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Abstract

:

Hierapolis of Phrygia, an archaeological site in southwestern Turkey, has been a UNESCO World Heritage Site since 1988. During archaeological campaigns, 71 mortar samples from public buildings were collected, dating from the Julio-Claudian to the Middle Byzantine period. The samples were analyzed using a multi-analytical approach including polarized optical microscopy (POM), digital image analysis (DIA), X-ray powder diffraction (XRPD) and SEM–EDS to trace the raw materials and understand the evolution of mortar composition and technology over time. During the Roman period, travertine and marble were commonly used in binder production, while marble dominated in the Byzantine period. The aggregates come mainly from sands of the Lycian Nappe and Menderes Massif, with carbonate and silicate rock fragments. Variations in composition, average size and circularity suggest changes in raw material sources in both Roman and Byzantine periods. Cocciopesto mortar was used in water-related structures from the Flavian to the Severan period, but, in the Byzantine period, it also appeared in non-hydraulic contexts. Straw became a common organic additive in Byzantine renders, marking a shift from the exclusively inorganic aggregates of Roman renders. This study illustrates the evolving construction technologies and material sources used throughout the city’s history.
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1. Introduction


In recent years, many scholars have been engaged in the study of mortars and plasters used in buildings of cultural interest, following a well-established protocol for the petrographic, mineralogical and geochemical characterization of these materials [1,2,3,4,5,6,7]. Numerous papers have emphasized the importance of mineralogical and chemical properties of mortar-based materials to find the provenance of raw materials [8,9,10], while other studies have focused on the mechanical properties of mortars to assess the state of the conservation of masonry [11]. In some cases, the study of mortar-based materials has made it possible to distinguish different construction phases of buildings based on the evolution of the technology for producing mortar and the choice of raw materials over time [12,13,14,15,16,17,18]. With a similar perspective, the present work examines the changes in the selection of raw materials and the production technologies of mortar-based materials belonging to public buildings of Hierapolis, from the Roman to the Middle Byzantine period. The geographical location and the long history of Hierapolis of Phrygia have made this city particularly interesting for archaeometric research (Figure 1). The earthquakes that damaged or destroyed it several times have left traces both in the historical sources and in the archaeological evidence, and this makes Hierapolis an excellent case study for the identification of different construction phases and archaeometric approach on materials [19]. Thanks to the accurate study of the public buildings of Hierapolis and the stratigraphic excavations carried out by the Italian Archaeological Mission since 1957, a solid grid of archaeological dating has been created on which scientific analyses of mortars and plasters can be based in order to trace the areas of the supply of their raw materials and to assess the evolution of the technologies used in the production of these materials over time. In this work, the petrographic, mineralogical and chemical characterizations of mortar samples were performed with a well-established methodological approach, combined with the digital image analysis of selected samples, to highlight continuity and changes in the use of raw materials and technologies employed for the production of mortar-based materials.



Geological Setting


The archaeological site of Hierapolis (Denizli, Turkey), located in western Anatolia, was founded in the 3rd century BCE and, even if damaged several times by earthquakes [17,18,19], the city was inhabited and restored until the Mediaeval period. From a geological point of view, this area is characterized by the presence of metamorphic rocks associated with the alpine metamorphic dome of Menderes Massif [20,21,22,23,24]. From the Miocene to the present day, the continuing extensional tectonics has divided the Menderes Massif into three sub-massifs due to the formation of three large grabens: the Küçük Menderes, the Büyük Menderes and the Gediz (Figure 2a). These converge into the Denizli Graben, which lies on the south-eastern edge of the Menderes Massif and borders on the Lycian Nappe. The area is characterized by normal faulting to the southwest by the Babadağ main fault and to the northeast by the Pamukkale fault zone. This fault zone includes the world-famous terrace of Pamukkale [25,26,27,28], known for its white travertine waterfalls of calcareous deposits originated from thermal water, which gave the terrace its name (“Pamukkale” means “cotton castle”) [16]. The extensional tectonics of the Anatolian region is the main cause of the territory faulting and magmatic intrusions. This condition explains the heating of meteoric waters deeply entering the soil through fractures and faults, which cause the formation of numerous hydrothermal springs, with more or less high temperature [29,30]. The prolonged discharge of hot, CaCO3-rich fluids from faults, fissures and rock fractures have led to massive depositions of bedded and banded travertines, which have been extensively exploited over time [31]. These hydrothermal fluids are also involved in forming carbonate-cemented breccia produced by the cementation of sedimentary or metamorphic rock debris [32,33]. Marbles are abundant in the surroundings of Hierapolis, with ancient quarries located only a few kilometers from the city center. This rock type is linked to the metamorphic Menderes Massif [34,35], as well as the other metamorphic rocks outcropping in the Hierapolis area: quartzites, calc-schists, meta-sandstones, phyllites, schists, amphibolites and gneisses (Figure 2b). Within the Denizli basin, we can observe some allochthonous rock outcrops, belonging to the Lycian Nappe, that is the upper thrust sheet that overlies the metamorphic Menderes Massif in south-western Turkey [36,37]. The Lycian Nappe tectonic unit consists mainly of sedimentary Mesozoic carbonate rocks. The ophiolites, which are of oceanic origin (Late Cretaceous), form the upper thrust sheet of the sedimentary units [38]. Regarding geomorphology, the remains of Hierapolis lie on a travertine platform on the Pamukkale fault zone, which is constantly subjected to the deposition of travertine due to hydrothermal activities. At the macroscopic scale, the Pamukkale terrace overlooks the plain of the Lykos River, the current Çürüksu River and a lake in the plain, dry today, but that had various tributaries, such as streams flowing near Laodicea, the Kadmos (Gökpınar-Karakurt) and the Asopos (Gümüşçay-Goncalı) [39], which still descend from the foothills of Mount Babadağ and cut through a small horst separating the Çürüksu River valley from the Denizli area. The plain is surrounded by Mount Babadağ (in the south), the Uzunpınar plateau and the Küçükçökelez massif (in the north) [40], Mount Honaz (in the southwest) and Mount Sazak (in the west) [39], but there is no topographical obstacle in the northeast [41]. Therefore, the Çürüksu collects the streams and the small seasonal rivers flowing from the surrounding ridges characterized by narrow valleys. This is the case of the Gök Dere, Suini Dere and the Kadı Dere, which flow down near Hierapolis [33,42]. The Çürüksu river, originating from the confluence of Saraçay creek and Alikurt creek [43], ends its journey near Sarayköy, where it flows into the Maeander River, which represents the natural connection between the Aegean Sea and inner south-western Anatolia.





