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Abstract: Portuguese archaeological excavations dated to the 17th century onwards are extremely
rich in glass artefacts, with this being a reality from the north to the south of the territory. Contrasting
with this reality, no glass production locations from this period have been discovered or excavated so
far, which makes the provenance attribution a challenging endeavour. One specific archaeological
location, the Monastery of Santa Clara-a-Velha in Coimbra, held one of the largest glass archaeological
assemblages dated to the 17th century unearthed in Portugal so far. Due to the large variety of objects’
shapes, glass colours and decorative features, this assemblage is a valuable candidate to hold glass
artefacts produced in Portugal. Lacking archaeological excavation on glass furnaces in Portugal, the
study of glassmaking raw materials is the most promising research line to investigate the provenance
of glass circulating in Portugal. In this study, sand and pebbles from six different locations in the
north/centre of Portugal were collected and melted to produce glass samples. The resulting glass
samples were chemically characterised using LA-ICP-MS, to obtain the composition of the samples
in major, minor and trace elements. The obtained results were compared with the composition of
37 historical samples from the Monastery of Santa Clara-a-Velha previously studied. Additionally, the
thermal properties of selected synthesised glasses were analysed by Differential Scanning Calorimetry,
allowing new insights on melting temperatures and glass workability. Results indicate that three
artefacts with stylistic features attributed to a Portuguese production were locally made with sands
collected in Coimbra.

Keywords: Portugal; 17th Century; glass provenance; raw materials; glass melting; LA-ICP-MS

1. Introduction

In the last few decades, the study of historical glass concerning its provenance, origin
and nature of the employed raw materials has experienced considerable evolution.

Regarding historical glass and its provenance, besides the objects, the focus of research
has turned to the raw materials used to produce glass, namely, silica sources. Silica is the
major component of glass, responsible for its structure, and it usually comes from sand
(more common) or quartz pebbles [1,2]. Natural sand results from the accumulation of
mineral quartz of high insolubility that is composed, by silica, and also by other insoluble
minerals. All these minerals also constitute the composition of the glass. These secondary
minerals bring to the glass variable contents of aluminium, iron, titanium, zirconium
and rare earth, among others, that differ from one sand deposit to another depending on
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the type of rock source [3,4]. Under this premise, studies especially focusing on Roman
glass production were conducted to explore suitable glassmaking sands and how their
composition can be explored to determine glass provenance (see [5-8] for examples).
Despite the previous focus on Roman glass and Roman glassmaking sands, there is a fair
amount of important information to retrieve from these studies that might be used for
provenance research on glass, independent from the chronology.

Although sand is a ubiquitous material, only a limited source of sands are suitable for
glassmaking. From very early on in glass production, glass manufacturers were looking
for pure sands to decrease the trace of colour in the glass left by impurities. However,
even the purest sand will bring to the glass composition impurities derived from feldspars,
carbonates and iron oxide, among other minerals [1]. These impurities coming from the
sand minerals can be explored as trackers for the sand’s silica source [2,3]. Elements
such as Al, Ti, Fe and Zr are among the most used to group related glass compositions.
Powerful analytical techniques, such as the laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS), detect other elements probably associated with the silica source
and used as silica trackers, namely Li, Be, Ga, Ge, Y, Nb, Mo, Te, Cs, La, Hf, Ta, W, T1, Bi
and Th [3]. Rare earth element (REE) patterns in glass were also successfully explored to
distinguish between different glass groups [9].

Historical Background—The Glass from the Monastery of Santa Clara-a-Velha as a Case-Study

According to documentary evidence, several glass factories were active in Portugal
during the 17th and 18th centuries. These factories were spread throughout the Portuguese
territory, as seen in Figure 1 [10,11].
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Figure 1. Map of Portugal with the locations of the reported glass workshops in the 17th century
(orange dots). Adapted from [10].

Coévois considered the first large-scale production centre introduced to the North coast
of Portugal. The royal privilege for this furnace was established in 1528 and explicitly given
to its founder, Pero Moreno or Pero Fernandes Moreno, from Castile [10]. Information
about the type of objects made in the manufactory is scarce; however, it is reported that
during the 17th century, its production was more dedicated to utilitarian objects. In terms of
its location, Cévo had proximity to clay deposits used for crucibles, and it was surrounded
by large areas of forest for furnace fuel. Quartz pebbles used as silica sources were collected
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only a few kilometres away in Vermoim, and finally, it had an abundance of water for the
mills to crush quartz pebbles [10]. It is also close to the coastline, where soda-rich plants,
such as Salsola Kali, are abundant [12]. Legally speaking, only the kiln located in Cévo
(nowadays Oliveira de Azeméis) was the only one with the royal privilege to produce and
sell glass (from the village of Coruche up to the frontier with Galicia). However, several
glass production locations were found reported in historical documents (see Figure 1) [10],
including one located in Coimbra. Information suggests that glass was produced in other
locations during the 17th century apart from Cévo.

