Journal of Archaeological Science 39 (2012) 1238—1248

Contents lists available at SciVerse ScienceDirect

SCIENCE

Journal of Archaeological Science

journal homepage: http://www.elsevier.com/locate/jas

Chemical analysis of 17th century Millefiori glasses excavated in the Monastery
of Sta. Clara-a-Velha, Portugal: comparison with Venetian and facon-de-Venise
production

Augusta Lima a.bx Teresa Medici ™€, Anténio Pires de MatosP®, Marco Veriti 9

2 Department of Conservation and Restoration, Faculdade de Ciéncias e Tecnologia-Universidade Nova de Lisboa, Campus de Caparica, 2829-516 Caparica, Portugal

b Research Unit VICARTE — Vidro e Cerdmica para as Artes, Faculdade de Ciéncias e Tecnologia-Universidade Nova de Lisboa, Campus de Caparica, 2829-516 Caparica, Portugal
¢ Department of History, Archaeology and Arts, Faculdade de Letras-Universidade de Coimbra, Largo da Porta Férrea, 3004-530 Coimbra, Portugal

4 LAMA Laboratory, IUAV University, Venice, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 16 March 2011
Received in revised form
5 January 2012

Accepted 6 January 2012

A set of ten Millefiori glass fragments dating from the 17th century, originated from archaeological
excavations carried out at the Monastery of Sta. Clara-a-Velha (Coimbra, Portugal), were characterized by
X-ray electron probe microanalysis (EPMA), Raman microscopy and UV—Visible absorption spectroscopy.
All glasses are of soda-lime-silica type. The use of coastal plant ash is suggested by the relatively high
content of MgO, K,0 and P,0s, as well as by the presence of chlorine. Tin oxide or calcium antimonate
were the opacifiers used in the opaque glasses, cobalt in the blue glasses, copper in the turquoise glasses,
iron in the yellow and greenish glasses, and iron and copper were found in the opaque red and aven-
turine glasses. Based on the concentrations of alumina and silica four different sources of silica were
identified, allowing the classification of the glasses into the following compositional groups: low alumina
(<2 wt%), which includes a sub-group of cristallo samples with SiO; > 70 wt%, medium alumina (2—3 wt
%), high alumina (3—6 wt%) and very high alumina (>6 wt%). Comparison with genuine Venetian and
fagon-de-Venise compositions showed that two fragments are of Venetian production, one of Venetian or
Spanish production and the remaining are of unknown provenance. In two fragments the glass of the
decoration is probably Venetian or Spanish but the glass used in the body is also of unknown provenance.
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1. Introduction and the raw materials used. Finally, the resulting compositions will

be compared with those from Venetian and facon-de-Venise glasses

In recent years, there has been a growing interest on glass
originating from Portuguese excavations. A large variety of glass
objects found in several locations has been investigated in order to
distinguish imported glass from Portuguese glass (Ferreira, 2004;
Medici et al., 2009; Medici, in press).

The main aim of this work is to study the possible provenance of
a set of Millefiori glass fragments originating from the Monastery of
Sta. Clara-a-Velha based on their chemical composition. In a first
step, the type of glass, as well as colourants and opacifiers added,
used both in the body and decoration, are identified. An attempt is
also made to distinguish compositional groups among the analyzed
glasses and establish relations between the chemical compositions
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in order to determine the possible manufacture locations for the
Millefiori glasses.

With this work we expect to provide important evidence on
production and circulation of glass in Portugal during the 17th
century.

1.1. The analyzed glass fragments

The glass fragments analyzed in this study originated from
archaeological excavations carried out at the Monastery of Sta.
Clara-a-Velha in Coimbra, Portugal. The Monastery is located on
the left bank of the River Mondego and it was occupied by the
Order of Poor Clares from 1317 until 1677, when it was abandoned
due to frequent flooding. The archaeological excavations carried
out by IPPAR, the Portuguese Institute for Architectural Heritage,
from 1995 to 2002, yielded an important archaeological record. A
preliminary study of the assemblages indicates that the finds
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Table 1
Catalogue number, typology and colour of the analyzed Millefiori glass fragments.
Fragment Object Body colour Decoration
typology
SCV 171 Small bottle Turquoise blue  Opaque white and red dots
SCV 173 Cup Opaque bluish  Blue and aventurine dots
white

SCV 174 Vessel Opaque red Opaque white trail on the rim,
and applied Millefiori rods
sections in opaque white,
blue and opaque red glass

SCV 175 Vessel Opaque red Millefiori rods sections in opaque
white, blue and opaque red glass

SCV 176 Unknown Opaque white  Opaque red, blue and
aventurine dots

V 66 Small flask Greyish green Millefiori rods sections in opaque
white, blue and opaque red glass

V67 Small bottle  Greenish Red and light blue dots

yellow

V 68 Small jug Light blue Millefiori rods sections in opaque
white and opaque red glass

V 74 Small flask Green Opaque white, light blue and
opaque red dots

V 108 Goblet? Blue Millefiori rods sections in opaque

white, opaque red and turquoise
blue glass

derive mainly from the last 50 years of the Monastery’s existence,
that is, the second and third quarters of the 17th century (Baez
Garzén et al., 2005; Corte-Real et al., 2002). A large number of
glass fragments was collected, most of them very well preserved.
Preliminary studies on the glass finds have already been pub-
lished, and the chemical characterisation of a few glass fragments
by micro-EDXRF was also performed (Ferreira, 2004; Medici et al.,
2009).

