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Abstract 

Four glass beads from a Scythian burial on the island of Khortytsia (Southern Ukraine) were subjected to 3D imag-
ing using micro-CT and photogrammetry. The aim was to reconstruct the process used to produce and decorate 
the beads by detecting and interpreting the traces left by the technological processes on the bead surface and in the 
glass body. It turned out that all the beads were obtained by winding hot glass around the mandrel. The distribution, 
size and shape of the bubbles in the glass matrix revealed by the micro-CT scans and the features observed dur-
ing a thorough examination of the photogrammetric models allowed us to follow the movements of the bead maker 
during the formation of the bead body and its decoration, highlighting several details of the production processes 
such as the number of the superimposed layers and the direction of the rotation of the mandrel during both the 
formation of the body and the decoration of the bead. Some information about the tools also emerged, with particu-
lar reference to the shape of the mandrel, the possible use of a releasing agent and how tools were used to decorate 
the surface or to remove the beads from the mandrel. According to the archaeological classification, the beads con-
sidered here belong to three different types, that are considered chronological indicators of the fourth century BCE 
and are found in archaeological sites spread over an area extending for several thousand kilometers from the Black 
Sea coast to the Ural Mountains. This work enriches the knowledge of the micromorphology of beads found in East-
ern Europe, which is rarely discussed in the scientific literature on the archaeological glass beads.
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Introduction
Glass beads are common finds in archaeological sites 
from prehistory to modern times, and through the com-
bination of archaeological and archaeometric inferences 
they provide insights into the economic, social and cul-
tural contexts as they are relevant markers of regional 
and long-distance exchange and relationships [1–6].

Archaeologists typically rely on typological categories 
to describe and classify the glass beads, which allows 
the comparison of the finds retrieved from different 
archaeological contexts according to a defined hierarchy 
of attributes obtained through close observation [7–10]. 
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The literature also reports how to describe the so-called 
“defects in the glass mass”, with particular attention to 
gaseous, vitreous and non-vitreous inclusions [11].

From an archaeometric point of view, the chemical 
composition of a glass bead reflects the materials that 
were used to prepare the bulk of the glass, to color it, or 
to induce opacity, possibly in a sequence of operations 
not necessarily performed in the same place [12, 13]. 
Compositional fingerprints can therefore help to trace 
the origin of the raw materials and then identify (or at 
least suggest) where the glass-making/glass-working took 
place [14–17].

The microstructure of the bead, mainly in terms of the 
number, shape, orientation and distribution of voids and 
crystalline inclusions in the glass matrix, preserves the 
traces of the processes used by the bead maker and testi-
fies to the very moment of the bead creation, when the 
glass was shaped/assembled to create the final object.

In principle, both chemistry and (micro-)morphology 
can contribute some knowledge to reconstruct the pro-
duction history of the glass objects, providing valuable 
information for tracing their origin. Therefore, a deeper 
insight into ancient glass technology and exchange net-
works is possible by combining these approaches [18, 19].

Several bead-making techniques have been used in the 
past. When glass is coiled (wound) around the mandrel 
one or several times the resulting beads are called wound 
beads. If glass is made into a tube and stretched in the 
direction of the aperture with subsequent cutting off the 
segments, the resulting beads are called drawn beads. 
Beads can also be made by using various molds or fold-
ing glass [3, 8, 9, 20–23]. Often glass beads are decorated 
with other kinds of glass that make a pattern. Decora-
tive elements on beads have their own techniques of 
application.

The bead-making process has its most evident effect on 
the orientation and shape of the bubbles trapped in the 
glass matrix [3, 22, 24]. Elongated bubbles oriented per-
pendicular to the hole are typical for wound and folded 
beads, while elongated bubbles parallel to the aperture 
are expected for drawn beads [8, 25]; molded beads typi-
cally lack orientation or elongation in their bubbles. In 
addition to these general expectations, it should be noted 
that further processing of the bead at high temperatures, 
such as for decoration or further shaping, may affect the 
orientation or shape of the bubbles, and even remove 
them completely. Finally, the shape and dimensions of the 
aperture will reflect those of the mandrel used to produce 
the bead.

Unfortunately, the search for detailed information 
about the bead-making technique through the study 
of micromorphology is rarely the focus of research, 
mainly because the features are difficult to capture and 

to document either by unaided visual observation or 
with affordable instrumental techniques. As a result, 
while typological discussions and chemical analyses 
have provided a significant support for discussion in 
archaeology [2, 4, 8, 9, 12, 13, 21, 26, 27], the literature 
contains far fewer papers that would allow the glass 
beads to be examined beyond their appearance and 
composition, highlighting differences and similarities 
between beads in addition to the typological and com-
positional approach.

In order to contribute some new knowledge to this 
topic, we considered a set of glass beads from a Scyth-
ian burial. The grave is located on the island of Khortyt-
sia in the Dnipro River (city of Zaporizhzhia, Southern 
Ukraine) and is part of the cemetery called “Kanfarka”. 
The cemetery dates back to the fourth century BCE and, 
in contrast to the widespread Scythian barrow burial 
structures, it is a relatively rare type of cemetery, in which 
the graves were not covered by earth mounds [28]. This 
cemetery is one of the many monuments of the Scyth-
ian period on the island of Khortytsia. This large island 
was one of the few places of convenient crossing points 
between the banks of the Dnipro River, and it was located 
at the end of the waterway connecting the deep steppe 
regions with the Black Sea and the Greek colonies. 
Thus, it was situated at the busy crossroads of trade and 
nomadic routes of great strategic importance.

The beads were found in the burial No. 5, which was 
unearthed in 2021. The burial was made in a shallow pit 
with a recess oriented along the west–east axis and not 
marked on the surface by any stone structures tradi-
tional for the site. The grave was looted in ancient times 
and only an iron knife with a bone handle and 12 glass 
beads remained among the burial goods. Because of the 
robbery, which moved the objects from their original 
place and, possibly, took away part of the assemblage, it 
is impossible to know the original number of the beads 
in the burial and their functional use. We divided the sur-
viving beads into four types and one bead of each type is 
included in this study.

