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Figure 1. Location of the Chah Jamal metal smelting site. (a)

Map of Iran and the location of the Chah Jamal metal smelting
site in Yazd Province. (SAS Planet, 2017)
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Figure 1. Location of the Chah Jamal metal smelting site. (b)
Satellite image of the area and access routes to the Chah Jamal
ancient metal smelting site (SAS Planet, 2017)
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Figure 4. Location of samples collected from the Chah Jamal
(Khoshomang) metal smelting sites on the satellite image.
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Figure 2. Metal smelting site No. 1 and the remaining sections of the smelting furnace.
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Figure 3. Metal smelting site No. 2 and the remains of the smelting furnace.
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Table 1. Geographical location (UTM) of samples collected
from the Chah Jamal (Khoshomang) metal smelting site and

the types of analyses performed on each sample.

NAME X ¥ e
S1S

fg)‘m‘Tp/ 327005.7863 | 3589950.939 | ICP

YD-02TP/ | 3)6680.034 | 3589989759 | 1CP

1CP

YD-011-

Tp/icp | 3270044634 | 3589952.398 | ICP

YD-012-

TP/iCp | 3270038498 | 3589951099 | ICP

YD-022- 1 356885.9155 | 358999233 | 1CP

1CP

;{33_023_ 326881.9874 | 3589997.006 | ICP
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Figure 6. Slag samples from metal smelting site No. 2.
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Figure 5. Slag samples from metal smelting site No. 1.
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Figure 7. Microscopic images of thin and polished sections of slag from the Chah Jamal metal smelting site No. 1. a, b, ¢) Fayalite

and pyroxene in a glassy matrix (XPL); pyroxene appearing sporadically and acicular, and fayalite in a needle-like form; d, e, f)

Observed metallic phases including native copper and copper in sulfide form (possibly chalcosite). Abbreviations: Fa: Fayalite, Px:

Pyroxene, NCu: Native copper, Cus: Copper sulfide.
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Figure 8. Microscopic images of thin and polished sections of slag from the Chah Jamal Khoshomang smelting site No. 2. a, b, ¢)
Pyroxene in green and yellow colors and a glassy phase (XPL); d) Native copper visible as fine and scattered within the slag matrix;
e, f) Covellite and native copper minerals. Abbreviations: Px: Pyroxene, Gl: Glass, NCu: Native copper, Cv: Covellite.
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Figure 9. Bar chart of the main oxides in slag samples.
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Table 1. Results of chemical analysis of slag from the Chah Jamal metal smelting site using ICP-OES (main oxides calculated
from elemental data).
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Sample YD-01-ICP YD-11-ICP YD-12-ICP YD-2-ICP YD-22-ICP YD-23-ICP
SiO, 68.37 68.005 64.702 68.71 67.229 67.852
AL O, 4.953 5.989 6.364 4.601 4.966 4.855
Fe O, 14.297 14.297 14.297 14.297 14.297 14.297
CaO 6.307 6.315 7.749 6.423 7.404 6.905
MgO 3.316 1.779 3.316 2.589 2.729 2.736
Na,O 0.691 1.8 0.901 1.123 1.027 1.03
KO 0.577 1.113 0.807 0.839 0.902 0.858
TiO, 0.153 0.288 0.29 0.166 0.185 0.18
MnO 1.194 0.187 1.396 1.052 1.055 1.077
PO, 0.142 0.227 0.178 0.2 0.206 0.21
Ag 1.11 3.76 1.66 2.7 0.96 1.19
As 13.4 21.4 12.9 36 18.7 20.7
Ba 384 232 288 302 290 437
Be 17 2.8 26.5 8.4 8.3 8.4
Cd 0.46 0.41 0.7 1 0.9 0.9
Ce 30 38 79 41 43 40
Co 238.4 159.3 521.9 179.4 144.9 150.6
Cr 22 61 31 29 32 28
Cu 21067 23793 22524 30457 15660 17265
La 20 27 38 23 25 25
Li 55 33 71 43 41 41
Mo 13.6 2.88 9.2 14.2 15.6 16.4
Ni 53 351 106 220 147 158
Pb 147 257 179 239 366 428
S 606 1167 218 2776 727 716
Sb 10.48 17.32 1.31 1.54 1.4 13.32
Sc 4.3 7.7 7 4.9 5.1 5
Sr 632 1258 716 3830 1123 1162
Th <5 <5 <5 <5 <5 <5
Ti 916 1728 1737 993 1109 1080
U <5 <5 <5 <5 <5 <5
\Y 35 62 52 34 37 37
Y 249 19.3 31.5 36.7 38 38.5
Yb 4.7 43 4.5 5 5.1 5.2
Zn 924 770 1499 2154 2244 2383
Zr 44 98 68 53 57 57
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The Chah Jamal Khoshomang
metal smelting sites are located in
Yazd Province, in the Kharanaq
district east of Ardakan County,
approximately 25 km south of
Saghand village and 120 km from
the city of Yazd. This study aims
to identify the smelting technol-
ogy and the provenance of the
ores used at these sites through
field investigations, petrograph-
ic analysis, and chemical analysis
by inductively ICP-OES) of slag
samples collected from two smelt-
ing sites. Petrographic results re-
veal the presence of the silicate
minerals pyroxene and fayalite
within a glassy matrix, together
with metallic phases compris-
ing native coppet, copper sulfide
minerals (chalcocite and covel-
lite), and the iron-bearing mineral
wistite. The high proportions of
silica and iron oxides in the chem-
ical analysis results, together with
the presence of CaO and MgO,
indicate the use of siliceous and
carbonate fluxes to reduce slag
viscosity; combined with the ob-
served mineralogical assemblage,
this evidence suggests a smelting

