Isabelle Biron

Laboratory Study of Byzantine Enamels
from the Louvre Museum:
Techniques of Manufacturing and Materials

Sixteen Byzantine cloisonné enamels on gold in the Louvre
Museum, supposedly from Constantinople, were studied in
the laboratory of the Centre de Recherche et de Restauration
des Musées de France (C2RMF) (tab. 1; figs 1-3. 6-8)". This
paper presents the results gained in a study on the manufac-
turing techniques and the nature of the glass used in these
enamels (for the history of these enamels see essay by Jannic
Durand?).

The techniques of the enamels were studied under high
magnification and with X-ray radiography. Non-destructive
ion beam analyses were made directly on the glass surface of
the objects by using an external proton beam of 2.95MeV on
the target, produced by the AGLAE accelerator of the C2RMF
in PIXE and PIGE modes (respectively proton-induced X- and
Gamma-rays emission). Details about the experimental set-up
have been published elsewhere3.

Byzantine craftsmen have produced enamels of high qual-
ity since the sixth century“. These high-quality objects were
made from melted glass on gold and enjoyed an exceptional
reputation. It has long been thought that Western enamels
were made under the influence of Byzantine models, but a
thorough technical and stylistic study of these enamels sheds
a different light on this question®. The few enamels consid-
ered to be Early Byzantine (fifth-sixth centuries) are actually
made using the filigree technique described below, inherited
from ancient Greece, and not that of cloisonné enamels®. The
cloisonné technique, which made the Byzantine enamellers
very famous, was actually imported from the West in the early
ninth century.

Nr. | Date Technol. | Objects Size Inv. Nr. Bibliography
period
1 | End 9"- 2 The Stoclet paten Total diam. 12.3cm OA11878 | Durand, Les émaux; L'art by-
beg. 10" c. medallion 3.2cm zantin; Nouvelles acquisitions;
Paténe Stoclet; Paténe. — Cat.
New York 1997, cat. 28
2 | End 9t~ 2 Medallion with the bust of a | Diam. 2 cm 0A6270 Cat. Paris 1992, cat. 227
beg. 10™ c. winged Archangel
3 |10"c 3A Medallion the Crucifixion Diam. 3.8-3.9cm OA12136 | Durand, Les émaux
10% c. 3A Medallion the Blessing Christ | Diam. 2.3-2.4cm OA12137
5 | 10"-11t ¢, 3A Rectangular decorative plate | L. 2. 1. 3.5cm 0OA12139
with two rosettes
6 | 11"-beg. 3B Medallion the Bust of Arch- | Diam. 2.6-2.7cm 0OA12138
12t c. angel Saint Michel
7 | End 11t- 3B Medallion Saint Demetrios Diam. 8.4cm 0A6457 Cat. Paris 1992, cat. 239
beg. 12t c.
8-11 | 11th-12th ¢, 4 Four large trapezoidal deco- | L. 5.6-5.8, |. 2-2.1, P. 2.6-2.7cm | OA12140-
rative plates L.6.1-6.2,1.2-2.1, P 2.6-2.7cm | 12143
12-15 | 11h-12t ¢, 4 Four smaller rectangular L.2.1,1.1.8-1.9cm OA12144-
plates 12147
16 | 11th-12th ¢ 4 Icon cover plate L. 11.3, . 5.4, thickness 0.2cm | OA6458 | Cat. Paris 1992, cat. 242
Tab. 1 List of the Byzantine enamels from the Louvre Museum, with their date, period concerning their manufacturing technique, size, inventory number and bibliography.

1 Pieces not presented in this text, see Biron et al., Les émaux 139-157; Durand,
Les émaux 65-69.

2 Durand, Les émaux 65-69. — Durand, Smalto. — Durand, L'art byzantin.

3 Pichon et al., Development. — Biron et al., Les émaux 427-429.

4 Overviews in Durand, Les émaux 65-69. — Bosselmann-Ruickbie, Byzantine
Jewelry and Enamels.

5 Buckton, Byzantine Enamel.

6 Buckton, Byzantine Enamel.

In: Antje Bosselmann-Ruickbie - Falko Daim - Susanne Greiff (eds), The Preslav Treasure from Bulgaria (Tenth Century). Historical Context, Excavations,
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Techniques of Manufacturing

Fig. 1 The »Stoclet Paten« is made
of a hard stone (sardonyx) with a gilt
silver mount, enhanced with six gem-
stone cabochons and three plique cloi-
sonné enamels on gold (made in Paris
around 1300). Musée du Louvre, Paris,
inv. no. OA11878. a Paten. — b Detail
of the Byzantine cloisonné enamel

(c. tenth century) on gold in the centre
presenting the Last Supper. — (Photo
C2RMF D. Bagault).

Byzantine cloisonné enamels consist of a gold support plate  metal to shape details was used in several periods. Gold
surrounded by a border (strapping ribbon or support) to  sheets, ribbons and cloisons were obtained from ingots by
create a cavity in which the cloisons are deposited. The cells  hammering the metal along with regular heating to reduce

are then filled with coloured glass powders. Stamping the internal stresses.
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Fig. 3 Medallion representing the bust of Saint Demetrios. Musée du Louvre, Paris, inv. no. OA6457. a Face. — b Reverse. — (Photo C2RMF D. Bagault).

Chronological Evolution of the
Manufacturing Technique

Four periods can be distinguished in the production of cloi-
sonné enamel according to David Buckton. The main para-
meters are the manufacture of the support; the way in which
the surfaces are enamelled; and the colours and type of

7 Buckton, Chinese Whisper. — Buckton, Enamel on Copper.

glass used (opaque or translucent)’. Our work confirms the
stylistic-technical classification as proposed by Buckton, but
enriches it with new data, thanks to more in-depth exami-
nations than those carried out so far. The diagrams below
describe in detail the technical structure of each enamel.
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Diagram 1 Drawings of the cross-section of Byzantine cloisonné enamels from
the Louvre Museum. — (Drawing S. Martinetti).
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Period 1: Before the Iconoclastic period (eight-ninth
centuries), the Byzantine goldsmith enamellers worked
according to the ancient Hellenistic tradition of filigree
enamels. The inscriptions are formed by metal threads in
filigree outside the enamelled areas. No objects from this
period were studied at C2RMF. The art of cloisonné enam-
elling was then introduced into the Byzantine Empire, from
the West at the end of Iconoclasm in 8438.

Period 2 (diagram 1): For cloisonné enamels produced
between the middle of the ninth and the middle of the
tenth century, the support plate is entirely glazed, the
enamels are both opaque and translucent, the background
is often enamelled translucent green and the inscriptions
are formed by gold cloisons (the technique is called Voll-
schmelz or »full enamel«).

8 The first securely dated object is the so-called Fieschi Morgan Staurotheke in the
Metropolitan Museum, New York. Its early ninth-century date was established
through the iconography of the Anastasis scene. See, Kartsonis, Anastasis 99.
123.
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Diagram 2 Drawings of the cross-section of Byzan-
tine cloisonné enamels from the Louvre Museum. —
(Drawing S. Martinetti).
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Diagram 3 Drawings of the cross-section of Byzantine cloisonné enamels from
the Louvre Museum. — (Drawing S. Martinetti).

