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Abstract  Fired bricks were valued as essential 
building materials in the central tradition of Byzan-
tine architecture in Constantinople (İstanbul), Anato-
lia, and the Balkans. In this study, Byzantine bricks 
from three construction periods, covering nearly nine  
centuries (fifth–fourteenth centuries), of Anaia Church 
(Kadıkalesi) in Western Anatolia were investigated to 
determine their characteristics, raw material properties, 
and production technologies. The characteristics of the 
bricks were evaluated and compared in order to identify 
similarities and differences between the periods and to 
investigate the continuity of the tradition of brick pro-
duction over centuries. Basic physical and colorimetric 
properties, chemical and mineralogical compositions, 
thermal behavior, and microstructural and mechanical 
properties of bricks were determined by scanning elec-
tron microscopy (SEM) coupled with energy dispersive 
spectroscopy (SEM–EDS), Fourier-transform infrared 
spectrometry (FTIR), X-ray diffraction (XRD), thermo-
gravimetric analysis (TGA), and mechanical tests. The 
results indicated that all the bricks in the Anaia Church 
were brown-beige colored, highly porous, low-density 
materials with low mechanical strength. They were pro-
duced from Ca-rich clays, probably obtained from two 

different sources used during all construction periods. 
The mineralogical composition and thermal properties 
revealed that the bricks from the first and second peri-
ods were fired at between 800 and 900°C and the bricks 
from the third period were fired at < 850°C. Greater 
calcium content and firing temperatures were found to 
reduce the total porosity and the number of small pores 
(< 10 μm) and increase the mechanical strength of the 
bricks. The results of the study revealed no significant 
differences in the production of bricks, including raw 
material sources and kiln conditions, for the different 
construction periods of the church.

Keywords  Anaia Church · Byzantine Period · 
Calcareous clays · Characterization · Firing 
temperature · Historical building bricks

Introduction

The characterization of historic brick materials, which 
are considered to reflect the knowledge and skills of 
their time, is crucial for the elucidation of ancient pro-
duction technologies and for the conservation of his-
torical buildings and archeological sites. The earliest 
known use of bricks, produced by molding a mixture 
of mud and straw, was in Mesopotamia in the eighth 
millennium BC (Bakırer, 1981; Wright, 2005). Mud 
bricks were used generally for small-scale structures 
such as houses; as larger-scale public buildings were 
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constructed over time, more weather-resistant materi-
als were needed (Bakırer, 1981; Wright, 2009). In the 
fourth millennium BC, kiln-fired bricks were produced 
in Mesopotamia (Bakırer, 1981; Wright, 2009) and 
were used for structural elements exposed directly to 
moisture, such as foundations and lower parts of walls 
(Davey, 1961; Moorey, 1999). Kiln-fired bricks were 
introduced into Western architecture in the fourth cen-
tury BC (Davey, 1961; Malacrino, 2010; Tucci, 2015) 
and became a primary building material during the 
Roman Empire (first century BC − fifth century AD) 
(Malacrino, 2010; Tucci, 2015). In Roman architecture, 
fired bricks were used in the construction of structural 
materials such as walls, arches, and domes, and also as 
facing materials for walls built with Roman concrete 
(Helen, 1975; Scalenghe et al., 2015; Tucci, 2015).

During the Byzantine Period (fourth − fifteenth cen-
turies AD), fired bricks became the primary material 
for masonry construction, especially in Constantinople 
(İstanbul), Anatolia, and the Balkans. Brick masonry, 
therefore, was regarded as “the central tradition of 
Byzantine Architecture” (Mango, 1985). During the 
Byzantine period, the demand for brick production had 
increased and the use of many kilns at the same time 
became necessary, as construction work required thou-
sands of bricks. For this reason, in the fourteenth cen-
tury, a law called Exabiblos regulated the conditions for 
the location of the brick kilns, which, due to their large 
space requirements and air pollution, were located away 
from the cities and residential areas (Ousterhout, 1999).

Despite the changes in the utilization of fired 
bricks, their production methods remained similar 
over the centuries. The production process consisted 
of finding a suitable source of raw material, extract-
ing the raw material, mixing it with water and some-
times additional materials, shaping, drying, and fir-
ing. During the process, the characteristics of the 
bricks changed according to the properties of the raw 
material and the stages of manufacturing (Benavente 
et al., 2006; Elert et al., 2003; Fernandes et al., 2010). 
The raw material and additives (straw, sand, old 
brick fragments, etc.) used in the production process 
affected the chemical and mineralogical composi-
tions and the physical properties such as color, poros-
ity, and pore structures (Cultrone et al., 2005; Davey, 
1961; Pavia, 2006; Riccardi et  al., 1999). The other 
important factor influencing porosity was the shap-
ing method. Molding, which was the main method 

used in the production of historic bricks, resulted in 
a greater total porosity than modern high-pressure 
methods (Carretero et al., 2002). Furthermore, firing, 
the final stage of production, caused significant physi-
cal and mineralogical changes.

Historical kilns for firing bricks generally con-
sisted of two sections; the combustion chamber for 
lighting the fire and adding the fuel at the bottom, 
and the charging chamber at the top for the bricks to 
be fired (Adam, 2005; Davey, 1961; Wright, 2005). 
The heat distribution in these kiln systems was inho-
mogeneous as the temperature decreased toward 
the upper parts away from the fire. Thus, the bricks 
in the parts closest to the heat source were fired at 
temperatures that could reach almost 1000°C, gradu-
ally decreasing toward the top, while those furthest 
from the fire were fired at temperatures not exceed-
ing 600°C, and even at ~ 450°C near the top (Adam, 
2005; Davey, 1961; Scalenghe et al., 2015). Histori-
cal bricks were generally fired at lower temperatures 
(< 900°C), and their density, strength, and durability 
were less than is the case for modern bricks, which 
are shaped under high pressure and fired at higher 
temperatures (> 1000°C) (Benavente et  al., 2006; 
Cultrone et al., 2004; Lopez-Arce & Garcia-Guinea, 
2005; Uğurlu Sağın & Böke, 2013).

