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Abstract

An analytical study was performed on copper alloy objects and ingots/prills from Haft Tappeh Middle Elamite site, southwestern
Iran, fourteenth century BC. The samples were analysed by micro-PIXE and SEM-EDS methods to characterise chemical
composition and different phases in their microstructure. The results showed that the main objects’ compositions are copper
with impurities and variable-Sn containing tin bronze. Furthermore, most of the ingots/prills are composed of copper with high
concentration of iron and sulphur while in two samples tin bronze ingot/prill is detected. Based on the results, the main
metallurgical operation in Haft Tappeh may be matte production to make metallic copper and producing tin bronze alloy probably

by cementation.

Keywords Archacometallurgy - Middle Elamite Period - Haft Tappeh - Matte production - Tin bronze - Cementation -

Micro-PIXE

Introduction

It is proved that the Near East is a pioneering region in emer-
gence of early metallurgy. Based on the literature, the Iranian
Plateau is an important region in the Near East for the begin-
ning of copper metallurgy started at the 8th/7th millennium
BC (Thornton 2009; Pigott 2004). From the early stages of
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ancient metallurgy, copper has been the main metal used by
ancient metalworkers to make different objects. The copper
metallurgy was started by working on native copper pieces to
manufacture small objects in the Neolithic period (the 8th/7th
millennium BC) and then continued by melting native copper
as well as smelting copper oxidic and sulphidic ores to obtain
raw material for making larger objects in the late Neolithic and
the Chalcolithic periods (the 6th to the 4th millennium BC)
(Thornton 2009; Helwing 2013; Pigott 2004, 1999; Smith
1967). Using copper alloys was the next step of metallurgy
started during the Chalcolithic period by emerging arsenical
copper and continued by an important innovation at the
Bronze Age: tin bronze (Thornton 2009, 2010; Pigott 2004).
Furthermore, copper metallurgy was continued during the
Iron Age by using copper and its alloys to manufacture differ-
ent objects (Oudbashi et al. 2012; Thornton 2009).

The Elamite kingdom was the early civilization in the
Iranian Plateau that was begun at the similar time of the pre-
historic period of other regions of Iran. It took long from the
early Bronze Age to the end of the Iron Age (from the begin-
ning of third to the mid of first millennium BC) that was
emerged in the lowlands (southwest) of Iran. The common
Elamite civilization is well recognised today by its own lan-
guage, customs, and monuments, as formerly was
characterised in the ancient time by the neighbouring different
Mesopotamian kingdoms (Basello 2016). This civilization is
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categorised to four main periods: Proto-Elamite (ca 3200—
2700 BC), Old Elamite (ca 2700/2400-1500 BC), Middle
Elamite (cal500-1100 BC), and Neo Elamite (ca 1100—
540 BC) (Potts 2016; Carter and Stolper 1984; Vallat 1998,
Carter 1998).

The borders of Elam varied during the several
millennia of its history from period to period and also
with the point of view of the persons described it in
the ancient texts. Nevertheless, the region of Elamite
civilization and its kingdom can be limited to
Khuzestan Plain (southwestern Iran), Anshan at Fars
and Kerman (south-central Iran) and western Iran
(modern Luristan and Kurdistan) (Vallat 1998; Carter
1998; Potts 2016).

The metallurgy of Elam is significant based on met-
allurgical activities and objects found from different ex-
cavated sites. There are many evidences from different
periods through Elamite civilization by which using
copper alloys with high craftsmanship are obvious. It
was an important industry to produce various artefacts
especially religious and non-religious statues during the
Old and Middle Elamite periods (Potts 2016). The var-
ious metallic statues from the Old Elamite period are
simple and small, they are cast with arsenical copper
or in some cases with tin bronze containing low amount
of tin (Moorey 1994). Also, some copper alloy objects
discovered from Tal-e Malyan (dated to the late 3rd/
early 2nd millennium BC) present application of arsen-
ical copper and tin bronze (Pigott et al. 2003).

One of the significant instances of metallurgy from the
Middle Elamite period is the life-size statue of queen
Napir-Asu discovered from the Acropole of Susa, dated
to fourteenth century BC. It is a cast copper sculpture in
one piece that is covered with a thick cast layer of tin
bronze,129 cm in height (without head). This extraordinary
statue shows the craftsmanship of Elamite metalworkers in
casting. Another instance is a three-dimensional represen-
tation cast model of tin bronze so-called Sit-Shamshi
(Sunrise), discovered from the Acropole of Susa, twelfth
century BC, 60 cm in length (Harper et al. 1992; Potts
2016; Moorey 1994). Furthermore, excavations in the
Arjan, eastern Khuzestan plain, have led to discovery of a
U-shape tin bronze coffin with some tin bronze and silver
objects. The tomb and its burial goods are dated to the Neo
Elamite II phase (Carter 1998; Alizadeh 1985).

The aim of this paper is to study on metallurgy of
copper in the Middle Elamite period by analysing ma-
terials discovered from Haft Tappeh archaeological site.
This study is based on results of chemical and micro-
structural analysis of copper objects and ingots/prills
and finding relationship between these materials to de-
velop our knowledge about ancient metallurgy at the
mid of second millennium BC in southwestern Iran.
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Haft Tappeh

The Haft Tappeh (or Haft Tepe) archaeological site is a large
area consisting of about 14 major visible archaeological
mounds. It is located in lowlands of Iran at the Khuzestan
plain, southwestern alluvial plains of Persia, about 10 km
southeast of the famous World Heritage site of Susa and about
15 km west of the World Heritage site of Chogha Zanbil
(Fig. 1a). Based on the archaeological finds, the site is
consisting of remains of a Middle Elamite city that was the
capital of the Elamite king, Tepti-Ahar (Negahban
2002; Mofidi-Nasrabadi 2004). However, several seal impres-
sions and clay tablets found at the site contain the name “Ka-
ap-nak” suggest the possibility that it was the original Elamite
name of the Haft Tappeh (Negahban 1991).

