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ABSTRACT

A PRELIMINARY ARCHAEOMETALLURGICAL EXAMINATION OF
SOME BRONZE COINS FROM KOMANA

Aydin, Aysen Elsen
Master of Science, Archaeometry
Supervisor: Prof. Dr. Deniz Burcu Erciyas
Co-Supervisor: Assoc. Prof. Dr. Zeynep Isil Kalaylioglu

September 2019, 74 pages

This thesis comprises archaeometallurgical investigations on some coins found in
archaeological excavations at the ancient settlement of Komana-Tokat. Micro-XRF
and Scanning Electron Microscope analysis methods were used in this study. By
means of these methods, it was aimed to obtain information about the alloy
compositions of the coins found at this site dating to different periods. This is also
the first archaeometallurgical study on the coins found in Komana. According to the
results of the analysis, the elemental compositions of the mines were determined.
The results obtained gave information about the alloys of Byzantine/post-Byzantine

coins found in Komana.

Keywords: Komana, Archaeometallurgy, Micro-XRF, Scanning Electron

Microscope, Bronze.
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KOMANA’YA AIT BAZI BRONZE SIKKELERIN ARKEOMETALURJIK
INCELEMESI

Aydin, Aysen Elsen
Yiksek Lisans, Arkeometri
Tez Danismani: Prof. Dr. Deniz Burcu Erciyas
Ortak Tez Danigsmani: Dog. Dr. Zeynep Isil Kalaylioglu

Eyliil 2019, 74 sayfa

Bu tez, antik bir yerlesim yeri olan Komana-Tokat'ta yapilan arkeolojik kazilarda
bulunan bazi sikkeler iizerinde arkeometalurjik incelemeleri kapsamaktadir. Bu
incelemeler kapsaminda Micro-XRF ve Taramali Elektron Mikroskobu analiz
yontemleri kullanilmistir. Bu yontemler sayesinde Komana’da bulunan sikkelerin
elemental kompozisyonlarina bakilarak, bolgenin farklt donemlerdeki alasim
kompozisyonlar1 hakkinda bilgiler elde edilmesi amaglanmistir. Ayn1 zamanda bu
calisma Komana’da bulunan sikkeler ilizerinde gerceklestirilen ilk arkeometalurjik
calismadir. Analiz sonuglarina gore kullanilan madenlerin element kompozisyonlari
belirlenmistir. Elde edilen sonuglar, Komana’da bulunan Bizans sikkelerinin

alasimlari ile ilgili bilgi vermistir.

Anahtar Kelimeler: Komana, Arkeometalurji, Micro-XRF,Taramali Elektron

Mikroskobu, Bronze.
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CHAPTER 1

INTRODUCTION

1.1. INTRODUCTION

Archaeometry, an academic field, gives us the opportunity to make numerical
interpretation of archeology. Archaeometry, an outcome of the merging of hard
science with archaeology, provides the opportunity to evaluate archaeological data

through scientific methods.

Archaeometry, which is an interdisciplinary field, was accepted as a science with
the establishment of the journal Archaeometry in 1958 (Rehren & Pernicka, 2008).
Archaeometallurgy, on its own, was formed as a sub-branch of archaeometry and

numerous publications and conferences were held exclusively for metals.

The work on archaeological metals already began in the early 19th century (Caley,
1949). Caley's (1949) article describes the first quantitative study of a chemist
named M. H. Klaproth on a Roman coin. Comparative and systematic
investigations of ancient metal objects were conducted by von Fellenberg (1866).
In the late 1920s, an analysis of the nickel content of the metals found in the Royal
Cemetery in Mesopotamia was carried out (Woolley, 1931) and a report on the

origin of Sumerian copper was published (Desch, 1928-1939).

With the development of optical emission spectrometer, a new analytical method
after the 1930s, it was possible to determine the trace level of many elements.
Thus, extensive analytical programs on ancient metals and ores were initiated. The
history of metals originated mainly from the second half of the 19th century and in
the late 1960s and early 1970s, C.S. Smith, R. Tylecote and H.G. Bachmann have
contributed in this area (Rehren & Pernicka, 2008). In this sense, the literature is

quite extensive and studies have been published in archaeological journals as well



as engineering and natural sciences journals. The best references in this area are
Tylecote (1987), Rostoker and Branson (1990) and Craddock (1995).

Metal played an important role in most of the ancient societies, especially with the
Chalcolithic period, followed by the Bronze Age and Iron Age. Starting already in
the Chalcolithic period, metal production technology showed a gradual
development and reached to the present day. Archaeometallurgy generally deals
with questions regarding the production, distribution and use of metals in human
history (Gilmour B. & Northover, n.d.). In this sense, the use of metal objects can
be divided into three basic categories: metals produced for decorative purposes
(jewelry, inlays and other accessories), metals produced for military purposes
(weapons and armor), and metals produced for utilitarian purposes (coinage, tools
and general implements) (Rehren & Pernicka, 2008). In the production of these
metals, different metal properties which could have been perceived in ancient times
such as hardness, density and color were utilized. The reason for the archaeometric
studies on these metals has been to understand the characteristics of different
periods and whether production techniques have changed in regard to these

properties.

The metallurgical activities in Anatolia accelerated in the second half of the 3rd
millennium B.C. and metal processing workshops were found in each settlement
examined (Yal¢in & Ozbal, n.d.). The arsenic copper was discovered by the miners
of this period and then high quality copper was obtained. It was observed that both
color and quality of copper increased with arsenic and also that the casting
properties of copper improved depending on the amount of arsenic. Then, in 2800
B.C., great advances were made in arsenic copper production technology. Arsenic
copper was used until the beginning of the Late Bronze Age. Arsenic was used due
to shortage of tin to make bronze (Yalgin & Ozbal, n.d.). The first samples of other
metals that were relatively pure were found in the Late Chalcolithic period (Yalgin
U., 2013). Towards the end of this period, the use of bronze, a copper tin mixture,

is the most important achievement in Anatolian metallurgy.



The use of bronze has brought about new changes and mass production of metals
began. In the Middle Bronze Age, the art of casting continued uninterruptedly
based on previous experience (Yalgin & Ozbal, n.d.). As a result, the quality of
bronze production increased with the use of tin instead of arsenic and the use of tin
spread to all parts of Anatolia. According to Yalgin (2013), the resulting metal
continues industry was very advanced in terms of quality and quantity, and these
techniques have to be used in the Hellenistic and Roman periods. In particular,
coins were produced from bronze “A small piece of round in the form of a disc,
bearing the mark and emblem of the competent authority or state, which sets itself
has on weight and commits itself to be recirculated and undertakes to take it back
on demand.” (Tekin, 1993). Coins were made of bronze as well as gold, silver and

copper.

Bronze coins and metals from the Medieval layers of the Hellenistic sanctuary of
Komana constitutes the data of this study. These bronze objects, excavated from
two different excavation areas at Komana, had corroded heavily and for the most
part had lost their original form. However, it is still possible to identity them as

coins.

The dataset also includes some bronzes objects other than coins. Through a
comparison of coins and other bronzes. It is aimed to understand possible
differences in alloys used for coins. In this way, some information regarding the

economy of the periods could be derived.

Komana is located at the northwest of Tokat province and at this site there are
ongoing surface surveys and intensive archaeological studies that started in 2004.
The site has a lot of potential understanding the Hellenistic sanctuary which was
located in the Iris valley. The excavations revealed a lot of information on the
Byzantine at Komana as well. An interdisciplinary team from Middle East
Technical University, Graduate Program in Settlement Archaeology works with

Prof. Dr. Burcu Erciyas at this site. The results of this indicate that both surface



survey and archaeological excavations hold a great potential for understanding the
post-Byzantine period. Archaeometric studies with these pieces make it possible to
gain insight into the economic dynamics of that period and to obtain more
information about it. Using archaeometry, in this sense, will allow the
archaeologist who collects the archaeological data obtained in traditional ways to
examine the collected data in multidimensional way. In addition to this, during this
study, the archaeological data collected were evaluated theoretically and it was
aimed to provide a new perspective with the spectrographic method applied on the

archeological elements.