Previous studies on historical bricks have focused 
on the characterization and deterioration mecha-
nisms of bricks used in different historical buildings, 
particularly from the Roman Period (Aslan Özkaya 
& Böke, 2009; Calliari et  al., 2001; Lopez-Arce & 
Garcia-Guinea, 2005; Oguz et  al., 2014; Scalenghe 
et  al., 2015; Scatigno et  al., 2018; Stefanidou et  al., 
2015; Uğurlu Sağın, 2017). However, the character-
istics of the bricks from the Byzantine period have 
been subjected to relatively little study. In addition, 
recent research on the characterization of Byzantine 
bricks has focused mainly on the monuments from 
the center of the Empire, Constantinople (İstanbul) 
(Ballato et  al., 2005; Bolognesi et  al., 2004; Kahya, 
1992; Kurugöl & Tekin, 2010; Moropoulou et  al., 
2002; Taranto et al., 2019; Ulukaya et al., 2017); and 
a limited number of studies exists on bricks used in 
the provinces (Eroğlu & Akyol, 2017; Kurugöl & 
Tekin, 2010; Özyıldırım & Akyol, 2016).

The aim of the current study was to determine 
the characteristics of building bricks from the Anaia 
Church, Kadıkalesi in Western Anatolia, an important 
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provincial Byzantine religious building. The physi-
cal, microstructural, and mechanical properties, as 
well as the chemical and mineralogical compositions 
of bricks from three different construction periods of 
the church, dating from the fifth to the fourteenth cen-
tury, were studied using various analytical methods. 
In particular, the results have been evaluated in order 
to elucidate the brick production techniques used in 
different centuries of Byzantium and its Anatolian 
provinces, and also to contribute to the conservation 
works to be carried out on the church.

Materials and Methods

In the present study, building bricks from the Anaia 
Church at the archeological site of Kadıkalesi 
in Kuşadası, Aydın, Turkey were investigated. 
The Anaia Church is located in a fortress named 
Kadıkalesi, on the Aegean coast, opposite the island 
of Samos (Fig. 1). The church was built as a monas-
tery complex of the city of Anaia, which was a har-
bor city surrounding Kadıkalesi during the Byzantine 
Period (Mercangöz, 2005). Kadıkalesi was built on an 
alluvial plain surrounded by limestone (MTA, 2002). 

The city is located close to the Büyük Menderes 
River (referred to historically as Maiandros) graben 
basin, which is characterized by modern and Quarter-
nary deposits the lithofacial characteristics of which 
have been described as gravel (pebbly and unsorted), 
sand (gravelly, silty, shelly), and mud (sandy red, 
sandy grey, clayey red, clayey gray) (Kazancı et  al., 
2009). Kadıkalesi was known as one of the most 
important ceramic and glass production centers in the 
region during the Byzantine period. Recent findings, 
such as a pile of clay and a clay basin in the excava-
tion site, indicate the use of clay and production of 
earthenware in Kadıkalesi (Mercangöz, 2013).

The Anaia Church had a three-naved plan with 
an apse, a substructure, inner and outer narthexes, 
cisterns, and baptisteries. The church, measuring 
51.1 m × 27.5 m, was built in a masonry system, with 
stone-brick walls supported by buttresses. It was built 
in three phases, following the devastating earthquakes 
that occurred in different centuries (Mercangöz & Tok, 
2011). The first construction period was between the 
fifth and sixth centuries. The naos ends with the apse 
and was built in this period on a substructure, and the 
baptistery in the north corner of the church was also 
thought to date from the same period (Hazinedar 

Fig. 1   a Map showing the location of the case study; b satel-
lite image of Kuşadası showing the location of the case study 
(adapted from Google Earth); c aerial view of the Anaia 
Church, Kadıkalesi, showing the construction periods of the 

church and the locations of samples (photo adapted from the 
Kadıkalesi Excavation Archive); and d photo (2021) of the sub-
structure underneath the Anaia Church showing the sampling 
locations
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Coşkun, 2021; Kanmaz & Ipekoǧlu, 2016). After the 
earthquakes, probably in 1040 and 1056, both with 
a Mercalli intensity scale of VIII (Tepe et  al., 2021), 
the piers and walls were added to the western and 
outer walls of the naos for consolidation, and the inner 
narthex was built in the second construction period, 
dated between the eleventh and thirteenth centuries. 
This was followed by the third construction period 
which took place between the thirteenth and four-
teenth centuries (Kanmaz & Ipekoǧlu, 2016). Dur-
ing this period, new structures were built, such as the 
outer narthex, the cisterns, and the southern chapel. 
Measures were also taken to strengthen the building 
against earthquakes, including the addition of walls 
between the naves and buttresses to support the walls 
of the inner narthex (Kanmaz & Ipekoǧlu, 2016). The 
Anaia Church became an archbishopric in the thir-
teenth century. In addition, the city of Anaia gained the 
status of a commercial and customs center due to its 
geopolitical location (Foss, 1979; Mercangöz, 2007). 
In the fourteenth century, the Anaia Church was dam-
aged structurally by an earthquake with an intensity of 
VII on the Mercalli scale (Tepe et al., 2021) and subse-
quently abandoned (Mercangöz & Tok, 2011).

In order to conduct the experimental part of the 
current study, 14 relatively sound brick samples 
were collected from the upper parts of the struc-
tural elements in order to avoid deterioration prob-
lems related to humidity. Sampling was carried out 

in relation to the construction periods and spaces of 
the Church. Five bricks from the first and third con-
struction periods and four bricks from the second 
period were taken without distinction as to their 
physical characteristics, such as color and size. The 
samples were labeled according to the spaces of the 
Church from which they were taken (B: Baptistery, 
C: Cistern, I: Inner Narthex, N: Naos, O: Outer 
Narthex, S: Substructure) (Fig. 1, Table 1).

