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Abstract

An excavation in 1856 by Charles T. Newton and a re-excavation in 1990-93 by a joint Danish-Turkish team revealed
several mosaic floors in a late-antique domus from the fifth century CE, now called the House of Charidemos. Nine-
teen tesserae from the floor have been analysed by laser ablation inductively coupled plasma mass spectrometry,
Raman micro-spectroscopy, scanning electron microscopy with energy dispersive X-ray analysis, and X-ray diffraction.
Seven tesserae were made of opaque glass, eleven from various rock/lithic materials, while one of them was a ceramic
fragment. This case-study reports the first analyses undertaken of tesserae from late-antique Halikarnassos. The results
show the use of recycled Sb—-Mn decoloured glass and two types of red glass. A comparison with tesserae from other
sites in Anatolia from the same period shows similarities in the base glass composition, but also some particularities
of the colouring and opacifying agents used for the mosaic of the House of Charidemos. The characterisation of the
stone tesserae shows a homogeneity in the choice of the materials of the same colours, but no certain provenance
has been established in the present work mainly due to the lack of comparative materials.
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Graphical Abstract

Introduction

Ancient Halikarnassos, modern day Bodrum, is situated
on the south-west coast of Asia Minor/Turkey (Fig. 1).
The city became famous for the Mausoleum, which
was constructed around the mid-fourth century BCE,
and was recognised as one of the seven wonders of the
ancient world. This period is also recognised as a golden
age, which was followed by a period marked by cul-
tural, economic, and political decline. The main reason
for this has been attributed to the sack of Halikarnassos
by Alexander the Great during his conquest of the East.
However, there is now sound archaeological evidence to
suggest that the city did indeed have a rise in economic
activity during late Antiquity, in fact, the archaeological
material seems to suggest another golden age in the his-
tory of ancient Halikarnassos [1-7].

In 1856, a series of excavations in Halikarnassos were
conducted by the British archaeologist Charles T. New-
ton. In this period, Newton excavated a building that
he called a Roman Villa with floors covered in mosaics.
Newton had all the mosaic floors photographed in situ
before he had some of them lifted and brought to Lon-
don. They are now on display in the British Museum.

This ‘Roman Villa’ was identified again in 1990 and
the excavations were revived during a joint Danish-
Turkish collaboration from 1990 to 1993 (Fig. 1). These
investigations revealed a building with two yards sur-
rounded by more rooms containing a variety of mosaics
decorating the floors. Besides the numerous geometrical
motifs, many rooms contained mythological figures and
scenes such as Dionysos, Europe and the bull, Aphro-
dite seated in a cockleshell carried by Tritons, Atalante

and Meleager, as well as Dido and Aeneas [8]. Room
(O), located in the southern part of the building, has a
well-preserved mosaic depicting a nymph riding on an
ichthyocentaur playing the cithara. The central panel
is surrounded by borders with figurative and geometric
patterns.

Due to the finding of a Greek dedicatory inscription
(found in the mosaic floor of the large apsidal Room F)
mentioning the building (domos) and the patron, Char-
idemos, who had financed the luxurious house, it was
now named the House of Charidemos [1, 4, 9]. The analy-
sis of the inscription as well as the style and motifs of the
mosaic pavements indicate a date of the construction to
the mid-fifth century CE [1]. Mosaics during this period
were not only an indicator of wealth and prestige but also
conveyed the paideia of the owner by including illus-
trations of ancient Greek myths and episodes from the
Greek and Latin epics [1, 4, 8, 10].

The figurative program of the mosaics of the House of
Charidemos is certainly exceptional, and the many depic-
tions of the Greek myths as well as those related to the
epics of Homer and Vergil may seem surprising during
this late period. However, the intensive studies of late
Antiquity during the recent decades have illustrated that
this is in line with the strong continuity of especially the
Greek culture that can also be observed in other media
like for instance silver ware and textiles [1-4, 11-13].

Archaeometric studies of late Antique and early Byzantine
mosaic tesserae in Anatolia

Several recent publications have shed light on the pro-
duction and the composition of glass in Anatolia during
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Fig. 1 Plan of the House of Charidemos in ancient Halikarnassos, present day Bodrum, Turkey (drawing by I. Bjerg Poulsen)

the late Roman empire and the early Byzantine period.
These publications addressed the questions of the prov-
enance of the raw glass materials, but also the techno-
logical evolution occurring in the secondary workshops
where the glass was colourised and opacified. Regard-
ing the compositional analysis of glass mosaic tesserae,
several studies reported data from single archaeological
contexts dated from this transitional period. Most of the
sites where mosaic glass samples have been analysed are
concentrated in the western and south-western parts of
Turkey: Sardis and Aphrodisias [14]; Ephesos [15, 16],
Sagalassos [17, 18], and Hierapolis [19]. In the Eastern
part, the results of analyses undertaken on glass tesserae
from the single site of Tyana were reported by Lachin
et al. [20]. In the southern part of Anatolia, glass tesserae
from several contexts in Antioch were analysed [21].
Close to the Anatolian coastline, the composition of wall
mosaic glass tesserae from several early Christian sites in
Cyprus have also been investigated [22].

The question of the techno-chronological evolution
of the glass composition has been addressed using glass
samples from Pergamon [23, 24]. The results of this dia-
chronic evaluation showed that early Roman period
glass can be characterised by the presence of the Sb-
decoloured, Mn-decoloured, and mixed Sb—Mn decol-
oured groups of glass. During the early Byzantine period
(fourth—seventh centuries CE), the dominant glass
groups were the Levantine I and Levantine II groups

characterised by their high Al and Ca content, and the
High-Iron—Manganese—Titanium (HIMT) group, where
the raw glass originated from Egypt. Two sub-group of
the HIMT glass have also been identified during the early
Byzantine period: one with high boron and alumina con-
tent (HBAI), and a second one described as “weak HIMT”
with higher Ca to Sr ratio correlated to the Mn content.

The publication of the glass tesserae results from the
late Roman-early Byzantine site of Kilise Tepe in the
south of Turkey included a geographical comparison of
the tesserae glass composition with a wide range of data
from contemporary sites in Anatolia [25]. The groups
of base glass identified were similar to those described
at Pergamon (the “weak HIMT” group is referred to as
the Foy-2 group). In most of the sites investigated, the
tesserae assemblages included both Egyptian (Roman
Sb-decoloured, HIMT, and Foy-2) and Levantine (Roman
Mn-decoloured and Levantine I) glass. The presence of
new colouring and opacifying technologies, different
from the ones used in the early Roman times are con-
firmed at all these sites. Calcium phosphate (CaPO;) and
lead—tin (Pb—Sn) compounds were progressively found
to substitute the antimonate compounds as opacifying
agents, while metallurgical by-products were used to
produce brown and red tesserae.

Archaeometric descriptions of stone tesserae including
petrographic, mineralogical, and geochemical analyses
are quite common in recent archaeological publications
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(see e.g., [26—29]). However, few data of stone tesserae
from Anatolia have been published to this day. To the
best of our knowledge, the study of the tesserae from
a sixth century Imperial bath building and a house in
Sagalassos is the only archaeometric data of mosaic
stones from the late Roman—-early Byzantine period in
Anatolia [30]. Based on petrographic, mineralogic and
isotopic analyses, the results of this study demonstrate
the intensive use of white marble from the Dokimeian
quarries and green Cippolino verde marble from Kar-
ystos. Beside these, a wide variety of stones and lime-
stones from different provenances were used. Because of
the abundant presence of white and polychrome marble
quarries in Turkey and the abundance of archaeological
materials, several studies have focused on the description
of the geological materials and the provenance of archi-
tectural and sculpture fragments from this area [31-39].

