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ABSTRACT 
 
LIME MORTAR AND PLASTER CHARACTERISTICS OF SOME 

BYZANTINE PERIOD BUILDINGS IN KADIKALESİ (ANAIA) 
AND AYASULUK HILL 

 
In this study, characteristics of lime mortars and plasters from Kadıkalesi and 

Ayasuluk were evaluated by considering the sites, construction periods, function, 

contained aggregate types. Results compared with Byzantine lime mortar studies. For this 

purpose, basic physical properties, raw material compositions, geological features, 

mineralogical and chemical compositions, hydraulic and microstructural properties were 

determined by RILEM standard test methods, SEM-EDS, XRD and TGA. Also, possible 

raw material provenances used in the production of mortars and plasters were determined.  

According to results, pure lime and pozzolanic aggregates were used in the 

production of these mortars and plasters. Lime/aggregate ratios may have differed as a 

result of the geological origins of aggregates and raw material resources. The mortars and 

plasters had hydraulic properties due to the pozzolanic aggregates.  

Natural aggregates consisted of different types of rocks with angular forms were 

obtained from breccia sources found in the Menderes Massif units. The differences in 

mineralogical and chemical compositions revealed that different raw material sources 

were used in Kadıkalesi and Ayasuluk. Natural aggregates of Kadıkalesi mortars may have 

been obtained from the mountain slopes of Büyük Menderes containing mostly carbonate 

rock fragments, while those Ayasuluk's may have been obtained from the mountain slopes 

of Küçük Menderes containing a high percentage of volcanic particles. Brick aggregates 

were produced at firing temperatures between 800−900°C using clay with low Ca content. 

In both sites, the physical properties, chemical, mineralogical compositions and 

hydraulic properties of lime mortars and plasters did not change significantly according 

to different construction periods and location of use in the building. The differences 

determined in their chemical and mineralogical compositions resulted from the type of 

aggregates used and the diversity of raw material sources. The use of mortars and plasters 

with similar properties in different periods revealed that the production technology had 

been transferred and maintained over the centuries, also suitable sources had been 

consciously chosen to produce hydraulic lime mortars and plasters. 
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ÖZET 
 

KADIKALESİ (ANAİA) VE AYASULUK TEPESİ'NDEKİ BAZI 
BİZANS DÖNEMİ YAPILARININ KİREÇ HARÇ VE SIVA 

ÖZELLİKLERİ 
 

Bu çalışmada, Kadıkalesi (Anaia) ve Ayasuluk'tan alınan kireç harç ve sıvaların 

özellikleri; örneklerin alındığı alanlar, inşa dönemleri, fonksiyonları, içerdikleri agrega 

türleri dikkate alınarak değerlendirilmiştir. Sonuçlar, Bizans kireç harcı çalışmaları ile 

karşılaştırılmıştır. Bu amaçla, temel fiziksel özellikler, hammadde kompozisyonları, 

jeolojik özellikleri, mineralojik ve kimyasal kompozisyonlar, hidrolik ve mikroyapısal 

özellikleri; RILEM standart test yöntemleri, SEM-EDS, XRD ve TGA ile saptanmıştır. 

Harç ve sıvaların üretimlerinde kullanılmış olası hammadde kaynakları da belirlenmiştir. 

Analiz sonuçlarına göre, tuğla agregalı kireç harç ve sıvaları, doğal agregalılara 

göre daha gözenekli ve daha az yoğun malzemelerdir. Kireç/aggrega oranları, 

agregegaların jeolojik kökenleri ve hammadde kaynaklarına bağlı olarak farklılık 

göstermiş olabilir. Bu harç ve sıvaların üretiminde, yüksek kalsiyumlu kireç ve puzolanik 

agregalar kullanılmıştır. Böylece harç ve sıvalar hidrolik nitelik kazanmışlardır.  

 Doğal agregalarda bulunan farklı tipteki kayaç kırıkları ve köşeli formları 

dolayısıyla Menderes Masifi birimlerinden elde edilmiş breş kaynaklarının kullanıldığı 

belirlenmiştir. Mineralojik ve kimyasal kompozisyonlarında görülen farklılıklar 

Kadıkalesi ve Ayasuluk’ta farklı hammadde kaynaklarının kullanıldığı göstermiştir. 

Kadıkalesi harçlarının doğal agregaları daha çok karbonatlı kayaç kırıntıları içeren Büyük 

Menderes dağ eteklerinden, Ayasuluk harçlarının doğal agregaları ise yüksek oranda 

volkanik parçacık içeren Küçük Menderes dağ eteklerinden elde edilmiş olabilir. Tuğla 

agregalar ise düşük kalsiyumlu kil kullanılarak 800−900°C arasında üretilmiştir. 

 Her iki alanda da kireç harç ve sıvalarının fiziksel özellikleri, kimyasal, 

mineralojik kompozisyonları ve hidrolik özellikleri farklı inşa dönemlerine ve yapıdaki 

kullanım yerlerine göre anlamlı bir değişiklik göstermemiştir. Kimyasal ve mineralojik 

kompozisyonlarında belirlenen farklılıklar ise kullanılan agregaların türünden ve 

hammadde kaynaklarının çeşitliliğinden kaynaklanmıştır. Farklı dönemlerde benzer 

özelliklerde harç ve sıva kullanımı, üretim teknolojisinin yüzyıllar içinde sürekliliğini 

koruduğunu, hidrolik kireç harç ve sıva üretebilmek için uygun kaynakların bilinçle 

seçildiğini ortaya koymuştur. 
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CHAPTER 1 
 

INTRODUCTION 
 

Lime mortars have been one of the most prevalent binding materials for centuries 

which were used for structural, protective, or adhesive purposes in buildings of different 

scales and programs.  

One of the earliest known use of lime mortars was as a terrazzo floor covering 

discovered in Çayönü excavations (Diyarbakır), which dates back to 6000 BC (Oates 

1998; Adam 2005; Özdoğan 2007; Öztan 2009). Similarly, another of the earliest 

examples of lime mortar found was the floor covering Lepinski Vir, dated to 6000 BC 

(Oates 1998). In the following periods, it is known that lime mortars were used for non-

structural purposes as lime stuccos and plasters in Egyptian architecture (Cowper 1998; 

Vicat 1837). In Greek architecture, lime mortars were generally used as plasters for wall 

paintings, stuccos, and claddings (Adam 2005). Greek lime mortars were generally 

considered as the predecessors of the technology of Roman lime mortars (Macdonald 

1965). In fact, each generation added its practical experience and the knowledge was 

developed by trials and errors until the last century of Roman Republic (Macdonald 1965; 

Ward-Perkins 1970). The remarkable accomplishment of the Romans was mixing 

pozzolans, either obtained from local volcanic sands (pozzolana) or heated ceramic 

materials, with lime for mortar production which resulted in gaining property of setting 

under water and higher mechanical strength (Ward-Perkins 1970; Oates 1998). With these 

superior properties, lime mortars began to be used for structural purposes and thus 

enabled bonding of rubble masonry and invention of vaulted constructions (Macdonald 

1965; Adam 2005). The Roman lime mortar technology was influenced and transferred 

by several civilizations such as Byzantines, Seljuks and Ottomans by using their local 

raw material sources and craftsmanship (Akman, Güner, and Aksoy 1986). This 

production technology was continued to be used until about early 20th century, while 

modern cement became widespread.  

The lime mortars and plasters, which were developed for centuries by different 

civilizations, are historical documents that shed light on technical knowledge, 

construction and material technique, experience, skills and craftsmanship of the era and 
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geography they belonged to (ICOMOS 2013). To conserve the historical, aesthetic, 

technical, and documentary values of historical lime mortars and plasters and transfer 

them to future generations, their characteristics, possible raw material sources and 

production technologies should be fully investigated and elicited. These historical 

documents should be conserved and repaired with determining original materials, in case 

of need, using all science and techniques (ICOMOS 1964).  

This study focuses on Byzantine lime mortars and plasters used in Western 

Anatolia, whose properties are less known than those used in the Byzantine imperial 

center. 

 

1.1. Problem Definition 
 

The Byzantines, who had important settlements in Western Anatolia, continued to 

use the Roman period lime mortar and plaster technology. Studies on Byzantine lime 

mortar and plaster are very limited and generally focused on the monumental structures 

in and around the imperial capital, Constantinople (İstanbul), and only a few of the 

studies; Serapis Temples in Pergamon, Kyme in İzmir, St. Jean Church in Manisa and 

Stratonikeia in Muğla, were conducted around Western Anatolia (Aslan Özkaya 2005; 

Miriello et al. 2011; Oğuz Kılıç et al. 2004; Caner and Güney 2018).  

Due to these limited studies, it is not known whether the characteristics and 

production technologies of lime mortars and plasters used in the Byzantine period has 

changed according to the spaces, architectural elements of the buildings over the 

centuries. Besides, the production and craft knowledge were similar in nearby Byzantine 

settlements or that each area had its own skill and craftsmanship is unknown. The raw 

materials used in this production should be obtained from local sources as a consequence 

of logistical difficulties of the period and the need for rapid constructions that especially 

on the defense lines. Although these local provenances can be determined by the 

comparison of the characterization data, studies on this subject are very limited. 

Consequently, there is a knowledge deficiency about material characteristics and 

provenance of raw materials of Byzantine lime mortars and plasters from Western 

Anatolia. 
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1.2. Aim and Scope of the Study 
 

The study aims to identify the characteristics of Byzantine lime mortars and 

plasters in Western Anatolia, composed of natural and brick aggregates to better 

understand the material technique and continuity of the lime mortar technology. The 

study also aims to specify the possible provenances of raw materials.  

Within this aim, Byzantine seaports in Western Anatolia namely; Anaia in 

Kuşadası, Aydın and Ayasuluk in Selçuk, İzmir, were selected due to their vicinity, 

historical importance and resemblance in terms of being archbishopric centers of 

Ephesus. In addition, these structures have similar construction periods dated to different 

centuries in terms of Early and Middle Byzantine periods, including the addition of new 

spaces and architectural elements and the repairs of damages caused by earthquakes. The 

study also intends to compare the characteristics of lime mortar and plasters produced in 

different centuries and used for different functions in the constructions and hereby to 

determine whether mortar technology and raw material sources had been changed over 

centuries in terms of the functions and selected areas. The results will also be compared 

with Byzantine lime mortar studies in the literature to determine whether the technology 

was changed according to the different regions.  

Thus, it will contribute to the existing literature about Byzantine period lime 

mortars and plasters which mostly focused on monumental structures in and around the 

imperial capital, as well as the characteristics and possible raw material sources of lime 

mortars and plasters to be used in future conservation studies of the sites. 

 

1.3. Methodology 
 

This is a case study on the characteristics of Byzantine period lime mortars and 

plasters through field survey, literature review, experimental studies, evaluation of the 

results and comparison within the case areas and recent Byzantine period studies. The 

selected case areas were Kadıkalesi (Anaia) in Kuşadası, Aydın and Ayasuluk in Selçuk, 

İzmir. 

The measured drawings of the areas were obtained from the excavation archives. 

The field survey was conducted in July 2020. During the field survey, sampling was 
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carried out according to the periods determined by the excavation team, by collecting 

lime mortar and plaster samples from different periods, and locations of the Byzantine 

monuments. Also, the structure and the sample locations were documented by 

photographs.  

Experimental studies were carried out between September 2020 and January 

2022. The samples were analyzed in Material Conservation Laboratory of Izmir Institute 

of Technology (IZTECH), Conservation and Restoration of Cultural Heritage 

Department, and in the Center of Materials Research of IZTECH.  

The data collection was done by using standard test methods, scanning electron 

microscopy coupled with energy-dispersive X-ray spectrometry (SEM-EDX), X-ray 

diffraction (XRD), and thermogravimetric analysis (TGA). Macroscopic observations 

and geological evaluations were done on the aggregates to specify the possible 

provenances. The results were given and discussed considering the sites, construction 

periods, their location, function, and aggregate types used in lime mortars and plasters. 

Also, according to the results obtained, the lime mortars and plasters from Kadıkalesi and 

Ayasuluk were compared within themselves and with other Byzantine period studies. The 

data were evaluated to investigate the continuity of lime mortar technology over centuries 

and the possible provenance of raw materials. 

 

1.4. Content of the Study 
 

The thesis is composed of six chapters; introduction, historical lime mortars and 

plasters, Kadıkalesi (Anaia) and Ayasuluk, experimental methods, results and discussion 

and conclusion.  

In the second chapter, the history and manufacturing techniques of the lime 

mortars and plasters were explained, and the results of recent studies on Byzantine lime 

mortars were given. 

In the third chapter, general information about the historical background, 

architectural characteristics, and material use of the two outstanding Byzantine 

settlements, Kadıkalesi (Anaia) and Ayasuluk were presented.  

In the fourth chapter, sampling of the lime mortars and plasters and experimental 

studies and tools to determine basic physical properties, raw material compositions, and 
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hydraulic properties of lime mortars and plasters; mineralogical and chemical 

compositions, microstructural properties of aggregates, limes, and binders; and 

pozzolanic activities of aggregates were defined.  

In the fifth chapter, basic physical properties, raw material compositions, and 

hydraulic properties of lime mortars and plasters; possible provenance of natural 

aggregates; mineralogical and chemical compositions, microstructural properties of 

aggregates, limes and binders; pozzolanic activities of aggregates were determined by 

using RILEM test methods, XRD, SEM-EDX and TGA. Also, the possible provenances 

of aggregates were discussed.  

In the sixth chapter, all results were summarized and evaluated by considering the 

sites, construction periods, function and aggregate types used in lime mortars and plasters. 
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CHAPTER 2 

 

HISTORICAL LIME MORTARS AND PLASTERS 

 
In this chapter, the development of lime mortar and plasters throughout history 

and their manufacturing techniques were examined. In addition, the results of recent 

studies on the characterization of Byzantine lime mortars were given. 

 

2.1. Characteristics of Lime Mortars and Plasters 
 

Historical lime mortars and plasters were manufactured by mixing lime as 

bonding agent and natural and/or brick aggregates. 

Limestones, which are sedimentary rocks mainly consisted of calcium carbonate 

(CaCO3),  are the raw materials for lime manufacturing (Lazell 1915; Davey 1961). There 

are various classifications of limes according to their hydraulic properties, chemical 

compositions and characteristics of limestones (Vicat 1837; Eckel 1905; Lazell 1915; 

Davey 1961; Cowper 1998; Zacharopoulou 1998). Among these classifications, 

classifications of Vicat (1837) and Davey (1961) were the most commonly accepted 

approaches in the literature. 

According to Vicat, the main classification of lime was consisted of five major 

groups in terms of their chemical compositions (Table 2.1) (Vicat 1837): 

• Rich or fat limes: Containing less than ⁓5% of inert impurities such as alumina, 

silica, iron etc., can rapidly slake.  

• Poor or lean limes: Including ⁓5–30% inert impurities, slake slowly 

• Slightly or Feebly Hydraulic Limes: Consisting of <12% active clay etc. 

• Moderately Hydraulic Limes: Composed of 12–18% active clay etc. 

• Eminently Hydraulic Limes: Involving 18-25% active clay etc.  

Davey classified limes according to limestone provenance, mineralogical and 

chemical compositions and mainly grouped them as non-hydraulic and hydraulic (Davey 

1961) (Table 2.1): 
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• Non-hydraulic limes: Carboniferous and pure oolitic limestone (CaCO3) 

including <5% MgO, or magnesian (dolomitic) limestone (MgCO3) 

containing >5% MgO. 

• Hydraulic limes: Grey chalks, siliceous, argillaceous limestones or magnesian 

limestones containing SiO2 (4–16%), Al2O3 (1–8%), Fe2O3 (0.3–6%), and 

CaO+ MgO (78–92%). 

 

Table 2.1. Lime classification combined according to Vicat and Davey  

(Source: Vicat 1837; Davey 1961) 

Classification Raw Materials Composition 

Non-hydraulic 
Limes 

Fat/Rich limes 

Carboniferous limestone 
Pure oolitic limestone 

(<5% MgO) 
 

>94% CaO, MgO 
 

Magnesian (dolomitic) 
limestone (>5% MgO) 

Lean/Poor limes 

Carboniferous limestone 
Pure oolitic limestone 

(<5% MgO) 
 

>70% CaO, MgO 
Residue inert 

 Magnesian (dolomitic) 
limestone (>5% MgO) 

Hydraulic 
Limes 

Slightly or Feebly 
Moderately 
Eminently 

Grey chalks 
Siliceous limestones 

Argillaceous limestones 

SiO2 (4–16%) 
Al2O3 (1–8%) 

Fe2O3 (0.3–6%) 
 

The manufacturing of lime starts with extracting limestones from the quarries. 

Vitruvius, recommended the use of white and less porous limestones for mortars of 

structural purposes (Vitruvius 1960). 

In the second step, limestones (CaCO3) are generally heated at moderate 

temperatures around 900–1200°C, during heating carbon dioxide (CO2) is released and 

quicklime (calcium oxide (CaO)) is obtained (1.1) (Lazell 1915; Boynton 1966; Oates 

1998; Adam 2005). The pores of the quicklime increases by releasing CO2. 

 

       Heat 

      CaCO3               CaO     +   CO2                                                     (1.1) 
                Limestone       Quicklime 
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In the traditional lime kilns, the used fuel was wood and charcoal, so they could 

reach the temperatures of approximately 900°C. Lower calcination temperatures 

(⁓900°C) lead the formation of higher specific surface area and more reactive quicklime. 

Therefore, the limes may have been produced in a higher quality (Moropoulou, Bakolas, 

and Aggelakopoulou 2001). 

In historical lime production, the calcination process was mostly carried out in 

lime kilns which were often close to the limestone quarry so that the kiln could be 

operated with minimum labor (Figure 2.1–2.3) (Davey 1961; Oates 1998). On the other 

side, some lime kilns were built near important buildings such as fortification walls, 

basilicas etc. and especially marble elements of earlier periods monuments were used as 

raw materials during Byzantine Period (Adam 2005).  

During calcination, limestone lost its weight. Therefore, at the end of this process 

transportation of quicklime to the construction site became easier. 

 

 
Figure 2.1. Restorated lime kiln in AlmaVerde  

(Source: Tranmer 2015) 
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Figure 2.2. Schematic drawing of a lime kiln from Campania 

(Source:Adam 2005, 121) 
 

 

      

Figure 2.3. Description of lime kiln  

(Source: Lazell 1915, 25-26) 

 

Calcination process is followed by the slaking of quicklime by adding water 

(H2O), and result in slaked lime/lime putty (calcium hydroxide (Ca(OH)2)) (1.2) (Lazell 

1915; Davey 1961; Boynton 1966; Oates 1998; Adam 2005). In the slaking process, water 

penetrates the quicklime's open pores. After it cools off, the heat is released (Vitruvius 

1960). The existence of other chemically reactive substances can alter the slaking process 

and effect the hydraulicity of the product (Adam 2005). If excess water is used for 

hydration, the resultant hydrate would be in paste form (Lazell 1915). 

 

CaO        +        H2O              Ca (OH)2                                                (1.2) 
       Quicklime            Water            Slaked lime 

 

                Heat 
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Ancient masters recommended the use of aged lime (at least three years) for 

preparing lime mortars and plasters (Vitruvius 1960; Adam 2005). Using aged lime 

increases the plasticity of lime and carbonation rate by decreasing size of the calcite 

crystals (Cowper 1998; Rodriguez-Navarro, Hansen, and Ginell 1998; Zamba et al. 

2007). In the production of lime mortars and plasters, quicklime or slaked lime were used 

as binding agent. 

The quality of historical lime mortars and plasters were dependent on the 

properties of lime, the nature and the proportion of the aggregates, and homogeneous 

mixing of the lime and aggregates (Adam 2005). 

Due to the pozzolanic properties of the aggregates, lime mortars and plasters gain 

hydraulic properties and higher strength (Moropoulou, Bakolas, and Bisbikou 1995; 

Moropoulou et al. 2002). On the other hand, proportion of the lime/ aggregate is essential 

for providing a good adhesion between them (Pasley 1997). 

Vitruvius mentioned that 1 part of slaked lime and 3 parts of quarry sand or 2 parts 

of river sand would be correct proportions for mortar production. He also suggested the 

mixing of 1 part of lime, 2 parts of river sand and 1 part of broken tile fragments 

(Vitruvius 1960).  

In general, lime mortars and plasters are classified according to their hydraulic 

properties as non-hydraulic lime mortars and hydraulic lime mortars (Figure 2.4). Non-

hydraulic lime mortars can be produced by using non-hydraulic lime with inert aggregates 

whereas hydraulic lime mortars can be produced by using hydraulic lime with inert 

aggregates or non-hydraulic lime with pozzolanic aggregates. Historical lime mortars and 

plasters were generally in the group of non-hydraulic lime and pozzolanic aggregates. 

The pozzolanic aggregates can be classified as natural and artificial pozzolans. 

Natural pozzolans, which are mostly the clasts or dusts of volcanic origin, were 

first discovered in the Puteoli region in the Bay of Naples by Romans (Oates 1998; Davey 

1961; Ward-Perkins 1970; Adam 2005). Vitruvius recommended the use of volcanic 

sands found in Baiae (north of the Bay of Naples which is a volcanic area) as natural 

pozzolans with the sentence “This powder mixed with lime and broken stones makes the 

masonry so hard that it hardens, not only in ordinary buildings but also under water.” 

(Vitruvius 1960).  

Although natural pozzolans were first discovered in the Puteoli region, local 

volcanic sources were consciously selected and used in the production of lime mortars in 



 
11 

 

wide geographies (Degryse, Elsen, and Waelkens 2002; Columbu, Sitzia, and Ennas 

2017).  

Artificial pozzolans, on the other hand, are terracotta-based materials such as 

bricks, tiles, and ceramic shards. When raw materials containing high amounts of clay are 

fired at low temperatures between 600-900°C, the crystal structure of clay minerals are 

lost and pozzolanic amorphous substances are formed (Davey 1961; Cowper 1998). At 

high firing temperatures (>900°C), pozzolanic activity is lost due to the formation of high 

temperature minerals and disappearance of amorphous substances (Lee, Kim, and Moon 

1999; Cardiano et al. 2004). 

In the presence of water, amorphous silica and alumina in the structure of 

pozzolans react with lime, and form calcium silicate hydrate (CSH) and calcium 

aluminate hydrates (CAH) (1.3) (Figure 2.4). These products provide hydraulic properties 

to mortars and plasters. 

 

Al2O3.2SiO2 + 7Ca(OH)2 + 19H2O        4CaO.Al2O3. 19H2O + 3CaO .2SiO2. 7H2O  (1.3) 

                           Lime                                        CAH                             CSH 

 

 

 

Figure 2.4. Constituents and classification of lime mortars and plasters 

 



 
12 

 

Different civilizations, such as the Romans, Byzantines, and Ottomans, 

appreciated the hydraulic, mechanical, and microstructural properties of lime mortars 

produced with pozzolanic aggregates. Hydraulic lime mortars provided stability and 

durability especially to water-related structures throughout centuries until the invention 

of modern cement (Davey 1961; Ward-Perkins 1970; Oates 1998; Baronio and Binda 

1997; Adam 2005). 

 

2.2. Recent Studies on Byzantine Lime Mortars and Plasters 

 

Historical mortar characterization has been in the interest of scientific studies for 

about three decades. Several studies had been carried out on the characterization of lime 

mortars from different archaeological sites and historical buildings. Since, the Romans 

had a pioneer role in the development of the technology of lime mortars, and their reign 

continued for a long period in the history and in a very wide geography, the number of 

the studies on Roman period lime mortars constituted nearly the majority of the recent 

literature. The literature review was limited by including only the Roman period lime 

mortars and plasters from Turkey due to the case study subject includes examples from 

there.  

The studies conducted on the lime mortars focused on Roman structures in Ankara 

(Güleç and Tulun 1996), Sagalassos in Burdur (Degryse, Elsen, and Waelkens 2002), 

Pergamon in İzmir (Özkaya and Böke 2009), Kyme in İzmir (Miriello et al. 2011), 

Kayseri (Kozlu and Ersen 2011), Andriake in Antalya (Oğuz, Türker, and Koçkal 2015), 

Lycia region (Taşcı and Böke 2018), Aigai in Manisa and Nysa in Aydın (Uğurlu Sağın, 

Duran, and Böke 2021), and Western Anatolia (Taşcı 2021). 

However, there are fewer studies on the Byzantine period lime mortars, the 

successors of the Romans. These studies were generally carried out on the lime mortars 

and plasters of the monumental structures in and around the Imperial center, Istanbul 

(Güleç and Tulun 1996; Bakolas et al. 1998; Moropoulou, Çakmak, and Lohvyn 2000; 

Moropoulou et al. 2002; Gürdal, Kahraman Altaş, and Acun Özgünler 2011; Acun 

Özgünler, Ersen, and Güleç 2013; Kahraman Altaş, Acun Özgünler, and Gürdal 2013; 

Nežerka et al. 2015; Ulukaya et al. 2017). Also, some of the studies focused on the lime 

mortars and plasters from St. Jean Church in Manisa (Oğuz Kılıç et al. 2004), Pergamon 
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in Izmir (Aslan Özkaya 2005), Kiev (Moropoulou, Çakmak, and Lohvyn 2000; 

Moropoulou et al. 2007), Kayseri (Kozlu and Ersen 2011), Cilicia (Polat Pekmezci 2012),  

Stratonikeia in Muğla (Caner and Güney 2018) and Greece (Stefanidou et al. 2014; Maria 

2016). In these works, generally lime mortars and plasters with brick aggregates were 

studied, and there were a few studies on lime mortars consisted of natural aggregates 

(Oğuz Kılıç et al. 2004; Aslan Özkaya 2005; Miriello et al. 2011; Kozlu and Ersen 2011; 

Polat Pekmezci 2012; Stefanidou et al. 2014; Oğuz, Türker, and Koçkal 2015).  

In these mentioned studies, the physical, chemical, microstructural, hydraulic 

properties and raw material compositions of lime mortars were investigated. However, 

the provenance of their raw materials was not extensively defined and discussed. 

The results of the recent studies on Byzantine lime mortars and plasters were given 

in the subheadings.  

 

2.2.1. Basic Physical Properties 
 

Basic physical properties of the Byzantine period lime mortars and plaster were 

frequently determined in the studies. These properties were defined by their density 

(g/cm3) and total porosity (%) values by RILEM test methods (Oğuz Kılıç et al. 2004; 

Aslan Özkaya 2005; Gürdal, Kahraman Altaş, and Acun Özgünler 2011; Kurugöl and 

Güleç 2012; Polat Pekmezci 2012; Kahraman Altaş, Acun Özgünler, and Gürdal 2013; 

Stefanidou et al. 2014; Ulukaya et al. 2017; Caner and Güney 2018), TS EN 1936 (Kozlu 

and Ersen 2011; Oğuz, Türker, and Koçkal 2015), TS 699 and ASTM standards (Acun 

Özgünler, Ersen, and Güleç 2013) and porosimeter (Moropoulou, Çakmak, and Lohvyn 

2000) (Table 2.2).  

The porosity values of lime mortars and plasters with natural aggregates from 

Serapis Temple (Aslan Özkaya 2005), St. Basilius Monastery, St. Nicholas Church, 

Erdemli Church and Gereme Panagia Church from Kayseri (Kozlu and Ersen 2011), 

Fortification Wall of Adana and Kozan Castle in Cilicia (Polat Pekmezci 2012) 

Synagogue from Andriake Harbour (Oğuz, Türker, and Koçkal 2015) were found 48%, 

32–54%, 24–30% and 33–41%, respectively. On the contrary, the porosity values of the 

lime mortars and plasters consisted of brick aggregates were found 48% in Serapis 

Temple (Aslan Özkaya 2005),between 34–45% in St. Jean Church in Manisa (Oğuz Kılıç 

et al. 2004), 42–46% in Sophia Cathedral, the Church of St. Michael, the Tithe Church of 
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the Assumption of the Virgin, the Cathedral of Assumption of the Virgin in Kiev 

(Moropoulou, Çakmak, and Lohvyn 2000), 32–48% in Hagia Sophia, Hagia Eirine, St. 

