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Title Preliminary Study of Ancient Beads from Southern and Fastern

Archaeological Sites of Thailand
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Academic Year 2016
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Abstract

Currently, the study of archaeological objects using nuclear analytical
techniques in Thailand is rare. This research focused on the elemental analysis of
ancient beads using X-ray fluorescence techniques(XRF) which is a non-destructive
technique providing quick and reliable results. The magnifying lens and scanning
electron microscope were used to support the data interpretation. The samples
composed of stone and glass beads from three archaeological sites; Klongtom,
Kulumpan and Ban-Chiang. A few beads from Republic of the Union of Myanmar were
combined in the study.

The preliminary results reveal typical characteristics of beads from each
archaeological sites which can be used as a database in comparison with unknown
source of origin beads. The results allow us to clearly distinguish between stone and
glass beads Besides, it will be further applied for bead authentication. Finally, the study

will be continued to benefit the archaeological research and the nation in the future.

Keywords : ancient glass beads, stone beads, fake beads, X-ray fluorescence
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Chromium oxide (Cr,05) GIUER
Cobalt oxide (CoO) iy
Uranium (U) Andos

Nickle (Ni) Fiana
Carbon-Sulfur-Iron (C-5-Fe) Homiu
Manganese (Mn) Al
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3
- nundli@ey (magnesium (Mg))
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- lawfgy (sodium (Na) w3o alkali soda)
- Tuuna (potash (K))
3. nguveIsInBY 4 Mivalin uasdiuntiahevhlfanddteg e
- wan (iron (Fe))

Az (lead (Pb))

Waawaia (phosphorus (P))

1

Tvwiley (titanium (Ti)

V23Ad (copper (Cu))

1

Ayn (tin (Sn))

Aaa3Uy (chlorine (CL)

1
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wituveieznauewsazsInllmiioudy Fusundnedumiledn Sidenddnvasianie
(characteristic X-ray) USmimmiuduesisdienddnvuzianzvasinasiiuijnaiu
Sruiuezme IRV

Tngwanni15wes Energy-Dispersive X-Ray Fluorescence (ED-XRF) e 1iloYed
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M-Shell electron
Ejected fills vacancy
K-Shell c

electron ~“C

K x-ray
emitted

gﬂﬁ 2.4 winn15984 Energy-Dispersive X-Ray Fluorescence (ED-XRF)

2.6.1.1 . NITON XL3t GOLDD+ Analyzer " ( PXRF)
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Wireless

Outer Electron
Fills Vacancy
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o at - 1 s 1 = = é
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= = o
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v

a E [
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Tudy nihvelanNawUUAssUUd R
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neadlen 3 fuvids (n3disnda 1%)

wivdayald 10,000 faya

\Peusafumeufinmesiiums USB Port, RS-232 Port was Bluetooth™
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fnsalanzannnia 380 tnsa (Alloy Library)
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2.6.2. wAllA Scanning electron microscope (SEM)
1% ca A4 A a e & 1
naasqanssALddnasaukuuakny WuwnsedloInemanitagaaadseian ndes
ey v o a g WA a o oAy v
qansieiildauaaBiana ey arensedednsialyuuiiovesiotsiineinisasasaeulsils
2/ o i - a L g U =4 o =
deyavesinwngiudausinguamasiefiamisase s lamenudamsesraduiinam
vuuduildula ndesganssadidnaseunuuawnuideadn Scanning Electron Microscope
(SEM) ® nassyanssmiBiinaseu iundewansseliilisounindidnnseundenugaly
N13ATIVABUIAQUNULAITTINAT LHBIINANENIATUVRIE 1N ABIENAS DU UdUN I
ANUEMIARULANTR 100,000 111 vinlindeganssmididneseuaunsaliussdnsnmaes
A1y waznisuanuasneasdealdmioniindesganssaiuuulduas Inearunsausn
swazidoarasingiidnuuin 10 Seanson wse 0.1 urluwes (hdesganssmiuvulduasay
= 2/ = o g g fa o = o w
wInuwassreaziBenlddszanm 0.2 lilasung) Juildndesqanssmididnasoulimdmensas
1INH9 500,000 Wi
Tngvilundesganssmididnaseudl 2 4ila 16uA transmission electron microscope
(TEM) wag scanning electron microscope (SEM)®! Tasanuidedl Tdinaila SEM Tunns
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JUN 2.8. LAT93 SEM (Scanning Electron Microscope)
= [9] o 10 a a.a = o v A a aa -
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=l

fifleouaudaszySulidrdidnaseuiivunadn nésnduididnnseuargnusussesinia
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#15719% 4.1. Color of chemicals!®
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Copper(II) Blue
Copper(IL) ammine complex Indigo-blue
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ABSTRACT

A total 103 fragments of Roman glass tableware are studied, unearthed at 7 archaeolog-
ical sites in the Northwest of the Iberian Peninsula, to establish both similarities and dif-
ferences in their chemical composition. ICP Mass Spectrometry is used to characterize the
chemical composition of: (i) major elements, so as to determine the type of glass; (ii) mi-
nor elements, added to improve the properties of the glass; and, (iii) trace elements, as
indicators of the base raw material of the glass. Multivariate statistical studies are also
used to establish links and significant differences between glass samples, shedding fur-
ther light on knowledge of Roman glass manufacturing techniques in the Northwest of
the Iberian Peninsula. Three main conclusions were achieved. (i) There are significant
chemical differences between samples from Braga (Bracara Augusta, Portugal) and the
other samples. (ii) These other samples may be sorted into three major groups according
to their chemical constituents. (iii) Finally, the statistical analysis and the chemical com-
position of several glass fragments suggest they were found at some distance from their

place of manufacture, requiring the reclassification of their archaeological site of prove-
nance.

KEYWORDS: Roman Glass, Tableware fragments, Chemical analysis, Chemometric
analysis, Iberian Peninsula.
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1. INTRODUCTION

The first ancient glassware is widely held
to be glass beads, while the manufacture of
hollow vessels had to wait until 1500 B.C.
in Egypt, where glassware was introduced
by skilled artisans from Southern Asia. In
the 9t century B.C., the principal centres of
glass production were in Syria and Meso-
potamia from where the craft spread
throughout the Mediterranean area. The
technique of glassblowing developed in
Phoenician coastal cities around the 1st cen-
tury B.C. and glassmaking then extended
throughout the Roman Empire (Fleming,
1999),

While the study of the origin and trade
in stone and ceramics is now highly ad-
vanced, it may not say the same of ancient
glass, as the nature of the minerals used as
raw materials and the geographical loca-
tion of their transformation into finished
artefacts remain largely unclear. The vast
majority of ancient glassware was made
with silica fluxed with either soda or pot-
ash (Sayre and Smith, 1961; Henderson,
2002; Degryse and Scheneider, 2008). In
terms of its chemical composition, soda-
based glass (soda-silica-lime glass) falls in-
to two categories: (i) one involves natron, a
mineral source of alkali that is a mixture of
evaporitic minerals. Silica may be found
sand and lime extracted from carbonatic
sand fractions and/or shells. The mixture
produces low Mg and K types of soda-
lime-glass. (ii) The second category uses
plant ash as its main source of alkali. In the
same way as natron-based glass, it intro-
duces Na in the batch, together with quan-
tities of K and Mg (Newton and Davison,
1996; Silvestriet al, 2005). Roman glass is a
relatively homogeneous natron glass with
little or no variation in the composition of
its major elements (Freestone, 2006; Gli-
ozzo et al, 2013).

However, elements such as Ca, Fe, Mg
and Al may be related to concentrations of
specific minerals (for example, feldspars or
clays) in the glassmaking sand. Transition
metal ions (Fe, Co and Cu among others)
act as colouring agents, while Mn and Sb

oxides are the principal decolorants used in
ancient glass (Silvestri et al, 2005; La Delfa
etal, 2008; Foster et al, 2009 and 2010). Rare
earth element patterns are a promising tool
for distinguishing between raw sandy ma-
terials that may have typical characteristics
i certain geological environments, alt-
hough these characterizations are largely
unexplored (Freestone et al, 2002). Recent
advances in the use of radiogenic isotopes
(like Sr and Nd) have resulted in new ap-
proaches to determine the provenance of
primary glass, even after its transformation
or recycling in secondary workshops
(Degryse and Schneider, 2008; Brems et al,
2013a and 2013b).

The expansion of our knowledge of Ro-
man glasses has a serious limitation, inso-
far as glass fragments found at archaeolog-
ical sites are the only source of original
samples. Characterizations of Roman
glasses in the Mediterranean area and in
other archaeological settlements in Europe
(mainly France, Great Britain and Italy)
abound, while research in the Northwest of
the Iberian Peninsula remains scarce. For
example, most studies have been descrip-
tive in nature: Sanchez de Prado (1984) and
Fuentes et al (2001) for glasses from Spain
or a description of glasses from Conimbriga
(Portugal) by Alarcdo and Alarcao (1967).
However, over recent years some archae-
ometric studies in Roman Glass from the
Iberian Peninsula have been conducted by
Rincén (1984), Dominguez-Bella and Ju-
rado-Fresnadillo (2004), Gémez-Tubio et al
(2006), Garcfa Heras et al (2007), Carmona
et al (2008), da Cruz (2009) and Petit-
Dominguez et al (2013).

Our study concerns the chemical charac-
terization of fragments of Roman glass ta-
bleware from the Northwest of the Iberian
Peninsula produced throughout broad pe-
riods of Roman civilization. The primary
purpose of the research is to determine the
chemical composition of these glasses to
contribute further knowledge of the types
of glass produced by the Roman glassmak-
ers over those time periods. A further ob-
jective is to classify samples as a function of
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the chemical composition of their major,
minor and trace elements and to provide
some insight into the technology devel-
oped to obtain the different colours and
opacity of the glasses. Finally, the statistical
analysis and the chemical composition of
several glass fragments appear to suggest
that they were discovered at some distance
from their place of manufacture. These
fragments were therefore reclassified as
belonging to a different archaeological site.

2. EXPERIMENTAL
2.1 Sample description

Representative samples corresponding to
103 fragments of Roman glass tableware
were selected on the basis of their mor-
phology, colour, transparency and chro-
nology (High and Low Roman Empire)

(see Table 1).

