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1. Introduction

During the past century and a half, hundreds of
thousands of decorative beads have been excavated
from (mostly female) rural inhumation graves across
Europe dating between AD 450 and AD 700 (Fig. 1).
Despite their ubiquity, their research potential has
only started to dawn in the last decade. Before, they

135 and often dismissed

were used as a means of dating
as mere trinkets, as research focus was attuned to
‘more interesting’ grave goods such as biconical pots,
weapons or fibulae.

Research on beads from the early medieval pe-
riod has a lot to offer: beads are durable, portable,
ubiquitous, and highly variable objects. Hence, they
are a means to gain a better understanding of mercan-
tile and other networks that facilitated long-distance
trade.®® Beads as objects of trade and particularly
long-distance maritime trade is a well-documented
phenomenon.'?’
this long-distance trade, since it is generally believed

many were part of the cargo of ships whose prime

They are an appropriate proxy for

purpose was the trade in spices, silk and incense.'®
How the trade was organised and how “foreign” beads
penetrated every stratum of society in Western Europe
remains unclear: the archaeological record just shows
that this was the case (Fig. 2).

1. 1. Chemical analyses

So far, chemical analyses of Merovingian beads
have revealed information about the types of raw glass
used to produce them and the metal oxides used to
colour them. Several studies have already shown that
throughout Europe early medieval beads were made
using similar raw glass, and were coloured with sim-
ilar metal oxide ‘colour recipes’.'” Specific tiny green
beads, occasionally found in graves of the late fifth
and early sixth century, are made from high alumina

% For example Koch 1977; Sasse/Theune 1997; Siegmund
1998.

136 Carter et.al. 2016.

137 PFrancis 2002; Wood 2011; Keileini et.al. 2019, Pion et.al.
2020.

138 Pion et.al. 2020 and references therein.

139 Sablerolles et.al. 1997, 306-311; Henderson 1999a; Heck/
Hofmann 2000, 354—355; Heck/Hofmann 2002; Matthes et.al.
2003; Dijkstra et.al. 2010, 188-191; Mathis et.al. 2010; Peake/
Freestone 2012; Pion/Gratuze 2014, Neri et.al. 2017, Boschetti
et.al.2020.
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glass and were most likely produced in India and/or
Sri Lanka.'" Others have shown that opaque white
beads were cither opacified by tin oxide or calcium
antimonates.'*! As far as colouring and/or opacifying
goes, the Late Roman period saw a shift from the
use of lead-based opacifiers to tin-based opacifiers,
which is also accompanied by a change in hue for the
yellow beads.*? There are some indications of a shift
in the recipe for black glass as well, which became
more concentrated in iron and lead than before.'#
More generally, even with tin-based colourants and
opacifiers, lead remains an important ingredient to
decrease the melting temperature of glass and in-
crease its workability.'* Consensus so far is that
most beads were made in small batches by travelling
craftsmen, often by using scrap glass or cullet.'® If
that was indeed the case, one would expect to find
different recipes for beads of the same bead-type. In
all these papers only a limited number of beads were
analysed. To our knowledge apart from the unpub-
lished work on the cemetery of Bossut-Gottechain a
full study (typological and chemical) of all the beads
of a given site has not been performed yet. However,
in Pion’s dissertation chemical analyses of glass beads
from six Belgian cemeteries have been presented.'*
In this work we want to highlight the added value
of considering complete assemblages. Through these
studies, we have a good understanding of the chemical
composition of glass beads from Merovingian graves,
the provenance of raw glass, (local) recycling and col-
ouring. This paper tackles questions beyond glass types
and colour recipes. We want to start considering beads
not as individual objects, but as part of a broader as-
semblage: either the necklace they were part of, or the
batch they were produced in. Potential questions in-
clude: how were strings of beads assembled, how closely
do the chemical signatures of identical beads within
a string/grave relate? Do we see evidence for identi-
cal beads within a string being produced together?
What about identical beads from different graves and
time-periods from the same cemetery? The answers
to these questions can provide new insights into bead

140 Pion/Gratuze 2016.

11 Matthes et.al. 2004, 134—135; Vandino/Fiorentino 2020.
2 Tite et.al. 2008.

13 Mathis et.al. 2010.

144 Henderson 1999, 85-86.

15 Sablerolles et.al. 1997; Dijkstra et al. 2010, Crocco et.al.
2021, Henderson 1978; Callmer 2003.

146 Gratuze in Pion 2014, 299-376.



Merovingian Beads

Blue = Cemetery Beads
Green = Settlement Beads
Red = Stray Find Beads

Number of beads
<=5

>5 & <=10
>10 & <= 20
>20& <= 50
> 50 & <= 100

~ > 100 & <= 500

> 500

® Present

—— roman roads
research area
— rivers

Fig. 1  Find locations of beads dating to the Merovingian period in northern Gaul. Source: www.earlymedievaleurope.org

(Online Database ERC Rural Riches).
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use and exchange, as they can indicate: bead exchange
across generations, whether beads were assembled
into bracelets and necklaces only once, or strung and
restrung into different compositions on several oc-
casions, for example for the burial ritual itself. The
answers to these questions in turn provide interesting
possibilities to tackle questions about social networks,
non-trade exchange relations, knowledge exchange,
burial rites and a host of other social and cultural
topics of early medieval society.

1. 2. Aim

In order to answer the questions above, a meth-
od to establish chemical ‘bead-groups’ needs to be
developed. This is done using the beads from the
sixth-century cemetery of Lent-Lentseveld, located
near the town of Nijmegen in the Netherlands. The
research presented here expands on previous work
by considering the complete bead assemblage from
Lent-Lentseveld'?. The study consists of a complete
approach ranging from photography, typology and
provenance determination,'* out of 1028 glass beads
excavated in Lent 932 were analysed by portable
X-Ray Fluorescence (pXRF) and 578 were analysed
using Laser Ablation-Inductively Coupled Plasma -
Mass Spectrometry (LA-ICP-MS).

Next/among the questions mentioned above,
the aim of the research is two-fold. First, determining
whether PCA analysis of the data obtained through
LA-ICP-MS and pXREF yield the same results.'* By
incorporating the typological data in the analyses of
both the pXRF and LA-ICP-MS results, we have
developed a method (which will be elaborated upon
below) to distinguish groups of beads using princi-

17 The chemical composition of several glass beads from Lent

has already been analysed with hand-held XRF analysis (28
beads) and SEM analysis (5 beads) at the University of Delft in
2017 (Corbella 2017). All those beads were soda-lime-silica glass,
and in terms of (de)colourants evidence for the use of lead stan-
nate, tin, copper, iron and manganese was found, all typical for
Merovingian beads. The report also noted the high lead content
of the glass, which was probably added purposefully to make the
glass more malleable (Corbella 2017, 14-18). In addition, several
beads were analysed with p-Computed Tomography (otherwise
known as micro-CT), revealing the intricate methods with which
the beads were made as well as the many air bubbles present in
their glass matrix (Ngan-Tillard et.al. 2018).

18 Based on those from Pion 2014.

1 In particular regarding which beads group together chemi-
cally.

pal component analysis (PCA). Second, variability
in chemical composition of identical beads within
a grave/object (necklace, bracelet) are compared to
the overall chemical variability of that specific bead-
type and interpreted in light of trade and exchange
patterns. In this preliminary study only one cemetery
is considered. We plan to perform the same study on
beads from the Merovingian cemeteries Els-t Woud
and Wijchen-centrum in a later article, to expand
our research into the seventh century.

2. The beads from Lent-Lentseveld

The cemetery of Lent-Lentseveld (Fig. 3) is a
small sixth-century cemetery of 79 graves that has
been excavated by the municipality of Nijmegen in
2011 and 2015 in the village of Lent, north of the
town of Nijmegen in the Netherlands (Fig. 4)."° It
dates between 500 and 600 CE. In total 1205 beads
were found in Lent in 29 different graves: 26 in-
humations and 3 cremations, found in 40 different
‘groups’. The beads were mainly found in children’s
and women’s graves: 7 children’s graves, 19 wom-
en’s graves and 1 man’s grave.”! In table S1 in the
appendix an overview of all the beads per grave is
provided. Most groups of beads were found near the
neck or chest. It is most likely that these were neck-
laces, although they could also have been sewn onto
the neckline of clothing. In two cases beads were
found near an arm: these were probably bracelets.
And in at least one case beads must have attached
to a chatelaine, since they were found near the hip,
just as several of the large glass ‘spindle whortl beads’.

The vast majority of beads are made of glass
(1028 pieces): 872 are monochrome and 155 poly-
chrome. They were made with a variety of techniques:
wound beads, drawn beads, perforated beads, folded
beads and mosaic beads all occur in the same string of
beads (Fig. 5). After glass, amber is the most common
material with 164 pieces. Only a few beads are made
of faience, rock crystal, marble, Meerschaum, terra

150 Hendriks 2021.
51 These are sex determinations based on a physical-anthropo-
logical study of the preserved skeletal material from the graves of

Lent-Lentseveld (Van der Linde 2021).
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Fig. 3  Location of the sixth-century cemetery Lent-Lentseveld (Image by J. Hendriks, Municipality of Nijmegen).

inhurnation trench
@ wooden contalner
B cremation pit

Fig. 4  Plan of the sixth century cemetery Lent-Lentseveld. Graves with beads are indicated by their grave number (Image by J.
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Fig. 5  This string of beads consists of hundred-twenty-one beads of glass, amber

and faience and was found around the neck of a young child in a grave from the

6th century cemetery of Lent-Lentseveld. The beads in this string were made with

varying techniques and have origins in Europe, the Baltic, the Levant, Egypt, the
region of modern-day Iraq and Iran, and India (photo: A. Dekker).

sigillata, beryllium and metal (Table 1). The beads  Table 1 Overview of the materials out of which the beads exca-

from Lent have various provenances: Northwestern vated from the cemetery of Lent-Lentseveld were made.

Europe, the Baltic, the Mediterranean'®, Egypt,

Mesopotamia'”®, and India. Material Amount of Amount of
beads graves
Glass 1028 28
Amber 164 22

52 The Mediterranean is admittedly a rather large area to refer

to as a single bead-production region. For Lent, we refer most-
ly to this region in regards to beads made of materials such as Marble 3 3
Meerschaum/sepiolite and marble, that may have been sourced in
various subparts of the Mediterranean quite widely spaced apart.
Meerschaum for example, may have been won in the modern-day Beryl 1 1
regions of Greece, Turkey, Crimea or Spain, amongst other can-

Faience 5 3

—_
—

Meerschaum

didates (Drauschke 2011, 57; Herdick 2000, 336 and 339). Rock crystal 1 1
153 In this article we refer to the region between the Euphrates Samian ware 1 1
and Tigris rivers as ‘Mesopotamia’, which literally means ‘land Metal 1 1
between rivers’. With this term we do not refer to the Mesopo-

tamian empire, as it no longer existed in the sixth century. Total 1205 29
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Table 2 Bead making techniques and their provenances (based on Pion 2014).

Technique ;’;I:;) Provenance

Drawn Beads A India/Mesopotamia/Egypt/Syro-Palestinian coast
Wound Beads B Europe (mostly)

Folded Beads C Egypt/Syro-Palestinian coast

Perforated Beads D Mesopotamia/Egypt/Syro-Palestinian coast
Mosaic Beads E Egypt

Beads from other materials F Various Provenances

Prehistoric or Roman beads G Various Provenances

F

Fig. 6 Examples of beads from the cemetery Lent-Lentseveld made with various production techniques.

A drawn bead with lines parallel to the perforation; B wound bead with concentric lines around the perforation;

C folded bead with visible seam; D perforated bead with one irregular side; E: mosaic bead formed by various
slices of mosaic glass; F: amber bead with cut and polished faces (photos: M.B. Langbroek).

3. Methodology
3. 1. Typology, Microscope

The beads found in Lent-Lentseveld have been
categorised using the typology that was developed
by Constantin Pion in 2014."* Extra information
on this typology can be found in appendix 3. 1.
Furthermore, their material, condition, production
technique (Fig. 6), size, colour, decoration and prov-
enance (based on typology: Table 2) were document-
ed. Finally, all the beads were photographed using a

camera on the stereomicroscope used to study the

beads.

154 Pion 2014.
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3. 2. Analytical methods

A complete description of the instrumentation
and measurement conditions for both the pXRF
and LA-ICP-MS analysis is provided in appendix
3. 2 and 3. 3. These are routine analysis, but never
performed on such a large corpus, including every
bead excavated on the site. In this section more time
will be devoted to how PCA analysis was applied in
this study to combine the information from both
methodologies.

All monochrome beads from Lent-Lentseveld
were analysed using pXRE In polychrome beads,
the different colours usually appear very close to-
gether, which makes analysis per colour inaccurate.
Polychrome beads were therefore analysed only with
LA-ICP-MS (see below). In total, 949 pXRF-meas-
urements of 932 beads were taken.



The beads to be analysed with LA-ICP-MS were
selected as follows:

—  Each colour of each polychrome bead was ana-
lysed individually.

—  For monochrome beads a subsample of all iden-
tical (colour and typology) beads within a string
were analysed. When only one or two identi-
cal beads were present, they were all selected
for analysis. When three or more of the same
bead-type were present in a string, two or more
were selected. For example, if ten identical mon-
ochrome beads were present in a string of beads,
usually about four were selected for analysis.

In total, 1008 measurements on 578 beads were
performed: all polychrome beads and representative
subsamples of monochrome beads per string.

In order to determine the base glass recipe a so-
called “reduced” composition is determined,' aver-
ages for this are reported in appendix table S2. That
is the composition rising solely from the sand and
flux. The composition of the glass is recalculated to
100 % oxides not taking into account the elements
associated to (de)colouring and/or opacifying (we are
keeping the following oxides: Na,0* MgO* AL, O.*
SiO,* P,0,* K,0* CaO* Fe,O,*; the star indicates
these are reduced compositions).”*® Iron is a more
complicated oxide, as it does enter the glass as part of
the silica source (usually present in sand), however,
it is also used as colourant in, for example, black
glass. Therefore if the reduced Fe,O, concentration
is below 1 we keep it as is, if not it is arbitrarily cho-
sen to be 1 % and the other oxides are determined
accordingly.”” When this was done the value has an
‘@’ in superscript in S1.

