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Abstract
This study presents archaeometric analyses of glazed tiles produced with the cut-mosaic technique to reveal information about the Anatolian Seljuk period’s architecture and ceramic technology. The Persian Seljuk artists also used the same technique. For this purpose, physical, chemical, thermal, mineralogical, microstructural, and molecular analyses were carried out on the tiles from the Seljuk period unearthed in the Kılıçarslan Square excavation in Konya, the capital of the Anatolian Seljuk State from the twelfth-century to the beginning of the fourteenth-century. SEM, XRD, and Heat Microscopy analyses showed that the Seljuk period tiles were not fired at high temperatures like today’s tiles and were probably fired at temperatures below 1100 °C. WD-XRF analyses revealed that the glazes are classified into two categories, one being alkali varying the content of Na2O + K2O between 13 and 16 wt% (PbO between 0.5 and 2 wt%) and the other being lead-alkali type in which PbO content varies between 13 and 15 wt% and alkali content 10–14 wt%. The cobalt content in the blue color is around 0.2 wt%, and copper content in the turquoise-colored samples varies between 2.9 and 4.4 wt% depending on the lightness and darkness of the color (higher amount for tile 1 and tile 3, which are darker than the others). The brown color is obtained by the presence of MnO (3.3 wt%). Raman analysis showed that the difference in sintering temperature caused the color tone difference in Seljuk period tiles, and glazes were formed in the range of 800–1000 °C depending on the Ip values.
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Abbreviations
	SEM
	Scanning electron microscopy

	XRD
	X-ray diffractometer

	WD-XRF
	Wavelength dispersive X-ray fluorescence spectrometer

	Q
	Quartz

	P
	Pore

	N.D.
	Not detected

	RI
	Raman intensities




Introduction
A new approach to determining the characteristics of archaeological artifacts, which has become increasingly widespread in Turkey after the 1990s, uses the archaeometric method [1–5]. With the archaeometric approach, much information can be obtained, such as production technology and the date of manufacture, their originality, restoration date, and atmospheric effects that the material has been exposed to over time. In addition, with the data obtained by these methods, historical buildings can be restored by staying true to the original [6–9].
Konya, the capital of the Anatolian Seljuk State (twelfth-early fourteenth-centuries), is rich in archaeological terms. The Alâeddin Mosque, Sırçalı Madrasa, Karatay Madrasa, İnce Minareli Madrasa, Beyşehir Eşrefoğlu Mosque, Kılıçaslan Pavilion, and Kubad Abad Palace are among the essential historical buildings of the Anatolian Seljuk period built in Konya [10, 11]. During the archaeological excavations in Konya, many remaining ceramic, glass, and metal artifacts were unearthed [11–16]. One of the types of these artifacts found in the archaeological excavations is the tiles, which are the characteristic wall revetments and covering materials of the Anatolian Seljuk architecture [10, 11]. The tiles used in religious architecture are produced by the cut-mosaic technique, where geometric and floral motifs are drawn. However, in civil architecture, burnished tiles predominate the walls of the buildings. Moreover, various human, animal, and mythical figures are seen as well as geometric and floral motifs [17]. In the cut-mosaic technique, the tiled panels are formed by bringing together the tile pieces cut according to the desired decor from the plate tiles produced in different colors on a plaster ground to form a composition. This ornamentation of the tiles spread in Central Asia from the end of the forteenth-century to the Ottoman Empire during the fifteenth- and sixteenth-centuries and finally in Iran and India during the Safavid reign [18]. A previous study was carried out about the characterization of the building tiles of the ancient monuments of the thirteenth-century Seljuk period, namely Sivas Gök Madrasa and Tokat Gök Madrasa, with XRD and Raman micro-spectrometry [19].
Moreover, a similar study was performed on the Iranian monochrome glazed mosaic tiles produced with the same technique (cut-mosaic) [20]. According to the findings obtained from the evaluations made by art historians or social scientists about Anatolian Seljuk period tiles, the tiles used in the cut-mosaic technique have a porous and loose body and a thinner glaze layer compared to the standard tiles. In this technique, the glaze thickness is lower, so the fired tile sheet can be easily processed as desired by scraping with a cutting tool. Therefore, it is possible to cover concave curved surfaces such as arches and vaults with tiles enriched with geometric and floral motifs [11]. The colors known at that time in the architecture of the Anatolian Seljuk period and used in the cut-mosaic technique are turquoise, cobalt, black, green, and violet-brown [21].
Anatolian Seljuk tile technology, which also forms the basis of Ottoman tile making, is an important subject for thirteenth–fourteenth-century Turkish-Islamic ceramic research, but not much research has been done on the archaeometric methods by scientists. However, a few recent archaeometric studies on the Seljuk period have shown that the bodies of the tiles were made of quartz, frit, and plastic clay [11, 22]. The amount of quartz used in the body composition is high, around 85–90 wt%. Clays with high binding properties were preferred to provide plasticity and mechanical bonding to the substrate. The frit used in the composition is usually lime-alkali and lead-free. No slip layer was used on these tiles. The glazes of the Seljuk period wall tiles are divided into two categories, rich in soda or lead-alkali [19].
Furthermore, the glaze surfaces are either transparent or opaque. Soda-lime and alkali fluxes are preferred for transparent glazes, while tin oxide and lead-alkali fluxes are preferred for opaque ones. Besides, it is also reported that Anatolian Seljuk period tiles were fired at around 900 °C [11, 23–26].
Literature research has shown that the Anatolian Seljuk period artifacts examined by archaeometric methods are the artifacts found in Sivas, Tokat, Malatya, Beyşehir (Kubad Abad Palace), and Alanya [23–30]. However, it has been determined that a comprehensive archaeometric study has not been carried out on the artifacts belonging to the Seljuk period in the center of Konya [23, 24, 30, 31].
In this study, the Seljuk period tile fragments, obtained from the Konya Museum Directorate, were unearthed in the excavation of Kılıçarslan Square between 2012 and 2017. In this square, Karatay Madrasa, inscribed in 1251, has among the first tile works of Konya (the location of Konya in Turkey is shown in Fig. 1), the capital of the Anatolian Seljuk State, was characterized by the archaeometric methods. Therefore, the study can have the potential to provide important clues about Konya tiling in the Anatolian Seljuk period.[image: ]
Fig. 1top left Map of Turkey dated to the fourteenth century showing Konya in the red circle [32], bottom and right View of tile panels produced by cut-mosaic technique preserved in the Karatay Madrasa (Konya, Turkey) (photos: Çetin Öztürk)


