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Abstract: The connection between Umayyad and Byzantine mosaic manufacture is a debated issue:
on the one hand, Arab sources report that Umayyad caliphs received craftspeople and materials to
adorn religious buildings from the Byzantine emperor; on the other hand, the reliability of these texts
has long been disputed among scholars, and other possible influences have been hypothesised. Was
early Islamic mosaic manufacture related to Byzantine tradition and to what extent? Were materials
and artisans gathered from Byzantium and/or territories under the Byzantine control? Based on a
multi-analytical approach, glass tesserae from Khirbat al-Mafjar, the Great Mosque of Damascus, and
the Dome of the Rock have been analysed. Results speak of a tale of two legacies, demonstrating that,
parallel to a continuity with the manufacture of glass tesserae in the late antique Levant—pointing,
more specifically, to a re-use of materials from abandoned buildings—legacies other than Byzantine
occurred. It emerged that Egypt definitively played a role in mosaic making during the Umayyad
caliphate, acting as a supplier of skilled artisans and materials.
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1. Introduction

In 1958, upon discussing Arabs–Byzantine relations under the Umayyad caliphate, Sir
Hamilton Gibb stated that they “were not confined to simple national or regional hostility,
but governed by more ambivalent attitudes of both attraction and opposition” [1] (p. 223).
According to him, the most perceptible legacy of the Byzantine imperial heritage was
visible in the Umayyad policy of constructing magnificent religious monuments.

Arab sources reported that Umayyad caliphs requested and received from the Byzan-
tine emperor skilled workmen and materials to construct and embellish religious buildings.
In the 9th century, the historian and geographer al-Ya’qūbı̄ alluded to the involvement of
Byzantium in the construction of the Prophet’s Mosque in Medina, reporting that gold,
workmen, and loads of mosaics were sent to caliph al-Walı̄d by the Byzantine emperor
[al-Ya’qūbı̄, Ta ‘rikh, in [2] (p. 231). In the History of Medina, written in the 9th century
by the scholar Ibn Zabāla, reference was made again to workers and mosaic cubes sent
by the King of the Greeks [Ibn Zabāla, History of Medina, in [1] (p. 225). Al-Dinawārı̄ (ca.
894–904 AD) reported that materials, but not craftspeople, were sent to Medina by the
Byzantine emperor [2] (p. 232). Information on materials and workmen sent to Medina
was also provided by the Persian explorer and geographer Ibn Rusta at the beginning of
the 10th century [2] (p. 232). Mention is deserved by 10th century Chronicle by al-Tabarı̄,
who reported not only that the Lord of the Greeks sent al- Walı̄d gold, workmen, and
mosaic cubes, but also that “[ . . . ] he gave orders also to search for mosaic cubes in ruined cities
and sent them to al-Walid, who sent them to [his governor in Medina] Omar b. Abd al-Aziz [
. . . ]” [al-Tabarı̄, Chronicle, in [1] (p. 232). Finally, the 10th century historian al-Maqdisı̄
mentioned the despatch of skilful artisans and materials from the Byzantine emperor for the
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construction of the Great Mosque in Damascus [al-Maqdisı̄, The Best Divisions for Knowledge
of the Regions, in [2] (p.233–234).

Written sources seem, therefore, to imply that the movements of “mosaic cubes” and
skilled artisans around the Mediterranean were not unknown under the Umayyad caliphate.
However, the reliability of these sources has not been univocally recognised among scholars:
should these texts be read as propaganda pieces aimed at enlightening the power of the
caliphs or do they suggest that the trade between Arabs and Byzantines went on despite
their rivalry [3,4]? Above all, was the Byzantine legacy the only one to influence mosaic
manufacture under the Umayyad caliphate?

In 1932 the archaeologist Marguerite Gautier-van Berchem expressed her scepticism
on the Byzantine “assistance” in the construction and decoration of Umayyad mosques [5]
(p.156–157). Her theory was supported by the historian Jean Sauvaget, who interpreted the
participation of workmen from Byzantium to the construction of the Prophet’s Mosque at
Medina as “a tradition of a legendary character” [6] (p.10–11). Discussing mosaics adorning the
Dome of the Rock and the Great Mosque of Damascus, Gautier-van Berchem concluded that
they had not been made by mosaicists from Byzantium, but by autochthonous artists [2].
The archaeologist referred to several ancient documents supporting her theory—the oldest
was a text written by the 9th century Persian historian al-Balādhurï who spoke of the
Mosque of Medina, where reference was made to “[ . . . ] money, mosaics, and marble sent
to him and eighty Rumı̄ and Coptic craftsmen, inhabitant of Syria and Egypt [ . . . ]” [2] (p.231);
another document was the one written by the geographer al-Maqdisı̄, who also mentioned
craftspeople from Syria and Egypt working at the Mosque of Mekka [al-Maqdisı̄, The Best
Divisions for Knowledge of the Regions, in [2] (p. 233); finally, some official documents
reported that caliph ‘Abd al-Malik set aside the tax revenues of Egypt for seven years to
pay for the Dome of the Rock, and the same was done by his son, caliph al-Walid, with the
land tax revenues of Syria to pay for the construction and decoration of the Great Mosque
in Damascus [2,7].

The Dome of the Rock in Jerusalem and the Great Mosque in Damascus are master-
pieces of the Umayyad religious architecture. The Dome of the Rock was erected by caliph
‘Abd al-Malik in 691 AD on the Temple Mount in Jerusalem, as reported in the inscriptions
on it [8], and it is embellished with mosaics on the internal and external surfaces. The
surviving original mosaics of the Dome of the Rock are located inside and, despite some
conservative interventions, they still reflect the original decorative scheme [2,8–10]. There
are few written references mentioning whence artisans working on the building came.
The 11th century Jerusalemire preacher al-Wasiti reported that ‘Abd al-Malik gathered
craftsmen from all his dominions [11]. An official correspondence preserved as letters
on papyrus found at Kom Ishqaw, Upper Egypt, recorded that experienced workmen
sent from Egypt were employed in the construction of the al-Aqsa Mosque by caliph
al-Walid [12–14]. The same document also mentioned skilled craftsmen being sent from
Egypt to work on the Great Mosque in 706/7 and 709 [9,12–14]. Another letter, dated 710,
referred to materials being sent to Damascus together with craftsmen [12,13].

The Great Mosque of Damascus was built between 706 and 714/5 by caliph al-Walid,
entirely covered with mosaics on both the inside and the outside walls. Though large
areas of the original decoration still survive on site, restorations have been made through
the centuries and they are generally indicated in the inscriptions [2]. The occurrence
of an Alexandrian component in the mosaics of the Great Mosque, has recently been
re-examined by [15], following a theory proposed by Mab van Lohuizen-Mulder in the
1990′s [16]. Detailed stylistic analysis of the Alexandrian architecture depicted in the
Landscape Panorama, the largest intact area of mosaic dating to the Umayyad age, and
the presence of a Nile boat with a very distinctive shape on the mosaics adorning the west
arcade, would strengthen the hypothesis of an Egyptian influence in their manufacture.

