Thestre 2009 2d K36
ASK-G71b Small chunk piece Theatre 1.07.1905 2d K32
ASK-G74c Small chunk piece Theatre 2012 N deanup
ASK-G86b Chunk piece Thegtre 2009 1341-13.33 3b K101
ASK-G88a Chunk Theatre 2009 depo
ASK-G22a Vessd fragment Dionysus Temple 4.08.2009 3 K42
ASK-G3lc Vessd body piece Dionysus Temple 2010 8 K131
ASK-G32 Vessd fragment Dionysus Temple 2010 8 K131
ASK-G37 Handle Dionysus Temple 2010 SW corner K62
ASK-G42a Basefragment APS 2013 6.54-6.10 1A K4
ASK-G4a Vessd fragment Theatre 2009 2f K60
ASK-G50a Nek piece Thesatre 8.09.2009 1241-12.33 2e K89
ASK-G50b Nek piece Thegtre 8.09.2009 12.41-12.33 2e K89
ASK-G50c Vessd fragment Theatre 8.09.2009 12.41-12.33 2e K89
ASK-G51f Vessd fragment Theatre 2009 2e K75
ASK-G52a Neck piece Theatre 2009 2e K72
ASK-GHa Neck piece Theatre 6.08.2009 2e K82
ASK-G55a Base piece Thegtre 9.08.2009 12.15-12.06 2e K98
ASK-G59d Qil-lamp piece Theatre 8.08.2009 12.24-12.15 2e K85
ASK-G60d Rim piece Theatre 5.08.2009 2e K77
ASK-G62c Vessd fragment Theatre 23.07.2009 13.08-12.72 2b K4
ASK-G62d Vessd fragment Theatre 23.07.2009 13.08-12.72 2 K4
ASK-G62e Vessd fragment Theatre 23.07.2009 13.08-12.72 2b K4
ASK-G6%a Handle piece Theatre 2009 2d K29
ASK-G6%h Vessd fragment Theatre 2009 2d K29
ASK-G6% Basepiece Theatre 2009 2d K29
ASK-G71a Handle piece Thegtre 2009 2d K32
ASK-G73 Basefragment Theatre 2012 N deanup
ASK-G75h Vessd fragment N2 2012 3.29-3.02 4 K32
ASK-G77 Basefragment N2 2012 K51
ASK-G7% Basefragment N2 2012 0234122 3a K22
ASK-G79% Basefragment N2 2012 12.34-12.22 3a K22
ASK-G80a Vessd fragment 1T 2012 9 K10
ASK-G81L Vessd fragment 1T 2012 10 K66
ASK-G82b Two colored vessd fragment MZ 2012 12.22-12.66 3al K24
ASK-G83a Base piece MZ 2012 12.34-12.22 3a K22
ASK-G84 Rim piece MZ 2012 12341222 3a K22
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Table B.1 (continued)

SampleNo Destription Region Excavation Date| ~ Depth Sondage No| Batch No
ASK-G6 Window pane Dionysus Temple 1.07.2009 11.99-11.95 2 K26
ASK-G22c Window pane Dionysus Temple 4.08.2009 3 K42
AK-G23a Window pane Dionysus Temple 8.08.2009 4 K55
AK-G2k Window pane Dionysus Temple 8.08.2009 4 K55
ASK-G30 Window pane Dionysus Temple 2010 7d2 K22
ASK-G36a Window pane Dionysus Temple 2010 2 K14
ASK-G40a Weathered window pane Dionysus Temple 2012 12.34-12.13 2 K8
ASK-G40b Window pane Dionysus Temple 2012 12.34-12.13 2 K8
ASK-G4la Weathered window pane Dionysus Temple 2010 11.83-11.77 3 K11
ASK-G41b Window pane Dionysus Temple 2010 11.83-11.77 3 K11
ASK-G45 Window pane Thegtre 2009 X K63
ASK-G47 Weathered window pane Theatre 8.08.2009 12.24-12.15 2e K95
ASK-G52b Window pane Thegtre 2009 2e K72
ASK-G62a Window pane Theatre 23.07.2009 13.08-12.72 2 K4
ASK-Gb7a Window pane Thestre 2009 2 K36
ASK-G68 Window pane Thestre 2009 2 K43
AXK-G74a Window pane Thegtre 2012 N Cleanup
ASK-G74b Window pane Thegtre 2012 N Cleanup
ASK-G75a Window pane N2 2012 329302 4 K32
ASK-G93a Weathered window pane Theatre 2009 X K62
ASK-G93b Window pane Thestre 2009 2 K62
ASK-G5le Droplet Thestre 2009 2e K75
ASK-G55h Droplet Thegtre 9.08.2009 12.15-12.06 2 K98
ASK-G57a Droplet Thestre 8.08.2009 1441-12.33 2 K89
|ASK-G57e Thread Theatre 8082009 | 1441-1233 2% K89
ASK-G58 Droplet Thestre 7.08.2009 2e K89
ASK-G5% Thread Thestre 8.08.2009 12.24-12.15 2% K85
ASK-G60b Droplet Thestre 5.08.2009 2e K77
ASK-G60c Thread Thegtre 5.08.2009 2e K77
ASK-G72c Droplet Thegtre 2009 2 K39
ASK-G7d Drople-waste glass Theatre 2009 2 K39
ASK-G4 Lump Dionysus Temple 1.07.2009 11.86-11.75 2 K30
ASK-G24 Glasswith day Dionysus Temple 2010 11.56-11.45 7d2 K122
ASK-G25b | Twolayered kiln and day fragment | Dionysus Temple 2010 11541131 4 K28
AK-G29 Kiln fragment with glass Dionysus Temple 2010 11.57-11.36 79 K84
ASK-G86a Crudblepiece Thegtre 2009 1341-13.33 3b K101
ASK-G83b Glasswith day Theatre 2009 od mateial| depo
ASK-G90 Cruablepiece Dionysus Temple 2009 13.12-1290 3b K108
ASK-G92 Cruablepiece Thestre 11.08.2009 3b
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Table B.2 The color analysis and the thickness of the Side set

SampleNo |L a b Color Thickness
ASK-G2 69,0398 (-16,9344 |25,8385 |light green 13.040-15.226
ASK-G6 35,6313 [-13,1313 |16,4345 |light green 2.339-2.466
ASK-G8b |22,1518 [-19,9817 |16,7633 |dark green 15.655-13.867
ASK- G22c |49,8119 (-10,4957 13,0692 |light green 2.958-2.98
ASK- G22e|15,1799 (-10,4580 [2,6973 |green 5.148-15.326
ASK- G23a (45,1018 [-25,7733 |4,1921 |blue-green 2.318-3.446
ASK- G23c |39,8068 ([-18,9319 |5,6818 |blue-green -
ASK-G30 |75,9226 (-25,2858 [5,6054 |light blue 2.496-2.267
ASK- G31c |27,7686 [-0,1154 |11,483 |covered with corrosion | 3.277-3.681
ASK-G32 69,5412 [-7,1634 (12,5341 |colorless - green tint 0.807-0.813
ASK- G36a |65,2623 [-6,2706 |13,5961 |paegreen 1.736-2.073
ASK-G37 |23,1373 |[-16,0171 14,3803 |green 4.619-8.680
ASK-G39a|0,7706 [4,9706 |[-11,1147 |navy 13.802-17.122
ASK- G40a |59,7805 (-15,5387 [-0,8636 |bluegreen 2.810
ASK- G40b |38,0263 (-20,5082 (10,4525 |green 2.890-3.353
ASK- G41a |71,2475 |[-12,0891 |16,539 |padegreen 1.854-2.104
ASK- G41b |169,4737 |[-20,4898 [4,9794 |colorless - bluetint 1.932-2.318
ASK-G42 |58,1477 |[-6,326 |19,7814 |light green 4.047-5.685
ASK- G44a |56,8774 |[-6,3686 (38,2496 |light olive 0.779-1.356
ASK- G44c |32,1291 (-12,0541 (23,1618 |green 12.402-16.954
ASK-G45 |71,163 |[-12,2977 |-1,7862 |colorless - bluetint 1.684-2.822
ASK- G47 136,3091 [-15,1296 (30,9042 |olivegreen 3.471-3.988
ASK-G49a |33,676 (1,2364 (41,4762 |olivegreen 3.979-17.216
ASK- G50a |62,3608 ([-22,1781 |-2,2404 |blue 2.481-5.145
ASK- G50b |62,3608 ([-22,1781 |-2,2404 |blue 0.93-2.835
ASK- G50c |42,9807 [-11,8841 |26,2759 |khaki 2.797-3.849
ASK- G51e |40,3592 [-4,6094 (31,9899 |olivegreen 3.6-8.383
ASK- G51f |27,5506 [1,4729 |-21,6086 |blue 1.239-2.443
ASK- G52a 29,4684 (-16,3825 [7,7364 |green 2.835-5.004
ASK- G52b 76,1233 |[-16,0227 [6,0657 |colorless - green tint 3.942-7.89
ASK- G53c |30,4679 [-12,1487 |28,8121 |dark green 9.544-12.09
ASK- G54a |58,8184 (-16,8842 [0,5458 |light blue 1.786-2.323
ASK- Gb55a |41,8942 (-6,9487 (4,6667 |pdegreen 4.34-5.541
ASK- G55b |42,7149 |[-13,4896 |4,5304 |blue-green 8.692-12.827
ASK- G57a|55,0343 [-21,1531 |0,0423 |blue 1.426-18.501
ASK- G57e 161,0388 ([-16,0936 |8,9648 |pdeblue 3.805-8.344
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Table B.2 (continued)