3. 3. Principal Component Analysis

In this paper PCA’s of the pXRF and LA-ICP-
MS data will be performed, compared and interpret-
ed in light of the chemistry, the typology, the age,
the grave the beads were found in and the region in
which the beads were produced. PCA has the ability
to simplify high-dimensional data, such as the 21
components measured in pXRF analysis or the 58
components in LA-ICP-MS, and summarise these

155 Panighello et.al. 2012.
156 Panighello et.al. 2012.
157 Panighello et.al. 2012.

in two-dimensional plots. The data are geometrically
reduced by projecting them into lower dimensions
called principal components (PCs) that are uncor-
related.”® Simply put: PCA compares the chemical
data obtained by the pXRF or LA-ICP-MS measure-
ments, and plots those chemical compositions that
are most alike closer together than those that are less
alike. As stated above, we are not so much interested
in the specific chemical recipes of the beads, since the
aim is to establish whether chemical groups can be
identified for specific bead-types and/or for graves.
This can then in turn provide information on wheth-
er multiple beads of a specific bead-type from one or
several graves were produced with the same recipe
or not, and how strings of beads present in burials
were assembled.

In this article three representative case studies of
a specific colour (black, green-blue/blue-green and
red), will be presented. The selected colours occur
in a representative part of the excavated strings of
beads. For each colour group two different PCAs
were made: one for the results of the pXRF analysis
and one for the results of the LA-ICP-MS analysis.

For the pXRF measurements the PCA analy-
ses were performed on results from beads from the
Lent-Lentseveld graveyard by discarding the low-Z
elements (below K), the Hg and Rh signals were not
taken into account either.'”

The following elements were used in the PCA
analysis: K, Ca, Ti, Mn, Fe, Co, Ni, Cu, Zn, As, Sr,
Sn, Sb and Pb. The matrix of the counts for each
element after spectral deconvolution was transposed
and PCA was performed with a transformation of
the data to a mean of zero and standard deviation
of one. This avoids that the major elements domi-
nate the compounds, however it does give the same
importance to each measured element. PCA’s were
performed using the Clustvis tool.'®

58 Lever et.al. 2017.

159 Low-Z elements were not used because they are not reliably
measured with pXRE K and Ca sometimes are also excluded
for this reason, but in our study the results are consistent with
what was found in the LA-ICP-MS analysis, therefore we kept
them. Rh is from the X-Ray tube and we do not expect large Hg
contributions, rather the signal is due to small errors in decovo-
lution due to spectral overlap of Hg M-lines with S K-lines and
Au M-lines and Hg L-lines with Pb and As L-lines (all of which
are present in the samples).

160 heeps://biit.cs.ut.ee/clustvis/; Metsalu/Vilo 2015.
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For the LA-ICP-MS measurements the major
and minor elements were considered for the PCA
as well as trace elements, rare earth elements were
not considered'®’. In order to have enough data to
be statistically significant the PCA’s were performed
using data from three cemeteries (Lent-Lentseveld,
Wijchen-Centrum and Elst- ‘t Woud). PCA’s only
considering elements typical for the base glass (Si,
Na, K, Mg, Mn, Fe (except for black glass), Al, Ti,
V and Ca) and considering elements, typical for (de)
colouring and/or opacifying were also performed
(Sn, Sb, Cu, Co, Pb, As, Zn, Ni). The groups found
with the three different PCA’s were largely the same.
In some cases PCA’s were also done for a subset of
one bead-colour corresponding to a particular ty-

pology.

3. 4. Problems and pitfalls
3. 4. 1. Context

The beads studied in this paper were all depo-
sited in graves. However, use-wear analysis of sever-
al strings of beads from Lent has revealed that the
beads were worn (some significantly longer than oth-
ers) before they were deposited in the graves.'®> Of
course, the way beads were worn during life and by
whom may be completely unrelated to the way they
were finally deposited. Hence this assemblage might
not tell us about the lives of the people buried in
Lent. Instead, it provides insight into how strings of
beads were assembled (perhaps especially for burial).

3. 4. 2. Glass

Whenever chemical analysis is performed on
archaeological objects it is important to be certain
the measured chemical composition corresponds to
the actual original chemical composition of the ob-
ject. Glass is a durable material that in the case of
Lent-Lentseveld has suffered very little from corro-
sion. Corroded glass is characterised by iridescence'®
which was not noticed on those beads. Furthermore,

161 Rare earth element concentrations were nearly identical for

most beads from the same type, so their contribution in the PCA
was 0, hence we decided not to take them in the analysis.

12 McGloin 2021; see Langbroek 2020 for an example of
beads found in a settlement context.

16 Except for high-lead glass such as the yellow opacified glasses.
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when performing LA-ICP-MS analysis the first few
seconds of data (which correspond to the surface lay-
er) are not taken into account to avoid any influence
from corrosion due to the burial ground. Any glass
corrosion can easily be detected in the LA-ICP-MS
as corrosion layers are typically enriched in ALLO,
and depleted in Na,O. In the pXRF analysis these

oxides were not taken into account.
3. 4. 3. PCA graphs

When studying the graphs in general, and in
particular when looking for patterns or clusters for
specific bead-types or graves, it is important to bear
the scale of the X- and Y-axis in mind. On the one
hand, if the graph is plotted on a very small scale,
there will not be any clusters visible. On the other
hand, if the graph is plotted on a very large scale,
there may appear clusters where there actually are
none. As this type of study of Merovingian glass
beads has not been done at that scale before, estab-
lishing an ‘honest scale is very much trial and error.
Adding to this, there is no consensus on what exactly
forms a chemical group: how similar in composition
do different beads of the same type have to be to
be able to claim they are from the same chemical
group? By using PCA, we are not so much establish-
ing chemical groups in a quantitative way, but racher
in a qualitative way: beads that appear in the same
cluster in the graphs are more like one another than
the beads that plot outside of that cluster. This means
that the patterns that can be discerned from the PCA
graphs cannot be interpreted in a quantitative na-
ture: it cannot be claimed that beads of a specific
bead-type that plot in a cluster were made from the
same batch of glass. Instead, the furthest we wish
to go with our interpretation of such type-clusters,
is that the glass used to make these beads seems to
have been manufactured with a more similar recipe
in comparison to the glass used to make beads of
other types that do not plot in the aforementioned
cluster. In other words: the graphs show a relative
ordering of bead groups.

While it would be tempting to interpret specif-
ic bead-type clusters as originating from the same
bead-making event or workshop, fact remains that
we are analysing the coloured glass used to make the
beads, some of which may have been made on site
for specific bead-making events and some of which
may have been exchanged as previously fabricated



coloured glass'®. In theory then, as prefabricated
coloured glass rods from the same production-event
may have been transported to various locales, beads
with similar compositions may have been made at
different moments, in different workshops. Howev-
er, if beads of the same specific bead-type from a
string of beads found in a single grave have similar
chemical compositions, their co-production during
the same bead-making event does seem more likely.

4. Results
4. 1. Base glass recipe

The provenance attributed by visual examination
of the beads concerns the place of manufacture of the
glass beads.'® This does not say anything, however,
about the base glass recipe and provenance, i.e. where
the raw glass was produced.

From the 1st millennium BCE through the Ro-
man period glass in the Mediterranean was produced
in large primary production centres in the Syro-Pal-
estinian coast and Egypt. The recipes are charac-
terised by the use of mineral soda as flux and this
glass remains in use in Western Europe until the 9th
century.'® Mineral soda was sourced from evaporitic
deposits such as the Wadi Natrun in Egypt and was
not readily available in Western Europe. Hence, if
the beads were made using mineral soda as flux the
raw glass originates from the Mediterranean and was
either freshly imported as glass cullet, or recycled.

Table S2 in the appendix provides a summary of
the reduced compositions with the average reduced
composition for each colour and type of bead in the
assemblage based on the LA-ICP-MS results from
the beads from Lent.

Most of the beads were made using mineral
soda as flux. Glass beads which, according to their
typology, were produced in Egypt are characterised
by a higher concentration of both MgO and K,O,

164 Crucibles with remains of yellow lead-tin oxide pigments

(Heck et.al. 2003), yellow opaque glass and green-blue translu-
cent glass have been excavated from several bead-production sites
in Northwestern Europe. Other glass colours are systematically
absent: these may have been imported as (inter)regionally pre-
fabricated coloured glass rods (Matthes et.al. 2004; Pion 2014,
188; Dijkstra 2011, 314).

16 Usually this was the place the colour was added and the glass
was formed into beads.

1% Phelps et.al. 2019; Shortland et.al. 2006.

usually 1-1.5wt-%, still within the range of min-
eral soda glass. Occasionally one of the oxides will
be above 1.5wt-%, but these can still be considered
to be fluxed with mineral soda. Beads made in Eu-
rope typically contain ~0.5wt-% of each oxide and
never more than 1wt-%. They are also fluxed with
mineral soda, but are characterised by lower concen-
trations of Fe or Mn than for the Egyptian material
indicating a purer silica source (probably from the
Syro-Palestinian coast). Among the beads thought
to be manufactured in Egypt or the Syro-Palestinian
coast and Mesopotamia a large proportion are fluxed
using plant ashes as evidenced by the concentration
of K,O and MgO which are both above 1.5wt-%.
This shows that the attribution to a production lo-
cation based on style, also reveals something about
the glass recipe used for manufacturing.

4. 2. Black: results

In the cemetery of Lent-Lentseveld several bead-
types with black glass were excavated. The most com-
mon black bead-type in Lent is B1.1-01a (68 beads),
followed by B1.1-01b (12 beads) and B1.8-01 (6
beads). These are all monochrome wound beads,
and will be discussed in more detail below, as will
polychrome black bead-types B5.4-02 and G1.3-02.
Of these types, only one bead was excavated in Lent

(Fig. 7).
4. 2. 1. General chemistry (LA-ICP-MS results)

All the bead-types are characterised by elevated
lead and iron contents except B1.1-01b that does
not contain any lead and has an average reduced iron
content of about 0.61 %. The dark/black colour can
be attributed to iron for all bead-types except B1.1-
01b.

Among the B1.1-01a beads there are two groups
with extremely low Na,O and high AL O, reduced
concentrations. Since the low Na,O concentration
is not compensated by other fluxing elements and
that it is well known that corrosion of glass leads to
the loss of sodium and surface enrichment of ALLO,
it is possible this is due to corrosion. To rule out this
possibility, a new reduced composition was deter-
mined where the Na O concentration was arbitrarily

167 Cf. 7. 4. Appendix table S4.1.
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B1.1-01a B1.1-01b B1.8-01

B5.4-02

Fig. 7 The black bead-types featured in this case study (photos: M.B. Langbroek).

chosen to be 18 (typical for roman natron glass). In
this reduced composition the average Al O, is still
between 11 and 12 wt-%, a composition typical
for mineral soda glass found in East Asia, India and
Turkey.'s® It, therefore, is likely that B1.1-01a beads
have a provenance outside of Europe. High-alumina
glass has already been demonstrated for a specific
type of drawn bead'® found in Merovingian graves
across Europe dating to the late fifth and early sixth
century.'”’

Another possibility would be that these black
glasses are actually a three-component mixture of
a base glass, lead, and iron from iron slag. This is
the case for red opaque beads and at least one black
bead dating between 450 and 650 from Eriswell,
Suffolk.”" This study using SEM-EDS showed that
iron slag was added to the red glass to decrease the
melting temperature and to black glass as a colour-
ant. The slag is rich in iron, but also in KO and
Alzoa, which could explain the elevated ALLO,*
calculated for our samples, and the more elevated
K,O in the B1.1-01a beads (1-2 wt-%) compared
to the other black beads (<1.2 wt-%). However, one
big difference with the black bead from Peake and
Freestone is that in our beads Na,O is near-absent
compared to ~11 wt-% in ‘their’ black bead. The
link with metallurgy is further strengthened by the
presence of SnO in these glasses, which might also
link the manufacture of black and yellow glasses as
already suggested by Peake and Freestone. The lead
source used for these beads also contains barium,
resulting in BaO concentrations of 1000-2000 ppm
for these glasses. The MnO concentrations are also
elevated (up to 5 wt-%), presumably entering with
the slag, yet due to the large amounts of iron, this is
the main source of colour for these glasses.

168 Lankton/Dussubieux 2006; Dussubieux et.al. 2010.
169 Tndo-Pacific tradewind beads, A1.1-01 beads.

170 Pion and Gratuze 2016.

17t Peake/Freestone 2012
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4.2.2. PCAXRF

The first two PCA-components explain 55 % of
the variation. The PCA plot based on the results of
the pXRF analysis shows clear groups per bead-type
(Fig. 8a).

To understand where these groups arise from
it is important to note that the first component is
dominated by lead, whereas the second component
is dominated by Sr. This is illustrated in Fig. 9a
where PbO and SrO concentrations determined by
LA-ICP-MS are plotted and the groups cleatly ap-
pear. On the right, the B1.1-01a beads form a clear
group that is high in lead content, separated from
B1.1-01b and B1.8-01 on the left. B1.1-01b forms
two groups, one of which is similar to the group of
B1.8-01 beads. The Roman bead G1.3-02 also plots
in this group.

4.2.3. PCA LA-ICP-MS

The first two PCA-components explain 63 %
of the variation. Clear groups per bead-type can be
distinguished (Fig. 8b). Like in the pXRF PCA, the
first component is dominated by lead. In contrast to
the pXRF data, in this case the second component
is dominated by transition elements, and strontium
plays a smaller role (likely because of the smaller
range of values for Sr as also seen in Fig. 9a).

The PCA plot shows two groups for B1.1-01a
(as observed in paragraph 4.2.1), that were probably
not distinguished by the pXRF due to the role alu-
minium plays in the separation of these groups (see
Fig. 9b). As B1.1-01a beads are so small, the addition
of lead may have been necessary to make the glass
malleable enough to be able to wind these tiny beads.
There is one clear B1.1-01a outlier, namely bead 81
from grave 40. It contains more iron than the other
B1.1-01a beads and has a lower lead content. Chemi-
cally, it has more in common with bead-type B5.4-
02 from grave 51, which was only analysed with LA-
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ICP-MS and therefore does not appear in the pXRF
plot. Typologically, both are atypical for 6th-century
beads: the B1.1-01a bead from grave 40 is smaller
and rounder than most other B1.1-01a beads, and
the B5.4-02 bead is a very rare find in Merovingian
cemeteries. The one example that is known from the
cemetery of Broechem, though similar in technique,
colour and decoration, has a very different ‘look’.'”?
These two beads might be examples of heirloom
beads that had circulated for an extended period of
time before being deposited in the grave.

The two groups detected for B1.1-01b beads
in the pXRF PCA plot can still be distinguished in
the LA-ICP-MS PCA plot, but are less pronounced.
As only three B1.8-01 beads were analysed using
LA-ICP-MS, they do not form as clear a group as
they did in the pXRF plot, but plot close together
nevertheless. Mirroring the pXRF plot, the Roman
G1.3-02 bead appears on the left side with bead-
types B1.1-01b and B1.8-01 characterised by lower
Pb contents.