The present work focuses on a set of glass fragments from blown
glass objects decorated either with multicoloured scrap glass or
slices of Millefiori rods, by rolling the parison on them on the
marble. A brief description of the analyzed glass fragments is given
in Table 1 and the corresponding photographs are presented in
Fig. 1.
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Based on the decoration, the fragments can be classified into
three different groups. The first group includes fragments SCV 174,
SCV 175, V 66, V 68 and V 108 decorated with multicoloured rods.
This type of Millefiori glass is well known, and many well preserved
objects are in museum collections. The majority of them are
considered of Venetian production and dated between the end of
the 15th and the beginning of the 17th century (Theuerkauft-
Liederwald, 1994). Others are supposed to be of Spanish origin,
Catalan or Castilian (Page, 2004). Some archaeological information
is available (Medici, in press), showing not only the wide distri-
bution of this category but also that during the 17th century
Millefiori glass was being produced in Amsterdam (Gawronski et al.,
2010).

The second group includes fragments SCV 173 and SCV 176 and
consists of opaque glass vessels, decorated with dots of blue, red
and aventurine glass. These fragments belong also to a well-known
category of 17th century Venetian glass, including mainly cups,
bowls and goblets (Barovier Mentasti et al., 1982; Verita, 2008;
Verita and Zecchin, 2009).

The third group comprising fragments SCV 171,V 67 and V 74 is
related to objects that are abundant among the 17th century
archaeological glass found in Portugal. These objects show some
peculiar features: the body is usually made of transparent glass, in
a range of sometime intense natural yellow, green or blue hues,
decorated with opaque glass flecks of a limited palette of colours,
mainly white, blue or red, arranged without any precise decorative
pattern. This decorated glass seems to be a simplified and coarser
version of the previous groups.

2. Experimental

Small samples of few mm? were removed by dry cutting the
fragments with a diamond file. The samples were embedded in
cross-section in an acrylic resin and polished with abrasive papers
and pastes down to 0.5 pm grain size. The glass chemical compo-
sition was determined by X-ray electron probe microanalysis
(EPMA) using two different equipments: a Cameca SX-50 from
Stazione Sperimentale del Vetro, Murano, Venice, Italy, equipped
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Fig. 1. Analyzed Millefiori glass fragments.
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with three wavelength-dispersive spectrometers (PET, LiF and
TAP crystals) and a Jeol JXA-8500F from Laboratério Nacional
de Engenharia e Geologia, Oporto, Portugal, equipped with five
wavelength-dispersive spectrometers (PET, LiF, TAP and LDE1
crystals). The operating conditions used in the first microprobe
were: accelerating potential 15 kV, beam current 20 nA for major
and minor components or 100 nA for trace elements, respectively. A
40 x 50 um scanning electron beam and limited counting time (10 s
for major and minor elements, 20—30 s for trace elements) were
employed to ensure that no significant alkali drift (ion migration)
occurred during the irradiation. The operating conditions of the
second microprobe were: accelerating potential 15 kV, beam
current 10 nA (major and minor components). An 8—10 um diam-
eter electron beam and limited counting time (10 s for major and
minor elements, 20—30 s for trace elements) was used. Twenty
elements were quantified: X-ray Ko lines were analyzed except
for lead and bismuth (Ma lines), and antimony, arsenic, and tin
(Le. lines). The net X-ray intensities (peak minus background)
were quantified by means of PAP correction programs supplied
by Cameca and Jeol, respectively.

At least two different areas were analyzed in each glass. The
relative standard deviation for SiO,, NayO, K0, CaO and MgO is
below 1% and for the remaining elements or oxides, Al;03, SOs,
P»0s, Cl, Fe;03, MnO, CuO, PbO, Sn0,, Co0, As;0s5, ZnO and NiO, is
below 5%. To verify the accuracy of the method, standard glasses
(Corning B, C, D and NBS620) were analyzed under the same
experimental conditions as for the samples. The calculated
concentration values agreed within 5% with the concentrations of
the certified samples (Table 2). The EPMA setting used in this work
allows most of the oxides to be analyzed in concentrations as low as
0.02—-0.05 wt%. More information on the X-ray microanalysis
applied to the glass analysis is fully described elsewhere (Verita
et al., 1994).

UV—Visible absorption spectroscopy was used to confirm
the presence of the transition metal ions responsible for the
colours. An Avantes AvaSpec-2048 fibre optic spectrometer
with a 300 lines/mm grating was used. The operational range is
200—800 nm and the instrument has a FWHM resolution of
2.4 nm. The light transmitted was measured using a 200 pm
transmission probe (Avantes FC-UV600-2). Raman microscopy
was carried out to aid in the identification of the opacifying
crystalline compounds. A Labram 300 Jobin Yvon spectrometer,
equipped with an Nd:YAG laser 50 mW operating at 532 nm was
used. Spectra were recorded as an extended scan. The laser beam
was focused either with a 50x or a 100x Olympus objective lens.
The laser power at the surface of the samples was varied with the

A. Lima et al. / Journal of Archaeological Science 39 (2012) 1238—1248

aid of a set of neutral density filters (optical densities 0.3, 0.6, 1
and 2).

3. Results and discussion

The study of colourants, decolourants and opacifiers was based
on the compositions obtained directly from EPMA analysis, named
hereafter as compositions of the “coloured glasses” (Table 3) and on
the UV—Vis and Raman spectroscopic analyses. The distinction of
compositional groups among the analyzed samples and the
comparison of compositions with those from Venetian and fagon-
de-Venise productions, was carried out using the “base glass”
composition. The majority of the known analyzed Venetian and
fagon-de-Venise glasses is colourless or slightly coloured. In order to
avoid an erroneous distinction of compositional groups, the base
glass composition was calculated by subtracting to the composition
of the “coloured glasses” the content of colourants, decolourants
and opacifiers and then normalizing to 100 wt%.

