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ABSTRACT

ARCHAEOMETRICAL INVESTIGATION OF SOME GLASS
SAMPLES FROM MERSIN OLBA ARCHAEOLOGICAL SITE

Dogan, Cem
M.S., Graduate Program of Archaeometry
Supervisor: Assoc. Prof. Dr. Giilay Ertas
Co-Supervisor: Assistant Prof. Dr. Ali A. Akyol

September 2014, 72 pages

Olba archaeological site is located in Mersin, Turkey. It is one of the most important
regions of Rough Cilicia. We performed the analyses of 34 glass objects (IV. and
VII. centuries C.E.) from Olba archaeological site using PED-XRF and Raman
spectroscopy techniques. XRF and Raman spectroscopy results are mostly
compatible with each other. The chemical compositions of the Olba glass samples
are similar to each other and the results showed that the glasses are all soda-lime-
silica based glasses. Additionally, for the production of the Olba glasses, soda was
used as the fluxing agent and the main stabilizer was lime. SiO,, Al,O3and Na,O
levels of Olba glass samples are relatively lower than typical soda-lime-silica glasses
reported in the literature. Raman analyses results revealed that the Olba glasses were
fired at temperatures above 1000°C according to their I, values found to be higher
than 1.

Keywords: Ancient Glass, Raman Spectroscopy, XRF, Archaeometry, Olba
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MERSIN OLBA ARKEOLOJIK ALANI CAM BULUNTULARININ
ARKEOMETRIK YONTEMLERLE iNCELENMESI

Dogan, Cem
M.S., Graduate Program of Archaeometry
Tez Yoneticisi: Dog. Dr. Giilay Ertas
Ortak Tez Yoneticisi: Yrd. Dog. Dr. Ali A. Akyol

Eyliil 2014, 72 sayfa

Olba arkeolojik alan1 Mersin ili sinirlar1 i¢inde Tiirkiye’de yer alir. Olba, “Rough
Cilicia’nin en o6nemli bdlgelerinden biridir. Calisma Olba arkeolojik alanindan
cikartilan 34 adet cam objenin (M.S. IV ila VIL. yy.) PED-XRF ve Raman
Spektroskopisi teknikleri ile incelenmesi suretiyle gergeklestirilmistir. XRF ve
Raman spektroskopisi tekniklerinden elde edilen sonuglar genel itibariyle birbiriyle
uyumludur.  Calisma  sonucunda  Olba cam  buluntularmin  kimyasal
kompozisyonlarinin benzer oldugu ve tiim cam buluntularin soda-kireg-silis cami
oldugu degerlendirilmistir. Raman spektroskopisinden alinan sonuglar XRF sonuglari
ile uyumludur. Olba camlarinin {iretiminde temel eritici olarak Soda ve
saglamlastirict olarak da kire¢ kullanilmigtir. Olba cam 6rneklerinin SiO,, Al,O3 ve
Na,O seviyeleri, literatiirde antik soda-kireg-silis camlarina atfedilen degerlerinden
gorece dusiiktir. Raman analizi sonuglarina gore, |, degerleri “1”in tzerinde

hesaplanan Olba cam 6rneklerinin 1000C® {izerinde eritildikleri anlagilmaktadir.

Anahtar Kelimeler: Antik Cam, Raman Spektroskopi, Arkeometri, Olba
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CHAPTER 1

INTRODUCTION

Various analytical techniques are used to get objective evidence regarding the
chemical and physical nature of excavated objects. These objects generally have
unusual characteristics. Most importantly, they are irreproducible and exhaustible. In
some cases, the material could be associated with an object which shall not be moved
from its original place. In some other cases, physical integrity of the object can be
extremely important as in the analyses of a valuable painting. Even if a sample from
the object could be obtained and transferred from its original site to the laboratory,

destruction of the sample is never preferable.

X-Ray based methods like XRF (X-ray Fluorescence) and XRD (X-ray Diffraction),
Electron Microscopy techniques like SEM (Scanning Electron Microscopy), lon-
Beam Analysis techniques such as PIXE (Particle Induced X-ray Emission) and
PIGE (Particle Induced Gamma Emission), Neutron Activation Analysis, Laser
Ablation Inductively Coupled Plasma Mass Spectrometry, Infrared Spectroscopy
Raman spectroscopy are some techniques used to analyze ancient glasses. Some of
these techniques are non-destructive and can provide in-situ analyses (Edwards &
Vandenabeele, 2012).

Recently, portable Raman spectrometers which have been designed to be carried
frequently or even smaller as to fit into the palm of one hand are commercially
available. In situ applications without necessity of moving the object from its original
location are also possible by this method. Provided that usage of convenient laser

power specific to the sample, Raman spectroscopy is undoubtedly a beneficial



molecular technique for the non-destructive analysis of ancient and historical
materials (Vandenabeele, Edwards, & Jehlicka, 2014).

1.1 Raman Scattering

The phenomenon of inelastic scattering of the light hypothesized by Smekal in 1923,
not long after in 1928 it is observed experimentally first by Raman and Krishnan
(Dent, 2005). Chandrasekhara Venkata Raman (1888-1970) was awarded the Nobel

Prize in physics in 1930 after his discovery of Raman phenomenon.

“Raman scattering is used to obtain information about the structure and properties of
the molecules from their vibrational transitions” (Lewis & Edwards, 2001). Elastic
and inelastic scattering are two types of scattering processes observed when light is
scattered from a molecule: In elastic scattering process, the scattered photons have
the same energy as the incident ones. These elastically scattered photons are called as
Rayleigh scattering photons. Additionally, a small number of photons are scattered
inelastically having different energy than the incident photons. Inelastical scattering
process is called Raman scattering. The molecule should be excited from the ground
state to a virtual energy state, and then relax into an excited vibration state, which
generates Stokes Raman scattering in order to obtain the Raman effect. However, the
molecule can stay in a higher vibrational energy state, in this case the Raman
scattering is then called anti-Stokes Raman scattering. Stokes scattering occurs at
lower energy than the Rayleigh scattering, and anti-Stokes radiation has greater
energy, while both Stokes and anti-Stokes are equally displaced from the Rayleigh
feature as shown in Figure 1. Usually, Stokes scattering is followed in Raman
Spectroscopy since anti-Stokes scattering is less intense. Raman scattering via this
virtual state can be thought as the polarization of the molecules electron cloud. The
electric field of the incident light will force the electron cloud surrounding the
molecule to oscillate with illumination. The oscillating electrons will then radiate an
optical field which is identical to that of the incident light. The electron cloud is
symmetrically distributed around a single atom and thus the re-radiated light is

equally probable in any in-plane direction and will be in the same frequency as the
2



incident light, this is called Rayleigh scattering. The electron cloud surrounding the
molecule will oscillate at the frequency of the incident light, but the absolute shape
of the cloud will change at the frequency of the molecular vibrations. This oscillation
in the shape of the electron cloud will subsequently change the optical field
generated. A Fourier analysis of the scattered light will contain frequency
components equal to the incident light, as well as other frequencies both higher and
lower than the incident light. In addition, if the molecule is not vibrating, at any
given moment in time the electron cloud will form a dipole moment across the
atoms. Different atoms will feel a different field and so a different force will be
applied to each atom. This is sufficient to induce a vibrational mode within the
detection tool in various applications, but also generates a stimulus for the study of
the interfacial processes involving enhanced optical scattering from adsorbates on
metal surfaces. It is a breakthrough that the employment of surface enhancement has
solved the low intensity problem of Raman scattering and made it possible to work

as a more satisfying surface technique.
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Figure 1. The schematic illustration of Rayleigh scattering as well as Stokes and anti-
Stokes Raman scattering.

Plot of the intensity of radiation against the wavenumber difference between the

source and the scattered energy gives the Raman spectra. Raman spectra can display
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three types of radiation: Rayleigh scattering, Stokes lines, and anti-Stokes lines as

shown in Figure 2.
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Figure 2. Generalized Raman spectrum (Larkin, 2011).

1.2. Raman Spectroscopy of Silicate Glass

Glass structure is a network of SiO4 tetrahedral units linked to each other by sharing
their oxygen atoms. Addition of fluxing agents to lower the melting temperature of
pure a-quartz glass cause to the modification of Si-O network by replacing Si**
covalently bonded atoms by non-covalent bonded atoms. Connectivity of Si-O

network is decreased with this modification.

In a typical Raman spectrum of silicate two parts can be distinguished related to the
molecular signature of SiO4. Two broad bands around 500 and 1000 cm™ compose a
typical molecular signature of silica glass. While the band around 1000 cm™ is
reflecting stretching vibration of SiO, tetrahedra, 500 cm™ band reflects bending
vibration mode (Philippe Colomban, 2003b; Philippe Colomban, Tournie, et al.,

2006).



1.2.1 Q, Model and Polymerization Index

Modification of Si-O network by atoms such as Na, K, Ca and Pb make changes in
positions, intensity and shape of Raman signatures of silicate glass. Q, notation
model which is used to explain those changes in silicate network uses SiO4
tetrahedron as the vibrational unit (Figure 3). A tetrahedron sharing all four oxygen
atoms is designated as (Qs). While isolated tetrahedron with no bridging (shared)
oxygen atom is designated as (Qo), tetrahedra linked by a common oxygen atom is
designated as (Q3), tetrahedra linked by sharing two and three oxygen atoms are
designated as (Q-) and (Qs3) (Janssens, 2013).
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Figure 3. Qn Notation Model (Baert et al., 2011).

The ratio of the area of the Si-O bending modes (A500) vs. the area of the Si-O
stretching modes (A1000) gives the polymerization index l,. There is a strong

correlation between the polymerization degree of glass and the glass nanostructure,
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composition and melting temperature (P. Colomban & Slodczyk, 2009). 1, index also
can be used as a tool to characterize the glass in combination with the parameters of
the Qn model, namely the wavenumbers and area of each Qn component (Janssens,
2013).

