The bricks of Hagia Sophia (Istanbul, Turkey): a new hypothesis to explain their compositional differences
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Highlights
e Bricks from Hagia Sophia (Istanbul, Turkey) were analyzed by OM, XRF, XRPD, TGA, SEM-EDS.

¢ An innovative micro-EDS approach on the matrix of the bricks showed that different clays were used in
different building phases.

* The compositional analogy between the bricks from Hagia Sophia (Istanbul, Turkey) of the 6th and 14th
centuries it has been highlighted.

Abstract

The work shows the results of a multi-analytical study performed on twenty-nine brick samples, taken from Hagia
Sophia in Istanbul (Turkey). Hagia Sophia, one of the most important historical buildings in the world, has a very
complex construction history; this complexity is also reflected in the materials used for its construction. The main
purpose of this work is to verify if there are compositional differences in the bricks used in different historical
periods, but also to understand the reasons for the eventual compositional differences between one period and
another. The samples were studied by optical microscopy (OM), X-ray fluorescence (XRF), X-ray powder
diffraction (XRPD) and thermo-gravimetric analysis (TGA), coupled with a new approach, based on the micro-
chemical EDS analysis, used to obtain information on the clay fraction of the matrix. The study showed that, most
probably, the differences between the bricks belonging to the different construction phases are due to the

composition of the clays used for their preparation.
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1. Introduction and research aims

Hagia Sophia, built in the 4th century AD, is one of the most important buildings in the world. Its constructive
history is complex and widely discussed in the scientific literature (Emerson and Van Nice 1950; Underwood &
Hawkins 1961; Van Nice 1965; Kinross 1974; Necipoglu 1992; Mainstone 2009; Erdik & Croci 2010; Cappa et al.
2016; Barba et al. 2018). It is possible to summarize its history in 4 major construction phases (Mainstone 2009).
The first period dates back to the 4" and 5™ century AD; the second period refers to the 5" and 6™ century AD;
the third phase covers a long time from the 6™ to the 14" century AD and the last phase refers to the 15" and
19%" centuries AD (Mainstone 2009). However, recent studies on ancient mortars, have shown that it is possible
to recognize probable restorations already realized in antiquity, suggesting the presence of more phases (Miriello
et al. 2017). In the following centuries, Hagia Sophia was subjected to numerous restoration, reconstruction and
consolidation works, many of which are still in progress. Archaeometric studies on natural and artificial stone
materials can provide important information on the production technology of the past, on the state of
conservation of the materials, on the construction evolution of ancient buildings and also on the commercial
relations existing between distant populations (Barca et al. 2013; Miriello et al. 2013; Antonelli et al. 2014; Tema
et al. 2015; Bloise et al. 2016; Miriello et al. 2018; Pecci et al. 2018). Hagia Sophia is one of the most studied
ancient buildings in the world; many studies have been conducted on his building materials using techniques
with different degrees of invasiveness (Cappa et al. 2016; Miriello et al. 2017; Barba et al. 2018; Cakmak et al
1995; Cura et al. 2014; Moropoulou et al. 2000a, 2000b, 2002a, 2002b, 2003, 2006, 2010, 2012a, 2012b, 2013).
However, the studies concerning the bricks used in the building are still few and they involved some samples
taken from entrance, basement and dome of Hagia Sophia (Moropoulou et al. 2002b). The aim of this study is to
improve the knowledge on the bricks of Hagia Sophia through the compositional characterization of samples
taken from different places than those studied in the previous works (Moropoulou et al. 2002b). To achieve these
goals, in addition to the classic characterization performed by optical microscopy (OM), X-ray fluorescence (XRF),
X-ray powder diffraction (XRPD) and thermogravimetric analysis (TGA), a new approach, based on the micro-
chemical EDS analysis, was used.

2. Sampling, materials and methods

Twenty-nine brick samples were sampled from different parts of Hagia Sophia. The location of the samples is
shown on the 3D model laser scanner (Fig. 1) built by Cura (2016). The probable dating of the samples based on
historical studies (Mainstone 2009) is shown in Table 1.

The samples were studied using a multi-analytical approach. The petrographic analysis on thin section was
performed by polarized light microscopy with a “Zeiss-Axioskop 40” microscope coupled with a “Canon
PowerShot A640” camera.

A point-counter “Meiji Techno MA945”, placed on the table of the polarized microscope, was used for modal
analysis to evaluate the percentage (% volume) of matrix, monocrystalline and polycrystalline fragments,
porosity (d<1/16 mm), chamotte and secondary calcite inside the pores. For this purpose, a step xy of 1 mm was
used on 500 points for thin section.

Thermogravimetric analysis (TGA) was carried out on a Netzsch STA 449 C Jupiter; materials were heated at a
rate of 10°C min™! in an alumina crucible under a constant nitrogen flow of 30 cm® min™ (Bloise et al. 2009),
heating from ambient temperature to 920 °C. Approximately 20 mg of sample was used for each run.



Major (SiO,, TiO,, Al,03, Fe;03, MnO, MgO, Ca0, Naz0, K0, P,0s) and trace (Ni, Cr, V, La, Ce, Co, Ba, Nb, Y, Sr, Zr,
Rb) chemical components were determined by X-Ray fluorescence (XRF) on fused glass disks utilizing an ARL 9400
XP+ sequential X-ray spectrometer under the instrumental conditions reported in Lezzerini et al., 2013. Within
the range of the measured concentrations, the analytical uncertainties are < 3% for all the components, except
for Na,0, P,0s, Ca0, TiO, and MnO, which may occasionally attain <10 % for very low concentrations (Lezzerini
et al., 2013; 2014). XRF analysis was performed on all samples, except for the bricks BAS23, BAS25, BAS28 and
BAS29, because the amount of available material was very small. However, for these samples, all the other types
of analyses have been performed.