Within the scope of the characterization studies, physical, chemical, mineralogical, molecular, microstructural, and thermal analyses were carried out on the glazed tile from the Konya Seljuk period, and these were aimed at obtaining information about the origin of the raw materials, tile production techniques, firing temperatures, and pigments used. Furthermore, the data obtained with the archaeometric techniques used in this study are essential for the periodical classification of the glazed tiles produced in different periods and for restoring the original tiles. This paper presents the archaeometric studies according to the characterization technique used. It starts to present the glazes first and then the bodies because the production technology may categorize them properly concerning the composition of the glazes, being alkali or lead-alkali.
Materials and methods
The surfaces of six tile sherds obtained from the Konya Museum were washed with deionized water and cleaned with the help of a soft brush. Before the characterization studies, the sherds were classified visually and digitally with a handheld Munsell gun (Pantone Capsure), numbered from 1 to 6 (see Table 1), and photographed (Fig. 2). Unfortunately, ethical rules in Turkey now limit the destructive analyses of cultural heritage artifacts as much as possible. Therefore a limited number of samples representative of different colors (dark blue, turquoise, dark turquoise, and violet brown) were chosen for this study. The hue differences of the turquoise tiles may be seen in the tile panels shown in Fig. 1 right.Table 1Characteristic properties of the investigated Anatolian Seljuk glazed mosaic tiles from thirteenth century


	Tile No.
	Glaze color
	Average glaze thickness (µm)
	PbO in the glaze (wt%)
	Alkali (Na2O + K2O) in the glaze (wt.%)
	Grain size of quartz particles (µm)
	Body color
	Munsell color code of body

	1
	Dark turquoise
	364
	2.2
	13.4
	47
	White
	2.5Y 8/2

	2
	Dark blue
	433
	1.5
	15.9
	158
	White/Beige
	10 YR 8/2 (White)
7.5 YR 7/4 (Beige)

	3
	Dark turquoise
	435
	15.1
	14.0
	29
	Beige
	2.5Y 8/2

	4
	Turquoise
	374
	0.8
	11.7
	72
	Reddish
	7.5YR 6/4

	5
	Turquoise
	550
	12.7
	9.7
	210
	Beige–White
	10YR 7/2

	6
	Violet brown
	583
	0.5
	13.1
	39
	Beige–White
	10YR 7/2



[image: ]
Fig. 2Characterized glazed tile sherds within the study


Before the characterization studies, the cross-sections were examined with a stereo microscope (Leica s9i) at 20–40× magnifications (Fig. 3). A visual assessment revealed that five tiles have a porous texture and could be crumbled by hand. Only the body of tile 4 is denser, and the grains are finer than other tiles. In addition to the texture, tile 4 has a reddish-colored body, the others have whitish tones, and all tiles have no slip layer.[image: ]
Fig. 3Cross sections of a tile-1, b tile-2, c tile-3, d tile-4, e tile-5, and f tile-6tobserved by stereo microscope at 20× or 40× magnification