Two objects belong to this group (tab. 1; OA11878,
figs 1a-b and OA6270); their dating corresponds well to
this period. Their manufacturing technique is very similar, the
enamels are placed on a gold sheet of varying thickness and
a gold banding ribbon delineates the contours of the medal-
lions. They are circled with a second metal ribbon.

Period 3 (diagram 2): From about the middle of the
tenth century®, the motif that was to be enamelled in cloi-
sonné was then placed inside a large cavity, arranged in the
support plate, which is obtained by stamping the gold leaf
in a recessed shape presumably with small hammers or pre-
formed tips. The enamels stand out from a gold background
(technique called Senkschmelz, »émail enfoncé«). The in-
scriptions are worked into this gold background, formed by
the support plate, then enamelled. Enamels are both opaque
and translucent.

Five objects belong to this group (tab. 1, OA12136,
0OA12137; fig. 2a-b, OA12139, OA12138, OA6457; fig. 3a-
b) that are dated between the tenth and the beginning of the
twelfth century.

9 Not before 920-940, according to Durand, Paténe Stoclet.

Fig.4 View of the rim of the enamel of Christ (see fig. 2a-b) showing the
two overlapping metal sheets welded together with the enamelled sheet being
substantially thicker than the other. Paris, Louvre Museum, inv. no. OA12137. —
(Photo C2RMF I. Biron).

For the first time, two new technical subgroups for the
gold support with a chronological evolution are highlighted
by our radiographs (to confirm on more objects):

Period 3A/double-welded support: the support of
three objects (tab. 1, OA12136, OA12137, OA12139) is
formed of two sheets of gold superimposed and welded
together (fig. 4, OA12139). The solder marks are visible in
transparency on the X-rays (fig. 5a). These enamels date to
the tenth and eleventh centuries.

Period 3B/simple punched support: the supports of
the two medallions are made of a single thick gold sheet
(tab. 1; fig. 5b). On the reverse, a dotted relief pattern draws
a figure, which can be totally different (Archangel), or close
enough (Saint Demetrios) (fig. 3a-b), from that enamelled on
the face'®. These patterns were obtained with a small spher-
ical punch struck on the inside of the cavity before placing
the cloisons. These enamels are dated a little later than the
previous ones, from the eleventh (or the end of this century)
to the beginning of the twelfth century.

Period 4 (diagram 3): in the twelfth and thirteenth cen-
tury, the technique of »full enamel« was again employed and
co-existed with the previous one, but this time the bottom
was enamelled with opaque glasses, as well as inscriptions
(often enamelled with white on a blue background). Translu-
cent enamels are a minority.

Eight decorative plates belong to this group (tab. 1;
figs 6a-b. 7a). Their estimated date is in the eleventh-twelfth
centuries, but they should rather be dated to the twelfth cen-
tury, according to the criteria of this period (after Buckton).

These plates have common elements: the gold support —
whose thickness varies according to the objects — is curved
on the outer edges to create a large cavity. The technique of
a double-support sheet, characteristic for period 3A, is found

10 Such dotted drawings are found on other medallions of this period (figures of
Saints and the Virgin, Metropolitan Museum of Art, inv. no. 17. 190. 670-678,
see Cat. New York 1997 no. 234.
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Fig. 5 X-ray radiographies of Byzantine enamels from
the Musée du Louvre, Paris: a Christ (inv. no. 0A12137)
showing the presence of solders between the two sup-
port sheets (clear areas of rounded shape distributed
heterogeneously over the entire surface). — b Saint
Demetrios (inv. no. 0A6457), showing the absence of
solder between the two support sheets; invisible cloisons
on the surface are visible on the X-ray image immersed
mid-height in the glass (halo, cheeks, chin, hair and
hands). — (Photos C2RMF T. Borel).

-

NODOBOOROODRO A
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Fig. 6 a-b Two trapezoidal plaques deco-
rated with geometric and floral motifs, Musée
du Louvre, Paris, set of four plaques, inv. no.
0OA12140-12143. — (Photos C2RMF A. Maigret).



Fig. 7 a-b Ornamental plate of
rectangular shape decorated with
geometric and floral motifs. Musée du
Louvre, Paris, set of four plaques, inv.
no. OA12144-12147. a Face. - b Pro-
file X-ray radiography showing the
presence of two metal sheets for the
support. — (Photos C2RMF, a A. Mai-
gret; b T. Borel).

Fig. 8 Icon cover plate. Musée du Louvre, Paris, inv. no. 0A6458. — (Photo
C2RMF D. Bagault).

in this group in rectangular plates, but without solder welding
between them (and probably also for the rectangular ones).

Special case: The enamelled plate that was made for an
icon (fig. 8, OA 6458) is a special case. It belongs to period 4
by dating, and by the use of a double sheet of gold for the
support. The outer sheet was folded along the edges to create
a cavity to receive the enamel. However, this plate is distin-
guished from other objects by some technical criteria and a
remarkable quality of execution. This could testify to the ex-

Fig. 9 Detail of the icon cover plate in fig. 8. Musée du Louvre, Paris, inv. no.
OA6458. — (Photo C2RMF 1. Biron).

istence of a workshop distinguished by its perfectly executed
fine cloisons, the use of translucent and opaque glasses in
an equivalent proportion, a very rare purple-violet glass, the
absence of solder to fix the cloisons (fig. 9). Moreover, the
chemical composition of the glasses used differs from that of
the other enamels — only the cobalt sources of the blue glasses
are identical to those of most objects of the periods 3 and 4.

Cloisons and Solders

For a single object, cloisons of uniform or of varying thick-
ness can be chosen for aesthetic reasons. Two widths
of cloisons have been observed in the double rosette
OA12139 and the eight decorative plates (figs 6a-b. 7a. 12,
OA12140-0OA12143 and OA12144-0A12147). Two main
groups of objects appear in the manufacturing of these cloi-
sons according to our observations and X-rays radiographies,
distributed seemingly randomly within each period (fig. 10
a-b). One group is characterised by thin cloisons (or parts
of which). They are rarely placed rather perpendicularly on
their support and can be more or less deformed and even
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Fig. 10 a-b Details of Saint Demetrios. Musée du Louvre, Paris, inv. no. OA6457. a Face. — b Clothing showing the different type of cloisons, solders, coloured enamels

and mixtures of opaque and translucent glass. — (Photos C2RMF I. Biron).

Fig. 11

a-b Details of the X-ray radiographies of the two trapezoidal decorative
plaques (set of four plagues) showing two manufactures. Musée du Louvre, Paris,
inv. no. OA12140-12143). a One with thin and distorted cloisons (see fig. 6a)
and b the other with thicker and rigid cloisons, well positioned on the edge (see
fig. 6b). — (Photos C2RMF a-b T. Borel).

damaged (paten, Christ, Crucifixion, double rosette, some
decorative plates of period 4; fig. 11a).

