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Multiphoton microscopy
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3D acquisitions
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Multiphoton microscopy in cultural heritage
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Multiphoton microscopy in cultural heritage
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Multiphoton microscopy on parchments
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Multiphoton microscopy on parchments
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Study on model parchments
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Study on ancient parchments
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Improving legibility: UV photography
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My Postdoc: dynamic tomography of the middle ear
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Microtomography of ancient material 
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Somerset, 3rd to 1st century BC, Guido, 1978; Henderson and
Warren, 1981), the Scottish specimens display a high level of
complexity, and their manufacture required a high degree of skills
and expertisematching that of their southern counterparts (Bertini,
2012). Morphological and compositional differences and similar-
ities between Class 10 and 13 beads are thoroughly discussed
elsewhere (Bertini, 2012; Foulds, 2014).

The lack of clear discriminating macro-morphological attributes
prevents the techniques of production employed to be determined.
The earliest work on this subject was based onto the discovery of an
unfinished chevron bead trapped in a clay mould (Henderson,
1981), which was seen as supporting evidence for the use of a
complex, multi-step casting process using a pâte-de-verre tech-
nique (Henderson, 1987, 1989, 1995) (see Supplementary Material
1). The second method proposed in the literature (Lierke et al.,
1995) was based on practical and technological aspects, and
investigated the details of the manufacture of the spirals with a
view to modern bead making and lampworking techniques. Ac-
cording to the authors of this work, the body of the bead would
have been produced via winding. The decoration would be trailed
in relief in a spiralling fashion and flushed with the surface (see
Supplementary Material 2). This method, despite its apparent
simplicity, requires a high degree of skills from the craftsman
involved in the operation. However, it is possible to achieve a high
degree of control over the position of the spiral.

The high-resolution visualisation of the internal structure allowed
by a non-destructive technique such as X-ray imaging, has the po-
tential to provide a valuable tool for the reliable identification and
interpretation of features which would support or discredit either of
the proposed methods. Amongst the microstructural characteristics
of glass beads, those which were of concern here included the
morphology of the internal formations, the three-dimensional shape,
size, number and distribution of gas bubbles and opacifying crystals,
the filling of gas bubbles and the characterisation of different

materials within the body of the beads (see Fig. 3). The high spatial
and density resolution of synchrotron-based X-ray tomographic mi-
croscopy permitted access to these features in the microstructure of
these artefacts. Being able to probe these objects with a mono-
chromatic X-ray beam of sub-angstrom wavelength was of funda-
mental importance to resolve, non-destructively, the 3Dmicrometre-
scale structure of the glass beads, which contained high-Z materials
such asPbO. The appreciation of details normally hidden from the eye
and their interpretation with a view on ancient glass technology has
the potential to aid in the identification of the manufacturing
methods employed in the production of a variety of glass objects.
These observationswill be shown to contribute to understanding the
development of glass technology in Iron Age Scotland, beyond the
area of influence of Rome at the turn of the 1st millennium AD.

2. Materials

The subjects of this study pertain to two classes of beads of
British origin and/or design classified by Guido (1978), and namely
Class 13 (spiral decorated northern Scottish beads) and Class 14
(annular northern Scottish beads). Class 14 (Fig. 1) is the simplest
type. Most of the beads appear to have been produced by winding
several whorls of glass around a metal mandrel. The resulting
annular bead was then decorated with contrasting colours (e.g.
yellow ray pattern in Fig. 1A) (Gam, 1992, 1993a, 1993b; Guido,
1978; Stern and Schlick-Nolte, 1994). Other beads where pro-
duced by wrapping one single whorl of a decorated glass cane
around the mandrel (Bertini, 2012). This bead-forming process
seems to have been performed at relatively low temperature, so
that the closing point of the ring often remains apparent (Fig. 1C
and D). Class 13 beads (Fig. 2) are extraordinarily complex and
display few diagnostic surface features, whose interpretation has
been long questioned. Although some of the observable features
seem to point to the use of winding techniques in their

Fig. 1. Representative examples of some Class 14 (annular, northern Scottish) glass beads. Examples displaying typical features of manufacture viawinding. A. and B. Individual coils
can be distinguished. C. and D. Visible seam (or closing point) where the glass cane was wrapped onto itself.