Between 1283 and 1286, D. Mor Dias (1st half 13th century—1302), a Portuguese noble
lady, arranged for the Santa Clara-a-Velha Monastery (order of the Poor Clarissas) to be
built in the city of Coimbra. This noble lady chose the monastery’s location on the left bank
of the Mondego River because of its proximity to the already existent Franciscan Monastery
to receive ecclesiastic assistance from the latter [13]. During the following centuries, the
great majority of young women joining the order of the Poor Clares in Santa Clara-a-Velha
Monastery (SCV) were of high social status belonging to noble families. This fact is proven
by their family names and by the objects of high quality retrieved during the archaeological
excavation [13]. The proximity of the monastery to the Mondego River resulted in constant
flooding, which led to the construction of a new monastery (Santa Clara-a-Nova Monastery)
on a hill located nearby further away from the riverbank, and in 1677, the old building was
permanently abandoned. From this date on, the old monastery remained abandoned and
partially submersed until 1995, when archaeological excavations began.

During the archaeological works, several objects were recovered. Various metal
utensils were found among the retrieved objects, such as spindles, needles, thimbles and
scissors and jet adornments. Additionally, a large quantity of common and glazed ceramic
objects, including pieces decorated with coats of arms together with a set of high-quality
Chinese porcelain, were found [13]. Concerning the glass assemblage, thousands of pieces
were retrieved, making this assemblage the largest one so far unearthed in Portugal dated to
the 17th century. Glass of all colours was recovered, predominantly various shades of green,
blue, yellow and purple. The colourless glass is worth noting, as it is possible to identify
perfectly discoloured glass and colourless glass with natural hues (grey, blue, yellow and
green). Glass decoration is outstanding, with gilded glass, filigree, engraved glass, mould-
blown pattern decorations and millefiori [14-18]. The shapes are characterised by their
refinement, and among the objects, Venetian or fagcon-de-Venise forms and decorations
were found [14]. Besides the glass objects, a striking discovery was the set of filigree canes
with different patterns and the remains of two millefiori canes [19]. These production
remains seem to indicate the presence of glass production in the monastery surroundings.

Most Santa Clara-a-Velha Monastery (SCV) objects have shapes, decorative features
and chemical compositions distinctive from coeval assemblages from other European
production centres. For the chemical composition, the difference lies mainly in the alumina
contents, which are surprisingly high in SCV glasses (>6 wt%) [14,17,20]. At the time,
the purest silica source was quartz mineral, whose importation from distant regions was
one of the reasons for the high quality of Venetian glass, but, in most cases, the base
silica raw material was sand, usually obtained from sedimentary deposits close to the
production centres. Thus, the hypothesis of national production was admitted, supported
by documentary sources that attest to the existence of several glass production centres in
the national territory during the 17th century [10,14,18,21].

Previous compositional studies on representative glass objects circulating in Portugal
and dated to the 17th century (circa 100 objects chemically characterised) showed that
a soda-rich glass type composes the great majority of the assemblages. Concerning the
shapes and decorative features, some Venetian forms are present together with shapes or
decorative patterns that are only found in objects excavated in Portugal [18,22]. Alumina
proved to be especially important in proposing a national production and identifying
imported glass objects among archaeological assemblages [2,17,20,22]. REE and other
elements have also been explored to identify Portuguese glass production during the 17th



Minerals 2022, 12, 193

40f19

Cascais'

+ wAlbufeirane Tesiae

Faro. GOOQle \'

century; however, lacking data on furnaces and production remains, prevents the formation
of more definitive conclusions [14].

The objective of the present work is to contribute to a better understanding of the glass
produced in Portugal during the 17th century, especially in what concerns the origin of
employed raw materials, using SCV as a case study. By analysing the Mondego sands and
other potential sources in proximity to reported glass production locations and synthesising
glasses employing these materials, we evaluate their suitability for glass production. Fur-
thermore, the making of historical glasses employing local sands is evaluated by comparing
their chemical composition with the synthesised glasses.

This work aims to be a step further on identifying glass production locations and raw
material sources in Portugal, significantly contributing to Portuguese glass history.

2. Materials and Methods
2.1. Collecting Potential Raw Materials

Sand and quartz pebbles were collected from six different locations: Choupal National
Forest, Coimbra (three locations), Agueda and Oliveira de Azeméis (formerly C6vo).
Figure 2 shows a map with the collecting locations of silica sources (marked with starred
yellow balloons) and the location of the Monastery of Santa Clara-a-Velha (marked with
a hearted pink balloon). In Table 1, the GPS coordinates, collecting date, nature of the
geological source and designation code of the different locations are presented.
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Figure 2. (a) Map showing the of total Portuguese territory and the silica source collecting locations

(marked with starred yellow balloons) (Google Maps). (b) Map (detail) with the locations and
designation for the collected silica sources (marked with starred yellow balloons) and the location of
Monastery of Santa Clara-a-Velha (marked with a hearted pink balloon) (Google Maps). (c) Geological
map of the region.

