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Abstract: In 1914, a magnificent reliquary cross dating from the early XIIIth century was discovered
in a safe from the Liege Cathedral. This double-arm cross shows a wooden structure, covered by
gold-coated copper on the front, and by carved silver plates on the back. Its total length is 34 cm, and
it is covered by filigrees, gems, glass beads, and pearls on its front. The reliquary cross was analysed
by Raman spectrometry and X-ray fluorescence spectrometry (pXRF) to determine the mineralogical
and chemical compositions of gems, glass beads, and metals that have been used to decorate it. The
results confirm the identification of twenty-five turquoises from Egypt, one garnet from Sri Lanka, as
well as six quartz and one opal whose origin is difficult to certify. Twelve glass beads, showing green,
blue, or amber tints, were also identified. Their compositions either correspond to soda lime glasses
with natron or to potash-lead glasses similar to those of Central Europe. Moreover, a small polished
red cross and a green stone appear to be constituted by nice doublets, composed of coloured glass
covered by quartz. The filigrees contain Au and Cu, while carved plates covering the edges and the
back of the cross are made of silver.

Keywords: double-arm reliquary cross; Liege; Belgium; gems; glass beads; Raman; pXRF

1. Introduction

The double-arm reliquary cross from Liége is hosted in the Treasure of the Cathedral. A
detailed investigation by George [1] showed that this goldsmithery item was realized with a
“Mosan style” (name from the Meuse River located nearby) during the early XIIIth century.
The history of this magnificent artwork is quite unknown because Emile Schoolmeesters,
dean of the Chapter, discovered it inside a safe of the Treasure only in 1914. Initially
assigned to Hugo d’Oignies or its workshop, the cross, measuring 34 cm height, is made of
a wood structure, covered by golden copper filigrees and decorated by stones on its front
(Figure 1A,B), and by carved silver plates on its edges and back (Figure 1B,C). The two
cavities on the back contained some relics of the Holy Cross, now disappeared. Fifty-six
stones with various colours and shapes, and showing cabochon cuttings, decorate the
cross. In 1993, a restoration allowed to Louis-Pierre Baert to remove the more recent golden
copper pedestal and to add two new missing stones [1-3].

The interest of analysing ancient goldsmiths’ artwork using modern archaeometric
methods has increased recently, as shown by the recent Raman and XRF investigations of
the reliquary from Lierneux [4], of the “Sainte-Epines” crown from Namur [5], and of the
reliquary-bust of Saint Lambert from Liege [6]. The reliquary cross investigated herein was
previously analysed by Demaude [2] using portable Raman spectrometer and qualitative
p-XRE. The aim of the present paper is consequently to complete this preliminary study by
using quantitative X-ray fluorescence methods. The chemical data collected on the glass
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beads will allow to determine the origin of the raw materials, the colouring methods used,
and the period of manufacture, while the results obtained on gemstones will help us to
shed some light on their nature and their original sources. Such new archaeometric data are
helpful to determine the commercial links between Liege and the neighbouring countries
during the 12th and 13th centuries.

Figure 1. Photographs of the reliquary cross from Liege. (A) Front view. (B) Front side view.
(C) Zoom on the lateral silver plate.

2. Materials and Methods

The reliquary cross is a precious artwork that cannot be damaged or moved outside
the Treasure of Liege. Its entire surface is decorated by fifty-six stones showing various
colours, shapes, and always a cabochon cutting. Raman and X-ray fluorescence spectrome-
tries are therefore the best techniques to study this item, because they are portable and
non-destructive.

