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ABSTRACT

Stratonikeia is one of the oldest settlements in southwestern Anatolia and at the same time significant for an
understanding of the Hellenistic period. Archaeological records of Stratonikeia date back to around 2000 BC.
This study provides new information not only about luminescence age but also about mineralo-
petrographic, geochemical characteristics of bricks taken from Erikli Basilica in Stratonikeia (Turkey). In this
study, mineralogical data of TL and OSL dating of two bricks and two sediment samples will be presented.
The bricks have highly similar mineralogical composition, consisting mainly of quartz and muscovite. These
results are supported by XRD studies. In order to perform the thermoluminescence (TL) and optically stimu-
lated luminescence (OSL) dating, the equivalent dose (ED) and the annual dose (AD) of the samples were
determined using different estimation techniques. The TL ages of bricks are determined to be 118989 and
576440 years. The IRSL ages of the bricks are determined to be 1167485 years and 545+50 years. Additional-
ly, supporting the TL and IRSL ages, the OSL quartz ages of the two sediments obtained from the top of the
layer under the floor are discovered to be about 1100 years. Mineralo-petrographic, geochemical, dating and
archaeological studies have revealed that the age of bricks is different from each other. Furthermore, Erikli
Basillica was built in bricks, consisting of raw materials taken from different quarries in different periods.
Within the framework, the first report of the experimental approach has been published from Stratonikeia
archaeological site located in Mugla, Agean Anatolia.
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1. INTRODUCTION

Stratonikeia, a city in the interior of Caria, is locat-
ed at Eskihisar village within the borders of Yatagan
town of Mugla province (Fig. 1). Stratonikeia has
been named after the wife of I. Antiokhos, who is
one of the Emperor of Seleukos, and it has been
known as the city of gladiators and eternal love
(http:/ /stratonikeia.pau.edu.tr, 2017). Mugla prov-
ince is the archaeologically richest and the most sig-
nificant region in SW Turkey today. Since Mugla has
a strategic location, being the passageway between
the inner Aegean and the eastern Mediterranean re-
gions, it has hosted many ancient settlements in dif-

ferent time periods. The first scientific excavation at
the site began in 1977. The Stratonikeia settlement
was named by pre-historians as “Chrysaoris or Idri-
as”. After 281 B.C., the Seleucid King Antiochos I,
changed the name of the city to Stratonikeia
(Hanfmann and Waldbaum, 1968;
http:/ /stratonikeia.pau.edu.tr, 2017). Stratonikeia
and the surrounding region changed hands among
the Seleucids, the Ptolemaics, the Macedonians,
Rhodians and Romans. This ancient city passed un-
der Turkish control in 12th century AD. (Sogiit and
Yilmaz, 2012).
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Figure 1. Location map of the Stratonikeia antique city.

In ancient times, bricks were used as a building
material. Hence, studies regarding these materials
are crucial to understanding ancient societies. Dating
studies, mineralo-petrographic, geochemical and
provenance analyses of bricks have great importance
for archaeological studies, restoration works. Some
geological analyses (e.g. FTIR, XRD, SEM-EDX) were
used to characterize the mineralogical structures of
pigments of some samples from this site (Bahgeli et
al., 2016). Moreover, chemical and mineralogical
analysis of various pottery sherd samples have been
recently analyzed by Javanshah (2018) using differ-
ent techniques such as X-ray Fluorescence (XRF) and
Scanning Electron Microscopy (SEM) with Energy
Dispersive X-ray Spectroscopy (EDS). Optically
stimulated luminescence (OSL) and thermolumines-
cence (TL) dating techniques have been commonly

applied for getting the chronological information of
archaeological sites (Aitken,1985; Oke and Yurdata-
pan, 2000; Liritzis et al., 2010; Aitken, 2013; Bortolus-
si et al., 2013; Sahiner et al. 2013; Dogan and Merig,
2014; Liritzis et al. 2013b; Liritzis and Vafiadou,
2015). The luminescence is a measuring process of
the light resulting from the recombination of elec-
trons and holes from metastable trapping states at
crystal defects. Energy derived mainly from radioac-
tive minerals (e.g. U, Th, K, Rb) in sediments yields
storage of electrons at traps. When a sample is
stimulated by heating (in TL) or light (in OSL), elec-
trons and holes are ejected and then recombined
with carriers of opposite charges. Luminescence is
finally emitted from the sample. Depending on the
wavelength used for stimulation light, the resulting
luminescence is called either blue light stimulated
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luminescence (BLSL; commonly known as OSL) or
infrared light stimulated luminescence (IRSL). Dif-
ferent wavelengths of light are selected according to
the contents of materials to be used in luminescence
studies. For instance, blue light is used for quartz
which is frequently employed throughout retrospec-
tive luminescence dosimetry researches (McKeever,
2011; Aitken, 1985; Correcher and Delgado, 1998).
Additionally, using IR stimulation at various tem-
peratures as well as a combination of IR and blue
stimulations could be considerably effective in the
case of feldspathic minerals, polymineral and con-
taminated quartz samples regarding dating applica-
tions (Thomsen et al., 2008; Ankjeergaard et al. 2010;
Li, 2010; Sahiner et al. 2014a, 2017a, 2017b).