4. 2. 4. Groups per grave

In Figs. 8c and 8d, the same pXRF and LA-ICP-
MS PCA analyses as above were plotted, but this
time per grave instead of per bead-type. Generally,
for both the pXRF and LA-ICP-MS PCA, within
each bead-type group (as described above), beads
from the same grave tend to cluster together. In the
pXRF plot the large B1.1-01a ‘cloud’ is built up of
smaller and larger groups of graves: the group con-
sisting of beads from grave 26 is the most obvious.
Groups from graves 13, 26, 42, and 43 (with one
outlier) can also be distinguished. B1.1-01a beads
from grave 40 display more of a scattered pattern, i.e.
they are spread out rather than clustering together.
The LA-ICP-MS plot clarifies the groups found with
the pXRF PCA: the B1.1-01a beads from grave 26,
accompanied by single examples from graves 40 and
43 form a separate cluster. In the other cluster groups
from grave 13, and 43 can be observed. Mirroring
the pXRF plot, B1.1-01a beads from grave 40 dis-
play a ‘confetti’ pattern.

In both the pXRF and the LA-ICP-MS PCA
plots B1.1-01a beads from grave 53 plot a little fur-
ther apart from one another than those from other
graves. Taking into account the distance between re-

72 Vrielynck et.al. 2018, 13.

peat measurements on the same B5.4-02 bead from
grave 51 (Fig. 8d), the B1.1-01a beads from grave 53
can still be considered to form a single group.
Multiple B1.1-01b beads were found in grave 5,
13 and 28. In the lower left corner of the pXRF PCA
plot, several of these group together neatly grave by
grave. The same groups per grave are displayed in
the LA-ICP-MS PCA plot, where B1.1-01b beads
from the same grave plot very close together. B1.8-01
beads were all, with one exception, excavated from
grave 20. They form a clear group in the pXRF PCA
plot, which is mirrored in the LA-ICP-MS PCA plot.

4. 3. Green-blue/blue-green

In the cemetery of Lent-Lentseveld several bead-
types with green-blue or blue-green glass were ex-
cavated. The most common green-blue bead-type
found in Lent is A2.1-04 (12 beads), followed by
A3.6 (6 beads), C3.3-01 (5 beads) and D1.5-02 (4
beads). These will be discussed in more detail be-
low, as will polychrome bead-types A1.2-06, B5.7-
2, B1.6-01le and B1.1-08d, C2.1-01b and D1.1-02
(Fig. 10). Of these types, only two or three beads
were excavated in Lent (appendix table S$4.2). Green-
blue or blue-green bead-types of which only one was
found in Lent will not be discussed.

4. 3. 1. General chemistry

From the chemical analysis it can be observed (as
in Fig. 11a) that most of the A-beads are Sb-opac-
ified, whereas the C-beads and all but one B-bead
are Sn-opacified. The exception is bead 4 from grave
36, whose attribution to type B is uncertain. The
D-beads are split over both opacifiers: D1.1-02 are
richer in Sn, whereas D1.5-02 beads are richer in
Sb. Though it must be noted that for some of the
beads there is a positive correlation between CuO
and SnO,, indicating that both materials came in to-
gether. Bronze might have been used as a colourant,
rather than SnO, being added on purpose to opacify
in those specific cases. The clusters in Fig. 11b cor-
respond to specific graves and/or subtypes. As far as
colourants, clusters by (sub)type are observed for A
and C beads Figs. 11c and d, indicating the use of

similar raw materials for colouring the glass.
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B1.1-08d

C2.1-02b

C3.3-01

D1.1-02 D1.5-02

Fig.10  The green-blue/blue-green bead-types featured in this case study (Photos: M.B. Langbroek).

4.3.2. PCAXRF

The first two PCA-components explain 58 %
of the variation. The X axis is dominated by anti-
mony and the Y axis by zinc. The PCA plot shows
some clear groups for specific bead-types (Fig. 12a).
On the right, the A2.1-04 beads form a clear group,
separated from other A, B and C types on the left.
On the left, groups can be discerned for bead-types
A3.6, B1.1-08d and D1.1-02. C3.3-01 beads also
concentrate on the left and form a group with 2
outliers, not too far apart. Two bead-types plot in
the left half of the graph, but do not seem to form
clusters: B5.7-? and C2.1-02b. Other bead-types are
scattered around the plot with examples on the right
and the left: A1.2-06, B1.6-01e and D1.5-02. Three
of the four D1.5-02 beads plot in the same part of
the graph as A2.1-04 beads. Pion already noted the
similarity between several types of A2 and D1 beads,

and has suggested a common origin.'”?

173 Pion 2014, 219-222.
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4. 3.3. PCA LA-ICP-MS

The first two PCA-components of the LA-ICP-
MS analysis explain 54 % of the variation. The X
axis is dominated by components typical for the
silica source including titanium. In contrast, the Y
axis is dominated by tin and lead. The LA-ICP-MS
PCA plots show even clearer groups per bead-type
than the pXRF PCA plot (Fig. 12b). From left to
right, clusters of bead-types C3.3-01, A3.6, D1.1-
02, C2.1-02b and A2.1-04 can be discerned. In con-
trast to the scattered pattern it displayed in the pXRF
PCA, type A1.2-06 forms a group in the lower right
corner. Similar to the pXRF PCA, three out of four
D1.5-02 beads plot in the same group as A2.1-04.
Coincidentally, most of these beads were excavated
from grave 40: the D1.5-02 outlier is from grave
16. This group (including A1.2-06) distinguishes it-
self by higher levels of antimony and lower levels of
tin, confirming LA-ICP-MS analyses on A2 and D1
beads found in Merovingian cemeteries in Belgium.
It is likely that these beads were made by recycling
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Roman tesserae.””* In contrast to A, C and D beads,
B bead-types B1.1-08d, B1.6-01e and B5.7-? do not
form clear type clusters. As green-blue or blue-green
is an uncommon colour in B-type beads, it is likely
that these were made in small batches by recycling
and mixing older glass. Bead-types B1.1-08d and
B1.6-01e form a separate group in the upper right
corner of the plot, whereas B5.7-2 plots with the A, C
and D types. This is unsurprising: the two identical
B5.7-2 beads from grave 51 are unique wound beads
without, to the knowledge of the authors, parallels in
other Merovingian cemeteries and were most likely
imported from Egypt or the Syro-Palestinian coast.

4. 3. 4. Groups per grave

Generally, for both the pXRF and LA-ICP-MS
PCA, within each bead-type group as they were de-
termined above, beads from the same grave tend to
cluster together (Figs. 12¢ and d). This is to be ex-
pected, as besides bead-types A2.1-04 and C3.3-01
the other green-blue or blue-green types occur in
one or two graves only. It could indicate that beads
of the same type in a single string of beads from
Lent-Lentseveld were acquired at a single occasion.

Most A2.1-04 beads were excavated from grave
40. In the pXRF PCA plot per grave these beads
cluster together in one group, with one outlier to
the far right (this bead is closest to the A2.1-04 type,
but looks different from the others in grave 40) and
one a little to the left. Within the cluster of grave
40, A2.1-04 beads from grave 50, grave 9 and one
from grave 13 are also present. The same pattern
can be discerned from the LA-ICP-MS PCA plot
per grave: a central group with some outliers. Two
others from grave 13 plot more to the left with one
of the outliers from grave 40 and further apart from
one another than A2.1-04 beads from other graves.
In the LA-ICP-MS PCA graph these two beads also
plot apart from the other A2.1-04 beads, this time a
litcle to the right with the same outlier from grave 40.

C3.3-01 beads were excavated from graves 23,
40 and 42. Only one piece was found in grave 23, and
two in the other graves. In the pXRF PCA graph, the
bead from grave 23 plots close to a bead from grave
40 and a bead from grave 42. The second beads from
graves 40 and 42 are both outliers. In contrast, all 4
C3.3-01 beads measured with LA-ICP-MS form a

174 Pion 2014, 219-222.

clear group at the top left of the PCA plot and those
from grave 42 plot side by side.

4. 4. Red: results

The most common red bead-type found in Lent
is B1.1-03 (151 beads), followed by A3.1-07 (29
beads), E1.2 (14 beads), B5.2-02 (13 beads), B11.1-
02a (12 beads), D1.2-04 (9 beads), E2.1 (8 beads)
and B1.6-01b (7 beads). These will be discussed in
more detail below, as will the other bead-types in
appendix table 4.3 (Fig. 13). Of these less common
types, two to four beads were excavated in Lent. Red
bead-types of which only one example was found in
Lent will not be discussed.

4. 4. 1. General chemistry

B-beads are in the lower-end corner of the SnO,_
CuO plot and contain more Sb than A, C and E
beads (Fig. 14a), they are also characterised by lower
SrO contents and higher PbO concentrations than
the other bead-types (Fig. 14b). E beads are char-
acterised by the highest SnO, concentrations and
D-beads by the lowest SnO, contents. They contain
more Sb O, than other bead-types (Fig. 14c). The
A2.1-02 beads have the highest CuO concentrations
apart from one D-bead, bead 56 from grave 40. The
A2.1-02 beads also have elevated SnO, and Sb,O,
concentrations. D-beads are also characterised by
higher CaO concentrations and lower TiO, concen-
trations than the other bead-types (appendix, table
S2). The A2.1-02 and D1.2-04 beads from Lent are
further characterised by elevated MgO* and K O*
values which are characteristic of Mesopotamian
plant ash productions, which were already found
for the blue-green and green-blue A2 and D beads.'”

4.4.2. PCA XRF

The first two PCA-components explain 51 %
of the variance (Fig. 15a). The X axis is dominated
by lead, strontium and elements typical for the col-
ourant such as copper, nickel and zinc. The Y axis
is dominated by iron, cobalt, antimony and tin. In
Fig. 15a a clear separation between B-type beads on
the right and A, C, E and G can be observed. Red

175 Also attested by Pion 2014, 219-222; Gratuze 2013.
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Fig.13  The red bead-types featured in this case study (Photos: M.B. Langbroek).

D beads plot in between both groups. To improve
readability of the plots, separate figures were made
for B1.1-03 beads and the other B-type beads and A,
C, D, E and G bead-types (Figs. 16-18).

4.4.2.1. A, C, D, E and G bead-types

A3.1-07 beads form a large group with several
clusters in the top left (Fig. 16a). Both G1.2-01c¢
beads plot within the same group, as do C2.2, C3.1-
01 and several E1.2 and E2.1 beads. A2.1-03 beads
do not belong to the same group: all 4 beads plot
below it, together with three E1.2 beads. For E1.2
beads several other outliers, usually in pairs, can be
discerned in every direction. In contrast, E2.1 out-
liers are always alone. Lastly, D1.2-04? beads form
two diagonal lines through the middle of the graph.
Since the components used for plotting the data are a
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composite of the contributions of different elements
it is difficult to interpret this remarkable feature.

4.4.2.2. B bead-types

B1.6-01b beads form 3 separate groups of two or
three beads each (Fig. 17a). The separate groups all
occur on the same line. B5.2-02? beads are also plot-
ted in small clusters along a line, with several out-
liers in the margins of the graph. Concentrating in
the same area, B11.1-02a beads form a loose group.
Two B4.2-2 beads from grave 27 plot together in the
upper region of this group. Uncharacteristically, the
red glass from the B5.7-? bead plots right along the
same line as B5.2-02? and B11.1-02a beads: as was
already explained above this is a unique wound bead
without (known to the authors) parallels in other
Merovingian cemeteries that was most likely import-
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ed from Egypt or the Syro-Palestinian coast. The red
glass used in their decoration seems to have more in
common with European wound beads though.

4. 4. 3. PCA LA-ICP-MS

For the red glass the first two PCA-components
only explain 38 % of the variation (Fig. 15b). The
X axis is dominated by lead, strontium, magnesium
and calcium. In contrast, the Y axis is mainly deter-
mined by tin, nickel, cobalt and sodium (elements
mostly associated with the colourant (except sodi-
um)). When the LA-ICP-MS PCA plot is compared
to the pXRF PCA plot, it is clear they mirror each
other with B beads on one side of the graph and A,C,
E and G beads on the other side and the D-beads
on the edge of the group formed by the A, Cand G
beads. Hence both methods are able to discriminate
between the types and do so in a similar way. The
mirroring is mostly due to the fact that in both cases
the x-axis is dominated by the same elements (lead
and strontium) but that in the case of the pXRF anal-
ysis Sr has a negative contribution and lead a positive
contribution whereas for the LA-ICP-MS PCA Sr
has a positive and lead a negative contribution.

4.4.3.1.A,C, D, E and G bead-types

The PCA plot based on the results of the LA-
ICP-MS analysis shows the same pattern as the
pXRF PCA plot: a larger group of A3.1-07 beads
with several clusters of two or three beads (Fig. 15b).
C3.1-01 beads and several clusters of most E2.1,
El.1 and some E1.2 beads plot in the same area.
A larger group of E1.2 beads plots below this ‘main
group’, with one E2.1 bead and both C2.? beads.
As was already noted in the pXRF PCA, A2.1-03
beads form their own loose group on the right of the
graph, beyond the D-beads. D1.2-04 beads form a
loose group to the top right of the main group, with
one outlier in the far bottom left. In the top left cor-
ner both Roman G1.2-01c beads plot together with
E1.1 beads. Probably, these E1.1 beads were made
using shards of Roman millefiori glass (more below
under ‘Groups per grave’).