Table 1. Table with the location (GPS coordinates) of the collected silica sources, the collecting date,
the designation code and the geological source of the sands.

Location GPS Coord. Collecting Date Designation Geological Source
c 40°32'55.18" N, . .
Agueda 8°26/42 77" W S6 Fluvial deposit (sand)
40°51'27.17" N 17/06/2013
Covo 3°26/0.89" W S8 Quartz dyke (pebbles)
40°13'10.50" N,
Campos Mondego 5C-2 8°20/55 15" W S21
40°14/3.99" N;
Campos Mondego 26A-1 8°29/38.06" W 12/03/2014 S22 Fluvial deposit (sand)
. 40.222425610059226,
Taveiro (Choupal) —§.443872944334469 S24
40°10'48.55" N,
Canal Mondego PL-2 8°05/8.84" W 525

Unlike the other potential raw materials sampled in sedimentary deposits, Covo
quartz came from a dyke intruding meta-sedimentary units. The Covo location is very rich
in clay, kaolin, and quartz. In previous studies, it was possible to recognise that this quartz
was employed in glass production of the region [23].

2.2. From Sand to Glass: Experimental Melting Protocol

From the six collected silica raw materials presented in Table 1, only six were selected
to be melted with flux and to test their suitability for glassmaking. The selection was based
on the location the raw materials were collected and on their alumina content. From these
Si sources, 11 soda-rich glasses were synthesised in the laboratory with the following initial
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composition in weight percent: 12.8 wt% of NayO and 87.2 wt% of sand or crushed quartz.
Na;O content was based on the average of SCV historical glasses analysed [17]. The material
used as a source of Na,O was Nap,COs3 (reagent from Sigma-Aldrich, anhydrous, 99.999%
purity), where CO, volatilises with temperature, leaving NayO in the glass. Sands were
employed directly with no treatment, such as washing, griding or sifting. The pebbles were
ground using an agate mill to avoid contamination. Given that all SCV historical samples
were of a soda-rich glass, the synthesised glass was also made using NaO as a flux.

Glass production was tested both in alumina crucibles and platinum crucibles, mean-
ing that each sand was melted twice (apart from S6) to investigate the extent to which
the alumina contamination was detected in the glass composition. In Table 2, one can
see the comparison of the same glass melted in both platinum and alumina crucibles.
It can be observed that the glass melted in alumina crucibles had a much higher Al,O3
content due to contamination. For this reason, glasses melted in these crucibles were not
considered for comparison with historical glass. This experiment served to fine-tune the
experimental design and only consider glass resulting from platinum crucibles (a total
of six synthesised glasses). It is important to clarify that the contamination of alumina
from the crucibles is considered irrelevant for the production of the historical glasses since
the used crucibles were most likely much bigger than the ones used in this experiment
(circa 5 cm diameter). In previous studies, it was possible to verify that the interaction
between crucible and glass happens in a small, restricted small layer (c. 1-2 mm) and does
not affect most of the melted batch [24].

Table 2. Comparison between alumina and silica values for synthesised glasses employing sands
and quartz pebbles, both melted in platinum (Pt) and alumina (Al) crucibles, to assess the influence
of alumina in the glass, analysed using LA-ICP-MS.

Sample Type of Crucible Al,O3 SiO;
S8-Covo Pebbles Pt 1.0 87.4
S9-Covo Pebbles Al 1.9 85.9

S21-Coimbra (5C-2) Pt 7.4 72.6
S16-Coimbra (5C-2) Al 8.4 70.2
S22-Coimbra (26A-1) Pt 9.0 69.4
S17-Coimbra (26A-1) Al 10.1 70.1
524—Coimbra (Choupal) Pt 45 77.6
S18—-Coimbra (Choupal) Al 7.5 724
S25-Coimbra (PL-2) Pt 4.6 78.6
S15-Coimbra (PL-2) Al 6.4 76.5

The raw materials were weighed and mixed to produce 80 g for each glass. The
melting process took place within 24 h for the fusing process, with a maximum temperature
ranging between 1400 °C and 1450 °C in platinum crucibles. The heating ramp was
established at 6.5 °C/min until it reached the maximum temperature. After a 24 h dwell,
the melted glass, in a hot state, was poured from the crucible, left to cool down and
annealed at 510 °C for 1 h.

2.3. Characterisation of the Synthesised Glass

The synthesised glass was characterised by laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS). Since this technique can analyse solid samples, LA-ICP-
MS has been broadly used in cultural heritage studies, including glass [9,20,25], metals [26]
and also in the study of the natural glass obsidian [27]. LA-ICP-MS analysis was carried
out on the resin embedded glass cross-section. The ablation system used here is located at
the National Centre of Scientific Research in Orleans, France. It consists of an Nd:YAG laser
working at 266 nm (quadrupled frequency) operating at a maximum energy of 2 mJ and a
maximum pulse frequency of 15 Hz. The beam diameter can be adjusted from 20 to 100 pm.
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The glass analysis was performed at 8 Hz with a beam diameter of 80 um. A pre-ablation
time of 20 s was set to eliminate the transient part of the signal, which was then acquired
for 55 s, corresponding to 20 mass scans from lithium to uranium (the signal in count/s
was measured in a low-resolution mode for 58 different isotopes). Calibration for glass was
undertaken by employing NIST610 and Corning B, C and D glass reference material [28].
The detection limits ranged from 0.1% to 0.01% for major elements and from 20 to 500 ng/g
for other elements. Composition was calculated from the average of two ablations carried
out in different areas of the sample. To validate results, glass reference standard Corning A
was also analysed as an unknown sample, and results are presented in Table 3.