The measurements of equivalent dose and annual
dose rate are required for dating. The dose absorbed
by the buried sample, called also as equivalent dose
(ED or D.), is obtained by comparing the natural lu-
minescence signal with signals originated from dif-
ferent amounts of laboratory doses. Two main pro-
tocols have been advanced for the assessment of
equivalent dose. The protocols are Multiple Aliquot
Additive Dose (MAAD) and Single Aliquot Regen-
eration (SAR). These protocols can be appealed for
the details of these procedures (Aitken, 1985). The
dose absorbed by the buried sample for one year is
referred to as the annual dose or annual dose rate
(AD or Da). The concentration of radioactive miner-
als in the sample, the magnitude of the contribution
of cosmic rays and environmental conditions need to
be known to find the annual dose rate. The age is
determined by dividing the value of the equivalent
dose by the annual dose rate.

The present study aims to provide the first lumi-
nescence dating data on bricks of Erikli Basilica in
the archaeological site. In this basilica, mosaic orna-
ments that are not common in the region were ob-
served. Archaeological evidence has proven that ba-
silica was used from the late 5t century until the be-
ginning of the 7t century A.D. A total of 71 coins
were found within the building. 36 of the coins were
dated back to the Byzantine period, ranging from the
reign of Iustinianus 1. (527-565) to that of Heraclius
(610-641). The remaining 34 coins could not be iden-
tified. However, one piece could be attributed to the
Emperor Constantinos VII. (913-959). Archaeologists
are interested in whether this piece from the 10th cen-
tury indicates the last date of usage of the basilica
(http:/ /stratonikeia.pau.edu.tr, 2017). This should
be confirmed or disconfirmed by dating of some
samples which could be taken from the floor of the
building. So, a floor tile (first brick sample: STRN-1)
was taken from the basilica. This tile is from the top
layer of the bottom of the basilica which became
available after the excavations. Thus, its age indi-

cates the latest date when the building was used as a
basilica. In addition, sediment samples were taken
from the top of the layer under the floor tile and an-
other adjacent floor tile (STRN-2 and STRN-3). These
samples indicate the date on which the floor tiles
were placed. From this date on, exposure of sedi-
ment samples to daylight has been blocked. Our as-
sumption is that the ages of these samples are more
or less similar.

It is also a matter of curiosity whether the build-
ing was used with different purposes with a few
simple renovations after it had been used as a basili-
ca. In order to shed light on this issue, a piece of
brick (second brick sample: STRN-4) from the west-
ern wall of the ruins, which might belong to the later
periods, was selected. If there is a significant time
period between the production dates of these bricks
samples (STRN-1, STRN-4), we believe that their ma-
terials might be collected from the sand quarries in
different regions. If so, the chemical and mineralogi-
cal contents of the samples must be different from
each other. In order to define any differences be-
tween the bricks, minero-petrographic investigations
are performed on the same samples.

2. EXPERIMENTAL PROCEDURES FOR
MINERO-PETROGRAPHIC
INVESTIGATIONS

To determine the differences between the bricks,
specific analytical procedures were performed on
samples. Firstly, to define mineral compositions of
the bricks, the following steps and analyses were
followed: i) mineralogic parameters (i.e. mineral as-
sociation, grain size and structure, voids properties
of bricks) were examined under polarized light mi-
croscope using thin sections; ii) qualitative miner-
alogical composition of the brick samples was de-
termined with X-ray Diffraction (XRD), using Inel
Equinox 1000 diffractometer (Instrumental condi-
tion: Co-Ka radiation obtained at 30 kV and 30 Ma,
0-100° 20 investigated range, 0.030° step) in the Earth
Science Application & Research Center of Ankara
University (YEBIM). In this study, two bricks sam-
ples were analyzed. The analyzed samples were fine-
ly grounded by tungsten carbide crushing vessel.
Then a few milligrams of the powder were placed on
sample holder and put into the XRD set-up.