Firstly, they come from well dated contexts and secondly they are hoped to bring
light to some of the economic and political questions the excavation team has
regarding these periods. Additionally, there is no archaeometric study on the coins.
This analysis on these bronzes will help enrich the archaeometric database both in

this region in Anatolia in general.

The thesis is organized in 4 sections including Introduction and Conclusion. In this
Chapter, Chapter 1, limitations of these study and some brief information about
Komana and its background. Additionally, previous archaeometric studies will be

introduced in this chapter.

In Chapter 2, the coins that were collected from Komana and the methods will be
explained for archaeometallurgical analysis. Coins, used techniques and technical
devices will be introduced in detail. This chapter will be based on spectrographic
techniques and the datum that collected from analysis, will be later used to
understand elemental analysis of bronze coins of the period roughly between 11% —

14™ centuries.

In Chapter 3, results of the analysis and discussion of elemental composition of

Komana’s based on the bronze coins from 11" — 14™ centuries will be explained.

In Chapter 4 conclusion of this study will be presented. In this Chapter, the

summary of research results and future aspects of the study will be summarized.



1.2. LIMITATIONS

In this thesis, elemental compositions of bronze coins from Komana were
examined and non-coin bronze objects from the same region were used for
comparison. The sample set could not be selected in accordance with a certain
standard due to the unexpectedly short field work and regulations restricting. The
spectrometric methods used in the thesis were conducted by laboratory technicians
and experts due to budget and time constraints. However, the analyses could not be
multiplied. The main reason for this is the lack of academic budget for
archaeometric studies. The elimination of these problems for other archaeometric
studies that will be carried out in the future will contribute to the collection of
healthier data and contribute fully the academic literature.

1.3. GENERAL INFORMATION ABOUT KOMANA

Tokat province is located in the Central Black Sea region of the Black Sea region
in Turkey. The population of Tokat is 616,646 and the area is 9958 km?. The
average altitude is 623 meter (Tokat Il Kiiltiir Turizm Miidiirliigii, 2019).

Komana, situated today in and around Giimenek, is located on Tokat-Niksar road
and is located in the northwest of Tokat. Komana is an ancient Hellenistic
sanctuary site. It is one of the two temple states which were active in Pontus. The
greatest of these temple state was Komana and it was dedicated to the Mother
Goddess Ma. Komana is also the first settlement of Tokat and it was a commercial
center that had received a lot of visitors and merchants from the environment. The
region expended considerably during the role of the Pontus Kings and the Roman
Empire period and spread over an area of about 8 km in diameter. The excavated
parts of Komana that can be seen today are located on hill called Hamamtepe
(Erciyas, 2015).



Figure 2. Geographical position of Komana from Google Earth



Figure 3. A Closer view of Komana from Google Earth

At the beginning of the 1840s, Hamilton was among the first visitor of Komana
(Hamilton, 1842). After him, in the 1890s Hogarth and Munro visited Komana
(Hogarth & Munro , 1893). In the 1900s, Anderson went to Komana. He as the first
guy to mentioned name Glimenek. He also described the archaeological remains in

detail including architectural structures (Anderson, 1902).

However, the first archaeological surface survey was carried out in 2004 by a team
from Middle East Technical University. Archaeological surveys started with
Hamamtepe and its continued expanding through the Merkez ilge until 2009.
Surveys indicated that in addition to the Hellenistic period sanctuary settlement
continued intensively in this fertile area through the Ottoman period (Erciyas,
2012).



Figure 5. Hamamtepe Archaeological Site Map for Showing Surface Examination (Komana
Archaeological Research Project, 2014)



1.4. THE HISTORICAL & ECONOMIC DYNAMICS OF KOMANA

Komana is a sanctuary dedicated to the Goddess Ma, who had a warrior like
character (Erciyas, 2012). The excavations from which the data for this thesis was
collected took places at a hill called Hamamtepe. Hamamtepe was inhabited
starting as early as the Hellenistic period and continued until recently. The
Byzantine period (7th - 8th century) was observed with ceramics and numismatic
dating. The 11"-12" centuries (the Middle Byzantine Period) is represented by a
cemetery and 2 chapels. The dating of this period was determined by architectural
decorations, bronze reliquary and ceremonial and frescoes. Danishmends and
Seljuks (12th - 14th century) established dominance in the region in the following
centuries, and then the region came under the control of the Ottoman Period (17th -
18th century) (Erciyas, 2019).

Plans of this site representing different periods are below.



Komana HTPO1 (All periods)

Figure 6. Plans of every period of Hamamtepe
1.5. THE PREVIOUS ARCHAEOMETRIC STUDIES OF KOMANA
REGION

There are various archaeological and archaeometric studies are continuing at
Komana. Mehmet Bilgi Er, a graduate student of Archaeometry program at the

Middle East Technical University, is conducting an archaeometric study on the

10



Middle Byzantine period pottery from Komana with Assoc. Dr. Giilay Ertas for his
Ph.D.. Additionally, Canbek Altundal is conducting research for his M.Sc. thesis,
an archaeometric study on the glaze of the same ceramics. However, there is no
archaeometallurgical studies on the metals coming from the site. This thesis is the

first archaeometallurgical study on Komana bronze objects.
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CHAPTER 2

MATERIALS AND METHOD

2.1. BRONZES

Mankind started using metals with natural metals. As the first natural metals, copper,
gold and silver ornaments were used only for pots, bowls, glasses, cups and tools.
People who have discovered that low-melting galena (PbS) can melt on fire have

applied it to other metals, especially copper (Yilmaz & Kurnaz, 2001).

Copper is a very important metal both in archaeological and metallurgical terms. It is
the first metal used by human beings and copper has been a raw material for many
objects from ornaments to weapons throughout history. In this respect, it has a
special place in our cultural history. The melting point of the copper is 1084 ° C. It is
soft, red colored and easy to process than other metals. Natural copper can be found
in nature in the form of small pellets or beads, or in spongy or laminated forms.
There are trace amounts of Ag, As, Fe, Co, Cd, Pb, Ni, Sb and Sn in copper ore
(Ozenbas, 1996). Copper ore deposits are mainly found in veins in gabbro and
peridotitic rocks. The copper minerals on the surface are different secondary copper
mineralization, such as malachite, brochantite, chrysocolla, caprice, melaconite and
azurite containing up to 30% copper. Oxides on the surface are the most easily
accessible copper ores in most regions (Moorey, 1994).

One of the most common uses of copper is its alloys with other metals. Among the
alloys, tin and zinc are the most important ones. In ancient times, tin alloys were
called bronze. Compared to bronze pure copper, it has gained importance with its
hardness, durability and easy casting properties (Yilmaz & Kurnaz, 2001). The

13



bronze color, which looks more pleasing to the eye, is preferred over red copper in

some cases. Therefore, bronze is one of the more common archaeological metal find.

2.1.1. Corrosion of Bronze

Bronze corrodes faster when it comes into contact with the atmosphere than other
metals (Erhan, Girginer, & Tekin, 2008). It can be composed of bronze copper-tin,
copper-antimony, copper-arsenic, copper-lead or copper-zinc mixtures. The reason
for the incorporation of these elements in copper is that the melting of the copper
facilitates casting (Copper Development Association Inc., 2017). The status of
bronze finds depends on the type of alloy and the climate and environment at

conditions (Basaran, 1980).

All of the archaeological finds have a layer of corrosion in surface. This situation
does not depend on whether the archaeological finds emerge from underground or
above ground. Especially bronze objects are affected by salt, oxygen and moisture
and this corrosion is called bronze disease (Kocabas, 1998). Chloride ions play a
major role in the basic chemical change that causes this disease. If no action is taken
for this deterioration, the reaction continues until the metal is exhausted.
Degradation of bronzes depends on two different environments; aerobic and
anaerobic. In an aerobic environment, the circulation of oxygen is high and is
generally referred to as above ground. The anaerobic environment is used to describe

environments where oxygen is absent or too low (Erhan, Girginer, & Tekin, 2008).