Aims of this study

Through archaeometric characterisation of a selection of
glass and stone tesserae, the present study aims to pro-
vide a first insight about the technology and the materi-
als used for the decoration of the House of Charidemos.
By comparing our results of the glass samples from the
House of Charidemos to published data from other
contemporary sites in Anatolia, the objective is to eval-
uate how the material from this site support the techno-
chronological trend observed in the Anatolian area for
the late Roman—early Byzantine periods. The analyses of
the stone samples aim at identifying the type of geologi-
cal materials used and its homogeneity. Comparison with
a sample from the quarry of Iasos helps to determine
if the material used for the red stone tesserae originate
from this place.

Materials and methods

Materials analysed

The mosaic floors of the house of Charidemos are made of
tesserae of various colours and materials, including white
and polychrome stones, glasses, and ceramics. Generally,
the sizes of the tesserae are quite homogeneous, amount-
ing to ca. 8 x 9 tesserae per dm?, but smaller tesserae are
also present and used for details of for instance faces and
hair. Not surprisingly, the smaller tesserae prevail in more
detailed parts of the representations like for example the
heads of the Seasons of Room F (Fig. 2). A range of col-
ours of stone has been used in all the mosaics. There is a
wide range of shades of each colour when considering the
observation with the naked eye during fieldwork, where-
fore no synoptic colour determination was considered
meaningful in the laboratory. White and black/dark blue
are by far the most common colour.
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Fig. 2 Mosaics from the House of Charidemos. a View of the
excavation from the south; b the floor of Room F; ¢ the floor of
Room O; season, d personification of autumn in Room F; season, e
personification of summer in Room F (Photos by J. Isager, excavation
photos)

A total of 19 tesserae were taken to Denmark for anal-
ysis, selected to cover a range of colours. Seven were of
glass (purple, red, deep red, and yellow), 11 were stones
(grey, white, dark yellow, light red, dark red, and green-
ish grey) and one was a ceramic (Fig. 3 and Table 1). An
additional stone sample from the well-known quarry at
Iasos was added (sampled by B. Poulsen).

The tesserae analysed in this study all stem from the
mosaic floors in Room F and Room O in the House of
Charidemos [40]. Room (F) is a large apsidal room of
about 10 m x 14 m with a mosaic floor damaged by the
digging of burials when the site was used as a cemetery
during the eighteenth and nineteenth centuries. The apse
floor is decorated with geometric patterns that consist
of squares with inscribed circles, rosettes, cable-knots,
and Maltese crosses. The main room that contained the
dedicatory inscription is decorated with geometric and
figurative motifs. The dedicatory inscription in front of
the apse is flanked by a dog chasing a wild goat, and the
central part consists of eight medallions representing
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Fig. 3 The samples investigated in the present work
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animals on a forest background, probably a hunting
scene. In the four corner spandrels are winged female
seasons characterised by inscriptions.

Methods

Since the analyses had to be non-destructive, all the
samples were analysed without preparation for any of
the methods applied. However, the tesserae exhibited
relatively slick upper surfaces suitable for the analyses.
The X-Ray Diffraction (XRD) and p-Raman Spectros-
copy (MRS) measurements have thus been performed
on the surface of the samples in a non-destructive way.
Most of the stone samples exhibit a slightly weathered
top layer on the upper side, and incrusted plaster on the
lower side. The analyses have all been performed on the
upper side, well knowing that this side has been sub-
jected to some degree of weathering, causing a poten-
tial alteration, and consequently some minor minerals
can be trapped in the surficial layer, which could also
be seen in some of the diffractograms. All 20 samples
were analysed with Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICP-MS) and 18 sam-
ples were analysed with XRD and MRS. For the stone
samples, the MRS results are not discussed since they
provided essentially the same information as the XRD.
The SEM-EDS has only been applied on some of the

glass samples in order to elucidate the structure and
composition of inclusions.

Scanning electron microscopy with energy dispersive X-ray
analysis (SEM-EDS)

The SEM-EDS analysis were performed using a Tes-
can Vega 3 SEM equipped with an Oxford Instruments
microanalysis system and situated at Cranfield Forensic
Institute. All the observations were made using the back-
scattered electrons (BSE) detector in Univac (variable
pressure) mode to enable analysis without coating the
specimens. The analysis used an accelerating voltage of
25 kV and a working distance of 15 mm.

u-Raman spectroscopy (MRS)

The tesserae were analysed using a Thermo Scientific
DXR Raman microscope with a 532 nm laser and a 10x
objective attached to it and situated at Newtec Engineer-
ing A/S. Full-range scan (3500-100 cm™") was used with
a laser power of 10 mW;, spectral resolution of 5 cm™!
full width half maximum and a spot size of 2.1 pum diam-
eter. The Thermo Scientific DXR Raman microscope
is equipped with an Andor CCD camera. The exposure
time was between 5 and 15 s with between 5 and 10
stacked exposures depending on the Raman signal of
the individual samples (KLR-457: exposure time 15 s, 5



Rasmussen et al. Heritage Science (2022) 10:62

Table 1 Samples included in the present study

LabNo. Colour Location Type Analysis

KLR461 Purple Room O Glass LA-ICP-MS, XRD,
MRS

KLR465 Purple Room O Glass LA-ICP-MS, XRD,
MRS

KLR463 Red Room O Glass LA-ICP-MS, XRD,
MRS

KLR467 Red Room O Glass LA-ICP-MS, XRD,
MRS

KLR471 Deep Red Room O Glass LA-ICP-MS, XRD,
MRS

KLR464 Yellow Room O Glass LA-ICP-MS, XRD,
MRS

KLR468 Yellow Room O Glass LA-ICP-MS

KLR455 Grey Room F Stone LA-ICP-MS, XRD,
MRS

KLR456 White Room F Stone LA-ICP-MS, XRD,
MRS

KLR458 Dark Yellow Room F Stone LA-ICP-MS, XRD,
MRS

KLR462 Dark Yellow Room O Stone LA-ICP-MS, XRD,
MRS

KLR472 Dark Yellow Room O Stone LA-ICP-MS, XRD,
MRS

KLR476 Dark Yellow Room O Stone LA-ICP-MS, XRD,
MRS

KLR466 Light red Room O Stone LA-ICP-MS, XRD,
MRS

KLR470 Light red Room O Stone LA-ICP-MS, XRD,
MRS

KLR473 Light red Room O Stone LA-ICP-MS, XRD,
MRS

KLR460 Red Room F Stone LA-ICP-MS, XRD,
MRS

KLR474 Orange-Red Room O Ceramic  LA-ICP-MS, XRD,

ceramic MRS

KLR475 Green-Grey Room O Stone LA-ICP-MS, XRD,
MRS

KLR12675 Dark red lasos quarry  Stone LA-ICP-MS

The columns encompass: laboratory number, the colour, the find position, the
type of tessera, and the analysis undertaken in this study

exposures; KLR-459: 15 s, 8 exposures; KLR-468: 15 s, 5
exposures; KLR-469: 10 s, 8 exposures; KLR-12675: 5 s,
10 exposures). The Spectragryph software was used to
process the Raman spectra.

