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Gold leaf tesserae: tracing the origins of gold using synchrotron-based techniques
Maria F. Guerra, Elisabetta Neri, Martin Radtke

Abstract

To gain insight into the possible origin of the gold used in the production of tesserae containing gold
leaf less than

0.5 um thick placed between two layers of glass, we propose a non-destructive synchrotron radiation
(SR) XRF protocol based on sequential analysis under optimised analytical conditions. Using this
protocol, trace element analysis is achieved with detection limits of 1-6 mg/kg. As Pt and Au have
adjacent fluorescence energies, we tested the most challenging situation, when Pt is present in very
low concentrations in gold. Data obtained by double-dispersive XRF (D2XRF) and uXRF for fourth—
ninth-century mosaics decorating nine Eastern and Western religious buildings show that the Eastern
and Western tesserae are made from different alloys. However, these alloys are identical to those used
to make gold leaf for gilding, because plastic deformation requires the use of gold alloys with high
ductility and malleability. Although trace element composition of gold used in the concerned period is
only available for coins, by comparing the amounts of Pt contained in the tesserae and in the coins we
show that Roman tesserae are made from Roman gold, as described in the documentary sources. We
observe for the Byzantine period the use of a Byzantine gold and of gold supposedly from different
stages of recycling, and we suggest the use of Umayyad and Abbasid gold for the production of Islamic
tesserae.

Introduction

The earliest known examples of precious metal-leaf tesserae date from the first century BC for gold
and the second century BC for silver [1,2]. However, the art of making mosaics containing these
tesserae did not fully flourish until the Byzantine and Islamic periods, when those decorating walls and
vaults achieved dazzling visual splendour, already praised in the sixth century [3]. Gold and silver
tesserae were skilfully placed in mosaics to highlight the other colours or enhance them against gold
backgrounds [4]. They were also placed at slightly different angles [5, 6] to optimise the effect
produced by the high reflectance of the precious metals [7,8]. The optimised orientation of the highly
reflective smooth surfaces of the gold leaf tesserae relative to the position of the sources of light used
in religious buildings [9 to 11] was used to modulate the appearance of the mosaics [12]. Under natural
light (direct or diffuse), the appearance of those mosaics varies during the day with the variation of the
sunlight (angle of incidence and intensity). The effect can be enhanced by combining sunlight with
artificial sources of light, which can easily be moved from one precise position to another inside a
building to modulate the glossy and shading appearance [13—-15] of the golden parts. The effect of
splendour obtained by covering entire walls and vaults with gold background mosaics needs the use
of smaller quantities of gold than those perceived [1]. Gold leaf tesserae consist of a gold leaf less than
0.5 um thick placed between two layers of glass [16,17]. The bottom layer serves as support, and the
thin top layer covers the gold leaf [18,19]. If to let the gold shine the top layer is usually transparent to
light and colourless (or in shades of natural colours [20]), when a coloured support is used, no influence
on the colour of the gold leaf should be perceived. The appearance of a gilded object was shown not
to be influenced by the colour of the substrate [21].

The vast majority of the publications focussing on mosaics containing precious metal-leaf tesserae
focus on the analysis of the glass [19, 22 to 28]. Hagia Sophia [29], whose mosaics had been restored
[30], is a good example of this. Reflectance spectrophotometry and colorimetry were carried out to
chronologically separate the mosaics [31], optical microscopy to assess the preservation state of the
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tesserae [32], and the combination of SEM—EDS (scanning electron microscopy—energy-dispersive
spectroscopy), XRF, and PGAA (Prompt Gamma Activation Analysis) to analyse the glass tesserae [33].
It is only recently that gold leaf tesserae from this building have been analysed by LA-ICP—MS (Laser
Ablation Inductively Coupled Plasma Mass Spectrometry) for the composition of both the glass and
the gold [34].

The analysis of the metal is occasionally included in studies either to address analytical problems [35]
or to provide brief additional information like the presence of Ag in the gold alloys [36 to 39]. For
example, gold leaf tesserae from religious buildings in Rome contain in general less than 1 wt% Ag and
in a few cases 7-10 wt% Ag [17,40,41]. Only two samples from Aquilea [16] and one from Rome [41]
contain detectable amounts of Cu (0.5-1 wt%). The average composition recently obtained for 132
gold leaf tesserae from the Abbey of Stavelot in Belgium (98.3 wt% Au, 1.2 wt% Ag, and 0.5 wt% Cu)
provided similar results [42]. The scarce analytical data available have been obtained mainly by SEM-
EDS—occasionally by EPMA (Electron Probe Micro Analysis) — a technique with high spatial resolution
but low sensitivity for the analysis of gold alloys. The quantitative results obtained may contain quite
high errors, which may exceed 50% for the Ag and Cu contents in the gold alloy [43].

