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The Kalatehno prospecting area is located at 23 Km northwest of
Gonabad, Khorasan Razavi province, and north of the Lut Block. The
geology of the area includes subvolcanic units with monzonite,
monzodiorite and diorite porphyry, volcanic units, pyroclastic and
Quaternary units. Mineralization occurred epigenetically and as vein, in
volcanic and pyroclastic units. The ore vein extends to 100-300 m along,
and 1-3 m wide. The hypogene mineralization is characterized by
chalcopyrite as the main ore mineral and minor amount of bornite,
pyrite, galena with quartz as gangue minerals. Malachite, chrysocolla,
chalcocite and secondary iron oxides (hematite, goethite) constitute the
mineralization of oxidation and supergene zone. The main alteration in
the area are silicification propylitic and argillic. According to
geochemical study, the amount of copper is between 750 to 19500 ppm,
Pb from 62.8 to 30400 ppm and Zn from 258 to 1800 ppm. Based on the
structural control of mineralization, alteration types, mineralization and
geology features, the Kalatehno deposit is similar to vein type copper
deposits.
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EXTENDED ABSTRACT

Introduction

The Kalatehno area is situated 23 km northwest of
Gonabad city, Khorasan Razavi province, and in
geographic latitude 34°28°30° to 34°29°30° N and
longitude 58°31°3(° to 58°32°30° E. This area is
located in the north of the Lut Block zone. Due to
different tectonic situations and the huge amount of
magmatism with different geochemical
characteristics, the Lut Block has very good potential
for various mineralization. Mineralization events in
Lut Block have occurred over the Tertiary. Previous
studies in the prospecting area of the Kalatehno
copper deposit include studies by Zirjanizadeh et al.,
(2016) and Zirjanizadeh (2015), which focus on
petrology, geochemistry, mineralization, and
alteration of igneous rocks northwest Gonabad and
Kalatehno area. Bemani et al. (2023) discuss the
processing of satellite images for extracting
alterations with field evidence in the Kalatehno
deposit. The purpose of this research is to identify
rock units, alteration, mineralization and
geochemistry and characterize the ore-forming
processes to recognize mineralization type in the
Kalatehno prospecting area.

Materials and methods

The methods include fieldwork, laboratory work,
and interpretation. The fieldwork includes direct
observation and sampling. After conducting field
surveys and collecting 100 rock samples from
different geological units and 60 samples from
mineral veins, suitable samples were selected and
prepared for laboratory studies. 30 thin sections were
prepared and studied for a geological and alteration
map with a scale of 1:5000. The texture and
mineralogy were studied by preparing 10 polished
block sections. For geochemical analysis, Laboratory
analysis is conducted using Fire Assay (FA) for gold
grade and Atomic Absorption Spectrophotometry
(AAS) for Cu, Ag, Pb, As, Zn and other elements that
were analyzed at Zarazma laboratory.

Result and Discussion

The lithological units found in the study area include
volcanic and tuff units, subvolcanic rocks, dacite
porphyritic dykes, and Quaternary units. The
volcanic rocks are mostly composed of pyroclastic
rocks, rhyolite, andesite and trachyandesite with

porphyritic textures. Rhyolites are observed in the
northwest of the study area.

The phenocrysts at rhyolite include quartz,
potassium feldspar, plagioclase, and opaque
minerals. The groundmass comprises

microcrystalline quartz and alkali feldspars, and the
alkali feldspars are altered to clay minerals.
Subvolcanic outcrops as stocks in different parts of
the area. These units include biotite granodiorite
porphyry, monzodiorite porphyry, biotite monzonite
porphyry and biotite quartz monzodiorite porphyry.
Propylitic and silicic alterations are common
alterations of the Kalatehno prospect. The silicic
alteration zone is divided into four main sub-zones:
strong siliceous, strong siliceous + strong propylitic
+ weak argillic, and strong siliceous + epidote. The
important minerals of these zones are quartz 50-60
%, sericite (less than 1-2 %), calcite (less than 2 %-5
%), epidote (veins and scattered up to 2%), chlorite
(less than 2 %) resulting from alteration of
hornblende and biotite, pyrite in about 1 % and clay
minerals resulting from the alteration of feldspars.
Quartz exists as disseminated, veins, veinlets and
crystalline (milky quartz and amethyst) in rock units
and is accompanied by mineralization in the
Kalatehno area.

The propylitic alteration has different intensities and
has affected the entire area. Chlorite reaches from
1% to 5% in strong propylitic. Epidote is seen as a
vein and coarse crystal in groundmass and also a
replacement in plagioclase and hornblende, and in
some cases, because of high abundance, can be
mentioned as a separate alteration. In the Kalatehno
prospecting area, mineralization is observed in
different forms: vein, disseminated, stockwork,
replacement, colloform, and hydrothermal breccia.
The mineralization in the Kalatehno area has
occurred as veins in the host rock (pyroclastic rocks)
and is observed with variable lengths and
thicknesses. The mineralization is controlled by
structures and faults. The vein mineralogy includes
primary sulfide minerals, pyrite, chalcopyrite,
bornite, and galena. Quartz grains with chalcopyrite
and bornite were found. Both minerals are
surrounded by chalcocite. Due to supergene
processes, secondary minerals comprise malachite,
azurite, chrysocolla, chalcocite, and Mn and Fe
oxides with quartz as gangue mineral. The amount of
copper is between 750 to 9100 ppm, Pb from 62.8 to
30400 ppm, and Zn from 258 to 1800 ppm. The
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source rock related to mineralization in the area is
monzodiorite porphyry. Silicic and propylitic
alteration zones are the most important alteration.

Conclusion

In Kalatehno prospect area, vein-type epigenetic
mineralization occurring along fault zones with main
trending NW-SE. Mineralization is mainly hosted in
pyroclastic rocks (tuffs) with silicification and
propylitic alterations. Ore minerals at study area
comprise pyrite, chalcopyrite, bornite, galena, and
Secondary minerals include malachite, azurite,

chrysocolla, chalcocite, Fe oxides (hematite,
goethite) and Mn oxides. quartz is main gangue
mineral. Vein copper deposits include various vein-
type deposits in which copper is the dominant metal.
The ore minerals are deposited as open-space filling.
Mineralogy of ore and texture, structurally controlled
mineralization and type of alterations are similar to
vein copper deposits.
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Table 1. Chemical analysis of ore samples in the Kalatehno area (data in ppm (Au in ppb)

sample Ag Cd Cu Fe (%) Mn Pb Zn Sn  Au
Geo-kn-10 8 2 9100 4.79 1100 84.9 2725 <1 89
Geo-kn-11 22.7 <1 738.4 16.39 31.2 78.6 2703 <1 65
Geo-15 10.9 4/2 1800 10.22 123 2569 6935 <1 11
geo30 30.3 5.2 19500 3.34 76.5 30400 1800 <1 99
Geo-31 16 <1 876.20 0.67 166.1 1700 1800 <1 12
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Fig. 2. Geological map of Kalatehno prospect area
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Fig. 3. A: A view of different rock types in Kalatehno prospecting area, B: Outcrop of rhyolite unite (view to the N), C:
Trachyandesite unite (view to the W), D: Photomicrograph of trachyandesite, E: Trachyte, F: Biotite granodiorite
porphyry, and G: Biotite quartz monzodiorite porphyry (All pictures in XPL light). Abbreviations after Whitney and
Evans (2010) (Qz: quartz, PI: Plagioclase, Afs: Alkali feldspar).
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Fig. 4. Separation of minerals resulting from alteration in Kalatehno area by using Aster satellite image processing with
Spectral Angle mapper method (SAM), the rectangle shows the location of the studied area.
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Fig. 6. Microscopic images of rock units in Kalatehno prospect area, A: The plagioclase crystal is broken and filled by
calcite. Quartz has grown along the margin of plagioclase, and B: Epidote veins in the tuffs of the northwest Kalatehno.
Images in XPL light, Abbreviations after Whitney™ and Evans (2010) (Ep: Epidote, Qz: Quartz, Cal:Calcite).
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Fig. 7. A view of mineralization in the Kalatehno prospect area, A, B and C: Quartz veins containing mineralization,
(photos view to the NE), and D: Mineralization of pyrite and iron oxides in the hydrothermal breccia
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Fig. 8. Microscopic images of mineralization in Kalatehno prospect area, A, B and C: Chalcopyrite and bornite altered to
chalcocite from the border, D: Pyrite mineralization in silica-malachite-iron oxide vein, Images in XPL light,
Abbreviations after Whitney and Evans (2010) (Ccp: Chalcopyrite, Bn: Bornite, Py: Pyrite, Mic: Malachite, Cct:
Chalcocite).
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Fig. 9. Photographs of ores from the Kalatehno prospect area, A: Chalcopyrite has been altered to chalcocite from the
margin or completely, B: Azurite, chrysocolla with quartz and iron oxides, C: malachite and chrysocolla, and D: galena
with quartz, Abbreviations after Whitney and Evans (2010) (Cct: Chalcocite, Ccp: Chalcopyrite, Ccl: Chrysocolla, Az:

