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Abstract 

A JEOL 6300 Scanning Electron Microscope equipped with an 

energy dispersive X-ray detector was used 

This work reports the first systematic chemical characterization of Portuguese 18th 

century glassware. 28 selected glass fragments, recovered from an archaeological 

excavation carried out in the site where King D. João V of Portugal established an 

important glass manufacture, Real Fábrica de Vidros de Coina (Coina Royal Glass 

Factory), were studied. This factory operated from 1719 until 1747, the year in which 

the factory was transferred to Marinha Grande. The fragments were analysed by micro-

energy dispersive X-ray fluorescence (micro-EDXRF), using a portable spectrometer 

ArtTAX, and scanning electron microscopy (SEM-EDX). The analytical data showed 

that a large variety of glass types was manufactured in that factory, namely soda-lime 

glass, mixed-alkali glass, high lime-low alkali glass, potash glass and lead glass. In 

                                                        
1 RFVC – Real Fábrica de Vidros de Coina 
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general, the composition of the glass varies according to the function of the objects. It 

was demonstrated that micro-EDXRF can be an important tool to characterize museum 

glass objects when only in situ non-invasive analytical methods are allowed. 

Keywords: archaeological glass; 18th century; Coina; micro-EDXRF; SEM-EDX. 

1. Introduction 

The 18th century is the end of the wood and plant ash glass-manufacturing period and 

can be considered as a pre-industrial period. It is around this era that the Real Fábrica 

de Vidros de Coina (RFVC) was founded in Coina (Portugal). It worked for about 28 

years between 1719 and 1747. The Royal Glass Factory had three distinct periods while 

in Coina. The first period corresponds to the royal administration (1719-1735). In the 

second period, it was administered by a British company (1735-1741). From 1747 to 

1767 (third period) one of the partners, the Irish John Beare, started its transference to 

Marinha Grande taking with him some glass masters and craftsmen as well as catalogue 

products and many of the glass manufacturing techniques [Custódio, 2002]. 

 

Concerning 18th century Portuguese glassware, until recently, only a few stylistic 

studies have been made. Manuela Ferreira [1997, 2005] has studied Portuguese glasses 

from this period, either recovered from archaeological excavations or belonging to 

National museums or private collections. From a stylistic point of view, Coina and 

Marinha Grande productions cannot be distinguished. Since the raw materials used in 

the two factories were almost certainly different [Custódio, 2002; Medici, 2014], the 

distinction of manufactures can probably be made by means of chemical analysis. 

Therefore 28 samples were selected from the excavated artefacts from the RFVC 

archaeological site and analysed by means of scanning electron microscopy – energy 

dispersive detector (SEM-EDX) and by means of micro-energy dispersive X-ray 

fluorescence spectrometry (micro-EDXRF) Their analytical characterization is expected 

to bring a new light to the history of glass technology from 18th century in Portugal: 

understand the technology and raw materials used in the RFVC. The study of the 

relation between typology and chemical composition was also made. The compositions 

were compared with a larger dataset of glass compositions including ordinary 

Northwestern European vessel glass and 16th-17th centuries luxury glass fabricated in 

Venice and in Northwestern Europe [De Raedt et al., 2001; Janssens et al., 1998;]. 

Finally, a non-invasive analytical technique was validated so that chemical analysis of 

valuable glass objects can be done.  

 

1.1 Historical context 

The 18th century RFVC was an important royal glass manufacture established near 

Lisbon, in Coina (Barreiro), by King D. João V of Portugal. Several foreign glass 

masters came from Italy, Catalonia, England, Flanders, Ireland, France, Germany and 

Bohemia to start developing there a great mass production of glass tableware, bottles, 

mirrors, window glasses and utilitarian and decorative objects [Barros, 1969; Custódio, 

2002]. This manufacture was established in the vicinity of important raw materials 

needed for glassmaking: white sand and coastal plants, the latter used to prepare 

barrilha, i.e. soda ash [Custódio, 1989, 2002]. Fuel for the furnaces was also available, 

from the wood of the surrounding forest. 
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It is important to mention that before the establishment of the glass manufacture (16th 

and 17th centuries) the surrounding wood was mainly used for Lisbon internal 

consumption at low prices [Custódio, 1989; Valente, 1950]. During the operation of the 

RFVC, its furnaces began to consume much more wood. There were complaints with 

the Municipal Council of Lisbon on 13 October 1746, given the wood shortage for use 

by people on the left bank of the Tagus river. In the time of the English Company 

(1735-1741) and up to about 1744, RFVC imported coal from Britain [Custódio, 2002]. 