2. Materials and Methods


This study involves 71 samples of mortar-based materials taken from the following main monuments of Hierapolis: the Apollo Sanctuary, Building C (Julio-Claudian period, about late 1st century BCE—60 CE), the Ploutonion (60 BCE—Early Byzantine period); the Stoa of the Springs (Neronian—54–68 CE, Flavian—68–96 CE and uncertain dating structures), the Great Building—Roman Baths (Flavian period), the Nymphaeum of the Apollo Sanctuary (Late Antonine period, about 160–180 CE); the Theatre (Severan period, 192–235 CE), the Nymphaeum of the Tritons (Severan period, beginning of the 3rd century CE), the Apollo Sanctuary, Building A (Severan—Early Byzantine period) and the Church of St. Philip (4th century CE–11th century CE) (Figure 1 and Figure 3) [22].



Specifically, based on the accurate study of wall stratigraphy, the study of building technique, building materials and decorative-painting apparatus, 31 samples belong to buildings dating from the Julio-Claudian period to the Early Byzantine period, and 40 samples from the Church of St. Philip, covering from the Early Byzantine to the Middle Byzantine period, were taken. In this context, it was possible to collect samples from walls characterized by a complex sequence of render mortars: since their belonging to the different construction and restoration phases of the Church are not always clear, it was decided to distinguish between inner and outer layers of plaster.



The mortars can be distinguished based on their function into bedding, grouting, render and in-fill mortars (Figure 4) [46].



All the samples were studied using a multi-analytical approach. Thin sections of the mortar-based materials were examined via polarized optical microscopy (POM) using an AxioScope A1 microscope (Carl Zeiss, Jena, Germany) at various magnifications, equipped with video camera, 5 Megapixel resolution and AxioVision (V1) image analysis software. It allows us to identify the most important aspects of binders, including their texture (micritic, microsparitic and sparitic) and microstructure (homogeneous or non-homogeneous, etc.), as well as possible recrystallizations and reactions with the aggregates (e.g., with the presence of neoformation phases). Regarding the aggregates, POM provides an initial evaluation of their types, average grain size, grain size distribution and shape in addition to the binder/aggregate ratio (B/A) and porosity [4,47].



For selected samples, the digital image analysis (DIA) was performed on high-resolution micro-photographs using ImageJ software V1.53t Java 1.8.0.345. This method provides more accurate morphological data on aggregates, including the shape descriptor parameters such as circularity, roundness and aspect ratio, as well as the percentages of each type of aggregate to determine the modal analysis of the mortars. This software makes it possible to automatically determine the B/A ratio, the Feret diameter, the circularity (C = 4 πA/(P2), where A is the area of the particle and P is the perimeter of the particle), the roundness (R = 4A/(π (major axis2)) and the aspect ratio (AR = major axis/minor axis).



The mineralogical composition of bulk mortar powdered samples was performed using X-ray Powder Diffraction (XRPD) using a X’Pert Pro PANalytical diffractometer equipped with an X’Celerator detector (Malvern Panalytical Ltd., Malvern, United Kingdom), with Cu X-ray tube (λ = 1.54 Å), and a Ni-filtered Cu Kα radiation source. The diffraction patterns were recorded under the following conditions: current intensity of 30 mA, voltage of 40 kV, an explored 2θ range of 3–70°, step size of 0.02° and a total time per pattern of 16 min and 27 s. The X’Pert HighScore program and the ICCD database were utilized to identify the mineralogical phases.