Fig. 2. Some examples of Class 13 (spiral decorated) glass beads. A and B. Unique samples displaying clear features of winding, similar to the simpler Class 14. C. Mastery in the
manufacture of the decoration, unfolding from one spiral to the next. D. Particularly tightly and precisely coiled spiral decoration.

M. Bertini et al. / Journal of Archaeological Science 43 (2014) 256e266 257
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Markuelia, the first “predator” on earth
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Unwinding the spiral: discovering the 
manufacturing method of Iron Age 

Scottish glass beads 

4.3. Features imposed by mechanical movements of hot glass

The presence of distinct layers of contamination represented a
major tool for the identification of the manufacturing method used
in antiquity. In correspondence with the centre of the spiral, the
appearance of the underlying sheets of impurities appeared to be
bent and twisted in a circular motion perpendicular to the main
axes of the perforation (Fig. 6). According to the work led by Lierke
et al. (1995), the three spirals could have been coiled onto pro-
trusions created on the surface of the bead. This could be done
either by adding material on three equidistant points at the
circumference of the bead, or by pulling the corners of a triangle out
of the body. The appearance of the pattern created by the con-
taminants in bead ABDUA:15514 looked as if softened glass had
been pulled outwards to raise such protrusions and twisted to thin
out the resulting thread and separate it from the artefact. In bead
ABDUA:15543 (Fig. 7) a large lead glass contamination blob was
found wound around the perforation, and it barely involved the
superficial coating. Thus, only a slightly bent layer could be
observed in the internal structure of the object. However, it was
possible to observe the presence of a twist of bubbles originating
under the centre of the spiral and evolving perpendicularly toward
the perforation (Fig. 7E), which can be considered an equivalent
feature.

4.4. Cross-sections properties as evidence for trailed decorations

The simplest way to apply decorations to a glass object consists
in manually threading a softened prefabricated glass cane on the
surface of the artefact and flushing it with heat. The imaged cross

section of the decoration of the spiral beads looked clean and
smooth, with no visible tool marks which would imply that spiral
grooves were carved into the body of the bead or into a potential
wax bead used as a negative for moulding techniques (Fig. 7).
Instead, seamless cross sections equivalent to those observed for
the Class 14 annular bead (Fig. 4D) provided evidence pointing
towards the manual decoration of the beads. The individual cross
sections, which could be analysed slice per slice in the renderings,
had a marked perpendicular orientation towards the perforation at
the centre of the bead (Figs. 6e8), indicating that the decoration
was laid on the surface of the bead and was allowed to sink into the
body with heat, while maintaining the rotation of the mandrel
constant. The manual trailing of decorative stringers and successive
flushing with the surface was rendered even more clearly by the
analysis of ABDUA:15514. Here, the presence of the aforementioned
contamination layers in the glass matrix made it very easy to see
that these were bent inwards in alignment with the individual coils
of the spiral (Fig. 8C), suggesting that the trail was laid onto the
surface of the bead and flushed with it, causing the perturbation of
these underlying layers.

4.5. Presence of bubble interfaces

Beside the normal occurrence of bubbles (such as those shown
in Fig. 4), large bubbles (approximately 500 mm in diameter) can be
explained, to some extent, by the deposition of dust grains onto the
cooling surface of the first glass layer or with surface imperfections,
which act as nuclei and entrapping centres for bubble formation,
respectively. However, bubbles with a diameter greater than
200 mm are very rare in all glasses analysed, representing less than

Fig. 5. Bubble distribution in Class 13, spiral decorated beads. A, B, C, D and E. Museum record: ABDUA:15543; F. Museum record: ABDUA:15514. A. Seeds and small bubbles
(Ø < 100 mm) in the translucent glass of the top section. B. Bigger bubbles (Ø > 100 mm) in the translucent glass. Note the cluster of large air traps (Ø < 500 mm) on the left hand side,
developed in the glass of the body at the border with the decoration. C. Small (yellow) and big (pink) bubbles in the leaded glass. D. Reconstruction of all the bubbles of all sizes in
top section. E and F. Internal cross-section of the two beads under investigation, showing an inter-layer of seeds between cores of contaminated waste glass and coating layers. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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à Bubble distribution indicates manufacturing compatible with 
low temperature glass-working techniques

à Were manufactured in Scotland and not, as speculated, brought 
there by the romans

Somerset, 3rd to 1st century BC, Guido, 1978; Henderson and
Warren, 1981), the Scottish specimens display a high level of
complexity, and their manufacture required a high degree of skills
and expertisematching that of their southern counterparts (Bertini,
2012). Morphological and compositional differences and similar-
ities between Class 10 and 13 beads are thoroughly discussed
elsewhere (Bertini, 2012; Foulds, 2014).