The portable Raman spectrometer used in our analyses is an Enwave Optronics
EZRAMAN-I-DUAL, loaned by the European centre of Archaeometry of Liege, Belgium.
This optic-fibre based instrument is equipped with two light sources: a green Nd:YAG
laser (532 nm) and a red diode source (785 nm). The spot diameter of the optic fibres is
approximately 6 mm, and the detector is of CDD type. A removable rubber tip is attached
to their end of the probe to protect the beam from ambient light and to always keep a
relatively constant sample-probe distance during repeated measurements. The output
power of the spectrometer can be adjusted to a maximal value of 400 and 100 mW for the
785 and 532 nm wavelengths, respectively; only 10% of the maximal power was used in our
study (10 to 40 mW). The spectral region covered was between 100 and 3200 cm ! for the
785 nm diode, and between 100 and 4000 cm ! for the 532 nm laser. Consequently, spectral
resolutions are different, namely 7 or 8 cm~ 1, for the 785 and 532 nm sources, respectively.
Duration of analysis was of 60 to 120 s. Raman spectra were recorded in the software in
* txt format and then exported in Excel. The final spectra were cut at 1400 cm ! (spectral
region between 100 and 1400 cm 1) for a better presentation, and they were not affected by
any post-acquisition data manipulation.
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The portable X-ray fluorescence spectrometer (pXRF) is a Thermo Fischer Niton XL3t,
equipped with a ‘GOLDD’ detector and a 3 mm spot diameter, from the Mineralogy
Laboratory, University of Liege (Belgium). X-rays are produced with a silver anode, using
an acceleration voltage of 50 kV and a current of 200 pA. The lightest detectable element
is Mg, but without a helium flow, this element cannot be detected with a good accuracy.
The standardization mode selected is the “Cu/Zn Mining”, which includes all elements
of interest for an archaeometric study (e.g., K, Ca, Si, Mn, Fe, and Pb). This procedure
uses successively four separate filters to determine the concentrations in percentage of
each chemical elements: a high filter (15 s counting time), a main filter (15 s), a low filter
(15 s), and a light filter (30 s), leading to a total counting time of 75 s per analysis point.
The software utilizes a Fundamental Parameters algorithm to determine concentrations
of each element. The data obtained from the XLT3 were downloaded to a computer for
analysis. They were then multiplied according with a standard element oxide conversion
table to produce a percentage by weight of each oxide. Finally, the values were normalized
to 100 wt%, after addition of the Na,O and H,O values estimated from the literature.

Reference materials have been analysed (glass pearls JCH-1, GSP-1, SARM-39, and BX-
N [7] and pure metals Ag, Au, and Cu), in order to determine the precision and accuracy of
the pXRF instrument. Six point analyses were realized on different spots on these standards.
For the metals, the precision of these measurements can be estimated at around 5%, and
the accuracy below 2%. For the glasses, the values strongly depend on the atomic weight
of the elements. Magnesium and aluminium are not very precise nor accurate; for this
reason, the values for Mg in Table 1 are rounded to the unit. Elements with higher atomic
weights, and occurring above 1 wt. % in the standards, show good precisions generally
below 5%, as well as fairly good accuracies below 20%. Table S1 contains the results of
these standards analyses.

3. Results
3.1. Visual Description of Stones and Pearls

The reliquary cross of Liege is decorated by fifty-six coloured stones and pearls, which
are symmetrically arranged (Figures 1 and 2). They show various colours (green, blue,
turquoise, white, amber, grey, purple, or red) and shapes (rectangular, cross, oval, or round),
but always a cabochon cutting (Figure 3).

Turquoise is the dominant colour with twenty-seven stones (e.g., n° 1,9, 10—Figure 2A),
situated at all flowered ends (18 stones) and at different positions on the handle (nine stones)
(Figure 1). These decorative elements always show a rounded shape with a diameter of
4 to 5 mm, except for the central ones (around the red cross) that measure approximately
8 x 5 mm (Figure 3F). The small turquoise “R2” (Figure 2B), located at the bottom left of
the handle between the white (n° 16) and the blue (n° 17) stones, has been added during
the restoration in 1993 [1].

Six small pearls are positioned in pairs just before the two flowered ends of the longer
crossbar, as well as at the bottom of the handle. They have a pearly white colour, a spherical
shape, and a diameter around 4 mm. The pearl “R1” (Figure 2B), located at the bottom left
of the crossbar, is a new sample dating from the restoration [1].

Eight green stones adorn the cross: six large ones (n° 2, 5, 6, 14, 18, 19) located at
each centre of flowered ends, as well as two small ones located on the handle (called “a”
and “b”; Figure 2B). The stone n° 18 shows a rectangular shape (13 x 10 mm) with an
inhomogeneous green colour, bubbles, and cracks (Figure 3D). It is certainly constituted
by a doublet, partly decomposed in the separation, composed of a dark base covered by
a colourless upper part, but the setting prevents a good visibility. The other large green
beads are oval (11 x 8 mm), often with bubbles and cracks, and consist of doublets with a
colourless base and a green upper part.
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Figure 2. (A,B) Localisation and numbering of the different decorative elements on the reliquary
cross from Liege.