The cloisons of the other group are thicker. More resistant,
they are held well perpendicular to the support. Their surfaces
are smooth, apparently with a more regular thickness (Saint
Demetrios (fig. 10b), the Archangel Michael, the winged
Archangel, some decorative plates of period 4; fig. 11b).

Byzantine goldsmith enamellers employed metal solders
to keep some cloisons in place during enamelling (fig. 10b),
except for the icon covering plate (figs 8-9).

Art of Enamelling: The Glass Powders
Pieces of glass are ground in a mortar until the desired particle
size is achieved. The powder granulometry varies according to

the objects. Powders are then washed (rinsed in water several
times) and preserved in water to be protected from dust.

11 For more details, see Biron et al., Les émaux 396-400.

The goldsmith enamellers filled the cavities with humid
glass powders of coloured translucent glass, or of a mixture
of more or less opaque or even opaque and translucent
glasses (figs 9. 10a-b). Each colour is separated by cloisons,
except for some very rare details (fig. 12). Byzantine enam-
els offer an extraordinary palette of colours, with different
kinds of blues (lapis lazuli, sky, pale, dark and light, grey-
blue opaque, dark), turquoise, yellow, white, red, light and
dark green, wine-coloured, colourless, brown-amber, black in
appearance, flesh, brown-pink and for the icon cover plate
parma-violet (figs 1b. 2a. 3a. 6a-b. 7a. 8-9. 10a-b).

Firing and Surface Polishing

When powders are dried, the objects are introduced in the
furnace to fuse the glass. The filling of the cavities is made
as many times as necessary, until to obtain fully filled cavi-
ties without depression of glass after successive firings. The
thickness of the glass is generally between 1 and 1.5mm.
The enamelling seems complete in most cases. Only Saint
Demetrios presents small depressions or gaps of glass on the
surface, which testify to an incomplete enamelling (fig. 3a).

Based on our laboratory experiences and on our viscosity
calculations from industrial models, the melting tempera-
tures of the translucent lead-free soda-lime silicates used are
around 800°C™.

The flat surface of the glass attests to a final polishing
with abrasive powders, as recommended by Theophilus Pres-
byter in the twelfth century'?. Such polishing produce on the
surface some gold aggregates, which are more abundant for
very thin cloisons, but could be also related to the gold com-
position (pure gold is softer than an alloy — to be checked by
analyses) (figs 9. 10a-b. 12).

12 Blanc, Théophile 734. — Although traditionally credited to Theophilus Presbyter,
the authorship of the Schedula diversarum artium is now the subject of scholarly
debate; see the volume Speer, Schedula.
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Fig. 12 Detail of a trapezoidal

plate (see fig. 6) showing two clearly
defined thicknesses of the cloisons,
aggregates of gold on both sides of
the cloisons, overflow of white glass in
the blue and juxtaposition of opaque
red and blue glasses without cloisons
to separate them. Musée du Louvre,
Paris, inv. no. OA12140-44. — (Photo
C2RMF . Biron).

Nature of the Glass

Quantitative chemical analyses of the glass are reported in
table 2. The first unpublished analysis made by I. Freestone
(pers. comm.) on a dozen of Byzantine enamels from the
British Museum, dated from the ninth to the twelfth century
(mainly eleventh-twelfth) will be compared to our results
(tab. 3).

Type of Composition

Byzantine goldsmith enamellers used different types of glass
coming probably from different sources of supply. According
to our analyses, these enamels are mainly soda-lime silica
glasses, whose nature of alkaline sources, depending on the
levels of magnesium, potassium and phosphorus, allows us to
distinguish five types of composition'® (1 to 5), within which
several sub-groups can be identified (tab. 3). Each object is
enamelled with various compositions, except Saint Demetrios
using only glass of composition 3.

Composition 1/ natron (or Roman type): The different
range of aluminium, calcium and titanium suggest various
silica sources and probably various primary glass productions.

Composition 3 / plant ash type: The levels of sodium,
potassium, magnesium and calcium are highly variable de-
pending on the glass. This can be explained by the chemistry
of plant ash glass, which is more complex than natron glass.
Indeed, the chemical composition of the plants vary according
to the type of plant, their geographic origin, the time of col-

13 Identified through the composition of the base glass containing only silica and
alkali sources and then normalized to 100 %.

14 Jackson et al., Glass; Barkoudah/Henderson, Plant Ashes 22-54; Henderson,
Ancient Glass 22-54.

lection and the method of preparation'. Moreover, calcium
can be introduced as part of the plant ash, but also as part of
the silica source (if sand). The various amounts of aluminium
and titanium suggest different silica sources.

Special soda-lime silica glass not belonging to any
family of well-known compositions:

Composition 2A, may be of plant ash type, whose nature
is different compared to the glass of composition 3 because
of their lower levels of magnesium. They could also be of
natron type, with an addition of potash (plant ash, glass or
cullet), but the magnesium contents observed remain low.
Very similar compositions are observed on glasses of the
Carolingian enamel of Saint-Denis and on some cloisonné
enamels around the year 1000,

Composition 2B may be of natron type, because of their
low levels of magnesium and potassium, but could be differ-
ent with higher levels of phosphorus. The addition of phos-
phorus as bone ash to opacify the glass cannot be certified
through the chemical composition, but is possible as a partial
re-use of glass. Such opacification practice has already been
demonstrated in glass tesserae of Byzantine mosaics, dated
from the fifth to the beginning of the eighth century®. Sim-
ilar compositions are observed in some glass of cloisonné
enamels around the year 1000 and plique enamels around
1400". Silica sources appear more homogeneous than for
the other compositions.

Two compositions rich in lead for the icon cover plate
(OA6458):

Composition 4 is a mixed alkali silicate (plant ash) con-
taining lead. The base glass contains about 12 % of sodium,

15 Biron et al., Les émaux 117-123. 125-138.

16 Marii/Rehren, Coloured Glass Cakes. — Verita, Glass Mosaic. — Silvestri et al.,
Palaeo-Christian. — C2RMF analyses unpublished.