Table 1. Samples studied: physical characteristics and dating

Site Sample Form Colour Date
Lugo LU01 quadrilateral carafe with signal ~ colourless 15t -to- 34 century
LuU02 bellical cup bluish green Reign of Augustus / Reign of Trajan
LU03 glassin gross yellowishgreen Unknown
LU04 bellical cup yellowish green  Uncertain: mid-late 4th -to- 5th centu-
LY
LU05 chalice colourless Mid-late 2nd -to- early 3t century
LU0s quadrilateral carafe bluish green 15t -to-3™ century
LU07 bellical cup-blown glassinmould bluish green Decade 40/60 1+t century
LU08 "modiolus" bluish green Decade 40/60 1%t century
Veranes VRO1 bracelet opaque black Late Roman
VRO02 undifferentiated edge yellowishgreen Unknown
VRO03 fragment colourless Uncertain: late 15t -to- 3 century
VR04 bellical cup yellowishgreen  Uncertain: mid-late 4th -to- 5th centu-
ry
VRO05 quadrilateral carafe bluish green 1% -to- 3™ century
VRO0e jug dark green Uncertain: 4th -to-5th century
VRO7 silver cup reliefs blue Unknown
VR08 plate colourless Uncertain: end 1% -to- 31 century
Astorga AS01 cup colourless Uncertain: 3 -to- 4th century
AS02 glassin gross bluish green Unknown
AS03 grooved cup bluish green Reign of Augustus/Reign of Trajan
AS04 smootharcuate-shaped cup yellowishgreen  Uncertain mid-late 4!h -to- 5t century
AS05 quadrilateral carafe bluish green 1st -to- 31 century
AS06 bellical cup dark green Uncertain: mid-late 4th -to- 5th centu-
LY,
AS07 window colourless green  Uncertain: 15t -to- 4th century
AS08 plate colourless green  Uncertain: 1st -to- 3 century
AS09 jug colourless green  Unknown
AS510 plate colourlessgreen  Uncertain: 15t -to- 3t century
ASI1 fragment colourless Uncertain: mid 27 -to- 3% century
AS12 arched cup colourlessgreen  Uncertain: 4t century
AS13 chalice colourless green  Uncertain: 2" -to- 31 century
Castrode  VLO1 corrugated cup bluish green Reign of Augustus/Reign of Trajan
Viladong:  VL02 quadrilateral carafe bluish green 1st-to-2nd century
VLO03 bellical cup yellowishgreen Uncertain: mid-late 4th -to- 5th centu-
r
VLO04 bellical cup yellowish green gncertain: mid-late 4th -to- 5th centu-
ry
VL05 arched cup greenishyellow  Uncertain: mid-late 4th -to- 5th centu-
oy
VL06 conical cup colourless End of 4th -to- 5th century
VL07 tube cup edge vellowishgreen  Uncertain: mid-late 4th -to-5th centu-
ry
V108 jug vellowishgreen  Uncertain: 4th -to- 5th century
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Vigo VG01 glassin gross yellowishgreen  Unknown
VG02 glassin gross opaque green Unknown
VGO03 glassin gross yellowishgreen Unknown
VG4 bellical cup yellowishgreen  Uncertain: mid-late 5th -to- 6th centu-
VGO05 bellical cup yellowishgreen  Uncertain: mid-late 4th -to- 5t centu-
ry
Chaves CHO1 bellical cup bluish green Reign of Augustus / Reign of Trajan
CHO02 quadrilateral carafe bluish green 1st century to 3t century
CHO3 bellical cup yellowishgreen  Uncertain mid-late 4" -to- 5t century
Braga BRO1 glassin gross colourlessgreen  Unknown
BRO2 glassin gross bluish green Unknown
BRO3 window colourless Uncertain: 15t -to- 4th century
BRO4 glassin gross brown Unknown
BRO5 cup yellowishgreen Late 37 -to- 4th century
BRO6 glassin gross bluish green Unknown
BRO7 hemispherical cup brownishgreen  Reignof Augustus (1t century B.C.)
/ Reign of Nero (1%t century A.D.)
BRO8 diatreta= cage cup colourless Early-mid 4th century
BR0O9 Hellenisticcup blue Reign of Augustus (15t century B.C.)
BR10 convex cup vellow Uncertain 15t -to- 31 century
BR11 ceramic profile cup dark green Uncertain 1st -to-4th century
BR12 ceramic profile cup yellow Reign of Augustus (15t century B.C.)
/ Reign of Nero (15t century A.D.)
BR13 deep plate colourless Uncertain: 1%t -to- 314 century
BR14 grooved cup yvellowishgreen  1st century
BR15 Hofheim cup bluish green Reign of Augustus (1t century B.C.)
BR16 quadrilateral carafe bluish green 1st -to-3rd century
BR17 glassin gross bluish green Unknown
BR18 glassin gross yellowishbrown Unknown
BR19 ball white Unknown
BR20 ball yellow Unknown
BR21 cup colourless Mid-late 1st -to- 2nd century
BR22 pitcher edge yellowishgreen = Uncertain: 4th century
BR23 pitcher edge yellowish green  Uncertain: 4th century
BR24 container edge bluish green Uncertain: 4th century
BR25 bellical cup brownishgreen 5% -to- 6th century
BR26 bellical cup yellowish green  Uncertain: 5th century
BR27 hoop yellowish green  Unknown
BR28 bottle colourless Uncertain: 4'h -to- 5th century
BR29 bottle yvellowish green  Uncertain: 4th -to-5th century
BR30 bottle yellowishgreen  Uncertain: 4th-to-5th century
BR31 quadrilateral carafe bluish green 1st-to- 3rd century
BR32 jug yellowish green  4th-to- 5th century
BR33 jug yellowish green  4th-to- 5th century
BR34 rim ofjug blue 4th _tg- 5th century
BR35 salve bottle bluish green 1st -to- 2nd century
BR36 glassin gross black Unknown
BR37 glassin gross dark blue Unknown
BR38 glassin gross brown Unknown
BR39 glassin gross blue Unknown
BR40 tessera green Roman / Medieval
BR41 glassin gross yellowishgreen Unknown
BR42 grooved cup bluish green Late 3 -to- 4th century
BR43 plate colourless Uncertain: late 15t -to- 4th century
BR44 blown glass dark blue Unknown
BR45 fine walled glass and massive colourless 1%t -to- 4th century
base
BR46 fine walled glass colourless 1st -to- 4th century
BR47 conical trunk cup vellowishgreen  Uncertain 4th century
BR48 cabuchon cup, corp colourless green  Late 4th -to- 5th century
BR49 cabuchon cup, base of corp blue Late 4th -to- 5th century
BR50 cabuchon cup, corp yellowishgreen Late 4th-to- 5th century
BR51 cabuchon cup, base of corp blue Late 4th-to- 5th century
BR52 hexagonal base colourless green  Unknown
BR53 hemispherical cup colourless 18t -to-31d century
BR54 arched cup yvellowishgreen  Uncertain: 4th -to- 5th century
BR55 cylindrical cup yvellowishgreen  Uncertain: 4th -to- 5th century
BR56 arched cup colourless Uncertain: 4th -to-5th century
BR57 bellical cup brownishgreen 5t -to- 6th century
BR58 bellical cup brownish green  5th-to- 6th century
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They were found at seven different ar-
chaeological sites in the Northwest of the
Iberian Peninsula (Spain: 8 samples from Lu-
go (LU); 8 from Veranes (VR), Asturias; 13
from Astorga (AS), Leén; 8 from Castro de
Viladonga (VL), Orense; 5 from Vigo (VG),
Pontevedra and Portugal: 3 from Chaves
(CH) and 58 from Braga (BR) (Fig. 1).

In all cases, minimal samples were taken
to reduce any damage to archaeological
objects. After cleaning in an ultrasonic bath
with twice-distilled water and drying at
120°C, external layers were cleaned off the
fragments with a diamond-coated wheel
and the samples were then cut from each
fragment with a diamond-coated saw. Pri-
or to analysis, each sample was ground
with a pestle in an agate mortar, to ensure
homogeneity and to reduce particle size.
Due to the very small samples in most cas-
es (sometimes less than 100 mg), not all
analyses could always be replicated.

2.2. Optical microscopic analyses

Samples were observed with a Minolta op-
tical microscope to visualize possible phys-
ical defects. Several photographs were reg-
istered in digital format using two resolu-
tions: x32 and x64 magnification.

2.3. Chemical Analyses

Samples were dissolved as follows (Garcia
Giménez et al, 2005): a minimum amount of
sample was treated with hydrofluoric acid
in an open vessel, heating it on a hot plate
until dry. This treatment was followed by
the addition of agua regin, followed once
again by heating until dry. The residue was
dissolved with 1ml of concentrated hydro-
chloric acid and diluted with water to the
mark in Teflon volumetric flasks. Care was
taken to keep any possible contamination
to a minimum. Ultrapure water was used
atall times and all reagents were of analyt-
ical grade. Chemical analyses of major and
minor elements were performed by Induc-
tively Coupled Plasma-Mass Spectrometry
(ICP-MS) in a Sciex Elan 6000 Perkin-Ehmer
spectrometer equipped with an AS91 au-
tosampler. A total of 45 elements were de-

termined: ALOs, CaO, KO, Fe:0s, NazO,
MgO, MnO:, and TiO: as major elements;
Ag, B, Ba, Be, Ce, Co, Cr, Cs, Cu, Dy, Er,
Eu, Ga, Gd, Ho, La, Li, Mo, Nd, Ni, Pb, Pr,
Rb, b, 8¢, Sm, Sn, 81, Th, Th, U, V, W, Y,
Zn and Zr as minor and trace elements.
SiO; content was estimated by difference.
Blank samples and standard samples were
simultaneously taken for quality control
purposes. Several certified reference glass
materials (soda-lime flat glass NIST SRM
620, soda-lime float glass NIST SRM 1830
and soft borosilicate glass NIST SRM 1411)
were used to evaluate the accuracy of the
analysis, with an error of up to 5% in all
cases for the certified elements.

.
Veranes

* Lugo
Astorga
.

" Castro de Viladonga

Atlantic Ocean

Figure 1 Location of Archaeological Sites

2.4. Statistical analysis

Statistical processing of the data was per-
formed with the following programs: SPSS
18 Programme, STATGRAPHICS Plus 5.0
for Windows®, and Origin v. 75E. The first
step was to obtain the main descriptive sta-
tistics for chemical concentrations (major
and minor constituents) in the archaeologi-
cal samples. The second step was to draw a
ternary diagram as a function of their ma-
jor elements (Marengo et al, 2005). The Box
& Whisker plot, a histogram-like method,
assisted interpretation of the data distribu-
tion and classification of the samples by
archaeological sites. In this plot, each box
encloses the middle 50% and the median is
represented as a horizontal line inside the
box. Vertical lines extending from each end
of the box (called whiskers) enclose data
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within the 1.5 interquartile ranges. Values
falling beyond the whiskers, but within
three interquartile ranges, are plotted as
individual points (suspect outliers) as well
as points that are further away (outliers).
Finally, in a third step, owing to the large
matrix of chemical results (103 samples x
45 variables), several multivariate statistical
studies were also performed to establish
relations between glass samples with simi-
lar chemical compositions and to discern
significant differences between them, so as
to shed further light on existing knowledge
of Roman glass manufacture in the North-
west of the Iberian Peninsula. This proce-
dure is useful for classifying the dataset
into groups. It generates a small number of
functions of quantitative measurements,
which are linear combinations of the stand-
ardized pattern variables with weighted

coefficients. An assumption of this proce-
dure is that the variables are drawn from
populations with multivariate normal dis-
tributions and have equal variances.

3.RESULTS AND DISCUSSION
3.1 Chemical analysis

The content of such major elements as
AlLQOs, CaO, KO, Fe:Os, NaO, MgO,
MnQO;, TiO. and SiO, were analyzed to
characterize the type of glass (Table 2).

Fig. 2 shows a ternary diagram with al-
kaline (Na.O + K:O), structural (SiO; +
TiO») and alkaline earth and other major
constituents (MgO + CaO + ALO; + MnO;
+ Fe:O3). Most of the glass fragments are
located in the right vertex of the triangle
with five samples from Braga and one from
Vigo outside this group.

LUGO
VERANES
ASTORGA
CHAVES

C. VILADONGA
VIGO

BRAGA

b ¢ » 4 O m O

Si0,+TiO,
Figure 2. Ternary diagram of (MgO+CaO+AL:03+MnO>+Fe;03) - (Na:0+Kz20) - (Si02+TiO:) for the
glass samples.

The results indicated that the samples
are typical silica-soda-lime glasses (Garcia
Heraset al, 2005;da Cruz, 2009; Mirt et al,
2009), with low concentrations of MgO,
CaO, ALOs;, MnO, and Fe:0s. The main
component of the samples was SiO, with
values of between 43 and 93 % (with excep-
tion of three samples with lower contents)
and with a concentration range of 0.2-30%

for Na2O and of 0.3-9% for CaO. Although
this representation appears to indicate
some similarity between the samples, a de-
tailed Box & Whisker plot, classified by ar-
chaeological sites, revealed important dif-
ferences (Fig. 3). Accordingly, glass from
Lugo and Veranes glasses showed the low-
est content of Na;O, while glass from As-
torga, Braga and Vigo showed the highest
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content. Important amounts of CaO and
MgO were found in the Vigo samples,
while dispersed and elevated K:O concen-
trations were found in the Braga samples.
According to Liritzis et al (1997) the ratio
(Na.0+K:0):(CaO+MgO) can be used to
evaluate the recipe used by the several
glassmaking Schools. In this way, ratio value

ranges for most samples from Lugo (3.1-
3.6), Chaves (2.9-3.2), Castro de Villadonga
and Vigo (2.8-3.2) indicate that they can be
assigned to the Metropolitan Roman School;
while most samples from Astorga (2.0-2.5)
could be assigned to the Provincial Roman
School.