The cross is also decorated by one amber, one deep blue, one grey, six purple, one
white, and three dark red stones, as well as by two transparent crosses with light blue and
red colours. The amber (n° 12) and blue (n° 17) beads, located on the lower handle, show
an oval shape (12 x 10 mm) composed of nice colourless/amber (or blue) doublets, with
some glue traces and small gas bubbles in the upper coloured part (Figure 3E). Higher on
the cross, the grey cabochon (n° 8), looking like a smoky quartz, shows a rounded shape
(17 x 12 mm), without any inclusions (Figure 3F). The six purple stones (e.g., n° 3, 4, 13),
situated around the little blue cross (four stones) and on the second longer crossbar (two
stones), show rectangular shapes (11 x 8 mm), except the sample below the blue cross
(10 mm), which is rounded (Figure 3G). Their colour and homogeneity indicate that they
certainly correspond to amethyst. The white stone (n° 16), above the blue one (n° 17),
shows an oval shape (12 x 10 mm), with a slight play-of-colour dominated by blue colour,
looking like a precious opal (Figure 3A). Still above on the cross, three dark red cabochons
(n° 15, c and d), one large oval (14 x 11 mm) and two small rounded (5 mm), also decorate
the handle (Figure 3B). According to Demaude [2], the two small stones could have some
gas bubbles inside, therefore corresponding to a glass bead. Finally, two transparent crosses,
positioned at the two intersections between the handle and the crossbars, can be observed.
The first one (n° 7), measuring 19 x 16 mm, shows a doublet composed of a colourless base
surmounted by a light blue stone (Figure 3H), whose colouring seems to be irregular. The
second cross (n° 11), measuring 27 x 17 mm, has a red colour when looking from above
(Figure 3F) but a colourless aspect with a grazing light (Figure 3C).

3.2. Raman Spectroscopy

It was impossible to analyse all samples using Raman spectrometry, because some
of them show too-small sizes compared to the spot diameter of the instrument, and some
analyses were omitted due to their poor quality. A list of the Raman bands observed on the
gemstones is available in Table 1.
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Figure 3. Detailed pictures of some decorative elements occurring on the reliquary cross.
(A) Rounded opal showing a nice iridescence n° 16. (B) Rounded red garnet n® 15. (C) Red
cross composed of colourless quartz on the doublet top part n° 11. (D) Green glass bead with a
discolouration and many gas bubbles n° 18. (E) Orange glass bead showing a gas bubble and a
doublet n® 12. (F) Photograph with four turquoises n® 9-10, one smoky quartz n° 8, and one red cross
n° 11. (G) Rounded amethyst located below the blue cross. (H) Visible doublet on the blue cross n° 7.

The green, blue, and amber stones show Raman spectra characterized by very
large bands, located around 300-600 cm~! (symmetric bending of SiO, tetrahedra) and
900-1300 cm ! (Si-O stretching vibrations) [8]. These spectra are characteristic of amor-
phous glass material, as frequently observed in medieval goldsmithery items [4-6].

The dark red cabochon (n° 15) shows a spectrum with an intense peak at 908 cm™d,
as well as weak peaks at 340 and 540 cm~! (Figure 4A), corresponding to almandine
or pyrope-almandine spectra [9,10]. The spectra of the turquoise stones (n° 1, 9, 10) are
characterized by a weak band around 1046 cm !, and the spectra of the pearls (n° 20-22,
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R1) show bands at 690 and 1082 cm~!, in good agreement with the Raman spectra of
turquoise and aragonite, respectively [9,11-13] (Figure 4A).

Table 1. List of the Raman peaks observed in the spectra of gemstones decorating the reliquary cross
from Lieége. Numbers in bold indicate the most intense bands.

Sample ID Phase Colour Raman Peaks (cm~1)
1 Turquoise Turquoise 1046
9 Turquoise Turquoise 1036
10 Turquoise Turquoise 1042
3 Quartz Purple 120; 194; 372; 464; 792
4 Quartz Purple 124; 192; 374; 460; 790
13 Quartz Purple 122;198; 376; 462; 794
11 Quartz Red 126; 194; 336; 380; 460; 676; 780; 1148
18 Quartz Green 124; 196; 330; 382; 460; 670; 778; 1136
20 Pearl White 696; 1084
21 Pearl White 690; 1082
22 Pearl White 694; 1086
Mav3 Glass Blue 324; 402; 514; 716; 866; 1050
15 Garnet Red 340; 540; 842; 908; 1028

The spectra of amethyst (n° 3, 4 13) and smoky quartz (n° 8) show a strong band
around 460 cm !, as well as a weak band around 194 cm !, characteristic of quartz [9].
The spectra of the red cross (n° 11) and of the green doublet (n° 18) are also similar, thus
indicating that the upper parts of these doublets are constituted by quartz (Figure 4B). The
white cabochon with a nice opalescence (n° 16) shows a Raman spectrum with very broad
bands [2], thus confirming its identification as amorphous opal.