The microstructural and semi-quantitative chemical analyses of the polished thin sections were performed using a SEM–EDS (ZEISS EVO MA 15, Oxford Instruments, Abingdon, UK) with W filament equipped with an energy dispersion EDS/SDD analysis system, Oxford Ultimax 40 (40 mm² with a resolution of 127 eV @5.9 keV) with Aztec 5.0 SP1 software. Binders, aggregates and lumps were analyzed under the following conditions: acceleration potential of 15 kV, 500 pA beam current, working distance between 9 and 8.5 mm, 20 s live time as acquisition rate to archive at least 600,000 cts, to Co standard, process time 4 for point analyses, 500 µs pixel dwell time to acquire maps with a resolution of 1024 × 768 pixels. The program used for the microanalysis was an Aztec 5.0 SP1 software using the XPP matrix correction scheme developed by Pouchou and Pichoir in 1991 [48].




3. Results


The results of all analyzed mortar samples are presented here, grouped by function (bedding mortars, opus sectile bedding mortars, grouting mortars, render mortars and in-fill mortars) and age (from the Julio-Claudian to the Middle Byzantine period). This grouping is useful to show possible changes in material provenance and mix design over time.



3.1. Polarized Optical Microscopy (POM)


Table S1 reports the description of the petrographic characteristics of all mortar samples. The samples were listed by function and chronology.



3.1.1. Bedding Mortars


The binders of Roman bedding mortars predominantly exhibit a non-homogeneous appearance, while the Byzantine bedding mortars have a more homogeneous aspect. Textures ranging from micritic to microsparitic (e.g., P1, P2 and SA-C1) (Figure 5a,b,d) are observed for Roman and Byzantine ones. Some samples show partial recrystallization (e.g., SA-A4 and SA-C2) (Figure 5c). The analysis of lumps referred to underburned fragments of stone used for the production of lime suggests that binders were produced by burning travertines (Figure 5e,f) (e.g., P2, P3, TH1 and GB2) and marbles for Roman bedding mortars (Figure 5g,h) (e.g., P1, GB1 and SA-A3). For Byzantine bedding mortars, underburned fragments of marble are more common (e.g., SP16, SP7, SP1, SP2, SP8, SP4 and SP6).



The aggregate of all bedding mortars consists of sedimentary and metamorphic rocks. The sedimentary aggregates are composed of limestones varying from micritic to microsparitic, micritic fossiliferous limestones, travertines and carbonate-cemented breccias containing both sedimentary and metamorphic clasts. Metamorphic rocks are represented by quartzites, phyllites, meta-sandstones, schists, calc-schists, marble, gneiss and amphibolites. Some samples (e.g., SA-A1 and SA-A2) featured ophiolitic aggregates showing either serpentines or mafic holocrystalline gabbro-like rocks.



In Figure 6, the most common types of aggregate are reported.



Most of the bedding mortars show medium porosity. Roman mortars present B/A ratios in the range of 1/1–1/2 to 1/3–1/4 (Figure 7a), while Byzantine ones are in the range of 1/3 and 1/4 (except SP8 with B/A 1/2). Five Roman bedding mortar samples (GB2, TH1, NT1, NT2 and NT3) (Figure 7b) and four Byzantine samples of bedding mortar (SP3, SP5, SP7 and SA-A5) contain aggregate made of crushed ceramic fragments (named cocciopesto). This type of aggregate was generally used to confer hydraulic properties to mortars used in water-related contexts [18,49]. It is noteworthy that the temper of the ceramic fragments is very similar to the bedding mortar aggregates. All the samples containing ceramic fragments exhibit medium–low porosity and a different B/A ratio. In particular, B/A ratios of Roman mortars are in the range of 1/1–2/1 and 1/3, while the Byzantine ones show a range of 1/3 and 1/4.




3.1.2. Opus Sectile Bedding Mortars


The opus sectile bedding mortars from the Byzantine St. Philip Church (SP34, SP35, SP36, SP37 and SP38) show various mixing designs that differ due to the content of silicate aggregates and/or carbonate aggregates; however, all the samples, except SP34, contain ceramic fragments.



The aggregate of sample SP34 consists mainly of marble, silicate metamorphic rocks and a smaller number of sedimentary carbonate rocks. Sample SP36 has an aggregate mostly composed of silicate metamorphic rocks and minor quantities of marble and sedimentary limestones with the addition of crushed ceramic fragments (Figure 7g). Samples SP35 and SP38 contain mainly crushed ceramic fragments. SP35 has a small quantity of silicate metamorphic rock fragments, while SP38 contains fragments of carbonate rock. The aggregate of sample SP37 consists of carbonate rock and metamorphic silicate rock fragments with a small number of ceramic fragments. All these opus sectile mortar samples have B/A ratios from 1/2 to 1/3–1/4 and porosity ranging from low to medium.




3.1.3. Grouting Mortars


Both the Roman grouting mortars NT4 and NA2 present micritic binders and aggregates mostly composed of travertine, micritic limestone and marble (Figure 7h). NT4 sample presents a smaller number of carbonate-cemented breccia fragments, quartzites and schists, and sample NA2 shows minor quantities of quartzites and phyllites. Their B/A ratio is in the range from 2/1–3/1 to 1/2–1/3, with porosity from low to medium. The Byzantine grouting mortars, SP32 and SP33, show non-homogeneous binders, B/A ratio 1/3, and medium porosity and different compositions. The aggregates of sample SP32 are mainly ceramic fragments with less n quantities of quartzites and marbles, while mortar SP33 presents mainly ceramic fragments but less quantities of marbles, sedimentary limestones, rare quartzites and gneiss.




