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Abstract

This paper reports and discusses elemental composition results obtained from analysis of 36 glass
fragments discovered from the Takht-e Suleiman World Heritage Site and Ardabil historical sites in
northwestern Iran. The analyzed samples dating back to Sassanian /Islamic period. The glass
objects in this study include decorative objects such as bracelet, pieces of vessels, and indefinites
form such as chunk and raw materials, which are in different colors of light and dark green, emerald
green, white, purple, turquoise, brown and black. Elemental analysis of these samples was
performed using micro-PIXE technique in Van de Graaff Laboratory in the Nuclear Science &
Technology Research Institute in Tehran, Iran. By micro-PIXE analysis, the major and minor
elements of these glasses were measured. Elements measured in all 36 samples include: sodium
oxide (Na;0), magnesium oxide (MgO), aluminum oxide (ALO3), silicon oxide (8iO3), phosphorus
oxide (P2Os), Sulfur oxide (SO3), chlorine (CI), potassium oxide (K:0), calcium oxide (CaO),
titanium oxide (TiO»), manganese oxide (MnO) and iron oxide (Fe;O3). Chromium oxide (Cr203),
cobalt oxide (CoO), copper oxide (Cuz0), zinc oxide (ZnO), strontium oxide (SrO) and lead oxide
(PbO) were also measured in a number of samples. In addition, one sample contains barium oxide
(BaO) and two samples contain tin oxide (SnOs) and arsenic oxide (As2Os). According to elemental
analysis results, the important questions in technology and manufacturing technique, determining
the raw materials used in manufacturing, determining the type of glass as well as investigation of
trade and exchange of raw materials about analyzed glasses are answered. Furthermore, to
investigate the provenance of artifacts and to determine the differences in the elemental
compositions of glass excavated from Takht-e Suleiman Wortld Heritage Site and Ardabil historical
sites, our elemental composition results have been combined and compared with the reported
results from other sites of the Eastern Mediterranean countries, such as Syria, Egypt, Palestine,
Lebanon and neighboring countries of Iran such as Iraq.
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Introduction
Literature survey on early Islamic and pre-Islamic glass objects especially sasanian glasses indicates

that there are only few studies on a limited number of early Islamic and sasanian glasses from Iran.
However, researchers and archaeologists have always been interested in the elemental analysis of
ancient glasses, because investigation of the elemental composition of glass objects provide a lot of
information about the manufacturing technique, the determination of the raw materials and the
colorant agants were used to create different colors. In this study, 36 samples of glass objects from
the Takht-e Suleiman World Heritage Site and Ardabil historical sites have been selected to analyze
by micro-PIXE techniques.

Materials and Methods

Glass fragments discovered from the Takht-e Suleiman World Heritage Site and Ardabil historical
sites in northwestern Iran were analyzed. The analyzed samples dated to Sassanian /Islamic period.
The glass objects in this study include decorative objects such as bracelet, pieces of vessels, and
indefinites form such as chunk and raw materials, which are in different colors.

The general definition of micro-PIXE is "Patticle Induced X-ray Emission in micron scale",
although this is often used to "proton-induced X-ray emission". The micro-PIXE technique is
carried out by bombarding the samples in a vacuum chamber using a beam of high-energy particles
(2-3MeV). As a result of the particle bombardment, X-rays of a characteristic energy of the element
are emitted. The energy of X-rays for each element is specific and it can be used to detect the
elements that present in the sample. Also, the number of X-ray with specific energy can be used to
determine the concentration of the elements within the sample. With this technique, one can
measure the concentration of Na(sodium) to U(uranium) with an accuracy of parts per million
(ppm). In the present paper, the micro-PIXE analysis was performed with Oxford Instruments
microprobe system using the 3 MV Van de Graaff accelerators in the Nuclear Science &
Technology Research Institute in Atomic Energy Organization of Iran. The samples were analyzed
in a vacuum chamber using a beam of 2.2MeV protons focused to a diameter less than 10 um. 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 at an angle of 135° relative to the incident beam
direction and with an energy resolution of 150 eV for Fe-K,. Samples were scanned over a
maximum area of 2.5 mmX2.5 mm and digitized signals were recorded in event by event mode
(listmode) using the OM-DAQ data acquisition system and the X-ray spectra were processed using
GUPIXWIN package to obtain the elemental composition of the samples. In order to check the
validity of the micro-PIXE analysis and to evaluate the accuracy of our measurements, Corning
glasses A, B, C and D as appropriate glass standard samples were analyzed in the same conditions
and then the obtained results were compared to the reported results for these standard samples.