X-ray diffraction (XRD)

The analysis was performed using a PANalytical X'Pert
PRO MPD system (PW3050/60) diffractometer with
Cu Ka radiation as the source (\=1.54 A) and a PIX-
cel3D detector at University of Southern Denmark.
The X-ray generator was set to an acceleration voltage
of 45 kV and a filament emission current of 40 mA. All

Page 6 of 23

measurements were performed with a 2@ angle step
size of 0.013° and a counting time of 1500 s per step in
a range from 5° to 90° 20@. Data were collected using a
X'Pert Data Collector. The qualitative analysis was
performed using Highscore Plus software and Crys-
tal Impact Match software linked to the ICDD PDF-2
database. The analysis of the surface of the samples
constituted an important limiting factor. Indeed, the
capabilities of detection are lower compared to a classic
powder diffraction analysis.

Laser ablation-inductively coupled plasma mass
spectrometry (LA-ICP-MS)

The analyses were carried out with an Agilent 8900
triple quadrupole ICP-MS coupled with a ESI New
Wave Research NWR 193 ArF excimer laser. The ICP-
MS was operated with a plasma power set at 1380 W,
a plasma gas flow of 15 L min~}, and an auxiliary gas
flow of 0.90 L min~!. Helium was used as carrier gas
(800 mL min~!) in single MS mode with no cell gas.
Each spot was ablated during 60 s with a laser fluence
of 6 ] cm™!, a repetition rate of 15 Hz and a spot diam-
eter of 70 pm. Gas blank was recorded during the 10 s
warm-up time and the 5 s washout time. Each sample
was analysed in triplicates. The ICP-MS was tuned on
the glass SRM NIST612 to achieve high sensitivity and
stability (RSD <5%). The plasma condition was moni-
tored with U/Th ratio (0.9-1.1) and ThO/Th ratio was
used to assess a low oxide level (ThO/Th<0.01). The
ICP-MS was setup in full-quant mode for the acqui-
sition of 41 masses. The integration times was set to
0.05 s for most of the isotopes. The integration time
was increased to provide a better sensitivity for *Be
and #’Se and reduced for the most abundant major ele-
ments in order not to overload the detector. Instrumen-
tal drift was corrected by regularly measuring the SRM
NIST 612. The first 20 s of ablation were considered as
pre-ablation and were not used in the calculation of the
concentration. The reference samples Corning B and
Corning D were measured to evaluate the accuracy.
Quantitative data were obtained using the sum normal-
ization approach with NIST 612 as external standard
and SiO, as the internal standard [41]. The results on
the SRMs NIST 612 and Corning glass D (Additional
file 1) were comparable to the accepted values [42—-44].

Results
The LA-ICP-MS quantitative results of the 41 elements
selected for 20 tesserae from the House of Charidemos
and the sample from the Iasos quarry are listed in the
Table 2.
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The glass tesserae

LA-ICP-MS bulk analysis results of the base glass

The seven glass samples from the House of Charidemos
show a composition quite typical of the late Antiquity
soda-lime-silica glass. The SiO, values range from 50
to 67 wt%, Na,O between 12.0 and 18.5 wt%, and low
amounts of K,0 and MgO (both < 1.5 wt%), which is usu-
ally considered to indicate the use of natron flux rather
than plant ash [45].

To determine the type of base glass used for these
tesserae, our data are compared to a reference data-
set which includes samples of the main types of base
glass from late antique archaeological contexts [45—-48].
The plots shown in Fig. 4 displays a division between
the glass groups based on parameters reflecting the
mineralogy of the raw materials used in the primary
glass workshops. In Fig. 4a, the SiO,, Al,O;, and TiO,
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Fig. 4 Comparison of the samples from the House of Charidemos to
reference glass groups: Levantine 1 glass samples are from [45, 48];
Roman-Sb, Roman-Mn and Roman Sb—Mn decoloured glass samples
are from [45, 46]; HIMT glass samples are from [45, 47]; HLIMT (series
2.1) are from [47, 48]; series 3.2 glass samples are from [45,47]. a
Binary plot of the Al,O5/SiO, ratios versus TiO,/Al,O5 ratios; b binary
plot of the TiO,/Al,O; versus Na,O/CaO ratios. Note that the Al,O,/
SiO, ratios are plotted on log-2 scale
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contents represents the quartz, feldspar, phyllosilicates,
and the heavy minerals present in the sand source. The
partition between Roman Sb-decoloured glass, series
3.2, HLIMT (series 2.1) and HIMT glass groups on
one side, and the Roman Mn-decoloured and Levan-
tine 1 glass groups on the other side, seems to sepa-
rate the glass made with Egyptian sand and Levantine
sand, respectively [49]. The Roman Sb—Mn decoloured
glass group, which is seen between these two clus-
ters is pointing to a mixture between the Roman glass
decoloured with Sb and Mn [46, 49-51]. An alternative
hypothesis could be a mixing of Sb-decoloured glass
with HIMT glass containing Mn [46]. On Fig. 4b, the
CaO/Na,O ratio introduces elements related to the
carbonate content of the sand and the type of fluxing
agent used. The pattern is somehow similar to the one
observed in Fig. 4a, showing a clear division between
the Roman Mn-decoloured glass, overlapping the
Levantine 1 group, and the Roman Sb-decoloured,
closer to the HLIMT and series 3.2. groups. The Roman
Sb—Mn decoloured samples are located between the
two Roman decoloured groups, supporting the hypoth-
esis of a mix.

On the two plots, six of the seven tesserae from the
House of Charidemos are located between the Mn-
decoloured and the Sb-decoloured glass even if they are
not always perfectly overlapping the Sb—Mn decoloured
glass from the reference dataset. In Fig. 4a they are quite
tightly gathered close to the Sb—Mn decoloured glass ref-
erence samples. The red samples KLR463 and KLR467,
and the yellow sample KLR468 are slightly shifted toward
the HLIMT group, exhibiting higher Al,O,/SiO, ratios.
In Fig. 4b the purple tessera KLR465 is located among
the Sb—Mn decoloured glass samples, but the other five
samples from Halikarnassos are shifted down with lower
values of the Na,O/CaO ratio. If the data are reduced on
the non-chromophore elements, the K,0 and MgO con-
tents of the samples KLR461, KLR465, and KLR464 are
in the range of the Sb—Mn decoloured samples whereas
the samples KLR463, KLR467, and KLR468 have higher
contents (K,0>1%, MgO>0.9%). The deep red tessera
KLR471 is an outlier not matching any of the reference
groups in the two plots. The composition of this sample
is characterised by concentrations of CaO, K,O, MgO,
AlLO,, TiO,, and P,O; higher than in the other six sam-
ples. This tessera also shows high amounts of PbO, CuO,
and Fe,O,, related, or partly related, to the addition of
colouring agents as will be explained below.

Considering the seven samples from the House of
Charidemos, a correlation is observed between K,O,
MgO, and P,O;. This could suggest the presence of fuel
ashes in the melt in the secondary workshops when the
glass was recycled and/or coloured [18, 52, 53].
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Raman analysis of the base glass