The Raman data consequently confirm that the gemstones observed on the double-arm
cross from Liege are amethyst, almandine garnet, turquoise, opal, rock crystal and smoky
quartz, while the blue, amber, and green stones are different kind of glass beads. A few
smaller stones were previously analysed by Raman spectrometry, indicating a lead glass
composition for the two green stones “a” and “b” (Figure 2B), as well as for the two dark
red cabochons “c” and “d”. An artificial pearl “e”, as well as three artificial turquoises (“f”,

“u_ 1

g”, and “h”), were also observed [2].

3.3. Chemical Characterization by Portable X-ray Fluorescence Spectrometry

Chemical analyses were performed with a pXRF spectrometer on eighteen coloured
stones, numbered 1 to 18, as well as on noble metals located on the front (M1, M3, and M5)
and lateral (M2 and M4) parts (Figure 2B); the results are given in Tables 2 and 3. Some
samples were not analysed due to their small size. The magnesium content is rounded
to the unit because it is the lightest detectable element that could not be determined with
more accuracy. Water and sodium were not directly measured by pXRF; consequently,
these values were calculated. Vanadium, strontium, chromium, barium, zinc, arsenic, and
bismuth were always below the detection limit.

Purple (n° 2, 3, 13) and grey stones (n° 8), as well as the red cross (n° 11), are charac-
terized by 100 wt.% SiO; (Table 2); they consequently correspond to quartz varieties. The
purple stones can be identified as amethyst, a purple variety of quartz, whose allochro-
matic colour is due to the irradiation of iron impurities from Fe** into Fe**. The grey
cabochon is a smoky quartz, whose colour is caused by Al** impurities added to a natural
irradiation process [14]. Concerning the red cross, this colour does not exist in natural
quartz, and the observation in grazing light allows seeing that the top part of the cross is
colourless (Figure 3C). This decorating element is therefore a doublet red glass/rock crystal
(colourless quartz).
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Figure 4. (A,B) Raman spectra of the gemstones decorating the reliquary cross from Liege.
The colours of the spectra correspond to the observed colour of the stones, and the analysed samples
are shown in parentheses.

The white cabochon (n° 16), showing a nice opalescence, reveals a chemical composi-
tion with high amount of SiO, (68.15 wt.%) and HyO (31 wt.%), as well as small contents of
Al,O3 (0.59 wt.%), CaO (0.19 wt.%), FeO (0.04 wt.%), and K,O (0.03 wt.%), corresponding
to opal (Table 2). The main substitutions in this mineral are the replacement of Si** by AI>*
and Fe®*, compensated by monovalent or divalent cations as Ca?* or K* [15].

Analysis of the dark red bead (n° 15) reveals high contents of SiO; (37.60 wt.%), Al,Os3
(20.59 wt.%), and FeO (32.41 wt.%), as well as lower amounts of MgO (5 wt.%), CaO
(3.79 wt.%), and MnO (0.79 wt.%) (Table 2). Such a composition corresponds to almandine
garnet (Fe3 Al»Si3047), with significant pyrope (MgzAlySizOq3), grossular (CaszAl,SizOy2),
and spessartine (Mn3Al,SizO1,) components. Divalent iron (Fe?*), located on the distorted
cubic site of the garnet structure, gives its idiochromatic dark red colour.

The analyses of turquoise stones (n° 1, 9, 10) show values of 32-33 wt.% P;0s,
34-38 wt.% Al,O3, and 9-13 wt.% CuO (Table 2), in good agreement with the turquoise
mineral, CuAlg(PO4)4(OH)g.4H,0. Minor contents of SiO, (0.54 to 1.08 wt.%) and FeO
(0.58 to 1.23 wt.%) are also observed. The idiochromatic sky blue colour is due to the di-
valent copper (Cu®*), as well as the low content of iron giving greenish hues. Turquoises
on the cross have therefore a sky-blue coloration, due to the level of iron below 0.7%
FeO [14,16].
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Table 2. Chemical composition of gems and glass beads decorating the cross from Liege.