3.1.4. Render Mortars


The undated (from 1st century CE to Early Byzantine period) render mortars of the Stoa of the Springs, SS6 and SS7, are characterized by sedimentary and metamorphic rock aggregates but have different features from each other. The SS6 samples has an aggregate made of mostly metamorphic composition, with calc-schists and gneiss as well as a minor qauntity of travertines, ophiolites, marble, quartzites and schists. Its B/A ratio ranged from 1/3 to 1/4 with basically medium porosity. Sample SS7, instead, presents a double layering (Figure 7d). The first layer presents a non-homogeneous binder and aggregates mostly composed of travertine, micritic limestones, marble and quartzites. The second one, covered by a pigmented red layer, shows homogeneous binder and a small number of metamorphic aggregates, mostly meta-sandstones and marble. The coating sample SP9 belongs to a Roman tomb constructed before the St. Philip Church. It presents mostly carbonate aggregates, with a B/A ratio between 1/1 and 2/1. The Early Byzantine inner layers of plasters (SP10, SP11, SP12, SP13, SP14 and SP15) show sedimentary and metamorphic aggregates, with B/A ratios ranging from 1/1 to 1/3–1/4 and with medium porosity. Sample SP11 presents marble and schists, as well as micritic limestones, as aggregate, with B/A ratio 1/1 but high porosity (Figure 7c). On the other hand, all the Early Byzantine outer layers of renders (SP17, SP18, SP19, SP20, SP21, SP22, SP23, SP24, SP25, SP26, SP27, SP28 and SP29) are, almost exclusively, composed of lime and straw and very rare lithic aggregates, with undetermined B/A ratios and very high porosity. In some cases, these mortars present underburned or overburned marble fragments, such as SP29 sample (Figure 7f). Mortar sample SS5, from Stoa of the Springs (Flavian period), has aggregate consisting mainly of ceramic fragments and rare metamorphic silicate rock fragments, with B/A ratio 1/3 and medium porosity. Render mortar NA1 from Nymphaeum of the Apollo Sanctuary (Late Antonine period) contains aggregate mainly of ceramic fragments and less of metamorphic rock fragments. This mortar sample has a B/A ratio of 1/1–2/1 and a medium porosity. The Middle Byzantine renders SP30 and SP31 were found in a former Roman sarcophagus, later used as a basin in the St. Philip Church, and contain aggregate mainly composed of ceramic fragments with smaller amounts of sedimentary limestone and rare metamorphic rock fragments (Figure 7e). These Byzantine samples have a B/A ratio of 1/3 and low-to-medium porosity.




3.1.5. In-Fill Mortars


The two in-fill samples have different dates. The first one, NA3, used during the Early Byzantine period, has non-homogeneous binder and aggregates mostly composed of metamorphic rocks (calc-schists, schists, marbles, meta-sandstones and phyllites). The B/A ratio is 1/2 with medium porosity. In contrast, the second sample, P7, belonging to the Early Byzantine period, has homogeneous binder with calc-schists, and minor quantities of phyllites, quartzites, meta-sandstones, travertines, micritic limestones and fossiliferous limestones. In this case, the B/A ratio is 1/3–1/4 with medium porosity.



A particular case is represented by sample P8, made of air lime with the addition of crushed marble, belonging to the cladding of a Doric frieze that was re-used in the wall of the northern entrance to the area in front of the grotto of Ploutonion.





3.2. Digital Image Analysis (DIA)


3.2.1. Modal Analysis


The modal analysis of some selected samples, via digital image analysis (DIA), allowed us to determine the percentage of each type of aggregate contained in the mortar. The results are shown in Table S2. The bedding mortars, dating from the Julio-Claudian period to the Flavian period (late 1st century BCE—late 1st century CE), present metamorphic aggregates in the range of 55%–80%, while the content of ophiolitic rocks was less than 5% (as in samples SA-C1, SA-C2, P2, P4, SS1, SS2, SS3, SS4 and GB2). These percentages changed during the Severan period (292–235 CE), with the ophiolitic rock percentage reaching about 17%, and metamorphic aggregates percentage in the range 38%–57% (as in samples of bedding mortars NT1, NT2, NT3, TH1, TH2, SA-A1 and SA-A2), excluding sample SA-A4, whose metamorphic component reached 77%. The metamorphic aggregates are the main component of the Early Byzantine bedding mortars, when ceramic fragments are absent. For instance, sample P6 and sample SP4 contain 74% and 87% of metamorphic aggregates, respectively. Ophiolitic rocks are rarely observed in the Byzantine bedding mortars; indeed, sample P6 and sample SP4 contain ~2.5% and ~1% of ophiolites, respectively (Figure S1). The Middle Byzantine sample SP7 was principally composed of ceramic fragments (88%), so all the other aggregate percentages are very low. This is a common characteristic of all mortars containing ceramic fragments in the range of 83%–98%. The only exception is the Flavian sample GB2, which presents about the same percentages of ceramic fragments and metamorphic aggregates, 42% and 55%, respectively. Concerning the four coating mortars (SS5 Flavian sample and SP31, SP11 and SP29 Early Byzantine), sample SS5 has a very high content of crushed ceramic fragments (98%), as coating SP31, that contains 84% of crushed ceramic fragments. Sample SP11, lacking ceramic fragments, is rich in metamorphic aggregates (81%). Sample SP29 proves itself the archetype of the Early Byzantine external plasters, with a prevalence of lime and straw and very few lithic aggregates. The grouting mortar samples NT4 and SP33, dating from the Severan period and Early Byzantine period, respectively, show different compositions. The aggregate of NT4 is composed of 66% sedimentary rocks (travertine and limestone) with less amount of marble (17%). Sample SP33 presents mainly ceramic fragments as aggregates (81%), with minor quantities of metamorphic rocks (~14%). The Early Byzantine concrete fill sample NA3 has the highest content of metamorphic aggregates (93%), mainly composed of calc-schist, schist and marble.