17 Biron et al., Les émaux 125-138. 159-175.

Laboratory Study of Byzantine Enamels from the Louvre Museum | Isabelle Biron 221



(6€1Z1v0) anbeyd

LoLo’o | 96'L [¥60°0 | #180°0 | 6990°0 | €€61°0 | 6900°0 | 0EL0°0 | 8SS0'0 | €9€0°0 | €870°0 | L9699 66500 | ZOL| 650|00L00|SZ8L0| £L1'8|0CL|S60|8L0| S8C|861G| S6CT| LL'L| 00€EL| €zZ| € pai anbedo an8s01 9|gnoq
(6€1Z1v0) anbeyd
L5100 | €91 0LY0'0 | €990°G | E€LE0°0 | 06¥0°0 | €200°0 | 8000 | 0650°0 | 8800°0 | 6990°0 | 69€L"L | 80Z0°0 | 05960 | 09°C | OF0 | 52200 | 2LTL'0| SSZ| £L0| 990 | 660 | ¥S0|£96S| ¢9€| 280 | €9€L| dz| €d | an|g>uep anbedo 8119504 9|gnoQ
(LELTLVONSHUD
oLt 8596'L | L6E00 | €8S0°0 | £L00°0 | €820°0 | £9¥0°0 | #110°0 | L9000 | L¥EYO #1000 | L¥'L| 90°0|65L0°0|¥SLZ0| SOL| 960 | SOL| 620|621 |¥5S9| 09€| 20| 66€L| @C| & ysa|} anbedo buissa|g
(LELTLVO)
L1000 | 9¥'L 9/10°0 | 66917 | 866070 | L0SO'0 | 80000 | L80OO'0 | 8990°0 | 86L0°0 | ¥98Z°0 | SSEL'0 | 0ELO'O | LSO | LETZ| ¥9°0 | 0000 |ZLZL'0O| 958 | €0°L | ¥6°0| G5O | ¥¥'0 | EL'L9| LOE| ¥L0| 90°€L| dZ| €d | anig4ep anbedo IsuyD buissalg
(LE1ZIVO)
L0€0'0 | 508 L0SL'S | 7664% | 0£50°0 | 0Z00°0 | 9%L0°0 | £950°0 | €800°0 | 8OE0'0 | L90¥'0 | LEOO'O | €000 | OL'L| 0OL°0|SSL00[S95L0| 864 | SL'L|260|050| SL0|2e2s| 60€| 9L°L| 06°LL| 8z| &d a1ym anbedo 1suyd buissalg
90°0 | ¢S'L | LLLO'0 | 00LO0 | 00€0°0 | 0520 L1100 | 05520 00L00| €90| w¥L 87600 | 1GG| 197|960 |0L0 [8€L| 66'L| L90| «66| VI| W IN0jOd BUIM | (8/811VO) xUdled
G8'€ | 99°0 | ZZLO'0 | 00E0Y | 0S90°0 | 00EL0 L7700 | 0658°0 | ¥090°0 | 00060 | 6¥'€ | €00 0Z0L°0| Zv'S| €91 | OL'L | 6€0 LL'8S | 9TZ| 690 |«LESL| VZ| wd an|q >Jep (8/811V0) xUdled
13|01 (9€1Z1V0)
€10 €191°0 | 90100 | 06L0°0 | 0680°0 85100 | LZEOO €£20°0 | LE9Z'0 | 02000 | 65000 | 160 | €0°T|LLLOO| LPLLO| £8Y | 8LT| CLL| EE0| 970 | CL'EL| SL'S| LEO| 8LL| VZ| € pai uadnjsues} UOIXIDNID
(9€1Z1v0)
98100 | 6L°0 9E€¥0°0 | Z650°0 | TEZO'0 | §590°0 | 8900°0 | LLLOO | GZ¥0°0 | 8600°0 | 0£L0°0 | 8¥6L'Y | 0E00°0 | 92100 | SO'L | 8E'0|SSLO0 | 605L°0| £9Z | 6v'L | €60| 80| 890 | LO6S | S8 | 86°0| €€9L| V| €d| usaibiuddnjsuesn uoIXydNID
(LELZLVO)
LELOO| plL €L¥0°0 | 089070 | 06LL°0 | 8600°0 | 100 | LZ60°0 | 8LLO0 | $550°0 | LO9ET 779070 | ZTOL | €F'L | ¥OL00 | LL6LO| 66'6| 6L°C| 260 | 90| €471 |86'€S| 8€Z| 680| 9Ll | VZ| & pas anbedo 1Sy Buissalg
2e|q bur (L€121V0)
LE00'0 | LEL LEEO'0 | LE9D'O | ¥ESOO | 2ZLO'0 | OLOOO | 60L0°0 | 68700 | €6€0°0 | 6S8L'T | L94T°T | S9T00 | ¥ELY'L | SS'L| SPO | 79000 | ¥6EL'O | 889 | 6E'L | 860 | LEO| 00T | £8GS | LL'E| LL'L| STTZL| V| €| -400| uadnjsuer IsuyD buissa|g
inojo> (0£29v0)
0€°0| 29'L | 6€60°0 | 0080°0 | 00L0O0 | 008L°0 00010 050| vLL WE00 | 68 | LE'L| 060 | ¥00 TUEL| SEL| PL'L|«6LEL | zd| ®sumusdnjsuen x[9bueyIy
usaib (0£29v0)
060 | 6671 | 165070 | 05700 | 0S¥0°0 | 00510 /85070 | 0SEL'S | 00L0°0 | 00200 | £S'L| LLO (Y90 | €6'S| ¥l | LLO]| LOO 6009 | 09| 880 |«87SL | zd| >tepiusdnjsuen «[abueydy