PIXE (Particle-Induced X-Ray Emission) being also a non-destructive technique offering for gold alloys
a better compromise between spatial resolution and detection limits than SEM-EDS [44,45], it was
used by Neri et al. [46] to analyse Levantine fourth—twelfth-century gold leaf tesserae. The data
showed that Cu is present in amounts < 1 wt%, with the exception of one tesserae (from the Church
of the Nativity in Bethlehem [47]). Data published for Qusayr Amra (Jordan) [48] and the Umayyad
Mosque of Cordoba in Spain [49], obtained by PIXE, do not include the amounts of Cu. In the tesserae
from Cordoba ([49] Fig. 2D) the Cu seems to range from c. 0.5 wt% to the detection limits (160-500
mg/kg [50]), and in the one from Qusayr Amra, it should be under the detection limits (< 90 mg/kg
[44]).

PIXE did not provide the trace element composition of the gold leaf tesserae. Only a highly sensitive
technique with high spatial resolution allows trace element analysis of such small and thin layers of
gold. To our knowledge, only two publications focus on the origin of the gold. By combining EPMA with
LA—-ICP-MS, Panhuysen et al. [51] analysed gold leaf tesserae from the basilica of St. Servatius in
Maastricht and from the Charlemagne’s Palatial Chapel of Aachen. A previous publication only
indicates that those from Aachen split into three compositional groups [52]. The second publication is
an extensive study by LA-ICP—MS by Schibille [34], who provides major and trace (Pt and Pd) element
analysis for gold leaf tesserae from Hagia Sophia, the Mosque of Damascus, the residential site at
Khirbat al-Minya, the Church of St. Mary at Ephesus, and the Roman villa of Noheda.

Although LA-ICP—MS has the analytical characteristics needed for the analysis of gold leaf tesserae,
sampling with laser spot diameters of several tens of um (typically 80 um, but in particular cases
reduced to 40 um [53,54]) produces craters in the gold leaf. To improve accuracy, several areas are
sampled, which partially destroys the sample. In addition, the ablated volume contains the gold leaf
and the first layer of glass, making it more difficult to calculate the concentrations of the trace elements
contained in the gold alloy [53]. To overcome these problems, we propose in this work a non-
destructive protocol based on XRF methods, which allows not only repeated analysis of the same areas
of the gold leaf by using either the same technique or other techniques, but also preservation of the
samples for any further analytical study. This effective and innovative protocol offers major and trace
elemental analysis by using synchrotron-based (SR) XRF techniques. which have been optimised for
the analysis of gold alloys at BESSY Il. One of the most important elements in gold fingerprinting is Pt,
as discussed in previous work [45, 55 to 57], whose amounts are sometimes combined with the trace
amounts of Pd present in the gold [58 to 60]. However, whilst for Roman and Islamic gold several trace
elements have been measured [61 to 64], Pt is the only trace element so far analysed for Byzantine
gold [65]. Present at very low concentrations in gold, this element is specially challenging to analyse
by SRXRF methods. We have discussed these analytical difficulties in previous publications [66 to 68].
The major difficulty comes from the fact that the characteristic X-ray lines of Pt overlap those of the



major element, Au. To solve the severe peak overlap problem when using an energy-dispersive setup,
we propose in this work to use a double-dispersive XRF system (D2XRF). We test the applicability of
this technique to the study of gold leaf by analysis of a set of tesserae from fourth—ninth-century
mosaics, collected in nine Eastern and Western sites. These mosaics cover a long period, when changes
in the gold supply should be observed, when Byzantine gold is used and therefore, when Pt is
commonly used to search for the origin of the gold.

By comparing the composition of the gold leaf with the published composition of gold objects from
the same periods (Roman, Byzantine, and Islamic) we provide below an in-depth discussion on the
possible origin of the gold. As both the making of gold leaf and the gilding processes described in
documentary sources appear sometimes related to gold coins, we also offer a discussion on this
possibility below.

Materials and methods

XRF methods are used in this study to determine the composition of the gold alloys. XRF is a powerful
analytical technique that can be used to determine the elemental composition of a material. This
technique is non-destructive and can be used to analyse trace elements in gold alloys by measuring
the intensity of the emitted characteristic X-rays. These elements can be identified by comparing the
measured characteristic X-ray energies with those of known standards. The concentration of each
element can be quantified by calibration against standards of known composition or by using well-
established calculations. However, this technique is strongly matrix-dependent, and therefore, not all
elements can be measured simultaneously with high sensitivity.