3.1. Colourants and opacifiers

In the following paragraphs the colour of the glasses will be
discussed individually, based on their compositions.

3.1.1. Opaque white glass

The colour and opacity of white glass is due to microcrystals
dispersed in the glass matrix. The analytical results revealed that, of
the ten white glasses analyzed, cassiterite (SnO3) was used in eight
glasses (Fig. 2), while in the remaining two glasses (SCV 173 and
176), the white opacification can be attributed to crystals of calcium
antimonate in its CaySb,07 form (Fig. 3).

The Raman signature of cassiterite are the bands at
633—775 cm™ !, and frequently an additional less intense peak is
observed at ca. 474 cm™ . These frequencies are almost identical to
the signature Raman bands of Ca;Sb;07, at ca. 480 and 633 cm ™},
although it is still possible to distinguish the spectra of both
through the intensities ratios of the bands and also by the addi-
tional bands of Ca;Sb,07 at ca. 318, 367, 781 and 820 cm}, as
described by Gedzeviciaté et al. (2009) and Ricciardi et al. (2008,
2009).

In the production of opaque white glass, or lattimo, the term
used in the Venetian documents and in glass recipes from the
beginning of the 15th century onwards, the opacifier was prepared
by calcining metallic lead and tin and separating the white “calx”
(mixture of lead and tin oxides) formed on the surface. This “calx”
was added to the batch: the lead oxide dissolved in the melt and

Table 2

Certified and measured composition of the glass standards.
Standards SiOZ Aleg NaZO 1(20 Ca0 MgO 503 P205 TiOQ FEzog MnO Sb203 Cu0 PbO Sl’lOZ CoO A5203 Zn0 NiO
Corning B
Certified 623 4.36 17.0 1.00 8.56 1.03 082 0.09 034 025 0.46 2.66 0.61 0.04 0.19 0.10
Measured SSV 619 4.30 17.2 1.02 8.75 1.08 0.82 0.11 035 024 045 2.75 0.38 0.05 0.18 0.10
Measured LNEG  62.2 437 17.3 1.03 849 0.99 081 0.13 035 0.27 0.50 2.88 0.90 0.03 021 0.08
Corning C
Certified 36.2 0.87 1.07 2.84 5.07 276 0.14 0.79 034 113 36.7 0.19 0.18 0.05
Measured SSV 347 092 1.05 2.83 490 285 0.10 0.80 0.33 112 372 020 0.17 0.05
Measured LNEG 36.4 0.89 1.29 2.81 493 299 0.09 1.08 0.31 116 35.5 0.16  0.19 0.08
Corning D
Certified 55.5 5.30 1.20 113 14.8 3.94 393 038 0.52 0.55 0.97 0.38 048 0.10 0.10
Measured SSV 55.0 5.50 125 113 14.8 3.90 390 035 0.50 0.55 0.95 0.36 030 0.13 0.10
Measured LNEG 55.0 5.15 135 11.1 14.5 3.93 397 041 048 049 1.10 0.42 035 0.08 0.12
NBS 620
Certified 721 1.80 144 0.41 711 369 0.28 0.04 0.05 0.06
Measured SSV 724 181 14.3 0.42 731 370 0.28 0.05 0.04 0.05

SSV — Stazione Sperimentale del Vetro (Murano, Italy); LNEG — Laboratério Nacional de Engenharia Geolégica (Oporto, Portugal).



Table 3

Composition of the coloured glasses, in weight percent of oxides, obtained by EPMA.

Fragment  Colour Analyzed area SiO, AlLO3; Na,0 K,O CaO MgO SO3 P,05 Cl TiO, Fe;O3 MnO Sb,03 CuO PbO Sn0; CoO As;O3 ZnO NiO
SCV 171 Turquoise blue Transp. Body 628 1.35 15.2 2.67 643 241 026 023 0.82 0.66 0.61 1.09 3.01 2.30

SCV 171 Red Op. Decoration 58.1 1.26 133 2.28 826 319 0.19 028 073 3.19 0.52 0.92 5.14 3.18

SCV 171 White Op. Decoration 55.5 0.69 11.8 1.93 6,51 280 0.11 024 0.79 0.39 0.23 113 7.75

SCV 173 Bluish white Op. Body 651 1.27 143 3.30 845 3.06 0.25 1.01 033 267 0.22 0.23 0.09

SCV 173 Aventurine Transp. Decoration 59.0 227 141 3.11 8.19 2.89 034 454 084 0.14 2.00 2.15 1.76 0.17

SCV 173 Blue Transp. Decoration 654 1.61 12.6 2.66 332 113 0.06 1.84 075 025 1.09 5.59 065 2.84 0.18
SCV 174 Red Op. Body 585 4.59 15.9 247 718 4.02 013 040 0.87 019 4.04 0.15 1.11 0.49 0.41 0.13

SCV 174 Blue Transp. Decoration 59.5 3.16 18.2 3.05 776 326 013 039 1.06 0.09 1.01 0.74 0.46 043 0.69 0.07
SCV 174 Red Op. Decoration 57.8 3.83 15.8 237 746 396 010 044 098 0.16 453 0.16 0.93 0.63 0.41

SCV 174 White Op. Decoration 36.8 2.63 104 1.94 441 2.04 023 095 047 0.13 022 255 14.4

SCV 174 White Op. Trail on rim 448 327 12.0 2.18 538 240 012 026 073 008 0.68 0.23 0.06 19.1 9.50