1.2.2 Analysis of Ancient Glass and Glazes by Raman Spectroscopy

The earliest example of the use of Raman spectroscopy for the characterization of
historical silica material is the study of Brooke at al. (Brooke, Edwards, & Tait,
1999) on samples of broken underglaze blue terracotta tiles. The main aim of the
study has been the analysis of post-medieval pigments. A study of the identification
of the microstructure and compositions of the components of some ancient
Vietnamese porcelains was also one of the first application of Raman spectroscopy
on glazes (Nguyen Quang Liem, 2000). In this study it was demonstrated that Raman
spectra of glaze could be obtained without preparation of the samples. In another
study, non-destructive Raman spectroscopy was used to identify the different
porcelains of French Royal manufacture (Ph Colomban & Treppoz, 2001; Philippe
Colomban, Sagon, & Faurel, 2001). These studies were examples of the use of Si—-O
stretching components to distinguish different glazes from each other such as lead-
based and alkali-based glazes. Afterwards, a number of ancient objects for instance
pottery enamels, beads, rings, mosaics tesserae and porcelain glazes from different
origins were examined by Philippe Colomban and his coworkers (Ph Colomban,
2004; Ph Colomban & Treppoz, 2001; Philippe Colomban, 2003a, 2003b, 2008;
Philippe Colomban, Etcheverry, Asquier, Bounichou, & Tournié, 2006; Philippe
Colomban, Milande, & Le Bihan, 2004; Philippe Colomban & Paulsen, 2005;
Philippe Colomban et al., 2001; Philippe Colomban, Tournie, & Ricciardi, 2009;
Philippe Colomban & Tourni¢, 2007; Philippe Colomban, Tournie, et al., 2006;
Nguyen Quang Liem, 2000; Prinsloo, Tourni¢, & Colomban, 2011; Raskovska,
Ming&eva-Sukarova, Grupce, & Colomban, 2009; Ricciardi, Colomban, Tournié, &
Milande, 2009; Simsek, Colomban, & Milande, 2009; Tanevska, Colomban,
Miné&eva-Sukarova, & Grupce, 2009; Tourni¢, Prinsloo, & Colomban, 2012).

Modern porcelain enamels are used as compositional references and through this
6



examination a Raman procedure is proposed (Philippe Colomban, 2003b). In this
procedure, relation between addition of network modifiers, degree of polymerization
and relative intensity of Si-O bending and stretching modes were described.
Correlation of the ratio of bending and stretching envelopes and glass structure and
firing technology were also demonstrated. Most importantly, seven glass families are
identified with the help of the collected data. A small set of iznik ceramics was the
focus of another study that has confirmed the potential of Raman spectroscopy as a
non-destructive tool to classify glass samples (Philippe Colomban et al., 2004).
Another study on selected glasses and glazes of a variety of origins, identification
and classification of amorphous and coloring phases were conducted (Ph Colomban,
2004). Technology of glassmaking was the main focus of another study on Roman
mosaic tesserae (Galli, Mastelloni, Ponterio, Sabatino, & Triscari, 2004). In a
subsequent study, the method proposed by Colomban was applied to various ancient
ceramic glazes and glasses that are representative of different production origins to
firstly attempt to establish the relationship between the glaze composition and the
Raman spectra (Philippe Colomban & Paulsen, 2005). Later on, attention of scholars
attracted by stained glass with the purpose of on-site identification of stained-glass
windows and their deterioration level and nanostructure changes (Bouchard, Smith,
& Carabatos-Nedelec, 2007; Philippe Colomban, Etcheverry, et al., 2006; Philippe
Colomban et al., 2009; Philippe Colomban & Tournié, 2007). In another study,
search of the capability of Raman spectroscopy in differentiation of stable and
unstable glasses was the main purpose (Robinet, Coupry, Eremin, & Hall, 2006) and
it was stated that Raman spectroscopy is a practical tool to examine the stability of
glass. Ricci et al. (Ricci, Miliani, Rosi, Brunetti, & Sgamellotti, 2007) conducted an
experimental study on tin-opacified glasses to characterize processing techniques of
glasses. Studies regarding the alteration of glass is carried out on historical soda
silicate glasses in the collections of the National Museums of Scotland (Robinet,
Eremin, Coupry, Hall, & Lacome, 2007; Robinet, Hall, Eremin, Fearn, & Tate, 2009)
and Raman spectroscopy is used to examine the origin of alteration. Successively,
micro Raman spectroscopy was used to analyze ancient coloured glass beads from

Sri Lanka for the identification of inorganic pigments used (Welter, Schiissler, &



Kiefer, 2007). Colomban's method was used to examine fragmented ancient beads
recovered from Rhodes by Oikonomou et al. (Oikonomou, Triantafyllidis, Beltsios,
Zacharias, & Karakassides, 2008) for the purpose of assessment of processing
temperatures. Aside from the studies on stained window glasses, researches on
Roman window glasses were performed in order to determine the chemical structure
and production techniques (Baert et al., 2011; Raffaélly, Champagnon, Ollier, & Foy,
2008). Another Raman study on the ancient glass artifacts (Ricciardi et al., 2009)
showed that the former database of Raman spectra established for enameled glaze
were useful to classify the main glass composition types. Characterization of iznik
tiles and their copies was carried out by both laboratory type and portable Raman
instruments (Simsek et al., 2009). Glazed shards from Macedonia were analyzed by
Raman spectroscopy to obtain information on their manufacturing process and
provenance (Tanevska et al., 2009). In a recent study, two different types of ancient
glasses are examined using the Q, model and Raman spectroscopy found to be a very
useful tool to differentiate glass types (Cesaratto et al., 2010). A number of glass
beads from southern Africa were studied by Raman spectroscopy to classify the glass
matrix in accordance with previous work and identify the pigments used for coloring
(Prinsloo et al., 2011; Tournié et al., 2012).

There are also some remarkable studies which use Raman spectroscopy and X-ray
fluorescence spectroscopy for characterization of ancient glasses. As introduced
above, Oikonomou et al. (Oikonomou et al., 2008) used Raman spectroscopy for the
purpose of evaluation of processing temperatures of fragmented glass beads
recovered from Rhodes. Also, a portable XRF spectrometer is used for determination
of chemical compositions of the fragments. Chemical compositions were found to be
similar to East Mediterranean trends and XRF and Raman Spectroscopy techniques
in combination evaluated as valuable non-destructive tools for ancient glass studies.
Another study on stained glass fragments belonging to Monastery of Santa Maria da
Vito'ria, Batalha, Portugal, was performed by micro XRF and micro Raman
analyses. X-ray fluorescence analysis was used to characterize chemical

compositions of the glass fragments and corrosion products are analyzed by Raman



spectroscopy. Two major compositional groups have been determined as potash
glasses and soda-lime glasses. Calcium carbonate formation as a corrosion product
have been shown by Raman spectroscopy (Fernandes, Vilarigues, Alves, & da Silva,
2008). Enameling techniques of Roman glass vessels was the center of attention of a
different study carried on by Greiff and Schuster (Greiff & Schuster, 2008).
Application of high-lead and soda lime type enamels are determined by micro XRF.
Opacifiers such as lead antimonite and calcium antimonite have been determined by
Micro-Raman. Another study on ancient Thai glass fragments carried on with both
Raman and elemental analyses has revealed that all samples were lead-silica based
glasses (Won-in et al., 2011).

Huge collections of glass samples from different archaeological sites remains
unanalyzed because reaching the full compositional data is very costly both in
manners of time and funds. Raman spectroscopy allowing a comparatively fast
classification of different glass types is becoming prominent in the field of
characterization of ancient glasses. Nevertheless, comparison of the data derived by
Raman spectrometry with another technique giving compositional information is
necessary before any conclusions can be drawn. Therefore, the samples were
analyzed by Raman spectroscopy first and on the basis of the Raman results, a

number of samples are selected for further chemical analysis by XRF in this thesis.

1.3. The Aim and Scope of the Study

The aim of this study is to analyze glass objects that were excavated from Mersin
Olba archaeological site by Raman spectrometry and XRF techniques to understand
their production techniques, raw materials and period of production. The need for
surveying the applicability of Raman spectroscopy on ancient glasses with existing

resources and infrastructure in Turkey is also a considerable source of motivation.

Within the frame of this thesis, some glass objects from Mersin Olba archaeological

site were attempted to be investigated. The study has been presented in four chapters.



This first chapter includes a brief introduction regarding Raman scattering,
descriptions of terms of Q, model and Polymerization index, a literature review of
analysis of ancient glass and glazes by Raman spectroscopy and aim of the study. In
the second chapter, definition and general characteristics of glass and ancient glass,
history of glass production and description of Olba archaeological site have been
shown. Analyzed materials excavated from Olba archaeological site and applied
methods in the analysis of those samples have been explained in the third chapter. In
the forth chapter results of the analyses have been discussed in detail. Finally,

interpretation of the analytical results has been summarized in chapter five.
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CHAPTER 2

THE NATURE OF GLASS AND ITS HISTORY

2.1 The Definition of Glass and Ancient Glass

In a most basic sense, glass is considered as an amorphous material which is a
transparent or translucent, brittle solid. . The most common applied method of glass
production is cooling of a supercooled liquid (Floudas, Paluch, Grzybowski, & Ngai,
2011). It is possible to cool liquids to develop either a crystal structure or glass
structure. If the liquid is cooled to its melting point, liquid phase and the solid phase
co-exist and crystallization suddenly takes place. Glass is formed when a liquid is
continuously cooled and crystallization is avoided at the same time. A supercooled
liquid is acquired if the temperature of the liquid falls below its melting temperature
(Tf) without any crystallization. Supercooled liquid turns into a rigid and brittle
material. In this context, the formation of glass is a problem of bypassing or avoiding
the crystallization (Sestak, Mare$, & Hubik). Production of glass from a liquid is not
the only method available. Glass could be formed by methods "such as condensation
of vapors on cold substrates, bombardment of crystalline solids by neutrons or by
other heavy particles, gelation of solutions followed by removal of solvents,
mechanical shear, solvent evaporation or in some cases application of high
pressures™ (Janssens, 2013; Rao, 2002). American Society for Testing and Materials
(ASTM) is defining the glass as ‘an inorganic product of fusion which has cooled to
a rigid condition without crystallizing’. This definition excludes organic substances
such as glycerol and synthetic polymers behaving similar to form glassy state(Sestak
et al.) and again does not include all methods of glass production. Even so, above
definition is sufficient for explaining ancient and historical glasses (Caddy, 2001;

Janssens, 2013; Mark A. Pollard, 2008). With a more comprehensive explanation,
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"Glass can be defined as “an amorphous solid completely lacking in long range,
periodic atomic structure, and exhibiting a region of glass transformation behavior”.
Any material, inorganic, organic, or metallic, formed by any technique, which

exhibits glass transformation behavior is a glass™ (Shelby, 2005).