SampleNo |L a b Color Thickness
ASK- G58e (27,5437 |-10,8213 [17,8581 |green 5.176-17.576
ASK- G59c |45,5014 |-7,3086 [-9,3863 |blue 1.872-4.831
ASK-Gbhad |39,4386 |-6,2885 [-26,102 |blue 9.088-10.426
ASK- G60b |49,7435 |-24,8271 [-3,8125 |blue-green 4.248-13.302
ASK-G60c |33,959 |-6,7881 (23,9297 |olivegreen 5.749-6.34
ASK- G60d (44,138 |-17,7688 (11,9337 |blue-green 2.405-6.763
ASK- G62a |50,9458 [-9,065 [17,0416 |green 2.696-2.72
ASK-G62b |21,5797 |-7,024 [19,4807 |green 14.843-18.784
ASK- G62c |35,3799 |-17,9653 [1,6946 |blue-green 3.921-8.471
ASK- G62d (63,2664 |-2,2852 24,2336 [colorless - yelow tint -
ASK- G62e (65,4546 |-12,3628 [27,5252 |light green 2.195-3.812
ASK-G67c |3,9339 [5,6569 [-18,9448 |navy 11.015-11.453
ASK- G69a |32,1715 |[-4,1776 |13,1002 [green 1.215-12.705
ASK- G69b |32,7975 |-0,7699 (41,3209 |olivegreen -
ASK-G69c (32,4592 [-6,614 8,3924 |olivegreen -
ASK-G71a [35,5945 |(-4,4742 17,8261 |olivegreen 3.921-8.037
ASK- G71b (24,1585 |-3,2101 [-15,8644 |blue 2.239-9.613
ASK- G72d |20,2629 |-11,1663 |9,9242 |dark green 5.74-15.084
ASK- G73 |47,27 -3,7955 19,61 light olive 2.383-7.314
ASK- G74a 50,0089 |-7,1219 (34,308 |light olive 1.589-3.834
ASK- G74b |53,0979 |-15,2586 [6,0194 |blue-green 2.345-2.881
ASK- G74c (14,6929 |7,9248 |[-21,9679 |navy 5.335-11.075
ASK- G75a [55,8771 |-10,9007 |8,4196 |pdeblue 4.194-4.631
ASK- G75b | 74,2017 |-3,164 19,872 |colorless-ydlow tint | 1.049-2.319
ASK-G77 |46,6045 |-11,6139 (23,1194 |green 3.334-5.167
ASK- G79b |43,6315 |-1,0164 [36,065 |olivegreen 2.966-5.188
ASK- G79c 25,2204 12,0611 (16,4029 |dark amber-brown 1.859-4.469
ASK- G80a (66,1006 |-4,5597 (19,2912 |light olive 1.323-2.945
ASK-G81 |40,8943 |-0,9626 |16,7578 |colorless-ydlow tint | 1.178-3.495
ASK-G82b |6,0376 [4,2346 |2,6569 |brown 2.955-3.411
ASK-G83a 12,0369 [8,6053 [5,0348 |dark amber-brown 5.995-7.249
ASK-G84 |35,2929 |-4,0827 (20,4503 |olivegreen 2.503-5.938
ASK- G86b [22,0619 |-6,7819 [18,2653 |green 7.903-18.473
ASK-G88a (7,8147 ]0,5295 [-1,4111 |dark green 23.271-27.429
ASK- G93a |43,2333 |-14,3429 |-1,4097 |colorless - bluetint 1.11-3.766
ASK- G93b |50,5637 |-9,3854 [1,8003 |colorless - bluetint 1.493-2.756
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ASK-G2

ASK-G22c

ASK-G23c

ASK-G32

ASK-G39a

ASK-G41la

ASK-G44a

ASK-G47

ASK-50b

ASK-G51f

ASK-53c

ASK-57a

ASK-G6

ASK-G22e

ASK-G30

ASK-G36a

ASK-G40a

ASK-G41b

ASK-G44c

ASK-G49a

ASK-50c

ASK-G52a

ASK-G54a

ASK-G57e
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Table B.3. Color Schema of Side Samples by Chromamateric Analysis

ASK-G8b

ASK-G23a

ASK-G31c

ASK-G37

ASK-G40b

ASK-G42a

ASK-G45

ASK-G50a

ASK-51e

ASK-52b

ASK-G55b

ASK-G58e



ASK-G59c

ASK-G60c

ASK-G62b

ASK-G62e

ASK-G69b

ASK-G71b

ASK-G74a

ASK-G75a

ASK-79b

ASK-G81

ASK-84

ASK-G93a

ASK-G59d

ASK-G60d

ASK-G62c

ASK-G67c

ASK-G69c

ASK-G72d

ASK-G74b

ASK-G75b

ASK-79c

ASK-G82b

ASK-G86b
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Table B.3. (continued) Color Schema of Side Samples by Chromamateric Analysis

ASK-G60b

ASK-G62a

ASK-G62d

ASK-G69a

ASK-G71a

ASK-G73

ASK-G74c

ASK-G77

ASK-G80a

ASK-83a

ASK-G88a

ASK-G93Db



Table B.4. PED-XRF results for the chunks

134

Element Dimension ASK-G2 ASK-G8b | ASK-G22e | ASK-G39a | ASK-G44c | ASK-G49a
Na,O % 10,00 11,51 13,15 12,16 14,56 16,39
MgO % 0,265 0,629 0,645 0,723 1,126 1,020
Al,O4 % 0,217 1,244 1,072 1,429 1,197 0,952
Sio, % 56,96 61,29 66,49 65,87 64,81 64,68
P,Os % 0,003 0,050 0,062 0,176 0,106 0,075

SO, % 0,294 0,179 0,197 0,125 0,469 0,431
Cl % 0,860 0,755 0,760 0,703 0,616 0,516
K,0 % 1,230 0,955 0,965 1,712 0,963 0,872
CaO % 6,35 7,84 8,02 9,58 9,36 8,45
TiO, % 0,078 0,262 0,167 0,128 0,188 0,163
V5,05 % 0,009 0,010 0,007 0,006 0,009 0,011
Cr,04 % 0,002 0,005 0,005 0,007 0,004 0,004
MnO % 0,870 0,891 0,914 0,275 1,197 1,377
Fe,05 % 0,635 1,587 1,098 0,721 1,042 1,161
LOI % 22,23 12,79 6,45 6,39 4,35 39
Co ppm 8,2 24,1 12,3 16,9 27,8 19,3
Ni ppm 7 17,4 12,9 15,3 26,3 27,8
Cu ppm 17,9 94,4 116,1 63,1 57,4 68,4
Zn ppm 10,8 22,9 15,2 8,3 22,1 24,7
Ga ppm 2,7 18 1 1,3 2,1 32
Ge ppm 0,6 0,6 0,6 0,7 04 0,3
As ppm 2,1 55 2,8 3,6 4,4 2,8
Se ppm 0,2 0,3 0,3 04 0,3 0,3
Br ppm 8,3 9,1 9 7,3 10,5 8,5
Rb ppm 52 11,9 11,8 18,1 9,3 8,1
Sr ppm 358,5 487 500,9 502,7 836,6 793,7
Y ppm 4 7.2 6,3 6 54 6,2
Zr ppm 28,7 139,4 88,8 68,4 106,8 103,7
Nb ppm 1,2 2,6 2,7 3 29 3
Mo ppm 1,8 4,8 2,8 7,6 3,2 11,4
Cd ppm 0,5 0,8 0,8 0,8 0,8 0,8
In ppm 0,6 0,8 0,9 0,8 0,8 0,9
Sn ppm 38 14,8 20,5 20,1 9,9 10,3
Sb ppm 0,6 35,9 84,7 17,8 60,7 78,1
Te ppm 0,9 1,3 1,2 1,2 1,1 1,2
| ppm 1,7 23 2,3 2,2 2 2,2
Cs ppm 29 4 3,9 3,6 35 3.8
Ba ppm 1194 391,4 476,7 313,9 2548 355,5
La ppm 13,4 8,4 8,1 11,5 9,5 14,8
Ce ppm 17,3 12 25,6 15,3 23,7 314
Hf ppm 2,2 8,4 85 7,3 6,3 54
Ta ppm 2,1 4,8 54 41 4 4,2
W ppm 1,5 1,9 19 1,7 2 2
Hg ppm 0,5 0,6 0,7 0,7 0,6 0,6
Tl ppm 0,4 0,9 1,1 1,6 1,1 0,8
Pb ppm 28,6 236,1 4455 916,5 204,9 135,3
Bi ppm 0,4 0,9 12 0,7 0,8 0,7
Th ppm 0,5 24 44 7,1 14 15
U ppm 4,6 6,4 59 7.8 73 6,7