uaaib
86°0 | 00'€ | 0£50°0 | 06080 | 6ELYO 0/8%7°0 | 0065L | LGL0'0 | 09900 | L¥'L| 90 07910 | 18L| LSL| €0°L Y299 | L6E| YTl | «16C | zd| >tepiusdnjsuen | (8/811VO) ox Udied
(LyLTL-v71Z1VO0)
£920°0 | ¥9°¥L €510°0 | PEEG'L | 9PPLTL | G5¥0°0 161070 | 09€0°0 | 6600°0 | 9€L0°0 | 96Z1°0 | 0Z000 | 89000 | ¥S0| 800 €LL00| €¥'S| €0°L| 990 8L°0| ¢h8y | €| LTL| €80l L] td a)ym anbedo ale|d Jejnbueday
(LYLZL-¥7LZIVO)
[4%0) €890°0 | 55200 | 07Z0°0 | 6EE00 | 86000 | L5000 | #7€0°0 | LLEO'D | T7LO0 | LEOE Y | L0000 | L8000 | 69°0 | LL°0 | 95000 | €5£00| 686 | €80 | Zl'L | Zl0| GL0|28L9| LLT| SOL| 297l L | td | usaibjusdnisuen aje|d Jejnbueday
(LYLTL-v71ZLVO0)
00100 | L¥'L 9¥50°0 | 6657 | GZEOO | 0SE0°0 G/00°0 | §ZS0°0 | #700°0 | €090°0 | ZELB'0 | 6200 | 87860 | ST | 6€0 | LLLOO | €SLLO| STL| T80 | /90| ¥E€E0 | €10 | 2819 | €VE| 6L0| LYEL L | vd | @nbedo aniq yiep a1e|d senbuelday
uaa1b (EVLZL-0vLZLVO)
GSE00 | S9'LL 161070 [9LLO0 | 19ZT'L | 65200 9020°0 | 9650°0 | 0ZL00 | 00LO0 | £L9L'L €5000 | 1S0| TZ0|/L000|1860°0| 808|880 | 00L|800| V00 |6LLS| LZE| ¥90| €9€EL L] vd 1y61| enbedo aje(d jeplozades|
(€7121-071Z1V0)
8L 0v€00 | S8E0Y | L9VL'0 | ¥¥¥0'0 | SL00°0 | 67000 | 2SS0°0 | Z8YE0 | ZELOO | LZOE0 | 0S00°0 | L¥O9'0 | 69°L | ¥¥'0|85200 | L8LL'O| 8€EZ | 680|990 | LEO| OL'0|0ZEY| VLE| 6L'L| SSEL L'| vd | @nbedo aniq yiep a1e|d |epiozadel)
(6€1Z1v0) anbeyd
05000 | 0€°0 9v0L°0 | 6LLEL | 97100 | €80L°0 | ZLOO'0 | 6Y00°0 | £ZS00 8800°0 | 95110 | 01000 | EE00°0 | 870 | TZ0|[0ELOO|¥LLL'O| LO8| 20| €S0| LSO| €00 |60V9| 8ZE| L90| TTEL L] & a)ym anbedo a)19s01 9|gnog
(6£1Z1v0) enbeyd
SL0 TEL00 | Z€EZO0 | ¥0ZO0 | 2ZZL0°0 | 88000 | #S00°0 | 87€00 | 6YE00 | 7ZLO0 | 87Z96°€ 78000 | 8/°0| 0L0|SZ000|7r80°0| 8L'9| €80 | LL'L| £L°0|920|0899| zZ€| 60°L | 96¥L || €d | usaubjuednjsuen 8119501 9|gnoq
(9€121v0)
LSE0'0 | V66 ZLY00 | 9¥9L°E€ | €€80F | 6LE0'0 | L¥OO0 | 9¥LO'0 | #9500 | 80000 | Z6E00 | 8S0E°0 | E700°0 | #8700 | 960 | 0Z0 69€1°0 | 78/ | OEL| ¥80| ¢L0| 9€0|EE6Y | 8OV | L6O| TLYL 1| & ayym anbedo uoIXyNID
(8ELZLVO) [2BYIIN
L0Y0'0 | 9T°TL €€70°0 | 9V9€°L | SE9T0 | ¥SZL'0 | ZEOOO | 19200 | ZESO'0 €550°0 [ 995%°0 | 9100°0 | 99€0°0 | TS'L| 970 | 06L0°0 | 08SE0 | 009 | OE'L | 90°L | 790 | LT0|S6'85| €8G| 090 LL'8 L] & anbedo mojjah 1ies [abueydly
(8€1Z1VO) [2_YIN
06'L 9910°0 | 6£80% | 090L°0 | #8Z1°0 | #OLO'0 | 0900°0 | €090°0 | 098E°0 | €950°0 | €9€S°0 | 6S00°0 | T¥8I0 | ¥0E€ | 9¥°0 | 19200 | SZ9Z0 | ¥L°L | OL'L | 6L°0| €90 920 | 8065 | €L°€| 80'L | SSEL L | €d | anbedo aniq >iep 1uies [pbueyly
$IN0J0D | "SIN Au| pue spP3lqo
WN3sn|A] 9JANOT
fo%lg | oad| nv| oed| foas ‘ous | 0%v | SO%AN | ‘04z OJs| fo'sv | ouz| oM 00D | 0@4| OUA | f0%D | FOlL| 0B | O™ D | fos| ‘0| ‘OIS O%N | DL| dL| dWy¥zdseshjeuy | sjpweus aunuezAg




223

“(sauo ABisua ybiy pue mo| y1oq Jo pesisul es1dads Abisus moj yum Ajuo
e1ep 3y} JO JudWIIL} LJHM SisAjeue Joy) IXId Aq S)uaWad JaYl0 a3 ||e pue (IXId Aq pa1daiap «Uim siskjeue Joy) JNDId AQ paulelqo ale sanjea wnipos ayl *(§ 03 | ‘D) uonisodwod jo adAy Aq pue ‘(174 03 zd spouad [edibojouyday ‘d1) burinyoenuew jo pouad Jo dnolb

|e2160]0uYDda} AQ PRIJISSE|D BB SHNSBY “(SOPIXO %IM UIl) 9DBLINS B} JO SBAIR JUBIRHIP Ul SaSAjeue 9.y} 1sea)| 1e Jo abesane sy si uoisoduwod yoes ‘A101eloge| JINYZD Y} Ul 9pew 2JAN0T NP 99SN|Al 9Y1 WO S|DWRUS aulluezAg ay3 JO SasA[euUe [eDIWLBYD Wedq uo| g "qel
euwed (8579v0)

LZ°0Z | L¥'0 | GESL'0 | 00ZL'0 | 00LY'E | 0090°0 006€°0 | #£20°0 | 00200 | Z¥'L| 16T lWLL0| 20| 986|890 | 620 6Ly | 69L| 0LL| 88 S| vd -1901 anbedo xS91e|d aAneI0aq
(8579v0)

ey | 69°L | 9¥0L°0 | 0080°0 | 008E0 | 00¥L°0 0585°0 | 80100 | 00100 | ZZ0| 900 12500 | 6E'L | vEE| S5'L 9€py | €80 9L'L| 780 ¥ | td | usaibusdnsues «saje|d anneI09g
(8€1ZLVO) [oeYd

£9L0°0 | 10°LT ¥820°0 | 62120 | 0VZ0'8 | S560°0 ¥920°0 | 80¥0°0 #8900 | G6L1'L | 05000 | 69100 | 9L°'L| ¥S0|20L00|ZL¥Z0| Z6% | ¥0T| 990 | 900 | G50 | LZ¥y | 9TS| OL'L| 918 €| & auym anbedo | -1l Jutes [abueypiy
(Ly1TL-7LTLIVO0)

61000 | ¥¥0 LLE00 | 6€S0°0 | 10S0°0 | 5190°0 | €500°0 | 9600°0 | 89700 | 8800°0 | L1200 | 8LSY' ¥ €6€00 | ¥L'S| ¥S0|9LLO0|LECL'O| SL'S| 9TL| 160|600 LFO|6519| v8E| €91 | OFEL €| vd pas anbedo a1e|d Jejnbueday
(EvLZL-0vLZIVO)

L7500 | 09'61 L€90°0 | €89%°0 | 9€LL'8 | SL¥O'0 | 71000 | LOZOO | €L€0°0 6/10°0 | 8Z6€°0 | 61000 [ LLLOO| €£0| 97025000 |2/800| 65S | LEL| ELO| 000 670|169V | ¢6'1| 81| LZOL €| vd auym anbedo a1e|d [epiozadel)
(85%9v0)

'S | 670 | E7E0°0 | 0082 | 0SLY'L | 00L0°0 79¥0°0 | 00€Z°0 | L6100 | 05650 | 6S'L| 890 vSYL'0| 6LL| LSL| 8.0 TEO LL'6S | SPe| vwL| 6L€L| (€| ¥d | anbedoaniqyiep xSole|d aAnelodaq
(evlzL-0v1ZLVO)

L1200 | VL1 GELO'0 | €£50°0 | 00SL0 | £891°0 | 870070 | §£20°0 | £190°0 | 9600°0 | €870°0 | 5788°C 0S¥00| 09| 1S0|00Z0°0|26650| 669 |95 | 621 |SL0|96C|006Y| €G] 61| 009l €| vd pai anbedo a1e(d [epiozadeit
(8ELZLVO) [2BUDIN