In order to propose an effective protocol offering major and trace elemental analysis of the gold leaves
contained in tesserae, based on the non-destructiveness of XRF methods, we test the possibilities of
the sequential analysis of the same areas at differentanalytical conditions. This protocol, assessed on
three gold standards containing different amounts of trace elements, is discussed in light of its
advantages and disadvantages over LA—-ICP-MS. As Pt is the only know trace element of Byzantine
gold, we concentrate here on the measurement of this element using the D2XRF configuration
described below, developed to optimise the detection limit of this trace element. Because of the
limited synchrotron beamtime, the major elements of the gold alloys (Au, Ag, and Cu) were obtained
by uXRF with a M4 Tornado from Bruker, which comprises a Rh X-ray source (50 kV, 300 pA) coupled
to a SDD detector and a poly-capillary lens offering a spot size down to 25 um. Spectra deconvolution
was made using the Bruker M-Quant software, and the accuracy of the quantitative results was
validated by the analysis of a set of gold standards [69].

SRXRF protocol and advantages over LA-ICP—MS

LA-ICP—-MS is a powerful tool for rapid trace and ultra-trace multi-element analysis of solid samples,
and it also provides isotopic analysis. The sample is ablated by a focussed laser beam and is then
transported by a carrier gas (Ar or He) into an inductively coupled plasma ion source. In the plasma,
which is around 8000 °C hot, the tiny sample particles are atomised and positively ionised, accelerated,
and transported into the high vacuum of a mass spectrometer. There, they are separated according to
their mass-to-charge ratio and energy-to-charge ratio and detected in a time-resolved manner.

LA-ICP-MS is a widespread technique frequently used to analyse ancient goldwork, because as
coupled with laser ablation it allows, without preparation of the surface, spatially resolved elemental
analysis with short acquisition times and good detection limits. The ablated crater is under 100 um
diameter and the volume ablated by single-spot analysis is quite small, although to improve accuracy
repeated analysis is carried out for example in line scan mode. Like synchrotron-based methods, and
although mobile equipment has been developed for in situ analysis [70], LA-ICP—MS requires moving
the object to the laboratory. Perhaps the main advantages of LA-ICP—MS over SRXRF methods are the
use of pre-ablation to avoid possible surface heterogeneity and the fact that the depth of the analysis



only depends on the depth of the ablation. For SRXRF methods this parameter is influenced by the
matrix, mainly due to self-absorption. The depth of the analysis depends on the detected fluorescence
energy and thus differs for each configuration and detected element. It can be estimated from
Lambert—Beer’s law and the measurement geometry [71]. For an exit angle 0 density p cross section u
and assuming that about 95% of the fluorescence radiation comes from within the depth Dinformation it
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can be estimated as:

For gold alloys, the information depth is typically about 5 um for Cu and 20 um for Ag, but because in
the present case the gold leaf is typically less than 0.5 um thick, the whole volume is analysed.

Contrary to LA-ICP—MS, SRXRF methods are fully non-destructive. This is obviously of great value for
the analysis of ancient objects. Although the craters produced by LA are small, the analytical results
obtained by LA-ICP-MS can obviously not be verified. By using SRXRF methods, it is possible to repeat
the analysis of the same area either by using the same method or by using other methods. In addition,
SRXRF methods offer high-resolution in-air analysis for objects of unlimited size, contrary to an ablation
cell when using LA-ICP—MS [72]. SRXRF also offers scanning mode with a pbeam. In the case of
composite objects, such as complex gold jewellery made by joining many different small parts, this
allows to analyse all parts and the joins non-destructively. This can be carried out either by using a
single-spot mode or a scanning mode.

Therefore, it is mainly the question of the achievable detection limits and accuracy of the
measurements that needs discussion in the case of gold leaf. LA-ICP—MS detection limits are lower
than 1 mg/kg for all elements in all performed analyses of different gold calibration materials. If the
deviations from the certified values depend on the applied calibration technique, they are typically in
the range of 10-15%. Pt can be reliably measured in a sample containing as low as 5 mg/kg [73] or less
[54]. XRF has in general poorer detection limits, which can, however, be highly optimised by combining
measurements based on different excitation energies and detection methods.

To lower the detection limits and improve accuracy and precision [74] when analysing by SRXRF gold
leaf tesserae, each sample can be analysed under three analytical conditions: (1) with 10 keV excitation
energy and an SDD detector to measure elements up to Zn (the Au M-lines serve as internal standard);
(2) with 35 keV excitation energy and a Si(Li) detector with a 400-um-thick Al filter to suppress the
predominant Au L-lines (pile-up peak and detector saturation are avoided) to measure the
characteristic lines of the heavier elements which are above 15 keV (the Au L-lines serve as an internal
standard); (3) elements with characteristic lines that overlap the Au lines (e.g. As, Bi, Pb, Pt) are
measured by the above-described D2XRF.