The qualitative mineralogical composition of the samples was studied using a Bruker D8 Advance X-ray powder
diffractometer (XRPD) with Cu—Ka radiation, operating at 40 kV and 40 mA. Powder diffraction data were
collected in the range 3—60° 20 in steps of 0.02° 26 (step time 0.4 s). The EVA software program (DIFFRACplus
EVA) was used to identify the mineral phases in each X-ray powder spectrum, by comparing experimental peaks
with PDF2 reference patterns.

Microchemical analysis of the matrix and volcanic fragments was carried out using an Electron Probe Micro
Analyzer JEOL- JXA 8230 coupled with a Spectrometer EDS — JEOL EX-94310FalL1Q; in particular, the micro EDS
analyses were performed for each thin section on three representative areas of the matrix 600X600 um in size.

The software “IBM SPSS statistics release 24” was used to perform multivariate statistical analysis (discriminant
analysis).

3. Results and discussion

3.1 Mineralogical and petrographic features

Most of the walls of Hagia Sophia were built using bricks. From the macroscopic point of view, the samples have
a rather variable appearance. The color varies from an intense red of the BAS3 sample (Fig. 2a), a soft yellow of
the BAS7 (Fig. 2b); although it is also possible to observe the pink color in the sample BAS 28 (Fig. 2c). However,
in the first analysis, from the study of macroscopic color, we can only say that the samples were fired in an
oxidizing atmosphere. In fact, color is not a variable that allows to make compositional considerations, since the
same fabric cooked in the same kiln can derive bricks of different color depending on the different spatial
distribution inside it (Miriello et al. 2007).

The observation of all samples with the naked eyes shows the presence of millimeter sized vacuoles and rare
clasts of greater than 3 mm in size.

The mineralogical and petrographic observation in thin section shows the presence of a rather homogeneous
mineralogy for all the samples (Table 2). Generally, quartz prevails (Fig. 3a) followed, in order of decreasing
abundance, from plagioclase (3b), orthoclase (3c), micas as muscovite (Fig. 3d) and biotite (Fig. 3e), and opaque
minerals. The calcite found in most of the samples is due to recrystallization phenomena of secondary calcite in
the pores (Fig. 3f); only in the sample BAS12 its presence can be attributed to rare fragments of bioclasts (Fig.
3g).. The modal analysis allowed to estimate the content of secondary calcite in the pores, ranging from a
minimum of 0.93% for the BAS20 sample to a maximum of 10.18% for the BAS12 sample (Table 3). Optical
microscopy with transmitted polarized light has detected the presence of rare primary pyroxenes (traces); while
X-ray powder diffraction (XRPD) allowed to detect the presence of pyroxenes (diopside) in most samples (Table
4). This means that the pyroxenes present in the bricks of Hagia Sophia are found in the form of micrometric



crystals (Miriello et al., 2015) formed secondarily after reaching temperatures above 900 °C during the firing
phase. XRPD also allowed to detect the presence of hematite in most of the samples, confirming the firing
conditions in an oxidizing atmosphere.

In all samples, the presence of quartzites (Fig. 3h) prevails over the granite rocks (Fig. 31) and phyllites. The
volcanic rocks are found in trace content in some samples (Table 2). The composition of the volcanic rocks,
studied by EDS microanalysis, varies from trachy-basalts (Fig. 3L) to rhyolites (Fig. 3M). In most of the samples,
the presence of chamotte (Fig. 3n) was found, almost always in traces, except for samples BAS4 and BAS25,
where respectively represents 11.60% and 5.12% of the skeleton (Table 3). Non-plastic elements have a
sphericity variable from low to high (Powers 1953). The sorting is variable from "poorly sorted" to "well sorted"
(Boggs, 2010; Jerram, 2001); in general, for all samples the average particle size of the non-plastic elements is
that of the sands, which vary from fine to coarse, except for the sample BAS29 in which a Wentwort size (1922)
"coarse silt" is found. The matrix/non-plastic elements ratios vary from a minimum of 2.30 (sample BAS19) to a
maximum of 28.17 (sample BAS6) (Table 2).

All the bricks studied were taken from walls of which the dating is well known (Mainstone 2009). This dating was
also confirmed by recent studies on the mortar of Hagia Sophia (Miriello et al 2017). This means that bricks can
be very well assigned to different construction phases (Table 1). For a better understanding of the compositional
data, it is possible to assign the same symbol to the samples belonging to the same construction phase and using
a discriminant model based on the variables estimated by the modal analysis (Table 3); the result of the
discriminant analysis is shown in Figure 4; this figure shows as there is a partial overlap between the samples
belonging to the different construction phases. Only the samples belonging to the 10™ century separate
themselves from the others; this means that there are small compositional differences between the various
samples linked to the mineralogical and petrographic features.