6L200| 6L°0 6€80°0 | LLZOO | ¥€ZO0 | LOVL'O | ¥E000 | L6LOO | 62700 ¥670°0 | L6€6'L | #2000 | LVEOO | ¥9¥ | OF0 | 62L00 | SLY'0| ZES| vy | LEL| LEO| 870 |L29S| €8L| €9C| €LGL €| & pai anbedo 1ues [pbueydiy
(L5%9v0)

91'0 | 200 | L09E'0 | 00LO'0 0020°0 6810°0 | 00600 00L00| 00'L| 16C 78800 | 8L | 6V | 6L0| 760|690 |6219| ¥TE| LL'9|TELL €| & ¥de|q buryoo| FOMENTEGRITEN
(L5¥9V0)

126070 8€20°0 S620°0 000 | 000 €291°0| SEL|S6L|£90|60L|8L0|6E¥9| Ol | 8ES | ¥STL €| €d | anjquesp anbedo XSNHIBWaQ Jules

an|q >pep anbedo (L5¥9v0)

So'L | LL0 LYLY'E | 9ELO'L | EELED EEVT0 [8Y9°0 | SES| 850 L9EL'0 | SO'Z | 89L|G90| LLO| 80 |8LGY| LEE| V6T | «ELE €| & AuBIN[SUBIL oxSNLIBWAQ JUIRS

usalb (LS¥9V0)

80| €L'S 9rLE0 | 90820 9%20°0 | ¥6/9°€ | T/10°0 | 86200 | 9L'9| TLO #8510 | 956 | 65T | SL0 | 000 €L19| 6EE| €WV | «SPY €| €d| >Hepiusdnjsues oxSNIIBWaQ Jules
(8E1Z1LVO) [PBWYIN

870 0€80°0 | 9LE00 | LEESO | 8YLLO | LEOD'O | 82100 | 886L°0 | 0LOO'0 | 90L0°0 | 9280 | 6S00°0 | LGZL'O | SEL| ¥L°E€|SS20°0 [ 0900 | SLL| LLE| TOL | ¥80| 051 | 1285 | C€€| 881 | Ly Ol €| & UMOIQ Siep 1utes [pbueypiy
(8€1ZLVO) [9rYdIN

S200'0 | S¥O 6860°0 | 080%'L | 6¥/E0 | 2L6T°0 | G000 | S8Z00 | L9800 | £200°0 | LLYE'0 | L99E'0 | 01000 | 92500 | 90'L | €60 | ZELOO | ZLL60 | 0SOL | 64°L | 690 | 690 | 220 | €79 | €S€| 91T | 980L €| & ysay} anbedo 1ules [pbueply
(9€121v0)

0L0 €0L0°0 [ 0594°'L | 88000 | £¥Z0°0 | LLOOO | Z600°0 | 69£0°0 | £600°0 | 86€0°0 | €981°0 | LLOO0 | 27000 | 780 | £OO|€LO0O| LELL'O| 90| S60| ¥O'L | €SO| 870 |£6€9| Oc€| LL'L| Lz8L| dz| €& ysajy anbedo uoixydNId
(9€121v0)

77000 | 660 ¥G€0°0 | 9620°0 | £8Z0°0 | Z0LO'0 | 9¥00°0 | OLLOO | 68€0°0 | 0LSO0 | 9¥¥0°0 | T9LT € 9€E00| 78V | €50|9700°0|66ZL0| LLL|LEL| 680 | LEO| LTL| 6945 | 09€E| Zl'L| €461 | €z| & pai anbedo uoIXyNID
(9€1Z1V0)

60200 | 90°€ 8LED0 | €€2L 7| 1960°'L | ¥9€0°0 | #1000 | 9800°0 | ¥850°0 0051°0 | €960°'L | 6120°0 | 8SE8'0 | 89°Z| £SO |0ELO0| LLEL'O| 65Z| SO'L| 990|850 S90|S6'€S| L0V | £80| 68GL| d¢| €d| aniqiep anbedo uoIxyynpnId
Jalfe usalb | (8ELZLVO) [PBYPIN

¥200'0 | 12¢ €800 | €6VZ'E | £86€0 | S8YL°0 | LSO00 | ZELO'O | 08700 | 9580°0 | L¥9L0 | EL6EY €200 | ¥8'L| Y00 |8SLO0|ELVYO| S98| 990 | €51 | ¢rO| LSO |S6¥9| 0S¥ | S90| 66| 4z| €d 16y anbedo 1ules [3bueydly
$IN0J0D | SN Au| pue sp3lqo

WN3sn|A] 9JANOT

fo%lg | oad| nv| oed| foas ‘ous | OV | SO%aN | ‘04z 0S| fo*sv| ouz| on OIN| 00D| 0°4| OUA | f0%D| FOlL| Oed| O f0s | S0%d | ‘oIS OB | O%N| DL| dL| dW¥zD seshjeuy | sjpweus sunuezAg




Byzantine Enamels
Louvre

Composition 1

Composition 2A

Composition 2B

Composition 3

Composition 4

Composition 5

Type of glass

soda-lime silica

soda-lime silica

soda-lime silica

soda-lime silica

mixed alkali silica

potassic glass

with lead with lead
Sodium source mineral — natron plant ash? mineral — natron? plant ash plant ash? potassic glass with
lead
Amounts of some | MgO, K,0 <1.5, MgO < 1.5, K,0 MgO, K,0 < 1.5%, | MgO, K,0 > 1.5, MgO < 1.5, K,0 MgO, K,0 > 1.5
chemical elements >1.5, >1.5
P<0.30% P>03% P>03% P>0.30% PbO 20-40 %, PbO 20-40 %,

various type, origin,
preparation of
plants

Ca (4.92-11,45%)

S0, 40-50 %

Si0, 40-50 %

very low in Na

Silica source different sources different sources more close sources | different sources
various levels of various levels of Al (2.95-4.30 %), various levels of
Al (1.35-5.83 %), Al (1.99-5.75 %), Ca (7.05-8.65 %), Al (1.92-7.83 %),
Ca (4.89-7.82 %), Ca (4.87-9.99 %), Ti (0.11-0.44 %) Ca (4.92-11.45 %),
Ti (0.03-0.36 %) Ti (0.09-0.20 %) Ti (0.09-0.97 %)
Objects all except OA6458 | all except OA6458 | all except OA6458 | all except OA6458 | only plague OA6458 | only plaque OA6458
St Demetrios higher
levels of Mg (2.94-
6.11 %)
Colours all all all all parma violet green
Technol. Periods P2, P3, P4 P2, P3 P3 P3, P4 P4 P4
Number of glass 13 6 9 12 1 1
C2RMF (total 42)
Number of glass 33 15

C2RMF and BM
(total 65)

Tab. 3 Types of chemical composition obtained by ion beam analysis made in the C2RMF laboratory on the Byzantine enamels from the Louvre Museum depending
on their alkali sources. The number of glass samples analyzed at the British Museum (BM) by I. Freestone is added for comparison (C2RMF Centre de Recherche et de

Restauration des Musées de France).