Using this protocol at the Helmholtz-Zentrum in Berlin, we determined the detection limits for the
elements contained in three gold standards (NA30 and NA31 from Aurubis AG and RM 8058 from the
Royal Canadian Mint). The limits of detection attained, summarised in Table 1, are 1 mg/kg for Zn to 4
mg/kg for Cr for the first group of elements, c. 6 mg/kg for the second group, and typically 4 mg/kg for
the third group. The uncertainty of the measurements, mainly caused by measurement statistics, is
typically under 5% relative.

On the basis of these results, we can affirm that major and trace element analysis can be performed
by sequential analysis with synchrotron-based techniques only. Although slightly poorer than the
detection limits of LA-ICP—MS, the detection limits obtained using this SRXRF protocol range from 1 to
6 mg/kg that we can assume sufficient for fingerprinting gold leaf tesserae. As the detection of Pt is
the most challenging situation in the case of gold alloys [75, 76], and because Pt is one of the most
characteristic elements of gold and the only available for Byzantine gold, we analysed in this work the
gold leaf tesserae at optimised conditions by D2XRF. This technique is shortly described in the next
section.



Double-dispersive XRF (D2XRF)

For the analysis of the gold leaf tesserae, we used an X-ray fluorescence setup that combines a flat
crystal geometry with an energy- dispersive pnCCD detector. This configuration allows improving the
detection limits of the trace elements contained in a gold-based matrix when the characteristic
elements to be detected have adjacent fluorescence energies. This setup, called D2XRF, which is based
on the combination of a crystal analyser with an energy-resolving single-photon counting pnCCD,
enables the simultaneous analysis of trace and major elements. The choice of a flat crystal geometry
was motivated by the desire to achieve the simplest possible setup. The reflectivity and d-spacing of
the crystal are chosen to optimise the count rate and the energy resolution, respectively. The energy-
dispersive pnCCD detector was chosen for its ability to suppress scattered radiation and to provide
high-energy resolution. The results of the first experiments and the technical details were presented
in Radtke et al. [76].

Figure 1 shows a schematic view of the setup. This setup allows simultaneous wavelength-dispersive
measurements for an energy range of around 1 keV. To achieve reliable data, a strictly followed
measurement sequence was developed. It consists of the exact positioning of the sample, thus
assuring the accurate energy calibration of the setup by controlling the position of the Au L-line before
the subsequent measurement of the fluorescence lines with an excitation energy of 17 keV. The exact
positioning of the sample is essential to ensure the correct attribution of the measured lines, which is
complicated by the number of lines and the minor energy differences involved. The Au L-line also
serves as internal standard to improve the precision of the quantitative analysis. The

typical acquisition time for the D2XRF measurements is 1000 s with a beam size of 500 x 500 um2.

In the case of the gold leaf tesserae, the measurements were taken at the mySpot beamline [77], one
of the two high-energy

beamlines for XRF measurements at the synchrotron BESSY Il. The energy of the X-ray beam was tuned
by a double-crystal Si(111) monochromator (DCM) and a mirror to suppress higher harmonics.

Analysed tesserae and sample preparation

The gold leaf tesserae analysed in this study were collected in situ (by E. Neri) from mosaics dating
from the fourth to the ninth century during archaeological excavations or restorations of religious
buildings in nine sites. Hierapolis and Mar Gabriel in Turkey and Jerusalem in Israel are Byzantine sites.
Arles in France and Milan in Italy are Late Roman sites, whilst Rodez and Nevers in France and Aachen
in Germany are situated in Romano-Barbarian kingdoms.

Gold leaf tesserae from mosaics in some of those sites have already been published [46,78,79]. In this
work we analyse additional tesserae from the Eleona basilica on the Mount of Olives in Jerusalem
(fourth century), the church of St. Philip in Hierapolis (from both the sixth-century phase and a ninth-
century restoration), the cathedral of St. Cesaire in Arles (late fourth to early sixth century), the
baptistery of the Cathedral of St. Cyr and St. Juliette (sixth century) in Nevers, and the church of San
Lorenzo in Milan (late fourth to early fifth century). We also considered tesserae collected in the church
of St. Peter in Rodez and in the Monastery of Mar Gabriel (sixth century) as well as from the Palatine
Chapel in Aachen. The latter come from the original decoration of the imperial building founded by
Charlemagne in 792 [80]. Finally, we included tesserae from the Mosque of Damascus, in Syria, that
was founded by the Umayyad caliph Al-Wal™id.

For each tesserae, the uXRF and D2XRF analyses were carried out directly on the gold leaf made
apparent by the removal of 1-2 mm?2 of the upper glass layer, as shown in Fig. 2.

Results and discussion

The gold alloys



Table 2 summarises the data obtained in this work by uXRF for the major elements of the gold alloys
used in the production of the analysed gold leaf tesserae. Data previously obtained for the same sites
[46,78,79] have been included in the discussion offered below as well as additional data summarised
in Table 3, obtained by PIXE (at the same conditions as used in previous work [46]) for Aachen, Arles,
and Milan.