3.2 Geochemical features of the bulk samples

The chemical composition, performed by XRF analysis, regards all the samples with the exception of the bricks
BAS23, BAS25, BAS28 and BAS29, because the amount of available material was very small. The maximum
variability of the chemical elements concerns variables whose concentration is greater; in particular, for the
chemical major elements, SiO,, CaO and Al,03 (Table 5). The greater chemical variability of trace elements
regards, in decreasing order, Cr, Ni, Sr, Ba, Zr and V (Table 6). The binary diagrams CaO vs SiO; (Fig. 5a) and Sr vs
Zr (Fig. 5b) show a good separation between the construction phases, except for samples belonging to the 6%
century, which overlap with those belonging to the 14" century; this overlap can be explained assuming that the
bricks prepared in the 6% century were reused to rebuild the 14™ century walls, collapsed due to a seismic event;
this hypothesis is reasonably plausible, because the walls of Hagia Sophia of the 14™ century are close to the
walls of the 6™ century and they have been involved in earthquakes (Charanis 1938; Cutler 1968; Mainstone
2009; Cappa et al. 2016; Cura et al 2016; Miriello et al., 2017). For this reason, from here on out, in the next
figures the same symbol will be assigned to the samples of the 6™ and 14" centuries. The discriminant analysis,
performed by considering all the major and trace chemical elements, confirms very good the strong separation
of the samples belonging to different historical periods (Fig. 5c and Fig. 5d). The data show that the discrimination
between the different construction phases is better observed using chemical data, rather the modal data
obtained from optical microscopy; in the first analysis, this could mean that the different geochemical features
of the samples are most probably due to the chemical composition of the matrix, which always represents, on
average, about 80% by volume of the sample.



3.3 Thermogravimetric analysis and comparison with the bricks of Rhodes

Thermogravimetric analysis (TGA) was performed in the temperature range between 20 and 920 °C; the results
are shown in Table 7. The graph in figure 6a shows the result of the discriminant analysis performed by the data
obtained from the thermogravimetric analysis, using all the variables present in Table 7. Figure 6a, confirms the
good separation between the different construction phases already highlighted by the previous data.

Regarding the hypothesis of provenance of the clays used to produce the Hagia Sophia bricks, compositional
studies on clays in the surroundings of Istanbul are not present in literature; it is possible to use the study by
Moropoulou et al. (2002b) to make some very preliminary hypotheses about brick provenance. In this work
(Moropoulou et al. 2002b), some samples from the Great Basilica of Rhodes were studied by TGA analysis. Figure
6b shows the SBW (structurally bound water) vs. CO; diagram, obtained by TGA data (Table 7); in this diagram
the samples of Hagia Sophia were compared with those coming from the Great Basilica of Rhodes (Moropoulou
et al. 2002b). The compositional field of Rhodes bricks shows high compositional variability (Fig. 6b), which, in
general, differs from that of Hagia Sophia bricks, except for the samples BAS6, BAS17, BAS18, BAS20 and BAS29.
However, this apparent analogy is not strong; in fact, the observation of Hagia Sophia bricks in thin sections
revealed, for many of them, the presence of secondary calcite in the micro pores (Fig. 3f). The presence of
secondary calcite increases the CO, content abnormally, translating the Hagia Sophia samples to the
compositional field of the Rhodes samples. It can therefore be concluded that for the samples studied in this
work no bricks produced with raw materials from Rhodes have been used.

3.4 Microchemical composition of the matrix

The data previously discussed show that the Hagia Sophia bricks are compositionally different in various
constructive epochs. This do not seem to be related to strong mineralogical and petrographic differences
observable by optical microscopy under transmitted polarized light; if that's true, then, the compositional
differences must be preserved even if only the chemical composition of the clay fraction is studied. In fact, the
most plausible hypothesis to explain the different compositional features of the bricks is that different types of
clays have been used for each construction phase. To deepen this aspect, we have developed a new protocol,
which is based on the identification of homogeneous areas of the matrix with a low concentration of non-plastic
elements by polarizing optical microscope (Fig. 7a) and their study through micro chemical EDS analysis on area
600x600 pum? in size (Fig. 7b). On each sample, three homogeneous areas were identified and subsequently the
mean chemical composition of the major elements was calculated (Table 8). Figure 7c shows the results of the
discriminant analysis obtained using all the chemical variables present in Table 8. The graph shows a perfect
separation of the bricks (Fig. 7c), which matches with the construction phases already identified previously. This
reinforces the hypothesis that, even when micro-chemical data representative of the clay composition is used,
clays of different compositions have been used in each historical period.

4. Conclusions

This study allows to demonstrate the compositional analogy between the bricks of the walls of the 6" and 14"
centuries. The bricks, which were believed to belong to a 14" century wall, were most likely produced in the 6
century and re-used in the 14™ c. walls. In fact, it is possible that during the reconstruction of the 14" century,
the bricks of the 6™ century that were collapsed during a seismic event, were re-used.



The samples, although apparently homogeneous among themselves from the minero-petrographic point of view,
have instead revealed significant compositional differences in the finer component, related to the clays used for
their production. A new analytical protocol based on micro chemical-EDS analysis of homogeneous areas (free
of non-plastic elements), implemented specifically for this work, has allowed to establish that different
composition clays have likely been used for each construction period. Moreover, it allowed to group the samples
into four compositionally similar sets: samples from the 4% century, samples from the 5% century, samples from
the 6 and 14 century, samples from the 10% century.

The results show that the micro chemical study of the matrix can be an excellent tool to formulate hypotheses
on the types of clays used in the production of the bricks. This approach should be applied routinely, together
with the analysis in thin section performed by optical microscopy under transmitted polarized light, to obtain
information useful to solve provenance problems.

The preliminary compositional comparison, based on the thermo-gravimetric analysis (TGA), between the bricks
studied in this work and those of the Great Basilica of Rhodes studied by Moropoulou et al. (2002b), allowed to
exclude their provenance from Rhodes. It is very likely that local raw materials were used for their production;
however, to confirm this hypothesis, mineralogical and geochemical studies of the local clay quarries must be
performed.
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FIGURES

Figure 1 Sampling points of the bricks placed on 3D model laser scanner of Hagia Sophia (Curat 2016).