Mary of Chalkoprateia, Church of St. Euphemia, Monastery of Stoudios, Martyrion of 

Karpos and Papylos, Church of St. Polyeuctus (Gürdal, Kahraman Altaş, and Acun 

Özgünler 2011), 28–35% in Yoros Castle in Istanbul (Kurugöl and Güleç 2012), 54% in 

Middle Byzantine Chapel in Istanbul (Ulukaya et al. 2017), and between 40–48% in Early 

Byzantine Church in Stratonikeia in Muğla (Caner and Güney 2018). 

The density values of the lime mortars and plasters with natural aggregates were 

found 1.7 g/cm3 by Aslan Özkaya (2005), between 1.75–1.94 g/cm3 by Polat Pekmezci 

(2012), 1.45–1.67 g/cm3 by Oğuz, Türker and Koçkal (2015), and 1.08–1.70g/cm3 by 

Kozlu and Ersen (2011). On the other hand, the lime mortars and plasters consisted of 

brick aggregates were found 1.3 g/cm3 by Aslan Özkaya, between 1.49–1.51 g/cm3 

Moropoulou, Çakmak and Lohvyn (2000), 1.4–1.6 g/cm3 by Oğuz Kılıç et al. (2004), 

1.23–1.66 g/cm3 by Gürdal, Kahraman Altaş and Acun Özgünler (2011), 1.55–1.83 g/cm3 

by Kurugöl and Güleç (2012), 1.2 g/cm3 by Ulukaya et al. (2017), and 1.04–1.21 g/cm3 

by Caner and Güney (2018).  

 

2.2.2. Raw Material Compositions 
 

The raw material compositions were defined by lime/aggregate ratios and particle 

size distributions. In the most of the studies, the lime/aggregate ratios were examined by 

acid loss analysis which is dissolving the mortar and plaster by using dilute hydrochloric 

acid to obtain acid soluble (lime) and acid insoluble (aggregate) parts by weight (Oğuz 

Kılıç et al. 2004; Aslan Özkaya 2005; Kozlu and Ersen 2011; Gürdal, Kahraman Altaş, 

and Acun Özgünler 2011; Kurugöl and Güleç 2012; Kahraman Altaş, Acun Özgünler, 

and Gürdal 2013; Oğuz, Türker, and Koçkal 2015; Ulukaya et al. 2017; Caner and Güney 

2018) (Table 2.2). The other method is the examination of mortar and plaster samples, 

which prepared as thin sections, under optical microscope and calculating the percentage 

areas of the aggregates and binders (Moropoulou, Çakmak, and Lohvyn 2000; Miriello et 

al. 2011; Polat Pekmezci 2012; Nežerka et al. 2015) (Table 2.2). The particle size 

distributions were determined almost in all studies by sieve analysis on acid insoluble 

parts after dissolving the mortar and plasters (Oğuz Kılıç et al. 2004; Aslan Özkaya 2005; 

Kozlu and Ersen 2011; Gürdal, Kahraman Altaş, and Acun Özgünler 2011; Polat 
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Pekmezci 2012; Kurugöl and Güleç 2012; Kahraman Altaş, Acun Özgünler, and Gürdal 

2013; Oğuz, Türker, and Koçkal 2015; Ulukaya et al. 2017; Caner and Güney 2018) 

(Table 2.2).  

The lime/aggregate ratios obtained from lime mortars consisted of natural 

aggregates were found 1/5 in Serapis Temple (Aslan Özkaya 2005) and between 1/3–2/3 

in Fortification Wall of Adana and Kozan Castle in Cilicia (Polat Pekmezci 2012).  

The lime/aggregate ratios of the lime mortars and plasters produced by using brick 

aggregates were found as 1/1 in St. Jean Church in Manisa (Oğuz Kılıç et al. 2004), 1/2.6 

in Serapis Temple (Aslan Özkaya 2005), 1/2–1/4 in Hagia Sophia, Hagia Eirine, St. Mary 

of Chalkoprateia, Church of St. Euphemia, Monastery of Stoudios, Martyrion of Karpos 

and Papylos, Church of St. Polyeuctus (Gürdal, Kahraman Altaş, and Acun Özgünler 

2011), 1/2–1/3 in Yoros Castle in Istanbul (Kurugöl and Güleç 2012), 1/3 in Istanbul 

Land Walls and Theodosian Walls (Kahraman Altaş, Acun Özgünler, and Gürdal 2013), 

2/3 in Middle Byzantine Church in Istanbul (Nežerka et al. 2015), 1/4–1/5 in Middle 

Byzantine Chapel in Istanbul (Ulukaya et al. 2017), and around 1/3 by volume in Sophia 

Cathedral, the Church of St. Michael, the Tithe Church of the Assumption of the Virgin, 

the Cathedral of Assumption of the Virgin in Kiev (Moropoulou, Çakmak, and Lohvyn 

2000). According to these similar results, the aggregate type did not affect the 

lime/aggregate ratio. 

Since wide range of particle sizes may enhance the mechanical strength of mortars 

(Lanas et al. 2004; Pavía and Toomey 2008), particle size distribution of aggregates were 

evaluated as another significant factor in defining the raw material compositions of lime 

mortars and plasters. Byzantine lime mortars with natural and brick aggregates indicated 

wide range of particle sizes and their largest fraction were found to be greater than 1000 

μm (Oğuz Kılıç et al. 2004; Aslan Özkaya 2005; Gürdal, Kahraman Altaş, and Acun 

Özgünler 2011; Polat Pekmezci 2012; Kurugöl and Güleç 2012; Kahraman Altaş, Acun 

Özgünler, and Gürdal 2013; Ulukaya et al. 2017).  

In the studies, the roundness scale of the aggregates was not analyzed. Only in 

archeological site of Kyme, the aggregates were found in sub-angular form, but its reason 

was, not specified (Miriello et al. 2011).  

 



 
 

Table 2.2. Methods used for the determination of basic physical properties and raw material compositions of mortars and plasters used in              

different Byzantine period buildings by recent studies 

Area & Reference Period 
Mortar/ 

Plaster 

Aggregate 

Type 

Basic Physical 

Properties 

Raw Material Compositions 

Lime/Aggregate 

Ratio 

Particle Size 

Distributions 

Fortification Wall of Adana and Kozan Castle in Cilicia 

(Polat Pekmezci 2012) 
Early Byzantine Mortar Natural 

RILEM 

test methods 
Optical microscope 

Sieve analysis on 

acid insoluble parts 

Synagogue from Andriake Harbour 

(Oğuz, Türker, and Koçkal 2015) 
Byzantine Mortar Natural 

TS EN 1936  

standard 
Acid loss analysis 

Sieve analysis on 

acid insoluble parts 

Archeological Site of Kyme 

(Miriello et al. 2011) 
Early Byzantine Mortar Natural x Optical microscopy x 

Serapis Temple/ Kızıl Avlu 

(Aslan Özkaya 2005) 
Early Byzantine 

Mortar Natural RILEM 

test methods 
Acid loss analysis 

Sieve analysis on 

acid insoluble parts Plaster Brick 

Monastery and Churches from Kayseri 

(Kozlu and Ersen 2011) 

Early– Middle Byzantine 

(4–11th centuries) 

Mortar Natural TS EN 1936  

standard 
Acid loss analysis x 

Plaster Natural 

Byzantine Bath of Thessaloniki and Castle of Servia 

(Stefanidou et al. 2014) 

Middle Byzantine 

(10-13th centuries) 

Mortar 

Plaster 
Natural 

RILEM 

test methods 
x x 

Esekap Madrasah 

(Güleç and Tulun 1996) 

Middle Byzantine 

(11th century) 
Mortar Natural x x x 

Land Walls of Yedikule in Istanbul 

(Acun Özgünler, Ersen, and Güleç 2013) 

Early Byzantine 

(5th century) 
Mortar Brick 

TS 699 

ASTM standards 
Acid loss analysis 

Sieve analysis on 

acid insoluble parts 

Early Byzantine Church in Stratonikeia in Muğla 

(Caner and Güney 2018) 

Early Byzantine 

(5–7th centuries) 

Mortar Brick RILEM 

test methods 
Acid loss analysis 

Sieve analysis on 

acid insoluble parts Plaster Brick 

(cont. on next page) 

16 



 
 

Table 2.2. (cont.) 

Area & Reference Period 
Mortar/ 

Plaster 

Aggregate 

Type 

Basic Physical 

Properties 

Raw Material Compositions 

Lime/Aggregate 

Ratio 

Particle Size 

Distributions 

Hagia Sophia Basilica 

(Bakolas et al. 1998) 

Early Byzantine 

(6th century) 
Mortar Brick x x x 

St. Jean Church in Manisa 

(Oğuz Kılıç et al. 2004) 

Early Byzantine 

(6th century) 
Mortar Brick 

RILEM 

test methods 
Acid loss analysis 

Sieve analysis on 

acid insoluble parts 

St. Katherines Hospice in Rhodes 

(Moropoulou, Bakolas, and Bisbikou 2000) 

Early– Late Byzantine 

(6–14th centuries) 
Mortar Brick x x x 

Religious Buildings in Istanbul 

(Gürdal, Kahraman Altaş, and Acun Özgünler 2011) 
Early Byzantine Mortar Brick 

RILEM 

test methods  
Acid loss analysis 

Sieve analysis on 

acid insoluble parts 

Defense Structures in Istanbul 

(Kahraman Altaş, Acun Özgünler, and Gürdal 2013) 
Early Byzantine Mortar Brick 

RILEM 

test methods 
Acid loss analysis 

Sieve analysis on 

acid insoluble parts 

Middle Byzantine Church in Istanbul 

(Nežerka et al. 2015) 

Middle Byzantine 

(9th centuries) 
Mortar Brick x Optical microscopy x 

Middle Byzantine Monuments in Kiev 

(Moropoulou, Çakmak, and Lohvyn 2000) 

Middle Byzantine 

(11-13th centuries) 
Mortar Brick Porosimeter Optical microscopy x 

Middle Byzantine Chapel in Istanbul 

(Ulukaya et al. 2017) 

Middle Byzantine 

(11–12th centuries) 
Mortar Brick 

RILEM 

test methods 
Acid loss analysis 

Sieve analysis on 

acid insoluble parts 

Yoros Castle in Istanbul 

(Kurugöl and Güleç 2012) 

Late Byzantine 

(13–14th centuries) 
Mortar Brick 

RILEM 

test methods 
Acid loss analysis 

Sieve analysis on 

acid insoluble parts 
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2.2.3. Chemical and Mineralogical Compositions 
 

Chemical and mineralogical composition analyses were generally carried out in 

three aspects in the recent studies. These were: 

• Binders which were the fine parts of mortars composed of small grain-sized silica 

and carbonated lime (Güleç and Tulun 1996; Miriello et al. 2011; Polat Pekmezci 

2012; Kurugöl and Güleç 2012; Acun Özgünler, Ersen, and Güleç 2013; Ulukaya et 

al. 2017), 

• Aggregates, natural or brick, and generally with sizes finer than 53 µm (Baronio and 

Binda 1997; Aslan Özkaya 2005; Miriello et al. 2011; Polat Pekmezci 2012; 

Stefanidou et al. 2014; Ulukaya et al. 2017) 

• Lime lumps which were accepted as the representative parts of the lime used in the 

production of mortars (Miriello et al. 2011) 

The most common method used to determine major elements were using a 

scanning electron microscope coupled with an X-ray energy dispersive system (SEM-

EDS) by calculating the averages of the data obtained from three distinct areas of the 

pellet samples (Table 2.3). For determining the major, minor, and trace element 

compositions, X-ray fluorescence spectroscopy (XRF) (Miriello et al. 2011; Oğuz, 

Türker, and Koçkal 2015; Ulukaya et al. 2017) and Inductively coupled plasma emission 

spectroscopy (ICP) (Kurugöl and Güleç 2012; Acun Özgünler, Ersen, and Güleç 2013) 

analyses were carried out in a few of the studies (Table 2.3).  

In all the studies, X-ray diffraction (XRD) analyses were used to examine the 

mineralogical compositions (Table 2.3). Additionally, Fourier transformed infrared 

spectroscopy (FTIR), optical microscopy, polarizing microscope, and differential thermal 

analysis (DTA) were used in some of the studies (Table 2.3). 

Binders in mortar and plaster: 

 The chemical compositions of the binders from archeological site of Kyme were 

consisted of larger amounts of SiO2 (41.3–53.0%), moderate amounts of CaO (13.1–

24.7%), MgO (1.37–2.4 %), Al2O3 (7.9–10.1%), and smaller amounts of Fe2O3 (1.9–2.4 

%), K2O (2.2–2.6 %), Na2O (0.5–1.2 %), and TiO2 (0.4–0.5 %) (Miriello et al. 2011). On 

the other hand, the major oxides of the Esekap Madrasah were mainly CaO (50.0–78.0%), 

SiO2 (15.0–32.0%) and partly MgO (0.0–1.0 %), Al2O3 (1.4–7.2%), Fe2O3 (0.6–3.4 %), 
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K2O (1.3–3.1 %), Na2O (0.6 %), TiO2 (0.0–0.4 %) (Güleç and Tulun 1996), and the major 

oxides of Fortification Wall of Adana and Kozan Castle in Cilicia were consisted of 

bigger amount CaO (51.7–75.0%), MgO (27.05 %), SiO2 (11.2–18.7%) and smaller 

amount of Al2O3 (5.0–6.6%), Fe2O3 (1.2–2.6 %), and K2O (0.8 %) (Polat Pekmezci 2012). 

 The lime mortars with natural aggregates from Archeological site of Kyme were 

composed of quartz, calcite, anorthite, muscovite, geothite, heulandite, actinolite and 

vaterite minerals (Miriello et al. 2011), whereas in Byzantine Church in Negev were 

consisted of quartz, calcite, dolomite, muscovite, clibozoisite, halite, gypsum,and  

kaolinite (Freidin and Meir 2005). The binders with natural aggregates of Esekap 

Madrasah were consisted of calcite, quartz, anorthite, muscovite and traces of gypsum 

minerals (Güleç and Tulun 1996), while in Fortification Wall of Adana and Kozan Castle 

in Cilicia, the binders were composed of calcite, quartz, glauconite (mica) and traces of 

gypsum minerals (Polat Pekmezci 2012). 

 Binders with brick aggregates from Yoros Castle in Istanbul were comprised of 

larger amounts of CaO (25.4–29.8%), SiO2 (28.0–35.2%), and smaller amounts of MgO 

(1.0 %), Al2O3 (7.1–8.0%), Fe2O3 (1.6–2.4 %), K2O (0.6–0.8 %), Na2O (0.8–1.2 %), and 

TiO2 (0.1–0.2 %) (Kurugöl and Güleç 2012), while the major oxide compositions of the 

binders with brick aggregates from Land walls of Yedikule in Istanbul contained of 

mainly CaO (15.9–31.5%), SiO2 (32.6–52.7%), and partially MgO (0.5–1.3 %), Al2O3 

(3.1–6.7%), Fe2O3 (1.2–2.8 %), K2O (1.0–1.5 %), Na2O (0.9–2.0 %), and TiO2 (0.2–0.3 

%)(Acun Özgünler, Ersen, and Güleç 2013). Similarly to Yoros Castle and Land Walls 

of Yedikule, the chemical compositions of Middle Byzantine Chapel in Istanbul were 

involved larger amounts of CaO (36.1–36.7%), SiO2 (22.3–23.0%), and smaller amounts 

of MgO (2.0–2.2 %), Al2O3 (6.0–6.5%), Fe2O3 (2.1–2.5 %), K2O (0.2–0.3 %), and Na2O 

(0.1 %) (Ulukaya et al. 2017). 

 The lime mortars with brick aggregates from defense structures and religious 

buildings in Istanbul were composed of quartz and calcite, but religious buildings also 

had orthoclase minerals (Gürdal, Kahraman Altaş, and Acun Özgünler 2011; Kahraman 

Altaş, Acun Özgünler, and Gürdal 2013). St. Katherines Hospice in Rhodes of lime 

mortars with brick aggregates were consisted of quartz, calcite, muscovite, tobermorite 

and montmorillonite. Hydraulic components also observed in these peaks. The presence 

of hydraulic components and tobermorite might be caused by the crystallization of 

portlandite from lime due to the environmental conditions or construction techniques 

(Moropoulou, Bakolas, and Bisbikou 2000). In FTIR analyses of the Middle Byzantine 
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Chapel mortar, calcite bands at 713, 875, 1420, 1795 cm-1 and quartz band at 966 cm-1 

were determined (Ulukaya et al. 2017). Any organic matter did not detected in the bands 

(Ulukaya et al. 2017). 

Aggregates: 

The major oxide compositions of the natural aggregates in lime mortars from 

archeological site of Kyme were mainly composed of large amounts of SiO2 (60.3–76.7 

%), moderate amounts of Al2O3 (12.6–21.4%),and smaller amounts of Fe2O3 (0.1–5.2 %), 

MgO (0.9–2.8 %), K2O (2.8–4.8 %), Na2O (1.8–5.0 %), CaO (1.0–5.9%) and TiO2 (0.1–

0.9 %), likewise the major oxides of the natural aggregates from Fortification Wall of 

Adana and Kozan Castle in Cilicia were mostly included SiO2 (41.8–51.8 %), Al2O3 

(21.8–25.5%) moderate amounts of, CaO (6.5–11.2 %), Fe2O3 (8.7–10.8 %) and in trace 

amounts of MgO (2.9–4.3 %), K2O (3.8–7.4%), Na2O (1.42%), and TiO2 (0.00 %). The 

chemical compositions of the natural aggregates from Serapis Temple were consisted of 

higher amount of SiO2 (80.1–83.9 %), and lower amounts of Al2O3 (5.6–6.8%), Fe2O3 

(6.8–11.4 %), MgO (1.4–2.1 %), K2O (1.0–1.1 %), Na2O (1.3–2.3 %), and TiO2 (0.7–1.3 

%). Stefanidou et al. (2014) were determined the SiO2+ Al2O3+ Fe2O3 (40.8–54.02%) and 

CaO (16.4–31.0%) to indicate the pozzolanic property (Stefanidou et al. 2014). 

The natural aggregates in lime mortars from Serapis Temple composed of quartz, 

albite, feldspar and muscovite minerals (Aslan Özkaya 2005). In Esekap Madrasah, the 

natural aggregates in lime mortars were consisted of quartz, calcite, anorthite, muscovite, 

microcline,  andesine, orthoclase and gypsum (Güleç and Tulun 1996).   

Similar to the chemical compositions of natural aggregates, the brick aggregates 

in lime mortar from Middle Byzantine Chapel were mostly consisted of large amounts of 

SiO2 (48.4–49.5%), moderate amounts of Al2O3 (14.0–14.4%), and smaller amounts of 

Fe2O3 (7.7–8.2 %), MgO (2.4–2.7 %), K2O (2.0–2.3 %), Na2O (1.1–1.3 %), CaO (23.1–

23.9 %) and TiO2 (0.00 %) (Ulukaya et al. 2017). The brick aggregates in lime plaster 

were consisted of mainly SiO2 (50.5%) and partially Al2O3 (6.7%), Fe2O3 (3.9 %), MgO 

(1.6 %), K2O (0.9 %), Na2O (0.0 %), CaO (1.1 %) and TiO2 (0.00 %). In the different 

studies, the use of local sources for brick aggregates was probably a common practice in 

the Byzantine period (Binda, Baronio, and Tedeschi 1999; Aslan Özkaya 2005; 

Stefanidou et al. 2014; Ulukaya et al. 2017; Taranto et al. 2019; Pérez-Monserrat et al. 

2022). 
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The brick aggregates in lime mortars from Monuments in Kiev were consisted of 

calcite, quartz, feldspar, hematite and dolomite (Moropoulou, Çakmak, and Lohvyn 

2000) while lime plasters from Serapis Temple had quartz, albite, feldspar, muscovite and 

hematite minerals (Özkaya and Böke 2009). In St. Jean Church in Manisa, the brick 

aggregates were composed of quartz, feldspars, calcite and illite minerals (Oğuz Kılıç et 

al. 2004). Amorphous phase also was detected (Oğuz Kılıç et al. 2004). The brick 

aggregates in lime mortar from Early Byzantine Church in Southwest Anatolia was 

composed of quartz, calcite, albite and illite minerals(Caner and Güney 2018) when 

Middle Byzantine Chapel in Istanbul had quartz, anorthite and muscovite minerals 

(Ulukaya et al. 2017).  

Lime lumps: 

The chemical compositions of the lime lumps obtained from Byzantine lime 

mortars and plasters were examined in a very few studies. The chemical compositions of 

Byzantine buildings in Kyme were defined and the lime lumps mainly comprised of CaO 

(91.52-95.82 %) and smaller amounts of SiO2 (0.68-3.47 %), MgO (0.89-1.16 %), Na2O 

(0.20-1.09 %), Al2O3 (0.41-1.51 %), K2O (0.00-0.24 %), TiO2 (0.09-0.27 %), Fe2O3 

(0.22-0.62 %). In addition to this, the hydraulic index were calculated in the study with 

the Boynton formula and exhibiting hydraulic indices were between 0.01-0.06 which 

revealed that the lime was non-hydraulic (Miriello et al. 2011). 

 The mineralogical composition of the lime lump of Byzantine lime mortar were 

only observed in Middle Byzantine Chapel in Istanbul. The mineralogical composition of 

lime lumps showed only calcite peaks that originated to carbonation of slaked air lime 

(Ulukaya et al. 2017). 

 

2.2.4. Microstructural Properties 

 
 The microstructural properties were examined most of the Byzantine lime mortar 

and plaster studies. They were generally focused on the mortar matrices, aggregates, the 

bonding and reactions between lime and pozzolanic aggregates, and shapes and sizes of 

calcite crystals by using SEM-EDS at different magnifications (80x, 200x, 350x, 500x), 

optical microscope, and polarizing microscope (Table 2.3). 

In the optical microscopy images of lime mortar from St. Katherine’s Hospice in 

Rhodes, crushed bricks were observed. The mortar matrix had a compact structure and 
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had reaction rims which surround the ceramic fragments. These reaction rims indicated 

were filled the discontinuities and vacancies in the mortar itself (Moropoulou, Bakolas, 

and Bisbikou 2000). The St. Jean Church in Manisa, the SEM images of lime mortar 

matrix had homogenous structure free from pores and cracks. At the brick-lime interface, 

calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH), which might be 

the indicators of hydraulic character of the mortar, were identified (Oğuz Kılıç et al. 

2004). The brick-lime interface from Middle Byzantine Church were defined by SEM-

EDS mapping analysis (Nežerka et al. 2015). The elemental maps showed that the 

interface was rich in aluminum and silica as a result of hydraulic reactions of brick and 

lime. In the reaction rim, calcium was also presented in relatively high amounts since 

CaO filled the pores of the boundaries of the brick fragments (Nežerka et al. 2015). 

The petrographic analysis was performed by polarized microscopy and SEM in 

some of the studies in order to specify the minerals and aggregate types (Table 2.3). 

Miriello et al. (2011) determined that Byzantine mortars from Ancient city of Kyme were 

composed of mostly brick, volcanic rock fragments and a few of them had metamorphic 

rock fragments in a lower concentration. Some of the minerals, which were quartz, 

muscovite and calcite identified in XRD peaks, were also observed (Miriello et al. 2011). 

In lime mortars from Byzantine Church in Negev, quartz, kaolin, dolomite, calcite, 

gypsum and charcoal minerals were identified. The charcoal existence was attributed to 

the burnt wood (Freidin and Meir 2005). In the SEM images of Esekap Madrasah, quartz, 

calcite, anorthite, feldspar and muscovite minerals were observed in addition to the brick 

and sand fragments (Güleç and Tulun 1996). The brick aggregates from St. Jean Church 

in Manisa had porous structure in which pore sizes were less than 10 μm, and they were 

composed of large amounts of SiO2 and Al2O3 determined via EDS. In the matrix, quartz 

and felspar minerals and sodium and potassium crystals were detected (Oğuz et al. 2003; 

Oğuz Kılıç et al. 2004). 

The properties of lime lumps were examined by SEM images at different 

magnifications in a limited number of studies. The lime lumps from ancient city of Kyme 

were found in all Byzantine lime mortars in the size of 40–1000 μm (Miriello et al. 2011). 

The calcite existence and its recrystallization phenomena were also specified (Miriello et 

al. 2011).  

In the lime mortars and plasters from Esekap Madrasah, the lime was finely 

grounded revealing the quality of the workmanship. The lime plasters were composed of 

higher amount of binder matrix than the lime mortars, and thus they had higher calcium 

c 

b 
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content (Güleç and Tulun 1996). In Early Byzantine Church in Stratonikeia, the SEM-

EDS analysis were done on lime lumps (Caner and Güney 2018). Small sized calcite 

crystals were detected in the SEM images and the EDS analysis showed that the lime was 

pure lime (Caner and Güney 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 2.3. Methods used for the determination of chemical, mineralogical compositions and microstructural properties of mortars and plasters   
used in different Byzantine period buildings by recent studies 

Area & Reference Period 
Mortar/ 

Plaster 

Aggregate 

Type 

Chemical 

Compositions 

Mineralogical 

Compositions 

Microstructural 

Properties 

Fortification Wall of Adana and Kozan Castle in 

Cilicia 

(Polat Pekmezci 2012) 

Early Byzantine Mortar Natural SEM-EDS 

XRD 

Polarizing microscope  

Optical microscope 

SEM-EDS 

Synagogue from Andriake Harbour 

(Oğuz, Türker, and Koçkal 2015) 
Byzantine Mortar Natural 

XRF 

SEM-EDS 
XRD 

SEM-EDS 

Polarizing microscope 

Archeological Site of Kyme 

(Miriello et al. 2011) 
Early Byzantine Mortar Natural 

XRF 

SEM-EDS 
XRD Polarizing microscope 

Serapis Temple/ Kızıl Avlu 

(Aslan Özkaya 2005) 
Early Byzantine 

Mortar Natural 
SEM-EDS XRD SEM-EDS 

Plaster Brick 

Monastery and Churches from Kayseri 

(Kozlu and Ersen 2011) 

Early– Middle Byzantine 

(4–11th centuries) 

Mortar Natural 
x x x 

Plaster Natural 

Byzantine Bath of Thessaloniki and Castle of Servia 

(Stefanidou et al. 2014) 

Middle Byzantine 

(10-13th centuries) 

Mortar 

Plaster 
Natural SEM-EDS x 

SEM-EDS 

Optical microscope 

Esekap Madrasah 

(Güleç and Tulun 1996) 

Middle Byzantine 

(11th century) 
Mortar Natural SEM-EDA XRD SEM-EDA 

Land Walls of Yedikule in Istanbul 

(Acun Özgünler, Ersen, and Güleç 2013) 

Early Byzantine 

(5th century) 
Mortar Brick ICP 

XRD 

DTA 
SEM-EDS 

Early Byzantine Church in Stratonikeia in Muğla 

(Caner and Güney 2018) 

Early Byzantine 

(5–7th centuries) 

Mortar Brick 
SEM-EDS 

XRD 

FTIR 

SEM-EDS 

Polarizing microscope Plaster Brick 

(cont. on next page) 

24 



 

Table 2.3. (cont.) 