We plotted in Fig. 3 all the gold leaf analysed in this work with data published for Rome and Aquilea
(second—fourth century) and other Italian sites (fifth—sixth century) [41]. We added data published by
Neri et al. [46] for the baptistery of the Basilica of Gortyna (seventh century), the Triconch church of
Mount Nebo (fifth—eighth century), Qusayr Amra (eighth century), and the Church of the Nativity in
Bethlehem (twelfth century). Finally, we added tesserae from Aachen and Maastricht published by
Panhuysen et al. [51] (from Fig. 19), from the Mosque of Cordoba published by Gémez-Mordn et al.
[49] (from Fig. 2D) and from Hagia Sophia, the Mosque of Damascus, Khirbat al-Minya, and Noheda
published by Schibille [34] (from Fig. 29B). We observe that, as expected, the majority of the analysed
gold leaves are contained in an area characterised by less than 4 wt% Ag and 1 wt% Cu, corresponding
to gold alloys containing more than c. 95 wt% Au. These high-purity gold alloys are used regularly for
gilding, a plastic deformation process requiring the use of alloys with high ductility and malleability.

We plotted in the same figure the tesserae produced until the sixth century (Rome, Aquileia, Noheda,
Jerusalem, and Milan) separated from those made between the sixth and the eighth century. The later
were plotted by origin. Although some alloys used in the Eastern sites are observed in Western sites,
all tesserae containing higher amounts of Cu and Ag come from Eastern sites; the large majority being
those from al-Minya and Damascus. A large part of the tesserae collected at Aachen, Maastricht, and
Arles contain very low amounts of Cu and Ag and, therefore, appear grouped together on the top of
the ternary diagram. These results tend to confirm Ristow’s [81] suggestion on a possible local
production. Indeed, the excavations carried out at Aachen delivered materials related to a workshop
producing tesserae from the Carolingian period until the tenth century [80].

Nevertheless, these very high-quality alloys are not particular to the mentioned three sites, because
the same alloys were observed for other sites included in the diagram. As mentioned, high-purity gold
alloys are used regularly for gilding. Today in Paris, Dauvet uses a 23.5-carat gold alloy (98 wt% Au, 1
wt% Ag, and 1 wt% Cu) to produce gold leaf [82].

Gold leaf tesserae and gilding

Gilding was used very early in the production of a large sort of objects. The process of hand-making
gold leaf is the work of a specialised artisan, the goldbeater, attested not only in Egypt (“chief of the
makers of thin gold” [83] and “chief of the makers of gold leaf” [84], among others [85]), but also under
the Romans (chapter 28 on gold and silver in the Edict on Maximum Prices (AD

301) by Emperor Diocletian [86,87]). They formed a guild with gilders [88,89]. Indeed, goldbeaters
need to have great knowledge of the practice of beating gold into leaf, but need no knowledge of the
practice of goldsmiths’ techniques (embossing, soldering, engraving, chasing, etc.).

Hand hammering gold into leaf is a long process. According to Berthelot and Ruelle [90], in one day a
goldbeater can produce 150 gold leaves from a solid gold ingot. Although difficult to calculate due to
the imprecision of the ancient treatises, we estimated the gold leaf according to Pliny (book 33, chapter
19.62 [91]) to c. 7.4 cm in side length and c. 0.34 um in thickness, based on Roman units and 750
produced leaves. We also estimated the gold leaf according to Cennini (chapter 139 [92]) and Vasari
(chapter 28 [93]) using the length of the braccio fiorentino [94] and the weight and fineness of the gold
coins mentioned in the recipes (the ducat during Cennini’s lifetime [95, 96] and the Florence scudo
during Vasari’s lifetime [97]). For the side length given by Pliny, Cennini’s recipe indicates gold leaf c.
0.33 um thick (for 100 leaves, but 0.23 um for 145 leaves). Gold leaf based on Vasari’s recipe is c.

0.2 um in thickness and c. 7.3 cm in side length. The gold leaf offered today by goldbeaters is similar,
c. 8 cm in side length and 0.17-0.2 um in thickness [18,82].



Gold alloys with the adequate physical properties for plastic deformation, high malleability and
ductility [98,99], are necessary to produce gold leaf. Diderot and D’Alembert indicate the use of 23 %
carat gold. Similar qualities are both mentioned in commission contracts passed with goldbeaters in
the seventeenth and eighteenth centuries [100] and produced today [82]. We plotted in Fig. 4 the gold
leaf tesserae with gilded objects (gold leaf < 1 um) and gold leaf (> 1 um) and foil (< c.30 um) of very
different chronology, although produced around the Mediterranean basin. They are Egyptian, Middle
Kingdom to Roman Period [75, 101-103]; Hellenistic and Roman, from Greece [104], Italy [105], and
Thracia [106]; and mediaeval [21,107,108]. The gold leaf < 1 um thick (tesserae and gilding) forms the
same chemical pattern in the ternary diagram, and the majority contain more than 97 wt% Au. These
are the most appropriate alloys to be worked by plastic deformation.