temperature of  approximate-

ly 11001200 °C and a reducing,

relatively controlled furnace at-
mosphere. These smelting sites,
which were established for copper
extraction, also contain lead, zinc,
and silver, indicating that the raw
ore feeding these furnaces was de-
rived from a polymetallic deposit.
Regarding the provenance of this
raw material, ancient exploratory
tunnels and pits located approx-
imately two kilometers from the
sites can be identified as the local
source of feedstock for these fur-
naces. The findings of this study
advance our understanding of an-
cient metal extraction technology
in the central Iranian plateau.

Keywords:
Iranian Plateau, Ancient Met-
al Smelting, Chah Jamal Kho-
shomang, Geochemical Studies,

Archaeometallurgy,

Smelting Furnace.

Introduction

Archaeometallurgy, as an interdis-
ciplinary field, plays a pivotal role
in reconstructing past societies,
their technological advancements,
and complex socio-economic dy-
namics. The centrality of metals
to the development of ancient
civilizations is well established.
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Today, modern scientific analysis of metallic remains and
production processes from mining and ore extraction to
smelting, alloying, and artifact crafting offers a unique
window into the technological capabilities, trade net-
works, and social structures of ancient communities
(Giardino, 2022; Oudbashi et al., 2012). The Iranian Pla-
teau, with its rich mineral resources and long history of
metallurgical innovation, stands as a key region in the
study of ancient metallurgy (Pigott, 2004a; Thornton,
2009). This region pioneered not only the eatly use of
native copper during the Neolithic period but also the
development of sophisticated processes, such as cop-
per smelting from ores during the Chalcolithic and the
emergence of alloys like arsenical bronze and tin bronze
(Pigott, 2004a; Thornton & Lamberg-Karlovsky, 2004).
Effectively, the Iranian Plateau functioned as an ancient
laboratory for pyrotechnology, encompassing process-
es from flint heat treatment and pottery firing to the
production of plaster, lime, and metals (Pigott, 2004a).
The study of eatrly metal production sites, particularly
smelting furnaces and their associated raw materials, is
crucial for understanding ancient metallurgical practices
(Giardino, 2022; Hashemi et al., 2024). These sites pro-
vide direct evidence of the technologies employed, the
scale of production, and the types of raw materials used.
Geochemical and mineralogical analyses of ores, slags,
crucibles, and furnace remains enable the reconstruction
of smelting processes, identification of ore types (oxide
or sulfide), determination of furnace temperatures, and
tracing of raw material origins through stable isotope or
trace element analyses (Bérard et al., 2020; Eskandari &
Emami, 2022). Advanced analytical techniques, such as
ICP-MS, SEM-EDS, and synchrotron radiation, allow
precise examination of chemical compositions and ma-
terial structures, identifying specific minerals in metallic
phases or corrosion products (Emami et al., 2022; Oud-
bashi et al., 2016). Against this backdrop, the Chah Jamal
Khoshomang smelting sites in Yazd Province present a
significant opportunity to advance our understanding of
ancient metallurgy in southeastern Iran.This study aims
to characterize the smelting technologies and raw materi-
al origins at these sites through geochemical and miner-
alogical analyses, shedding light on their role in regional
and trans-regional metal production networks.

Discussion

The field, petrographic, and geochemical investigations
carried out on samples collected from the metal smelt-
ing sites provide the information needed to address the
main research questions. This discussion first examines
the technological characteristics of the smelting process
and furnace operation, and then turns to the provenance
and type of the ores exploited. The field, petrographic,
and chemical analysis data are subsequently integrated

to present a coherent picture of the ancient technology
used for metal extraction, particularly copper.

The distribution of slag across the two smelting sites,
covering areas of approximately 200 and 72 m?, indi-
cates that this area hosted two interrelated metal smelting
workshops. Macroscopic examination of the slag sam-
ples collected from both sites shows that their color rang-
es from gray to green, a variation attributable to the pres-
ence of copper oxides (green coloration resulting from
the oxidation of metallic copper). These slags exhibit
irregular surfaces and considerable porosity, associated
with gas escape during the smelting process. Microscopic
studies indicate that the dominant minerals constituting
these slags are fayalite and pyroxene. The exploited ore
phases identified within the slags include copper miner-
als such as covellite, native copper, and chalcocite, along
with the iron-bearing mineral wiistite, whose presence is
indicative of reducing conditions within the furnace.