Table 2. Concentrations of major elements (expressed as percentages of their respective oxides).

Sample Naz:0 MgO Al>O3 K20 CaO TiO2 MnO; Fe20; 5i02
Luo1 171 035 163 041 335 0.05 025 045 765
Luo2 5% 015 080 020 160 0.02 011 019 910
Luo3 24 0.7 339 067 564 013 061 137 5.0
LU04 681 0.54 13 02 1.60 013 052 079 8.0
LUD5 168 039 161 038 316 005 023 042 770
LUOs 93 032 135 026 272 0.03 013 043 8.3
Luo7 131 0.32 202 032 37 0.04 012 030 n7
LU08 6.2 013 0.73 019 146 0.02 011 019 910
VRO1 2 037 nd 021 209 nd 001 018 918
VRO02 300 113 433 092 913 015 103 148 785
VRO03 162 030 19 064 489 0.07 001 0.7 752
VR04 681 030 139 02 182 013 053 079 8.0
VRO05 166 027 307 0% 649 0.07 0.32 067 715
VRO06 714 067 349 056 497 054 138 29 781
VRO7 22 0% 308 098 297 021 0.62 271 66.3
VRO08 165 032 1% 067 489 0.07 001 07 748
AS01 197 055 28 045 479 007 0.02 1.02 710
ASQR2 164 027 30 098 6.64 007 024 067 717
AS(3 161 05 297 092 6.4 005 023 062 723
AS04 133 0.66 269 0.32 476 026 085 1.78 74
AS(5 17 027 236 027 568 0.03 0.07 025 794
AS06 131 0.65 272 0.31 487 02 0.80 17 756
AS07 186 028 32% 079 632 007 093 0.6 69.1
AS(8 303 614 28 080 6.04 0.09 0.2 114 527
AS09 32 060 297 076 647 009 0.03 117 M7
AS10 171 352 160 041 363 006 027 051 730
AST1 249 038 2% 0.67 6.04 009 0.02 101 640
AS12 305 627 286 083 619 010 0.02 120 520
AS13 302 063 2% 0.74 6.33 0.09 0.03 119 78
VLO1 16.5 030 206 064 514 007 0.03 072 746
V102 6.75 011 076 019 164 002 011 019 %02
VLO3 151 044 249 077 4% 030 120 217 725
VLO4 150 045 2 082 512 029 121 208 725
VLO5 144 048 253 080 4% 027 120 200 733
VLO6 146 046 249 078 053 0Z7 119 209 776
VLO7 149 048 2351 082 0.4 028 117 207 772
VLO3 171 0.75 373 068 562 049 202 400 65.6
VGo1 07 107 377 091 886 015 0.4 143 521
VG02 32 09 201 089 649 0.06 082 23 43
VG03 304 113 39 092 9.01 015 102 148 520
VG04 194 028 337 079 683 007 0% 0.69 676
VG053 55 0.87 309 0.61 800 015 1.03 15 5392
CHo1 163 027 303 098 6.64 007 032 0.67 717
CHo2 162 030 19 064 501 007 0.03 07 7.0
CHO3 153 045 260 0.8 512 032 121 21 720
BRO1 n7 067 685 264 481 034 033 264 59.0
BRO2 192 063 812 198 516 019 048 176 625
BR03 253 030 400 051 48 nd 0.73 0.03 649
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Sample NazO MgO AlO3 KO CaO TiO2 MnO2 Fe:03 Si0;
BRO4 21 072 7.66 209 509 0.4 053 1.2 624
BRO5 120 018 24 23 143 0.39 023 753 35
BRO6 N4 044 7.63 210 417 0.14 0.60 13 632
BRO7 245 025 27 143 365 nd 226 402 617
BROS 244 071 387 147 377 052 0.03 20 630
BRO9 202 023 283 0.8 3% nd 019 1.00 707
BR10 24 025 241 141 337 nd 0.0 029 9.9
BR11 an 007 643 045 050 nd 006 014 86
BR12 212 001 35 042 070 nd 0.01 01 931
BR13 15 016 132 109 278 nd 0.03 024 829
BR14 639 1.05 23 028 0.78 nd 0.04 023 889
BR15 743 0.05 431 0.26 084 nd 021 010 86.8
BR16 772 0.04 577 019 091 nd 014 nd 8.2
BR17 536 220 017 02 025 nd 0.01 015 916
BR18 742 02 0.9 056 127 0.04 046 123 879
BR19 104 01 12 027 027 nd 0.01 018 87.6
BR20 34 0.09 1.64 1% 097 nd 0.01 038 915
BR21 0200 038 253 6.61 059 0.65 0.01 1169 56
BR22 319 319 28 28 404 029 0.03 4% 283
BR23 421 35 324 273 378 046 0.03 387 244
BR24 565 378 B7 285 45 0.54 010 32 199
BR25 218 038 243 200 316 nd 253 348 642
BR26 276 012 352 090 3z nd 057 130 627
BR27 291 0.06 357 080 34 nd 055 1.38 61.1
BR28 53 0.24 307 064 5.84 nd 0.87 0.02 641
BR29 276 014 289 0% 38 016 052 256 613
BR30 A6 058 387 18 29 nd 287 501 582
BR31 23 0.67 6.28 354 48 034 0.68 18 594
BR32 29 054 3.08 091 312 052 0.36 312 615
BR33 285 031 29 061 452 021 03 237 03
BR34 283 0.68 28 059 487 nd 097 243 593
BR35 245 082 621 12 43 027 0.64 251 592
BR36 2.1 046 254 0.61 4% nd 0.84 253 62.6
BR37 54 035 311 0.8 400 nd 0.62 231 634
BR38 24 040 250 150 302 nd 210 3.62 645
BR39 21 0.71 726 209 508 0.24 053 1.2 624
BR40 284 052 315 326 29 012 264 577 581
BR41 215 067 287 247 359 nd 284 351 625
BR42 284 0.08 460 137 402 nd 0.65 0.06 608
BR43 272 022 215 070 53 nd 041 0.01 64.0
BR44 02 nd 289 051 803 nd 039 214 %8
BR45 85 nd 270 037 427 nd 016 012 639
BR46 290 003 144 041 3 nd 0.01 nd 65.2
BR47 271 005 325 09 370 nd 053 0.20 642
BR48 283 nd 231 113 400 nd 0.03 0.09 642
BR49 263 009 1.70 170 382 nd 072 012 65.5
BR50 85 nd 286 12 527 017 051 0.08 615
BR51 22 nd 240 115 430 0.12 046 0.06 644
BR52 77 nd 251 025 341 nd 018 0.4 66.0
BR53 280 nd 128 053 320 nd 0.02 nd 669
BR54 279 0.09 3.60 080 346 nd 040 016 636
BR55 282 nd 332 042 34 nd 0.08 nd 648
BR56 275 031 230 063 480 nd 027 1% 622
BR57 B2 036 276 160 3P nd 248 416 617
BR58 280 0.09 331 082 3.56 nd 048 112 626

nd= no detected (under quantification limit)

Iron can produce many different colours ions), mainly depending on the kiln at-
(from green or blue when Fe(Il) ions are mosphere (Silvestri et al., 2005). Besides,
present to brownish-yellow with Fe(Ill) additions of minor elements that improve
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the properties of the glass were also found.
Thus, some elements such as Cu, Se, Co,
Pb, Mn, Sb and Cr may have been used as
chromophoric agents in glasses (Costaglio-
la et al., 2000; Garcia-Heras et al., 2005;
Carmona et al,, 2008 and 2009). Elements
such as Mn, Sb or Pb were often added as
decolouring agents in the preparation of
the final glass product and the most com-
mon opacifier was SnO, (Costagliola et al.,
2000). On the other hand, trace elements
are usually good indicators of the base raw
material. The results of the minor and trace
elements (expressed as mean * standard
deviation) are summarized in Table 3, dis-
tributed by archaeological sites. Among the
Spanish glass fragments, the samples from
Lugo had remarkable concentrations of Mo
and U, those from Veranes of Co, V and
Zn. Samples from Astorga were character-
ized by high contents of Ce, Cr and Zn,
those from Castro de Villadonga of Ba and

centrations of Sr, having one of the frag-
ments (VGO02) the highest content of an
opacifier element such as Sn. Among the
Portuguese glass fragments, the Chaves
glass samples showed notable concentra-
tions of Ba, La, Zn and Zr and those from
Braga had high concentrations of Ce, Co,
Cu, Li, Ni, Rb and Th and low concentra-
tions of V.

The elements Pb and Sb were intention-
ally added to samples as decolouring
agents: there are 2 samples from Veranes, 6
from Astorga, 1 from Chaves and 1 from
Castro de Viladonga with very high con-
centrations of Sb (>1000 ppm) and Pb (be-
tween 100 and 300 ppm), the results for
both elements being more disperse in the
Braga samples.

Cu is used as a chromophore element in
glass. Ithad been added to several samples
from Braga (some samples with a Cu con-
tent of over 1000 ppm), Veranes, Castro de

Zr. Samples from Vigo had elevated con- Viladonga and Chaves.
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Figure 3. Box and Whiskers graph of the major elements in the glass samples as a function of sample
origin.
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Table 3. Minor and trace element concentrations (expressed in ppm).

SPAIN PORTUGAL
Lugo Veranes Astorga  C. Viladonga Vigo Chaves Braga
Element | mean* ¢ meanzo mean + o mean * g mean * g mean*g meanztag
Ag 04 £11 05 + 09 03 £ 05 07 £ 07 nd 10 £10 14 £32
B 12 +8 1% +121 20 + 108 %6+ 77 135 + 80 276 +51 74+ 112
Ba %+ & 18+ 147 137 +45 300 + 106 175 + 10 B+ B 1Y
Be 0% +060 041 £032 05 051 09 +032 020 +042 | 074 £062 062 £09
Ce 59 £33 90 + 46 5B+13 116 +47 116 +£20 110 £35 417
Co 27 £ 14 137 + 374 30 £15 70 £72 92 £62 57 + 40 78+ 2B
Cr 192 +92 50t 2% 12 +297 5% t15 H5+0 R+X Nz
Cs 01 35 nd nd nd nd nd 17 +49
Cu Bt M 412 Rt W 197 + 106 78151 120 £138 601 21613
Dy 051 +030 054 #0322 11 £03 092 +062 12 + 07 10+£03 051 £093
Er 010 £032 nd 044 +051 062 +054 08 +042 | 05 +06 031 2062
Eu nd 011 +034 nd 012 +035 nd nd 032 £030
Ga 22 +12 42 £12 27 £10 39+ 16 36 15 40 £10 19 +40
Gd 04 + 05 10 £ 07 10 09 10 £ 05 12 £ 04 10 £ 00 12 £19
Ho nd nd nd nd nd nd 010 +010
Ia 26 + 16 49 425 33 +13 46 + 24 60 10 B4+ 5 71 £95
L 62 +79 2540 07 21 £15 o9t 29 08 +13 67 £21 Ul + 25
Mo 62 £75 17 £17 06 £ 12 Fokly 10 08 +18 20 +10 05 +13
Nd 27 + 16 42 '+22 48 £ 09 42 +23 46 £11 43 + 06 72 + 81
Ni 88 £95 16+ 13 U5 £52 132 £49 110 £19 160 +53 58+ 148
Fb 63 £ 119 67 + 85 67 £ 59 15 66 760 £ 1592 125 £9 871 +49%0
Pr 092 +064 11 £ 06 15 05 20 £ 11 14 £ 05 13 + 06 18+21
Rb 41 £ 37 47 + 41 46 +15 44 +18 92 +40 B0 17 B+7
Sb 105 £1000 70 1289 1645 + 1775 37 + 575 R+ 60 78+ 97 2B +517
S¢ 74 £ 40 132 +56 145 +76 160 +56 122 +84 190 +7% 33 +53
Sm 062 +051 10 £ 05 10 £ 09 10 £ 05 10 £ 08 10 £ 09 12 £15
S nd nd Br® nd 1167 + 2609 nd 16 + 48
Sr 181 £ 8 M+ 146 430 + 104 348 +108 636 +171 BB LB W10
Tb nd nd nd nd nd nd 013 £020
Th 10 £ 13 064 033 072 +025 10 £ 05 02 +04 070 +062 39 +65
U 80+ 13 31+ 4719 8+ 71 %+ 12 20 39
% 4 & 467 + 349 269 + 241 3B+ 14 353 + 30 405 + 282 47+ 87
W 014 £031 nd 015 £032 nd nd nd 033 +091
Y 30 £13 47 £25 53 £ 09 55 +23 68 + 08 57 + 06 46 t 66
75 9+ %13 %+ 14 8152 3159 9 + &7 7+ 104
7r % +18 +7 9+%7 18£8 18 £ 08 Rt5 Bt

nd= no detected (under quantification limit)

