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Abstract

Measurement of the elemental composition and isotopic analysis of silver coins can be used to
determine the location of silver mines and identify metal sources. This study provides new
information about a possible source of silver coins minted in the Piruz King period during the
Sasanian Empire. The purpose of this research is to study the chemical composition of 15
Sasanian silver coins of the Piruz King using the Proton Induced X-ray Emission (PLXE)
technique. Moreover, to study and identify the mines that might have provided raw materials for
the coins, we used the reported results of lead isotopic analyses of some mines conducted by
ICP-MAS. In addition, a few samples of different minerals from the Ahangaran mine were
analyzed using SEM-EDS to investigate a connection between the silver mine and the minted
silver coins. The results of these analyses provide valuable information on provenance, metal
extraction technology, and the coins' purity and fineness. According to the PIXE results, the
important elements in the elemental composition of silver coins are Ag, Cu, Pb, Au, and Fe,
which were measured in all the coins. The Ag content varies between 84.97 and 97.33wt.%, and
the amount of copper (Cu) ranges from 1.4 to 11.23 wt.%. Copper is naturally presented in silver
coins in level of less than 2wt.%, Also, according to copmition the results show that the possible
sources of silver mines in the Sasanian era are the Surme and Nakhlak mine, an active Pb-Ag
mine in Iran

Keywords: Silver Coins, Elemental composition, Isotopic analysis, PIXE, Sasanian Empire,
Pb/Ag Minerals

Introduction

Coins are one of the most valuable objects among ancient materials, which might give more
accurate and significant information about the metallurgy, minting place, and politico-economic
conditions[1]. Therefore, research on the chemical compositions and measuring the elemental
composition of coins gives information about the technology and historical facts in the past [2.)
that can reveal important technological and environmental features and manufacturing processes
[3]. Today, archacologists attempt to answer, questions about the history, provenance, production
technique, or authenticity of ancient coins. Identifying trace elements and isotopic ratios can
indicate the origin of the mint or raw materials [4,5,6,7]. One of these techniques is Physical
chemistry techniques, which can be useful in historical coin research, and their application has
increased significantly in recent decades [8,9,10]. Ancient silver contains trace elements such as
Pb and Au that can display the type of ore or deposit mined or the technological process used in
mining. Of course, it should be mentioned that alloying, reusing, and mixing of metals from
different mines affect their concentrations and amount of trace elements, and determining the
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origin of metals based on their trace elements is problematic[11]. Among the rare elements that
identify silver are Pb and Au, which only gold remains unaffected by technological steps and
remains linked to silver mining [12]. Measurement of Lead sources and combinations of lead and
silver isotopes in silver coins and ores can greatly help identify ancient metal sources [13].The
first researcher, who investigated Sasanian silver coins and compared their results with Rome
silver coins were Bacharach and Huges, and Hall [14,15]. Meyers and Gurdus worked on
cupellation, a technique that was applied to galena to extract silver by oxidation of Pb and S.
These researchers reported the presence of Au, as a trace element, in the ancient coins, could be
used for determining the origin of silver sources in the case of Sassanian silver[ 16] They showed
an empirical relationship that was independent of the thickness of the coin over a wide range of
thicknesses. However, when re-melting and re-using are carried out in raw materials, the Au
element might not be a criterion of provenance [17]. Kontos showed that Bi can be utilized as an
index of a silver mine located in the case of silver coins from Athens [18]]. and Guerra showed
that a few components might characterize Au mines and gold coins[19,20,21,22]. Sodaei shows
that Au and Pb might use as criteria for silver mines in Iran [23]. Moreover, Sodaei shows the
variation of the Fe/Cu ratio versus Ag can be helpful in the investigation of economic conditions
of the different periods[24].In addition, trace elements have often been used to track ore origin
and metallurgical processes. Volatile components are affected by high-temperature metallurgy,
and elements such as Pb, Ir, Au, and Bi can be like a fingerprint indicating ore [25, 26,27,28,29].
On the other hand, trace element abundance in silver coins can be determined by non-invasive
surface analyses, such as XRF or PIXE. A limitation of surface analyses is that the concentration
of elements may vary from the surface to the core [30]. The aforementioned studies surveyed
coins' mines based on PIXE and XRF techniques, which were surface analysed. Given that silver
is mined from lead ore (galen), lead isotope analysis (LIA) can be used to identify the source of
ancient silver. Isotope analysis, particularly of lead, can enhance provenance studies by linking
mineralizations to geodynamic provinces and providing insights into their timing [31].The use of
isotope analysis of lead in geology and archaeology is based on the physical and chemical
properties of the element. Lead has four isotopes which included: the stable and least abundant
204Pb; and the radioactive and relatively abundant 206Pb, 207Pb, and 208Pb formed by the
radioactive decay of 238U, 235U, and 232Th, respectively. isotope 204Pb is not the product of
any radioactive decay for which reason its amount does not change during the geological history.
Since radioactive decay is irreversible, the ratio of Pb isotopes in each system containing U and
Th will change with time. Thus, the ratios of 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb will
increase steadily over time. This important feature of the Pb isotope system is a useful property
in geosciences and has been widely used for studies of geological age and evolution through
isotope analyses of rocks and minerals [32]. These features make the abundance of Pb isotopes
in above-ground deposits highly variable. In sulfide ores, U is not usually included in the mineral
structure. In this way, the Pb isotope composition was frozen at the time of the ore formation
event, ensuring that it would maintain a constant Pb isotope composition and provide individual
Pb isotope traces. In addition, the isotope composition of a heavy element such as lead does not
change through natural processes or when handling lead-containing ores or metals. Whether
affected by roasting or smelting, delamination, smelting, alloying, dissolution, or corrosion, the
isotopic composition of the lead component remains constant. Therefore, the isotopic
composition of the ore containing Pb and the archaeological metalwork made from it will show
the same Pb isotope ratio. This will be a constant ratio related to the geological character of the
lead source. This isotopic composition of Pb in minerals that do not contain U and or Th is known
as common Pb. However, the common Pb composition and the age of the computational model
are good indicators of the type of ore-forming eological event and can be an effective way to
distinguish metal sources [33-34]. Research in this field is limited and includes: Meert et al.used
micro-X-ray fluorescence and multi-collector inductively coupled plasma mass spectrometry
were used to perform elemental and isotopic analysis on Sasanian lead coins from the Royal
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Museums of Art and History and a private collection. Lead isotope analysis identified at least
four distinct sources of lead used to mint Sasanian coins [35]. Merkel el al. used lead isotope and
trace element analyses of more than 100 Islamic silver coins and shows multiple new sources,
stretching from Morocco to the Tien Shan. So, indicate an Abbasid period mining [36]. Albarede
et al. developed a Pb isotope algorithm to determine the provenance of bullion in ancient Greek
coinage, accounting for natural and analytical fractionation to identify silver ore sources in
Antiquity. Applying this algorithm to 368 lead isotope compositions of silver coins (late 6th to
late 2nd centuries BC), Albarde et al, they identified local mint sources linked to the main silver
ores of Athens, Thasos, and Thrace. The study revealed that recycled and mixed bullion
significantly contributed to mint silver reserves. Precise lead isotopic studies of dated coins,
facilitated by the new algorithm, are crucial for tracking evolving silver fluxes over time [37].
Kataska et al. aimed to identify the sources of lead ore used by the Romans to produce lead
artifacts, and the results show that they mainly used Greek, Serbian, and Bulgarian deposits. This
is a good match for deposits in North Macedonia, Italy, Romania, Turkey, and Tunisia [38]. Canti
et al analyzed three coins attributed to Roman Empire to identify the geographic origin of raw
materials utilized. The results show that the samples have residual lead isotopic ratios compatible
with the Oxalid database for the Roman Empire region [39] De Ceuster et al., in an article entitled,
Lead isotope analysis for provenance ancient material a comparison of approaches, 99 Roman
Republican silver coins. They discussed the possibilities and pitfalls of three methods for
assessing lead isotope data in archaeological provenance. The conventional evaluation of bimodal
plots, a clustering method combined with model age calculations and relative likelihood
calculations using core density estimates and different approaches are compared, and the
strengths and weaknesses of each are highlighted and different approaches are compared, and the
strengths and weaknesses of each are highlighted. The results show that while conventional
biplots offer valid visual information, kernel density estimation provides a more transparent and
statistically sound approach for large datasets, creating an overview of likely origin candidates
for each artifact. They state that the clustering and age modeling method by Albarede et al. [37],
broadens the analytical spectrum by incorporating geological parameters and enhanced
visualization [40].The present study attempts to clarify the relationship between the silver used
in coins minted at the Piruz (Sasanid king) mint and the probable source of the raw materials that
might have been used to issue the silver coins. Therefore, in this research, first, 15 Piruz silver
coins were analyzed by the PIXE method. Due to the fact that the coins belonged to the National
Museum of Iran, there was a limitation in sampling to perform lead isotopic analysis, so the results
of the isotopic analysis of Pirouz lead coins conducted by Meert et al. were used to identify the
ore. Meert and colleagues analyzed 37 Sasanian lead coins, including six of King Piruz; four of
these six coins were from the Ahvaz mint (AW) [35]. The results show that coins of Piruz have
antimony-lead alloys with varying proportions, containing significant amounts of antimony (3—
12% by weight). During the Sasanian Empire, the Caucasus was an important source of antimony
[41]. The use of Caucasian raw materials could be a special case of Sasanian dominance over a
new region[35]. Now, considering that the Iranian plateau is one of the oldest areas where silver
has been mined and used. The research hypothesizes that the Pirus coins also have an internal
origin, so we have compared them with three ancient mines, which are the Surmeh mine located
near Ahvaz, the Nakhlak mine, which is one of the silver mines used in the Sassanid period, and
the Ahangaran mine, which has a high antimony content [42,43,44]. For this purpose, the results
of lead analysis of the Nakhlak, Ahangaran, and Surmeh mines were used, considering the
geological location of the mine.