The beads have direct analogies in the inventory of 
other burials in the Kanfarka cemetery [29]. They also 
have numerous analogies in the archaeological sites of 
various nomadic cultures known along several thou-
sand kilometers from the Black Sea coast to the Ural 
Mountains [30–33]. Some of these glass beads are reli-
able chronological indicators of the fourth century BCE, 
despite the different cultural affiliations of the archaeo-
logical sites themselves in such a large area [34]. They 
usually come from female burials, and only a few exam-
ples are found in male graves. They were worn on the 
neck, arms, and legs and were often arranged in the same 
color scheme [35].
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According to Alekseeva’s classification, which was 
thoroughly developed for glass beads from the Northern 
Black Sea region, the beads presented here belong to the 
general group of polychrome glass beads [30, 35]. Within 
this group, the author distinguishes 400 types of beads 
based on ornament, shape, color, opacity, and manufac-
turing techniques. The beads included in this study are 
briefly described in Table 1. The colour given in the table 
and throughout the text is that observed macroscopically. 
The black colour may be due to intensely coloured chem-
ical species, which cause the bead to appear black due to 
the thickness of its vitreous mass. Additional file 1: Fig. 
S1 provides images of the beads from an archival docu-
mentation perspective.

Initially, the set of the four selected beads was exam-
ined under a stereomicroscope equipped with a digital 
camera, in order to capture the most prominent morpho-
logical features appearing at different angles of (visible) 
illumination. Then, they were subjected to micro-X-ray 
computed tomography (CT), photogrammetry and scan-
ning electron microscopy coupled with energy dispersive 
spectrometry (SEM–EDS).

CT is among the most powerful 3D modeling tech-
niques currently used in archaeology [5, 36], given its 
capability of investigating the inner parts of an artefact in 
a non-invasive way. Employed at first only as a medical 
diagnostic tool, its potential has been quickly recognized 
and its use has been extended to different research areas, 
where some limitations—such as radiation dose restric-
tions—could be overcome. New setups like industrial 
scanners entered the scene, and with the use of high bril-
liance sources such as synchrotron radiation, acquisition 
times could be drastically reduced [37]. CT scan has been 
utilized in archaeology mainly to examine mummies 
and skeletal remains [38–40] and for the non-invasive 
inspection of blocks of soils embedding fragile archaeo-
logical relics [41]. In addition, CT scan can support the 
archaeological research for a wide variety of materials 
and archaeological objects: some of them are very usual 
and widespread, such as ceramic and clay for pottery and 
clay tablets [42, 43], metal for coins, weapons and tools 
[44, 45], wood for coffins, boats and musical instruments 

[46–48] while others are rarer and less common, such as 
shell beads [49] and birch bark tar [50]. CT is undergoing 
continuous technological improvements and refinements 
in data analysis, focusing in particular on portability [51, 
52], adaptation to specific materials or shape require-
ments [53–55] and optimization of reconstruction and 
segmentation methods [56, 57]. This process is leading 
to an increasingly broad application of the technique in 
the field of cultural heritage, extending to new types of 
objects and materials that have never or only marginally 
been studied with X-ray CT.

As for glass beads, by capturing the interior elements 
in addition to surface features, micro-CT can detect bub-
bles and inclusions, reveal the detailed morphology of the 
hole and of the decoration, and highlight any other fea-
ture showing sufficient X-ray attenuation contrast to be 
detectable within the boundaries of the instrumental res-
olution [3, 5, 22, 24]. Authors of these publications dis-
cuss the bead-making techniques trying to get a deeper 
insight into the production methods. However, for the 
analysis of such samples, it is necessary to take into 
account some issues during the acquisition and the data 
evaluation, such as the need to avoid radiation damage, 
that can induce color changes in the glass [22]. Moreo-
ver, care must be taken to correctly identify X-ray arti-
facts to avoid their misinterpretation [5]. Finally, it may 
sometimes be impossible to distinguish different materi-
als (such as inclusions of decorations) based on gray scale 
values alone.

In addition to the CT scan, which is able to image the 
entire volume of the bead, we used photogrammetry to 
create a 3D model reconstructing the geometry of the 
beads and the texture of the surface. The use of photo-
grammetry in the field of cultural heritage has been wide-
spread since the end of the last century [58]. Thanks to 
significant improvements in the software over the last 
few decades, its use is now ubiquitous [59–61]. In the 
vast majority of its applications on archaeological objects, 
photogrammetry is used to document the appearance 
of the objects. In this paper, however, we focus on the 
strength of this technology for research purposes. First of 
all, we faced the task of creating measurably accurate 3D 

Table 1 The beads involved in this study

Type refers to the classification given in [27, 32]. Dimensions are given according to [7]. The black colour is what appears under macroscopic observation

Lab. Id Type [ref.] Description Diameter (mm) Length (mm)

KH1 276 B Cubic black opaque bead with yellow chevron decoration 16.7 12.5

KH7 203 B Barrel-shaped opaque green bead with one yellow stripe on the largest perimeters 14.5 21.2

KH8 203 B Barrel-shaped opaque black bead with one yellow stripe on the largest perimeters 13.7 15.5

KH11 13 Round, slightly flattened opaque black bead, with even white, yellow and red spots 16.2 12.5
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models of glass beads, allowing us to analyze the surface 
of objects, their color and texture variations. It is worth 
noting that the application of photogrammetry to glass 
objects in general [62], and to glass beads in particular 
[63], is not trivial. These difficulties lie in the intrinsic 
characteristics of glass as a material, such as its reflective 
properties and its translucency/transparency. In the case 
of beads, the small size and the presence of certain hard-
to-reach areas, such as the inner surface of the hole, are 
also significant issues.