Azurite, Mlc: Malachite, Qz: Quartz, Gn: Galena).
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The Qeynarjah-Angouran district is located at the intersection of the Urumieh-
Dokhtar and the Sanandaj-Sirjan structural zones in NW Iran. In this area,
intrusive suites of Middle Triassic-Upper Jurassic age are exposed, including
the Gharavol-Khane quartz diorite, the Kuh-e Belghais granite porphyry, and
the Qeynarjeh granodiorites. Whole-rock geochemical data and crystal
chemistry of apatite were analyzed to obtain the geochemical-metallogenic
evolutions of magma and compare fertility using trace element interpolation.
These intrusive suites with zircon saturation temperature (Tz) less than 900
°C and meta-aluminous to slightly peraluminous nature (A/CNK = 0.5-1.2)
belong to the calc-alkaline series, which is evidence of I-type granitoids
(Na2O/K>0 = 0.8-2.0) in subduction zones (enrichment of LILE compared to
HFSE along with P, Nb and Ti anomalies). XREE concentration,
LREE/HREE ratio, and LILE content (including Rb, Ba, Th, U, K and Pb
elements) in the Qeynarjeh granodiorites are determined to be twice as much
as other intrusive suites, which are placed at a depth of 20 to 30 km of crust
(Sr/Y=10-20), Rb/Sr ratio of whole-rock less than 0.4 and FeO content about
4 wt.% indicate characteristics of ore-bearing skarns. EPMA results show
apatite crystals from Gharavol-Khane quartz diorite with high fluorine
concentration (F = 2.2-2.7 wt.%) have been formed directly from the parent
magma and Kuh-e Belghais granite porphyry apatites with high chlorine
variation (Cl = 0.52-0.65 wt.%) is a result of large fluid-rock interactions
between the granite porphyries and hydrothermal fluids. Overall, the
Qeynarjeh granodiorites and the Gharavol-Khane quartz diorites show the
most similarity with the petrogenesis-metallogenesis pattern of the iron skarn-
causative intrusions.
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EXTENDED ABSTRACT

Introduction and geological background

Chemical composition, origin, and magmatic—
metallogenic evolution of intrusive suites with granitoid
nature have a significant role in evaluating mineral
potential and separating fertile and barren intrusive rocks
in orogenic belts (Svetlitskaya and Nevolko, 2022).
Determining the physicochemical characteristics of
granitoids such as temperature, pressure, 0xygen
fugacity (logfO,), and volatile elements (e.g., water
content, chlorine, and sulfur oxide) is necessary to
investigate the relationship between the formation of
intrusive suites and mineralization (Richards and
Kerrich, 2007; Wang et al., 2014; Zhu et al., 2018; Zhang
et al., 2022). Determination of these characteristics is
important, especially for evaluating magmatic—
hydrothermal systems and the skarn-causative granitoid
deposits (e.g., porphyry and skarn deposits). The Takab-
Angouran belt in the northwest of Iran hosts numerous
mineral deposits from Neoproterozoic to Cenozoic,
some world-class deposits (e.g., Angouran zinc and
Zarshoran gold deposits) have been formed in this area.
The enormous magmatic-hydrothermal-geothermal
eruptions caused by the closing of the big Neotethys sea
and the occurrence of the Zagros Mountain belt have led
to the formation of a large volume of granitoid and
volcanic intrusive suites with the age range of Triassic-
Jurassic to Miocene in the Takab-Angouran. In this
research, the whole-rock geochemical data and
chemistry of apatite in Gharavol-Khane quartz diorite,
Kuh-e Belghais granite porphyry, and Qeynarjeh
granodiorite have been evaluated from the point of view
of iron skarn potential. The purpose of this research is to
achieve magmatic control factors and compare the
fertility indicators of granitoids using the trace element
ratio and geochemical diagrams in the intrusive suites.
Also, petrography and apatite crystal chemistry have
been used to obtain the petrogenesis-metallogenesis
pattern of granitoids. This evidence could be helpful in
advancing exploration programs and identifying
encouraging mineral areas in the Qeynarjeh-Angouran
area.

Material and methods

After studying geological maps and conducting detailed
sampling, field works, and sampling of different rock
units were conducted. Therefore, 80 rock samples were
taken from wvarious intrusive suites, and after
petrographic studies, 20 fresh samples were selected.

Petrographic studies were carried out using a ZEISS
reflected-transmitted polarizing microscope (Axioplan2
model). For chemical analysis, 10 samples of Gharavol-
Khane quartz diorite, 5 samples of Kuh-e Belghais
granite porphyry, and 5 samples of Qeynarjeh
granodiorite were selected and grounded in agate
pounder to 200 mesh size (about 75 micrometers).
Whole-rock geochemical data has been carried out in the
Geochemistry Laboratory of Istanbul University of
Technology, by X-ray fluorescence (WDXRF)
wavelength-based model S8 TIGER to detect the main
oxide elements (in terms of wt.%) and inductively
coupled plasma mass spectrometer (ICP-MS), ELAN
DRC-e model for identification of minor and rare earth
elements (in terms of ppm). Digestion of samples
(approximately 50 mg) has been done in two steps: 1) by
6 ml of HCI acid (37% concentration), 2 ml of HNOs
acid (65% concentration), and 1 ml of HF acid
(concentration 38-40 percent), and 2) the destruction of
the remaining refractor minerals by adding 6 ml of
B(OH); acid (concentration 5%). Destruction of the
samples was done in a Berghoff model microwave
Teflon pot at a temperature of 135 °C. The analysis
accuracy surpasses 2% for major elements and surpasses
5% for rare elements. To obtain the chemical
composition of apatite types in the study intrusive suites,
about 30 points were tested by electron microprobe
analysis (EPMA) model JEOL JXA-8530F in the
laboratory of the German Geosciences Research Center
(GFZ). Spot analysis was performed with a 15kV
voltage, an electron beam current of 5 nA, a beam
diameter of 10 microns, and an irradiation time of 5to 10
seconds. The X-ray geometry jump angle of the device
is between 50 and 60 degrees, and the analysis error is
less than 10 grams per ton.

Results and discussion

The intrusive suites of the studied area include the
Gharavol-Khane quartz diorite intrusion with granular
and porphyroidic textures, the Kuh-e Belghais granite
porphyry with porphyry, granular and graphic textures,
and the Qeynarjeh granodiorite, has microgranular,
porphyroidic, and graphic textures. In terms of alumina
saturation index (ASI), the study intrusive suites belong
to the metaluminous to slightly peraluminous series and
I-type granite and have calc-alkaline to shoshonitic
affinity. An enrichment of LILE compared to HFSE was
observed in the study area, and this enrichment occurred
during melting due to the high ionic potential of LILE
and the decrease in solubility of HFSE in agueous fluids.
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A negative anomaly in Eu and a positive anomaly in Ce
were observed, which occurred due to low-oxygen
fugacity and increased Eu*/Eu*® and Ce*3/Ce™ ratios in
the silicate melt. Three types of apatite: Apl (with
elongate habit and homogeneous appearance in the
Gharavol-Khane quartz diorite), Ap2 (subhedral to
anhedral form in the Kuh-e Belghais granite porphyry),
and Ap3 (anhedral to subhedral form in the Qeynrajeh
granodiorite), were recognized in Qeynarjeh-Angouran
district. All apatites belong to the hydroxy-fluorine
apatite class and originated from magmatic origin. Apl
crystals were formed directly from the parent magma but
Ap2 and Ap3 crystals were formed during skarnization.
The intrusive suites of the studied area, have the
characteristic signatures of subduction zone magmas in

a volcanic arc setting. Qeynarjeh granodiorite is ore-
bearing, Kuh-e Belghais granite porphyry is non-
productive, and Gharavol-Khane quartz diorites are
barren to ore-bearing nature and they are all in the range
of mineralized differentiated intrusive in-depth. The
Qeynarjeh granodiorite is an ore-bearing granite and
shows evidence of a skarn-causative suite (non-

porphyry).
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Fig. 3. Field and petrographic images of the intrusive suites at Qeynarjeh-Angouran district. The Gharavol-Khane area includes A:
quartz diorite intrusive rock, B: hand specimen of plagioclase and hornblende minerals, C: granular texture with plagioclase and quartz
mineral assemblage. The Kuh-e Belghais area includes D: granite porphyry intrusive rock, E: hand specimen of quartz and K-feldspar
minerals, F: porphyry texture with quartz phenocryst. The Qeynarjeh area includes G: granodiorite intrusive rock, H: hand specimen
of plagioclase, hornblend, and quartz minerals, 1: microgranular texture with plagioclase and quartz mineral assemblage. Abbreviations
after Warr (1994) i(Qz: quartz, PI: plagioclase, Px: pyroxene, Hb: hornblende, K-spar: K-feldspar, Amp: amphibole). Abbreviations
of photomicrographs: TL: transmitted light, XPL.: cross-polarized light.
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Table 1. Whole-rock geochemical data at intrusive suites of the Qeynarjeh-Angouran district

Location Gharavol-Khane
Rock type Quartz monzodiorite (n=5) Quartz diorite (n=5)
Sample no. Gh-1 Gh-2 Gh-3 Gh-4 Gh-5 Gh-8 Gh9 Gh-10 Gh-11 Gh-12
Major oxides (wt.%)
SiO; 55.37 52.35 53.99 52.77 5221 54.73 53.17 5369 56.92 57.72
TiO, 0.76 0.99 0.70 0.51 0.84 0.83 115 0.91 1.02 0.76
Al;O3 17.99 18.24 16.55 17.72 17.76 16.12 17.27 16.25 18.08 16.82
Fe:03 7.22 741 7.82 5.99 8.06 8.44 7.03 742 7.35 6.73
MnO 0.13 0.06 0.15 0.10 0.15 0.17 0.12 0.14 0.14 0.09
MgO 3.37 2.62 2.78 3.96 3.89 461 3.82 4.58 2.04 3.13
CaO 8.97 8.96 10.11 10.44 11.29 10.26 10.53 11.17 7.74 6.24
Na,O 3.05 2.75 311 3.33 2.22 251 3.32 294 354 3.63
K20 2.00 253 3.72 3.70 261 217 249 221 2.38 3.13
P20s 0.17 0.23 0.18 0.13 0.15 0.02 0.21 0.18 0.23 0.21
LOI 0.80 3.69 0.71 0.95 116 0.03 129 1.07 0.36 1.00
Total 99.83 99.83 99.82 99.60 10034  99.89 10040 10056 99.80  99.46
Mo# 28.65 23.32 23.42 36.26 29.34 31.97 31.86 3469 19.28 28.58
Trace elements and REE (ppm)
Ba 27400 37300 18800 139.00 12700 7200 39000 154.00 345.00 443.00
Cs 2.60 1.20 0.50 150 1.10 0.10 0.70 1.90 2.65 0.80
Ga 17.02 20.05 17.12 16.41 16.79 18.49 16.01 18.31  20.00 15.84
Nb 10.00 11.00 10.00 8.00 20.00 8.00 9.00 400 1600 18.00
Ta 1.20 1.67 182 1.00 1.30 2.82 2.70 2.60 3.60 3.00
Rb 69.01 67.40 42.58 19.62 34.05 5.09 40.37 3391 8318 71.28
Sr 203.00 266.00 390.00 333.00 290.00 339.00 365.00 313.00 271.00 247.00
Th 5.90 6.60 5.00 4.10 5.50 4.10 3.50 4.20 721 8.00
U 159 2.24 191 134 231 1.03 137 1.38 1.89 1.76
Zr 128.00 142,00 138.00 62.00 101.00 24.00 107.00 6400 176.00 175.00