4. 4. 3. 2. B bead-types (except B1.1-03)

The PCA plot based on the results of the LA-
ICP-MS analysis shows the same pattern as the pXRF
PCA plot: B1.6-01b beads plot in small groups along
aline just to the left of most other B-beads (Fig. 15b).
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In the same region both B5.7-01 beads from grave
51 sit side by side. As already became apparent in the
pXRF PCA, the red glass spirals on these Egyptian/
Syro-Palestinian coastal beads have much in com-
mon with ‘European’ red glass. Clusters of B5.2-02
and B11.1-02a beads plot together in the upper left
side of the graph. Mirroring the pXRF PCA both
B4.2-? beads from grave 23 plot close together. Sev-
eral extra B bead-types were analysed with LA-ICP-
MS. Both B7.2-01c beads do not form a cluster, and
neither do both B3.2-02a beads. This was expect-
ed, because despite their classification as the same
type, these beads do not resemble each other. Both
B6.1-01d plot together, yet away from most other
B beads: this is unsurprising, as this is a bead-type
considered to have been imported from the Eastern
Mediterranean. That leaves B10.1-02? beads, that
feature a decoration of several rows of polychrome
twists forming herringbone patterns that is some-
times referred to as a reticella technique.”® Her-
ringbone beads come in two categories: those with
very fine twists, thought to have been made in the
Eastern Mediterranean,!””
‘imitation” twists that were made in Northwestern
Europe.'”® The B10.1-02? bead from grave 35 has
very fine twists, and is indeed plotted towards the
right-hand side of the graph, with both Mediterra-
nean B6.1-01d beads. The remaining four, two from
grave 41 and two from grave 51, have much coarser
twists and plot on the left-hand side with the other
‘European’ wound red beads.

and those with coarser or

4. 4. 4. Groups per grave

4.4.4.1. A, C, D, E and G bead-types

In both the pXRF and LA-ICP-MS plots per
grave (Fig. 16¢c and d), some clusters per grave can
be discerned for nearly every bead-type. For C2.2,
C3.1-01 and G1.2-01c this is unsurprising, as these
types were found in one grave only. Besides these,
the three A2.1-03 beads from grave 5 plot together,
whereas the one found in grave 16 does not. Simi-
larly, D1.2-04 beads from grave 40 form a separate
group from the one found in grave 13. Furthermore,
most clusters observed above for type A3.1-07 corre-

176 See Guido 1999, 64—66 on why the term reticella is errone-
ous.

177" Pion 2014, 228; Koch 1997, 147.

178 Guido 1999, 64-66.



spond to specific graves. The three E1.1 beads from
grave 35 plot quite close together, and the identical
El.1 beads made from Roman mosaic glass from
grave 21 plot right on top of one another. They were
probably made from the same shards of a Roman
glass millefiori bowl. E1.2 mosaic beads also plot
in pairs that usually come from the same grave. In
terms of mosaic patterns there can be quite a vari-
ety within the E1.2 category. Those beads that plot
together as pairs generally feature identical mosaic
patterns. Both E2.1 beads from grave 9, that have
an identical appearance (Fig. 19), also plot right on
top of each other in the LA-ICP-MS PCA plot (Fig.
16b and d). This suggests the possibility that pairs
of mosaic beads remained together from production
to deposition. This is remarkable, as mosaic beads
were most likely imported from Egypt. The remain-
ing E2.1 beads do not cluster per grave. As none of
these beads have an identical appearance in terms of
mosaic patterns, this is unsurprising.

4. 4. 4.2. B bead-types

In both the pXRF and LA-ICP-MS PCA graphs
(Fig. 17¢c and d), a clear zone’ of beads from grave
28 (grey) and 41 (green) can be discerned. Each zone
consists of B11.1-02a and B5.2-02 beads that plot in
clusters of two or three beads. These bead-types are
found together in several graves in Lent (graves 20,
28 and 41, all dating to P2), and the red and yellow
glass used to make them is often remarkably simi-
lar in appearance. For grave 20, two separate groups
consisting of a B5.202 and a B11.1-02 bead can
be observed. In terms of appearance, each of these
groups form a definite ‘set’ (Fig. 20). This suggests
that B11.1-02 and B5.2-02 beads were produced

5mm

E2.1 (grave 9) E1.2 (grave 5)

Fig. 19  Mosaic beads from grave 9 and grave 5 with similar
mosaic patterns and similar chemical compositions
(Photos: M.B. Langbroek).

together and subsequently stayed together as a set.
Keeping in mind the different clusters B11 and B5
beads occur in, it is possible that they were produced
and/or acquired at several occasions. The separate
‘zones’ for graves 28 and 41 may indicate a slightly
changed red glass recipe. In contrast, both B5.2-02
beads from grave 43 plot about as far apart as the
graph allows: one with the other B5.2-02 beads, the
other within range of the non-B bead-types. Further-
more, clusters per grave can be discerned for bead-
types B3.2-02a, B4.2-?, B5.7-01? and B6.1-01d.
This is unsurprising, as these types were found in one
grave only. It does strengthen the theory that these
sets of identical beads were acquired at the same
time. For bead-type B1.6-01b, only two specimens
from grave 27 plot together. The remaining five from
graves 27, 53 and 43 form a ‘confetti pattern’ in both
pXRF and LA-ICP-MS plots. No clusters per grave
appear for bead-types B7.2-? and B10.1-02? either.
The fact that none of the beads of these types have

an identical appearance might explain their ‘confetti

!
!j

! \
3\2'/ d

Fig. 20  B5.2 and B11 beads from grave 20, each pair forming a separate chemical cluster in
the PCA. The beads from each cluster were found side by side during the excavation (Photos
separate beads: M.B. Langbroek; Photo String of beads: A. Dekker, Municipality of Nijmegen).
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behaviour’ in both graphs. The B10.1-02 beads from
graves 51 and 41, that feature two of these beads
each, were clearly purposely sought out to be strung
together to form a symmetrical string of beads. It is
likely that these beads were acquired at several oc-
casions, as was already suggested for the strings of
beads from graves 20, 28 and 41 above, and strung
as part of symmetrical strings at a later date, possibly
for the burial itself.

4.4.4.3.B1.1-03 beads

B1.1-03 beads do not plot in a specific type clus-
ter. Instead, they occur in the complete range of B
beads in the PCA plot. In Fig. 18a, the pXRF PCA
graph for B1.1-03 beads are plotted per grave. For
most graves, B1.1-03 beads form one or two specific
clusters: chemically, B1.1-03 beads from the same
grave are more alike than B1.1-03 beads from other
graves. However, for graves 20, 34, 41, 51 and 53
some outliers that plot away from the clusters can be
discerned. For graves 9, 40 and 43 no clusters can
be discerned: B1.1-03 beads from these graves are
scattered. Although fewer measurements of B1.1-03
beads were taken with LA-ICP-MS, the same pat-
tern can be discerned from Fig. 18b, the LA-ICP-MS
PCA graph for B1.1-03 beads. Again, they seem to
mostly cluster by grave, with the exception of more
scattered patterns in graves 9, 40 and 43.

5. Discussion
5. 1. Comparison of LA-ICP-MS and pXRF data

The method developed in this paper shows that
pXRF analysis is able to discriminate between groups
and that the groups found by performing PCA anal-
ysis on the pXRF data are the same as those found
performing LA-ICP-MS analysis. The LA-ICP-MS
analysis allows more precise interpretation and un-
derstanding of the groups and of the recipes for glass
making, but if we are interested in finding patterns
pXRF analysis is sufficient. By performing pXRF
analysis on complete graveyards and choosing a few
beads for LA-ICP-MS analysis based on the pXRF
results the best results are obtained in a cost-effective
way. LA-ICP-MS analysis allows to measure sepa-
rately different colours of beads with complicated
multi-coloured patterns, which is impossible using
pXRE
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In order to do the type of analysis performed in
this paper large datasets are necessary, it is the condi-
tion for statistical tools to be able to show patterns.
So relatively rare bead-types cannot always satisfac-
torily be described, except if they behave like other,
more common bead-types.

5. 2. European beads vs non-European beads

Both the pXRF and LA-ICP-MS PCA analy-
ses have demonstrated a distinction between B-type
beads (wound beads) and A-, C-, D- and E-type
beads. Almost all the beads (bar the ones of Indian/
Turkish/East Asian high alumina glass) are fluxed
with mineral soda, indicating that the original raw
glass was of Mediterranean origin (Egypt and the
Syro-Palestinian coast).

The main difference between beads thought to
be of Northwestern European making and imported
finished beads is the lead content, especially for the
black glasses. Lead oxide (PbO) addition has many
beneficial properties: it increases the brilliance of
the glass and it lowers the softening point making
it easier to work. It is also a way to stretch the glass,
i.e. by adding relatively cheap and easily available
lead to the more expensive imported glass more glass
is made.”” The presence of lead in B-type beads,'®
elevated iron contents and metals not necessary to
obtain the desired colour is well documented.'®" It
has led to the hypothesis that metallurgical waste'®
and slags were incorporated in the glasses for col-
ouring purposes.'®® By using these materials as col-
ourants many metals are incorporated, besides the
ones desired for the colour. We have also observed
the co-occurrence of copper-tin (Cu-Sn) and/or zinc
(Zn) in some glasses and the high lead contents in
particular of the black glasses. Hence, we propose
that bronze might also have been used as colour-
ant rather than slags. Most likely all those different
by-products of the metallurgical process were used
for glass colouring.

179 Henderson 1999, 85-86.
18 Or at least in beads with a Western European origin.
181 Pion 2014, 179 and references therein; Peake/Freestone

2012
82 Such as lead from cupellation processes (Matthes et.al.
2004, 133-134) or lead salvaged from Roman ruins.

185 Pion 2014, 179.
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Fig. 21 TiO, vs CaO for different bead-types (LA-ICP-MS data, logarithmic scale).

A large proportion of the beads thought to be
manufactured in Egypt or the Syro-Palestinian coast
and Mesopotamia is fluxed using plant ashes as ev-
idenced by the concentration of potassium oxide
(K,0) and magnesia (MgO) which are both above
1.5 wt-% (Al.1 green beads, A1.2 green, blue and
blue-green beads; A2.1 and D1.2 red beads). This
proves that the attribution to a production location
based on style, also reveals something about the glass
recipe used for manufacturing. D1.2 red beads are
also characterised by higher calcium oxide (CaO)
concentrations and lower titanium oxide (TiOz) con-
centrations than the other bead-types. In general,
as shown in Fig. 21, A-beads contain more calcium
oxide (CaO) than the other types and D beads less
titanium oxide (TiOz). These A and D beads were
clearly made with different recipes in comparison
to other bead-types, likely indicating an origin in
Egypt, the Syro-Palestinian coast or Mesopotamia.'®

184 Cf. Pion 2014, 219-222; see also Gratuze 2013.

One of the important questions regarding glass
production, trade and forming during the Late An-
tique and Merovingian period is the extent of re-
cycling. Import of primary glass produced in the
Mediterranean and worked in secondary workshops
around the Roman empire is well documented.'®
The practice of recycling during the Roman imperial
period is attested by both archacological evidence
and the writings of poets such as Strabo and Mar-
tial.'® There is no doubt that this continued after
the fall of the Western Roman Empire. A good indi-
cator of recycling is mixed technologies such as the
co-occurrence of Sb and Mn in colourless glass.'
Yet large-scale systematic recycling of Roman Impe-
rial glass is only noticed from the mid-7th century

188 189

onwards in Britain'® and later in Western Europe.

18 Freestone 2015.

186 Paynter/Jackson 2016.
87 Freestone 2015.

188 Paynter/Jackson 2016.
18 Phelps et.al. 2018.
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Also, evidence for the large-scale import of Roman
glass tesserae for recycling occurs mainly from the
ninth century onwards in the low countries,”” with
the exception of blue window glass in the 7th centu-
ry."”! The imported natron-beads from Egyptand the
Syro-Palestinian coast as well as the plant-ash based
glasses from Mesopotamia excavated in Lent were
most likely made from fresh glass in those locations.
For the high-lead B-beads produced in Northwestern
Europe the picture is more complicated. At the very
least they were produced using imported glass from
Egypt and the Syro-Palestinian coast. For coloured
glass it is hard to determine whether or not it was
recycled. The addition of lead for opacifying and of
different colouring agents does not allow the exami-
nation of trace element concentrations to discern the
occurrence of recycling. Mixed tin (Sn) and antimo-
ny (Sb) or antimony (Sb) as opacifiers could be in-
dicators of recycling. But for all the beads (including
the B-beads), there is more tin (Sn) than antimony
(Sb) present, though it must be noted that on average
B-beads have more elevated antimony (Sb) concen-
trations than other beads, as evidenced in Fig. 22.
Hence, we conclude that the imported finished
beads were prepared from fresh glass and that the
locally manufactured “European” beads were most
likely produced using fresh primary glass with the
addition of lead and colouring elements done in situ.
The occasional addition of some old glass is evidenced
by the presence of Sb (a technology which disap-
peared in the 4th century CE) in some of the glasses.

5. 3. Clusters per type (PCA)

In each of the three case studies presented above,
clear groups per bead-type were discerned. As both
green-blue/blue-green and red case studies have
shown a clear separation between A-, C-, D- and
E-type beads originating in the eastern Mediter-

%0 Bidegaray/Pollard 2018, Crocco et.al. 2021.

Y1 Mirti et.al. 2000. Crocco et.al. 2021 provide a short sum-
mary of the use of glass tesserae for bead making. They point to
early examples in Italy where abandoned villa’s were turned into
workshops and the villa was dismantled to be used as raw mate-
rials (including the mosaics for making glass). Interestingly, they
also note that no glass tesserae were recovered from Merovingian
sites in the Netherlands in combination with glass making, which
contrasts with the Carolingian period where it is common and
there seems to be an organised import of tesserae especially used
for recycling.
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ranean or beyond and B-type beads originating in
Northwestern Europe, these groups will be discussed
separately below.

5.3. 1. A-, C-, D- and E-type beads

In each case study, a separation between A2 and
D beads (with the exception of D1.1-02) on the one
side and A3, C and E beads on the other side was
observed. Each cluster may have been produced in
a separate region: the first in Mesopotamia,'®* the
second in Egypt or the Syro-Palestinian coast or
Egypt."”® Although only one A1.2 bead-type was an-
alysed, the blue-green A1.2-04 seems to have more in
common with A2 beads than A3 beads. This points
towards an origin in Mesopotamia as well, which has
been suggested for A1.2 beads before." Generally,
clear chemical groups per specific bead-type could
be discerned in both the Egyptian/Syro-Palestinian
coastal and Mesopotamian clusters; we coin them
‘type-groups’. As many C beads were only found
in one grave, more analyses of these specific bead-
types from other cemeteries are needed to establish
whether we are in fact dealing with type-groups for
C beads as well. Type-groups can be interpreted in
several ways: different bead-types may have been
produced at different points in time and thus reflect
diachronic changes in recipe linked to raw material
access. Alternatively, different glass recipes can reflect
different workshops/manufacturing places for iden-
tical bead-types as well as contemporary different
bead-types. A combination of these two scenarios is
the most likely, as the production of drawn A3 beads
and mosaic E beads demands such specific skill-sets
that their co-production within the same workshop
at the same time seems unlikely. We did notice that
the red glass used in E2.1 and E1.2 beads (hexago-
nal vs globular mosaic beads) is chemically close, yet
distinctive; it has been suggested before that hexago-
nal mosaic beads may be older than globular mosaic
beads,"* which could be reflected by their chemical
composition. Supporting this, E2.1 beads plot much
closer to E1.1 beads made out of Roman mosaic glass
and G beads dating to the Roman period than E1.2
beads. Unfortunately, such specific dating informa-
tion is not available for most other bead-types.