Using scanning electron microscopy (SEM, Leo 1430 VP, Germany), the microstructure of tiles was examined in terms of formed phases, porosity, glaze layers, etc. The size of the glaze layers, grains, and pores were manually measured using the scale bar (yellow) on the SEM micrographs. For these measurements, at least five measurements were made on the mentioned microstructure component from each sample, and the average values of these measurements were calculated. The chemical composition of the body, glaze, and coloring agents were determined by the WD-XRF instrument. The composition of glazes were measured from the top surface and the body compositions from the powdered samples after grinding with a pestle. The analyses were carried out with a BRUKER S8 Tiger WD-XRF instrument working with a 4 kW rhodium anode under vacuum for glaze and helium atmosphere for the powdered body. The measurements were performed at 50 kV and 60 mA. The analysis mode, “Best Detection”, which lasts for 18 min, was chosen. A macro measurement was performed on the samples rather than a spot analysis because of the larger aperture size (0.5 cm). The data is evaluated ' 'using the Bruker's Spectra Plus Eval2 V2.2.485. The crystal structure of tile bodies was characterized with an X-ray diffractometer (XRD; Bruker-D8 Advance) using Cu-Kα radiation (λ = 1.5406 Å) scanning from 5° to 90° at a rate of 2°/min, and the divergence and scattering slit widths were set at 1 mm. The analysis depth for XRD was 5–7 µm, and the analysis area was 0.5 × 0.5 cm2.
A completely automated Renishaw inVia confocal Raman microscope was used with a 532 nm (green) laser excitation to define the glaze signature, which is the fingerprint of each tile. The exit power of the laser is 100 mW and 60 mW on the sample without any objective. A Leica long working distance objective with 50× magnification (N Plan, NA 0.50) was used at 1, and 10% decreased power. 100% laser power was measured at 9.29 mW at the exit of the objective and 0.153 mW at 1% power. The recording time of the spectrum ranged between 10 and 60 s. Approximately 2 × 2 µm2 of the area is scanned with the instrument. The data are kept with the original software of the instrument, WIRE version 4.4, and post-processed with the LabSpec software (version 5.25.15) to perform baseline subtraction which allows the investigation of the bending and stretching envelopes. The index of polymerization is calculated from the ratio of bending to stretching areas of the molecular Si–O Raman signature with the software Origin 6.0 Peak Fitting by using the peak function of Gaussian. The sintering behavior of tile samples was evaluated by a heating microscope (Misura HSM 3 M Italy) according to the DIN 51730 standard. The tiles were heated up to 1300 °C with a heating rate of 25 °C min−1.
Results and discussion
Microstructural investigations
Microscopic examination of the cross-sections of the tiles, which show the glaze and body layers, were carried out with SEM and micrographs of observed cross-sections are presented in Fig. 4.[image: ]
Fig. 4SEM images of investigated glazed tiles’ cross-sections: a tile 1, b tile 2, c tile 3, d tile 4, e tile 5, and f tile 6


In the SEM micrographs of the tile samples (Fig. 4), it was observed that the glaze layer has a contrast that can be easily distinguished from the body in the microstructure of tiles 2, 3, and 6. In these samples, it can be clearly understood that the glaze layer is more glassy in structure, according to the body on which it is applied and compared to other tile samples. The chemical composition difference between the body and the glaze layer and the vitrification degree of the glaze layer may be evaluated as the factors that may cause this contrast difference. In the micrographs of tiles 1, 4, and 5, a distinguishable contrast difference between the glaze layer and the body was not observed. This lack of contrast was evaluated such that the lack of contrast difference might be due to the lower vitrification degree of the glaze layers in these samples compared to the others.
SEM images of investigated glazed tiles cross-sections revealed that the average thicknesses of the glazes vary between 364 and 583 μm (Table 1). The highest and lowest glaze thickness was observed in tile 6 and tile 1, respectively. On the other hand, the presence of crystalline phases and bubble formation was not observed in the cross-sectional images of all glaze layers examined. Formation of the melt and dissolution of the hard raw materials is essential to obtain a smooth and relatively bubble-free glaze. In order to dissolve hard raw materials (e.g., quartz) in the melt, either high firing temperatures are required, or the use of a certain significant amount of pre-melted glass (frit) or fluxes in the glaze composition is required [33, 34]. The following sections discuss the absence of crystal phase and bubble formation in the glaze cross-sections in detail regarding chemical composition and firing temperature.
Figure 5 presents images taken at different magnifications in secondary electron mode (SEI) in scanning electron microscopy on tile bodies. Due to the differences in the cross-sectional areas of the samples, images representing the general microstructure were taken at 500× magnification for tiles 1, 2, and 5, and 1000× magnification for tiles 3, 4, and 6, respectively. From the micrographs presented in Fig. 5, it can be understood that the general microstructure for all samples consists of a matrix structure, angular quartz crystals with different grain sizes, which preserved the original crystal morphology embedded in the matrix structure, and pores of different sizes and angular geometries. Comparing micrographs, it can be observed that quartz particle size caused differences in the microstructure development of the tiles. For example, it is noteworthy that the 1st tile is denser, and the 4th tile is more porous than the others. As seen in Table 1, where the particle size measurement results performed in SEM micrographs are presented, the quartz particles in tiles 2, 4, and 5 were more coarse than the other series. In this series, the sintered bodies with coarse quartz particle sizes (Fig. 5b, d, e) show a rough and granular texture.[image: ]
Fig. 5SEM micrographs of tiles bodies: a tile 1, b tile 2, c tile 3, d tile 4, e tile 5, and f tile 6. Q quartz, P pore