Note: LOI= loss on ignition; EW/Eu*= Eun/(SmnxGdy)Y2; Ce/Ce*= Cen/(LanxPry)¥?; Mg# = [100*molar Mg/(Mg+Fe)]; Tz=

Zircon saturation temperature calculated from the whole-rock compositions (Miller and Wooden, 2004).
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Table 1 (Continued). Whole-rock geochemical data at intrusive suites of the Qeynarjeh-Angouran district

Location Gharavol-Khane

Rock type Quartz monzodiorite (n=5) Quartz diorite (n=5)

Sample no. Gh-1 Gh-2 Gh-3 Gh-4 Gh-5 Gh-8 Gh-9 Gh-10 Gh-11 Gh-12
Hf 2.34 3.76 3.70 3.10 3.87 4.72 4.20 334 334 4.40
\% 168.00 156.00 14500 130.00 187.00 229.00 236.00 259.00 14400 116.00
w 0.35 0.45 043 0.20 0.20 0.88 1.00 1.10 1.00 1.10
Y 22.10 27.20 17.60 14.70 25.30 8.60 2170  19.00 2956  21.80
Pb 1.00 2.00 1.00 2.00 2.00 2.00 3.00 1.00 1.00 1.00

Rare Earth Elements (REE) (ppm)

La 14.60 20.20 12.70 7.60 13.60 12.40 14.50 750 2188 1920
Ce 32.20 44.10 28.80 18.80 32.90 23.00 31.70 1960 4777  39.30
Pr 3.64 5.30 3.33 2.22 391 3.71 3.82 2.58 5.81 4.32
Nd 14.30 21.00 14.00 9.70 15.70 13.80 16.00 1144 2268  16.20
Sm 3.48 4.70 3.10 2.49 3.61 3.15 3.86 3.16 5.12 3.70
Eu 0.87 134 0.78 0.68 1.04 123 1.04 0.86 127 0.93
Gd 3.68 4.83 3.03 2.68 4.09 3.34 3.89 3.28 5.00 349
Th 0.60 0.76 0.49 0.45 0.64 0.44 0.63 0.57 0.86 0.63
Dy 3.46 4.33 2.87 2.55 3.80 2.39 3.73 3.29 494 3.70
Ho 0.76 0.92 0.57 0.50 0.84 0.52 0.75 0.65 1.07 0.74
Er 2.18 2.85 1.90 1.45 241 1.90 2.19 1.87 3.01 2.08
Tm 0.33 0.40 0.26 0.22 0.39 0.23 0.31 0.25 0.45 0.34
Yb 2.04 2.70 1.86 1.36 2.25 181 2.10 1.58 2.66 1.87
Lu 0.29 0.39 0.30 0.22 0.32 0.34 0.31 0.24 0.44 0.27
>REE 82.47 113.85 74.03 50.88 85.53 38.27 8473  56.86 12295 96.81

LREE/HREE 4.80 5.15 5.14 4.04 4.42 461 7.12 3.52 5.24 5.88

Lan/Yby 4.77 4.98 4.56 3.71 4.02 459 461 3.16 549 6.85
Eu/Eu* 0.70 0.81 0.73 0.76 0.78 1.09 0.77 0.77 0.72 0.74
Ce/Ce* 1.06 1.02 1.06 1.10 1.08 0.81 1.02 1.07 1.02 1.03

Tz (°C) 69390 699.70 65400 60390 643.90 561.00 64250 60020 72950 733.00

Note: LOI= loss on ignition; EuW/Eu*= Eun/(SmnxGdy)Y2; Ce/Ce*= Cen/(LanxPry)¥?; Mg# = [100*molar Mg/(Mg+Fe)]; Tz=
Zircon saturation temperature calculated from the whole-rock compositions (Miller and Wooden, 2004).
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Table 1 (Continued). Whole-rock geochemical data at intrusive suites of the Qeynarjeh-Angouran district

Location Kuh-e Belghais Qeynarjeh
Rock type Granite porphyry (n=5) Granodiorite (n=5)
Sample no. BI-17 BI-18 BI-19 BI-20 Bl-21 Qn-23 Qn24 OQn29 Qn30 On31
Major elements (wt.%)

SiO; 70.12 73.07 75.65 74.8 75.21 66.84 64.18 70.49 69.87 70.06
TiO; 0.60 0.90 0.70 0.70 0.60 0.38 0.45 0.16 0.24 0.18
Al,O3 14.73 13.21 12.77 11.34 13.1 15.47 17.15 13.31 14.74 1491
Fe;Os3 1.58 2.27 217 1.34 1.09 331 3.64 3.89 4.04 3.72
MnO 0.01 0.01 0.02 0.02 0.03 0.09 0.12 0.01 0.04 0.02
MgO 1.00 0.32 0.42 0.71 0.14 1.07 1.27 0.17 0.51 0.19
CaO 219 1.72 1.44 2.79 1.25 3.93 5.33 4.25 3.88 2.04
Na;O 413 3.86 3.18 4.28 4.25 3.62 3.76 291 3.26 454
K0 2.48 2.75 2.72 247 245 3.93 2.33 3.25 2.88 3.04

P20s 0.07 0.09 0.03 0.02 0.08 0.23 0.39 0.12 0.14 0.1
LOI 2.29 1.52 1.42 2.03 1.34 0.91 114 0.55 0.65 0.93
Total 99.2 99.72  100.52  100.5 99.54 99.78 99.76 99.11  100.25  99.69

Mg# 35.26 10.81 14.27 3131 9.95 21.76 23.09 3.62 9.79 421

Trace elements and REE (ppm)

Ba 38.00 39.00 42.00 52.00 19.00 52500 599.00 57800 847.00 866.00
Cs 0.29 0.25 0.43 0.24 0.22 0.24 0.50 0.31 0.27 0.71
Ga 18.10 14.63 13.48 15.61 12.14 16.03 16.19 14.73 15.43 14,51
Nb 14.00 17.00 19.00 15.00 11.00 23.00 14.00 16.00 14.00 16.00
Ta 1.10 1.76 1.65 1.70 1.78 2.60 5.50 3.63 2.10 2.67
Rb 12.89 18.28 18.37 15.25 13.89 57.15 61.01 114.67 90.62 97.03
Sr 23500 147,00 123.00 216.00 161.00 260.00 31500 274.00 278.00 292.00
Th 9.60 18.99 19.63 14.63 15.92 22.66 15.90 29.83 19.72 15.93
U 0.68 1.39 1.01 1.25 0.76 4.51 2.59 2.15 2.58 2.42
Zr 119.00 101.00 12500 102.00 122.00 182.00 163.00 146.00 258.00 225.00
Hf 6.10 7.65 6.65 6.75 6.56 8.30 7.40 5.20 6.10 7.10
\Y 37.00 6.00 4.00 20.00 400 28.00 36.00 10.00 28.00 17.00
w 23.21 12.12 15.32 15.21 16.23 5.60 343 4.20 7.60 3.56
Y 21.25 21.02 22.79 31.69 27.72 40.76 22.93 14.73 16.15 18.00
Pb 1.00 1.00 2.00 1.00 2.00 3.00 3.00 1.00 2.00 2.00

Note: LOI= loss on ignition; EW/Eu*= Eun/(SmnxGdn)Y2; Ce/Ce*= Cen/(LanxPry)¥?; Mg# = [100*molar Mg/(Mg+Fe)]; Tz=
Zircon saturation temperature calculated from the whole-rock compositions (Miller and Wooden, 2004).
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Table 1 (Continued). Whole-rock geochemical data at intrusive suites of the Qeynarjeh-Angouran district

Location Kuh-e Belghais Qeynarjeh
Rock type Granite porphyry (n=5) Granodiorite (n=5)
Sample no. BI-17 BI-18 BI-19 BI-20 Bl-21 Qn23 On24 Qn29 On30 Qn-31
Rare Earth Elements (REE) (ppm)
La 9.60 10.62 541 5.12 8.68 4128  32.06 2335  30.17 50.06
Ce 3525  56.25 21.99 2761  26.41 98.27 62.21  59.01 62.97 81.09
Pr 5.23 5.05 2.13 2.53 3.66 8.74 6.25 5.39 6.23 7.18
Nd 2340 2176 14.43 16.33 1274  32.05 22.47 1854 2158 22.64
Sm 4,94 6.50 241 1.55 2.75 5.47 4.22 3.69 3.57 4.48
Eu 0.38 0.25 0.10 0.14 0.15 0.90 0.88 0.78 0.97 0.76
Gd 453 6.72 3.08 1.74 1.56 5.35 4.04 3.18 2.97 3.09
Th 0.68 1.29 0.59 0.28 0.17 0.80 0.65 0.56 0.44 0.54
Dy 3.69 5.76 4.08 2.79 2.18 4.58 3.78 2.83 2.48 2.93
Ho 0.73 1.59 1.03 0.37 0.28 0.93 0.75 0.58 0.46 0.58
Er 2.15 4.46 2.94 1.10 0.75 3.17 2.34 2.07 1.72 1.83
Tm 0.28 0.63 0.46 0.15 0.10 041 0.36 0.27 0.26 0.29
Yb 1.74 2.92 2.54 1.07 1.05 3.10 2.13 1.65 1.79 2.08
Lu 0.24 0.53 0.49 0.16 0.10 0.49 0.34 0.30 0.30 0.26
>REE 9290 12439  61.73 61.01 60.65 20561 14254 12226 136.00 177.87
LREE/HREE 5.42 414 3.02 6.77 8.50 9.40 8.31 .98 10.89 13.34
Lan/Ybn 3.66 242 141 3.18 5.47 8.86 10.02 941 11.19 16.01
Eu/Eu* 0.23 0.11 011 0.25 0.21 0.48 0.61 0.65 0.85 0.58
Ce/Ce* 119 1.85 155 1.84 112 124 1.05 1.26 110 1.03
Tz(°C) 763.60 75080 78130 71900 77200 769.30 760.80 751.20 813.60 811.10