Glass can be classified in accordance with their chemical compositions as shown in
Table 1. Yet, our scope of interest in this thesis will be limited to ancient glasses
which are mainly silicate glasses and especially soda-lime silicate glasses (Mark A.
Pollard, 2008).

Table 1. Chemical Classification of Glasses (Janssens, 2013).

Form of Elements Chalcogens, metals and alloys

Silicates
Borates
Phospates
Inorganic Oxides Vanadates
Germanates
Tellurites
Heavy metal oxides

Oxi-halides
Mixed oxides Oxi-nitrides
Oxicarbides
Chalcogenides
Halides

Organic Sugars, glycols, polymers, etc.

Non-oxides

2.2. Silicate Glasses

The term “ancient glasses” is used to refer to silicate glasses produced before the
middle of the seventeenth century C.E. (Davison, 2003). Conventional silicate
glasses could be defined as “Inorganic non-crystalline products mainly formed by
silica which are hard, brittle, generally transparent, having high chemical resistance
and deformable at high temperature” (Janssens, 2013). On the other hand, in terms of

chemical classification, silicate glasses are a part of oxide glasses which are the
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largest group of inorganic glasses. The classical soda-lime glass composition consists
of 21.3% Nay0, 5.2% CaO, and 73.5% SiO, (Rasmussen, 2012).

SiO; glass structure is composed of SiO, tetrahedra units forming a continuous
network as shown in Figure 4. Tetrahedra units hold a silicon atom at the center and
an oxygen atom at each corner. All four of these oxygen atoms form bridges to

silicon atoms of the four neighboring silicon tetrahedra (Davison, 2003).

Figure 4. SiO4 Tetrahedral Unit(Mark A. Pollard, 2008).

SiO; glass and SiO, crystals are different from each other by the order of SiO,4
tetrahedra network. Tetrahedra units in crystal structure are geometrically and
periodically ordered in a regular network, while in the glass such units are randomly

distributed, forming a distorted network as shown in Figure 5.

For ancient glassworkers the biggest technical limitation was the requirement of high
temperatures to melt raw materials. Since, pure silica glass is not softening until 1500
°C, ancient glassworkers have needed to manipulate the glass structure. Weakening
the strong Si-O covalent bonds is the way to decrease the processing temperature.
Adding oxides like CaO breaks some of the covalent Si-O bonds and place weaker
ionic bonds instead. Weaker bonds mean higher fluidity and thus lower processing

temperature of glass.
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Figure 5. Tetrahedra network structures of a) crystalline vs. b) amorphous SiO;
phases (Rasmussen, 2012).

If we follow the classification of glass forming oxides as network formers, network
modifiers and intermediates (Mark A. Pollard, 2008); we can conclude that SiO, is

the main network former of archaeological glasses.

For changing the chemical and physical properties of the ancient glass by
interrupting the continuity of the network, alkalis (soda (Na,O), potash or potassia
(K20),) and alkaline earths (calcia or lime (CaO), magnesia (MgO) and BaO) are
used as network modifiers. Intermediates improve thermal and mechanical behavior
by adding void spaces to the glass structure. Low solubility of these additives
increases the resistance of glass to dissolution. Alumina (Al,O3) plays an important
role in stabilizing the network and PbO is another important of the glassmaking

additives used in the production of ancient glasses (Mark A. Pollard, 2008).

2.3. Raw Materials of Ancient Glass

The sand, especially from certain rivers was first to be used as silica source in glass
production. Environmental conditions lead to deterioration of rocks and separated
small particles accumulates as sand. Therefore, sand from different locations varies

14



in terms of their compositions. Additives such as calcite (CaCOs), magnesium oxide
(MgO), alumina (Al,O3) and iron oxide (Fe,O3) were being introduced into the glass
structure via sand. These additives affect the stability of the glass. Therefore, search
of a purer source of silica has directed ancient glassworkers to use of quartz powder
obtained by crushing quartz rocks (Janssens, 2013). Therefore, they used quartz
pebbles containing only some trace elements (strontium, barium, cerium) besides
silica (Rasmussen, 2012). Belus river was pointed out by Pliny the elder, who has
given some early information about the sand sources used as a raw material of

ancient glass (Rasmussen, 2012).

Reaching the required heat suitable for melting the silica source down was one of the
main difficulties ancient glassmakers had been facing with. As a matter of fact in
some cases it was even not possible. It is assumed that the highest temperature
ancient glassmakers had reached was not more than 1100 °C while the melting point
of pure silica (quartz) is around 1715 °C. Soda and Potash commonly have been
used to lower the melting temperature of silica and to make glass mixtures more
fusible. Soda was a fluxing agent capable of reducing the melting point less than
1000 °C and widely used by early glassmakers (Rasmussen, 2012). Furthermore,
usage of soda was providing glassworkers a longer amount of time during which
glass can be worked on. However, the drawback of soda is making glass susceptible
to humidity and carbon dioxide. Presence of water is a principal external force which
initiates deterioration of buried glasses. Glasses added to collections after excavated
or historical glasses which are not buried are also affected by atmospheric pollution
and humidity (Davison, 2003).

Natron, sodium plant ash and potash plant ash were three types of fluxing agents
(Soda and Potash sources) used in the past (Janssens, 2013). Natron is a mixture of
evaporate deposits and believed to found in certain regions such as alkali lakes of the
Wadi Natrun in Egypt. Sodium bicarbonate, sodium carbonate, sodium sulfate and
some organic matter is the main components of natron. It is relatively free of

potassium and magnesium, and glasses made with natron usually contain less than
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1% MgO and 1% K,O (Rasmussen, 2012). On the other hand, sodium plant ash
usually has higher amounts of magnesia and potash than does natron and thus,
glasses produced with this flux generally exhibited higher concentrations of
potassium oxide (KO, 1-4%) and magnesium oxide (MgO, 3-7%) (Rasmussen,
2012).

Melting point lower than 750 °C can be reached by using combinations of soda and
calcium as additives, but chemical stability of glass was lowering significantly due to
high solubility of sodium (Rasmussen, 2012). Glass is a material that is preferred for
being able to colored easily, being transparent as well as its resistance to water and
other solvents. Thus, stability of the glass is a quality in demand. As stated before,
widespread usage of soda in production was making the early glasses susceptible to
humidity and carbon dioxide. Alumina (Al,O3) and basic alkaline-earth oxides as
Ca0 and MgO are used as stabilizers to make glass more water resistant (Janssens,
2013). Plant ash and sand containing marine shells were common sources of lime.
Magnesium oxide were introduced via ash impurities containing magnesium
carbonates or present as the result of corrosion of the clay pot in which the glass is
melted (Janssens, 2013). Alumina was probably introduced to the ancient glass as an
impurity through non-purified ash and sand. Feldspar and clay particles in sand were

the most important source of alumina (Janssens, 2013).

Oxides of transition metals for instance CoO, CuO, FeO, NiO were used in small
quantities to color glass objects. Decolorising was another concern of ancient
glassmaking. Glass containing iron oxide for example could be decolourised by
converting the blue colour of the reduced iron (Fe®") to the yellow colour of the
oxidised state (Fe**) by altering the melting conditions or by adding oxidising agents
such as the oxides of manganese or antimony to the glass batch. Additionally,
antimony was used as an opacifying agent. The source of the antimony was stibnite
(Sb,S3) used throughout the Mediterranean and the Near East (Rasmussen, 2012).
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Sb,0s, another source of antimony, as an oxidizing agent, absorbs Fe(ll) species to
the fairly colorless Fe(lll). MnO, was used to oxidize the iron and to decolorize the
glass. Another important problem during the production of glass is formation of
bubbles due to the reaction of soda and lime with silica (Rasmussen, 2012).
Manganese oxide was added as a decolorant and also to remove gas bubbles from

molten glass.

The average composition of transparent ancient glass types from 6 different sources

are listed in Table 2.

2.4. A Brief History of Ancient Glass from the Very First Glass to Roman Glass

2.4.1. Glass from Beginning to the Roman Period

Glass, glaze, enamel and faience and obsidian are vitreous materials which have been
a part of material culture of ancient people. Use of the natural glass obsidian by early
tribes and even the trade routes of this valuable raw material are well studied by
archaeologists. It is acknowledged that usage of vitreous glaze in Mesopotamia,
Egypt and Aegean can be dated back to forth millennium BCE. If we define glass as
a transparent, brittle material used to form windows, vessels and many other objects,
use of manmade synthetic glass is traced back to 3000 BCE at most (Davison, 2003;
Janssens, 2013). With only a few excavated glass discoveries, Mesopotamia (Iraq) is
accepted as the birthplace of glass by most of the authorities (Davison, 2003). On the
other hand, glass objects dated back to 2500 BCE and 2200 BCE has been excavated
in Syria and in Egypt (Rasmussen, 2012).