During the 18th century, several types of glass were manufactured all over Europe 

[Janssens, 2013]. It is possible to classify glass in the following categories according to 

its chemical composition, as shown in Figure 1: 

High lime-low alkali (HLLA) glass: Glass containing more than 2 times CaO than 

K2O and low/no soda. This glass is obtained by mixing white sand with the ashes of 

hardwood such as beech or oak (i.e., a source of K and Ca). During the 18th century 

ashes were sometimes purified by using only the water-soluble part of the ashes in order 

to obtain a colourless glass. In that case, lime (i.e., a source of Ca) must be added to the 

batch. Such technology can be identified by the lowered amounts of P2O5. 

Mixed-alkali glass: Glass containing both Na2O and K2O in similar amounts. In some 

recipes glassmakers used ashes rich both in sodium and potassium, probably obtained 

from seaweed [Dungworth et al., 2009] or a mixture of different raw materials rich in 

alkalis [Tite et al., 2006], or even adding cullet, originating a glass designated by 

mixed-alkali glass [Dungworth, 2003]. 

Potash glass: Glass where the K2O:CaO ratio is higher than 0.5 wt.% and low/no Na2O. 

This glass type is made from K-rich ashes from wood or fern ashes. Besides Ca, such 

ashes contain large amounts of K [Barrera and Velde, 1989]. Rather pure K-rich 

compounds, such as tartrate and later saltpetre, could be used as well [Kunicki-

Goldfinger et al., 2001].  

 

Soda glass: In the same period, Na-rich ashes were used as well. This was obtained 

from coastal plants such as Salsola soda or plants growing in salty deserts [Tite et al., 

2006]. Such plants grow in a large extent in Iberian Peninsula and were available to the 

RFVC.  

 

Lead glass: A recent paper reappraises the quest for fine crystal glass in London and 

Dublin in the decade from 1672 [Brain and Brain, 2016]. In this period, the lead glass 

used to make tableware had a PbO concentration of about 30 wt.%. The development of 

a good lead glass crystal was very fast and the main components are silica, lead and 

potassium. Glass with a PbO content below 15% is not considered as a lead glass. 

2. Materials and methods 

2.1 Archaeological finds 

A set of 28 glass fragments was selected from an archaeological excavation carried out 

at the RFVC site by Jorge Custódio between 1984 and 1990 (Fig. 2). The production of 

these artefacts is mainly attributed to the second and third periods (1735-1747) of the 

factory [Custódio, 2002]. Based on the drawings depicted in a design catalogue with 

drawings of glass objects [Barros, 1969], attributed to the Coina production [Correia, 
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1999; Custódio, 1989, 2002], the glass fragments analysed were of drinking glasses and 

vessels, jugs, double cruet, flasks, a large variety of bottles with cylindrical, globular or 

squared body and also window glass. Most of the glasses are moderately weathered 

showing slight iridescence, crusts and some pitting (observed in some bottle fragments). 

A brief description of the studied glass fragments is given in Table 1.  

2.3 Chemical analysis of the samples 

Major and minor element composition was determined by SEM-EDX. Small fragments 

of glass were embedded, perpendicular to the original surface, into acrylic resin. The 

resin blocks were then ground with silicon carbide paper and polished with diamond 

paste up to 1 μm in order to obtain a smooth cross-section on which bulk measurements 

can be done without interference of the corroded surface layers of the glass fragments. 

Finally, these resin blocks were coated with a thin carbon layer to prevent charging of 

the surface during SEM-EDX measurements. These were performed with a JEOL 6300 

scanning electron microscope, equipped with an energy dispersive X-ray detector. For 

every sample 4 different areas of approximately 0.5 x 0.5 mm were analysed. For each 

sample, zones have been selected that appeared to be homogeneous. Compositional 

fluctuations on a larger scale are considered by reporting the average composition of the 

4 analyses. Spectra were acquired for 100 s with a beam current of 1 mA and at a 

voltage of 20 kV. The net elemental X-ray intensities were calculated with the program 

AXIL (Analysis of X-ray spectra by Iterative Least squares) and a standardless ZAF 

correction procedure was used to calculate the glass samples elemental contents 

[Schalm, 2000; Schalm and Janssens, 2003]. The accuracy was tested by analysing the 

Corning Museum of Glass (CMoG) reference glasses B (soda-lime), C (lead) and D 

(potash) silicate glasses [Brill, 1999] (Table 2).  