The Political History of Piruz I King (459-484 AD)

Political history shows Piruz is one of the kings of the Sassanid period who ruled between 459-
484 AD. When Piruz ascended the Sassanid throne, the Sassanid position in the northeast of Iran was
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not good. Yazdegerd II, the father of Piruz, was not able to give a definite defeat to the Kidariate and
after some time he died. Piruz after coming to power temporarily overthrew the Kidarath and
succeeded in settling them in what is now a part of Afghanistan. Piruz fought the Heptalites twice, in
the first battle he was taken hostage by them, and the Sassanians paid to free him. When he entered
Heptilite territory for the second time, he was killed and the northern regions of the Sassanid realm
were conquered by the Heptilites, including the cities of Balkh and Herat, possibly Marve. This
situation continued until Khosro I, which was part of the problem of this period, also during this period,
we witnessed seven years of drought and natural disasters [45]. This era issues gold coins occasionally,
while silver and copper coins were common. The characteristics of the silver coins of this period are:
the obverse of the coin represents the bust of the king, while the reverse of the coin represents the Fire
Altar, and Pahlavi writes the mint name and date corresponding to the reign of the King (Fig. 1).

Fig. 1. Piruz silver coins of the Sassanid king, National Museum of Iran

Materials and Methods

Selection of coins and Methodology of Producing

Fifteen coins from the Piruz I period were selected for PIXE Analysis. These coins were
recovered at archaeological excavations in Qouchan. The weight of coins’ ranges from 3.50 to
4.10 g. These coins belong to various mints; Nahavand (NH), Darabgird (DA), Isfahan, (As), Vah
Ardeshir (VH), Hamedan (AHM), Ardeshir Khoreh (ART), Istakhr (ST), and Azerbaijan (AT),
that are kept in the National Museum of Iran (Fig. 2).

22 Turkmenistan

* adurbadgan Qouchan

* Hamedan

*Vah Ardeshir *Nemavand Afghanistar
Iraq *Isfahal
iran

*Istakhr < I
*Ardeshir Khurh
*Daeabgerd

Persian Gulf
Riyadh

vl United Arab
Emirates
Saudi Arabia

Fig. 2. A map of Iran showing the studied coin mints and the location of their discovery
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The photos of the studied coins are shown in Fig. 3.

Fig. 3. The photo of studied coins by PIXE analysis

The most important lead-zinc-silver deposits in the vicinity of these cities are the Ahangaran,
Nakhlak, and Surme mines, which in this study have been investigated.

Experimental

The PIXE method is of particular interest for archaeological specimens [46]. This technique
is non-destructive, highly sensitive, and suitable for multi-elemental analysis as well as
quantitative analysis [47-48-49]. This technique provides useful information about ancient coins
based on the chemical composition of the coins [48,49,9,50]. PIXE measures elemental
composition ranging from Na to U[51,52,53]. Herein PIXE is used to determine the major and
minor elemental composition of the coins and to evaluate their fineness of them [54,55,56].
Therefore, the coins are bombarded with a 2 MeV proton beam with a current of 2—3 nA. , under
a high vacuum (10-5 Torr) in a multi-purpose chamber. Characteristic X-rays emitted from the
sample were detected by a Si(Li) detector with 170 eV resolution at 5.9 keV. Major elements are
those that contribute to about 10wt.% in the composition of the samples, while minor elements
are in the range from 0.1 to 10wt.%, and trace elements range from <0.1% to the limit of detection
[57,58]. The overall uncertainty of the PIXE method was 5% for major elements, 5-10% for minor
elements, and 15% for trace elements. Uncertainty in elemental analysis of the ancient coins is
not only statistical in nature, but also due to the surface roughness of the coin, chemical corrosion,
and/or wear of the object, which alters the accuracy of the results [59,60,61,23]. It is noticed that
to remove surface contamination, studies coins before analysis were dipped in the 3—5.5% formic
acid for several minutes, then scrubbed with a toothbrush, and finally cleaned with acetone and
alcohol. To study and identify the mines, we used the reported results of lead isotopic analysis
obtained by the ICP-MAS method. This analysis was performed at the Radiogenic Isotopes
Laboratory, University of Alberta, Canada. Moreover, SEM analyses were performed on a few
mineral samples from the Ahangaran mine to identify the raw materials that were used. This
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analysis was performed at the Razi Metallurgy Center using equipment from VEGA\TESCAN-
XMU with qualitative and semi-quantitative analysis.