Historical glass samples from SCV were analysed by LA-ICP-MS following the same
analytical protocol as the one described above for the synthesised glass. Compositional
results for SCV historical glass is reported in [14]. In [20], readers find specific results for
the facon-de-Venise samples and in [22], for the gourd-shaped vessels.

For the composition of the sands, since these were melted only with Na,CO3, assum-
ing that no soda was present in the sand, the values of Na,O were subtracted from the
composition of the resulting glass, and the calculated composition of the sand is presented.

A selection of synthesised glasses (521, S22, S24 and 525) were also characterised by
differential scanning calorimetry (DSC) to study their workability. The thermal analyses
were performed using a Netzsch Pegasus® DSC 404 F3 (Netzsch, Selb, Germany), which
is equipped with a kiln that can reach temperatures up to 1550 °C. The experiments were
conducted using a platinum crucible at a heating rate of 10 K/min. in a nitrogen atmosphere.
This technique provides the glass transition temperature (Tg).

Table 3. Chemical composition of the synthesised glasses measured by LA-ICP-MS in weight percent
of oxides and in pg/g.

Unit Oxides S6 S8 s21 S22 S24 S25 (CeCrtl\i/i[?i(:ef:l; 391) <§2§§$ :1)
Na,O 12.4 11.3 14.0 15.0 13.5 12.9 14.3 13.7
MgO <DL <DL 0.2 0.2 0.1 0.1 2.66 245
Al,O; 46 1.0 7.4 9.0 45 46 1.00 0.93
Si0, 82.0 87.4 72.6 69.4 77.6 78.6 66.56 67.1
P,05 0.03 0.01 0.07 0.08 0.05 0.04 0.0847 0.1
wit% cl 0.04 0.05 0.04 0.04 0.03 0.03 0.09
K,O 0.16 0.04 3.98 441 3.12 2.99 2.87 2.86
CaO 0.10 0.11 0.20 0.25 0.14 0.14 5.03 5.77
TiO, 0.08 0.01 0.27 0.20 0.09 0.08 0.79 0.78
MnO <DL <DL 0.02 0.01 0.02 0.01 1.00 0.98
Fe, 03 0.49 0.02 1.12 1.33 0.75 0.45 1.09 1.09
CoO 2 0 2 2 1 1 0.17 wt% 0.17 wt%
NiO 8 1 4 5 3 2 0.02 wt% 0.02 wt%
0.02
ug/g CuO 4 3 Wit% 6 9 98 1.17 wt% 1.09 wt%
ZnO 13 1 33 40 19 15 0.04 Wt% 0.05 wt%
As;O3 4 1 5 6 4 2 - 30
SrO 7 7 35 47 30 26 0.10 wt% 0.10 wt%
PbO 27 2 52 51 108 57 0.07 wt% 0.07wt%




Minerals 2022, 12,193

8 of 19

Table 3. Cont.

Unit Oxides S6 S8 s21 S22 S24 S25 (Cgﬁl\’;‘;ﬁ 391) (l\(/ingr ::1)
Trace
Elements

B 19.9 191 333 29.7 6.89 11.2
Ti 489 34.0 1611 1208 506 457
\Y% 5.03 13.9 112 14.4 6.61 4.50
Cr 6.85 322 6.75 8.77 3.42 3.26
Ni 6.06 0.88 3.20 3.74 2.57 1.34
Cu 2.90 2.63 151 4.94 6.53 78.6
Zn 10.7 0.80 26.1 319 15.8 124
As 2.69 0.52 3.91 4.35 1.52 1.67
Rb 10.7 5.52 199 212 121 136
Sr 5.75 6.16 30.0 39.6 255 218
Y 3.98 0.23 6.72 6.21 5.02 3.49
Zr 405 1.12 62.1 59.7 499 432
Nb 1.69 0.11 8.55 6.89 237 2.77
Mo 0.11 0.16 227 2.29 5.77 1.97
Sn 8.34 8.51 12.0 142 8.84 753
Sb 0.24 0.52 0.27 0.29 233 0.33
Ba 19.7 7.12 209 286 216 153
ug/g La 14.1 0.28 9.73 10.03 6.77 578
Ce 25.0 0.67 220 226 15.1 126
Pr 3.03 0.07 2.20 217 1.45 1.25
Nd 10.7 0.31 8.41 8.51 5.65 4.86
Sm 1.46 0.78 1.78 1.77 1.13 0.97
Eu 0.20 0.23 0.26 0.30 0.23 0.12
Gd 0.95 <DL 1.28 131 0.90 0.57
Tb 0.14 0.04 0.21 0.21 0.15 0.11
Dy 0.84 0.13 121 1.19 0.90 0.61
Ho 0.17 0.01 0.24 0.22 0.17 0.12
Er 0.49 0.03 0.67 0.62 0.52 0.36
Tm 0.07 0.11 0.10 0.09 0.07 0.05
Yb 0.50 0.02 0.70 0.60 0.48 0.34
Lu 0.07 <DL 0.10 0.10 0.07 0.05
Hf 1.16 0.02 1.70 1.71 1.36 1.19
Pb 248 206 483 472 107 53.1
Th 2.52 0.08 5.88 5.42 3.80 3.56
U 1.66 0.08 2.52 2.73 1.77 1.45