Area & Reference Period 
Mortar/ 

Plaster 

Aggregate 

Type 

Chemical 

Compositions 

Mineralogical 

Compositions 

Microstructural 

Properties 

Hagia Sophia Basilica 

(Bakolas et al. 1998) 

Early Byzantine 

(6th century) 
Mortar Brick x x x 

St. Jean Church in Manisa 

(Oğuz Kılıç et al. 2004) 

Early Byzantine 

(6th century) 
Mortar Brick x XRD SEM-EDS 

St. Katherines Hospice in Rhodes 

(Moropoulou, Bakolas, and Bisbikou 2000) 

Early– Late Byzantine 

(6–14th centuries) 
Mortar Brick x XRD 

SEM-EDS & TEM 

Optical microscope 

Religious Buildings in Istanbul 

(Gürdal, Kahraman Altaş, and Acun Özgünler 2011) 
Early Byzantine Mortar Brick x XRD 

SEM-EDS 

Polarizing microscope 

Defense Structures in Istanbul 

(Kahraman Altaş, Acun Özgünler, and Gürdal 2013) 
Early Byzantine Mortar Brick x XRD 

SEM-EDS 

Polarizing microscope  

Middle Byzantine Church in Istanbul 

(Nežerka et al. 2015) 

Middle Byzantine 

(9th centuries) 
Mortar Brick SEM-EDS x 

SEM-EDS 

Polarizing microscope 

Middle Byzantine Monuments in Kiev 

(Moropoulou, Çakmak, and Lohvyn 2000) 

Middle Byzantine 

(11-13th centuries) 
Mortar Brick x 

XRD 

Optical microscopy 
Optical microscopy 

Middle Byzantine Chapel in Istanbul 

(Ulukaya et al. 2017) 

Middle Byzantine 

(11–12th centuries) 
Mortar Brick XRF XRD & FTIR Polarizing microscope  

Yoros Castle in Istanbul 

(Kurugöl and Güleç 2012) 

Late Byzantine 

(13–14th centuries) 
Mortar Brick ICP 

XRD & 

Polarizing microscope 
Polarizing microscope 
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2.2.5. Pozzolanic Properties of Aggregates 

 
Pozzolanic activities were not determined in all of the studies, but it was stated 

that the hydraulic properties of the mortars, which determined by TGA or loss of ignition, 

or the CSH, CAH formations observed in SEM images were attributed to existence of 

pozzolanic aggregates (Gürdal, Kahraman Altaş, and Acun Özgünler 2011; Kahraman 

Altaş, Acun Özgünler, and Gürdal 2013; Stefanidou et al. 2014; Ulukaya et al. 2017) 

(Table 2.4). While the defined pozzolanic properties were generally determined by the 

electrical conductivity method, the Frattini test method was also used in few studies. The 

ASTMC618-03 standard that defines the pozzolanic values of aggregates regarding their 

SiO2+Al2O3+Fe2O3 content was not used even in the studies that determine the chemical 

properties of aggregates. 

The electrical conductivities of saturated calcium hydroxide solution (Ca(OH)2) 

were measured before and after the addition of fine aggregates (<53μm) (Luxan, 

Madruga, and Saavedra 1989). The calculation found higher than 1.2 mS/cm showed the 

pozzolanic property of aggregates (Luxan, Madruga, and Saavedra 1989). The electrical 

conductivity differences of lime mortar with natural aggregates from Serapis Temple 

were 7.72 mS/cm. The differences were found in lime plasters and mortars with brick 

aggregates between 4.43–5.93 mS/cm in St. Jean Church in Manisa (Oğuz Kılıç et al. 

2004), 3.23–5.90 mS/cm in Serapis Temple (Aslan Özkaya 2005), 0.4–1.2mS/cm in 

Hagia Sophia, Hagia Eirine, St. Mary of Chalkoprateia, Church of St. Euphemia, 

Monastery of Stoudios, Martyrion of Karpos and Papylos, Church of St. Polyeuctus 

(Gürdal, Kahraman Altaş, and Acun Özgünler 2011), 0.4–1.2mS/cm in Istanbul Land 

Walls and Theodosian Walls (Kahraman Altaş, Acun Özgünler, and Gürdal 2013), and 

3.1-5.7 mS/cm in Early Byzantine Church in Southwest Anatolia (Caner and Güney 

2018).  

The Frattini test done by mixing in a certain amount of cement, test material and 

distilled water and kept 8 days in an oven at approximately 40°C. Then, the samples filter 

and the filtrates were analyzed for [OH-] and [Ca2+] ions by titration by means of 

indicators and solutions consisting in the EN 196-5 standard. When the [Ca2+] and    

[OH-] ions in the solution is down the solubility isotherm, calcined clay is considered as 

active pozzolan. Due to the Frattini test applied on Middle Byzantine Chapel in Istanbul, 

the brick aggregates showed pozzolanic property. 
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2.2.6. Hydraulic Properties of Mortars and Plasters 

 
Determination of hydraulic properties for historical lime mortars and plasters has 

an important place in the literature to specify their characteristics and production 

technique. In most of the studies about Byzantine lime mortars and plasters, their 

hydraulic properties were examined via using thermogravimetric analysis (TGA) 

(Bakolas et al. 1998; Moropoulou, Çakmak, and Lohvyn 2000; Moropoulou, Bakolas, 

and Bisbikou 2000; Kurugöl and Güleç 2012), loss of ignition (Gürdal, Kahraman Altaş, 

and Acun Özgünler 2011; Polat Pekmezci 2012; Kahraman Altaş, Acun Özgünler, and 

Gürdal 2013; Acun Özgünler, Ersen, and Güleç 2013) and hydraulic and cementation 

index by Boynton formula (Miriello et al. 2011; Kurugöl and Güleç 2012; Stefanidou et 

al. 2014) (Table 2.4). In the thermogravimetric analysis or loss of ignition, the 

hydraulicity were determined by measuring the weight losses due to the loss of chemically 

bound water (H2O) of hydraulic products between 200-600oC (H2O) and the release of 

carbon dioxide (CO2) during decomposition of calcium carbonate (CaCO3) between 600-

900oC (CO2) (Bakolas et al. 1998). Hereunder, the CO2/H2O ratio lower than 10 indicated 

the hydraulic character of lime mortars or plasters. On the other hand, hydraulic index 

(HI) values higher than 0.1, and cementation index (CI) values higher than 0.3 also 

demonstrated the hydraulic character of mortar and plaster (Eckel 1905; Boynton 1966). 

 The CO2/H2O ratio of the lime mortars with natural aggregates from Byzantine 

Bath of Thessaloniki and Castle of Servia was found 2.88–3.08 revealed that they were 

hydraulic lime mortars. However, one sample were found typical lime mortar (Oğuz, 

Türker, and Koçkal 2015).  

 The CO2/H2O ratios of the Byzantine lime mortars and plasters produced by using 

brick aggregates were in the range of 2.91–6.10 in Hagia Sophia Basilica (Bakolas et al. 

1998), 5.7–5.9 in St. Katherines Hospice in Rhodes (Moropoulou, Bakolas, and Bisbikou 

2000), nearly 3.5–9.5 in Middle Byzantine Monuments in Kiev (Moropoulou, Çakmak, 

and Lohvyn 2000), approximately 4 in St. Jean Church in Manisa (Oğuz Kılıç et al. 2004), 

0.9–5.6 in Hagia Sophia, Hagia Eirine, St. Mary of Chalkoprateia, Church of St. 

Euphemia, Monastery of Stoudios, Martyrion of Karpos and Papylos, Church of St. 

Polyeuctus (Gürdal, Kahraman Altaş, and Acun Özgünler 2011), 0.38–2.72 in Yoros 

Castle (Kurugöl and Güleç 2012), and 3–4 by weight in Istanbul Land Walls and 

Theodosian Walls (Kahraman Altaş, Acun Özgünler, and Gürdal 2013). The CO2/H2O 
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ratios between 0.38–9.5 indicated that all lime mortar and plasters with brick aggregates 

possessed hydraulic characteristics. 

 The hydraulic characteristics were also defined by hydraulic (H.I.) and 

cementation indices (C.I.) in some studies. Hydraulic index values lower than 0.1, and 

cementation index values lower than 0.3 show the non-hydraulic character of lime (Eckel 

1905; Boynton 1966). Lime mortars with natural aggregates from Archeological site of 

Kyme had the H.I. values between 0.1–5.89 (Miriello et al. 2011), while lime mortar with 

brick aggregates from Yoros Castle had H.I. between 2.30–2.31 (Kurugöl and Güleç 

2012). The C.I. of lime mortars and plasters with natural aggregates from Byzantine Bath 

of Thessaloniki and Castle of Servia were in 2.26–4.63 (Stefanidou et al. 2014), when the 

lime mortars composed of brick aggregates from Yoros Castle were between 13.01–15.76 

(Kurugöl and Güleç 2012). These hydraulic and cementation tindex values demonstrated 

that, the samples were hydraulic as found by TGA. Therefore, all these methods were 

compatible with each other. 

In addition to that, H.I. values of the lime lumps were determined in Kyme 

samples and found approximately 0.03 and 0.21 revealing they were as non-hydraulic 

(Miriello et al. 2011).  

 

 

 

 

 

 

 

 



 
 

Table 2.4. Methods used for the determination of hydraulic and pozzolanic properties of mortars and plasters used in different Byzantine period 

buildings by recent studies 

Area & Reference Period Mortar/ 
Plaster 

Aggregate 
Type  Hydraulic Properties 

Fortification Wall of Adana and Kozan Castle in Cilicia 

(Polat Pekmezci 2012) 
Early Byzantine Mortar Natural x 

Loss of ignition 

(105 oC /550 oC / 1050oC) 

Synagogue from Andriake Harbour 

(Oğuz, Türker, and Koçkal 2015) 
Byzantine Mortar Natural Electrical conductivity method 

Thermogravimetric analysis 

(200-600 oC /600-900oC) 

Archeological Site of Kyme 

(Miriello et al. 2011) 
Early Byzantine Mortar Natural x 

Hydraulic Index (HI) 

via Boynton formula 

Serapis Temple/ Kızıl Avlu 

(Aslan Özkaya 2005) 
Early Byzantine 

Mortar Natural 
Electrical conductivity method 

Thermogravimetric analysis 

(200-600 oC /600-900oC) Plaster Brick 

Monastery and Churches from Kayseri 

(Kozlu and Ersen 2011) 

Early– Middle Byzantine 

(4–11th centuries) 

Mortar Natural 
x x 

Plaster Natural 

Byzantine Bath of Thessaloniki and Castle of Servia 

(Stefanidou et al. 2014) 

Middle Byzantine 

(10-13th centuries) 

Mortar 

Plaster 
Natural 

High amount of  

SiO2 + Al2O3 + Fe2O3 

Thermogravimetric analysis 

(200-600 oC /600-800oC) 

Cementation Index (CI) 

Esekap Madrasah 

(Güleç and Tulun 1996) 

Middle Byzantine 

(11th century) 
Mortar Natural x x 

Land Walls of Yedikule in Istanbul 

(Acun Özgünler, Ersen, and Güleç 2013) 

Early Byzantine 

(5th century) 
Mortar Brick x 

Loss of ignition 

(105 oC /550 oC / 1050oC) 

Early Byzantine Church in Stratonikeia in Muğla 

(Caner and Güney 2018) 

Early Byzantine 

(5–7th centuries) 
Mortar Brick Electrical conductivity method x 

(cont. on next page) 
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Table 2.4. (cont.) 

Area & Reference Period Mortar/ 
Plaster 

Aggregate 
Type Pozzolanic Properties Hydraulic Properties 

Hagia Sophia Basilica 

(Bakolas et al. 1998) 

Early Byzantine 

(6th century) 
Mortar Brick x 

Thermogravimetric analysis 

(<200 oC / 200-600 oC />600oC) 

St. Jean Church in Manisa 

(Oğuz Kılıç et al. 2004) 

Early Byzantine 

(6th century) 
Mortar Brick Electrical conductivity method 

Thermogravimetric analysis 

(200-600 oC /600-900oC) 

St. Katherines Hospice in Rhodes 

(Moropoulou, Bakolas, and Bisbikou 2000) 

Early– Late Byzantine 

(6–14th centuries) 
Mortar Brick x 

Thermogravimetric analysis 

(120 oC / 200-600 oC />600oC) 

Religious Buildings in Istanbul 

(Gürdal, Kahraman Altaş, and Acun Özgünler 2011) 
Early Byzantine Mortar Brick Electrical conductivity method 

Loss of ignition 

(200-600 oC /600-900oC) 

Defense Structures in Istanbul 

(Kahraman Altaş, Acun Özgünler, and Gürdal 2013) 
Early Byzantine Mortar Brick Electrical conductivity method 

Loss of ignition 

(200-600 oC /600-900oC) 

Middle Byzantine Church in Istanbul 

(Nežerka et al. 2015) 

Middle Byzantine 

(9th centuries) 
Mortar Brick x x 

Middle Byzantine Monuments in Kiev 

(Moropoulou, Çakmak, and Lohvyn 2000) 

Middle Byzantine 

(11-13th centuries) 
Mortar Brick x 

Thermogravimetric analysis 

(200-600 oC />600oC) 

Middle Byzantine Chapel in Istanbul 

(Ulukaya et al. 2017) 

Middle Byzantine 

(11–12th centuries) 
Mortar Brick 

EN 196-5 standard 

(Frattini test) 

Thermogravimetric analysis 

(200-600 oC /600-900oC) 

Yoros Castle in Istanbul 

(Kurugöl and Güleç 2012) 

Late Byzantine 

(13–14th centuries) 
Mortar Brick x 

Hydraulic (HI) &  

Cementation Index (CI) 

via Boynton formula 
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CHAPTER 3 

 

KADIKALESİ (ANAIA) AND AYASULUK 

 

General information about the historical background, architectural characteristics, 

and material use of Kadıkalesi (Anaia) and Ayasuluk are explained in this chapter.  

Kadıkalesi (Anaia) is located in Kuşadası-Aydın and Ayasuluk is located in 

Selçuk-İzmir, in Western Anatolia, 28.6 km from each other (Figure 3.1, 3.2). Kadıkalesi 

(Anaia) and Ayasuluk are among Byzantine settlements in Western Anatolia.  
 

 

 

Figure 3.1. Location of Kadıkalesi (Anaia) and Ayasuluk  

(Aerial image: Google Earth, May 2022) 



32 
 

 

Figure 3.2. Kadıkalesi (Anaia) and Ayasuluk  

(Aerial image: Google Earth, May 2022) 

 

It is widely accepted that Byzantium began with the establishment of 

Constantinople in 324 AD and ended with its conquest by the Ottoman Empire in 1453 

AD. (Mango 1976). In general, the historians divided Byzantine Period into Early, Middle 

and Late Byzantine Periods (Mango 1976; Krautheimer 1986) (Figure 3.3): 

• 4th – 9th     centuries: Early Byzantine Period 

• 9th – 13th   centuries: Middle Byzantine Period 

• 13th – 15th centuries: Late Byzantine Period 

In the case areas of Kadıkalesi (Anaia) and Ayasuluk, there are structures 

belonging to these Byzantine periods (Figure 3.3) (Karydis 2015; Kanmaz 2015; Kanmaz 

and İpekoğlu 2016). 
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Figure 3.3. Plans of Anaia Church, Kadıkalesi fortification walls and St. Jean Church, 

Gate of persecution of Ayasuluk in different Byzantine periods (Modified 

from the drawings from Kanmaz 2016, Karydis 2015) 
 

3.1. Kadıkalesi (Anaia) 
 

Kadıkalesi (Anaia), was located on a prehistoric mound in the south coast of 

Kuşadası, Aydın province (Figure 3.4). It is approximately 16 km away from Dilek 

Peninsula, Büyük Menderes Delta National Park and 25 km away from Samos Island. 

 

 
Figure 3.4. Aerial image of Kadıkalesi (Anaia)  

(Source: Kadıkalesi (Anaia) excavation archive, 2020) 
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3.1.1. Historical Background of Kadıkalesi (Anaia) 

 
Kadıkalesi (Anaia), which was built on a prehistoric mound, had various 

settlement strata (Akdeniz 2007; Mercangöz 2008). The findings obtained during the 

excavations revealed that the first settlement started from the Late Chalcolithic Age and 

continued with the Early, Middle, Late Bronze Ages, Ancient Greek and Roman 

civilizations, Byzantine, Beyliks and Ottoman settlements (Akdeniz 2007; Mercangöz 

2008). 

Anaia was first mentioned by Greek author Thucydides in the early fourth century 

B.C, in “The History of the Peloponnesian War” which narrated the war between 431 and 

404 B.C. (Thucydides 2009). The narrative was about the communities involved in the 

war and their effects on it. Anaia's location and its role in the war were also mentioned in 

this source. Based on this narrative, Cramer stated that Anaia had a harbor and was in the 

high lands of the Menderes River between Magnesia and Priene (Cramer 1832). Texier 

interpreted this information as the land of the Anaian’s continued as far as the shores of 

Samos (Texier 2002). 

The research of Kadıkalesi (Anaia) excavations exposed that the city of Anaia 

during antiquity and medieval times was located around where Kadıkalesi is situated at 

the present (Mercangöz 2008). No traces of buildings belonging to the Hellenistic and 

Roman periods were found within the Kadıkalesi city border (Mercangöz 2002, 2005, 

2008; Mercangöz and Tok 2011; Mercangöz, Tok, and Hazinedar Coşkun 2012; 

Hazinedar Coşkun 2021). However, epigraphs and stone works dated to these periods, 

which were used in Byzantine buildings as spolia (devşirme stones), were unearthed 

during excavations (Mercangöz and Tok 2011; Mercangöz 2012).  

Anaia Church and the baptistery in the northwest were built in the Early Byzantine 

period (in 5-6th centuries) (Mimaroğlu 2011b, 2011a; Mercangöz, Tok, and Hazinedar 

Coşkun 2012; Kanmaz and İpekoğlu 2016; Mercangöz 2018; Hazinedar Coşkun 2021) 

(Figure 3.5).  

According to the church registrations, Anaia Church had served as a bishopric of 

the Ephesus Metropolis between the Early Byzantine to Late Byzantine periods (5-13th 

centuries) (Foss 1979). From the beginning of the 10th century, the port of Ephesus 

became unusable for the Byzantine fleet and so the ports of Anaia and Phygela, in the 

west of Ephesus, gained importance (Foss 1979). During the Lascaris dynasty between 



35 
 

1204−1261 (Middle Byzantine period), Anaia became an emporion (trade center), 

kommerkion (customs station) and the Anaia Church ascended to archbishopric (Foss 

1979; Mercangöz 2010, 2012, 2013). 

 

 

Figure 3.5. Aerial image of Anaia Church  

(Source: Kadıkalesi (Anaia) excavation archive, 2021) 

 

In the late 13th century, Anaia became a center of piracy consisted of Greeks, 

Genoese and Turks (Tomaschek 1891; Mercangöz 2008). Anaia was taken by the Turks 

in 1298, but passed into the hands of the Catalans, who were called for help by Byzantium. 

It was stated that the Catalans stayed there until 1304 (Tomaschek 1891). However, the 

excavations revealed the coins of the Rhodes knights dated 1340, thus showing the 

Christian life in Anaia can be dated to the 14th century (Mercangöz 2012). According to 

Lemerle, the Anaians moved to the inwards where Soğucak Village currently located 

(Lemerle 1965).  

Anaia was dominated by the Aydınoğulları in the 14th century and by the 

Ottomans in the early 15th century. There is no comprehensive Turkish period structures 

in the Site, apart from the masjid dated to the Late Ottoman Period (Mercangöz 2008, 

2012). While Kuşadası started to gain prominence after the 16th century, Anaia has begun 

to lose its importance in the region (Onar et al. 2012).  

Kadıkalesi (Anaia) was mentioned in "Priene: Ergebnisse der Ausgrabungen und 

Untersuchungen in den Jahren 1895-1898" written by Wiegand and Schrader. Kadıkalesi 



36 
 

was a fortress built for defending the city of Anaia at  end of the 12th or early beginning 

of 13th centuries (Wiegand and Schrader 1904 cited in Kanmaz 2015; Foss 1979). In the 

light of these information, Kadıkalesi and Anaia gained their common historical identity.  

In 2001, the rescue excavation of Kadıkalesi (Anaia) had started due to the illegal 

excavations, housing issues in the surrounded area and intense vegetation with the title of 

“Kuşadası-Kadıkalesi Kazı ve Restorasyon Projesi” (Mercangöz 2002). Kadıkalesi 

(Anaia) was determined as a 1st degree archaeological site with the decision number 1531 

in 22.05.2008. The excavations and conservation works continued under the supervision 

of Prof. Dr. Zeynep Mercangöz from 2001 to 2021, with the support of the Ministry of 

Culture and Tourism, Kuşadası Municipality and Ege University. Since 2022, it has been 

continued by the Directorate of Aydın Museum with scientific supervisor of Assoc. Prof. 

Dr. Suna Çağaptay and honorary head Prof. Dr. Zeynep Mercangöz. 

 

3.1.2. Architectural Features and Material Characteristics of Kadıkalesi   

and Anaia Church 
 

Within the area surrounded by the Kadıkalesi fortification walls, there are the 

Anaia Church, Early period baptistery, workshops, a masjid, and emplacements. Anaia 

Church was consisted of the apse, bema, baptistery, cisterns, pastophoria, inner and outer 

narthex, naos, south chapel, and substructure (Figure 3.6).  

Spatial organization, construction techniques and materials, and architectural 

elements of Anaia Church showed that the building had three construction periods 

(Karabacak 2010; Kanmaz 2015; Kanmaz and İpekoğlu 2016).  
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Figure 3.6. Plan showing the spaces and construction periods of Anaia Church (Revised 

from the drawing by Mehmet Buğra Kanmaz and Umut Kardaşlar, Source: 

Kadıkalesi excavation archive, 2020) 

 

The first construction period of Anaia Church was between 5–6th centuries 

(Early Byzantine) due to the plan scheme reflecting the characteristics of the period, as 

well as the architectural elements like the ambo in the naos and the synthronon in the apse 

(Mercangöz, Tok, and Hazinedar Coşkun 2012; Kanmaz 2015; Kanmaz and İpekoğlu 

2016) (Figure 3.7). The church was composed of three naves, a narthex and atrium spaces. 

According to the traces obtained from the building, it is accepted that the naves and naos 

were separated from each other with buttresses, marble piers and covered with a wooden 

hipped roof. Western walls of naos, bema walls and apse still exist in the site from the 

first construction period. In the naos, traces of marble pavements were also found.  
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Figure 3.7. a: Ambo in naos as the characteristic of Early Byzantine period,      
                  b: Substructure) 

 

The wall of the bema and surface of apse had similar bonding techniques in which 

brick and stones of different sizes were used alternately in the masonry system. The 

thickness of the bema walls was in between 90–125 cm, and mortar joints were between 

1–2 cm. Remains of mural paintings were found in the apse, bema and baptistery.  

The walls of substructure were built in cut stone masonry, while the vault and the 

arches were constructed of bricks and covered by mural paintings (Figure 3.8). The 

thickness of the lime mortar joints was generally between 3–6 cm. The buttresses 

(thickness of 120–130 cm) supporting the arches were in brick and stone masonry with 

an alternating order and their joints were between 1–6 cm. The Early Byzantine baptistery 

in the northwest, the baptistery font was covered with ornamented marble by using 

adhesive lime mortar with natural aggregates (Figure 3.9). The wall of the baptistery was 

bonded with stone and brick with the thickness of nearly 57 cm. The pavement of the area 

consisted of opus sectile, marble and brick blocks (Figure 3.9).  

 

    
Figure 3.8. Mural paintings in substructure 

a b 
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Figure 3.9. Early Byzantine baptistery of Anaia Church 

 

The second construction period was dated to Middle Byzantine Period (11–13th 

centuries) and pastophoria and fortification walls were built in this period. The walls of 

narthex (thickness of 88–100 cm), south and north walls of naves (70–85 cm) and the 

buttresses between the naos walls and the narthex (75–140 cm) could be differentiated by 

the bonding technique of brick and stone masonry using different alignment with joint 

gaps between 1–5 cm (Figure 3.10). In this bonding system, recessed brick technique 

which was a characteristic feature of Middle Byzantine period (11–12th centuries) was 

also observed (Mango 1976; Ousterhout 1999) (Figure 3.11).  

Kadıkalesi (Anaia) is on a first-degree seismic zone, and throughout history, it 

was damaged in three major earthquakes in 1039, 1040 and 1056 (Middle Byzantine 

periods) with intensities VIII, VII, VIII, respectively, according to the MSK-64 intensity 

scale (Calvi 1941 cited in Kanmaz 2015, Kanmaz and İpekoğlu 2016; Soysal et al. 1981; 

MTA 2005) (Table 3.1).  
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Table 3.1. MSK-64 Intensity scale with its definition  
(Soysal et al. 1981) 

MSK-64 Intensity Scale Definition 

V Fairly Strong 

VI Strong 

VII Very Strong 

VIII Damaging 

IX Destructive 

X Devastating 

 

The second construction period also included the repairs and reinforcements of 

the damages caused by these earthquakes. Determined differences in terms of bonding 

order of building materials in the walls and discontinuity in joints between western wall 

of naos and narthex, lead to consider the narthex, and the south and north naves were 

rebuilt after these earthquake damages (Mercangöz and Tok 2011; Mercangöz, Tok, and 

Hazinedar Coşkun 2012; Kanmaz 2015; Kanmaz and İpekoğlu 2016). In the narthex and 

inner surface of the naves, the walls had mural painting traces, but the outer surfaces of 

the naves were cladded with lime-brick plaster by leaving the building materials exposed 

(Figure 3.11). Cut stone paving were used in both narthex and naves. The atrium was 

probably not rebuilt after the earthquake (Kanmaz 2015). 
 

    
Figure 3.10. Bonding differences and discontinuity in joints between the naos walls and        
                     narthex buttresses  
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Figure 3.11. a: Recessed brick technique (Source: M.B. Kanmaz 2015), b: Plastering the   

joints 

 

Rough cut stones and spolia were framed by bricks on the fortification wall which 

was defined in the literature as framed technique (Eyice 1963; Ousterhout 1999). It is a 

distinctive feature of the Laskaris period (1204–1261) (Mercangöz 2010) (Figure 3.12). 

Therefore, Kadıkalesi fortification wall is dated to the Middle Byzantine period and it has 

thought to be built for defending the Anaia City (Foss 1979; Mercangöz 2008, 2010). 

 

a 

b 
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Figure 3.12. Kadıkalesi fortification wall  

 

Third construction period of the Church was accepted between 13th and 14th 

centuries (Late Byzantine period).  During this period, it was thought that the structure 

was strengthened against the destructive effects of earthquakes due to the different 

bonding techniques observed on the naos walls, buttresses and nave buttresses (Kanmaz 

2015; Kanmaz and İpekoğlu 2016). Also, the discontinuity in wall joints and differences 

in wall bonding techniques indicated that the Church was extended with addition of outer 

narthex, south chapel, baptistery and two cisterns (Mercangöz and Tok 2011; Kanmaz 

2015; Kanmaz and İpekoğlu 2016). 

Although inner narthex (second construction period) was bonded with brick-stone 

alternating order, the outer narthex walls (thickness of 80–85 cm) and buttresses (100–

130 cm) were built with rough cut stone. Observing the baptistery in the continuation of 

the rough-cut stone wall showed that it was also built in the third construction period. 

Besides, north and south walls (80–90 cm) and buttresses (65–70 cm) of naos were 

bonded with the rough-cut stone probably to strengthen the structure. Due to the 

discontinuity between the walls of naves (second construction period) and south chapel, 

south chapel, and cisterns that continue with also should have been added later. The south 

chapel walls were approximately 82 cm, while cistern walls were in the range of 70–85 

cm. 