Under normal conditions, a metallic copper is oxidized and ionized. This oxidation

equation is given below:
Cu® - Cut + e or Cu® - Cu*?+ 2e”

If there are free chlorine ions in the environment, they form nantokite. This is copper

(1) chloride and it is white in color. This layer forms as the first layer on the metal in

14



the presence of chlorine ions. The following chemical equations represent this

phenomena:
2Cu* + 2Cl~ > Cu,Cl, or Cu* + Cl™ - CuCl

Decomposition reactions after nantokite formation are entirely dependent on the
environment in which the bronze is present. If bronze is in an aerobic environment,
copper (I1) chloride is formed. The light green and powdery patina on the surface
that occurs as a result of this reaction is called paratachamide. If there is a green and

bulky patina, it is called atacamide.

The following reaction is an equilibrium reaction and the resulting hydrochloric acid
(HCI) penetrates very quickly into the metal to regenerate the nantokite (Ozen,
1999).

2Cu,Cl, + 4H,0 + 0 & CuCl,.3Cu(OH), + 2HC!

All of the above reactions are repeated one after the other and, if no action is taken,

they continue until the metal is destroyed.

If the environment is an anaerobic (usually subsoil) environment, in the absence of
oxygen, chlorite ions form nantokite that interact with water to form cuprite. This
reaction moves very slowly and it can affect copper in metallic form, depending on

the oxygen in the environment. Following reaction explains that phenomena:
Cu,Cl, + H,0 & Cu,0 + 2HCI

As shown in the following reaction, if there is no oxygen in the environment, it
remains in balance as long as the ambient conditions do not deteriorate (Ozen,
1999).

1
2Cu® + 2HCL +50; © CuyCly + H0

15



However, there is a small amount of oxygen in subsoil conditions. This oxygen may
be present in the soil, in the cavities on the archaeological find itself, in the air
trapped in the metal during casting, or dissolved in water (Erhan, Girginer, & Tekin,
2008).

Corrosion processes of archaeological bronze specimens are as follows:

Q Starter Product Reaction Result Product
§ Cu+? +% 02
;‘3 2Cu+? +02
S |G + 2H20
g + Cu+?
:!U + H.0 + CO32
g + COs2+ CO2
§ + yanma (>400°C)
= Ve yilksek pH
E + H20
o | +S0c2+2H"
4
® | CuSOs. +2CK
5 [ e
g 2Cu + 2HCI
; + H20
S
+0
S
2 Cu %202+ H"+HS
S |cCus 3Cu+7/2+0,+3H,0 | CuSO,.
% | 2Cu % 02+ H* + HS-
CuzS 2Cu+7/2+02+3H20 |

Figure 7. Physical and Chemical Change of Bronze in Times

There are many types of corrosion shaped according to the character of bronzes. For
archaeological bronze objects, it is possible to examine these types of corrosion in
three groups: homogeneous corrosion, regional corrosion and corrosion caused by
interaction of different metals (Karatak, 2018).
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Uniform corrosion: It is a kind of corrosion that occurs at the same speed on the
entire metal surface (Landolt, 2007). On a macroscopic scale, it is not possible to
distinguish between cathodic and anodic regions. That is, the entire surface of the
metal acts as both the cathode and the anode at the same time, and the entire metal
surface is eroded / thinner at the same depth (Yal¢in & Kog, 1997). Following

figure, figure 8, shows uniform corrosion.

—— —————— —

____

Figure 8. Layout of Uniform Corrosion (Yal¢in & Kog, 1997)

N

Regional Corrosion: These corrosion do not spread to the entire metal surface.
Corrosion condenses in a small area (Yal¢in & Kog, 1997). The best example of this
type of corrosion is pitting corrosion. The pits caused by pitting corrosion are
sometimes too small to be visible or the pit is not noticeable because it is filled with
corrosion products (Landolt, 2007). Following figures, figure 9 and figure 10, show

layout of regional corrosion and types of pitting corrosion.
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Figure 9. Layout Uniform Corrosion and Regional Corrosion on Metal Surface (Landolt,

2007)
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Figure 10. Types of Pitting Corrosion (Landolt, 2007)

Corrosion as a result of the interaction of different metals: Metals exhibit different
anode-cathode behavior depending on the type of elements in their content. When
two different metals are bonded together by an electrical bond (contact) in a
corrosive environment, the metal is corroded as the anode, the electrode potential of

which is more electronegative. This corrosion is also known as bimetallic corrosion
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(Yal¢in & Kog, 1997). In short, as a result of the electrical interaction between both
metals, whichever metal is more stable (noble) protects itself, it consumes less noble
metal (Landolt, 2007). Following figure, figure 11, describe corrosion as a result of

the interaction of different metals.

. .°:°:’:’:‘
SR RHHARHN,
ot te e e e ere s

-
-
R RRRRRXS
I 0 O C

Metal Nobel Metal

Figure 11. Layout of Corrosion As A Result of the Interaction of Different Metals (Landolt,
2007)
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2.2. MANUFACTURING OF BRONZE COINS

Most of the archaeological metal objects are made of bronze alloy (Erhan, Girginer,
& Tekin, 2008). Coins are also mostly made of bronze alloys and coins are produced

by striking techniques.

Coins used for trade are metals that are easy to transport for trade, as well as
longevity. Since metals are easy to cast and melt, they bear signs of the period they
belong. These marks were stamped on one side of the coin with a device of a certain
design (Erhan, Girginer, & Tekin, 2008).

Before the emergence of the Industrial Age, coins were struck by hand (Made How,
n.d.). A round metal cavity was placed on an anvil equipped with a printing plate.
Another mold was attached to a mallet, which is then placed on top of the cavity.
The hammer was then tapped onto the coins, resulting in a pressure of 7 tons.

Following figure is representing striking of coins with hammer.

Hammer

Upper Mold

Empty Coins «

Boss

Figure 12. Hlustration of Coin Production
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Sometimes two or three strokes were required to obtain the appropriate pattern on
the coins (The Royal Mint Museum, n.d.). When the molds were heated before the
hammer blow, the required number of strokes decrease in the coins put into the

molds, but the Roman coins received a cold blow.

2.3. MATERIALS

In this thesis, bronze coins from Komana belonging to different periods are
examined. For comparison with these coins from Komana, unidentified bronze
objects were also included in the material set. In this thesis, the term amorphous is
used for these unidentified objects. These amorphous objects were also found at
Komana from layers representing different periods. The sample set consists of a total

of 9 pieces. 8 of them are coins and 1 of is an amorphous bronze object.

These pieces were excavated between 2011 and 2017. There is no other
archaeometallurgical study conducted for these coins. Therefore, this study will be a

pioneering study for extracting information on metal production and use at the site.

Coins and bronze objects from Komana are listed as follows:

Table 1. List of Bronze Metals Analyzed

INVENTORY LAYER SECTOR PERIOD
NUMBER NUMBER

KARP13-HTP01-449 T11 282/583 Danishmend/Seljuk
COIN

KARP11-HTP01-092 TO6 277/603 Middle Byzantine
COIN

KARP16-HTP01-216 TO5 292/603 Early Byzantine
COIN

KARP11-HTP01-428 TO4 2571613 Middle Byzantine
COIN
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Table 2. Cont’d.

KARP17-HTP04-013 TO5 317/668 Danishmend/Seljuk
COIN

KARP11-HTP01-080 TO6 277/603 Middle Byzantine
COIN

KARP15-HTP01-139 SURFACE 297/603 No Date
COIN

KARP17-HTP01-284 T15 297/608 Middle Byzantine
COIN

KARP13-HTP01-454 TO4 282/608 Middle Byzantine

AMORPHOUS

On this table, Inventory Number is a number given by the excavation. In this number
the year indicates the year of excavation. (KARP) stands for Komana Archaeological
Research Project, HTP stands for Hamamtepe and the number is the excavation area
on Hamamtepe. Following part of the Inventory Number is the find number. (T)
represents the soil strata (layer) in which the object was discovered. The sector
number represents the coordinates of the excavated sector. Finally, period is the
rough dating for the object.

As can be seen, 8 out of the 9 bronze sample sets are coins. Among the materials in
the sample set, there is one amorphous non-coin bronze object. 2 coins (KARP17-
HTP04-013 COIN and KARP13-HTP01-449 COIN) belong to the
Danishmend/Seljuk period. Additionally 1 coin which is named as KARP15-HTPO01-
139 COIN has no periodic information. In addition, the material coded KARP15-
HTP01-139 COIN is a coin which went through conservation. None of the others
were conserved and all objects (except KARP15-HTP01-139 COIN) are heavily

corroded.