3.2. Optical microscopic analysis

Different faults were observed by optical
microscopy in the glass samples. These
were mainly mass irregularities due to the
fusion process, solid material and stone
inclusions, bubbles and differences in col-
oration and fractures. A few of these im-

perfections were subsequently chosen and
can be seen in Fig. 4: a yellowish green col-
our glass corresponding to sample CHO3
(Fig. 4a) shows elongated bubbles in the
direction of the mass of molten glass. Fig.
4b (VRO1) corresponds to an opaque black
glass that shows small and tiny bubbles
and a conchoidal fracture. The photograph
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of a blue-coloured sample fragment with
few bubbles is included in Fig. 4c (VR07),
Sample 4d is a yellowish-green piece from
a bellical cup (LU04) with many typical
glass bubbles with a dark-black profile. Fig.
4e shows a colourless piece of a cup (AS01)
with bubbles set around a fracture. Fig. 4f
(BR40) shows a green glass fragment with

bubbles and oxides on different planes,
while Fig 4g (AS13) shows a fragment of a
colourless green chalice with iron oxides
around a fracture. Finally, a fragment of a
colourless conical cup can be seen in Fig 4h
(VLO06) with fractures filled with oxides and
some bubbles.

Figure 4. Photographs of glass samples with different faults observed under optical microscopy, a) CHO3 b)
VRO1 c) VRO7 d) LU04 e) AS01 f) BR40 g) AS13 h) VLO6.

3.3. Discriminant statistical analysis

Supervised Pattern Recognition involv-
ing discriminant analysis was applied to all
of the chemical results (Fig. 5). The glass
fragments are represented as a function of
two most outstanding canonical discrimi-
nant functions, which explain 79% of the

total variance (66 % for F1 and 13% for F2),
thereby establishing a classification of the
samples by their seven archaeological sites
and their minor and trace element chemical
compositions. These functions with P-
values less than 0.05 are statistically signifi-
cantat the 95% confidence level. Function 1
is a linear combination of the different var-
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iables and the elements with the most sig-
nificant standardized coefficients are Cu,
Ni, Rb, Ag and some rare earth elements in
the positive axis and Sc in the negative one.
In case of function 2, these are Sc, Ba and
Nb in the positive axisand Cr and V in the
negative one. The samples found in each
group are framed within an enclosure and
are characterized by a centroid, represent-
ed by a non-solid black square symbol of a
bigger size. This symbol represents the av-
erage for each group (unique values in the
classification factor field) that uses the dis-
criminant functions. Linear Discriminant
Analysis means that we can clearly differ-
entiate the Braga samples from the other
samples, due mainly to their higher Cu
content, as well as their notable contents of
Ni, Rb, Ag and some rare earth elements.
Considering the rest of the samples, those
from Veranes were also characterized by
their content of V. On the other hand, sam-
ples from Castro de Viladonga (Spain) and

and were characterized by their content of
B, Ba and Sc. In the same way, samples
from Vigo, Astorga and Lugo were similar,
but Sc concentrations were higher in the
tirst two. In conclusion, we may say that: (i)
there were significant differences between
samples from Braga (Bracara Augusta, Por-
tugal) and all of the other samples; (ii)
these other samples may be sorted into
three major groups: one formed by glass
from Veranes; a second that includes sam-
ples from Vigo, Astorga and Lugo; and, a
third that includes samples from Chaves
and Castro de Viladonga; (iii) the statistical
study led to the reclassification of six sam-
ples which were assigned to new groups,
probably due to trade between different
peoples: 2 samples from Castro de Vi-
ladonga (VLO1 reassigned to Chaves and
VL02 to Lugo), 2 from Veranes (VR04 reas-
signed to Lugo and VRO05 to Astorga), 1
from Chaves (CHO1 reassigned to Astorga)
and 1 from Astorga (AS10 reassigned to

Chaves (Portugal) presented similarities Lugo).
65_1""\""|-H‘ T i ey T T LT VU 7 A et _E S|te
4: : *Lugo
- 2 =Veranes
25 < °Astorga
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Figure 5. Graphical representation of the samples as a function of two canonical discriminant functions
according to the sample origin.

In this step, the discriminant functions
were examined to determine the im-
portance of each independent variable
(chemical composition) in the inter-group
discrimination. Subsequently, the group
averages were examined for each im-
portant variable, to highlight the differ-
ences between the groups. The criterion

with which to assign each individual score
is therefore determined by constructing the
classification matrices and interpreting the
discriminant functions, in order to establish
their classification accuracy. Reclassifica-
tion of cases based on the new canonical
variables was highly successful: 92.2% of
cases (95 glass fragments) were correctly
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reclassified into their original categories.
The incorrectly classified samples were re-
classified according to the probability of
their belonging to one group or another. In
statistical terms, samples VG02 and VG05
were well classified, in spite of their differ-
ences with the other samples from the Vigo
group. One of them (VG02) was rich in Pb
(about 3600 ppm) and Sn (5800 ppm). The
other (VG05) had a higher content in B, Zn
and Sr than the rest of the group samples;
however, they were statistically similar and
formed part of the same group.

4. CONCLUSIONS

Chemical characterization of selected
glass samples has been performed to shed
further light on existing knowledge of the
manufacture of Roman glass in the North-
west of the Iberian Peninsula. Certain sig-
nificant differences in major and minor
constituents were observed among the sev-
en archaeological sites under consideration.
Major elements that determined the type of
glass (typical soda-silica-lime glasses) and
relative low concentrations of Mg, Ca, Al,
Mn and Fe oxides were found with the ex-
ception of six samples. It is important to
notice that there is a high dispersion in the
major constituent compositions as a conse-
quence of the evolution of the manufactur-
ing processes of samples during a broad
chronological range even if they are made
in the same place. Minor elements inten-
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In recent years there has been a growing interest in Mycenaean glass among archaeologists and scien-
tists. Scholars have traditionally thought that all Mycenaean glass was imported either in finished form
or as ingots and simply shaped or worked at the Mycenaean sites. Chemical studies of other Mycenaean
glass (Walton et al,, 2009; Smirniou et al. in press) support the hypothesis that glass was imported into
Mycenaean Greece, but there is also indication for glass production in mainland Greece at the palace of
Thebes (Nikita and Henderson, 2006). There is no evidence for glass making or working at the Palace of
Pylos, yet there is an abundance of glass beads there. The aim of this paper is to identify the technology
Late Bronze Age glass A
Mycenaean trade and source for the glass of these beads and thus to ascertain how Pylos was connected to the broader
XRF Mycenaean and Mediterranean economies. The composition of the glasses was determined by means of
Ancient glass provenance portable XRF analysis and compared to that of other Late Bronze Age glasses from Egypt, Mesopotamia
and mainland Greece. Four blue beads coloured with cobalt and one blue bead coloured with copper
have Ti and Zr compositions consistent with an Egyptian origin of manufacture while five other beads
show Ti and Zr concentrations consistent with a Mesopotamian origin (Shortland et al., 2007). Based on
the dearth of Egyptian and Mesopotamian imports in Pylos, the presented data support the hypothesis
that Pylos was receiving via internal Greek trade routes foreign-produced glass, which may have been
worked abroad or in Greece.
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1. Introduction the largest groups of imports. Despite the large number of beads in

the tombs and at the palace, no moulds have been found in the

The archaeological remains from the Late Bronze Age (LBA)
Palace of Nestor and the area around it at Pylos in southwestern
Greece indicate that the palace was a regional centre of significant
wealth (Galaty and Parkinson, 1999). As part of the Bronze Age
Mediterranean world, Pylos participated in a large cosmopolitan
trade network that included the Mycenaean and Minoan palaces of
Greece, Egypt, the Levant, Cyprus, and Assyria (Cline, 1994: Gale,
1991). Despite being contemporary with these highly developed
societies, very few imports have been recognised at the Palace of
Nestor and similarly few Pylian objects have been identified outside
of Pylos. Beads from the tombs around the Palace of Nestor
constitute one of the largest groups of objects in them and one of
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palace, leaving the question on their origin open. The aim of this
paper is to use XRF analysis to elucidate the sources for the glass
beads that were excavated in tombs near the palace, with a view to
defining more clearly Pylian contacts within the wider Mycenaean
and Mediterranean economies.

Recently, Shortland et al. (2007) demonstrated the highly
discriminative potential of trace elements in provenance studies of
raw glass materials. They applied LA-ICP-MS on fifty-four samples
of Egyptian and Mesopotamian glasses. The concentrations of
thirty-two trace elements were determined and the discrimination
between Egyptian and Mesopotamian glasses was enabled by using
Ti, Zr, Cr and La. Although the major and minor element chemistry
of Egyptian and Mesopotamian glasses is rather similar (Tite and
Shortland, 2003), there is an indication that these trace-element
discriminants relate to geographical and geological variations so
they can be used in glass provenance studies. Apart from the high
sensitive ICP-MS trace element analysis, X-ray Fluorescence (XRF)
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allows a more complete non-destructive analysis of glass, including
major, minor and trace elements down to the ppm range.

2. Archaeological context and previous analyses of
Mycenaean glass

The beads discussed here were recovered in tombs that were
located between 150 and 350 m from the palace and were most
probably the burial places of the palatial elites: Vayenas, Tsakalis 4,
and Tsakalis 6 (Blegen et al., 1973). Based on the pottery in the tomb
and the beads’ context within the tombs we can date those from
Tsakalis 4 to c. 1300 BC (LH 111 A2) and Tsakalis 6 to ¢. 1370 BC (LH III
A1). Based on an examination of the excavation notebooks and
published photographs, it seems most likely that the beads from
the Grave Circle at Vayenas are contemporary with pottery dating
to 1680-1390 BC (LH I-II).

Glass beads were immensely popular in Mycenaean Greece
(Hughes-Brock, 1999; Younger, 1992). At Pylos, two of the Myce-
naean tablets (Ta 642, Ta 714), written in Linear B, refer to ku-wa-no
(kbavog in later Greek) — dark blue glass (Foster, 1979, 11—12:
Ventris and Chadwick, 1956, 399). While there is evidence in the
form of jewellery moulds for glass working at Mycenae, Knossos
and Thebes there is no such evidence at Pylos (Tournavitou, 1997).
Furthermore, there is no description of glass production at either
site. Both the literary and archaeological evidence suggests that
Pylos had access to glass but there is no evidence so far for glass
production or working at Pylos. The question of where they
acquired this glass is the focus of this paper.