Based on the archaeological excavations, it belongs to the
early phase of the Middle Elamite period, dated back to the
fourteenth century BC (Mofidi-Nasrabadi 2004, 2015). The
massive adobe and brick buildings may show that the city has
been a religious centre as well as having other public functions
(Mofidi-Nasrabadi 2013). The archacological excavations
proved that the site was built during a single period at the
mid of the 2nd millennium BC, the time at which Haft
Tappeh was the major Elamite city, perhaps same as Susa
(Negahban 1991).

Although some evidences about the site have been noted in
the publications from the end of the nineteenth century AD
(e.g. de Morgan 1894-1905), Haft Tappeh was excavated in
two individual periods during the twentieth and the twenty-
first centuries AD. The site and architectural evidences were
revealed during the construction of the new main road in
1960s, which caused to start large scale excavations
(Negahban 1991). The first period of excavation was conduct-
ed from 1965 to 1978 by E. O. Negahban, and second one was
resumed from 2004 and continued to 2012 by B. Mofidi-
Nasrabadi (Negahban 1991; Mofidi-Nasrabadi 2010;
Mofidi-Nasrabadi 2014).

One significant archaeological find in this site is evidences
of metallurgical activities as well as different metal objects.
Through the first period of excavations, a large room was
found at the eastern side of the Central Core of the Terrace I
complex, which is apparently an artist workshop (Negahban
1991). Beside it, a courtyard with a large kiln (furnace) pre-
sents at the eastern side of the Central Core (Fig. 1b). The kiln
has two separate parts with a firing chamber between them
and a chimney at the end of each part. The kiln had a destroyed
vaulted roof. Based on the finds, the northern part was used for
pottery and clay tablet baking while the southern part was
used for metal smelting/melting (Negahban 1991: 18;
Negahban 1979). Also as Negahban reports, many small
pieces of metallic ingots and slags were found in the workshop
and inside of the kiln as well as other parts of the excavated
area (Negahban 1991). The metal objects consist of various
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Fig. 1 a The map of Iran and location of Haft Tappeh and other important archacological sites noted in this paper. b The map of excavated area of Haft
Tappeh by E. O. Negahban and location of workshop and kiln (after Mofidi-Nasrabadi 2004)

types of artistic and routine objects such as small decorative
pieces, tools, arms, and vessels (Negahban 1991; Mofidi-
Nasrabadi 2010). Some objects now are in the National
Museum of Iran, Tehran, but many metallic objects and met-
allurgical materials are in the Haft Tappeh museum, near the
archaeological site.

Although, preliminary archeometallurgical studies are pub-
lished previously on Haft Tappeh metallurgical materials
(Oudbashi et al. 2009; Oudbashi and Davami 2014a), but it
is necessary to do more extensive analytical study to reveal
metallurgical activities at the second millennium BC at the
Haft Tappeh Middle Elamite site.

Materials and methods

In order to study on chemical composition of metal ob-
jects and ingots, 52 samples were selected from materials
that are maintained in the Haft Tappeh Museum (Fig. 2).
The objects group include 26 objects and the ingots group
also consists of 26 samples of ingots/prills. More of ob-
jects are selected from the metal collection discovered by
E.O. Negahban during 1965 to 1978; nevertheless, some
samples were selected from recently finds by B. Mofidi-
Nasrabadi: 23 samples from the first period and 3 samples
from the second period. Objects are different in type such

as rods, arrowheads, vessels, and plates and were speci-
fied by a code from Al to A26 (Table 1). Some objects
belonging to both excavation periods have inventory code
in Haft Tappeh museum but other samples selected as
analytical ones that are not registered as museum objects.

Twenty-five ingot/prill samples are selected from the first
period of excavations and are small ingots/prills with diame-
ters about 2 to 4 cm. These are including small metallic pieces
with no specific shape, seems to be small pieces that are so-
lidified from melt, although are partially spherical in the first
view. They are completely different from the metallic ingots
found in some archaeological sites of Iran and Near East like
bun-shaped or plano-convex ingots, such as Susa (Tallon
1987; Pigott 1999; Cuénod et al. 2015). Only one large ingot
from the second excavation period was selected which is
about 20 cm in diameter and about 1 kg in weight (sample
165). Only this ingot is registered as museum object and has
inventory code (Fig. 2; Table 1). The ingots/prills were spec-
ified by a code from 140 to 165. It should be noted that the
objects with no inventory code or having 1380 in the inven-
tory code have not specified contextual information but as
noted above, many objects and ingots/prills were found at
the area of artist workshop (Negahban 1991). Thus, only four
samples have specified contextual information including three
objects (HT.94-39, HT.95-72, and HT.05.5-531) and the large
ingot (HT.04.47-115) that are found during the second period
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Fig. 2 Some samples of metal

objects and ingots analysed in this
study. The large metal ingot

(sample 165) in visible here

¢ e

of archaeological excavations in Haft Tappeh by Mofidi-
Nasrabadi.

A small piece from each sample was cut by jeweller’s saw
and a cross section was prepared from each sample by mount-
ing in two-part epoxy adhesive and then ground with abrasive
paper from 240 to 3000 grid and polished by diamond paste
from 3 to 1 um to obtain a smooth surface.