Figure 2 An example of macro photos under reflected light of the bricks of Hagia Sophia representative of the
qualitative chromatic features. a) Sample BAS3; b) Sample BAS7; c) Sample BAS28.
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Figure 3 Microphotos performed by optical microscopy under transmitted polarized light of the bricks of Hagia
Sophia, crossed nicols. a) Quartz in the sample BAS10; b) Plagioclase in the sample BAS8; c) Orthoclase in the
sample BAS9; d) Muscovite in the sample BAS19; e) Biotite in the sample BAS19; f) Secondary calcite in the
sample BAS12; g) Bioclast in the sample BAS12; h) Quartzite in the sample BAS7; i ) Granite in the sample BAS4;
I) Trachy-basalt in the sample BAS22; m) Rhyolite in the sample BAS10; n) Chamotte in the sample BAS16.
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Figure 4 Discriminant analysis of the bricks of Hagia Sophia performed using all modal analysis data (Table 3).
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Figure 5 a) Bi-plot diagram CaO vs SiO, of the bricks of Hagia Sophia by XRF analysis of the bulk sample; b) Bi-
plot diagram Sr vs Zr of the bricks of Hagia Sophia by XRF analysis of the bulk sample; c) Discriminant analysis of
the bricks of Hagia Sophia performed using all chemical major elements of the bulk sample, except LOI and
P,0s; d) Discriminant analysis of the bricks of Hagia Sophia performed using all chemical trace elements of the
bulk sample.
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Figure 6 a) Discriminant analysis of the bricks of Hagia Sophia performed using all TGA data (Table 7); b) Bi-plot
diagram SBW (structural bound water) vs CO; of the bricks of Hagia Sophia obtained by TGA analysis and
comparison with the TGA data of the bricks of Great Basilica of Rhodes (Moropoulou et al., 2002b).
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Figure 7 a) Microphotos of the sample BAS24 performed by polarized optical microscopy under crossed nicols;
the white square represents a homogeneous area of the matrix with a low concentration of non-plastic
elements; b) SEM image of the area of 600x600 micron? in size for the sample BAS24 used for micro EDS

analysis; c) Discriminant analysis of the bricks of Hagia Sophia, performed using all the chemical major
elements obtained by micro chemical EDS analysis (Table 8).



TABLES

Tipology Probable dating based
on historical studies
BAS1 Brick 6thc.
BAS2 Brick 6thc.
BAS3 Brick 10thc.
BAS4 Brick 6thc.
BAS5 Brick 6thc.
BAS6 Brick 6thc.
BAS7 Brick 6thc.
BAS8 Brick 6thc.
BAS9 Brick 6thc.
BAS10 Brick 6thc.
BAS11 Brick 14 thc.
BAS12 Brick 6thc.
BAS13 Brick 6thc.
BAS14 Brick 6thc.
BAS15 Brick 6thc.
BAS16 Brick 6thc.
BAS17 Brick 4thec.
BAS18 Brick 4thec.
BAS19 Brick 5thc.
BAS20 Brick 5thc.
BAS21 Brick 5thc.
BAS22 Brick 4thc.
BAS23 Brick 6thc.
BAS24 Brick 14 thc.
BAS25 Brick 6thc.
BAS26 Brick 14 thc.
BAS27 Brick 14 thc.
BAS28 Brick 10thc.
BAS29 Brick 10thc.

Table 1 The bricks taken from Hagia Sophia with probable dating based on historical studies (Mainstone 2009).