Note: LOI= loss on ignition; EuW/Eu*= Eun/(SmnxGdn)Y2; Ce/Ce*= Cen/(LanxPry)¥?; Mg# = [100*molar Mg/(Mg+Fe)]; Tz=
Zircon saturation temperature calculated from the whole-rock compositions (Miller and Wooden, 2004).
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Fig. 4. Geochemical diagrams of major elements at intrusive suites of the Qeynarjeh-Angouran district. A: Na,O+K;0 versus SiO
digram, modified from Bellieni (Bellieni et al., 1996), B: Aluminum saturation index diagram (Chappell and White, 2001), C: AFM
diagram with calc-alkali-tholeiitic boundary line (Irvine and Baragar, 1971), and D: MgO versus SiO, diagram by Meinert (Meinert,
1995). The composition of Fe skarns worldwide (from Meinert, 1995) are shown for comparison.
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Fig. 5. Primitive mantle-normalized trace element (normalizing data for all elements are from Sun and McDonough,1989) and
Chondrite-normalized REE (normalizing data for all elements are from Boynton, 1984) spidergram at intrusive suites of the
Qeynarjeh-Angouran district. A: Gharavol-Khane quartzdiorite, B: Kuh-e Belgais granite porphyry, and C: Qeynarjeh granodiorite.
The composition of intrusive rocks with Fe skarns worldwide by Meinert (Meinert, 1995) are shown for comparison.
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Fig. 6. Photomicrographs and SEM images of apatites at intrusive suites of the Qeynarjeh-Angouran district. Apl crystals in
Gharavol-Khane quartz diorite including A: Apl crystals as inclusions within pyroxene, B: association of Apl with plagioclase
and pyroxene minerals, C: SEM image of Ap1 association with pyroxene crystal. Ap2 crystals in Kuh-e Belghais granite porphyry
including D: Ap2 crystals within K-feldspar, E: Ap2 crystals within K-feldspar and coexist by quartz and amphibole, F: SEM
image from Ap2 within K-feldspar. Ap3 crystals in Qeynarjeh granodiorite including G: Association of Ap3 crystals with epidote
and pyrite minerals, H: Ap3 crystals in K-feldspar+calcite context, and I: SEM image of Ap3 inclusions within K-feldspar.
Abbreviations after Warr (1994) (Ep: epidote, PI: plagioclase, Py: pyrite, Cal: calcite, Ap: apatite, Px: pyroxene, Qz: quartz, K-
spar: K-feldspar, Amp: amphibole, Spn: sphene). Abbreviations of photomicrographs: TL: transmitted light, XPL.: cross-polarized
light.
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Table 2. EPMA results from apatites composition at intrusive suites of the Qeynarjeh-Angouran district

Apatite-1 (Gharavol-Khane)

Point no. P1-1 P1-2 P1-3 P1-4 P1-5 P1-6 P1-7 P1-8 P1-9 P1-10
Major oxides (wt.%)
FeO 0.03 0.03 0.02 0.03 0.04 0.06 0.08 0.07 0.06 0.03
TiO; bdl bdl bdl bdl bdl 0.01 bdl bdl bdl bdl
Cr,03 0.02 bdl bdl bdl bdl bdl 0.02 0.01 bdl bdl
Na;O bdl bdl 0.01 bdl 0.05 0.06 0.05 bdl bdl 0.04
P20s 41.58 41.35 41.75 41.21 41.26 41.44 41.12 41.35 41.68 41.32
SiO; 0.11 0.14 0.17 0.16 0.15 0.17 0.14 0.17 0.17 0.16
MgO bdl 0.01 0.01 bdl bdl bdl bdl bdl bdl bdl
MnO 0.11 0.07 0.09 0.11 0.13 0.12 0.04 0.08 0.07 0.11
K20 bdl bdl bdl bdl bdl bdl 0.01 bdl bdl bdl
Ca0 55.61 54.68 54.68 55.57 55.70 55.53 55.69 56.03 55.76 55.97
F 2.31 2.37 2.69 2.46 2.17 2.26 2.65 2.15 2.64 2.23
Cl 0.20 0.26 0.32 0.34 0.23 0.24 0.20 0.13 0.15 0.24
S 0.03 0.03 0.07 0.04 0.04 0.05 0.06 0.04 0.05 0.06
Total 97.47 96.27 96.73 97.08 97.33 97.39 97.15 97.71 97.11 97.63

Number of cations on the basis of 130

Si 0.01 0.02 0.02 0.02

0.02 0.02 0.02 0.02 0.02 0.02
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Table 2 (Continued). EPMA results from apatites composition at intrusive suites of the Qeynarjeh-Angouran district

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.02 0.01 0.00
Mn 0.03 0.02 0.02 0.03 0.03 0.03 0.01 0.02 0.02 0.03
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 16.10 16.21 15.74 16.08 16.20 16.08 16.28 16.25 15.85 16.06
Na 0.00 0.00 0.00 0.00 0.02 0.03 0.02 0.00 0.00 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 1.34 1.42 1.37 1.28 1.32 1.36 1.31 1.29 1.32 1.35
Cl 0.06 0.08 0.10 0.11 0.07 0.07 0.06 0.04 0.04 0.08
S 0.02 0.02 0.04 0.02 0.02 0.03 0.10 0.02 0.03 0.04
OH 1.14 1.10 112 1.16 1.15 1.13 1.16 1.17 1.15 1.14
Apatite-2 (Kuh-e Belghais)
Point no. P2-1 P2-2 pP2-3 P2-4 P2-5 P2-6 p2-7 P2-8 P2-9 P2-10
Major oxides (wt.%)
FeO 0.01 0.02 0.04 0.01 0.02 0.02 0.05 0.03 0.05 0.03
TiO; bdl 0.01 bdl 0.02 bdl 0.02 bdl bdl bdl bdl
Cr,03 bdl bdl bdl bdl 0.01 bdl 0.02 bdl bdl bdl
Na.O 0.02 bdl bdl bdl 0.03 0.02 bdl bdl 0.01 bdl
P20s 41.74 41.36 41.38 41.62 41.45 41.22 41.62 41.68 41.05 41.03
SiO, 0.07 0.08 0.06 0.09 0.08 0.14 0.10 0.02 0.05 0.08
MgO bdl bdl bdl bdl bdl 0.02 bdl bdl bdl bdl
MnO 0.13 0.11 0.07 0.10 0.14 0.14 0.12 0.13 0.17 0.16
K20 bdl bdl bdl bdl bdl bdl bdl 0.01 bdl bdl
CaO 55.93 55.99 55.96 55.97 55.92 55.89 55.97 55.65 55.93 55.95
F 1.63 1.8 1.44 1.47 1.67 1.87 1.54 1.82 1.73 1.38
Cl 0.65 0.58 0.64 0.59 0.56 0.55 0.52 0.54 0.6 0.54
S 0.04 0.07 0.04 0.03 0.03 0.06 0.04 0.04 0.03 0.03
Total 97.90 97.57 97.51 97.81 97.65 97.47 97.88 97.51 97.26 97.25
Number of cations on the basis of 130
Si 0.01 0.01 0.00 0.01 0.01 0.02 0.01 0.00 0.00 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Mn 0.03 0.03 0.02 0.02 0.04 0.04 0.03 0.03 0.04 0.04
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 16.07 16.21 16.39 16.18 16.20 16.26 16.21 16.01 16.23 16.23
Na 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 1.01 1.10 0.91 0.91 1.03 1.14 0.95 1.12 1.07 0.87
Cl 0.21 0.19 0.21 0.19 0.18 0.18 0.17 0.17 0.19 0.18
S 0.02 0.04 0.03 0.02 0.02 0.04 0.02 0.02 0.02 0.02
OH 1.28 1.24 1.33 1.32 1.27 1.22 1.31 1.23 1.25 1.35
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Table 2 (Continued). EPMA results from apatites composition at intrusive suites of the Qeynarjeh-Angouran district

Apatite-3 (Qeynarjeh)