The basic physical properties of the bricks were 
described in terms of their porosity, density, saturation 
coefficient, and pore interconnectivity values. Poros-
ity, apparent density, and saturation coefficient were 
determined using the RILEM test methods (RILEM, 
1980). Pore interconnectivity (Ax) was measured by 
using the saturated weights of the samples at atmos-
pheric pressure (Matm) and low pressure (Msat). The 
equation used for calculating pore interconnectivity is 
given below (Eq. 1, Cultrone et al., 2004):

Where Ax = Pore interconnectivity; Msat = Saturated 
weights of samples at low pressure; and Matm = Saturated 
weights of samples at atmospheric pressure

Colorimetric properties were defined according 
to the Munsell Soil Color Chart (Munsell Color 
(Firm) (2000)) and expressed in terms of hue, value, 
and chroma values. According to the Munsell Color 

(1)A
x
=
[(

Msat −Matm

)

∕Msat

]

× 100

Table 1   List of samples and their locations

Sample Location

1st Construction Period (5th–6th c.) B1 Baptistery—Rubble of the outer baptistery
B2 Baptistery—Rubble of the outer baptistery
S1 Substructure—Wall infill
S2 Substructure—Buttress
N1 Naos—Wall between naos and inner narthex

2nd Construction Period (11th–13th c.) N2 Naos—Buttress on the western wall
N3 Naos—Buttress in the north aisle
N4 Naos—Buttress in the southern aisle
I1 Inner Narthex—Buttress

3rd Construction Period (13th–14th c.) I2 Inner Narthex—Wall infill
C Cistern—Wall
N5 Naos—Wall between southern aisle and naos
O1 Outer Narthex—Brick paving
O2 Outer Narthex—Buttress
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system, the hue represents color and is defined by 
five principles (R: Red, Y: Yellow, G: Green, B: 
Blue, P: Purple) and five intermediate colors (YR, 
GY, BG, PB, RP). In addition, the lightness of the 
color is expressed with values in the range of 0–10, 
from dark to light. The saturation color is indicated 
by chroma (Gerharz et al., 1988).

A scanning electron microscope (SEM) equipped 
with an X-ray energy dispersive system (EDS) 
(Quanta 250 FEG, FEI, Eindhoven, Netherlands) 
was used to determine the chemical compositions 
and microstructural properties of the bricks. Miner-
alogical compositions were determined by Fourier-
transform infrared (FTIR) spectroscopy (Spectrum 
BX FTIR spectrometer, Perkin Elmer, Beacons-
field, UK) and X-ray diffraction (XRD) (Philips 
X-Pert Pro X-ray Diffractometer, Malvern Panalyti-
cal, Almelo, Netherlands) analyses. The fine brick 
powders were dispersed in pure KBr, and the mix-
ture was pressed into pellets for FTIR analysis. The 
FTIR spectra were obtained in a wavenumber range 
from 4000 to 400 cm–1 with a resolution of 4 cm–1. 
The XRD patterns of brick samples, ground finer 
than 53  µm, were obtained in the range 5−60°2θ 
and at a scan speed of 1.6°2θ per minute. Pana-
lytical Highscore Plus software was used to deter-
mine the mineral phases exhibited in the XRD data. 
Weight losses of bricks at specific temperatures 
were measured using a Perkin Elmer Diamond TG/
DTA instrument (Perkin Elmer, Boston, MA, USA). 
Standard abbreviations were used for mineral names 
as given by Kretz (1983) and Whitney and Evans 
(2010), and as supplemented by Warr (2020). Ther-
mogravimetric analyses (TGA) were conducted on 8 
of 14 samples, considering their chemical and min-
eralogical compositions. TGA was performed on 
brick powders (< 53  µm) in a static nitrogen envi-
ronment in the temperature range 25−1000°C at a 
rate of 10°C/min. The TGA results were evaluated 
in accordance with the mineralogical composition 
analyses, and the firing temperatures of the bricks 
were estimated.

The compressive strength and modulus of elas-
ticity of bricks were used to define their mechanical 
properties. Samples were prepared in a cubic shape 
and ranged in size from 2 to 5  cm for compression 
tests. The force was applied to the samples at a speed 
of 0.5  mm/min using a Shimadzu AG-I mechanical 
test instrument (Shimadzu, Kyoto, Japan), the BS EN 

772–1 + A1 procedure was followed for the mechani-
cal analyses (European Standards, 2015).

Results and Discussion

Basic Physical Properties, Chemical Compositions, 
and Color Identifications of the Anaia Church Bricks 
and the Effect of the Manufacturing Process on the 
Properties

Basic physical properties of the Anaia Church bricks 
were defined by their apparent density (g/cm3), 
total porosity (%), saturation coefficient, and pore 
interconnectivity values. Total porosity values of 
between 24.25 and 51.47% and apparent density val-
ues of between 1.22 and 1.73  g/cm3 were measured 
(Table  2). B1, S1, and S2 from the first, N2 from 
the second, and N4 and I2 from the third construc-
tion periods were found to have the greatest porosity 
(49.78–51.47%) and lowest density (1.22–1.27 g/cm3) 
values of all the samples. The bricks from the first 
construction period of the church were also found 
to have the greatest average porosity and the lowest 
average density (except for N1), while those from the 
third period had the lowest average porosity and the 
greatest average density.

Similar to the Anaia Church bricks, previous stud-
ies found that the historic bricks had high porosity 
and low-density values, probably because they were 
produced using similar molding methods and fired 
at low temperatures (Cardiano et  al., 2004; Kahya, 
1992; Tekin & Kurugöl, 2011; Ulukaya et al., 2017).

The saturation coefficient value is used to express 
the presence of large pores (> 2 µm) in the material 
that are available to adsorb water; the value is consid-
ered to be an indication of resistance to freezing and 
thawing if it is < 0.80 (ASTM C67–07, 2007). The 
coefficient was found to be between 0.84 and 0.94 for 
most of the samples from all the periods, and below 
0.80 only for S2 from the first period and N4 from 
the second period (Table  2). This may be related to 
the greater proportion of large pores (> 2 µm) in N4 
and S2 than in other samples. Pore interconnectivity 
was also calculated; this refers to the interconnection 
between the pores enabled by microcracks and fis-
sures and indicates the presence of pores where water 
is not easily accessible under natural conditions (Cul-
trone et al., 2004). The pore interconnectivity values 
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of bricks increased when pores which water cannot 
reach under natural conditions increased in the mate-
rial structure. As the cracks and fissures between the 
pores are lost due to vitrification at higher tempera-
tures, it can be stated that the greater the pore inter-
connectivity value, the greater the degree of firing. 
Therefore, a larger pore interconnectivity value has 
been accepted as an indicator of greater resistance to 
salt crystallization and freeze–thaw cycles (Cultrone 
et  al., 2004, 2005; Pérez-Monserrat et  al., 2021). 
The pore interconnectivity values of the brick sam-
ples ranged from 1.50 to 6.47 (Table 2). The lowest 
average pore interconnectivity value was found in the 
bricks of the third construction period. The largest 
values were also determined in samples B1 (4.27) and 
S2 (6.47) of the first period, and N4 (6.09) of the sec-
ond period (Table 2). Considering the parallel results 
of the saturation coefficient and the pore intercon-
nectivity obtained in samples N4 and S2, these bricks 
can be stated to have been fired at higher tempera-
tures than others.