The Micro-Proton-Induced X-ray Emission (Micro-PIXE)
measurement was performed with scanning proton micro-
probe system manufactured by Oxford Instruments (Grime
and Watt 1988) using the 3 MV Van de Graaff accelerators
at the Nuclear Science & Technology Research Institute in
Atomic Energy Organization of Iran (AEOI).

The samples were analysed in vacuum chamber using a
beam of 2.5 MeV 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 at an angle of 135°
relative to the incident beam direction and with an energy
resolution of 150 eV for Fe-Ka. The samples were scanned
by a beam over a maximum area of 2.5 x 2.5 mm and digitised
signals were recorded in event by event (listmode) using the
OM-DAAQ data acquisition system. In order to obtain accurate
elemental composition of analysed samples and to omit and

@ Springer

minimise errors and inaccuracy originated from corrosion of
samples, in Copper (Cu) distribution map, the core region of
the analysed area that is free from any corrosion products was
chosen to extract the corresponding spectra to evaluate ele-
mental compositions. The X-ray spectra were processed using
GUPIXWIN software package (Campbell et al. 2010) to
quantitative analysis and obtain elemental composition of
samples.

In order to check the validity of the micro-PIXE analysis
and to confirm the accuracy of the measurements, 1 Euro coin
(75% Cu, 25% Ni) and a pellet of copper-phosphorous-tin
powder (86% Cu, 6.5% P, and 7.5% Sn) as standard targets
were analysed under the same condition. The evaluated com-
position of 1 Euro coin was 74.59% Cu and 24.80% Ni and
copper-phosphorous-tin pellet was 84.90% Cu, 5.71% P, and
6.69% Sn. The results were in good agreement with the rec-
ommended values within 5% accuracy for major elements and
5-10% accuracy for minor elements.

The SEM-EDS analyses and observations were per-
formed on the cross sections in high vacuum using FE-
SEM instrument model MIRA3 manufactured by
TESCAN Company, with a SAMx backscattered electron
detector (BSE) and an energy-dispersive X-ray spectrome-
ter (EDS). The samples were inserted in the instrument and
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Table 1 Characteristics of objects and ingots/prills from Haft Tappeh Elamite site analysed in this paper

Sample type Sample code Inventory code in museum Object Type Excavation period
Object A01 - Unknown First
A02 HT.1380-127 Rod First
A03 HT.1380-95 Arrowhead First
A04 - Bead First
A05 - Bead First
A06 HT.1380-94 Arrowhead First
A07 HT.1380-111 Dagger Blade First
A08 - Rod First
A09 HT.1380-90 Arrowhead First
Al10 HT.94-39 Plate Second
All - Rod First
Al2 - Rod First
Al3 - Pin First
Al4 - Rod First
AlS HT.05.5-531 Rod Second
Al6 — Rod First
Al7 - Vessel First
Al8 HT.95-72 Arrowhead Second
Al9 - Rod First
A20 - Rod First
A21 - Arrowhead First
A22 - Vessel First
A23 - Arrowhead First
A24 - Rod First
A25 - Plate First
A26 - Plate First
Ingot/Prill 140 - Ingot/Prill First
141 - Ingot/Prill First
142 - Ingot/Prill First
143 - Ingot/Prill First
144 - Ingot/Prill First
145 - Ingot/Prill First
146 - Ingot/Prill First
147 - Ingot/Prill First
148 - Ingot/Prill First
149 - Ingot/Prill First
150 - Ingot/Prill First
151 - Ingot/Prill First
152 - Ingot/Prill First
153 - Ingot/Prill First
154 - Ingot/Prill First
155 - Ingot/Prill First
156 - Ingot/Prill First
157 - Ingot/Prill First
158 - Ingot/Prill First
159 - Ingot/Prill First
160 - Ingot/Prill First
161 - Ingot/Prill First
162 - Ingot/Prill First
163 - Ingot/Prill First
164 - Ingot/Prill First
165 HT.04.47-115 Ingot Second

examined without any prepping procedure such as carbon
or gold coating.

Results

The results of micro-PIXE analysis of samples are presented in
Tables 2 and 3. The composition of 26 objects is interesting

and variable. Results show that copper is the main constituent
in objects. Copper varies between 79.88 and 99.80 wt% in
objects. In 10 objects, tin is detected as the main alloying
component, measured from 4.06 to 13.81 wt%, and is detected
as minor element in two objects. These two objects can be
considered as impure copper. Arsenic is detected as minor
element in a lot of objects and is only detected more than 1%
in 2 samples (Table 2). In sample A06, tin also is detected as
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Table 2 Results of elemental composition in weight percentage (wWt%) for all elements detected in objects by micro-PIXE analysis

Sample Type Inventory Period Cuu Sn  As Pb Fe Ni Ag Co S CI Al Mg Si Ca K Cr

code code
A01 Unknown No First 83.44 - 1.8 1039 - 069 - - - 19 - 135 0.14 004 - -
A02 Rod HT.1380-127  First 9798 - 029 - 016 077 - 0.12 035 - - 029 - - - -
A03 Arrowhead  HT.1380-95 First 9821 - - - 045 - - 005 025 - 025 045 0.15 - - -
A04 Bead No First 79.88 13.81 033 044 006 01 - 0.03 0.16 434 — 042 018 - - -
A05 Bead No First 83.68 10.55 - - - - - - 028 352 - 062 - - - -
A06 Arrowhead  HT.1380-94 First 89.93 599 133 157 - 008 - 005 0.14 0.19 - 062 - - - -
A07 Dagger HT.1380-111  First 8845 867 059 - 006 014 - 003 035 1.19 - - - - - -