192 Cf. Pion 2014, 219-222.

193 Cf. Pion 2014, 198-200.

194 Pion 2014, 215-219.

195 Volkmann/Theune 2001, 531-534.
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Fig. 22 Biplot of SnO2 and Sb203 content per measurement, sorted per main bead-type (LA-ICP-MS).

5. 3. 2. B-type beads

Groups for specific B-type beads could be dis-
tinguished in the PCA graphs. The most striking ex-
ample is the group of B1.1-01a beads. As was already
suggested above, based on their chemical composi-
tion, these tiny black wound beads were made out
of a three-component mixture of a base glass, lead,
and iron from iron slag. All other B beads tend to
plot together in a large cluster that contains slightly
overlapping type-groups. Several type-groups, such
as black B1.8-01 and red B4.2—? tend to consist of
beads from one grave only. Most other B bead-types,

such as black B1.1-01b and red B1.6-01b appear in
several groups, possibly indicating different work-
shops, bead-making events, or slightly changing
coloured glass compositions over time. The same
can be said for red B1.1-03 beads that occur across
the entire B-bead range. Within this range, the
chemical variation of European red glass during the
sixth century CE is probably reflected. The similari-
ty in chemical composition of groups of bead-types
B11.1-02 and B5.2-02 remains noteworthy. As in
Lent both bead-types are often found together on
a string, it seems likely that these bead-types were
produced during the same bead-making event.
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Fig. 23

Symmetrical string of beads from Lent-Lentseveld Grave 20

(Photo: A. Dekker).

5. 4. Clusters per grave

Within the chemical groups that were estab-
lished for many bead-types above, beads from the
same grave often cluster together. This suggests a
rather organised bead production and exchange:
it indicates that specific bead-types were probably
made together, exchanged together, strung together
and eventually buried together. This applies to bead-
types with both ‘European’ and ‘non-European’ ori-
gins: groups per grave were just as often found for A,
C, D and E bead-types as for B bead-types. During
the exchange of beads from the Eastern Mediterrane-
an and beyond into Europe beads with similar com-
position, presumably from the same bead-making
event or workshop, were kept together somehow,
possibly in bags or strung onto long strands that
could be coiled. However, for several B bead-types
two or three groups per grave were discerned, for
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example for the red bead-types B1.1-03, B11.1-02
and B5.2-02 from graves 20, 28 and 34. The two or
three chemical groups per grave may indicate that
these beads were made and acquired at several oc-
casions and strung together at a later date, perhaps
for the burial itself. The symmetrical design of these
strings of beads'® demonstrates they were assembled
purposefully (Fig. 23).

Besides occurring in one or several groups per
grave, occasionally beads of the same type from the
same grave display a ‘chemical confetti pattern’ that
were clearly made (and acquired?) at different oc-
casions. In appendix table S5 it is documented per
grave whether specific bead-types from that grave
form a ‘chemical group(s)’ or display a ‘chemical

1% The beads from Lent-Lentseveld were lifted from the grave

en bloc and carefully excavated later on, thereby documenting the
original order of the beads as much as possible.



Table 3

Results from appendix table S5 summarised per bead-period

P1 % P1-P2 % P2 % P2-P3 %
Group-grave 3 75 % 6 60 % 2 33 % 0 0%
Combination-grave 0 0% 2 20 % 4 66 % 1 100 %
Confetti-grave 0 0% 0 0% 0 0% 0 0%
? 1 25 % 2 20 % 0 0% 0 0 %
Total graves 4 X 10 X 6 X 1 X

confetti pattern’ in the PCA graphs above. For elev-
en graves no confetti patterns occur and for seven
graves a combination of groups and confetti pat-
terns was documented. No pure ‘chemical confet-
ti pattern’ graves occur. Once these are sorted per
bead period (Table 3), a pattern emerges: the earliest
strings of beads (P1) only display chemical groups
whereas strings of a later date more often display
combinations of chemical groups and confetti pat-
terns. Whether this is an actual pattern remains yet
to be confirmed by studying the chemical composi-
tions of glass beads of other colours from Lent, and
by conducting similar research on the beads from
other Merovingian cemeteries in the region. Tenta-
tively, such a pattern could be explained by the fact
that people were just starting to (re)settle the region
during the late fifth and early sixth century."”’
a region inhabited by few people, there may have

In

been fewer opportunities to acquire or make beads.
Additionally, no evidence for bead production has
been excavated in northwestern Europe during this
period.'? Possibly, the strings of beads interred in the
earliest graves of Lent were brought to the region by
the settlers themselves.

Regardless of the possibility that strings of beads
dating to P1 had more ‘integrity’ than strings of
beads dating to later periods, the chemical clusters
observed per grave indicate that the strings of beads
found in Lent were not assembled by collecting
beads one at a time. Rather they appear to have been
strung at one or two occasions with clear symmetry
in mind, using groups of the same bead-type that
were made and exchanged together. Clearly, strings
of beads were not disassembled and reassembled into
different compositions time and again: that would

Y7 Theuws 2020.
198 Pion 2014, 180—191.

have resulted in more chemical variability than the
clear patterns observed here. The fact that strings
sporting the same bead combinations can be found
in graves across Europe supports this theory and
proffers the idea that complete strings of beads may
have been exchanged instead of individual beads."”
This concurs with the generally accepted results on
the chronology of bead ensembles: In most bead ty-
pologies it is not the individual bead-type, which
may have been produced over and over again over a

long timespan, but the entire ensemble that is dat-
ed 200

6. Conclusion and Future Research

For this article, a method to distinguish chemical
bead-groups in the glass bead assemblage excavated
from the Merovingian cemetery of Lent-Lentseveld
was developed. This was achieved by incorporating
typological bead data in the results of both the pXRF
and LA-ICP-MS analyses of nearly every glass bead
from the site and by using principal component anal-
ysis to distinguish between chemical groups. Addi-
tionally, making separate PCAs for the pXRF and
LA-ICP-MS analyses has demonstrated the appli-
cability of pXRF when aiming to establish chemical
(bead-)groups based on the colouring elements.

The three case studies for black, blue-green/
green-blue and red beads presented above have
demonstrated that many bead-types form specific
chemical groups. Chemical groups were established
for both bead-types with provenances in the eastern
Mediterranean and beyond as well as for bead-types

199

Langbroek in prep.

It is for instance reflected in the Perlenkombinationsgruppen
developed by Frank Siegmund for the German Rhineland (Sieg-
mund 1998).

200
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that were produced in Northwestern Europe. Bead
production and exchange appears to have been uni-
formly organised, at least for the imported beads (A,
C, D and E beads). Within most type groups, beads
excavated in the same grave were found to cluster
together, although the occasional ‘chemical confetti
pattern’ does occur in strings dating to the middle
and late sixth century. Most likely, this indicates that
the strings of beads buried with the dead were strung
with groups of beads that were made and exchanged
together. The beads excavated in Lent were clearly
not acquired or exchanged one at a time and the
possibility that complete strings of beads were ex-
changed cannot be ruled out.

The chemical analysis of the different bead-types
confirmed the presence of plant ash glasses from
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Mesopotamia and glasses whose base compositions
can be attributed to Egypt and the Syro-Palestinian
coast as established through the typological analysis.
Furthermore, the beads produced in Northwestern
Europe were found to be characterised by the use of
metallurgical waste for colouring and opacifying®'.
Little evidence for recycling is found in this relatively
carly assemblage. It will be interesting to see wheth-
er this (and the other observations made above) is
also the case for contemporary bead sets from oth-
er cemeteries in the region and how this evolves in
later periods. In order to answer these questions we
are currently working on processing the results of
the chemical analyses of the bead assemblages of the
nearby cemeteries Elst-t Woud and Wijchen-Cen-
trum.

201 Peake/Freestone 2012.



7. Appendices

7. 1. Appendix 1: Graves with beads

Table S1  Overview of graves with beads from the cemetery Lent-Lentseveld. A drawn beads; B wound beads; C folded beads;
D perforated beads; E mosaic beads; F cut beads.

number
Position Number . Bead Provenance Date .
Grave  Sex Age beads of beads ofbead  Material techniques beads beads Period
groups
1 female(?)  adult neck 10 1 glass B Europe 500-600  P1-P3
Europe, Baltic,
lass, amber, Egype, Syro-
2 female(?)  adult neck 52 1 % o ’ B,EA Palestinian coast, 480-530 P1
aience .
Mesopotamia,
Roman

Europe, Baltic,
5 female(?)  adult neck 72 1 glass, amber B,EAE,C Egypt, Syro- 530-570 P2

Palestinian coast

Europe, Baltic,
9 female adule neck 25 1 glass, amber B,EAE Egypt, Syro- 500-550  P1-P2
Palestinian coast

12 34 ? 1 1 amber

les]

Baltic 500-600  P1-P5

Europe, Baltic,
B,EAE, Egypt, Syro-
C,D Palestinian coast,
India

13 5-6 neck, hip 82 +22 2 glass, amber 500-550  P1-P2

lass, amber Europe, Baltic,

16 female adult neck, hip 26+ 1 2 marble, B,EA, D Egypr, Syro- 480-530 P1

. Palestinian coast,
beryllium
Roman

Europe, Baltic,

92 +1 2 glass, amber B, E A, E Egypt., Syro— 500-550 P1-P2
Palestinian coast,

Mesopotamia

neck,loose

20 female adult bead, hip

Europe, Baltic,

B,EA E Egype, Syro- 480-530 D1

Palestinian coast,
Roman

21 5.6 bele? 12 1 glass, amber,
faience

Europe, Baltic,

23 female adult neck 32 1 glass, amber B,EA,C Egypr, Syro- 480-530 P1

Palestinian coast,
Roman

Europe, Baltic,
26 5-6 neck, arm 61 + 37 2 glass, amber B,EA Egypt, Syro- 540-560 P2

Palestinian coast

27 4-5 belt 7 1 glass, faience B Europe, Roman 530-570 P2

28 female adult Iblzzl;’ loose 109 1 glass B Europe 500-550  P1-P2
neck, arm/ .

34 female adult stomach, 9B+35+ 4 glass, B,EA EuroP e, Baltic, 500-550 P1-P2
hip. knees 1+1 meerschaum Mediteranean

Europe, Baltic,
35 female adult chest, hip 41 +1 2 glass,amber ~ B,EE,C Egypt, Syro- 500-550  P1-P2
Palestinian coast

Europe, Baltic,
36 female adult chest 11 1 glass, amber B,EA D Egypt, Syro- 480-530 P1

Palestinian coast
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number

Position Number . Bead Provenance Date .
Grave  Sex Age beads of beads ofbead  Material techniques beads beads Period
groups
Europe, Baltic,
Egypt, Syro-
40 young neck 120 1 glass, amber B.EAE, Palestinian coast, 500-550  P1-P2
child C,D A
Mesopotamia,
India, Roman
Europe, Baltic,
41 female adult neck 27 1 glass, amber B,F K 530-570 P2
Mediteranean
Europe, Baltic,
42 female adult neck 28 1 glass, amber B,EC Egypt, Syro- 500-550 P1-P2
Palestinian coast
Europe, Baltic,
43 female adult neck, bag 46 + 31 2 glass, amber B,EAE Egypt, Syro- 530-570 P2
Palestinian coast
4 female adult disturbed 5 ] gl'fiss, amber, B, F Europe, Baltic, 480-610 P1-D3
grave faience Roman
lass. amber. Europe, Baltic,
50 female adult neck, hip 19+1 2 £1ass, ? B,EAE Egypt, Syro- 500-550 P1-P2
marble .
Palestinian coast
Europe, Baltic,
51 female adult neck 46 1 glass, amber B, E D Egypt, Syro- 550-600  P2-P3
Palestinian coast
52 female juvenile  neck 7 1 glass B Europe 480-610 P1-P3
Europe, Baltic,
53 female adult neck, loose 66 +1 2 glass, amber B, E A, C Egyp o S.yro- 530-570 P2
bead Palestinian coast,
India
Europe, Baltic,
55 infant chest 5 1 glass,amber B, E A, C Egypt, Syro- 530-570 P2
Palestinian coast
102 male 19-28 (cremation) 1 1 glass B Europe 480-610 P1-P3
105 ? 20-40 (cremation) 1 1 glass B Europe 480-610 P1-P3
112 ? ? (cremation) 1 1 glass E Egypt 530-570 P2