Can the contribution of archaeometry help shed further light on the actual influence
of more than one legacy in the manufacture of mosaics adorning Umayyad buildings? The
paper aimed at providing new insights into this topic, highlighting how and to what extent
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archaeometric data, framed into the current scenario of mosaic manufacturing between
late antiquity and the early Islamic period, can provide a better understanding of this still
debated issue.

2. Materials and Methods

An assemblage of 71 mosaic glass tesserae is discussed in this paper, comprising: 16
coloured tesserae from the qasr of Khirbat al-Mafjar, Plestine; 22 coloured and 2 colourless
tesserae from the Great Mosque of Damascus, Syria; a set of 31 coloured tesserae from
the Dome of the Rock in Jerusalem. All materials, with preliminary photographic and
chromatic documentation, are reported in Table S1.

The tesserae from the qasr of Khirbat al-Mafjar (Jericho, Palestine) have been the
subject of a previous preliminary study [17,18], here re-proposed within a broader research
context. They belong to a larger assemblage of glass objects found in the Northern Building,
erected during Hisham’s caliphate (724–743) and abandoned after having been damaged by
an earthquake in 748\9; consequently, the finds have been ascribed to the period between
724–748\9 [19].

The tesserae from the Great Mosque of Damascus were collected from the warehouses
of the Mosque. In his report on conservative interventions carried out in the 1920s, restorer
Eustache de Lorey reported having detached two fragments of the Umayyad mosaic
decoration from the western portico and stored them into the warehouse [20].

The tesserae from the Dome of the Rock lack specific information on the sampling
point; however, based on collected analytical data, they can be ascribed to the mosaic
decoration of the Umayyad period.

The selected multi-analytical protocol encompassed: optical microscopy (OM); Natural
Colour System Index chart (NCS); visible reflectance spectroscopy (VIS-RS), scanning electron
microscopy coupled with an energy dispersion system (SEM-EDS); Raman microscopy (µ–
Raman); X-ray powdered diffraction (XRPD); electron probe microanalysis (EPMA); laser
ablation fixed with inductively coupled plasma mass spectrometry (LA–ICP–MS).

An Olympus S761 stereomicroscope (magnification up to 45X, Olympus Corporation,
Shinjuku, Tokyo, Japan) associated with an Olympus Soft Imaging Solutions GMBH model
SC100 camera was used for preliminary morphological inspection and documentation.

A Natural Colour System Index chart (NCS) was employed to provide a first dis-
crimination and description of chromatic hues, both for opaque and translucent samples
(http://ncscolour.com/about-us/how-the-ncs-system-works, accessed on 15 July 2021).

After preliminary NCS-aided attribution of the tesserae to chromatic macro-categories,
L* a* b* numerical coordinates and the reflectance percentage for each wavelength in
the visible spectrum were measured by visible reflectance spectroscopy (VIS-RS), to dis-
criminate between different colour shades within the same chromatic macro-category. A
MINOLTA CM-2600d portable spectrometer was used, equipped with an internal inte-
grating sphere of 56-mm diameter, in reflectance geometry d/8, with three Xenon pulsed
lamps, and a D65 illuminant. Calibration was performed against a BaSO4 standard plate;
the spectral range was 400–700 nm, with a spectral resolution of 10 nm and the area of sight
of 3 mm diameter. SpectraMagic software (Konica Minolta, Chiyoda, Tokyo, Giappone) was
employed to elaborate data; specular component excluded (SCE/0) was selected, according
to [21].

For analysing micro-textural and micro-chemical features of colourants and opacifiers,
scanning electron microscopy coupled with energy dispersion analysis (SEM-EDS), Raman
microscopy (µ-Raman), and X-Ray powdered diffraction (XRPD) were selected. Polished
sections were prepared by embedding micro-fragments of the samples in a polyester resin,
which were then then polished and carbon-coated to perform the SEM investigation. Back-
scattered electron signal (BSE) was used for the inspection of the morphological features of
the inclusions, coupled with EDS spot measurements, to achieve a preliminary qualitative
and semi-quantitative elemental analysis. Images and EDS spectra were collected on
an ESEM FEI Quanta 200, equipped with an EDAX energy dispersive spectrometer (FEI

http://ncscolour.com/about-us/how-the-ncs-system-works
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Company, Hillsboro, OR, USA). Analyses were performed in high vacuum, using an
acceleration voltage of 25 kV and an energy resolution of ~200 eV at 5.9 keV; working
distance was set at 10 mm, spot size was between 4 and 5 µm.

Raman spectra were collected by using a Bruker Senterra dispersive Raman spec-
trometer (Bruker Corporation, Billerica, MA, USA) equipped with an integrated Olympus
BX40 microscope (Olympus Corporation, Shinjuku, Tokyo, Japan). A 785 nm He-Ne
laser was employed, in the 300–3500 cm−1 region. Analytical measurements were per-
formed with a 50× long working distance objective, operating at a power of 10 mW with
a spectral resolution of 3.5 cm−1. Raman measurements were performed on polished
section after carbon coating removal. IRUG (Infrared and Raman Users Group) database
(http://www.irug.org/, accessed on 15 July 2021) was used for the identification of the
Raman bands, with papers quoted in the article as references. Being a non-destructive
technique, µ-Raman was carried out as a preferential analysis on all samples under study
to provide a more in-depth characterisation of colouring and opacifying phases; where
spectroscopic analyses were not discriminant, XRPD was performed.

XRPD analyses were carried out on finely powdered samples manually pressed on
an Ag sample holder in a Rigaku Miniflex diffractometer, employing CuKα1 radiation, in
the range of 2θ: 4◦–64◦, θ scan speed: 1◦ min−1; ICCD (International Centre for Diffraction
Data) database was used to identify the peaks in the patterns of the analysed samples
(https://www.icdd.com/, accessed on 15 July 2021).

To determine the bulk chemistry of samples, electron probe microanalysis (EPMA)
was carried out on polished and carbon-coated sections. Chemical analyses of major and
minor elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, S, Cl, Cr, Co, Cu, Sn, Sb, and Pb)
were performed using a CAMECA-CAMEBAX equipped with four scanning wavelength-
dispersive spectrometers (WDS). A beam current of 2 nA, an acceleration voltage of 20 kV,
and a spot size of 5 µm were used for Na, K, Si, and Al; for all other elements, a beam
current of 20 nA, an acceleration voltage of 20 kV, and a spot size of 1 µm were used.
Synthetic pure oxides were used as standards for Al, Cr, Fe, and Sn; synthetic MnTiO3 for
Mn and Ti; wollastonite for Si and Ca; albite for Na; periclase for Mg; PbS for Cl and Pb;
orthoclase for K; apatite for P; sphalerite for S; Sb2S for Sb; and pure elements for Co, Cu,
and Ni. SMITHSONIAN GLASS A standard [22] was also employed as a reference sample.
Ten points were analysed on each sample, and the mean values were calculated. The
measured accuracy for the analysed elements was better than 3%. The standard deviations
among the analysed points resulted to be between 1–3% and 3–5% for major and minor
constituents, respectively. The detection limit for the minor elements was between 0.01
and 0.04 wt%. The correction program is based on the PAP method [23] and was used to
process the results for matrix effects. EPMA data were recalculated to minimise any effect
caused by elements intentionally added as colourants/decolourants and/or opacifiers,
according to the procedure proposed by [24].