Major oxide and trace elements for the samples
were analyzed by a Spectro XEPOS Polarized Energy
Dispersive X-ray Fluorescence (PED-XRF) spectrom-
eter at the Department of Geological Engineering at
Pamukkale University. The SPECTRO XEPOS uses a
50 W Pd end window X-ray tube. The spectral reso-
lution of this detector is 160 eV for Mn Ka. During
the measurement, the sample chamber is flushed
with He. For the XEPOS XRF analyses, two brick
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samples were crushed in a tungsten carbide crushing
vessel, and 6.25 g of powdered sample was mixed
with 1.4 g of wax. The mixture was pressed at 20 N
in an automatic press to obtain a pressed disc
(Kadioglu et al., 2009; Koralay and Kilingarslan,
2016; Giillu and Kadioglu, 2017).

3. APPLIED ANALYTICAL PROCEDURES
FOR LUMINESCENCE DATING

Luminescence dating was carried out by using
OSL, IRSL and TL techniques for brick samples. To
obtain the ED, IRSL MAAD and IRSL/OSL SAR pro-
tocols are used. Similarly, only MAAD protocol was
applied in TL. In these applications, polymineral
materials obtained from the brick samples are used.
However, it was observed that there is plenty of
quartz in the sediment samples. For this reason, the
age of sediment samples was determined by OSL
technique using quartz particles obtained from these
samples. Thus, it was also possible to compare the
ages determined by using different techniques.

An Optical Dating System, model ELSEC-9010,
was used for IRSL measurements. In case of IRSL,
polymineral samples were optically stimulated using
infrared light emitted by a diode array (wavelength
880+80 nm); a filter and Schott BG 39. The measured
signal is called infrared stimulated luminescence
(IRSL). The ELSEC system is equipped with a
0Sr/NY beta radiation source, with nominal dose
rate of 0.027 Gy/s.

All quartz OSL measurements were performed
with a Risg TL/OSL reader (TL/OSL-DA-20, Risg)
equipped with a %Sr/Y beta particle source, deliv-
ering a nominal dose rate of 0.130 = 0.004 Gy/s, a
9635QA photomultiplier tube and 7.5 mm Hoya U-
340 filter. The stimulation wavelength is 47020 nm
for the case of blue stimulation (OSL), delivering at
the sample position a maximum power of 40
mW/cm?.

TL measurements were performed using a
Harshaw 3500 reader system. A standard clear glass
filter was always installed in the reader between the
planchet and the photomultiplier tube. All meas-
urements were carried out under pure nitrogen gas
conditions to avoid undesired signal and tempera-
ture lags.

The assessment of the annual dose for the sample
was accomplished by evaluating the specific activi-
ties of main radionuclides (U, Th, and 4K) contained
in the sample, through gamma spectrometry (coaxi-
al-type HPGe detector, ORTEC Ltd.). For detector
measurements, the samples were firstly utterly dried
at 110 °C for 6 hours and then reduced to <500 um
by crushing and sieving. Then, soil from the sur-
roundings of the samples was put in cylindrical plas-
tic boxes having the even geometry with those used

in the calibration shape. The gamma spectrometry
system was calibrated with both energy and efficien-
cy calibration using certificated point sources and
reference materials, correspondingly. All related de-
tails about the calibrations, activity determinations,
dose rate calculations, and correction factors of used
HPGe system were presented by Sahiner & Merig
(2014) and Sahiner (2015). The detector measure-
ments to determine radionuclide concentrations
were performed after radioactive balance ensued (at
least 5 weeks) in the isolated plastic boxes. Then, the
dose rate was calculated based on the decay of natu-
rally occurring radionuclides inside the clay matrix,
i.e., #2Th, 4K, and natural U, along with cosmic rays
theoretically obtained from geographical location.
Internal dose rates were also taken into account in all
samples, as shown in Table2. The effects of the satu-
ration water content (W factor in Table 2) were de-
termined by commercial moisture analyzer. The
dose conversion factors were calculated by using
both Adamiec and Aitken (1998) and Liritzis et al.’s
(2013a) studies.