SCV 175 Red Op. Body 58.1 5.33 141 5.39 820 2.81 0.37 029 434 044 0.16 1.12 0.20

SCV 175 Red Op. Decoration 58.6 5.35 139 5.43 822 273 0.33 020 4.11 038 020 0.96

SCV 175 White Op. Decoration 540 3.89 12.5 4.71 699 230 009 027 075 019 080 0.32 0.78 8.06 3.76 0.15

SCV 176 White Op. Body 63.6 1.11 13.6 1.49 797 332 032 020 0.74 0.73 024 295 3.90 0.18

SCV 176 Aventurine Transp. Decoration 59.4 238 13.6 1.80 871 3.19 030 009 3.17 123  0.18 1.82 2.50 1.90

SCV 176 Blue Transp. Decoration 70.7 1.53 13.2 2.63 291 098 0.12 0.14 051 1.52 047 021 0.12 0.97 075 297 0.09
SCV 176 Red Op. Decoration 60.8 2.20 139 2.30 836 3.06 0.39 0.13 291 149 112 0.95 1.28 0.77 0.15

V 66 Greyish-green Transp. Body 582 7.61 16.9 4.12 592 276 015 036 088 020 1.15 1.13

V 66 Red Op. Decoration 60.3 6.27 134 3.42 878 369 0.11 036 064 021 168 0.92 1.25 0.48 0.22

V 66 White Op. Decoration 421 536 10.9 3.01 261 130 0.46 019 0.63 0.18 022 29.20 3.00

V 67 Greenish yellow Transp. Body 543 7.84 19.2 1.85 471 661 0.07 082 088 066 215 0.95

V 67 Blue Transp. Decoration 66.6 1.22 14.9 224 842 346 036 033 087 0.89 0.10 0.18 010 0.11 0.28 0.04
V67 Red Op. Decoration 560 1.23 13.2 222 881 3.06 022 028 063 010 3.17 0.70 1.15 522 3.16

V 68 Light blue Transp. Body 584 3.81 13.2 572 1114 297 009 036 046 029 1.66 1.34 0.03 0.13 0.15

V 68 Red Op. Decoration 578 5.26 15.6 4.31 645 233 010 051 072 062 481 0.66 0.36 0.32 0.20

V68 White Op. Decoration 50.1 348 12.2 2.60 560 228 035 017 1.58 0.54 0.14 163 3.99

V74 Green Transp. Body 59.8 249 15.6 3.13 724 294 022 032 074 0.94 0.33 0.79 2.83 235

V74 Light blue Transp. Decoration 59.2 146 12.5 1.63 953 3.61 033 008 1.63 0.88 0.27 3.92 3.90 0.10

V74 Red Op. Decoration 580 134 121 1.76 923 348 033 0.09 3.90 0.82 0.69 4.21 4.03 0.14

V74 White Op. Decoration 513 0.83 11.6 1.66 6.00 272 013 026 0.59 0.50 0.72 11.9 11.2

V 108 Blue Transp. Body 60.8 4.57 15.4 5.50 654 298 0.19 029 078 0.14 081 0.46 0.11 0.06

V 108 Red Op. Decoration 570 4.18 14.3 5.18 689 345 0.19 030 061 0.15 6.10 0.46 0.53 0.33 037

V108 Turquoise blue Transp. Decoration 58.6 4.69 14.7 4.40 732 4.03 0.32 021 0.70 047 0.11 4.03 0.19 0.06

V 108 White Op. Decoration 384 275 854 324 442 221 010 014 058 0.12 0.52 0.11 040 215 17.9

Transp. = transparent; Op. = opaque.
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Fig. 2. Raman spectrum of cassiterite (Sn0-), identified in the crystalline phase of the
opaque white glass present in the decoration of fragment SCV 174.

crystals of tin oxide (cassiterite) precipitated within the glass
matrix (Verita, 2008). Variable amounts of lead (8.06—29.2 wt%)
were found in the Millefiori tin opacified white glasses indicating
that this procedure was used in these glasses. The ratio PbO/SnO;
varies from 1/1 to 10/1, which indicates that no specific recipe was
adopted in all the fragments.

Calcium antimonate was the preferred opacifier of Roman
glassmakers but for some unclear reason its use declined in Late
Antiquity and early Middle Ages when it was replaced by other
opacifiers, including tin oxide. Antimony as an opacifier was rein-
troduced in Venice in the second half of the 16th century (Verita,
2008). Calcium antimonate may crystallize in two forms: CaSb,0g
or CayShy07 the latter was found in a few 16th—18th century
Venetian glass vessels analyzed by Raman microscopy (Ricciardi
et al., 2008). According to some recipes reported in the Darduin
manuscript (Zecchin, 1986), a recipe book of a Venetian glassmaker
of the first half of the 17th century, the antimony opacifier was
prepared by heating soda ash (some of it purified), quartz pebbles,
minium (lead oxide, Pb30O4) and antimony at relatively low

SCV 176 Opaque white body
Calcium antimonate (Ca,Sb,0.)
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Fig. 3. Raman spectrum of calcium antimonate, in its Ca,Sb,0 form, identified in the
crystalline phase present in the opaque white glass of body of fragment SCV 176.

temperatures and for approximately eight hours. As a result of the
reaction between calcium oxide (contained in the plant ash) and
antimony, crystals of calcium antimonate were formed. This frit
was then added to the base glass to produce the antimony opacified
white glass (Verita, 2008).