The lack of clear discriminating macro-morphological attributes
prevents the techniques of production employed to be determined.
The earliest work on this subject was based onto the discovery of an
unfinished chevron bead trapped in a clay mould (Henderson,
1981), which was seen as supporting evidence for the use of a
complex, multi-step casting process using a pâte-de-verre tech-
nique (Henderson, 1987, 1989, 1995) (see Supplementary Material
1). The second method proposed in the literature (Lierke et al.,
1995) was based on practical and technological aspects, and
investigated the details of the manufacture of the spirals with a
view to modern bead making and lampworking techniques. Ac-
cording to the authors of this work, the body of the bead would
have been produced via winding. The decoration would be trailed
in relief in a spiralling fashion and flushed with the surface (see
Supplementary Material 2). This method, despite its apparent
simplicity, requires a high degree of skills from the craftsman
involved in the operation. However, it is possible to achieve a high
degree of control over the position of the spiral.

The high-resolution visualisation of the internal structure allowed
by a non-destructive technique such as X-ray imaging, has the po-
tential to provide a valuable tool for the reliable identification and
interpretation of features which would support or discredit either of
the proposed methods. Amongst the microstructural characteristics
of glass beads, those which were of concern here included the
morphology of the internal formations, the three-dimensional shape,
size, number and distribution of gas bubbles and opacifying crystals,
the filling of gas bubbles and the characterisation of different

materials within the body of the beads (see Fig. 3). The high spatial
and density resolution of synchrotron-based X-ray tomographic mi-
croscopy permitted access to these features in the microstructure of
these artefacts. Being able to probe these objects with a mono-
chromatic X-ray beam of sub-angstrom wavelength was of funda-
mental importance to resolve, non-destructively, the 3Dmicrometre-
scale structure of the glass beads, which contained high-Z materials
such asPbO. The appreciation of details normally hidden from the eye
and their interpretation with a view on ancient glass technology has
the potential to aid in the identification of the manufacturing
methods employed in the production of a variety of glass objects.
These observationswill be shown to contribute to understanding the
development of glass technology in Iron Age Scotland, beyond the
area of influence of Rome at the turn of the 1st millennium AD.

2. Materials

The subjects of this study pertain to two classes of beads of
British origin and/or design classified by Guido (1978), and namely
Class 13 (spiral decorated northern Scottish beads) and Class 14
(annular northern Scottish beads). Class 14 (Fig. 1) is the simplest
type. Most of the beads appear to have been produced by winding
several whorls of glass around a metal mandrel. The resulting
annular bead was then decorated with contrasting colours (e.g.
yellow ray pattern in Fig. 1A) (Gam, 1992, 1993a, 1993b; Guido,
1978; Stern and Schlick-Nolte, 1994). Other beads where pro-
duced by wrapping one single whorl of a decorated glass cane
around the mandrel (Bertini, 2012). This bead-forming process
seems to have been performed at relatively low temperature, so
that the closing point of the ring often remains apparent (Fig. 1C
and D). Class 13 beads (Fig. 2) are extraordinarily complex and
display few diagnostic surface features, whose interpretation has
been long questioned. Although some of the observable features
seem to point to the use of winding techniques in their

Fig. 1. Representative examples of some Class 14 (annular, northern Scottish) glass beads. Examples displaying typical features of manufacture viawinding. A. and B. Individual coils
can be distinguished. C. and D. Visible seam (or closing point) where the glass cane was wrapped onto itself.

Fig. 2. Some examples of Class 13 (spiral decorated) glass beads. A and B. Unique samples displaying clear features of winding, similar to the simpler Class 14. C. Mastery in the
manufacture of the decoration, unfolding from one spiral to the next. D. Particularly tightly and precisely coiled spiral decoration.
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