It is generally accepted that glass was first produced in Northern
Syria in the last half of the 16th century BC and later introduced to
Egypt during the reign of Tuthmosis III (1479-1425 BC) (Tite et al.,
2002). Excavation gives conclusive evidence for the existence of
glass-making factories in Egypt (Amarna and Qantir, Nicholson,
1995; Keller, 1983; Rehren and Pusch, 2005; Smirniou and
Rehren, 2011) while written records from Mesopotamia with
detailed glass-making instructions confirm their presence there
(Oppenheim et al,, 1988). The elemental analysis of LBA glass
(c. 15th—14th century BC) together with the archaeological
evidence imply that there were only a few primary workshops, in
Egypt and Mesopotamia that produced glass ingots. According to

Rehren et al. (2001) and Rehren and Pusch (2007) each primary
workshop specialised in one or two colours (in addition to copper-
blue, which was probably produced in all primary workshops) and
exported the monochrome ingots to secondary glass workshops,
which were working glass into polychrome objects. From these
workshops the finished product was transported by ship to desti-
nations all over the Eastern Mediterranean (Pulak, 2008). Recent
analysis of three blue glass ingots from the 14th century BC Ulu-
burun shipwreck off the south coast of Turkey (Jackson and
Nicholson, 2010) shows a trace element composition that is
consistent with Egyptian glasses. More recent analyses also support
this suggestion: eleven Mycenaean glass beads dated to 1400—1300
BC were found to be of mixed Mesopotamian and Egyptian origin
(Walton et al,, 2009) while another eleven glasses from an LBA
tholos tomb at Kazanaki, near Volos, Magnesia were found to be of
an Egyptian origin too (Smirniou et al. in press). However, the
evidence of glass working industries in Greece, dependent on
foreign glass-producing centres does not preclude the existence of
local Greek primary glass-making Mycenaean centres, as Nikita and
Henderson (2006) suggest for Thebes, for example.

3. Material and methods

Eighteen glass beads from Pylos were analysed, eleven of which
are in good condition with many uncorroded areas of glass on the
surface (Fig. 1). Seven out of the eighteen beads are in a very bad
condition (2180-c21, c22, c29, c30, c37 and 2174b-c36). They are
heavily corroded and only rare patches of uncorroded glass could
be located by visual examination. These areas are very small,
appear to be opaque blue but it cannot certainly be said that the
glass is intact,

The milliprobe XRF spectrometer used in this study (with
a beam dimension of about 2.6 mm at the sample position) (Sokaras
et al.,, 2009) consists of a Rh-anode side window low-power X-ray
tube (50 W, 50 kV, 75 pm Be window), a Si-PIN diode X-ray detector
(XR-100CR, Amptek Inc.) with a 500-pm nominal crystal thickness
(165 eV FWHM at MnKew), and a digital signal processor (PX4,
Amptek Inc.). For the proper sample positioning at the analysis
point, defined as the intersection of the incident X-ray beam and
the X-ray detector axis, two laser spot pointers are mounted and

c60 c63

Fig. 1. The glass beads analysed from the museum at Hora Trifylias, Peloponnesus, Greece. Bead set No 2180: LHII A1 (1390-1370 BC), No 2174b: LHII A1 (1390-1370 BC), No 2166b:
LHIIIA2 (1370-1300 BC), Nos 2068b, 2069b, 2063c: LH 1I (¢.1600-1390 BC), No 2075 LH II (c.1600-1390 BC) (absolute dates from Shelmerdine, 1997: Table 1),
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properly aligned on the spectrometer head. In order to optimise the
analytical range, two high-voltage settings were used; an unfiltered
low-energy excitation mode (high voltage set at 15 kV) enabled the
analysis of all major and minor elements heavier than magnesium
(Z > 12), whereas a filtered (Ni :42.5 mg/cm?, V:33.0 mg/cm?) high-
energy excitation mode (high voltage set at 40 kV) offers the
detection of elements from Z = 19 including minor (51 < Z < 73)
and trace elements (26 < Z < 50, Z > 72).

The quantification was based on the Fundamental Parameter
(FP) method by means of in-house (N.C.S.R. “Demokritos”) devel-
oped software. Pure element or compound targets were used for
the determination of the so-called geometrical G factor of the
spectrometer that is considered to be constant factor, i.e. element
and measurement condition (high voltage, filtered or unfiltered
excitation) independent. However, due to uncertainties in various
FP involved in the calculations (e.g. the exciting tube spectrum
distribution, atomic fundamental parameters, etc), an experimen-
tally determined mean G value of (4.6 + 0.6)E-7 (number of
targets = 12) and (4.23 + 0.25)E-7 (number of targets = 16) was
determined at the low and high-energy excitation condition,
respectively. As a second step in the calibration procedure, multi-
elemental geological certified reference samples were also ana-
lysed and G-factors for light elements (like Si) were fine-tuned.
Thus, incorporating element dependent G factors the accuracy in
the quantitative analysis is improved compensating properly for
most of the FP induced uncertainties. The accuracy of the quanti-
tative analysis procedure was evaluated to be satisfactory by means
of the analysis of certified reference glasses (NIST 620, BAM-S005B,
Table 1). For both excitation conditions, the X-ray tube current was
set at 150 pA, while the duration of each measurement was equal to
200 s. Under these experimental conditions, the corresponding
detection limits are given in Table 2.

4. Results and discussion

The XRF results for the seven heavily corroded beads (2180-c21,
€22, c29,c30, c37 and 2174b-c36) were not considered to give reliable
bulk compositions and therefore are not presented in here. The
analysis of most of these beads resulted in quite high normalisation
factor values (NF) (greater than 1.5). This may be an indication of
a highly heterogeneous composition. Another characteristic,

Table 1
XRF results for NIST 620 and BAM-S005B certified reference glasses (Measurement
conditions: 1000 s, 300 pA, up to Z = 27 at 15 kV and for Z > 27 at 40 kV).

NIST 620 BAM-5005B

Certified values Measured Certified values Measured
Nay0 % 14.39 + 0.06 nd. 13:7% n.d.
MgO % 3.69 + 0.05 nd., 232 n.d.
Al03 % 1.80 + 0.03 1.32+013 1.7 147 +0.14
Si0z % 72.08 + 0.08 724 +£1.7 71.0° 706 + 1.7
K20 % 0.41 + 0.03 0.36 -+ 0.02 0.7 0.66 + 0.03
Ca0 % 7.11 £ 0.05 7.55 £ 027 10,57 11.0 =04
Ti ppm 98 +5 99 + 13
Mn ppm 96 + 3 143 £ 11
Fe ppm 302 +28 306 + 17 295+ 7 31118
Co ppm 39+2 35+7
Ni ppm 46 + 2 51+6
Cu ppm 90+ 3 96+ 7
Zn ppm 163 £ 5 181 + 10
As ppm 426 + 23 484 + 25 100 £ 8 90+ 5
Sr ppm 128+ 7 150 £ 7
Zr ppm 623 = 56 690 & 30
Mo ppm 229 £ 8 236 £ 12
Pb ppm 187 +7 167 = 10

2 Informative, not certified values,

Table 2
Detection limits in the detection of elements/oxides in a glass matrix (Measurement
conditions: 200s, 150 pA, up to Z = 27 at 15 kV and for Z > 27 at 40 kV),

Oxide/Element Unit Detection limit
Cl % 0.5
SO5 % 02
K20 % 0.0350
Ca0 % 0.030
TiO, % 0.022
MnO % 0.012
Fe;03 % 0.011
Co0 % 0.0094
NiO % 0.0055
Cu0 % 0.004
Zn ppm 20

As ppm 10

Br ppm 5

Rb ppm 7

Sr ppm 11

Y ppm 12

Zr ppm 13
Sho03 % 0.02
Pb PPmM 20

Sn pPpm 150

common to all corroded beads, was the unusually high concentra-
tions of MnO and Fe;03 (higher than 2%). Such high concentrations
normally appear only in severely corroded glass (Miiller et al., 1986)
(exceptin the case of the HIMT glasses of the Roman period, Freestone
et al,, 2005). In conclusion, the only secure result is that the beads are
made of mixed cobaltand copper, blue coloured glass (except for c36
which is copper-blue and ¢37 which is cobalt-blue glass).

The XRF data for the uncorroded beads (Table 3) show that the
glasses have silica from 64 to 69%, potash from 0.7 to 3.4% and lime
from 5 to 9%, We do not know the exact content of the beads in
soda, magnesia and alumina but we have a strong indication that
their values should be around 17%, 4% and 1.6%, respectively (see
Appendix). In the last column of Table 3, the factor labelled as NF
represents the scaling factor used by the FP method to normalise
the determined concentrations to 100%. Glasses with such
compositions are considered to have three main raw materials:
a silica source, a soda flux and a colourant. Each one of these
components will be discussed below.

4.1. Colourants and opacifiers

The different colourants and opacifiers for the Pylos beads are
presented in Table 4. Four of the analysed beads (2166b set) are
dark blue. Two of them (¢59, c63) are made of cobalt-coloured glass
while the rest (c60, c61) are made of mixed cobalt- and copper-
coloured glass. In all four beads calcium antimonate was used as
opacifier. There are also two translucent blue beads (2068b-c5 and
c7) and a light blue opaque one (2063c-c14), which are made of
copper-coloured blue glass. Calcium antimonate was also used as
opacifier in the light blue opaque bead. Three beads (2068b-c8,
2069b-c9 and 2075-c10) are black. The black colour is attributed to
manganese. There is also a greenish bead (¢6) which is actually free
of deliberately added colourants but appears greenish due to the
presence of iron, which was an impurity in the sand used to make
the glass. With the variation in furnace atmosphere iron may
impart a mixture of reduced and oxidised ions that produce a range
of glass colours from green to purple-brown to blue-black
(Henderson, 1985).

The association of copper to specific elements may establish the
identity of the copper containing raw material that was used as
a colourant. The association of copper to tin, when observed in glass
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Table 4

Colourants and opacifiers in the Pylos glasses.
Colourant Opacifier Colour Bead code
Mn None Black c8, 9, c10
Fe?+, Fe3+ None Greenish translucent c6
Cu®* None Translucent blue c5, c7
cu+ Calcium antimonate Opaque light blue cl4
Co Calcium antimonate Opaque dark blue c59, c63
Co + Cu®* Calcium antimonate Opaque dark blue c60, c61

37
38

37
33

321
560

bdl dl
bdl bdl

2136
1068

0.11
0.12

5.8
7.7

0.8
1.0

66.1
64.2

Dark blue
Dark blue

2166b
2166b

c61
c63

XRF data, indicates the use of bronze or bronze scraps as colourants
(Tite et al., 2002) but there are not any significant amounts of tin in
the Pylos beads (the detection limit for Sn is 150 ppm, see Table 2).
The source of the copper colourant of the Pylos glasses could have
been either corroded copper metal or a copper mineral, such as
malachite or azurite (Tite et al,, 2002).

The cobalt may be of European or Middle Eastern origin. The
beads are arsenic free and thus we can exclude the Erzgebirge ores
in eastern Germany (Gratuze and Janssens, 2004) as well as the
arsenic-rich, Iranian cobalt ore as suggested by Kaczmarczyk
(1986), which is the supposed source for Mesopotamian glasses.
The presence of cobalt in the Pylos glasses is accompanied by high
concentrations of manganese, nickel and zinc. It is widely accepted
that the correlation of cobalt with this group of trace elements
identifies the cobalt source as the cobaltiferous alums from Dakhla
and Kharga Oases of Egypt (Kaczmarczyk, 1986; Shortland and Tite,
2000). There are some other unknown cobalt sources identified in
LBA Mediterranean glasses; the ones used for the Frattesina and
Elateia mixed-alkali glasses. The analyses of the Elateia glasses
point to arsenic free, iron and copper-rich cobalt mineral, with high
levels of nickel and low levels of manganese (Nikita and Henderson,
2006). The data for the Frattesina glasses indicate a cobalt source
with much lower levels of iron and nickel and negligible zinc levels
in comparison to that used for the Elateia glasses (Towle et al.,
2001).