3.2.2. Shape Factors of Aggregates


The morphological features of each type of aggregate are described in Table S3. After identifying rock types and ceramic fragments in the aggregate of selected mortar samples, DIA was used to determine the shape factors of the grains of aggregate. The factors evaluated include circularity, Feret diameter, Feret minimum diameter, aspect ratio and roundness. The results, presented in Table S2, demonstrate that the individual lithic components of aggregates and ceramic fragments in the analyzed mortars exhibit morphological characteristics that are more or less constant over time. However, there are some notable exceptions related to the Early Byzantine period. Mortars P6 and SA-A5 from Ploutonion and Sanctuary of Apollo, respectively, contain gabbro-like rocks with aspect ratio (AR) between 3.07 and 3.30, while similar rocks from other periods show AR about 1.5. Additionally, the gabbro-like rocks contained in P6 and SA-A5 show much lower circularity (C = 0.40) compared to circularity of the gabbro-like rocks from other periods (C = 0.65–0.70). Regarding the Early Byzantine mortars from St. Philip Church, all the rock types of aggregate show low circularity values (0.28–0.55).



When we move on to the morphometrical and morphological analysis of the whole thin sections in which many different components are present, the composition of the mortar mixture does not come into play. The average shape factors of the whole sections ignore the variability of the aggregates and are only calculated on the basis of the shapes of all the aggregates without considering their types.




3.2.3. Average Shape Factors of Samples


The average shape factors of the samples are shown in Figure S2.



The aggregates were analyzed with DIA, and the results show that the average shape factors and size of the particles varied over time. Until the end of the Flavian period, the aggregate of all mortars has an average diameter of about one millimeter. This value decreases to about 0.6 mm by the end of the Severan period, with the exception of two outliers from the Severan period (sample NT3 and sample SA A4).



In the Early Byzantine period, the diameter of the aggregate of bedding mortars from the Ploutonion and the Sanctuary of Apollo rises to over 1 mm, while in St. Philip’s Church, it decreases to 0.7–0.8 mm. Renders and grouting mortars, belonging to the Early Byzantine period, show a finer aggregate (0.4–0.5 mm).



The average circularity values also show differences among the studied periods. The mortars from the Julio-Claudian period show the lowest average value for circularity (~0.44); this value increases until the end of the Flavian period (0.57). The average circularity value is constant during the Severan period (0.57) and decreases in the Early Byzantine and Middle Byzantine mortars of St. Philip’s Church (~0.48). In contrast, the Early Byzantine mortars from the Ploutonion and the Sanctuary of Apollo show a high average circularity (0.61) (Figure S2).





3.3. X-Ray Powder Diffraction (XRPD)


Table 1 (a) and (b) summarize the main mineralogical composition (for abbreviation see [50,51]) of all analyzed mortars.



The mineralogical characterization of the Roman (Table 1 (a)) and Byzantine (Table 1 (b)) mortar samples shows that calcite is the most detected mineralogical phase, followed by quartz and muscovite. Dolomite, which is probably associated with sedimentary limestone fragments [45], occurs in all bedding mortars up to the Flavian period, except for mortar SS1. In the following periods, dolomite was present in three bedding mortars of the Severan period (SA-A4, SA-A1 and SA-A3). In Early Byzantine bedding mortars, dolomite is present in P6 and SP16, and in traces in SP7, SP1, SP8 and SP17. Chlorite was found in all Early Byzantine bedding mortars, except for sample SP3, while chlorite was only rarely present in mortars from other periods (P4, P5, P1, SS2 and P6). Both sample TH2 (Roman period) and sample SP1 (Byzantine period) contained vaterite. This is a crystalline polymorph of calcium carbonate [52,53], which is a metastable compound [4]. Some samples contained gypsum, a mineral phase associated with the sulfation of calcite [54,55]. The bedding mortar NT1 contained whewellite (CaC2O4·H2O), a hydrated calcium oxalate probably caused by hydrothermal alteration [56,57].