Moreover, in these tiles, pores around large quartz grains are visible. The presence of large pores around the quartz grains embedded in the matrix structure may be due to coarse quartz particles forming a heterogeneous structure in the matrix and the lack of sufficient liquid phase to fill the pores. This also indicates that the quartz particles are unmelted due to the lack of liquid phase. The irregular shape of the pores and the presence of sharp-edged quartz grains are characteristics of low-grade liquid-phase sintering [35, 36]. This is because the liquid phase suppresses the small pores and facilitates quartz dissolution, rounding quartz particle edges and reducing the number of small pores. Considering that quartz particles are easily dissolved in the liquid phase in bodies fired to ~ 1210 °C [37] and higher, it can be understood that the firing temperature of tiles 2, 4, and 5 was lower than 1200 °C.
On the contrary, tiles 1, 3, and 6 were evaluated as having a more compact and homogeneous microstructure. Assuming that these samples were fired under the same conditions as the others, it can be thought that the chemical composition (type and amount of fluxes) plays an influential role in this difference. Consequently, in tiles 2, 4, and 5, due to low sintering, both the absence of a glassy phase in which coarse quartz particles will dissolve and the formation of pores of 5–20 µm by these coarse particles delayed the microstructure homogenization.
Considering that the microstructures of tile samples are compared with today's traditional tile body microstructures, the most crucial difference is the absence of a glassy phase and coarse quartz grains. This is because, when producing today's tiles, the starting raw materials are generally ground to a fineness of less than 63 µm, and the particle sizes are further reduced by the partial dissolution of the hard raw materials in the glassy phase developed during the firing stage [38]. Large quartz grains in the Seljuk period tile bodies indicate that this behavior did not occur. It is understood that the tiles of the Seljuk period were fired at lower temperatures than today's tiles (1100–1200 °C) [37], since the liquid phase required for the dissolution of the quartz grains did not occur.
Chemical analysis of tiles
Chemical analysis of glazes
WD-XRF analysis results performed on the glaze layers of the tile samples revealed that the amount of SiO2 varies between 45.5 and 67.3 wt% and the amount of Al2O3 varies between 4.2 and 6.6 wt% (Table 2). It was determined that the total alkaline composition (Na2O + K2O) of the glaze layers of the tile samples varied between 9.7 and 15.9 wt%. The PbO content of the glazes was between 0.5 and 2.2 wt%, except for the tile samples 3 (15.1 wt%) and 5 (12.7 wt%). With these findings, it is possible to divide the glaze compositions of the examined tiles into two categories: (a) Lead-alkali glazes containing a moderate amount of lead (tiles 3 and 5), and (b) alkali glazes (tiles 1, 2, 4, and 6). When evaluated according to CaO, another fluxing oxide other than lead and alkali: CaO content was found to be high (> 6%) in tiles 1, 4, and 5, and low values in other series.Table 2Results of WD-XRF analyses (data shown in wt%) of the glaze (G) and body (B) layers


	Tile No.
	Chemical composition (wt%)

	SiO2
	Al2O3
	CaO
	MgO
	Fe2O3
	Na2O
	K2O
	PbO
	SnO2
	CuO
	CoO
	MnO
	TiO2
	P2O5
	SO3