Starting with Pliny the Elder (AD 23 — August 25, AD 79) some argued that
invention of glass could be very likely by chance in Syria, at the mouth of the river
Bellus. An open fire over the sands at the mouth of river Belus which was
accidentally accompanied by natron first caused the invention of glass (Janssens,
2013). Some others believe that production of glass is a byproduct of ancient

18



metallurgical activities or a logical result of developments in ceramic technology.
Presence of copper in a vast number of early glasses is presented as basic evidence

that is relating ancient metallurgy to the invention of glass (Rasmussen, 2012).

The first examples were rare, opaque, molded glasses which were probably shaped to
imitate semi-precious stones. Polychrome vessels made of mosaic glass followed the
use of core-forming technology. Sinking a core (manufactured from clay or some
other material) into the molten glass or covering the core with glass by winding glass
threads over it were the basis of core forming technology. Development of core-
forming technology has opened the way to production of first glass vessels. Few
glass items are known until the first core formed vessels were made in western Asia
sometime before 1500 BC. Core-forming persisted as an important glassmaking

technique for many centuries (Davison, 2003).

Later 15" and 16™ centuries BCE was an interval that glassmaking has spread rapidly
in Mesopotamia. During this period it is possible to talk about trade of glass as raw
material and also as finished objects. In 1500-800 BCE glass production was being
performed in certain production sites and ingots and raw materials was carried to
some secondary workshops around Mediterranean Region. Glass of this period is
described as having typical soda-lime character with high magnesia (3-7%) and
potash (1-4%) content, which is representative of glass produced or used throughout

the Mediterranean area.

Glassmaking on industrial level in Egypt also began in the 15" century BCE after
Egyptian conquests in Syria. After the conquest Syria, glassmaking centers had been
emerged in Egypt and succeeded until the 11" century BCE. On site glass production
was started in Egypt by 1350 BCE (Rasmussen, 2012). For the period from 1500
BCE to about 800 BCE, it is accepted that quartz pebbles and the ash from
halophytic desert plants were main ingredients of glass in both the Near East and
Egypt (Rasmussen, 2012).
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The period between the end of the 2" and beginning of the 1% millennium BCE is
considered to be a lost era regarding the glassmaking based upon the absence of glass
finds from this period (Davison, 2003). That phase has been overwhelmed by rebirth
of great empires and 9" century BCE is indicated as the time of revival of glass
industry. Between 550 to 50 BCE core formed glass objects have become widespread
(Davison, 2003).

Antimony-rich glass is very extensive during the period of 6™ century BCE to about
4™ century CE (Rasmussen, 2012). Along with its antimony rich nature, low
potassium (0.1-1.0%) and magnesium (0.5-1.5%) content is another characteristic of

the glass of this period (Rasmussen, 2012).

Transparent and closer to colorless mold-cast glass was the characteristic during the
Hellenistic Period (late 4" to 2" century BC) (Davison, 2003). Alexandria founded
by Alexander the Great in 332 BCE was the main glassmaking center of Hellenistic
civilization. Soda glass allowing the production of larger objects was common in
Hellenistic period. Natron and sand use as raw materials were sustained. Generally
the alumina content of these glasses is approximately 2.5% by weight, potassium and
magnesium oxides are both less than 2% and calcium oxide is between 6-9%. In
sodic glass, the proportion of sodium oxide (Na,O) and silica (SiO;) vary somewhat
from one sample to another, usually within the range of 14% to 18% and 60% to
70%. This composition was used to form blown glass in the late first century B.C.E.
to the early first century C.E. and then it was preferred for the next 700 years or so. It
is now considered that early raw glass was produced in the Near East and shipped to

various glassworking sites to finalize production in this era (Janssens, 2013).
2.4.2. Roman Glass

Sand was typically used as the silica source in Roman period, rather than the ground
quartz pebbles choice of the previous periods of glass production. The increased

alumina content of the Roman glass is considered to be an indicator to prove the use
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of sand as the silica source (Mark A. Pollard, 2008; Rasmussen, 2012). In company
with the change in the silica source, choice of the decolorant is another significant
feature of Roman glass which differentiates it from previous antimony-rich glasses.
The change from antimony to manganese as the decolorant is the major change used
as raw materials for Roman glass production. The production of transparent glasses
containing manganese dates back to the 1% century BCE (Rasmussen, 2012).
Regarding chemical content the Roman glass is generally uniform. This uniformity
implies the existence of common production centers (Rasmussen, 2012). Although,
the actual locations of Roman glassmaking sites are unknown, very limited
production sites assumed to exist in the Near East where there is a good source of
natron and sand (Mark A. Pollard, 2008).

Roman Period and especially 1% to 4™ century CE generally considered as Golden
Age of Glass. In this period, glass production and usage became widespread
(Janssens, 2013; Rasmussen, 2012). In the 1% century, window glass was first
become available and household use of specific kinds of glass was become common
in the 3" century (Rasmussen, 2012). Glassblowing technology has caused the
revolutionary change in glassmaking. Glass has been turned into a cheap commodity

which could be mass produced throughout the Roman Empire (Janssens, 2013).

Glass vessels of the Byzantine period (4™ to 7™ centuries CE) demonstrate
imagination and great technical skill, but the forms are rather heavy (Davison, 2003).
Being similar to Roman glass composition, Byzantine production shows signs of the
change in glass composition due to the change in the use of soda source. After the
total disintegration of Roman system which had been made accessing mineral soda
sources possible for an extensive geography, soda was again extracted from
halophytic plant ashes (Janssens, 2013).

A change in the glass composition begins to occur in the 9™ and 10™ centuries CE.
This composition shift has been noted to reflect the use of plant ash from halophytic

plants instead of mineral natron sources (Janssens, 2013). It is known that
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transformation from mineral to plant ash soda was a consequence of the loss of

natron sources in Egypt.
2.5 Olba Archaeological Site

Olba Region is located between the rivers Goksu in Silifke and Lamas (Lamos) in
Erdemli. It is one of the best documented regions of Rough Cilicia (Durukan, 2005) (
Figure 6). Olba consists of an antique acropolis settled on a hill and necropolis areas
surrounding the acropolis. In the Hellenistic and Roman periods, it was a city mainly
relying on agriculture and associated with Diocaesarea a religious and administrative

center of this region.

Religious structures, aqueducts, necropolis, nymphaeum, theatre, towers, cistern are
some remains existing in Olba Archaeological site. Inside the acropolis is a poorly
preserved building, possibly a temple, with elements of Corinthian order datable to
the 2" century AD. Tombs, houses and cisterns are also inside the acropolis walls.
Outside the walls are a theatre, a nymphaeum, an aqueduct and traces of the walls of
a bathhouse. On the north and south slopes of the acropolis were residential areas,
but no domestic installations were found in the Dogu Vadisi (East Gorge), where
there are remains of what may be churches and a monastery. Remains of residential
buildings and tombs of various types is the evidence for a relatively high population.
The archaeological surveys in Olba, initiated in 2001 with the permission of the
Ministry of Culture and Tourism and the financial support of the Rectorate of Mersin
University. Surveys have been conducted at the site since 2001 by Prof. Dr. Emel
Erten of Mersin University (Erten, 2007).

Glass finds made available by Olba archaeological excavations since 2010 shows
that glass was an ordinary part of material culture. Furthermore some slag samples
among these finds shows the possibility of local glass working at the site (Erten,
2003). The glass finds from Olba came from the rock-cut cultic grounds, the

Monastery, church, acropolis and Seytan Deresi Valley. The excavated samples
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include the fragments of Late Hellenistic and Roman vessels, late antique goblets and

lamps and windows panes.
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Figure 6. Cicilia and Olba region (Durukan, 2005).
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CHAPTER 3

MATERIALS AND METHODS

In this study, 34 glass samples recovered in the excavations at Mersin Olba
archaeological region was characterized by Raman spectroscopy and PED-XRF to
get information about the raw materials and production technology of ancient Olba

glasses.

3.1. Glass Samples Excavated from Olba Archaeological Site

34 window glass fragments excavated from different depths and areas of the Olba
archaeological site were photographed and characterized by Raman and XRF
spectroscopy. The microscopic images during the Raman analysis samples were also
taken under the optical microscope attached to the Raman spectrometer. Information
regarding the archaeological context of the glass pieces is given in Table 3. The
optical images of the samples are presented in Appendix A and the thicknesses of the

glasses determined by vernier caliper are listed in Appendix B.

Table 3. Information on archaeological context of Olba glass samples.

Sample | Excavation Area | Excavation Date *Depth (cm)
2a Theatre 13.07.2011 44
3a Theatre 14.07.2011 36
4a Theatre 14.07.2011 65
5a Theatre 15.07.2011 42-85 North/10-120 South
6a Theatre 16.07.2011 120
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Table 3. (continued)

Sample | Excavation Area | Excavation Date *Depth (cm)
7a Theatre 18.07.2011 160
12a Theatre 22.07.2011 134
1l4a Theatre 23.07.2011 155
15b Theatre 25.07.2011 120
16a Theatre 26.07.2011 157
16b Theatre 26.07.2011 157
19b Theatre 27.07.2011 205
28 Theatre 05.08.2011 260
29 Theatre 06.08.2011 100
32 Theatre 14.07.2012 65-81
33 Theatre 17.07.2012 143-184
38a Theatre 19.07.2012 95-115
39 Theatre 17.07.2012 50
43b Theatre 25.07.2012 20-40
46 Theatre 24.07.2012 20-40
52 Theatre 04.08.2012 110
57a Theatre SE South 2010 207
59b Theatre SE North 12.08.2010
6la Theatre SE South 13.08.2010 222
63c Theatre SE 16.08.2010
65a Theatre SE South 10.08.2010
70a Theatre SE North 09.08.2010 120
T4a Acropolis South 19.08.2010
78 Church 21.07.2011 60
79 Church 22.07.2011 100-115
80b Church 23.07.2011 79-100
84b Church 01.08.2011 43-120
87b Monastery 01.08.2012

*Measured from the surface
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3.2. Raman Spectroscopic Analysis of the Samples