All pre-handling and luminescence measurements
were performed under subdued red-light conditions.
For IRSL and TL measurements: The outer surface (3
mm) of brick samples were discarded to eliminate
the part exposed to sunlight. The rests were crushed
gently until it became powder. They were washed,
respectively, with 10% HCl and 35% H2O> to remove
carbonates and organic materials. Afterwards they
were washed in distilled water and then were dried
and sieved to obtain the size of polymineral fine
grains (<20pm). Afterwards, the grains were depos-
ited in a thin layer with silicon spray on the alumi-
num discs of 10 mm diameter and 0.5 mm thickness.
These prepared discs are called aliquots. Thus, these
aliquots turned out to be ready for measurements.
To eliminate the influence of the unstable traps on
luminescence counts, which are performed to find
out the equivalent dose (ED), discs are preheated
before ED measurements. A procedure for the de-
termination of preheating temperature and duration
can be found in literature (Aitken, 1985). After the
measurements, it was found that 200 °C and 12 min
were suitable for the sample. Anomalous fading
losses were neglected because of relatively young
ages of bricks but they have been considered while
calculating uncertainties.

For quartz OSL measurements: Samples were
sieved as grains of dimensions 90-140 pm were ob-
tained, which were treated with HCI (10%), H2O»
(35%), to remove carbonate and organic material,
respectively. Then, to separate quartz from feldspar
and heavy-minerals, a density liquid is used. Ulti-
mately, quartz samples were etched with HF (40%,
45-60 min of handling) and a final treatment with
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HCI (10%) in order to obtain a clean mineral. After
every step of chemical treatment, the sample is fully
washed with pure water. Aliquots with mass of 2 mg
each were prepared by mounting the material on
disks. Absence of feldspars were checked with infra-
red (IR) stimulation at ambient temperature from at
least 3 aliquots. There is no contribution of feldspars
signal (lower than %1 of quartz) observed in the
quartz samples.

3.1. Equivalent dose (ED) measurements

In order to determine Equivalent Dose, MAAD
and SAR procedures were used in IRSL technique
and solely MAAD procedure was used in TL tech-
nique. Here, irradiated aliquots were left for 24 h
and were subjected to preheating before applying
normalization and luminescence measurements. Al-
so, each luminescence count was made in 160 s in
IRSL. Within the SAR procedures, disks were sub-
jected to bleaching under sunlight until all residual
signals were erased.

3.1.1. MAAD procedure - IRSL

(IRSL: polymineral grains taken from STRN1 and
STRN4)

Aliquots were divided into four groups, each one
including four aliquots. While one group was not
irradiated (no additive dose) for natural dose, the
others were irradiated with different additive doses
(2, 5,10 Gy). Luminescence measurements were per-
formed and the mean values from each group were
plotted against additive dose. Sixteen aliquots were
used in this procedure. Normalization was carried
out after the luminescence measurement.

3.1.2. SAR procedure - IRSL/OSL

(IRSL: polymineral grains taken from STRN-1 and
STRN-4, OSL: quartz grains taken from STRN-2 and
STRN-3)

In IRSL: At first, luminescence signal obtained from
a single aliquot was measured to determine the be-
ginning signal. The signal point was associated with
equivalent dose. Then, the aliquot was bleached.
Secondly, it was given a regenerative dose and lu-
minescence read again. Bleach, irradiation and
measurement procedures were repeated for 2, 4, 8
and 12 Gy doses. The build-up curve for this aliquot
was plotted against the laboratory dose-
luminescence signal and then the ED was calculated.
This procedure was applied to six aliquots. So, the
determination of equivalent dose through this exper-
iment was repeated six times independently. More-
over, Monte Carlo simulations, based on a stochastic
sampling of luminescence intensity, were estimated
for interpolation points, approaching to estimate the
uncertainty in the ED value. The paper by Duller
(2007) deteailly describes comparisons of approxi-
mations with numerous example data sets on equiv-
alent dose estimates of single aliquot regenerative
dose measurements.

In OSL: As illustrated in Table 1, Improved-Single
Aliquot Regenerative Dose (SAR) Protocol was used
so as to calculate equivalent dose developed by Mur-
ray et al. (1998) for quartz samples. For this purpose,
D; is elevated doses until nearly 60 Gy and deter-
mined test dose (D) is 1 Gy obtained from previous
IR check step. And, ages were determined from fast
component of quartz as well as using 16 aliquots to
Central Age Model (CAM) which have <20% scatter-
ing ratio.