In the cistern I, two layers of lime plasters with brick aggregates, with thickness 

of 2 cm for each, were applied on the interior surfaces of walls, whereas in cistern II only 

one layer of lime plaster with 2 cm thickness was applied. The pavement and the top layer 

of the arches were also covered with brick- lime plasters.  

Horizontal and vertical ornaments were observed on the plasters applied on the 

walls of cistern II and exterior surfaces of the outer narthex walls (Figure 3.13). The 
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ornaments were probably done with a red painted rope or a sharp tool to emphasize the 

joints or to imitate the vertical bricks (Restle 1967; Mango 1976; Ötüken 1990). On the 

other hand, on the niches and inner walls of outer narthex, only the joints were plastered 

as can be observed on the exterior surfaces of the nave walls and buttresses. In the 

baptistery, the mural paintings were determined on the walls. The pavements of outer 

narthex were coated with brick blocks. 

 

   

 

Figure 3.13. Horizontal and vertical ornaments on brick-lime plaster 

 

3.2. Ayasuluk Hill and St. Jean Church 
 

Ayasuluk Hill, which is the first and last settlement of Ephesus, and St. Jean 

Church are on the UNESCO World Heritage List together with the ancient city of 

Ephesus, Turkey. It is settled on a prehistoric mound in the present day province of  

Selçuk, İzmir (Figure 3.14) (Ladstaetter et al. 2015). It is 80 km away from İzmir city 

center and near to the ancient city of Ephesus, House of Virgin Mary, and Çukuriçi 
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Mound. Besides, it is on the south of the Küçük Menderes River and it is 9 km away from 

Küçük Menderes Delta. 

 

 

Figure 3.14. Aerial image of Ayasuluk  

(Source: Selçuk Kent Belleği 2022) 

 

3.2.1. Historical Background of Ayasuluk 
 

A complex and continuous settlement in Ephesus dates back to 3000 B.C. The 

city site and its harbors were relocated throughout history because of the constant shifting 

of the shoreline from the east to the west. The first settlement of Ephesus was set on 

Ayasuluk Hill in the Early Bronze Age (nearly 3000 B.C). During the Hittite dynasty, 

Ayasuluk was the capital of the Arzawa-Mira Kingdom and was named “Apasas” and 

“Ephesus” in the following years (Figure 3.15). In Iron Age, Ephesus was conquered by 

Lydian King Kroisos, and the city was moved to the plain around the Artemis Temple. 

The settlement stayed there until the city harbor was silted up. In 300 B.C, the third 

settlement (Hellenistic city) was established by Lysimakhos, one of the generals of 

Alexander the Great, between Bülbül and Panayır mountains, where the current ancient 

city of Ephesus is (Figure 3.15). In the Roman period, Ephesus became the capital of 

Asian State (Büyükkolancı et al. 2013; Ladstaetter et al. 2015; Selçuk Belediyesi 2022). 

Between the years of 37 and 48, St. John, who was one of the apostles of Jesus 

and also the author of the bible and the apocalypse according to Christian belief, came to 
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Ephesus with Virgin Mary. He spent his last years in Ayasuluk and was buried here. 

Because of the importance of St. Jean for Christians, Ayasuluk was a great religious 

center for pilgrims from 1st century to end of the Byzantine period (Foss 1979).  

In the 4th century, a Martyrion (Mausoleum) was built over his tomb. Martyrion 

was surrounded by a basilica in the time of Theodosius II was (408-450) (Foss 1979; 

Büyükkolancı 2001; Karydis 2015). The basilica effected from the earthquakes in 468 

(Büyükkolancı 2001; MTA 2005). In the Justinian I period (520s), a basilica was built, 

but some parts of the perimeter walls of the first church were preserved. This structure 

also collapsed due to a severe earthquake that occurred later. Subsequently, the church 

was rebuilt in 550s according to the request of Justinian I (Büyükkolancı 2001; 

Büyükkolancı et al. 2013; Ladstaetter et al. 2015; Karydis 2015; Büyükkolancı 2018). 

The remains of the first, second and third church belonging to Early Byzantine period 

have survived to the present (Figure 3.15) 

Figure 3.15. Aerial image of St. Jean Church 

(Source: Selçuk Kent Belleği, 2022) 
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During the 6th century, the Ephesus harbour was filled with silt and became a 

swamp area. Therefore, the inhabitants moved again to the environs of St. Jean Church, 

Ayasuluk Hill and its slopes (Figure 3.16). In the 7th century, the bishop’s palace and the 

metropolit were moved by St. Jean Church (Büyükkolancı et al. 2013; Ladstaetter et al. 

2015; Selçuk Belediyesi 2022). The fortification walls adjacent to the inner walls were 

built to surround the entire church in the 8th and 9th centuries against the Arab raids 

(Büyükkolancı 2018). 

Ayasuluk, which was attacked and plundered many times until the 11th century, 

was conquered by a Seljuk Bey, Tengri Birmiş, in 1090. However, it was taken back by 

the Byzantines in 1096. In approximately 1307, Ayasuluk passed to Turks, Aydınoğulları, 

and the habitants migrated to Tire. Therefore, the Turkish period started, and Old Ephesus 

was named as “Ayasoluk” (Büyükkolancı 2001). Under the Turkish rule, several mosques 

such as İsa Bey Mosque, Masjids, baths and tombs were built in Ayasuluk (Ladstaetter et 

al. 2015). Fortification walls of the citadel were also built in Seljuks and Ottoman eras. 

Ayasuluk served as the capital of Aydınoğulları between 1348–1390 and established 

strong economic and commercial relations with the west. St. Jean Church was used as a 

mosque in this period, but the church was severely damaged by the earthquakes in the 

14th century. After 1390, Ayasuluk came under the control of the Ottomans 

(Büyükkolancı 2001). 

During the 15th century, Ayasuluk was a crowded city where Turks and Rums 

were lived together (Foss 1979) (Figure 3.16). However, after the 16th century, it lost its 

importance with the development of İzmir and Kuşadası ports. In 1913, the name of 

Ayasuluk was changed as Selçuk (Selçuk Belediyesi 2022). 

 

 
Figure 3.16. Schematic layout plan of Ayasuluk (Ephesus) during the Beyliks Period 

(Source: Caner Yüksel 2019) 
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The first archaeological excavation in St. Jean Church was carried out by 

archaeologist G.A. Sotiriou in 1921 and 1922 (Büyükkolancı 2001). Between 1927 and 

1931, the excavations were conducted by H. Hörmann and F. Miltner within the Austrian 

Archaeological Institute. In 1976, Ayasuluk Hill was registered as a part of “Selçuk-Efes 

Çevre Düzenleme ve Kazı Onarım Projesi” (Asatekin 1981). Ayasuluk Hill and St. Jean 

Monument excavations were carried out within the body of Ephesus Museum between 

1960–2006. The excavations and repairs were conducted under the supervision of Dr. 

Mustafa Büyükkolancı on behalf of the Ministry of Culture and Tourism and Pamukkale 

University between 2007−2020. Since 2020, the excavation and repair studies continue 

with the head of Assoc. Prof. Dr. Sinan Mimaroğlu, in cooperation with the Ministry of 

Culture and Tourism, and Hatay Mustafa Kemal University. 
 

3.2.2. Architectural Features and Material Characteristics of Ayasuluk 

and St. Jean Church 
 

The third church of St. Jean, in its current state, consisted of an apse, atrium, bema, 

baptistery, naos, narthex, naves, transepts, treasury room, and substructure (Figure 3.17).  

 
 

 

Figure 3.17. Plan showing the spaces and construction periods of St. Jean Church 

(Revised from the Ayasuluk Hill excavation archive 2020 and Karydis 2015) 
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Three construction periods were determined due to the foundation traces of the 

structures and discontinuity in joints. 

The first construction period of the church was on a square planned Martyrion 

which was built over St. Jean’s tomb. It was a wooden-roofed basilica with a cross-plan 

plan during the time of Theodosius II and accepted as the first construction of the St. Jean 

Church (408-450) (Hörmann, Keil, and Sotiriou 1951 cited in Büyükkolancı 2001; Foss 

1979; Büyükkolancı 2001; Karydis 2015).  

The structures that remained from the first church were a baptistery, a treasure 

room, and north and south walls of transepts (Karydis 2015). The baptistery had a 

complex plan composed of an octagonal central part surrounded with a corridor, corner 

rooms and flanked with apsidal halls to the east and west (Figure 3.18). The treasure room 

also had a complex plan and had corner rooms and niches on the wall (Figure 3.19). Due 

to the traces of a higher wall, it is evaluated that the treasure room had a second floor 

(Büyükkolancı 2001).  

 

   
Figure 3.18. Baptistery in St. Jean Church (a: Baptistery, b: Apsidal hall with tesserae) 

 

The wall bonding system of the baptistery and the treasure room had similar 

characteristics which were brick and rubble stone adhered with lime mortar, and they had 

marble pavement. The wall thicknesses of baptistery were between 80–85 cm with 4 cm 

joint gaps, while the walls of treasure room were in the range of 95–100 cm with 1.5–3.5 

cm joint gaps. Due to the construction type of baptistery and the inscription on its 

entrance, it should have been built in 5th century (Karydis 2015). Constructional 

similarities between baptistery and treasure room demonstrated that they were 

constructed in the same period (Karydis 2015).  
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The transept walls (120–140 cm) and buttresses (nearly 115 cm) on the north and 

south were built with brick masonry. The joint gaps were between 3–5 cm. On the 

baptistery wall, marble blocks were used as cladding and apsidal halls’ pavements had 

colored stone tesserae (Figure 3.18). On the other hand, the walls of the treasure room 

were bonded only with brick masonry and covered with lime plaster with brick aggregates 

(3–5 cm thickness) (Figure 3.19). 

 

   
Figure 3.19. Treasure room in St. Jean Church, a: East facing part of the treasure room,   

b: West wall of the treasure room 

 

During the earthquakes in 468, the first basilica was damaged (Büyükkolancı 

2001; Büyükkolancı et al. 2013; Ladstaetter et al. 2015; Büyükkolancı 2018). Therefore, 

during Justinian period, a church was built on the ruins (Karydis 2015; Büyükkolancı 

2001). 

In the second construction period, an entirely vaulted, Greek-cross planned 

basilica was built by preserving the perimeter walls of the first church during the Justinian 

I era (520s) (Büyükkolancı 2001; Karydis 2015). Some of the buttresses were constructed 

with brick and rubble stone (thickness of nearly 340 cm with 2–3.5 cm joint gaps) in apse 

whereas the arches in apse and bema were of brick masonry. The bema buttresses and 

other two buttresses in apse were built by using cut stone and with a thickness of 

approximately 455 cm with 2–4 cm joint gaps. After a severe earthquake, the second 

construction church were damaged (Büyükkolancı 2001; Karydis 2015). The second 

church remains were apse, bema and buttresses in transepts. 

In the third construction period, the church was rebuilt on the remaining 

structures with the order of Justinian I in 550s. With the addition of the two-bay nave six 
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domed bays occured and formed an elongated, directional plan (Büyükkolancı 2001; 

Büyükkolancı et al. 2013; Karydis 2015; Ladstaetter et al. 2015; Büyükkolancı 2018).  

Marble piers were in the naos (Figure 3.20). The buttresses in the naos and 

transepts were bonded with cut stone and spolia (Figure 3.20), and they were covered 

with lime plaster composed of brick aggregates. Buttresses and walls (thickness of 120–

130 cm with 2–4 cm joint gaps) in the naves were built with brick masonry. The different 

alignment in the brickwork and discontinuity in joints between the nave and the transept 

can be considered as the features of the third construction period (Figure 3.21) (Karydis 

2015). The Justinian I monograms in the nave also supported the evaluation of the 

belonged period (Figure 3.21) (Karydis 2015). On the nave wall, traces of lime plaster 

with brick aggregates were observed. In the substructure, vault was built with brick, but 

the walls were consisted of brick and rubble stone. The substructure walls covered with 

double layer of lime plaster. 

 

       
Figure 3.20. West side of naos in the St. Jean Church 

 
 

       
Figure 3.21. a: Discontunity of the nave and transept walls, b: Monograms of Justinian     

(B) and Theodora (A) (Source: Karydis 2015) 

a b 
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The inner walls of fortification walls were built as a supporting wall together with 

the St. Jean Church of Justinian I. There are niches in the east and west of the church and 

the walls were built with brick-stone alternating order. Gate of persecution of fortification 

wall belonged to Early Byzantine period bonded with cut stone and brick masonry 

adhered with lime mortar composed of natural aggregates. In contrast, the Middle 

Byzantine period buttress addition was bonded with rubble stone and lime mortar with 

brick aggregate (Figure 3.22). 

 

          
Figure 3.22. Gate of Persecution Wall a: Early Byzantine, b: Middle Byzantine 

 

 
 

 

a b 
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CHAPTER 4 
 

EXPERIMENTAL METHODS 
 

In this chapter, sampling and experimental methods used for the characterization 

of the Byzantine period lime mortars and plasters from Kadıkalesi, Anaia Church, and 

Ayasuluk, St. Jean Church were described. Experimental studies were carried out to 

determine the basic physical properties, raw material compositions, and hydraulic 

properties of lime mortars and plasters; mineralogical and chemical compositions, 

microstructural properties of binders, aggregates, and limes; and pozzolanic activities of 

aggregates. The data collection was done by using standard test methods, scanning 

electron microscopy coupled with energy-dispersive X-ray spectrometry (SEM-EDX), 

X-ray diffraction (XRD), and thermogravimetric analysis (TGA). 

 

4.1. Sampling 
 

Samples were taken from Anaia Church and fortification wall of Kadıkalesi 

(Anaia), and St. Jean Church and Persecution Gate in Ayasuluk. Sampling was carried 

out with the permission of the directorates of the archeological excavation teams, the 

Aydın Archeological Museum, and the Ephesus Archeological Museum in July 2020.  

Lime mortars and plasters were collected from undeteriorated parts of the 

buildings regarding their different construction periods which were determined by 

previous archaeological studies (Mercangöz 2008, 2012, 2010; Karabacak 2010; 

Mimaroğlu 2011b; Büyükkolancı et al. 2013; Ladstaetter et al. 2015; Büyükkolancı 2001; 

Kanmaz 2015; Karydis 2015; Kanmaz and İpekoğlu 2016; Mercangöz 2018; Hazinedar 

Coşkun 2021; Mimaroğlu and Karabacak 2021) . Nevertheless, putlog holes or the 

surfaces that had been already cracked were preferred to avoid damaging the integrity of 

the remains.  

In the field studies, it was determined that the mortars had a grayish or pinkish 

color, and the plasters had a pinkish color depending on the type of the aggregates they 

contained. Particularly, grayish mortars consisted of natural aggregates, while pinkish 

mortars and plasters contained brick aggregates. In both Kadıkalesi (Anaia) and 

Ayasuluk, some of the lime mortars with natural aggregates contain of small amount of 
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brick aggregates whereas some of lime mortars or plasters with brick aggregates consist 

of a few natural aggregates.  

In Kadıkalesi (Anaia), mortars were produced using natural aggregates and 

plasters were produced using brick aggregates. On the other hand, in Ayasuluk, there are 

two types of mortars: produced natural or brick aggregates; and all plasters have brick 

aggregates.  

Ten mortar and five plaster samples from Kadıkalesi; and twelve mortar and four 

plaster samples from Ayasuluk were collected to carry out the experimental studies. The 

types of the collected samples according to their aggregate types and periods are given in 

Table 4.1: 
 

Table 4.1. Distribution of collected samples according to the sites, periods, and   

aggregate types 

 Kadıkalesi (Anaia) Ayasuluk 

 
Early 

Byzantine 
Period 

Middle 
Byzantine 

Period 

Late 
Byzantine 

Period 

Early 
Byzantine 

Period 

Middle 
Byzantine 

Period 
Brick 

Aggregate - 1 Plaster 4 Plasters 5 Mortars 
4 Plasters 1 Mortar 

Natural 
Aggregate 6 Mortars 3 Mortars 1 Mortar 6 Mortars - 

 

Samples were labeled, respectively according to the name of the site, location of 

the sample, type, and the number of samples taken from the same location (Table 4.2). 
 

Table 4.2. Abbreviations used for labeling the collected samples 

Case Areas Location Type Number  
A: Ayasuluk B: Bema M: Mortar  1 

K: Kadıkalesi (Anaia) Ba: Baptistery P: Plaster 2 

 C: Cistern  3 

 F: Fortification Wall  4 

 G: Gate   

 N: Naos   

 O: Outer Narthex   

 R: Treasure Room   

 S: Substructure   

 T: Transept   
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4.1.1. Kadıkalesi (Anaia) 
 

In Kadıkalesi (Anaia), samples were collected from baptistery, walls of the naos, 

and substructure dated to the Early Byzantine period; from inner narthex, north and south 

nave and the fortification dated to the Middle Byzantine period (11th-13th 

centuries)(Müller-Wiener 1961); and from the outer narthex, cisterns, and some of walls 

and buttresses in naos dated to the Late Byzantine period (13th and 14th centuries) (Figure 

4.1, 4.2).  

 

 
Figure 4.1 Site plan of Kadıkalesi (Anaia) and Anaia Church with the photographs of 

the relevant areas (Aerial photo: Google Earth Pro 2021, Kadıkalesi 

37°47'29.00"N, 27°16'14.87"W, and Kadıkalesi excavation achieve, Photos 

from the site: T. Işık 2020, and Kadıkalesi excavation achieve*) 

 

Six lime mortar samples from baptistery, naos, and substructure dated to Early 

Byzantine period; three lime mortars from fortification wall of Kadıkalesi, and naos dated 

to Middle Byzantine period; and one lime mortar from naos dated to Late Byzantine were 

collected (Figure 4.2) (Table 4.3). Also, one lime plaster sample from outer narthex dated 

to Middle Byzantine period, whereas four lime plasters from outer narthex and cistern I 

and cistern II dated to Late Byzantine period were collected. 

* 
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Figure 4.2. The plan of the Kadıkalesi, Anaia Church and the Substructure showing the 

locations of samples (Revised from the drawing by Mehmet Buğra Kanmaz 

and Umut Kardaşlar, Source: Kadıkalesi excavation archive 2020, Photos 

from the site: T. Işık 2020) 

 

 

 

 

 

 

Mortar 

Plaster 
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Table 4.3. Samples of lime mortars and plasters from Kadıkalesi (Supplementary 

aggregates in samples *- Brick Aggregate, º- Natural Aggregate) 

 

(cont. on next page) 
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Table 4.3. (cont.) 

 
(cont. on next page) 
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Table 4.3. (cont.) 

 

(cont. on next page) 
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Table 4.3. (cont.) 
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4.1.2. Ayasuluk 
 

Gate of Persecution in Ayasuluk consists of two construction periods which are 

the Early (4th and 6th centuries), and the Middle (10th-12th centuries) Byzantine periods, 

whereas St. Jean Church was built in the Early Byzantine period (4th and 6th centuries) 

(Büyükkolancı 2001; Büyükkolancı et al. 2013; Ladstaetter et al. 2015; Karydis 2015; 

Büyükkolancı 2018). Baptistery, bema, naos, transept, treasure room, and substructure 

were built during the Early Byzantine period (Figure 4.3). The first stage of the gate of 

persecution was dated to Early Byzantine period, whereas the second stage is dated to the 

Middle Byzantine period (Figure 4.3).  

  

 

Figure 4.3. Site plan of Ayasuluk and St. Jean Church with the photographs of the 

relevant areas (Aerial photo: Google Earth Pro (2021) Ayasuluk Tepesi 

37°57'07.51"N, 27°22'08.93"W, Photos from the site: T. Işık 2020) 

 

Sixteen samples were collected from the Gate of persecution and different 

sections of St. Jean Church (Figure 4.4). Six lime mortars with natural aggregates were 
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taken from transept, treasure room, bema, substructure, and gate of persecution wall 

whereas, five lime mortars consisted of brick aggregates were taken from baptistery, 

transept, bema, and naos dated to Early Byzantine period (Table 4.4). One lime mortar 

with brick aggregates were collected from gate of persecution wall that belong to Middle 

Byzantine period (Table 4.4). Lime plasters were taken from the treasure room, 

substructure and naos dated to Early Byzantine period (Table 4.4). 

 
 

 

Figure 4.4. Plan of St. Jean Church, its Substructure and Gate of Persecution (Drawing: 

Ayasuluk excavation team, Source: Ayasuluk excavation archive, Photos 

from the site: T. Işık 2020)  
 

 

 

Mortar 
Plaster 
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Table 4.4. Samples of lime mortar and plaster samples from Ayasuluk (Supplementary 

aggregates in samples *-Brick Aggregate, o-Natural Aggregate) 

(cont. on next page) 
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Table 4.4. (cont.) 

 
 

(cont. on next page) 
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Table 4.4. (cont.) 

(cont. on next page) 
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Table 4.4. (cont.) 
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4.2. Experimental Studies 

The following properties of the collected lime mortars and plasters were 

investigated by experimental studies: 

• Basic physical properties

- Density

- Porosity

• Raw material compositions

- Lime-aggregate ratios

- Particle size distributions of aggregates

o Maximum aggregate sizes

o Roundness scale

• Mineralogical compositions

• Chemical compositions

• Pozzolanic activities of aggregates

• Hydraulic properties of binders

• Microstructural properties

4.2.1. Determination of Basic Physical Properties 

The basic physical properties of the mortar and plaster samples which are 

described by density and porosity values were determined by RILEM standard test 

methods (RILEM 1980). The bulk density is expressed by the ratio of the dry sample 

mass to the bulk volume (g/cm3), whereas the porosity is expressed as a percentage (%) 

of the ratio of the pore volume to the bulk volume of the sample. 

Two parallel specimens of each mortar and plaster sample were used to determine 

the density and porosity values. Firstly, the samples were dried in an oven at 40°C for at 

least 24 hours in order to vaporize the trapped moisture (Teutonico 1988). Thereafter, dry 

weights (Mdry) were measured by a precision balance (AND HF-3000G) (Figure 4.5). 

Then, the samples were placed in plastic beakers and filled with distilled water until it 

reached about 2 cm above the samples. They were put in a vacuum oven (Lab-Line 3608-

6CE Vacuum Oven) and saturated entirely for 24 hours at -25 kPa (Figure 4.5). The 
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saturated weights (Msat) and the Archimedes weights (March) that were determined with 

hydrostatic weighting in distilled water by measuring with the precision balance (Figure 

4.5, 4.6). After all, bulk densities (D) (4.1) and porosities (P) (4.2) of the mortar and 

plaster specimens were calculated with the following formulas in accordance with the 

data of the dry, saturated, and Archimedes weights: 

 

                                             D (g/cm3) = Mdry / (Msat - March)                                      (4.1) 
 
 

                            P (%) = [ (Msat – Mdry) / (Msat - March) ] x 100                      (4.2) 

 

where; 

D: Density (g/cm3) 
 

Mdry:  Dry Weight (g) 
 

Msat – Mdry: Pore Volume (g) 
 

P: Porosity (%) 
 

Msat: Saturated Weight (g) 
 

Msat – March: Bulk Volume (g) 
 

 March: Archimedes Weight (g) 
 
 

 
 

       

 

 

          

Figure 4.6. Measurement of Archimedes weight 

Figure 4.5. a: weighing the dry and saturated samples by precision balance, b: the   

samples in vacuum oven to saturated them entirely 
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4.2.2. Determination of Raw Material Compositions 

 
The raw material compositions of the mortar and plasters were defined by the 

lime-aggregate ratio and the particle size distribution of aggregates.   

Carbonated lime (CaCO3) of mortars and plasters were dissolved by using dilute 

hydrochloric acid. Firstly, the specimens were dried in the oven at 40°C for 24 hours and 

weighed (Msam) by a precision balance. Then, they were put in beakers and filled with 

dilute (5%) hydrochloric acid solution and left until the carbonated lime dissolved 

entirely. Lastly, the insoluble part was filtered, washed with distilled water until all 

chlorine ions remove (Figure 4.7) and it was dried one day at room temperature, then 

dried in the oven at 40°C and weighed (Magg) by the precision balance.  

The percentage of the acid-soluble and insoluble parts were determined by the 

following formulas: 

 

                                  Insoluble (%) = [(Msam - Magg) / (Msam)] x 100                          (4.3) 

 

                                       Acid Soluble (%) = 100 -  Insoluble (%)                              (4.4) 

 

where; 

Msam = Dry weight of the sample (g) 

Magg = Dry weight of the aggregates (g) 

The exact lime ratio of the mortars and plasters are calculated according to the 

lime (Ca(OH)2) which had been used in the preparation of them. However, since the acid-

soluble ratio is calculated with the dissolved carbonated lime (CaCO3), the chemical 

formula of carbonation given below is considered for the exact ratio. 

 

        Ca(OH)2 + CO2        CaCO3 + H2O 

      

           74g     +  44g          100 g   (Molecular Weights)          (4.5) 

 

Aggregate (%) = (100 x Insoluble) / [((Acid Soluble (%) x M.W.Ca(OH)2) / M.W.CaCO3) + 

                                                            Insoluble (%)]                                                  (4.6) 
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Lime (%) = 100 - Aggregate (%) (4.7) 

where; 

M.W.CaCO3   = Molecular weight of CaCO3 which is 100.

M.W.Ca(OH)2 = Molecular weight of Ca(OH)2 which is 74.

The dried residue which is the aggregates that purified from the lime was sieved 

through a series of sieves with 1180 μm, 500 μm, 250 μm, 125 μm, and 53 μm, 

respectively to determine the particle sizes by shaking the obtained aggregates in an 

analytical sieve shaker (Retsch AS200) (Figure 4.7). The remaining particles on each 

sieve surface were weighed by a precision balance and calculated their percentages. 

The physical properties of the obtained aggregates were determined by macro-

observations in terms of the maximum aggregate sizes and roundness scale of coarse 

aggregates.  

The sharpness of a particle's edges and corners determines its roundness 

regardless of its shape. The roundness scale was defined in six classes from very angular 

to well-rounded (Powers 1953) (Figure 4.8). The average roundness scale of investigated 

aggregates was defined by macroscopic observations using these classes. 

Figure 4.7. a: Filtering of the insoluble parts while washing with distilled water, 

b: Shaking the aggregates and so eliminating them from series of 

sieves 
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Figure 4.8. Roundness scale  

(Source: Powers 1953) 

 

4.2.3. Determination of Mineralogical Compositions 
 

The mineralogical compositions of the finely ground aggregates, binders and lime 

lumps less than 53 μm were detected by using X-ray diffraction (XRD). The XRD 

analyses were done by using a Philips X-Pert Pro X-Ray Diffractometer and the 

instrument was operated on CuKα radiation with Ni filter, at 40 kV and 40 mA in the 

range of 5-60° with a scan speed of 0.08°/s. X’Pert High Score Plus Analysis software 

program was used to determine the mineral phases in each sample. 

 

4.2.4. Determination of Chemical Compositions 
 

The chemical compositions of aggregates, binders and lime lumps were 

determined by a Philips XL 30S FEG Scanning Electron Microscope (SEM) coupled with 

Energy Dispersive X-ray Spectroscopy (EDS). The SEM-EDS analyses were carried out 

by a Philips XL 30S FEG on pellets obtained from powder samples (<53 μm) pressed 

with a pressure of 10 tons/cm2. The chemical compositions were determined via an X-ray 

detector and by using the averages of the data derived from three distinct areas of the 

samples.  