The Raman spectroscopic analyses of the 34 glass samples were recorded on a
Bruker Senterra micro Raman spectrometer in the Materials Conservation Laboratory
(MCL) of the Department of Architecture, Middle East Technical University. The
spectrometer is equipped with a diode laser operated at 100 mW with a wavelength
of 785.0 nm. The spectra were taken with a resolution of ~9 cm™. The Raman spectra
were collected by manually placing the 50x lens near the desired point of the sample
on silicon wafer and all the spectra were calibrated according to the silicon peak at
522 cm'™,

Method of analysis of Raman spectrum data derived from glass samples has been
settled through the last decade (Cesaratto et al., 2010; Ph Colomban & Treppoz,
2001; Philippe Colomban, 2003b, 2008; Philippe Colomban, Etcheverry, et al., 2006;
Philippe Colomban et al., 2004; Philippe Colomban, Tournie, et al., 2006; Ricci et
al., 2007; Robinet et al., 2006; Simsek et al., 2009; Tanevska et al., 2009). A boson
peak and two broad bands are three main components of the Raman spectra of
silicate glasses. Although the origin of the Boson peak is much debated, it is a
general characteristic of the glassy state appears in the Raman spectrum. One of the
arguments about the formation of the Boson peak is due to the soft potential model
derived from the two-level model of localized oscillators in an-harmonic double
potential wells (MclIntosh, Toulouse, & Tick, 1997). The other one is that the peak is
formed due to scattering from acoustic propagating in a disordered medium
(Mclntosh et al., 1997). Eliminating the Boson peak and retaining only Si-O bending
and stretching modes are the main objectives of the baseline subtraction. All
collected Raman spectra of glass samples were baseline corrected using Origin 8.5
software in this study. The junction points were minimized to 4 in most cases to
isolate only two strong Si-O bands and to attach the baseline for each spectrum at
about the same wavenumber and not lose the originality of the spectrum. Four

segmented linear baseline is subtracted at around 150, 720, 850 and 1300 cm™.
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Deconvolution of the Raman spectrum components was carried out using Originpro
software using Q, method™" 3 explained in detail in Section 1.2.1. The literature
data (Philippe Colomban, 2003b; Philippe Colomban & Paulsen, 2005), regarding
the assigned wavenumbers for the 5 Q components are given in Table 4.

Table 4. Literature data, regarding the assigned wavenumbers for 5 components.

_ Wavenumber
Assignment Component !
(cm™)
Zero bridgi
ero bricging (Qo or monomer, i.e. isolated SiOy) 800-850
oxygens
One bridgi
e pricging (Q1 or Si,07 groups) 950
oxygens
Two bridgi
o Brieaing (Q- or silicate chains) 1050-1100
oxygens
Three bridgi
ree briaging (Qs or sheet-like region) 1100
oxygens
Four bridging ) N
(Q4, SiO; and tectosilicates) 1150-1250
oxygens

For a number of glass objects (15b, 80b, 84b, 14a, 28, 32, 43b, 5a), Q3 and Qq
components are assigned as one peak (Philippe Colomban & Paulsen, 2005), since
the differentiation between these components are sometimes difficult due to the low
intensity of Q4 component (Philippe Colomban & Tourni¢, 2007). In some of the
glass samples, one or two narrow bands are added in order to take crystalline phase
into account in line with the literature data (Philippe Colomban, 2003b;Philippe
Colomban & Paulsen, 2005). A Gaussian shape is assumed for all Raman peaks in

this study.

Similarly, 5 components (considering Qo as a part of bending mode too) were
assigned for bending band of the spectrum too. Low wave number peaks, <300 cm™,
are added to represent the boson contribution (Philippe Colomban & Paulsen, 2005).

After deconvolution process, the integral area, the bandwidth and the center of
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gravity for each component was calculated. Though extra peaks is not belong to the
signature of the glassy silicate network, they are not included in the calculation of

Polymerization index (Philippe Colomban, 2008).

3.3. X-Ray Fluorescence (XRF) Analysis of Glass Samples

Polarized energy dispersive X-Ray Fluorescence spectrometer (PED-XRF) was used
for the elemental analysis of the Olba glass samples. The samples were analyzed
using the SPECTRO XLAB 2000 Model PED-XRF instrument at Earth Sciences
Application and Research Center (YEBIM) of Ankara University. The instrument is
equipped with a 400W Rh anode X-ray tube and has a liquid nitrogen-cooled Si(Li)

detector. The resolution values were <150 eV Mn Ka, 5000 cps.

The glass samples were first grinded into a fine powder using an agate mortar and
pestle for XRF analysis. The samples were sieved to pass through 200 pm filter and
then, pressed into thick pellets of 32 mm diameter using wax as binder and finally

XRF analysis of these pellets was performed.

A certain portion of every sample (0.3 g) were first dried at ashed at 105°C for 6
hours and then, ashed at 950°C for 1 hour in order to calculate loss on ignition (LOI).
LOl is calculated in accordance with the formula below:

L.O.1. (weight %) = ( (n2-n3) / (n2-n1) )*100

where, n;: weight of the empty crucible, n,: weight of the empty crucible plus sample

powder, n2: weight of the empty crucible plus sample powder, n3: weight of the
empty crucible plus sample powder after ignition.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. XRF Analysis of the Olba Glass Samples

Major, minor and trace elements of 34 glass samples were determined using XRF
technique. Chemical composition of the glass samples is given in Table 5, Table 6,
Table 7 and Appendix A, B, C, D. Values are given as percentage (g of element or
oxide per hundred grams of glass sample) or ppm (as mg of element or oxide per kg
of glass samples). XRF results of 34 glass samples from Olba archaeological site
shows that the main network former of the Olba glass samples is silica, main fluxing
agent is soda and main stabilizer is lime. Silica concentration of the glass samples
varies between 42% and 65% by weight with the average value of 55+5%. In glass
samples, concentration of oxides are: Na,O (soda) as fluxing agent between 4.8%
and 12.7% (8.9+£1.9%); CaO as stabilizer between 5.7% and 9.9% (7.2+0.9%); K,O
(potash) as fluxing agent between 0.55% and 0.94% (0.72+0.08%); MgO as
stabilizer content between 0.2% and 0.6% (0.4+0.1%); Al,O3 between 0.6 % to 1.4 %
(0.9+0.2%).

Silica is responsible for the structure of glass. The source in glass samples is either
sand (especially from rivers) or quartz rocks (Davison, 2003; Janssens, 2013).
CaCOg3, MgO, Fe,03 and Al,O3 are well-known impurities introduced into the glass
by sand’. If sand is crushed, grinded or washed before, a decrease in the
concentration of these impurities and a relative increase in silica concentration is
observed (Dieter Brems et al., 2012).
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Table 5. Percent composition of the Olba glass samples.

Sample Code Na,O MgO Al,O4 SiO, P,Os SO, Cl
12a 11.69 0.49 1.30 63.9 | 0.077 | 0.055 0.79
14a 7.19 0.30 0.90 55.7 | 0.003 | 0.082 0.62
15b 6.20 0.28 0.71 52.4 | 0.003 | 0.131 0.52
16a 1055 | 0.44 1.23 | 60.6 | 0.076 | 0.133 0.67
16b 7.23 0.26 0.72 | 47.3 | 0.003 | 0.048 0.65
19b 6.82 041 0.81 54.8 | 0.003 | 0.080 0.57
28 4.77 0.25 0.70 48.2 | 0.003 | 0.087 0.50
29 8.17 0.38 0.78 49.6 0.02 | 0.102 0.56
2a 8.79 0.40 0.99 | 59.0 [ 0.043 | 0.129 0.67
32 9.64 0.52 1.07 | 56.2 | 0.055 | 0.058 0.63
33 8.18 0.31 0.92 | 53.9 [ 0.003 | 0.001 0.68
38a 12.69 0.50 0.58 55.0 | 0.018 | 0.253 0.76
39 6.32 0.29 0.75 42.0 | 0.051 | 0.044 0.49
3a 10.09 0.46 0.93 56.8 | 0.003 | 0.128 0.78
43b 10.11 0.42 0.64 50.7 0.02 | 0.186 0.61
46 9.20 0.41 0.98 | 56.4 | 0.045 | 0.069 0.65
4a 8.39 0.50 0.95 | 55.8 | 0.012 | 0.125 0.64
52 11.18 0.50 1.14 61.8 | 0.077 | 0.102 0.74
57a 7.36 0.39 0.80 58.1 | 0.003 | 0.190 0.56
59b 8.67 0.37 0.96 59.2 | 0.003 | 0.220 0.72
5a 9.89 0.51 1.05 | 48,5 | 0.003 | 0.194 0.55
6la 10.00 | 0.52 1.33 | 64.7 | 0.063 | 0.017 0.82
61b 7.94 0.41 0.99 | 58.7 | 0.003 | 0.120 0.63
63c 10.70 0.55 1.30 59.8 | 0.064 | 0.045 0.73
65a 10.55 0.60 1.42 60.4 | 0.058 | 0.047 0.74
6a 6.61 0.30 0.87 45.1 | 0.003 | 0.039 0.54
70a 5.93 0.16 0.58 | 49.1 | 0.003 | 0.040 0.63
T4a 6.11 0.27 0.82 49.0 | 0.007 | 0.001 0.48
78 10.80 | 0.41 1.02 | 60.6 | 0.013 | 0.083 0.84
79 11.98 0.57 0.69 51.9 | 0.017 | 0.268 0.65
7a 8.86 0.45 1.04 55.5 | 0.022 | 0.037 0.63
80b 10.31 0.43 0.91 575 | 0.036 | 0.134 0.72
84b 9.95 0.53 0.98 | 56.9 | 0.061 | 0.091 0.60
87b 9.38 0.48 1.13 | 57.7 | 0.003 | 0.089 0.73
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Table 6. Percent composition of the Olba glass samples and LOI values.