Major and minor elements were also determined by micro-EDXRF on the same cut and 

polished sections of the SEM-EDX samples. An ArtTAX spectrometer was used which 

consisted of an air-cooled low-power X-ray tube with a molybdenum target, a silicon 

drift detector that is electro-thermally cooled, and a measurement head fixed on a tripod 

with a motor-driven x,y,z stage for sample positioning. This system is combined with a 

colour CCD camera that provides a magnified digital image of the area under 

investigation. The primary X-ray beam is focused by means of a polycapillary X-ray 

down to a diameter of ca. 70 μm, and the excitation and detection paths can be purged 

with helium to allow the detection of low-Z elements. This spectrometer detects 

elements between aluminium and uranium. Each sample was analysed in three different 

spots. The measuring conditions were 40 kV of tube voltage, 0.6 mA of current 

intensity and 300 s of live time, helium atmosphere. WinAxil analytical software was 

used for quantification of major and minor elements. Calibration was made using the 

Corning Museum of Glass (CMoG) reference glasses B, C and D [Brill, 1999] (Table 

2).  

2.4. Statistical processing of the analysis 

Divide data into groups. Clustering can be used to partition the dataset of glass 

compositions into groups so that the degree of association is high among glass samples 

of the same group and low among samples of different groups. Hierarchical clustering 

was performed on the data matrix obtained from SEM-EDX by means of the software 

package SPSS. During the hierarchical clustering (Ward’s method, squared Euclidian 

distance, concentration values standardized to a range of 0-1) the most variable oxides 
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present in glass in concentrations higher than 1 wt.% (Na2O, MgO, SiO2, K2O and CaO) 

were employed in order to subdivide the analysed set into four clusters. Clustering 

algorithms are limited to the number of clusters specified by a human user. To find a 

reasonable number of clusters, hierarchical clustering must be run repeatedly with 

different parameters. The number of clusters is systematically increased until the newly 

formed clusters have no meaning when related to glass recipes or raw materials. The 

scheme shown in Figure 1 was used as a guideline for cluster formation. 

 

3. Results and discussion 

3.1 Glass compositions  

Table 2 gives an overview of the compositions obtained by both analytical techniques. 

By considering the amounts of Na2O, SiO2, K2O, CaO and PbO it is clear that soda-

lime, mixed-alkali, high lime-low alkali, potash and lead glass has been made in the 

same factory. The scatter plot of CaO versus K2O highlights the five groups identified 

(Fig. 3). The results shown in Table 2 demonstrate that the factory used several 

compositions to fabricate their glass. This means that a single production site mastered 

the technology to fabricate glasses with different compositions simultaneously. This is 

in accordance with the existent historical documents about manufacture and trade of the 

glass produced by this factory [Custódio, 2002, 94-104 and Document V, 274-280]. The 

average concentrations of the five types of glass identified from SEM-EDX analysis are 

shown in Table 3 and it will be discussed below. 

3.2 Soda-lime glass (samples 42, 49, 73, 83, 89, 111, 136 and 148) 

In this group (comprising glass fragments of various types of clear glass vessels, bottles, 

one flask and one window glass), two different soda sources - used as fluxing agents - 

seem to be distinguished among the glass samples. The analysis of the fragments 42, 49, 

83 and 111 (Table 3: soda-lime I) may indicate that a Na-rich plant ash (probably 

barrilha) may have been used, as high average values of MgO (4 wt.%), Cl (1 wt.%), 

K2O (4 wt.%) and CaO (12 wt.%) were found (Tite et al., 2006). The average content of 

Na2O is 11 wt.%. This particular composition has also been proposed to stem from a 

different glassmaking tradition than the Venetian/Levantine one, including different 

types of plants for the production of the flux [Cagno et al., 2012]. The other soda-lime 

fragments, 73, 89, 136 and 148 (Table 3: soda-lime II), with 15 wt.% Na2O and lower 

percentages of K2O (1 wt.%) and CaO (9 wt.%), and very low contents of MgO (0.1 

wt.%) and Cl (0.1 wt.%), indicate that a very purified soda ash could have been used. It 

is interesting to mention that in the same period in Belgium, soda glass is seldom found 

among luxury glass and had a Venetian-like composition, with low amounts of K2O (< 

3.5 wt.%). The presence of low amounts of PbO in two samples might indicate 

recycling practices. 