Laser ablation fixed with inductively coupled plasma mass spectrometry (LA–ICP–
MS) was carried out to determine the concentration of 37 trace elements. Analyses were
performed by a Thermo Fisher X-Series II quadrupole based ICP–MS coupled with a New
Wave ablation system with a frequency quintupled (λ = 213 nm) Nd:YAG laser. Laser
repetition rate and laser energy density on the sample surface were fixed at 20 Hz and
∼18 J/cm2, respectively. Analyses were carried out using a laser spot diameter of 100 µm
on the same polished samples used for EPMA, after carbon coating removal. Due to the
highly heterogeneous micro-structure of the tesserae, six points were analysed on each
sample and the mean values were then calculated. External calibration was performed
using NIST 610 and 614 glass as external standards; NIST 612 was also used as a secondary
reference sample to check precision and accuracy [25]. 29Si was employed as internal
standard, the concentration of which was determined by EPMA following the method
proposed by Longerich and colleagues [26]. The distributions of REE and the other trace
elements were analysed by normalising the data to the upper continental crust [27].

http://www.irug.org/
https://www.icdd.com/
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3. Results and Discussion
3.1. The Base Glass

Major and minor oxides, expressed as wt% and measured by EPMA, are reported in
Table S2; trace elements data, expressed as ppm, are provided in Table S3. Comparisons
with standards are given in Table S4.

Analysed samples were all of a natron-type glass, with MgO and K2O contents below
1.5 wt% (Figure 1) [28].

Figure 1. K2O versus MgO bi-plot (for the opaque tesserae, reduced wt% were used).

Slightly higher MgO and K2O contents were only detected in samples: KH_A15
(MgO = 2.23 wt%; K2O = 1.68 wt%), DR_Am2_Au (MgO = 1.56 wt%; K2O = 1.05 wt%), DR_
Am4_Ag (MgO = 1.70 wt%; K2O = 0.94 wt%), DR_G1_Au (MgO = 1.72 wt%; K2O = 1.93 wt%).
These values were, however, below 2.5 wt%, pointing to the use of plant ash as flux;
according to the literature, they could either be linked to a contamination that occurred
during the production process [29] or to the addition of plant-ash-based glass to the
batch [30,31].

Based on compositional features and raw materials, analysed tesserae can be divided
into the following three groups (see Table S3).

The first group, named T1, encompasses samples from: the qasr of Khirbat al-Mafjar
(KH_R1, KH_G/V3, KH_Vsr4, KH_V5, KH_A6, KH_Vc9, KH_Ga10), the Great Mosque
of Damascus (DMS_1Aa, DMS_1Ab, DMS_2Bb, DMS_10L, DMS_17R, DMS_20U), and
the Dome of the Rock (DR_BK3, DR_BK4, DR_BK5, DR_G2, DR_G3, DR_G4, DR_G5,
DR_G6, DR_G7, DR_GR1, DR_GY2, DR_LB1). The second group, labelled T2, comprises
samples from: the qasr of Khirbat al-Mafjar (KH_ G2, KH_ A7, KH_ A7bis, KH_ Vc8, KH_
Am/Au11, KH_ G/V13, KH_ Am14), the Great Mosque of Damascus (DMS_2Ba, DMS_3C,
DMS_5Ea, DMS_5Eb, DMS_6Fc, DMS_6Fs, DMS_8H, DMS_9I, DMS_11M, DMS_13Nv,
DMS_14O, DMS_16Qa, DMS_19T), and the Dome of the Rock (DR_ A1, DR_ BK2, DR_
R1, DR_ T2, DR_ T3, DR_ T4). The third group, referred to as T3, includes samples from:
the Great Mosque of Damascus (DMS_4D, DMS_7G, DMS_13Ngr, DMS_15P, DMS_18S)
and the Dome of the Rock (DR_B1, DR_GY1, DR_R2, DR_T1, DR_Am1_Au, DR_Am3_Au,
DR_Am4_Ag, DR_Am5_Ag, DR_Am6_Au, DR_Y1_Au).

Trace element patterns obtained by LA-ICP-MS demonstrated that different silica
sources could be identified within the assemblages under study, according to the miner-
alogical components of the sands employed as vitrifying agent. All the tesserae belonging
to group T1 showed lower strontium (Sr) and higher heavy element contents (Ti, V, Cr, Zr,
Nb, Hf) compared to group T2; group T3 had higher Sr contents, comparable with T2, but
higher heavy elements, analogously to T1 (Figure 2).
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Figure 2. Comparison between trace element patterns of Egypt I (red line), Apollonia-type (green
line), and Foy-2 (purple line) tesserae, obtained by LA-ICP.MS. Averages were normalised to the
mean values of the continental crust [27].

Further differences among the three groups emerged when major and minor oxides
were analysed, as displayed in CaO/Al2O3:Na2O/SiO2 and FeO/TiO2:FeO/Al2O3 bi-plots
(Figure 3a,b).

Samples belonging to group T1 had the following average contents: CaO between
2.69 and 4.34 wt%, Al2O3 between 2.67 and 3.79 wt%, Na2O between 16.87 and 19.38 wt%,
SiO2 between 59.07 and 69.85wt%, TiO2 between 0.20 and 0.35 wt%, and FeO between 0.76
and 1.79 wt%.

Data demonstrated that T1 tesserae have been made by using sands richer in the
heavy accessory minerals and lower in the strontium contents; with low CaO (between
2.69 and 4.34 wt%) and high Na2O (16.87 and 19.38 wt%), these features are consistent with
Egypt I compositional category.

Figure 3. Cont.
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Figure 3. (a) CaO/Al2O3 versus Na2O/SiO2 and (b) FeO/TiO2 versus FeO/Al2O3 bi-plot (for the
opaque tesserae, reduced wt% contents were used). Green area: Apollonia-type glass [32–34], orange
area: Jalame-type glass [35], red area—full line: Egypt I late antique/early Islamic glass [34,36–39],
red area—dotted line: Egypt I Wadi Natrun glass [40], purple area: Foy-2 glass [38,41–44], Qusayr’
Amra [45], Khirbat al-Minya [46].

Several studies have highlighted the occurrence of Egypt I glass in the late an-
tique/early Islamic period, although named in different ways. Groups 8 and 9, identified
by Foy and colleagues [37], refer to glass vessels dating to the Umayyad period (661–750):
Group 8, with higher iron, aluminium, and titanium oxides contents, matches Gratuze and
Barrandon’s 1B group; Group 9, which might pre-date Group 8, corresponds to Gratuze
and Barrandon’s 1A group [36]. Egypt 1A (Group 9) and 1B (Group 8) categories were
supposed to have been manufactured in the primary workshops located at Wadi Natrun
(Egypt), where surveys and excavations attested primary glass furnaces datable between
the 1st and the 2nd century [40,47,48]. Among glass finds excavated from 8th–9th century
layers at Raya (Sinai), Kato and co-workers identified the so-called N2-a2 type, a low
lime–high alumina glass comparable to Egypt I [49]. Among the late antique vessels and
window glasses from Cyprus [50], few samples matching Egypt I categories were also
found. Among 7th–12th centuries near eastern glassware, only two samples corresponding
to Egypt I glass (named Group N4) have been identified by [34]. Lastly, recent research car-
ried out on Islamic glass weights and stamps by [39] has distinguished three sub-categories
of Egypt I glass (Egypt IA, IB, IC), each assigned to different chronological ranges between
Umayyad and early Abbasid ages (ca. 697–1020).