The treatises by Cennini and Vasari mentioning coins in the recipes for making gold leaf, and fifteenth-
century commissioning contracts for paintings and altarpieces [109] mentioning the “good fine gold”
of the ducats [110], we considered in Fig. 4 the alloys used to mint late Roman (third—fifth century [111
to 117]), Byzantine (fifth—ninth century [65,118]), and Islamic (eighth—eleventh century [63,64]) coins.
The chemical patterns are identical, because with the exception of periods of gold scarcity [119], gold
coins are also struck with high-purity alloys. However, although many alloys used to make gold leaf are
found among the most common monetary alloys, many of them are not observed.

Even if coins may have been used in particular cases, this result does not support the hammering of
gold coins into leaf to produce gold tesserae during the concerned periods. Documentary sources also
do not support hammering coins into gold leaf. As the gold is provided to goldbeaters and goldsmiths
by the clients [89], it is important to mention Fortunatus of Grado’s will (AD 824-5) where 12 |b. of
gold is said to be given for gilding, whilst the work of a goldsmith to enlarge a small censer was paid in
solidi ([120] in Table 11.1). Making high quantities of gold leaf by hammering coins in circulation
instead of ingots would involve too high costs for the treasury.

In the recipe for making gold leaf of the so-called Lucca manuscript (the Liber Pontifica or codex
Lucencis 490, late eighth—early ninth century) where a whitish gold is obtained by mixing 1 oz. of
“Byzantine gold” with 1 oz. of “clean silver,” an ingot is hammered into gold sheets “weighing 5
Byzantine tremis,” which are then hammered into gold leaf (recipe 246 A in [121]). The tremis
[122,123] is a coin used here to indicate the weight of the gold sheet. Coins were often mentioned as
standards of purity and weight. They were simple ways of representing quantities of gold [124]. For
example, in some tenth-century transactions documents, the solidus is cited as “solidi,” “solidi of
silver,” and “solidi of gold” to express the value of the prices [125] and Al-Razi (AD 865-923) used the
dirham and the mithqal to quantify metals in the Book of Secrets, because these coins were among
the most standardised weights available during his lifetime [126].

Pt and the origin of the gold

The amounts of Pt obtained for the 34 tesserae selected for analysis by D2XRF are summarised in Table
2. The majority contain Pt spanning from c. 100 to 300 mg/kg. Only four tesserae, all from different
sites, contain higher amounts of Pt, between 400 and 1550 mg/kg. The presence of Pt in gold indicates
the use (or/and reuse) of alluvial gold. Nevertheless, five other tesserae (two are from Milan and two
from Rodez) contain amounts of Pt under the detection limits, indicating the probable use of gold from
other sources. It is difficult to suggest its origin. Like the Byzantine fiscal system, which was based on
taxation [127], the Roman treasury was a centralised office that controlled all aspects related to
precious metals. The gold processed by the treasury was received from taxes and was captured as
booty and obtained by gold mining [128]. Both auriferous quartz and alluvial deposits were exploited
under the Romans [129 to 131] and the Byzantine [132 to 135] and the Theodosian code refers to
labour associated with gold mines in Illyricum, Macedonia, Thrace, Pontus, Dacia, Moesia, Italy, Gaul,
etc. [136]. Like the owners of the gold deposits, the gold washers and the gold miners paid a fixed
annual tax to the treasury in “gold dust” and the rest of the gold that they recovered was forcibly sold
to the treasury at a fixed price (Theodosian code 10.19 [137] and Justinian code 11.7 [138]).



Therefore, to look for the origin of the gold used in the production of the gold leaf tesserae, we
compare below by period the amounts of Pt contained in the gold leaf with the amounts published for
gold coins, which were minted by the treasury. Trace element composition is only available for this
type of gold production.

Roman and Byzantine gold leaf

We compare in Fig. 5 the amounts of Pt contained in fourth—early sixth-century tesserae with those
contained in Roman coins [111, 112]. We added to the diagram the data published for the Roman villa
of Noheda (from [34] figs. 29A and C). We observe that with the exception of two from Milan, all
tesserae contain the amounts of Pt expected for Roman gold. However, if the tesserae from Arles and
from Jerusalem are close to the fourth—fifth-century Roman coins, those from Noheda correspond
better to the coins minted in the third century. Although impossible to conclude on a different
chronology, it is noticeable that they are contained in the same chemical group as the coins minted
before AD 350, which means before the currency reforms in AD 365-368 [139].