3. Results and Discussion
3.1. Experimental Melting of the Collected Sands

Following the melting protocol described above, the various sands and quartz pebbles,
after mixing with the flux (NayO), all resulted in clear glass in different hues, with no
inclusions and with a small content of air bubbles, both in size and quantity. Thus, all
tested silica sources are suitable for glass production.

Table 4 shows the resulting synthesised glasses from the experimental melting.

Apart from the glass made with Covo quartz, which resulted in a completely trans-
parent and colourless glass, all synthesised glasses presented green tonalities. This was
expected since sands usually have iron contents known for tinting the glass with green
hues. Although with small air bubbles, the resulting glass looked very homogeneous to the
naked eye, with no inclusions or crystalline formations in the matrix. These results added
to the fact that all glasses were easy to poor from the crucible, which may indicate that
the obtained glasses, by using the collected sands, are workable and can be shaped using
moulds and glassworking tools.
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Table 4. Sample location and designation, colour and image of the resulting synthesised glasses.

Magnified images were obtained with a Dino-lite® Edge Digital Microscope.

Sample/Designation Colour Image Image under Magnifying Lens
S6
i Light green
Agueda Glass(sand)
S8C
Colourless
6vo Glass (pebbles)
S21
Deep green
Coimbra 5C-2(sand)
522
Light green

Coimbra 26A-1(sand)




Minerals 2022, 12, 193

10 of 19

Table 4. Cont.

Sample/Designation Colour Image under Magnifying Lens
S24
Light bluish green
Coimbra Choupal(sand)
525
Light bluish green

Coimbra PL-2(sand)

3.2. Composition of the Synthesised Glass

In Table 3, it is interesting to note that none of the melted sands presented CaO contents
above 1 wt%, suggesting that, if these sands were employed for glass production, a CaO
source to stabilise the glass was a necessary addition. According to previous studies, SCV
historical glasses were made employing flux from a coastal plant ash origin [17,20,22].
The measured contents of MgO (>1.5 wt%), KO (1.5-5 wt%), P05 (0.1-0.7 wt%) and the
presence of chlorine were consistent with the use of coastal plant ashes. It is believed that
CaO entered the glass together with the flux agent.

Synthesised glasses were compared among themselves, focusing on alumina contents
and other silica trace elements that could be used to identify and distinguish between
different silica sources.

In Figure 3, the plots of alumina versus titanium oxide and alumina versus iron oxide
are presented. The alumina content of the melted sands were located in the high and
very high alumina contents’ previously defined regions [17,20]. It is important to mention
that these alumina regions in the chart were defined, following the need to accommodate
facon-de-Venise glass found in Portugal. These glasses present such high contents for
alumina that cannot be compared with any of the Venetian or fagon-de-Venise glasses
discovered and analysed in Europe [17]. Looking to Figure 3, the only exception to the
high and very high alumina contents is the glass synthesised with quartz pebbles from
Covo, which presents a low alumina content. Quartz pebbles are known for having a much
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lower percentage of impurities in their composition, being the preferred source for glass
production when a high quality, luxurious glass is intended, such as the Venetian cristallo
that was made employing Ticino quartz pebbles [30].

The charts in Figure 3 show that three synthesised glasses (S6, 524 and 525) appeared
together in the high alumina region, proposing a shared relation, with very close contents
of alumina and titanium oxide, while iron oxide showed a higher variation. From these,
two of them (524 and S25) were made with geographically close sands. To verify the
relationship of these silica sources, a selection of trace elements and REE were normalised
to the upper Earth crust [31] and plotted in Figure 4.