The XRPD analysis of the coating and plaster samples shows that calcite is the most important mineral phase, followed by the presence of quartz. The Roman coatings and the Early Byzantine inner layers of plasters from the St. Philip Church contain traces of muscovite or other phyllosilicates, but these mineral phases are rarely observed in the Byzantine external layers of plaster. Some Byzantine external layers of plaster show few mineral phases in X-ray diffraction patterns, which are characterized by the presence of calcite with a small amount of quartz. The Early Byzantine inner plasters contain dolomite, while this mineral is rare in the Byzantine external plasters and in the Roman coatings. Several samples contain gypsum from alteration; the external plaster SP17 shows traces of vaterite; probably vaterite is present in the samples from Hierapolis as an alteration phase due to the hydrothermal environment [52,58]. Regardless of function and age, most mortar-based materials containing ceramic fragments in the aggregate have pyroxenes, especially diopside and/or gehlenite. These are probably related to the firing of the ceramic [59,60]. In the mortar samples containing lithic aggregates, we note that the pyroxenes, when present, are mainly composed of clinoenstatite and/or enstatite. In this case, these pyroxene compositions can be associated with the presence of ophiolitic rock fragments. The main mineralogical phase of all the grouting samples is calcite, followed by muscovite and abundant quartz. The Early Byzantine grouting mortars contain diopside and gehlenite, which are absent in the Roman grouting samples, NA2 has enstatite and NT4 is pyroxene-free. As for the Byzantine opus sectile mortars, we note the usual presence of calcite and quartz. The mortar samples SP35, SP36, SP37 and SP38, which contain crushed ceramic fragments as aggregates, show diopside and/or gehlenite, and SP35 has traces of hematite.




3.4. Scanning Electron Microscope/Energy Dispersive Spectroscopy


Microchemical and morphological SEM–EDS studies were conducted to further investigate the properties of binder and lumps. Representative samples were selected based on construction phase, function, POM and DIA characteristics. The binder characteristics of samples are variable and can be represented into two main types: mortars with a heterogeneous micritic binder and cocciopesto aggregates (NT2, SS5, SP31 and SP33); mortars with a homogeneous micritic binder (P7) or a non-homogeneous micritic/microsparitic binder (SA-A1 and SA-C1) and lithic aggregates. These samples were analyzed to investigate hydraulic behavior, the presence of reaction rims and Mg content. The hydraulicity index (HI) [61] was calculated based on chemical data obtained via SEM–EDS analysis of the binder, lumps and reaction rims (Figure 8). The chemical data collected from the unburned fragments of the stone used for lime allowed us to identify the composition of the carbonate rock utilized. Figure 8d presents the calculated HI values based on at least 15 measurements taken on the binder and lumps for each sample (Table S4). The role of ceramic fragments was investigated using HI values, which ranged from 0.04 to 0.10 in the lime lumps and from 0.15 to 0.30 in the binder/reaction rim. Mortars containing ceramic fragments can be classified as weak-to-moderate hydraulic binder. The backscattered image (BSE) of samples NT2 and SS5 shows reaction rims between the binder and the ceramic fragments (Figure 8a,c). Mortars with a heterogeneous/homogeneous micritic/microsparitic binder and lithic aggregates (SA-A1 and SA-C1) can be considered composed of air lime binder, with HI values of 0.04 for the lime lump and 0.03–0.08 for the binder. Sample P7 has a binder with an HI of 0.14, indicating a weak hydraulic mortar. However, the analysis of the underburned lumps shows high Ca values and a variable amount of Si due to the presence of microcrystalline quartz included in the stone used for mortar production (Figure 8d). The HI value could be explained by contamination from the finest aggregate fraction (quartz, underburned during the firing). Based on the underburned fragments found in the mortar samples, the primary source of lime appears to be relatively pure calcium carbonate, excluding rocks containing Mg.





4. Discussion


4.1. Raw Material Provenance


4.1.1. Binder Raw Materials


The results allow us to hypothesize the sources of the raw materials. In the Roman period, both travertine and marble were used to produce the binders of mortar-based materials. Travertine in particular was easily accessible, as it outcrops near Hierapolis and even forms the plateau on which the city was built [62]. Both white and white-grey marbles were used and quarried in the quarries of Gök Dere and Marmar Tepe, which are located in close proximity to the city center (1–2 km). In addition, quarries a little further away, such as those at Thiounta and Gölemezli, were also exploited [63]. In the Early Byzantine period, the use of marble as stone for lime became very common, probably due to the reuse of debris from monumental buildings that had collapsed after earthquakes [64,65]. Travertine was no longer used during this period.