Sample Code K,O CaO | TiO, | V,05 | Cr,0O3 | MnO | Fe, 05 | *LOI
12a 0.73 | 7.87 | 0.10 | 0.003 | 0.006 | 0.07 | 0.58 12.6
14a 0.67 | 6.69 | 0.08 | 0.001 | 0.004 | 0.06 | 0.57 27.7
15b 0.72 | 6.81 | 0.09 | 0.001 | 0.004 | 0.24 | 0.68 31.9
16a 0.89 | 8.47 | 0.11 | 0.004 | 0.003 | 0.06 | 0.59 16.8
16b 0.64 | 6.04 | 0.06 | 0.004 | 0.002 | 0.02 | 0.32 37.0
19b 0.59 | 6.53 | 0.09 | 0.004 | 0.003 | 0.11 | 0.60 | 28.9
28 0.65 | 6.38 | 0.08 | 0.001 | 0.004 | 0.08 | 0.62 37.6
29 0.73 | 6.77 | 0.09 | 0.004 | 0.003 | 0.30 | 0.61 31.4
2a 0.74 | 7.36 | 0.10 | 0.003 | 0.003 | 0.18 | 0.62 20.6
32 0.74 | 9.92 | 0.11 | 0.005 | 0.011 | 0.14 | 0.67 20.4
33 0.74 | 6.80 | 0.08 | 0.004 | 0.002 | 0.02 | 0.47 27.8
38a 0.64 | 6.17 | 0.13 | 0.004 | 0.002 | 0.80 | 0.78 21.6
39 0.64 | 7.01 | 0.09 | 0.004 | 0.004 | 0.15 | 0.60 | 41.8
3a 0.67 | 7.18 | 0.08 | 0.002 | 0.004 | 0.02 | 0.41 22.5
43b 0.70 | 6.44 | 0.12 | 0.004 | 0.004 | 0.61 | 0.66 28.6
46 0.76 | 7.48 | 0.10 | 0.004 | 0.003 | 0.21 | 0.66 23.9
4a 0.70 | 7.19 | 0.09 | 0.004 | 0.004 | 0.17 | 0.62 23.1
52 0.79 | 7.94 | 0.11 | 0.002 | 0.005 | 0.21 | 0.64 15.0
S7a 0.75 | 6.21 | 0.08 | 0.001 | 0.004 | 0.02 | 0.39 25.0
59b 0.70 | 6.06 | 0.08 | 0.003 | 0.004 | 0.02 | 0.37 22.8
Sa 0.55 | 572 | 0.12 | 0.005 | 0.004 | 1.07 | 0.83 30.8
6la 0.75 | 8.10 | 0.10 | 0.004 | 0.003 | 0.03 | 0.47 13.5
61b 0.74 | 8.16 | 0.10 | 0.005 | 0.004 | 0.08 | 0.70 | 21.7
63c 0.71 | 859 | 0.12 | 0.003 | 0.006 | 0.08 | 0.68 16.6
65a 0.72 | 851 | 0.14 | 0.005 | 0.009 | 0.08 | 0.68 16.9
6a 0.67 | 6.62 | 0.09 | 0.005 | 0.002 | 0.13 | 0.58 39.0
70a 0.78 | 598 | 0.05 | 0.001|0.004 | 0.01 | 0.28 36.0
74a 0.94 | 7.67 | 0.07 |0.001|0.002| 0.08 | 0.34 | 34.9
78 0.88 | 7.20 | 0.09 | 0.002 | 0.002 | 0.04 | 0.40 175
79 0.65 | 6.30 | 0.13 | 0.004 | 0.002 | 0.53 | 0.72 25.9
7a 0.72 | 7.97 | 0.10 | 0.002 | 0.005 | 0.12 | 0.64 | 23.6
80b 0.68 | 7.40 | 0.09 | 0.002 | 0.005 | 0.78 | 0.49 20.5
84b 0.78 | 8.40 | 0.12 | 0.006 | 0.005 | 0.23 | 0.71 20.6
87b 0.69 | 8.23 | 0.10 | 0.004 | 0.004 | 0.06 | 0.66 20.6

* |_oss on ignition at 950 C°
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Table 7. Averaae nercent comnosition of the Olba alass sambles.

Average Standart Deviation

Na,O 8.9 1.9
MgO 0.4 0.1
MnO 0.2 0.2
Al,O4 0.9 0.2
SiO, 55 5
P,0Os 0.03 0.03
Cr,03 0.004 0.002
SO, 0.1 0.07
Fe,O, 0.6 0.1

Cl 0.6 0.1
CaO 7.2 1.0
K,O 0.72 0.08
TiO, 0.1 0.02
V,0: 0.03 0.01
*LOlI 25.1 7.7

“A positive correlation between iron and phosphorus, alumina and titanium suggests
that these oxides originates from the same glass-forming raw materials” (Jackson,
2005). A strong correlation between Fe,O3 concentration and TiO, concentration is
shown in Figure 7. Two positively correlated groups are identified from Figure 7.
First group consists of the samples with Fe,O3 concentration below 0.5% shown as
light blue dots and the second group containing higher than 0.5% Fe,0;
concentration shown as dark blue dots. Furthermore, rate of increase of 2™ group is

higher with respect to the 1% group.

Sa

&1h £l
e B W
15b ‘

[ ] 46i81b"32 o L ‘43b r

B5a
28 g5 29 .,

0.6

o
® fob 4a *—16a
a'.Sa .\
12a

14

80k
33 . r51 a

Fe,05 (%)

Sfa A
\

0.4

s8b
.
16 T4a

T0a

0.2

0.I04 0706 0708 Oilo O.Ilz 0.I14
TiO, (%)
Figure 7. The scatter plot of TiO, concentration vs. Fe,O3 concentration of 34 Olba
glass samples.
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As seen in Figure 8, a direct correlation between Fe,O3; and SiO, concentration does
not exist. On the other hand, for samples 16b, 74a, 70a, 33, 80b, 3a, 57a, 59b, 78 and
61a which have iron less than 0.5%, Fe,O3 concentration is positively correlated with
SiO;, content. Therefore, it is possible that there could be two different source of
Fe,O3 in Olba glass samples. Fe,O3 may be introduced to the samples 16b, 74a, 70a,
33, 80b, 3a, 57a, 59b, 78 and 61a form silica source as an impurity and for the rest of
the samples, the source may be due contamination through glassmaking process
and/or addition of an ingredient which is the source of both TiO, and Fe,Oj3 since

they show a positive correlation as shown in Figure 7.
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Figure 8. The scatter plot of SiO, concentration vs. Fe,O3 concentration of 34 Olba
glass samples.

Figure 9 shows a similar trend with respect to two groups suggested by the
correlations among TiO2, Fe203 and SiO2. Samples 16b, 74a, 70a, 33, 80b, 3a, 573,
59b, 78 and 61a, Fe203 values are positively correlated with AI203 values.. For the
rest of the samples there is no correlation found between Fe203 and Al203
concentration. In Figure 9 samples represented by light green dots form a group

similar to that observed in Figure 7 and Figure 8.
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Figure 9. The scatter plot of Al,O3concentration vs. Fe,O3 concentration of 34 Olba

glass samples.

The scatter plot between SiO, and Al,Oj3 results is given in Figure 10. Positive

correlation between concentration of SiO, and Al,O3 may indicate that Al,Os is also

introduced into the Olba glass together with the silica source.
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Figure 10. The scatter plot of Al,O3 concentration versus SiO, concentration of 34

Olba glass samples.
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Al,O5is acknowledged as a universal component of historical/ancient glasses. Al,O3
concentration in ancient glasses generally varies in the range of 1-5% by weight
(Beser, 2009). The average Al,O3 concentration of Roman glasses is around 2.7% as
seen in Table 2 however, the alumina contents of natron are reported very lower,
typically less than 0.5% (R.H. Brill, 1999). This is probably due the use of pure sand

as silica source (Shortland, Schachner, Freestone, & Tite, 2006).

There is a strong positive correlation between CaO and SiO; concentration of Olba
glass samples. That means, CaO was not added to batch deliberately and the silica
source is probably sand. If natron is the source of fluxing agent for Olba glass
samples, average Al,O3 content of 1%+0.2 may suggest that relatively pure sand was

used as silica source.

Al,O3 and CaO levels of glass samples are positively correlated as shown in Figure
11. This strong correlation suggests that CaO and Al,O3 are originated from same
source and this source most probably is sand since both CaO and Al,O3 are positively
correlated with SiO,. It is known that CaO added with sand is generally originating

from shell fragments or eroded limestone (Davison, 2003).
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Figure 11. The scatter plot of Al,O3 concentration versus CaO concentration of 34
Olba glass samples.
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High level of strontium (c. 400 ppm) and low level of zirconium (c. 60 ppm) is
considered as an indicator of the use of coastal sand for glass production (Freestone,
Leslie, & Thirlwall, 2003; Henderson, 2013). Strontium level of the Olba glass
sample is ranging from 407 to 564 ppm (493+39 ppm). For Olba glasses, zirconium
concentration is between 39 to 90 ppm. Therefore, mature coastal sand might be used

as silica source in production of Olba glass samples.

Olba glass samples contain Na,O as the principal fluxing agent with an average
concentration of 8.9+1.9%. Typical ancient soda-lime-silica glasses are estimated to
have a concentration of Na,O above 14% (Janssens, 2013). In point of fact soda
content should be higher if cast glass aimed to be produced. Lower soda
concentration of Olba glass samples suggests that higher temperatures were used
during the production process. Low Na,O content is also related to recycling of glass
objects (Towle, 2002). Concentrations of Mn, Co, Ni, Cu, Zn, As, Se, Ag, Cd, In, Sn,
Sb, and Pb between 100 and 1000 ppm are typically interpreted as an indication for
glass recycling (D. Brems & Degryse, 2014). Nevertheless this is not the case for
Olba glasses since the concentration of only Pb is high enough to relate low Na,O
with recycling of Olba glass objects.