Table B. 4. (continued)
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Element Dimension | ASK-G52c | ASK-G53c | ASK-G62b | ASK-G66d | ASK-G67C | ASK-G71B
Na,0O % 0,089 12,71 13,770 10,380 10,22 11,83
MgO % 0,927 0,865 0,994 0,832 0,54 0,525
Al,Oq % 6,389 0,845 0,915 0,786 0,622 0,674
Sio, % 48,08 59,59 58,89 53,59 61,43 75,16
P,Oq % 0,178 0,064 0,081 0,066 0,0424 0,01035
SO, % 0,021 0,308 0,385 0,251 0,066 0,4396

Cl % 0,001 0,512 0,646 0,609 0,6459 0,6466
K,0 % 1,079 1,003 0,818 0,728 0,6321 0,7379
CaO % 21,93 8,37 7,47 7,62 6,839 5,045
TiO, % 0,531 0,181 0,167 0,133 0,128 0,1305
V,05 % 0,023 0,011 0,011 0,008 0,0079 0,0065

Cr,04 % 0,114 0,002 0,001 0,005 0,00184 0,00767
MnO % 0,109 1,464 1,302 2,130 0,4236 0,2186

Fe,0O4 % 7,166 1,335 1,124 1,319 1514 0,7613
LOI % 13,36 12,75 13,43 21,54 15,93 354

Co ppm 1570 24,4 16,9 27,2 405,9 71,8

Ni ppm 1955 30,9 22,8 36,1 142,2 27,7

Cu ppm 26710 90,2 66,4 66,1 1386 438,6

Zn ppm 1834 28 22,1 32,9 11 0,2

Ga ppm 21 1,8 0,7 35 3,6 15

Ge ppm 51 0,3 1 04 5 0,6

As ppm 128 4,1 6 6,3 21,3 42

Se ppm 74 0,3 0,3 0,3 1 04

Br ppm 24,2 8,2 9,4 10,8 12,2 17,7

Rb ppm 99,1 12,6 9,5 8,9 14,3 9,9

Sr ppm 2189 698,3 680,4 926,3 668,5 522,4

Y ppm 12 6,8 55 6 15 5,6

Zr ppm 256 20 102,4 98,4 79,3 95,8

Nb ppm 7,2 45 59 6,1 3 2,7

Mo ppm 36,8 31 3,3 8,1 6,1 2,7

Cd ppm 2,1 0,9 24 0,9 1,2 0,9

In ppm 2,7 1,1 1 1,1 14 0,9

Sn ppm 1181 11,6 11,4 41 186,9 14,3

Sb ppm 142,6 149,5 142,1 207,8 159,3 26,2

Te ppm 18 15 2 15 1,4 15

| ppm 7,7 25 2,2 2,6 33 2,6

Cs ppm 6,9 45 35 47 45 4,6

Ba ppm 135,9 392,3 360,6 549,7 220 2112

La ppm 29 14,3 7,3 13,1 14,2 9,8

Ce ppm 32,7 26,7 10 31,8 13 231

Hf ppm 810 9,7 11 6,4 59 21,1

Ta ppm 160 4.8 4.2 43 19 9,7

w ppm 28 21 2 2,3 3,7 2,2

Hg ppm 7 0,7 0,6 0,7 1,6 0,8

TI ppm 103,6 12 0,5 0,9 43 18

Pb ppm 84270 179,6 200,4 142,2 5940 1165

Bi ppm 31 0,9 0,8 0,8 4 16

Th ppm 2714 0,7 15 1 39,5 8,2

U ppm 31 6,3 24,9 6,6 6,9 9,8



Table B.3. (continued)
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Element Dimension | ASK-G74c | ASK-G86b | ASK-G88a Mean Sdev
Na,O % 14,490 15,160 9,480 11,73 3,82
MgO % 0,588 0,913 0,887 0,77 0,23
Al,O4 % 0,4933 1,085 1,305 1,28 1,45
Sio, % 60,2 62,59 58,99 61,24 6,17
P,Og % 0,020 0,083 0,480 0,10 0,12

SO, % 0,534 0,413 0,298 0,29 0,15
Cl % 0,780 0,740 0,603 0,63 0,20
K,O % 0,693 0,824 2,324 1,04 0,44
CaO % 5,05 8,15 11,59 8,78 4,01
TiO, % 0,129 0,168 0,155 0,18 0,11
V,05 % 0,005 0,008 0,002 0,01 0,00
Cr,04 % 0,002 0,002 0,013 0,01 0,03
MnO % 0,047 1,348 0,356 0,86 0,61
Fe,04 % 0,742 0,974 1,014 1,48 1,60
LOI % 16,23 7,54 12,50 11,53 6,03
Co ppm 173,2 25,6 21,5 163,01 402,78
Ni ppm 68,9 21 33,3 162,97 496,84
Cu ppm 912,8 64,5 1141 2017,73 6841,94
Zn ppm 0,3 22,1 8,7 137,55 469,41
Ga ppm 2,3 3 1,2 3,38 4,96
Ge ppm 0,6 0,5 0,5 1,15 1,59
As ppm 6,8 2,7 25 13,54 32,00
Se ppm 0,6 0,2 0,3 0,84 1,83
Br ppm 16,5 10,2 7 11,26 4,72
Rb ppm 10,6 9,2 22,3 17,39 22,99
Sr ppm 412,6 713,7 481,3 586,79 193,09
Y ppm 5 57 6,8 6,00 2,15
Zr ppm 107,1 92,5 67,7 101,67 49,15
Nb ppm 4,6 3 29 3,69 1,63
Mo ppm 31 32 5 6,87 8,68
Cd ppm 12 0,8 0,8 1,05 0,52
In ppm 0,9 0,9 0,8 1,04 0,49
Sn ppm 25,9 11 15,4 102,73 301,68
Sh ppm 3,8 170,7 25,8 87,04 69,11
Te ppm 1,2 1,2 1,2 1,35 0,28
| ppm 2,2 2,1 2,2 2,67 1,44
Cs ppm 3,7 3,6 3,6 4,09 0,92
Ba ppm 1777 309,8 303,6 304,83 121,88
La ppm 21,4 12 18 13,65 5,70
Ce ppm 23,9 18,9 31,3 22,45 7,68
Hf ppm 42 8,4 7,5 67,55 205,98
Ta ppm 14 4,1 54 16,67 39,90
W ppm 25 1,9 2,1 3,85 6,70
Hg ppm 0,9 0,6 0,7 1,15 1,64
TI ppm 2,8 0,8 1,1 8,19 26,41
Pb ppm 3130 157,6 414,2 6504,39 21571,65
Bi ppm 2,6 0,8 0,7 3,19 7,75
Th ppm 21 1,8 24 24,32 69,15
U ppm 11,2 6,7 7.4 9,97 7,55




Table B.5. PED-XREF results for the products

Element
Na,O
MgO
Al,O4
SO,
P,O5

SO;
Cl
K,0
Ca0o
TiO,
V5,05
Cr,04
MnO
Fe,0,
LOI
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo
Cd
In
Sn
Sh
Te
|
Cs
Ba
La
Ce
Hf
Ta
W
Hg
TI
Pb
Bi
Th
U

Dimension
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

ASK-G22a
9,380
0,440
0,852
52,26
0,030
0,166
0,634
0,726

6,55
0,190
0,009
0,004
0,858
1,345
26,56
26,7
17,3
116,8
244
16
04
5
03
9
10,7
496,9
72
1433
9,8
8,5
15
11
21,6
65,2
16
2,8
4,7
453,2
15,7
25,6
10,4
53
23
0,6
13
317,1
0,5
25
8,6

ASK-G31c
12,430
0,655
1,259
56,83
0,078
0,360
0,598
0,693
7,50
0,163
0,007
0,002
1,245
0,927
17,25
10,5
16
147,4
17,8
24
1
26
03
8,9
8,7
659,9
55
105,3
48
24
08
1
15
216,6
12
22
3,7
287,7
11,7
208
44
58

0,6
125

0,7
12

ASK-G32
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14,930
0,635
1,254
63,35
0,054
0,404
0,774
0,635

6,67
0,144
0,009
0,004
1,117
0,762
925
25
11,2
41,4
20,4
19
06
1,1
0,2
96
8,1
534
53
73,1
3
28
08
08
56
324
1,2
21
36
339,1
74
10
73
33
1,7
06
0,7
92
06
18
6,6