Blade

A08 Rod No First 9785 - - - 113 - - 0.09 059 - - - 036 - - -
A09 Arrowhead  HT.1380-90 First 9845 - - - 049 - - 016 0.61 — - - 03 - - -
Al0 Plate HT.94-39 Second 96.6 - 027 - 027 05 - 014 13 017 - - - 019 - -
All Rod No First 8527 7.09 048 - - 041 184 - 242 058 09 - 064 03 - -
Al2 Rod No First 9474 - - - - - - - 337 046 - - 048 042 - -
Al3 Pin No First 9821 - 027 - 014 039 - 0.07 047 025 - - - 004 - -
Al4 Rod No First 9839 - 041 - 007 033 - 004 - 017 - - — - - —
AlS Rod HT.05.5-531 Second 9882 - 031 - 039 - - 006 0.17 - - - - - - -
Al6 Rod No First 91.15 553 041 034 - - - - 029 1.03 - - 052 018 - -
Al7 Vessel No First 98.63 031 029 - 008 03 - - 025 - - - - - - -
Al8 Arrowhead  HT.95-72 Second 8528 85 0.09 567 008 — - - - - - - 026 - - -
Al9 Rod No First 93.77 4.06 028 0.55 015 - - 005 05 - - - 025 - - -
A20 Rod No First 9097 6.02 062 0.61 - 014 - - 029 015 - 0.61 073 - - -
A21 Arrowhead  No First 9759 056 053 - 004 081 - - 021 0.03 023 - - - - -
A22 Vessel No First 99.16 - 011 - 019 041 - - 049 0.08 - - - - - -
A23 Arrowhead  No First 9843 - 013 - 017 008 - - 073 004 025 - 0.16 - - -
A24 Rod No First 93 567 04 047 0.04 - - - 023 019 - - - - - -
A25 Plate No First 9472 - - 104 004 - - - 023 231 028 — 127 0.03 0.06 0.02
A26 Plate No First 99.8 - - - - - - - - 0.08 - - - - - -

major element beside arsenic but regarding to low amount of
As in all samples, no object can be considered as Cu-As or Cu-
Sn-As alloy. Lead is another constituent that is detected in 4
samples as major element (1.04 to 10.39 wt%). Sulphur plays
an important role in the composition of the samples and is
detected as major in three objects, and as minor element in
composition of many objects. Iron and silver are detected in
one sample > 1 wt%, Fe is measured in 17 objects as the minor
element while silver is determined only in one object. Presence
of Al, Cl, Mg, Si, Ca, and K is due to corrosion penetration in
the metallic structure (Oudbashi 2015). Other elements such as
Co, Ni, and Cr are measured as minor constituents.

Regarding to the composition of ingots/prills, copper is
determined from 80.34 to 99.69 wt% as the major component
(Table 3). Tin is detected only in eight samples and determined
as major element in four samples. Arsenic and lead are mea-
sured in the composition of many ingots/prills, although they
are detected as major element only in one ingot/prill sample.
The significant subject in the composition of ingots/prills is
the high concentration of iron, detected as major element in 15
samples. Moreover, sulphur is determined as major in 7 sam-
ples. Other constituents are detected such as chlorine, alumin-
ium, silicon and magnesium same as objects.

Figure 3a presents columnar diagram showing different
alloy compositions characterised in objects of Haft Tappeh.
It is visible that 15 objects are made of impure copper and only
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11 objects are made of different alloys including tin bronze,
leaded copper and leaded tin bronze. Based on the literature,
deliberate alloy composition could be proved when amount of
alloying elements such as Sn and As is 2-3% and more
(Coghlan 1975; Nezafati 2006; Pernicka 2014). Therefore,
the alloying elements (Sn and As) were considered as delib-
erately added constituents regarding the composition of the
samples and comparison between objects and ingots. Thus,
low amounts of As and Sn are considered here as impurities
that are not added to the copper deliberately. Columnar dia-
gram in Fig. 3b shows type of the alloy in the ingots/prills. It
shows that impure copper is the main compound while only in
two cases tin bronze is determined. It is obvious that in some
limited cases, the tin bronze ingot/prill is available with vari-
able amount of tin (from 2.60 to 10.60 wt%).

Figure 3c shows the scatter plot of Sn versus As in all sam-
ples. It shows that arsenic does not play an important role in the
composition of samples and should be considered as impurity.
The concentration of tin is variable in different tin bronze sam-
ples from 2.60 to 13.81 wt%. Furthermore, it is obviously in the
plot (Fig. 3c) that objects can be divided into two groups re-
garding tin content, tin bronze group in which tin is added
possibly deliberately because of high amount of tin in their
composition, and impure copper showing objects with no tin
or low amount of tin. On the other hand, tin is detected less than
3 wt% in two samples of ingots/prills showing that they cannot
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Table 3 Results of elemental composition in weight percentage (wt%) for all elements detected in ingots/prills by micro-PIXE analysis