62



yedTD ‘97dTD £6'0 L0°L B0 90°0 €¢'89 €T 8L°0 161 PIOT99
914$€D L0 89° 150 50°0 cc0L 17 90 ¥8°61 9z0-5'19
(x9) 6695€D el 91078y9| TH0F98L| 000FL00| SIOFSEIL| OU0FLYT| 100%6£0| L£0FLE91 ®Z0-5'14
(X0) 192/S€D 8A1SD | 007 LL0| 6ITF¥8L| 000F890| 1007110 €9078€0L| L00F89CT| SIOFELO| SI'TF0891 g
<O1g0yD 6150 y9L'L 8L°0 1o T3S 1L 65T 9650 LL0°91 eI-119
OTATCO H(x7) 969875 mwmmwNwmme\Mw 80'0FS60| STIFI6'8| LIOFLLO| TOOFEIO| TETF¥869| LSOFSET| E€TOFELO| 651F€TI L0°T'Td
CAT/HED 1THED
TASHD BYAEYD H1TATYD L1G1HD F1A1¥D
TIFTHD $69907D 9140¥D SLF0TD 6790TD
ﬁmwwwmw mwwwom_owmwmmmwwwmwmmw waww I0FY80| ECITFTOL| HTOFELO| H00F600| €TTFCSOL| SIOFIYT| STOFRY0| 60TFEOLI|  990-T'1€ o
491D *1196D 094D 019$D ‘T6ArED
TPEPED 0PARED (CEAVED TEAVED BTAVED
‘9TAVED ‘€TAVED 91AVED FAYED '€AYED
8I9T/E1D *STALYD 0640TD 'STA0TD TTA0TD | CI'0F /80| GUTFII8| 9T0F880| €O0OFII0| €81F880L LOOFCST| 0TOFH90| SLTF86SI ®90-1°'19
qd %M S 160 81907 *£49€D S49€D e[ C107906| €00F080| 100F¥10| 0C0F8ELO| 600F8LT| LOOFOTL| €50%C9LI eI0-H'EV
qd %M €7 1€97/€5D 8SHESD el 6¢°L 750 60°0 6L°L9 U €60 €E61 10-T€EV
9% 10 LyAEyD H(x7) 87AEYD el L00FEUS| 6€0FCTI| 1T0F950| CI0OFST6| ¥OTFLSE| STOFSHI| 1HTFT6L q10-1°€V
q9d %M 10 0149€D el ¥9° 9.0 y1°0 16°S9 6T 611 er'6l 10€'TV
qd %4 £0-9°0 £690TD T190TD 890TD e[ 0107898 C00F9¥T| 000%970| 10076989 | <€00%LZT| 100F69€| 0I'0Fy6Tl 10T TV
qd ou 0vd1$D €] €1°L <0 80°0 £9°89 €97 750 ST61 720-€'1D
qd 9% & y147yD el L8 €8°0 y1°0 €89 9LT <60 | ProLsd
qd %% 70T (x0) €141$D ] 80°8 Tl €70 1769 88°¢ 80T 61 0-y'sd
q9d % ¥—¢ 641D (x7) 1141$D el 0078 $00F080| 900FLI0[ 9¥0F/y89[ 800FI8T| TIOFSOT| €607 <691 ord
645D f6CASD “SPACD 6190SD *€TATHD
qdou | ‘01987 ‘101487D I1848TD 1TA8TD TAOTD | 6TOF 190 | €TIFICE | HIOFHLO| H00F 10| €ETFELCO| HE0F8YT| GLOFSLO| 1LTF90°L1 qr0-1'19
L1991 f01991D H9dE1D 671D 196D -
AT/9TO PL| FOF6RT| FLOF68T| LIOFLOO| S60F66€9| €SOFTIIL|  TO0FSHO 81 !
A % 0905 TT/9TO “19T/9TO “TIAL/9TD T141/92)
mmwmmmw.wm%mwww%mmww Nwmmw MNMMWw Bl 0I0FO080[ FEOFHIC| SCOFOUL| 6I'TF6SLL| SOTFTSI| €00OFLFO| LIOFSSO elo-118
0d %090 | . OSHT/EYD P EAT/EYD TLSAEYD e[ 8007990 8TOF6ST| I1€0FS60| YOTFH8EO| S8OFLSTI| €007 6£0 81
FEAEHD FITOVD 1L40¥D TSAETD THACTD e[ 7S0FCT| 6S0FTHE| 6I0F6L0| ISTFILSL| TLOFIUEL| €00FES0| 9€TF9I€E
qd %% 09-0¥ 18905 “9€40TD TEA0TD ‘0€407D e[ LS0FIL8| €I0FS80| 600FcC0| 9€0FI1L99| 6L0%90€| 600F8IT| L0T+9T8I
Frewoy speaq PIYM ‘o o®d Noh | L0'd LIS SOV ~OSN +O®N 2dhy amojo)
RLtCy | EOHM mﬂuw@n— Uﬂ—u EOHM muﬁﬂmv‘— SIN-dDI-V'1 Uﬁ—u uo —UUmNA— Uw.wﬂﬁawmmw Uﬂu ur Huwun— MO U&b —UGN MSO—OU H.—U.Wv HOM COmummO&EOU —UDU-:UMH o8eroae Uﬂu Ju:g mﬁOUUOQEOU HUUQS._UU‘— Uﬂu MO \AhNEESW 7S U—A—N.H.

suon1s0dutor panpay 7 xpusddy 'z 4



€8d¥yED 18d¥ED ‘08AFED “8Ld¥ED

TTEYED TIEPED BLHED DTHED CaPED T00FTE0| ITOFTO8| TOOFLYO| TOOFHI0| HTOF8TTL| LOOF89T 1000 F S0 | 60°0F<9¢<I eII-T'19
[BATD SHITO 16 89°8 €L0 a8 7689 69C €11 9491 BI0-C'HV
(%€) 97dESD *€TAESD (XT) SSA1/9TD (xT) Lyd1
197D 8EAEHD (xT) LTIT/EHD (XT) 9TAT/EYD
(x7) $SA1/9TD *(x7) Ly 1/€TD H(x€) 89ESD
099€SD €TAESD “(XT) 8EAEHD (x7) €6AEHD | L00F96°0| 980F8S8| 0T0F680| H0O0OFSI0| 680FS6°L9| HEO0FLLT| €I0OF8IT| 680FISLI 10-THV
(X€) 019€YD (xT) ¥HA0YD H(xT) LEAOYD *(xT) sso[anofoD)
PRACTD (X0) PAETD “(XT) STATD €LIHED *(XT)
€14TD *(x7) €14TD (x7) 199¥€D “(X7) 0€9FE€D
ZH9ED 0<T) $AOTD {(xT) 0PEELD (x7) owmmw 0I0FS60| S90F%98| €I0FTLO| HOOFCI0O| L0TF€989| CTI0OFSOT| HIOFEIT| €OTFSILL 10- 1%V
TdT/EYD 6540TD 690TD | 9ST098€H0°0 | $90S8S8TLD | LITLFSTHI0 | 66519T650°0 | 9T6E8SEE T | S9HL6G6HI0 | S9966LITO | 6LT0TTIS60 IS9I-¢Y
8TAT/EYD SASSD FIILSO ‘10140¥D o e . e e 2 o e o e .
96807D F6A0PD TLACID ‘CHAETD 6ATTO $00F860| €L0F€06| FIOFEOT| 900FHT0| HECTFCILO| ST0OF69C| TIOFTET| S607FG6SLI L0-1°€V
Sog0¥D 9O SISO [ S00F060| 6TOF6L8| 9I'0FS80| €O0FSIO| 6409799 T0°FEST| €00FITI| TI'TF0E6I I'zd umorg
61991D ‘¢Hd0¥D ‘0Td0FD | $00FL60| 96TFII'8| COO0FSHI| T1€O0FHH0| S8TFLL89| COOF6TT| L90FSET| T8I F9591 a
619TyD 019TyD 89°0 w©L 70 y1°0 149 81C 160 $T1C 10-€°€D
9PAEyD HALTD TALTD el | 800FHLL| TOOFO60| <TOOF6I0| ST0OFSO89| TTOFEET| SOOFITI| 6507 LELT 310-9'1d
Ly907D 990 996 <0 [N(0] el 911 70 yTy1 BII-T'1d
64$D e[ 8%9 850 £0°0 $689 Are 60 8761 | () 910-T'Id| onfg-usain)
97d91D el 908 €60 0 €€°89 €0'¢ STl 1741 FTIg | fuearn-omig
$147/97D 0192/9TD ‘$dT/9TD | TO'0F990| FI0FSL9| T00FSH0| 000F%00| 6£0F90°69 [T0F8I'C| TO0OFSLO| 61'0F11°0T 9°€V
£90SD £T140%D 8840%D £$40¥D 646D | O0I'0FI60| I60F€S6| 6C0FCI'T| TIOFICO| $LO0FIEL9 IT0FLET| 0TOFSTI| 60°1F0TLI $0-1°TV
¢d91D €80 9T, 70T 91°0 £60L (954 650 9591 ¥0-€'1IV
$140TD 6840%D J) $1°8 KT 70 1649 €T 96°¢ 98%1 TV
(x0) 6190%D 520 €8C 161 900 968 9%l 870 L8 S0-T'ID
029€TD 919€TD e[ 98 €L0 710 9869 LLT 1T €861 S10-T'1D
“<0) HNmmmum_mwwmﬁ%&%ﬂ%%ﬁwmMMW FI0%F960| 6GOTF8TZ| 8T0F990| H00FL00| SHFIF8EBY| 0€0F8CT| 0TOFH0| TS0FHS6I e
(x2) 195D *(xT) 854¥D
F€CASD FCD ‘THAEHD TIAEHD 194D 1D | T10FL60| STIFH08| TLOFOTI| 900FHI0| SHFIFL6L9| TTOFLLT| TTOFSOT| 9T1FL8LI 1d
*£Td$D 0TIETD H(xT) 619D *(x0) y€ASD anig
0175 {x7) 96<ED MHMW mmmw %mmw Bl | TOTF8S8| €TOFOOT| 800F8I0| O0STF6899| HEOFSLT| TCOFIIT| 9I'T FSH81 g
6E41SD S6d0¥D 8FIED 1FED QITAOFD | 900 FL60| 660F€69| TE0OF690| S00F600| SU'TFITOL| 6TOFECT| OI0OFHS0| I1L1FST8I a
FOT0FD 619THD 01THD LTACTD ‘€ACTD | 0TO0F68°0| SIOFICL| €O0F8F0| 000FH00| 8€0FTC8Y| LIOFETT| FHIOF680| SE0FS661 10-€°€D
994S$D €99$D HCCO TEAOFD CIA0FD | I1'0F 80| €HOFI09| €I0FL90| 900FL00| ¥60F8I°0L| HI0FCET| IT0OFILO| T9O0F8I6I 0
619ESD TTATHD SATHFD TT1ASED | 900 FL6°0| ESHIFICL| 6S0FL60| TO0FS00| ¥9TF5989 | 600FCET| 800F0L0| 9STFH061 10-%'1D
yreway speaq YoryA\ ‘0% o® «01 L0 OIS SOV «OSI «O°eN adfy mojo)




9,4d0¥D L¥d0%D “THA0FD 89EID 8SAECTD B[ OL'LFCCIL| 990F09C| STOF860| 08 TF60S9| LSOFG68CT| 9¥0FIST| HI'TFILET oia “Bueig
(*7) 0£4SD 6TISD e[| TTOFITEI| OL0FLTT| €00F680| %I'0¥0TH9 ITOFCIE|  H00FTHT| 0€0F00€I 20-1°CV
0TdETO 919£TD 790 619 6%0 S0°0 £5°69 1C €L0 S9°61 S10-T'1D
9CECD CTHCD) Ha0TD :m%%ﬁ%%mmw Bl | /S0OFT88| 6COF660| T00F9I0| SSOFTE99| HI0FI9C| 900FECIT| 060FL68I ¢-td
174D 8D ‘€SSO FASD THACHD I . o o oo T oo e R .
TIEEHD T196CD 164D 29D 7LD THACD T00F660| 6T0F098| II0OFO00T| 900F0TO0| LOTFTT/9| O0OI0F99C| 800FTCCI| 060F 1181 1d
0940¥D ‘9¢d0¥D e[ L[TL 690 €10 6689 €T €80 LL°81 <'1a
€LdETD 91dETD ¢co 179 %0 €00 8%°89 66°1 790 €L1T 20-T'1d
€CdoyD ‘€deTD CedsD FTASH | F00F6S0| €90F8L9| 900FSHO| I100FH00| CI'TFEI'89 [10F92C| €I0FSLO| 6L0F001C %)
1€4€SD TTIESD e[ ¢T'8 ST $€0 669 9%°C L1 61 €0-T°70
99dSH €99SD %90 S L0°T %00 $0CL 8T 790 T6°L1 q20-1'7D
FI4EID 90 859 w0 %00 $£89 S0C €L0 yEIT 201D
197D HSSD “119SD BL| 690F/9Z| 800FT80| TOOFLIO| L90FTE8Y| OV0OFO0LE| EI0FS60| ¥L0FLELL VZ: |
$EdTO 9¢dTO €S0 79 €70 €00 9%°0L €81 790 9861 PI0-1'99
LEDTSD e[ 601 48! 600 6L°€9 9%'¢ T€1 €81 Frod
0ydSeD 8TASED 960 (49 610 10 7889 19T 880 qT8l ®10-1'Cd usa1)
192/075 e[ 968 880 S0 89 9T 11 9691 €0-1'TId
SId1%o LL0 €88 880 $1°0 80°0L (47 80 €yl ®Z0-1°019d
9140SD e[ %0 980 L1°0 1749 65T 1T €081 10-8°'19
(x7) €SAETD ‘6€EID | 8T'0F680| 860FL69| SSOFICT| 0S0F0L0| 0GTFOI89| 8TFI6GE| LOTFI8T| €80F9191 FHIId
€TAETO *6dETO PIIYED | CI'0F880| IL0FHS'8| L00OF090| T100¥F800| OCTFS9L9 SI'0OF8CT| SO0FH60| 0%07F 5681 HIG ML
890SD “TFASED *6TASED *6195ED
{(x7) 0749TD HNITD TIIETD 16dSD 8FASD | $00F86°0| 160F8TL| O0TOFISO| 800FLI0| SI'TFI0L| €90F8I'C| TTOFILO| ¥ET1F8991 PSO-1°19
'86IHED F1SAFED CHAYED (XT) €€AHED LHED
9991D 060 L 180 98] 0L 6h¢ 990 $6°G1 280-1'19
(X7) 6TIEYD ‘T1AEFD HAEHD | 9T0F9L0| FITF6TL| 9S0F080| €TOFOI0| SI'TFS6L9| €80F90€| THOFS60| 90T FT0°61 q50-1°cV
TTAT/ETD 099ESD TSAESD 9paESD | ST0F080| 680F¥F9| HI0FI90| SO0F800| 190F€L69 ITOFEHT| 9I'0F/80| 19TF%061 BH0-1'CV
LLETD FTLDETD BIAETD | $00F86'0| L60OF800L| ¥HOFEHT| TTOFGEO| LI'TF0T99| 0TOFSHT| O0TOFOCT| LI'TFL0LI $0-1°TV
STIF0YD ‘01140¥D $60 98/, 1%C 970 6GeL9 8¢T ¥8°C 494! 0-T IV
$94dESD 9990%D 660 106 S0C S1°0 1%°99 99°G 6T°C SVA 10-1'TV
el 818 980 L1°0 %99 6¥°C 1T 9,61 €0-1'cd
02dETO 914ETD e[ 8¢‘8 %20 $1°0 €8¢ €LT 91°1 1861 S10-T'1D
$ASED 1€0 ¥9'8 SL0 10 11°0L 69T S0 L1 F1od ssapImojo)
Sed8To 9%°0 96°S 8%°0 €00 177 88°1 S¥0 €681 HOPAL:
62d16D 111D 650 619 150 %00 S IL 1c 650 L6581 ToIgd
Frewoy SPeaq YPIYM ‘0%d o o) | £0d LO18 SOV <03 +O'®N 2dfy mojo)