Mn/Co
0.00, 1.00

4 Pylos

@ Uiuburun

A Gelty-Tiryns
075 o Egypt
@ Elateia-Thebes

0.75

Mixed-alkali
glasses

0.00
0.00 0.25 0.50 0.75 1.08
Ni/Co ZniCo

Fig. 2. Ternary diagram of Mn, Ni and Zn normalised to Co for Co- and mixed Co- and
Cu-coloured LBA glasses: Egypt (Amarna and Malkata) from Shortland et al. (2007),
Elateia and Thebes, arsenic-free glasses, from Nikita and Henderson (2006), other
Mycenaean glasses from Walton et al. (2009), two ingots from the Uluburun shipwreck
from Jackson and Nicholson (2010) and Pylos glasses.
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A ternary diagram (Fig. 2) of the concentrations of the char-
acteristic transition elements Mn, Ni and Zn, normalised to cobalt
(Abe et al.,, 2009), illustrates the resemblance of these elements-
to-cobalt ratios, to those of the cobalt-blue and mixed cobalt-
copper blue glasses from Amarna and Malkata (Shortland et al.,
2007). A similar diagram for the Getty Mycenaean and Tiryn-
thian cobalt-blue glasses (Walton et al., 2009), two ingots from the
Uluburun shipwreck and arsenic-free glasses from Thebes and
Elateia (Nikita and Henderson, 2006) allows us to compare these
glasses to the Pylian beads. As is apparent from these diagrams,
the elemental ratios for the Pylos glasses are totally different from
those for the Elateia mixed-alkali glasses. All the other plant-ash
glasses from Elateia, Pylos, Uluburun, Getty Mycenaean and Tir-
ynthian fit well into the field of the Egyptian cobalt-blue glasses.
The Frattesina cobalt source may also be excluded due to its
negligible zinc levels.

The Co- and mixed Co- and Cu- coloured glasses from Pylos
show significant amounts of antimony (~ 0.6% Sby0s). The pres-
ence of antimony (without significant levels of Pb) represents the
presence of calcium antimonate, which was often used as an opa-
cifier. Antimony in such amounts in copper-blue glasses gives the
final glass a turquoise colour, but in some cases the colour is mid- to
dark blue (Shortland and Eremin, 2006) as in this case. According to
Shortland (2002) the final glass was created by adding antimony
(probably in the form of oxide) to the translucent blue glass.
Calcium antimonate precipitates after cooling of the melt.
Shortland (2002) suggests that the antimony originates from the
Caucasus, where several mines are known to have been used since
the 17th century BC (Chernykh, 1992). However, the Armenian LBA
copper ores and a number of Armenian artefacts show high As/Sb
ratios and high nickel and silver levels (Meliksetian et al., 2003),
The detection limit of As for the data presented here is 10 ppm and
none of these four glass beads contains As in detectable levels.
Thus, there is no evidence for the antimony source.

4.2, Soda flux
Fig. 3 presents the CaO versus K0 diagram for Pylos glasses.

Other LBA glasses from Egypt, Mesopotamia, Frattesina, Germany,
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Fig. 3. Plot of potash versus lime for the Pylos beads compared to other LBA glasses.
Frattesina from Towle et al, (2001), Germany from Hartmann et al. (1997), Thebes (7th
c. to Hellenistic) from Beltsios et al (in press), Early Egyptian from Shortland and
Eremin (2006), other glass data references are given in Fig. 2. Ranges for plant-ash
glass from Shortland and Eremin (2006), for natron and mixed-alkali glass from
Gratuze and Janssens (2004).
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Fig. 4. Plot of strontium versus calcium for the Pylos beads compared to other LBA
glasses. Other glass data references are given in Figs. 2 and 3.

Elateia, Tyrins as well as later glasses from Thebes are given for
comparison.

Three different groups are evident in Fig. 3, one with very high
20 content which represents mixed-alkali glasses, a second group
with low K;O content which represents plant-ash glasses and
a third one with very low K;O content which represents natron
glasses of the 7th century and later. Natron glass appears in the
Mediterranean after the 10th century BC (Schlick-Nolte and
Werthmann, 2003). From the point of view of raw materials,
plant-ash glass is a combination of crushed quartz pebbles and
a soda-based flux produced from plant ashes. The typical compo-
sition for a plant-ash glass (Gratuze and Janssens, 2004) is: SiO»:
63—68%, Na0 12-18%, K30>1.5% (and lower than MgO), Ca0:
4—-9%, Mg0>1.5 (and higher than K50).

However, LBA Europe is characterised by another glass type:
mixed-alkali glass. Glass with this composition have been found
throughout Western Europe (Ireland, England, France, Germany

and Italy) (Henderson, 1988; Gratuze and Janssens, 2004;
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Fig. 5. Plot of Ti versus Zr for the Pylos beads compared to other LBA glasses. Other
glass data references are given in Fig. 2. Beads with zirconium values at or below the
detection limit are expected to lie in the shaded rectangle (Zr = 0 to detection limit
(13 ppm) and Ti = maximum to minimum values of ¢6, c7, ¢8, c10 and c14).
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Hartmann et al., 1997; Towle et al., 2001) and in Mycenaean Greece
(Nikita and Henderson, 2006). The composition of mixed-alkali
glass is different than the plant-ash lime glass: SiO3: 73—76%, Na;0:
4—12%, K50: 5-13% (and higher than Na,0), Ca0: 2—4%, Mg0<0.5
(Gratuze and Janssens, 2004). All Pylos glasses show potash content
in the range 0.7-3.3% and CaO> 3.4% and they are classified as
plant-ash glasses.

In Fig. 3, the potash content of cobalt-blue glasses is signifi-
cantly lower than that of the copper-blue or glasses of other
colours. This behaviour has been observed in Egyptian glasses and
led Tite et al. (2002) to propose that plant ashes of different
composition (i.e. lower in potash, higher in magnesium and lime)
were used for the production of cobalt-blue glasses. Rehren (2001)
suggests that the low-potash cobalt-blue glass may be products of
a workshop or region that happened to have a monopoly in such
glasses.

The Sr concentrations in the Pylos beads vary from 300 to
600 ppm. Sr in ancient glass mainly originates from lime-bearing
material, such as shells, limestone or plant ash. Shells may
contain a few thousands of ppm Sr while limestone incorporates in
its structure only a few hundred ppm due to the recrystallisation of
the initial biogenic calcite (Freestone et al,, 2003). Plant ash glasses
contain Sr in values ranging from 300 to 600 ppm (Freestone et al.,
2003; Henderson et al., 2005). The Sr concentrations of the Pylos
beads (Fig. 4) are compatible with plant ash and similar to those of
Egyptian and Mesopotamian glasses of the same period (Shortland
et al, 2007).

4.3. Silica

The recent investigation of semi-finished glass from Qantir by
Rehren and Pusch (2008) has shown that crushed quartz was the
main silica source for Egyptian glass. Furthermore, according to
archaeological evidence at Qantir, the glass-making workers most
probably used white quartz pebbles (selected among other quartz
pebbles of darker colours) and crushed them to produce the quartz
dust (Rehren and Pusch, 2007).

Ti and Zr are resistant to chemical weathering, usually uncon-
nected with colourants in ancient glasses and thus are good indi-
cators of the provenance of raw glass (Shortland et al., 2007). The
analyses of white quartz pebbles from Qantir showed that quartz
pebbles contain negligible amount of impurities. Therefore, Ti and
Zr may originate from the particles removed from the stone tools
during crushing and grinding of the pebbles (Rehren and Pusch,
2007) orf/and the clay which is accidentally incorporated in glass
during melting in clay vessels (Shortland et al., 2007). Although the
hypothesis on the accidental origin of Ti and Zr has not been proved
by chemical analyses, no other suggestions have been made yet on
how to explain the unique Ti—Zr signatures of Egyptian or Meso-
potamian glasses.

Shortland et al. (2007) analysed 54 LBA glass fragments (24
Mesopotamian and 30 Egyptian) with LA-ICP-MS and found that
Mesopotamia is characterised by low values of Ti (<300 ppm) and
Zr (<20 ppm). The data of Shortland et al. (2007) together with the
data for 11 Mycenaean relief beads (analysed with LA-ICP-TOFS,
Walton et al., 2009) and three ingots from the Uluburun ship-
wreck (Jackson and Nicholson, 2010) are plotted in comparison to
Pylos data in Fig. 5. The concentrations of Ti and Zr for the 2166b set
of cobalt-coloured glasses and bead 2068b-c5 of copper-coloured
glass are similar to those of the Egyptian glasses analysed by
Shortland et al. (2007).

The rest of the Pylos samples, i.e. the beads ¢6, c7, ¢8, ¢9, ¢10
and c14, show Ti concentrations lower than 400 ppm (except for
¢9 with Ti concentration of 509 ppm), similar to those of Mes-
opotamian glasses. As for their Zr concentrations, they are all at

or below detection limit (13 ppm) and are therefore expected to
fall in the rectangle drawn in Fig. 5 (except for ¢9). Since the only
verified LBA primary glass sources are Egypt and Mesopotamia,
we may conclude that these beads are most probably associated
to the Mesopotamian primary glass source. For ¢9 however, there
is not enough data to assign a possible glass origin.

5. Summary and conclusions

Eighteen glass beads from the Mycenaean Palace of Nestor at
Pylos were analysed by using a portable milli-XRF system. Seven of
them, made of cobalt-coloured blue glass, were too corroded to be
studied in detail. Eleven of them were in a good preservation
condition and their analytical data showed that they are made of
plant-ash glass similar to the common LBA glass type found at the
Eastern Mediterranean.

Four of the Pylos beads (c59, c63, c60, c61) are dark blue, the
colour originates from a cobalt-blue pigment with the character-
istic Co~Mn—Ni—Zn association of the cobalt alums of Dakhla and
Kharga Oases in Egypt. The Ti and Zr levels of these beads are also
similar to the levels of Egyptian glass of the same period. This
means that the base glass and not only the colourant are most
probably linked to Egypt. Another bead (c5) of blue, copper-
coloured glass also falls into the Egypt Ti—Zr field indicating an
Egyptian origin. The second group of the Pylos glasses (c6, c7, c8,
c10, c14) show very low levels of Zr and Ti similar to Mesopotamian
glasses. Two of these beads (c7 and c14) are of copper-coloured
blue glass and have no tin. This is additional evidence for their
Mesopotamian origin. None of the Mesopotamian glasses (28
samples) analysed by Shortland and Eremin (2006) show any
significant amount of tin, while 20 of their 29 copper-blue Egyptian
glasses have a copper to tin ratio of about 10 to 1, indicating the use
of bronze or bronze scrap. Finally, (¢9), a black bead, does not seem
to fit into either field and therefore we cannot reach any conclusion
about its provenance.

This analysis shows that Pylos had access to both Egyptian
and Mesopotamian beads. It appears that the earlier beads,
mainly from the Grave Circle, were Mesopotamian in origin
while the later beads were Egyptian. This chronological differ-
ence between the sources of the beads draws attention to
a paradox within ancient Mycenaean Greece: Egyptian objects
were the dominant foreign artefacts during LH I-LH II, while
during LH Il artefacts came from much more varied
origins (Cline, 1994). In the case of glass however, the situation
seems to be reversed: a variety of sources were present in LH
I-II, while Egypt dominated in LH III (Cline, 1994). The abun-
dance of Egyptian glass in LH Il may be attributed to its mass
production in LH III. Our sample also suggests that Pylos was not
consuming beads made from glass that had been manufactured
in Greece.