Detailed information as well as photographs of the objects are given in Appendix A,

including the complete illustrated and descriptive list of them.
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In the remainder of the thesis, the KARP and HTP codes were removed for
convenience in especially the analyses. The materials are defined just with their
identity and number, like COIN449 or AMORPHOUS454.

2.4. ANALYSIS METHOD OF THE STUDY

As mentioned in Chapter 1, the aim of this study is to obtain clues about the
economic dynamics of the 11™ and 14™ centuries by looking at the elemental
compositions of bronze coins. In order to make this interpretation, the coins were
compared elementally with one unidentified bronze object. For this study two
spectrometric analyses were used; Micro X-Ray Fluorescence (Micro-XRF) and
Scanning Electron Microscope (SEM-EDX).

In addition to these spectrometric methods, coins and amorphous objects collected

for comparison were photographed with X-Ray radiography and stereomicroscope.

2.4.1. X-RAY Fluorescence and Production of Result with XRF

In archaeological studies, supporting the theoretical knowledge of archaeologists and
providing gquantitative data is very important in terms of establishing a database for
future archaeological studies. This will facilitate the interpretation of archaeological
artifacts for new excavation sites or previously obtained quantitative data. One of the
most important issues is to avoid damaging the objects found while conducting
archaeometrical studies. It is important to analyze the archaeological finds without

damage. Therefore, the use of non-destructive methods has increased in recent years.

Especially XRF is the most common spectrometric method used in archaeometric
studies (Rehren & Pernicka, 2008). Since it is a non-destructive analytical method, it
has become a very broad and well-established application and a very thorough
analysis technique (Beckhoff, Kanngeieber, Langhoff, Wedell , & Wolff, 2006).
With the discovery of X-ray by Wilhelm K. Roentgen, a German physicist, this
technology has evolved since the 1950s. With the formation of the first principles of

XRF in the 1960s, the first commercial instruments were developed in the 1970s. In
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1970, the lithium drifted silicon detector was developed, and this technology is still
in use today. XRF has become an instrument used for detailed techniques in
laboratories as it is affordable and the operational power continues to increase.
Therefore, the use of XRF gained momentum and opened the door to new
developments. Especially with the development of portable and hand-held devices,
XRF has become more flexible especially in archaeometric studies (Beckhoff et al.,
2006).

XRF is based on X-rays. X-rays are wavelengths caused by slowing down high-
energy electrons or electron transitions in the inner orbits of atoms. These
wavelengths are between 0.1-100 A (10-11 - 10-8 m). They are electromagnetic
waves whose energy varies between 0,125-125 keV (Figure 6). (Arslan, 2016).

There is an inverse relationship between the wavelength and energy of the X-rays:
E=hxc/A(2.1)

Where E is the energy of the photon; h, Planck constant (6,626 x10-34 Joules.
seconds); c is the velocity of light (3x108 m / s) and A is the wavelength (nm) of the

beam.
- Energy increases
Short wavelength Long wavelength
10°nm 102 nm 1nm 10°nm 10 nm Tm 10°m
— | il — - 1 1 1 1
Gamma rays X rays Ultraviolet Infrared Microwaves Radio waves

T T T T T T
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I T I I I
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Visible light
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Figure 13. Electromagnetic Spectrum
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X-rays have both wave and particle properties and they are invisible to the eye.
Afterall, they have no weight and are not affected by electrical or magnetic fields.
They spread in lines with the speed of light. The X-rays also give a continuous
spectrum, which is absorbed and partially irradiated during passage through the
material. This scattered part continues to interact with the name of the secondary
radiation. X - rays, with some of the substances that fall on it creates shimmering

during the irradiation. This glare is called fluoresence (Yayli, 2013).

It is possible to perform a non-destructive chemical analysis by X-ray spectrometer.
When the electron moves towards the anode at high speed, it loses its energy and
deviates from its path when it is under the influence of the nucleus. This will cause
the electron to gain acceleration and make electromagnetic radiation, allowing it to
emit photons. This results in a continuous X-ray spectrum. This phenomenon is also
called Bremsstrahlung (braking) radiation (Yayli, 2013). Another form of X-ray
formation occurs when the high-speed electron strikes the anode metal and detaches
an electron from the anode's orbit. Thus, the atoms lose their stability. To regain
their stability, the electrons in the outer orbital try to fill the electron spaces in the
inner orbital. As much as the difference in energy between these two trajectories, a
radiation occurs and this occurs as an X-ray. These X-rays are characteristic and are
defined as secondary X-rays or fluorescent radiation (Yayli, 2013). Secondary X-ray

formation (or fluorescent) can be seen in Figure 9.
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Figure 14. Secondary (fluorescent) X-ray formation (Yayl, 2013)

Fluorescent radiation can be analyzed by sequencing the energies of photons (energy
distribution analysis) or by separating the wavelengths of radiation (wavelength
distribution analysis) (Skog, Holler, & Crouch, 2007). The intensity of each
characteristic radiation is directly related to the amount of each element in the
material. The wavelength of these elements is different for each element and has a
distinctive feature. In other words, these radiations are fingerprints of that element.
By determining the wavelength of the radiation, the genus of the element is
determined and the concentration of the element is determined by measuring the
intensity of this detected beam (Skog et al., 2007).

Qualitative, semi-quantitative and quantitative analysis can be performed
elementally using X-ray fluorescence method. This method is rapid and a large
number of elements can be analyzed in a few minutes (Tykot, 2015).The sample
preparation requirement is low and the sample is not damaged in any way during the
analysis. It is therefore a reproducible type of analysis. Its sensitivity is better than
other methods (Ferreti, 2000).

2.4.2. Micro X-Ray Fluorescence

Micro-X-ray fluorescence (Micro-XRF) is a basic analysis technique that allows the

examination of very small samples. Micro-XRF uses the working principle of the
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traditional XRF method. That is, it uses direct X-ray excitation for elemental
analysis. However, unlike conventional XRF, it uses X-ray optics to limit the size of
the excitation beam or to focus the excitation beam to a small point on the sample
surface. In this way, the properties on the sample can be analyzed. X-ray optics offer
an alternative way to create small focal points with high X-ray flux on the sample
surface for Micro-XRF applications (XOS, 2019).

The Micro-XRF is suitable for archaeological objects which are not in-situ, because

it gives more accurate measurement results.

!

Energy
Dispersive
Detector

Polycapiliary
Focusing
Optic

Emitted
Characteristic
/ X-rays from Sample

. Sample

|

Incident X-rays

Figure 15. Standard Micro XRF configuration (XOS, 2019)
)

This study was conducted in Maklab (material conservation labratory) on September
6, 2019 at Ankara Haci Bayram Veli University. All coins and amorphous bronze

object analyses were done with Micro XRF.

The model and features of the Micro XRF instrument used are as follows:

27



e Model:
e Detector:
e Excitation:

e Dimensions:

e Sample Chamber:

e Power Supply:

e Evaluation system:

e Software:
e Analyses:
e Options:

Spectro Midex-M

SDD

X-ray tube, molybdeum (Mo) anode, 48 kV max.

Height 740 mm (29.1 in), Width 580 mm (22.8 in), Depth 670
mm (26.4 in), Weight 55 - 70 kg (121 - 154 Ibs) depending on
configuration

Video system to display sample image, Manually adjustable
sample table

Operating voltage 95-120V/200-240V, 50/60 Hz, Power
consumption spectrometer: 200 W

External computer system; Windows operating system,
keyboard, mouse, monitor, printer

Menu-based software for control of spectrometer functions
and evaluation of data

Fundamental Parameters program FP+ for element analysis of
alloys, Calibration for RoHS compliance screening of plastics
and composite material

Motor driven XYZ precision table with a maximum travel
path of 240x178x160 mm/ 9.4x7.0x5.3“ (WxDxH) maximum
sample weight of 3 kg/6.6 Ibs

2.4.3. X-Ray Radiography (Roentgen)

X-ray radiography (Roentgen) is an imaging technique related to the internal

structure of matter with X-rays. In this technique, the sample is placed on a

radiation-sensitive film or screen opposite the radiation source (Tugrul, 2012) . The

sample is then irradiated in this position for a period of time and intensity. This time

is called the exposure time. At the end of the exposure time, for example, a contrast

image is displayed in light and dark tones. The light areas observed in this image

represent areas where material thickness or density is high; dark areas represent

areas where material thickness or density is low. This tone difference is explained by
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changes in the radiation absorption capacity of materials with varying density and
thickness. In low-density or thin materials, since the material does not absorb the
radiation too much, a large amount of radiation passes through the film, resulting in
dark areas. In the case of high density or thick materials, the opposite is true, the
areas seen are light colored.

