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Abstract

Glass beads are unique objects to investigate the trade and exchange of these artifacts between
different regions and cultures in the past. The site of Saleh Davoud and its ancient tombs in Susa
were excavated in two seasons in 2000 and 2004, under the supervising of Mehdi Rahbar. From
these excavations, a significant number of colored glass beads and a number of pieces of glass
vessels have been unearthed. In regard to the other objects such as coins, potteries, etc., the period
of these glass artifacts dated back to the Parthian-Elymae period. The majority of glass vessels
found in Saleh Davoud are simple in shape (undecorated) with green hue in contrast to the glass
beads which were considered in much diversity of color. Meanwhile, the different color lines and
the gilded layer were used to decorate on the external surface of beads. In this study, totally 13
samples of glass objects from Saleh Davoud, including five samples from glass vessels and eight
samples from colored beads have been selected to analyze by micro-ion beam techniques. The aims
of the analysis of these objects by micro-PIXE were to focuse on the elemental composition of the
main body (bulk glass composition) of the artifacts as well as the decorations which were applied in
order to identify the raw materials and get information about the mineral pigments. The thickness
and purity of the gold in the gilded layer that was used in a few glass beads were also measured by
micro-RBS. The most important questions and hypotheses in this research are: 1- Whether glass
beads and glass vessels are locally produced or are imported from other areas; 2- Determination of
the pigments and the elements that are responsible for different surface decoration of beads; and 3-
Measurement of thickness and the purity of the gold layer using Rutherford Back Scattering (RBS)
technique to obtain information about the gilding process. The micro-Ion Beam analysis was
petrformed with microprobe system manufactured by Oxford Instruments using the 3 MV Van de
Graaff accelerators at the Nuclear Science & Technology Research Institute in Atomic Energy
Organization of Iran. The samples were analyzed in a vacuum chamber using a beam of 2.5MeV
protons focused to a diameter less than 10 pm. The beam current was in the range of 30 to 50 pA.
Characteristic X-rays were detected using a Si(Li) detector with an active area of 60 mm? positioned
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at an angle of 135¢ relative to the incident beam direction and with an energy resolution of 150 eV
for Fe-K.. Elemental analysis and measurement of the constituents of these samples show that all
analyzed glasses from the Saleh Davoud are Soda-lime-silica glass type. However, the weight
percentages of magnesium oxide (MgO) and potassium oxide (K»O) in the analyzed samples
suggest that the glass beads are manufactured by the mineral soda (natron) flux, and glass vessels
were used the plant ashes as a flux. The amount of MgO and K,O are the main reason for this
identification. These two oxides in the glass beads are less than 1.5wt. %, while in the glass vessels
are more than 2.5wt. %. Therefore, the glass beads were most likely imported from other areas such
as Egypt or the eastern Mediterranean Sea through the trade and exchange of glass products to the
Saleh Davoud. Moreover, based on the elemental maps from the micro-PIXE analysis, the elements
which are responsible for, red, green, yellow and white colors might be identified as Fe, Cu and Pb.
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Fig. 3a: A number of glass beads of Saleh Davoud that marked by B1 to B8 in picture, analyzed in this study by micro-
PIXE technique
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Table. 1: The elemental composition of Corning Standard Galsses A and B and their comparison with the reported values
in weight percent (wt. %) as oxides form

Standard samples NzO  MeO  ALO; S0, P05 SO, K0 C:0  TiO; MnO  FeO;  CoO  NiO G0 ZsO SO SnO;  Sb;O:  BaO _ PbO
Measored | 1421 269 112 6752 016 012 013 260 471 07/ 102 112 019 005 119 007 012 051 120 049 009
Corning  Quoted 1430 266 100 6656 013 010 010 287 503 079 100 109 017 002 117 004 010 019 175 056 0.12
A Stdev. 019 012 010 016 008 002 001 002 005 001 001 002 001 001 002 001 005 012 021 005 002
Relative 12 11 120 14 230 200 300 62 63 25 20 27 120 500 17 500 200 - 314 125 25
Error
Measored 1811 115 598 6210 097 055 022 096 786 010 025 033 004 009 256 021 001 nad  ad nd 053
Cozaing  Quoted 1700 105 436 6155 082 050 020 100 856 009 025 034 005 010 266 016 002 002 046 0.05 0461
B Stdev. 021 013 011 016 007 003 001 001 003 001 001 001 001 001 003 002 001 - - - 0.04
Relative 7.2 146 87 09 121 100 100 40 81 111 80 29 200 100 56 300 500 - - - 1311
Error
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Fig. 4: Comparison of micro-PIXE spectra obtained from two types of silica-soda-lime glasses with two different sources

of soda: the blue color specturm obtained from a glass bead (B4) which has used the mineral soda (natron) and the pink
color specturm obtained from a glass vessel (V4) which has used the plant ash soda.
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Table 2: The results of elemental composition in analyzed samples in weight percent (wt. %) as oxides form (nd=not
detected, V=Vessels, B=Beads)

sample  NaxO  MgO  ALOs  SiO,  POs  SOs Cl KO  CaO  TiOy MnO  FeOs  CoO  CuwO  PbO