We also explored the new possibilities offered by 
the synergy between photogrammetry and micro-CT, 
beyond the already proposed application of 3D digiti-
zation of complex glass objects for archival recording 
[64]. The combination of the point clouds extracted by 
thresholding a CT volume and the one obtained directly 
by photogrammetry into one single 3D model allows 
the simultaneous analysis of the textured, colored sur-
face and of the internal microstructure, thus supporting 
the interpretation of the overall features with respect to 
ancient bead making processes.

Finally, to complement the morphological approach, 
Scanning Electron microscopy coupled with energy dis-
persive spectrometry (SEM–EDS) was employed under 
low-vacuum conditions to (qualitatively) characterize the 
base glass and the high-Z materials that were used to give 
colors to the decorations.

The goal was to obtain an insight into the micromor-
phology of these types of glass beads, which are relevant 
markers of exchange in the fourth century BCE in a wide 
area north of the Black Sea coast.

Instruments and procedures
Stereomicroscope
The samples were observed under a Leica 12.5 stereomi-
croscope equipped with a 1× planar apochromatic objec-
tive and two 10× ocular lenses, mounted on a LED2500 
stand with integrated illumination with four angles for 
the incident light to enhance contrast on the surface. The 
stereomicroscope is coupled with a MC 190 HD digital 
camera with 10 megapixel CMOS sensor managed by the 
LAS X software. All the equipment and the software are 
from Leica Microsystem (Wetzlar, Germany).

Scanning electron microscopy coupled with energy 
dispersive spectrometry (SEM–EDS)
The beads were placed in the sample chamber of a 
JEOL (Tokyo, Japan) JSM IT300LV electron microscope 
equipped with an INCA X-act SDD thin window energy 
dispersive X-ray detector from Oxford Instruments 
(Abingdon, UK) managed by the AZtecLive software 
platform, with the aim of obtaining, in low vacuum con-
ditions (50  Pa), the qualitative composition of the base 

glass and of the decorations. The surface of the bead was 
also documented through BSE images.

Micro‑CT system
The tomographic system for data acquisition has been 
developed by the Physics Department of the Univer-
sity of Torino and the INFN (Italian National Institute 
for Nuclear Physics) and is described elsewhere [48]. Its 
main components are a Hamamatsu (Hamamatsu City, 
Japan) Microfocus L8121-03 X-ray source, a Newport 
(Irvine, California, USA) URS150BPP rotation stage and 
a Shad-o-Box 6 K HS Flat Panel detector from Teledyne 
Dalsa (Waterloo, Ontario, Canada). In this set scans, the 
system alignment was accomplished by manually control-
ling the vertical movement of the source and the angu-
lar tilt of the rotation stage, while the detector was finely 
moved horizontally and vertically by remotely controlling 
the two mechanical axes on which it was mounted. The 
geometry of the setup and the X-ray beam characteristics 
were optimized taking into account the type of the mate-
rial and the dimensions of these specific glass beads, as 
shown in Table 2. The projections were acquired through 
a custom NI (Austin, Texas, USA) Labview routine that 
synchronizes the rotation motion and the projection 
acquisition. The same routine was used to acquire 20 
“open-beam” images (same conditions, no sample) and 
20 “dark” images (X-rays off), which were averaged using 
MATLAB software.

Table 2 Experimental parameters for the CT acquisitions

Parameter Value

Tube voltage 150 kV

Tube current 66 µA

Focal spot size 7 µm

Filtration Al (2 mm)

Detector pixel size 49.5 µm

Detector pixel number 2304 × 2940

Detector active area 11.4 × 14.6  cm2

A/D converter 14 bit

Integration time 1.8 s

Angular step 0.15°

Number of projections 2400

Average time for a CT scan 150 min

Source-Detector Distance (SDD) 650 mm

Source-Object Distance (SOD) 120 mm

Object-Detector Distance (ODD) 530 mm

Magnification 5.4 × 

Voxel size 9.1 µm

Penumbra 31 µm

Scanned volume diameter 21 mm

Scanned volume height 27 mm
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The following software was used for CT reconstruction 
and visualization:

• ParRec, a parallel research software developed by the 
University of Bologna (Italy) [65] for flat-field correc-
tion and CT reconstruction, obtained using a Feld-
kamp, Davis and Kress (FDK) algorithm with cone-
beam geometry [66];

• ImgRec, a non-commercial software utility devel-
oped by Dan Schneberk of the Lawrence Livermore 
National Laboratory (Livermore, CA, USA) [65], for 
ring artifact correction on sinograms;

• ImageJ [67] for the visualization of the image 
sequences and basic handling of projections and CT 
slices;

• Dragonfly (version 2022.1, ORS Inc., Montréal, QC, 
Canada) and VGStudio Max (version 2.2, Volume 
Graphics GmbH, Heidelberg, Germany) for the 3D 
rendering of CT volumes, segmentations, dimen-
sional measurements and for exporting the point-
clouds. Structural features of the beads were differ-
entiated by the brightness level of the voxels (related 
to relative density and Z-number). Maximum Feret 
diameter, measured by an algorithm implemented in 
the software as the longest distance between two par-
allel tangents along the object’s convex hull, was used 
for the dimensional classification of gaseous inclu-
sions.

Photogrammetry
The photographs used to create the 3D models were 
taken with a Canon EOS 5DS R camera (Tokyo, Japan) 
using a Zeiss Milvus 50 mm f / 1.4 ZE lens (Oberkochen, 
Germany). The JJC EF/EF-S mount 12  mm adapter 
(Shenzhen, China) was used to enlarge the object in the 
image. The images were taken under manual focusing 
conditions, using a turn table and a tripod. A specially 
designed metal plate with a laser-applied coordinate 
grid was used to build a local coordinate system [68]. 
The plate is made of ST3 grade steel (thermal expan-
sion coefficient: 9.9 microns per 1 C° per meter), the grid 
size is 150 × 150 mm, and the application accuracy is 50 
microns.