3.1.2. Opaque red glass

According to analytical studies on ancient and historical opa-
que red glass, red colouration can be produced by nanoparticles
of metallic copper dispersed in the glass matrix as well as by
dendritic crystals of cuprite (Cuy0). Batch composition and
melting conditions are the key parameters controlling the oxida-
tion state of copper. Iron, antimony and tin oxides have been
suggested to act as reducing agents (Brun et al., 1991; Freestone
2000). The eleven opaque red glasses analyzed in this study
contain CuO from 0.36 to 1.25 wt% and Fe;03 from 1.68 to 6.10 wt%.
In a general way, the amounts of CuO and Fe,03 found in our glasses
are in agreement with those reported in the literature for some
16th—17th century opaque red glasses (Moretti and Gratuze, 2000;
Verita, 2008).

Small amounts of antimony, lead and tin were also found, sug-
gesting that small quantities of tin-lead “calx” and antimony were
deliberately added to the base glass to aid in the formation of the
colour. Comparison of compositions shows that the red glass of
fragments SCV 171, V 67 and V 74 are comparable; in fragment
SCV 174 the same red glass was used in the body and decoration, as
well as in fragment SCV 175. The red glass of fragment SCV 176
contains a high amount of manganese (1.49 wt%). The average
content of this oxide in the other red glasses is 0.52 wt%. Manga-
nese is usually added to the melt to neutralize the colouring effect
of iron, which is irrelevant in red glasses; however, in this case it
may have been added to change the red hue (Moretti and Gratuze,
2000). In a study of a Venetian polychrome goblet dating from the
second half of the 16th century, Verita (2008) has also noted an
anomalous content of manganese in the red glass applied in the
decoration suggesting that this oxide contributed to the a slight
purple hue of the red glass.

As concerns the identification of the exact colouring agent — Cu®
or Cuy0 —, it was not possible to draw any conclusion using the
available analytical techniques. Crystallites of cuprite (0.5—1 pm)
were recently identified in Roman opaque red glass by Raman
work, Raman microscopy did not identify this crystallite, which
could be due to the poor scattering behaviour of cuprite; or, the red
colour being given by nanocrystals of metallic copper, and therefore
not rendering a first order Raman spectrum.

3.1.3. Aventurine

The term aventurine refers to a glass with a sparkling gold
aspect, invented by the Muranese glassmakers at the beginning of
the 17th century, according to Venetian documents. However,
aventurine glass had already been used in a Venetian goblet for
which a chronology to the second half of the 16th century has been
proposed (Verita, 2008).

The characteristic golden sparkling effect is due to the formation
of small crystals of metallic copper during the very slow cooling of
ameltin a well controlled reducing atmosphere. According to Weyl
(1999), the difference between opaque red and aventurine glasses
lies in the size of the crystals of metallic copper: a few nm in opaque
red glasses and up to 1 mm in aventurine.

In the analyzed Millefiori fragments, aventurine is present in
the decoration of fragments SCV 173 and SCV 176. The results
show that copper, iron, antimony, lead and tin were added to
the base glass, similarly to what has been already observed in the
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Fig. 4. UV—Vis absorption spectrum of the turquoise blue glass of fragment SCV 171.
The broad band with a maximum wavelength at ca. 780 nm is characteristic of divalent
copper (Cu?*).

red opaque glasses. Iron plays again the role of reducing
agent (3.17 and 4.54 wt%). However, the copper content is
higher in the aventurine glass (1.82 and 2.00 wt%) than in the red
glasses.
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Fig. 5. UV—Vis absorption spectra of the blue glasses of fragments V 68 and V 108.

Cobalt was identified through its characteristic triple band at 540, 590 and 640 nm.

3.14. Turquoise

Bluish green transparent glass is present in the body of fragment
SCV 171 and in the applied sections of canes of fragment V 108.
The colour is produced by copper ions in its divalent state, Cu®*,
and is obtained by melting the glass in oxidizing conditions
(Navarro, 2003; Weyl, 1999). The presence of divalent copper was
confirmed in fragment SCV 171 by its characteristic broad band
with a maximum wavelength between 780 and 810 nm in the
UV—Vis absorption spectrum (Fig. 4). The content of copper oxide
in fragment V 108 (4.03 wt%) is about four times more than the
amount detected on fragment SCV 171 (1.09 wt%). This difference
may be related with the thickness of the glasses: when applying
a very thin layer of glass, as in the decoration of fragment V 108,
a higher amount of colourant is required to perceive the desired
colour.

Small amounts of lead and tin, also present in both turquoise
glasses, could be due to the recycling of a certain amount of opaque
cullet glass.

3.1.5. Blue

The blue colour of the four samples analysed is given by the
cobalt ion Co?" in a tetrahedral environment. Cobalt oxide was
detected by EPMA in the blue glasses used for decoration and by
UV—Vis absorption spectroscopy in the glass bodies. In the light
blue glass of sample V 74 it was not possible to detect cobalt
probably due to its low concentration.

It is interesting to note that in glasses used for the decoration
the concentration of cobalt oxide is between 0.11 wt% and
0.75 wt%. Contents higher than 0.10 wt%, rarely appear in blown
blue glass (Verita, 2008) but, as already stated, a high content of
colourant is required when the coloured glass is applied in a thin
layer.

In the bodies of samples V 68 and V 108 the ion Co®** was
identified by means of UV—Vis absorption spectroscopy (Fig. 5)
with its characteristic triple band at 540, 590 and 640 nm (Navarro,
2003). In the glasses where cobalt is present, arsenic, iron and
nickel were also detected in small amounts (bismuth was analysed
but not detected). These elements coexist with cobalt in the
mineral added for colouring the glass. These results indicate that
the same cobalt ore was used in all the analysed samples. According
to comparative studies by Gratuze et al. (1996), the association of
Co, Fe, Ni and As indicates that the mineral used in these glasses
was probably from the mines of Schneeberg, in Erzgebirge,
Germany.
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350 400 450 500 550 600

V 66 Greyish Green
Iron (Fe®*)

Absorbance/ a.u.