Sample code  Type Inventory code  Period  Cu Sn As Pb Fe Ni Co S Cl Al Mg Si
140 Ingot/Prill  No First 9332 26 029 03 057 037 018 081 05 065 035 -
141 Ingot/Prill  No First 9429 - 015 - 4.62 - 013 097 005 - - -
142 Ingot/Prill  No First 93.68 - 1.7 059 195 094 058 1.12 - - - -
143 Ingot/Prill  No First 9821 - - - - - 006 029 0.07 047 022 021
144 Ingot/Prill  No First 89.36 - - - 7.63 - 02 112 05 092 - 026
145 Ingot/Prill  No First 9544 122 039 058 048 055 023 0.53 - 049 - -
146 Ingot/Prill  No First 9392 - 017 - 343 - 011 143 01 084 - -
147 Ingot/Prill  No First 98.83 0.16 0.12 - 0.35 - 0.08 024 005 - - -
148 Ingot/Prill  No First 80.34 - - - 492 - 0.08 084 1291 066 - -
149 Ingot/Prill  No First 9196 - 0.16 — 5.83 - 014 097 - 088 - -
150 Ingot/Prill  No First 87.2 - 031 - 9.4 - 018 041 146 089 - -
I51 Ingot/Prill  No First 89.71 722 038 152 007 013 006 02 - 0.64 - -
152 Ingot/Prill  No First 9256 - 016 — 541 - 017 118 012 03 - -
153 Ingot/Prill  No First 88.80 - 028 049 87 - 015 087 019 045 - -
154 Ingot/Prill  No First 9385 - 016 035 3.67 - 011 092 0.08 084 - -
155 Ingot/Prill  No First 8583 10.6 043 076 0.07 - 004 03 127 058 - -
156 Ingot/Prill  No First 9491 056 037 - 08 05 026 114 005 083 026 02
157 Ingot/Prill  No First 94.67 - 025 - 233 - 011 072 076 055 - -
158 Ingot/Prill ~ No First 9887 - 019 024 - 013 - - 0.17 053 - -
159 Ingot/Prill  No First 96.63 076 042 - 0.64 054 026 072 - - - -
160 Ingot/Prill  No First 9594 - - - 2.95 - 012 047 042 - - -
161 Ingot/Prill No First 92.34 - - - 343 - - 1.04 2.63 - - 0.22
162 Ingot/Prill  No First 9735 083 053 - 0.08 042 0.13 043 0.05 - - -
163 Ingot/Prill  No First 81.84 - 036 - 16.02 - 02 088 0.64 - - -
164 Ingot/Prill  No First 85.12 - - - 698 0.17 0.19 6.65 0.79 - - -
165 Large Ingot HT.04.47-115  Second 99.69  — - - - - - 047 - - - -

be considered as deliberate tin bronze ingots/prills. Also, there
is no correlation between tin and arsenic in the composition of
all samples. As noted above, iron is determined as an important
constituent in ingots/prills. Figure 3d presents scatter plot of Fe
versus S in all samples. Moreover, there is no correlation be-
tween iron and sulphur; nevertheless, two types of ingots/prills
could be categorised: high-iron and low-iron, while most of
objects are low in Fe and S despite of only 3 objects, and one
ingot sample is determined as high-Fe and high-S sample.

The microstructure of samples was observed by SEM-EDS
method. Figure 4 shows SEM-BSE micrograph of two objects
(A06 and A12). A large number of dark inclusions is visible in
the metallic matrix of the objects. Also, many bright phases of
small dimensions are visible in the matrix of some samples.
SEM-EDS analysis of the dark inclusions indicated that they
are composed mainly of Cu and S and are copper sulphide
compounds (Fig. 4, analyses A). SEM-EDS analyses conduct-
ed on the fine and bright phases showed that they are Pb-rich
metallic phases (Fig. 4, analyses B).

SEM-BSE micrograph of two ingot/prill samples (142 and
164) consists of metallic matrix in which some large dark

phases with different grey tonalities are scattered (Fig. 5). In
fact, two distinct phases (inclusions) are visible: circular pale
grey and dark grey phases. SEM-EDS analysis of pale grey
phases showed that they are Cu-S phases that are chemically
similar to the Cu-S inclusions of objects, while the dark grey
phases are Fe-rich with high amount of oxygen.
Consequently, they could be specified as iron oxide. Based
on compositional analysis of the samples by micro-PIXE, it
was proved that iron and sulphur are detected in sample 142 as
1.95 and 1.12 wt% respectively, while sample 164 contains
high amount of Fe and S in its composition. In this sample
(164), there are many iron-rich small phases and also some
circular and large-sulphur rich phases. In fact, three phases
could be determined in this sample: copper matrix, Fe-rich
(analysis B) and S-rich (analyses A and C) phases (Fig. 5).

Discussion

Micro-PIXE analysis of metal objects showed that many of
samples are consisting of copper with impurities. Of course,
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Fig. 3 a Columnar diagram showing distribution of different alloy
compositions identified in analysed objects. b Columnar diagram of
distribution of chemical composition in ingots/prills. ¢ Scatter plot of

tin bronze is the main alloy that is identified among Haft
Tappeh objects. Based on analytical studies on prehistoric
objects from Iran, tin bronze is emerged in western Iran at
the Early Bronze Age (the late 4th millennium BC/early 3rd
millennium BC) (Fleming et al. 2005; Thornton 2009). There
are limited evidences of application of tin bronze during the
third millennium BC in the Iranian Plateau, such as Luristan,
Susa, Tappeh Giyan, Tal-e Malyan, and Sialk (Moorey 1982;
Nezafati 2006; Ghirshman 1938; Pigott et al. 2003). Of
course, this alloy was more common in western Iran than other
regions of the Iranian Plateau such as eastern or central Iran
(Oudbashi et al. 2012; Pigott 2004; Thornton 2009; Nezafati
et al. 2006). Nevertheless, bronze was not a commonplace
material for object’s production until the mid of 2nd millenni-
um BC (end of the Bronze Age) at all the Iranian Plateau
(Thornton and Lamberg-Karlovsky 2004; Thornton 2009;
Moorey 1969; Pigott et al. 1982; Thornton et al. 2002).
Finally, bronze was the main material to manufacture different
objects during the Iron Age (1500-550 BC) (Moorey 1982;
Oudbashi et al. 2012; Haerinck 1988).
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Fe

Sn versus As in two groups of analysed materials. d Scatter plot
showing Fe versus S in the composition of all samples

Haft Tappeh is dated to early phase of the Middle Elamite
period at the same time of the beginning of the Iron Age (ca
fourteenth century BC). In that time, tin bronze was the im-
portant alloy composition used in metallurgical activities.
Surprisingly, several metallic objects are consisting of copper
with impurities as the main compound. Of course, bronze with
variable tin content is next important material in the metallur-
gy of Haft Tappeh. Also, the metal ingots/prills are made of
impure copper with low amounts of other elements such as tin
as well as high Sn-bearing copper (tin bronze) in two samples
with different amount of tin.