S"‘I‘;‘)Ple Phase Colour H,0! Na,02 MgO3® ALO; SiO, P,0; SO; Cl K,0 CaO MnO FeO NiO CuO CoO PbO TiO, SnO, Sb,0;
3 Quartz  Purple - - - - 10000 - - - - - - - - - - - - - -
4 Quartz Purple - - - - 100.00 - - - - - - - - - - - - - -
13 Quartz Purple - - - - 100.00 - - - - - - - - - - - - - -
2 Glass Green - - - 159 4450 317 145 076 573 030 016 054 011 171 - 39.93 0.02 - 0.03
5 Glass Green - - - 171 3506 231 182 073 646 057 018 074 0.08 196 - 4831 003 0.04 -
6 Glass Green - - - 128 3085 144 072 034 576 083 017 086 012 226 - 55.32 0.04 - -
14 Glass Green - - - 148 4227 237 066 067 492 055 009 055 010 1.88 - 44.44 0.03 - -
18 Quartz/glass Green - - - 025 9873 059 015 - - - - - - 0.27 - - 0.02 - -

1 Turquoise ~ Turquoise 17 - - 36.82 1.08 3248 0.90 - 0.08 0.23 - 0.58 - 10.79 - - - 0.02 -
9 Turquoise = Turquoise 17 - - 38.12 0.64 32.69 1.28 - 012 0.21 - 0.63 - 9.16 - - - 0.11 -
10 Turquoise = Turquoise 17 - - 3416 054 3279 1.02 - 007 021 - 1.23 - 12.94 - - - 0.04 -
7 Glass Blue - - - 122 4971 115 188 052 5.88 - 0.25 - 0.09 020 005 3883 0.03 - 0.19
17 Glass Blue - 17 - 175 7288 012 0.56 - 025 632 013 009 006 035 004 031 002 003 0.08
11 Quartz/glass  Red - - - - 100.00 - - - - - - - - - - - - - -
12 Glass Amber - 17 - 147 7042 012 087 004 077 884 - 0.34 - 0.02 - 0.01 005 0.02 -
16 Opal White 31 - - 0.59  68.15 - - - 0.03  0.19 - 0.04 - - - - - - -
8 Quartz Grey - - - - 100.00 - - - - - - - - - - - - - -
15 Garnet Red - - 5 20.59 37.60 - - - - 3.79 079 3241 - - - - 0.04 - -

Analyses realized by p-XRF, data presented as wt. % of oxides, normalized to 100 wt. %. -: Below detection limit. Percentages above 2 wt. % are shown in bold. !: H,O values in turquoise and opal were
calculated and rounded to the unit. 2 The NayO contents in samples 12 and 17 were constrained between 13 and 21 wt. % (average 17 wt. %), according to the literature data for such glasses [17-19]. 3: MgO
contents are rounded to the unit, due to the low precision and accuracy for this element.
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The green, blue, and amber cabochons were identified visually and by Raman spec-
trometry as glass beads. The green stones (n° 2, 5, 6, 14), except one (n° 18), are composed
of 40 to 55 wt.% PbO, 31 to 44 wt.% SiO, and 5 to 7 wt.% K,O, with low contents of CuO
(1.71 to 2.26 wt.%), Al,O3 (1.28 to 1.71 wt.%), Cl1 (0.34 to 0.76 wt.%), FeO (0.54 to 0.86 wt.%),
CaO (0.30 to 0.83 wt.%), and MnO (0.09 to 0.18 wt.%) (Table 2). The green rectangular
bead n° 18 shows another chemical composition with 98.73 wt.% SiO,, 0.27 wt.% CuO,
and 0.25 wt.% Al,Og3, thus corresponding to quartz. This sample is certainly constituted
by a quartz/green glass doublet, since no natural quartz shows this intense green colour.
A discolouration, as well as many gas bubbles and cracks (Figure 2) and a fairly visible
separation in the side view, confirm this hypothesis.

The light blue cross (n° 7) shows a composition with 49.71 wt.% SiO,, 38.83 wt.% PbO,
and 5.88 wt.% K;O. Small amounts of Al;O3 (1.22 wt.%), MnO (0.25 wt.%), CuO (0.20 wt.%),
and CoO (0.05 wt.%) are also observed. The blue cabochon located at the bottom of the
handle (n° 17) contains very high contents of SiO, (72.88 wt.%) and CaO (6.32 wt.%), as
well as lower amounts of Al,O3 (1.75 wt.%), CuO (0.35 wt.%), K,O (0.25 wt.%), and CoO
(0.04 wt.%). The amber cabochon (n° 12) is characterized by 70.42 wt.% SiO,, 8.84 wt.%
CaO, 1.47 wt.% Aly,O3, 0.77 wt.% K0, and 0.34 wt.% FeO (Table 2).