Hydraulic (H.I.) and cementation (C.I.) indices of lime lumps (Eckel 1905; 

Boynton 1966) were calculated by the below equations (Eq. 4.8, 4.9) to identify the 

hydraulic of character of the lime used in the production of mortars and plasters.     
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        H.I.= (%Al2O3 + %Fe2O3 + %SiO2) / (% CaO + % MgO)                   (4.8) 

 

C.I.= (2.8 %SiO2 + 1.1 %Al2O3 + 0.7 %Fe2O3) / (%CaO + 1.4 % MgO)       (4.9) 

 

Hydraulic index values lower than 0.1, and cementation index values lower than 

0.3 indicate the non-hydraulic character of lime (Eckel 1905; Boynton 1966). 

 

4.2.5. Determination of Microstructural Properties 
 

Microstructural and morphological characteristics were identified by using a 

Philips XL 30S FEG Scanning Electron Microscope (SEM) coupled with Energy 

Dispersive X-Ray Analysis (EDX).  

The microstructural properties of the mortars, aggregates and lime lumps were 

determined by scanning electron detector (SE); while the property of the reaction rims at 

the interfaces between the binder and pozzolanic aggregates and reaction rims around the 

limestone aggregates were defined by backscattered electron detector (BSE) at different 

magnifications (100x, 250x, 500x, 1000x, 2500x, 5000x, 10000x). These analyses were 

done on polished thin sections and gold coated broken surfaces of mortars and lime lumps. 

 

4.2.6. Determination of Pozzolanic Activities of Aggregates 
 

The pozzolanic activities of the natural and artificial aggregates were determined 

by using the electrical conductivity method (Luxan, Madruga, and Saavedra 1989). In this 

method, electrical conductivity differences of dilute calcium hydroxide solutions 

(Ca(OH)2) before and after the addition of finely ground (<53 micron) aggregates were 

measured. The differences of two measurements indicate the reaction between aggregates 

and lime. 

The electrical conductivity of the 20 ml saturated calcium hydroxide solution 

(Ca(OH)2) was measured by a conductivity meter (WTW MultiLine P3), then 500 mg 

finely ground aggregates (<53 micron) were added to the solution, and stirred by a 

magnetic stirrer (IKAMAG RH) for 2 minutes (Figure 4.9). After stirring, electrical 

conductivity of the solution was measured by the conductivity meter (Figure 4.9). If the 
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electrical conductivity difference is found more than 1.2 mS/cm, it reveals that aggregates 

are pozzolan (Luxan, Madruga, and Saavedra 1989). 

 

                 

 

4.2.7. Determination of Hydraulic Properties 
 

 The hydraulic properties of the mortars and plasters were determined with 

measuring of the weight losses between 200–600°C and 600–900°C by 

thermogravimetric analysis (Shimadzu TGA-21).  

The weight losses between 200−600°C occurred due to the loss of chemically 

bound water (H2O) of hydraulic compounds, whereas at the weight losses between 

600−900°C were due to the loss of carbon dioxide gas (CO2) released during the 

decomposition of CaCO3. Mortars and plasters can be evaluated as hydraulic if the ratio 

of CO2/H2O (chemically bound water) is found below 10 (Bakolas et al. 1998; 

Moropoulou, Bakolas, and Bisbikou 2000). 

 

 

Figure 4.9. a: magnetic stirrer to mix the Ca(OH)2 and fine aggregate, b: electrical 

conductivity analysis by conductivity meter 
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CHAPTER 5 

RESULTS AND DISCUSSIONS 

In this chapter, results of the experimental studies carried out to determine basic 

physical properties, raw material compositions, mineralogical and chemical 

compositions, hydraulic and microstructural properties of the lime mortars and plasters, 

and mineralogical and chemical compositions, pozzolanic activities and microstructural 

properties of aggregates were presented and discussed. The results were evaluated by 

considering the sites, construction periods, function and aggregate types used in lime 

mortars and plasters. 

5.1. Basic Physical Properties 

Basic physical properties of the mortars and plasters were defined by their density 

(g/cm3) and total porosity (%) values.   

In Kadıkalesi (Anaia), all lime mortar samples were composed of natural 

aggregates, and lime plaster samples were produced by using brick aggregates. Lime 

mortars were measured to be denser and less porous than lime plasters. Density values of 

the lime mortars were between 1.54−1.86 g/cm3 and the porosity values were between 

27.74−36.90 %. Density and porosity values of the lime plasters were found in the range 

of 1.30−1.42 g/cm3 and 43.03−47.49 %, respectively (Table 5.1). It was determined that 

basic physical properties did not differ according to the construction periods and the 

locations of the samples.  

Double layered plaster was only used in Cistern I which dates to the Late 

Byzantine Period. Basic physical properties of both inner (KCP1) and outer (KCP2) 

layers were different from other plaster samples with comparatively lower density (1.34 

g/cm3 and 1.36 g/cm3, respectively) and higher porosity (47.49 % and 43.62 %, 

respectively) values (Table 5.1).  

In Ayasuluk, lime mortars were composed of either brick aggregates or natural 

aggregates, whereas all lime plasters were produced with brick aggregates. The density 

and porosity values did not differ according to the construction periods though differences 
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were identified due to the type of aggregate. Lime mortars with natural aggregates had 

higher density and lower porosity values of 1.65−1.92 g/cm3 and 25.15−34.75 %, 

respectively (Table 5.2). However, lime mortars with brick aggregates that were taken 

from buttresses (ANM, ABM1, ABM2, AGM2), walls (ABaM, ATM1) were slightly less 

dense and high porous with values in the range of 1.23−1.67 g/cm3 and 36.47−50.95% 

(Table 5.2).   

In the substructure, double layered plaster was applied on the wall surface. The 

inner plaster layer (ASP1) had a lower density (1.38 g/cm3) and higher porosity (42.22 

%) than the outer plaster layer (ASP2) (1.70 g/cm3 and 23.14 %, respectively) (Table 5.2). 

In Naos buttress (ANP) and Treasure Room wall (ARP), single plaster layers were used, 

and their basic physical properties were similar to the inner plaster layer of the 

substructure (ASP1) (Table 5.2).  

The physical properties of lime mortars and plasters from Kadıkalesi (Anaia) and 

Ayasuluk did not demonstrate significant differences according to the construction 

periods and location. The results showed that the differences between the basic physical 

properties depend on the aggregate types. All lime mortar samples produced by natural 

aggregates had higher density and lower porosity values than the lime mortars with brick 

aggregates which were used only in Ayasuluk. The physical properties of lime plasters 

from Ayasuluk and Kadıkalesi (Anaia) were in the same range, and they had lower density 

and higher porosity values compared to lime mortars. These differences may be explained 

by the porous structure of brick aggregates (Uǧurlu and Böke 2009). 

Similarly, recent studies on Byzantine period lime mortars and plasters from 

historic buildings belonging to different sub-periods, with different functions and in 

different locations like monuments in Kiev, the Serapis Temple in Pergamon, religious 

buildings in İstanbul, Fortification Wall of Adana and Kozan Castle in Cilicia, defense 

structures in İstanbul, Middle Byzantine Chapel in İstanbul and Early Byzantine Church 

in Southwest Anatolia demonstrated that mortars prepared with natural aggregates had 

higher density (1.62–2.00 g/cm3) and lower porosity (22–38 %) than mortars or plasters 

prepared with brick aggregates (1.04–1.90 g/cm3, 28–54 %, respectively) (Moropoulou, 

Bakolas, and Bisbikou 2000; Oğuz Kılıç et al. 2004; Özkaya and Böke 2009; Gürdal, 

Kahraman Altaş, and Acun Özgünler 2011; Kozlu and Ersen 2011; Kurugöl and Güleç 

2012; Polat Pekmezci 2012; Kahraman Altaş, Acun Özgünler, and Gürdal 2013; Acun 

Özgünler, Ersen, and Güleç 2013; Stefanidou et al. 2014; Ulukaya et al. 2017; Caner and 

Güney 2018) (Table 5.3).  



75 
 

Table 5.1. Basic physical properties of lime mortars and plasters from Kadıkalesi 

Period Sample Location Function Aggregate 
Type 

Density 
(g/cm3) 

Porosity 
(%) 

Ea
rly

 B
yz

an
tin

e 
 

Fi
rs

t 
C

on
str

uc
tio

n 
KBaM1 Baptistery Wall Mortar Natural  1.72 30.89 

KBaM2 Baptistery Wall Mortar Natural 1.63 36.15 

KNM2 Naos Wall Mortar Natural 1.66 33.48 

KSM1 Substructure Arch Mortar Natural 1.62 36.70 

KSM2 Substructure Buttress Mortar Natural 1.72 31.66 

KSM3 Substructure Vault Mortar Natural 1.58 36.90 

M
id

dl
e 

B
yz

an
tin

e 

Se
co

nd
 

C
on

str
uc

tio
n 

KFM Fortification Wall Mortar Natural 1.86 27.74 

KNM1 Naos Buttress Mortar Natural 1.67 35.25 

KNM3 Naos Buttress Mortar Natural 1.73 31.38 

KOP1 Outer Narthex Wall Plaster Brick 1.31 43.03 

La
te

 B
yz

an
tin

e 

Th
ird

 
C

on
str

uc
tio

n 

KOP2 Outer Narthex Wall Plaster Brick 1.42 44.20 

KCP1 Cistern I Wall Plaster Brick 1.34 47.49 

KCP2 Cistern I Wall Plaster Brick 1.36 43.62 

KCP3 Cistern II Wall Plaster Brick 1.30 46.14 

KNM4 Naos Buttress Mortar Natural 1.54 33.71 
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Table 5.2. Basic physical properties of lime mortars and plasters from Ayasuluk 

Period Sample Location Function Aggregate 
Type 

Density 
(g/cm3) 

Porosity 
(%) 

Ea
rly

 B
yz

an
tin

e 

Fi
rs

t 
Co

ns
tru

ct
io

n 
ARP Treasure Room Wall Plaster Brick 1.30 47.40 

ABaM Baptistery Wall Mortar Brick 1.23 50.95 

ATM1 Transept Wall Mortar Brick 1.50 41.11 

ATM2 Transept Buttress Mortar Natural 1.88 26.96 

ARM1 Treasure Room Niche Mortar Natural 1.68 34.75 

ARM2 Treasure Room Wall Mortar Natural 1.88 25.62 

Se
co

nd
 

Co
ns

tru
ct

io
n ABM3 Bema Arch Mortar Natural 1.73 31.37 

ABM1 Bema Buttress Mortar Brick 1.63 37.75 

ABM2 Bema Buttress Mortar Brick 1.50 39.21 

Th
ird

  
Co

ns
tru

ct
io

n 

ANM Naos Buttress Mortar Brick 1.67 36.47 

ANP Naos Buttress Plaster Brick  1.27 46.23 

ASP1 Substructure Wall Plaster Brick 1.38 42.22 

ASP2 Substructure Wall Plaster Brick 1.70 23.14 

ASM Substructure Wall Mortar Natural 1.65 31.14 

AGM1 Gate of Persecution 
Wall Mortar Natural 1.92 25.15 

M
id

dl
e 

B
yz

an
tin

e 

 AGM2 Gate of Persecution 
Buttress Mortar Brick 1.45 42.60 

 



Table 5.3. Basic physical properties of mortars and plasters used in different Byzantine period buildings 

Area & Reference Period 
Mortar/ 

Plaster 

Aggregate 

Type 

BASIC PHYSICAL 

PROPERTIES 

Density 

(g/cm3) 

Porosity 

(%) 

Fortification Wall of Adana and Kozan Castle in Cilicia 

(Polat Pekmezci 2012) 
Early Byzantine Mortar Natural 1.75–1.94 24–30 

Serapis Temple/ Kızıl Avlu 

(Özkaya and Böke 2009) 
Early Byzantine 

Mortar Natural 1.7 34 

Plaster Brick 1.3 48 

Monastery and Churches from Kayseri 

(Kozlu and Ersen 2011) 

Early– Middle Byzantine 

(4–11th centuries) 

Mortar Natural 1.24–1.70 32–53 

Plaster Natural 1.08–1.70 48–54 

Byzantine Bath of Thessaloniki and Castle of Servia 

(Stefanidou et al. 2014) 

Middle Byzantine 

(10-13th centuries) 

Mortar Natural 1.74–1.90 14–19 

Mortar Brick 1.45–1.58 23–28 

Land Walls of Yedikule in Istanbul 

(Acun Özgünler, Ersen, and Güleç 2013) 

Early Byzantine 

(5th century) 
Mortar Brick 1.62–2.00 22–38 

St. Jean Church in Manisa 

(Oğuz Kılıç et al. 2004) 

Early Byzantine 

(6th century) 
Mortar Brick 1.5–1.6 33–40 

(cont. on next page) 77



 

Table 5.3. (cont.) 

Area & Reference Period 
Mortar/ 

Plaster 

Aggregate 

Type 

BASIC PHYSICAL 

PROPERTIES 

Density 

(g/cm3) 

Porosity 

(%) 

Early Byzantine Church in Southwest Anatolia 

(Caner, Güney 2018) 

Early Byzantine  

(5–7th centuries) 

Mortar Brick 1.04–1.19 41–48 

Plaster Brick 1.19–1.21 40–41 

Defense Structures in Istanbul 

(Kahraman Altaş, Acun Özgünler and Gürdal 2013) 
Early Byzantine Mortar Brick 1.14–1.90 28–52 

Religious Buildings in Istanbul 

(Gürdal, Kahraman Altaş and Acun Özgünler 2011) 
Early Byzantine Mortar Brick  1.23–1.66 32–48 

Monuments in Kiev 

(Moropoulou et al. 2000) 

Middle Byzantine 

(11–13th centuries) 
Mortar Brick  1.49–1.51 42–46 

Middle Byzantine Chapel in Istanbul 

(Ulukaya et al. 2016) 

Middle Byzantine 

(11–12th centuries) 
Mortar Brick  1.2 54 

Yoros Castle in Istanbul 

(Kurugöl and Güleç 2012) 

Late Byzantine 

(13–14th centuries) 
Mortar Brick  1.57–1.82 29–35 
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5.2. Raw Material Compositions 

Raw material compositions of lime mortars and plasters were defined by their 

lime/aggregate ratios, particle size distribution of aggregates, and physical properties of 

aggregates in terms of maximum aggregate sizes and roundness scale of coarse 

aggregates. 

Lime plasters from Kadıkalesi (Anaia) had lime/aggregate ratios between 1/3–4/3 

(Table 5.4). Lime/aggregate ratios of the lime mortars were between 1/2–1/1 in samples 

from walls (KBaM1, KBaM2, KNM2, KFM), an arch (KSM1), a vault (KSM3) and a 

buttress (KSM2); while they were between 4/3–5/3 in samples from buttresses (KNM1, 

KNM3 and KNM4) (Table 5.4). Accordingly, it was determined that the second 

construction period samples KNM1, KNM3, and third construction period sample KNM4 

had higher lime content than first construction period samples. 

However, calcareous aggregates such as limestone, shells, marble fragments may 

dissolve in acidic solutions. Hence, in the mortars or plasters in which calcareous 

aggregates were contained, after dissolution in dilute hydrochloric acid, calcareous 

aggregates would have been lost and only siliceous aggregates would remain which may 

result in a higher lime/aggregate ratio. Therefore, the difference between lime/aggregate 

ratios of second and third construction period mortars used in buttresses (KNM1, KNM3 

and KNM4) could be explained by the existence of calcareous aggregates (Casadio, 

Chiari, and Simon 2005).  

In Ayasuluk, lime/aggregate ratio of lime plasters were between 3/4 and 5/3 

(Table 5.5). Plasters applied on wall surfaces (ARP, ASP1, ASP2) had higher 

lime/aggregate ratios (4/3–5/3) than lime plaster on a buttress in naos (ANP) with a ratio 

of 3/4 (Table 5.5). The lime/aggregate ratio of the lime mortars from Early and Middle 

Byzantine periods had mostly resembled and were in the range of 1/3 and 5/3. On the 

other hand, ANM sample from naos buttress, and ABM3 from bema arch were found to 

have a lower lime/aggregate ratio of 1/2 and 2/3, respectively (Table 5.5). The differences 

in the lime/aggregate ratios of the samples can be explained by the presence of calcareous 

aggregates in their contents. 

Kadıkalesi (Anaia) and Ayasuluk samples had slightly higher lime/aggregate 

ratios in average compared to the results of previous studies (Table 5.6). Lime/aggregate 

ratios of different Byzantine period buildings in Istanbul were determined between 1/4–
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1/5 in a Middle Byzantine Chapel (Ulukaya et al. 2016), 2/3–1/3 in Yoros Castle (Kurugöl 

and Güleç 2012), 2/3–3/2 in Yedikule Landswall (Acun Özgünler, Ersen, and Güleç 

2013), 2/3 in a Middle Byzantine Church (Nežerka et al. 2015), 1/3 in Istanbul Land Walls 

and Theodosian Walls (Kahraman Altaş, Acun Özgünler, and Gürdal 2013), between 1/2–

1/4 in Hagia Sophia, Hagia Eirine, St. Mary of Chalkoprateia, Church of St. Euphemia, 

Monastery of Stoudios, Martyrion of Karpos and Papylos, Church of St. Polyeuctus 

(Gürdal, Kahraman Altaş, and Acun Özgünler 2011), and between 1/2–1/4 in Hagia 

Sophia Basilica (Moropoulou et al. 2002) (Table 5.6). In other regions, the lime/aggregate 

ratios were found as 1/1 in St. Jean Church in Manisa (Oğuz Kılıç et al. 2004), 1/5–1/2.6 

in Serapis Temple, Pergamon (Aslan Özkaya 2005), 1/4–5/2 in Monastery and Churches 

from Kayseri (Kozlu and Ersen 2011), 2/1–3/1 in archeological site of Kyme (Miriello et 

al. 2011), 1/3 in Fortification Wall of Adana and Kozan Castle, Cilicia (Polat Pekmezci 

2012), 1/9–1/5 in the Synagogue from Andriake Harbour in Lycia (Oğuz, Türker, and 

Koçkal 2015), and 1/3 in Middle Byzantine Monuments, Ukraine (Moropoulou, Bakolas, 

and Bisbikou 2000) (Table 5.6). The differences might be related to the geological 

features and raw material resources in different regions. 
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Table 5.4. Lime and aggregate percentages and lime/aggregate ratios of lime mortars 

and plasters from Kadıkalesi (Anaia) 

Period Sample Location Func. Aggregate 
Type 

Lime 
(%) 

Aggregate 
(%) 

Lime 
Agg. 

Ea
rly

 B
yz

an
tin

e 

Fi
rs

t 
 C

on
str

uc
tio

n 
KBaM1 Baptistery Wall Mortar Natural 43.88 56.12 0.78 

KBaM2 Baptistery Wall Mortar Natural 52.39 47.61 1.10 

KNM2 Naos Wall Mortar Natural 46.10 53.90 0.86 

KSM1 Substructure Arch Mortar Natural 53.20 46.80 1.14 

KSM2 Substructure 
Buttress Mortar Natural 33.71 66.29 0.51 

KSM3 Substructure Vault Mortar Natural 53.23 46.77 1.14 

M
id

dl
e 

B
yz

an
tin

e 

Se
co

nd
 

 C
on

str
uc

tio
n 

KFM Fortification Wall Mortar Natural 34.48 65.52 0.53 

KNM1 Naos Buttress Mortar Natural 59.09 40.91 1.44 

KNM3 Naos Buttress Mortar Natural 62.37 37.63 1.66 

KOP1 Outer Narthex 
Wall  Plaster Brick 53.43 46.57 1.15 

La
te

 B
yz

an
tin

e 

Th
ird

 
Co

ns
tru

ct
io

n 

KOP2 Outer Narthex 
Wall Plaster Brick 51.02 48.98 1.04 

KCP1 Cistern I Wall Plaster Brick 42.02 57.98 0.72 

KCP2 Cistern I Wall Plaster Brick 57.91 42.09 1.38 

KCP3 Cistern II Wall Plaster Brick 27.20 72.80 0.37 

KNM4 Naos Buttress Mortar Natural 57.59 42.41 1.36 
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Table 5.5. Lime and aggregate percentages and lime/aggregate ratios of lime mortars 

and plasters from Ayasuluk 

Period Sample Location Func. Aggregate 
Type 

Lime 
(%) 

Aggregate 
(%) 

Lime 
Agg. 

Ea
rly

 B
yz

an
tin

e 

Fi
rs

t 
Co

ns
tru

ct
io

n 
 

ARP Treasure Room 
Wall Plaster Brick 55.16 44.84 1.23 

ABaM Baptistery Wall Mortar Brick 64.69 35.31 1.83 

ATM1 Transept Wall Mortar Brick 55.02 44.98 1.22 

ATM2 Transept Buttress Mortar Natural 64.34 35.66 1.80 

ARM1 Treasure Room 
Niche Mortar Natural Not determined 

ARM2 Treasure Room 
Wall Mortar Natural 62.94 37.06 1.70 

Se
co

nd
 

Co
ns

tru
ct

io
n ABM3 Bema Arch Mortar Natural 41.00 59.00 0.69 

ABM1 Bema Buttress Mortar Brick 61.64 38.36 1.61 

ABM2 Bema Buttress Mortar Brick 60.82 39.18 1.55 

Th
ird

 
Co

ns
tru

ct
io

n 

ANM Naos Buttress Mortar Brick 35.67 64.33 0.55 

ANP Naos Buttress Plaster Brick 43.41 56.59 0.77 

ASP1 Substructure Wall Plaster Brick 59.28 40.72 1.46 

ASP2 Substructure Wall Plaster Brick 61.74 38.26 1.61 

ASM Substructure Wall Mortar Natural 60.68 39.32 1.54 

AGM1 Gate of Persecution 
Wall Mortar Natural 49.55 44.90 1.23 

M
id

dl
e 

B
yz

an
tin

e 

 AGM2 Gate of Persecution 
Buttress Mortar Brick 56.16 43.84 1.28 

 



 
 

Table 5.6. Comparison of the raw material compositions with the literature 

Area & Reference Period 
Mortar/  

Plaster 

Aggregate 

Type 

RAW MATERIAL 

COMPOSITIONS 

Lime /Aggregate 

Fortification Wall of Adana and Kozan Castle in Cilicia (Polat Pekmezci 2012) Early Byzantine Mortar Natural 1/3–2/3 

Synagogue from Andriake Harbour (Oğuz, Türker, and Koçkal 2015) Byzantine Mortar Natural 1/9–1/5 

Archeological Site of Kyme (Miriello et al. 2011) Early Byzantine Mortar Natural 2/1–3/1 

Monastery and Churches from Kayseri  

(Kozlu and Ersen 2011) 

Early– Middle Byzantine 

(4–11th centuries) 

Mortar Natural 1/4–5/2 

Plaster Natural 1/3–2/1 

Serapis Temple/ Kızıl Avlu 

(Özkaya 2005) 
Early Byzantine 

Mortar Natural 1/5 

Plaster Brick 1/2.6 

Defense Structures in Istanbul (Acun Özgünler, Gürdal, Kahraman 2013) Early Byzantine Mortar Brick 1/3 

Religious Buildings in Istanbul  

(Gürdal, Kahraman Altaş, Acun Özgünler 2011) 
Early Byzantine Mortar Brick 1/4–1/2 

Land Walls of Yedikule in Istanbul 

(Acun Özgünler, Ersen, and Güleç 2013) 
Early Byzantine (5th century) Mortar Brick 2/3–3/2 

St. Jean Church in Manisa (Oğuz Kılıç et al. 2004) Early Byzantine (6th century) Mortar Brick 1/1 

Hagia Sophia Basilica (Moropoulou et al. 2002) 
Early and Middle Byzantine 

(6th to 10th centuries) 
Mortar Brick 1/4–1/2 

Middle Byzantine Monuments in Kiev (Moropoulou et al. 2000) Middle Byzantine (11–13th centuries) Mortar Brick 1/3 

Middle Byzantine Chapel in Istanbul (Ulukaya et al. 2016) Middle Byzantine (11–12th centuries) Mortar Brick 1/5–1/4 

Middle Byzantine Church in Istanbul (Nežerka et al. 2014) Middle Byzantine (9th century) Mortar Brick 2/3 

Yoros Castle in Istanbul (Kurugöl and Güleç 2012) Late Byzantine (13–14th centuries) Mortar Brick 2/3–1/3 
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Particle size distribution of aggregates is another important feature in defining the 

raw material compositions of lime mortars and plasters since it is known that a particle 

sizes of aggregates effect the physical properties, durability and mechanical strength of 

mortars (Lanas et al. 2004; Pavía and Toomey 2008).  

In general, the aggregates with particle sizes greater than 1180 μm constituted the 

major fraction and formed 13.41–23.15% of total aggregates by weight in all investigated 

mortars and plasters (Table 5.7, 5.8). Similarly, the studies about Byzantine lime mortars 

demonstrated that largest fraction of aggregates were the sizes greater than 1000 μm 

(Aslan Özkaya 2005; Gürdal, Kahraman Altaş, and Acun Özgünler 2011; Polat Pekmezci 

2012; Acun Özgünler, Ersen, and Güleç 2013; Kahraman Altaş, Acun Özgünler, and 

Gürdal 2013; Ulukaya et al. 2017; Caner and Güney 2018) (Table 5.9). 

In Ayasuluk, the particle size distributions of the natural aggregates were similar 

to brick aggregates. The percentages of the aggregates decreased gradually from coarse 

aggregates (>1180 μm) (19–23 %) to fine aggregates (<53 μm) (0.6–1 %) (Table 5.8) 

(Figure 5.1–5.4). In addition to these, the aggregates with particle sizes 1180−500 μm, 

500−250 μm, 250−125 μm and 125−53 μm sieves were found 7–11%, 5–9%, 4–5%, 4–

5% by weight, respectively (Table 5.8) (Figure 5.1–5.4).  

However, in Kadıkalesi, the particle size distributions of natural and brick 

aggregates were different from each other. Natural aggregates of Kadıkalesi had higher 

amounts of aggregates with sizes of >1180 μm (4–37%), 1180−500 μm (8–21%), 

500−250 μm (5–32%), 250−125 μm (3–14%) and 125−53 μm (2–7%) by weight and less 

amount of aggregates <53 μm (0.5–2 %) by weight (Table 5.8) (Figure 5.1–5.4).  Within 

the distribution of brick aggregates, the weight percentages of aggregates of sizes >1180 

μm (10–19%), 500−250 μm (9–17%), 1180−500 μm (4–12 %) were lower; and the weight 

percentages of aggregates of sizes  250−125 μm (5–12%), 125−53 μm (6–12%) and <53 

μm (0.5–5%) were higher when compared with the distribution of natural aggregates 

(Table 5.8) (Figure 5.1–5.4). 

Physical properties of the coarse aggregates with sizes greater than 1180 μm were 

defined in terms of maximum aggregate size and roundness scale by macro-observations 

(Powers 1953).  

Lime mortars were composed of natural aggregates with a maximum aggregate 

size were between ∼5–38 mm in Kadıkalesi (Anaia), and ∼4–35 mm in Ayasuluk (Table 

5.7, 5.8). Brick aggregates had maximum aggregate sizes between ∼2–12 mm in 

Kadıkalesi (Anaia) and between ∼3–23 mm in Ayasuluk (Table 5.7, 5.8). The aggregates 
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in lime mortars had coarser sizes than lime plasters. Mean roundness of brick aggregates 

in Kadıkalesi (Anaia) and Ayasuluk were sub-angular and angular, while the natural 

aggregates were sub-angular, angular and very-angular (Table 5.7, 5.8).  

The angular form of aggregates makes possible interlocking among aggregates 

and provides a higher surface area (McGennis et al. 1995; McCarthy and Dyer 2019). 

Also, it is known that angularity of aggregates leads to increase bulk density and decrease 

porosity (Holmes and Wingate 1997; Pavía and Toomey 2008).  

Maximum aggregate size values and mean roundness properties were similar in 

different periods and locations. Therefore, it can be interpreted that the Byzantine masters 

knew the advantages of the angularity of aggregates. They probably used relevant 

quarries as raw material sources instead of stream beds for natural aggregates; and 

prepared the brick aggregates taking this advantage into account.  