The equipment was operated using the Canon Cam-
era Connect v3 remote imaging software (Tokyo, Japan). 
The optical distortion of the RAW images was corrected 
in the Camera RAW v14.1 plug-in for Adobe Photoshop 
software (San Jose, U.S.A.). The Agisoft Metashape v1.8.1 
software was used to create 3D models, which are avail-
able at the Sketchfab platform website [69]. The Cloud-
Compare v.2.12.4 open source software was used to 

combine different point clouds obtained by photogram-
metry and micro-CT.

Results
Microstructure of the surface and composition of the glass
Optical and electron microscopy revealed several fea-
tures of the surface, all of which could be reproduced in 
the photogrammetric models.

Figure 1 shows some representative examples, such as 
the corrugation that appears in KH1 (Fig. 1, A1–A3), the 
dense network of cracks that gives the surface of KH7 a 
"sugary texture" (Fig. 1B1–B3), the evident traces of the 
winding in KH8 (Fig. 1C1–C3), and the wrinkled texture 
that characterizes the surface of KH11 (Fig. 1D1–D3). In 
all the bead types considered here, the glass used for dec-
orations features a higher porosity than the glass used to 
form the bead. The higher spatial resolution of the scan-
ning electron microscope would also provide an even 
deeper insight into the state of preservation of the glass 
surface, highlighting pitting and traces of corrosion (not 
shown) [70].

Electron microscopy coupled to energy dispersive 
spectrometry also allowed us to obtain some information 
about the composition of the glass. Since the analyses 
were carried out using a non-invasive approach in low-
vacuum conditions, we expect that the data do not repre-
sent the actual composition of the bulk glass, but that of 
the alkali-depleted surface, possibly contaminated by the 
burial environment [71, 72].

Nevertheless, some information emerged from the 
analyses. There was no evidence of elevated potassium 
concentrations, so we could reasonably assume that all 
the glasses used for the formation of the beads consid-
ered here are soda-lime. KH11 contains a high concen-
tration of iron, which would explain the black colour, 
although such an elevated concentration could not be 
found for the other types of black beads considered here. 
The green color of KH7 is related to the presence of cop-
per in the glass matrix. As for the decorations, elemental 
analysis suggests that both the white and the yellow deco-
ration are based on antimony compounds, while the ori-
gin of the red color of the embedded dots in KH11 is not 
clear, as significantly high levels of both iron (which, in 
principle, can give red as dispersed crystals of hematite) 
and copper (which gives red both in the form of elemen-
tal copper and of cuprite crystals) were detected.

Microstructure of the body
The results of CT scans are presented as slices in both the 
longitudinal (parallel to the aperture) and axial (perpen-
dicular to the aperture) directions, highlighting the most 
prominent features in the four beads. Figure  2 shows 
two representative slices for each of them. The grayscale 
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images reflect the X-ray attenuation coefficient, linked to 
the density and the atomic number (Z) of the material, 
therefore the darker voxels are related to gaseous inclu-
sions and the brightest ones are related to the decora-
tions, for which high Z-value compounds were used (see 
Sect.  "Microstructure of the surface and composition of 
the glass").

First of all, it was possible to highlight a high variabil-
ity in both shape and dimension of the bubbles entrapped 
in the glass matrix. The main processes leading to bubble 
formation in glass beads have been reviewed by Bertini 
el al. [22], who attributed the origin of “seeds” (tiny bub-
bles less than 100 μm in diameter) to chemical reactions 
between glasses of different composition, and that of the 
larger bubbles to the deposition of furnace dust particles 
acting as nuclei, or to the entrapment of gasses when lay-
ers of glass are superimposed. The shape of the larger 
bubbles can be influenced by the movements made by 
the soft glass during the creation of the bead, and then 
retain the distorted shape because of the rapid stiffening 
of the glass.

All the four beads considered here showed some 
traces of the winding technique, with elongated bub-
bles in the direction of rotation (Fig. 2). Both CT-scan 
projections demonstrate no evidence of the fold pass-
ing through the objects. This allows to exclude folding 
(bending) as the production technique for these beads 

[23]. In addition to the highly radiopaque decorations, 
the slices highlight the presence of low-Z inclusions, 
possibly representing crystalline residues from the 
glass-forming raw materials. Moreover, sporadic high-
Z small particles were also detected in the body of the 
beads. The network of cracks already evident on the 
surface of KH7 revealed to extend throughout the bead, 
and a high heterogeneity of the internal glass character-
izes the internal structure of KH8 (Fig. 2).

Finally, the (more or less thick) layer of porous mate-
rials that was visible in the internal part of the perfora-
tion was clearly highlighted in the CT scans (Fig. 2 and 
Fig. 3).

In order to better visualize the different features 
through 3D models, their segmentation was performed 
by setting different threshold values for the gray levels 
in Dragonfly. This allowed us to extract from the 3D 
rendering the features that fell within a specific range of 
gray levels, thus separating different components such 
as bubbles, low-Z inclusions, high-Z inclusions and the 
decorations. The choice of the threshold was tailored 
for each bead by carefully studying the results of the 
segmentation on the sequence of transverse and radial 
sections. The point clouds obtained by segmenting the 
CT volumes are valuable tools to reconstruct the bead 
making technology for each of the beads considered 
here.

Fig. 1 Columns from left to right show details for KH1, KH7, KH8 and KH11 obtained: 1) with optical stereomicroscopy (scalebars 2.5 mm); 2) by 2D 
images from the photogrammetric 3D models; 3) by back-scattered electron microscopy (scalebars 600 μm)
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Discussion
Tools for bead making
All the necessary manipulations of glass at high tempera-
ture, such as making the bead, shaping it, and applying 
decorations, require some tools. These tools are very 
rarely attested in the archaeological record. In particu-
lar, at the best of the authors knowledge there is no evi-
dence of such tools in the large area where the beads 
under consideration were unearthed. Nevertheless, 
traces of some of these tools are preserved in the beads 
themselves, the most obvious being that of the tool that 
left the hole, which in the case of wound beads is the 
mandrel. In addition, traces of other tools may remain on 
the surface if the glass was at the lower end of the glass-
working temperature range during the treatment.