ASK-G37
14,390
0,638
0,924
63,5
0,076
0,253
0,821
0,725
6,74
0,223
0,012
0,006
1,240
1,437
9,01
17,7
17,9
124,9
51,1
0,9
11
3,7
0,3
8
10,7
462,4
6,8
123,2
3,7
3,2
0.8
0.8
424
41,8
12
2,2
3,6
3776
74
115
94
54
2,2
0,7
11
352
1
4,6
7,6

ASK-G42a
12,260
0,582
1,585
63,87
0,057
0,357
0,649
0,674
7,49
0,179
0,009
0,004
1,230
0,797
10,26
124
128
303
122
39
05
44
02
8,6
81
5785
5,7
1031
45
31
08
1
11,7
2095
1,2
21
36
2519
132
16,3
48

17
0,6
0,5
56,1
0,6
14
7,6

ASK-G44a
3,070
0,338
0,696
54,71
0,021
0,020
0,304
0,745

6,87
0,081
0,006
0,001
0,035
0,598
32,51

20,4

9,6
22,7
9,5
44
04
1
03
7,3
12
459,9
4.8
68,7
6,5
4,5
09
21
4.8
21
2,7
4,6
8,5
298,9
19
26
2,7
31
23
0,7
038
62,4
08
0,7
116



Table B.5. (continued)

Element
Na,O
MgO
Al,O4
SO,
P,05

SO,
Cl
K,0
CaOo
TiO,
V5,05
Cr,04
MnO
Fe,0,
LOI
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo
Cd
In
Sn
Sb
Te
|
Cs
Ba
La
Ce
Hf
Ta
W
Hg
TI
Pb
Bi
Th
U

Dimension
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

ASK-G50a
12,850
0,555
1,281
66,22
0,073
0,158
0,697
0,844
8,37
0,095
0,005
0,002
0,020
0,487
8,34
16,4
4,2
133
6,3
43
04
12
03
9,7
114
4554
5,6
52,5
23
2,6
08
0,7
24
0.8
11
20
35
2548
18,3
249
21
2,3
16
0,6
0,6
37,8
05
0,7
6,6

ASK-G50b
12,310
0,634
1,413
71,890
0,073
0,322
0,737
0,820
9,195
0,096
0,006
0,005
0,029
0,491
2,440
104
53
6,7
6,5
39
03
23
0,2
10,8
115
538,7
6,3
76,1
2,6
29
0.8
0.8
0,9
10
12
21
3,6
262,3
14,7
23,2
20
20
17
0,6
0,6
194
05
14
72

ASK-G50c | ASK-G51f
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15,050
0,932
1,006
62,34
0,083
0,391
0,768
0,774
7,63
0,169
0,010
0,006
1314
1,098
8,43
23,6
20,7
75,8
23,9
15
04
15
03
10,9
95
691,6
57
83,3
35
6,7
0.8
038
10,7
1439
11
20
35
3249
7,2
20,5
4,8
4,5
21
0,7
09
184,3
0.8
2,3
7,0

9,450
0,287
0,471
60,190
0,002
0,375
0,574
0,657
14,917
0,130
0,007
0,005
0,067
0,956
12,547
179,4
58,2
1269,0
0,6
33
08
98
0,9
19,1
13,2
474,4
19
101,6
35
40
15
13
113,7
47
22
43
6,9
226,8
31,0
42,0
58,0
18,0
34
1,6
40
4511,0
35
28,2
84

ASK-G52a
13,920
0,589
1,238
70,270
0,053
0,239
0,838
0,733
8,113
0,091
0,005
0,003
0,020
0,489
3,580
8,5
5,6
39
6,7
33
03
11
0,2
84
9,7
442,1
6,9
44,5
2,6
21
0,7
08
0,8
08
12
20
3,5
246,6
218
234
3,2
18
16
0,6
05
8,7
04
10
6,3

ASK-G54a
7,660
0,331
1,013

63,080
0,029
0,197
0,494
0,825
9,790
0,084
0,001
0,003
0,021
0,565
16,390

13,2
59
118
71
3,6
03
18
0,2
9,9
123
469,0
6,3
58,8
29
3,0
10
09
33
11
16
28
53
276,1
21,3
43,0
4,5
23
17
0,6
0,6
39,0
0,6
09
6,0



Table B.5. (continued)

Element
Na,O
MgO
Al,O4
SiOz
P,O5

SO;
Cl
K,0
Ca0o
TiO,
V,05
Cr,03
MnO
F6203
LOI
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo
Cd
In
Sn
Sb
Te
|
Cs
Ba
La
Ce
Hf
Ta
W
Hg
TI
Pb
Bi
Th
U

Dimension
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

ASK-G55a
13,620
0,844
1,002
69,530
0,079
0,427
0,664
0,798
7,578
0,170
0,012
0,002
1,346
1,091
2,840
30,0
24,9
91,7
20,4
23
0,5
4,2
03
10,5
94
695,8
6,0
113,0
33
8,6
19
10
134
1445
13
2,2
3,7
3439
13,0
32,7
6,4
4.8
19
0,6
0,7
188,3
0,8
13
18,2

ASK-G59d | ASK-G60d
10,870 11,010
0,454 0,607
0,359 0,963
63,590 69,120
0,002 0,050
0,400 0,234
0,709 0,722
0,541 0,797
5,682 8,114
0,105 0,108
0,007 0,006
0,002 0,002
0,031 0,374
0,672 0,618
16,380 7,930
39,8 159
155 9,7
818 56,1
8,7 23,3
0,9 33
0,7 0,7
18 14
0,3 03
17,4 9,6
81 111
505,2 529,8
75 6,1
67,6 58,3
3,0 4,6
35 2,8
12 0,9
12 0,9
32 6,4
14 37,6
18 13
35 24
8,6 4,2
181,0 286,7
14,0 9,0
310 12,0
109 84
4,7 3,7
2,2 18
0,7 0,6
18 0,7
291,7 72,5
1,0 0,6
31 13
6,8 6,3
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ASK-G62c
10,590
0,631
1,461
73,030
0,068
0,267
0,628
0,880
7,707
0,121
0,006
0,002
0,468
0,735
3,560
319
12,0
65,4
19,6
24
16
33
05
9,0
133
521,6
54
70,5
6,2
45
3,0
10
71
36,6
13
23
3,8
278,6
91
24,8
7,2
81
4,1
13
16
170,4
16
0,7
72

ASK-G62d
6,370
0,200
0,414

62,460
0,002
0,211
0,515
0,601
11,706
0,051
0,001
0,002
1,003
0,375
14,970

22,5
15,6
9,3
18,8
4,0
04
18
0,2
6,7
84
575,0
6,7
39,0
25
25
0,8
0,8
10
10
13
23
4,0
2275
20,1
17,9
16
2,2
19
0,6
0,6
16,0
05
05
83

ASK-G62e
11,240
0,699
0,609
50,290
0,051
0,461
0,562
0,776
16,309
0,139
0,009
0,002
1,273
0,809
16,680
57
18,2
65,0
19,0
15
03
2,2
03
12,0
7,7
661,2
5,6
107,8
7,9
4,7
11
0,5
8,0
12,4
15
2,6
4,7
282,5
9,9
32,8
7,7
4,0
19
0,6
04
304,4
14
0,8
12,6



Table B.5. (continued)

Element
Na,O
MgO
Al,O3
SO,
P,Os5

SO;
Cl
K,0
CaO
TiO,
V,05
Cr,03
MnO
Fe,0O5
LOI
Co
Ni

Dimension
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

ASK-G69a
9,720
0,487
0,659

58,730
0,024
0,347
0,529
0,723
6,577
0,129
0,009
0,002
1,104
1,273

19,840

21,5
14,5
59,0
16,3
2,7
04
31
0,3
8,7
9,9
616,5
58
86,4
9,1
7,7
29
12
15,2
136,3
17
31
53
336,8
12,0
16,0
6,4
3.9
2,0
0,6
0,7
139,6
0,7
14
14,3

ASK-G69b | ASK-G69c
3,030 12,910
0,209 0,791
0,602 0,851

51,660 65,650
0,003 0,042
0,088 0,350
0,265 0,735
0,672 0,603

15,858 6,954
0,068 0,144
0,005 0,009
0,002 0,003
0,024 1,313
0,469 0,902

26,770 8,930

7,3 14,4
8,6 13,6
12,9 29,0
7,3 134
2,7 2,3
0,3 0,3
0,9 2,1
0,2 0,3
6,6 10,7
8,4 74
3334 671,2
4,6 6,5
37,7 89,1
21 2,5
19 10,0
0,6 1,0
0,6 11
12 4,0
0,6 139,0
0.8 15
15 2,7
2,7 4,7
102,3 357,4
5,6 10,0
78 24,3
4,2 6,5
19 3,1
14 19
04 0,6
0,5 12
41,3 56,4
04 0,6
0,7 2,6
4,4 6.2
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ASK-G71a
8,190
0,528
0,624

65,790
0,038
0,340
0,441
0,870
6,351
0,150
0,009
0,001
1,275
0,990

14,740

17,3
18,6
56,3
22,1
3,8
0,6
54
0,3
11,2
111
700,2
6,4
113,9
3,0
34
11
12
9,4
80,0
18
31
5,6
3418
12,0
35,0
3,8
3.9
2,1
0,6
0,7
92,2
0,7
2,0
8.2