Results and discussions

Element Analysis PIXE

The elemental composition of the analyzed coins in weight percentage (wt.%) are shown in
Table 1. To measure the elemental composition of the samples, at least three different points on
the coins were analyzed and the mean value of the concentration was reported in Table 1.
Elements Ag, Cu, Au, Pb, Fe, Ti, Ca, and S were identified on the examined coins.

Table 1. The Elemental composition of Sassanid silver coins obtained by PIXE analysis in weight percentage(wt.%), (nd= not detected)

Sample W(egl)ght Mint Ag Cu Au Pb Fe Ti Ca S
1 4.00 NH 94.47 2.37 0.8 0.39 nd 0.08 1.89 Nd
2 4.00 DA 97.33 1.03 0.89 0.21 nd nd 0.54 Nd
3 4.00 DA 92.56 3.53 0.61 018 1.4 0.25 1.1 0.37
4 4.00 As 93.31 4.18 0.89 0.42 0.1 nd 1.1 Nd
5 4.00 NH 96.91 1.23 0.82 nd nd nd 1.04 Nd
6 4.00 VH 90.02 7.03 0.67 0.26 0.7 0.13 1.19 Nd
7 4.00 VH 96.64 1.15 0.9 0.27 nd nd 1.04 Nd
8 4.10 DA 95.34 2.08 0.8 0.31 0.17 nd 1.3 Nd
9 4.00 AHM 93.2 4.16 0.77 0.51 0.26 nd 1.1 Nd
10 4.00 ART 92.14 2.6 0.77 nd 2.84 0.55 1.1 Nd
11 4.00 VH 90.5 4.43 0.88 0.69 0.22 nd 2.7 0.58
12 4.00 VH 96.53 1.04 0.88 nd 0.07 nd 1.3 0.28
13 4.00 VH 92.78 3.93 0.99 nd 0.5 0.14 1.3 0.36
14 3.70 ST 88.98 6.28 0.11 0.45 1.35 0.33 2.5 Nd
15 3.50 AT 84.97 11.23 0.62 0.32 1.29 0.28 1.29 Nd

According to the PIXE results, the important elements in the elemental composition of silver
coins are Ag, Cu, Pb, Au, and Fe, which were measured in all the coins. The Ag content varies
between 84.97 and 97.33wt.%, and the amount of copper (Cu) ranges from 1.4 to 11.23 wt.%.
Copper is naturally presented in silver coins in level of less than 2wt.%, but if the amount of this
element is more than 2wt.%, it is not considered that origin from natural resources, while the
optional alloys for conditioning coin panels used to provide the high value of copper [15].
Therefore, silver artifacts often contain copper as an alloying element [61] . This element greatly
increases the mechanical properties and strength of silver [62-63]. The addition of 3-4wt.%
copper to silver was common in ancient times. This process resulted in degraded silver artifacts
and subsequently resulted in cost savings [64-61]. The copper content of the samples ranges from
1.04wt.% to 11.23wt.%. In addition to the hardness of the silver metal, the presence of copper
made the Sassanids' monetary goals for issuing silver coins more or less daunting due to political
circumstances or international economic standing to maintain the same standards in commercial
transactions. Samples 14 (Istakhr mint) with 6.28 wt.% and sample 15 (Azarbayejan mint) with
11.23 wt.% have the highest amount of copper, probably added deliberately. With the rise of
copper, we see silver in these coins’ decrease which shows that there is a direct relationship
between the amount of copper, and silver and a rise in copper leads to a decrease in silver (Fig. 4
-5). As shown in Fig. 5a, the amount of Cu in terms of Ag have a strong negative linear correlation
between the two elements with a correlation coefficient of 0.91 (R2 = 0.91). Therefore, based on
the correlation between these elements, we can conclude that in these coins the manufacturing
process to issue the silver coins were most likely similar.
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Fig. 4. The variation of the concentration of Ag and Cu in analyzed coins

The amount of gold (Au) ranges from 0.8 to 0.99wt.%, which is below 1wt.%. This amount
of gold in alloys used in silver artifacts is considered a natural impurity and can be used as an
indicator of primary ore resources as it is unaffected by smelting and Cupellation [65,66,67,68].
According to Craddock any gold contained in an ore flows from with silver during cupellation.
In other words, relatively the same amount of gold in coin and ore alloys used to mine silver may
have similar mineralogy and chemistry. On the other hand, the gold content in the samples
confirms the use of ores other than galena for silver extraction [69-70]. This amount of gold in
the alloys of the coins implies the use of argentiferous lead ore for silver mining [71,72]. The
variation of the concentration of Ag versus Au in analyzed coins shows a relatively positive
correlation with a correlation coefficient of R2 = 0.31 in the samples as shown in Fig. 5b Similar
results were obtained from a study of Sasanian silver objects by Meyers and Sayre [63], and
Mortazavi et al [73], which showed that most objects are made of metal alloys containing 92 to
96wt.% silver, 3 to 7wt.% copper and 0.5 to 1wt.% gold. Therefore, based on the correlation
between Ag and Au elements, we can conclude that in these coins the minerals which used as
recourse to extract Ag are most likely similar.

The amount of Pb in the samples is less than 1wt.%. However, in samples No.3, 11, 12, and
13, less than one percent of S is also detected. The technology of silver production from lead ore
can rise in the beginning or in the middle of the third millennium BC [62]. Silver smelting was
developed from lead smelting technology, and silver metal was extracted from argentiferous lead
ore [16]. In other words, silver refining originated from lead smelting technology, extracted from
cerussite (PbCO3) and galena (PbS), by the separation [72].The cupellation was largely used in
ancient times to obtain silver fineness and cannot be considered very precise [50]. Recently, there
has been a consensus that in the earliest stages, oxidized ores such as cerussite (PbCO3) may have
been the primary source of silver [70]. It is also assumed that among the various lead ores,
argentiferous galena (PbS) was the primary source in antiquity for the production of silver [16].
The presence of PbS in the alloys indicates the use of a galena mine, and lower Pb content in
some of the coins can mean a good silver refining process [74]. In samples number 3 and 11, the
amount of sulfur is 0.37wt.% to 0.58wt.%, and the amount of lead is 0.18wt.% and 0.69wt.%,
and in two other samples (No. S 12 and13), they do not contain Pb, which shows that extraction
has been done well in this period. Fig. 6a shows the changes in the weight percentage of Ag
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versus Pb. As shown in this Fig., based on the concentration of Ag and Pb in these coins, few
distinct groups can be identified. In addition, Pb has a significant correlation with Ag in these
groups. These results indicated that Pb impurities might come initially from Pb-bearing ore and
minerals. It is also possible that different technologies to extract the Ag were used.
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Fig. 4. (a) The variation of the concentration of Ag versus Cu, (b). Ag versus Au in analyzed coins