The Raman spectra of six of the glass tesserae are shown
in Fig. 5. Five of the six glass tesserae exhibit the peaks
usually attributed to the soda-lime-silica glass type. This
identification is made possible by recording the posi-

tion of the silicon tetrahedron peaks & and v in

S max S max

the two envelopes (see e.g., [19, 54, 55]). In Fig. 6 the
data from this study are compared to the measurements
recorded on Roman soda-lime-silicate glass dated from
the first to the fourth century CE by Ricciardi et al. [56].
Most of the samples are tightly gathered with values for
Vg max 510, between 1083 and 1100 cm™! and values for
8, max SiO, between 550 and 570 cm ™. Since the dataset
from Ricciardi et al. included coloured and colourless
glass, it seems that the chromophore ions are not disturb-
ing the silicate network signal. The peaks displayed near
950 cm ™! and 990 cm ™! in most of the glass tesserae from
the House of Charidemos are common in antique soda
lime silica glass: the intensity of the first one is related to
the amount of alkali metals nanocrystals in the glass net-
work [57, 58]. The second peak located here at 994 cm™!
is attributed to the main v; mode of Na-sulphate
(Na,SO,) according to the values published by Mabrouk
et al. [59]. However, another interpretation of this band
is related to the formation of Ca-rich nanocrystals pre-
cipitating in a Ca-saturated glass matrix [56, 57]. The
position of the SiO, stretching and bending envelopes
of these 5 samples from the House of Charidemos are
matching in type with the family 3 “Na,O + K,0 + CaO”
glass identified by Colomban et al. [60]. In Fig. 6, the
proximity between sample MAC20 from Ricciardi et al
and KLR471 is interesting. Sample MAC20 is described
as a red tessera altered in green, made of Pb—Na silicate
glass, characterised by high CuO (~9 wt%) and PbO
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(~30 wt%) concentration values, and the presence of deg-
radation products such as Pb-carbonate and Cu-oxides
[56]. The remaining red colour in the sample KLR471
could be related to a lower concentration of Cu, or the
absence of heavy alteration which would have resulted in
a pale green colour provoked by the oxidation of Cu into
Cu*". Moreover, the position of the SiO, stretching and
bending envelopes for the sample KLR471 is also match-
ing with the family 5 “PbO 4+ NaO” glass according to the
classification suggested by Colomban et al. [60].

Pigments and opacifiers

Opaque red glass The three red tesserae KLR463,
KLR467, and KLR471 exhibited high quantities of CuO,
Fe,O;, and PbO. The amount of PbO is much higher in
KLR471 (18.2 wt%) and this sample also exhibits higher
concentrations of Co, Ni, Zn, Sn, and As. The concen-
trations of Sb,O; are higher in KLR463 and KLR467
(0.77 wt% and 0.72 wt%, respectively) than for KLR471
(0.07 wt%). The Raman spectra of the samples KLR463
and KLR467 are very similar (Fig. 5A). The main bands
are the §, SiO, band at 1092 cm ™" and the v, SiO, band
at 567 cm™ . Their position is relevant for the presence
of metallic copper in the glass matrix which is influenc-
ing the signal from the SiO, network [61]. The Raman
spectrum of sample KLR471 is shown in Fig. 5C, and
this is different from those of the two previous dark red
glass tesserae. The position of two bands related to the
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SiO, vibrational modes are strongly shifted: the v, mode
band is broader and shifted between 940 and 1060 cm ™.
The 6, mode band is displayed as a broad band centred
around at 500 cm™!. The positions of the symmetric
stretching band can be explained by high amounts of Pb
in the glass matrix of this sample, which could have been
added to ensure the reduction of Cu to its metallic state.
The shape and position of the broad symmetric bending
band might also originate from degradation of the glass,
since Cu’-rich glass can easily be corroded by acidic water
[54]. Even though the direct observation of metallic Cu
using Raman spectroscopy is difficult, the results of the
XRD analyses on the three opaque red tesserae confirm
the presence of metallic copper (Cu®) in the red tesserae
(one of these shown in Fig. 7). The detection of calcite in
KLR471 is the only difference seen in the XRD patterns,
which could possibly be caused by the presence of sec-
ondary calcite from the burial environment.

With the SEM imaging, two types of metal particles
are visible in the two red samples KLR463 and KLR467
(Fig. 8). The first type is a ring-shaped particle made
of Cu-Sb and Cu-S containing materials. This type of
inclusion possibly hints to the presence of metallurgical
by-products added to the batch in order to increase the
amount of Cu and to provide reducing agents. The sec-
ond type is a rounded Fe-rich particle which could have
been added to ensure the reduction of Cu. A smaller
round inclusion (*30 pum diameter, not displayed in
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Fig. 7 Diffractograms of three tesserae (KLR463, KLR465, and KLR464) reflecting the mineralogical composition of the purple, red, and yellow
tesserae. The background is subtracted. 1 =CaSb,0,; 2 =Metallic Cu; 3=Pb,Sb,0,; 4=CaCOs; *peaks from the sample holder. The remainder of the
XRD patterns are given in the Additional file 1
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Fig. 8 SEM backscattered electron images (BSE) of the dark red samples KLR467 (a) and KLR463 (b) showing metal Fe, Cu-Sb and Cu-S rich
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Fig.9 SEM backscattered electron images (BSE) of the bright red sample KLR471 showing Sn oxide inclusions (a), and a likely altered Cu-rich metal

Fig. 8) was analysed in sample KLR463, which showed a
composition with high Cu (17.7 wt%), S (8.6 wt%), and
Zn (6.8 wt%).

In the red sample KLR471, the SEM-EDS results
(Fig. 9) show the presence of tin embedded in larger
angular inclusions which reacted with the surrounding
glass. In the same sample, a large ring-shaped inclusion
similar to the one observed in KLR467 is present. How-
ever, the metal particles exhibit a grainy texture and the
elemental compositions show higher concentrations of
Cu.

Opagque purple glass  The elemental composition of the
two purple tesserae KLR461 and KLR465 are character-
ised by high contents of MnO (2.04 wt% and 1.72 wt%,
respectively) and Sb,0O; (1.54 wt% and 1.90 wt%, respec-
tively). The Raman spectra of these two samples are
very similar (Fig. 5B). The sharp peaks with a medium

intensity located at 670 cm™, the broad peak with a
lower intensity at 234 cm ™!, and the broad low-inten-
sity peak at 330 cm™! can all be attributed to hexagonal
Ca-antimonate (CaSb,0g) in agreement with the values
published by Gedzeviciuté et al. [62] and Husson et al.
[63]. The very low intensity peaks usually located near
520 cm™! is not visible in the present spectra, maybe
because of the low crystallinity of the Ca-antimonate,
or maybe because it is hidden by the broad bands of the
amorphous glass [64]. Sample KLR465 also exhibits a
sharp peak at 1440 cm ™! which can be assigned to calcite
(CaCO,). The main peak of this phase is partially hidden
by the broad glass peak, but a blunt shoulder can be seen
near 1080 cm™!. The presence of calcite could come
from the physical alteration of the tesserae which would
have allowed the precipitation of carbonate through
water infiltration into fractures in the glass. However,
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experimental reconstruction of Ca-antimonate opaque
glass in laboratory conditions shows that remains of cal-
cite can also be detected if the temperature reached dur-
ing the melting process was below 1200° [65]. The peak
detected at 200 cm ™! can be assigned to the orthorhom-
bic phase a-Sb,0O,, known as cervantite [66], but this
identification is somewhat uncertain. The results of the
XRD analyses confirm the presence of CaSb,O, and
CaCOs in the two purple tesserae. The SEM imaging
and the results from the EDS analysis (Fig. 10) show the
presence of ~ 100 um diameter particles rich in Mn,
probably made of decomposed MnO crystals. Sample
KLR461 also exhibited a particle of ~#40 um diameter
rich in Sb and Ca with low amounts of Mn and S. How-
ever, the Mn content detected is likely coming from the
Mn-rich particle located nearby.
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Opagque yellow glass The yellow glass samples KLR464
and KLR468 showed high values of PbO (13.6 and
11.7 wt%), Ag (12.2 and 14.9 pg g™ %), and Sn (412 and
349 pg g'). The Raman spectrum of sample KLR464
exhibited several peaks attributed to a bindheimite-
like mineral (Pb,Sb,0.) located at 141 cm™, 333 cm ™,
455 cm™!, and 505 cm™! (Fig. 5D). These values are
matching the yellow glass tesserae spectrum published
by Ricciardi et al. [48] and the RRUF data of bindheimite
[67]. Moreover, the XRD diffractogram of KLR464 (Fig. 7)
also exhibits the typical pattern of Pb,Sb,0, This mineral
structure has been found in opaque yellow glasses from
antiquity [68, 69]. The SEM—EDS results (Fig. 11) showed
the presence of scattered and packed Pb—Sb rich particles
confirming the identification of bindheimite. With SEM
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Fig. 10 SEM backscattered electron images (BSE) of the purple samples KLR461 (a) and KLR465 (b). Both samples show Mn-rich particles and Ca—
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Fig. 11 SEM backscattered electron images (BSE) of the yellow samples; a KLR464; b KLR474. Both images show the presence of Pb-Sb rich
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imaging, the presence of a nodule made of impurities
(probably clay) was also detected in this sample.