Data in the plots highlight a separation between late antique/early Islamic Egypt I
and Wadi Natrun Egypt I, where primary furnaces operating up to the 3rd century have
been unearthed: late antique/early Islamic Egypt I glass has, on average, lower Na2O,
higher SiO2, higher Al2O3, and slightly higher CaO than Wadi Natrun type. T1 tesserae
are consistent with late/antique/early Islamic Egypt I. CaO/Sr ratios calculated for T1
tesserae are, on average, 150; as reported by Wedepohl and co-workers [51], low CaO/Sr
ratios are consistent with marine carbonates, like shells (CaO/Sr = 212), while higher ratios
are associated with limestone (CaO/Sr = 870). Correlation between CaO and Sr, alongside
low CaO/Sr ratios, suggests the use of a coastal shell-containing sand as vitrifying agent.

Comparison between T1 tesserae trace elements patterns and the three Egypt I sub-
groups identified by [39] showed a clear match between T1 tesserae and Egypt IA (Figure 4),
dated to the first quarter of the 8th century. These data are in line with the dating of the
assemblages of tesserae under study to the Umayyad age and, more specifically, to the
period when the buildings were constructed: the northern building of the qasr of Khirbat
al-Mafjar (erected under Hisham’s caliphate, between 724 and 743, and dismissed in 748/8,
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following the earthquake); the Great Mosque of Damascus, constructed between 706 and
715; and the Dome of the Rock in Jerusalem, presumably started in 684/5 and completed
in 691/2. Interestingly, the construction of the Dome of the Rock occurred at the end of the
7th century; this is worthy of note, as it supports the hypothesis that Egypt IA glass was in
circulation under the Umayyad caliphate (661–750) prior to the 8th century [39].

Figure 4. Comparison between trace elements pattern of Egypt I tesserae from this study and sub-groups Egypt IA, B, and
C identified by [39].

Regarding the manufacture of mosaic tesserae, the use of Egypt I glass is a distin-
guishing feature of the Umayyad age. Apart from the quasr of Khirbat al-Mafjar, the
Great Mosque of Damascus, and the Dome of the Rock, it has recently been found among
assemblages of tesserae from the baths of Qusayr ‘Amra [45] and Khirbat al-Minya [39,46].

Moving to tesserae belonging to group T2, trace element patterns showed lower heavy
element contents and higher strontium (also correlated to CaO) compared to group T1
(Figure 2). This signature, in addition to the relatively high aluminium oxide content
(between 2.67 and 3.79 wt%), suggests the use of a mature sand; moreover, the positive
correlation between high lime and high strontium indicates a coastal sand containing shells
rather than an inland one [34,52]. This was further confirmed by the low CaO/Sr ratios,
with a mean value of 201.

Regarding major and minor oxides, tesserae belonging to T2 group showed: CaO
between 2.69 and 4.34 wt%, Al2O3 between 2.67 and 3.79 wt%, Na2O between 16.87 and
19.38 wt%, SiO2 between 53.31 and 69.28 wt%, TiO2 between 0.06 and 0.11 wt%, and FeO
between 0.76 and 1.79 wt%. Compositional features and patterns are consistent with the
use of a Levantine coastal sand, and major and minor oxides (Figure 3a,b) demonstrated
that the vast majority of samples show a close match with Apollonia-type glass. Known
also as Levantine I [53], this glass was produced at the primary furnaces unearthed at
Apollonia-Arsuf, north Tel-Aviv; it is a soda-lime-silica glass, made by using natron as
a fluxing agent. The sand source is low in oxides from heavy accessory minerals, but
relatively high in alumina (>3 wt%), suggesting a mature high-silica sand with a significant
feldspar content [32]. Lime is typically high (7–9 wt%), as is strontium oxide (ca. 550 ppm),
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the strong correlation between them implying the use of a marine sand where lime is mainly
found as shell [34,52]. Some tesserae belonging to group T2 deserve further discussion.
The plots in Figure 3 show that T2 tesserae from the Great Mosque of Damascus fall at an
intermediate position between Apollonia-type and Jalame-type categories. Jalame-type
glass was made at the 4th century primary furnaces identified at Jalame, along the Syro-
Palestinian coast and about 70–80 Km far from Apollonia [34,35]. A similar behaviour
has been observed by Barford and colleagues in a study dealing with the geochemistry of
Byzantine and Early Islamic glass from Jerash, in Jordan [54], leading to the hypothesis that
some of the Levantine I analysed glasses could have been obtained by recycling Jalame-
type into Apollonia-type. According to compositional data, it cannot be excluded that
something analogous also occurred for T2 tesserae from the Great Mosque of Damascus.

T3 tesserae were characterised by: CaO between 5.26 and 9.04 wt%, Al2O3 between
1.76 and 3.08 wt%, Na2O between 14.11 and 20.50 wt%, and SiO2 between 54.35 and
68.23 wt%. These tesserae were, thus, made of a natron-based glass with slightly higher
contents of magnesium (0.93–1.62 wt%), manganese (1.37–2.27 wt%), titanium (0.11 to
0.16 wt%), and iron oxides (0.58 and 1.09 wt%), with zirconium ranging from 56 to 103
ppm and strontium between 470 and 943 ppm. Outlined features are consistent with Foy-2
compositional category (Figures 2 and 3). First identified by Daniéle Foy and colleagues and
believed to be of an Egyptian provenance [41], this category splits into two sub-groups: the
primary production group série 2.1 and the so-called série 2.2, showing signs of recycling.
While the glasses of série 2.1 have been dated to the 6th and 7th CE and seem to have
been quite widespread [43,44,47,50], the recycled série 2.2 dates from 7th to late 8th CE [41].
As already noticed for a set of recently studied tesserae from the Durres amphitheatre
matching Foy-2 compositional category, it is complicated to unambiguously relate samples
to either of the two sub-groups [44]. Tesserae from Damascus and Jerusalem are, like
those from Durres, intermediate between primary production group série 2.1 and série 2.2
(Figure 5a,b). More precisely, they are characterised by lower iron, magnesium, titanium,
and zirconium contents when compared to primary production group série 2.1, and trace
elements contents cannot be fully indicative as they are influenced by the addition of
colourants and opacifiers to the base glass.

Lastly, a few outliers have been identified in the assemblages under study. DMS_Am/Au11
tesserae from the Great Mosque of Damascus showed compositional features more similar
to the ones of Bet Eli’ezer-type glass, being characterised by higher silica (74.32 wt%), lower
soda (12.09 wt%), lower lime (6.68 wt%), and higher alumina (3.17 wt%) contents. KH_Am12
translucent yellow and KH_A15 translucent light blue tesserae from Khirbat al-Mafjar, as well
as DR_BK1 black and DR_G1_Au translucent green with golden leaf tesserae from the Dome
of the Rock can be defined as outliers, since they showed a less definite behaviour that cannot
allow unequivocally including them into the identified groups.