	3-G
	50.4
	4.8
	2.7
	0.9
	1.9
	12.8
	1.2
	15.1
	4.93
	4.42
	ND
	ND
	0.2
	ND
	0.3

	3-B
	77.9
	10.7
	3.3
	0.9
	0.9
	2.4
	1.3
	0.2
	0.08
	0.04
	ND
	ND
	0.5
	1.1
	0.2

	5-G
	45.5
	5.8
	6.7
	3.3
	1.6
	8.5
	1.2
	12.7
	7.66
	2.93
	ND
	0.06
	0.2
	0.5
	2.8

	5-B
	67.9
	10.8
	5.9
	1.5
	1.1
	2.4
	1.4
	0.3
	0.05
	0.02
	ND
	0.1
	0.4
	0.4
	7.4

	1-G
	65.3
	4.2
	6.0
	2.8
	1.3
	11.6
	1.8
	2.2
	ND
	3.41
	ND
	0.02
	0.2
	0.3
	0.5

	1-B
	75.0
	14.0
	2.4
	1.1
	1.0
	3.3
	1.6
	ND
	ND
	0.03
	ND
	ND
	0.6
	0.4
	0.08

	2-G
	65.2
	6.6
	2.5
	1.2
	5.2
	14.5
	1.4
	1.5
	ND
	0.28
	0.17
	0.07
	0.3
	ND
	ND

	2-B
	77.4
	12.1
	3.4
	0.9
	0.8
	2.8
	1.3
	0.1
	ND
	0.01
	ND
	0.05
	0.4
	0.3
	0.2

	4-G
	65.0
	6.4
	7.2
	2.6
	1.6
	10.5
	1.2
	0.8
	0.04
	3.21
	ND
	0.04
	0.2
	0.5
	0.4

	4-B
	81.9
	10.3
	1.9
	0.8
	0.6
	2.3
	0.9
	0.09
	ND
	0.01
	ND
	0.06
	0.3
	0.4
	0.06

	6-G
	67.3
	5.6
	4.5
	2.2
	2.1
	10.6
	2.5
	0.5
	ND
	0.06
	ND
	3.31
	0.2
	0.5
	0.3

	6-B
	77.3
	10.8
	2.3
	1.4
	1.7
	3.2
	1.5
	0.2
	ND
	0.02
	ND
	0.3
	0.3
	0.5
	ND




WD-XRF measurements showed that the glaze of tiles 3 and 5 have alkaline rich lead-alkaline type glaze. The high content of sulfur in tile 5, both in the body and glaze layer, may imply to the use of galena (PbS). A previous study about the earlier periods of Islamic ceramics detected the presence of PbS precipitates relating to some processing of galena lead ore (PbS). The formation may be due to the process of oxidation of galena to obtain lead oxide [39]. In addition, SnO2 (cassiterite) was detected only in tile 3 (4.93 wt%) and tile 5 (7.66 wt%). SnO2, which is part in opacifying the glaze, was used extensively in Seljuk period tiles [40]. The evaluation made according to the Sn/Pb ratio in the glaze layer is a practical approach to determining and classifying the period of the artifacts examined [41, 42]. Periodical classification of artifacts according to the Sn/Pb ratios in the glaze, which reference data obtained from the literature [41, 42], is shown in Fig. 6. As the Sn/Pb ratio of tiles from different periods is compared (Fig. 6), it can be seen that the Sn/Pb ratio in tiles from the Seljuk period is between 0.2 and 0.3. The Sn/Pb ratios of tiles 3 and 5 are 0.33 (4.93/15.1) and 0.60 (7.66/12.7), respectively. Compared to the literature (Fig. 6), the values are high, and tile 5 is similar to the Timurids period in this respect. Sn was not detected in tiles 1, 2, and 6, and contain less Pb in the glaze composition and can be classified under Iznik 17th—according to Fig. 6. Also, tile 4 can be classified under Iznik 17th—due to low Sn/Pb ratio.[image: ]
Fig. 6Periodical classification of artefacts according to the Sn/Pb ratios in the glaze(reference data obtained from [41, 42])