Looking to Figure 4, glasses made with 524 and 525 sands had a very similar trace
element pattern. Glass 56 had a slightly different trace and REE signature for the selected
elements, which was expected due to the geographic location (Agueda) of this sand that is
not in proximity with 524 and 525 samples. However, S6 shared a close relation with S24
and S25 samples, showing a lower concentration for some elements, which usually relates
with purer silica sources. In this plot, one may see that the pattern for the other synthesised
glasses and samples 521 and S22 (in Figure 3, located in the very high alumina region with
more than 6 wt% Al,O3), both collected in Coimbra, had a very similar pattern with 524
and 525. One may conclude that all samples collected in Coimbra present a very similar,
almost coincidental, element pattern, although these samples show some differences in
what regards alumina, titanium oxide and iron oxide. Sample S8, made with Cévo quartz
pebbles, presents a depletion on the remaining crustal elements, which agrees with the use
of a pure silica source [32].

Recalling the colour of the glass samples presented in Table 4, where the synthesised
glass is presented, glasses made with sands 56, S24 and S25 presented the lightest green
hue, which also corresponds to the lower iron oxide contents (<1 wt%). Samples 521 and 22
presented a deep green colour, which corresponds to higher iron oxide contents (>1 wt%).
Finally, the glass made employing Covo quartz pebbles (S8) was completely colourless,
which corresponds to an iron content of 0.02 wt%.

LA MA HA VHA 0.40
] LA MA HA VHA
+
X 0.30
05S6 S X 0S6
@S8 S 1 @S8
= xS21 g, 0.20 4 + xS21
+S22 = 1 +522
mS24 ] ms24
2 AS25 1 AS25
0.10 1
1 R
® 0.00 < ; ; ‘ ‘ ‘
00 10 20 30 40 50 60 70 80 90 100 00 1.0 20 30 40 50 60 70 80 90 100

AlLO, (Wt %)

(a) (b)

ALO, (wt %)

Figure 3. Binary charts of (a) alumina vs. iron oxide and (b) alumina vs. iron oxide in weight percent
of oxides. The vertical lines indicate the proposed separation between low alumina (LA), medium
alumina (MA), high alumina (HA) and very high alumina (VHA) contents [17].



Minerals 2022, 12,193

12 0of 19

Normalized concentration (up. Earth crust)

0.1 A

0.01 4

0.001

0.0001 4

0.00001 4

0.000001

Al

Ti Rb Y Zr Ba La Ce

Figure 4. Contents of some trace elements and rare earth elements normalised to the upper Earth
crust [31] for the synthesised glasses in logarithmic scale.

3.3. When Synthesised Glasses Meet Historical Glasses

Previous results showed that the synthesised glasses have characteristics, such as the
glasses” natural hue and alumina values, related to the historical glasses from the Santa
Clara-a-Velha monastery.

Synthesised glasses (where sands were mixed with a pure flux source) will necessarily
present differences in comparison with historical glasses because of their simplified compo-
sition. Historical glasses are intrinsically more complex because of the nature of the used
raw materials and all the elements that enter the glass composition as impurities. Figure 5
shows the relationship between synthesised glasses and SCV glasses in the alumina versus
titanium oxide chart. The chart shows a clear relationship between synthesised glasses
521 and 522 with the historical glasses that have higher values for alumina. Synthesised
glasses 56, S24 and 525, although close to historical glasses with medium alumina val-
ues, do not show a clear relationship between each other. Synthesised glass S8, made
with quartz pebbles, appears to relate with SCV glasses that were identified as genuine
Venetian glasses [20]. Quartz pebbles have a low signature in trace and REE elements,
which explains the proximity between genuine Venetian glass (made with Ticino pebbles)
and Cévo quartz pebbles.

In Figure 6, a selection of trace and REE elements is presented for S8 (synthesised
glass from Covo pebbles), and historical glasses previously identified as genuine Venetian
glass are presented. Although very pure, pebbles also showed different signatures. This
comparison showed that glass made with pebbles from the Ticino River had a different
signature than glass made with Coévo pebbles. Covo pebbles left a weaker signature for
most elements, with aluminium being the exception. SCV historical glasses identified as
genuine Venetian presented a different Al/Ti ratio in comparison with S8 glass. Coévo
pebbles had a higher content of alumina that changed the signature left on the glass. For an
accurate comparison, we would need to analyse glass made with Ticino pebbles under the
same conditions that the other synthesised glasses were made.
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Figure 5. Binary chart of alumina vs. titanium oxide for SCV historical glasses and for the synthesised
glasses in weight percent of oxides.
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Figure 6. Contents of selected trace elements and rare earth elements normalised to the upper Earth
crust [30] for S8 synthesised glass and for four SCV historical glasses identified as genuine Venetian
imports in logarithmic scale.
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Hafnium and zirconium are elements considered to enter the glass with the silica
source. These elements were previously used to help attribute provenance and to discuss
the origin of silica raw materials employed in glassmaking [20,33]. However, it is necessary
to consider that both Zr and Hf may be added to glass as contaminations during the
preparation of raw materials (stones used for grinding quartz pebbles will introduce Zr in
the mixture) as well as during melting (clay from the crucibles can contribute with Zr and
Hf contents in the glass). Plotting zirconium versus hafnium for synthesised glasses and
SCV historical glasses (Figure 7), a first conclusion is that the majority of SCV historical
glasses have higher Hf and Zr contents than the synthesised glasses. Synthesised glasses
presented zirconium and hafnium values below 80 and 2 pg/g, respectively. Most SCV
glasses had more than 100 pug/g of Zr and 2 ug/g of Hf. This could be due to (i) for the
majority of SCV historical glasses, silica sources from different geographic locations were
used or (ii) higher Zr and Hf contents entered historical SCV glasses during the preparation
of raw materials and melting. Synthesised glasses S21 and S22 are closely related to SCV
V14, SCV V177 and SCV V420. S6, S24 and S25 also appear very close to these historical
samples. All of these relationships will be further explored.