EPMA and LA-ICP-MS data showed that the analysed tesserae from the Great Mosque
of Damascus and the Dome of the Rock match early Islamic Egypt I, Apollonia-type and
Foy-2 compositional categories; differently, in the assemblage from Khirbat al-Mafjar, only
early Islamic Egypt I and Apollonia-type glass groups were identified. The maps provided
in Figure 6 show that glass tesserae matching Apollonia-type and Foy-2 compositional
categories have mainly been recovered from sites located in the territories under the domain
of Byzantium, datable back between the 5th and the 10th century, with a major amount
from the 6th century.



Heritage 2021, 4 2819

Figure 5. (a) CaO/Al2O3:Na2O/SiO2 and (b) FeO/TiO2:FeO/Al2O3 bi-plots, comparing T3 tesserae
with Foy-2 compositional category and related sub-groups (Foy-2.1 and Foy-2.2). Reference data
from [39,41,44,46].

The detection of Apollonia-type and Foy-2 compositional categories points to conti-
nuity with the manufacture of glass tesserae in the late antique Levant. Though analyses
cannot ascertain whether Umayyad Apollonia-type and Foy-2 tesserae were freshly made
or gathered from ruined and dismantled pre-existing monuments, further inferences can be
drawn by taking into consideration data from recent studies on early Islamic glass vessels.
Research undertaken by Phelps and colleagues [34] demonstrated a high variability of
glass typologies and recipe changes in the Umayyad age (661–750). Two noteworthy pieces
of information have to be considered here: the absence of Foy-2 compositional category,
both in the 7th and in the 8th century, and the decrease of Apollonia-type glass in the first
half of the 8th century. As, contrariwise, Foy-2 and Apollonia-type glass are recurrent
in Umayyad assemblages of mosaic tesserae, this fact could support the hypothesis of
tesserae recovered from dismantled sites, previously adorned with mosaics, rather than
freshly made.
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Figure 6. Distributional maps of sites across the Mediterranean basin where (a) Apollonia-
type/Levantine I and (b) Foy-2 tesserae have been found. References: Padua, 6th century [55,56];
Ravenna, 6th century [57–63]—site tag is filled in a different way because, in the references, the
base glass is generically termed Levantine rather than Levantine I; Durres, 6th–8th century [44]; Con-
stantinopole, 6th century [64]; Hierapolis, 6th century [43]; Amorium, 10th century [65]; Tyana, 5th
century [66]; Kilise Tepe, 5th–6th century [43]; Huarte, 5th century [67]; Cyprus, 6th century [38];
Petra, 5th–6th century [68,69]; Jerash, 4th–8th century [70].

The key feature that distinguishes Umayyad mosaic tesserae assemblages from any
other is the occurrence of Egypt I compositional category, found in all the assemblages
under study. This finding is a tangible proof of legacies other than Levantine in the
manufacture of Umayyad mosaics. According to the literature, Apollonia-type, Egypt I,
and Foy-2 compositional categories have been detected among all analysed assemblages
of glass tesserae datable back to the Umayyad caliphate in the Near East (661–750): the
baths of Qusayr’ Amra, Jordan [45]; the residential complex at Khirbat al-Minya, Israel [46];
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the qasr of Khirbat al-Mafjar, Palestine [17,18]; the Great Mosque of Damascus, Syria; and
the Dome of the Rock, Israel. Despite their significance, data on the base glass are not
sufficient to outline a complete scenario, as another issue needs to be considered: were
tesserae transported as an already finished product, or were they delivered as raw glass to
be locally coloured and opacified?

3.2. Colouring and Opacifying Agents

To evaluate possible answers to the above question, an in-depth characterisation of
colourants and opacifiers is mandatory.

As it has been discussed more in-depth elsewhere [57,71,72], the exact classification
of the colours of glass tesserae on an entirely objective basis stands as the first issue to be
addressed, to avoid any subjective description and to provide a reliable criterion for the
selection of tesserae to be analysed and, at a later stage, compared.

Figure 7 provides an overview of NCS-Red tesserae (KH_R1, DR_R1, DR_R2). Re-
flectance curves show an increase of intensity for the wavelengths above 580 nm, the red
region of the visible spectrum (Figure 7a). SEM-BSE images highlight a heterogeneous
micro-structure, dotted with nanometric droplets of copper—as demonstrated by EDS
analyses (Figure 7b–d). XRPD exactly characterised crystalline phases as metallic copper,
responsible for the red hue as well as for the opacity (Figure 7e). Features of opaque
red tesserae are consistent with so-called “dullish red” glass, a low-lead (PbO 1–2 wt%),
low-copper (CuO about 2–3 wt%) glass with nanometric rounded particles of metallic
copper dispersed into the matrix [71,73–76].

Figure 7. NCS-Red tesserae: (a) VIS-RS curves; (b,c) BSE images of tessera DR_R2, showing the micro-textures of the
vitreous matrix, dotted with regularly distributed nanometric rounded particles; (d) EDS spectrum acquired on one of the
rounded particles; (e) X-ray diffraction pattern of tessera DR_R2.

Figure 8 displays NCS-Black tesserae (DMS_13Ngr, DR_BK1, DR_BK2, DR_BK3,
DR_BK4, DR_BK5). All samples showed an entirely flat behaviour in the wavelength
range 400–700 nm, consistent with the absorption of all the visible radiation responsible for
the black-looking colour (Figure 8a). The tesserae were made of opaque dark red stripes
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alternated with translucent green ones (Figure 8b). SEM-BSE images highlighted different
atomic number average between the green (lower atomic number) and the red (higher
atomic number) bands, where nanometric droplets could be observed (Figure 8c–e). EDS
measurements (Figure 8f,g) showed that, in the red stripes, a relatively higher copper
content was found compared to green ones, and the iron content was higher as well (CuO
stripes: 0.29–3.37 wt%; CuO matrix: 0.24–3.50 wt%; FeO stripes: 0.93–4.21 wt%; FeO
matrix: 0.75–3.54 wt%). Green/red banded tesserae are not unattested in the literature: in
Roman mosaics from Pordenone, Trento and Aquileia [73,77], several green/red-banded
and orange/red-banded tesserae were found, all coloured by the addition of copper-based
phases. It is, however, still unclear whether the bi-coloured pattern could always be
interpreted as an accidental occurrence (like a failed attempt to produce red glass) or if a
deliberate combination of two different kinds of glass took place [71].

Figure 8. NCS-Black tesserae: (a) VIS-RS curves; (b) OM image of tessera DMS_13Ngr; (c,d) BSE images showing non-
homogenous, zoned vitreous matrix; (e) BSE detail of the area where green and red glass were juxtaposed (note the
nanometric rounded particles); (f,g) EDS spectra acquired on red and green stripes of glass. This figure has been re-adapted
by [71].