Point no. P3-1 P3-2 P3-3 P3-4 P3-5 P3-6 P3-7 P3-8 P3-9 P3-10
Major oxides (wt.%)
FeO 0.03 0.02 0.03 0.03 0.01 0.02 0.02 0.03 0.03 0.03
TiO; bdl bdl bdl bdl bdl 0.01 bdl 0.01 bdl bdl
Cr,05 bdl 0.01 bdl bdl 0.01 bdl 0.01 bdl 0.01 bdl
Na,O 0.01 bdl bdl 0.05 0.03 0.05 bdl 0.07 bdl bdl
P,0s 41.51 41.63 41.78 41.32 41.25 41.62 41.68 41.4 41.44 41.33
SiO; 0.18 0.18 0.17 0.05 0.19 0.29 0.40 0.07 0.30 0.17
MgO 0.03 0.02 bdl bdl bdl bdl 0.01 bdl bdl bdl
MnO 0.15 0.13 0.15 0.07 0.13 0.15 0.13 0.11 0.14 0.12
K0 bdl bdl bdl 0.01 bdl bdl bdl bdl bdl bdl
CaO 55.98 55.93 55.91 55.90 55.89 55.97 55.91 55.89 55.53 55.86
F 1.15 12 1.47 1.71 1.69 1.13 1.52 1.69 1.23 1.6
Cl 0.87 0.74 0.43 0.32 0.37 0.83 0.34 0.63 0.94 0.57
S 0.01 0.02 0.02 0.02 0.03 0.02 0.02 0.01 0.02 0.02
Total 97.89 97.92 98.04 97.43 97.51 98.11 98.16 97.58 97.85 97.51
Number of cations on the basis of 130
Si 0.02 0.02 0.02 0.00 0.02 0.04 0.05 0.01 0.04 0.02
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.04 0.03 0.04 0.02 0.03 0.04 0.03 0.03 0.04 0.03
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 16.09 16.07 15.92 16.16 16.23 16.02 16.05 16.05 16.08 16.21
Na 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 0.72 0.75 0.92 1.06 1.04 0.71 0.94 1.05 0.79 0.99
Cl 0.29 0.24 0.14 0.10 0.12 0.28 0.11 0.21 0.31 0.18
S 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01
OH 1.40 1.39 1.33 1.27 1.27 1.41 1.33 1.26 1.38 1.29

bdl: below the respective EPMA detection limit
*Calculated based on 12 oxygen atoms per formula unit
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Fig. 7. Geochemical-tectonomagmatic evolutions of intrusive suites in the Qeynarjeh-Angouran district. A: Binary diagram of Rb/Zr
versus Nb (Brown et al., 1984), B: Binary diagram of Sr/Y versus SiO, (Chiaradia, 2015), C: Binary diagram of Na,O versus
K20 (Collins et al., 1982; Zhang et al., 2009) to discriminated of I-, A-, and S-type granitoids, D: Binary diagram of SiO, versus
P,Os (Zhang et al., 2016), E: Partial melting process in the La/Sm versus La binary diagram (Coherie, 1986), and F: Binary diagram
of Th/Yb versus Ta/Yb (Pearce, 2008) (TH: Tholeiitic, CA: calc-alkaline, SHO: shoshonite)
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Fig. 8. Diagram of trace elements concentration in various apatites at intrusive suites of the Qeynarjeh-Angouran district. A: Ternary
diagram of F~-CI-OH (Piccoli and Candela, 1994), B: Binary plot of F versus CI concentration (Chen et al., 2023), C: Binary plot of
F vesus S concentration (Ayers and Watson, 1991), and D: Binary plot of FeO versus SiO, (Ayers and Watson, 1991)
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Fig. 9. Diagrams of geochemical evolutions and evaluation of metallogenic potential at intrusive suites of the Qeynarjeh-Angouran
district. A: Binary diagram of Rb versus Y+Nb (Pearce et al., 1984), B: Binary diagram of Nb versus Y (Pearce et al., 1984), C:
Binary plot of Al,O3/TiO, versus SiO, (Liu and Peng, 2003), D: Determination of productive to non-productive of intrusive suites
in binary plot of Y versus MnO (Baldwin and Pearce, 1982), E: Binary diagram of Rb/Sr versus FeO (Blevin and Chappell, 1992)
highlighting the relationships between the degree of fractionation and the porphyry-skarn productivity of the granitoids
(Svetlitskaya and Nevolko, 2022), and F: Whole-rock geochemical indicators of magma fertility by binary plot of Sr/Y versus
10000x(EW/EU*)/Y (Svetlitskaya and Nevolko, 2022)
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Iran is considered one of the countries with a relative advantage in the
field of mining and related industries due to its important mineral
resources and reserves. This issue increases the importance and priority
of development programs in the mining and mineral industries sector.
Copper, after steel, ranks second among the major metals in terms of
value-added production in the world. Iran, with a reserve of about 34
million tons of copper, owns 4% of the world's copper reserves. This
article examines the analytical and comparative analysis of copper
industry development programs in Iran and India. Although both
countries have started their own development programs in the copper
industry almost simultaneously, India was ranked among the top
economic powers in Asia in 2018 compared to Iran. On the other hand,
with some economic growth indicators surpassing China, some analysts
believe that this trend may continue and India may achieve growth
similar to China and even replace it. On this basis, India’s strategic plans
in the field of copper can greatly help in formulating strategic plans in
Iran’s copper industry. According to studies conducted in Iran, the most
important challenges in the copper industry include increasing the
amount of government salaries and export duties, non-entry of mining
and industrial machinery, round-the-clock laws, and fluctuations in
exchange rates and inflation. This research has examined the damage
and analysis of the strengths and weaknesses of Iran’s copper industry
program, reviewed the current situation and copper industry
development programs, compared it with India, and addressed the
challenges ahead. Finally, solutions have been proposed for the
development of this important industry.
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EXTENDED ABSTRACT

Introduction

Iran is located on one of the two copper belts in the
world and is considered one of the areas with the
economic potential of copper. Evaluations show that
Iran’s share of the world’s 20 million tons of copper
production is less than 1.5%. The share of the
industry in Iran’s gross domestic product is 7%, of
which copper covers 1% of the 7%. In fact, the share
of the copper industry in Iran’s gross domestic
product is 1%, which is relatively low given the
volume of copper mineral reserves. Therefore,
considering the importance of the copper industry in
the country’s economy as a productive sector and the
increasing demand for this metal in the world, having
an appropriate industrial strategy to maximize the
use of copper mines and related industries is
important and necessary.

One of the ways to develop the country quickly is to
focus on the mining industry alongside export
development. Industrial development is important
for national development programs from various
aspects. Employment, poverty alleviation, proper use
of skilled labor, improvement of regional and
international status of the country, meeting internal
needs, and enhancing national identity are among the
aspects of development that have been tied to
industrial development. In this regard, according to
the emphasis and statements of the upper-level
documents, especially the five-year development
plans in the last decade, the subject of drafting an
industrial development strategy has been one of the
important demands of the government and the
relevant ministry so that with the determination of
industrial policies at horizontal and vertical levels,
the necessary institutional infrastructure for better
decision-making by private sector activists can be
provided in a more reassuring environment by the
government.

Methods

The most important challenges in the copper industry
in Iran include problems related to sanctions and the
resulting lack of access to modern technologies, lack
of support for small and medium-sized businesses,
price differences in the commodity exchange and
free market and their impact on the trade market and
copper products, and the level of access of
consumers to the market. The challenges of

downstream industries are among the main
challenges of this market. Sanctions have caused
severe fluctuations in exchange rates and have
affected the government's economic and trade
policies, ultimately leading to increased production
costs, market fluctuations, declining exports, loss of
some export markets, rent-seeking, thriving
intermediaries, and numerous problems in the field
of financing and capital circulation of mining units
and mining industries in the country.

In addition to sanctions, restrictions and obstacles
resulting from the government's economic and trade
policies such as exchange policies, market
intervention, and mandatory pricing of mineral and
metal products by the Market Regulation
Headquarters, prevention of exports and providing
the grounds for rent and intermediation have become
a major internal obstacle to production in the
country. In the conditions of the domestic market
recession, most mineral and mining products have
experienced a decline in exports, and among the
country's economic activists, it is known as self-
sanctioning. One of the most important internal
obstacles in the mining and mining industries sector
is ambiguity in calculating the amount of
government salaries for mines, non-return of
government salary revenues for expenses in the
mining sector, serious conflicts between mining
activities, the environment and natural resources, the
intervention of the Market Regulation Headquarters
in pricing mineral and metal products, and creating
export barriers, inaction in policymaking for mines
and mining industries on the verge of bankruptcy
such as the cement industry and lack of necessary
credits for capital facilities in the circulation of
mining units and mining industries.

Another important issue that can be investigated in
this area is the creation of mining clusters. There are
many small copper mines scattered throughout the
country with small reserves that can have a
significant impact on the country's production with
proper measures. In fact, the role of small mines in
domestic production and employment is not
prominent and they are not valued. As a support,
small mines that are reasonably transportable and
have a justifiable relationship between them can be
consolidated into a consortium, and each of these
dependent mines can be involved in the reserves and
grade of this consortium, and then the government
can also support them by providing facilities.
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Another effect of sanctions is the update of
equipment, which has also affected the copper sector.
In Iran, since most mining and industrial machinery
is imported, production costs are even higher than
countries that own these technologies, even under
normal conditions. Now, despite the existing erosion
sanctions, the entry of non-standard and
inappropriate goods through the black market with a
delay and at a price several times higher than the real
price, plus the inability to export quality products
made domestically to target markets and the
obligation to stop production or sale of the produced
product to the market with low or sometimes
negative profit, are all part of the problems of
production units. Factors such as US sanctions,
severe fluctuations in exchange rates, and a set of
economic and trade policies of the government have
led to increased production costs, market
fluctuations, declining exports, loss of some export
markets, rent-seeking, thriving intermediaries, and
numerous problems in the field of financing and
capital circulation of mining units and mining
industries in the country.

In the past, the most important problems in the
copper industry in India were mainly related to the
shortage and lack of access to mineral reserves and
their environmental consequences. This section
examines the major problems of the copper industry
as well as the causes and factors of change in India's
copper industry strategic document.

The analysis shows that there is a huge difference
between the processing plant capacity and the copper
mine capacity in India. While India's copper
processing plants have a capacity of about one
million tons per year, only 35,000 tons of refined
copper can be extracted from the current production
of copper ore in India. Copper mining and production
in India only meets 4% of the country's demand.
The growth of India’s infrastructure is reflected in
the growth of copper consumption in the country.
The consumption of refined copper has increased at
a compound annual growth rate of 2.4% from 2015
to 2019. The need for copper wire in infrastructure
and renewable energy projects, an increase in
automobile production (which has grown by 3.7%),
and an increase in the production of durable
consumer goods (refrigerators and gas coolers have
increased by 9.6% and 7.0%, respectively) have led
to an increase in cpper consumption in the 5 years
ending in 2019 (Urvisha, 2019).

Results

After examining and discussing the problems and
pathologies of the National Copper Industries
Company of Iran for the implementation of its
programs, it is faced with some ambiguities and
questions that will be discussed below, and solutions
have been proposed based on a comparison with
India.