The SEM–EDS analyses revealed that the 
bricks of the Anaia Church were composed of 
large amounts of SiO2 (43.76 − 55.57  wt.%), Al2O3 
(15.19–25.28  wt.%), and CaO (9.64−26.33  wt.%); 
moderate amounts of FeO (5.29−8.81  wt.%); and 
smaller amounts of MgO (1.98−5.29  wt.%), K2O 
(2.97−4.29  wt.%), Na2O (0.50−1.40  wt.%), and 
TiO2 (0.46−0.87  wt.%) (Table  3). The main oxide 

ratios of the Anaia Church bricks were in a similar 
range to the Byzantine bricks from the Kütahya and 
Trabzon fortifications (Kurugöl & Tekin, 2010) and 
the Hagia Sophia, Istanbul (Taranto et al., 2019).

Clays are generally classified according to their 
CaO values, as calcareous clays (or Ca-rich clays) 
if they contain > 6% CaO, and non-calcareous clays 
(or Ca-poor clays) when they have < 6% (Kumar 
Mishra et  al., 2021; Maniatis & Tite, 1981; Moro-
poulou et al., 1995; Taranto et al., 2019). The major 
oxide compositions showed that the bricks of the 
Anaia Church were produced from calcareous clay 
sources, as their CaO content was > 6%. The geologi-
cal features of the region revealed that carbonates and 
clays were abundant in the surrounding area (Kazancı 
et  al., 2009). Although the ancient sources of raw 
materials for the production of ceramics and bricks in 
the city of Anaia have not yet been found, it can be 
said that the immediate surroundings could have been 
the source of the raw materials.

Furthermore, two different ranges of CaO per-
centages were observed within the Anaia Church 
bricks, between 9.64−12.26% and 21.32–26.33%, 
regardless of the construction period. The three 
samples from the first period (B1, S1, S2) and two 
each from the second (N2, N4) and third (I2, N5) 
periods were the bricks with smaller CaO contents, 
while two samples from the first (B2, N1) and 
second (N3, I1) periods and three from the third 

Table 2   Basic physical properties of the Anaia Church bricks

Sample Porosity (%) Apparent Density 
(g/cm3)

Saturation 
Coefficient

Pore Interconnectivity

1st Construction Period (5th-6th c.) B1 49.8 1.3 0.85 4.27
B2 41.2 1.4 0.89 2.65
S1 51.5 1.2 0.89 3.28
S2 50.4 1.3 0.77 6.47
N1 24.2 1.7 0.84 2.08

2nd Construction Period (11th-13th c.) N2 51.3 1.3 0.89 3.25
N3 36.3 1.5 0.92 1.53
N4 38.9 1.5 0.70 6.09
I1 38.5 1.5 0.89 2.11

3rd Construction Period (13th- 14th c.) I2 50.5 1.2 0.87 3.69
N5 43.3 1.4 0.94 1.50
C 33.3 1.5 0.92 1.59
O1 29.9 1.7 0.89 1.76
O2 31.3 1.6 0.91 1.52
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period (C, O1, O2) were the bricks with greater 
CaO contents. This apparent difference in the 
chemical composition of the bricks may be due to 
the possibility that two different clays were used in 
the production of bricks in Anaia during the three 
construction periods of the Church.

The difference in CaO contents of the samples 
affected their basic physical properties. The sam-
ples with greater CaO contents had less porosity and 
greater density than others. The porosity and apparent 
densities of the samples with CaO > 20% were meas-
ured to be between 29.9–41.2% and 1.4–1.7  g/cm3, 
respectively, whereas the samples with lower CaO 
had porosity values between 38.9 and 52.7% and den-
sity between 1.2 and 1.5 g/cm3.

The chemical composition of the raw materials, 
together with the firing temperatures, determines 
the colorimetric properties of bricks. Calcium and 
iron oxides are the main causes of variations in 
brick colors from yellow/beige to red (Cultrone 
et al., 2005; Scatigno et al., 2018; Valanciene et al., 
2010). The presence of Fe, mostly in the form of 
hematite, results in reddish colors of fired bricks 
(Pavia, 2006; Scatigno et al., 2018). Conversely, the 
yellowish color of bricks occurs in the presence of 
carbonates because they can inhibit the formation 
of iron oxides, which give a reddish color (Cultrone 
et  al., 2005; Pavia, 2006; Pérez-Monserrat et  al., 
2022). The firing temperature affects the lightness 
values due to certain mineralogical transformations. 

As the firing temperature increases, the color of 
Ca-rich bricks becomes lighter due to the forma-
tion of diopside (Cultrone et  al., 2005; Rathossi & 
Pontikes, 2010), while Ca-poor bricks with large 
Fe contents have a darker red color (Pavia, 2006; 
Rathossi & Pontikes, 2010; Wang et al., 2023).

The colors of the Anaia Church bricks were deter-
mined using a Munsell Color Chart and the results 
were described as color codes with their hue, value, and 
chroma, as shown in Table 4. The hue of the samples 
was in a wide range of the red and yellow–red colors 
between 10R and 10YR, while the value was deter-
mined at between 6 and 8. Also, the chroma ranged 
between 3 and 6. Munsell Color tests showed that the 
majority of the bricks were brown-beige in color. No 
significant difference was found in the color of bricks 
between the construction periods. Samples with the 
smallest values, S2 from the first period, N2 and N4 
from the second period, and I2 from the third period, 
had the darkest colors among the others (Table 4).