ASK-G73
13,570
0,913
0,938
69,430
0,110
0,461
0,678
0,876
7,231
0,162
0,010
0,003
1,392
0,946
3,550
23,3
19,8
54,3
233
29
0,3
4,6
0,2
12,4
9,6
655,3
55
101,6
2,7
3,0
0,9
0,8
6,5
71,0
13
2,2
38
364,7
15,6
20,7
6,3
3.8
2,0
0,6
0,7
94,7
0,7
18
7.3

ASK-G75b
12,030
0,019
0,064
65,780
0,002
0,338
0,798
0,404
5,307
0,067
0,005
0,003
0,016
0,331
14,470
15,3
4,2
8.8
13,5
35
13
19,5
0,2
8,3
4,8
439,7
50
37,6
2,6
2,8
32
28
21,7
3381,0
2,0
31
52
109,0
10,0
23,1
4,1
19
17
0,6
0,6
24,4
0,6
0,7
6,6



Table B.5. (continued)

Element
Na,O
MgO
Al,O4

Si02
P,Os
SO,
Cl
K,0
CaOo
TiO,
V,05
Cr,04
MnO
Fezo;g
LOI
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo
Cd
In
Sn
Sh
Te
|
Cs
Ba
La
Ce
Hf
Ta
W
Hg
TI
Pb
Bi
Th
U

Dimension
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

ASK-G77
10,890
0,911
2,039
63,670
0,275
0,388
0,541
0,788
11,030
0,194
0,010
0,010
1,199
1,363
6,730
18,7
29,9
926
30,1
0,9
04
30
03
138
133
630,1
6,3
94,2
44
36
07
1,0
31,0
156,3
1,2
23
36
280,7
6,9
17,2
11,0
50
21
0,9
07
389,9
1,0
53
83

ASK-G79% | ASK-G79c
14,830 8,530
0,883 0,340
0,942 0,927
61,660 64,020
0,088 0,016
0,502 0,195
0,728 0,749
0,720 0,696
8,200 6,458
0,158 0,050
0,010 0,009
0,003 0,001
1,455 2,921
0,934 0,433
8,920 13,830
198 33,2
17,9 15,6
51,6 79
17,0 135
21 4,7
0,7 04
4.8 25
0,3 0,2
119 8,0
78 94
7551 5511
57 55
94,0 46,7
4,5 2,7
6,5 6,0
08 11
1,0 0,9
10,0 13
304,3 71,6
12 16
2,2 3,0
3,6 53
386,1 524,5
12,0 110
159 29,0
55 2,2
3,7 21
19 19
0,7 0,6
0,6 0,6
92,5 19,6
0,7 05
2,0 0,9
111 6,3
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ASK-G80a
14,790
0,755
0,870
71,990
0,035
0,413
1,041
0,571
4,795
0,149
0,004
0,006
0,024
0,751
3,480
9,9
72
151
21,3
2,2
0,5
266,5
04
78
6,3
379,7
3,7
84,6
3,2
31
12,2
34
62,7
7395,0
18,6
31
4,7
149,5
8,3
10,0
6,4
23
17
0,7
0,7
267,9
10
19
16,2

ASK-G81
14,510
0,584
0,726
71,610
0,049
0,357
0,917
0,696
6,468
0,110
0,006
0,003
0,040
0,639
3,470
19,0
4.8
24,8
20,7
12
0,7
30,6
0,33
84
82
608,8
3,9
70,9
41
53
6,5
29
44,1
4451,0
19
24
4,3
154,2
7,6
30,3
6,5
29
18
0,7
04
310,4
10
3,2
83

ASK-G82b
9,640
0,946
0,542

71,030
0,111
0,360
0,701
1,065
5,725
0,117
0,010
0,001
1,401
0,822
7,930

110
23,3
570,8
28,4
15
0,5
831
05
9,2
7.8
589,7
35
67,7
10,0
10,6
57
51
72,1
8918,0
4,9
53
8.3
335,2
150
35,0
33,8
12,0
29
0.8
18
810,8
17
33
9,8



Table B.5. (continued)

Element
Na,O
MgO
Al,O4
SO,
P,Os

SO;
Cl
K,O
CaO
TiO,
V,05
Cr,0;
MnO
Fe,0,
LOI
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo
Cd
In
Sn
Sb
Te
|
Cs
Ba
La
Ce
Hf
Ta
W
Hg
TI
Pb
Bi
Th
U

Dimension
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

ASK-G83a
13,780
0,653
0,845
72,000
0,063
0,297
0,768
0,772
6,857
0,124
0,009
0,002
2,869
0,772
0,730
25,0
31,5
153,5
16,5
0,9
0,6
4,0
0,3
6,6
10,5
529,6
57
89,5
2,9
8,5
0,8
0,9
17,3
143,0
12
2,3
3,7
672,1
7,6
22,8
10,9
6,1
2,1
0,7
10
337,7
10
2,4
7.9

ASK-G84
11,600
0,531
0,938
73,790
0,095
0,243
0,801
0,556
7,592
0,063
0,008
0,003
1,383
0,552
2,430
18,5
17,0
12,0
14,8
34
0,9
24
0,2
4,7
6,2
517,4
54
55,4
53
8,4
1,2
0,8
10
4,2
12
21
3,6
415,6
10,7
16,8
3,3
24
1,7
0,6
0,6
65,3
0,6
10
214

142

Mean
11,23
0,58
0,92
64,48
0,06
0,31
0,67
0,73
8,20
0,13
0,01
0,00
0,88
0,79
11,09
23,88
15,85
105,68
17,33
2,63
0,58
15,08
0,30
9,80
9,52
554,04
5,59
79,97
4,26
4,79
1,84
1,29
17,80
818,90
2,09
2,65
4,61
304,06
12,75
23,20
8,33
4,35
2,04
0,69
0,91
299,71
0,86
2,61
8,94

Sdev
3,15
0,23
0,39
6,42
0,05
0,11
0,16
0,12
2,86
0,04
0,00
0,00
0,79
0,30
7,78
29,47
10,48
235,03
9,37
1,14
0,31
48,30
0,13
2,93
2,13
101,22
1,15
26,77
2,20
2,54
2,34
0,97
24,91
2157,77
3,10
0,82
1,52
114,92
5,53
8,97
10,67
3,25
0,54
0,22
0,67
786,22
0,58
4,81
381



Table B.6. PED-XREF results for the window panes
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Element Dimension ASK-G6 ASK-G22c | ASK-G23a | ASK-G23c | ASK-G30 | ASK-G36a
Na,O % 11,98 13,04 12,11 14,74 15,92 12,71
MgO % 0,496 0,493 0,024 0,513 0,593 0,663
Al,O4 % 0,708 0,978 0,627 0,757 0,994 0,894
Sio, % 60,36 64,73 60,60 65,80 70,00 62,63
P,O5 % 0,007 0,053 0,006 0,022 0,052 0,019

SO, % 0,160 0,237 0,226 0,265 0,186 0,140
Cl % 0,848 0,809 0,778 0,850 0,988 1,069
K,0 % 0,654 0,791 0,710 0,788 0,839 0,524
CaO % 6,58 7,72 6,85 7,34 7,74 5,62
TiO, % 0,203 0,065 0,163 0,192 0,096 0,134
V5,05 % 0,010 0,005 0,011 0,008 0,001 0,008
Cr,04 % 0,005 0,005 0,005 0,005 0,006 0,002
MnO % 1,450 1,313 0,883 0,971 0,543 1,141
Fe,05 % 0,902 0,575 1,026 1,099 0,519 0,858
LOI % 15,65 9,19 15,98 6,66 152 13,59
Co ppm 19,6 14,7 231 22,8 4,6 19
Ni ppm 13,2 10,3 11,1 12,1 9,3 14,6
Cu ppm 83,6 95 60,8 87,1 65 31,6
Zn ppm 14,8 14,3 15,4 19,8 12,5 10,2
Ga ppm 15 2,8 0,6 0,7 1,7 3
Ge ppm 0,3 05 0,4 04 0,3 0,3
As ppm 1 2,9 2 3,7 1,6 2,4
Se ppm 0,3 0,3 0,3 0,3 0,3 0,2
Br ppm 6,4 6,9 8,8 8,7 8,1 74
Rb ppm 7,8 9,9 8,9 9,6 11,8 6,4
Sr ppm 465,3 514,4 453 486,2 480,4 408
Y ppm 57 54 6 6,4 5 5,2
Zr ppm 111,7 52,9 94 105,1 60,7 72,6
Nb ppm 2,8 6,9 25 2,6 2,6 2,6
Mo ppm 6,3 8,1 3,1 29 32 6,2
Cd ppm 0,8 0,9 0,9 0,7 0,8 0,8
In ppm 1 0,9 0,9 0,9 1,2 0,8
Sn ppm 12,6 11,8 15,3 235 57 1,1
Sb ppm 54,7 33,6 44,8 45,3 66,1 1,4
Te ppm 14 1,3 1 14 1,2 15
[ ppm 2,6 24 2,6 2,7 21 1,8
Cs ppm 4,6 4 4,7 4,6 3,6 4,7
Ba ppm 4152 501,3 3311 416,8 306,5 220,8
La ppm 9,9 8,4 10 15,8 12,3 15,9
Ce ppm 14 12 19,4 35,8 10 14
Hf ppm 9,8 7,3 75 10,7 7 3,7
Ta ppm 4.4 47 3,9 4.6 41 2,8
W ppm 1,8 1,1 17 11 1,8 1,8
Hg ppm 0,6 0,6 0,6 0,6 0,6 0,6
TI ppm 0,8 0,8 0,9 11 0,8 0,6
Pb ppm 195,5 127,2 2744 375,3 174,7 42,3
Bi ppm 0,8 0,7 0,8 1 0,8 0,5
Th ppm 0,7 1,3 35 35 2 14
U ppm 6,5 20,7 6,4 10,2 71 6,1