Vi 2.86 6.25 294 6999 031 030 033 277 1333 0.05 0.06 0.79 nd nd nd

V2 4.17 7.33 303 6899 098 023 053 351 1042  0.08 0.03 0.70 nd nd nd

V3 13.04  4.26 283 6639 057 042 093 427 636 nd nd 0.81 nd nd nd

V4 15.60  3.17 282 6588 0.1 021 0.88 3.51 5.87 0.17 0.04 1.23 nd nd nd

V5 16.77  4.97 419 6125 083 020 086 356 617 0.18 0.04 0.95 nd nd nd

B1 18.67  1.35 250  66.88 055 030 090 106 636  0.08 0.23 0.76 nd 0.08 0.26

B2 18.19  1.49 2.67 66.63 024 030 088 113 698  0.09 0.28 0.88 nd 0.04 0.16

B3 17.08 1.34 233 6690 042 045 097 112  6.79 0.12 0.78 .89 nd 0.09 0.19

B4 1823  0.93 212 6673 0.69 039 125 055 728 0.15 0.09 0.91 nd nd 0.33

B5 13.68  0.60 3.03 7384 084 024 0.89 081 3.79 0.21 1.12 0.76 0.12 0.05 nd

Bo 1853  0.87 316 6359 066 043 125 0.71 6.40 022 0.16 1.39 nd 2.50 nd

B7 16.81 1.22 230 6611 030 035 1.18 0.68  6.69 0.13 0.11 1.54 nd 2.05 nd

B8 16.72 1.19 258 6576 096 037 133 128 0641 0.18 0.14 1.14 nd 1.79 nd
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Fig. 8: Optical photo and elemental distribution maps of few elements in a glass bead decorated with different colored

stripes
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Table.3: elemental composition of different pigments in few decorated glass beads (B1, B3 and B4) in weight percent (wt.
%) as oxides form (nd= not detected)

B4 B1 B3
4l S, S, S, S, S, S8, Sl 5y A,
Elements . .
d95h; | dpd 2 o o 7R Spds

Na,O 0.53 0.73 nd 0.46 0.83 0.96 2.40 2.06 nd
MgO 0.88 1.8 1.26 1.25 1.50 1.53 1.77 1.62 0.57
ALOs 2.94 321 2.82 2.60 3.07 2.96 3.94 4.09 3.22
SiO, 27.73 56.93 56.38 50.10 57.07 59.39 70.89 63.74 68.89
P05 20.10 15.76 17.26 13.94 15.64 14.23 4.18 4.30 4.57
SO;3 1.54 1.90 1.53 1.31 1.89 1.18 0.58 0.63 1.36
Cl 0.42 0.64 0.62 0.643 0.66 0.91 0.79 0.71 091
K>,O 0.81 1.13 .82 0.76 1.19 0.84 1.61 1.72 0.62
CaO 24.49 13.50 12.62 14.47 13.46 13.00 8.52 8.60 7.67
TiO; 0.15 0.12 nd nd 0.12 0.13 0.19 0.13 0.12

MnO 0.07 0.15 nd nd 0.15 0.21 0.27 0.27 nd
Fe,O3 1.48 0.95 0.73 1.36 0.95 1.06 1.93 1.90 1.36
CuO 0.13 1.73 0.10 0.18 1.70 1.77 1.74 0.61 0.09

AgO 0.48 nd nd nd nd nd nd nd nd

Auy0O3 15.83 nd nd nd nd nd nd nd nd
PbO 0.71 0.62 4.37 10.87 0.55 0.76 0.34 8.78 8.93
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Optical picture(B4)
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Fig. 9: Optical photo and elemental distribution maps of gold (Au), phosphotus (P), calcium (Ca) and silicon (Si) in glass
bead B4 by the micro-PIXE technique and elemental distribution map of gold layer obtained by the micro-RBS technique

100
Au — experimental
90 - — simulated
—0
80 - —Si
—p
70 A —K
Ca
60 1 —Fe
B —Cu
S 50 A
3 u
40 4 Pb
30 A
20 -
10 +
0 ; ; ; ; LI-- Y T S ‘--‘ m b
200 400 600 800 1000 1200 1400 1600 1800

Energy(keV)

ol 3 Omomed ol sadodlizl ] v (155 gl Mo Y o) 53 45 B4 o0 1 odelcunddy micro-RBS o yo b Ve JS0o
ol ododls (L5 osd (LT iges (3as )3 yaie ya Slyusd Jolbgy g (S8 ok giloans cab S5
Fig. 10: Experimental micro-RBS spectrum obtained from glass bead B4 that a gilded layer was used as decoration. Also,

the simulated spectrum and the depth profile of each elements are shown in the analyzed sample.
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