Although all the samples were found to be brown-
beige in color due to the use of Ca-rich raw materials 
in their production, the bricks with larger CaO con-
tents were also lighter in color than those with smaller 
CaO values. The darker colors of S2 (7.5YR/6/6), 
N2 (10R/6/6), N4 (7.5YR/6/3), and I2 (2.5YR/6/6) 
among the samples were caused by the formation of 
iron oxides, such as hematite and magnetite (Pavia, 
2006; Tarhan & Işık, 2020), possibly due to firing at 
higher temperatures.

Table 3   Major oxide compositions (%) of bricks determined by SEM–EDS

Sample SiO2 CaO Al2O3 FeO MgO K2O Na2O TiO2

1st Period (5th- 6th c.) B1 48.3 11.4 22.9 8.4 3.6 3.4 1.27 0.71
B2 44.9 22.2 17.1 5.9 4.9 3.6 0.81 0.66
S1 47.0 12.2 23.6 8.8 2.7 3.8 1.16 0.69
S2 52.9 12.3 20.3 6.9 2.2 3.3 1.29 0.74
N1 43.8 26.3 15.2 5.8 4.1 3.5 0.55 0.65

2nd Period (11th-13th c.) N2 48.9 9.7 25.3 8.5 2.2 3.5 1.40 0.55
N3 45.0 25.0 15.2 5.7 4.9 3.0 0.78 0.46
N4 55.6 9.6 19.6 7.7 2.0 3.6 1.24 0.63
I1 43.9 23.6 16.0 5.3 5.3 4.2 1.11 0.63

3rd Period (13th-14th c.) I2 48.7 11.2 23.5 8.4 2.6 3.7 1.10 0.78
N5 48.7 10.4 23.9 8.5 2.4 4.1 1.18 0.87
C 43.9 21.3 18.1 6.4 4.7 3.9 0.91 0.70
O1 43.8 22.3 16.6 6.1 5.1 4.3 1.00 0.74
O2 43.8 23.8 16.4 6.4 4.9 3.5 0.50 0.73
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Mineralogical Compositions and Thermal Properties 
of the Anaia Church Bricks and Estimation of Firing 
Temperatures

Mineralogical compositions were determined via 
XRD and FTIR analyses. Mineralogical compositions 
were then evaluated to estimate firing temperatures.

The XRD analyses showed that the Anaia Church 
bricks were composed mainly of quartz (SiO2), cal-
cite (CaCO3), albite (NaAlSi3O8), and muscovite 
(KAl2(Si2AlO10)(OH)2). The other mineral phases 
detected were hematite (Fe2O3), magnetite (Fe3O4), 
gehlenite (Ca2Al2SiO7), anorthite (CaAl2Si2O8), diop-
side (CaMgSi2O6), and dolomite (CaMg(CO3)2) (Fig. 2, 
Table 5).

In the FTIR spectra, the O–H stretching peaks 
at 3422–3448  cm–1 and H–O–H bending peaks at 
1630 − 1645  cm–1 were detected in all samples, indi-
cating absorbed water within the brick structure 
(Fig.  3, Table  6). The peaks of the C–H stretching 
mode in the range 2924–2934  cm–1, associated with 
organic matter, were very weak in B2, N1, I2, N5, 
O1, and O2 samples (Maritan et  al., 2006; Şerifaki, 
2017; Şerifaki, 2017; Stuart, 2007;). The most charac-
teristic peaks between 1022 and 1084  cm–1, detected 
in all samples (Fig.  3, Table  6) were attributed to 
the Si–O stretching mode of quartz (Maritan et  al., 

2006; Uğurlu Sağın, 2017). Other quartz peaks were 
detected as doublets at 796−798 and 774−779  cm–1 
(De Benedetto et  al., 2002; Gadsden, 1975), as sin-
gle peaks at 691−695 and 503−514  cm–1 (Gads-
den, 1975), and as Si–O–Si symmetric bending at 
456−485  cm–1 (Hlavay et  al., 1978). Calcite, which 
was found in most of the bricks, was identified by 
peaks at 713−714 cm–1, 874−876 cm–1 as a shoulder, 
and in the (CO3)2– stretching mode at 1430–1455 cm–1 
(Gadsden, 1975; Maritan et  al., 2006; Uğurlu Sağın, 
2017). Furthermore, the absorption bands in the 
region 2514−2517 cm–1 and 1793−1797 cm–1, which 
are associated with calcite (Demir et al., 2018; Gads-
den, 1975), were observed only in samples with CaO 
contents of > 20%. Triplet peaks of anorthite in the 
regions of 621–622, 574−584, and 530−540  cm–1 
were present in the spectra of the N2, N4, and S2 
samples (Gadsden, 1975) (Fig.  3, Table  6). Peaks at 
647–648 cm–1 were also assigned to albite (Chukanov, 
2014; Gadsden, 1975).

The weight losses of the brick samples due to tem-
perature changes were determined by TGA (Fig. 4 and 
Table 7). The total weight loss of the bricks between 
25 and 1000°C was between 1.30 and 16.91%. The 
samples with smaller CaO values (S2, N4, and I2) 
demonstrated smaller weight losses (1.30–5.51%) 
compared to others (Fig. 4, Table 7).

Table 4   Color of bricks determined using the Munsell Soil Color Chart

Sample Hue Value Chroma Color-code Color Color Name

1
st

C
o

n
st

ru
ct

io
n

 

P
er

io
d

(5
th

-
6

th
 c.

)

B1 2.5YR 7 4 2.5YR/7/4 Light Reddish Brown

B2 7.5YR 8 4 7.5YR/8/4 Pink

S1 2.5YR 7 6 2.5YR/7/6 Light Red

S2 7.5YR 6 6 7.5YR/6/6 Reddish Yellow

N1 5YR 8 4 5YR/8/4 Pink

2
n

d
C

o
n
st

ru
ct

io
n
 

P
er

io
d

 

(1
1

th
-

1
3

th
c.

) N2 10R 6 6 10R/6/6 Light Red

N3 5YR 8 4 5YR/8/4 Pink

N4 7.5YR 6 3 7.5YR/6/3 Light Brown

I1 10YR 8 3 10YR/8/3 Very Pale Brown

3
rd

C
o

n
st

ru
ct

io
n

 

P
er

io
d

(1
3

th
-

1
4

th
c.