CuO, which gives the turquoise color and its shades to the glazes of Seljuk tiles, was detected in the range of 2.93–4.42 wt% in tiles 1, 3, 4, and 5. These results are compatible with the study [23] on the Seljuk period tiles in the literature. In tile 6, the violet-brown color was due to the content of MnO (3.31 wt%) in the glaze composition. These results are also compatible with the studies [28, 41] on the Seljuk period tiles in the literature. The dark blue color of tile 2 derives from the content of cobalt (CoO, 0.17 wt%) with a high amount of Fe (Fe2O3: 5.2 wt%) and a low amount of Mn (MnO, 0.007 wt%) and Cu (CuO: 0.28 wt%) color.
Chemical analysis of tile bodies
The composition of the body layers was measured with WD-XRF, and the obtained values are presented in Table 2.
From the chemical analyses of the body layers shown in Table 2, it can be understood that all tiles consist of a high amount of silica (> 83 wt% SiO2). It has been determined that the amount of SiO2 in the tiles varies between 84 and 91 wt%, and the lowest SiO2 amount is in tile 1, and the highest SiO2 content is in tile 4. The amount of Al2O3 in the tiles varies between 4.20 and 9.16 wt%. It has been determined that the lowest Al2O3 content is in tile 4, and the highest Al2O3 content is in tile 1, contrary to the situation in SiO2. Freestone et al. [30] study on the tile bodies found in the Kubad Abad palace, a Seljuk period structure placed in the Konya Beyşehir district, stated that the Al2O3 content is around 6 wt%. The high Al2O3 content compared to the Iranian tile bodies of the same period is a characteristic feature of the Anatolian Seljuk tile bodies [30]. Besides the Kubad Abad study, the data obtained from Tiles 1–6 was also compared to the previous studies carried out on fifteenth-century productions of Mescid-i Kabud (Tabriz), sixteenth-century Caravanserai (East Azerbaijan), and earlier productions of Iznik tiles (fourteenth–fifteenth centuries). These tiles also have monochrome glazes in different colors, turquoise, cobalt, dark green, and black. The scattering plot of Al2O3 versus SiO2 in Fig. 7 demonstrates the differentiation of different production centers for similar tiles. This plot summarizes that the tiles investigated in this study have a higher amount of alumina and quartz.[image: ]
Fig. 7Scatter plot of the weight % ratios of Al2O3 versus SiO2 in the body. The tiles of this study are shown in red color. The data obtained from the previous studies [20, 30, 43] is also included in the plot for comparison


The amount of Fe2O3 + TiO2, which determines the color of the body, is in the range of 0.99–1.93 wt%. The body colors of tiles 4 and 6 with high Fe2O3 content are slightly reddish, as expected.
When compared in terms of Fe2O3 amount, it can be seen that Kılıçarslan bodies have higher values than Kubad Abad bodies (Kubad Abad bodies having a Fe2O3 average of 0.49 wt%) [22]. Fe2O3 and Al2O3, which are thought to come from the clay, do not increase in proportion to each other, suggesting that a different type of clay may have been used in the recipe. Freestone et al. [30] suggest that using kaolinite-type clay could have achieved the high Al2O3 content and beige firing color for Anatolian Seljuk tiles.
When the alkali ratios of the bodies are analyzed, it can be seen that Na2O range between 1.22 and 1.69 wt% and K2O ranges between 0.44 and 0.94 wt%. The bodies’ total alkali ratio (Na2O + K2O) is between 1.82 and 2.6 wt%. Alkali ratio affects vitrification during firing, interconnection of quartz particles, and firing strength. Freestone et al. [26] state that the soda content of Kubad Abad tile bodies is lower (1.2 wt% Na2O on average) than Syrian, Egyptian, and Iranian high silica bodies. This value is consistent with similar studies conducted in this field [22, 29, 30]. It was reported that plant ashes such as Salsola or Salicornia, which grow on lakesides, were used as alkali sources in Seljuk tile making [11, 22, 43–45]. Lead is present in trace amounts as an impurity in the tile bodies.
Şerare Yetkin states that Seljuk tiles contain 2–5 wt.% of lime [11]. WD-XRF analysis resulted in a high CaO ratio in the bodies (< 3.6 wt%), indicating that some lime was added to the recipe or a calcareous clay was used. The reason for adding lime is to enhance plasticity and binding properties to the mass and dry strength before firing [46, 47].
Raman analysis of glazes
Glazes are glassy silicates in which the oxygen atoms at the vertices join the SiO4 tetrahedra together. These tetrahedral connections can be affected and modified by other ions like aluminum (Al), magnesium (Mg), iron (Fe), etc., and alkali/alkaline earth metal ions, which change the physical and chemical properties of the glass structure. The intensity change can observe these modifications changing the intensity, band positions, and width [48, 49]. The SiO4 tetrahedra have a well-defined vibrational signature, especially in Raman scattering [50–55]. The spectrum consists of a band at ~ 500 cm−1 (Si–O bending mode) and the other band at ~ 1000 cm−1 (Si–O stretching mode). The glaze spectra can also exhibit narrow Raman peaks due to the pigments and crystalline precipitates in the glaze structure [51].
Figure 8 shows the glaze signature of the tile sherds determined with the confocal Raman spectrometer. The maximum wavenumber of the stretching band varies between 1050 and 1094 cm−1, while the maximum bending massif area is between 474 and 571 cm−1. A previous study carried out on Topkapi Palace Museum tiles [56] showed that in the presence of alkali-rich glaze, the bending bands are wide and shift from lower (around 450 cm−1) to higher wavenumbers (535–580 cm−1). In the case of lead-alkali type glaze, as encountered in tiles 3 and 5, the Raman stretching massif has a doublet band having Q2 (located at around 980 cm−1) and Q3 components (located at around 1050–1060 cm−1). The representative peaks of cassiterite (SnO2) found as a crystalline precipitate in the glaze is evident in the Raman spectrum of tile 5 at 633 and 778 cm−1.[image: ]
Fig. 8Raman spectra of the glazes presented in a tiles 1, 2, 3, and b tiles 4, 5, 6