Iran, like India, faces a shortage of the necessary
concentrate and ore to achieve its development goals.
There are several solutions to solve these problems.

One of the effective ways to supply the necessary
concentrate for the project is to expand the existing
mines that are currently active and under operation.

10% of the required concentrate for the copper
industry in Iran is supplied by companies that operate
small mines in the country. These companies,
including Chahar Gonbad Kerman, Mesdarakhtegan
Takhtagonbad, Rangin Metal Copper, Kian Copper
Jozam, Minakan, and Madvar Mining Production,
mostly sell their products as feed to the National
Copper Industries Company of Iran.

However, there are still many small copper mines in
the country that are inactive. With support and
capital, these mines can be revitalized and brought
back into the production cycle.

Based on the findings of this research, it is essential
for the government and decision-makers in this
important area to focus on important issues in order
to develop and formulate plans for this industry. In
addition to reducing the concentration of investment
in a few specific provinces, it is necessary to take
important measures and solutions to streamline
production, create regulations and laws, remove
production and investment barriers, and implement
operational solutions. The following are some of
these measures:

1. Developing and approving a comprehensive plan
for nationwide exploration as an upper-level
document and the most important pillar of
sustainable supply of mineral materials in the
shortest possible time.

2. Allocating a significant and specific budget from
the profits of IMIDRO and profitable specialized
state-owned companies as a percentage of annual
profits to exploration activities and obliging the
implementation of exploration operations within the
framework of the comprehensive plan for nationwide
exploration.
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3. Prohibiting the government from engaging in
business activities and obliging the transfer of
mining management and production units to the
qualified private sector.

4. Amending relevant laws and regulations,
including; Resolving the problem of blocked areas
by government agencies, Amending customs laws
for the import of machinery and other mining areas
and Amending export laws.

Discussions

Iran and India are among the first growing countries
with development plans. In 2018, India was ranked
among the top economic powers in Asia compared to
Iran. On the other hand, with some economic growth
indicators surpassing China, some analysts believe
that this trend may continue and India may achieve
growth similar to China and even replace it.
Therefore, India's strategic plans in the field of
copper can greatly help in formulating strategic plans
in the copper industry of Iran. Exploration operations
in a large part of the country's area have not yet been
completed, and there is a need for planning and
expanding executive activities in this area. In the
mining sector, there is currently no desirable
situation in the country, and the production of basic
metals such as copper and steel is between 1 to 2
percent of the mineral reserves, which is less than
global standards. In general, as mentioned, the
existing problems in the country's development
plans, especially in mining plans, can be divided into
problems in program goals, planning system,
approval  process of  development plans,
implementation process of development plans, and
how to monitor and evaluate programs. Studies
conducted in the copper industry section also show
that the capacity of cathode production factories is

not consistent with the amount of mineral extraction,
and the extracted mineral material provides almost
half of the capacity of the factories. It is also
necessary to plan the objectives of the programs for
the production of cathode copper based on the
existing reserves and the country's potential in
supplying concentrate and concentrate.

In addition, the country’s internal needs and its
potential for exports due to sanctions should be
considered in these goals. It seems that solving
problems such as easier import of mining machinery,
given the country’s disorganized transportation fleet,
reducing government salaries, freeing up areas, tax
exemptions for exploration activities, lack of pricing
for copper exports or sales on the commodity
exchange, removing and amending cumbersome
laws, and developing diplomatic relations can make
the future of the copper industry in Iran clearer.
Another important issue in this area, compared to
India in recent years, has been the problem of feed
and concentrate shortages. India’s strategy for
expanding existing mines, reopening abandoned
mines, and exploring new and undeveloped mines
has been a factor in growth and development in
developing countries such as India. In the eighth
development plan In 1992, India seriously invested
in private and foreign investment in the copper
industry, while in Iran, this issue still seems very
distant. Another important issue in this area,
compared to India in recent years, has been the
problem of feed and concentrate shortages. India’s
strategy for expanding existing mines, reopening
abandoned mines, and exploring new and
undeveloped mines has been a factor in growth and
development in developing countries such as India.
In Iran, this industry has not yet had a clear strategy
in planning and production, even in state-owned
mines.
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Fig. 1. Internal refined copper production in India
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Fig. 2. Export and import of cathode copper during the years 2015 to 2019 in India (Urvisha, 2019)

NP SR NI g
(8 055 Ol e 5,8 oo 513 50ls o 3, HOL 285
Oljan 9 05 O akes FVY (HCL 57,5 a5 b gy 0 O5las 0l
(ol e el 5 O e PYY 0T Jlazl 6,503
Sl e 0 5luS Silsyls 4 338 Iy b wosd slagls I8

(Urvisha, 2019) wzws S 55 sbaals )8 s

o 4 s 3l g8t
a|):wﬁdj_¢ﬁujcm:bw&b&uﬁ.ﬁ-uﬂju)
BYN0 Gadlo b 55 odlbaninss s U3 s ol 5 528

SSA S b s sl Slar b s pes JS 5 =%

SLacad b 9 dise wlsd G il pus

6}5‘}6&435-)0’
5ol p ails IS Cb b aS s e 0L )
S = 3 15 sy il Dgles ds 5 s O3lae b b
Jlw 53 5 Osdkes ¢S 3 ad> din e (53l 5 slaails IS
SOlg sy el dad o e o5 5158 Y0 Lads Ll esyls 8 b
Ol ol 58 gl il din 53 e S ilS” b A g
Wl 55 158 480 35 w87 b B ol Ol o (6 3 5eaS|
L) et Octrs K 55 Oaben VYo Jolu 487 Cbls a5 L
ot P O S0 A5 6l (o ys Y (e e 55
23 o ke K 5 5 ol al Ll 55 0 o badiad

)J?-\S&OJJ}TJ{’)‘))_:;@‘Lgum'j‘u)b?L«.ﬁ.u\}.ﬁ

DOI: 10.22067/econg.2024.1102

¥ oot (V8 oy VFrY (bl ol e


https://doi.org/10.22067/econg.2024.1102

b\ﬂ,:wwW}SéumUﬂM,Md)l{b

S s ol 90

@l 5 dnn g S pete Gy i S Gty b
LA g a5 5 S S i Ve Sl il
O an LA 5 dal iy 5 B e 4 pdi e

YoXP Jlo b o5 Sl il 5 O sdes &S5 5 9d ) i 53 s

) Sl g

800
700
600
500
400
300
200
100

599

2014-15 2015-16 2016-17

ails Lo )3 VIV Uiy aST) gy3 5 A8 5o il el ol
badlerses A 5) plsl (b jeae GV 55 5 2l 5 (Sl
(Gl 4Bl 2|53l Ao ys /Y 5 7/8 5 4 38 sla S8 s
S ods YN ot gmie Sl O 53 s 5 eme il 31 sl

(Urvisha, 2019) ol e o310l ¥ i s

683

— -

2017-18 2018-19

M Waste and Scrap Imports

M Primary refined copper

(Urvisha, 2019) (05 ,158) dia 53 515 odiiadess s 5 e Ol joe F S0
Fig. 3. Internal refined copper consumption in India (kilotons) (Urvisha, 2019)
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Table 1. Targeting the copper production program in thelran country
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13. Niche Product Segment
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17. Business Plan

18. export marketing
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DOI: 10.22067/econg.2024.1102

Y ooyled NP oy95 NPV (ool u“”uw")


https://doi.org/10.22067/econg.2024.1102

Rouhi Jouybari and Jalali

Analytical and Comparative Analysis of Copper Industry Development Programs in Iran

References

Amin Aghaei, M., 2008. Investigation of factors
affecting the performance of small industries
from the point of view of rural development
experts. Village and Development, 11(4): 125—
146. Retrieved September 17, 2024 from
https://www.sid.ir/paper/446507/fa

Arab Mazar, A. and Noormohammadi, Kh., 2016.
The Critical Analysis of Economic Goals of
Development Planes in Iran. Quaterly of Social
Studies and Research in lIran, 5(1): 19-42.
https://doi.org/10.22059/jisr.2016.58374

Attar, S., 2016. Development planning requirements
according to the experience of Japan, South
Korea, China and India (case study of Article
(150) of the Fifth Development Plan Law.
Parliament Research Center Iran, Tehran, Report
15327. Retrieved Septamber 7, 2024 from
https://rc.majlis.ir/fa/report/show/1011990

Azizi, E., 2019. Comparison of political and
economic development in Malaysia and India.
Economic magazine, 19(7— 8): 121-140.
Retrieved September 17, 2024
https://ejip.ir/article-1-1120-fa.html

Bazar Noei, M., 2018. The National Copper
Company is ready to deal with sanctions. Mine
news, 44590. Retrieved September 7, 2024 from
https://www.akhbaremadan.ir/news/44590/

Emami, K. and Azadvar, N., 2014. Investigating the
effect of foreign aid on the growth of per capita
income in selected developing countries in Asia
and Africa. Economic Sciences Quarterly,
Tehran, Iran, 2(1):32-43. Retrieved September 7,
2024 from http://ensani.ir/fa/article/351151

Fazeli, M.S., Mohaghegh, B. and Ardabili, O., 2019.
Statistical report of copper status in Iran. Iran's
National Geoscience Database, Tehran, Iran,
Report 1, 23 pp. Retrieved Septamber 7, 2024
from
https://amar.org.ir/Portals/0/Articles/2019/mess2
%20.pdf?ver=6gOhOWmPOCr-
F1gmSkqtxg%3D%3D

Golshani, E., 2015. The plane to produce 700,000
tons of copper cathode wastes national funds.
Online metal magazine. Retrieved Septamber 10,
2024 from https://metalonline.ir/metal-
news/130693

Mirzaei, M.M. and Golestani, A., 2016. Analysis of
India's development factors focusing on the role
of decision makers. Foreign Policy Quarterly,
31(2): 53-80.
http://fp.ipisjournals.ir/article_28408.html