The ratio of Au/Ag versus Au/Cu shows in the mint house in Sasanian that several sources of
Ag have been used for exploration and issuing the coins. According to Meyers [16], if the silver
were produced from cerussite, then the gold content would vary approximately from 0.25 %-
1.0wt.% which is true for our case [53, 67]. The results show that cerussite and galena were used
in this period. The ratio of Au/Ag versus Au/Cu is plotted in Fig. 6b as shown in this Fig., in the
analyzed coins, based on the ratio of these elements, almost two distinct groups can be identified.
These groups may originate from the difference in the extraction process used to provide Ag to
issue the coins. The amount of Iron in the silver samples is between 0.5 and 2.84%, Usually,
there is a small amount (less than 1%) of iron in their structure due to surface contamination of
the coin burial environment [75], But if a certain amount of iron is added to the coins, it can be
considered as a sign to adjust the coin tablet size or as the minor elements which these impurities
have been in the coins are due to the geological differences in the lead-silver mines which have
different chemical compositions, or may be due to the base copper during the smelting process
which also is observable in Western Europe [76]. Iron in the Pirus coins is a minor element that
can’t originate from surface pollution. The presence of Ca in silver coins is because its
elimination during the metallurgical process was impossible at that time.
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Mineralogical Studies

The lead and lead-zinc deposits are widespread in Iran in terms of geological time and space.
Most of these deposits(ores) contain a high percentage of silver. Geographically, most of Iran's
lead-zinc (silver) deposits are located in four zones: Malayer-Isfahan, Alborz-Azerbaijan,
Anarak-Yazd, and Tabas-Ferdows. Ahngaran mine is located in the west of Iran, in the southeast
of Hamadan province, and 23 km east of Malair city, and its approximate area is 29 km?2.

To investigate the galena minerals in the Ahangaran mine, 3 thin samples from the Ahangaran
mineral were prepared and examined by the SEM and SEM-EDS techniques. The microscopic
studies show that gallen is the most abundant lead mineral in the Ahangaran mine, and the results
of the elemental analysis show that sulfur (S), antimony (Sb), and lead (Pb) are the major elements
of the mineral network. The weight percentage of silver in the mineral is 1.07wt.%. Another trace
element measured in this mineral is copper (Table 2). Moreover, the main elements in galena are
sulfur and lead with 4.88wt.% and 74.95wt.%, respectively. However, the concentration of silver
in this mineral is 1.33wt.%. Antimony with an average of 21.69% by weight, an important mineral
at Ahangran has been identified as silver. Given the high antimony content in the four Piruz lead
coin samples, we compared the results with the Ahangaran mine. Since lead isotope analysis is a
more reliable method for determining the origin of silver. we have used its results for the Pirouz
coins. The results of the lead isotopic composition of the Ahangaran mine galena sample show
that its lead isotopic composition is radioactive and has characteristics of lead with an orogenic
reservoir, where lead is largely derived from the upper and lower crust. The lead age model
indicates that the origin of lead is Triassic rocks (249 million years old) [ 77].

Table 2. Microscopic results on the lead minerals of Ahangaran mine
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Sample S Ag Sb Pb Cu Fe
1 19.00 1.07 17.76 60.89 1.28 Nd
2 4.88 1.33 18.84 74.95 Nd Nd
3 18.14 18.36 28.47 Nd 27.39 7.64
Mean 14.01 6.92 21.69 67.92 14.34 7.64

Autonomous labs are a paradigm change in experimental polymer research. These platforms
use To know the ore used in the silver coins of Piruz, we need to do an isotope analysis of lead
on coins, but due to the limitations of lead analysis on Piruz silver coins from the National
Museum of Iran, this study used the results of the analysis of lead coins conducted by Meert
(Table 3).

Table 3. The lead isotopic analysis of lead coins of Piruz [35]

Isotopic ratio 206ph/204Ph 27ph/204Ph 208pp/24Ph 208pp/206ph* 207Pp/206Ph*
Samplel 18.107+0.003 15.692+0.002 38.255+0.006 2.113£0.000 0.867 +0.000
Sample2 18.278+ 0.002 15.691+.002 38.429+ 0.006 2.102 +£0.000 0.858 = 0.000
Sample3 18.280+ 0.002 15.692+ 0.002 38.437+ 0.005 2.103 +£0.000 0.858 +0.000
Sample4 18.141+ 0.003 15.691+ 0.003 38.284+ 0.008 2.110=0.000  0.865 = 0.000

Chemical results analyzed show that lead coins of Piruz were alloyed with tin and antimony
in various proportions, Ahvaz (AW) and BN (unknown mint) mints produced coins with higher
tin proportions, and Darabgerd (DA) produced coins with more antimony [35]. Meert believes
the presence of important quantities of antimony (ca. 3—12 wt%) coincides with a period where
the Sasanian empire reached the Caucasus, which bears important antimony sources [35, 41]. It
also states that the main ingredients of the six lead coins found in Kharasen (in modern-day
Southern Iraq) are lead and antimony and are very similar to coins of Piruz produced in Darabgerd
[35]. We assumed that they were used local mine, So, will compare the lead isotope results of the
Piruz coin with the Ahangaran, Nakhlak, and Surme mines (Table 4).

Table 4. The lead isotopic analysis of lead coins of Piruz [35]

Modle

Isotopic Mine  205Ph/204ph 207pp204ph  208pp204ph age nC* U/ K(*th/ 208ppy/206phy 207phy/206phy
ratio 204pp)  238)

(Ma)

deposit 1 Ahangaran 18.407+ 15.641+ 38.572+0.011 249 9.16 3.95 2.095 0.850
0.003 0.003
deposit2  Surme 18.062 15.684 38.230 585 10.16 4.02 2.116 0.8663
deposit 3 Nakhlak1 18.511 15.637 38.642 163+3  9.89 - 2.087 0.8447
deposit 4 Nakhlak2 18.516 15.638 38.641 163+3  9.89 -- 2.087 0.8446
Lead Isotopes Studies

The proportions of the four lead isotopes (204Pb,206Pb, 207Pb, and 208Pb) in a lead ore
sample will depend on the geological age of the ore deposit. Therefore, lead isotope ratios
determine the source of the sediment used to produce lead-containing archaeological objects [79].
Isotopic ratios used for geological studies include 206Pb/204Pb, whereas for
archacometallurgical studies, 207Pb/206Pb and 208Pb/206Pb should be measured, as indicated
by asterisks in the tables [80,81]. whereas for archacometallurgical studies, 207Pb/206Pb and
208Pb/206Pb should be measured, as indicated by asterisks in the tables Gale, and Tomczyk, plot
different ratios of Pb-isotopes such as 208Pb/204Pb versus 206Pb/204Pb to investigate the origin
of Piruz silver coins. Three isotope ratios have plotted in a bi-scatter plot, where the horizontal
axis is always 207Pb/206Pb, and the vertical axis is 206Pb/204Pb and 208Pb/206Pb (Fig. 7)
[80,81,82].