Presence of variable tin in the composition of bronze ob-
jects has been observed during the Bronze Age and the Iron
Age of Iran. Analysis of bronze objects of several archaeolog-
ical sites from northern and western Iran revealed that they are
made of variable-tin bronze alloy and there is no correlation
between function/typology and composition of the objects
(Oudbashi and Davami 2014a; 2014b; Oudbashi et al. 2016;
Oudbashi and Hessari 2017; Vatandoost-Haghighi 1977;
Fleming et al. 2006). This statement is also visible in the
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Fig. 4 SEM-BSE micrograph and EDS peaks of 2 metal objects from Haft Tappeh showing different copper sulphide and lead rich phases scattered in

the microstructure of samples

bronze objects from the Haft Tappeh Elamite site. In fact, the
ancient Elamite metalworkers produced tin bronze with an
uncontrolled alloying process or it has not been important to
make tin bronze with specific Cu/Sn proportion. Some reports
stated that specific alloying recipes have been used to produce
tin bronze in the Near East (Joannes 1997; Muhly 1973).
However, there is no evidence of using alloying recipes in
the prehistoric metallurgy of Iran such as the Bronze and
Iron Age objects from Luristan and northern Iran (Oudbashi
and Hessari 2017; Oudbashi et al. 2016; Oudbashi and
Davami 2014b). Thus, the analytical results well indicate that
controlling Sn content in tin bronze alloy has not been done by
the Elamite metalworkers in Haft Tappeh.

Also, lead is detected in two objects; it is more likely that it
does not play an important role in the metallurgy of this site.
Of course, the concentration of an element in the composition
of ancient copper alloys may be strongly related to its concen-
tration in the original ore. Presence of lead in two samples may
be due to deliberately addition of lead to copper or high con-
centration of lead in the ore used for smelting such as fahlerz
or grey copper (e.g. tennantite (Cu,Fe);,As4S,3) that is an As-
bearing copper ore and is usually associate with lead-rich
minerals (Fleming et al. 2006; Coghlan 1975), that may result
to make Pb-rich copper alloys. Therefore, lead has been de-
tected in other samples as impurity.

Presence of copper and bronze ingots/prills and objects in
Haft Tappeh reveals that two metallurgical processes should
be considered in this site: copper smelting and its alloying
with tin. Two bronze ingots/prills beside copper ingots/prills
may be due to application of an alloying process such as co-
smelting or cementation. In co-smelting, the copper (sulphidic
or sulphidic/oxidic) and tin ores (cassiterite, SnO,) are smelted
directly together to make bronze while cementation is the
process of adding cassiterite to metallic copper in crucible in
a reducing atmosphere to make bronze (Rovira et al. 2009;
Oudbashi et al. 2016, Pigott 2004). Erb-Satullo et al. (2015)
studied some metallurgical materials such as slag and crucible
from South Caucasus and showed application of cementation
process by adding tin ore directly to a crucible charge to make
bronze. Of course other alloying operations are noted in liter-
ature including melting metallic copper and tin together,
recycling or using Cu-Sn bearing complex ores (Coghlan
1975; Pigott 2004; Oudbashi et al. 2016; Oudbashi and
Hessari 2017). It is worthy to note that no evidence has been
found of tin smelting or presence of metallic tin in Haft
Tappeh site (as well as other prehistoric sites of Iran), which
it may prove that using metallic tin to produce bronze has not
been undertaken in that time. On the other hand, recycling or
re-melting tin bronze pieces to make new objects has been a
commonplace method in the ancient time (Henderson 2000).
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Fig.5 SEM-BSE micrograph and EDS peaks of two ingots/prills from Haft Tappeh showing the presence of many Cu-S pale grey inclusions and Fe-rich

dark grey inclusions scattered in the copper matrix of ingots/prills

Producing tin bronze with this process may lead to a signifi-
cant decrease of tin amount in the final product (Figueiredo
et al. 2010). Nevertheless, presenting copper-tin ingots/prills
in Haft Tappeh shows that this process may not be used (at
least as a common/routine method of alloying) to make tin
bronze alloy in the Middle Elamite period in this site as will
be explained in more details in next pages.