 
 

Table 5.7. Particle size distributions, mean roundness of aggregates and maximum aggregate size from Kadıkalesi (Anaia) 

Period Sample Location Func. 
Aggregate 

Type 

% Max. 
Agg. 
Size 

Mean 
Roundness 1180 

μm 
500 
μm 

250 
μm 

125 
μm 

53 
μm 

<53 
μm 

Ea
rly

 B
yz

an
tin

e 

Fi
rs

t 
  C

on
str

uc
tio

n 

KBaM1 Baptistery Wall Mortar Natural 36.4 7.6 5.3 3.5 3.4 0.5 ∼38 mm Sub-Angular 
KBaM2 Baptistery Wall Mortar Natural 21.9 10.5 10.4 5.4 3.1 0.2 ∼9 mm Sub-Angular 
KNM2 Naos Wall Mortar Natural 24.1 12.5 6.9 5.2 2.9 0.6 ∼21 mm Sub-Angular 
KSM1 Substructure Arch Mortar Natural 13.2 10.2 19.2 7.7 3.5 0.5 ∼10 mm Very Angular 
KSM2 Substructure Buttress Mortar Natural 15.2 12.3 15.2 13.6 6.6 1.5 ∼7 mm Sub-Angular 
KSM3 Substructure Vault Mortar Natural 19.0 12.5 14.0 4.0 2.5 0.5 ∼11 mm Sub-Angular 

M
id

dl
e 

B
yz

an
tin

e 

Se
co

nd
 

C
on

str
uc

tio
n 

KFM Fortification Wall Mortar Natural 37.1 16.8 6.0 2.1 2.0 0.5 ∼13 mm Angular 

KNM1 Naos Buttress Mortar Natural 11.3 12.1 40.0 4.2 2.0 0.4 ∼10 mm Sub-Angular 

KNM3 Naos Buttress Mortar Natural 9.5 9.3 25.2 3.7 2.6 0.4 ∼8 mm Sub-Angular 

KOP1 Outer Narthex Wall  Plaster Brick 27.4 18.3 4.9 24.5 11.2 0.7 ∼7 mm Sub-Angular 

La
te

 B
yz

an
tin

e 

Th
ird

 
C

on
str

uc
tio

n 

KOP2 Outer Narthex Wall Plaster Brick 11.1 8.8 5.4 10.5 12.2 1.2 ∼2 mm Sub-Angular 
KCP1 Cistern I Wall Plaster Brick 10.1 10.2 11.2 4.8 5.8 5.1 ∼2 mm Sub-Angular 
KCP2 Cistern I Wall Plaster Brick 10.6 14.7 5.5 12.1 10.3 1.5 ∼6 mm Sub-Angular 
KCP3 Cistern II Wall Plaster Brick 19.0 16.8 7.7 14.7 9.9 1.7 ∼12 mm Angular 
KNM4 Naos Buttress Mortar Natural 3.6 20.5 5.0 2.6 2.7 0.4 ∼5 mm Very Angular 
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Table 5.8. Particle size distributions, mean roundness of aggregates and maximum aggregate size from Ayasuluk 

Period Sample Location Func. 
Aggregate 

Type 

% Max. 
Agg. 
Size 

Mean 
Roundness 1180 

μm 
500 
μm 

250 
μm 

125 
μm 

53 
μm 

<53 
μm 

Ea
rly

 B
yz

an
tin

e 
Fi

rs
t 

C
on

str
uc

tio
n 

ARP Treasure Room Wall Plaster Brick 24.6 6.0 4.6 3.0 4.8 2.9 ∼15 mm Sub-Angular 
ABaM Baptistery Wall Mortar Brick 10.9 8.3 6.2 5.5 6.1 0.4 ∼11 mm Sub-Angular 
ATM1 Transept Wall Mortar Brick 25.4 6.7 12.6 4.0 2.4 1.7 ∼23 mm Angular 
ATM2 Transept Buttress Mortar Natural 18.1 6.6 13.0 3.3 2.0 0.2 ∼35 mm Very Angular 
ARM1 Treasure Room Niche Mortar Natural 35.3 17.8 4.6 6.2 5.7 1.0 ∼13 mm Angular 
ARM2 Treasure Room Wall Mortar Natural 11.4 10.4 6.5 2.6 2.6 0.4 ∼4 mm Angular 

Se
co

nd
 

C
on

str
uc

tio
n ABM3 Bema Arch Mortar Natural 28.1 11.6 11.7 4.9 6.4 0.5 ∼18 mm Sub-Angular 

ABM1 Bema Buttress Mortar Brick 16.0 6.7 5.0 4.8 3.6 1.1 ∼16 mm Angular 

ABM2 Bema Buttress Mortar Brick 21.9 8.4 8.1 2.4 1.3 0.8 ∼12 mm Angular 

Th
ird

  
C

on
str

uc
tio

n 

ANM Naos Buttress Mortar Brick 25.9 13.9 7.0 10.5 4.3 0.2 ∼8 mm Sub-Angular 
ANP Naos Buttress Plaster Brick 15.8 3.7 3.7 3.8 3.6 0.2 ∼12 mm Angular 
ASP1 Substructure Wall Plaster Brick 11.6 5.0 1.7 3.9 5.1 0.9 ∼3 mm Angular 
ASP2 Substructure Wall Plaster Brick 6.6 6.5 0.3 6.6 12.1 1.1 ∼3 mm Angular 
ASM Substructure Wall Mortar Natural 16.4 10.4 10.6 3.1 2.6 0.8 ∼8 mm Angular 

AGM1 Gate of Persecution Wall Mortar Natural 29.6 6.8 6.4 4.3 3.8 0.7 ∼30 mm Sub-Angular 
Middle 

Byzantine 
AGM2 

Gate of Persecution 

Buttress 
Mortar Brick 29.4 3.1 1.9 3.0 5.4 1.0 ∼21 mm Angular 
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Table 5.9. Comparison of the raw material compositions with the literature 

Area & Reference Period 
Mortar/  

Plaster 

Aggregate 

Type 

RAW MATERIAL COMPOSITIONS 

Particle Size Distributions 

Fortification Wall of Adana and Kozan Castle in 

Cilicia  

(Polat Pekmezci 2012) 

Early Byzantine Mortar Natural >1000 μm  
largest fraction 

Synagogue from Andriake Harbour 

(Oğuz, Türker, and Koçkal 2015) 
Byzantine Mortar Natural >1000 μm  

largest fraction 

Serapis Temple/ Kızıl Avlu 

 (Özkaya 2005) 
Early Byzantine 

Mortar Natural >1000 μm  
largest fraction Plaster Brick 

Defense Structures in Istanbul 

(Acun Özgünler, Gürdal, Kahraman 2013) 
Early Byzantine Mortar Brick 

4000 μm  

largest fraction 

Religious Buildings in Istanbul 

(Gürdal, Kahraman Altaş, Acun Özgünler 2011) 
Early Byzantine Mortar Brick 

4000 μm  

largest fraction 

Land Walls of Yedikule in Istanbul 

(Acun Özgünler, Ersen, and Güleç 2013) 

Early Byzantine 

(5th century) 
Mortar Brick >1000 μm  

largest fraction 

Early Byzantine Church in Stratonikeia in Muğla  

(Caner and Güney 2018) 

Early Byzantine 

(5–7th centuries) 

Mortar Brick 
>1000 μm 

largest fraction Plaster Brick 

Middle Byzantine Chapel in Istanbul  

(Ulukaya et al. 2016) 

Middle Byzantine 

(11–12th centuries) 
Mortar Brick 

>4000 μm  

largest fraction 
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Figure 5.1. Particle size distributions of aggregates from Kadıkalesi (Anaia) and 

Ayasuluk Hill 

Figure 5.2. Distribution of the aggregates from coarse to fine in samples indicated in 

Figure 5.3 and 5.4 
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Figure 5.3. Natural aggregates used in lime mortars from Kadıkalesi (Anaia) and 

Ayasuluk 

EARLY BYZANTINE 

    
KBaM1 KBaM2 KNM2 KSM1 

    
KSM2 KSM3 KNM4 ARM1 

    
ARM2 ABM3 ASM AGM1 

MIDDLE BYZANTINE LATE BYZANTINE 

    
KFM KNM1 KNM3 KNM4 



91 

Figure 5.4. Brick aggregates used in lime mortars from Kadıkalesi (Anaia) and 

Ayasuluk 
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5.3. Possible Provenance of Natural Aggregates 
 

Since the study areas are in the Western Aegean Region, the region's geological 

features were examined to determine the possible provenance and formation of natural 

aggregates. Geologically, rock and mineral formations in the area are associated with the 

older rocks of Menderes Massif and younger Neogene and Quaternary graben fill units 

(Figure 5.5).  

 

 
Figure 5.5. Geological map of the Kadıkalesi (Anaia), and Ayasuluk environs (Modified 

after Akbaş et al. 2011 by using ArcGIS Pro software by Taygun Uzelli) 

 

Macro-observations revealed that coarse aggregates were constituted of different 

types of rocks with white, grey, brown, green, colors (Figure 5.6). In the literature, the 

clasts were defined according to their colors, hereunder the grayish-green or whitish 

cream-colored are schists, orangish/red-browns are gneisses, green colored are 

clinochlore and white, red and dark tones are quartz fragments (Koçyiğit 2015). 

Metamorphic schists (mostly mica schists) glowing in the light and similar fragments of 

gneisses with thicker foliate plates were determined in macro samples. In general, quartz-

dominated aggregates were observed in samples (Figure 5.3, 5.4, 5.6). 
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Figure 5.6. Macro-observations of natural aggregates from Kadıkalesi (Anaia) (a) and 

Ayasuluk (b) 

These observations indicated that the aggregates may have been derived from 

Menderes Massif, where older rock assemblages form the higher topographies, 

mountains, and horsts in the Aegean Region (Bozkurt and Oberhänsli 2001; Erdoğan and 

Güngör 2004; Seyitoğlu and Işık 2009). Erosion, tectonic activity and fluvial processes 

affect the metamorphic rocks of the Menderes Massif which cause disintegration and 

crumbling from their surfaces, and so the disintegrated fragments are transported and 

deposited around graben-horst systems (Figure 5.7). These deposits are called as breccias 

a 

b 
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and conglomerates in the literature which composed of a finely ground matrix such as 

clay, volcanic rock fragments. Breccias and conglomerates can be differentiated and 

identified by their roundness scales formed due to their proximity to valleys and stream 

beds (Figure 5.7). 

Figure 5.7. Schematic determination of the possible places of natural aggregate sources 

(Modified from Haldar and Tišljar 2014) 

Different igneous, sedimentary, or metamorphic clasts (rock fragments) may be 

found in conglomerates (rounded to sub-rounded fragment form) and breccias (angular 

fragment forms) due to the sedimentation and accumulation process of sediments 

(Pettijohn 1957; Boggs Jr. 2009). The roundness of the fragments may provide 

information about their transportation distance before the deposition and the correlation 

of the deposited layers (Powers 1953; Pettijohn 1957; Boggs Jr. 2009). 

Conglomerates have been exposed to longer transportation distances at rivers, 

streams, and coastlines resulting in a rounded and sub-rounded forms; whereas breccias 
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might be obtained from mountain slopes and fault zones with angular forms (Boggs Jr. 

2009) (Figure 5.7, 5.8).  

Figure 5.8. Possible sediment transportation and accumulation directions of Büyük and 

Küçük Menderes rivers (Produced via ArcGIS Pro by Taygun Uzelli 2022) 

The examined coarse aggregates in Kadıkalesi (Anaia) and Ayasuluk had sub-

angular, angular, and very angular forms indicating breccia (Table 5.7, 5.8) (Figure 5.3, 

5.4, 5.6).  

The possible sources for the breccia in the region were the mountain slopes of 

Büyük Menderes Grabens (most likely Söke, Germencik district) which is close to 

Kadıkalesi (Anaia), and Küçük Menderes Grabens (most probably Selçuk) which is 

nearby Ayasuluk (Figure 5.5, 5.8). The angular forms of the investigated breccia 

aggregates indicated alluvial materials, rich in gneiss, schist and quartzite, deposited on 

the mountainous slopes of the Grabens as their provenance. These sources were 

surrounded by Neogene-aged volcanic units and volcano-sedimentary units which 

affected the compositions of breccia matrices (Figure 5.5) (Bozkurt and Oberhänsli 2001; 

Bozkurt 2001; Şengör and Bozkurt 2013). The Pre-Neogene volcanic-containing units in 

the east and north of Ayasuluk (Seferihisar-Doğanbey) were generally consisted of old 
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oceanic flysch and sandstone-shale with volcanic-containing units in their matrix. 

However, Neogene limestones and volcanics were found more around Kadıkalesi (Eşder 

1988; Erdoğan 1990; Erdoğan and Güngör 2004; Akbaş et al. 2011). These geological 

differences resulted in the existence of more volcanic materials in the matrices of 

Ayasuluk aggregates and more carbonate content of Kadıkalesi aggregates.    

5.4. Characteristics of Fine Aggregates 

The pozzolanic activities, mineralogical and chemical compositions, 

microstructural properties of the natural and brick aggregates with particle sizes finer than 

53 μm were determined to define their characteristics. The finest aggregates were chosen 

for characterization because the parts of the binder parts of the mortars which were 

consisted of small grain-sized silica and carbonated lime, are accepted as the most 

important parts in terms of providing hydraulic properties and strength to the mortars 

(Moropoulou, Bakolas, and Bisbikou 1995; Middendorf et al. 2005). 

Pozzolanic activities of aggregates were determined via electrical conductivity 

differences and ASTMC618-03. Electrical conductivity differences were measured 

before and after the addition of fine aggregates (<53μm) into the saturated calcium 

hydroxide solution (Ca(OH)2) (Luxan, Madruga, and Saavedra 1989). Electrical 

conductivity differences higher than 1.2 mS/cm demonstrated the pozzolanic property of 

aggregates (Luxan, Madruga, and Saavedra 1989). According to ASTMC618-03 

standard, SiO2 + Al2O3 + Fe2O3 content of the material should be above 70 % to consider 

it as pozzolanic (ASTMC618-03 2003).  

Mineralogical compositions of the aggregates were analyzed via XRD on fine 

aggregates (<53μm). The chemical compositions of the pelletized fine aggregates and 

microstructural properties of the polished and broken surfaces were specified via SEM-

EDS.  

5.4.1. Characteristics of Fine Natural Aggregates 

The results of SEM-EDS analysis showed that fine natural aggregates in lime 

mortars from Kadıkalesi (Anaia) were mainly composed of large amounts of SiO2 (66.80–

75.77 %), moderate amounts of Al2O3 (11.26–16.87 %) and smaller amounts of Fe2O3 
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(4.39–8.05 %), MgO (1.80–4.39 %), K2O (2.25–3.40 %), Na2O (0.37–2.34 %), CaO 

(0.63–1.81 %) and TiO2 (0.64–1.46 %) (Table 5.10). Similarly, fine natural aggregates of 

lime mortars from Ayasuluk were comprised of mostly large amounts of SiO2 (64.16–

81.35 %), moderate amounts of Al2O3 (7.48–18.34 %) and smaller amounts of Fe2O3 

(3.70–9.13 %), MgO (3.57–8.81 %), K2O (1.09–3.18 %), Na2O (0.50–1.05 %), CaO 

(0.82–1.84 %) and TiO2 (0.67–1.28 %) (Table 5.10).  

Chemical compositions of aggregates were also used to estimate their pozzolanic 

activity as defined by the standard ASTMC618-03. SiO2+Al2O3+Fe2O3 content of natural 

aggregates in Kadıkalesi were 89.75–92.47 while in Ayasuluk the values were between 

84.69–93.05 (Table 5.10).  Electrical conductivity differences of natural aggregates of 

Kadıkalesi (Anaia) and Ayasuluk in saturated calcium hydroxide solution were measured 

between 1.51–8.03 mS/cm and 2.65–7.61 mS/cm, respectively (Table 5.10). According 

to these results, all fine aggregates in the Byzantine lime mortars from Kadıkalesi (Anaia) 

and Ayasuluk were found to possess highly active pozzolanic properties. Highly reactive 

pozzolanic properties of the fine natural aggregates can be attributed to the volcaniclastic 

matrix of the breccia (Figure 5.5). 

Recent studies showed that, the natural aggregates used in Serapis Temple (Aslan 

Özkaya 2005), archeological site of Kyme (Miriello et al. 2011) and some Cilicia 

Buildings (Polat Pekmezci 2012) were also found reactive pozzolans (Table 5.11). 

Natural aggregates of Serapis Temple and Archeological site of Kyme in Western 

Anatolia were more similar with Kadıkalesi (Anaia) and Ayasuluk in terms of chemical 

compositions than natural aggregates of Cilicia buildings which contained less SiO2, but 

more Al2O3 and CaO (Aslan Özkaya 2005; Miriello et al. 2011; Polat Pekmezci 2012) 

(Table 5.11).  

 



 
 

Table 5.10. Chemical compositions and pozzolanic activities of the natural aggregates in Kadıkalesi (Anaia) and Ayasuluk 

Period Sample Location Func. 
Chemical Compositions (%) Pozzolanic Activity 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 
Electrical Conductivity 

Difference (mS/cm) 
SiO2+ Al2O3+ 

Fe2O3 (%) 

Ea
rly

 B
yz

an
tin

e 

KBaM1 Baptistery Wall Mortar 0.60 2.29 11.26 75.77 2.25 1.55 0.84 5.44 7.13 92.47 

KBaM2 Baptistery Wall Mortar 1.86 2.23 12.71 73.47 2.77 1.81 0.76 4.39 7.97 90.57 

KNM2 Naos Wall Mortar 0.62 4.21 16.07 66.90 3.20 0.74 1.04 7.23 5.53 90.20 

KSM1 Substructure Arch Mortar 0.66 4.39 15.47 66.80 3.19 1.06 0.94 7.48 1.51 89.75 

KSM2 Substructure Buttress Mortar 2.34 1.80 16.87 69.53 2.83 0.63 0.71 5.29 1.64 91.69 

KSM3 Substructure Vault Mortar 0.63 3.02 12.54 74.38 2.79 0.83 0.64 5.18 8.03 92.10 

ATM2 Transept Buttress Mortar 0.50 3.57 7.48 80.85 1.09 1.31 0.75 4.46 7.61 92.79 

ARM1 Treasure Room Niche Mortar 0.96 8.81 18.34 57.22 3.18 1.42 0.94 9.13 2.65 84.69 

ARM2 Treasure Room Wall Mortar 0.52 3.72 8.00 81.35 1.23 0.82 0.67 3.70 7.58 93.05 

ABM3 Bema Arch Mortar 0.87 7.48 13.89 64.96 2.22 1.51 1.09 7.97 5.66 86.82 

ASM Substructure Wall Mortar 0.88 6.86 13.20 66.74 2.05 1.38 1.22 7.68 7.28 87.62 

AGM1 Gate of Persecution Wall Mortar 1.05 7.85 14.30 64.16 2.72 1.84 1.28 6.80 6.04 85.26 

M
id

dl
e 

B
yz

.  

KFM Fortification Wall Mortar 0.67 3.24 15.83 67.44 3.12 0.88 0.78 8.05 3.84 91.32 

KNM1 Naos Buttress Mortar 0.78 3.27 14.11 69.74 3.40 0.99 1.22 6.51 4.33 90.36 

KNM3 Naos Buttress Mortar 0.80 3.02 13.56 71.53 3.11 1.17 1.00 5.82 7.90 90.91 

La
te

 
B

yz
. 

KNM4 Naos Buttress Mortar 0.37 2.24 15.27 71.14 3.27 0.85 1.46 5.40 3.08 91.81 
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Table 5.11. Comparison of chemical compositions and pozzolanic activity of natural aggregates with the literature 

Area & Reference Period 

Chemical Compositions Pozzolanic Activity 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 

Electrical 

Conductivity 

Difference 

(mS/cm) 

SiO2+ 

Al2O3+ 

Fe2O3 

(%) 
Fortification Wall of Adana and 

Kozan Castle in Cilicia 

(Polat Pekmezci 2012) 

Early Byzantine 1.42 
2.86–

4.29 

21.78–

25.54 

41.8–

51.75 

3.81–

7.43 

6.53–

11.22 
0.00 

8.73–

10.80 
- 

74.04–

82.90 

Archeological Site of Kyme 

(Miriello et al. 2010) 
Early Byzantine 

1.79–

5.01 

0.91–

2.81 

12.63–

21.35 

60.33

–

76.71 

2.85–

4.84 

0.96–

5.92 

0.10–

0.88 

0.12–

5.24 
- 

84.03–

90.83 

Serapis Temple/ Kızıl Avlu 

(Özkaya 2005) 
Early Byzantine 

1.3–

2.3 

1.4–

2.1 

5.6–

6.8 

80.1–

83.9 

1.0–

1.1 
- 

0.7–

1.3 

6.8–

11.4 
7.72 

94.8–

95.2 

99 
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Chemical compositions of fine natural aggregates were evaluated through the 

ternary diagram which was plotted according to their silica and alumina, carbonate, and 

alkali phase contents. Ternary diagrams were generally used to exhibit the compositional 

differences of the materials and to discuss their possible provenances (Strazzera, Dondi, 

and Marsigli 1997; Böke et al. 2006; Grimoldi et al. 2014). The ternary diagram clearly 

showed that all fine natural aggregates were rich in silica and alumina; but poor in 

carbonate and alkali phases (Figure 5.9). On the diagram, it was observed that the fine 

aggregates formed three distinct groups. The first group was consisted of all the fine 

natural aggregates of Kadıkalesi (Anaia), and the second group was from Ayasuluk which 

composed of first construction period wall (ARM2) and buttress (ATM2). Natural 

aggregate from a first construction period niche (ARM1), a second construction period 

arch (ABM3), and third construction period walls (ASM, AGM1) consisted of the third 

group. 

The distinctions in the chemical compositions revealed that natural aggregates 

used in Kadıkalesi and Ayasuluk mortars were probably obtained from different sources. 

Most likely, Kadıkalesi aggregates were obtained from the same quarry for centuries, 

while two different sources were used for Ayasuluk aggregates. 

Figure 5.9. Ternary Diagram (SiO2+ Al2O3 - CaO+ MgO - Na2O+ K2O+ TiO2+ Fe2O3) 
of chemical compositions of natural aggregate 
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Chemical compositions of fine natural aggregates were also evaluated by the total 

alkali-silica (TAS) diagram in order to assign possible geochemical origins of volcanic 

fragments contained in the deposit matrix of breccia (Le Maitre et al. 2002). The fine 

volcanic fragments in aggregates of Kadıkalesi had varying silica content (SiO2) between 

66.80–74.38% and alkali content (Na2O+K2O) in the range of 2.85–5.17% (Figure 5.10). 

In Ayasuluk aggregates, the silica content varied between 57.22–81.35%, whereas the 

alkali contents were between 1.59–4.14% (Figure 5.10). Predominant igneous rocks 

found in natural aggregates were dacite and rhyolite in both areas. Nevertheless, natural 

aggregates of Early Byzantine period samples from Ayasuluk were consisted of andesite, 

dacite or rhyolite fragments. In Kadıkalesi, natural aggregate fragments used in Middle 

and Late Byzantine period lime mortars were composed of dacite fragments, whereas 

Early Byzantine period aggregates had dacite or rhyolite fragments. (Figure 5.10).  

Figure 5.10. Total Alkali Silica (TAS) diagram (Le Maitre et al. 2002) showing the 

geochemical origins of fine aggregates 

0,5

7

9,4

11,5

14

11,7

9,3

7,3

5

0,5

KBaM1

KBaM2
KNM2

KSM1

KSM2

KSM3

13,5

3 3

5
5,9

7

0,50,5 0,5 0,5

8

14

KNM1
KNM3

KFM KNM4 ARM2
ABM3

AGM1

ARM1

ATM2ASM

0

2

4

6

8

10

12

14

40 45 50 55 60 65 70 75 80

N
a 2

O
+K

2O
 (%

)

SiO2 (%)

Tephriphonolite

Phonolite

Basaltic
andesite

Basalt
Pirco-
basalt

Phonothephrite

Basanite
Trachy-
Basalt

Basaltic
Trachy-
Andesite

Trachyandesite

Trachyte

Rhyolite

Dacite

Andesite

Early Byzantine

Middle Byzantine

Late Byzantine

Ayasuluk

Kadıkalesi (Anaia)



102 
 

Mineralogical compositions of the rhyolite, dacite, and andesite were defined in 

“Igneous Rocks: A Classification and Glossary of Terms” (Le Maitre et al. 2002). 

Rhyolite is composed of mainly quartz, alkali feldspar (orthoclase, sanidine, microcline, 

anorthoclase), with a minor amount of plagioclase (albite, anorthite, labradorite, 

bytownite, andesine, plagioclase) and biotite; whereas dacite mainly consists of quartz, 

plagioclase, and trace amount of biotite, hornblende, or pyroxene; andesite is composed 

of mostly plagioclase and pyroxene, hornblende, or biotite (Le Maitre et al. 2002). 

The mineralogical compositions of fine natural aggregates determined by XRD 

analysis were compatible with the geochemical classes found with TAS diagram. XRD 

results revealed that the fine natural aggregates of Kadıkalesi (Anaia), determined to be 

in the rhyolite class, were composed of quartz (SiO2), orthoclase (K(AlSi3O8)), albite 

(Na(AlSi3O8), muscovite (KAl2(Si3Al)O10(OH,F)2) and, clinochlore 

((Mg,Fe)5Al(Si3Al)O10(OH)8) (Figure 5.11). Natural aggregates consisted of dacite 

fragments, and andesite fragments had quartz, albite, muscovite and clinochlore minerals 

(Figure 5.11). In Kadıkalesi (Anaia), only KSM1, and KSM2 samples that belonged to 

Early Byzantine period did not contain clinochlore mineral. KBaM2 and KSM3 samples 

from Early Byzantine period had orthoclase mineral different from other samples due to 

the contain rhyolite fragments. 

In Ayasuluk, fine natural aggregates in rhyolite origin had quartz, orthoclase, 

albite, muscovite, clinochlore, phillipsite ((KCa(Si5Al3)O16.6H2O) and hornblende 

((Ca,Na)2(Mg,Fe,Al)5(Al,Si)8O22 (OH)2) minerals (Figure 5.12) on their XRD patterns. 

Fine natural aggregates of dacite and andesite origins had similar mineralogical 

compositions with rhyolite, except the orthoclase minerals (Figure 5.12). ATM2 and 

ARM2 samples differed from other Early Byzantine samples by having orthoclase 

minerals because of rhyolite fragments in the matrix.  

The differences determined in the mineralogical compositions of the fine 

aggregates of Kadıkalesi and Ayasuluk mortars may indicate that different raw material 

sources were used in these two areas. Since Ayasuluk was located closer to older volcanic 

units, and close to the volcanics such as Seferihisar-Doğanbey, the hornblende and 

phillipsite minerals detected in natural aggregates of Ayasuluk might be originated from 

these volcanic units. The absence of these hornblende and phillipsite minerals in 

Kadıkalesi (Anaia) can be the indicator of the use of different raw material sources. 

Natural aggregates of Serapis Temple in Pergamon, Western Anatolia showed 

similar mineralogical compositions in terms of including quartz, albite, feldspar, and mica 
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minerals (Aslan Özkaya 2005).  Further investigations should be carried out in order to 

determine the possibility of the use of Menderes Massif as a common raw material source 

in Western Anatolia. 