8 % of potassium, 2 % of magnesium, 5.6 % of calcium and
2 % of aluminium, to which was added 20 % of lead.

Composition 5 is a potash-lime glass with lead. The base
glass contains about 1.5 % of sodium, 6.3 % of potassium,
2 % of magnesium, 2.6 % of calcium, 1.5 % of aluminium,
to which was added more than 40 % of lead.

Colourants

Whatever the period concerned, the colourants or metal
oxides added to the glass to colour it are according to our
analyses:

o for glass appearing black: either a high concentration of
cobalt, iron, copper and zinc (producing a very dark blue),
or a high level of manganese (wine colour)

e for brown: manganese associated with iron

e for wine colour: manganese and some iron

e for greens: copper

18 Bourgarit/Thomas, Late Medieval Copper.
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e for opaque reds: copper, associated with iron

e for pink (flesh): a mixture of red glass, probably translu-
cent, and opaque white, as shown by the iron and copper
contents; the Archangel Michael also contains manganese
(wine-coloured originally)

e for blue: cobalt, associated with copper and contain var-
ious levels of iron.

Copper Sources for Green Glasses

Various sources of copper have been used in each period.
According to the nomenclature of Bourgarit and Thomas'®
(2012), it can be observed that almost pure copper (97-99 %)
was used to colour the green glasses of nearly half of the
objects and copper, brass or bronze for the others.

Laboratory Study of Byzantine Enamels from the Louvre Museum | Isabelle Biron



Cobalt Sources for Blue Glasses

Various sources of cobalt or ore extracted from different
areas within those deposits were used, as were different pu-
rification processes. The cobalt used for the majority of the
objects studied is correlated with copper at different levels.
Except for the cobalt ore of Saint Demetrios, which appears
very pure, the others contain impurities, such as nickel (Ni),
zinc (Zn) and arsenic (As) which could be associated with
cobalt: Co-Cu-Ni high Zn (OA11878, 6457), Co-Cu-Ni low
Zn (OA12136, 12139, 12144-12147, 6458 and OA12137
different for the Zn values), Co-Cu-Ni low Zn-As (OA12138,
12140-12143). The ore used for the majority of these Byzan-
tine enamels could be of Oriental origin with the presence of
zinc and nickel, which — associated with cobalt — have already
been identified in Egyptian glasses'™.

Opacifiers — Colourants

Small crystals render the glass opaque by a refractive index
different from that of the vitreous matrix in which they are
distributed. They can be added in the raw materials or in
the batch, as crystals synthesized independently or as a very
opaque glass, or even their precipitation can also be induced
in situ. It is the case of the red Byzantine enamels, which are
usually coloured and opacified with small particles of copper
(in metallic or oxide form), whose precipitation is induced
during the glass making from the raw materials.

Our results show that goldsmith enamellers used mixtures
of opaque glasses in the same colour, which Freestone’s work
has already shown, but on a smaller scale. According to
our analyses, two, and perhaps three kinds of opacifiers are
used for opaque blue, white, pink or flesh, green and yellow
enamels:

e either antimonates or tin compounds like stannates inde-
pendently in the same glass

e either a mixture of antimonates and stannates in the same
glass?®

e the presence of small amounts of calcium phosphate
could be also possible in some cases in addition to the
previous opacifiers(?).

Antimony-compounds are still predominant within each com-
position, while tin compounds are a minority. Half of the
opaque glass are opacified by antimony or tin compounds
alone and the other half with a mixture.

Opacifying crystals are also involved in the colouring of
opaque enamels by their own colour. For example, the white

19 Kaczmarczyk, Source of Cobalt. — Lilyquist et al., Glass.

20 Attested by lan Freestone’s scanning electron microscope observations on
enamel samples.

21 Buckton, Byzantine Enamel. — Bacci, Byzantium. — Brubaker, Elephant.

22 Durand, L'art byzantin. — Durand, Smalto.

crystals of calcium antimonate and/or tin oxide act as the
main colourant for white glasses, or they lighten the colour
of blue glasses produced by cobalt, forming a rich palette of
hues, from the darkest to the lightest. The yellow crystals of
lead antimonate and lead stannate colour yellow glasses and
help to expand the colour palette of green glasses, which are
coloured with copper.

Discussion and Conclusion
Type of Production

Despite the limited number of objects studied, all our results
suggest a practice of Byzantine enamelling in small independ-
ent workshops, rather than in large organised and controlled
structures, evidenced by the diversity of technical and analyt-
ical criteria presented on each object (whatever the periods
of manufacturing — different compositions, sources of cobalt,
of copper and technical criteria were used). For instance,
Saint Demetrios is different from the others with the choice
of only one type of glass composition and a very pure cobalt
source. The icon cover plate, also different from the others
(by cloisons and colour), could have a different origin than a
Byzantine one because of the lead glasses used.

However, these workshops had to be close to each other,
probably united by teaching and exchanges, given the rel-
ative technical homogeneity prevailing within each period
described above.

Carolingian Influences

Cloisonné enamels on gold originated in Carolingian Europe
and not — as was long believed — in early or Iconoclastic Byz-
antium?'. This technique was indeed mastered by Carolingian
goldsmith enamellers at the end of the eighth century??. Ac-
cording to our study of the enamel fragment of Saint-Denis
(ninth to beginning of the tenth century)?® and the photo-
graphic documents available?*, the technique of Carolingian
cloisonné enamel on gold and the glass compositions used
correspond well to those of the Byzantine enamels of pe-
riod 2 (middle of the ninth to the middle tenth century) — the
period during which Western cloisonné enamels were intro-
duced to Byzantium. Nevertheless, the particle size of glass
powders and the way how to deposit the powders in the cells
are specific to each production?®. Moreover, Byzantine enam-
els offer an extraordinary palette of colours, undoubtedly the
richest, among all the medieval enamel productions studied?®.

23 Biron et al., Les émaux 117-123.

24 Capponi, L'Altare d'Oro.

25 Biron et al., Les émaux 117-123. 139-158.
26 Biron et al., Les émaux Part. II.
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Byzantine Enamels and Glasses

Byzantine goldsmith enamellers working in Constantinople
at the end of the ninth to the twelfth century used glasses
of compositions 1 and 3, which are not specific to the art of
enamelling. While Byzantine glass analyses are still limited
in number and mainly concern mosaics and objects dated
from the fourth to the beginning of the eighth century, so-
da-lime silica glass of natron type is strongly represented with
differences within this family?’. Similarly, some analyses of
Greek, Byzantine and Italian mosaics, dating from the tenth,
eleventh and thirteenth centuries, show the use of soda-lime
silicates of plant ash type. The opacifiers employed are, as
in our enamels, tin oxides and mixtures of tin and antimony
oxides, but also quartz grains (sites of Hosios Loukas, Daphni,
Torcello, Monreale etc.)?.