The corrosion on the bronzes examined in this study can be seen clearly with naked
eyes. For this reason X-ray radiography were used to determine whether the
corrosion has completely consumed the original metal or not. The images proved
that below the corrosion layers there was healthy metal objects. X-ray radiography
were applied for all coins and the amorphous object.

2.4.4. Stereo Microscope

Stereo microscope is a type of optical microscope designed to magnify and observe a
sample using light reflected from the surface of an object. The stereo microscope
provides an opportunity to study surface topography in the analysis of samples that

require a three-dimensional view (Nothnagle, Chambers, & Davidson, 2019).

A stereo microscope is often used to examine the surfaces of solid specimens or to
perform close studies such as dissection, microsurgery, clock making, circuit board
production or inspection, and fracture surfaces such as fractography and forensic
engineering. They are therefore widely used in the manufacturing industry for
production, inspection and quality control. Stereo microscopes are important tools in
archaeology and it provides an opportunity to define the surface appearance of
archaeological specimens (Nothnagle, Chambers, & Davidson, 2019). The stereo
microscope can be equipped with a dual-eyepiece, as well as with the developing

technology to photograph the samples with a digital display.

In this study, stereo microscope was used to identify the corrosion zone on the

surface of the coins and non-coin amorphous bronze objects.

2.4.5. Scanning Electron Microscope
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Scanning Electron Microscope (SEM) is a type of electron microscope that produces
images of the sample with electron beam focusing on the surface (Ponting, 2004).
The electrons interact with the atoms in the sample to produce various signals
containing information about surface topography and composition of the sample. In
the scanning electron microscope, electrons are accelerated by 1 kV - 30 kV. The
electron beam is controlled by electromagnetic and electrostatic lenses and focuses
on a small point. The sample surface is scanned with a focused electron beam
(Toolbox, 2015). Electrons interact with the sample and then produce various
electrons and radiation detected. Secondary and backscattered electrons are mainly
used for x-rays for imaging purposes for analysis of the composition. The secondary
electrons of each scanned point of the scanned area are collected by detectors that
convert the signal intensity into an image. That is, scanning electron microscopy
provides an image of the surface area of the sample (Zhou, Apkarian, Wang, & Joy,
n.d.). The entire path of the beam is kept under vacuum to prevent electrons from
interacting with air molecules. Samples must be conductive and well grounded to
prevent load buildup. Figure 15 shows the layout of the scanning electron

microscope.
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Figure 16. Layout of scanning electron microscope (Toolbox, 2015)

Images from scanning electron microscopy can be very valuable in archeology. This
spectrometric method makes it possible to perform microanalysis from a small area
of an object. This technique also provides composition information about different

areas of the same image and is very useful in the study of archaeological materials

(Ponting, 2004).

In this study, SEM analysis was conducted for COIN013 coded coin.



2.5. METHOD OF THE STUDY
2.5.1. Sample Preparation

In this study, elemental analysis of all samples were done with the Micro-XRF, X-
ray Radiography, Stereo-microscope and SEM-EDX. Instruments operation

conditions were explained in Chapter 2.4.

Bronze objects from Komana contain a very high amount of corrosion. Excessive
corrosion in bronzes is caused by a series of chemical reactions of copper so it is the
reason of bronze disease (Asolati, Grazzi, Canovaro, & Calliari, 2013). If these
chemical degradations are not intervened, bronze which is under the corrosion can
be completely lost. X-ray showed that all of the objects contained metal. So, each
object could be analyzed. A stereo microscope was used to focus on the corrosion
zones of the objects. True scale, stereo microscope and x-ray photographs of the

materials are represented at Appendix A.

e For Micro XRF analysis, limestone layer on the surface of coins and bronze
amorphous objectwere cleaned. Analysis was done for all samples (both
coins and the amorphous bronze object).

e For stereo microscope and X-ray radiography analyses, no intervention was
made to the samples. Analysis was done for all samples (both coin and

amorphous bronze objects).

e For SEM analysis, small pieces of specimens were removed from the
samples to see the inside of the samples. The samples were then placed on
the adhesive stand and analyzed for cross-sectional surfaces. Example
selected for SEM analysis is COIN013.

According to the results of the analysis, the elementary compositions of the bronze
objects have been obtained. This information has been used to provide clues about
the economy of Komana.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. RESULTS

3.1.1. Visual Examination

X-ray radiographs of all samples were taken to see if metallic cores were found
under the corrosion layers of the samples. As a result of the analysis, it was found
that there was still metallic layer under the corrosion layers of all samples. X-ray

radiography of the samples is given below, figurel?.

COIN428 COINOSO
& ; ' | - - » RN
’ $ COIN139
COIN449 COIN092 COIN216 COINO13

AMORPHOUS454

rém

Figure 17. X-ray Radiography View
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In addition to X-ray radiography, the views of all samples were photographed with a
stereo-microscope to see the degradation zones. Figure 18 illustrates stereo-
microscope images of the samples COIN449 and AMORPHOUS454.
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Figure 18. Stereo Microscope View of COIN449 and AMORPHOUS454

X-ray radiography, stereo microscope and visible real-size images of all samples are

given in Appendix A.

3.1.2. Micro-XRF Examination

All 9 bronze samples were analyzed with Micro XRF. The basic elements that make
up the bronze alloys were taken as selective elements. These elements are Cu, Sn,
Zn, Ag, Pb, Sb and Fe.

Micro XRF analysis results are given in Table 2 and Table 3.
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Table 3. Selective Elements Concentrations for Coins (taken from Micro XRF)

Sample Period Unit| Cu| Sn | Zn | Ag | Pb | Sb | Fe
COIN449 | Danismends/Seljuk | % | 94,16 | 0,009 | 0,005 | 0,026 | 2,30 | 0,011 | 0,394
COIN092 | Middle Byzantine | % | 81,55 | 17,53 | 0,005 | 0,021 | 0,004 | 0,019 | 0,057
COIN216 | Early Byzantine % |87,73| 892 |0,006|0,082| 1,20 | 0,097 | 0,861
COIN428 | Middle Byzantine | % | 87,49 | 10,97 | 0,006 | 0,009 | 0,547 | 0,191 | 0,006
COIN013 | Danishmends/Seljuk | % | 83,77 | 0,007 | 0,004 | 0,010 | 4,38 | 0,010 | 0,004
COIN080 | Middle Byzantine | % | 93,95| 2,68 | 0,005 | 0,471 | 0,034 | 0,013 | 0,005
COIN139 No Date % | 4256 | 7,09 | 575 | 8,00 | 33,44 | 0,640 | 0,257
COIN284 | Middle Byzantine | % |89,24| 9,16 | 0,006 | 0,132 | 0,134 | 0,259 | 0,005

AVERAGE % |82,06| 7,97 |0,643|0,974| 4,26 | 0,183 | 0,659
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Table 4. Selective Elements Concentrations for Amorphous (taken from Micro XRF)

Sample Period Unit| Cu | Sn |Zn| Ag |Pb | Sb | Fe

Middle Byzantine

AMORPHOUS454 /Church

% 190,99 | 0,050 | 3,36 | 0,023 | 2,23 | 0,040 | 0,290

According to the results of the Micro XRF, COIN139 coded coin is notable because
of its low copper content. All results of the Micro XRF analysis and the graphs are

given in Appendix B.
3.1.3. SEM-EDX Examination

SEM-EDX analysis was performed on COINO13 as previously mentioned. Three
different points were measured for this sample. Measurements were taken especially
from the areas where the crack was visible on the section surfaces. SEM analysis

result of the selected sample is given below.