230 EUR J MATER SCIENG 11, 3, 2026: 221-238



STUDY OF THE ELEMENTAL COMPOSITION AND POSSIBLE SOURCES OF SASANIAN COINS

158.6
- VIt
18.5 7 * A Ahangaran
4 < Nakhlak
>< Piruz coin
= 18.47 Surme
B
=
a
= 18.3 1
o,
o
S
™ 18.2
18.1 =
1 (a)
18.0 T T
38.2 383 38.6 38.7
208Pb/204PDb
.87 Mint
¢ A Ahangaran
87 ’ b4 -k Nakhlak
’ > Piruz coin
o Surme
= 86
=)
=
= .86
B
=
o 85
.85 e
84 (b)
T T T
18.0 18.1 18.2 18.5 18.6

206Pb/204Pb

Fig. 7. (a) 2"Pb/*"Pb vs. 2%Pb/2’°Pb. (b). 207Pb/204Pb vs. 2°°Pb/>**Pb for four Sasanian silver coins of Piruz, two
samples from the Nakhlak deposite, a sample from the Ahangaran deposite, and a sample from the Surme deposite.
Therefore, a comparison was made with two other lead and zinc mines. The first is the Surmeh mine, which is located

in the south of Iran in the Firouzabad region, and the other is the Nakhlak mine

The results of the lead isotope analysis of the Pirouz coins, with the lead isotope ratios of the
Ahangaran mine, show that the samples are not compatible with each other. Therefore, a
comparison was made with two other lead and zinc mines. The first is the Surmeh mine, which
is located in the south of Iran in the Firouzabad region, and the other is the Nakhlak mine. Nazafti
and Pernika, by conducting a lead isotope analysis in the Nakhlak mine and comparing it with
some silver artifacts, have identified that the Nakhlak mine might be one of the mines used in the
Sassanian and Islamic periods [45].

The results of the lead isotope analysis of the Piruz coins were compared with the lead isotope
ratios of the old silver mines (Nakhlak, Surme and Ahangaran) to determine the origin . The results
show that the lead isotope ratios of the two Piruz coins are compatible with the lead isotope ratios
of the Surme mine and one of its samples is compatible with the Nakhlak mine (Fig. 8).

http://www.ejmse.ro

231



B. SOADEI et al.

2.12
Mint
A Ahangaran
< Nakhlak
2.11 % ~ Piruz coin
Surme
=
a,
=3
P
= 2.10+
(=%
E A
-
2.09 4
*
: (a)
2.08 T T T T T
.84 .85 .85 .86 .86 .87 .87
207Pb/206Pb
S
L1349 Mint
A Ahangaran
“ Nalchlak
< Pruz coin
15.68 Surme
=
a
-
=
=1
=}
B 1566
=)
(o}
15.64 A e
(b)
T T T T T T
18.0 18.1 18.2 183 18.4 18.5 18.6
206FPb/204Pb

Fig. 8. (a) 2%Pb/2%Pb vs. 2°°Pb/***Pb, (b) 2"Pb/2*Pb vs. **°Pb/**Pb for four Sasanian silver coins of Piruz, two samples
from Nakhlak deposite, a sample from Ahangaran deposite and a sample from Surme deposite.

The results of lead tests on the Piruz coins with mines inside Iran show that two coins’ overlap
with the Surme mine and one with the Nakhlak mine, which also. shows that they probably used
local mines inside Iran.

Conclusions

This paper evaluates the surface features and elemental composition of Sasanian coins
obtained from the archaeological excavations of Quchan in northeastern Iran. PIXE analysis of
fifteen coins of Shah Pirouz revealed that the main components were silver, gold, lead, copper,
iron, and sulfur. The concentration of silver, which is the main component of the coins, varies
between 84.97% by weight and 97.33% by weight, indicating a high silver content and an increase
in the purity of the coins over time as the coinage policy became more regular. Based on the trace
elements of lead and gold, it can be suggested that at least two types of silver minerals were used:
galena and cerussite. To identify possible mines, given the limitations of lead analysis for coins
in the National Museum, we decided to use the results of the lead analysis of Pirouz coins
conducted by Mirt et al. The lead results of Sasanian coins were compared with the lead results
of mines inside Iran (Ahangaran, Surmeh, and Nakhlak), and the results show that the lead isotope
of Pirouz coins overlaps with the lead isotope of the Surmeh and Nakhlak mines, and they
probably used these two mines. Finally, it can be said in the Sassanid period in addition foreign
sources, local mines have been used.

232 EUR J MATER SCIENG 11, 3, 2026: 221-238



STUDY OF THE ELEMENTAL COMPOSITION AND POSSIBLE SOURCES OF SASANIAN COINS.......

Acknowledgments

The authors would like thanks to Dr. Rashidinejad for providing samples from the Ahangaran
mine.

Declaration of competitive interest

The authors declare that they agreed to participate in the present paper and there is no
competing interests.

Credit authorship contribution statement

Bita Sidaei's contribution is 60% of this article and Davoud Agha- Aligol’s contribution is
40 %.

Acknowledgments / Funding body

Islamic Azd University of Varamin pishva Branch, Tehran, Iran

References

[1] V. Vijayan, T. R. Rautray, P. K. Nayak, and K. Basa, "Studies on the composition of ancient
Indian punch-marked silver coins," X-Ray Spectrometry, vol. 34, pp. 128-130, 2025.

[2] M. Hajivaliei, M. Garg, M. L. Handa, D. K. Govil, K. L. Kakavand, T. Vijayan, V. Singh, K.
P. Govil, and 1. M., "PIXE analysis of ancient Indian coins," Nuclear Instruments and
Methods in Physics Research B, vol. 150, pp. 645-650, 1999.

[3] A. Pitarch, 1. Queralt, and A. Alvarez-Perez, "Analysis of Catalonian silver coins from the
Spanish War of Independence period (1808-1814) by energy dispersive X-ray fluorescence,"
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with
Materials and Atoms, vol. 269, no. 3, pp. 308-312, 2011.

[4] M. Hrnjic, S. Rohrs, A. Denker, B. Welsser, C. Stoess, M. Matosz, and J. M. Del Hoyo
Melendez, Archaeometry, vol. 63, no. 3, pp. 609-626, 2021.

[5] R. Linke, M. Schreiner, and G. Demortier, "The application of photon, electron and proton
induced X-ray analysis for the identification and characterisation of medieval silver coins,"
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with
Materials and Atoms, vol. 226, nos. 1-2, pp. 172-178, 2004.

[6] Z. Smit and A. Semrov, "Early medieval coinage in the territory of Slovenia," Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms, vol. 252, no. 2, pp. 290-298, 2006.