Wavelength/ nm

Fig. 6. UV—Vis absorption spectrum of the greyish green glass of fragment V 66. Iron
was identified in the glass through its characteristic bands at 380, 420 and 440 nm.
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3.1.6. Natural hues

The green to yellow hues observed in the transparent bodies
of samples V 66, V 67 and V 74 are considered “natural colours”,
produced by iron involuntary introduced in the glass through
impurities present in the raw materials. The content of iron in
these glasses is high, ranging from 0.94 to 2.15 wt%. The
manganese concentration from 0.33 to 1.39 wt% indicates that
the final colour was the result of a partial decolouration. In
a silicate glass, the ferric ion, Fe3*, and the ferrous ion, Fe?™,
produce yellow and light blue colours, respectively. The
green colour is obtained when both Fe?* and Fe3* ijons are
present in the glass in certain proportions. The ion Fe3* was
identified in the greyish green body of fragment V 66 through its
characteristic bands at 380, 420 and 440 nm (Fig. 6) (Navarro,
2003).
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According to the resulting compositions manganese oxide
is present in all of the analyzed glasses, in concentrations from
0.10 to 1.49 wt%. As referred above, this oxide was in general
added (small amounts of manganese may have been introduced
through plant ash and recycled glass) either as a decolourant, to
neutralize the colour given by iron in the oxidation state II, or as
a purple colouring agent (Mn>*) as in the case of the opaque red
glass.

3.2. Venetian and fagcon-de-Venise base glass

Before the discussion of the base glass composition of the ana-
lysed samples, a short presentation on the present knowledge of
the composition of the Venetian and facon-de-Venise base glass is
reported.

Table 4
Average chemical compositions, and corresponding standard deviations, of Venetian and fagon-de-Venise glasses, dating from the 16th—17th centuries, in weight percent of
oxides.
Location Classification Date Nr. of Na,0O MgO Al,03 SiO, P,0s SO; Cl KO0 Ca0 TiO, MnO Fe,O3 PbO
samples
Venice Cristallo® 16th—18th c. (n=16) 172 181 068 705 0.15 03 100 293 488 0.03 032 024
1.5 038 0.14 1.3 004 0.07 011 041 0.69 <003 0.14 0.05
Vitrum Blanchum®  16th—18th c. (n=33) 136 335 103 669 031 024 086 297 976 0.05 047 037
14 073 037 1.7 012 0.08 012 120 1.18 0.02 020 0.08
Common® 15th—16th c. (n=50) 126 365 164 655 030 021 073 284 1064 0.09 1.00 0.74
1.2 045 035 1.5 0.06 0.07 011 0.76 086 0.05 055 0.15
Amsterdam®
Waterlooplein 17th c. (n=74) 133 285 179 655 028 0.13 059 502 913 0.57 0.51
14 028 046 1.6 006 0.04 008 153 132 021 0.11
Keizersgracht 17th c. (n=38) 143 325 212 641 022 0.12 062 474 8.83 0.5 0.74
1.1 038 035 1.5 0.07 004 0.08 088 1.24 023 024
Antwerp® f
Fagon-de-Venise 2nd half 16th c. 145 285 145 639 032 0.14 066 556 9.63 034 042
14 045 0.14 2.1 0.07 0.04 011 124 1.01 0.14 0.07
Cristallo 17th c. 150 168 1.64 69.7 035 0.19 067 451 485 051 0.32
09 024 047 19 077 007 0.14 083 0.76 0.16 0.07
Mixed Alkali 17th c. 120 187 159 689 022 0.15 048 827 540 050 0.40
1.0 027 0.10 14 007 0.06 012 0.78 0.3 0.15 0.12
London®
0ld Broad Street 1st half 17th c. (n=32) 131 3.14 176 647 033 020 057 505 9.62 0.68 0.55
1.3 036 021 09 0.07 0.04 0.11 150 0.56 030 0.14
Aldgate 1st half 17th c. (n=40) 101 256 146 643 03 0.13 047 962 940 0.38 0.37
(probably 2nd quarter) 05 0.11 0.16 05 0.1 0.03 0.03 045 047 0.12 0.04
Spain® &
Spanish [ end 16th —17th c. 102 113 1.09 671 1.06 0.23 6.87 9.85 138 059 0.016
1.1 014 031 14 0.09 0.09 1.05 123 042 0.3 0.015
Spanish II end 16th —17th c. 11.7 341 172 674 0.63 0.31 348 9.85 0.62 0.69 0.013
1.1 042 054 1.6 0.14 0.08 049 1.66 025 0.19 0.008
Tuscany®
Gambassi Tuscany Barilla Mid 16th c. (n=8) 142 34 46 592 04 01 05 57 9.5 13 0.7
1.0 03 03 05 0 01 01 06 0.4 04 02
Tuscany Levantine Mid 16th c. (n=1) 144 41 4.4 609 0.5 02 05 39 9.5 13 0.7
San Giovanni Valdarno
Tuscany Barilla 16th c. (n=11) 144 3.1 4.3 593 04 01 06 6.0 9.8 1.0 06
1.5 04 03 1.6 0.1 00 01 08 1.2 0.3 0.1
Tuscany Levantine 16th c. (n=3) 158 45 41 60.7 0.5 02 06 36 8.2 1.0 0.6
07 03 01 1.3 0.1 01 01 01 1.1 04 0.1
Pebbles Barilla 16th c. (n=1) 103 34 1.7 627 04 01 05 88 107 0.7 0.5
Pebbles Levantine 16th c. (n=1) 160 14 21 676 06 01 09 30 6.1 1.2 0.6

¢ Verita and Zecchin, 2009.
b verita and Zecchin, 2009a.
¢ De Raedt et al., 2002.

