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Abstract

The present study investigates an ancient smelting furnace located 19.5 km west of Javadiyeh and 51.5 km
southeast of Bafq in Kerman Province, Iran, with an area of 216 square meters and geographic coordinates
(356007, 3448674). The research was conducted using field surveys, sampling of slag, ore-bearing rocks, and
flux materials, followed by data analysis through petrographic and ICP-OES methods. The results indicate
that the furnace was designed for smelting copper ores, utilizing andesite and dacite as host rocks for copper
minerals such as malachite, chalcocite, and chalcopyrite. Carbonate rocks, quartz, schist, and sodic feldspar
were employed as flux materials in the smelting process. The furnace design comprises three main sections—
smelting, tapping, and molding—distinguished by specific elevation differences, reflecting the advanced tech-
nical expertise of its builders in managing metallurgical processes. Petrographic analysis of the slag confirms
the presence of minerals such as pyroxene (green swallowtail-shaped crystals), olivine (colorless elongated
blades), wiistite, and copper sulfides (covellite and native copper), suggesting a reductive environment and
high temperatutes of approximately 1200°C. Pores observed in the slag indicate rapid solidification or gas
release. Chemical analysis reveals elevated levels of Fe,O3 (26.09-53.75%), SiO, (27.35-51.13%), and CaO
(11.05-14.66%), confirming the formation of fayalite and the use of siliceous and alkaline fluxes. The copper
content in the slag (14,044-20,737 ppm) suggests cither incomplete smelting or the use of high-grade ore,
while the low sulfur content (0.16-0.20%) indicates strongly reductive conditions. These findings establish
the Western Javadiyeh furnace as a notable example of copper smelting technology in Iran’s Central Plateau,
designed with optimized resource use and precise control over extraction and smelting processes. This re-
search underscores the significance of ancient metallurgical knowledge and highlights the need for further

studies to deepen our understanding of such technologies.
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Iran, as an ancient cradle of diverse technologies (Nezafati et al.,
2017), is regarded as one of the pioneers of eatly mining and an-
cient metallurgical industries and as one of the prominent regions

of mining activity in antiquity (Alipur, 1993).

Manifestations of ancient mining and metallurgy, as an integral
part of the engineering heritage of ancient Iran, include evidence
of mineral extraction, smelting furnaces, metal vessels, weapons,

and a wide variety of artifacts found in different regions, particu-
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larly across the Central Iranian Plateau. Based on historical evi-
dence, the processes of ore extraction and smelting in Iran date
back to approximately 9,000 years ago (Momenzadeh, 2005), or
according to other estimates, to around 7,000 years ago (Ra-
shidinejad, 2015). The Achaemenid period is recognized as one of
the most significant eras of mining exploitation in Iran (Pezesh-
kan, 2005). The present study investigates a copper ore smelting
site located west of Javadieh, focusing on aspects such as smelting
furnace processes, the type of ore, the extracted material, and the

smelting methods employed.

Methodology

From the ancient metal smelting site under investigation, fifteen
samples were collected for chemical and archaecometric analyses.
During the sampling process, priority was given to selecting spec-
imens that had undergone the least degree of weathering and al-
teration, in order to obtain more reliable and accurate results. Af-
ter collection, the samples were packaged and transferred to the
laboratory. Following sampling, two thin and polished sections
were prepared from selected specimens at the thin-section prepa-
ration workshop of the Research Institute for Conservation and
Restoration of Cultural-Historical Objects. These sections were
examined using a polarizing microscope manufactured by Canada
Smart Tech. The aim of this study was to identify mineralogical
phases and ore minerals, as well as the textures and microscopic
structures of the slags. Observations were recorded using both
transmitted and reflected polarized light in order to accurately
identify the characteristics of silicate and metallic minerals present
within the slags. For chemical analysis, three samples were ana-
lyzed using the ICP-OES (Inductively Coupled Plasma—Optical

Emission Spectrometry) method by Zarkavan.