Considerable amount of Fe and S is another significant
subject in the composition of objects and specifically ingots/
prills. Sulphur and iron are detected as minor constituents in
the composition of many archaeological copper alloy objects
from the Bronze and Iron Ages of Iran, and many Cu-S (with
variable amount of Fe) inclusions are observed in the micro-
structure of these objects (Oudbashi and Davami 2014a;
2014b; Oudbashi et al. 2016; Oudbashi and Hessari 2017).
Based on the literature, it reveals that sulphidic copper or a
mixture of sulphidic/oxidic copper ores are used in the prehis-
toric time leading to enter low amounts of S and Fe in copper
alloy objects (Rostoker et al. 1989). Furthermore, high amount
of iron in the composition of some copper ingots/prills and

@ Springer

low iron concentration in some objects may be due to the
presence of iron in smelted copper ore or due to the use of
an iron—copper sulphide ore such as chalcopyrite (CuFeS,) to
smelt copper (Craddock and Meeks 1987; Erb-Satullo et al.
2014; Van Brempt and Kassianidou 2016). Figure 6 shows
scatter plot of Cu versus S and Cu versus Fe in the composi-
tion of all samples. Cu versus S scatter plot shows that sulphur
has more significant role in the composition of ingots in com-
parison with objects although S is fairly detected as minor
element in more samples (Fig. 6a). Furthermore, scatter plot
of Cu versus Fe presents important role of iron in composition
of ingots/prills in comparison with objects (Fig. 6b). Of course
there is a correlation between copper and iron only in compo-
sition of ingots. Thus, as noted earlier, it is possible to classify
copper ingots/prils as high-Fe and low-Fe.

Lackinger et al. (2013) reported results of an experimental
study on co-smelting of copper and tin ores to obtain bronze
ingots/prills. They stated that it is easily occurred to produce
bronze alloy by using the co-smelting of copper and tin ores in
a crucible in an open fire (bowl) furnace. The metallic ingots/
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prills that they are obtained are very similar to the small
ingots/prills of Haft Tappeh.

As noted, the small ingots/prills contain high amount of
iron in some cases. Rostoker (1975), Rostoker et al. (1989),
and Killick (2014) present a multi-stage process to obtain
metallic copper from sulphide ores or chalcopyrite (CuFeS,).
It could be classified as following stages:

— Roasting chalcopyrite in oxidising environment resulting
partially roasted chalcopyrite with red surface.

—  Reheating roasted product with silica in 1100 °C resulting
in iron-rich slag and matte (a mixture of metallic copper
and iron sulphides)

—  Melting copper matte to separate residual iron in the form of
iron oxide in slag matrix and to enrich matte with copper.

—  Re-roasting the copper matte to purify final copper product.

The following reactions may simplify the multi-stage pro-
cess (Killick 2014):

2CuyS 4+ 30,—2Cu0 + 250,
Cqu + 2Cu20—>6Cu + SOz

Copper ingots/prills enriched in iron (and in some cases,
sulphur) are very similar to the copper matte: the product of
the multi-stage smelting process. Of course, some copper and
bronze ingots/prills are not rich in iron and sulphur and their
composition is fairly similar to metallic objects, especially
bronze ingots/prills. Thus, the ingots/prills could be classified
in two groups: Fe-rich copper mattes and purified copper/
bronze ingots/prills. Of course, it is proved that copper
sulphidic (or mixed with copper oxidic) ores can be smelted
directly by another process consisting of completely and di-
rectly oxidising copper sulphides (dead roasting) and then
smelting the ore (Rostoker 1975; Rostoker et al. 1989;
Rostoker and Dvorak 1991; Killick 2014). Of course, the me-
tallic copper produced needs to refine before using to make
objects (Killick 2014). Presence of copper and bronze objects
in the Haft Tappeh also may be explained by direct smelting
tin-bearing complex copper ores. Evidence of this process is
observed in Deh Hosein, an ancient mine in western Iran, that
complex copper-tin ore is used directly to make bronze alloy
during the Bronze Age and Iron Age (Nezafati 2006; Nezafati
et al. 2006). Therefore, it is possible that the bronze ingots/
prills and subsequently bronze objects are made by direct
smelting of Cu-Sn complex ores such as stannite (Cu,
FeSnS,) (Radivojevi¢ et al. 2013). Nevertheless, it needs to
use two different copper ore resources including mines with
copper sulphidic ores and mines with Cu-Sn complex ores. It
is less likely that the different copper and bronze objects in
Haft Tappeh were produced from different ore resources.

One large ingot was analysed among the samples (Sample
165). It is a copper ingot with low amount of sulphur and show
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composition of metallic ingots/prills

that the small ingots/prills may be melted together to make
large copper ingots to manufacture large objects.