The concentration of K;O and MgO in typical natron glasses is reported as less than
1% and the concentration P,Os is reported as about 0.1-0.2% in a 10% soda glass
(R.H. Brill, 1999). The potash and magnesia concentration of all Olba glass samples
are both less than 1% and P,Os content is lower than 0.1 %. Therefore, it is highly

probable that soda source of Olba glasses is natron.

Manganese is introduced into the glass by sand, by flux or intentionally (Towle,
2002). Manganese is not present in natron, and only appears in glassmaking sand at
low levels (lower than 01% in general and up to 0.5% in sands from the River
Volturno) (R.H. Brill, 1999; Jackson, 2005). Therefore, its presence in a natron-type
soda lime silica glass above 0.1% indicates its deliberate addition (Towle, 2002).

MnO concentration in Olba glasses is ranging between 0.01 to 1% (0.2+0.2%).
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Interestingly, as seen in Figure 12, for samples with Fe,O3 lower than 0.5%, MnO
levels are very low (around 0.02%) MnO concentration of glass samples 16b, 74a,
70a, 33, 3a, 57a, 59b, 78 and 61a is close to each other around 0.07% MnO. For the
rest of the samples, a strong positive correlation is observed between Fe,O3and MnO
concentration as shown in Figure 13. From this strong correlation between MnO and
Fe O3 results, we can conclude that their sources are same for these glass samples
since MnO concentration range in Olba glass samples indicates its deliberate
addition. Fe O3 for samples 12a, 14a, 15b, 16a, 19b, 28, 29, 2a, 32, 38a, 39, 43b, 46,
4a, 52, 5a, 61b, 63c, 65a, 6a, 79, 7a, 80b, 84b and 87b may be originated from the

ingredient which was used to add MnO intentionally.
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Figure 12. The scatter plot of Fe,O3 concentration vs. MnO concentration of 34 Olba
glass samples.

4.2. Raman Spectroscopic Analysis of Olba Glass Samples

In line with the procedure explained in Chapter 3, background is subtracted from
Raman spectra of all of the Olba glass samples. Representative raw and baseline
corrected spectra for the Mersin Olba glasses are given in Figure 13, Figure 14,
Figure 15 and Figure 16. As shown in Figure 15, the background of Raman spectra is

very high and this is resulted in low signal to noise ratio. As a result of their high
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background signal, it is not possible to discriminate the Qg peak expected between
700 and 800 cm™ wavenumbers. 1, index values of these samples are also calculated
higher compared to the others. On the other hand, S/N ratio of Raman spectra of the
samples represented in Figure 15 and Figure 16 are high enough to locate the
position of Qg peak.
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Figure 13. Raw Raman spectra of glass samples, 19ba, 79a, and 15ba.
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Figure 14. Baseline corrected Raman spectra of glass samples, 19ba, 79a, and 15ba.
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Figure 15. Raw Raman spectra of glass samples, 63ca, 33b, 59b.
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Figure 16. Baseline corrected Raman spectra of glass samples, 63ca, 33b, 59b.

Deconvoluted spectra of glass samples 15b, 19b, 79, 33, 59b, and 63c are shown in
Figure 17. As can be seen in the Figure 17, bending modes of samples 15b, 19b and
79 are broader compared to those shown in samples 33, 59b and 63c. This

broadening in bending mode resulted in relatively large deviations in I, values.
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As explained in section 1.2.1, |, index values are calculated using the intensities of
Si-O bending and Si-O stretching modes. It was very difficult to deconvolute Q
peaks under Si-O bending peaks if the signal to noise ratio is low and/or bending

mode in Raman spectra is broad.
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Figure 17. Deconvoluted Raman spectra of glass samples 15b, 19b, 79, 33, 59b,
and 63c.
Maxima of Si-O bending (Qs) and stretching (Qg) Raman peaks and calculated I,
index values of the Olba glass samples are listed in Table 8. Bending and stretching
maxima of the Olba glass samples are ranging from 560 to 583 cm™ and from 1088
and 1097 cm™, respectively. The variation of peak maxima is due to the broad
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character of these peaks and the resolution of the instrument (~9 cm™). Classification
of historical/ancient glasses using the SiO4 bending and stretching modes is shown in
Figure 19 (Prinsloo et al., 2011). In Figure 18, the values of the Olba glass samples
are also shown in yellow color. The majority of Olba glass samples are in the region
assigned as Roman glasses and Na,O/CaO glasses. Glasses with bending band
around 570 cm* are included in Roman and Chinese Cloisonné enamel (17th
century) periods and their composition is close to 20% Na,O and 8% CaO.
Stretching peak (Qss-peak) maximum of the potash-rich glass is reported around
1105 cm™! and for soda-rich glass, this Qss-peak is known to shift towards lower
wavenumbers around 1090 cm™ (Baert et al., 2011; Philippe Colomban, Etcheverry,
et al., 2006; Prinsloo et al., 2011). Therefore, Olba glass samples can be classified as
Na rich Soda-lime glasses since the average peak maxima values are 570 cm ™' and

1090 cm" corresponding to stretching and bending modes, respectively.

Table 8. Peak maxima values of Si-O bending (Qgmax), Stretching (Qsmax) peaks and

I, indexes of the 32 Olba glass samples.

Sample QSmax, QBmax, Ip Sample QSmax, QBmax, Ip
Code cm? cm? index | Code |cm® cm™ index
12a 1093 575 1.4 4a 1093 582 1.8
14a 1093 571 1.3 52 1091 578 1.7
15b 1094 576 1.3 57a 1088 560 1.2
16a 1090 577 1.1 59b 1090 560 1.2
16b 1097 565 14 5a 1095 579 19
19b 1092 577 1.5 6la 1090 579 1.3
28 1091 581 1.3 61b 1090 579 1.4
29 1092 582 1.8 63c 1093 578 1.4
2a 1093 566 1.8 65a 1090 575 1.2
32 1090 582 1.2 6a 1092 583 1.6
33 1093 571 15 70a 1091 565 1.2
38a 1097 580 2.1 74a 1089 575 1.6
39 1093 579 1.8 78 1093 566 1.2
3a 1093 582 1.3 79 1097 575 2.2
43b 1093 582 2.0 7a 1092 573 1.4
46 1090 583 1.8 87hb 1090 575 1.4
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Figure 18. Classification of a variety of historical/ancient glasses using SiO,4 bending
and stretching modes (Prinsloo et al., 2011). Olba glass results are also shown in
yellow color. Adapted from “A Raman spectroscopic study of glass trade beads

excavated at Mapungubwe hill and K2 by Colomban et al., 2011.

A graph of 1, vs. Qg values for some glass samples analyzed by Colomban™' plus
Olba glass samples are as shown in Figure 19. The Olba glass sample values overlap
mostly with roman mosaics and Na,O and Na,O+K,0+CaO glass groups listed in

Figure 19.
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Figure 19. Polymerization index, Iy, vs. SiO4 bending mode graph of various glass
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samples from the literature (Philippe Colomban & Tournié, 2007) plus Olba glass
samples. Adapted from “On-site Raman identification and dating of ancient/modern

stained glasses at the Sainte-Chapelle, Paris.” by Colomban et al., 2007.

An important classification of historical/ancient glasses and glazes was developed by
Colomban and coworkers (Ph Colomban, 2004; Philippe Colomban, 2003b; Philippe
Colomban, Tournie, et al., 2006; Ricciardi et al., 2009). They have distinguished so
called seven glasses “families” by means of the parameters derived from their
previous studies on ancient and historical glazes and glasses and 700 Raman spectra
were collected from various glass samples. Principally, the relationship between the
Raman index of polymerization, I, the glass composition and the processing
temperature has been used to classify glasses into the seven groups as shown in
Figure 20. Polymerization index is strongly correlated with the processing
temperature (~1400°C for I, ~7, 1000°C for I, ~1 and ~600°C or less for I, ~0.3) (Ph
Colomban, 2004).
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Figure 20 Representative examples of seven glass families. Polymerization index,
glass type and stretching modes are indicated (Philippe Colomban, Tournie, & Bellot-
Gurlet, 2006).
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Figure 21. SiO, stretching mode vs. polymerization index, I, plot of a wide variety
of glasses (Philippe Colomban & Tourni¢, 2007) plus Olba glass samples. Adapted
from “On-site Raman identification and dating of ancient/modern stained glasses at
the Sainte-Chapelle, Paris.” by Colomban et al., 2007.

I, index values are calculated for the Olba glass samples using the formula derived
by Colomban and coworkers (P. Colomban & Slodczyk, 2009) in this study. The
calculated I, values of the Olba glass samples are ranging from 1.1 to 2.2 (1.5+0.3).
Therefore, it can be assumed that the processing temperature used for the Olba glass
samples was around 1000 °C. Majority of I, values of the Olba glass samples are
between 1.0 and 2.0 and a few samples shows I, values above 2.0 (43b, 38a, 79). As
explained previously, these deviations in I, values is due to the difficulties in
calculation of 1, index values of the Olba glass samples having high background
signal in their Raman spectrum. In conclusion, majority of the Olba glass samples fit
into the second and third families in accordance with their I, index values. However,
stretching mode of the Olba glass samples (1092+ 2 cm™) doesn’t fit into the second
family as seen in Figure 20.
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Based upon the scheme presented in Figure 22, the Olba glass samples can be
classified into the soda glass group with their low Pb levels (80+52 ppm) and
relatively high Na,O levels (8.9+2) (Baert et al., 2011). Furthermore, when relatively
low concentration of potassium and magnesium is considered (K,O and MgO<1.5%
each), they are most probably produced using natron instead of plant ashes. If natron
is the soda source of soda-lime type ancient glasses, they are expected to contain 4—
9% CaO and 12-23% Na,O (Ricciardi et al., 2009). Similarly, 65-70%, SiO,, 2.5%
Al;03, 0.5% Fe,0O3 and 0.5% MnO, values are accepted as typical for ancient soda-
lime glass. The composition of the Olba glass samples as listed in Table 5 is inside
these levels for SiO,, Al,Os, Fe,O3 and MnO, therefore, the Olba glasses can be
classified as soda-lime glass based on these results. However, SiO,, Na,O and Al,O3
concentrations of Olba glass samples are lower than expected for a natron type
Roman soda-lime-silica glass{Janssens, 2013 #75}. These low results are probably
effect the I, index value calculated using SiO, stretching and bending modes.