The results of the chemical analyses reveal a high con-
centration of silica, followed by iron oxides. In addition
to silica, calcium and magnesium are present in signifi-
cant amounts, having served primarily as siliceous and
carbonate fluxes to reduce viscosity and regulate furnace
temperature conditions. The estimated operating tem-
perature of these furnaces was approximately 11001200
°C, and the presence of fayalite, together with the
iron-bearing mineral wistite in the slags, points to rela-
tively controlled reducing conditions within the furnace.
The silicate minerals pyroxene and fayalite within a glassy
matrix likewise corroborate this temperature range and
the relatively rapid cooling of the slags. The high (esti-
mated) silica content and carbonate compounds in the
slags contributed to reducing viscosity, lowering the melt-
ing temperature, and facilitating the separation of impu-
rities features consistent with the structure and function
of the furnaces identified at the site. Given the outcrops
of carbonate rocks and siliceous veins in the vicinity of
the site, sourcing of such materials from local supplies is
entirely plausible.

The chemical analysis data indicate that copper is retained
in these slags at levels of up to approximately three per-
cent, a value that falls within the typical range for ancient
metallurgical slags and is better explained by the conven-
tional efficiency of ancient smelting technology than by
any particular inefficiency of these furnaces. In addition
to coppert, relatively weak anomalies of lead and zinc, as
well as a silver anomaly, are observed in these slags, sug-
gesting that the raw ore feeding these furnaces was likely
derived from a polymetallic deposit.

In response to the first research question, concerning the
technology employed for copper extraction at the Chah
Jamal Khoshomang smelting sites, this technology was
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based on the use of copper sulfide ores particularly chal-
copyrite, chalcocite, and covellite under reducing condi-
tions. Despite differences in copper grade among these
ores (chalcopyrite having a moderate grade, and chalcoc-
ite and covellite higher grades), field, petrographic, and
geochemical evidence points to their prominent role in
supplying raw material to these furnaces. Given the geo-
logical evidence from the region, the ore available to feed
these furnaces was predominantly sulfidic in nature, con-
sistent with the ancient mining evidence identified within
a radius of several kilometers of these smelting sites.

Regarding the second research question, concerning the
provenance and type of ores used in the smelting pro-
cess, it can be stated that the primary ore material used
at the Chah Jamal smelting sites was sourced locally, in
proximity to the furnaces. Evidence of ancient mining
activity, including pits and tunnels within a radius of ap-
proximately two kilometers of these sites, has been iden-
tified. Field surveys in these areas indicate the presence
of copper sulfide ores, particularly chalcopyrite and chal-
cocite, within these ancient mines consistent with the re-
sults of petrographic studies and geochemical analyses
of the slags recovered from the smelting sites. Moreover,
the presence of anomalies in associated elements such as
lead, zin, silver, and other metals in the analytical results
obtained from the slag samples supports the conclusion
that the ore material used originated from polymetallic
deposits. This finding aligns with the mining evidence
within a radius of several kilometers of the smelting sites
and reinforces the likelihood that such deposits were ex-
ploited in the past.

Conclusion

The aim of the present study was to investigate the met-
al smelting technology and the provenance of the ores
used at the ancient Chah Jamal Khoshomang sites in
Yazd Province through field, petrographic, and geochem-
ical studies of slag samples. The results showed that the
slags from both sites exhibit considerable mineralogical
and geochemical overlap. The principal minerals iden-
tified were pyroxene and fayalite within a glassy matrix,
with associated metallic phases comprising native cop-
per, copper sulfide minerals (chalcocite and covellite),
and the iron-bearing mineral wistite. On this basis, the
furnace operating temperature was estimated at approxi-
mately 11001200 °C, with reducing conditions prevailing
within the furnace. The results of the chemical analyses
likewise indicated elevated levels of silica, calcium oxide,
and magnesium oxide, which served as siliceous and car-
bonate fluxes during the smelting process.

In response to the first research question, the smelting
technology employed at the Chah Jamal Khoshomang
sites was based on the extraction of copper from sulfide

ores particularly chalcopyrite, chalcocite, and covellite
under reducing conditions. In response to the second re-
search question, field and geochemical evidence indicates
that the raw material feeding these furnaces was sourced
locally, notably from ancient mines identified within a ra-
dius of several kilometers of the sites, including old tun-
nels and pits. Furthermore, anomalies of lead, zinc, and
silver in the slag samples point to the use of raw material
derived from a polymetallic deposit.

The findings of this study demonstrate that the Chah
Jamal Khoshomang sites represent an example of cop-
per-smelting and extraction workshops in the central
Iranian plateau, expanding our understanding of ancient
metallurgical knowledge and technology in this part of
the plateau. Nevertheless, the absence of clear structural
evidence of furnaces and the lack of precise or relative
dating for these sites constitute the main limitations of
this study. Targeted archaeological excavations and com-
plementary studies, such as absolute dating, are therefore
recommended in future research to more precisely deter-
mine the age, chronological sequence, and regional signif-
icance of these sites.
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