Table 1. Applied SAR protocol to quartz samples

Step

Treatment

Observed

® N O U1 W N

1 Dose, D
Preheat , 220°C, 2°C/s, 10 s
OSL, 200s at 110°C, 2 °C/s Li
Test dose, Dy
Preheat, 220°C, 2°C/s, 10s
OSL, 200s at 110°C, 2°C/s Ti
Return to step 1

3.1.3. MAAD procedure - TL

Linear heating was used for stimulation in TL
technique. All TL measurements were carried out by
using a heating rate of 2 °C/s up to a maximum
temperature of 500 °C. The equivalent dose was
found by collecting the TL curves between 280 °C
and 350°C, derived from plateau test (Aitken 1985).

The steps in MAAD procedure of IRSL were repeat-
ed here, too.

3.2. Dose rate (annual dose) measurements

Components of annual dose rate are given in Ta-
ble 2. The dose rates of the ionizing radiations were
defined by detecting densities of the main radioac-
tive isotopes of the uranium and thorium series and
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the potassium at a high-purity germanium detector
(coaxial-type HPGe detector, ORTEC Ltd.). Since the
water content of the sample plays an important role
in the absorption of the radiation from minerals, sat-
uration water content measurements were per-
formed via humidity analyzer. The annual cosmic-
ray contribution was calculated from the geograph-
ical location of Stratonikeia and environmental con-
ditions following Prescott and Hutton (1994). The
water uptake during burial, F factor, (0.6+0.2) was
presumed, as in Aitken (1985). Thus, annual doses
were calculated using conversion factors asserted by
Adamiec and Aitken (1998) and its updated version
by Liritzis et al. (2013a). The annual dose rate and
luminescence age calculation were comparatively
carried out by using online calculator published by

Durcan et al. (2015) and a user-friendly java applica-
tion released by Tsakalos et al. (2016). These soft-
ware programs are user-friendly and they can con-
sider all details of luminescence dating multiple var-
iables and the propagation of uncertainties. Moreo-
ver, calculated attenuation factors for both alpha and
beta were presented in Table 2. Due to the fact that
attenuation factors depend on grain sizes and radio-
nuclide types, calculations were conducted by mean
transmission factor of each radioisotopes in samples.
As for the variation of the gamma dose- rate contri-
bution on bricks, it was taken from Aitken (1985),
with correction for the average density. Similar ap-
proximations were performed by Polymeris and
Kitis (2011).

Table 2. Results of annual dose components with concentration of radionuclides in samples.

Sample Al_pha attenu- Bgta attenua- ACD Internal Annual
Codes U (ppm) Th (ppm) K (%) ation factor, a tion factor, b (mGy/a) 4 Dose Dose
(mGy/a) | (mGy/a)
STRN-1 | 6.12+0.21 | 14.24+043 | 2.37+0.07 0.467 0.947 0.15+0.02 | 0.38+0.04 | 1.441+0.334 | 5.93+0.18
STRN-2 | 4.90£0.09 | 10.89+0.08 | 1.61+0.06 0.006 0.760 0.3240.02 | 0.25+0.05 | 0.097+0.021 | 3.52+0.12
STRN-3 | 5.71£0.09 | 10.59+0.08 | 1.57+0.05 0.006 0.760 0.32+0.02 | 0.22+0.05 | 0.098+0.020 | 3.95+0.13
STRN-4 | 6.67+0.23 | 17.07+0.51 | 2.22+0.06 0.461 0.942 0.15+0.02 | 0.52+0.05 | 1.619+0.371 | 5.83+0.14

4. MINERALOGICAL COMPOSITION OF
BRICKS

Bricks are mostly composed of clay-rich inorganic
materials that have been widely used in ancient
times. Many functional objects including small
goods (such as bibelot, mosaic tables, vases of vari-
ous form, bowls and dishes, drug jars) and greater
objects (brick, paving stone) which are made from
ceramics, have been documented in many archaeo-
logic excavations. The detailed investigations on the
ancient brick/ceramic materials are called as “Ce-
ramic Compositional Analysis” (Reedy, 2008; Quinn,
2013). A number of papers have been published to
define the scientific characteristics of ceramics
(Cardiano et al., 2004; Hill et. al., 2004; Belfiore et al.,
2007; Velosa et al.,2007; Morra et al., 2013). The char-
acterization of bricks provides helpful information
for answering some questions about the production
and function of bricks.