By Modal analysis By XRPD and EDS

Sorting of non

Mean non- - M&. 001\ size 96 Non-plastic % Matrix Matrixinons -, Porosity Mineralogical plastic  Isotropy -
plastic plastic . y N . % Secondary N N Roundness Sphericity
inclusions size inclusions size (Wentworth inclusions  (size<1/1 inclusions (size>1/16 mm calcite phases of the non- Rock fragments inclusions (by ~ of the (Powers 1953) (Powers 1953) Chamotte
|m) (um) 1922) (size>1/16 mm) 6 mm) ratio mm) plastic inclusions Boggs 2010;  matrix
H H Jertam 2001)
K Qtz, PI, Dj, Cal, _ i .
BAS1 67 693 Very Fine Sand 3.60 88.75 24.66 225 5.40 Quartzites, granites MWS Low  Sub-rounded Low sphericity P
Hem, Ms, Bt, Om
Quartzites, phyllites,
basaltic trachy-
BAS2 700 2400 Coarse sand 7.29 7847 1076 6.08 g1s O PLDiHem andesites (traces), vWs High ~ Sub-rounded Low sphericity A
Cal, Bt, Ms, Om trachy-andesites
(traces), dacites
(traces)
Qtz, Pl, Hem, Or,  Quartzites, granites, - .
. . 4. 3 . P
BAS3 580 5600 Coarse sand 18.22 75.03 12 573 1.02 Ms. Bt, Cal, Om dacites (traces) MWS High Rounded  Low sphericity
Qtz, PI, Or, Di, N
BAS4 200 2607 Medium Sand 2257 6693 297 439 611 Cal Ms, Bt, Hem, Q“a";';ifliilge':""es' PS Low  Angulr Highsphericty P
Oom
Qtz, Cal, i, Pl, Quartzites, granites,
BAS5 440 1220 Medium Sand 5.84 85.06 14.56 3.25 5.84 Or, Hem, Ms, Bt, phyliilges ' MWS High Angular High sphericity A
Oom
Qtz, Di, PI, Or,
BAS6 49 1619 Coarse Silt 3.06 86.08 28.17 4.24 6.62 Hem, Bt, Ms, Cal, Quartzites, phyllites ws Medium Angular High sphericity A
Oom
Qtz, Di, P, Cal, ) )
. artzites, phyllites, Ve " .
BAS7 184 6000  VeryFineSand 1292 7542 584 463 702 onwMc Ms B, gre:mt‘;s IS, PS Lo subeangular  High sphericity P
Om
Qtz, PI, Or, Di, Quartzites, basaltic
BAS8 238 1303 Fine Sand 7.32 84.36 11.52 4.66 3.66 Cal, Ms, Bt, Hem, trachy-andesites PS Medium  Sub-angular  High sphericity P
Oom (traces)
Qtz, PI, Dj, Or, " "
BAS9 214 2240 Fine Sand 1117 71.99 6.45 7.39 9.45 Cal, Hem, Ms, Bt, Quanz!les, granites, MWS Medium  Sub-angular  High sphericity A
om rhyolites (traces)
BASIO 630 2370 Coarse Sand 8.56 8366 9.7 4.28 350 Qtz i, PI, Ms, - Quartzites, phylies, MS  Medium Sub-rounded Lowsphericity A
Hem, Cal, Om rhyolites (traces)
BAS11 56 1259 C Silt 8.39 76.13 9.08 5.81 9.68 Qtz, Bi, PL, Or, Ol rtzit ranits ws Medium  Sub-rounded Low sphericil P
oarse . . X . Hem, Ms, Cal, om  QUartzites, granites ledium  Sub-rounded  Low sphericity
Q. PI, Cal, Di Quartzites, phyllites,
BAS12 355 1042 Medium Sand 16.79 69.47 4.14 356 10.18 Ms él ‘Hemv Orvn granites, bioclasts MWS Medium  Sub-angular High sphericity P
Y ' (traces)
Qt PI, Di, O, Quartzites, granites,
BAS13 274 4336 Medium Sand 14.51 73.28 5.05 4.23 7.98 Caly Hém lOm‘ trachy-andesites MWS Medium  Sub-angular  High sphericity P
' ' (traces)
Qtz, PI, Cal, Di, Quartzites, granites,
BAS14 328 1141 Medium Sand 8.64 79.47 9.20 7.26 4.63 Or, Ms, Bt, Hem,  d N PS Low Sub-angular  Low sphericity P
om trachy-basalts (traces)
BAS1S 223 2022 Fine Sand 11.07 7549 682 514 gao  QzPlCal Hem,  Quartits, yolites ws Medium  Sub-rounded High sphericity P
Or, Om (traces)
Quartzites, granites,
Qt, cal, PI, Di rhyolites (traces),
BAS16 362 129 Medium Sand 8.10 76.32 9.42 9.35 6.23 AR basaltic trachy- Ms Low  Sub-angular High sphericity P
Or, Hem, Bt, Om N
andesites (traces),
trachytes (traces)
Qtz, Pl, Cal, Di, Quartzites, granites,
BAS17 200 1362 Fine Sand 12.29 82.01 6.67 4.20 1.50 Or, Hem, Ms, Bt, phyliilges ' ws High  Sub-rounded High sphericity P
Oom
Qtz, Cal, PI, Hem, Quartzites, phyllites,
BAS18 210 879 Fine Sand 7.21 85.89 11.91 5.96 0.94 I;/Is ét 'Om ' granites, andesites Wws Low  Sub-angular High sphericity P
Y (traces)
. Qtz, PI, Cal, Hem,  Quartzites, granites, ’ .
BAS1 21 1277 M 27. 2.82 2. 7.4 2. N " P High - L« h P
\S19 0 ledium Sand 35 62.8: 30 8 35 Di, Ms, Bt, Om phylies S gl Sub-rounded  Low sphericity
BAS20 260 1864 Medium Sand 1472 759 521 6.76 093 Q®PLONMs,  Quartites, granites, VWS Medium Sub-angular Highsphericiy P
Di, Cal, Om phyllites
Qtz, Pl Or, D Quartzites, phyllites,
BAS21 123 2271 Very Fine Sand 5.09 8006  17.48 491 094 Hem, By Ms,Cal,  echy-andesites MWS  Medium  Angular  High sphericity P
om (traces), dacites
(traces)
" Qtz, Or, PI, Di, Quartzites, granites, " -
BAS22 387 1715 Medium Sand 6.34 87.97 13.87 3.90 179 Hem, Ms, Om, Cal trachy-basalts (traces) PS Medium  Sub-angular  Low sphericity P
BAS23 123 901 Very Fine Sand 10.20 81.63 8.00 0.00 8.16 E{tezmplcgloom’ Quartzites, phyllites MWS Medium  Sub-rounded Low sphericity A
Qt PI, Di, O, Quartzites, phyllites,
BAS24 464 1141 Medium Sand 6.46 86.60  13.42 411 274 Cal Hem, Ms, Bt techy-andesites ws Low  Sub-rounded Highsphericity P
om (traces), trachytes
(traces)
BAS25 86 1955 Very Fine Sand 15.81 74.42 471 6.28 3.49 Qtz, Cal, P, Or, Quartzites, granites ws Low  Sub-rounded Low sphericity P
v ) ) ) ) Di, Hem, Ms, Om g P
Quartzites, granites,
Qtz Pl Or, D phyllites, sandstones
BAS26 290 2225 Medium Sand 15.27 74.25 4.86 8.68 1.80 Heryn éal lOm' (traces), trachytes MwWS High  Sub-rounded Low sphericity P
B (traces), dacites
(traces)
BAS27 260 694 Medium Sand 6.10 91.08 14.92 188 0.94 ?:tazl alemploom’ Quartzites, granites MWS Low  Sub-rounded High sphericity P
) Qtz, Pl, Chl, Gp, . ) ) ) -
BAS28 92 557 Very Fine Sand 10.87 78.26 7.20 8.70 217 Hem, Om. Cal Quartzites, granites PS High  Sub-rounded High sphericity A
BAS29 60 423 Coarse Sit 9.09 7576 833 1364 12 QBPLCLON e, granites ws Low  Subrounded Highsphericity A
i : - : ’ Ms, Di, Hem, Om 9 oh spherictty

Table 2. Petrographic features of the brick samples on thin section [Sorting: MS: moderately sorted, MWS:
moderately well sorted, PS: poorly sorted, VWS: very well sorted, WS: well sorted. Mineralogical phases: Bt:
biotite, Cal: calcite, Chl: chlorite, Di: diopside, Gy: gypsum, Hem: hematite, Ms: muscovite, Ol: olivine, Om:
opaque minerals, Or: orthoclase, Pl: plagioclase, Qtz: quartz. Chamotte: A: absent, P: present].