Table B.6. (continued)

Element Dimension | ASK-G40a | ASK-G40b | ASK-G4la | ASK-G41b | ASK-G45 ASK-G47
Na,O % 15,05 11,47 12,40 13,28 11,86 14,250
MgO % 0,028 0,549 0,516 0,504 0,407 0,871
Al,O4 % 0,657 1,001 0,680 0,701 0,931 1,027
SO, % 66,54 62,24 62,49 62,98 64,40 61,63
P,Os % 0,003 0,041 0,002 0,002 0,056 0,079

SO, % 0,235 0,247 0,211 0,209 0,109 0,349
Cl % 1,078 0,780 0,947 0,938 0,918 0,709
K,0 % 0,628 0,880 0,678 0,711 0,647 0,920
CaO % 6,63 7,66 6,72 7,27 7,02 7,77
TiO, % 0,127 0,222 0,129 0,111 0,065 0,166
V,05 % 0,011 0,009 0,009 0,007 0,007 0,008
Cr,04 % 0,005 0,006 0,002 0,002 0,002 0,002
MnO % 1,273 1,016 1,195 0,945 0,266 1,330
Fe, 04 % 0,809 1,526 0,817 0,653 0,351 1,034
LOI % 6,92 12,35 13,21 11,69 12,97 9,86
Co ppm 23,7 19,1 19,4 17,2 17,4 19,3
Ni ppm 16,4 15,9 13,1 124 7,3 17,9
Cu ppm 129,4 2245 1445 89,8 74 69,5
Zn ppm 15,1 16,1 11 14,5 8,6 20,9
Ga ppm 2,2 1,3 25 15 24 2,7
Ge ppm 0,4 0,4 0,7 04 0,5 1,2
As ppm 3,7 3,6 58 18 0,5 51
Se ppm 0,3 0,4 0,3 0,3 0,2 0,3
Br ppm 9,3 9,3 7,8 7,6 5,6 10,3
Rb ppm 7.8 10,9 7,4 8,5 6,6 12,3
Sr ppm 535 4874 501,9 4874 409 685,8
Y ppm 7.3 7,3 6 6,4 5 51
Zr ppm 71,3 130,9 73 60 37,1 91
Nb ppm 5,2 3 51 29 24 2,8
Mo ppm 51 34 6,1 3,2 25 2,9
Cd ppm 1,1 1 1,1 1 0,8 0,9
In ppm 1,3 1,3 1,3 1,1 0,8 0,9
Sn ppm 8 482 9,7 8,9 1 10,3
Sb ppm 162,6 270,5 2355 1419 0,9 166,3
Te ppm 18 15 1,7 1,6 1,3 1,2
| ppm 33 29 3 2,8 2,2 2,1
Cs ppm 6 4,8 55 52 4 3,7
Ba ppm 326,2 441,8 319,6 354,7 2449 327,3
La ppm 31,8 19,3 12 11 10,4 7,7
Ce ppm 21 23,7 22 16 12 22,5
Hf ppm 7,2 19,7 9,8 3 1,8 9,4
Ta ppm 6 7,2 6 45 19 44
W ppm 2,3 2,2 2,1 19 15 1,8
Hg ppm 0,8 0,7 0,7 0,9 0,6 0,6
TI ppm 0,6 15 0,8 0,8 0,5 1,3
Pb ppm 118,8 847,5 94,6 1215 5,7 146
Bi ppm 0,8 14 0,7 0,7 0,4 0,8
Th ppm 1,3 6,9 25 11 0,5 1,7
U ppm 7,7 10,4 10,3 6,4 6,2 9,3
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Table B.6. (continued)
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Element Dimension | ASK-G52b | ASK-G62a | ASK-G67a | ASK-G68 | ASK-G74a | ASK-G74b
Na,O % 7,72 12,65 15,91 12,22 13,50 12,16
MgO % 0,277 0,544 0,907 0,607 0,875 0,747
Al,O4 % 0,933 1,193 1,098 1,337 1,883 1,708
SO, % 60,32 59,69 67,55 62,03 64,93 69,22
P,Os % 0,003 0,047 0,093 0,057 0,102 0,100

SO, % 0,152 0,249 0,377 0,197 0,406 0,132
Cl % 0,622 0,729 0,819 0,749 1,129 0,730
K,0 % 1,028 0,816 0,954 0,854 1,904 1,056
CaO % 8,62 7,02 8,35 7,70 7,66 9,24
TiO, % 0,110 0,188 0,159 0,209 0,223 0,124
V,05 % 0,009 0,006 0,008 0,010 0,010 0,006
Cr,04 % 0,002 0,009 0,005 0,006 0,006 0,011
MnO % 0,045 1,906 1,313 0,895 1,711 0,143
Fe, 04 % 0,681 0,973 0,956 1,205 1,157 0,718
LOI % 19,48 13,98 15 11,93 451 391
Co ppm 229 23,6 30,9 15,9 18,9 7,9
Ni ppm 6,6 15,9 16,8 15,8 30,8 9,1
Cu ppm 12,2 161 99,6 123 79,7 36,8
Zn ppm 8,1 16,3 14,8 17,4 22,6 12,1
Ga ppm 3,6 1 1,3 11 2,3 38
Ge ppm 0,4 1,2 0,5 04 04 0,7
As ppm 2 4,8 2,1 3 5,6 15
Se ppm 0,2 0,3 0,3 0,3 0,3 0,2
Br ppm 75 7 10,4 8,9 17,4 8,7
Rb ppm 10,9 10,3 105 11,8 11 13,6
Sr ppm 462,5 437,7 649,2 4855 7248 498,9
Y ppm 6,6 49 53 6,8 6,1 6,2
Zr ppm 52,5 111,1 77,6 109 108,2 69,2
Nb ppm 6,8 2,7 52 2,8 3 39
Mo ppm 31 59 3 3 9,3 35
Cd ppm 1,2 0,8 0,8 0,8 0,8 0,7
In ppm 1,2 1,2 0,9 0,8 0,8 0,8
Sn ppm 24 20,4 10,5 231 9,3 34
Sh ppm 1,7 81,6 114,9 76,2 138,3 12,6
Te ppm 2 1,1 1,2 1 1,3 1,2
| ppm 35 2,1 2,1 2,2 2 2,1
Cs ppm 6,5 35 3,7 3,7 35 3,6
Ba ppm 239,7 574,6 367,8 409,9 275,1 285,1
La ppm 14 7 11 10,9 8,2 74
Ce ppm 20 194 10 13,7 10 26,2
Hf ppm 25 13,9 8,7 17,1 7,8 3,1
Ta ppm 24 59 5 54 4,6 3,2
W ppm 2 1,9 1,8 19 2,1 1,7
Hg ppm 0,6 0,7 0,6 04 0,6 0,6
TI ppm 0,6 1,3 0,9 13 1 0,8
Pb ppm 32 576,3 2477 610,5 230,3 106
Bi ppm 0,6 1,1 0,9 13 0,5 0,6
Th ppm 1,2 5 39 3,2 2,6 1,6
U ppm 6,5 6,2 6,6 6,6 7,3 75



Table B.6. (continued)
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Element Dimension | ASK-G75a | ASK-G93a | ASK-G93b Mean Sdev
Na,O % 14,64 12,35 11,53 12,93 1,82
MgO % 0,494 0,468 0,408 0,52 0,23
Al,O4 % 0,924 1,348 0,983 1,02 0,33
SO, % 68,47 67,93 64,33 64,23 3,13
P,Og % 0,093 0,063 0,063 0,05 0,03