Results and discutions

The results obtained from this study show that the analyzed glass from these areas are classified
into 6 different groups based on the raw materials used in manufacturing. These classifications
include 2 different groups of plant ash-soda-lime-silica glass (29 samples), one group of natron glass
type (3 samples), one group of soda-lead-lime-silica glass (2 samples), one group of lead- barium-
silica glass (one sample) and a group of potash-lime-silica glass (one sample). The two plant ash-
soda-lime-silica glass groups which was named Plant-ash A and Plant-ash B are completely
separated based on the concentration of sodium oxide. In the Plant-ash A group, the weight
percentage of sodium oxide varies between 17 to 20wt.%, while in the Plant-ash B group, the
weight percentage of sodium oxide varies between 13% t ol6wt.%. In addition, based on the
concentrations of Al,O3, SiO; TiO, and Fe,Os different sources of silica can be considered for two
different groups of plant ash-soda-lime-silica glass analyzed from Takht-e Suleiman. Moreover,
according to elemental composition of glass objects it can be concluded that to make various color
glass, different transition elements such iron, copper, manganese and cobalt oxide are used.
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Conclution

The elemental composition of glasses shows that most glasses obtained in Takht-e Suleiman World
Heritage Site and Ardabil historical sites are plant ash-silica-soda-lime glass type that the ashes
obtained from halophytic plants are considered as supplying source of fluxe. Moreover, the results
of elemental analysis of these glasses confirm that the origin and place of production of some
glasses that are belong to natron group and Pb-Ba group is non-local and probably were imported
from other areas such as Egypt or the eastern Mediterranean Sea regions and China through the
trade and

exchange of glass products. In addition, the elemental composition of these samples show that
Fe;0O3 CoO and CuzO are the colorant agents and MnO has been used as a decolorant element in
the samples.
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Fig. 1: A map of Iran showing the geographical location of Takht-e Suleyman World Heritage and Ardabil archaeological
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)b )93 ) Wges Sl e xS Gged S
Historical period Color Excavation site Form Sample code
Islamic Dark green Takht-e Suleiman World Heritage Unknown Takht-Sul
Islamic Dark green Takht-e Suleiman World Heritage Unknown Takht-Su2
Islamic Light green Takht-e Suleiman World Heritage Vessel edge Takht-Su3
Sassanid Black Takht-e Suleiman World Heritage Unknown Takht-Su4
Islamic Light green Takht-e Suleiman World Heritage Unknown Takht-Su5
Islamic Violet Takht-e Suleiman World Heritage Bracelet Takht-Su6
Sassanid Black Takht-e Suleiman World Heritage Unknown Takht-Su7
Sassanid Black Takht-e Suleiman World Heritage Vessel edge Takht-Su8
Sassanid? Light green Takht-e Suleiman World Heritage Unknown Takht-Su9
Sassanid? Dark green Takht-e Suleiman World Heritage Vessel base Takht-Sul0
Islamic Violet Takht-e Suleiman World Heritage Bracelet Takht-Sull
Sassanid Black Takht-e Suleiman World Heritage Unknown Takht-Sul2
Sassanid Black Takht-e Suleiman World Heritage Unknown Takht-Sul3
Islamic Light green Takht-e Suleiman World Heritage Unknown Takht-Sul4
Islamic Light green Takht-e Suleiman World Heritage Vessel edge Takht-Sul5
Sassanid Dark green Takht-e Suleiman World Heritage Vessel edge Takht-Sul6
Sassanid Black Takht-e Suleiman World Heritage Unknown Takht-Sul7
Islamic Light green Takht-e Suleiman World Heritage Unknown Takht-Sul8
Islamic Dark green Takht-e Suleiman World Heritage Vessel edge Takht-Sul9
Sassanid Emerald green Takht-e Suleiman World Heritage Unknown Takht-Su20
Islamic Colorless Takht-e Suleiman World Heritage Unknown Takht-Su21
Islamic Colorless Takht-e Suleiman World Heritage Unknown Takht-Su22
Islamic Light green Takht-e Suleiman World Heritage Unknown Takht-Su23
Islamic Light green Takht-e Suleiman World Heritage Unknown Takht-Su24
Islamic Turquoise blue Takht-e Suleiman World Heritage Unknown Takht-Su25
Islamic Turquoise blue Takht-e Suleiman World Heritage Bracelet Takht-Su26
Sassanid Dark green Takht-e Suleiman World Heritage Unknown Takht-Su27
Sassanid Colorless Takht-e Suleiman World Heritage Unknown Takht-Su28
Sassanid? Turquoise blue Gonakh giran-Ardabil Unknown Ardabil 1
Sassanid Light green Shaharyeri-Meshkinshar Unknown Ardabil 2
Sassanid Dark green Gonakh giran-Ardabil Vessel edge Ardabil 3
Sassanid Brown Gonakh giran-Ardabil Vessel edge Ardabil 4
Islamic Colorless Ardabil Unknown Ardabil 5
Islamic Purple Gullujeh- Meshkinshar Vessel edge Ardabil 6
Islamic? Dark green Tlanni dagh- Meshkinshar Bracelet Ardabil 7
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Fig. 2: Optical photo of all analyzed samples from Takht-e Suleiman historical site and Ardabil ancient sites.
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Table 2: The mean value of 4 different measurements in each glass standard and the quoted value for all elements measured
in the 4 Corning glass standard.