According to the macroscopic properties (color,
grain size and void proportions), the bricks can be
separated from each other. STRN-1 sample shows
uniformly orange color and has very small grain size
in hand specimen. STRN-4 sample is light brown in
color and contains fine-grained lithic fragments
(rock and reworked ceramics). Lithic fragments are
visible to naked eye or can be seen through a simple
hand lens (Fig. 2a, b).

The detailed thin section and XRD properties of
bricks are given below. STRN-1 consists of quartz
and micas (muscovite and lesser amount of biotite);
feldspar (orthoclase, rarely plagioclase) also exists
within mineral composition. It is a well-sorted brick
that has a modal grain size of 0.04-0.23 mm for
quartz grain, 0.12-0.35 mm for mica grains. Further-
more, there is a negligible amount of quartzite and
reworked brick fragments in STRN-1 sample (Fig. 2c,
d).

STRN-4 contains similar mineral types with
STRN-1. Quartz and mica minerals are the prevalent
components of the brick. Quartz grains usually have
angular shape and their sizes range between 0.12
and 0.34 mm. Micas are in the form of thin-long,
needle-shaped grains. They vary in size from less
than 0.12 to over 0.29 mm in length (Fig. 2e, ). In
addition, lithic fragments are spherical, ellipsoidal
and angular in shape and they range from 0.6 to 1.5
mm in length. They are mostly composed of meta-
morphic rocks and reworked brick fragments. Met-
amorphic rocks comprise of quartzite/quartz schist
and mica schist. These mineral compositions of the
brick samples are consistent with the geological
structure of the ancient city of Stratonikeia and its
surroundings.

The brick samples show similar XRD patterns (Fig.
3). The XRD analysis indicates quartz and muscovite
minerals as the dominant constituents of all samples.
In addition, muscovite peaks are observed as more
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significant in STRN-4 brick. The mineral composi-
tions of bricks are quite similar. The main differences
between STRN-1 and STRN-4 are the grain size and
the proportion of minerals. The grain size and por-
tion of STRN-4 are higher than they are in STRN-1
brick. This result is also supported by XRD studies.
The firing temperatures of the bricks can be esti-
mated by their colors and mineralogic compositions.
Varying colors from orange to light brown indicate
that the firing temperatures of bricks were higher

HAND SPECIMENS

temperature treatments (Quinn, 2013). Furthermore,
mullite, crystoballite and hematite minerals that are
high temperature products are not determined in the
petrographic and XRD analysis. In this case, it can be
suggested that the brick cooking temperature does
not exceed approximately 800 °C (Quinn, 2013). Fur-
ther works are required to examine this hypothesis
such as using thermoluminescence techniques or
thermo-FTIR spectroscopy analyses.

MICROSCOPIC VIEWS

Figure. 2 Hand specimens and their microphotographs of brick samples a) hand specimen of STRN-1 brick, b) hand spec-
imen of STRN-4 brick, c, d) microphotographs of STRN-1, e, f) microphotographs of STRN-
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Figure. 3 XRD analyzes of brick samples
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5. CHEMICAL CHARACTERISTICS OF
THE BRICKS

Major and trace element analyses have been car-
ried out in order to identify the geochemical charac-
teristics of the bricks. The results of the geochemical
analysis of the brick samples are given in Table 3
and shown in the Fig. 4. According to these results,
the bricks contain high amounts of Fe;O;, KO, ALOs,
5iO2, Rb and Zr and low amounts of MgO, CaO,
TiO,, NaxO, Co and Cu (Fig. 4). Furthermore, the
STRN-4 brick has higher values than STRN-1 brick
in terms of the MgO, FexO3, CaO, MnO, P05, SO,
Cl, Ce, Pr, Er, Ni and Zn elements. Additionally, the
brick samples are notably similar to each other in

terms of TiO, ALO3, Co, Cu and Y elements. High K
and low Ca contents in brick compositions suggest
that local raw material sources (e.g. stream bed and
colluvium) containing K-rich clay may have been
used in the construction of bricks. Differences ob-
served in the chemical composition of bricks can be
related to their mineralogical compositions. In this
case, two different interpretations could be made: i)
bricks were prepared using raw materials from dif-
ferent sources in the same period. ii) bricks were
made using raw materials from different sources in
different periods. The second interpretation seems
more acceptable because it is supported by TL and
OSL dating studies.
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Figure. 4 Major oxides and selected trace elements in brick samples