° ®S6
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Figure 7. Binary chart of zirconium vs. hafnium for SCV historical glasses and for the synthesised
glasses in micro grams per gram.

Historical fragments SCV V14, SCV V177 and SCV V420 (Figure 8) belong to shapes
with a specific design feature so far only found in glass excavated in Portugal. SCV
V14 (4.4 wt% Al,O3) is a footless drinking cobalt blue glass categorised as type 10.1 by
T. Medici [18]. Drinking glasses type 10.1 have a cylindric body with thick walls, mould
blown, with a pattern of lozenges containing a four-petalled flower [16,18] and more
recently proposed to be a cross. Lozenge’s pattern is quite common across coeval European
glass; however, the central motif of four-petalled flowers or crosses have only been reported
in Portugal [18]. By crossing this information with the glass composition, this object was
attributed to possible Portuguese production. In Figure 7, glass SCV V14 appears closely
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related with glass 521 and S22 and not far from S6, S24 and S25, reinforcing the assumption
of a Portuguese origin.

SCV V177 (7.8 wt% Al,O3) belongs to a gourd-shaped vessel with a globular body and
a pear-shaped neck, categorised as type 2 gourds by T. Medici [18] (Figure 8). Coeval gourd-
shaped vessels are known in Europe (although not a common shape); however, features
like the pear-shaped neck are only known in the glass gourds excavated in Portugal. An
in-depth study of gourd-shaped glass vessels excavated in Portugal led to the conclusion
that high skilled glassmakers worked in Portugal to develop complex shapes such as the
ones involved in the making of these objects [22]. SCV V177 is also related with synthesised
glasses 56, 521, 522, S24 and S5, underlining the likelihood of a Portuguese production.

Finally, SCV V420 (4.5 wt% Al;O3) is made in an intense grey glass and had an
incomplete profile; however, fragments suggest it was a drinking glass with a foot and stem
(Figure 8). These drinking glasses categorised as type A.3 by T. Medici [18] have a truncated
cone-shaped cup, a stem with two hollow buttons and a discoid base. These drinking
glasses, common in Portuguese findings, are shaped from the same glass gather that is
tooled with the glassmaker’s tweezers. Similar parallels were found in Europe; however,
European examples were made with a different technique, where each part (cup and foot)
were shaped from different glass gathers joined in a hot state. Linking the compositional
information with the shape and the making process of the object, drinking glasses from this
typology were identified as a probable Portuguese production [18]. The proximity between
SCV V420 and synthesised glasses 56, 521, S22, 524 and 525 leads to suggestion that this
object was locally made using local raw materials.

SCV-V423

A\ AN
A
3 e

'\\&,/

SCV-V14 SCV-v177 SCV-V420

Figure 8. Santa Clara-a-Velha Monastery objects: SCV-V14 (photo and archaeological drawing by T.
Medici ©) footless drinking cup (type 10.1) with a pattern of a four-petalled flower or cross enclosed
in lozenges; SCV-V177 (photo by I. Coutinho ©), a gourd-shaped vessel (type 2); and SCV-V420 (photo
by I. Coutinho ©), a drinking glass with a foot and stem (type A.3) made from the same glass gather.

In Figure 9, the signature in selected elements for synthesised glasses S6, 521, S22,
524 and 525 are compared with SCV historical glasses SCV V14, SCV V177 and SCV V420.
The resemblance between historical glasses and sands from Coimbra (521, S22, 524 and
525) is striking, both for the shape and the contents of elements. S6 shows a different
Ba content. For all three SCV historical glasses, trace and REE signature, presented in
Figure 8, support the idea of a Portuguese provenance employing Coimbra sands. Relating
all information from the shapes and decorative features and chemical composition of SCV
historical glasses, especially for SCV V14, SCV V177 and SCV V420, we propose that sands
collected in Coimbra were used to locally produce these objects.

Synthesised glasses 521, 522, 524 and S25 were characterised using differential scan-
ning calorimetry (DSC) to study their workability (see Figure 10). The determination
of the glass transition temperature (Tg) gives an idea about the glass workability, more
specifically about if glasses obtained from these sands with high and very high alumina
contents are suitable for free glassblowing (tooling and shaping the glass with tweezers)
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and mould-blowing. Alumina is known for being a network modifier with stabilising prop-
erties that, when present in high contents, can form a tetrahedron with oxygen, taking part
as a network former [34]. It is thus expected that high and very high alumina glasses have
a higher Tg compared with glasses located in the low and medium alumina region. High
and very high alumina contents usually result in a highly viscous glass that are difficult to
work with. Glasses with higher alumina values, apart from being more chemically stable
(less prone to degradation), are also more mechanically resistant. This also translates into
a glass with less working time, with a higher surface resistance and that requires higher
melting temperatures [34].