Monomineralic = Polimineralic Secondary calcite

Matrix Porosity d>1/16 mm Chamotte Lo Sum
fragments fragments inside pores

BAS1 88.75 2.70 0.56 2.25 0.34 5.40 100
BAS2 78.47 3.47 3.82 6.08 n.d. 8.16 100
BAS3 75.03 9.30 7.90 5.73 1.02 1.02 100
BAS4 66.93 4.08 6.90 4.39 11.60 6.11 100
BAS5 85.06 1.30 4,55 3.25 n.d. 5.84 100
BAS6 86.08 1.87 1.19 4.24 n.d. 6.62 100
BAS7 75.42 3.23 9.13 4.63 0.56 7.02 100
BAS8 84.36 2.50 3.99 4.66 0.83 3.66 100
BAS9 71.99 3.95 7.22 7.39 n.d. 9.45 100
BAS10 83.66 2.14 6.42 4.28 n.d. 3.50 100
BAS11 76.13 3.44 4.52 5.81 0.43 9.68 100
BAS12 69.47 3.05 13.23 3.56 0.51 10.18 100
BAS13 73.28 2.66 11.37 4.23 0.48 7.98 100
BAS14 79.47 1.63 6.01 7.26 1.00 4.63 100
BAS15 75.49 2.77 7.91 5.14 0.40 8.30 100
BAS16 76.32 2.49 5.30 9.35 0.31 6.23 100
BAS17 82.01 4.05 8.10 4.20 0.15 1.50 100
BAS18 85.89 0.31 5.96 5.96 0.94 0.94 100
BAS19 62.82 1.50 25.21 7.48 0.64 2.35 100
BAS20 77.59 2.25 12.07 6.76 0.40 0.93 100
BAS21 89.06 2.08 1.70 4.91 1.32 0.94 100
BAS22 87.97 1.46 4,55 3.90 0.33 1.79 100
BAS23 81.63 4.08 6.12 0.01 n.d. 8.16 100
BAS24 86.69 0.98 5.28 4.11 0.20 2.74 100
BAS25 74.42 3.72 6.98 6.28 5.12 3.49 100
BAS26 74.25 1.20 13.17 8.68 0.90 1.80 100
BAS27 91.08 1.88 3.76 1.88 0.47 0.94 100
BAS28 78.26 2.17 8.70 8.70 n.d. 2.17 100
BAS29 75.76 3.03 6.06 13.64 n.d. 1.52 100

Table 3 Results of the modal analysis of the bricks (% by vol.), performed by a point-counter placed on the table
of the polarized microscope; n.d. = not detected.



Max. < > Min.

BAS1 Qtz Pl Di Cal Hem

BAS2 Qtz Pl Di Hem Cal

BAS3 Qtz Pl Hem

BAS4 Qtz Pl Or Di Cal Mca Hem

BAS5 Qtz Cal Di Pl Or Hem

BAS6 Qtz Di Pl Or Hem

BAS7 Qtz Di Pl Cal Or

BAS8 Qtz Pl Or Di Cal Mca Hem
BAS9 Qtz Pl Di Or Cal Hem

BAS10 OQtz Di Pl Mca Hem

BAS11 Qtz Di Pl Or Ol Hem

BAS12 Qtz Pl Cal Di Mca Hem
BAS13 Qtz Pl Di Or Cal Hem
BAS14 Qtz Pl Cal Di Or Mca Hem
BAS15 OQtz Pl Cal Hem Or

BAS16 Qtz Cal Pl Di Or Hem
BAS17 Qtz Pl Cal Di Or Hem
BAS18 Qtz Cal Pl Hem  Mca

BAS19 Qtz Pl Cal Hem Di

BAS20 OQtz Pl Or Mca Di

BAS21 OQtz Pl Or Di Hem

BAS22 OQtz Or Pl Di Hem

BAS23 Qtz Pl Di Or Hem

BAS24 Qtz Pl Di Or Cal Hem
BAS25 Qtz Cal Pl Or Di Hem
BAS26 Qtz Pl Or Di Hem

BAS27 Qtz Di Pl Or Cal Hem
BAS28 Qtz Pl Chl Gp Hem

BAS29 OQtz Pl Cal Or Mca Di Hem

Table 4 Qualitative mineralogical composition of the samples in order of decreasing relative abundance, detected
by XRPD analysis (Cal: calcite; Chl: chlorite; Di: diopside; Gp: gypsum; Hem: hematite; Mca: micas; Ol: olivine;
Or: orthoclase; Pl: plagioclase; Qtz: quartz).