We compare in Fig. 6 the amounts of Pt contained in the sixth-century tesserae with Byzantine coins
[65], and we added the data published for Hagia Sophia (from [34] figs. 29A and C). The Byzantine gold
minted in the sixth and seventh centuries contains on average the same amounts of Pt, and these
amounts are the same observed for many of the tesserae. When we add to Fig. 6 one tesserae from
Aachen (eighth century), one tesserae from Hierapolis (ninth century), and the Byzantine coins struck
in the eighth and ninth centuries, we observe that they also contain the same amounts of Pt. This is
explained by considering the Theodosian code (12.6. 12 and 13). In the case of taxes paid in money, to
avoid fraud, the coins were “reduced to a firm and solid mass of pure gold,” and the ingots obtained
were tested and certified with official stamps [140] in a sub-department of the treasury to be used in
the production of objects [141, 142]. Two found in present Romania have the official stamps of
Sirmium [143]. The flow of precious metals from the provinces to the imperial centre indicates that
the new issues were struck using older issues from the payment of taxes returned to the treasury [136]
as well as with gold arriving in dust and bullion. Any other gold object produced by the treasury or by
private gold workers (goldsmiths and goldbeaters) should have been made from the same gold.

However, some tesserae have lower amounts of Pt than those observed for the Byzantine coins. This
can result from the reuse of gold tesserae or simply the use of gold alloys made by mixing gold from
different origins in particular periods, for example when the Islamic empire was established in the
West. One tesserae from Mar Gabriel and two of the analysed three from Nevers not containing Pt are
made from another type of gold.

Islamic gold leaf

We compare in Fig. 7 the amounts of Pt contained in the tesserae from the Mosque of Damascus, in
Umayyad and Abbasid coins [63, 64], and in Byzantine coins issued from c. AD 650 to 900 [65]. We also
added the data published by Schibille [34] for the Mosque of Damascus and Khirbat al-Minya (from
figs. 29A and C). As expected, the amount of Pt contained in the Umayyad and Byzantine gold are
identical. The Islamic gold coin, the dinar, introduced in AD 696-7 by the reform of Abd al-Malik [144],
was minted by melting down the gold in circulation [63]. The transitional Arab-Latin coins struck before
the dinar in the mint of Carthage [145] are made from Byzantine gold containing higher amounts of
silver.

After the Islamic conquest, salaries and taxes were calculated in Islamic and Byzantine gold coins (e.g.
the Nessana papyrus [146, 147]) and gold circulated under different forms [148], in “bars of gold” and
“purses of money in coins” (Book of Gifts and Rarities, eleventh century, [149]). However, and although
the Umayyad rulers struck the mentioned transitional coins, the gold Umayyad hoards found in Syria
and Palestine include only dinars [150], which supports the suggestion on the melting down of the
Byzantine coins (and the transitional ones) to issue the dinar. Therefore, with time, the recycled
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Byzantine gold diluted into the new huge Islamic gold mass in circulation. From this dilution results a
decrease of the amounts of Pt under the Abbasids. This can be used to explain the splitting into two
groups in Fig. 7 of the Umayyad and the Abbasid coins. The tesserae are divided into the two groups
suggesting the use of both a “Byzantine/Umayyad” and an “Abbasid/local” gold. Although more
analytical data are necessary to provide further discussion on the origin of the gold used in the
production of the Islamic gold leaf tesserae, it is noticeable that the five Abbasid dinars struck in
Samarra in Iraq [63], highlighted in Fig. 7, contain Pt amounts expected for the “Abbasid/local” gold.
According to Leal [151], Samarra housed the most known ninth-century centre of mosaics production.

The results obtained do not support that gold, workers, and tesserae were given to the Umayyad caliph
Al-Wal™id by the Byzantine emperor for the Mosque of Damascus, as mentioned by al-Ya’qubi in the
ninth century [152]. Al-Tabari (tenth century), who mentions the same, adds that the Byzantine
emperor gave orders to search for mosaic cubes in ruined cities to be sent to al-Wal™id [153]. It is
possible that he referred instead to al-Walid’s decision to rebuild the Mosque of the Prophet at Medina
[154], but it is also possible that the gold (or the gold leaf tesserae) given by the Byzantine Emperor
only covered part of the huge quantity necessary.

Conclusion

Using the non-destructiveness of XRF methods, we have proposed in this work an analytical protocol
to determine the major and trace element composition of gold leaf. Sequential analysis of the same
area by using incident synchrotron radiation and three different experimental conditions provides the
measurement of three groups of elements—those with characteristic lines below the Au-L-lines, those
with characteristic lines higher than the Au-L-lines, and those with characteristic lines overlapping the
Au-L- lines—with detection limits that range from 1 to 6 mg/kg. Although with slightly poorer
detection limits than those that can be achieved by LA-ICP-MS, but sufficient to provenance gold, this
non-destructive SRXRF protocol allows not only repeated analysis of the same areas of the gold leaf by
using either the same technique or other techniques, but also the preservation of the samples for any
further analytical study.