The analyses of noble metals (Table 3) indicate that the filigrees (M1, M3, and M5)
contain 50.23 to 68.38 wt.% Au, 26.14 to 43.53 wt.% Ag, and 2.90 to 6.18 wt.% Cu, thus
confirming their gold composition. The lateral silvery plates (M2 and M4) are composed of
approximately 92 wt.% Ag and 8 wt.% Cu.

Table 3. Chemical compositions of noble metals constituting the reliquary cross from Liege.

Sample ID Ag Au Pb As Cu Fe Ni Co
M1 26.14  68.38 - - 5.47 - - -
M2 92.07 - - - 7.93 - - -
M3 4359  50.23 - - 6.18 - - -
M4 92.44 - - - 7.56 - - -
M5 39.52  57.58 - - 2.90 - - -

Analyses realized by p-XRF, data presented as wt. % of elements, normalized to 100 wt. %. -: Below detection limit.

4. Discussion
4.1. Composition and Dating of Glass Beads

Coloured glass beads are used for a long time to imitate more expensive gemstones.
They are manufactured from a mixture of three components: a source of silica (also called
“former agent”), a flux, and a stabilizer, to which a colouring agent and/or an opacifier
may be added. Sand was exclusively used as silica source until the 14th century, before
being replaced by pure quartz pebbles because sand contained many impurities that
may sometimes modify the colour (e.g., Ti, Al, and Fe). The flux, composed of sodium,
calcium, and/or potassium, allows reducing the silica melting point. It was constituted
by natron until the beginning of the Middle age and was then gradually replaced by
plant and wood ashes. This replacement of natron was certainly due to the depletion of
natron deposits and to political instabilities. The natron and coastal plant ashes produced
soda-lime glasses, while continental plant ashes and wood generated potash-lime glasses.
Finally, stabilizers (Mg, Al, and Ca) were added to decrease the glass solubility in water
and to avoid devitrification. Moreover, antimony and manganese were often used as
decolourizers, giving a totally transparent glass [20-26].

Lead glass was already known during the Roman times, but from about the 9th century,
lead glass started to be more common in Europe and in the Islamic area [27,28]. This glass
is made from a mixture of sand, lead, and pigments to eventually give a colour. Sometimes,
ashes could also be added [27]. Lead allows increasing the shine of the stone, as well
as to reduce the melting point at approximately 750 °C, compared to 1250 °C for ash
glasses [21,27]. According to Mecking [27], European medieval lead glasses can be devised
into five groups depending on their lead, calcium, and potassium contents: high lead glass
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(PbO > 65 wt.%), lead smoother (PbO < 20 wt.%), wood—-ash lead glass (CaO/K,0 = 1),
Slavic lead glass (K;O = 14 wt.%), and finally Central European lead-ash glass (CaO/K;O
between 0.009 and 0.36).

The kind of cutting technique can also be used for the dating of a stone. The cabochon
polishing method, known since the 10th millennium BC, was generalized all around the
world in the 4th century BC, due to technical improvements allowing the polishing of small
stones. This cutting gives a nice colour to the stone and allows keeping a maximal amount
of material. Simple faceting, composed of a large square or rectangular table surrounded
by four facets, appeared in Europe during the Middle Ages and progressively became more
complex from the 14th century [17,21,29].

The deep blue and amber cabochons, observed on the reliquary cross, contain high
levels of 5iO; and CaO, as well as low amounts of K,O (Table 2); they are consequently
constituted by soda-lime glass, with expected sodium concentration between 13 and
21 wt.% NayO [18,19,30]. Moreover, Raman spectra from Demaude [2] show peaks at
560 and 1072 cm !, thus confirming this hypothesis [31]. The former agent is composed
of sand and the flux of natron, a natural evaporite material differentiated from ashes
thanks to K,O and MgO values below 1.5 wt.% (Figure 5A). This mineral, not available
in Europe, was usually imported from the eastern Mediterranean, often already fused
with sand [19,26,28,30,32]. The pXRF analyses also reveal the presence of other chemical
elements, such as aluminium, titanium, iron, or antimony (Table 2). As natron contains
very low amounts of impurities, minor and trace elements certainly originate from sand
(Ti, AL, and Fe), decolouring (Mn and Sb) or colouring (Co, Cu, Fe, and Sb) agents (see
below), and/or sometimes from recycling processes (Sb, Sn, Pb, Ni, and Cu) [19,33]. Soda-
lime glasses with natron were exclusively used until the beginning of the Middle Age,
before being gradually replaced by wood and plant ashes to almost disappear during the
13th century [20,25,27,28]. It was probably a shortage of natron due to political events,
climate change, and/or a trade interruption that caused this transition. Around the
12th century, the recycling was mainly used for blue glass beads, with a mix between
Roman blue tesserae and non-coloured glasses, generated by the scarcity of cobalt deposits
until the 13th century [34]. The chemical compositions of these two samples, as well as
their simple cabochon cuttings without polishing traces, seem to show that they are prior
or contemporary to the cross manufacturing.