% wt Sio, TiO, AlLO; Fe,0; MnO MgO CaO Na,0  K,O P,0s LOl  Sum
BASI  49.63 0.86 1694 1002 018 598 1041 153 220 0.09 2.16 100
BAS2  50.02 090 15.10 1038 0.16 850 10.03 131 177 0.09 174 100
BAS3 6417 144 1736 863 017 244 137 165 1.64 008 105 100
BAS4  53.85 093 1494 954 017 465 977 122 247 011 235 100
BAS5 4956 0.74 1289 879 016 425 1505 134 1.62 011 549 100
BAS6 4883 081 1428 937 014 917 1088 152 1.65 0.10 3.25 100
BAS7 5137 066 1237 839 016 493 1590 145 1.3  0.07 3.57 100
BAS8 5101 079 17.16 872 014 630 1002 148 224 010 2.04 100
BAS9 5425 0.83 1349 891 014 760 9.82 125 149 010 212 100
BASIO 4841 0.81 13.82 925 014 883 1150 1.70 191 010 3.53 100
BASI1 5423 091 1510 936 016 774 825 1.08 172 009 136 100
BAS12 5254 086 1358 921 0.15 7.45 1055 109 160 009 288 100
BASI3 5401 0.82 13.75 884 014 7.47 1008 113 151 010 215 100
BAS14 4938 073 1615 823 013 556 1121 1.69 212 009 471 100
BASI5 51.10 0.81 1441 889 016 6.08 1078 1.64 160 011 442 100
BAS16 3898 0.88 11.69 1263 0.8 3.70 19.02 115 226 010 9.41 100
BAS17 5540 0.86 1996 751 014 299 483 118 327 008 378 100
BASIS 4866 0.89 1663 924 016 555 807 081 232 013 754 100
BASI9 6200 1.05 1543 770 013 3.15 541 149 193 014 157 100
BAS20 60.68 1.14 1945 713 010 322 149 178 245 011 245 100
BAS21 5175 1.06 1836 9.99 0.16 645 514 080 253 013 3.63 100
BAS22 51.88 0.99 1553 956 0.10 434 570 086 291 278 535 100
BAS24 50.68 0.80 1624 9.04 015 566 1073 144 207 009 3.10 100
BAS26 57.72 079 1252 803 013 7.12 888 144 135 011 191 100
BAS27 4962 0.81 1370 954 015 865 1248 113 157 010 225 100

Table 5 Content of the major chemical elements of the bricks of Hagia Sophia, performed on the bulk samples by
XRF analysis.



ppm Ni Cr \Y La Ce Co Ba Nb Y Sr Zr Rb
BAS1 276 345 136 19 24 39 287 15 29 314 83 105
BAS2 465 528 129 19 38 48 354 13 29 209 71 93
BAS3 86 171 119 22 97 29 419 13 30 73 202 69
BAS4 204 317 124 23 67 31 424 23 32 200 129 120
BAS5 122 274 132 22 47 29 403 33 29 231 98 87
BAS6 366 502 119 30 29 43 401 19 27 225 61 89
BAS7 151 259 119 19 42 29 344 22 30 276 53 77
BAS8 248 306 150 21 40 38 318 13 29 342 60 102
BAS9 330 483 130 19 37 37 271 12 27 240 65 79
BAS10 314 474 151 19 37 37 270 16 27 220 69 90
BAS11 402 521 143 19 36 39 313 12 31 139 70 88
BAS12 321 550 139 19 37 40 339 14 27 200 71 79
BAS13 349 522 137 19 36 34 242 12 28 191 58 81
BAS14 166 287 150 27 38 34 326 19 26 408 74 98
BAS15 211 407 127 19 44 37 365 18 28 359 93 82
BAS16 102 300 109 19 44 19 154 27 21 367 148 91
BAS17 106 212 115 38 51 27 600 37 37 133 142 150
BAS18 194 463 135 19 36 38 364 27 26 183 126 106
BAS19 119 209 122 28 67 25 406 16 31 110 146 90
BAS20 91 219 120 26 43 25 451 23 35 117 173 105
BAS21 299 447 152 19 50 45 361 23 24 154 123 120
BAS22 215 360 105 19 44 29 394 19 19 304 183 120
BAS24 211 286 177 21 51 33 299 13 26 358 71 98
BAS26 303 526 128 19 34 36 294 10 26 181 62 72
BAS27 401 509 139 27 24 44 330 15 29 202 48 84

Table 6 Content of the trace chemical elements of the bricks of Hagia Sophia, performed on the bulk samples by

XRF analysis.