At this point, based on the present analysis, it is not possible
to determine if these beads were made from glass that was
imported as ingots or if the beads were acquired in their finished
form. The lack of glass-working evidence at Pylos, indicates that
the beads were not produced or worked there and arrived at
Pylos in finished form, irrespective of the form in which the glass
arrived in Greece. A full discussion of how these beads got to
Pylos is beyond the limited scope of this paper. Suffice it to say
that although there was a harbour in close proximity to the
palace at Pylos, the low numbers of Egyptian and Mesopotamian
objects at the palace or the related tombs suggest that these
beads were acquired through complex Mediterranean trade
routes rather than any direct contact with Egypt or Mesopotamia
(for a full discussion of these complex trade issues see Parkinson,
2010). Given the changing locations of trade centres and Pylos’



K. Polikreti et al. / Journal of Archaeological Science 38 (2011) 2889—2896

marginal role in long-distance trade networks (Parkinson, 2007),
it is most likely that these artefacts reached Pylos through
internal mainland trade.

It is difficult to compare the results from the analysis of Pylos
beads to other sites in Greece with a view to creating an overview of
glass sources during the LBA as very little trace element analyses
have been carried out on contemporary Mycenaean beads. Beads
from the Kazanaki tomb, Thebes and Elateia are the only well-dated
and well-provenanced beads for which we have minor or trace-
element data. The beads found in the Kazanaki tholos tomb, asso-
ciated with finds dated from 1400 to 1300 BC, were proved to be
imports from Egypt that were probably imported as ingots and then
formed in a Mycenaean glass workshop (Smirniou et al. in press).
The analysis of the beads and relief plaques from Thebes and Ela-
teia, dating from the LHIIIA to the Early Protogeometric period
(Nikita and Henderson, 2006), indicates the presence of a local
primary glass-making workshop. Future analysis of beads from
a wider variety of sites will enable us to draw a broader picture of
the sources of glass.

Due to the corrosion of many of the Pylos beads, the final sample
on which these conclusions are based was relatively small. Despite
the low numbers, however, this study speaks to the value of XRF in
our understanding of Bronze Age glass and shifts in production
centres. These conclusions will be tested against a future study that
we are embarking on, one which includes a larger sample of beads
from the tombs.
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Appendix

In Table 5, the mean concentrations of Naz0, MgO and Al;03
oxides from soda-lime and mixed-alkali glasses are presented
calculated from literature data. The different groups represent
either mixed-alkali silica (group #1 in Table 5) or plant-ash soda-
lime-silica glasses (groups #2—5). The various data for the NazO,
MgO and AlO3 oxide concentration were introduced as input
parameters in the quantification procedure in order to assess the
range of variation in the concentration values of the measured
elements/oxides. Furthermore, the optimum set of initial param-
eters would be also evidenced providing the closest to unity
normalisation factor (NF). The results for the different runs are
given in Table 6 for two beads as an example. The Na—Mg—Al
value sets for plant-ash glasses resulted finally in NF values close
to unity, thus reconfirming that the Pylos beads are made of plant-
ash glass. It is also obvious from Tables 5 and 6 that small changes
in the concentrations of MgO and Al>03 oxides do not practically
change the final calculated oxide/element concentrations. The
concentrations obtained by using the mean plant-ash Na—Mg—Al
value set were kept and used to generate the results of this
manuscript.

Table 5

Mean values and standard deviations for LBA glasses of different types and origin.
Glass type Si0, Nas0 K20 MgO Al,O3 Ca0
“Mixed alkali (n = 38) 74 (3) 6(2) 9(2) 0.8 (0.2) 2.4(0.9) 2.2 (0.8)
bPlant ash soda-lime (n = 142) 66 (3) 17 (2) 1.7 (0.9) 4(1) 1.6 (0.8) 7(1)
“Elateia and Thebes (n = 73) 67 (3) 17 (1) 1.3(0.8) 3(1) 2,0 (0.5) 6(1)
dMesopotamia (n = 25) 65 (2) 17 (2) 2.8(0.7) 4(1) 0.5(0.2) 7(1)
®Egypt (n = 30) 62 (2) 19 (2) 1.8 (0.9) 4.4(0.8) 1(1) 8(1)

? Data from Gratuze and Janssens (2004) (France), Hartmann et al., 1997 (Germany), Towle et al., 2001 (Fratessina), Nikita and Henderson 2006 (Elateia and Thebes).
® Data from Shortland et al., (2007) (Egypt and Mesopotamia), Nikita and Henderson 2006 (Elateia and Thebes), Walton et al., 2009 (Mycenaean), Jackson and Nicholson

2010 (Uluburun shipwreck).
© Data from Nikita and Henderson (2006) (only the plant-ash glasses).
d4€ Data from Shortland et al. (2007).

Table 6
XRF results and normalisation factors for fits resulting from the sets of values given in Table 5(a) bead 2075-¢10 and (b) bead 2166b-c61. bdl = below detection limit.
a) Norm. Na,0O MgO Al;0; Si0, Cl% S03 K;0 Ca0 TiO; MnO Fe;03 CoO NiO Cu0 Zn SrO Y Zr Sb,03 Pb
factor % % % % % % % % % % % % % ppm ppm ppm ppm % ppm
1 129 6 0.8 24 80.3 0525 242 617 0055 0399 0696 bdl bdl bdl bdl 520 164 156 bdl bdl
2 096 17 4 1.6 67.5 0.461 2.10 540 0.049 0352 0615 bdl bdl bdl bdl 459 145 138 bdl bdl
3 099 17 3 2.0 68.6 0467 213 547 0.050 0357 0.623 bdl bdl bdl bdl 465 147 140 bdl bdl
4 1.00 17 4 0.5 69.2 0470 2.14 5.50 0.050 0359 0.626 bdl bdl bdl bdl 468 148 140 bdl bdl
5 093 19 44 1 65.9 0.452 2.06 529 0.048 0346 0604 bdl bdl bdl bdl 451 142 135 bdl bdl
b) Norm., Na,0O MgO AlLO; Si0, Cl% S0O3 K20 Ca0 TiOz MnO Fe;03 CoO NiO Cu0 Zn SO Y Zr Sb,03 Pb
factor % % % % % % % % % % % % % ppm ppm ppm ppm % ppm
1 1.49 6 0.8 24 78.7 0.672 0.679 0977 6.67 0124 0294 0539 031 0.177 0291 2449 368 43 357 0931 478
2 112 17 4 1.6 66.1 0.589 0.598 0.851 5.82 0.109 0.257 047 0.27 0.154 0254 2136 321 375 311 0791 40
3 115 17 3 2.0 672 0.597 0.606 0.863 5.9 0.11 0.260 0476 0.274 0157 0257 2168 325 38 315 0.804 43
4 116 17 4 0.5 677 0.601 0.609 0.868 593 0.111 0262 0479 0275 0.157 0259 2184 327 382 317 0.809 432
5 1.08 19 4.4 1 645 0.578 0.586 0.83 5.7 0,107 0.252 046 0.265 0151 0.249 2096 315 367 305 0.773 417
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In this paper, nine beads from excavations in the Valongo Wharf, located in the harbor area of Rio de
Janeiro, Brazil that were utilized as ornaments by Africans and Afrodescendants during the 19th century
were analyzed by Raman and X-Ray Fluorescence (XRF) spectroscopy. All samples in the analysis showed
Raman spectra with two bands of maximum intensity around 1000 and 500cm™' related to the
maximum stretching (viax) and bending mode (8), respectively, of the tetrahedral network of the SiO,
present in the glass matrix. However, there is variation in the intensity and position of the bands that are
directly associated with the burning process and the raw material utilized in the manufacture of the
beads. Based on the polymerization index (I, = Asqp/Aigo0). it is possible to relate these two parameters.
By establishing a correlation among the I, and the v,y band, the beads were classified into groups. The
results reveal that the beads' base paste exhibits differences, allowing their classification into groups
according to the manufacturing process. Based on the combination of the elemental characterization and
Raman spectroscopy results, it was also possible to conclude that European and Asian countries are the
possible origins of the beads.
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1. Introduction While Raman spectroscopy is widely used in pigment analysis

of works of art, this technique can also be used to analyze other

The study and characterization of objects of historic value have
intensified in recent years. Using these analyses, it is possible to
obtain information on the chemical composition, manufacture
technology, historic period and conservation state of these artifacts
[1,3]. In recent years, Raman spectroscopy has become one of the
most efficient techniques in the investigation of artifacts of historic
and cultural value. Its increasing use in studies concerning cultural
heritage is directly related to several advantages of this technique
such as high sensitivity. In addition, the technological innovations
that took place in the last decade allowed the creation of portable
Raman systems, making in situ evaluations possible [2].

* Selected paper from for IV Encontro Brasileiro de Espectroscopia Raman
(EnBraER), in Juiz de Fora, December 06-09, 2015.
* Corresponding author.
E-mail address: renato.freitas@ifrj.edu.br (R.P. Freitas).

http://dx.doi.org/10.1016/j.vibspec.2016.09.021
0924-2031/@ 2016 Elsevier B.V. All rights reserved,

types of historical artifacts, for instance, vitreous ones, since it is
sensitive to both amorphous and non-amorphous materials [3,4].
To explore the potential of Raman spectroscopy for the analysis of
vitreous artifacts, in this study, Raman spectroscopy was used to
characterize nine glass beads found in recent excavations performed
in the harbor area of Rio de Janeiro, Brazil. The elemental
composition of the samples was also characterized through X-Ray
Fluorescence (XRF). The results obtained, aside from allowing the
discussion of the beads' manufacturing process, also enabled the
evaluation of the probable time and place of their manufacture.

2. Experimental
2.1. Samples

The samples studied in this paper were found in the harbor area
of Rio de Janeiro, Brazil in a region known as the Valongo Wharf
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that was the gateway to over a million African slaves during the
beginning of the 19th century. In the mid-nineteenth century, the
emperor of Brazil, D. Pedro II built a new berth in the area,
landfilling the Valongo Wharf, in order to receive his future wife,
the empress Tereza Cristina.

Recent excavations performed in the region of the former
Valongo Wharf revealed the presence of several artifacts related to
the African world. Glass beads that were used as ornaments by the
African slaves are noteworthy because of their amount and variety.

The connection between these artifacts and the African world is
demonstrated through the nineteenth-century iconography left
especially by the painters Debret and Rugendas, who in their work
portraying slavery in Brazil, demonstrated an extensive use of such
beads as ornament by the slaves. Reports in the literature, such
those of DeCorso et al., [6] and Prinsloo et al,, [5], also endorse the
relationship of these artifacts to the African people and their
descendants, following the analysis of glass beads excavated in the
African continent that show great similarities in their morphologic
appearance to the beads analyzed in this paper.

The nine beads with different colors and shapes analyzed in this
study are shown in Fig. 1. Following the timeline of the Valongo
Wharf, the dating of such artifacts predates the beginning of the
19th century, the period of time for which there are no reports on

glass manufacturing in Brazil. Therefore, the probable origins of
the beads are European and Asian countries that pioneered glass
production [5-8].

2.2. Methods

Measurements were performed using a Horiba Jobin Yvon's
Raman spectrometer, model LabRam HR Evution. The samples
were excited through a 514 nm laser source adjusted to a power of
10mW, focusing on the samples through 50x objective lenses. The
Raman spectra were collected in the range from 1400 to 100 cm ™,
using a grid of 6001/mm and acquisition time of 2s with 10
accumulations.

For removing the contributions from fluorescence in the Raman
spectra, present in the samples of old glasses, four segments linear
baseline (~700-100, ~800-700, ~1300-800 and>1300cm™!)
were subtracted. This methodology was employed with success
in the works of the Prinsloo et al., [5] and Colomban et al., [10] for
the analysis of vitreous artifacts,

XRF measurements were performed using the equipment
model TRACER IV from Bruker, which carries an Rh-anode X-ray
tube. The spectra were collected for 240 s with the tube operating
at the current and voltage of 10 WA and 40KkV, respectively.