)

I2 2.5YR 6 6 2.5YR/6/6 Light Red

N5 2.5YR 7 6 2.5YR/7/6 Light Red

C 5YR 8 4 5YR/8/4 Pink

O1 7.5YR 7 4 7.5YR/7/4 Pink

O2 5YR 8 4 5YR/8/4 Pink
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In the thermal behavior of fired bricks, the weight 
losses between 25 and 400°C are associated with 
removal of water from the brick structures, whereas 
weight losses between 25 and 100°C are due to physi-
cally adsorbed water, and losses between 100 and 
400°C are due to the dehydration of bound water 
(Cardiano et  al., 2004; Drebushchak et  al., 2005; 
Paama et al., 2000; Singh & Sharma, 2016). Between 
400 and 600°C, weight losses occur due to dehy-
droxylation (Cardiano et  al., 2004; Drebushchak 
et  al., 2005; Stubňa & Podoba, 2013), and oxida-
tion of organic compounds results in weight losses 
in the range 200–600°C (Kumar Mishra et al., 2021; 
Ramachandran et al., 2002; Singh & Sharma, 2016).

For the Anaia Church bricks, weight losses of 
0.05–1.43% were measured up to 100°C, and dehy-
dration resulted in a weight loss of 1.09–3.98% 
between 100 and 400°C (Fig.  4, Table  7). Weight 
loss between 400 and 600°C due to dehydroxylation 
and oxidation of organic matter ranged from 0.28 
to 3.04% (Table  7). In addition, the sharp decrease 
observed around 600°C in the I2 (2.01%) and N4 

(0.57%) samples was attributed to the phase trans-
formation of quartz (α–β transformation) (Ion et  al., 
2011) (Fig. 4).

The largest weight losses (6.61–12.88%) were 
observed at ~700°C in N1, N3, I1, C, and O1 (Fig. 4). 
The decomposition of carbonates was assumed to be 
responsible for the weight losses between 700 and 
800°C (Cardiano et  al., 2004; Drebushchak et  al., 
2005; Paama et  al., 2000; Singh & Sharma, 2016). 
Considering the large CaO contents in N1, N3, I1, 
C, and O1 (21.32−26.33%), the weight losses in 
this temperature range can be explained by calcite 
decomposition.

The mineralogical compositions and thermogravi-
metric analyses of the Anaia Church bricks were used 
to estimate their firing temperatures because the firing 
caused mineralogical changes in the raw materials of 
the bricks. During heating, kaolinite decomposed at 
550ºC (Cultrone et al., 2001; El Ouahabi et al., 2015). 
Furthermore, calcite, which is commonly found in 
calcareous bricks, begins to decompose at 800ºC and 
disappears at ~ 870ºC (Cultrone et al., 2004). Calcite 

Fig. 2   XRD patterns of the Anaia Church bricks (samples B1, N2, N3, O1) (Ab: Albite, An: Anorthite, Cal: Calcite, Di: Diopside, 
Dol: Dolomite, Gh: Gehlenite, Hem: Hematite, Ms: Muscovite, Qz: Quartz)
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decomposition is an irreversible structural change; 
therefore, the presence of calcite may indicate firing 
below 850°C (Drebushchak et  al., 2005; Stubňa & 
Podoba, 2013). The mica group minerals, illite and 
muscovite, can be observed up to 900ºC (El Ouahabi 
et  al., 2015; Gliozzo, 2020; Scatigno et  al., 2018). 
These decomposed minerals, calcite, dolomite, illite, 
and muscovite, underwent reactions at higher temper-
atures to form new mineral phases. Gehlenite forms 
as a reaction product of calcite and illite at ~ 800ºC, 
and remains up to 1000ºC (Cardiano et  al., 2004; 
Cultrone et  al., 2001; Pérez-Monserrat et  al., 2021). 
In addition, quartz and dolomite react in calcareous 
bricks, and diopside forms at 900ºC and disappears at 
1100ºC (Cardiano et al., 2004; Gliozzo, 2020; Pérez-
Monserrat et  al., 2021). Furthermore, albite starts 
to change phase at temperatures > 900°C (Riccardi 
et al., 1999; Tekin & Kurugöl, 2011), while anorthite 
occurs at 850°C (Cardiano et al., 2004; Uğurlu Sağın, 
2017). The presence of hematite is another indication 
that the firing temperature was > 850°C, as it begins 
to form at this temperature (Cardiano et  al., 2004; 
Uğurlu Sağın & Böke, 2013). Quartz, one of the pri-
mary minerals in bricks, exists at up to 1000°C, and 
is transformed into cristobalite above this temperature 

(El Ouahabi et  al., 2015). Wollastonite and spinel 
occurring above 900°C and mullite forming above 
1000°C are the other indicators of high firing temper-
atures (El Ouahabi et al., 2015; Pavia, 2006).

The mineral content and weight loss of the Anaia 
Church bricks indicated that their firing tempera-
tures were in the range of 800–900°C. N1, I1, N5, 
C, and O1 samples contained no mineral phases 
produced by temperature increase, e.g. gehlenite, 
which forms at 800°C, and anorthite or hematite, 
which appear at ~ 850°C. They contained calcite and 
muscovite (except I1), which disappear at ~ 870 and 
900°C, respectively (Table 5). The TGA results also 
showed that the greatest losses (7.25–12.88%) in 
these samples were due to the decomposition of car-
bonates at ~ 700°C (Fig. 4). The absence of gehlenite, 
the presence of calcite and muscovite, and the large 
weight losses due to carbonates suggested that the 
firing temperatures of N1, I1, N5, C, and O1 did not 
exceed 800°C.

B2, N3, and O2 samples were composed of quartz, 
calcite, albite, and gehlenite. The presence of gehlen-
ite indicated that their firing temperature exceeded 
800°C, whereas the absence of hematite and anorthite 
indicated that their firing temperature did not reach 

Table 5   Mineral phases of the Anaia Church bricks detected by XRD

Qz – Quartz, Cal – Calcite, Ab – Albite, Ms – Muscovite, Hem – Hematite, Gh – Gehlenite, An – Anorthite, Di – Diopside, Dol – 
Dolomite, – Mag Magnetite

Samples Minerals

Qz Cal Ab Ms Hem Gh An Di Dol Mag

B1 X X X X
B2 X X X X X
S1 X X X X X
S2 X X X X
N1 X X X X
N2 X X X X
N3 X X X X
N4 X X X X
I1 X X X
I2 X X X X X
N5 X X X
C X X X X
O1 X X X X X
O2 X X X X X
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850°C (Table 5). According to the TGA (N3), carbon-
ates caused the sample to lose 6% of its weight (Fig. 4), 
suggesting that the firing temperature was ~800°C.