Results
For the petrographic study of slags produced by ancient copper

smelting at this site, two polished thin sections were prepared. The
silicate-phase minerals identified in these samples include pyrox-
ene and olivine (in the form of fayalite). Pyroxene occurs as swal-
lowtail-shaped crystals with a green coloration, which is likely re-
lated to the presence of iron in its crystal structure. Olivine ap-
pears as elongated, colotless blades and, in some cases, is associ-
ated with pyroxene. The metallic minerals present in these slags
consist of iron oxides and copper sulfides. Among the iron oxides,
wistite (FeO) and ilmenite (FeTiO3) were identified, indicating
reducing conditions and high temperatures during the smelting

process. Copper-bearing phases include covellite (CuS) and native

copper (Cu). These observations suggest that the studied slags
formed under thermal conditions of approximately 1200 °C,
which is consistent with ancient copper smelting processes. For
the chemical investigation of the ancient copper smelting slags,
three samples were analyzed using the ICP method. The results
show high concentrations of iron oxide (Fe,O3), with values of
53.75, 46.76, and 26.09%, and silica (SiO3), with values of 27.35,
29.84, and 51.13%. The high Fe,O3 content indicates the pres-
ence of the fayalite phase (Fe;SiO4) in the slags, which is con-
sistent with the petrographic observations. The elevated SiO,
content further supports this interpretation, as fayalite forms from
the combination of silica and iron oxide under reducing condi-
tions. The high proportion of SiO; likely reflects the use of a sil-
ica-rich flux during the smelting process, which enhanced slag flu-
idity. Following these two major components, calcium oxide
(Ca0O), with values of 11.05, 14.66, and 13.03%, shows a signifi-
cant presence and was probably used as an alkaline flux to reduce
the melting temperature and improve metal slag separation.
Among the trace elements, copper (Cu) is particularly notable,
with very high concentrations of 20,737.53, 16,531.34, and
14,044.21 ppm, indicating a substantial amount of residual target
metal within the slags. Such high values point to incomplete ore
smelting or low efficiency in metal separation, which is consistent
with the relatively simple technologies employed during ancient

periods.

Discussion

The data obtained from ICP-OES analysis of the slags indicate
that they are mainly composed of Fe,O3 (26.09-53.75 wt%), SiO,
(27.35-51.13 wt%), and CaO (11.05-14.66 wt%). This chemical
composition is characteristic of fayalite-based slags, which are
commonly produced in copper smelting furnaces. The elevated
SiO; content points to the use of siliceous fluxes, which increased
slag fluidity and facilitated metal separation. Given that these slags
originate from copper smelting furnaces, the copper content
ranges between 14,044 and 20,737 ppm, representing a substantial
concentration. Such high copper levels may be attributed to two
main factors: first, incomplete smelting processes that resulted in
residual copper remaining within the slag; and second, the high-
grade nature of the raw ores supplied to the furnaces, which con-
tained relatively high copper contents. In addition, the presence
of elevated concentrations of strontium and barium is likely re-

lated to the use of carbonate fluxes (such as limestone), which
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were employed to lower the melting point and promote slag for-
mation. The low sulfur content (0.16-0.20 wt%) in these slags,
despite the presence of sulfide minerals such as chalcocite and
chalcopyrite in the raw materials, indicates strongly reducing con-
ditions within the furnace. Under such conditions, sulfur was vo-
latilized during smelting and did not remain in the slag. The oc-
currence of impurities such as lead and silver is also most likely
associated with the polymetallic nature of the raw mineral ores, a

feature that is common in many Iranian ore deposits.