Glass Compositions and Dates

From the ninth to the twelfth centuries, composition 1 ap-
pears to be predominant, whereas composition 3 remains
relatively stable as a function of time, representing 22 % to
25 % of the analyses (including Freestone’s results). Compo-
sitions 2A and B are observed only during the periods 2 and
3, and composition 4 and 5 only for the period 4 (tab. 3).
Natron glass is widely employed in the Mediterranean
since the middle of the first millennium BC until the ninth
century AD. Byzantine enamels illustrate the remarkable
change which occurred in glass technology at the beginning
of the ninth century (or a little earlier) in the Near East. Plant
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ash was reintroduced as a sodium source and gradually re-
placed natron, which continued to be used in the Levantine
workshops until the end of the eleventh century, in Italy until
the twelfth century?® and in Europe for medieval enamels
until the beginning of the thirteenth century°.

Origin of the Natron Glass

The differences observed for the cobalt levels, cobalt sources,
fashions of making opacifiers, the natron glass opacified with
(or mainly with) tin and plant ash ones opacified with anti-
mony (or mainly with) clearly demonstrate that natron glass
of our Byzantine enamels are not a re-use of Roman glass
tesserae3'. However, the origin of this glass remains unknown.

The natron glass compositions do not match very well with
the other kind of natron glass already identified — the mixture
of glass powders makes probably the comparison difficult.
The majority of these glasses are close to the Levantine |l
glass3 type by their levels of calcium and aluminium, but not
for the other elements.

Three glasses contain high levels of aluminium (5-7 %)
compared to the others (3-4% and one very low with
1.16 %) — OA12138, OA12136 and OA6270. They could be
close to the Late Byzantine high alumina glass type contain-
ing elevated concentrations of boron and lithium identified
on the eighth to fourteenth century glasses from Pergamon
(Turkey)?3. These glasses could have used probably a mineral
soda-rich efflorescence. However, ion beam analyses are not
precise enough for the trace elements to compare with LA-
ICP-MS analyses already published.
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Summary / Zusammenfassung / Résumé

Laboratory Study of Byzantine Enamels from the
Louvre Museum: Techniques of Manufacturing

and Materials

A group of Byzantine cloisonné enamels from the Louvre
Museum was studied at the Centre de recherche et de restau-
ration des musées de France (C2RMF) using various methods
of chemical material analysis and technical observations. The
aim was to understand the techniques used to manufacture
these enamels (vitreous materials and gold supports) and
the nature of the glass used. The results showed a chrono-
logical evolution in the manufacture of these enamels, with
four technological periods that had already been described
before. These were characterised by the structure of the
support, the way in which the enamel was applied, their
colours and their degree of transparency. However, in-depth
study of these objects has revealed two new chronological
sub-groups, distinguished by the gold support, which were
previously unknown.

These enamels display a very wide range of colours, shades
and degrees of transparency. Chemical analyses revealed the
use of different types of glass, mainly soda-lime silica with
varying soda sources, and two glasses containing lead (po-
tassium-lime and mixed alkali glass). Several compositions are
generally used simultaneously on the same object. Opaque
enamels are opacified by antimony or tin compounds, or
by a mixture of both, sometimes with low levels of calcium
phosphate. As well-dated Byzantine enamels are rare, the
present research enriches our knowledge of the technological
skills and glassmaking practices that characterised the art of
enamelling in early medieval Byzantium.

Laboruntersuchung byzantinischen Emails im Musée
du Louvre: Herstellungstechniken und Materialien
Eine Gruppe von byzantinischen Cloisonné-Emails aus der
Sammlung des Musée du Louvre wurde am Centre de re-
cherche et de restauration des musées de France (C2RMF)
mit verschiedenen chemischen Analysemethoden untersucht
und die Techniken erforscht. Ziel war es, die Herstellungs-
techniken dieser Emails (Glasmassen und Goldtrager) sowie
die Art des verwendeten Glases zu verstehen. Die Ergebnisse
zeigten die bereits bekannte chronologische Entwicklung bei
der Herstellung dieser Emails mit vier technologischen Peri-
oden. Sie unterscheiden sich durch den Aufbau des Tragers,
die Art des Emailauftrags, ihre Farben und den Grad der Opa-
zitat und Transparenz. Die eingehende Untersuchung dieser
Objekte lieB jedoch zwei neue chronologische Untergruppen
erkennen, die sich durch die Struktur des Goldtragers unter-
scheiden und bis dahin unbekannt waren.

Die Emails weisen eine sehr groBe Bandbreite an Farb-
tdnen, Schattierungen und Transparenzgraden auf. Die che-
mischen Analysen ergaben die Verwendung verschiedener
Glastypen, vorwiegend Kalknatron-Silikatglas, wobei die Art
der Natriumquellen variiert. Dartber hinaus konnten zwei
bleihaltige Glastypen nachgewiesen werden: ein kalium-
kalziumhaltiges sowie ein gemischtalkalisches Glas. Dabei
werden meist mehrere dieser Typen gleichzeitig auf einem
Objekt verwendet. Opake Emails werden durch Verbindungen
auf Antimon- oder Zinnbasis oder durch eine Mischung dieser
Verbindungen getrlbt, wobei in Einzelfédllen auch geringe
Gehalte an Kalziumphosphat méglich sind. Da gut datierte
byzantinische Emails selten sind, erweitert die vorliegende
Studie unser Wissen Uber die technologischen Fertigkeiten
und die Glasherstellung, die die frihmittelalterliche Email-
kunst in Byzanz kennzeichneten.

Etude en laboratoire des émaux byzantins du musée
du Louvre: Techniques de fabrication et matériaux

Un ensemble d’émaux cloisonnés byzantins du musée du
Louvre a été étudié au Centre de recherche et de restauration
des musées de France (C2RMF) a I'aide de diverses méthodes
d’analyses chimiques des matériaux et d'études techniques.
L'objectif était de comprendre les techniques de fabrication
de ces émaux (verres et supports en or) et la nature des verres
employés. Les résultats ont montré une évolution chronolo-
gique dans la fabrication de ces émaux avec quatre périodes
technologiques, déja observées. Elles se distinguent par la
structure du support, la facon d'appliquer les émaux, leurs
couleurs et leur degré d'opacité et de transparence. Cepen-
dant, I'étude approfondie de ces objets a révélé deux nou-
veaux sous-groupes chronologiques distincts par le support
en or, inconnus jusqu’alors.

Ces émaux présentent une tres large gamme de couleurs,
de nuances et de degrés d'opacité et de transparence. Les
analyses chimiques ont révélé |'utilisation de différents types
de verres majoritairement des silicates sodo-calciques, dont
la nature des sources sodiques varie et deux verres conte-
nant du plomb (potasso-calcique et alcalin mixte). Plusieurs
compositions étaient généralement utilisées simultanément
sur un méme objet. Les émaux opaques sont opacifiés par
des composés a base d'antimoine ou d’étain, ou bien par
un mélange de ces composés, avec parfois de faibles te-
neurs en phosphate de calcium. Comme les émaux byzantins
bien datés sont rares, les présentes recherches enrichissent
notre connaissance des compétences technologiques et des
pratiques verriéres qui caractérisaient I'art de I’émaillerie du
début du Moyen Age a Byzance.
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