4 Ulitzka, 1994.

€ Cagno et al., 2010.

f A set of 132 glasses was analyzed but the exact number of glasses included in each group is not indicated by the authors.

& The number of glasses included in each group is not provided by the author.
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In the 16th and 17th centuries, Venice was the most important
European centre of glass production. The style of Venetian glass,
allied to its high quality and technique, was greatly admired all over
Europe, becoming so successful that Venetian glass began to be
imitated by other European countries in the second half of the 16th
century, when some glassmakers escaped from Murano to set
up glasshouses in France, England, Low Countries (Belgium
and Netherlands), Spain and Slovenia (Barrera and Velde, 1989;
De Raedt et al, 2001, 2002; Mortimer, 1995; Smit et al., 2005;
Theuerkauff-Liederwald, 1994). As a consequence, the same
production methods, forms and decoration techniques were used in
Venice and in these glasshouses, and it is still difficult to distinguish
genuine Venetian glass from the so called facon-de-Venise produc-
tion (De Raedt et al.,, 2002; Verita, 2008).

In Portugal, historical documents report the production of glass
since the 15th century and in the 17th century several production
centres were already active, one of them being in Coimbra (Mendes,
2002). Unfortunately, there is not yet any archaeological evidence
of these glasshouses.

Several scientific investigations have been made on Venetian
and facon-de-Venise glasses, primarily with the aim of establishing
the differences and similarities in chemical composition between
the two productions (Cagno et al., 2008, 2010; De Raedt et al., 2001,
2002; Mortimer, 1995; Smit et al., 2005; Ulitzka, 1994; Verita, 1985;
Verita and Zecchin, 2009, 2009a). In Table 4 the results of these
analyses are summarised.

The nature of the raw materials used, the treatments to which
some of these materials were subjected prior to use and the batch
formulation are the main factors influencing the chemical
composition. In some cases the compositions are so similar that
the distinction of manufacture locations was only possible
through the analysis of trace elements (De Raedt et al., 2001; Smit
et al., 2005).

The 17th century clear glass was classified in Venetian docu-
ments into three groups: vetro comune (ordinary glass, slightly
coloured), vitrum blanchum (intermediate glass, colourless) and
cristallo, being all the three of the soda-lime-silica type. Cristallo
was the finest glass produced by the Muranese glassmakers; it was
completely clear, free of defects and with high light transmittance,
comparable to natural rock crystal (Verita, 1985). In the making of
cristallo, quartz pebbles of very high purity were used as the silica
source and purified plant ashes as the source of fluxing agents. The

purification procedure reduced the amount of iron impurities but
also the content of Ca and Mg, leading to glasses particularly
vulnerable to weathering (McCray, 1998; Verita, 1985; Verita and
Zecchin, 2009).

Concerning facon-de-Venise glass, some authors adopted the
same classification as for Venetian glass (De Raedt et al., 2001,
2002), while others classified the glasses according to the raw
materials used (Cagno et al., 2008, 2010). Based on the published
data on Venetian and facon-de-Venise glass (Cagno et al., 2010; De
Raedt et al., 2002; Ulitzka, 1994; Verita and Zecchin, 2009), some
conclusions relevant for this work can be drawn. The content of
Al,0s3 in Venetian glass is always below 2 wt% (usually, below 1 wt%
for cristallo) and that of Fe;0s is either below 0.5 wt%, in cristallo or
vitrum blanchum glass, or below 1 wt% on common glass. The low
amount of these oxides in cristallo or vitrum blanchum glass is
related also with the use of high purity quartz pebbles (Verita and
Zecchin, 2009). Regarding facon-de-Venise glass the amount of
Al,0Os3 is generally also below 2.5 wt%, except for the productions
classified by Cagno et al. (2010) as “Tuscany Barilla” and “Tuscany
Levantine”. These facon-de-Venise glasses produced in the Italian
region of Tuscany show amounts of Al;03 varying from 4.1 to 4.6 wt
% due, according to the author, to the use of local feldspathic silica
sand.

The compositions of the French and Slovenian glasses
were not included in this Table 4. The former because it is not
clear which glasses were imported from Venice and the later
because as far as we know major compositions have not been
published.

3.3. Base glass of the analysed samples

The base glass of the analysed samples is of the soda-lime-
silica type, containing NayO from 13.5 to 19.4 wt% and CaO from
3.11 to 11.4 wt%. The use of coastal plant ash is suggested by the
relatively high content of MgO (3.31 + 0.93 wt%), K0
(3.46 + 1.32 wt%) and P,05 (0.36 + 0.13 wt%), as well as by the
presence of chlorine.

The blue glass present in the decoration of fragments SCV 173
and SCV 176 can be classified as cristallo glass due to the low
concentration of CaO, MgO and P,0s5 and high content of SiO,
(Fig. 7). These concentrations reveal that a purified ash and a source
of silica of high purity were used.
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Fig. 7. Concentration of SiO, vs. Al,O3 in the base glasses (body and decoration), in weight percent of oxides.
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Table 5
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Glasses assigned to each compositional group, distributed by their alumina and silica content, in weight percent of oxides.

Concentration (wt%) Classification of composition

Fragment and/or glass

Al,O3 < 2 Low alumina

2 < AlLO; <3 Medium alumina
3<ALO3<6 High alumina
Al,03 > 6 Very high alumina

SCV 171, SCV 173 Opaque bluish white, SCV 176 Opaque white,

V 67 decoration, V 74 decoration. A sub-group is constituted by the

blue SCV 173 and SCV 176 cristallo samples

SCV 173 Aventurine and SCV 176 Opaque red and aventurine, V 74 body
SCV 174, SCV 175,V 68 and V 108

V 66 and V 67 body

It should be noted that the MgO content in the body of fragment
V 67 (6.67 wt%) is unexpectedly high.