Table 5. COIN013 SEM Result

Sample Name Reading Cu Pb Fe
COINO013 Number Conc. (%) Conc. (%) Conc. (%)
1 77,950 0,000 2,830
Seljuk 2 87,980 6,310 0,340
3 88,300 5,090 0,660
Average 84,743 3,800 1,277
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Figure 19. SEM Analysis Image Reading 1
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Figure 20. SEM Analysis Image Reading 2
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Figure 21. SEM Analysis Image Reading 3
3.2. DISCUSSION

In order to correctly interpret the results in Chapter 3.1, it is necessary to first define

the main elements of bronze and their functions.
e Copper (Cu)

Copper is a metal with red and brown appearance. It has high electrical and thermal
conductivity properties. Copper is extremely resistant to atmospheric conditions. Its
strength is low, casting and welding ability is not good (Oguz, 1989). However,
according to Oguz (1989), due to its cubic surface centered crystal structure, it can
be shaped cold. It is a metal that can be hammered. Additionally, the main substance

of bronze is copper (Moorey, 1994).
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e Tin(Sn)

Another important element of bronze materials is tin because tin makes bronzes
more resistant to corrosion. The term bronze can generally be used for any alloy
covering copper and tin in varying proportions (Moorey, 1994). For the alloy defined
as bronze, it is sufficient that the percentage of tin in the copper is between 6% -
10%. Alloys containing 10% tin are called quality bronze (Esin, 1969). The
discovery of the high quality bronze ratio is known to occur as a result of many trials
(Ozbal, 2013) and this alloy, which is described as high quality bronze, is very rigid.
In bronze, which is ideal for daily use, it is sufficient that the tin content in the Cu-
Sn alloy is in the range of 3-5%, and the bronze with these qualities is called quality
bronze (Zimmerman & Yildirim, 2008). Increasing the tin ratio facilitates the casting
procedure and provides a close color to bronzes (Zimmerman & Yildirim, 2008).
Hot forming of copper takes place between 700 °C and 900 °C. In tin alloys, this
temperature rises to 1020 °© C-1045 °C. Cast tin bronze with 20% tin is suitable for

bells production only because of excessive brittleness (Akdogan Eker, 2008).
e Lead (Pb)

Another important alloy in the materials used in this study is lead. The task of lead in
the alloy is to provide good workability and pressure resistance (Akdogan Eker,
2008). Reduces cost because it is cheap. The main disadvantage is its easy oxidation
(Akdogan Eker, 2008).

e Antimony (Sb)

Varied opinions have been expressed as to the effect of antimony upon copper,
brass, and bronze. Antimony causes brittleness of copper alloys (Corby, 2012).
Antimony present in amounts over 0.5 per cent decreases both the tensile strength
and the elongation of bronzes (Dews, 1930). Although antimony is rarely added to
bronzes intentionally, it is usually present to a small extent. Additionally, Zinc and
copper may also contain small amounts of antimony. The antimony content of

bronze obviously may be increased considerably if unserviceable and "worn out"

40



bronze bearings carrying either lead-base or tin-base babbitt metal are used as a
portion of the furnace charge (Effect of Antimony on The Mechanical Properties of
A Bearing Bronze, 1932).

e Zinc (Zn)

Another important alloying material for bronze is zinc. Just like tin, zinc added to
copper strengthens and hardens the alloy. Tin is more effective in strengthening

copper than zinc, but is also more expensive (St. John, 1931).
e lron (Fe)

Iron is a magnetic and gray colored metal that can be flattened by forging. Pure iron
element has a melting point of 1535 °C and a boiling point of 2750 °C. It exists both
in the form of a metallic free state (native) and as an ore. Iron content in bronzes

increases tensile strength. It also provide hardness to alloy (Budd & Ottoway, 1995).
e Silver (Ag)

Silver is a late rusting element, but it breaks quickly because it is very soft.
Therefore it is used as alloying material with heavy metals. Another reason for its
use as alloy material is that pure silver is expensive. When used with antimony, zinc

and tin, it gives to the alloy hardness and brightness.

Samples from Komana are dated to the Early Byzantine, Middle Byzantine and
Danishmend/Seljuk periods in chronological order. COIN216 is dated to the Early
Byzantine period. Coins COIN092, COIN428, COIN080, COIN284 and
AMORPHOUS454 belong to the Middle Byzantine period. COIN139 could not be

dated to a period and was conserved. .

The elemental composition of COIN216 belonging to the Early Byzantine period
was 87.73% Cu and 8.92% Sn. It is known that copper ratio of an ideal bronze is
90% and tin ratio is 10% (Esin, 1969). For this reason, it can be suggested that this

coin represents almost an ideal bronze coin for the Byzantine period. The iron (Fe)
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ratio in this coin is about 2%. The role of iron in alloys is to provide hardness.
Therefore, although it is the oldest coin in the sample set, it still contains a bronze

core under corrosion, as seen in X-ray radiography.

The Cu ratios of COIN092, COIN428, COIN080, COIN284 coins belonging to the
Middle Byzantine period are 81,55%, 87,49%, 93,95%, and 89,24%, respectively.
The Sn ratios of these coins are 17,53%, 10,97%, 2,68%, and 9,16%, respectively.
Among these coins, the highest copper ratio / lowest tin ratio belongs to COINO80.
None of these coins contain Zn, Ag, Pb, Sb and Fe elements over 1%. The
AMORPHOUS454 coded non-coin bronze object dated to the same period has Cu
ratio of 90.99% and Sn ratio of 0.050%. Other notable alloying elements in this
example are Zn and Pb, with element percentages of 3.36% and 2.23%, respectively.
Except COIN092 from the Middle Byzantine Period, other coins can be considered
to represent ideal bronze. The AMORPHOUS454 from this same period which was
included in the sample set for comparison is far from ideal bronze due to the amount
of Sn contained in it. Zinc and lead were also used as alloy materials. Because
copper is a soft raw material, it can be said that the elements that will add hardness
to the alloy have been avoided for ease of shaping and Zn and Pb have been added

for increasing its durability.

There are two coins dated to the Seljuk Period, COIN449 and COINO13,
respectively. Of these coins, the Cu content of the COIN449 coded coin was 94.16%
and the Sn ratio was 0.009%. In the coin coded COINO013, Cu ratio is 93.77% and Sn
ratio is 0.007%. In these two coins, Pb is the most striking element and the
percentage of Pb is 4.38% and 2.30%, respectively. These two coins are far from
what is identified as ideal bronze. COINO13 is also the coin selected for SEM-EDX
analysis and the Cu ratio according to SEM analysis is 84.74%. Since Sn ratio is
below 1%, it is not seen in SEM. According to SEM results, the percentage of Pb in
COINO013 is 3.8%. Therefore, these coins dated to Seljuk Period are not bronze. If
there is no dominant element other than lead, it certainly will be easier to corrode.

The main reason for using lead may be its low cost (Akdogan Eker, 2008).

42



Coin coded COIN139 is a coin that has undergone conservation. The Cu ratio in this
coin is 42.56% and the Sn ratio is 7.09%. This coin has a high rate of Zn, Ag and Pb,
and its percentages are 5.75%, 8.00% and 33.44%, respectively. Because silver is
both expensive and soft under normal conditions, it is not used in alloys up to 8%
(Geng, 2017). According to Geng (2007), this high silver content may be due to

conservation. The height in the lead ratio must also be due to conservation.

Tin, zinc and lead are the most commonly used alloy materials for bronze and these
elements with low melting temperature facilitate the casting of bronze (Aran, 2007).
According to Aran (2007), these alloy materials increase the hardness of copper, a
soft material, and these alloy materials are cheaper than tin. The disadvantage of lead
among these alloy materials is that it is oxidizes quickly (Aran, 2007). However,
zinc has de-oxidation properties. So it can be concluded that, lead and zinc are used
to reduce the percentage of tin which is the most expensive alloy material. As a
result, less corrosion was observed in materials with high zinc content. Therefore, it
not possible to suggest that the presence of lead in the bronzes was result of
inadequate purification technology. There are different amounts of lead in the
objects dated to the 11M-14™ centuries. From this point of view, it would not be

wrong to say that lead, tin and iron alloy bronzes were deliberately made.