Hematite identified in B1, S1, and I2 indicated 
firing temperatures of > 850°C. In addition, calcite, 
which decomposes at 870°C, was observed in these 
samples, and it was associated with a weight loss of 
1.53% in sample I2. Therefore, the firing tempera-
tures for samples B1, S1, and I2 were estimated to be 
between 850 and 870°C.

Samples S2, N2, and N4 were the only samples 
containing anorthite and diopside. Thus, the high-
est firing temperatures for these three samples were 
estimated to be ~900°C. Calcite peaks observed in 
the FTIR spectra of N4 (Table  6) indicated that it 
may have been fired at a temperature not exceeding 
900°C.

The total weight loss of the bricks is assumed to 
be related to the firing temperatures; bricks fired at 
lower temperatures lose more weight than those fired 
at higher temperatures (Kumar Mishra et  al., 2021). 
Accordingly, the TGA results showed that the greatest 
weight losses (13.4–16.9%) were recorded for bricks 

for which the firing temperatures were estimated to 
be < 800°C (N1, I1, C, and O1). The smallest weight 
losses (1.3–2.5%) were determined for the bricks fired 
at ~900°C (S2 and N4) (Table 7).

The comparison between the construction periods 
showed that the firing temperatures of samples from 
the third period (thirteenth–fourteenth centuries) were 
smaller than those of the first (fifth–sixth centuries) 
and second (eleventh–thirteenth centuries) periods. 
The bricks from the first and second periods were fired 
at temperatures ranging from < 800 to 900°C. Con-
versely, none of the samples from the third period was 
fired at a temperature of > 850°C. There is no informa-
tion about the kilns in which the bricks were made at 
Anaia and whether production continued in the same 
kilns over the centuries, covering the different periods 
of construction of the Church. Therefore, it would be 
speculative to suggest that the bricks used in the third 
construction period were produced in a different kiln, 
considering that the inhomogeneous heat distribution 
of the ancient brick kilns used during the Byzantine 
Period could also be the reason for the aforementioned 
differences.

Fig. 3   FTIR spectra of the Anaia Church bricks (samples B1, N2, N3, O1)
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Microstructural Properties

Microstructural properties help to reveal the degree 
of vitrification, porosity, and pore characteristics 
of bricks. The microstructure of bricks fired at low 
temperatures is distinguished by a flaky structure 
with layered phyllosilicates, scattered particles, and 
angular pores between the grains (Cultrone et  al., 
2004, 2005; Maniatis & Tite, 1981; Pavia, 2006). At 
higher temperatures (800−870°C), calcite decom-
position causes an increase in porosity in calcare-
ous bricks (Buchner et  al., 2021; Elert et  al., 2003). 
However, glassy phases are not observed until tem-
peratures reach 900°C, and above 900°C, the sharp-
edged structures of phyllosilicates are deformed and 
smoothed as vitrification increases (Cultrone et  al., 
2004; Pavia, 2006; Pérez-Monserrat et  al., 2022). 
Also, angular pores are still present at ~900°C, 
whereas higher temperatures lead to the formation of 

ellipsoidal pores without interconnections (Benavente 
et al., 2006; Cultrone et al., 2001).

In the SEM images of N5 and O1, which were 
the samples fired below 800°C, crystalline structures 
and lamellar phyllosilicates were found. No glassy 
phases were observed in their matrix, and small 
pores (< 10  µm) with irregular and angular shapes 
were identified (Fig. 5a, b). Furthermore, the micro-
structure and pore shapes of S1 (~ 850°C), and B2 
(800–850°C) were similar to those of N5 and O1. 
However, the pore size (10–20 µm) and porosity were 
larger than those of bricks fired at up to 800°C, prob-
ably due to the decomposition of calcite which begins 
above 800°C (Fig. 5c, d). The absence of vitrification 
and angular pore characteristics in samples B2, N3, 
O1, and S1 showed that their firing temperatures did 
not exceed 900°C.

On the other hand, a glassy phase together with 
a crystalline phase was observed in S2 due to firing 

Fig. 4   TGA graphs of the Anaia Church bricks

Table 7   Weight losses (%) over various temperature ranges

Sample 25–200°C 200–400°C 400–600°C 600–800°C 800–1000°C Total

S2 0.31 0.83 0.28 0.04 -0.15 1.30
N1 2.17 2.03 1.17 9.65 -1.17 13.90
N3 1.26 0.81 1.49 6.61 -0.29 9.88
N4 0.42 1.11 0.64 0.35 -0.05 2.48
I1 3.10 2.30 1.39 7.25 -0.65 13.38
I2 1.16 2.42 0.98 1.53 -0.59 5.51
C 2.44 2.34 3.04 7.89 0.00 15.71
O1 0.74 1.46 1.94 12.88 -0.10 16.91
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at ~900°C. The higher temperature affected the pore 
structure of the bricks. The pores of S2, with ellip-
soidal shapes, had larger sizes (<40 µm) because the 
micropores within the bricks were filled and merged 
as a result of melting (Fig. 5e).

The pore interconnectivity and saturation coef-
ficient values demonstrated the relationship between 
pore structure and firing temperature. S2 and N4, the 
samples estimated to have been fired at higher tem-
peratures (~900°C) than the others, had the highest 

Fig. 5   SEM images of samples a N5 (CaO: 10.45%, < 800°C), b O1 (CaO: 22.33%, < 800°C), c S1 (CaO: 12.21%, ~ 850°C), d B2 
(CaO: 22.16%, 800–850°C), e S2 (CaO: 12.26%, ~ 900°C)
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pore interconnectivity and the lowest saturation coef-
ficient values (< 0.8) among the Anaia Church bricks. 
These results indicated that the amount of micropo-
res and the interconnection between the pores of the 
bricks decreased with the effect of firing at ~900°C. 
Larger pores (>2 µm) induced by higher firing tem-
peratures would make the bricks more resistant to salt 
crystallization as the crystallization pressure inside 
the larger pores would be lower (Elert et  al., 2003; 
Scherer, 1999), and resistant also to the freeze–thaw 
cycles as they would ensure that the trapped air 
was compressed (Bellanger et  al., 1993; Elert et  al., 
2003). The inference, therefore, is that the bricks fired 
at ~900°C would be more resistant to salt crystalliza-
tion and freeze–thaw cycles than those fired at lower 
temperatures.