Stone and ceramic tesserae

Chemical composition

The results of the chemical analysis match the colours
of the stone samples and highlight the presence of two
groups: the light red and the dark yellow stones. The dark
yellow samples KLR458, KLR462, KLR472, and KLR476
are calcareous stones with a CaO-content between 89
and 93 wt% and SiO, values between 1.2 and 2.1 wt%.
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The composition of this group is quite homogeneous for
the major oxides, except for MgO and MnO, with a rela-
tive standard deviation RSD > 30%. Compared to the light
red samples, the dark yellow tesserae have higher con-
centration values for Fe,O,, Co, Ni, Cu, Cr, Sb, and Pb.
The light red samples KLR466, KLR470, and KLR473 are
calcareous stones with a CaO-content between 83 and
88 wt%, and SiO, values between 6.6 and 8.9 wt%. This
group has a quite homogeneous composition but high
relative standard deviations (>30%) for Al,O, P,O;, and
TiO,. Compared to the dark yellow samples, they have
also higher amounts of Ba, Rb, and Sr. The composition
of the dark red tessera KLR460, is somewhat similar, but
this sample exhibits higher values of Na,O, MnO, Ag,
and Sr.

The two light-coloured samples have very typical com-
positions: the grey sample KLR455 is an almost pure CaO
(97.7 wt%), with low amounts of MgO (1.9 wt%) and SiO,
(0.05 wt%), while the white sample KLR456 is a calcar-
eous stone rich in MgO (40 wt%) and CaO (59.6 wt%),
and it has also very low concentrations of other major
elements. The two samples KLR474 and KLR475 have
very different chemical signatures. The ceramic sam-
ple KLR474 shows concentration values which could be
expected for a calcium rich ceramic matrix with high
concentrations of SiO,, Al,O, and CaO. Sample KLR475
is a calcium rich rock fragments with 39 wt% CaO,
34 wt% SiO,, and 10.9 wt% Al,O; and high concentration
of Ba (491 pg g~ ') and Sr (1526 pg g ).

The dark red reference sample KLR12675 from the
quarry in Iasos is a calcareous stone with 93.1 wt% of
CaO. The major element composition is quite similar to

Table 3 Results of the XRD analysis on the 13 stone and ceramic samples

Sample Colour Cal Dol Qz Ms Chl PI Kfs Hem Gth Mag Ti-FeSpl Al-MgSpl Rt Di Crs
KLR455  Grey +++ © ++ o o] + o] o] o] o] e] o] + + o
KLR456  White +++ +++ + ¢ o o] @) o] o] + o + 0 o ©
KLR458  Dark Yellow +++ o0 ++ e} o} o} o} e} ++ o0 o} o o o o
KLR462  Dark Yellow +++ o + o o o o o +4+ o0 0 o o o o
KLR472  Dark Yellow +++ o o o o o o} o} + o o o o o o
KLR476  Dark Yellow +++ o + o] o] [¢) o o] + o] o] o] o o o
KLR466  Lightred +++ o ++ 0 ¢ 0 0 0 ¢ o + o o o o
KLR470  Light red +++ o ++ + o o o o o o + o o o o
KLR473  Lightred +++ o ++ o 0 ¢} o o} o 0 + o o o o
KLR460  Red +++ o ++ ++ + —+ o} + o o o} o o o o
KLR474  Orange-Red ceramic +++ o +++ o o] ++ + + o] o] o o] + o +
KLR475  Green-Grey +++ o ++ o +++ ++ o o o o o o o o

Mineral abbreviations are reported according to Whitney and Evans [113]: Cal calcite, Dol dolomite, Qz quartz, Ms muscovite, Chl Chlorite, P/ Plagioclase, Kfs
K-feldspars, Hem hematite, Gth goethite, Mag magnetite, Sp/ spinel, Rt Rutile, Di Diopside, Crs cristobalite

The diffractograms are available in Additional file 1
+-++: very abundant, ++: abundant, +: rare, o: absent
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the light red and red samples, with lower Al,O,, SiO,,
and K,O. The trace element Ba is much lower than in the
red tesserae while the Sn concentrations are higher. The
Sr concentration lies between the light red samples and
the red one.

A Principal Component Analysis (PCA) was processed
on the 12 stone and ceramic samples using ten elements
(V, Zn, Y, Zr, Ba, Th, Sr, Pb, Mg, and Mn) as suggested by
Poretti et al. [35] and measured by LA-ICP-MS. The PCA
was performed with the XLstat software version 2022
1.1. (Addinsoft) on the raw data converted to pg g~'. The
PCA analysis showed a pattern similar to the samples of
the same colour (Fig. 12). The group of the light red and
red stone samples are quite tightly packed at the bottom
of the PC1-PC2 plot of Fig. 12 together with the unique
reference sample from the lasos quarry. The dark yel-
low samples are grouped at the top of the plot, but they
show some scattering on the PC2-axis, reflecting a higher
compositional variability. The white and grey samples are
both located at the bottom left corner of the plot with
negative coordinates of both PC1 and PC2. This position
results from the low values of major and trace elements
other than CaO and MgO. As expected, the ceramic
sample and the unknown green-grey stone are separated
from the other samples.

Mineralogical composition

The XRD results (Table 3) of the light red tesserae
KLR466, KLR470, and KLR473 show a high amount of
calcite, the presence of quartz, and traces of Ti—Fe Spinel
in all three samples. Traces of muscovite are also identi-
fied in the sample KLR470. Even though the intensities of
the peaks vary between the samples, the overall miner-
alogical composition is similar and is in agreement with
the elemental results. The diffractogram of the dark red
tessera KLR460 is somewhat different from the three
light red ones. Calcite, quartz, and muscovite were iden-
tified, but chlorite, plagioclase, and hematite were also
detected. The presence of hematite could explain the
more vivid red colour of this sample.

The results of the XRD analyses of the four dark yel-
low tesserae KLR458, KLR462, KLR472, and KLR476
were quite similar. The only three phases identified were
calcite, quartz, and goethite. However, the intensities of
the peaks belonging to goethite are quite different. The
main [211] peak has a relatively high intensity in samples
KLR458 and KLR462, while it is barely visible in the pat-
terns of samples KLR472 and KLR476. The presence of
iron oxyhydroxide is compatible with the yellow colour of
these samples and the higher amount of Fe detected by
LA-ICP-MS. Goethite could also act as an effective sorb-
ent for As and its presence could therefore explain the
higher amount of As detected in the four samples.
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The two samples KLR455 and KLR456 show very dif-
ferent diffractograms. The first is mainly comprised
of calcite with traces of quartz, plagioclase, rutile, and
diopside. The second tessera is a dolomitic stone rich in
dolomite and calcite, with traces of Al-Mg spinel and
magnetite.