[7] T. Birch, K. J. Westner, F. Kemmers, S. Klein, H. E. Hofer, and H.-M. Seitz, "Retracing
Magna Graecia's silver: Coupling lead isotopes with a multi-standard trace element
procedure," Archaeometry, vol. 62, no. 1, pp. 81-108, 2019.

[8] R. J. Rosenberg, "Determination of the silver content of ancient silver coins by neutron
activation analysis," Journal of Radioanalytical and Nuclear Chemistry Articles, vol. 92, no.
1, pp. 171-176, 1985.

[9] A. Denker, J. Opitz-Coutureau, M. Griesser, R. Denk, and H. Winter, "Non-destructive
analysis of coins using high-energy PIXE," Nuclear Instruments and Methods in Physics

http://www.ejmse.ro 233



B. SOADEI et al.

Research Section B: Beam Interactions with Materials and Atoms, vol. 226, nos. 1-2, pp. 163-
171, 2004.

[10] M. O. Bachler, M. Biscan, Z. Kregar, 1. Jelovica Badovinac, J. Dobrinic, and S. Milosevic,
"Analysis of antique bronze coins by laser induced breakdown spectroscopy and multivariate
analysis," Spectrochimica Acta Part B: Atomic Spectroscopy, vol. 123, pp. 163-170, 2016.

[11] E. Pernicka, "Possibilities and limitations of provenance studies of ancient silver and gold,"
in Metalle der Macht - Fruhes Gold und Silber: 6. Mitteldeutscher Archaologentag vom 17.
bis 19. Oktober 2013, H. Meller, R. Risch, and E. Pernicka, Eds. Halle (Saale), 2014, pp. 153-
164.

[12] E. Pernicka and H.-G. Bachmann, "Archaometallurgische Untersuchungen zur antiken
Silbergewinnung in Laurion: III. Das Verhalten einiger Spurenelemente beim Abtreiben des
Bleis," Erzmetall, vol. 36, no. 12, pp. 592-597, 1983.

[13] E. Pernicka, T. Rehren, and S. Schmitt-Strecker, "Late Uruk silver production by cupellation
at Habuba Kabira, Syria," Metall. Antiq. Anschnitt, vol. 8, pp. 123-134, 1998.

[14] J. Bacharach, L. A. Adon, and A. Gordus, "The purity of Sasanian silver coins: An
introduction," Journal of the American Oriental Society, vol. 92, no. 2, pp. 280-283, 1972.
[15] M. J. Hughes and J. A. Hall, "X-ray fluorescence analysis of late Roman and Sasanian silver

plate," Journal of Archaeological Science, vol. 6, no. 4, pp. 321-344, 1972.

[16] P. Meyers, "Production of silver in antiquity: Ore type identified based upon elemental
compositions of ancient silver artifacts," in Patterns and Process: A Festschrift in Honor of
Dr. Edward V. Sayre, 2003, pp. 271-288.

[17] A. A. Gordus, "Quantitative non-destructive neutron activation analysis of silver in coins,"
Archaeometry, vol. 10, no. 1, pp. 78-86, 1967.

[18] N. Kontos, A. A. Katsanos, and J. Touratsoglou, "Trace element analysis of Alexander the
Great's silver tetradrachms mint in Macedonia," Nuclear Instruments and Methods Research
B, vol. 171, no. 3, pp. 342-349, 2000.

[19] M. F. Guerra, "Elemental analysis of coins and glasses," Application and Isotopes, vol. 46,
nos. 6-7, pp. 583-588, 1998.

[20] M. F. Guerra, "Analysis of archaeological metals: The place of XRF and PIXE in the
determination of technology and provenance," X-Ray Spectrometry, vol. 27, pp. 73-80, 1998.

[21] M. F. Guerra and T. Calligaro, "Gold traces to trace gold," Journal of Archaeological
Science, vol. 31, pp. 1199-1208, 2004.

[22] M. F. Guerra, "Fingerprinting ancient gold with proton beams of different energies," Nuclear
Instruments and Methods in Physics Research B, vol. 226, nos. 1-2, pp. 185-198, 2008.

[23] B. Sodaei, M. Hajivalei, and F. Khademi Nadooshan, "Possible sources for extraction of
silver by comparison of Parthian and Sasanian coins in Mede satraps," Mediterranean
Archaeology and Archaeometry, vol. 13, no. 1, pp. 161-170, 2013.

[24] B. Sodaei, "PIXE analysis of silver coins from Ilkhanid and Safaid dynasties in Iran: A case
study," Mediterranean Archaeology and Archaeometry, vol. 16, no. 3, pp. 235-239, 2016.
[25] D. B. Gore and G. Davis, "Suitability of transportable EDXRF for the on-site assessment of
ancient silver coins and other silver artifacts," Applied Spectroscopy, vol. 70, no. 5, pp. 840-

851, 2016, doi: 10.1177/0003702816638283.

[26] E. Le Roy Ladurie, J.-N. Barrandon, B. Collin, M. Guerra, and C. Morrisson, "Sur les traces
de l'argent du Potosi," Annales, vol. 45, pp. 483-505, 1990, doi: 10.3406/ahess.1990.278849.

[27] J. Olivier, F. Duyrat, C. Carrier, and M. Blet-Lemarquand, "Minted silver in the Empire of
Alexander: Old bullion and new," in Alexander the Great: A Linked Open World, Scripta
Antiqua. Bordeaux: Ausonius Editions, 2018, pp. 127-146.

234 EUR J MATER SCIENG 11, 3, 2026: 221-238



STUDY OF THE ELEMENTAL COMPOSITION AND POSSIBLE SOURCES OF SASANIAN COINS.......

[28] E. Pernicka, "Provenance and recycling of ancient silver: A comment on 'Iridium to
provenance ancient silver' by Jonathan R. Wood, Michael F. Charlton, Mercedes Murillo-
Barroso, Marcos Martinon-Torres," Journal of Archaeological Science, vol. 86, pp. 123-126,
2017, doi: 10.1016/j.jas.2017.07.004.

[29] J. R. Wood, M. F. Charlton, M. Murillo-Barroso, and M. Martinon-Torres, "Iridium to
provenance ancient silver," Journal of Archaeological Science, vol. 81, pp. 1-12, 2017.

[30] R. Borges, L. Alves, R. J. C. Silva, M. F. Araujo, A. Candeias, V. Corregidor, P. Valerio,
and P. Barrulas, "Investigation of surface silver enrichment in ancient high silver alloys by
PIXE, EDXRF, LA-ICP-MS and SEM-EDS," Microchemical Journal, vol. 131, pp. 103-111,
2017, doi: 10.1016/j.microc.2016.12.002.

[31] L. Palaminy, F. Poitrasson, S. Baron, M. Blet-Lemarquand, and L. Perriere, "Development
of a multi-isotopic (Pb, Fe, Cu) analytical protocol in gold matrices for ancient coin
provenance studies," Journal of Analytical Atomic Spectrometry, vol. 39, pp. 1302-1321,
2024, doi: 10.1039/D3JA00312D.