3.3 Mixed-alkali glass (samples 139, 141 and 163) 

The three mixed-alkali fragments, 139, 141 and 163, which belong to squared and 

cylindrical green bottles, were probably produced with a mixture of coastal plant ash 

and forest plant ash rich in K2O suggested by the average values of 7 wt.% for Na2O 

and 5 wt.% for K2O [Tite et al., 2006]. The use of non-purified soda ash from coastal 

plants or seaweed is suggested by the presence of MgO and Cl.  
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The concentrations of MgO, Al2O3, TiO2 and Fe2O3 are also relevant in these glasses, 

and are only comparable to the contents found in high lime-low alkali glasses, which 

suggest that they may have been introduced in the glass not only through the use of 

impure sands but also by the source of CaO. In the plots shown in Fig. 4 it is evident the 

correlation CaO/MgO, CaO/Al2O3 and CaO/Fe2O3. The use of badly sorted cullet might 

be the explanation for the presence of PbO found in small quantities [Kunicki-

Goldfinger et al., 2000].  

The purchase of the glass cullet in the market, as raw material for the manufacture of 

glass in the Real Fábrica de Vidros de Coina, is not documented in the Portuguese 

historical archives. The documentation is scarce due to its material loss on the occasion 

of the Lisbon Earthquake of 1755. However, the explanation for the coexistence of 

different compositions of the glass in the manufacture of Coina glass might be due to 

another reason. In their workshops they worked, in different periods, glass masters of 

several manufacturing centres of Europe (Venice, England, France, the Netherlands and 

Ireland). These glassmakers brought with them their own technologies and 

manufacturing revenues that they had developed in those centres. These diversified 

experiences were eventually reflected in the compositions of Coina glass, resulting in 

their sedimentation in the archaeological strata.  

3.4 High lime-low alkali glass (samples 144, 149, 152, 154 and 156) 

High lime-low alkali glass group (fragments 144, 149, 152, 154 and 156) includes only 

fragments of green bottles, most of them being heavily corroded. They have a 

composition similar to the mixed-alkali glasses, in terms of impurities from the sand, 

lime and soda ash, but with higher content of CaO (>21 wt.%). The use of high-calcium 

glasses, with CaO varying from 18 to 29 wt.%, is reported from 16th-18th glasshouses 

in Europe [Dungworth, 2003; Stevenson et al., 2007]. 

3.5 Potash glass (samples 37, 58, 70, 81, 94, 104 and 138) 

The potash glass fragments (37, 58, 70, 81, 94, 104 and 138) correspond to a large 

variety of objects which have 13-20 wt.% of K2O. It seems that an ash from forest plant 

rich in potassium have been used as a fluxing agent, because the contents of MgO and 

Cl are very low (<0.5 wt.% and <0.3 wt.%) [Uboldi and Verità, 2003]. PbO and As2O5 

are present in all fragments. Samples 70, 81, 94, 104, 138 have higher concentrations of 

PbO (2-5 wt.%) comparing to the samples 37 and 58, which have lower amounts of 

PbO (0.2-0.3 wt.%). The relatively low amounts of PbO present in the glass might be 

explained by the addition of cullet with lead glass into the potash batch. Purified sand 

might have been used due to the very low concentrations of contaminants found, such as 

iron. This composition shows a resemblance to a large group of Belgian luxury glass of 

the same period excavated in the Clairefontaine nunnery (Group 1.1 in Hellemans et al., 

2014). However, more RFVC glass fragments should be analysed to support a real link 

between the two glass groups. 