The mandrel
The mandrel is the thin rod that acts as the core around 
which the soft glass was winded. It allowed the bead-
maker to expose the glass to high temperatures, therefore 
it was made of a material that could withstand intense 

heat, with metal being the most obvious candidate. The 
inner surface of the hole of each bead reflects the shape 
of the mandrel surface. Compact and strongly adhering 
residues were interpreted by some scholars as the use of 
a ceramic mandrel [30]. However, it is also reasonable to 
assume that this material could instead be related to the 
use of a release agent, such as clay, applied onto a (pos-
sibly metal) mandrel [35], similar to what is documented 
for modern bead making [73]. The high temperature 
turned the clay into ceramic and fixed it to the glass walls 
of the bead hole, where it can remain for centuries after 
the bead was removed. Such residues are also present 
in the beads involved in this study (Fig. 3), though their 
nature remains presently undetermined. The 3D mod-
els of the holes and their micro-CT profiles document 
this lining material, and highlight its uneven thickness, 
although the greatest thickness was found around half 
the length of the hole (Fig. 4). It ranged from about 1 mm 
in KH7 to about 0.2 mm for KH1; in the case of KH11, 
only a few remnants of this layer remained in the bead 
hole.

The shape of the hole was approximately a truncated 
cone for all the beads (Fig. 2) as a result of the use of a 
tapered mandrel held by the bead maker at the thicker 
edge, allowing easy removal of the bead towards the thin-
ner side of the tool. The full taper angle for the mandrel 
can be calculated by measuring two diameters along the 
truncated cone and the distance between them. All these 
values can be obtained from both the CT volumes and 
the photogrammetric models. The results obtained by 
the two approaches are consistent and are presented in 
Table 3. In addition, Fig. 5 shows the full taper angles for 
the tools used to produce each bead, and demonstrates 
they were quite different one to another.

Tools for shaping and decorating the beads
By combining the effect of the surface tension of the 
heated glass with that of the rotation of the mandrel, the 
bead maker was expected to obtain round beads. There-
fore, in order to obtain cubic beads, the craftsman had 
to use specific tools. These could be either pliers or a flat 
surface on which the round bead could be pressed with a 
spatula. Repeating the process on both sides would pro-
duce the flat surfaces of the bead.

Some bead decoration techniques also required the use 
of additional tools. Traces of their use can be seen on the 
cubic bead KH1. They are associated with the creation 
of a chevron pattern. Such an ornament was obtained by 
applying on the black squared beads several thin spiral 
turns of yellow glass. Immediately after the application, 
while both the yellow glass and the surface of the base 
glass were still soft, the craftsman “combed” the decora-
tion by moving a tool across the surface of the bead in the 

Fig. 2 Exemplary axial and longitudinal slices of the beads 
included in this study. Bubbles, low-Z inclusions, high-Z inclusions 
and decorations are visible
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opposite directions, shifting the coils and creating chev-
rons. In some cases, the surface was soft enough to allow 
a flat surface to develop again, leaving no apparent trace 
of the combing tool. However, in other cases, short par-
allel furrows remained on the surface of the bead. These 
features are visible on several cubic beads from the burial 
n. 5 of the Kanfarka cemetery and, for example, on a bead 
from burial No. 1, mound 12 in the Perevolochan necrop-
olis (Trans-Ural), for which a suitable photogrammet-
ric model is available on the Sketchfab platform website 
(Fig.  6) [74]. This indicates that the process for making 
this type of bead was well-established. In the specific 
case of the KH1 bead, the surface of the faces is flat, with 
apparently no traces of the tool. However, these traces 
have been recorded in the CT images (Fig. 7D), where the 
slices clearly show grooves protruding into the base glass 
down to 1  mm, totally filled with the yellow glass. Due 

to the variable viscosity of the heated glass, these marks 
are irregular in shape and depth. Reconstruction of this 
tool is obviously difficult. However, it is reasonable to 
assume that the craftsman used the tip of a metal knife or 
a thin hook. The marks are, in fact, those of a sharp tool, 
because where the tool first touched the surface, the CT 
scans showed a deep incision (Fig. 7E). In contrast, there 
is less evidence of surface etching in other areas, where 
the action of the tool was less intense and the chevron 
was likely created by the soft glass being pushed towards 
the direction of the incision.

Tool to extract the beads from the mandrel
Some traces on KH1 can be interpreted as evidence 
that the beads would need to be forced out of the man-
drel, despite the spacer layer. The fact that the bead was 
stuck on the mandrel could be related to the operations 

Fig. 3 Residue adhering to the inner part of the hole in the beads observed under the stereomicroscope
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that were performed to force the originally spheri-
cal shape into a cube. In this case, the craftsman had 
to press the bead from the side of the larger mandrel 
diameter leaving a mark on the surface, which testifies 
that the glass was still soft enough during the extraction 
of the bead. A deep mark with rounded edges is clearly 
seen near the side of the hole with the larger diameter 
(Fig. 7B). The trace left by this tool would indicate that 
it was not sharp, to prevent excessive deformation of 
the bead.

Techniques of production
The interpretation of the features revealed by the micro-
morphological study of the surface and the body of the 

Fig. 4 The thickness of the lining material for KH 8 (micro-CT profile) and its localization on the surface of the hole (2D projection of the 3D model)

Table 3 The full taper angle for the mandrels

Lab. Id CT (minor 
axis) 
(degrees)

CT (major 
axis) 
(degrees)

Photogrammetry 
(degrees)

Average 
(degrees)

KH1 7.2 9.4 8.3 8.3

KH7 4.6 4.8 4.0 4.5

KH8 6.1 6.6 6.3 6.3

KH11 13.5 14.7 14.1 14.1

Fig. 5 Schematic view of the full taper angles for the mandrels 
employed in the creation of the beads considered in this work (data 
from Table 3)
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bead allows us to reconstruct the sequence of the opera-
tions made by the bead maker.