Table 3. Major oxide (%) and some trace elements (ppm) (REE) analyses of the brick samples

lements STRN-1 STRN+4 Elements STRN-1 STRN-4 Elements STRN-1 STRN-4
Na:O (%) 1,28 09 V (ppm) 101,8 93,2 Sr (ppm) 102 95,3
MgO (%) 2,07 2,41 Cr (ppm) 96,4 98,4 Y (ppm) 55,1 56,6
AlLOs (%) 21,34 21,33 Co (ppm) 18,2 19 Zr (ppm) 235,8 237,5
SiO: (%) 50,22 46,26 Ni (ppm) 43,4 51,7 Nb (ppm) 17 17,5
P20:5 (%) 0,12 0,23 Cu (ppm) 24,8 26,6 Sn (ppm) 23,2 24,6
SO; (%) 0,02 0,08 Zn (ppm) 95,4 137,7 Ce (ppm) 58,6 88
K20 (%) 3,16 2,73 Ga (ppm) 30,8 314 Pr (ppm) 11,7 28,9
CaO (%) 1,89 4,05 Ge (ppm) 1,2 0,7 Nd (ppm) 119,9 89,7
TiO:z (%) 0,82 0,87 As (ppm) 4,2 5,9 Er (ppm) 6,5 10,7
MnO (%) 0,03 0,05 Se (ppm) 0,8 0,6 Pb (ppm) 28,3 27,5
Fe20s3 (%) 4,72 5,72 Rb (ppm) 146,5 137,3
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6. RESULTS OF LUMINESCENCE DATING
STUDIES

A typical IRSL decay curves and TL glow curves
obtained from sample STRN-1 are shown in Fig. 5(a)

and 5(b), respectively. These figures show a natural
IRSL or TL signals, along with artificial curves taken
from aliquots irradiated with different additive dos-

1200 (@)
1000 N+10 Gy
[
g /
3 800 4
)
"E 600
c
£
S 400
7]
x
200
0
0 20 40 60 80 100 120 140 160
Time (s)

(b)

o N+10 Gy

50000
£ 40000 N+5 Gy
o
5 w0 N+2 Gy
§
é 20000 N

10000

0

150 200 250 300 350 400

Temperature (C)

Figure. 5 Additive dose procedure of STRN-1, namely the natural luminescence signal (N) along with three additive dos-
es (2, 5,10 Gy) a) IRSL decay curves b) TL glow curves

In order to determine the equivalent dose, MAAD
procedure was applied in TL and IRSL, and the
graphs of additive dose versus luminescence intensi-
ty are illustrated in Fig. 6a and in Fig. 6¢c for STRN-1
sample, respectively. Subtracting the background
signal, the integral of entire IRSL signals were em-
ployed throughout estimations. Furthermore, equiv-
alent dose plateau analysis is shown in Fig. 6b for
temperatures between 250°C and 350°C using 1°C
channel intervals. Intersection of extrapolation of the
graph with horizontal axis gives the equivalent dose
and supra-linearity correction (I) is estimated to be
zero. Correspondingly, the equivalent dose is found
through TL and IRSL to be 7.04+0.28 Gy and
6.91+0.24 Gy for STRN-1, 3.3620.04 Gy and 3.18+0.20
Gy for STRN-4, respectively.

The equivalent dose values were determined by
statistical distribution of doses from six aliquots. The
graphs are shown in Fig. 7 only for STRN-1, because
the graphs of the other sample are similar to those of
STRN-1. The method interpolates the natural IRSL
signal onto a growth curve. Fig. 7a indicates dose
response with regular linear fitting and Fig. 7b de-
notes repeated dose calculation using Monte Carlo