SO, % 0,166 0,120 0,104 0,21 0,08
Cl % 1,116 0,966 0,925 0,88 0,14
K,O % 0,611 0,726 0,629 0,83 0,28
CaO % 7,92 7,36 7,21 7,43 0,78
TiO, % 0,070 0,069 0,062 0,14 0,05
V,05 % 0,006 0,006 0,001 0,01 0,00
Cr,04 % 0,005 0,008 0,002 0,00 0,00
MnO % 0,645 0,286 0,289 0,93 0,52
Fe,O4 % 0,372 0,397 0,350 0,81 0,32
LOI % 4,47 7.9 13,11 10,02 4,97
Co ppm 14,5 15,5 19,1 18,53 5,59
Ni ppm 10,9 7,7 6,7 13,04 5,39
Cu ppm 7,5 75 8,1 77,31 57,87
zZn ppm 14,5 9 7,9 14,09 4,10
Ga ppm 3,8 29 3,1 2,18 1,00
Ge ppm 0,5 0,3 0,3 0,50 0,26
As ppm 1,1 0,6 0,3 2,62 1,68
Se ppm 0,2 0,2 0,2 0,27 0,06
Br ppm 47 59 59 8,22 2,60
Rb ppm 6,2 7.9 6,6 9,37 2,17
Sr ppm 475,2 437,1 4112 499,80 85,95
Y ppm 54 52 49 5,82 0,77
Zr ppm 444 442 37,9 76,88 27,99
Nb ppm 2,6 2,4 2,3 3,48 1,45
Mo ppm 2,6 25 3,7 4,27 1,97
Cd ppm 0,8 0,7 0,7 0,86 0,14
In ppm 0,7 0,7 0,6 0,96 0,22
Sn ppm 0,5 0,8 0,8 10,82 11,16
Sb ppm 1,7 0,9 0,8 78,68 80,74
Te ppm 12 1,2 1 1,34 0,27
| ppm 2 2,2 1,9 2,41 0,47
Cs ppm 3,6 3,9 5 4,40 0,87
Ba ppm 289,1 257,8 240 340,25 92,39
La ppm 14,5 8,3 14,6 12,40 5,52
Ce ppm 20,4 19,5 20,1 18,18 6,32
Hf ppm 14 29 18 7,43 5,05
Ta ppm 2,1 2,1 1,9 4,15 1,53
wW ppm 1,8 1,8 1,6 1,80 0,30
Hg ppm 0,5 0,6 0,5 0,62 0,10
Tl ppm 0,6 0,6 0,5 0,86 0,29
Pb ppm 19,7 52 43 207,40 224,59
Bi ppm 0,5 0,5 0,4 0,75 0,27
Th ppm 0,5 0,5 0,6 2,17 1,67
U ppm 8 6,2 55 7,99 3,27




Table B.7 PED-XRF results for the droplets and threads
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Element Dimension | ASK-G5le | ASK-G55b | ASK-G57a | ASK-G57e | ASK-G58e | ASK-G59c
Na,O % 9,23 11,75 12,08 10,80 14,04 11,11
MgO % 0,716 0,634 0,687 0,506 0,854 0,769
Al,O4 % 1,173 1,343 1,901 1,111 0,924 0,759
Sio, % 54,64 64,38 67,83 61,84 61,60 55,84
P,O5 % 0,020 0,069 0,073 0,038 0,090 0,093

SO, % 0,320 0,132 0,159 0,212 0,375 0,363
Cl % 0,652 0,792 0,821 0,694 0,700 0,722
K,0 % 1,185 0,832 0,786 0,846 0,906 0,874
CaO % 7,42 9,41 10,12 8,68 7,65 7,04
TiO, % 0,194 0,094 0,105 0,105 0,154 0,143
V,05 % 0,012 0,005 0,007 0,001 0,005 0,001
Cr,04 % 0,010 0,004 0,005 0,004 0,003 0,002
MnO % 2,016 0,018 0,031 0,346 1,193 1,592
Fe,03 % 1,326 0,510 0,578 0,642 0,898 1,026
LOI % 21,09 10,02 4,82 14,18 10,61 19,66
Co ppm 21,5 6,2 4,6 11,4 13,7 17,9
Ni ppm 34,9 74 6,6 9,1 16,3 15,1
Cu ppm 62,6 29 6,1 38,1 79,1 83,2
Zn ppm 24,3 6 8,5 11,1 18,1 18,3
Ga ppm 3,6 42 4,2 3,5 2 11
Ge ppm 2,3 0,3 0,7 0,7 0,5 0,3
As ppm 59 0,4 1,6 3 38 2,3
Se ppm 0,3 0,2 0,2 0,2 0,3 0,3
Br ppm 16,5 7,6 7,6 9 10,1 9,1
Rb ppm 9,8 9,3 9,1 11,3 11 7,8
Sr ppm 834,5 465,8 531,8 521,8 667,4 657,7
Y ppm 85 6 6,5 6,2 5,8 51
Zr ppm 103 47,8 52,4 64 98,4 83
Nb ppm 6,2 2,8 45 24 43 3,7
Mo ppm 8,2 25 2,7 2,8 3,2 4.2
Cd ppm 14 0,8 0,8 0,9 0,9 0,7
In ppm 14 0,8 0,6 0,9 0,9 0,8
Sn ppm 19 0,8 1 5,3 13,6 22,8
Sb ppm 64,9 0,8 0,9 22,1 143,7 61,9
Te ppm 2,3 1,1 0,5 14 1,3 1,1
| ppm 41 2 2,2 2,6 2,3 2
Cs ppm 75 35 38 4,6 39 34
Ba ppm 395,5 300,7 324,2 3075 317,8 353,9
La ppm 17 15,3 9,6 99 8,2 7
Ce ppm 60 18,7 18,4 30,1 18,4 16,6
Hf ppm 34 2,2 29 3,9 7,7 7,9
Ta ppm 4.8 1,7 1,9 34 4.4 4.4
w ppm 29 15 1,8 2,1 19 19
Hg ppm 0,8 0,6 0,6 0,6 0,6 1,1
TI ppm 0,9 0,5 04 0,7 0,9 1
Pb ppm 53,9 6,4 15,6 65,7 1915 357,9
Bi ppm 0,8 0,5 0,5 0,6 0,4 0,9
Th ppm 1,2 0,5 1 13 2,2 2,6
U ppm 7,6 6,6 7 8,8 7.2 6,1



Table B.7. (continued)
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Element Dimension | ASK-G60b | ASK-G60c | ASK-G72c | ASK-G72d Mean Sdev
Na,O % 12,17 10,54 9,72 12,69 11,41 1,44
MgO % 0,527 0,755 0,442 0,757 0,66 0,13
Al,O4 % 1,261 0,959 1,204 0,856 1,15 0,32
SO, % 65,76 60,15 56,81 60,27 60,91 4,32
P,Os % 0,055 0,020 0,003 0,062 0,05 0,03

SO, % 0,138 0,329 0,316 0,360 0,27 0,10
Cl % 0,811 0,658 0,670 0,727 0,72 0,06
K,O % 0,815 1,176 0,967 0,853 0,92 0,14
CaO % 8,32 8,76 8,22 7,90 8,35 0,93
TiO, % 0,097 0,196 0,194 0,161 0,14 0,04
V,0: % 0,007 0,013 0,015 0,009 0,01 0,00
Cr,04 % 0,002 0,003 0,003 0,005 0,00 0,00
MnO % 0,056 1,168 1,490 1,439 0,93 0,75
Fe,O; % 0,552 1,834 1,400 1,134 0,99 0,44
LOI % 9,43 13,44 18,55 12,79 13,46 5,10
Co ppm 7 19,7 18,8 40,9 16,17 10,59
Ni ppm 8 21,3 21,6 25,6 16,59 9,31
Cu ppm 10,6 70 102,1 144,7 59,94 46,00
Zn ppm 7,7 24,2 19,3 175 15,50 6,71
Ga ppm 3,7 3,8 2,2 1,1 2,94 1,22
Ge ppm 04 0,5 1 1,3 0,80 0,61
As ppm 1,8 6,3 7,2 2,9 3,52 2,25
Se ppm 0,2 0,3 0,3 0,3 0,26 0,05
Br ppm 8,9 13 10,4 10,6 10,28 2,70
Rb ppm 10,9 16,4 10,3 9,4 10,53 2,32
Sr ppm 456,8 768,5 7211 657,1 628,25 129,31
Y ppm 6,2 9,2 7.9 5,7 6,71 1,35
Zr ppm 60,9 117,3 95,6 97,1 81,95 24,00
Nb ppm 2,7 4 3,3 4 3,79 1,11
Mo ppm 49 39 37 33 3,94 1,67
Cd ppm 0,7 1,3 1 0,9 0,94 0,24
In ppm 0,8 1,2 14 0,9 0,97 0,27
Sn ppm 1,1 11,9 16,3 13,6 8,83 7,83
Sb ppm 3,2 125,9 158,2 129 71,06 63,44
Te ppm 1,6 2,1 19 1,3 1,46 0,53
[ ppm 2,2 3,9 34 2,3 2,70 0,80
Cs ppm 3,9 7,1 6 41 4,78 1,52
Ba ppm 265,5 387,1 406,4 324,8 338,34 45,94
La ppm 8,3 26 23,9 13,2 13,84 6,70
Ce ppm 32,6 22 28 12 25,68 13,70
Hf ppm 19 7,2 10,3 10,2 5,76 3,26
Ta ppm 2,1 47 53 58 3,85 1,48
W ppm 1,6 2,5 2,5 2 2,07 0,44
Hg ppm 0,6 0,8 0,7 0,7 0,71 0,16
Tl ppm 0,6 0,8 0,9 1,3 0,80 0,26
Pb ppm 29,4 109,1 210,9 558,7 159,91 178,25
Bi ppm 0,5 0,8 1 1,2 0,72 0,26
Th ppm 1,2 1,8 3 43 1,91 1,14
] ppm 6,6 7 6,8 6,7 7,04 0,74



