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The proton-induced X-ray emission method was used to determine the minor and trace elements in glassware originating from early Finnish 
glassworks. The material analysed consisted of glassworks stamps originating from green bottles as well as pieces of hand-blown window 
glass cylinders. Several glass standards from the National Bureau of Standards (USA) were used to obtain the absolute concentrations of 
calcium, titanium, manganese, iron, copper, zinc, lead, arsenic, rubidium, strontium, zirconium and barium. 

Because the glassworks in the 1600's and 1700's used local raw materials, the possibility of identifying the manufacturer of the glass 
items by determining their element composition was investigated. It is shown that even if variations in absolute concentrations are not 
significant, proton-induced X-ray emission data followed by multivariate statistical analysis is a helpful approach for identifying the 
manufacturer of the earliest Finnish glass items. 

Protoneninduzierte Röntgenstrahlenemissionsanalyse von frühem finnischem „Waldglas" 

Das Verfahren der protoneninduzierten Röntgenstrahlenemission wurde zur Bestimmung der Nebenbestandteile und Spurenelemente in 
Gläsern aus frühen finnischen Glashütten angewendet. Bei dem untersuchten Material handelte es sich um von grünen Flaschen stammende 
Glaszeichen und mundgeblasene Fensterglaszylinder. Verschiedene Standardgläser des National Bureau of Standards (USA) dienten zur 
Ermittlung der absoluten Konzentrationen an den Elementen Calcium, Titan, Mangan, Eisen, Kupfer, Zink, Blei, Arsen, Rubidium, 
Strontium, Zirkonium und Barium. 

Da die Glashütten im 17. und 18. Jahrhundert einheimische Rohstoffe verwendeten, wurde die Möglichkeit der Zuordnung von 
Glasbruchstücken zu ihrem Hersteller durch Bestimmung der Elementzusammensetzung untersucht. Es wird gezeigt, daß selbst bei 
unbedeutenden Abweichungen der absoluten Konzentrationen die Ergebnisse von protoneninduzierten Röntgenstrahlenemissions- und 
anschließenden multivariablen statistischen Analysen ein nützliches Hilfsmittel zur Identifizierung des Herstellers alter finnischer Gläser 
sind. 

1. Introduction 

The earliest glassworks in Finland were built in the 
1600's and 1700's. These factories obtained their raw 
materials, including sand, limestone and birch 
potash, locally. Their chief products were window 
glass and simple vessels having a characteristic green 
colour due to traces of iron and other impurities in the 
sand. This kind of glass is called "Waldglas" (forest 
glass) after its Central European model. The products 
of the earliest Finnish glassworks were much alike, 
which often makes the distinguishing of glass items 
made by different glassworks difficult. Because these 
glassworks used local raw materials, it is presumed 
that the chemical composition of the glass varied from 
one factory to another. Therefore, it should be 
possible to identify the manufacturer of glass items an 
the basis of element composition analysis. 

Despite the fact that the history of Finnish 
glassmaking is well-documented [1], this investigation 
is nonetheless the first element composition analysis 
of old Finnish glass. The aims of this investigation 
were firstly to identify the minor and trace elements 
in glassware originating from early Finnish glass- 
works, and secondly, to determine if the variation in 
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minor- and trace-element concentrations in glass 
made by different factories is great enough to 
establish the manufacturer. 

2. The PIXE method 

The samples have been analysed by the PIXE method 
(Proton-Induced X-ray Emission) . PIXE is an ana- 
lytical method based upon the measurement of 
characteristic X-rays. A beam of protons of 1 to 
4 MeV energy is used to eject inner-shell electrons 
from atoms in a target whose composition is to be 
analysed. When the thus resulting vacancies are filled 
by outer-shell electrons, characteristic X-rays whose 
energies identify the particular atom are emitted. The 
principles of PIXE are discussed in detail in a number 
of reviews [2 to 4] and in a book [5]. The PIXE 
method has been used with success e.g. in provenance 
studies of obsidian [6] and glass [7] . 

3. Material and methods 

3.1. Samples and standards 

The samples used in this study consisted of glassworks 
stamps (29) originating from green bottles made by 
three Finnish glassworks (Nyby 1782 to 1885, group 
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Table 1. Minor and trace element concentrations of glass samples (in ppm by weight) 

group glass-
no. 	works 

sample 
no. 

calcium manga- iron 
nese 

tita-
nium 

zinc lead ar- 
senic 

copper rubid- 
ium 

stron- 
tium 

zirco- 
nium 

barium 

1 Nyby 1 110 000 5 990 14 600 896 784 80 15 32.0 106 710 80 3 310 
2 132 000 5 810 13 800 970 431 35 < 29.5 103 1 130 137 7 200 
3 151 000 3 790 14 400 841 999 48 < 32.8 119 730 182 4 310 
4 106 000 4 210 16 700 936 401 590 < 32.0 51 365 81 1 850 
5 142 000 3 000 13 900 1 160 1020 95 < 27.5 115 667 175 2 710 
6 129 000 4 410 13 200 1 180 612 440 < 17.9 49 309 69 1660 