In Figures 9 and 10, colouring and opacifying agents found in NCS-Blue tesserae
(KH_A7, KH_A7bis, KH_A15, DMS_4D, DMS_10L, DR_LB1, DR_T1, DR_T2, DR_T3,
DR_T4) are summarised. The reflectance curves had different profiles (Figure 9a): while
some (DR_T1, DR_T2 and DR_T3) showed well-defined bell-shapes with a reflectance
peak between 440 and 540 nm (the blue and the green zones of the visible spectrum),
others (DR_LB1, DMS_10L and KH_A7) had a less pronounced bell shaped-outline, with
variations in the reflectance percentages. Figure 9b explains how the different profiles of
the curves and the percentages of reflectance can be related to the contents of copper oxide
in the matrix, responsible for the light blue chromatic shades, as well as to the presence of
PbO, enhancing the brilliance of the tesserae and, therefore, resulting in higher lightness
(Figure 9c). The dark blue tessera DR_B1 showed a completely different reflectance curve,
consistent with those reported in the literature for tesserae coloured by the addition of
cobalt [78,79].
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Figure 9. NCS-Blue tesserae: (a) comparison between reflectance curves acquired by VIS-RS; (b) CuO and PbO wt%
contents—measured by EPMA—related to the reflectance curves, to indicate possible correlation between the differently
shaped profiles of the curves and, on the one hand, the contents of CuO, responsible for the light blue chromatic shades, on
the other hand, the presence of PbO, enhancing the brilliance of the tesserae; (c) Luminosity (L*) percentages measured by
VIS-RS. Note how L* values were higher in tesserae where higher PbO wt% contents have been found.

Figure 10. NCS-Blue tesserae: (a,b) SEM-BSE images of P-based inclusions, without and with reaction rim (tesserae
DR_T3 and KH_A7bis); (c) EDS spectrum acquired on the core of the inclusion; (d,e) µRaman spectra acquired on P-based
inclusions with rims found in tessera KH_A7bis; (f,g) SEM-BSE image and EDS spectrum of Sn-based crystals found in
tessera DMS_10L; (h) X-ray diffraction pattern of tessera DMS_10L.
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A combined SEM-EDS and micro-Raman approach allowed an in-depth analysis
of the micro-structures of the tesserae belonging to NCS-Blue category, and the results
demonstrated that they were all (but DMS_10L and DR_B1) opacified with powdered
bone ash. BSE images highlight a non-homogeneous matrix, with gas bubbles and inclu-
sions of irregular shape, whose dimensions ranged from about 60 µm up to millimetres
(Figure 10a,b). Inclusions bigger than 100 µm showed a reaction rim darker than the core,
while smaller inclusions did not have rims and were more compact. Despite their con-
formation, EDS spectra showed that the inclusions were mainly made of calcium and
phosphorus (Figure 10c). Micro-Raman measurements (Figure 10d,e) demonstrated that
the cores of the inclusions were made of hydroxyapatite, with bands located in the region
from 400 to 1100 cm−1 [80,81]. Raman spectra acquired on the rims proved that they were
consistent with β-rhenanite (β-NaCaPO4), a crystalline phase whose precipitation in the
glass as been observed at around 650 ◦C [80,82]. Smaller calcium phosphate inclusions
(<100 µm) did not have reaction rims, and Raman spectra acquired on them were highly
comparable to those of the cores of the larger grains; it is, therefore, likely that the modifi-
cation of hydroxyapatite into β-rhenanite was not completed in crystals having smaller
dimensions. DMS_10L and DR_B1 were the only NCS-Blue tesserae where, instead of cal-
cium phosphate, SnO2 crystals were detected (Figure 10f–h). Interestingly, the reflectance
curve of tessera DMS_10L had a different shape compared to those opacified with P-based
inclusions; its feature resembled the reflectance curve of KH_A7bis, where micrometric
inclusions of cassiterite have been detected in the matrix, with calcium phosphate as well.
The main difference between the curves of tesserae DMS_10L and KH_A7bis is was to
the reflectance percentage, which was higher in KH_A7bis; it cannot be excluded that
the choice of one or the other opacifying agent could have been linked to the necessity of
obtaining more or less saturated (and, thus, brilliant) hues. In all the light blue tesserae, the
presence of copper dispersed into the glassy matrix and acting as main colouring agent
was detected (EMPA data performed on the glassy matrix showed CuO ranging from 1.70
to 2.42 wt%); cobalt was only found in the dark blue tessera DMS_4D (CoO = 0.08 wt%).

In Figure 11 NCS-Yellow tesserae (KH_G2, KH_GV3, DMS_7G, DMS_9I, DMS_28b,
DR_GY1, DR_GY2) are shown. Reflectance curves all had an increase in reflectance from
about 530 nm, consistent with the yellow part of the visible spectrum (Figure 11a) SEM-
BSE inspection highlighted strongly heterogeneous micro-structures of the matrices, with
brighter bands of a higher average atomic number (Figure 11b,c). Micrometric crystals with
either anhedral or subhedral habitus have been detected, mainly in the bands (Figure 11d),
and EDS spot measurements demonstrated that the crystals were mainly made of lead and
tin (Figure 11e). The micro-Raman spectra acquired on the crystals (Figure 11f) showed
bands at 68, 138, 327, and 455 cm−1, consistent with lead–tin yellow type II [83–85], a cubic-
structured lead–tin silicon oxide that can show different stoichiometries [either PbSnO3,
Pb(Sn, Si)O3, or PbSn2SiO3]. Comparison between the Raman spectra of pure PbSnO3
and PbSn1−xSixO3 was unfeasible, as a signature of PbSnO3 alone is not reported in the
literature. As discussed elsewhere [71,72], a more exact identification of the mineralogical
phases can be achieved through XRPD, as patterns seem to compare best to PbSnO3. It
is also interesting to note that reflectance curves of NCS-Yellow tesserae closely match
those reported by Cloutis and colleagues [86] for powdered lead–tin-oxide-based yellow
pigments; more precisely, the closest similarity occurs with standard PIG818, a lead–tin
yellow type II.
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Figure 11. NCS-Yellow tesserae: (a) VIS-RS curves; (b–d) SEM-BSE images showing micro-textural features of tessera
DR_GY1, with details of stripes and clusters of subhedral crystals; (e) EDS spectrum acquired on the subhedral inclusions;
(f) µRaman spectra acquired on the subhedral crystals.