[32] F. Albarede, A.-M. Desaulty, and J. Blichert-Toft, "A geological perspective on the use of
Pb isotopes in archacometry," Archaeometry, vol. 54, pp. 853-867, 2012, doi: 10.1111/j.1475-
4754.2011.00653.x.

[33] S. G. d. Madinabeitia, J. 1. G. Ibarguchi, and J. F. S. Zalduegui, "A lead isotope database and
tool for metal provenance and ore deposits research: IBERLID," Ore Geology Reviews, vol.
132, Art. no. 104279, 2021, doi: 10.1016/j.oregeorev.2021.104279.

[34] J. Milot, Ch. Dognin, J. B. Toft, P. Telouk, and F. Albarede, "Sampling and combined Pb
and Ag isotopic analysis of ancient silver coins and ores," Chemical Geology, vol. 564, Art.
no. 120028, 2021, doi: 10.1016/j.chemgeo.2020.120028.

[35] A. Meert, F. W. Rademakers, Ph. Claeys, F. Gurnet, R. Gyselen, B. Overlate, and P. Degryse,
"Novel analytical protocols for elemental and isotopic analysis of lead coins - Sasanian lead
coins as a case study," Archaeological and Anthropological Sciences, vol. 11, pp. 3375-3388,
2019.

[36] S. W. Merkel, J. Oravisjarvi, and J. Kershaw, "Sources of early Islamic silver: Lead isotope
analysis of dirthams," Antiquity, vol. 97, no. 396, pp. 1564-1580, 2023, doi:
10.15184/aqy.2023.165.

[37] F. Albarede, D. Gillan, J. Blichert-Toft, L. Gentelli, H. Gitler, M. Pinto, and P. Telouk, "A
new algorithm for using Pb isotopes to determine the provenance of bullion in ancient Greek
coinage," Journal of Archaeological Science, vol. 163, Art. no. 165919, 2024.

[38] M. Kalaska, J. Reclaw, P. Sierpien, J. Karasinski, and G. D. Kamenov, "Determination of
the origin of lead objects from Risan and Rijecani (Montenegro) based on lead isotope
analysis," SSRN, 2024, doi: 10.2139/ssrn.5053796.

[39] W. M. Canto, A. D. Tavares Junior, M. C. Geraldes, C. C. G. Leitao, and M. H. de P. A.
Coclho, "Lead isotope ratios in archaeological provenance: LA-ICP-MS comparative
analysis," Semina: Ciencias Exatas e Tecnologicas, vol. 46, Art. no. €52417, 2025, doi:
10.5433/1679-0375.2025.v46.52417.

[40] S. De Ceuster, J. Hoogewerff, and P. Degryse, "Provenancing ancient materials with lead
isotopes: Overlap uncovered," Scientific Reports, vol. 15, no. 1, Art. no. 4628, 2026, doi:
10.1038/s41598-025-88909-1.

[41] A. Pike, "Appendix: Analysis of Caucasian metalwork - the use of antimonal, arsenical and
tin," in Ancient Caucasian and Related Material in the British Museum, J. Curtis and M.
Kruszynski, Eds. London, 2002, pp. 87-91.

http://www.ejmse.ro 235



B. SOADEI et al.

[42] M. Momenzadeh, "Metallic mineral resources of Iran, mined in ancient times: A brief
review," in Persia Ancient Splendour (Persiens Antike Pracht): Mining, Handicraft and
Archaeology, T. Stollner, R. Slotta, and A. Vatandoust, Eds. Bochum: Deutsches Berghau-
Museum, 2004, pp. 8-21.

[43] T. Stollner, "Prehistoric and ancient ore-mining in Iran," in Persia's Ancient Splendour
(Persiens Antike Pracht): Mining, Handicraft and Archaeology, T. Stollner, R. Slotta, and A.
Vatandoust, Eds. Bochum, Germany: Deutsches Berghau-Museum, 2004, pp. 44-63.

[44] N. Nezafati, E. Pernicka, and S. Malek Shahmirzadi, "Evidence on the ancient mining and
metallurgy at Tappeh Sialk (Central Iran)," in Ancient Mining in Turkey and the Eastern
Mediterranean, U. Yalcin, H. Ozbal, and A. G. Pasamehmetoglu, Eds. Ankara, Turkey: Atiim
University, 2008. ISBN: 978-975-6707-20-3.

[45] R. N. Frye, "The political history of Iran under the Sassanid," in Cambridge History of Iran,
vol. IT1/1, 1967, pp. 116-180.

[46] M. Milazzo, "Radiation application in art and archaeometry: X-ray fluorescence applications
to archaeometry. Possibility of obtaining non-destructive quantitative analyses," Nuclear
Instruments and Methods in Physics Research B, vol. 213, pp. 683-692, 2004.

[47] Z. Smith, "Recent development of material analysis with PIXE," Nuclear Instruments and
Methods in Physics Research B, vol. 240, pp. 258-264, 2005.

[48] M. Torkiha, M. Lamehi-Rachti, V. Kakuee, and A. Fathollahi, "An external sub-milliprobe
optimized for PIXE analysis of archaeological sample," Nuclear Instruments and Methods in
Physics Research B, vol. 268, no. 9, pp. 1517-1522, 2010.

[49] M. Roumie, B. Nsouli, G. Chalhoub, and M. Hamdan, "Quality control of coins mint using
PIXE and RBS analysis," Nuclear Instruments and Methods in Physics Research B, vol. 268,
pp- 1916-1919, 2010.

[50] G. Weber, J. Guillaume, D. Strivay, H. P. Garnik, A. Marchal, and L. Martinot, "Is the
external beam PIXE method suitable for determining ancient silver artifact fineness?" Nuclear
Instruments and Methods in Physics Research B, vols. 161-163, pp. 724-729, 2000.

[51] B. Constantinescu, J. Kennedy, and G. Demortier, "On relevant PIXE information for
determining the compositional analysis of ancient silver and bronze coins," International
Journal of PIXE, vol. 9, nos. 3-4, pp. 487-493, 1999.

[52] F. Khademi Nadooshan and M. Khazaei, "Probable sources and refining technology of
Parthian and Sasanian silver coins," Inferdisciplinary Archaeological Natural Sciences in
Archaeology, vol. 11, pp. 101-107, 2011.

[53] M. Hajivaliei and F. Khademi Nadooshan, "Compositional study of Parthian silver coins
using PIXE technique," Nuclear Instruments and Methods in Physics Research B, vol. 289,
pp. 56-58, 2012.

[54] L. Beck, E. Alloin, C. Perthier, S. Reveillon, and V. Costa, "Silver surface enrichment
controlled by simultancous RBS for reliable PIXE analysis of ancient coins," Nuclear
Instruments and Methods in Physics Research B, vol. 266, pp. 2320-2324, 2008.