4.1.2. Aggregate Raw Materials


All the analyzed samples contain different types of aggregates of sedimentary and/or metamorphic origin with grain morphologies compatible with the fluvial sediments such as sands and gravels. The lithologies of the aggregates correspond to rocks eroded by the watercourses. Not far from the city, small watercourses such as Gök Dere, Kadı Dere and Suini Dere carry fragments of metamorphic rocks such as quartzites, schists, marble, gneiss, meta-sandstones and phyllites associated with the Menderes Massif [33]. The erosion of rocks that outcrop directly on the terrace on which the city of Hierapolis is located produces fragments of travertine and, more rarely, of carbonate-cemented breccias. The aggregates such as sedimentary limestones and ophiolites are derived from the Lycian Nappe units that outcrop in the part of the basin dominated by Mount Honaz on the south/southwest side of the Denizli Basin. These lithologies are eroded and entrained by tributaries of the Çürüksu River, such as the Gökpınar stream and the Alikurt creek. The same type of lithologies outcrop west of Hierapolis, where they can be carried by the Saraçay stream a tributary of the Çürüksu (see Figure 2b). The XRPD analysis shows that the pyroxenes present in all the mortars containing crushed ceramic fragments are mainly diopside and gehlenite, probably formed during the firing of carbonate clay for the pottery production at temperatures between 550 and 950 °C [66]. It is worth mentioning that the ceramic fragments could belong to local pottery or tiles due to their composition, which consists of both siliceous metamorphic rock fragments (schist, quartzite and gneiss) and still-recognizable carbonate rock fragments (marble and sedimentary carbonates). For the different historical periods, the image analysis of the mortar-based materials shows differences in both sedimentary and metamorphic aggregates in terms of average shape parameters (especially average circularity), proportions of the used rock types and grain size. This evidence could indicate the use of raw materials from different sources (e.g., sediments from different rivers) or different mortar production technologies with the use of skills such as sieving or grinding of aggregates. The simultaneous decrease in the average size and the average circularity of the aggregate grains suggests a possible grinding process of the rocks, which influences both parameters and produces finer and more irregular grains. Sieving, on the other hand, changes the average size but has no effect on the average circularity of the aggregate grains. Specifically, all the mortars examined from the Flavian to the Severan periods show changes in the proportion of metamorphic and sedimentary rocks, which are accompanied by a reduction in the average size of the aggregates. The Early Byzantine mortars generally have smaller grain sizes than the mortars of the Severan period, except for the Early Byzantine bedding mortars from the Ploutonion and the Building A in the Apollo Sanctuary. These samples have a larger grain size than the mortars from the same period. This seems to be related to the specific buildings and does not contradict the general trend. In the Early Byzantine mortars from St. Philip Church, aggregates present the most distinctive characteristics in shape and size. Not only the types of rocks used as aggregate have low values of circularity, but the average circularity of these samples is also low, indicating very angular grains and the grain sizes are very fine, except for the aggregates used in bedding mortars. These peculiar features of the Early Byzantine mortars indicate a different source of raw material and/or a grinding process. In the first case, the watercourse carrying the aggregate (gravels and/or sands) may not have had sufficient flow to round the grains. As for the provenance of the poorly processed sediments, we can assume that they originate from the bed of the Suini Dere, a local seasonal stream, which flows north-east of St. Philip Hill. Changes in the raw material supplies may also be confirmed by the composition of the Early Byzantine mortars from the Ploutonion (P7 and P6), which contain phyllites in their aggregate. This type of rock is also found in samples NA2 (grouting mortar from Late Antonine period) and NA3 (in-fill mortar) belonging to the Nymphaeum of Apollo (Early Byzantine) and in the coating sample SS6 of an uncertain date from the Stoa of the Springs containing phyllite. Phyllite is associated with the low-metamorphic facies of the Menderes Massif. As all samples that contain phyllite are dated Early Byzantine, with an exception (sample NA2), we can hypothesize that this rock is a marker for Early Byzantine masonry in Hierapolis. Based on the presence of phyllite, sample SS6 can be dated to Early Byzantine age, while NA2 could be re-dated and considered coeval with sample SS6. Indeed, this hypothesis is supported by the traces of ancient restoration that occurred to the Nymphaeum, which can be detected also in the masonry technique.




4.1.3. Technological Evidence


The petrographic analysis shows differences in the mix design of the bedding mortars: the Roman bedding mortars containing ceramic fragments as aggregate have B/A ≤ 1/3; the Byzantine bedding mortars with ceramic fragments as aggregate have prevalently B/A ≥ 1/3. It is noteworthy that ceramic fragments were repeatedly added during the Roman period to improve the hydraulic properties of mortars in water-related contexts (e.g., Nymphaeum of the Tritons, Stoa of the Springs, the Great Building—Roman Baths). However, this technological ability was not always retained later. Thus, the Early Byzantine samples SP3 and SP5, both from the apse of St. Philip, contain mainly ceramic fragments with no hydraulic function, as do the Early Byzantine grouting mortars SP32 and SP33. These samples consist mainly of ceramic fragments and silicate stone, although they were not intended to fulfill a hydraulic function, which testifies to the progressive loss of certain knowledge over time. A technical feature of the Early Byzantine period is instead the creation of two different mixing designs for the production of plasters (inner layers in the church of St. Philip) and bedding mortars. These mortars of the same age with different functions have different aggregate compositions. For example, the bedding mortars rarely contain dolomite, which is found in all the inner plaster layers. Dolomite is associated with the carbonate rocks of the Lycian Nappe [45], and the presence or absence of this mineral suggests a change in the supply area of raw materials. As for Early Byzantine external layers of plasters, we note that they are composed of lime with the addition of straw, while the use of lithic aggregates is rare. The addition of straw to the mortar and/or plaster mix is a common technique to improve their resistance under certain environmental conditions. In earthquake-prone areas, it is highly desirable to improve the fracture behavior of masonry and make the materials more flexible and lightweight [67,68].