On the XRD patterns of some natural aggregates from Kadıkalesi (Anaia) and 

Ayasuluk, the peaks of pozzolanic minerals such as amorphous silicates with a diffuse 

band between 20–30 °2θ were moderately observed. These bands were observed more 

clearly on the natural aggregate samples with higher pozzolanic activities such as KSM3 

(8.03 mS/cm) and ATM2 (7.61 mS/cm) (Figure 5.13).  
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Figure 5.11. XRD patterns of natural aggregates in lime mortars from Kadıkalesi 

(Anaia) (A: Albite 76-1819, Cl: Clinochlore 79-1270, M: Muscovite 84-

1302, O: Orthoclase 31-0966, Q: Quartz 85-0798) 
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Figure 5.12. XRD patterns of natural aggregates in lime mortars from Ayasuluk (A: 
Albite 76-1819, Cl: Clinochlore 79-1270, Ho: Hornblende 71-1060, M: 
Muscovite 84-1302, O: Orthoclase 31-0966, P: Phillipsite 39-1375, Q: 
Quartz 85-0798) 

Figure 5.13. The existence of amorphous silicates with a diffuse band between the 20–
30 °2θ in XRD pattern 
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SEM images demonstrated that mostly natural aggregates had angular forms and 

a non-porous microstructure (Figure 5.14, 5.15). The angularity provided higher surface 

area, and enhanced the interlocking between binder and the aggregate (McGennis et al. 

1995; McCarthy and Dyer 2019). (Figure 5.15).  

Figure 5.14. SEM images showing the angular forms of natural aggregates within the 

mortar matrice from Kadıkalesi (Anaia) (a: KNM2 x500, b: KNM2 x2500) 

Figure 5.15. Less porous structure of the natural aggregates and strong adhesion 

between binder and the aggregate from Ayasuluk (a: ATM2 x1000, b: 

ATM2 x5000) 

In the SEM images, the breccia fragments were also observed. The clasts in the 

angular forms were composed of mainly SiO2 (91.05 %), while the matrix was consisted 

of mostly Fe2O3 (71.63 %) and moderate amount of SiO2 (18.88 %) (Figure 5.16).  
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 Chemical Composition (%) 

 Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 

1 0.06 0.25 0.78 91.05 0.21 2.32 0.00 5.33 

2 0.25 1.21 4.16 18.88 0.55 3.21 0.11 71.63 

 

Figure 5.16. SEM image and EDS analysis of breccia in lime mortar (KNM3) from 

Kadıkalesi (Anaia) 

 

5.4.2. Characteristics of Fine Brick Aggregates 
 

Brick aggregates used in Kadıkalesi (Anaia) were mainly comprised of large 

amounts of SiO2 (66.12–78.15 %), moderate amounts of Al2O3 (10.41–16.76 %), and 

smaller amounts of Fe2O3 (4.04–7.83 %), MgO (1.35–3.07 %), K2O (2.13–3.76 %), Na2O 

(0.49–0.99 %), CaO (0.83–4.10 %) and TiO2 (0.58–1.03 %) (Table 5.12). Likewise, brick 

aggregates of lime mortars and plasters from Ayasuluk were primarily composed of large 

amounts of SiO2 (59.19–81.62 %), moderate amounts of Al2O3 (6.78–17.14 %), Fe2O3 

(5.53–9.92 %) and smaller amounts of MgO (3.68–7.98 %), K2O (0.90–2.82 %), Na2O 

(0.20–0.85 %), CaO (0.71–2.12 %) and TiO2 (0.58–1.54 %) (Table 5.12). Results of 

SEM-EDS analyses indicated that all brick aggregates were produced from Ca-poor clays 

(Table 5.12).  

The chemical compositions of brick aggregates do not differ according to the 

periods or locations in both sites except the multi-layered plasters. It was determined that 
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of aggregates outer plaster layers KCP2 and ASP2 had larger amounts of Fe2O3 (7.83 and 

9.97%) than inner layers KCP1 and ASP1 (4.04 and 7.29%) (Figure 5.17).  

.  

Figure 5.17. SiO2 and Fe2O3 contents of brick aggregates 

Among the major oxides Fe2O3, MgO, and Al2O3 were determined as distinctive 

oxides in grouping the brick aggregates according to the sites (Figure 5.18). Brick 

aggregates of Ayasuluk were richer in MgO (3.7–8.0%) and Fe2O3 (5.5–9.9%), and poorer 

in Al2O3 (6.8–17.1 %) on average, while the brick aggregates of Kadıkalesi (Anaia) were 

richer in Al2O3 (10.4–16.8 %), and poorer in MgO (1.6–3.1%) and Fe2O3 (6.0–7.8%) 

(Figure 5.18) (Table 5.12). The ternary diagram depicted this clear distinction between 

brick aggregates from Kadıkalesi (Anaia) and Ayasuluk (Figure 5.18). This distinction 

may indicate that different clay sources were used for the production of brick aggregates 

in two sites over centuries. The use of local sources for bricks and brick aggregates was 

probably a common practice in the Byzantine period, which has also been reported by 

different studies (Baronio, Binda, and Lombardini 1997; Binda, Baronio, and Tedeschi 

1999; Aslan Özkaya 2005; Stefanidou et al. 2014; Ulukaya et al. 2017; Taranto et al. 

2019; Pérez-Monserrat et al. 2022).  
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Figure 5.18. Ternary plot showed the Fe2O3 - MgO - Al2O3 compositions of brick 

aggregates 

Chemical compositions of brick aggregates were also used to estimate the 

requirements for the pozzolans according to ASTMC618-03 standard (ASTMC618-03 

2003), where the sum of SiO2, Al2O3, and Fe2O3 should be greater than 70 %. The sum of 

SiO2, Al2O3, and Fe2O3 was calculated between 91.22–93.14 % for brick aggregates of 

Kadıkalesi (Anaia) samples, and between 86.25–93.93 % for brick aggregates of 

Ayasuluk samples (Table 5.12).  

In addition to this, electrical conductivity differences before and after the addition 

of brick aggregates into saturated calcium hydroxide solution was measured between 

5.68–7.85 mS/cm in Kadıkalesi (Anaia) samples and between 5.07–8.00 mS/cm in 

Ayasuluk samples (Table 5.12). Similar electrical conductivity differences were 

determined in Kadıkalesi (Anaia) and Ayasuluk samples, and these differences did not 

vary according to the belonged periods or locations.  

The results obtained both by the ASTMC618-03 standard and the electrical 

conductivity method were found to be compatible and demonstrated that all brick 

aggregates in lime plasters or mortars from Kadıkalesi (Anaia) and Ayasuluk possessed 
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highly reactive pozzolanicity. Pozzolanic properties of brick aggregates can be associated 

with high clay content of their raw materials and low firing temperatures (< 900 °C) 

during their production (Baronio and Binda 1997; Böke, Akkurt, and İpekoğlu 2004).  

 Similar results were obtained for brick aggregates of Serapis Temple, Pergamon 

(Aslan Özkaya 2005), San Michele in Africisco (Baronio, Binda, and Lombardini 1997), 

a Middle Byzantine Chapel in İstanbul (Ulukaya et al. 2017) and Early Byzantine Church 

in Southwest Anatolia (Caner and Güney 2018) (Table 5.13).  

 

 

 

 

 



 
 

Table 5.12. Chemical compositions and pozzolanic activities of the brick aggregates in Kadıkalesi (Anaia) and Ayasuluk 

Period Sample Location Func. 
Chemical Compositions (%) Pozzolanic Activity 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 Electrical Conductivity 
Difference (mS/cm) 

SiO2+ Al2O3+ 
Fe2O3 (%) 

Ea
rly

 B
yz

an
tin

e 

ARP Treasure Room Wall Plaster 0.66 7.98 17.14 59.19 2.82 1.54 0.74 9.92 5.76 86.25 

ABaM Baptistery Wall Mortar 0.36 4.49 11.62 70.17 1.82 2.12 0.99 8.44 8.00 90.23 

ATM1 Transept Wall Mortar 0.68 4.51 10.25 73.36 1.27 1.82 1.20 6.90 7.66 90.51 

ABM1 Bema Buttress Mortar 0.85 5.58 12.84 67.61 1.90 1.56 1.00 8.67 5.07 89.12 

ABM2 Bema Buttress Mortar 0.20 4.74 9.79 75.55 1.29 1.14 0.88 6.41 7.30 91.75 

ANM Naos Buttress Mortar 0.46 6.03 12.43 68.75 1.77 1.35 0.85 8.36 7.96 89.54 

ANP Naos Buttress Plaster 0.20 3.68 6.78 81.62 0.90 0.71 0.58 5.53 7.65 93.93 

ASP1 Substructure Wall Plaster 0.51 4.82 12.91 69.24 2.04 1.65 1.54 7.29 7.65 89.44 

ASP2 Substructure Wall Plaster 0.55 6.58 16.06 61.96 2.47 1.51 0.92 9.97 Not determined 87.99 

M
id

dl
e 

B
yz

. AGM2 Gate of Persecution 
Buttress Mortar 0.25 6.00 14.06 66.79 1.71 1.37 0.98 8.85 7.45 89.70 

KOP1 Outer Narthex Wall Plaster 0.99 1.35 13.60 73.41 2.89 0.83 0.80 6.13 7.57 93.14 

La
te

 
B

yz
. 

KOP2 Outer Narthex Wall Plaster 0.99 2.08 16.76 67.20 3.76 1.23 0.73 7.26 5.68 91.22 

KCP1 Cistern I Wall Plaster 0.52 2.07 10.41 78.15 2.13 2.09 0.58 4.04 7.69 92.60 

KCP2 Cistern I Wall Plaster 0.49 2.98 14.40 66.12 3.04 4.10 1.03 7.83 7.85 88.35 

KCP3 Cistern II Wall Plaster 0.47 3.07 12.06 71.90 2.60 2.96 0.93 6.01 7.85 89.97 
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Table 5.13. Comparison of chemical compositions of brick aggregates with the literature 

Area & Reference Period 

Chemical Compositions Pozzolanic Activity 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 

Electrical 

Conductivity 

Differences 

(mS/cm) 

SiO2+ 

Al2O3+ 

Fe2O3 

(%) 

San Michele in Africisco 

(Baronio, Binda, and Lombardini 

1997) 

Early Byzantine 

(6th century) 
0.58 1.00 

7.48- 

Fe2O3 
40.83 1.25 26.45 - 

7.48- 

Al2O3 
- - 

Serapis Temple/ Kızıl Avlu 

(Aslan Özkaya 2005) 
Early Byzantine 0.00 

1.6–

2.0 

6.7–

7.7 

50.5–

53.7 
0.9 

1.1–

1.3 
0.00 

3.9–

6.1 
3.23-5.90 - 

Early Byzantine Church in 

Southwest Anatolia 

(Caner and Güney 2018) 

Early Byzantine 

(5–7th centuries) 
- - - - - - - - 3.1–5.7 - 

Middle Byzantine Chapel in 

Istanbul 

(Ulukaya et al. 2017) 

Middle Byzantine 

(11–12th centuries) 

1.1–

1.3 

2.4–

2.7 

14.0–

14.4 

48.4–

49.5 

2.0–

2.3 

23.1–

23.9 
0.00 

7.7–

8.2 
- - 
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Mineralogical compositions of the brick aggregates were determined by XRD 

analysis. All brick aggregates were mainly composed of quartz (SiO2), albite 

(Na(AlSi3O8), hematite (Fe2O3) and muscovite (KAl2(Si3Al)O10(OH,F)2) (Figure 5.19, 

5.20).  

The firing temperatures of the brick aggregates can be estimated using the results 

of XRD analysis according to the existence of different mineral phases. At high firing 

temperatures (>900°C), amorphous substances disappear; high temperature minerals like 

mullite (~1000°C), cristobalite (~1200°C) and wollastonite (~900–1050°C) are formed; 

and pozzolanic activities are lost (Lee and Moon 2004, Cardiano et al. 2004). Therefore, 

the absence of these high temperature minerals and the pozzolanic character of aggregates 

indicated that the firing temperature did not exceed ~900°C. Also, presence of albite 

appearing nearly at 800°C, and hematite forming at nearly 850°C, shows the minimum 

firing temperature of brick aggregates (Lee, Kim, and Moon 1999; Cardiano et al. 2004; 

Tekin and Kurugöl 2011). Existence of albite and/or hematite and absence of high-

temperature minerals demonstrated that brick aggregates from Kadıkalesi (Anaia) and 

Ayasuluk were fired between 800–900°C (Figure 5.19, 5.20). The low firing temperatures 

of bricks produced from clay-rich raw materials allowed the formation of pozzolanic 

amorphous substances. However, these amorphous substances could not be determined 

on the XRD patterns since their non-crystalline structure did not give indicative peaks.  

In recent studies, high firing temperature minerals were also not detected in brick 

aggregates (Moropoulou, Bakolas, and Bisbikou 2000; Oğuz Kılıç et al. 2004; Aslan 

Özkaya 2005; Gürdal, Kahraman Altaş, and Acun Özgünler 2011; Acun Özgünler, Ersen, 

and Güleç 2013; Kahraman Altaş, Acun Özgünler, and Gürdal 2013; Ulukaya et al. 2017; 

Caner and Güney 2018) (Table 5.14). The fact that all samples were fired at low 

temperatures can be explained by the similar firing technology of the brick kilns of the 

Byzantine period. 
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Figure 5.19. XRD patterns of brick aggregates in lime plasters from Kadıkalesi (Anaia) 

(A: Albite 84-0982, H: Hematite 87-1166, M: Muscovite 84-1302,  

Q: Quartz 85-0798) 
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Figure 5.20. XRD patterns of brick aggregates in lime mortars and plasters from 

Ayasuluk (A: Albite 84-0982, H: Hematite 87-1166, M: Muscovite 84-  

……….       1302, Q: Quartz 85-0798) 



 
 

Table 5.14. Comparison of mineralogical compositions of brick aggregates with the literature  

Area & Reference Period 

Mineralogical Compositions 
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Serapis Temple/ Kızıl Avlu 

(Özkaya 2005) 
Early Byzantine +++  +++   

 
++ + +++    

Defense Structures in Istanbul (Kahraman Altaş, 

Acun Özgünler, and Gürdal 2013) 
Early Byzantine +++ +++    

 
      

Religious Buildings in Istanbul (Gürdal, 

Kahraman Altaş, and Acun Özgünler 2011) 
Early Byzantine +++ +++    

+ 
      

St. Jean Church in Manisa 

(Oğuz Kılıç et al. 2004) 

Early Byzantine 

(6th century) 
+++ +   + 

 
  +    

Early Byzantine Church in Southwest Anatolia 

(Caner, Güney 2018) 

Early Byzantine 

(5–7th centuries) 
+++ +++ ++  + 

 
     ++ 

St. Katherines Hospice in Rhodes 

(Moropoulou, Bakolas, and Bisbikou 2000) 

Early– Late Byzantine 

(6–14th centuries) 
+++ +++    

 
+      

Monuments in Kiev 

(Moropoulou et al. 2000) 

Middle Byzantine 

(11–13th centuries) 
++ +++    

 
 + ++  ++  

Middle Byzantine Chapel in Istanbul 

(Ulukaya et al. 2016) 

Middle Byzantine 

(11–12th centuries) 
+++   ++  

 

++     
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SEM analysis clearly demonstrated the porous structure of brick aggregates 

(Figure 5.21, 5.22). Microstructure of the brick matrices were comprised of pores in the 

range of 3– 30 µm (Figure 5.21).  

Figure 5.21. The porous structure of the brick aggregates from Kadıkalesi (Anaia) 

(a: KOP2 x250, b: KOP2 x500; B: Binder, B.A: Brick aggregate) 
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The porous structures of brick aggregates allowed the calcite crystals which were 

dissolved by the effect of the humidity to precipitate inside the pores, and so enhanced 

the durability to deterioration problems (Figure 5.22) (Uğurlu and Böke 2006; Uǧurlu and 

Böke 2009). 

Figure 5.22. Precipitated calcite crystals in the pores of brick aggregate from Kadıkalesi 

(Anaia) (a: KOP1 x250, b: KOP1 x500; B.A: Brick aggregate, L: Lime 

lump) 
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Brick aggregates in lime mortars of Ayasuluk were comprised of clay layers 

showing no vitrification that indicated the brick aggregate fired at low temperatures 

(<950oC) (Figure 5.23) (Böke et al. 2006).  

Figure 5.23. Clay layers of brick aggregates from Ayasuluk 

(a: AGM2 x500, b: AGM2 x2500; B: Binder, B.A: Brick aggregate) 
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Hematite (Fe2O3) mineral which forms in Ca-poor clays at approximately 850°C 

were detected in the SEM images. EDS analysis performed on the bright areas of the SEM 

image demonstrated the high Fe2O3 (73.71%) content and confirmed the existence of 

hematite (Figure 5.24) (Table 5.15). This result also supported the XRD analysis (Figure 

5.20). Therefore, the firing temperatures might around 850oC (Lee, Kim, and Moon 

1999). 

Figure 5.24. Hematite existence in the brick aggregates from Ayasuluk 

      (a: ABM1 x500, b: ABM1 x1000; B: Binder, B.A: Brick aggregate) 
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Table 5.15. Chemical composition of the brick aggregate in ABM matrix 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 

1 11.54 - 18.58 61.27 0.37 2.93 - 5.30

2 1.33 1.12 3.63 8.84 0.58 3.16 7.64 73.71

3 0.57 3.13 29.76 46.91 9.27 4.77 - 5.59

5.5. Characteristics of Lime Used as Binding Material 

The white nodules with a few millimeters to 2 cm in the lime mortars and plasters 

were called as “white lumps” (Bakolas et al. 1995; Bruni et al. 1997). White lumps were 

considered to represent the lime used as binder and had same chemical and mineralogical 

composition with the raw material (Bakolas et al. 1995; Bruni et al. 1997; Barba et al. 

2009). Therefore, the characteristics of the lime used in mortars and plasters were 

determined by examining the lime lumps in the samples (KNM2, KSM3, KNM3, ABaM, 

ATM2, ABM1). 

The mineralogical compositions of lumps from Kadıkalesi (Anaia) and Ayasuluk 

were analyzed via XRD. On the XRD patterns, only sharp calcite peaks were detected 

indicating the carbonated lime (Figure 5.25).  

Figure 5.25. XRD patterns of lime lumps (C: Calcite 86-2334) 



122 

The chemical compositions of the lime lumps were determined via SEM-EDS 

analysis. In Ayasuluk samples, lime lumps were comprised of mainly CaO (95.93–98.61 

%) and smaller amounts of SiO2 (0.30–1.54 %), MgO (0.29–1.26 %), Na2O (0.00–0.63 

%), Al2O3 (0.52–0.62 %), K2O (0.05–0.38 %), TiO2 (0.00–0.27 %), Fe2O3 (0.00–0.11 %) 

(Table 5.16). Likewise, lime lumps from mortars of Kadıkalesi (Anaia) were consisted of 

mainly CaO (97.17–98.16 %) and smaller amounts of SiO2 (0.63–1.24 %), MgO (0.61–

0.90 %), Na2O (0.00–0.11 %), Al2O3 (0.37–0.62 %), K2O (0.00–0.20 %), TiO2 (0.00 %), 

Fe2O3 (0.00–0.03 %) (Table 5.16). The chemical compositions of the lumps of different 

period mortars were found to be similar to each other. The high content of CaO in the 

lumps showed that fat lime was used during the production of mortars and plasters 

(Cowper 1998).  

Table 5.16. The chemical compositions (%), hydraulic (H.I.) and cementation indices 

(C.I.) of lime lumps 

Sample Period Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 H.I. C.I.

KNM2 
Early 

Byzantine 
0.00 0.61 0.37 0.77 0.07 98.16 0.00 0.03 0.01 0.03 

KSM2 
Early 

Byzantine 
0.11 0.90 0.53 0.63 0.20 97.62 0.00 0.00 0.01 0.02 

KNM3 
Middle 

Byzantine 
0.05 0.70 0.62 1.24 0.00 97.38 0.00 0.00 0.02 0.04 

ABaM 
Early 

Byzantine 
0.00 1.26 0.62 1.54 0.38 95.93 0.27 0.00 0.02 0.05 

ATM1 
Early 

Byzantine 
0.02 0.29 0.52 0.30 0.05 98.61 0.10 0.11 0.01 0.02 

ABM1 
Early 

Byzantine 
0.63 0.49 0.52 1.48 0.27 96.59 0.00 0.03 0.02 0.05 

Chemical compositions of lime lumps were used to calculate their hydraulic 

indices (HI) (4.1) and cementation indices (CI) (4.2) according to Boynton formula (Eckel 

1905; Boynton 1966). Hydraulic index values lower than 0.1, and cementation index 

values lower than 0.3 demonstrate non-hydraulic character of lime (Eckel 1905; Boynton 

1966).  
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H.I.= (%Al2O3 + %Fe2O3 + %SiO2) / (% CaO + % MgO)                    (4.1) 

 

C.I.= (2.8 %SiO2 + 1.1 %Al2O3 + 0.7 %Fe2O3) / (%CaO + 1.4 % MgO)           (4.2) 

 

 

Figure 5.26. The hydraulicity ranges of the lime lumps 
 

In Kadıkalesi (Anaia) samples, hydraulicity and cementation indices of the lime 

lumps were between 0.01–0.02 and 0.03–0.04, respectively (Table 5.16, Figure 5.26). 

Similarly, the lime lumps from Ayasuluk, the hydraulicity indices were between 0.01–

0.02 and cementation indices were between 0.02–0.05 (Table 5.16, Figure 5.26). These 

results showed that all the lime lumps, which represented lime used as a binder, could be 

classified as non-hydraulic and fat lime. 

Likewise, in Middle Byzantine Chapel in İstanbul, the mineralogical composition 

of lime lumps showed only calcite peaks (Ulukaya et al. 2017). The chemical 

compositions of lime lumps in Byzantine buildings in Kyme were mainly CaO (91.52–

95.82 %) and smaller amounts of SiO2 (0.68–3.47 %), MgO (0.89–1.16 %), Na2O (0.20–

1.09 %), Al2O3 (0.41–1.51 %), K2O (0.00–0.24 %), TiO2 (0.09–0.27 %), Fe2O3 (0.22–

0.62 %) exhibiting hydraulic indices between 0.01–0.06 and cementation indices between 

0.03–0.10 (Miriello et al. 2011). The lime mortars from Middle Byzantine Chapel and 



124 

Byzantine buildings in Kyme revealed that they were produced using non-hydraulic lime 

as determined in Kadıkalesi (Anaia) and Ayasuluk lime mortars. 

SEM images demonstrated that lime lumps were consisted of small sized (<5μm) 

micritic calcite crystals (Figure 5.27, 5.28). These calcite crystals may be pointing out 

that the lime had been used after a long aging (Zamba et al. 2007). Since ancient times, it 

had been recommended to use aged lime for preparing lime mortars and plasters to 

increase the plasticity and carbonation rate of lime (Vitruvius 1960; Rodriguez-Navarro, 

Hansen, and Ginell 1998). SEM images of calcite crystals revealed that this ancient 

knowledge was transferred for centuries and also used by the Byzantine masters. 

Figure 5.27. SEM images of lime lumps from Ayasuluk 
(a: AGM1 x2000, b: AGM2 x4000) 
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Figure 5.28. SEM images of lime lumps from Kadıkalesi (Anaia) 

             (a: KSM2 x1000, b: KSM2 x2500, c: KSM2 x5000, d: KSM2 x10000) 

5.6. Characteristics of Binders 

Fine mortar and plaster matrices comprised of carbonated lime (CaCO3) and small 

grain-sized aggregates were defined as “binder” (Bakolas et al. 1995; Middendorf et al. 

2005). The hydraulic characteristics and high strength of the mortars and plasters were 

considered to be mainly achieved by binders (Bakolas et al. 1995; Middendorf et al. 

2005). 

Chemical compositions of binders and microstructural properties of polished 

section of samples were determined by SEM-EDS analysis. Mineralogical compositions 

of binders were specified via XRD. 

Weight losses of the binder parts of mortars and plasters (<53 micron) at between 

200–600°C and 600–900°C were measured by thermogravimetric analysis (TGA) to 

define the hydraulic properties of the binders. When the temperature is between 200–

600oC, structurally bound water (H2O) of hydraulic products releases; and decomposition 

of carbonated lime releases carbon dioxide (CO2) at 600–900°C (Moropoulou, Bakolas, 
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and Bisbikou 1995; Bakolas et al. 1998, 1995). Lime mortars and plasters are considered 

as hydraulic, if the ratio of the percent of weight losses due to CO2/H2O ratio is less than 

10 (Moropoulou, Bakolas, and Anagnostopoulou 2005). 

5.6.1. Characteristics of Binders with Natural Aggregates 

SEM-EDS analysis demonstrated that binders with natural aggregates from 

Kadıkalesi (Anaia) were comprised of large amounts of CaO (66.95–87.24 %), moderate 

amounts of SiO2 (6.85–20.25 %), and smaller amounts of Al2O3 (2.19–6.41 %), MgO 

(1.40–3.65 %), Fe2O3 (0.72–2.97 %), K2O (0.37–1.30 %), Na2O (0.00–0.46 %), TiO2 

(0.00–0.49 %) (Table 5.17).  

 Ayasuluk binders with natural aggregates were consisted of large amounts of 

CaO (37.43–62.95%), SiO2 (18.43–33.80 %), moderate amounts of Al2O3 (7.06–10.74 

%), MgO (3.38–9.36 %), and smaller amounts of Fe2O3 (2.96–6.10 %), K2O (1.24–4.62 

%), Na2O (0.45–2.49 %), TiO2 (0.18–0.82 %) (Table 5.17).  

Mortars from transept, bema, substructure and gate of persecution (ASM, AGM1, 

ABM3, ATM2) had lower CaO+ MgO content (37.43–50.60%); however, mortars from 

treasure room (ARM1, ARM2) and all the Kadıkalesi samples (KBaM1, KBaM2, KSM1, 

KSM2, KSM3, KNM1, KNM2, KNM3, KNM4) had higher CaO+ MgO content (61.45–

87.24%) (Table 5.17, Figure 5.29). The differentiation between the Ayasuluk and 

Kadıkalesi (Anaia) in terms of CaO+ MgO might be due to the limestone or dolostone 

aggregates which specified in SEM images of Kadıkalesi (Anaia) (Figure 5.29, 5.36), and 

the difference of Al2O3+ Fe2O3 may be caused by the pozzolans in the matrix. Higher 

amount of SiO2, Al2O3 and Fe2O3 content in Ayasuluk binder may be due to the hydraulic 

reactions as well as the presence of pozzolanic aggregates (Figure 5.29).  



Table 5.17. Chemical compositions of the binders with natural aggregates in Kadıkalesi (Anaia) and Ayasuluk 

Period Sample Location Func. 
Chemical Compositions (%) Hydraulic Properties 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 200-600oC 
H2O 

600-900oC 
CO2 

CO2 
H2O H.I

Ea
rly

 B
yz

an
tin

e 

KBaM1 Baptistery Wall Mortar 0.22 3.65 6.18 19.08 1.30 66.95 0.35 2.28 4.9 28.7 5.8 0.39 

KBaM2 Baptistery Wall Mortar 0.00 1.41 2.69 7.45 0.65 86.47 0.05 1.28 4.1 36.8 9.1 0.13 

KNM2 Naos Wall Mortar 0.33 2.47 6.40 20.25 1.16 67.14 0.35 1.90 5.8 29.8 5.2 0.41 

KSM1 Substructure Arch Mortar 0.46 1.95 2.83 9.45 0.87 83.54 0.00 0.90 4.2 35.7 8.5 0.15 

KSM2 Substructure Buttress Mortar 0.43 2.68 4.94 16.12 1.25 72.50 0.16 1.92 4.3 30.8 7.2 0.31 

KSM3 Substructure Vault Mortar 0.29 1.91 2.19 6.85 0.37 87.24 0.12 1.02 4.7 38.3 8.1 0.11 

ATM2 Transept Buttress Mortar 0.68 3.54 7.56 33.80 1.24 49.89 0.33 2.96 4.5 27.5 6.2 0.83 

ARM1 Treasure Room Niche Mortar 0.83 3.38 7.27 22.49 1.29 61.45 0.18 3.10 4.2 22.5 5.4 0.51 

ARM2 Treasure Room Wall Mortar 0.45 4.52 7.06 18.43 1.51 62.95 0.82 4.25 6.0 28.6 4.7 0.44 

ABM3 Bema Arch Mortar 2.49 5.85 10.31 26.16 4.62 45.21 0.69 4.67 6.8 21.9 3.2 0.81 

ASM Substructure Wall Mortar 2.44 9.36 10.74 30.92 2.35 37.43 0.66 6.10 4.5 18.2 4.0 1.02 

AGM1 Gate of Persecution Wall Mortar 1.07 5.56 7.71 29.94 1.40 50.60 0.26 3.47 4.2 22.4 5.3 0.73 

M
id

dl
e 

B
yz

. 