[55] D. Gillan, B. G. Damian, A. Sh. Kenneth, and A. Francis, "Separating silver of Archaic
Athenian coinage by comprehensive compositional analyses," Journal of Archaeological
Science, vol. 114, Art. no. 105068, 2020, doi: 10.1.16/j.jas.2019.105068.

[56] L. Gentelli, "Provenance determination of silver artefacts from the 1629 VOC wreck Batavia
using LA-ICP-MS," Journal of Archaeological Science: Reports, vol. 9, pp. 536-542, 2016,
doi: 10.1016/j.jasrep.2016.08.044.

236 EUR J MATER SCIENG 11, 3, 2026: 221-238



STUDY OF THE ELEMENTAL COMPOSITION AND POSSIBLE SOURCES OF SASANIAN COINS.......

[57] H. Ben Abdeluahed, F. Gharbi, M. Roumie, S. Baccouche, K. Ben Romdhane, B. Nsouli,
and A. Trabelsi, "PIXE analysis of medieval silver coins," Materials Characterization, vol.
61, pp. 59-64, 2010.

[58]J. L. Campbell, T. L. Hopman, J. A. Maxwell, and Z. Nezedhy, "The Guelph PIXE software
package III: Alternative proton database," Nuclear Instruments and Methods in Physics
Research B, vol. 170, pp. 193-204, 2000.

[59] M. Hajivaliei, Y. Mohammadifar, K. Ghiyasi, B. Jaleh, M. Lamehi-Rachti, and P. Oliaiy,
"Application of PIXE to study ancient Iranian silver coins," Nuclear Instruments and Methods
in Physics Research B, vol. 266, pp. 1578-1582, 2008.

[60] D. Scott, Metallography and Microstructure of Ancient and Historic Metals. Los Angeles,
CA, USA: The J. Paul Getty, 1991.

[61] D. A. Scott, "A technical and analytical study of two silver plates in the collection of the J.
Paul Getty Museum," The J. Paul Getty Museum Journal, vol. 18, pp. 33-52, 1990.

[62] P. Meyer and P. O. Harper, Silver Vessels of the Sasanian Period, vol. 1, Royal Imagery.
The Metropolitan Museum of Art and Princeton University Press, 1981.

[63] P. Meyers and E. V. Sayre, "The determination of trace elements in ancient silver objects by
thermal neutron activation analysis," Bulletin of the American Group, International Institute
for Conservation of Historic and Artistic Works, vol. 11, pp. 29-33, 1971.

[64] V. Costa, "The deterioration of silver alloys and some aspects of their conservation," Studies
in Conservation, vol. 46, pp. 18-34, 2001.

[65] B. Constantinescu, R. Bugoi, E. Oberlander-Tarnoveanu, and K. Parvan, "Some
considerations on X-ray fluorescence use in museum measurements - the case of medieval
silver coins," Romanian Reports in Physics, vol. 57, no. 4, p. 1021, 2005.

[66] N. Kallithrakas-Kontos, A. Katsanos, and J. Touratsoglou, "Trace element analysis of
Alexander the Great's silver tetradrachms minted in Macedonia," Nuclear Instruments and
Methods in Physics Research Section B, vol. 171, pp. 342-349, 2000.

[67] V. Kantarelou, F. J. Ager, D. Eugenidou, F. Chaves, A. Andreou, E. Kontou, and M. M.
Respaldiza, "X-ray fluorescence analytical criteria to assess the fineness of ancient silver
coins: Application on Ptolemaic coinage," Spectrochimica Acta Part B: Atomic Spectroscopy,
vol. 66, nos. 9-10, pp. 681-690, 2011.

[68] P. Meyers, L. Van Zelst, and E. V. Sayre, "Interpretation of neutron activation analysis data
of ancient silver," in International Conference of Archaeometry and Archaeological
Prospecting, Edinburgh, U.K., 1979.

[69] P. T. Craddock, Scientific Investigation of Copies, Fakes and Forgeries. Oxford, U.K.:
Butterworth-Heinemann, 2009.

[70] P. T. Craddock, "Production of silver across the ancient world," ISLJ International, vol. 54,
pp- 1085-1092, 2014.

[71] P. Moorey, Ancient Mesopotamian Materials and Industries: The Archaeological Evidence.
Oxford, U.K.: Clarendon Press, 1994.

[72] D. A. Scott, Ancient Metals: Microstructure and Metallurgy, vol. 1. Lulu.com, 2011.

[73] M. Mortazavi, S. Nagavi, R. Khanjari, and D. Agha Aligol, "Metallurgical study on some
Sasanian silver coins in Sistan Museum," Archaeological and Anthropological Sciences, pp.
1-10, 2017.

[74] B. B. Tripathy, T. R. Rautry, S. S. Nayak, and A. C. Rautray, "Elemental analysis of silver
coins by PIXE technique," Applied Radiation and Isotopes, vol. 68, pp. 454-458, 2010.

[75] Ch. Flament and P. Marchetti, "Analysis of ancient silver coins," Nuclear Instruments and
Methods in Physics Research B, vol. 266, pp. 179-184, 2004.

http://www.ejmse.ro 237



B. SOADEI et al.

[76] P. T. Craddoc, "Iron in ancient copper," Archaeometry, pp. 187-204, 1987.

[77] A. Hooseinkhani and F. Molasalehi, "Lead and silver mineralogical studies and lead isotope
investigations in Ahangaran Mine, Malayer, Iran," Scientific Quarterly Journal of
Geosciences, vol. 24, no. 94, pp. 359-368, 2014.

[78] S. Liaghat, F. Moore, and M. Jami, "The Kuh-e-Surmeh mineralization, a carbonate-hosted
Zn-Pb deposit in the Simply Folded Belt of the Zagros Mountains, SW Iran," Mineralium
Deposita, vol. 35, pp. 72-78, 2000.

[79] J. Lancelot, J. J. Orgeval, K. Fariss, and H. Zadeh, "Lead isotope signature of major Iranian
Zn-Pb ore deposits (Anguran, Duna, Irankuh, Mahdiabad, Nakhlak)," Terra Nova, vol. 9,
abstr. suppl., no. 1, p. 550, 1997.

[80] Z. A. S. Gale, "Metal provenancing using isotopes and the Oxford Archaeological Lead
Isotope Database (OXALID)," Archaeological and Anthropological Sciences, vol. 1, pp. 195-
213, 2009, doi: 10.1007/s12520-009-0011-6.

[81] C. Tomczyk, K. Costa, A. Giosa, P. Brun, and Ch. Petit, "Provenance studies using lead
isotopy: Contribution of the consideration of geological contexts in archaeological databases,"
Earth Sciences Bulletin, vol. 192, Art. no. 20, 2021.

[82] L. T. Gibson, "Archacometry and antique analysis: Metallic and ceramic objects," in
Encyclopedia of Analytical Science, 2nd ed., 2005, pp. 117-123, doi: 10.1016/B0-12-369397-
7/00020-0.

Received: August 12, 2025
Accepted: July 02, 2026

238 EUR J MATER SCIENG 11, 3, 2026: 221-238