Amorphous 454 has more zinc than all other materials and this object has less
corrosion than other materials at first glance. Zinc gives almost perfect mold filling
properties to alloys, but also provides high hardness, good machinability, better
casting in thin sections and a successful coating technique (Yal¢in & Susoglu, 2012).
Zinc also has a low melting cost.

Except for the coin coded COIN139, silver concentrations are very low in other
materials. Thus, the silver element, which can be called as trace element in objects,
may show that metal workmanship and purification techniques are advanced.

In the light of all this information, it can be suggested that Komana made coins with

excellent bronze alloys during the Early and Middle Byzantine periods. During the
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Seljuk period, tin, an expensive alloying element, was avoided and lead was used
instead of tin to facilitate the pouring of copper and to ensure the longevity of the

coin.
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CHAPTER 4

CONCLUSION

In this study, the elemental compositions of bronze objects excavated at Komana,
were determined with the aim of providing the archaeologists the necessary

background for future studies on the economy at the site.

This thesis is the first archaeometallurgical study on bronze coins of Komana.
Bronze, copper-based alloys make up most of the archaeological metals.
Spectrometric analysis methods were used on the bronzes from Komana. Micro X-
ray Fluorescence and Scanning Electron Microscopy were used as analysis methods
and elemental compositions of bronze metals were investigated. X-ray radiography
and Stereo Microscope were used for visual examination. A total of 9 bronze alloys
were investigated in the context of this study. Eight of them are coins and 1 is a non-
coin bronze object (amorphous) which was used as comparison for coins. These
bronze samples dating to the 11™-14™ centuries were heavily corroded, thus for
Micro XRF, the limestone layer on the samples was removed. In addition a small
piece was removed from the selected sample for SEM-EDX analysis. X-Ray
radiography of metals was taken in order to visually inspect whether there was a
metal core. They were photographed by Stereo Microscope to focus and identify the

corrosion zones.

According to the analysis results, tin, which is an important element for alloys and
retards corrosion, was used more extensively in the Byzantine period coins than
bronze object. In the Seljuk period coins, Zn and Pb ratios were determined to be
higher. The task of zinc and lead in the alloy is to create a harder and more durable
bronze. Moreover, these two elements, one of the basic elements of alloys, are less

expensive than tin. Therefore, it reduces the quality of bronze.
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Coins and amorphous objects from Komana are heavily corroded, with no sign of the
emperors of the time so the dating is based on the excavated layers. Recently
radiocarbon dates have confirmed the relative dates suggested by the excavators for
various layers and levels. In addition, the sample set is very small which makes it
very difficult to comment on a general elemental composition. In the same way, it
would be premature to propose interpretations on the economy of these different
periods at Komana. However, the good quality of the Early and Middle Byzantine
coins in comparison to the later Seljuk period coins may indicate an economic strand
during this very critical period in Anatolia. The Danishmend/Seljuk period at
Komana represents the time of the arrival of the Turkish Beyligs in Anatolia and
continuous political unrest due to constant battles between the Byzantines and the
Turks followed by clashes between different Turkic groups. It is very likely that tin
as an expensive and imported alloy material could scarcely be found and instead lead
was used. Future studies on better dated coins using a portable XRF machine could

help support the preliminary suggestions made here.

The excavation team was also concerned with the differences in the level of
corrosion between the coins and other objects. Although only one comparative
material could be analyzed due to different limitations, it could be observed that
indeed this object had very different alloy composition with zinc in higher
proportions. Zinc is not only less prone to corrosion but also a better alloy for objects
which will likely be work more extensively for shaping and molding.

Overall, a general understanding concerning the elemental compositions of Komana
bronzes could be discerned which can only serve as the beginning of a large corpus

which could be built in the future.
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APPENDICES
A. Full Visual of Bronze Objects

In this part, the coins and the object from Komana are presented. There are three
views for each material which are: normal scale view, X-Ray radiography view and

stereomicroscope view, respectively.
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e Coin: KARP13-HTP01-449, Seljuk Period:
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Figure 22. KARP13-HTP01-449 Coin. Normal Scale and Rontgen view
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Figure 23. KARP13-HTP01-449 Coin. Under the Stereo Microscope view

Explanation: Coin with heavy corrosion: unshaped and broken. Corrosions were not

removed.

Weight: 1.1 gr
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e Coin: KARP11-HTP01-092, Middle Byzantine Period:
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Figure 24. KARP11 HTPO01- 092 Coin. Normal Scale and Rontgen view.
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Figure 25. KARP11 HTPO1- 092 Coin. Under the Stereo Microscope view.

Coin with heavy corrosion: unshaped and broken. Corrosions were not removed.

Weight: 1.4 gr
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e Coin: KARP16-HTP01-216, Early Byzantine Period:
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Figure 26. KARP16-HTPO01-216 Coin. Normal Scale and Rontgen view.
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Figure 27. KARP16-HTPQ1-216 Coin. Under the Stereo Microscope view.

Coin with heavy corrosion: unshaped and broken. Corrosions were not removed.

Weight: 0.9 gr
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Coin: KARP11-HTP01-428, Middle Byzantine Period:
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Figure 28. KARP11-HTP01-428 Coin. Normal Scale and Rontgen view.
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Figure 29. KARP11-HTP01-428 Coin. Under the Stereo Microscope view.

Coin with heavy corrosion: unshaped and broken. Corrosions were not removed. The

Rontgen view includes just the small part of broken coin.

Weight: 0.4 gr
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Coin: KARP17-HTP04-013, Seljuk Period:
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Figure 30. KARP17-HTP04-013Coin. Normal Scale and Rontgen view.
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Figure 31. KARP17-HTP04-013Coin. Under the Stereo Microscope view.

Coin with corrosion: quarter round shaped and broken nearly middle part. Existing

corrosions were not removed.

Weight: 0.3 gr.
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e Coin: KARP11-HTP01-080, Middle Byzantine Period:
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Figure 32. KARP11-HTPO01-080. Normal Scale and Rontgen view.
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Figure 33. KARP11-HTPQ1-080. Under the Stereo Microscope view.

Coin with heavy corrosion: nearly round and missing. Corrosions were not removed.

Weight: 1.7 gr
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Coin: KARP15-HTP01-139, Undated:

&

e e
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Figure 34. KARP15-HTP01-139 Coin. Normal Scale and Rontgen view.
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Figure 35. KARP15-HTP01-139 Coin. Under the Stereo Microscope view.

Coin with nearly clear about corrosion: Nearly semi-round shaped and broken.

Conversation was done previously.

Weight: 0.8 gr

64



e Coin: KARP17-HTP01-284, Middle Byzantine Period:
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Figure 36. KARP17-HTPO01-284 Coin. Normal Scale and Rontgen view.
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Figure 37. KARP17-HTP01-284 Coin. Under the Stereo Microscope view.

Coin with heavy corrosion: unshaped and broken. Corrosions were not removed.

Weight: 1.0 gr
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Amorphous: KARP13-HTP01-454, Middle Byzantine Period:

10mm

\ ! ! ! ] ! 10mmj

Figure 38. KARP13-HTP01-454 Amorphous. Normal Scale and Rontgen view.
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Figure 39. KARP13-HTPO01-454 Amorphous. Nearly middle part of under the Stereo
Microscope view.

Amorphous with corrosion: unshaped and broken. Corrosions were not removed.