The plot alumina vs. silica (Fig. 7) suggests that four different
sources of silica were used in the manufacture of the analyzed
glasses, which allowed their classification into the following
compositional groups: low alumina (<2 wt%; a sub-group being the
cristallo samples with SiO; >70 wt%) medium alumina (2—3 wt%),
high alumina (3—6 wt%) and very high alumina (>6 wt%).

In Table 5 the samples assigned to each group are identified.

3.4. Comparison with Venetian and facon-de-Venise compositions

As previously mentioned in Section 3.2, the content of
alumina in Venetian glass is below 1.5 wt% (except for common
glass, below 2 wt%) and in facon-de-Venise glass (except for the
Tuscan groups) is below 2.5 wt%. The red and aventurine glasses
show a higher content of this oxide because iron had to be added
to the batch and, therefore, a less pure source of silica was
chosen. Thus, according to the amounts of alumina and calcium
oxide (Figs. 7 and 8), the glasses included in the low alumina
group may be genuine Venetian or, concerning these elements,
can belong to the group identified as Spanish II. Nevertheless,
samples SCV 173 and SCV 176 have to be considered Venetian
production, as they are identical in style and composition to
a Venetian goblet recently studied by Verita (2008). Furthermore,
as concern potassium oxide, their content is clearly outside the
boundaries of Spanish Il group. In any case, it must be considered
that the number of genuine Spanish glass samples dated to the
16th—17th centuries analysed up to now is still quite small and

a final conclusion on the attribution of the glass origin cannot be
drown.

The medium alumina group includes the red and aventurine
glasses of fragments SCV 173 and 176 (already assigned to
Venetian production), and the V 74 body. The latter features
a composition showing some discrepancies with the studied
facon-de-Venise glasses because the amount of alumina is above
2.5 wt% and the amount of potassium oxide is below 3.5 wt%, a
relation not found on any of the studied fagon-de-Venise glasses.

The samples included in the high alumina group — SCV 174,
SCV 175, V 68 and V 108 — and very high alumina group — V 66
and V 67 body — show an amount of alumina never found in
Venetian and facon-de-Venise glasses. The concentration of
alumina of fragments SCV 174, SCV 175, V 68 and V 108, as well as
the concentration of the other elements, is comparable to the
Tuscany production. Finally, fragments V 67 and V 74 are unique
and interesting, as the glasses from body and decoration have
different compositions: as referred above, the composition of the
decoration is comparable to Venetian production and to the
group identified as Spanish II, while the glass of the bodies shows
very high and medium amounts of alumina, respectively. These
results suggest that these objects were locally produced in an
unknown glassmaking centre and decorated with slices of
glass rods probably imported from a specialised glassmaking
centre.

The boundaries of the concentrations of KO and CaO
in Spanish and facon-de-Venise glasses, shown in Fig. 8, were
determined based on the average concentrations and respective
standard deviations reported in Table 3. The boundaries of
Venetian glass were calculated based on data partially published
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Fig. 8. Concentration of CaO vs. K,0 in the base glasses (body and decoration), in weight percent of oxides.
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by Verita and Zecchin (2009a) and partially unpublished data of
the authors.

4. Conclusions

Chemical analysis, by X-ray electron probe microanalysis,
allowed the characterization of both body and decoration of
ten 17th century Millefiori glass fragments. Some relevant conclu-
sions can be drawn from the obtained compositions. All glasses are
of the soda-lime-silica type. The use of coastal plant ash is sug-
gested by the relatively high content of MgO, K,0 and P,0s, as well
as by the presence of chlorine. Raman microscopy and UV—VIS
absorption spectroscopy were also used as complementary tech-
niques in the study of opacifiers and colourants, which allowed the
identification of tin oxide (SnO,, cassiterite) or calcium antimonate
(CazSb,07) in the opaque white glasses, and of the colourants
cobalt in the blue glass, copper in the turquoise, iron in the natural
yellow and greenish hues and iron and copper in the opaque red
and aventurine glasses.

Based on the concentrations of alumina and silica, different
sources of silica were identified, which allowed the classification of
the glasses into four compositional groups. Comparison with
genuine Venetian and facon-de-Venise compositions showed that
fragments SCV 173 and SCV 176 are genuine Venetian production,
fragment SCV 171 is comparable to Venetian production, fragments
SCV 174, SCV 175, V 68 and V 108, all the glasses of the “high
alumina group”, are only comparable to Tuscany production. The
composition of fragment V 66, included in the “very high alumina
group” is not comparable with any composition of the glasses with
known provenance. The analyses of fragments V 67 and V 74 show
a different origin for the body and decoration. The body of sample
V 66 and V 67 may have been produced in the same (unknown)
place (the body of sample V 74 shows a composition not compa-
rable to that of the others fragments), while the composition of the
glasses used in the decoration indicates Venice or Spain (type II) as
a possible site of production.

As a final conclusion, excluding the two fragments attributed
to Venetian production (SCV 173 and SCV 176) and fragment
SCV 171 whose composition is comparable to Venetian produc-
tion, the provenance of the remaining facon-de-Venise Millefiori
glasses from the Monastery of Sta. Clara-a-Velha should be
attributed to unknown glassmaking centres. As mentioned above,
several glasshouses were active in Portugal in the 17th century,
one of them being in Coimbra, and therefore it is possible that
some of the studied objects have been locally produced and
decorated with imported coloured glass.
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