In NCS-Green tesserae, a variety of colouring and opacifying agents have been de-
tected: tesserae KH_Vsr4, KH_V5, KH_Vc8, KH_Vc9, DMS_1Aa, DMS_1Ab, DMS_3C,
DR_G2, DR_G3, DR_G4, DR_G5, DR_G6, and DR_G7 have been coloured and opaci-
fied with lead–tin yellow type II and copper; in tesserae KH_A6, KH_Ga10, DMS_5Ea,
DMS_16Qa, and DR_Gr1 calcium phosphate and copper were found; and tesserae DMS_5Eb,
DMS_17R, DMS_20U, and DR_A1 showed the presence of cassiterite and copper. Figure 12
provides reflectance curves of tesserae belonging to the NCS-Green category: differences
were observed in terms of both reflectance intensity and profiles of the curves, linkable to
the different shades of green encountered inside the green macro-category and ascribable
to the compositional features of the tesserae. Reflectance curves of NCS-Green tesserae,
whose colour shades and opacity degrees are ascribable to the addition of lead–tin yellow
type II and copper are displayed in Figure 12a, while in Figure 12b NCS-Green tesserae
opacified with cassiterite and coloured by copper are shown. The profiles of the curves
in Figure 12a looked like a combination between those of a copper-coloured light blue
tessera and a lead–tin yellow type II-coloured yellow one: a peak occurred between 480
and 560 nm, followed by a reflectance decrease above 550 nm. Conversely, the profiles of
the curves displayed in Figure 12b more closely resembled those of NCS-BLUE tesserae
coloured by copper. Moreover, NCS-Green tesserae whose colour shades were more turned
towards a yellowish-green (KH_Vsr4, DMS_3C, DR_G2, DR_G4, DR_G7) showed trends
of the reflectance curves more similar to those of the yellow tesserae (Figure 12a), while
NCS-Green tesserae whose colour shades were more turned towards a green hue showed
reflectance curves more similar to those of the blue tesserae coloured by the addition of
copper. In the case of NCS-Green tesserae opacified and coloured by lead–tin yellow type II
and copper, no correlation was found between copper contents and reflectance—a decrease
of reflectance was not always observed when copper contents increased. The lead and tin
oxides contents did not seem to impact on the reflectance either (Figure 12c).
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Figure 12. NCS-Green tesserae: (a) VIS-RS curves of green tesserae where lead–tin yellow type II and copper have been
detected; (b) VIS-RS curves of green tesserae with calcium phosphate and copper; (c) VIS-RS curves of green tesserae
containing cassiterite and copper.

Further considerations on opaque green tesserae with calcium phosphate and copper
(KH_A6, DMS_5Ea, DMS_16Qa and DR_Gr1) are needed. These samples showed reflectance
curves resembling those recorded for NCS-Blue tesserae, with peaks between 440 and 540 nm
(Figure 9); a slightly different profile was observed for tessera DMS_16Qa, with a higher
reflectance percentage compared to other yellow tesserae and a shifted peak, occurring at
about 570–580 nm (Figure 12b). Detected differences can be linked to compositional features,
as 16Qa tessera was characterised by a PbO content of 2.33 wt%. The higher reflectance
percentage can, thus, be attributed to the addition of lead oxide to the base glass, responsible
for an increase in the brilliance and, therefore, reflectance of the surface.

Figure 13 provides an overview on NCS-Green tesserae coloured and opacified with
lead–tin-based phases plus copper (green tesserae containing calcium phosphates or cas-
siterite will not be discussed further as no micro-textural and/or micro-compositional
differences were detected against blue tesserae with the same micro-chemistry). Though
the use of lead–tin yellow type II has been detected in both yellow and green tesserae,
accurate study of the micro-textures highlighted some differences. The yellow tesserae
showed a higher abundance of subhedral crystals in the glassy matrices, mainly found as
aggregates; in the green-shaded tesserae, a higher distribution of acicular-shaped crystals,
whose composition was consistent with SnO2, was observed, while subhedral inclusions
were more sporadic and often found isolated (Figure 13a–g). As the persistence of cubic
lead stannate (responsible for the yellow colour) is mainly dependent upon tempera-
ture [87,88], it can be hypothesised that different firing temperatures were used to achieve
the different chromatic shades: lead–tin oxide type II crystals are, in fact, stable at up to
temperatures between 750 ◦C and 1000 ◦C; at higher values, crystals begin to decompose
and re-crystallise as SnO2. Therefore, it is likely that the green tesserae were produced at
higher furnace temperatures than yellow, as they showed a relatively high abundance of
SnO2 crystals in the glassy matrix.
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Figure 13. NCS-Green tesserae: (a–c) SEM-BSE images showing micro-textural features of tessera DR_G5, with details of
stripes and clusters of subhedral and acicular crystals; (d,e) EDS spectra acquired on subhedral and acicular inclusions;
(f) µRaman spectra acquired on the acicular crystals; (g) X-ray diffraction pattern of tessera DR_G5, showing the occurrence
of both PbSnO3 and SnO2.

A short note on the translucent and transparent tesserae found among the three as-
semblages of analysed samples. KH_Am/Au11 and KH_Am14 translucent yellow tesserae
showed relatively high MnO contents of 1.87 and 2.58 wt%, indicating its addition as
a colouring agent. The translucent yellow tesserae KH_G/V13 and KH_Am12 showed
neither higher MnO contents, nor any other metal oxides whose contents could suggest
a deliberate addition to the glass. The translucent blue tessera DMS_4D was coloured by
the addition of CoO (0.08 wt%). DMS_6Fs, DMS_18S, and DMS_19T translucent yellow
tesserae, respectively, had MnO contents of 4.04, 0.89, and 2.55 wt%, indicating an inten-
tional addition as colouring agent. DMS_6Fc and DMS_15P colourless tesserae showed
relatively high MnO contents as well, respectively being 5.21 and 1.71 wt%, here acting as a
decolourant. All the translucent yellow tesserae from the Dome of the Rock (DR_Am1-Au,
DR _Am2_Au, DR_Am3_Au, DR_Am4_Ag, DR_Am5_Ag, DR_Am6_Au, and DR_Y1_Au)
had MnO contents ranging between 1.62 and 2.43 wt%, responsible for the colour; the
translucent green tessera DR_G1_Au showed a CuO of 1.16 wt, acting as colouring agent.

The colouring and opacifying agents found in the Umayyad assemblages under study
do not represent a novelty in the panorama of the materials used in the manufacture of
mosaic glass tesserae. Figure 14 shows the distributional maps of the assemblages in
which lead–tin-based and phosphorus-based inclusions have been detected. Based on
the literature, it can be observed that the use of bone ash was not attested before the 5th
century; moreover, the majority of assemblages came from archaeological sites located in
the eastern Mediterranean basin. Analogously, most of the sites where tesserae containing
tin- and lead–tin-based compounds have been found are located in the eastern area of the
Mediterranean basin and can be dated between the 6th and the 8th century.



Heritage 2021, 4 2828

Figure 14. Maps with the indication of sites where tesserae containing (a) Sn-based and/or Pb-Sn-
based phases and (b) P-based phases have been detected. References: Jerash, 4–8th century [70];
Kilise Tepe, 5–6th century [43]; Durres, 6–8th century [44]; Istanbul, 6th century [64]; Cyprus, 6th
century [38]; Sagalassos, 6th century [89]; Amorium, 10th century [65]; Hierapolis [43]; Huarte, 5th
century [67]; Petra, 5–6th century [68,69]; Tyana, 5–6th century [66]; Naples, 4–9th century [90];
Rome, 16th century [91]; Florence, 13–14th century [92]; Ravenna, 5–6th century [57–61]; Padua, 6th
century [55,56]; Milan, 5–6th century [93]; Aquileia, 4th century [73].
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How can all the data on colourants and opacifiers be interfaced with the base glass
and, thus, correlated with information reported in the historical sources, to help in defining
a framework for manufacturing technology and supply of mosaic glass tesserae under the
Umayyad caliphate?