0 
2 Avik 1 143 000 7 180 12 500 630 726 480 8 22.6 90 526 41 2 350 

2 116 000 7 270 14 000 936 1 450 290 114 22.7 114 1020 110 4 390 
3 99 400 5 730 13 100 1090 988 160 21 74.4 55 597 68 2 570 
4 109 000 7 070 13 100 1 060 1 530 17 113 26.1 156 1 120 96 5 110 
5 107 000 7 220 15 000 1370 1010 28 127 29.1 136 850 66 3 190 
6 110 000 6 270 10 500 734 985 48 28 24.6 97 1020 103 3 650 
7 104 000 6 840 12 600 906 1400 123 35 33.1 147 1080 108 4 360 

3 Mariedal 1 60 500 3 210 13 900 969 830 57 21 16.8 212 824 137 3 220 
2 118 000 5 180 13 800 910 812 180 17 7.2 202 898 69 3 060 
3 102 000 4 540 13 000 1020 810 78 18 10.8 152 817 110 4 780 
4 85 600 4 320 11 500 818 972 82 < 17.4 200 942 107 2 950 
5 77 800 4370 12 300 769 882 79 < 231 1060 139 4 030 

4 Björknäs 1 139 000 5 900 10 900 938 706 46 12 59.9 86 937 91 4 640 
2 105 000 2 900 10 200 852 776 48 < 29.2 108 626 140 2 490 
3 96 800 3 610 12 700 990 838 175 < 45.6 102 581 133 3 240 
4 127 000 6 070 10 800 844 437 38 < 11.0 104 1000 106 5 080 
5 126 000 2 990 12 700 1050 1 060 140 < 38.5 113 625 125 3 720 
6 143 000 5 710 11 300 1 100 750 120 < 28.5 96 906 130 5 260 
7 120 000 3 220 14 400 1230 678 74 < 31.1 139 562 119 2 860 
8 160 000 5 640 12 000 1280 978 35 36.9 66 996 103 6170 
9 121 000 5 130 11 500 870 1270 880 46.5 93 906 160 6120 

10 113 000 2 910 8 740 951 675 90 < 201 124 1010 124 6 450 
11 116 000 5 540 11 400 1030 277 540 < 7.9 30 416 62 2 350 

5 Mariedal 1 113 000 4 460 8 440 494 2 500 120 < 103.5 461 1960 280 6 760 
(wg) 2 108 000 4 220 15 500 1 100 900 41 < 13.5 105 839 121 2 380 

3 104 000 4 390 13 400 956 538 < < 13.5 138 698 121 3 270 
4 111 000 4 560 14 800 1050 472 49 < 9.4 84 592 92 2 060 
5 111 000 4 290 15 700 1090 580 21 < 11.9 93 845 123 1780 
6 115 000 4 880 14 800 1 030 133 25 < < 124 199 < < 

6 Mariedal 1 58 200 81 1 390 65 33.8 87 < 16.4 542 65 < 7 980 
(w) 2 28 100 70 1 340 45 28.0 28 < 20.5 37 41 44 236 

3 35 100 380 3 031 74 5.0 < < 24.8 161 57 < 6 420 

Explanations: wg = green window glass, w = colourless window glass, < = below detection limit. 

Table 2. Detection limits (in ppm by weight) as obtained by a 3 min 
measurement 

calcium 593 arsenic 2.6 
manganese 30.6 copper 2.7 
iron 17.1 rubidium 2.4 
titanium 28.1 strontium 2.2 
zinc 3.0 zirconium 2.7 
lead 1.5 barium 160 

1; Avik 1748 to 1833, group 2; Mariedal 1779 to 1824, 
group 3) and by one Swedish glassworks (Björknäs 
1736 to 1785, group 4) and of pieces of hand-blown 
window glass cylinders made by the Mariedal glass- 
works: both green (group 5) (6) and colourless (group 
6) (3) . The material was collected from glassworks 
sites in industrial-archaeological excavations. 

The glass samples were cleaned with cerium oxide 
powder before analysis. Absolute concentration val- 
ues for the samples were obtained using NBS 
(National Bureau of Standards (USA)) glass stand- 
ards no. 89, 91, 611, 613, and 620. 