Cubic black bead KH1
The first step in creating the KH1 cubic black bead with 
the yellow chevron decoration was to wind the hot black 
glass mass onto a mandrel. Characteristic features of 
the winding technique are individual elongated bubbles 
inside the glass bead (Fig. 7C) or traces of different radio-
paque material that curl around the central hole. In addi-
tion, the rotation is evidenced by traces on the surface, 
which leave separate strips of glass during winding. At 
this stage, the shape of the bead would remain round.

The next step was to change the shape of the bead by 
repeatedly heating and pressing it with a plane against 
another plane to create the faces and edges of a cube. 
Remnant features of this process can be seen in the shape 
and orientation of the bubbles inside the body of the bead 
(Fig.  7D). The pre-existing bubbles moved closer to the 

surface of the bead and were stretched toward its cor-
ners as a result of the pressure applied by the bead maker. 
Additional evidence of the process of re-heating and 
compression of the bead surfaces is provided by a layer 
of seeds parallel to the faces of the cubic beads (Fig. 7F). 
This layer of very small bubbles was then disturbed by the 
tool used to create the yellow chevrons, providing infor-
mation also about the decoration step (see below in this 
section).

Changing the shape of the bead fundamentally affected 
the general location and shape of the bubbles inside the 
bead. Repeated strong heating restored the spherical 
shape of some of them, the deformation changed their 
direction and created new ones, but some of the bub-
bles closest to the hole kept their original shape along the 
direction of the rotation. The craftsman’s manipulations 
for the formation of the cubic shape may also change 
the initially conical shape of the hole, making it oval 
in cross section, with the longer axis of the oval being 

Fig. 6 Grooves left by the tool used to obtain the chevron decoration, A–C beads from the Kanfarka burial site. D Bead excavated from burial No. 1, 
mound 12, Perevolochan necropolis (data from [74])
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parallel to the two faces that were pressed when the hole 
was deformed. This feature of the hole is visible in KH1 
(Fig. 2), but this is not a general feature of the beads of 
the same type.

The last step was the creation of the decoration, which 
was done with bubbly yellow glass. 3.5 turns of the thin 
decorative material were applied to the bead while rotat-
ing the mandrel counterclockwise. The beginning of the 
application of yellow glass is marked by a large spot of 
excess material, the end is marked by a thin curl, with the 
starting point being on the larger part of the conical man-
drel (Fig. 7A). Then the chevrons were created by “comb-
ing” the decorative material on the soft surface of the 
bead. This process caused the displacement of the soft 

surface layer of the black glass in opposite directions and 
left thin grooves on the bead surface. These grooves were 
noted on all the beads of the same type from the Kan-
farka burial site and from the Perevolochan necropolis 
(Fig. 6), with the noticeable exception of the bead KH1.

In all the beads of this type from the Kanfarka cemetery, 
except the bead KH1, the beadmaker used the tool twice 
on each of the four sides of cubic bead, with two opposite 
movements, both parallel to the axis of the bead. In KH1, 
the combing tool was also used along the edges. Evidence 
of this treatment is highlighted by the micro-CT images 
(Fig.  7F). As already discussed in Sect.  "Tools for shap-
ing and decorating the beads", the tool left evident sharp 
indentations under the surface which, for the KH1 bead, 

Fig. 7 Details from photogrammetry and CT scans for the bead KH1. A Direction of the rotation of the mandrel during bead formation 
and decoration. Start point and end point of the decoration are marked. B Surface of the bead from the photogrammetric model: the circle 
marks the traces left by a tool used to remove the bead from the mandrel. C Size distribution and shape of the bubbles in the reconstructed CT 
volume (colors of the bubbles depends on their size). D Axial CT slices highlighting peculiar directions and shapes of the bubbles also grooves 
protruding into the base glass (see text for details). E Chain of seeds (very small bubbles) created by the processes for shaping the bead into a cube 
and the mark of deep incision. F Deformation of the chain of seeds by the tool used on the edge of the cubic bead
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are filled with the yellow glass. On the faces, where the 
chevron was created only by the movement of the surface 
layer of the black glass with a tool, the CT scans recorded 
deformations of the layer of the seeds (Fig.  7E and F). 
Given that the craftsman must have deformed the edges 
of the bead KH1, it is difficult to explain the absence 
of the traces by repeated heating alone. It is therefore 
likely that, after the chevrons were formed, the partially 
deformed edges were restored by pressing the decorated 
bead again with the same tool used for the preliminary 
formation. This procedure would have been carried out 
only on the minority of items for which the movements 
of the combing tool were not precisely adjusted onto the 
flat surface of the bead.

A process in which the yellow decoration was placed 
and combed into a chevron before the bead was formed 
into a cube seems less convincing, as reheating is neces-
sary to bring the originally round bead into its final cubic 
shape. As the decoration is high-Pb glass, it would be sig-
nificantly deformed by the heating of the beads to a tem-
perature suitable for softening the (low-Pb) base glass. 
This would result in irregular and thick yellow lines, pos-
sibly even wider than the gap that is left between them. 
Such imperfections are not common in beads of this 
type, although they can sometimes be seen on only one 
or two sides as evidence of some final shape adjustment 
performed by the bead maker.

Barrel shaped green bead KH7
The dense network of cracks and the sugary texture that 
characterize the body and the surface of the green barrel-
shaped bead with a yellow linear decoration (Figs.  1, 2) 
may suggest that it was formed by heating crushed glass 
in a mold [22]. However, the elongated medium-sized 
bubbles curling around the central aperture, as seen in 
the CT scans (Fig.  2), provided sufficient evidence for 
the winding technique. For this bead, the poor state of 
preservation may prevent the detection of features that 
suggest any technical details. Nonetheless, a series of 
thin bubbles forming characteristic curls was noticeable, 
and can be read as an indication of clockwise rotation of 
the mandrel, with the bead developing as a spiral in the 
direction opposite to the position of the hand holding the 
mandrel (Fig. 8B).