GYATD HEATD 977D FASED e[ €OTFHI8] EL0FI60| HOOFSTO| THTFSESY| €EOFELE| SE0F960| 90T ST/l od
P1ATHD 1A1HD Sed8TD 141D T€d1sD el S90FS69| LEOFSOT| 6I0FCE0| COTF800L| SOTFI10%| ¥C0%980| 111561 sd
12d1%D 841¥D 9d1¥D
91ATYD 6SA8TD HHASTD GEA8TD 1640TD Bl TCOFTTL| 9TOF980| TOOFSIO| IOTFIFOL| €80F8EE| ITOFHLO| $L0F0T9I Tsd
CPICYD 9dERD 8898TD ‘1948TD 190TD
GIEETD L14ETD €TderD e[ £0°L P11 610 970, /¢ €80 951 v
199D ZPFESD STAESD 91dT/EPD T1FESD el | /S0FHSL| €00FEOT| 100F0T0| ¥0F6889| LyFOFLIE| H0O0FEIL| €07 S0LI Ted
€TA1HD T998TO 09487O €YA8TO o . o o o N e .
(6875 19870 6RI0TD 9025 TaYED 1925 Bl SS0FCOL| SO0FGLO| TO0OFOTO| TOOFSCOL| €TOFLIC| LOOFL90| 0S0FHIOL|  eTo-€IId
1920 el 718 180 810 16T 20T [S81|  a10-¢'11d
(X7) £€415D el vl €80 <o 91°¢ 780 YL 90-T'11d
<HA8TD e ¢ <L 910 8T <0 8LCI 10-T'11d
ol amﬁwwm@wﬁ%wNMMMWMMWW YL 8COFYLL| IT0F680| €O0FOU0| SOTFCOS9| THOFSIE| 0T0F980| yerFrsLl|  zoToId
TEERD 6AEYD 99O Axwmmmw%mmmww el 6E0F8SL| 900FTOL| LOOFHTO| €50FCC8| GLOFIIE| 600FHTL| 89°0F 9691 910-9'19
1Sa5€D LayED el 66°S 660 91T 8CYL e 20 11T PSO-T'14 pou
8I1SD 6146 646D Td1TD el 07899| CI0¥¢80| SO0F8I0| 1S0F0L69| €S0%¢9€¢| OL0FE80| HE1+9ILI PEO-T' 19
195010
TETED TATED STAISD 01L1SD F10SO
SHASYD HIAEHD LATHD BA1YD Td1HD
9148TD 0148TD 9487 8T S19ETO Bl €o0FETL| 8I0FSEO| SO0OFTGI0| SUTFHIOL| 9S0FOWE| LIOF9L0| 080FTHOI 2€0-T'19
TIGETD C1A6D 66D £SO €7D 72D
LA1D 6LAVED 9PAPED ((XT) 1EAHED HTAVED
{(x7) €19HED TIAFED ‘TAFED (xT) 841TD
9£GESD (TTAESD 61AISD €190SD
o e oo L] y80FITL| 0€0F960| TI0FOTO| ISTFSI0L 0Fpce| 07080 | TET1FC091|  9g0-TIg
QIAETD CTAETD 0TSO €19 641D 11D
699¢€D el ¥ <1 670 <I/9 1¢ peT 8791 €0-S'€V
¥190%D el <68 e 3300 61°99 66C P T R SO'EV
)
BAT/EHFD BTAT/SYD 1SASSD F1AESD 10140¥D BL|  CCOFOL8| 9TOFECT| 800FTHO| 980FLS99| TTOFECT| TUOFICT| €6T1%F99°L1 LOTEV
196940%D F6A0FD TLIETD *CHACTD 617D
PIE91D £99SD LHASD £€4SD (x€) $7dsD Bl | TITTECTL| GELFS6T| TSOF8OL| IFIFS6E9| SITFCOC| 0L0F8LCT| #8T*9671 Ty
199D TZAEID 07aSD (12dSD ‘€dSD | ZI0F950| 660¥¢C8| 800FZ90| I100%800| S8L1FCE69| 0C0FSOC| LOOF8S0| 9207 [08L It
<8aHED 0 91/ 20 £0°0 75°0L 65T 650 T 960-T'1d apdmg
14D el 8L 160 €l /81 $9°¢ 9.0 €1 P8O-1'19
yreway speaq YoIyA\ ‘0%d o) 0 L0 + OIS LOUV «OSI «O°eN adfy mojo)




PSSO TEA0PD €140FD 01d0¥D | 9T°0F080| ITIFS6L| SEO0FS80| LOOFEI0| GOTFTESI| LEOFOPT| €O0OFSIT| %01 F0%'81 D
€ASED TASED TTISD H(XT) LEFED | TIOFI60| 190F9%L| 800FTLO| LOOFEIO| T80FTO89| €C0FOFT| GOTFELT| 860F 7981 L9
PI4SED L6d16D 10 8/ S9°0 600 8¢°/9 ¥C 991 161 od
cdsen e e e . s e e = o S
SIATFD TAICD TEAICO CIA1CD TIFEID IT0FH6'0| SSTFGS08| SIOFFLO| €O0F600| I6TF6E69| 9€0FSST| 0S0F€80| ¥8°0F ¢ Ll <qd
61ETO LTIETD STIESD 0FISED 8TASED | TIOF 60| LLOFEEL| TT0FSLO| SO0FOI0| SHOFS889 IT0FSCT| HI0FL60| £80F€S8I v-zd
(X0) 199/5€D “14T/0TD “€AT/EID | 800F 80| 6L0F09Z| S00F990| T100F600| TC0FS969| STOFLET IT0%880| 8I'0F06LI 1e1d
cIgison e[ 708 £8°0 10 6549 %4 €0°1 GL81 F6'11d
197 160 €SL 650 710 181 ¥<T 160 $91 210-¢'119
G1d1%D 150 ¢1'9 70 200 €91/ 6T 6%°0 L8°81 | ¢qz0-T°01d MY
LIETD 980 6T'L €80 610 €90/ €LT L0 $L91 () zo-L1d
8TAECD HTALHD BAEHD e[ $8°L 660 L1°0 €G89 /8T L1°1 %L1 510-9'1d
142/S€D e[ <69 190 10 6¥0L [954 SL0 8%°L1 TI-T'1d
094$D e[ 1€°8 €L0 600 9969 9/T $9°0 €91 q90-1°19
€IS 1TISD TdSHD L14THD Ld1¥D
££40%D (STI9TD €1d9TD 91d6D (X7) 68d¥E€D | 0T0F0L0| 060FLL9| OI0FHS0| 800FG600| €STF670L| 8TOFEET| 6FOF080| €L0F8T8I 9%0-1'1d
$GYAYED HedyeD H(%4) TTayED f(xT) 819HED
7940%D ‘1149€D 97T . o ) . . e e . . o
F F eH0-1°
CZAOTD TTAILD BAITD “THAEID HTAEID GI'0FSLO0| T90%869| 800FTI0| €00F600| 090FST0L| 8TOFOVT| 600F690| 90T *1T81 $0-1°1d
0Z9€TD 914€TD e[ 718 880 6€°0 8%°9 19°C 80T ¥°0T S10-T'1D
(x2) 0€4E1D
H(X7) FAITO H(x7) 959SD ‘(XF) ST1SD *(x€) . . . ) . . . . . ) . . . . . .
F F F F F F F F
69065 (x7) COq0PD (x¢) 89070 (<€) 1ge1n | 00 660 €F0FCO6| I€O0F8TL| TI0OFLEO| 190F9%99| €H0F88C| CIOF6TT| IHF1FILLI 4|
{(*x7) 1296D (*7) 896D *(*¥) €540TD ‘619E1D
(x€) 179D (%) 85ASD
(X€) €6dSD (x€) FASD THACHD (xT) TIAEFD . oo o . e o e o .
Togen (x7) 16965 L29<D (<2) 0ZRELD {(<P) CO0F660| TL0¥888| TSOFSST| 8IOFOF0| 960FSE/9| €€0FCIC| FHIOFSET| L60FEEII fa k|
7€4SD (%) THASD H(X€) 614SD (X€) $£dSD
0) e 6L 6 ¢ €07 L6 ¢ 66L o
0T P 0% b 0% 0p 0T e e e .
L1865 {(<7) 991ZD “(xT) 9E4CED (xT) <19<ED I 19°0 8| #90FI9T 00F870| €50F9%99| 9¢0 Tl 8roFo¢r| 80T I 113
LL90%D
6CdOFD TSAOFD TSAOFD 8EA0FD LTIOFD | IZ0FI6II| LLOFEUE| 1TO0FTCUL| 9T TFEFH9 ITO0FHTT| 0€0F9LT| ISTFIFEI z1a
T0FD ‘18AETD 9¢d0FD LFI0FD ‘€HdSD
SedSO FedsH e = o e o cpe o o o e e
LERECD TTACCD) HACCD TEAOFD € 19050 I| 6T0F9¢6| HHOFHLI| SOOFECHO| 090F$899 | GIOFCIEC| FHOOFLET| 090 F 9191 0}
€4SED TISED e = aa 0% g o o e - o
CaCD OEAICD L IEI1CH 119D Leahen I| €£0%99/Z| 8I'0F88°0| <TEOF8TO| CTIFH889| 8TOFOTE| 0TOFT60| 1807 T L] VZ: |
reway Speaq YIYA f0%d 0o <O L0 + OIS <OV «OSI «OeN adhy mojo)




61d1¥YD 91d1¥D (*x7) S1d1FD (xT) €1d1¥D

{(x7) OTEALFD GAIFD TALCD T IALCD “DaCED Bl 660FECLL| TIOFGLO| €COOFECIO| €HIFHS8Y| 0S0F08¢| ¥HI0OFO060| CSTFOILL 0-1°019
€4/TD e[ £0 2901 970 ¥rc8 1601 0 681 q10-9°'1d
L9T/ETD 680 176 %90 600 £L°89 9¢C 160 $6°91 2¢0-S'19
€aeyD 814SED 880 11°8 610 $1°0 €6°L9 65C 81T £€°81 q€0-¢°'19
8AT/CID ‘TAT/CID 6SED ¢80 168 690 710 €Hc9 6¥'C 61°T 970 ®C0-S' 19
€4SSD 195SD 960 6L 60 610 9789 SLT LT1 SLLT qz0-¢°'19
9g1$D SISO 9¢dETD e[ 4] 98°0 €10 %589 cee 701 $891 10519
TdI$D ‘116D e[ 168 780 €10 169 06T 171 €91 qzI-1°'19
£EAEYD ‘0TAEYD 0€4TD €60 c8‘8 810 <10 70°L9 19T [ 9781 qri-r'ig
(x0) TegveD 640 16°S 8%°0 £0°0 €169 9¢6 6£0 el q990-1°19
€4TSD IHAISD 0TdISD 01d6D | 100F 660 | GIOFLIL| L00F890| T100FCI0| OI'LF6H89| 8S0F08C| HTOFG660| SS0FSLLI PTO-1'1d
192019 MO[PX
BIIECD *¢dESD 9gTeD 97dISD ‘TIIICH
H01d0SD H(x7) STAEYD *1dEPD H(x0) T1dTHFD o e o o = oc oz o = o = oo .
SATHD 1ATHD CAIHD S6A0PD ‘CE0YD YO0F860| TSOFI¥FL| HIOFHLO| 6E0FTCTO| CI'TF8569 190%9¢¢| 6I'0FT80| 16078891 270-T'1d
TTA8TD *S1d8TD FII8TD LIAETD 816D
T6ASD TASD 0PITD ‘61IFED 01dFED 69FED
STAT/EYD *€1dT/EYD “LTAESD 1dESD
190D ‘99TyD *€dTyD FTd1yD ‘¢dIyD
T0140¥D FLOHD TA0YD 6£4SED 0€d8TD | SO0F 660 | 9S0FE8L| FI0FILO0| 90°0FLI0| THIF6689| 6SOFOSE| FHTOFL6O| $80F00LI qzo-1° 14
‘97d8TD *6TAETD *C9IETD 9dETD 946D
FH1ASD 998D 17D HAID TAID LTdyED
Y1AT/EYD *6dT/CHD 8AT/CYD e[ LT3 $0°T 61 6119 $6C 171 LSLT ®Z0-T'I9d
0£dETO 8TAETD BAETD ¢80 ¥y'8 €90 10 o819 9%°C 701 €981 qII-1'1d
LYdTD 'SHATD $6°0 €G'8 8.0 110 81°89 89°C [401 $9°L1 BIO-C'HV
0TdETD 919dETO 960 ¥T6 80 S1°0 7199 89°C SI°T 1681 ST0-T'1D
yAT/E1D {(xT)
0€dETD HFAITO 964D SISO (XT) S9d0¥D | 90°0F €60 | LLOF /88| II'0F980| CTOOFSIO| $90F9%99| GO0OF6ST| 6O00FHFIT| £90F6681 ¢l
8PA0TO ‘TIETD ‘17d6D 86D “€HI0TD
86dSD €6dSD ~ B N B My
FHACO THACHD TIAEYD 199$D 164D £TdSD | S0°0F 960 | SE0F098| ITOFIOL| H00FGI0| 660FLSL9| 0TOFSLT| 600F8IT| S80FHL LI & :
F0TAETD *TEASD “(X€) 61dSD ‘THASD FEASD
917D ©9EaCeD (<) mwmwm_mﬁmwnmmw IT0F780| S60F0L8| O0SOFSI'L| LOOFSIO| O0STFH9L9| 6T0FCHT| GTIFOST| SLOFGTLI I'1d
1190%D ‘840¥D w0 L19 €50 700 9¢1L 781 1y1 €8l a
spreway speaq PPrgM ‘o' o O LO'd LOr1S SOV «OSI L0 BN adky mojo)




0%d1$D 750 999 8%°0 S0°0 L0°1L yTT 750 9581 20-€' 19
$AT/E1D ] 168 80 81°0 6999 16T 80°T I1°61 FTed
954$D SISO H(XT) 640$D *8FA0TO e R N 0 FCT 0 F7C P S -

TEELD 17865 SH6D CHIOTO (<) 619510 I| %S0FTIG6| OI0F080| ¥00FSI0| L60FT699| SEOFTET| LOOFOTI| 18°0F66L1 e
1§4:(99)

8CSD (€IS FACD THAEKD TIEFD ‘1996D | €00F860| S60FI06| TEOFSOTL| TO0F8I0| €TIFHH/L9| SI0OFIST| 600FHTTI | L90FSTLI 13
€SO £TISD TEASD THASD HECD L19SED