Sample KLR474 is a ceramic sample characterised by a
high quantity of quartz and calcite. The presence of cris-
tobalite suggests a high firing temperature [70]. There is
also a lower amount of plagioclase, hematite, rutile, and
K-feldspar. However, the calcite detected in this sample
could also originate from a secondary recrystallisation
which could have occurred after the firing of the ceramic.

Discussion

Base glass composition

The binary plots displayed in Fig. 4 show that recycled
glass was probably used for six of the seven the glass
tesserae of the House of Charidemos analysed in this
study. The data shown are consistent with the use of a
Sb—Mn decoloured glass for the purple, yellow, and the
two red tesserae KLR463 and KLR467. The amount of
antimony cannot be used as a marker in the purple and
the yellow tesserae because of the presence of Sb-based
opacifying/colouring compounds, but the concentra-
tion of Sb,O; (>0.7 wt%) in the two red samples KLR463
and KLR467 is supporting this hypothesis. Similarly, the
presence of MnO (>0.39 wt%) in the two yellow and red
samples coloured with lead antimonate and metallic cop-
per, respectively, could also point to the use of this type of
base glass. The slight shifts of the Halikarnassos samples
observed in Fig. 4 compared to the Sb—Mn decoloured
reference glass samples could be caused by the addition
of the colouring compounds identified and the presence
of fuel ashes in the batch during the mixing/colouring
process in the secondary workshops. Indeed, experimen-
tal melts made in wood-fired furnaces have revealed that
high amounts of K, Mg, Ca, and P can be found in the
residues of ashes, which can possibly contaminate the
glass melt [52]. The impact of these ashes on the elemen-
tal composition of the glass has been observed in the
coloured tesserae of Sagalassos [18]. In the samples from
the House of Charidemos, the same type of correlation
is observed between P,O; K,O, and MgO. The degree
of contamination assessed by the P,O5 content seems to
roughly correspond to the values measured in Sagalassos
for the red and yellow colour groups.

The production of Sb—-Mn decoloured glass, identified
as the results of recycling and mixing Mn-decoloured and
Sb-decoloured glass together [71, 72], has notably been
explained by the high price of fresh raw glass chunks and
the rarity of this material far from the production centres
or the main Roman commercial trade routes. Moreover,
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the production and use of glass is known to have suf-
fered a severe decline after the withdrawal of the Roman
legions [72]. In the six tesserae Sb—Mn decoloured glass
tesserae from Halikarnassos, the distributions of several
elements reflecting the sand source composition such as
TiO,, Zr, Nb, Mo, and La are very similar for each “pair”
of coloured samples. The deep red sample KLR471 seems
to have a composition different from the two other red
samples. The higher value for the TiO,/SiO, ratio (0.005)
and for the Zr concentration (84 ug g~!) could hint at
the use of a different type of base glass. Red glass sam-
ples with roughly similar composition has been found
in the Apollo Klarios Temple in Sagalassos and has been
described as a likely product of early Byzantine glass
industry [18].

Comparison with late Antique mosaic tesserae

from Anatolia and Cyprus

The composition of the seven glass samples from the
House of Charidemos have been compared to the data
of mosaic tesserae from contemporary sites located in
Anatolia and on Cyprus with a Principal Component
Analysis (PCA). Values of the major and minor oxides
were processed using the additive log-ratio transforma-
tion (ALR) in order to comply with the relative nature of
the data and to deal with the closure effect [73, 74]. Sili-
con oxide (SiO,) was chosen as the common denomina-
tor. Because some of the colouring and opacifying agents
identified contain Fe,O;, MnO, CuO, PbO, and Sb,0,,
these elements have been discarded, while Na,O, MgO,
Al O, SiO,, K,0, Ca0, and TiO, were kept in the analy-
sis. A varimax rotation was applied to maximize the sum
of the variance of the squared loadings. The aim was to
make stronger associations between the factors and the
most meaningful variables in order to achieve a bet-
ter interpretation of the results [75]. The Rotated PCA
(RPCA) was performed using Xlstat software 2022 1.1
(Addinsoft).

The tesserae selected for the comparison were com-
ing from Sagalassos, Antioch, and Cyprus. The samples
from Sagalassos have been analysed with Electron Probe
Microanalysis (EPMA) and LA-ICP-MS and published by
Schibille et al. [18]. The set comprises 48 glass tesserae
discovered during the excavation campaigns of the Sagal-
assos Archaeological Research project, and the site is
located about 280 km east of Bodrum. A first group of
28 tesserae originated from the Temple of Apollo Klarios
where the mosaics can likely be dated to the first half of
the sixth century CE. The second group of 20 tesserae
excavated in a Roman bath complex, was dated to the
late fourth or early fifth centuries CE. The samples from
Antioch have been analysed with SEM—EDS and WDS
and published by Wypyski and Becker [21]. Among them,
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52 samples were coming from mosaics discovered in the
third century CE House of the Drinking Contest and are
curated at the Princeton University Art Museum. The
second set included 43 samples coming from a mosaic
discovered in the Tomb of a Women’s Funerary Banquet
dated to the middle to late fourth century CE. The sam-
ples from Cyprus have been analysed with SEM-EDS
and published by Bonnerot et al. [22]. This sample set
included 77 glass tesserae from wall mosaics collected in
five early Christian sites dated between the fifth and sev-
enth centuries CE.

On the RPC1-RPC2 plot (Fig. 13) a majority of the
samples from Cyprus are forming a large, separated clus-
ter at the top of the plot with positive RPC2 coordinates.
This position in the plot reflects a higher content of CaO
and Al,O;, and lower values of Na,O. On the left side of
the plot is seen a tight group which includes most of the
tesserae from House of the Drinking Contest in Anti-
och mainly characterised by lower proportions of K,O,
MgO, and TiO,. The samples from the Roman Bath and
the Apollo Klarios Temple at Sagalassos and the tesserae
from the Tomb of a Women’s Funerary Banquet at Anti-
och are forming a wide and looser cluster in the lower
half of the plot. Even though these three groups cannot
be separated from each other in this plot, the samples
from the Roman Bath seem to scatter less in both facto-
rial parameters. Inside the said area, the heterogeneity
is mainly coming from the variation of MgO, TiO,, and
K,O reflected by the RPC1. Six of the seven samples from
the House of Charidemos are located inside this dense
area with negative RPC2 coordinates. Their compositions
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Fig. 13 Principal Component analysis (PCA). Multivariate analysis of
seven oxides (Na,O, MgO, Al,O;, SIO,, K,0, Ca0, and TiO,) using the
compositions of the samples from the House of Charidemos, Antioch
[21], Cyprus [22], and Sagalassos [18]
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are closest to the tesserae from Sagalassos and the Wom-
en’s Funerary Banquet at Antioch. Almost all samples
gathered on the right side of the PCA plot with RPC1
coordinates above 2, including the sample KLR471 from
Halikarnassos, are red and orange samples originating
from all the archaeological contexts considered in this
comparison, with the Roman Bath at Sagalassos as the
only exception.

As already mentioned by Schibille et al. [18], the higher
homogeneity of the assemblages from the earlier con-
texts, such as the House of the Drinking Contest and the
Ramon Bath, is striking. The scattering of the seven sam-
ples from the House of Charidemos in Fig. 13 seems in
line with the dispersion observed for the tesserae from
the sites of the Tomb of a Women’s Funerary Banquet in
Antioch and the Apollos Klarios temple in Sagalassos.