Commonly, lower Tg values correspond to lower softening temperatures (Ts), which
result in a more workable glass [35]. Observing the DSC results (Table 5), higher alumina
contents generate higher Tg values (sample 522). From this, we can propose that these
glasses can be more challenging to work, being 522 the most difficult when compared to
glasses 524 and 525. All silica sources used to produce 521, 522, 524 and 525 were collected
in Coimbra, in very close geographic areas (see Figure 2b), raising the interesting hypothesis
that, in the same region, glassmakers would find various silica sources that would produce
glasses with different degrees of workability in terms of blowing, shaping and tooling.

Although alumina plays a critical role in glass workability, alkaline and alkaline-earth
ions are fundamental to balance Tg and Ts. For a more definitive conclusion, these ions and
the other glass components need to be considered. Further studies are needed to explore
thermal properties in historical glasses.

Table 5. Tg values for glasses 521, S22, 524 and S25 obtained by DSC, determined at the onset.

Alumina Content (Wt%)/Tg (°C) Glass
521 522 S24 525
Al,O3 (wt %) 7.4 9.0 4.5 4.6
Tg (°O) 486 500 477 483

-e-S6
821
S22
-=-S24
-+-S25
SCV_V14
--SCV_V177
--SCV_V420

Al

Ti Rb Y Zr Ba La Ce Hf

Figure 9. Contents of some trace elements and rare earth elements normalised to the upper Earth
crust [31] for the synthesised glass collected in Coimbra and identified as probable sources for glass
production, and three SCV historical glasses probably made with Si sources collected in Coimbra in
logarithmic scale.
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Figure 10. Example of a differential scanning calorimetry (DSC) analysis. Glass sample S21.

4. Conclusions

Studies of glass provenance in Portugal have come a long way. Archaeological assem-
blages dating to the 17th century onwards were the focus because of the large quantity
of material excavated from this period. Lacking excavations to glass furnaces from this
period, provenance studies were based on the comparison of stylistic features and chemical
compositions with coeval glasses from different European production centres. The current
work aimed to be a step further on provenance studies of glass excavated in Portugal by
looking to possible silica sources used for glass production. For this, six locations were
selected to collect sand and quartz pebbles to study their suitability to produce glass and to
compare the resulting glass with historical samples from the Santa Clara-a-Velha monastery
in Coimbra.

Sands from five different locations plus quartz pebbles from the Cévo region were
mixed with NayO as a flux and successfully melted into 12 glasses using two types of
crucibles: alumina and platinum crucibles.

The first important conclusion is that all five sands and the pebbles resulted in trans-
parent and homogeneous glasses. All samples were analysed by LA-ICP-MS, following
the same protocol used for the Santa Clara-a-Velha historical glasses. Results proved that
alumina crucibles pass a significant amount of Al,O;3 to the glass, which would have
implications in the comparison with historical samples. For this reason, sands melted in
alumina crucibles were discarded from the study, and only the ones melted in platinum
crucibles (six glasses) were further characterised and compared with historical glasses.

Synthesised glasses have different alumina levels, from low amounts (<2 wt% Al,O3,
quartz pebbles from C6vo) up to high alumina (>3 Al,O3 <6 wt%, three sands, one from
Agueda and two from Coimbra) and very high alumina contents (>6 wt% Al,O3, two sands
collected in Coimbra). The majority of Santa Clara-a-Velha historical glasses fall within the
high and very high alumina regions, reducing the possible used sands to five, collected
in Agueda (S6) and Coimbra (S21, S22, S24 and S25). The four sands with high very high
alumina contents collected in Coimbra showed a consistent compositional relationship in
trace and REE elements with three historical samples: SCV V14, SCV V177 and SCV V420.
These specific objects have stylistic features suggested to be of Portuguese origin. SCV V14
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has a mould-blown pattern, so far only found in glass excavated in Portugal, SCV V177 is a
gourd-shaped vessel and SCV V420 is a footed goblet manufactured using a production
methodology identified only in Portuguese assemblages. The relationship found between
chemical composition, shapes and decorative features and the archaeological context led
us to conclude that these three objects were most likely produced in the Coimbra region
employing sands such as 521, 522, 524 and S25.

Lacking excavated furnaces, the study of raw materials for glassmaking proved to be
a very powerful methodology. For future work, additional silica sources must be explored
in the Coimbra region and in other locations in Portugal where written sources point to
glass production.

This work that allowed for the identification of silica raw materials used in glassmak-
ing in Portugal in the 17th century was a step further in the writing of the history of glass
in Portugal, which is revealed to be of high quality and employs local raw materials.
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