1€4€SD TTIESD £6°0 yL8 L8°1 81°0 9629 LT 1 $0°L1 D

9¢d1SD LIdISD TALTD HSASO ‘TIdSD | $00F860| ¥80F€9L| TT0FHLO| 9€0FSE0| HSTF6689| T1L0FSSE|  LIOFS60| $STF0891 /g

PEATO 9TATO “(XT0) LEDISOD €dISD | LI'0OFS80| II'TFOI8| 8I0FE0| 900FCI0| GETFSHEI| 6E0FILT| 9E€0FH60| HETFL8LI od MO[PX

y19TyD 9141¥D $€A8TD IAISD TEAISD | $00F960| LS0FESS| TI10F8L0| LOOFSIO| LSTFST6Y| €90F6€€| ¥T0FS60| 96°0F 2091 Lsd
1241%D 841¥D 941%D

914THD 65d8TD FHASTD 6£48TD 16407 | TOOF660| 890FLFL| 600FELO| H00F9I0| FITFOU0L| TFOFHEE| 0TOFHLO| TOTFI1H91 0-Tsd
SEPACHD ‘9dErD 88A8TD 1998TD ‘140TD

619ETD *L19dETD ‘¢€TdEFD o o o e e U o o B

LOGECD PAECD OTAT/SHD T1ECD ‘STa1CH Bl | 890FC9L| SIOF/80| H00FLIO| €60FHS89| $90F0SC| CIOFOI'T| $0'TF8I'LI v-cd
19H/5ED €T/ETD SC1A1SD €TATHD T9I8TD

09487D ‘€¥8TD 648TD 1987 68907D 86°0 68°L L0 y1°0 1669 1°¢ 980 1891 Zr-1id
$€40TD 1dHED 197D *¢ed1$D ‘SHA8TD

Frewoy SPeaq YPIYM ‘0’4 o b | £0d LO18 SOV «O3N +O'®N 2dfy mojo)




7. 3. Appendix 3: Typology, Measurements and data-
processing

7.3. 1. Typology

Pion’s typology is based on the seriation of over
21.000 beads found in six Merovingian cemeteries
from Belgium. It was later adjusted and improved
by Vrielynck, Mathis and Pion in 2018.%° As bead
collections from sites across Europe show remark

able similarities, 3

a typology based on early medieval
bead collections from Belgium can be applied to early
medieval bead sets found in the Netherlands without
difficulty. In this typology, each bead-type is dated
to one or muldiple periods (P1, P2, P3, P4 or P5)
within the Merovingian era (Table S3). It is struc-
tured based on the techniques used to manufacture
Merovingian beads, a factor that had not been con-
sidered in previous typologies.'” In Europe only evi-
dence for the production of wound beads has been
excavated, whereas other forming techniques were
used in the Mediterranean, Egypt, the Syro-Palestin-
ian coast, the region of Mesopotamia, and India.'*®

7.3.2. pXRF

X-Ray fluorescence allows determining the major
and minor elemental composition of beads. In this
research portable XRF (pXRF) was used. In general
pXRF is an excellent semi-quantitative analytical
tool. Allowing to recognize groups, determine rela-
tive abundances of elements, etc. It is usually cheaper
than, for example, LA-ICP-MS analysis, and its port-
able nature means analysis can be performed non-de-
structively in the field. One of the major drawbacks
of pXRF for the analysis of glass is its inability to
accurately measure low-Z elements in particular Na
and Si which are major elements from the glass. When
(p)XRF and LA-ICP-MS analysis of the same objects
are performed in the same conditions it is possible to
use those to calibrate the full suite of pXRF analysis
in order to obtain quantitative results.'® Since this
would not offer more insights in our research ques-
tions this was not performed for this article.

135 Vrielynck et al. 2018.

3¢ Langbroek 2023.

37 E.g. Siegmund 1998.

13 For a detailed discussion on bead techniques and their prov-
enances, see Pion 2014, 178-229 and references therein.

13 Adlington et al. 2020.
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Table S3 Overview of the bead periods by Pion 2014, with
Legoux phases and date-approximation.

Period Legoux 2004  Date (approximation)
P1 MAL1 480-530
P2 MA2 530-570
P3 MA3 560-610
P4 MR1 600-640
P5 MR1/MR2 620-670

The set up used for bead analyses was designed
at Liege University by the team of IPNAS (/nstitut de
Physique Nucléaire Atomique et Spectroscopique). The
design answers to specific needs regarding archaco-
logical material studies. The set-up is light and easy
to use in museums or directly in the field.

It includes an industrial X-ray generator that
powers the X-ray beam and detector. The X-ray beam
is produced by a tube type end-window Magnum
developed by Moxtek Inc (Orem, USA). The de-
tector is an air-cooled silicon drift detector (SDD)
with an active area of 5 mm? developed by BRUKER
(Billerica, Massachusetts, USA). The X-ray source
and detector are located on the same support as the
power supply. The support was designed and printed
for this specific purpose with the 3D printer of the
lab. It is fixed on a mobile platform, also made at
IPNAS, allowing independent vertical and horizon-
tal movement. The distance between the set up and
the sample was fixed to 8mm. In order to target the
analysed area and to adjust the distance, two laser
diodes are attached to the head.'*” All the movements
are controlled by a personal digital assistant (PDA)
which exchanges data with micro-controllers inte-
grated into the system allowing accurate positioning
of the detector.

For the measurements performed on the beads,
objects were placed on a polymer grid printed in the
IPNAS laboratory and they were facing the XRF
beam that was a size of 1 mm on the sample. It was set
to be in action for 60 seconds, at 39 kV, and 120 A.

The signal of the detector is amplified and an-
alysed by a multi-channel recorder coupled to a
microcomputer running JavaSpectre that allows to

visualise and to analyse the obtained spectra.'*!

140 Strivay et.al. 2016.
11 Hocquet et.al., 2008.
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After the measurements peak deconvolution and
integration was performed and the number of counts
for the mean peak of each element was determined.
Those counts are used for the PCA analysis.

7. 3. 3. LA-ICP-MS

578 beads from Lent-Lentseveld have been ana-
lysed with LA-ICP-MS. Sampling through laser ab-
lation allows both to perform the analysis in a min-
imally invasive way (the beads remain intact), and
to perform spatially resolved analysis (i.e. for poly-
chrome beads a particular colour can be targeted).

LA-ICP-MS is an analytical method widely
applied in glass research. It allows determining the
chemical composition of objects; with its large linear
range and low detection limits simultaneous deter-
mination of major, minor and trace elements are pos-
sible. This is another important difference with XRF
analysis, the possibility to measure the lighter ele-
ments. This method requires no sample preparation

MS: Instrumental setup

Electrostatic
field
analyzer

Shield torch

_L|=. Magnetic
] sector analyzer

Thermo Fisher Element
XR mass spectrometer
&

Resonetics UV laser
microprobe RES Olution
M50E

Instrumental setup of the LA-ICP-MS analyses (Image by B. Gratuze).

and allows a nearly non-destructive analysis, invisible
to the naked eye; it is particularly well adapted to
composite or decorated glass objects such as beads.!**

The analyses of the glass beads were carried out
by LA-ICP-MS. The instrumentation consisted of a
Resolution M50E UV laser probe from Resonetics/
ASI (Eximer ArF laser working at 193 nm equipped
with the S155 cell) coupled with a Thermo Fisher
Scientific ELEMENT XR mass spectrometer.'*
This mass spectrometer offers the advantage of being
equipped with a three stage detector: a dual mode
(counting and analog modes) secondary electron
multiplier with a linear dynamic range of over nine
orders of magnitude, associated with a single Fara-
day collector which allows an increase of the linear
dynamic range by an additional three orders of mag-
nitude. This feature is particularly important for
laser ablation analysis as dilution of the sample is

142 Gratuze 2014, 2016.
143 Gratuze 2016.
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impossible compared to ICP-MS with liquid sample
introduction. For glass, it is therefore possible to ana-
lyse major, minor, and trace elements in a single run
regardless of their concentrations and their isotopic
abundance. With the standard analytical protocol,
sodium, aluminium, silicon and potassium are sys-
tematically analysed with the Faraday collector while
dual mode SEM is used for other elements.

The beads are placed inside an ablation cell,
where a micro-sample, invisible to the naked eye (di-
ameter < 100 micrometres), is extracted by the laser
beam. This sampled material is then carried to the
plasma torch of the mass spectrometer by an argon/
helium gas flow (1 I/min Ar + 0.65 I/min He) where
it is dissociated and ionised by the high temperature
of the plasma (8000° C). The different glass constit-
uents are separated according to their mass/charge
ratios by the double focussing mass spectrometer
and quantified by the electronic detector (secondary
electrons multiplier or Faraday cup according to the
ion beam intensities).

Analytical parameters were as follow: the exci-
mer laser was operated at 5.5 mJ with a repetition
rate of 10 Hz, ablation time was set to 50 seconds:
20 seconds pre-ablation, so that transient signal and
possible surface corrosion or contamination could
be removed, and 30 seconds collection time corre-
sponding to 9 mass scans from lithium to uranium.
The signal was measured in counts/second, in low
resolution mode for 58 different isotopes. The fif-
ty-eight elements include all major, minor (except
sulphur) and trace elements which are usually pres-
ent in glass samples.'* Blanks were run periodically
between each series of 20 analyses. Spot sizes were
set to 100 um, but their diameter could be reduced

144 Gratuze 2016.
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progressively down to 30 pm when saturation oc-
curred for elements such as manganese, copper, tin
antimony and lead. During analysis live counts were
continuously observed: when element spikes signify-
ing the presence of inclusions were observed, results
were discarded and a new site selected. Homogeneity
and agreement between runs carried out on the same
type of glass were consistently good. To enhance de-
tection limits on opacified glasses, specific analytical
menus were tested on white and yellow opacified
glasses as well as on red glasses. For some of these
glasses, manganese, copper, tin and lead, were ana-
lysed with the Faraday collector instead of the dual
mode secondary electron multiplier.

Calibration was performed using five reference
standards: NIST610, Corning B, C and D, and
APL1 (an in-house reference glass used for chlorine
determination), were run periodically (every 15 to
20 samples) to correct for eventual drifts. The stand-
ards are used to calculate the response coefficient (k)
of each element. The measured values were normal-
ised against %S, the internal standard. Concentra-
tions are calculated assuming that the sum of the
concentrations of the measured elements is equal to
100 weight percent. In total, 58 elements were re-
corded. For the major and minor elements accuracy
and precision were within 5 % relative and within
10 % for most trace elements. In order to validate
the obtained concentration results, glass reference
standards Corning A and Nist 612 are regularly ana-
lysed as unknown samples throughout the analytical
sequence. The average values obtained during the
analysis for these glasses are presented in the table of
results and agree within 5 to 10% with the certified
ones.
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7. 5. Appendix 5: Chemical groups

Table S5 In this table it is documented per grave whether specific bead-types from that grave form one ‘chemical group’ (green),
multiple ‘chemical groups’ (yellow) or display a ‘chemical confetti pattern’ (red) in the PCA graphs. Sometimes a ‘+” is
added, to indicate the presence of one or two ‘chemical outliers’.
-} 2 o T a & wn a )
g 335,223y ~x28¢5 8, 8353888 43 F
R I T - T T T I I A= = s B - = B B =B N R T
= 2 4 9 B RREaaafa® gz A g o o aaan ol &
1 P1-P3 | adult + ?
2 |11 adult + group
5 | P2 adult + + . group
combi-
9 | P1-P2 | adult . nation
13 | P1-P2 | child + group
16 | P1 adult ?
20 | P1-P2 | adult + . . group
21 | P1 child + group
23 | P1 adult group
26 | P2 child group
. combi-
27 | P2 child + . nation
28 | P1-P2 | adult + o+ + + group
34 | P1-P2 | adult + ?
35 | P1-P2 | adult group
. combi-
40 | P1-P2 | child . + .:. . > . . nation
combi-
41 | P2 adult + + . i nation
42 | P1-P2 | adult + group
combi-
50 | P1-P2 | adult + ?
combi-
51 | P2-P3 | adult + . nation
52 | P1-P3 | child + ?
combi-
53 | P2 adult + . nation
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Zusammenfassung: Karneval der Perlen. Chemische Analysen merowingerzeitlicher Perlen aus dem Griberfeld
von Lent-Lentsefeld

In diesem Artikel wird eine Methode erldutert und getestet, mit der chemische Gruppen von Perlen aus
einem einzigen merowingischen Griberfeld unterschieden werden kénnen. Dazu wird die gesamte Glasper-
lenansammlung des Griberfeldes von Lent-Lentseveld aus dem 6. Jahrhundert sowohl mit pXRF als auch mit
LA-ICP-MS chemisch analysiert und mit Hilfe von Hauptkomponentenanalysen (PCA) chemische Gruppen
pro Petlentyp und pro Grab identifiziert. Die Ergebnisse sind vielversprechend. Fiir importierte Perlentypen aus
dem 6stlichen Mittelmeerraum und weiter 6stlich werden klare chemische Gruppen pro Petlentyp erkannt, und
sowohl fiir importierte als auch fiir europiische Perlen werden unterschiedliche Gruppen pro Grab identifiziert.
Diese Befunde deuten darauf hin, dass im 6. Jahrhundert mehrfach Perlen iiber grof§e Entfernungen nach Lent
importiert wurden und dass die Perlen, sobald sie aufgereiht waren, in der Regel als ein bestimmtes Set zusam-
menblieben. Die in Lent ausgegrabenen Perlen wurden eindeutig nicht einzeln erworben oder ausgetauscht, was
die Moglichkeit erdflnet, dass ganze Perlenstringe ausgetauscht wurden. Bei kiinftigen Untersuchungen wird
es interessant sein festzustellen, ob dieselben Muster bei Perlenansammlungen aus anderen merowingischen
Griberfeldern in der Region zu erkennen sind.

Abstract: Bead Carnival. Chemical analyses of Merovingian beads from the cemetery of Lent-Lentseveld

In this article a method with which chemical groups of beads from a single Merovingian cemetery can
be distinguished is explained and tested. In short, this is accomplished by chemically analysing the complete
glass bead assemblage of the 6th-century cemetery Lent-Lentseveld with both pXRF and LA-ICP-MS, and
using Principal Component Analyses (PCA) to identify chemical groups per bead-type and per grave. The
results are very promising: for imported bead-types from the Eastern Mediterranean and further East clear
chemical groups per bead-type are recognised, and for both imported and European beads distinct groups per
grave are identified. These findings suggest that in the 6th century beads were imported over long distances
to Lent on several occasions, and that once strung, beads tended to remain together as a distinct set. The
beads excavated in Lent were clearly not acquired or exchanged one at a time, which opens up the possibility
that complete strings of beads were exchanged. In future research it will be interesting to establish whether
the same patterns can be recognised for bead assemblages excavated from other Merovingian cemeteries in
the region.
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