5. Conclusions


The possibility of analyzing a large number of mortar samples with different functions and different dating, combined with an in-depth knowledge of the territory from a geological and geomorphological point of view, allows us to understand the evolution of raw material supply and production technologies in the archaeological site of Hierapolis of Phrygia (Turkey).



Our study confirms that marble and the easily accessible travertine, which is abundant in the region, were the main source of lime in Roman mortar binders. In the Early Byzantine period, marble was used more frequently, probably due to the reuse of rubble from collapsed monumental buildings of the Roman city. Regarding the raw materials used as aggregates, local travertine and carbonate breccias, as well as fluvial sediments from eroded rocks of the Menderes Massif and the Lycian Nappe, were used in both the Roman and Byzantine periods. We can also assume that the ceramics used in the mortar-based materials were locally produced, as both the mortar mixture and the ceramic fragments contain the same metamorphic rock type. From a technological point of view, while ceramic fragments were consistently used in Roman mortars to improve hydraulic properties, this practice was not uniformly maintained in later periods. Instead, Early Byzantine mortars show a dual approach in their mix designs for the inner layers of plaster and bedding mortars, with specific aggregate compositions tailored to each function. External layers of plasters from this period also show a shift towards the use of lime and straw, while the proportion of lithic aggregates decreased.



Digital image analysis (DIA) has revealed variations in the proportions of composition of the aggregates in the different periods and changes in the morphological features, suggesting different collection areas along the rivers. From morphological evidence, the Early Byzantine mortars in Church of St. Philip have very angular and fine-grained aggregates, suggesting a grinding process. Overall, the use of local raw materials remained a constant factor in mortar production over time, but the differences in aggregate composition and morphological features can indicate shifts in raw material sources and technological knowledge. These results emphasize the dynamic nature of building practices in Hierapolis and provide a framework for future research on historical mortars and their raw material sources.
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Figure 1. Plan of the ancient city of Hierapolis. 
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Figure 2. (a) Tectonic map of western Anatolia (A: Gediz or Alaşehir Graben, B: Küçük Menderes Graben and C: Büyük Menderes Graben), modified from [44]; (b) geological map of the Denizli Basin (modified from [45]). 
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Figure 3. Some of the main monuments of Hierapolis: (a) The Apollo Sanctuary, Building A; (b) the Stoa of the Springs; (c) Nymphaeum of the Tritons; (d) the Theatre; (e) the Ploutonion; and (f) Church of St. Philip. 
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Figure 4. Some examples of (a) bedding mortar (SP5 sample—Church of St. Philip); (b) grouting mortar (NT4 sample—Nymphaeum of the Tritons); (c) coating mortar (SS5—Stoa of the Springs); and (d) concrete fill (P7 sample—Ploutonion). 
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Figure 5. Microphotographs of main aspects of binder and lumps in analyzed mortars (cross polarized nicols): (a) SA-C1 homogeneous micritic binder; (b) SS7 non-homogeneous binder; (c) NA3 binder with recrystallization; (d) P2 binder heterogeneous from micritic to sparitic; (e) P2 travertine underburned fragment; (f) GB2 travertine underburned fragment; (g) P1 marble underburned fragment; (h) SP29 marble underburned fragment. 
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Figure 6. Microphotographs of most common aggregate in analyzed mortars (crossed polarized nicols): (a) TH2 gneiss; (b) SS7 meta-sandstone and schist; (c) SS6 calc-schist and quartzite; (d) SA-C1 amphibolite; (e) TH2 breccias; (f) P6 fossiliferous limestone; (g) P1 on the left micritic limestone and on the right travertine; (h) SS5 crushed ceramic fragment; (i) SA-A2 gabbro-like igneous rock; (j) SA-A1 serpentine fragment; (k) SS6 marble on the left and schist on the right; (l) P6 phyllite with schists. 
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Figure 7. Microphotographs of sample; (a) SA-C1 bedding mortar; (b) NT1 bedding mortar; (c) SP11, render mortar; (d) SS7 render mortar; (e) SP30 render mortar; (f) SP29 render mortar; (g) SP36 opus sectile bedding mortar; (h) NT4 grouting mortar. 
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Figure 8. Backscattered SEM image of binder: (a,c) reaction rim between binder and ceramic fragment (NT2 and SS5, respectively); (b,d) air lime binder (P7 and SA-A1, respectively); (e) HI calculated on selected samples using microchemical SEM–EDS data of binders and lumps. All the acquired data are presented in Table S4. 
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Table 1. (a) Main mineralogical composition of Roman mortars; (b) main mineralogical composition in Byzantine mortars (semiquantitative data, +++: very abundant; ++: abundant; +: present; tr: traces; -: below detection limit).
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