Weightloss =~ Weight loss Weight loss Weightloss Weightloss Weight loss Weight loss
hwt Ta20 ¢ 120<7<200°C 2200 400cT<600°C 600<T<650°C T>650 °C Total €O,  SBW CO,/SBW
°C 30<T<920 °C
BAS1 0.36 0.24 0.44 0.40 0.29 0.76 2.49 1.26 0.87 1.45
BAS2 0.18 0.14 0.28 0.24 0.17 0.63 1.64 0.85 0.61 1.39
BAS3 0.08 0.12 0.41 0.15 0.14 0.10 1.00 0.25 0.67 0.37
BAS4 0.18 0.12 0.31 0.20 0.16 0.78 1.75 0.97 0.60 1.62
BASS 0.49 0.31 0.61 0.54 0.33 3.19 5.47 3.68 1.30 2.83
BAS6 0.37 0.31 0.53 0.79 0.36 0.37 2.73 0.81 1.55 0.52
BAS7 0.34 0.19 0.39 0.28 0.21 2.10 3.51 2.37 0.80 2.96
BAS8 0.26 0.14 0.29 0.27 0.30 0.78 2.04 1.06 0.72 1.47
BAS9 0.24 0.14 0.30 0.27 0.19 1.19 2.33 1.34 0.75 1.79
BAS10 0.53 0.28 0.77 0.91 0.25 0.94 3.68 0.48 2.67 0.18
BAS11 0.11 0.10 0.34 0.23 0.20 0.29 1.27 0.49 0.67 0.73
BAS12 0.26 0.14 0.33 0.36 0.25 1.20 2.54 144 0.84 1.71
BAS13 0.29 0.19 0.49 0.28 0.17 0.67 2.09 0.90 0.90 1.00
BAS14 0.41 0.22 0.44 0.68 0.38 2.27 4.40 2,71 1.28 2.12
BAS15 0.27 0.17 0.45 0.37 0.20 2.67 4.13 2.80 1.06 2.64
BAS16 1.30 0.51 1.34 2.20 0.95 3.69 9.99 3.79 4.90 0.77
BAS17 0.47 0.39 0.80 0.40 0.24 1.49 3.79 1.66 1.66 1.00
BAS18 1.29 0.80 0.97 0.81 0.36 3.16 7.39 3.50 2.60 1.35
BAS19 0.31 0.21 0.55 0.31 0.17 1.39 2.94 1.60 1.03 1.55
BAS20 1.05 0.32 0.44 0.53 0.32 0.43 3.09 0.72 1.32 0.55
BAS21 2.42 0.80 1.25 0.76 0.05 0.19 5.47 0.77 2.28 0.34
BAS22 2.85 1.88 1.50 0.53 0.11 0.20 7.07 0.29 3.93 0.07
BAS23 0.14 0.13 0.42 0.27 0.17 1.15 2.28 137 0.77 1.78
BAS24 0.30 0.23 0.44 0.63 0.26 0.65 2.51 1.38 0.83 1.66
BAS25 0.71 0.38 0.78 0.67 0.38 3.35 6.27 4.00 1.56 2.56
BAS26 0.21 0.11 0.26 0.24 0.19 0.58 1.59 0.81 0.57 1.42
BAS27 0.18 0.16 0.27 0.21 0.18 0.72 1.72 0.95 0.59 1.61
BAS28 0.14 0.43 0.59 0.18 0.18 0.19 1.71 0.37 1.20 0.31
BAS29 0.34 0.46 1.60 1.15 0.43 2.16 6.14 3.05 2.75 1.11

Table 7 Results of the TGA analysis of the bricks of Hagia Sophia; SBW=structurally bound water.



% wt SiO, TiO, Al,O; Fe,0; MnO MgO Cao Na,0 K,0 P,0O; Sum
BAS1 53.41 0.78 19.90 7.37 0.20 4.60 8.59 191 2.92 0.27 100
BAS2 54.57 0.79 16.94 8.20 0.18 6.80 8.19 1.47 2.26 0.26 100
BAS3 71.32 1.15 15.19 5.13 0.12 1.45 0.53 3.10 1.70 0.32 100
BAS4 59.53 0.73 15.58 6.53 0.09 3.46 9.30 2.02 2.48 0.28 100
BAS5 54.64 0.82 18.35 7.39 0.28 5.19 8.38 2.38 2.29 0.26 100
BAS6 54.73 0.91 17.58 8.28 0.30 6.91 6.67 1.79 2.61 0.21 100
BAS7 54.33 0.77 15.13 6.88 0.15 4.06 15.55 1.51 1.43 0.21 100
BASS8 54.66 0.84 18.00 7.17 0.21 4.74 9.61 1.77 2.85 0.16 100
BAS9 56.48 0.80 16.37 7.87 0.16 5.97 8.64 1.48 2.01 0.23 100
BAS10 51.72 0.84 15.71 7.65 0.21 6.96 12.58 1.81 2.28 0.25 100
BAS11 57.03 0.92 17.07 8.37 0.26 6.45 5.79 1.38 2.50 0.24 100
BAS12 57.30 1.04 15.40 7.45 0.25 5.92 8.91 1.59 1.95 0.17 100
BAS13 58.87 0.73 15.13 7.04 0.15 5.79 8.52 1.45 2.04 0.26 100
BAS14 54.37 0.85 19.36 7.03 0.21 4.72 8.60 1.75 2.86 0.25 100
BAS15 55.93 0.82 17.84 7.51 0.14 5.45 7.68 1.98 2.42 0.23 100
BAS16 53.84 0.81 18.17 6.94 0.19 4.46 10.53 2.05 2.70 0.30 100
BAS17 60.56 0.76 22.21 6.42 0.20 1.56 2.03 1.53 4.44 0.27 100
BAS18 55.82 0.78 17.22 7.41 0.21 4.08 9.89 1.25 3.05 0.28 100
BAS19 68.88 0.82 15.63 5.65 0.13 1.92 1.80 2.73 2.14 0.31 100
BAS20 63.23 1.19 19.07 7.39 0.16 2.25 0.51 2.53 3.41 0.26 100
BAS21 56.74 0.87 19.16 7.47 0.24 4.55 5.91 1.68 3.02 0.35 100
BAS22 53.42 0.85 18.07 7.79 0.16 3.79 6.81 0.97 3.05 5.08 100
BAS23 54.15 0.82 15.40 7.78 0.22 7.18 10.39 1.65 2.16 0.26 100
BAS24 54.38 0.76 19.07 7.29 0.21 4.59 9.23 1.54 2.71 0.23 100
BAS25 55.04 0.76 16.66 5.87 0.37 3.89 12.90 1.52 2.68 0.31 100
BAS26 56.19 0.76 15.99 7.33 0.20 6.16 9.20 1.67 2.12 0.38 100
BAS27 52.98 0.86 15.55 7.77 0.19 6.75 12.15 1.50 2.05 0.20 100
BAS28 66.21 0.93 17.61 6.44 0.19 2.26 0.89 2.69 231 0.47 100
BAS29 66.01 1.11 17.30 6.66 0.17 2.14 1.02 2.49 2.56 0.53 100

Table 8 Content of the major chemical elements of the matrix for the bricks of Hagia Sophia, performed by micro-
EDS analysis obtained as mean value calculated on three representative areas of the matrix 600X600 um? in size.