The ratio of areas under the Raman band of bending and stretching envelopes, A500/A1000 is defined as Ip, which is the polymerization index already described in a previous study [48]. It is affected by the glass composition and process temperature. Regarding the values obtained, the glazing structure can be classified as [51, 57];	(a)
Ip < 0.3–0.5, corresponding to lead-rich silicates processed at low T (< 700 °C)

 

	(b)
0.5 < Ip < 0.8, corresponding to lead-based silicates processed at medium T (~ 800 °C)

 

	(c)
0.8 < Ip < 1.1, corresponding to most ancient alkaline glasses and enamels (T ~ 1000 °C)

 

	(d)
1.1 < Ip < 1.3, corresponding to mixed sodium-calcium based glassy silicates (T ~ 1100 °C)

 

	(e)
1.3 < Ip < 2.5, corresponding to calcium-based glassy silicates (T ~ 1200 °C)

 

	(f)
2.5 < Ip, Aluminum containing corresponding to potassium-based glazes (T ~ 1300 °C)

 




Figure 9a shows the range of Ip values which varies between 0.77 and 0.92 by confirming the presence of an alkaline composition fired at a lower temperature than 1100 °C. Due to the non-uniformity of the glaze thicknesses, the ratio of the bending and stretching areas is not directly correlated to the composition of the glaze. However, the ratio of the intensities of stretching and bending spectral components revealed a comparable correlation between lead oxide (PbO) content in the glaze and Raman intensities. The disorder of the data may be derived from the heterogeneous structure of the glaze layer. The ratio of the Raman intensities (RI), RI500 versus RI1000, decreases when the glaze's lead content decreases (Fig. 9b).[image: ]
Fig. 9a Representation of Ip values of six tiles, and b Comparison of PbO content (wt%) in the glazes of the tiles with the ratio of Raman intensities (RI) of the bending (A500) versus stretching (A1000) bands


Mineralogical analysis of tiles
Besides the elemental composition of bodies obtained by WD-XRF, the crystalline phases formed after firing the bodies are determined by XRD analysis. XRD patterns of the investigated bodies from the Kılıçarslan Square Excavation are presented in Fig. 10.[image: ]
Fig. 10XRD patterns of the investigated bodies


XRD patterns of the tile bodies (Fig. 10) showed that the dominant phase is quartz, as predicted from the chemical analysis results, which refer to the presence of a stone paste body. Magnesium–aluminium–silicate, anorthoclase, sodium–aluminium silicate, and calcite phases are the other phases encountered in the tile bodies. The fact that the quartz phase is the dominant phase in the microstructure is due to the high use of silica in the production of Seljuk tile bodies, as mentioned in Ebu'l Kasım's book dated 1301 [22]. Even the determined crystalline phases do not vary between investigated tiles; diffraction degrees and intensities of quartz phases (Fig. 10 vary due to different quartz grain fractions and sizes in tile bodies. No mullite phase (3Al2O3.2SiO2) formation is observed in the patterns, suggesting that the firing temperature of the bodies is below 1100 °C. Raman analysis of the glazes also supports this finding which indicates that glazes are formed between 800 and 1000 °C. Besides this finding, when the tiles are examined on a macro scale, they can be easily crumbled by hand, and, on the other hand, examined on a micro scale, the vibration and hump-shaped curves that characterize the amorphous phase were not observed in the XRD patterns, which indicates that the examined tiles were fired at temperatures lower than 1100 °C which supports the Raman analysis. When the findings obtained as a result of XRD are discussed based on the literature, it is consistent with the outcome of firing the Seljuk period tiles below 900 °C, as stated by the researchers in previous studies on the same subject [10, 27–30, 44].
Sintering behavior by heating microscopy analysis
Figure 11 and Table 3 show a minor swelling between 0.35 and 1% in all tile samples at 800 °C. It can be said that the small size variations observed at temperatures between 800 and 1000 °C are due to the decomposition of clay minerals [58]. The sintering point is considered the temperature point at which shrinkage starts and continues to increase at the initial size of the sample taken as 100% [59, 60]. Table 3 shows that shrinkage starts at 1000 °C for Tiles 1, 3, and 6, at 1050 °C for Tiles 4 and 5, and at 1150 °C for Tile 2, and shrinkage continues as the temperature increases. The shrinkage percent versus temperature plot in Fig. 11 reveals that sintering points are between 972 and 1117 °C for all the tiles.[image: ]
Fig. 11Sintering behavior of the tiles measured with a heating microscope. Legend shows the initial sintering point of each tile