The swirls that formed the bulk of the bead were super-
imposed on the mandrel with an angle of approximately 
75°. The traces of rotation are visible on the surface of the 
bead itself and are expressed as alternating light green 
and dark green stripes (Fig.  8A). The lighter-coloured 
green glass does not feature any non-glassy inclusion, as 
evident from the CT scan. So, its colour is not augmented 
by the presence of the opacifier. By carefully observing 
the surface texture of the bead in the photogrammetric 

model, it became clear that the light green color could 
be due to the development of a much larger number of 
surface cracks (Fig. 1). This degradation of the bead does 
not appear to correlate with the location of the cracks 
within the glass itself or with materials with different 
composition (that would show different radiopacity). It is 
most likely that this effect has occurred over time due to 
uneven internal stress of the glass caused by insufficient 
annealing. These irregularities may also be the cause of 
the large bubbles that, in some cases, have reached the 
surface, creating deep cavities and making the object 
even more fragile. Combination of CT scans and photo-
grammetry proved to be promising strategy for conserva-
tion state characterisation.

Once the bulk of the bead was formed, it was decorated 
with a thin yellow ring around the largest circumference. 
The glass of the decoration features numerous cracks, 
but in a different pattern than the green base glass. The 
junction (where the start and the end overlap) of the 
decorative ring is not visible on the surface. Voxels of the 
decorative ring were extracted from the rest of the vol-
ume and presented in Fig. 8D. The zoomed up section of 
the ring in the marked place (cross-section 1 in Fig. 8D) 
is thicker than in the rest of the ring (cross-section  2 
in Fig.  8D) and demonstrates certain fold of the glass, 
marked in the figure. This thicker spot is assumed to be 
the junction. According to these images, the direction of 
rotation of the bead during the application of the deco-
ration was clockwise, which corresponds to the direc-
tion of the rotation during the creation of the green core. 
The CT volumes also highlighted the thin bubbles in the 
yellow glass which, thanks to the heat, did not show any 
stretching in the direction of the rotation and appeared 
spherical.

Barrel shaped black bead KH8
The most striking feature of bead KH8 is the uneven 
composition of the glass, which is reflected in slightly dif-
ferent textures on the bead surface, documented in the 
photogrammetric models and in patterns of differently 
radiopaque materials within the body of the bead, tracing 
the direction and sequence of the wound glass (Fig. 9C). 
This may be related to the technique of using individu-
ally gathered chunks of softened glass to wind the glass 
around the mandrel, a procedure that was common 
throughout the Bronze Age until the first century BCE 
[22].

To make the bead, the craftsman rotated the man-
drel clockwise, applying turns of the glass one after the 
other, going forward in the opposite direction from the 
position of the hand holding the mandrel. At least six 
of such turns are visible, ending with a thin curl vis-
ible on the surface of the bead (Fig. 9A). The glass was 
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applied to the mandrel at an angle of 81–85°, and the 
direction of the rotation can be easily reconstructed 
from the surface features that are visible in the photo-
grammetric 3D model (Fig. 9A). This conclusion is also 
corroborated by the shape of the bubbles in the micro-
CT volume (Fig. 9D). The largest of them are elongated 
around the bore, with the same angle as the glass with 
respect to the axis of the mandrel. Some of the larger 
bubbles are unevenly stretched, featuring what we can 
conventionally call a “head” and a “tail” (Fig.  9B and 
D). In this case, the head indicates the direction of the 
rotation of the bead. The most likely explanation for the 

appearance of such bubbles is the entrapping of gas-
ses between the individual turns of the glass mass as 
they overlap. The smallest bubbles are spherical and 
do not give hints about rotation. Very small non-glassy 
inclusions aligned in the direction of winding can be 
observed in the 3D model constructed from CT slices 
(Fig. 9F). On the surface of the bead (using photogram-
metric 3D model) in the same places it is possible to see 
certain lines going in the same direction. By combin-
ing the two 3D models it is therefore possible to com-
pare traces of production that appear both inside the 
bead and on its surface.

Fig. 8 Details from photogrammetry and CT scans for the bead KH7. A Direction of the rotation of the mandrel during the bead formation 
and decoration. The starting point for the bead formation is indicated. B Size distribution and shape of the bubbles in the reconstructed CT volume 
(colour of the bubbles depends on their size). C Axial CT slices highlighting peculiar directions and shapes of the bubbles (see text for details). D CT 
representation of the decoration with cross-sections: 1—overlapping of the start/finish point; 2—typical cross section of the rest of the decoration
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Similarly, the rotation and overlapping of the glass lay-
ers are visible in the micro-CT images of the transverse 
planes. The increase of thickness in the central part of 
the bead was achieved by applying an additional layer of 
glass.

After creating the core of the bead, the bead maker 
added a simple decoration by applying a thin stripe of 
yellow glass near the largest circumference of the bead, 
perpendicular to its axis. The joint in the starting/fin-
ishing point of the decoration is uneven and is visible 
on the surface. In addition, thanks to the profile of the 

decorative stripe that was obtained by segmenting the 
CT volume, it is possible to distinguish its beginning 
and the end (Fig. 9E). This allows us to reconstruct the 
direction of rotation of the bead during the creation 
of the decoration and it corresponds to the direction 
of its rotation during the forming of the bulk. The yel-
low glass features a much higher porosity than the base 
glass, and is covered with numerous superficial cracks. 
Numerous spherical bubbles can also be seen inside 
the decoration thanks to the CT reconstructed volume 
(Fig. 9E).