The detection limits of SRXRF can be improved by measuring a single element at optimised conditions
instead of a group of elements. In the case of high-purity gold alloys, trace elements requiring
measurement improvement are those with close adjacent fluorescence energies to the Au—L-lines. The
most challenging situation is the analysis of Pt in very low concentrations. To test the validity of our
protocol, we considered in this work the analysis of Pt in gold leaf < 0.5 um thick. Gold leaf tesserae
from fourth—ninth-century mosaics decorating nine Eastern and Western religious buildings were
analysed by D2XRF. During this period changes of gold supply are expected, from Roman to Byzantine
gold and then to Islamic gold. In addition, Pt is one of the most characteristic elements of Roman gold
and the only one so far measured for Byzantine gold. Although all the elements present in the gold
alloys are measurable by SRXRF analysis, to increase the number of analysed samples and thus reduce
the necessary beamtime, the major element concentrations were analysed by uXRF.

The results obtained have shown that the alloys used in the production of the gold leaf tesserae are
identical to those commonly used in gilding. Gold leaf is produced by plastic deformation, which
requires the use of high-purity gold alloys, with high ductility and malleability. Although monetary gold
alloys are often of high-purity, the results do not support the hammering of gold coins to produce gold
leaf during the considered period. By comparing the data obtained in this work with data published for
tesserae collected in the same sites and others, we observed that all tesserae containing higher
amounts of Cu and Ag were collected in Eastern sites. The majority of the gold leaf tesserae so far
analysed made from the purest alloys were collected in Aachen, Maastricht, and Arles. Although the
composition of the alloys does not indicate the origin of the gold, this result tends to support the
existence of some local productions or specific supplies.

The increase of the amounts of Pt in the Roman gold after the currency reforms of 365-368 AD
provides chronological criteria for the fourth-century tesserae, suggesting an earlier production for
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those from Noheda than for those from Arles, Jerusalem, and Milan. On the contrary, the gold leaf
produced in the sixth century seems to be made from gold from different origins, containing amounts
of Pt that only partially correspond to those contained in Byzantine coins minted until the ninth
century. This can be a consequence of the use of gold alloys produced by mixing two or more types of
gold, but we are unable to provide further discussion without further analytical results. Finally, we
have shown that the gold leaf tesserae from the Mosque of Damascus were produced by using two
sorts of gold, identical to the Byzantine/Umayyad and the Abbasid/local minted gold.
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Figures & Tables

Figure 1: Schema of the principle of the D2ZXRF.The exciting monochromatic beam of 11.564 keV produces Pt-La fluorescence in the sample. The
characteristic radiation is dispersed to the detector by a LiF (200) crystal. The energy resolution of the detector enables to efficiently suppress
the background and separate the fluorescence line from the Raman scattering.

Figure 2: One of the analysed tesserae (0.8 cm height, 0.9 cm width, 1.35 cm length) after removing of the top glass layer for analysis, with a
detail of the gold leaf under the SEM (images M. F. Guerra).
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Figure 3: Au—Ag—Cu ternary diagram showing the composition of all the gold leaf tesserae mentioned in the text, with a zoom showing those
produced from the highest purity alloys.
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Figure 4: Au—Ag—Cu ternary diagrams comparing on the left the composition of the gold leaf tesserae with leaf and foil mentioned in the text.
On the right are plotted for comparison the composition of the alloys used to mint Roman [111 to 117], Byzantine [65, 118], and Islamic
[63,64] coins.

Figure 5: Ratio Pt/Au versus the amounts Ag + Cu for fourth to sixth-century tesserae mentioned in the text compared with the data published
for Roman coins [111-117] and published by Schibille [34] for gold leaf tesserae from Noheda.

Figure 6: Ratio Pt/Au versus Ag + Cu for sixth-century tesserae mentioned in the text compared with data published for Byzantine coins [58]
and published by Schibille [34] for gold leaf tesserae from Hagia Sophia

Figure 7: Ratio Pt/Au versus Ag + Cu for the Islamic tesserae analysed in this work and published by Schibille [34], compared to data published
for Byzantine [58] and Islamic coins [63, 64]
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Table 1: Limits of detection determined for standards NA30 and NA31 from Aurubis AG and RM 8058 from the Royal Canadian Mint using
IUPAC definition The determination of the Pt limits (D2XRF) is described in Radtke et al. [76]. The fine-tuning of the excitation energy can be
used to lower the detection limit for an element of interest

Table 2: Composition of the gold leaf tesserae obtained by pXRF and D2XRF (nd = not determined)

Table 3: Composition of the gold leaf tesserae obtained by PIXE at the same conditions as in Neri et al. [46]
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