Table B.8. PED-XRF results for the glass samples adhered to crucible and soil

fragments
Element Dimension | ASK-G24 ASK-G29 [ ASK-G86a | ASK-G88b | ASK-G90 ASK-G92
Na,O % 5,08 491 9,17 12,87 4,66 8,01
MgO % 0,89 0,63 1,01 1,10 0,87 1,66
Al,O4 % 1,05 2,06 1,79 1,68 2,90 2,79
SO, % 38,44 48,43 54,20 68,37 55,96 51,76
P,O- % 0,002 0,302 0,047 0,063 0,203 0,084
SO, % 0,200 0,133 0,375 0,291 0,044 0,441
Cl % 0,535 0,442 0,518 0,686 0,315 0,362
K,0 % 0,84 0,61 0,88 0,97 0,58 0,88
CaOo % 6,24 6,65 7,43 9,78 8,43 12,81
TiO, % 0,092 0,114 0,173 0,130 0,220 0,258
V,0: % 0,009 0,005 0,009 0,001 0,012 0,012
Cr,04 % 0,007 0,005 0,003 0,004 0,004 0,013
MnO % 1,022 1,954 1,389 0,333 1,813 0,984
Fe,0, % 0,94 0,87 112 0,79 2,70 1,90
LOI % 43,82 32,94 20,98 2,84 11,93 18,89
Co ppm 19,9 23,4 14,1 24 63,5 26,8
Ni ppm 215 51,5 28,3 13 66,9 58,9
Cu ppm 925 139,5 93,7 29,4 547,9 53,9
Zn ppm 15,8 29,1 54,9 26,4 16,2 33,2
Ga ppm 3,7 05 0,7 53 35 47
Ge ppm 0,4 0,3 0,4 0,8 0,8 0,5
As ppm 5 4,3 2,7 15 11 3,2
Se ppm 0,3 0,3 0,3 0,2 1 0,3
Br ppm 6,1 4,7 9,7 7,2 10,6 7
Rb ppm 20,4 10,7 21,2 14,8 14,3 24,1
Sr ppm 506 5434 654,9 614,1 540,7 687,8
Y ppm 45 58 6,1 7.9 13 8,4
Zr ppm 56,1 48,8 92,6 78,4 89 110,4
Nb ppm 52 24 51 33 4 3
Mo ppm 4.4 8,8 52 3,1 3,3 41
Cd ppm 17 0,7 0,9 0,6 18 0,9
In ppm 16 0,8 1 12 2 0,9
Sn ppm 10,9 219 73,1 6 1416 6,7
Sb ppm 38,2 36,3 89,1 32,5 76,7 80,8
Te ppm 2,7 12 14 17 18 31
| ppm 4.8 2,1 2,7 3,1 7,8 2,2
Cs ppm 8,7 35 43 5,6 58 3,8
Ba ppm 415 4105 3175 4239 308,7 2946
La ppm 34 11,1 9,1 28 13 17,1
Ce ppm 28 10 23,8 54 18 11
Hf ppm 6,6 7.9 9,3 29 27,6 51
Ta ppm 51 5,6 4.8 3,2 13 41
W ppm 25 2,2 24 2,1 3,6 2,3
Hg ppm 0,8 0,6 1 0,7 15 0,7
Tl ppm 0,8 0,7 11 0,7 45 0,8
Pb ppm 1014 249,2 384,1 65,3 5093 96
Bi ppm 0,8 0,6 11 0,7 3,9 0,7
Th ppm 1,3 0,5 45 24 28,2 2,8
U ppm 8,5 57 7 6,6 7.2 7,9
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Table B.9. PED-XREF results for the clay samples, lumps, crucible and kiln fragments

Element [Dimension| ASK-G4 |ASK-G24/ASK-G25b1 ASK-G25b2 [ASK-G86a|ASK-G88b|ASK-GI0|ASK-G92| ASK-B1
Na,O % 0,600 1,43 0,057 0,059 0,066 0,057 0,059 0,054 0,056
MgO % 2,52 2,25 0,70 1,40 3,08 2,51 2,64 3,34 0,75
Al,O, % 9,87 4,83 13,47 8,94 6,95 7,01 7,58 7,94 10,79
SO, % 43,65 42,42 63,23 35,10 37,01 39,75 38,97 39,14 45,00
P,O5 % 0,976 0,503 0,164 1,115 0,155 0,083 0,153 0,131 0,536

SO, % 0,113 0,235 0,151 0,174 0,375 0,540 0,381 0,480 0,117
Cl % 0,007 0,113 0,019 0,009 0,028 0,062 0,023 0,026 0,006
K,0 % 135 0,60 0,97 0,94 0,43 1,00 0,58 0,63 0,79
CaO % 21,49 20,68 1,75 16,04 28,73 29,94 26,39 30,30 5,08
TiO, % 0,661 0,424 0,880 0,656 0,487 0,475 0,487 0,529 0,805
V,05 % 0,028 0,019 0,032 0,012 0,019 0,019 0,011 0,019 0,035
Cr,04 % 0,047 0,033 0,120 0,046 0,044 0,032 0,033 0,044 0,088
MnO % 0,114 0,236 0,038 0,175 0,129 0,081 0,460 0,074 0,075
Fe,04 % 6,65 4,80 9,24 6,43 4,80 4,35 4,78 4,84 8,18
LOI % 11,94 21,37 9,83 28,83 17,76 14,93 17,63 12,65 27,81
Co ppm 58,4 43 77 45,1 47,2 28,4 39,1 42,9 65,1
Ni ppm 2255 1776 133,2 165,8 166,7 181,2 170,8 167,9 129,4
Cu ppm 195 108,2 91,4 1794 28,7 27,2 71,3 32,1 2615
Zn ppm 304,3 59 46340 8799 57,6 475 67,3 52,1 48850
Ga ppm 138 11,3 3,9 18 11,8 12,2 10,5 116 42
Ge ppm 05 04 28 1 05 04 05 13 3
As ppm 6,9 154 65,7 24,4 71 9,9 77 9,7 72,2
Se ppm 0,3 0,3 0,5 04 0,3 0,3 04 0,3 05
Br ppm 3,6 4,1 0,5 9,1 3,6 2,8 17 4,4 17
Rb ppm 101,9 27,3 91,9 58,7 22,4 212 30,7 229 57
S ppm 383,6 553,7 74,6 349,2 624,2 4194 591,1 657,2 95,6
Y ppm 26 16,7 34,2 251 16,3 175 16,6 19,6 34,1
Zr ppm 178,3 118,3 3134 166,1 1105 1237 126,1 1384 3425
Nb ppm 154 114 27,9 132 6,7 10,5 12,1 10,9 20,8
Mo ppm 59 8,3 42 8,9 38 51 35 4 4,6
Cd ppm 0,7 1 1 0,7 11 0,8 11 1 0,9
In ppm 0,9 1 0,9 1 1,1 0,9 1,1 0,9 0,8
Sn ppm 29 32,8 21 485 14 17 46,4 2,7 23
Sb ppm 1 11,2 17 0,9 52 12 12,7 57 0,9
Te ppm 13 15 13 14 18 12 15 12 12
| ppm 22 29 22 29 28 21 29 15 21
Cs ppm 38 5 47 7,5 5,8 3,6 4.8 3,6 30,4
Ba ppm 327,1 332,4 1933 613,8 285,2 243,1 417 2175 236,1
La ppm 39,3 27,3 62,4 28,7 38,5 38,7 25,6 232 63,1
Ce ppm 34,5 40,1 1251 81,6 72 24,7 41,4 39,7 136,4
Hf ppm 6,4 6,6 8,6 19 5 29 4,7 37 11
Ta ppm 8,3 6,3 9,1 23 4.4 42 5,8 45 80,4
w ppm 4.9 37 45 18 3,7 3,6 39 3,8 47
Hg ppm 09 0.8 46 29 1 0,9 1 0,9 10,1
Tl ppm 1 1 17 16 0,6 1 15 1 17
Pb ppm 28,6 49,6 19,8 3773 30,8 36,2 333 234 58
Bi ppm 05 0,7 11 14 0,8 0,9 13 0,7 13
Th ppm 5,9 34 0,7 0,9 43 53 6,3 58 0,9
U ppm 18,2 75 10 7.8 85 8,5 6,8 10 78
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