simulation via Analyst.exe software for evaluation of
luminescence dating results developed by Duller
(2015) for Risg TL/OSL reader systems. On the other
hand, sixteen aliquots of each sediment sample
(STRN-2, STRN-3) were measured, and then the av-
erage value was worked out for improved SAR pro-
cedure that enabled to take sensitization changes
into account at every regenerated dose cycle. In Fig.
8, a graphics of study is shown for one of the ali-
quots. Applied improved SAR protocol is exempli-
fied in Tablel. While dots indicate experimental val-
ues, straight line shows exponential fitting results in
Fig 8a. Fig 8b indicates that Monte Carlo simulation
analyses of determined dose enable statically better
results. Fig 8c indicates sensitization changing over
the SAR cycle owing to applied test dose, varying
from about 0.8 to 1.3. Radial distribution of doses
was demonstrated in Fig 8d, yielding 4.208 + 0.164
Gy. The mean value of equivalent doses of the sam-
ples were determined to be 4.51+0.12 Gy (IRSL-SAR,
STRN-1), 421016 Gy (OSL-SAR, STRN-2),
4.40+0.18 Gy (OSL-SAR, STRN-2), 2.17+0.09 Gy
(IRSL-SAR, STRN-4) and summary of these results
are presented in Table 4.
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Figure. 6 Applied MAAD procedure for STRN-1 sample: the same comparative ED analyses were done for both samples.
The intercept of the extrapolated line on the horizontal axis gives the EDs. The arrows indicate the ED values; supra-
linearity correction (I) is determined to be zero a) MAAD-TL dose response with linear fitting (b) Plateau test of ED
between 250°C and 350°C temperatures (c) MAAD-IRSL dose response with linear fitting (whole integral of IRSL sig-
nals were taken into account for estimations)
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Table 4. Determined equivalent doses and ages of the samples

Sample Codes Methods ED (Gy) AD (mGy/a) Age (a)
TL-MAAD procedure 7.04+0.28 1189489
STRN-1 IRSL-MAAD procedure 6.911£0.24 5.93+0.18 1167485
IRSL-SAR procedure 4.51+0.15 761449
STRN-2 OSL-SAR procedure 4.21+0.16 3.52+0.12 109380
STRN-3 OSL-SAR procedure 4.40+0.18 3.95+0.13 111370
TL-MAAD procedure 3.36+0.04 57640
STRNA4 IRSL-MAAD procedure 3.18+0.20 5.83+0.14 54550
IRSL-SAR procedure 2.17+0.09 372440
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Figure. 7 Regenerative dose response IRSL growth curves using the single aliquot method for STRN-1 to obtain the ED
determination (a) dose response with linear fitting (b) Monte Carlo simulation analyses of estimated ED point, ob-
tained from Analyst.exe software
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Figure. 8 Fast component quartz improved SAR analyses of the STRN-2 sample: the same comparative ED analyses
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yses of estimated ED point, obtained from Analyst.exe software (c) Test dose (1 Gy) response throughout SAR Cycle (d)

Radial distribution of EDs, yielding ~4.2 Gy determined from 16 aliquots

7. DISCUSSION AND CONCLUSIONS

A multi-analytical tools that combine optical mi-
croscopy, XRD, XRF, TL and OSL techniques were
successfully utilized in order to answer the main
question of this paper: When was the last time that
Erikli Basilica was used in Strotonikeia? The dating
of brick samples was determined by using lumines-
cence techniques. In this study, TL and OSL tech-
niques have been used to find out the equivalent
dose. The results of the obtained ages were repre-
sented at Fig.9, indicating that MAAD protocols us-
ing both thermally and optically stimulation types
are in agreement with each other. In addition that,
OSL ages of the sediments (STRN-2 and STRN-3)
were indicated with blue and arrow, yielding about

1100 years. The ages of STRN-1, STRN-2 and STRN-3
support the claim that the coin should be attributed
to the 10th century, which, in turn, shows until when
the basilica was used. In classical SAR procedure for
polymineral samples, IRSL sensitivity of discs was
changed due to the repeated irradiation, preheating
and measurement of the discs, which might be un-
derestimation on determined doses as indicated in
the literature (Duller et al., 1999; McKeever, 2001).
Therefore, the ED results obtained from classical
SAR procedure were ignored while determining,
bringing about problematic results on luminescence
ages. On the other hand, OSL improved SAR results
acquired from the fast component of quartz mineral
are consistent with MAAD outcomes.
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Figure. 9 Comparison of IRSL, OSL and TL ages from brick and sediment samples
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The age of the STRN-4 (the sample from the wall)
is found to be younger than the others (specimens
from the floor), which indicates that the basilica’s
wall may have been repaired to be used for other
purposes in some later date. Moreover, the wall
(younger) and the floor (older) could have been built
at different periods of site settlement. These results
are supported by mineralogical components of the
specimens.

Additionally, as a result of the mineralo-
petrographic research, it is observed that the con-
tents of the samples are different from each other.
Based on this observation, it is highly probable that
their materials were taken from different sand
sources, since each source loses its productivity over
time. New sources in different surrounding regions
may be used in later periods. This and the other
finding involving dating research both indicate that
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