Identification and comparison on the pigments

and opacifiers composition

Opaque red glass

The fabrication of opaque red glass using metallic copper
in these periods has been investigated in several archaeo-
metric studies (e.g., [50, 76—78]). Our analyses show that
samples KLR463 and KLR467 have a similar composition
with high Fe, and moderately high Cu, and Sb. This sug-
gests the use Fe as a reducing agent to reduce and main-
tain Cu in its metallic state. The Sb identified in these two
samples (>0.7 wt%) might also have acted as a reducing
agent from the oxidation of Sb,O; to Sb,O;.

High concentrations of Zn and Sn in red glasses have
often been interpreted as caused by using galena or met-
allurgical by-products in the glass manufacturing pro-
cess, and the concentrations measured for these two
elements in the three red tesserae are higher than in the
purple ones. The use of slags or metal scraps as sources
of Cu, Sb, and S in the red glasses in the present investi-
gation seems also attested by the ring-shaped inclusions
observed with the SEM (Fig. 8). However, the absence
of Sn detected in these features might indicate a differ-
ent origin. The precise nature of the metal inclusions
in KLR463 and KLR467 therefore remains somewhat
unclear, but further work would help to elucidate this
point. The use of copper-rich metal scraps such as brass
or bronze for the colouration of Roman red glass has
previously been reported in several works [78—81]. The
higher concentration of P,O; in these samples compared
to the yellow and purple ones suggest the addition of ash
during colouring in the secondary workshop to ensure
the reduction of Cu [18].

The higher concentrations of Pb, Zn, Sn, As, and Co,
and the low amount of Sb in the red tessera KLR471 sug-
gested the use of Sn as opacifier instead of Sb. This is
confirmed by the results of the SEM imaging with the
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identification of Sn-Pb inclusions. This finding is not
surprising since the use of Sn-based opacifier gradually
replaced Sb during late Antiquity [18, 82]. Moreover, Sn
can act as a strong reducing agent which will keep Cu in
its metallic state. The high proportion of Pb in the glass
melt could have facilitated the nucleation and the growth
of the metallic Cu inclusions. The opaque red tesserae
from Apollo Klarios temple in Sagalassos are showing the
same type of composition with more than 1 wt% of Sn.
It has been suggested that this Sn could originate from
tin-rich waste from metallurgy production [18]. Like the
samples KLR463 and KLR467, the higher amount of P,Og
is likely related to the presence of ashes.

Opagque purple glass

The purple tesserae are opacified with calcium anti-
monate and the colour is coming from the high pro-
portion of manganese, which is also detected. The
manufacturing process and the properties of glass opaci-
fied with calcium antimonate is well known [65, 83—85].
Antimony is usually introduced as stibnite (Sb,S;) in the
glass batch before it turns into roasted stibnite Sb,Oq
(Sb*1). During the cooling period of the glass, the oxygen
penetrates the batch, and the antimony is eventually oxi-
dized to Sb,0; (Sb°*), which forms the trigonal CaSb,Oq
when bonding with the Ca already present in the batch.
Manganese is then used to colour the opacified glass to
a purple appearance. The mechanisms leading to the
purple colouration of the Roman glass using manganese
dioxide has been described by Moncke et al. [86] and
Bidegaray et al. [87]. The main idea is to bring the Mn-
ions into a trivalent oxidation state, which is character-
ised by a low-spin d, configuration exhibiting Jahn—Teller
distortions, which will give a strong purple colour. Man-
ganese can be added to the batch as pyrolusite (MnO,)
and its Mn** ions are readily reduced to Mn>* because of
the reducing atmosphere in the furnace. Our results con-
firm that the oxidation of Mn to its trivalent oxidation
state likely took place due to the presence of Sb and Fe.
Even though no Fe containing mineral phases have been
detected in the Raman or XRD analysis, the addition of a
small amount of hematite (Fe,O;) to help the Mn oxida-
tion is possible. The ratio Fe:Mn, close to 0.2 is consistent
with the data from the melting experimentation of pur-
ple glass reported by Bidegaray et al. [87]. In the Raman
spectra, the redox reaction involving Sb can maybe be
attested by the detection of a-Sb,0, which could have
been produced by further oxidation of Sb,O;. Our results
support the prevalence of the trigonal CaSb,O4 over the
cubic Ca,Sb,0,. Moreover, the presence of residual S
associated with the Ca—Sb rich crystals confirm the use
of stibnite as the source of antimony. Only three purple
tesserae from Cyprus are recorded in the comparison
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sites considered in this study. However, the composition
of these translucent samples is different from the two
purple samples from the House of Charidemos, since
they have a MnO-content close to 1 wt% and a very low
Sb,0; concentration (0.1 wt%). Indeed, the particularity
of the purple sample from Halikarnassos is the combi-
nation of Mn as colouring agent and the opacifying cal-
cium antimonate. Such a combination has, however, been
identified at other sites, such as the four opaque purple
tesserae from the Roman villa of Noheda in Spain dated
from the fourth—fifth centuries CE [85].

Opagque yellow glass

The use of lead antimonate in Roman glass has been
investigated in several studies and summarized by Molina
et al. [69]. The first hypothesis is related to the use of Sb
litharge from the cupellation of Ag [88] in which Fe could
have been added to stabilise the lead-antimonate and
enhance the colour [76]. Because of the high amounts
of Zn in New Kingdom Egyptian glasses, an alternative
method for the production of lead-antimonate has been
suggested. Indeed, since Zn would not have survived the
high temperatures reached during the processing of sil-
ver ore, a mix of roasted galena (PbS) and stibnite (Sb,S,)
could have been used to synthetize lead-antimonate [83,
89]. The low amount of Zn in our yellow samples KLR464
and KLR468 could point to the use of litharge or maybe
of a mix of low-Zn galena with stibnite. The presence of
Fe and Sn could originate from an intentional addition to
the batch to increase the stability of the lead-antimonate
particles or Fe and Sn could originate from impurities
present in some of the raw materials [69]. Lead anti-
monate and lead stannate are commonly detected in the
other archaeological contexts investigated. The pres-
ence of lead antimonate confirmed in the tesserae from
the House of Charidemos connect these yellow tesserae
more to the Roman tradition than to the Byzantine one,
where lead stannate is more common [25].

The production of the glass tesserae

The base glass used for the tesserae from the House of
Charidemos likely included Sb—Mn decoloured recycled
glass. The similarity of the values for the elements related
to the sand source in the pairs of tesserae made of Sb—
Mn glass questions the existence of a single workshop
which could have made the recycling and mixing in order
to obtain a single glass colour. The heterogeneous distri-
butions of the chemical elements linked to the colouring/
opacifying compounds in the samples of the same col-
our, questions the organisation of the glasswork after the
recycling. Indeed, if the existence of workshops special-
ized in the production of certain glass colour has already
been evoked [21, 85], the present data would point to a
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production with a quite low standardization of the col-
ouring recipes. However, these observations would need
a larger set of samples in order to be supported.

Drawing a bigger picture of the glass production from
the tesserae of the House of Charidemos is difficult
because of the small number of samples analysed. How-
ever, it seems that the base glass and the colouring agents
identified are matching with what is already known in
Anatolia for the late Roman-early Byzantine period.
The use of Sb-bearing compounds reflects the continu-
ity of the Roman tradition, but the presence of the deep
red tessera KLR471 opacified with Sn also point at the
use of new Byzantine glass recipes. The use of recycled
glass at Halikarnassos during the fifth century CE might
be related to the limited supply of fresh raw glass mate-
rials during the late Roman period [72]. Indeed, the
transformation of commercial trade routes resulting
from the decline of the central Roman power had conse-
quences for the production and distribution of manufac-
tured goods all over the Empire. The production of glass
tesserae being limited by the availability of raw materials
and the technology needed, workshops must likely have
adapted their technology by recycling and mixing avail-
able materials.