Conclusion

The investigation of the ancient smelting furnace west of Javadieh
indicates an advanced design developed through the efficient use
of local resources for the smelting of copper ores. The location of
the furnace with access to clay, seasonal water sources, mineral
rocks, and fuel vegetation reflects the builders’ profound under-
standing of the local geographical and climatic conditions. Struc-
tural evidence, comprising three distinct sections for preparation,
preliminary testing, and smelting at clearly differentiated elevation
levels, demonstrates technical complexity and an emphasis on
quality control comparable to that of modern industrial processes.
The presence of experimental furnaces used to regulate tempera-
ture and flux composition, together with the employment of
schist, sodic feldspar, carbonates, and quartz as fluxes, confirms
the high level of metallurgical knowledge possessed by ancient
practitioners. These materials played a crucial role by lowering the
melting point and facilitating metal slag separation. Petrographic
analysis of the slags reveals the presence of pyroxene (green swal-
lowtail-shaped crystals), fayalite (elongated blades), wiistite, ilmen-
ite, and copper sulfides (covellite and native copper), collectively
indicating reducing conditions and high smelting temperatures of

approximately 1200 °C. Vesicles within the slags are interpreted as

evidence of rapid solidification or gas release during cooling. ICP-
OES analyses reveal high contents of Fe,O3 (26.09-53.75%) and
Si0; (27.35-51.13%)), confirming fayalite formation and the use
of siliceous fluxes. The presence of CaO (11.05-14.66%) further
indicates the application of alkaline fluxes.The substantial residual
copper content (14,044—20,737 ppm) suggests either incomplete
smelting or the processing of high-grade ores, whereas low sulfur
concentrations (0.16-0.20%) point to strongly reducing furnace
conditions and the probable roasting or oxidation of sulfides prior

to smelting.
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nearest points likely containing metal ore deposits (Cul to Cu5) are also marked in the image.
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point, based on the UTM coordinate system, are provided in the upper cor-

ner of the image. Descriptions of each section are presented in the text.
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Figure 4. Main components of the old Javadiyeh furnace at the scale of a complete ore smelting cell. Each section is explained in the text, and the elevation

differences between the various parts of the furnace are also specified
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Figure 5. (A) Composition of the furnace wall of the Javadiyeh smelting furnace and its constituent components, (B) along with other lithological materials

used in this furnace as flux substances.
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Figure 6. Descriptions of minerals observed in the smelting remains: (a) Pyroxene mineral occurting as swallowtail-shaped crystals, green in color; (b) Olivine

mineral appearing as elongated, colotless blades; (c) Wiistite mineral present as elongated crystals scattered within the matrix; (d) Ilmenite mineral occurring as

very thin blades; (¢) Native copper mineral with a rim of copper sulfide; (f) Copper minerals occurring as covellite and other copper sulfides.
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Sample
223-1204-G-1 223-1204-G-2 223-1204-G-3
Si02 27.35 29.84 51.13
Al,O3 4.99 5.61 6.37
CaO 11.05 14.66 13.03
Fe,O3 53.75 46.76 26.09
K,O 0.76 0.86 1.14
MgO 0.97 1 0.95
Na,O 0.86 0.98 1.01
TiO, 0.27 0.28 0.28
Ag 0.60 0.89 1.39
As 150.23 95.37 75.08
Ba 231.10 206.69 185.21
Cd 5.44 4.99 3.07
Co 174.56 128.60 85.08
Cr 88.14 69.98 94.37
Cu 20737.53 16531.34 14044.21
Fe 37.61 32.72 18.26
La 17.11 21.49 16.49
Li 12.76 12.69 13.31
Mo 8.41 9.09 3.46
Ni 233.05 155.63 175.68
Pb 154.10 157.60 336.03
S 0.17 0.16 0.20
Sb 12.10 2.97 8.76
Sn 13.22 12.56 11.96
Sr 1597.67 1633.67 1665.54
Th 11.85 10.27 12.65
Ti 0.16 0.17 0.17
U 1.00 0.60 0.60
\% 53.03 53.71 46.41
\\4 1.38 1.73 0.80
Zn 354.21 372.25 182.06
7t 49.85 61.70 58.66
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Figure 7. Field image of the deposits present in the old Javadiyeh furnace, with the most abundant component being slag.
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Figure 8. (A) Abundance and several hand samples of slag and fragments present in these smelting remains (B, C, D), identified in terms of lithology and

minerals, with copper-bearing minerals specified in (B, C).
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