Weight: 1.1 gr
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B. Full Excel Table for Coins and Amorphous Object

Figure 40. Full Excel Table for Coins and Amorphous Object
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Analyzer

SPECTRO MIDEX-M Micro XRF Elements
Date Sample Name Description Ti \'4 Cr Mn Fe Co Ni Cu Zn Ga Zr Nb Mo Rh Pd Ag Ccd In Sn Sb W Ir Pt Au Pb
16.09.2019 KARP13-HTP01-449 Coin Conc. (%) Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%)
Seljuk/islik 0,018 0,014 0,007 0,009 0,394 0,005 0,049 94,16 0,005 0,004 0,050 0,026 1,00 0,002 0,011 0,026 0,006 0,008 0,009 0,011 0,010 0,001 0,020 0,020 2,30
Elements
Date Sample Name Description Ti \'4 Cr Mn Fe Co Ni Cu Zn Ga Zr Nb Mo Rh Pd Ag Cd In Sn Sbh W Ir Pt Au Pb
16.09.2019 KARP11-HTP01-092 Coin Conc. (%) Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%)
Middle Byzantine/Church 0,022 0,014 0,009 0,007 0,057 0,004 0,049 81,55 0,005 0,007 0,050 0,020 0,565 0,002 0,009 0,021 0,011 0,015 17,53 0,019 0,025 0,001 0,020 0,020 0,004
Elements
Date Sample Name Description Ti \'4 Cr Mn Fe Co Ni Cu Zn Ga Zr Nb Mo Rh Pd Ag Ccd In Sn Sb W Ir Pt Au Pb
16.09.2019 KARP16-HTP01-216 Coin Conc. (%) Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%)
Early Byzantine 0,021 0,020 0,034 0,019 0,861 0,004 0,006 87,73 0,006 0,014 0,050 0,020 0,793 0,002 0,011 0,082 0,011 0,013 8,92 0,097 0,025 0,001 0,020 0,020 1,20
Elements
Date Sample Name Description Ti \'4 Cr Mn Fe Co Ni Cu Zn Ga Zr Nb Mo Rh Pd Ag Cd In Sn Sbh W Ir Pt Au Pb
16.09.2019 KARP16-HTP04-428 Coin Conc. (%) Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%)
Middle Byzantine/Church 0,021 0,013 0,009 0,007 0,006 0,004 0,006 87,49 0,006 0,014 0,050 0,020 0,573 0,002 0,007 0,009 0,010 0,012 10,97 0,191 0,025 0,001 0,020 0,020 0,547
Elements
Date Sample Name Description Ti \'4 Cr Mn Fe Co Ni Cu Zn Ga Zr Nb Mo Rh Pd Ag Ccd In Sn Sb W Ir Pt Au Pb
16.07.2019 KARP17-HTP04-013 Coin Conc. (%) Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%)
Seljuk/islik 0,016 0,010 0,007 0,005 0,004 0,003 0,005 83,77 0,004 0,008 0,050 0,042 0,748 0,002 0,005 0,010 0,050 0,014 0,007 0,010 0,025 0,001 0,020 0,020 0,383
Elements
Date Sample Name Description Ti \'4 Cr Mn Fe Co Ni Cu Zn Ga Zr Nb Mo Rh Pd Ag Cd In Sn Sh W Ir Pt Au Pb
16.09.2019 KARP17-HTP01-080 Coin Conc. (%) Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%)
Middle Byzantine/Church 0,018 0,012 0,007 0,006 0,005 0,003 0,006 93,95 0,005 0,011 0,050 0,020 0,843 0,002 0,006 0,471 0,008 0,010 2,68 0,013 0,011 0,001 0,020 0,020 0,034
Elements
Date Sample Name Description Ti \'4 Cr Mn Fe Co Ni Cu Zn Ga Zr Nb Mo Rh Pd Ag Ccd In Sn Sb W Ir Pt Au Pb
16.09.2019 KARP15-HTP01-139 Coin Conc. (%) Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%)
No Date 0,035 0,024 0,014 0,011 0,257 0,007 0,088 42,56 5,75 0,009 0,076 0,007 1,85 0,002 0,024 8,00 0,020 0,023 7,09 0,640 0,025 0,001 0,020 0,020 33,44
Elements
Date Sample Name Description Ti \'4 Cr Mn Fe Co Ni Cu Zn Ga Zr Nb Mo Rh Pd Ag Cd In Sn Sh W Ir Pt Au Pb
16.09.2019 KARP17-HTP01-284 Coin Conc. (%) Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%)
Middle Byzantine/Church 0,018 0,012 0,008 0,006 0,005 0,004 0,006 89,24 0,006 0,010 0,050 0,020 0,839 0,002 0,007 0,132 0,014 0,013 9,16 0,259 0,011 0,001 0,020 0,020 0,134
Elements
Date Sample Name Description Ti \'4 Cr Mn Fe Co Ni Cu Zn Ga Zr Nb Mo Rh Pd Ag Ccd In Sn Sb W Ir Pt Au Pb
16.09.2019 KARP13-HTP01-454 Amorphous Conc. (%) Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%) | Conc. (%)
Middle Byzantine/Church 0,016 0,011 0,006 0,005 0,290 0,003 0,070 90,99 3,36 0,003 0,050 0,025 0,901 0,002 0,018 0,023 0,050 0,006 0,050 0,040 0,025 0,001 0,020 0,020 2,23
Elements
Sample Name Description Ti \'4 Cr Mn Fe Co Ni Cu Zn Ga Zr Nb Mo Rh Pd Ag Cd In Sn Sb W Ir Pt Au Pb
KARP13-HTP01-449 COIN 0,018 0,014 0,007 0,009 0,394 0,005 0,049 94,16 0,005 0,004 0,050 0,026 1,00 0,002 0,011 0,026 0,006 0,008 0,009 0,011 0,010 0,001 0,020 0,020 2,30
KARP11-HTP01-092 COIN 0,022 0,014 0,009 0,007 0,057 0,004 0,049 81,55 0,005 0,007 0,050 0,020 0,565 0,002 0,009 0,021 0,011 0,015 17,53 0,019 0,025 0,001 0,020 0,020 0,004
KARP16-HTP01-216 COIN 0,021 0,020 0,034 0,019 0,861 0,004 0,006 87,73 0,006 0,014 0,050 0,020 0,793 0,002 0,011 0,082 0,011 0,013 8,92 0,097 0,025 0,001 0,020 0,020 1,20
KARP16-HTP04-428 COIN 0,021 0,013 0,009 0,007 0,006 0,004 0,006 87,49 0,006 0,014 0,050 0,020 0,573 0,002 0,007 0,009 0,010 0,012 10,97 0,191 0,025 0,001 0,020 0,020 0,547
KARP17-HTP04-013 COIN 0,016 0,010 0,007 0,005 0,004 0,003 0,005 83,77 0,004 0,008 0,050 0,042 0,748 0,002 0,005 0,010 0,050 0,014 0,007 0,010 0,025 0,001 0,020 0,020 0,383
KARP17-HTP01-080 COIN 0,018 0,012 0,007 0,006 0,005 0,003 0,006 93,95 0,005 0,011 0,050 0,020 0,843 0,002 0,006 0,471 0,008 0,010 2,68 0,013 0,011 0,001 0,020 0,020 0,034
KARP15-HTP01-139 COIN 0,035 0,024 0,014 0,011 0,257 0,007 0,088 42,56 5,75 0,009 0,076 0,007 1,85 0,002 0,024 8,00 0,020 0,023 7,09 0,640 0,025 0,001 0,020 0,020 33,44
KARP17-HTP01-284 COIN 0,018 0,012 0,008 0,006 0,005 0,004 0,006 89,24 0,006 0,010 0,050 0,020 0,839 0,002 0,007 0,132 0,014 0,013 9,16 0,259 0,011 0,001 0,020 0,020 0,134
Standart Deviation 0,006 0,005 0,009 0,005 0,305 0,001 0,032 16,744 2,029 0,003 0,009 0,010 0,410 0,000 0,006 2,795 0,014 0,005 5,993 0,217 0,007 0,000 0,000 0,000 11,616
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C. Concentration Graphs for Coins and Amorphous Object

Concentration graphs are given below for all bronze samples.
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Graph 1. Cu-Sn Concentration Ratio (%)
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Graph 2. Cu-Pb Concentration Ratio (%)
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Graph 3. Cu-Ag Concentration Ratio (%)
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74



€80 u
L00'0

EfFe mSn mPb

Graph 6. Fe-Sn-Pb Concentration Ratios (%)

75



100,000

90,000

80,000

70,000

60,000

50,000

40,000

30,000

20,000

10,000

0’000 - P— I I l M‘ j L

Fe Cu Zn Ag Sn S
B KARP13-HTP01-449 m KARP11-HTP01-092 m KARP16-HTP01-216
" KARP16-HTP04-428 m KARP17-HTP04-013 m KARP17-HTP01-080

u KARP15-HTP01-139 m KARP17-HTP01-284 m KARP13-HTP01-454

b Pb

Graph 7. Cluster of Bronze Material in terms of Selective Alloy Elements Concentration
Ratios (%)
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