Mechanical Properties

The uniaxial compressive strength and modulus of 
elasticity values were determined to evaluate the 
mechanical properties of the Anaia Church bricks 
(Table  8). Anaia Church bricks had a low uniaxial 
compressive strength (4.8–24.5  MPa) and modulus 
of elasticity (89–771 MPa). The compressive strength 
of bricks from the first construction period varied 
between 5.8 and 24.5 MPa, and those of bricks from 

the third period varied between 4.8 and 19.9  MPa. 
The compressive strength values of the bricks belong-
ing to the second construction period varied in a 
narrower range compared to the first and third peri-
ods, and the values were determined to be between 
11.0–16.4 MPa.

The modulus of elasticity values were consist-
ent with the compressive strength values. They var-
ied between 143 and 771  MPa in the first period, 
between 321 and 486 MPa in the second period, and 
between 89 and 588  MPa in the third period. The 
results showed that mechanical properties did not dif-
fer among the construction periods. The variations in 
mechanical strength values were also found in Byz-
antine bricks from Greece (4.5–16.1  MPa (Stefani-
dou et al., 2015)) and Turkey (8.7–34.7 MPa (Kahya, 
1992) and 7.9–33.0 MPa (Kurugöl & Tekin, 2010)). 
The ancient mixing and shaping process caused the 
uneven distribution and size of the pores and parti-
cles in the brick structure, resulting in a wide range 
of strength values in historic bricks (İspir, 2010; 
Kahya, 1992).

Compressive strength and total porosity are cor-
related, and bricks with lower porosity have greater 
compressive strength (Elert et al., 2003; Wang et al., 
2023). The sample with the greatest compressive 
strength and modulus of elasticity was N1 from the 
first period (< 800°C) (Table  8). It was the sam-
ple with the lowest porosity (24.25%), the greatest 
density (1.73  g/cm3), and the largest CaO content 
(26.33%) among the samples. However, this clear 
correlation between strength and porosity was not 
observed for the other samples. In this case, it was 
the firing temperature and the CaO content that were 
found to be more influential in terms of the mechani-
cal properties. Increasing the firing temperature 
improved the mechanical strength of the samples. 
The compressive strength of bricks with a CaO con-
tent of < 20% was measured at between 11.0 and 
16.4 MPa for bricks fired at 900°C and between 5.8 
and 9.3 MPa for those fired at up to 850°C (Table 9). 
For bricks with a CaO content of > 20%, firing 
between 800 and 850°C resulted in compressive 
strength values of 12.9–19.9  MPa, while for bricks 
fired at < 800°C it was measured to be between 4.8 
and 11.9 MPa (excluding N1(24.5 MPa)) (Table 9). 
Similarly, a larger CaO content promoted compres-
sive strength at lower firing temperatures compared 
to bricks with smaller CaO contents.

Table 8   Uniaxial compressive strength and modulus of elas-
ticity values of the Anaia Church bricks

Sample Uniaxial 
Compressive 
Strength (MPa)

Modulus of 
Elasticity 
(MPa)

1st Period (5th- 6th c.) B1 7.9 326
B2 14.7 436
S1 5.8 143
S2 11.2 263
N1 24.5 771

2nd Period (11th- 13th c.) N2 11.0 321
N3 12.9 405
N4 16.4 486
I1 11.5 450

3rd Period (13th- 14th c.) I2 9.3 239
C 11.9 300
N5 5.9 143
O1 4.8 89
O2 19.9 588
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Conclusions

The Anaia Church, one of the most important histori-
cal religious centers in Western Anatolia, is an out-
standing example of Byzantine architecture built in 
the provinces of the Empire. It was built in masonry 
with natural stones and kiln-fired bricks. The Church 
was first built in the fifth century and, after devastating 
earthquakes in the region, it was consolidated, partly 
reconstructed, and extended with new spaces between 
the eleventh–thirteenth and thirteenth–fourteenth 
centuries.

All the bricks of the Anaia Church, from three phases 
of construction, were of a brown-beige color, low-den-
sity, and high-porosity. They had small values for uni-
axial compressive strength and modulus of elasticity, 
regardless of the construction period. The bricks were 
manufactured from calcareous clay sources composed 
of large amounts of SiO2, Al2O3, and CaO, with mod-
erate amounts of FeO. The CaO content of the bricks 
ranged between 9.64−12.26% and 21.32–26.33%, sug-
gesting the possibility that two different raw material 
sources were used during the three construction periods. 
All of the bricks were composed mainly of quartz, cal-
cite, albite, and muscovite. The first- and second-period 
bricks were fired at between 800 and 900°C, while the 
third-period bricks were fired at < 850°C.

A large CaO content and low firing temperatures 
affected their physical and microstructural proper-
ties. Lighter colors were observed in the bricks with a 
larger carbonate content (> 20%) and fired at tempera-
tures of 800°C, while the temperatures above 850°C 
produced darker colors in the bricks with a smaller Ca 
content (< 20%). As the firing temperatures increased, 
the total porosity decreased, smaller pores (< 10 µm) 
began to disappear, and the interconnections between 
pores decreased due to vitrification. In addition, 
a larger carbonate content was found to improve 
mechanical strength at low firing temperatures.

This study has shown that brick production in West-
ern Anatolia during the Byzantine period continued for 
about nine centuries with similar raw material sources 
and production techniques. Possible sources of raw mate-
rials should be investigated in the vicinity of the Büyük 
Menderes graben, an area rich in clay, and, in particular, 
the settlement of Anaia (Kadıkalesi). Comparison of the 
major- and trace-element compositions of possible raw 
material sources with the bricks in the Anaia Church, 
using statistical methods, will shed light on the history of 
Anaia and contribute to conservation studies.
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