Rajabpour, H., Zakeri, Z. and Momeni, F., 2015.
Evaluation of the strategic plan of the Ministry of
Industry, Mining and Trade. Parliament Research
Center, Iran, Tehran, Report 14653. Retrieved
Septamber, 7 2024 from
https://rc.majlis.ir/fa/report/show/952423

Saifori, B. and Taghavi, R., 2018. Pathology of Iran's
development programs before and after the
revolution and presentation of key strategies.
Journal of The horizons of science, 2(22): 1-24.
Retrieved  Septamber 10, 2024  from
https://ensani.ir/fa/article/408708/

Urvisha, J., 2019. Indian Copper Industry. CARE's
Ratings, PP 1-14. Retrieved September 7 2024
from
https://www.careratings.com/uploads/newsfiles/
Copper%20September%202019%20update.pdf

Journal of Economic Geology, 2024, Vol. 16, No. 3

DOI: 10.22067/econg.2024.1102


https://doi.org/10.22067/econg.2024.1102
https://www.sid.ir/paper/446507/fa
https://doi.org/10.22059/jisr.2016.58374
https://rc.majlis.ir/fa/report/show/1011990
https://ejip.ir/article-1-1120-fa.html
https://www.akhbaremadan.ir/news/44590/
http://ensani.ir/fa/article/351151
https://amar.org.ir/Portals/0/Articles/2019/mess2%20.pdf?ver=6gOhOWmPOCr-F1gmSkqtxg%3D%3D
https://amar.org.ir/Portals/0/Articles/2019/mess2%20.pdf?ver=6gOhOWmPOCr-F1gmSkqtxg%3D%3D
https://amar.org.ir/Portals/0/Articles/2019/mess2%20.pdf?ver=6gOhOWmPOCr-F1gmSkqtxg%3D%3D
https://metalonline.ir/metal-news/130693
https://metalonline.ir/metal-news/130693
http://fp.ipisjournals.ir/article_28408.html
https://rc.majlis.ir/fa/report/show/952423
https://ensani.ir/fa/article/408708/
https://www.careratings.com/uploads/newsfiles/Copper%20September%202019%20update.pdf
https://www.careratings.com/uploads/newsfiles/Copper%20September%202019%20update.pdf




Vol. 16, No. 3, 2024, pp. 79-100

ISSN (Print): 2008-7306  ISSN (Online): 2423-5865

Journal of Economic Geology

KA i

https://econg.um.ac.ir

RESEARCH ARTICLE

@ 10.22067/econg.2024.1120

Petrogenesis of Intrusive body in Northeast of Joveinan, North of Isfahan,
Urumieh- Dokhtar magmatic zone

Shahzad Sherafat!”

, Majid Zeidi 2, Mahnaz Khodami®

! Assistant Professor, Department of Geology, Faculty of Sciences, Payame Noor University, Tehran, Iran
2M.Sc., Department of Geology, Faculty of Sciences, Payame Noor University, Tehran, Iran
3 Assistant Professor, Department of Geology, Faculty of Sciences, Yazd University, Yazd, Iran

ARTICLE INFO

ABSTRACT

Article History

Received: 17 August 2024
Revised: 06 October 2024
Accepted: 07 October 2024
Keywords

Middle Miocene intrusive body
diorite

calc-alkaline

continental margin arc

Joveinan

Isfahan

Urumieh-Dokhtar Magmatic zone

*Corresponding author

Shahzad Sherafat
& sh_sherafat@pnu.ac.ir

Middle Miocene igneous rocks are located in the Northeast of Joveinan,
the middle part of the Urumieh-Dokhtar Magmatic Belt. The igneous
rocks have intruded into the Eocene volcano-sedimentary units. The
rocks consist of diorite, quartzdiorite, and monzodiorite. They contain
plagioclase, hornblende, biotite, pyroxene, orthoclase, quartz, and
opaque minerals, and have granular to porphyroid textures. Field and
petrographic evidence such as alack of thermal metamorphism and
graphic texture suggests that the rocks crystallized at a shallow depth.
The rocks exhibit characteristics of I-type granitoids and a calc-alkaline
nature with metaluminous affinities. The enrichment of large ion
lithophile elements (LILES) and the negative anomaly of Ta, Nb, and Ti
elements in the primary mantle normalized diagram demonstrate
subduction-related magmatism in the continental arc setting. The
chondrite normalized pattern of the rocks (Lan/Yb,= 3.68-5.64) suggests
a low degree of partial melting and the absence of garnet as a permanent
phase in the source region. Based on the petrological data, the parental
magma has been produced in the subduction setting of the collisional
zone. The primary magma resulting from the partial melting of the
subducted lithospheric mantle intruded into the continental crust. The
magma underwent numerous changes and evolution during ascent and
created the intrusive rocks of Northeast Joveinan.
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EXTENDED ABSTRACT

Introduction

The study area is located 130 km north of Isfahan and
10 km northeast of Joveinan which is a part of the
Urumieh-Dokhtar magmatic Belt. The Urumieh-
Dokhtar magmatic belt resulted from the subduction
of the Neotethys oceanic crust under the Central
Iranian continental plate (Agard et al., 2005;
Mohajjel and Fergusson, 2014).

The Urumieh-Dokhtar zone experienced severe
Tertiary magmatism during the Eocene (Alavi, 2004)
that persisted until the Quaternary (Agard et al.,
2011). The variations in the composition and origins
of the melts at different periods have been
demonstrated in previous research (Omrani et al.,
2008; Chiu et al., 2013; Honarmand et al., 2014).
However, no geochemical or petrological data have
been reported from the Northeast Joveinan intrusive
body. The only available information is derived from
investigations carried out during the preparation of
the Kashan geological map 1:100000 and Ghohroud
geological map 1.25000.

The research on the North Jovian intrusive body
provides valuable insights into Cenozoic magmatism
and the geology of the middle part of the magmatic
belt of Zagros orogeny. This study aims to
understand the nature, tectonic setting, origin, and
various processes involved in the magmatic
evolution of the Northeast Joveinan intrusive rocks.

Material and Methods

After field studies and the sampling of outcrops, 52
microscopic thin sections were prepared and studied
using an Olympus polarizing microscope model BX-
2. Subsequently, 6 samples with the least amount of
alteration were chosen and sent to the ACME
Canadian laboratory for ICP-OES inductively
coupled plasma emission spectroscopy and ICP-MS
inductively coupled plasma mass spectrometry
analysis. The data from field, petrographic, and
geochemical studies were used for the best
conclusion.

Result and Discussion

The main rock units found in the research area
include sedimentary rocks belonging to the
formations of Niur (Early Silurian), Padeha (Late
Devonian), Bahram (Late Devonian), Shotori
(Middle Triassic), Shemshak (Jurassic), Cretaceous

carbonate rocks, Eocene volcanic rocks, and
Neogene intrusive bodies. The widespread intrusive
bodies and Cenozoic volcanic rocks are exposed in
the area.Eocene volcanic-sedimentary  rocks,
including andesitic lavas, hyaloclastite tuffs, and
sandy tuffs are the Cenozoic units in the area. In the
western part of the area, the Ghohroud batholith,
consisting of granite, monzonite, and granodiorite,
intruded into the Lower Miocene formations, leading
to significant contact metamorphism. North Joveinan
post Lower Miocene intrusive body intrudes Eocene
volcanic and pyroclastic rocks. These rocks comprise
diorite, monzodiorite, and quartzdiorite with
granular to porphyroid, poikilitic, and micrographic
textures. The marginal parts of intrusive rocks are
more microcrystalline and have a porphyroid texture,
while the middle parts have a granular, poikilitic, and
graphic texture. The main minerals of the rocks
include plagioclase, clinopyroxene, hornblende,
biotite, opaque minerals, minor quartz, sphene,
apatite, and zircon, and secondary minerals including
calcite, clay minerals, sericite, and chlorite. The
igneous rocks exhibit a composition range of
amounts of SiO; (53.18-59.46 wt.%), Al,O3 (15.27-
16.14 wt.%), Na,O (2.79-5.76 wt.%), KO (1.42-
2.56 Wt.%) and variable concentrations of Fe,O3"
(7.61-11.13 wt.%), MgO (2.92-3.87 wt.%), CaO
(5.15-7.80 wt.%) and LOI (1.4-2.7 wt.%).
Geochemical data show these rocks are mainly calc-
alkaline diorite, monzodiorite, and quartzdiorite with
metaluminous affinities. The primary mantle
normalized pattern shows the enrichment of large ion
lithophile elements (LILE) and depletion of high
field strength elements (HFSE), which is one of the
geochemical characteristics of the magma related to
the subduction zone (Kuscu and Geneli, 2010). The
chondrite-normalized rare earth elements diagrams
show a medium enrichment of LREE compared to
HREE, a weak negative anomaly of Europium, and a
flat pattern of heavy rare earth elements. The rare
earth element (REE) patterns indicate low amounts
or absence of garnet in the source (Rollinson, 1993),
also the magma could be formed at a depth where the
garnet is not stable. Based on the discrimination
diagrams, the rocks are formed in a magmatic arc
setting. Geochemical data, such as the negative
anomaly of Ti, Ta, P, and Nb, and the positive
anomaly of Rb, Th, and K, along with the enrichment
of LILE and LREE, suggest that the North Joveinan
intrusive body is comprised of normal calc-alkaline
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I-type granitoids, which are produced in an active
continental margin. The samples in various diagrams
fall within the range of melts formed from the
metasomatized mantle (MM) and continental crust
(CC). This suggests that the magma results from a
mixture of melts from the mantle and crust or a
combination of mafic magma with crustal
components. The ratio of mantle to crust in the final
magma is approximately 50%.