The small blue cross and the green stones, except the rectangular one (n° 18), are
characterized by approximately 40 to 50 wt.% PbO, 30 to 50 wt.% SiO,, and 5 to 6 wt.% K,O
(Table 2). This chemical composition corresponds to potash-lead glasses, probably with
ashes since PbO values are below 55 wt.% [27]. Raman spectra [2] show peaks at about 430,
735,950, and 1010 cm ™}, also confirming this interpretation [31]. Concerning their origin
and dating, the PbO vs. CaO/K,0 diagram (Figure 5B) indicates that these samples are
similar to Central European lead glasses dating from the Middle Age [27]. Indeed, lead
glass beads from the 17th and 18th centuries generally contain higher potassium (9-16%)
and lower lead (17-35%) amounts [35].

4.2. Colouring Agents Used in Glass Beads

The three colours listed for the glass beads decorating the Liege cross are green, amber,
and blue. A colouring agent has been added to the molten glass, except for the light
blue cross, where a dye bath has probably been used, as shown by the alteration and
irregularities visually observed.

The deep green colour is due to a mixture of Cu?* and Fe®* [21,36], and the amber tint
is due to a charge transfer between trivalent iron (Fe**) and dissolved sulphur (S?>~). Less
than 0.2 wt.% of iron is enough to give that colour, if a reducing agent is also present in the
mixture [21,37]. The deep blue cabochon, as well as the blue cross, are coloured by cobalt
(0.05 wt.%), a strong colouring agent. A small amount of this element, below 0.05 wt.%,
can already give an intense hue to a glass bead [21,38]. Cobalt used in European and
Mediterranean glass production has been divided into three groups depending on their
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sources, which contain different minor elements such as nickel, copper, and zinc [34,39,40].
Since no significant amounts of Zn (< LOD) and Ni (200 ppm) have been measured in our
samples, famous German deposits (Erzebirge) discovered in the 13th and 16th centuries
can already be excluded. The last sources concern cobalt associated with Cu, Mn, and Sb;
this ore, probably used from the 12th century, was mined in the Near East (e.g., Iran). XRF
analyses on blue samples show the presence of small amounts of copper, manganese, and
antimony (Table 2), thus confirming this Near East origin [19,34].
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Figure 5. (A) Compositions of glass beads represented in the Na,O-(K;O+MgO)-CaO ternary
diagram, used to determine the flux [18,19,30]. 1 = Soda-lime glass with natron; 2 = soda-lime glass
with ashes; 3 = soda—potash glass; 4 = potash-lime glass; 5 = lime glass. The red and blue dots show
the compositions of the amber and deep blue glass beads, respectively. (B) CaO/K,0 vs. PbO (wt.%)
diagram showing the five types of lead glass beads. 1 = Wood-ash lead glass; 2 = Slavic lead—ash
glass; 3 = Central European lead-ash glass; 4 = high lead glass; 5 = lead smoother. The green and
blue dots represent the compositions of the green stones and of the blue cross, respectively.

4.3. Geographic Origin of Gemstones

The gemstones decorating the cross are amethyst, rock crystal (colourless quartz),
smoky quartz, almandine garnet, turquoise, and “pearl” (constituted by aragonite). Best
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quality samples were mainly imported from Asian countries as India, Sri Lanka, or
Myanmar [41,42].