Fig. 1. Images of the analyzed beads.
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Table 1
Identification of the analyzed beads, relation of the bending and stretching bands of the silicon bonds and results of the X-ray fluorescence.
Sample . Color Elements Vi $i-0 (cm™) 3 Si-0 (cm™) I
(a) Black Si, K, Ca, Ti, Mn, Fe, Cu, Ni, Zn, As, Sn 1101 538 152
(b) Red Si, K, Ca, Fe, Ni, Pb 1020 an 023
(c) Red Si, K, Ca, Fe, Ni, Pb 1019 a7 012
(d) Green Si, K, Ca, Fe, Cu, Pb 1023 455 0.31
(e) White Si, K, Ca, Fe, Cu, Zn, As, Rb, Sr 1169 470 0.87
(f) Yellow Si, K, Ca, Fe, Ni, As, Rb, Sr 1110 557 1.05
(g) Yellow Si, K, Ca, Fe, Pb 984 494 013
(h) Green Si, K, Ca, Cr, Fe, Ni, Cu, Pb, Rb, Sr 1034 487 0.22
(i) White Si, K, Ca, Fe 1103 575 2.83
Table 1 and the Raman spectra of the beads shown in Fig. 3 also
demonstrate the samples’ Raman bands at approximately 1000
1 and 500cm™" related to the maximum stretching (vma) and
700000 ] bending (8) modes, respectively, of the tetrahedral networks [Si0.]
600000 - in the glass matrix. The variations in the position and intensity of
1 these bands are directly related to the glass manufacturing process,
500000 in which the Si** atoms of the tridimensional silica network are
40%00; replaced by fluxing agents (sodium, potassium, calcium, lead etc.)
-ﬁ T that form noncovalent bonds and therefore modify the physico-
2 80000 chemical properties of the glass [9-11].
© 1 The fluxing agents inserted in the glass recipe are directly
60000 + related to the polymerization index I,=Aspo/A1000, Where A
40000_‘ denotes .the area under the Rame}n band. Thus_. by relating I, to
] the maximum stretching (vyax) Si-0, it is possible to classify the
20000 4 samples into groups [12,13]. The results of this correlation can be
o 11 observed in the chart presented in Fig. 4 that shows the nine

Energy (keV)

Fig. 2. XRF spectrum of the bead (b).

3. Results and discussion

As can be observed from the data presented in Table 1 and from
the XRF spectrum of the bead (b) (Fig. 2), Si was detected in all
samples, with its presence being justified by the preparation recipe
of the glass, the chemical structure of which is, by definition, an
amorphous solid material obtained through the controlled fusion
of a series of components with silica [SiO5] as the main component.
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Fig. 3. Raman spectra of the beads (a) to (i) shown in Fig. 1.

samples divided into two main groups and two outlier samples.
Separation of the samples is confirmed by the binary diagram
(Fig. 5) obtained from the intensities of the elements Ca and K
normalized by the intensity of the Si; these intensities were
calculated from the net area of the peak of each element in the XRF
spectra, and this information is therefore directly related to the
element concentrations.

In group 1 that contains most of the beads ((b), (c), (d), (g) and
(h)), I, was less than 0.50, indicating that the firing temperature of
the samples was below 700°C. This range of firing is associated
with the insertion of Pb as the fluxing agent in the glass matrix. As
seen in the binary diagram, the Ca and K intensities in this group’s
are low, while the analysis of the XRF spectra of these samples
shows high Pb intensities because this element has been reported
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Fig.4. Classification of the beads according to the polymerization index (1) and the
maximum stretching (viay) Si-O.
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Fig. 5. Diagram binary of the intensities obtained by XRF of Ca and K elements
normalized by Si intensity.

to be used as the fluxing agent since Egyptian times because in
addition to decreasing the fusion point, its addition increases the
stiffness of the vitreous body [14,15]. This group's samples showed
similar Raman spectra, with the maximum intensity bands varying
from 500 to 450 cm ™" and 1040 to 980 cm ™~ (Fig. 3). Raman spectra
similar to those of the beads in this group were reported in the
work of Colomban et al., [10] in the analysis of glass samples of the
Byzantine period between the sixth and eleventh centuries. The
Raman spectrum of bead (g) showed bands 375 (w), 289 (s) and
143 (vs), associated with the pigment massicot [PbO], explaining
the yellow color of the bead [16]. Despite attempts, Raman spectra
of the pigments were not registered for the other beads; this is due
especially to the grain size of around or below 100 nm of these
pigments dispersed in the glass matrix, that makes it difficult to
perform spot analysis for the pigment only, in which case the high
intensity of the Raman signal of the glass matrix added high
fluorescence tends to hide the Raman bands characteristics of the
pigments [25,26]. However, in group 1 samples, the presence of Fe
and Cu explains the red (beads (b) and (c))and green (beads (d) and
(h)) shades, respectively [15,17].

Group 2 contains the beads that show high K and Ca intensities;
therefore, the glass base paste can be classified as potash-lime. The
polymerization index of beads (e) and (f) are 0.87 and 1.05,
respectively, indicating a firing temperature in the range 1000~
1200°C[27]. Since the I, of the bead (f) is higher, it is likely that its
firing temperature also exceeds that of the bead (e); this difference
in the firing temperature of the beads is supported by the presence
of As detected at high intensities in bead (e) and only found at the
trace level in bead (f) because according to the study by Garner
[19,20], the As level is significantly decreased in firings above
1250°C. The difference in elemental characterization is also
reflected in the Raman signature of the samples, shown in
Fig. 3, with the highest intensity bands are located at 1169 and
470cm~! (bead (e)) and 1110 and 557 cm ™~ (bead (f)). In addition to
contributing to the gray color, as seen in beads (Figs. 1e and 1f), the
detected As also has the function of opacifying the vitreous matrix.
While the use of As in the vitreous matrix was developed in Italy
(Venice) during the 16th century, its use was widespread in the
19th century which is also the period of importation of such beads
into Brazil [18,21,22].

The bead (a) which has a base paste classified as lime due to the
high intensity of Ca has I, =1.52, corresponding to the firing range
of the sample higher than 1200°C, The transition from the use of

opacifying the base of Sn for As is evidenced by elemental analysis
that reveals the presence of Sn and As; this transition occurred
during the 16th century in Italy (Venice) [22]. This period of
manufacturing of the bead (a) is supported by comparing the
obtained Raman signature (Fig. 3) to those reported in the work of
Ricciardi et al. [23] who obtained similar Raman spectra in the
analysis of vitreous artifacts of black color, manufactured in Venice
in the 16th century.

According to the binary diagram, the bead (i) has the K element
as the main flux agent, with I = 2.83. These results indicate that the
bead has a hard base paste and a high melting point. [14]. Ca
detected at trace level in the sample is the mainly responsible for
the sample’s white color because such coloration arises from the
addition of the opacifying calcium fluoride (CaF;) in the glass's
matrix. This dye and a similar Raman signature were found in the
work of Kirmizi et al, [24] in the analysis of a Chinese white
vitreous artifact from the 15th century.

4. Conclusions

Based on the performed analysis, it was possible to classify the
base paste of the beads into four groups using the parameters of
the Raman spectra and XRF elemental analysis of the beads using
the main characteristics of glass matrices: rich in Pb with a low
firing temperature; rich in K, Ca and As with a high and medium
firing temperature; rich in Ca with a high firing temperature; and
rich in K with a high firing temperature.

Using the comparison of the Raman signatures and elemental
characteristics of the beads obtained in this study to the literature
data, it was possible to verify that the beads have as their probable
manufacturing origin Italy and China and were produced between
the 4th and 19th centuries.

The results obtained in this study have helped archeologists and
anthropologists to characterize the material culture left behind by
Africans and Afrodescendants during the slavery period in Brazil,
as well as the possible Europe-Africa-Brazil and China-Africa-
Brazil trade routes.

Acknowledgements

Our thanks go to the Dean of Research, Innovation and Graduate
Studies of IER] for his support.

References

[1] C. Calza, M.J. Anjos, S.M.F. Mendonga de Souza, A. Brancaglion Jr,, R.T. Lopes,
App. Phys. A 90 (2008) 75-79.

[2] RJ.H. Clark, S. Mirabaud, ]. Raman Spectrosc. 37 (2006) 235-239.

[3] R.P. Freitas, I.M. Ribeiro, C. Calza, A.L. Oliveira, V.F. Felix, D.S. Ferreira, A.R.
Pimenta, R.V. Pereira, M.O. Pereira, R.T. Lopes Spectroc, Acta Part A 154 (2016)
67-71.

[4] G.D. Smith, RJ.H. Clarck, J. Archaeol. Sci. 31 (2004) 1137-1160.

[5] L.C. Prinsloo, A. Tournie, P. Colomban, J. Archaeol. Sci. 38 (2011) 64-3277.

[6] C.R. DeCorse, F.G. Richard, I. Thiaw, J. Afric. Archaeol. 1 (2003) 77-110.

[7] C.R. DeCorse, ]. Soc. B. Res. 1 (1989) 41-53.

[8] C.R. DeCorse, ). Soc. B Res. 1 (1989) 96-98.

[9] Ph.Colomban, G. March, L. Mazerolles, T. Karmous, N. Ayed, A, Ennabli, H. Slim,
J. Raman Spectrosc. 34 (2003) 205-215.

[10] Ph. Colomban, A. Tournie, L. Bello-Gurlet, J. Raman Spectrosc. 37 (2006) 841-
852.

[11] K.Baert, W. Meulebroeck, H. Wouters, A. Ceglia, K. Nys, H. Thienpont, H. Terryn,
J. Raman Spectrosc, 42 (2010) 1055-1061.

[12] Ph. Colomban, J. Non-Cryst, Solids 322 (2003) 180-187.

[13] Ph. Colomban, O. Paulsen, ]J. Am. Ceram. Soc. 88 (2005) 390-395.

[14] L.C. Prinsloo, N. Wood, M. Loubser, S.M.C. Verryn, S. Tiley, J. Raman Spectrosc.
36 (2005) 808-8016.

[15] J. Henserson, Oxford J. Archeol. 4 (1985) 267-291.

[16] 1.M. Bell, R].H. Clark, PJ. Gibbs, Spectrochim. Acta Part A 53 (1997) 2159-2179.

[17] P. Robertshaw, M. Wood, E. Melchiorre, R.S. Popelka-Filcoff, ]. Archaeol. Sci. 37
(2010) 1898-1912,

[18] A. Tournié, Thése Université Pierre et Marie Curie, Paris, 2009.

[18] H. Garner, Orien. Art 2 (1956) 48-50.



LLM.N. Ribeiro et al./Vibrational Spectroscopy 87 (2016) 111-115 115

[20] H. Garner, Iraq 18 (1956) 147-149.

[21] M. Veritd, in: E. Borsook, F. Gioffredi Superbi, G. Pagliarulo (Eds.), Medieval
mosaics: light, colour, materials, Silvana Editorale, Florence, 2000.

[22] M.L.Sempowski, A.W. Nohe, ].F. Moreau, I. Kenyon, K. Karklins, S. Aufreiter, R.G.
V. Hancock, J. Radioanal, Nucl. Chem. 244 (2000) 559-566,

[23] P.Ricciardi, Ph. Colomban, A, Tournié, M. Macchiarola, N. Ayed, |. Archaeol. Sci.
36 (2009) 2551-2559.

[24] B. Kirmizi, Ph. Colomban, B. Quette, ]. Raman Spectrosc. 41 (2010) 780-790,

[25] Ph. Colomban, G. Sagon, X. Faurel, ]. Raman Spectrosc. 32 (2001} 351-360.

[26] Ph. Colomban,, Appl. Phys. A 79 (2004) 167-170.

[27] A. Cesaratto, P. Sichel, D. Bersani, P.P. Lottici, A. Montenero, E. Salvioli-Mariani,
M. Catarsi, J. Raman Spectrosc. 41 (2010) 1682-1687.



ldgj [ dl Y o U ¥ dl = 1 3 1 Y o ¥ ¢ v 1%
nansiiiluenansianubidmsunisidanuienisfinyvinguy ldeygaliilulddssloviaunism

Lidnsdllag vy BnnsudlidnuUaaiion uasfasdndadsivesenarsnnassninisunluly