Metallic objects from two important Elamite site of Susa
(Susa I to Susa VB levels, the 4th to 2nd millennium BC) and
Tal-e Malyan (Kaftari phase, the late 3rd and early 2nd mil-
lennium BC) are analysed previously (Malfoy and Menu
1987; Pigott et al. 2003). The results of analysis of Susa ob-
jects show that copper and arsenical copper (with arsenic con-
centration <5 wt%) were used during the entire time span,
while arsenical tin bronzes start to use in Susa II-IIla period.
Also, tin bronze with low arsenic content (<2 wt%) appeared
from the end of Susa IVa period although some evidences of
arsenical copper and arsenical tin bronze were observed in the
3rd millennium BC of Susa. Furthermore, tin bronze has been
used as the main alloy at the beginning of 2nd millennium BC
of Susa (Malfoy and Menu 1987; Pigott et al. 2003; De Ryck
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et al. 2005). Also, Pigott et al. (2003) present results of anal-
ysis of some objects from Tal-e Malyan (Kaftari phase) show-
ing that the tin bronze is used in some objects while one
arsenical copper object is found. Based on the results of anal-
ysis of objects from Susa, Tal-e Malyan, and Haft Tappeh, it is
obviously visible that the copper metallurgy of Elamite period
started by using arsenical copper at the late 4th millennium
BC (end of Susa I) and continued to Susa I1Ib (the mid of third
millennium BC). The early evidences of tin bronze (Cu-Sn)
and arsenical tin bronze (Cu-As-Sn) are visible at the end of
Susa [Va phase (about 2400 BC) beside Cu-As objects. Tin
bronze was used widely during the second half of third mil-
lennium BC (Susa IVb and V phases) with variable-tin bronze
objects while Cu-As and Cu-Sn-As objects are also indicated
in these phases (De Ryck et al. 2005). Nevertheless, tin bronze
was main material to make objects during the Susa VB phase
and Tal-e Malyan at the beginning of the second millennium
BC (Pigott et al. 2003; Malfoy and Menu 1987). The results of
current study on Haft Tappeh show that the copper and tin
bronze are the main materials in the metallurgy of the
Middle Elamite period and Cu-As alloy was not common-
place in that time, although low amount of arsenic (about
1 wt%) is determined in some objects and ingots/prills.
Luristan, the neighbour highland region of the Elam kingdom,
is an important region in tin bronze metallurgy of the Iranian
Plateau. Archaeometallurgical studies on emerging of tin
bronze in prehistoric Luristan shows that this alloy has been
familiar at beginning of the third millennium BC (Fleming
et al. 2005), earlier than Elamite lowlands. It is obvious that
arsenical copper has been used during the Bronze Age of
Luristan (3300-1500 BC) beside tin bronze while it has not
been observed during the Iron Age (1500-550 BC) (Oudbashi
and Hessari 2017; Oudbashi et al. 2016; Fleming et al. 2005).
In fact, tin bronze was known by Elamite metalworkers later
than Luristan but was widespread during the second millenni-
um BC. It is worthy notable that presence of tin bronze beside
copper and arsenical copper in both regions during the 3rd and
2nd millennium BC may be due to the following reasons:

— Using different ore resources by local metalworkers;
some of the resources may contained As-bearing ores
leading to produce some objects with high amount of
arsenic,

— Trading copper ingots as another source to obtain raw
material beside using local resources leading to produce
different compositions in metallic objects.

There is no certain evidence about copper and tin resources
used during the Bronze Age and Iron Age as well as
the Elamite period. Nevertheless, Deh Hosein ancient mine
is introduced as a probable resource for the Luristan bronze
metallurgy especially during the Bronze Age (Nezafati 2006;
Nezafati et al. 2006). Also, some resources from Oman are
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suggested as probable copper ore resources for the late 3rd/
early 2nd millennium BC of Susa and Tal-e Malyan (Pigott
et al. 2003). Presence of As, Ni, and Co as minor element in
many objects and ingots/prills of Haft Tappeh may be related
to presence of them in the Omani copper resources that may
be used during the third and second millennium BC by
Elamite metalworkers (Malfoy and Menu 1987). However, it
requires to undertake a provenance study on the Haft Tappeh
metallurgical materials by using isotopic and trace element
analyses and comparative study to find ore resources and re-
lationships between this site and other Elamite metals as well
as [ranian and neighbour ore resources.

Consequently, based on compositional study on two
groups of metallic materials from the Haft Tappeh Elamite
site, a complicated scenario could be explained about copper
metallurgy here:

» Copper has been produced by one of two processes: matte
production or smelting. Regarding to the composition of
the copper ingots/prills it is more likely to use matte pro-
duction process. Variable concentration of iron in ingots/
prills may be due to the refining process after matte
production.

» The produced copper ingots/prills are used to manufacture
copper objects. Low amounts of other elements in copper
objects are related to the composition of the original ores.

* About the bronze objects, there are three probabilities:
cementation, co-smelting of copper and tin ores, or
smelting a complex copper-tin ore. Therefore, it is more
likely to use cementation by adding cassiterite to melted
copper. This may be proved by low Fe and S concentration
in bronze ingots/prills because using a complex Cu-Sn ore
may lead to high concentration of Fe and S in bronze
ingot/prill. On the other hand, co-smelting is less probable
because of many impure copper ingots/prills found in this
site, although it should be considered as a probable
alloying process. Also, other method known as
recycling/re-melting of used tin bronze objects have not
been the main alloying methods in Haft Tappeh metallur-
gical activities during the Middle Elamite period.

Conclusion

This study presents new insights on copper archacometallurgy
of the Middle Elamite period (ca 1500-1100 BC) based on
analysis of some metallic objects and ingots/prills by micro-
PIXE and SEM-EDS method. Results of analysis of Haft
Tappeh metallurgical finds allowed the identification of met-
allurgical processes used to smelting copper as well as alloy
production providing new information about technology per-
formed by Elamite metalworkers and smelters to produce
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metal objects by copper and its alloys. Analysis of 52 samples
(objects and ingots/prills) suggested that the main material to
make metal objects is copper with some impurities. On the
Other hand, variable-tin bronze has been the main alloy pro-
duced by Elamite metalworkers in Haft Tappeh. Other
alloying elements such as arsenic or lead have not been added
to the composition deliberately and more likely are high con-
centration impurities that came from the original ores. Iron has
been detected as a major element in composition of some
ingots/prills revealing that the main metallurgical process to
obtain metallic copper has been matte production in the form
of small Fe-rich (and in some cases S-rich) copper ingots/
prills. Presence of many Fe-rich and S-rich phases in the mi-
crostructure of copper ingots/prills stated that these are made
by the matte production process. The produced matte has been
refined to achieve impure copper ingots/prills. Finally, cemen-
tation has been probably used to produce tin bronze by adding
cassiterite to melted copper. In fact, Elamite metalworkers
applied a complex metallurgical operation including matte
production, matte refining and bronze alloying to manufacture
metal objects. Thus, Haft Tappeh should be considered as an
important archacometallurgical centre of the Elamite period.
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