B C D
SS?;(;;;: Measure Quoted Measured ?;:T:Z;l Measured ((2‘:2:/80 ;i Measured ((2;2;;1
d (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
Na,O 14.59 1430 17.33 17.00 0.94 1.07 1.27 1.20
MgO 269 266 1.04 1.03 237 2.67 4.05 3.94
ALO; 112 1.00 4.24 4.26 1.30 0.87 5.84 5.30
Si0, 66.66 66.56 61.95 61.55 34.87 34.78 56.42 55.24
P,0s 0.16 0.13 110 0.82 0.04 0.14 423 393
SO, 014 0.10 0.60 0.50 0.03 0.10 0.16 0.30
al 014 0.10 0.24 0.20 0.15 0.10 0.12 0.40
K0 570 547 1.01 1.00 2.60 2.84 10.7 113
CaO 458 503 8.04 8.56 4.66 5.07 13.1 14.8
O, 077 0.79 0.11 0.09 0.66 0.79 0.35 0.38
MnO 1.01 1.00 0.24 0.25 0.21 0.89 0.50 0.55
Fe:0; 1.10 1.09 0.34 0.34 0.30 0.34 0.47 0.52
CoO 018 017 0.05 0.05 0.18 018 0.01 0.02
NiO 0.02 0.02 0.09 0.10 0.02 0.02 0.05 0.05
Cu,0 113 117 2.58 2.66 1.27 113 0.33 0.38
ZnO 0.06 0.04 0.21 0.16 0.05 0.05 0.10 0.10
$tO 0.11 0.10 0.01 0.02 0.26 0.29 0.04 0.06
S$n0; 0.60 0.19 0.00 0.02 0.09 0.19 0.00 0.10
SbyOs 155 175 0.24 0.46 0.01 0.03 0.95 0.97
BaO 0.45 0.56 0.02 0.05 11.51 11.40 0.27 0.51
PbO 0.09 0.12 0.52 0.61 37.76 36.70 0.44 048
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Fig 3: Scatter plot in wt.% of (a): sodium oxide (Na;O)
versus potassium oxide(K>0), (b): magnesium
oxide(MgO) versus potassium oxide(K20), (c): sodium
oxide (Naz0) versus chlorine, (d): total of sodium oxides
and potassium oxides in terms of total of magnesium
oxides and calcium oxides, in analyzed samples from
Takht-e Suleiman and Ardabil.
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Fig. 4: (a): Scatter plot in wt.% of silicon oxide(SiO») in terms of aluminum oxide(Al2O3) in the 6 groups identified in the
analyzed samples, (b): Scatter plot in wt.% of silicon oxide(SiO») in terms of aluminum oxide(Al2O3), (c): Scatter plot in wt.%
of titanium oxide in terms of iron oxide (d): Scatter plot in wt.% of ratio of iron oxide to aluminum oxide in terms of the
ratio of iron oxide to titanium oxide, in the two identified groups of plant- ash silica-soda-lime in analyzed samples from
Takht-e Soleiman and Ardabil. The linear correlation between silica impurities is shown in this figure with red and green dash
lines in two groups.
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Fig.5: Scatter plot in wt.% of (a): iron oxide(Fe2O3) in terms of manganese oxide (MnO) in different groups determined

based on the flux, (b) iron oxide(Fe2O3) in terms of manganese oxide (MnO) based on color of analyzed samples from
Takht-e Suleiman and Ardabil.
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Fig.6: Scatter plot in wt.% of (a): iron oxide(Fe2O3) in terms of copper oxide(Cu,O) in different groups determined based on
the flux, (b) iron oxide(Fe203) in terms of copper oxide(Cu20) based on color of analyzed samples from Takht-e Suleiman
and Ardabil.
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Fig.7: Scatter plot in wt.% of aluminum oxide(AlO3) in terms of the ratio of magnesium oxide(MgO) to calcium oxide(CaO)
in all analyzed samples in this study and their comparison with samples from Syria [52], Palestine [43, 53], Lebanon [54],
Egypt [7] and few historical sites such as Ctesiphon and Ve Ardashir [7, 55, 56] and Samarra [8] from Iraq as well as some
historical sites in Iran [7, 10, 13,11].
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