Fig. 9 Details from photogrammetry and CT scans for the bead KH8. A Direction of the rotation of the mandrel during bead formation 
and decoration. The starting point and ending point for the bead formation are indicated. B Elongated bubbles marking the direction 
of the rotation of the mandrel during the bead making, C Axial CT slice highlighting the layers of different glass. D Shape of the bubbles 
obtained by segmenting the CT volume. Several examples of “head and tail” bubbles are highlighted. E 3D model resulting from the combination 
of photogrammetric and micro-CT data. The detail of the junction of the ring decoration is also shown, F distribution of high-density inclusions 
(except the ring decoration) demonstrating the winding pattern
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Round black bead with colored spots KH11
The black rounded bead with uneven colored spots 
KH11, like the other beads considered in this work, 
shows features that indicate the winding technique. 
Traces on the surface of the bead allowed to identify the 
point where the first glass was deposited on the mandrel, 
which was then rotated clockwise (Fig.  10A). The coils 
of glass mass were applied in the direction of the taper, 
meaning towards the opposite direction to the bead 
maker’s hand. The oblate bubbles, stretched perpendic-
ularly to the aperture of the bead, are recorded in large 

numbers (Fig. 10B and D). In this case, the bead surface 
does not show any traces of the glass coils applied by the 
artisan to form the bead. However, micro-CT profiles 
revealed a thin spiral of more radiopaque material twist-
ing outwards from the aperture, which suggests that the 
bead body was formed by at least three layers of glass 
(Fig. 10C).

After the bead was formed, the bead maker applied 
the decorations that are now visible on the surface as 
yellow, red, and white uneven spots. These are concen-
trated along the largest diameter of the bead, while they 

Fig. 10 Details from photogrammetry and CT scans for the bead KH11. A Direction of the rotation of the mandrel during the bead formation. 
The starting point of the formation is marked. B Size distribution and shape of the bubbles in the reconstructed CT volume (colors of the bubbles 
depends on their size). C Axial CT slice highlighting a thin spiral of radiopaque material twisting outwards from the aperture. D Axial CT slice 
highlighting decorations (marked with blue ellipses), medium-Z inclusions (green) and oblate bubbles (orange). E High-Z material sunken 
in the base glass. F Details of the flattened area near the aperture, showing traces of a post treatment to refine the apex of the bead
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are absent from the flattened areas near the apertures. 
CT scans revealed that the spots protrude with rounded 
edges into the dark base glass, where medium-Z inclu-
sions are also visible (Fig.  10D); moreover, some highly 
radiopaque material in the bulk of the bead below the 
surface was also detected (Fig. 10E).

Again, the glass used for the decoration features a large 
number of round bubbles. It is reasonable to assume that 
the bead maker may have used a special decoration tech-
nique in which the heated bead is rolled onto a flat sur-
face on which chips of colored glass were scattered [75]. 
The soft surface would allow them to be embedded, and 
additional heating/marvering would also support the 
development of a flat surface, in which the glass of the 
decoration does not extend above that of the dark glass.

On the side of the smaller aperture diameter, this bead 
features specific traces that would suggest the presence of 
glass that extended beyond the apex, which was then sof-
tened and pressed into the bead (Fig. 10F).

Such a trace of additional glass is documented in the 
archaeological record as an indication that many beads 
were made on the same mandrel, with a thin thread con-
necting them all. This thin glass was then broken by the 
bead maker after all the manipulations were completed 
[35]. The shape of the bead suggests that the bead was 
then pressed on a hot flat surface to allow the excess glass 
to soften and to sink into the apex of the bead, which in 
turn was flattened.

Further evidence of this treatment is the scalloped pat-
tern visible on the surface around the aperture (Fig. 10F), 
which may have resulted from the contact with a hot 
surface. Such a treatment would also explain the char-
acteristic texture found on the surface of this bead 
(Fig.  1D1–D3), with dense wrinkles running perpendic-
ularly to the aperture, although we cannot exclude that 
this feature could also be related to marvering.

Conclusions
The bead making process leaves some physical traces 
in the glass, and these traces can be revealed by a thor-
ough examination of the finished object. For archaeo-
logical glass beads, the examination can be carried out 
by magnifying the surface under an optical or electron 
microscope, revealing the features that would guide the 
interpretation of the technology behind the bead, or by 
examining both the photogrammetric 3D models and 
the CT reconstructed volumes, which provided a much 
deeper level of insight.

This approach proved to be very useful in reconstruct-
ing the bead making processes, as both micro-CT and 
photogrammetry were able to document and accurately 
measure some elements from the surface and below, in 
many cases providing complementary data.

The (virtual) objects were fully explored, and various 
combinations of the point clouds obtained from the two 
3D imaging techniques provided new perspective that 
helped to pinpoint features relevant to reconstruct the 
bead making technique.

All the data collected within this study corroborate the 
established knowledge of the bead making techniques of 
the period and present a framework for their analysis that 
includes a comprehensive view provided by several methods.

We established that all four beads were made by wind-
ing hot glass around a mandrel. One of the most prominent 
outcomes of this research is the approach for tracking the 
direction of the mandrel rotation during the different steps 
of the bead production. For most of the beads the mandrel 
was rotated clockwise during the formation of the bead. For 
the cubic bead, which underwent deep manipulation to be 
shaped as a cube, it was not possible to recognize the direc-
tion of mandrel rotation, but the decoration was obtained by 
rotating the mandrel counterclockwise. In all the operations 
involving rotation, the starting point of the operation went 
forward in the opposite direction with respect to the hand 
holding the mandrel.

Although the rotation of the mandrel is not systemati-
cally investigated in previous studies, and there are cur-
rently no significant comparative data, we believe that it 
will be considered in the future to gain further insight 
into the technology of past cultures, taking advantage 
of the opportunities offered by 3D imaging methods to 
provide information on this intangible aspect of bead 
making.

This work demonstrates the merit of combining pho-
togrammetry and micro-CT beyond the already popu-
lar application for 3D digitization for archival recording 
and provides an unprecedented insight into the micro-
morphology of several types of fourth century BCE glass 
beads found in a vast area of Eastern Europe, enriching 
the limited set of data already available for archaeological 
glass beads.
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