3.2. Measurements 

The samples and standards were bombarded with a 
2 nA external proton beam from the 2.5 MV Van de 
Graaff accelerator of the University of Helsinki. The 
energy of protons an the target was approximately 
2.4 MeV. The emitted X-rays were detected with a 
50 mm2  x 6 mm intrinsic germanium detector. A 
150 µm thick aluminium absorber with a 0.1 mm 
diameter pinhole was used to eliminate low-energy 
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Figure 1. Typical PIXE spectrum of a Finnish "Waldglas" sample from the Mariedal glassworks. 

characteristic X-rays originating from major elements 
in the glass matrix. A 250 tm thick Kapton (Du Pont, 
Geneva, (Switzerland)) absorber was used for 
measuring the concentrations of calcium, titanium, 
manganese and iron. All the standards and one 
sample were bombarded several times to evaluate the 
accuracy of measurements. The typical measuring 
time for each sample was about 3 min. As a result, the 
absolute concentrations of calcium, titanium, man- 
ganese, iron, copper, zinc, lead, arsenic, rubidium, 
strontium, zirconium and barium were obtained by 
using NBS (National Bureau of Standards (USA)) 
glass standards. 

4. Results and discussion 

4.1. PIXE results 

One of the aims of this project was to determine what 
the minor and trace elements in old Finnish glass are. 
The absolute concentrations of 12 elements found in 
glass samples from the 6 groups used in this study are 
given in table 1. The detection limits for the elements 
determined are given in table 2. The accuracy was 
better than 10 % for most elements and about 15 % 
for manganese, titanium, zinc, zirconium and bari- 
um. A typical PIXE spectrum of a Finnish "Wald- 
glas" sample from the Mariedal glassworks is pre- 
sented in figure 1. 

According to the results given in table 1 the 
colourless window glass (group 6) differs quite mar- 
kedly from the glass samples of the other groups. For 
example, the concentration of iron in this group is 
only 1/10 of its value in the other groups. 

The other aim of this project was to identify 
elements which should distinguish the "Waldglas" 
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Figure 2. Canonical discriminant analysis of glass samples, based 
an PIXE data for 12 elements. 1: Nyby, 2: Ävik, 3: Mariedal, 
4: Björknäs, 5: Mariedal (green window glass). 

products made by different glassworks (groups 1 to 
4), in other words to find out those elements whose 
concentrations vary most from one group to the 
other. On the basis of the results given in table 1 
variations in absolute concentrations between dif- 
ferent groups are not significant. The most clearly 
different are those of group 2 (Ävik) whose samples 
all include arsenic and in which the concentration of 
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manganese is a little greater than in the other groups. 
It follows that the trace-element analysis of "Wald- 
glas" samples alone cannot identify the manufac- 
turer. The identification is, however, possible 
through a statistical method using the trace element 
analysis data. 

4.2. Statistical analysis of PIXE data 

Statistical analysis of PIXE data was carried out using 
canonical discriminant analysis CANDISC, which is a 
SAS programme [8]. 

Canonical discriminant analysis is a useful method 
of reducing the dimensionality of problem and 
summarizing dissimilarities between two or more 
groups of observations with measurements on several 
quantitative variables. Given these groups of the 
observations canonical discriminant analysis derives 
new variables (canonical variables) which are linear 
combinations of the quantitative variables in such a 
way that differences between groups are as great as 
possible [91.  In this study there are 12 quantitative 
variables and 5 groups (the sixth group has been 
omitted) . With these conditions canonical discrimi- 
nant analysis derives four canonical variables. The 
first two important canonical variables can be plotted 
graphically. Before that canonical discriminant anal- 
ysis stepwise discriminant analysis had been used to 
determine which elements were the most important 
for identification. As a result all the measured 12 
elements were taken into account and the missing 
data points were assumed to have a value under the 
detection limit presented in table 2. All group 6 
(samples of colourless window glass), however, has 
been omitted, because it differs so much from the 
other groups. Figure 2 shows the plot of the first and 
the second canonical variable, based on PIXE data 
for 12 elements in 35 glass samples. The first two 
variables cover 75 % of the total variance. According 
to the plot "Waldglas" stamps (groups 1 to 3) made by 
three Finnish glassworks (Nyby, Ävik and Mariedal) 
and green window glass (group 5) made by the 
Mariedal glassworks are quite clearly separated. 
Surprisingly, it is difficult to distinguish between 
"Waldglas" stamps made by the Finnish Nyby 

glassworks (group 1) and the Swedish Björknäs 
glassworks (group 4) . Moreover, it appears that the 
Björknäs group includes subgroups which could have 
been made from separate batches. 

5. Conclusions 

Summarizing the results from the investigation of 
early Finnish glass, it may be stated that the PIXE 
method is quite suitable for analysing minor and trace 
elements in glass. It is a fast method, a typical 
measuring time per sample was about 3 min. This 
method is also non-destructive . Absolute concentra- 
tions for calcium, manganese, iron, titanium, zinc, 
lead, arsenic, copper, rubidium, strontium, zirconi- 
um and barium were obtained. 

Even if the variations in absolute concentrations 
of minor and trace elements are not significant, PIXE 
analysis followed by canonical discriminant analysis 
of the data is a successful approach for identifying the 
manufacturer of the earliest Finnish glass items. 
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