Table 3Dimensional change of investigated tiles during heating


	Tile No.
	Dimensional change (vol%) during heating (+ expansion, − shrinkage)

	800 °C
	1000 °C
	1050 °C
	1100 °C
	1150 °C
	1250 °C

	1
	 + 0.8
	 − 0.43
	 − 1.85
	 − 4.6
	 − 10.1
	 − 22

	2
	 + 1
	 + 0.5
	 + 0.3
	  + 0.2
	 − 1
	 − 4.6

	3
	 + 0.35
	 − 1.6
	 − 2.16
	 − 3
	 − 6.5
	 − 13.5

	4
	 + 0.5
	 + 0.2
	 − 0.3
	 − 1.5
	 − 2.5
	 − 5.5

	5
	 + 0.8
	 + 0.2
	 − 0.15
	 − 1
	 − 2.4
	 − 4

	6
	 + 0.35
	 − 0.6
	 − 1.3
	 − 2.8
	 − 5.8
	 − 15.7




It is known that the sintering mechanism in silicate ceramics is mostly liquid phase sintering. With liquid phase sintering, the pores in the body are filled with viscous melt, which makes the body more durable than the porous state [61]. However, it can be said that the sintering mechanism is solid state sintering rather than a liquid phase, as the bodies fired at low temperatures do not form enough viscous liquid phase during firing (causing the formation of brittle bodies). The low sintering degree obtained after the low-temperature firing process in the solid state sintering mechanism is generally evaluated negatively regarding the final product properties. However, in cases where easy-to-process material production is desired, as in the cut mosaic tile technique, firing conditions where a solid-state sintering mechanism will be valid and a low sintering degree will be obtained as desired in a targeted manner. Although the sintering beginning temperature of the tile samples was between 972 and 1117 °C, the fact that the presence of a liquid phase in the microstructure could not be detected, and the samples in question were easily processed by hand; it is thought that these samples were fired at low temperatures (< 972 °C).
Conclusions
Six glazed tile sherds unearthed from the Konya Kılıçarslan Square excavation dated to Anatolian Seljuk Period were characterized by archaeometric methods. According to visual assessment, the bodies of all tiles have a porous texture and may be crumbled by hand.
The presence of crystalline phases and bubble formation was not observed in the cross-sectional images of all glaze layers. This situation drew attention to the fact that the tiles were either fired at high temperatures or a significant amount of frit or fluxes (alkali or lead) was included in the glaze composition to dissolve the hard raw materials (e.g., quartz). The results of SEM, XRD, Raman, and Heat microscope analysis confirmed that the tiles were not fired at high temperatures (> 1100 °C). The chemical analysis results confirmed that the glaze compositions of the tiles contained significant amounts of alkali and calcium. WD-XRF analyses performed on the glaze layer of the tiles revealed that the type of the glazes is alkali and alkali-rich lead-alkali glazes.
SEM analysis indicated that the general microstructure for all tile bodies consisted of a matrix structure, angular quartz crystals with different grain sizes, which retained the original crystal morphology embedded in the matrix structure, and pores with different sizes and angular geometries. The presence of large pores around the quartz grains embedded in the matrix structure was evaluated as resulting from a sufficient liquid phase that did not develop during the firing stage so that the coarse quartz grains could dissolve and fill the pores around it. Considering that quartz particles dissolve easily in the liquid phase in bodies fired at 1200 °C and higher, it is understood that the firing temperature of the tiles examined was below 1200 °C. The data obtained from SEM, XRD, Raman, and heat microscopy measurements confirmed that the tiles were fired at temperatures lower than 1100 °C.
Raman measurements showed that Tiles 1 and 4 have the same glaze structure, confirmed by the chemical analyses with WD-XRF. The color difference (darker turquoise for tile 1 and lighter for tile 4) has arisen from the difference in the sintering temperature. For tiles 3 and 5, the maximum point of the stretching band is lower than the other turquoise-colored tiles, 1065 and 1050 cm−1, respectively. Because SiO2 content is higher in the glazes of tiles 2 (65.2 wt%) and 6 (67.3 wt%), the bending maxima are located at lower wavenumbers, 474 and 518 cm−1, respectively. Ip values indicate that the glazes were formed in the 800–1000 °C range.
The chemical analysis of bodies indicated that all tiles consist of high silica (> 83 wt% SiO2). XRD patterns of tile bodies showed that the dominant phase is quartz. Magnesium–aluminium–silicate, anorthoclase, sodium–aluminium silicate, and calcite phases are the other phases encountered in the bodies.
This study may contribute to the restoration works on the Seljukian period productions and will shed light on further investigations for the classification of the glazed ceramics of the Seljuk period depending on the raw materials, workshops, and production periods.
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