Origin of the stone samples

The PCA undertaken on a limited number of elements
show a proximity between the red stone samples from the
House of Charidemos and our reference sample procured
from the Iasos quarry. However, the compositional dif-
ferences prevent to us from drawing a firm link between
these tesserae and marmor lassence, the marmor carium
also known as cipollino rosso [90-92]. This very charac-
teristic stone mainly dark red with oars of light red that
was used locally from the Hellenistic period, and which
was also widely exported to other sites in the Mediter-
ranean from the Severan period onwards. At least three
quarries have been identified to the NE of Iasos ([90,
93]: 412; [92]). It became extremely popular during late
Antiquity, and it is referred to in literary sources such
as Paul Silentiary (Paulus Silentiarius) II, 605-636 ([90]:
Fig. 2; [91]).

If the lack of detailed microscopic and petrographic
analysis on the samples KLR455 and KLR456 prevent
us to provide a description of the texture of the rocks,
their elemental composition could match with the iden-
tification of calcite marble and dolomitic stone/marble,
respectively. A PCA analysis was conducted in order to
compare sample KLR455 to the published marble data-
base from Paros, Prokonnesos, Herakleia/Miletos, and
Thasos [38]. The results of the PCA and HAC (Hierar-
chical Agglomerative Clustering) clustering show a prox-
imity between KLR455 and the marble from Herakleia/
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Miletos, but the size of the cluster is very small (PCA and
HAC plots available in Additional file 1). The mineralogy
and the colour of KLR456 could point at a provenance
from the quarries of dolomitic marble from Cape Vathy
in Thasos, intensively exploited until the second half of
the fifth century CE [94]. These attributions can only be
considered as tentative, since petrographic and isotopic
analysis would be necessary to assess the provenance
of the samples with higher certainty. A more detailed
examination of the dark yellow and red calcareous sam-
ples would also help to elucidate their provenance,
even though the use of coloured local limestone can be
suggested.

An investigation of the local sources like the Mar-
mora Phrygiae Project related to Hierapolis [95], and the
investigations related to Aphrodisias [96, 97] is unfortu-
nately still missing for Halikarnassos and the peninsula.
Of particular interest in relation to the House of Char-
idemos are the investigations of tesserae from the sixth
century church of Kiigiikk Tavsan Adasi in Bodrum [98].
The preliminary results seem to indicate that the major-
ity of the tesserae stems from Herakleia and a few from
Aphrodisias. Among the tesserae is also a stone similar
to the quarry at Iasos (TAV 58/2003 and TAV 59/2003),
but according to the authors this could also be a local
limestone ([98]: 775, Fig. 9). In the Halikarnassos penin-
sula, the presence of stones like grey, brown, and green
andesite are abundant (though not usually used for mosa-
ics), but a marble quarry has been identified in Bozdag
near Myndos [99]. Furthermore, the bluish-grey lime-
stone is easily accessible in the local environment.

The ancient literary sources do not take great interest in
the mosaicists who made the numerous time-consuming
mosaics in the ancient world, and their actual working
processes can mainly be deduced from the mosaic pave-
ments themselves (for discussion of the artisans and their
workshops see [2, 100]). The artisans of a mosaic work-
shop (officina) were itinerant, and they would carry out
most of their work in the building in which the mosaic
floors were laid. The majority of the preserved mosaics
was made on location. A few carefully excavated sites
have revealed spills of marble, limestone, and other mate-
rials from the cutting of the tesserae such as for instance
those found in the villa at Morat-Combette in Schwitzer-
land ([101]: figs. 2-9). Other such findings are recorded
from Pont d’Ancy in France ([102]: no. 81), Nabeul in
Tunisia ([103]: 79), Rudstone ([104]: pl. 74.1; [105]: 114,
no. 1, pl. 101b), and Badminton Park, Gloucestershire
in Roman Britain [100]. The scarcity of such recorded
findings may, however, be due to the fact that chips and
dumps of tesserae have not been correctly identified or
interpreted in the excavations [106].
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Studies of other mosaic floors found in Halikarnassos
indicate that the same basic visual colours (and stones)
were used again and again from the Hellenistic period
([40]: 124-130) through the Imperial period [107] up to
late Antiquity [6, 7], although no archaeometric analyses
have so far been reported on these.

Further analysis of tesserae used in mosaic pavements
and locally occurring stone types may indicate if the
stones were taken from quarries in the vicinity. This was
the case in the villa at Badminton Park ([100]: 148-150).
However, some evidence for the production and recycling
of stone tesserae should be mentioned [106]. Two finds
in either end of the Mediterranean basin and separated
by many centuries of time may throw further light on the
reuse and production/storing of tesserae. In a house in
Pompei (9.12), clearly being restored after the earthquake
in 62 CE, tesserae were piled in a room of the house, and
they all showed evidence of former use ([108]: 686—687).
In Jordan the excavation in Jerash (Gerasa) of the so-
called House of the Tesserae revealed a basin/trough that
contained thousands of unused white tesserae ready for
use when an earthquake in 749 CE stopped all activi-
ties in the city [109]. Other excavations such as that of
a late Antiquity villa in Aiano-Torraccia near Chiusi (SI)
have provided interesting evidence for recycling of glass
tesserae. The villa was lavishly restored during the sec-
ond half of the fourth century CE and furnished with
new floors and walls decorated with glass sectilia. When
the villa ceased to exist (second half of the fifth—first half
of the sixth century CE) workshops recycling the costly
materials like bronze, glass and lead were established in
the remains of the villa [110]. Such finds are invaluable
in relation to questions related to procedures of pro-
duction, temporarily storing of tesserae, and recycling.
They also indicate that tesserae were usually made close
to the place where they were going to be used. However,
at least one ship cargo (second half of the fourth—first
half of the fifth century CE) excavated at the Scauri har-
bour at Pantelleria shows that tesserae were sometimes
shipped over a longer distance [111, 112]. According to
the numerous objects including a considerable number of
pottery the ship seems to have come to Pantelleria from
the coast of Tunisia.

Conclusions

The characterisation of the glass, stone, and ceramic
tesserae from the House of Charidemos in Halikarnas-
sos shows that a diversity of the materials were used
for the production of the mosaics in private contexts
during the late Roman—early Byzantine period in Ana-
tolia. The comparison of the glass composition with
other sites in Anatolia showed similarities in the use of
base glass materials. The presence of recycled Sb—Mn
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decoloured glass and the use of Ca-antimonate and Pb-
antimonate are connecting these tesserae to the late
Roman tradition. The use of Sb as an opacifying agent
shows that this material was still widely used at this
period in Halikarnassos and was not yet fully replaced
by Sn-rich compounds as it can be seen in the deep
red tessera KLR471. The very tight elemental distribu-
tions between the samples of similar colours reflect-
ing the same base glass composition could support a
hypothesis of secondary workshops specialised in the
production of certain colour of tesserae. However, the
compositional heterogeneity of elements linked to the
colouring process is raising questions about the organi-
sation of the production after the recycling of the glass.

The re-use of materials, sometimes considered as a
characteristic of the late Roman period can be inter-
preted as a consequence of changes in an economical
system less globalised and maybe more turned toward
short circuit consumption. The characteristics of the
stone materials used in the House of Charidemos do
not allow us to assess the provenance of the geological
materials used in this context. Further investigations
using thin-section petrography and perhaps stable iso-
tope analysis would be beneficial in order to determine
the type and the origin of the stone materials used for
these samples.
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