- PbO < 15%
Yes No
Na20 < 6%
Yes No
K20/Ca0<0.5 K20/Na20>0.6
\'csl l.\lu \'csl lNu
POTASH MIXED
HLLA GLASS
GLASS ALKALI GLASS

Figure 22 Classification of window glass fragments based on their major
composition (Baert et al., 2011).

The Raman spectrum is known to originate from the molecular vibrations of the
molecular bonds. The continuous curve shaped Raman spectrum of glasses can thus
be deconvoluted into several separate peaks, each of which corresponds to the

Raman scattering contribution from a vibrational molecular bond. The spectra of the
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Olba glasses were deconvoluted into 3 major peaks at 320, 497 and 595 cm™* for the
bending mode and 952, 991 and 1092 cm™* for the stretching modes (Prinsloo et al.,
2011; Tournié et al., 2012; Ricciardi et al., 2009). Band positions and assignments of

each deconvoluted peak are given in Table 9.

Table 9. Band positions and assignments of the various peaks within the Olba glass
composition.

Component Band Positions (cm'l)
Qss 312-387
Qss 457-491
Qs 560-583
Qs1 621-660
Qo 787-818
Qs1 939-953
Qs> 989-1005
Qs3 1088-1097
Qs 1137-1198

I 1.1-2.2

The bending mode of a typical soda-lime glass is at the wavenumber 595 cm™ (Qg.)
(Prinsloo et al., 2011; Ricciardi et al., 2009; Tournié et al., 2012) however, a shift to
lower wavenumbers is measured at 575 cm™ for the Olba glass samples. The main
difference between Olba glasses and typical soda glasses is lower Al,O3, SiO,, Na,O
concentration of Olba glass samples compared to soda glasses. Therefore, the
correlation between Qg, and the concentration of Al,O3, SiO,, Na,O in Olba glasses

are studied in detail.

However, no bivariate correlation is found between these variables. Among Al,Os,
SiO; and Na,O, only Fe,0s is significantly correlated with Qg, at the level of 0.01 as
shown in shown in Table 10.

47



Table 10. Correlation between Fe,Os, Na,O, Al,03, SiO, concentration and Qg;
values.

Correlations

Fe;0s Na;O Al;03 Sio, Qs2
Pearson Correlation 1 0.363 0.174 0.026 0.620"
Fe,Os  Sig. (2-tailed) 0.035 0.326 0.883 0.000
N 34 34 34 34 32
Pearson Correlation 0.363 1 0.459" 0.602" 0.152
Na;O  Sig. (2-tailed) 0.035 0.006 ,000 0.407
N 34 34 34 34 32
Pearson Correlation 0.174 0.459" 1 0.717" 0.084
ALO;  Sig. (2-tailed) 0.326 0.006 ,000 0.648
N 34 34 34 34 32
Pearson Correlation 0.026 0.602" 0.717" 1 -0.169
SiO, Sig. (2-tailed) 0.883 0.000 0.000 0.354
N 34 34 34 34 32
Pearson Correlation 0.620" 0.152 0.084 -0.169 1
Qs> Sig. (2-tailed) 0.000 0.407 0.648 0.354
N 32 32 32 32 32

*, Correlation is significant at the 0.05 level (2-tailed).

**_Correlation is significant at the 0.01 level (2-tailed).
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Figure 23. Qg values vs. Fe,O3 concentration of the Olba glass samples.
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The bending mode of a typical soda-lime silica glass is reported as 595 cm™ as we

145, 14m. 140 \When the line equation shown in Figure 23

discussed in previous sections
is used to determine the concentration of Fe,O; at 595 cm™, 1.1% is calculated.
Nevertheless, the highest Fe,O3 concentration measured from Olba glass samples is
as 0.8%. Therefore, low Fe,O3 concentration in Olba glass samples may be the

reason of getting lower Qg, values compared to soda-lime silica glasses.

Cesaratto and coworkers were able to determine the concentration of Pb in glass by
using the peak maxima of the stretching mode (Cesaratto et al., 2010). Nevertheless,
Pb concentrations of the Olba glasses are at ppm level and we could not find such
correlation between the concentration of Pb and the peak maxima of stretching mode.
On the other hand, Pb concentration of the Olba glass samples show a positive
correlation with I, index values as shown in Figure 24. It is known that lead oxide
may act as a stabilizer, flux or vitrifier (Janssens, 2013). Thus higher I, index value
indicates a stronger glass network, being positively correlated with 1, index values,
lead could play a role as vitrifier in Olba glass samples. Pb concentration is also
positively correlated with MnO concentration shown in Figure 25.
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Figure 24. The scatter plot of I, index vs. Pb concentration of 32 Olba glass samples.
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Figure 25. The scatter plot of Pb concentration vs. MnO concentration of 34 Olba
glass samples.
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CHAPTER 5

CONCLUSION

A number of glass fragments obtained from the excavations of Mersin Olba
archaeological site was studied by Raman spectroscopy and polarized energy

dispersive XRF methods.

Outcomes of the Raman spectroscopy enabled us to classify the sample group as
soda rich soda-lime type glasses in accordance with their I,, Qsz and Qg values.
Raman spectrometry analyses also confirm that samples were fired at temperatures
above 1000° C according to the I, values between 1.0 and 2.0. According to the
classification of historical/ancient glass and glazes introduced and developed by
Colomban and coworkers by means of the Raman index of polymerization, majority
of our samples fit into the third family and some glasses can be considered as the
member of the second family. It is observed that samples giving high background
signal have a broader bending band in their Raman spectrum. Hence, their
polymerization indexes are higher than the ones with lower background signal.
Therefore, it is assumed that a defect arising from the inadequate base-
subtraction/deconvolution process could be a reason for higher I, index values. Also
a strong positive correlation among MnO and Pb shows that MnO and Pb can be the

possible cause of relatively high I, index values.

The results given by PED-XRF are revealed that chemical compositions of Olba
glass samples are very similar. All samples is found to be soda-lime-silica glasses
containing SiO; as the former, Na,O as the fluxing agent, and CaO as the stabilizer.
Correlation analyses among SiO,, Fe,O3; and TiO2 have showed that; probable
source of iron and titanium in samples 16b, 74a, 70a, 33, 80b, 3a, 57a, 59b, 78 and

61a was silica source. However, for samples 12a, 14a, 15b, 16a, 19b, 28, 29, 2a, 32,
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38a, 39, 43h, 46, 4a, 52, 5a, 61b, 63c, 65a, 6a, 79, 7a, 80b, 84b and 87b, besides
Fe,O3 introduced by silica source, there might have been a second source of Fe,0s.
This additional source could be one of the raw materials or a contamination arising
from glassmaking procedures. Therefore, existence of two different glassmaking
procedures for two groups can be argued.

The potash and magnesia concentration of the Olba glass samples are both less than
1% and P,Os concentration is less than 0.1%. These results are compared with the
literature data and discussed in detail in previous sections and it is concluded that
soda source of Olba glass samples is mainly natron. Positive cross correlation
between concentration of SiO,, Al,Os; and CaO indicates that Al,O3; and CaO were

added to the Olba glass samples together with the silica source.

Concentration of alumina concentration in natron is very low, thus considering the
strong possibility that Al,O3is introduced into glass samples along with silica, low
Al,O3 content of Olba glass samples suggest that a mature (relatively pure) sand
source was used as the silica source. CaO incorporated with sand is generally thought
to be originating from shell fragments or eroded limestone. Furthermore, high
strontium and low zirconium levels detected in Olba glass samples imply coastal

sand usage.

High MnO concentration of samples 12a, 14a, 15b, 16a, 19b, 28, 29, 2a, 32, 38a, 39,
43b, 46, 4a, 52, 5a, 61b, 63c, 65a, 6a, 79, 7a, 80b, 84b and 87b indicates the
intentional use of MnO. Positive correlation between Fe,O3; and MnO for theses

samples shows that Fe,O3 and MnO might share the same source.
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APPENDIX A.

OPTICAL IMAGES OF THE OLBA GLASS SAMPLES

Table A.1.

Under Under
20X O.Microscope 50X O. Microscope

Sample 1:1 scaled

12a

16b

29

32

61



Table A.1. continued

28

57a

61b

70

87

62



Table A.1. continued

33

38a

39

43b

46

5a

63




Table A.1. continued

52

6a

6la

63c

65a

7a

64



Table A.1. continued

2a

4a

14a

15b

16a

19b




Table A.1. continued

74a

78

79

80b

84b

3a

66



APPENDIX B.

THICKNESSES OF THE OLBA GLASS SAMPLES

Table B.1.

Sample Code Thickness (mm)
12a 0.2-0.21
14a 0.345- 0.29
15b 1.15 (amorf)
16a 0.22
16b 0.29-0.3
19b 0.175-0.18
28 0.295-0.315
29 0.375- 0.495
2a 0.37-0.38
32 0.375-0.45
33 0.355
38a 0.56-0.595
39 0.26
3a 0.29-0.24
43b 0.430-0.435
46 0.36-0.41
4a 0.3-0;38
52 0.545-0.515
57a 0.46-0.36
59b 0.325- 0;24
S5a 0.28-0.21
6la 0.43-0.36
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Table B.1. continued

61b 0.265-0.245
63c 0.32-0.29
65a 0.3-0.24
6a 0.27
70a 0.25-0.23
74a 0.23-0.2
78 0.375-0.25
79 0.31-0.12
7a 0.35-0.22
80b 0.4-0.42
84b 0.29-0.275
87b 0.35-0.29
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APPENDIX C.

ELEMENTAL COMPOSITIONS OF THE OLBA GLASS SAMPLES
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