3.6 Lead glass (samples 72, 74, 88, 91 and 131) 

Lead glass group can be divided into two quite different subgroups. The first subgroup 

comprises an ink-pot fragment (91) and a window glass fragment (131) (Table 3: lead I) 

with PbO contents from 16 to 18 wt.% and relevant amounts of Na2O and MgO, which 

might indicate that the glass has been produced with coastal plant ash. Generally, 
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window glass was made of soda-lime glass at this period, so probably the thick glass 

fragment 131, which was classified as a window glass, should correspond to a wall of a 

squared flask or similar tableware element. The second subgroup that includes 

colourless tableware (fragments 72, 74, 88) (Table 3: lead II) is instead, characterized 

by higher PbO contents (39-42 wt.%) and a pure source of potash, as no sodium and 

almost no magnesium were detected. 

3.7 Evaluation of micro-EDXRF results 

The accuracy of the measurements calculated with the CMoG reference glasses B, C 

and D is presented in the Table 4. For SEM-EDX the relative error was found to be 

better than 13% for major oxides (>1%) and 18% for minor oxides (<1%), except for 

the CMoG D analysis with low PbO content that showed a larger error. For micro-

EDXRF the relative error was found to be better than 12%. 

In order to evaluate the reliability of micro-EDXRF results, the correlation of the two 

data sets from SEM-EDX vs micro-EDXRF for all oxides analysed by both techniques 

is shown in Fig. 5. It shows a good correlation for major oxides (SiO2, CaO, K2O, PbO) 

and for some of the minor oxides, namely TiO2, MnO and Fe2O3. Some deviations 

observed for Al2O3, Cl are mostly related with concentrations near the detection limits 

and for As2O3 with peak overlapping (particularly As-Kα and Pb-Lα). 

In spite of micro-EDXRF being unable to detect Na and Mg in glasses, it was possible 

using this analytical technique to distinguish the four major compositional groups 

(soda-lime, HLLA, potash and lead) identified through SEM-EDX, based on the content 

of SiO2, K2O, CaO and PbO. In this scenario, the identification of mixed-alkali glasses 

is rather difficult based only on the scheme of the Fig. 1, because the K2O content, 

despite to be present is not a preponderant factor by itself for their classification. 

4. Conclusions 

From the elemental characterization of the glass fragments found in the archaeological 

excavation of the RFVC five types of glass were identified as follows: soda-lime glass, 

mixed-alkali glass, high lime-low alkali glass, potash glass and lead glass. The glass 

compositions and the decorations used in this glass factory, which was operating in the 

18th century, reflect the technology and aesthetics of the North of Europe glassware. In 

general, the composition of the glass varies according to the function of the objects. The 

low contents of Al2O3 and Fe2O3 in the potash and lead glasses, which includes some of 

the most refined objects, suggest that they were produced with purified raw materials - 

washed sand and purified ashes or alkali mineral sources - following the lead crystal 

and the Bohemian crystal (potash glass) traditions: made of lead and potash glass. The 

ordinary glass of drinking bottles was probably made with local and not purified raw 

materials to produce high lime-low alkali and mixed-alkali base compositions. Their use 

was probably intentional to obtain common, inexpensive green bottles. 

The analysed Coina archaeological glass fragments belong to a period of transition 

between the traditional production and the industrial processes. This is reflected in the 

technological experimentation and composition of the glass finds: some of the soda-

lime glasses were probably manufactured using plant ash. In these glasses the high 

contents of Al2O3 and Fe2O3 found indicate that impure sand was used. New production 

techniques seemed to be used in other soda-lime glass objects in which a pure supply of 
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soda from washed ashes must have been provided as a fluxing agent as the 

concentration of Cl, Fe2O3 and MgO are very low. Potash glasses are also characterized 

by a pure source of potash and the presence of arsenic. Small quantities of PbO were 

frequently found in some fragments of soda-lime and potash glass. 

In this study, it was also demonstrated that micro-EDXRF could be an important tool to 

characterize glass objects when only in situ non-destructive analytical methods can be 

used. This was demonstrated comparing the results obtained from the analysis of Coina 

glass by micro-EDXRF and SEM-EDX. Although, in some cases it is hard to 

distinguish mixed-alkali compositional group from soda-lime by micro-EDXRF. 

Future work can be envisaged to distinguish Coina production from Marinha Grande 

glass: from the History and the History of Art point of view, it will be a very important 

step, as well as characterize both manufactures continuity and change. Unfortunately, as 

no more furnaces were found in the remains of the 18th century Marinha Grande 

factory, the future step is to analyse well dated museum glass objects.  
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