KFM Fortification Wall Mortar 0.44 3.18 6.41 18.44 1.02 67.05 0.49 2.97 4.4 31.1 7.1 0.40 

KNM1 Naos Buttress Mortar 0.23 1.40 2.99 9.69 0.44 84.53 0.00 0.72 3.1 31.1 10.0 0.16 

KNM3 Naos Buttress Mortar 0.42 2.01 5.13 18.95 0.85 71.51 0.00 1.13 4.0 33.3 8.3 0.34 

La
te

 
B

yz
. 

KNM4 Naos Buttress Mortar 0.21 1.40 3.62 13.56 0.69 79.22 0.24 1.05 4.1 34.8 8.4 0.23 
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Figure 5.29. (CaO+MgO)-(Al2O3+Fe2O3)-SiO2 diagram representing the composition of 

the binders with natural aggregates 

Hydraulic properties of binders were determined by both TGA and hydraulic 

index values. The ratio of the weight losses between 200−600°C and 600−900°C which 

were associated with to the loss of structurally bound water of hydraulic products (H2O) 

and CO2 loss due to the decomposition of calcite were calculated. CO2/H2O ratios were 

found between 5.2–10.0 for Kadıkalesi (Anaia) samples and between 3.2−6.2 for 

Ayasuluk samples (Table 5.17). Since all the CO2/H2O ratios were found between 1 and 

10, all investigated lime mortars with natural aggregates were accepted to possess 

hydraulic properties.  

In addition to TGA, hydraulic indices of binders were calculated according to the 

Boynton formula (4.4). The H.I. values greater than 0.1 indicate hydraulicity. 

H.I= (%SiO2 + %Al2O3 + %Fe2O3) / (% CaO + % MgO) (4.4) 

H.I. values were in the range of 0.11–0.41 for the binders of Kadıkalesi (Anaia)

samples and were in the range of 0.44–1.02 for the binders of Ayasuluk samples (Table 

5.17). These values also indicated the hydraulic character of the binders.  

CaO+MgO

SiO2

Al2O3+Fe2O3

KBaM1

KBaM2

KNM2

KSM1
KSM2

KSM3

ARM1
ARM2

ABM3

ASMAGM1

Early Byzantine
Middle Byzantine
Late Byzantine

Kadıkalesi (Anaia)
Ayasuluk Hill

100

20

40

60

80

0
1000 20 40 60 80

100

80

60

40

20

0

KNM4

ATM2



129 

It was determined by both methods that all the examined binders had hydraulic 

properties, regardless of the place they were used and the construction periods. Hydraulic 

properties of the binders could be attributed to the pozzolanic aggregates since the it was 

determined that the lime lumps did not have hydraulic properties (Table 5.16, Figure 

5.26). By the fact that, the lime lumps from mortars with natural aggregates only obtained 

from Kadıkalesi (Anaia), comparison of the (SiO2 + Al2O3 + Fe2O3) to (CaO+ MgO) 

meaning the H.I. values of lime lumps and the binders of Kadıkalesi (Anaia) were 

depicted in figure 5.30.  

Nevertheless, it should be noted that the CO2/H2O ratios and the H.I. values of 

Ayasuluk binders revealed higher hydraulic character than the Kadıkalesi (Anaia) 

binders. Pozzolanic activity values of fine natural aggregates were found in the similar 

ranges for both sites (1.51–8.03 mS/cm) (Table 5.10, 5.12). The type of the natural 

aggregates was specified as breccia, and their possible sources were estimated as 

mountain slopes of Küçük Menderes for Ayasuluk and mountain slopes of Büyük 

Menderes for Kadıkalesi. The possible natural aggregate provenance of Ayasuluk is 

closer to the Seferihisar-Doğanbey volcanic region than Kadıkalesi. Although the 

pozzolanic activities of fine aggregates (< 53µm) were similar for both sites, the amount 

of volcanic originated particles possessing pozzolanic properties in the breccia used in 

the production of the mortars may have been higher in Ayasuluk mortars. 

Figure 5.30. SiO2 + Al2O3 + Fe2O3 / CaO+ MgO diagrams of binder and lime lumps in 

the lime mortars of Kadıkalesi (Anaia) 
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Mineralogical compositions of the binders with natural aggregates were 

determined via XRD. Kadıkalesi (Anaia) binders with natural aggregates were composed 

of calcite (CaCO3), quartz (SiO2), and albite (Na(AlSi3O8) (Figure 5.31). Ayasuluk 

binders were consisted of calcite, quartz, albite and hornblende 

((Ca,Na)2(Mg,Fe,Al)5(Al,Si)8O22 (OH)2) minerals (Figure 5.32). Calcite was derived 

from carbonated lime; whereas quartz, albite, and hornblende minerals were from 

aggregates. Calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH) which 

were formed as a result of the hydraulic reaction between lime and pozzolanic aggregates 

were not detected on the XRD patterns. The amorphous structures of these formations or 

the fact that their main peaks coincide with the main peak of calcite can be shown as the 

reasons why they could not be determined on the XRD patterns (Luxán and Dorrego 

1996; Haga et al. 2002). 
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Figure 5.31. XRD patterns of the binders with natural aggregates from Kadıkalesi 

(Anaia) (A: Albite 76-1819, C: Calcite 86-2334, Q: Quartz 85-0798) 
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Figure 5.32. XRD patterns of the binders with natural aggregates from Ayasuluk     

(A: Albite 76-1819, C: Calcite 86-2334, Ho: Hornblende 71-1060 , 

M: Muscovite 84-1302, Q: Quartz 85-0798) 
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Microstructural properties of binders were investigated via SEM-EDS. Micro 

cracks and some irregularities between aggregates and binder were observed in 

Kadıkalesi samples, whereas they presented a stronger adhesion with no microcracks in 

Ayasuluk samples (Figure 5.33). This adhesion may be due to the higher hydraulic 

properties and also a better mixing process of the pozzolans and lime during the 

manufacturing process that provided mortars to be more compact, stiff and hard (Uğurlu 

Sağın, Duran, and Böke 2021). 

Figure 5.33. Binder matrix of Kadıkalesi (Anaia) and Ayasuluk 

(a: KNM1 x500, b: ATM2 x500) (B: Binder, N.A: Natural aggregate) 

Within the binders, needle-like amorphous structures mainly comprised of SiO2 

(39.83–64.09%), CaO (23.88–30.65%) and Al2O3 (8.45–14.93 %) were observed (Figure 

5.34, 5.35) (Table 5.18). These structures were the indicators of the reaction between the 

lime and pozzolans. In an alkaline environment, silica and alumina in the aggregates 

reacts with lime and produced tetra calcium aluminate hydrate (CAH) and calcium silicate 

hydrate (CSH) (4.1) (Prince, Castanier, and Giafferi 2001; Böke and Akkurt 2003). They 

are the products that give the hydraulic property to the mortars and plasters. 

Al2O3.2SiO2 + 7Ca(OH)2 + 19H2O        4CaO.Al2O3. 19H2O + 3CaO .2SiO2. 7H2O  (4.1) 

Lime         CAH                             CSH 
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Figure 5.34. SEM images of CSH and CAH formations detected in Ayasuluk binders
(a:ATM2 x500, b:ATM2 x1000, c:ATM2 x2500, d:ATM2 x1000) 

Figure 5.35. SEM images of CSH and CAH formations detected in Kadıkalesi (Anaia) 
binders (a:KNM1 x250, b:KNM1 x500, c:KNM1 x1000, d:KNM1 x2000) 



135 
 

Table 5.18. Chemical compositions of CSH and CAH formations observed in ATM2  

and KNM1 mortar matrices 

Chemical Composition (%) 

MgO Al2O3 SiO2 K2O CaO Fe2O3 

1.03–5.99 8.45–14.93 39.83–64.09 1.25–3.02 23.88–30.65 1.31–4.98 

 

SEM-EDS analysis also demonstrated that lime mortars from Kadıkalesi (Anaia) 

contained dolomitic aggregates which were surrounded by reaction rims in terms of 

thicker (T.R) and narrow (N.R) reaction rims and halo (H) (Figure 5.36). The dolomitic 

aggregate was mostly composed of CaO (53.74%), MgO (23.57%) and SiO2 (15.79%). 

The narrow reaction rim contained CaO (37.03%), SiO2 (29.99%), MgO (16.58%) and 

Al2O3 (12.84%). The surrounded thicker reaction rim was consisted of CaO (53.37%), 

MgO (12.67%) and SiO2 (15.79%), whereas in the halo formation CaO was sharply 

increased to 80.09%, but MgO was decreased to 4.53%. The increase of CaO and decrease 

of MgO revealed that the chemical reactions occurred because of the dedolomitization of 

dolomitic aggregates (Busenberg and Plummer 1982; García et al. 2003; Ponce-Antón et 

al. 2020). The dedolomitization process starts with the reaction of the dolomite 

(CaMg(CO3)2) with slaked lime (Ca(OH)2), calcite (CaCO3) and brucite (Mg(OH)2); and 

the products precipitated as the reaction rim (4.2) (Busenberg and Plummer 1982; García 

et al. 2003; Ponce-Antón et al. 2020).  

 

CaMg(CO3)2 + Ca(OH)2        2CaCO3 + Mg(OH)2                                                              (4.2) 

 

Dissolution of dolomitic aggregates happens in alkaline environments and also it 

is affected from temperature. In alkaline environment, which caused by the lime in 

mortar, the dolomitic aggregate reacts with OH- and so; calcite, brucite and carbonate 

ions (CO3
2-) produce (4.3) (Busenberg and Plummer 1982; Moropoulou et al. 2002; 

García et al. 2003; Ponce-Antón et al. 2020).  

 

CaMg (CO3)2 + 2OH-        CaCO3 + Mg (OH)2 + CO3
2- 

                                                  (4.3) 

 

The carbonate ions (CO3
2-) react with slaked lime and produce calcite and OH-  

ions, so the halo forms within the binder in contact with the outer part of the dolomitic 
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aggregate (4.4) (Busenberg and Plummer 1982; García et al. 2003; Ponce-Antón et al. 

2020). 

 

CO3
2- + Ca(OH)2            2OH- + CaCO3                                                                                             (4.4) 

 

The formation of siliceous rim can be attributed to the reaction of alkaline 

environment with phyllosilicates being in dolostones, and small amount of silicate gel 

(ASSR-gel) occurs. The ASSR-gel reacts with brucite in the thicker reaction rim and form 

into “chlorite-like” phases, which may explain the clinochlore peaks on the XRD patterns 

(Figure 5.11). 

The existence of these dolomitic aggregates may have affected the lime/aggregate 

ratios of mortars and plasters (Table 5.4, 5.5) since dilute hydrochloric acid used during 

the determination of raw materials compositions to dissolve the lime parts of the samples 

probably also caused the dissolution of dolomitic aggregates.  
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Figure 5.36. SEM images that showed the dedolomitization of dolomitic aggregate in 

lime mortar sample of Kadıkalesi (Anaia) (a: KNM2 x250, b: KNM2 

x500; B: Binder, D.A: Dolomitic aggregate, H: Halo, N.A: Natural 

aggregate, N.R: Narrow reaction rim, T.R: Thicker reaction rim) 

 

 

 

 



138 
 

5.6.2. Characteristics of Binders with Brick Aggregates 

 
Binders with brick aggregates from Kadıkalesi (Anaia) were composed of large 

amounts of CaO (36.42–64.86%), SiO2 (19.49–34.51 %), moderate amounts of Al2O3 

(9.15–14.05 %), and smaller amounts of MgO (1.80–6.67 %), Fe2O3 (2.59–4.87 %), K2O 

(1.18–2.53 %), Na2O (0.42–0.70 %), TiO2 (0.40–0.58 %) (Table 5.19). Similarly, binders 

with brick aggregates from Ayasuluk were consisted of large amounts of CaO (41.18–

75.21%), SiO2 (13.96–30.10 %), moderate amounts of Al2O3 (4.72–12.58 %), and smaller 

amounts of MgO (2.34–6.83 %), Fe2O3 (2.17–4.88 %), K2O (1.06–3.55 %), Na2O (0.19–

2.22 %), TiO2 (0.18–0.64 %) (Table 5.19). 

The hydraulic characteristics of the binders with brick aggregates were also 

defined by TGA and hydraulic index (H.I.) calculations.  

CO2/H2O ratios due to the weight losses between 200−600°C and 600−900°C 

were determined in the range of 2.7–4.8 in Kadıkalesi (Anaia) samples and 3.1–9.0 in 

Ayasuluk samples (Table 5.19). All binders could be accepted as hydraulic according to 

the TGA results since all the CO2/H2O ratios were below 10 (Bakolas et al. 1998; 

Moropoulou, Bakolas, and Bisbikou 2000).  

Also, H.I. of the binders calculated as (%SiO2 + %Al2O3 + %Fe2O3) / (% CaO + 

% MgO) were found between 0.47–1.24 for Kadıkalesi (Anaia) and between 0.27–1.03 

for Ayasuluk samples. TGA analysis and the hydraulic index calculations both showed 

that all binders with brick aggregates possessed hydraulic properties.  

The hydraulic indices of the lime lumps and the binders from only Ayasuluk 

(ABM1, ABaM, ATM1) were compared and depicted in Figure 5.37. Lime lumps of 

Kadıkalesi (Anaia) lime plasters could not be separated and investigated.  The mean 

hydraulic index values of were 0.39 in binders revealing the hydraulic character; whereas 

it was 0.02 in lime lumps meaning as they were non-hydraulic. Because of this, hydraulic 

properties of binders could be attributed to the pozzolanic character of brick aggregates 

(Table 5.10, 5.12, 5.19). The reaction between pozzolanic brick aggregates with lime and 

the formation of hydraulic products (CSH, CAH) provided the hydraulic character to the 

mortars and plasters (Taylor 1997; Hodgkinson and Hughes 1999; Miriello et al. 2011). 



 
 

Table 5.19. Chemical compositions of binders with brick aggregates in Kadıkalesi (Anaia) and Ayasuluk 

Period Sample Location Func. 
Chemical Compositions (%) Hydraulic Properties 

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 200-600oC 
H2O 

600-900oC 
CO2 

CO2

H2O H.I 

Ea
rly

 B
yz

an
tin

e 

ARP Treasure Room Wall Plaster 0.20 3.39 7.24 17.41 1.53 66.72 0.22 3.29 3.9 30.2 7.7 0.40 
ABaM Baptistery Wall Mortar 0.29 3.24 5.52 15.28 1.83 71.13 0.37 2.34 5.5 29.2 5.3 0.31 
ATM1 Transept Wall Mortar 0.34 2.34 4.72 13.96 1.06 75.21 0.18 2.20 4.2 30.3 7.2 0.27 

ABM1 Bema Buttress Mortar 0.25 4.20 8.85 23.01 1.76 57.57 0.48 3.90 3.2 29.0 9.0 0.58 
ABM2 Bema Buttress Mortar 0.19 3.18 7.17 25.21 1.12 60.42 0.54 2.17 5.4 27.8 5.2 0.54 

ANM Naos Buttress Mortar 0.83 3.43 8.18 25.42 1.22 56.65 0.32 3.94 3.9 22.3 5.7 0.62 
 ANP Naos Buttress Plaster 0.94 3.43 9.76 27.80 2.53 50.77 0.56 4.21 3.7 24.9 6.7 0.77 
 ASP1 Substructure Wall Plaster 2.22 5.01 12.58 30.10 3.55 41.18 0.49 4.88 4.4 19.4 4.4 1.03 
 ASP2 Substructure Wall Plaster 1.68 5.35 10.66 24.32 2.05 50.92 0.64 4.38 3.6 15.8 4.3 0.70 

M
id

dl
e 

B
yz

. AGM2 Gate of Persecution 
Buttress Mortar 1.12 6.83 9.74 22.57 1.89 53.01 0.45 4.40 7.9 24.7 3.1 0.61 

KOP1 Outer Narthex Wall Plaster 0.42 6.67 14.05 34.51 2.48 36.42 0.58 4.87 5.3 17.8 3.4 1.24 

La
te

 
B

yz
. 

KOP2 Outer Narthex Wall Plaster 0.61 5.66 11.20 32.34 2.53 42.56 0.40 4.70 6.1 16.4 2.7 1.00 
KCP1 Cistern I Wall Plaster 0.47 3.28 12.82 33.21 2.31 43.30 0.53 4.07 5.3 14.2 2.7 1.08 
KCP2 Cistern I Wall Plaster 0.70 3.30 12.49 29.57 2.32 46.81 0.42 4.37 3.7 17.9 4.8 0.93 
KCP3 Cistern II Wall Plaster 0.50 1.80 9.15 19.49 1.18 64.86 0.43 2.59 6.4 19.7 3.1 0.47 
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Figure 5.37. SiO2 + Al2O3 + Fe2O3 / CaO+ MgO diagrams of binder and lime lumps in   

the lime mortars of Ayasuluk 

 

XRD analysis were conducted to determine the mineralogical compositions of the 

binders with brick aggregates. Binders from both Kadıkalesi (Anaia) and Ayasuluk were 

comprised of calcite (CaCO3), quartz (SiO2) and albite (Na(AlSi3O8) (Figure 5.38, 5.39). 

Only KOP2 which belonged to Late Byzantine period cistern had also muscovite 

(KAl2(Si3Al)O10(OH,F)2) mineral additionally (Figure 5.38). Calcite was originated from 

carbonated lime; whereas quartz, albite, and muscovite minerals were from brick 

aggregates. Calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH) which 

could be expected in the mineralogical compositions were not observed due to their 

amorphous structures (Luxán and Dorrego 1996; Haga et al. 2002). 
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Figure 5.38. XRD patterns of binders with brick aggregates from Kadıkalesi (Anaia)    

(A: Albite 76-1819, C: Calcite 86-2334, M: Muscovite 84-1302, Q: Quartz 

85-0798) 
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Figure 5.39. XRD patterns of binders with brick aggregates from Ayasuluk                  

(A: Albite 76-1819, C: Calcite 86-2334, Q: Quartz 85-0798)
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SEM images demonstrated that the lime crystals and the pozzolanic brick 

aggregates were well mixed and provided a uniform structure in the matrix (Figure 5.40).  

 

 

 

Figure 5.40. SEM images showed the strong adhesion between pozzolans and lime   

detected in lime mortar sample from Ayasuluk (a: AGM2 x1000,  

b: AGM2 x4000) 
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Rod-like crystals were determined in the matrices of the lime mortar of Ayasuluk 

(AGM2) and lime plaster of Kadıkalesi (Anaia) (KOP1) (Figure 5.41, 5.42). These 

formations were mainly composed of SiO2 (38.7–42.9%), Al2O3 (19.1–21.4%), CaO 

(12.14–14.44%), MgO (6.05–12.55%), and Fe2O3(10.1–11.9%). The shapes and the 

chemical compositions of these crystals indicated that they were calcium silicate hydrate 

(CSH) and calcium aluminate hydrates (CAH) which were the hydraulic products of the 

brick aggregate and the lime reaction. 

 

            

   

Figure 5.41. SEM images of CSH/CAH formations specified in Kadıkalesi (Anaia) lime 

plaster (B: Binder, B.A: Brick aggregate, C: CSH/CAH formations; a: 

KOP1 x100, b: KOP1 x1000, c: KOP1 x1000, d: KOP1 x2500) 
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Figure 5.42. SEM images of CSH/CAH formations determined in Ayasuluk lime mortar 

(B: Binder, B.A: Brick aggregate, C: CSH/CAH formations; a: AGM2 

x500, b: AGM2 x500, c: AGM2 x2500) 
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CHAPTER 6 
 

CONCLUSION 
 

In this study, characteristics of lime mortars and plasters produced with natural 

and brick aggregates used in Byzantine period buildings from Kadıkalesi (Anaia) and 

Ayasuluk were determined in order to investigate the continuity of lime mortar 

technology over centuries and the possible provenance of raw materials.  

Within this context, basic physical properties, raw material compositions, and 

hydraulic properties of lime mortars and plasters; mineralogical, chemical compositions, 

microstructural properties of binders, aggregates, and limes; pozzolanic activities of 

natural and brick aggregates were examined through several analytical methods.  

Lime plasters applied in both Kadıkalesi (Anaia) and Ayasuluk were consisted of 

brick aggregates; whereas, lime mortars were mainly composed of natural aggregates, 

except for a few examples from Ayasuluk. The lime mortars and plasters with brick 

aggregates were found to be less dense and more porous than lime mortars with natural 

aggregates due to the porous structure of the brick aggregates. Overall, the basic physical 

properties did not show significant differences in terms of their use in different 

construction periods and their location of use in the buildings. 

In the production of lime mortars and plasters, high calcium lime and pozzolanic 

aggregates were used in both areas. The lime/aggregate ratios of lime plasters were 

between 1/3-4/3 in Kadıkalesi (Anaia) and 3/4–5/3 in Ayasuluk. In Kadıkalesi (Anaia) 

lime/aggregate ratios were between 1/2–1/1 for the Early Byzantine lime mortars, and 

between 4/3–5/3 for the Middle and Late Byzantine mortars. The lime/aggregate ratios of 

Early and Middle Byzantine lime mortars from Ayasuluk were in the range of 1/3–5/3. 

The higher lime content of the mortars may be caused by the calcareous particles. 

Non-hydraulic and fat lime was used in lime mortars and plasters. Also, it has 

been determined that both natural and brick aggregates had a wide range of particle sizes. 

Mean-roundness of these aggregates were from sub-angular to very-angular which makes 

possible interlocking among aggregates and provided a higher surface area. These formal 

properties indicated that quarries were utilized as raw material sources rather than stream 

beds for natural aggregates, and brick aggregates were manufactured and processed 

accordingly. In macro-observations, the different types of rock fragments and the angular 
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forms of the natural aggregates revealed that they were obtained from the older brecciated 

alluviums from the Menderes Massif units. Therefore, the possible sources for the breccia 

in the region were the mountain slopes of Büyük Menderes Grabens (most probably Söke, 

Germencik district) for Kadıkalesi (Anaia) and Küçük Menderes Grabens (most likely 

Selçuk) for Ayasuluk.  

 Fine natural aggregates possessed highly reactive pozzolanic properties due to the 

volcaniclastic matrix of breccia. Mineralogical compositions of fine natural aggregates 

were mainly consisted of quartz, albite, muscovite and clinochlore. However, natural 

aggregates of Ayasuluk also contained volcanic originated hornblende and phillipsite 

minerals due to the vicinity of volcanic units such as Seferihisar-Doğanbey. All fine 

natural aggregates were rich in silica and alumina, but poor in carbonate and alkali phases. 

Determined compositional differences by ternary diagram and mineralogical 

compositions revealed that Kadıkalesi (Anaia) and Ayasuluk natural aggregates must 

have been obtained from different sources, and also two different sources must have been 

used for Ayasuluk aggregates. The microstructures of these natural aggregates were non-

porous and had angular forms that strengthen the interlocking with binder. 

Brick aggregates were mainly consisted of mainly quartz, albite, hematite and 

muscovite minerals. They were composed of large amounts of SiO2, moderate amounts 

of Al2O3, Fe2O3, and smaller amounts of MgO, CaO, Na2O, K2O and TiO2. Brick 

aggregates of Kadıkalesi and Ayasuluk were distinctively separated by their MgO, Al2O3, 

Fe2O3 contents which may indicate the use of different clay sources. Brick aggregates 

from both sites were manufactured from Ca-poor clays at low firing temperatures between 

800−900 °C. They were highly reactive pozzolans due to the use of clay-rich raw 

materials and low firing temperatures. Their microstructure was porous where calcite 

crystals could precipitate and so enhanced the durability to deterioration problems. 

Fine mortar and plaster matrices comprised of carbonated lime (CaCO3) and small 

grain-sized aggregates were defined as “binder”. The binders were the parts that provided 

hydraulic properties and high strength to mortars and plasters. The binders with natural 

aggregates from Kadıkalesi (Anaia) were composed of larger amounts of CaO, MgO; 

while binders of Ayasuluk had higher Al2O3, Fe2O3 content; so binders of sites was 

consisted of calcite originated mainly from lime; and quartz, albite and hornblende 

derived from the aggregates. All binders possessed hydraulic properties which were 

attributed to the highly pozzolanic properties of natural aggregates. Kadıkalesi (Anaia) is 

near to the Neogene carbonates, while Ayasuluk is close to the volcanic region of 
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Seferihisar-Doğanbey. Accordingly, the higher hydraulic properties of Ayasuluk lime 

mortars with natural aggregates were due to the higher amount of volcanic particles 

possessing pozzolanic properties in the breccia. Besides, higher CaO, MgO content of the 

lime mortars with natural aggregates from Kadıkalesi (Anaia) were due to the limestone 

and/or dolostone aggregates obtained from Neogene carbonates. Since the amounts of 

pozzolanic aggregates were higher, and mortars and plasters had higher hydraulic 

properties, Ayasuluk mortars were more compact, stiff and hard than Kadıkalesi mortars. 

The binders with brick aggregates from both Kadıkalesi (Anaia) and Ayasuluk 

were consisted of large amounts of CaO and SiO2, moderate amounts of Al2O3 and 

smaller amounts of MgO, CaO, Na2O, K2O, Fe2O3 and TiO2. They were mostly composed 

of calcite, quartz and albite minerals, and possessed hydraulic property originated from 

pozzolanic brick aggregates. Lime mortars and plasters consisted of brick aggregates 

were well mixed and provided a uniform structure in the matrix. 

Consequently, the basic physical properties, raw material compositions, and 

chemical and mineralogical compositions of the lime mortars and plasters were similar in 

terms of use in different construction periods and locations. Chemical and mineralogical 

compositions, hydraulic and microstructural properties varied according to the type of 

aggregate and the differences in raw material provenances of natural aggregates. Finding 

suitable raw material sources to produce hydraulic mortars and plasters and the use of 

mortar and plaster with similar properties in different periods revealed that the knowledge 

of local raw material resources and mortar production technology was transferred over 

the centuries.  

New lime mortars and plasters, that will be manufactured for the future 

conservation projects in Kadıkalesi (Anaia) and Ayasuluk, should be physically, 

chemically, and mineralogically compatible with the original mortar and plaster 

properties determined by this study. Possible local lime, natural aggregate, and clay 

sources from Söke and Germencik districts for Kadıkalesi (Anaia) and Selçuk district for 

Ayasuluk should be investigated in detail, and their suitability for use in mortar and 

plaster manufacturing should be assured. The brick aggregates should have been 

produced by firing raw material containing high amounts of clay at low temperatures (< 

900 °C). Moreover, the aged fat lime and a wide range of particle sizes of aggregates 

should have been used, and homogeneous mixing procedure should be ensured during the 

production. 
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