Garnet was one of the most common gemstones during the Middle Ages, appreciated
for its deep red colour. Calligaro et al. and Gilg et al. [41-43] have classified garnets into,
respectively, five “types” or six “clusters”, depending on their origin. The garnet decorating
the reliquary cross belongs to Type III (Figure 6A), corresponding to a Sri Lankan origin.
According to the Feiot/CaO diagram [44], this sample is also very close to the Sri Lankan
field, confirming this geographic origin (Figure 6B). Visually, Sri Lanka is a likely source
considering the quality and size of the sample (Figure 3B), while European deposits could
be directly excluded. However, almandine is a common mineral, with many consumed
or lost sources around the world. A commercial trade road seems to connect Sri Lanka
and India with the Mediterranean basin at the 13th century, even if few written documents
mention this road [41,45,46].
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Figure 6. (A) Diagram showing the CaO and MgO contents of garnets from different origins. (B) The
Fe and CaO contents of garnets from Asian deposits. The sample investigated herein is shown by a
red dot.

Turquoise mines located in Egypt (Sinai), Iran (Nishapur, Kerman, and Damghan),
and Central Asia (Uzbekistan/Afghanistan area) have been known since approximately
the fourth millennium BC [47,48]. Chinese deposits, currently the most productive with
those of United States, were only discovered during the 20th century [49], while Euro-
pean deposits are rarely marketable due to their greenish hue and porous aspect [48,50].
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Caro et al. [47] compared Chinese, Egyptian, and Iranian turquoise sources by using
two plots: Cu/Zn vs. Cu/Fe (Figure 7A) and Cu/Zn vs. Cu/As (Figure 7B). The three
cabochons from the cross are close to (or included in) the Egyptian area. Central Asia does
not appear because no reference specimens were collected there [47].
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Figure 7. (A) Cu/Zn vs. Cu/Fe diagram showing three turquoise sources. (B) Cu/Zn vs. Cu/As
diagram showing two turquoise sources located in Egypt and Iran. The blue dots represent the
compositions of the samples investigated herein.

The three varieties of quartz on the cross are amethyst (purple), smoky quartz, and
rock crystal (colourless), very cheap popular gems during the Middle Age [18,51]. These
minerals were mined in many countries around the world, as for example France, Switzer-
land and Italy in Europe, Egypt in Africa, or Iran and India in Asia [52-54]. In the Middle
Age, India was the main supplier of amethyst (Deccan basalts), using the same trade road
as garnet, while nice smokey quartz and rock crystal could come from the Alps [2,29,55].
The exact origin is difficult to determine on isolated samples, since quartz does not contain
significant trace elements [56].

One precious opal (n° 16), showing a slight play-of-colour, decorates the bottom of
the Liege cross handle. The distinction between sedimentary and volcanic opals may be
possible thanks to barium and REE (rare earth elements) concentrations, while Ca, Al, and
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K contents allow the determination of their geographical origin [9]. Unfortunately, the
high limit of detection for barium, around 350 ppm, and the REE contents, not measured
with our pXREF, do not give us information about the formation environment of our opal.
Concerning the deposit location, the Ca (1500 ppm), Al (3440 ppm), K (320 ppm), and Fe
(330 ppm) values do not correspond to any opal published previously [8,57]. Historically,
the only European source of precious gem opal in the Middle Age was the volcanic
“Hungarian” deposits (Dubnik mines), in eastern Slovakia today. Other known deposits,
such as in Ethiopia, Australia, or Mexico, are impossible because all of them have only
been discovered during the 19th and 20th centuries [58].

5. Conclusions

Dating from the beginning of the 13th century, the double-arm reliquary cross from
Liege is decorated by fifty-six coloured samples, constituted by gemstones and glass beads
showing simple cuttings. The filigrees mainly contain Au with few Ag and Cu, while
lateral and back plates are made of pure silver. Gems found on the cross are almandine
garnet, turquoise, quartz, opal, and pearls. Almandine originates from Sri Lanka, turquoise
from Egypt, and opal probably from Slovakia. The origin of quartz is more difficult to
establish from analytical data, but historically, it is likely that this mineral was imported
from Indian or European deposits. Concerning glass beads, they show blue, green, or
amber colours, and the chemical analyses reveal that deep blue and amber cabochons
correspond to soda-lime glasses with natron, while green stones, except one, are similar to
medieval potash-lead glasses from Central Europe. The small light blue cross also shows
a potash-lead composition, and the red cross as well as one green stone is formed by a
doublet composed of glass covered by quartz. All stones are probably contemporary with
the reliquary cross, except the artificial pears and turquoises that certainly correspond to
late repairs. The archaeometric investigation of religious goldsmith artwork, with non-
destructive techniques like pXRF or Raman spectrometry, is a necessary step to better
understand the historical and geographic contexts in which these objects were produced.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3390/
heritage4040250/s1, Table S1: Results of the pXRF measurements realized on standard materials.
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