3.3. Hypotheses for Plausible Manufacture and Supply Models

Data provided evidence of three compositional categories of glass, pointing to several
suppliers. Nevertheless, did tesserae travel as finished products or not?

Analyses demonstrated that the same categories of materials have been used for
colouring and opacifying both Levantine and Egyptian raw glass (Table S5). At a first
glance, this could suggest that secondary workshops specialised in the production of either
one or several colours supplied glass from different primary production centres. However,
other hypotheses and models need to be evaluated.

EPMA and LAICPMS analyses allowed distinguishing between Apollonia-type, Foy-2,
and Egypt I compositional categories of raw glass. The occurrence of a double supply of
glass under the Umayyad caliphate, from Egypt and the Levantine coast, has already been
demonstrated [34]. However, a significant difference can be noticed if glass vessels are
compared to tesserae: the lack of Foy-2 glass in 7–8th century Umayyad vessels, plus a
strong decrease in the use of Apollonia-type in the first half of the 8th century. Moreover,
regarding the tesserae, distributional maps in Figure 6 show that Apollonia-type and
Foy-2 glass were widely attested among assemblages found across the Mediterranean
basin, especially between the 5–10th and the 5–8th centuries; in addition, materials used as
colourants and opacifiers in late antique glass mosaics are consistent with those detected
in the Umayyad tesserae (Figure 14). The outlined scenario favours the hypothesis that
Apollonia-type and Foy-2 tesserae used in Umayyad buildings were recovered from dis-
mantled sites, previously adorned with mosaics. Cited literary sources further strengthen
this theory: al-Maqdisı̄, al-Ya’qūbı̄, ibn Zabāla, al-Dinawārı̄, and ibn Rusta reported mosaic
cubes sent from the Byzantine emperor to Umayyad caliphs, and al-Tabarı̄ also stated that
the emperor ordered searches for these cubes in ruined cities. It should also be stated that
the upsurge of the Umayyad caliphate occurred in the timeframe when the manufacture
of mosaics seems to have experienced its major decreases in the Mediterranean basin: be-
tween the 7th and 8th centuries, when the number of new buildings adorned with mosaics
drastically dropped from more than 50 to first 20 and then 9 exemplars [94]. It is plausible
that this decline in mosaic manufacture resulted in a decrease in the demand for tesserae
to be produced and, therefore, the use of recovered materials from existing, abandoned
monuments, was encouraged.

The occurrence of early Islamic Egypt I glass in the assemblages under study supports
the existence of legacies other than Levantine in the manufacture of Umayyad mosaics,
attesting the veracity of sources mentioning skilled workmen and materials sent from
Egypt [2,11,15,95]. Among materials from Egypt, were tesserae imported as finished
product? The fact that the base glasses split into well-known compositional categories
suggests there was no mixing of types. Since the mixing is likely to have occurred at
secondary workshops if they had worked with different types of raw glass, the hypothesis
of ready-made tesserae imported from Egypt, also made by [46], is plausible. However,
another possibility is that raw glass travelled with craftsmen, who turned it into coloured
tesserae locally, based on known recipes and by using materials available on site. Not
only things, but also skills and technological knowledge may have travelled. For the
Great Mosque of Damascus and the Dome of the Rock, movements of skilled artisans
from Egypt have been attested by historical sources and analyses confirmed that these
workmen brought materials with them as well. It is undisputable that adequate storage
space for glass and tesserae would have been necessary on site, as well as room for furnaces;
however, all these facilities could have easily been available, as the mosaic decorations
were made at the same time when the buildings were constructed and, thus, there was
a real construction site in progress. The hypothesis of a real transfer of technological
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knowledge among craftspeople is also reflected in the context of the Umayyad Caliphate
of Spain. Archaeometric analyses carried out on 10th century glass tesserae from the
Great Umayyad Mosque of Córdoba (Spain) have provided evidence for Byzantine high-
boron glass outside the Byzantine Empire, supporting the theory that tesserae and skilled
workmen travelled across the entire Mediterranean [96]. That unfinished tesserae travelled
with skilled workmen as raw glass to be coloured and manufactured on site is, therefore,
a hypothesis that cannot be excluded, as well as the theory that glass might have been
dispatched as cakes to be worked with and cut into small cubes on the construction site.

4. Conclusions

This research demonstrates how, through the comparison between archaeometric
data and literary sources, a scenario on glass tesserae manufacture and supply under the
Umayyad caliphate (661–750 AD) can be outlined, leading to the emergence of a tale of
two legacies.

On the one hand, having found both Apollonia-type and Foy-2 base glasses points to
a continuity with the manufacture of mosaic glass tesserae in the late antique Levant. On
the other hand, the occurrence of Egypt I glass clearly distinguishes Umayyad tesserae,
providing a tangible proof of legacies other than the Byzantine one. This shows that Egypt
definitively played a role in the manufacture of mosaics during the Umayyad caliphate,
acting as a supplier of not only artisans, but materials as well. Here, at least two possibilities
have to be considered: tesserae could have been imported from Egypt as a finished product,
ready to be used on site, or could have travelled as raw glass. Which of the two hypotheses
might be more consistent, we are currently unable to say; however, this opens the way to
a more general remark that will hopefully encourage further debate. The current lack of
archaeological evidence to validate any possible model of manufacturing tesserae cannot
be ignored. On the one hand, it could be argued that, until sound archaeological evidence
has been found, all hypotheses have equal reliability; on the other hand, not having found
clear archaeological evidence to support a specific production model could be a result
in itself. There probably was not a unique model of production and manufacturing for
mosaic glass tesserae, but there were highly skilled artisans that travelled, custodians of
a technical knowledge based on the use of specific materials and firing processes. After
all, the history of glass has proven that the technology behind colouring and opacifying of
this material was encoded in recipes handed down in a real transmission of knowledge.
This is known as a result of the Tell-Umar tablet (Iraq, 1400-1200 BC), reporting a recipe
for making red glass “written in a slightly obscure style so as to be understood only by skilled
craftsmen” (https://www.britishmuseum.org/collection/object/W_1929-0715-1, accessed on 15
July 2021).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/heritage4040158/s1. Table S1: Tesserae from the qasr of Khirbat al-Mafjar, the Great Mosque of
Damascus and the Dome of the Rock selected for this study. Note: when, for opaque tesserae, L* a*
b* coordinates are missing, this is due to the irregular surface (or too small size) of the tesserae (and
the unfeasibility of VIS-RS measurements). Table S2: Chemical compositions of the glassy matrices of
the tesserae, measured with EMPA. All data are expressed as percentage concentrations of element
oxides (wt%); n.d. is for not detected. Table S3: Trace element data obtained by LA-ICP-MS, reported
in ppm. Table S4: EPMA data acquired on glass standard Smithsonian A during the analyses in
comparison with certified data from the literature. Table S5: Summary of data on base glass and
colourants/decolourants acquired on all translucent and transparent tesserae from this study.
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