Conclusion
The North Joveinan intrusive rocks in the middle part
of the Urumieh-Dokhtar magmatic Belt are formed

due to the subduction of the Neo-Tethys oceanic
crust. This causes the release of fluids and melts from
the subducted slab into the lithospheric mantle,
leading to the melting of the mantle and generating
primary mafic magma. The heat needed for partial
melting and contamination of crustal rocks is
provided with the ascent and placement of basic
magma in the lower continental crust. The
contamination in the magma reservoir caused the
primary magma to change, forming intermediate
magma.
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Fig. 2. Microphotographs of the plutonic rocks in the northeast of Joveinan in crossed polarized light. A: Porphyroidic
texture in diroites, B: Granular texture in monzodioritic rocks, C: Two generation of plagioclase in quartzdiorite, D:
Pyroxene accumulation in diroites, E: Amphibole inclusion in plagioclase, and F: Intergraowth of quartz with feldspare

and graphite texture in monzodioritic rocks. Abbreviations after Whitney and Evans (2010) (Cpx: Clinopyroxene, PI:
Plagioclase, Or: Orthoclase, Amp: Amphibole, Bt: Biotite, Qz: Quartz).
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Table 1. Whole rock chemical analysis results of the northeast of Joveinan intrusive rocks using the ICP-MS and the ICP-
OES method (major elements in Wt.% and trace elements in ppm).

6-1 7-1 9-1 6-5 7-4 8-2

SiO2 59.25 56.44 5693 5946 53.18 57.60
TiO: 0.84 0.98 0.88 0.85 1.38 0.83
Al203 1554 1585 1557 1565 1527 16.14
Fe:03" 793 870 7.61 796 1113  7.82
MnO 0.16  0.17 0.12 0.15 0.19 0.15
MgO 293  3.36 2.73 2.92 3.87 3.69
CaO 6.12 6.85 7.80 5.94 5.15 6.03
Na20 281 3.03 3.24 2.79 5.76 3.46
K20 256 193 1.98 2.26 1.42 1.87
P20s 0.17 0.19 0.17 0.17 0.30 0.15

LOI 14 2.3 2.7 1.6 2.1 2.0
Total 9981 99.82 99.81 99.81 99.78 99.82
Ni <20 <20 <20 <20 <20 <20
Co 188 213 16.8 19.3 255 20.2
Sc 21 25 21 21 33 23
\Y 160 207 181 165 338 179
Sn 2 2 <1 2 <1 1
W 14 0.8 11 1.3 <0.5 11
Rb 80.9 559 56.8 73.4 245 55.5
Cs 15 1.8 13 3.2 1.0 2.2
Ba 535 445 410 527 448 385
Sr 263.4 2489 3284 279.0 2220 2464
Ga 14.9 15.7 15.7 14.8 17.0 14.8
Ta 0.8 0.7 0.6 0.6 0.4 0.7
Nb 10.4 9.4 9.1 10.2 6.1 7.9
Hf 5.8 5.1 5.0 4.7 3.1 4.3
zr 206.7 190.7 1914 1948 121.3 165.6
Y 29.1 289 29.0 28.9 29.9 24.7
Th 9.1 6.3 8.6 10.8 2.6 7.5
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Table 1 (Continued). Whole rock chemical analysis results of the northeast of Joveinan intrusive rocks using the ICP-
MS and the ICP-OES method (major elements in Wt.% and trace elements in ppm).

6-1 7-1 9-1 6-5 7-4 8-2

U 3.4 2.0 2.8 3.7 0.7 2.6
La 178 224 25.2 25.0 17.9 214
Ce 359 455 49.8 49.7 38.4 424
Pr 443 537 5.59 5.51 4.65 4.78
Nd 186 217 235 23.0 19.9 19.6
Sm 466 4.78 4.78 4.88 4.70 4.27
Eu 1.05 111 1.13 1.09 1.53 1.00
Gd 509 513 4.85 4.99 5.23 4.45
Tb 087 0.84 0.80 0.83 0.88 0.73
Dy 517 520 491 4.84 5.12 4.20
Ho 116 111 1.05 1.06 1.17 0.95
Er 338 314 2.92 3.17 3.31 2.89
Tm 048 045 0.42 0.44 0.47 0.40
Yb 317  3.02 2.98 2.97 3.24 2.82
Lu 049  0.46 0.44 0.48 0.50 0.41
Lan/Ybn 3.74 494 5.64 5.61 3.68 5.06
Gdn/Ybn 128 135 1.30 1.39 1.29 1.34
Gdn/Ybn 066  0.69 0.72 0.68 0.95 0.71
Dyn/Ybn 1.05 110 1.06 1.05 1.01 0.95
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Fig. 3. Classification and magmatic affinity of the northeast Joveinan intrusive rocks, A: Total Alkalis versus Silica
diagram (Middlemost, 1994), B: R1-R2 classification diagram (De La Roche et al., 1980), C: A/NK versus A/CNK
diagram (Shand, 1943), and D: Th/Yb versus Ta/Yb diagram (Pearce, 1982)
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Fig. 4. A: Spider diagram of northeast Joveinan intrusive rocks normalized by primitive mantle (Sun and McDonough,
1989), and B: Chondrite normalized diagram for the samples (Nakamura, 1974)
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Fig. 5. Position of northeast Joveinan intrusive rocks in granitoids discrimination diagrams, A: Na,O versus K,O diagram
(White and Chappell, 1983; I-, S- and I-type granitoids are from Christiansen and Keith (1996), B: Rb versus Y diagram,
and C: Rb versus Th diagram (I and S granitoid trends from Liu et al., 2009)
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Fig. 6. A, B: Tectonic discrimination diagrams of northeast Joveinan intrusive rocks after Pearce et al. (1984), C: Th/Yb
versus Ta/Yb (ACM = active continental margin; WPB = within-plate basalt; WPVZ = within-plate volcanic zones), and
D: Th/Ta versus Yb discrimination diagrams (Schandl and Gorton, 2002) show active continental margins.
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Fig. 7. A: Th/Yb versus Ta/Yb diagram (Pearce, 2008) show effect of subduction zone enrichment and crustal
contamination on genesis of northeast Joveinan magma, the average upper crust (U.C.) is from Sun and McDonough
(1989), and B: Zr/Sm versus Nb/Ta diagram (Foley et al., 2000)
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Fig. 8. A: Tb/Yb versus La/Sm diagram for the samples from the northeast Joveinan pluton (Wang et al., 2002), and B:

Rb versus Sr diagram (Condie and Hunter, 1976)
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Identification of geochemical anomalies plays an essential role in
mineral exploration. Recent research investigations have shown that
Machine Learning (ML) algorithms can identify geochemical anomalies
associated with mineralization that represent targets for mineral
exploration. Machine Learning algorithms are widely used in various
fields due to their strong capability to extract and display high-level
features of training samples. Autoencoder networks show a high ability
to identify geochemical anomalies. In this study, the combined method
of autoencoder network with the fractal concentration-area method was
used to identify geochemical anomalies. First, using multivariate factor
analysis, the elements barium, lead, zinc, copper, gold, iron, gold and
arsenic were selected as indicators. Subsequently, the uni-element
geochemical maps of these elements were prepared, and to standardize
the maps in terms of minimum and maximum values, all maps were
fuzzified and scaled. Using the fuzzy gamma operator, uni-element
geochemical maps were combined. Then the resulting map applied the
deep autoencoder method with eight layers of encoder and decoder were
reconstructed. Finally, a mineral prospectively map was prepared for the
potential area using the concentration-area fractal method. The mixed
model proposed in this study introduces the region with high
mineralization potential northeast of the studied area.
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EXTENDED ABSTRACT

Introduction

Over the past few decades, the identification of
geochemical anomalies has played an important role
in mineral exploration (Coates et al., 2011; Lecun et
al., 2015; Bergen et al., 2019) Various methods have
been used to identify geochemical anomalies in the
last few decades, including statistical analysis,
geostatistical approaches (Nabavi, 1976), fractal
modeling (Ziaii et al., 2009; Ziaii et al., 2012) and
many other methods. Fractal/multifractal models are
powerful tools that have been widely used to detect
geochemical anomalies.

Recent developments in machine learning methods
have led to significant advances in geoscience. ML-
based approaches to mineral prospectivity mapping
using geochemical data can more effectively identify
statistical correlations between geochemical patterns
than other non-ML methods. Recent research shows
that machine-learning approaches enable the
integration of geochemical data and the successful
identification and separation of geochemical
anomalies associated with mineralization that may
be overlooked using non-machine learning methods
(Tukey, 1977; Cheng, 2006; Cheng et al., 2010).

In this study, the combined method of autoencoder
network with the fractal concentration-area method
was applied to identify geochemical anomalies in the
Hashtjin area (Ardabil province), NW Iran.

Materials and methods
The combined method of the autoencoder network
with the fractal concentration-area method was used
to identify the geochemical anomalies. The flowchart
of this study is as follows:

1- First single-element geochemical maps of Pb, Zn,
Cu, Au, As, Fe, and Ba elements were prepared, and
to incorporate the minimum and maximum values,
all of them became fuzzy to be in the range of (0 and
1).

2- Geochemical maps were combined using the
fuzzy gamma operator.

3- The deep autoencoder method was implemented
on the resulting map, and the reconstructed output
was obtained.

4- Using the fractal concentration-area method, the
final map of mineral prospectivity maps was
prepared.

Discussion
An autoencoder is a type of artificial neural network
used for learning efficient encoding of unlabeled data

(unsupervised learning). Autoencoder consists of
two functions: an encoder function that encodes the
input data into a lower-dimensional hidden layer and
a decoder function that reconstructs the encoded
input data.

The encoder part of an autoencoder network attempts
to reduce the dimensionality of the input data while
preserving the majority of the information, and it
encodes the input data in a blinded space. The
decoder part attempts to capture the encoded data and
reconstruct the original data with minimal error. The
deep autoencoder network is an autoencoder network
in which the neural network is designed profoundly,
and the number of layers in it is greater. Each layer
looks at the data as a new perspective. This neural
network automatically and through unsupervised
learning identifies patterns, complex structures, and
high-level features of the input data.

Considering the evidence of the fractal nature of
element distribution, the use of these methods in
geochemical exploration for separating anomalous
populations from the background with high
confidence levels is one of the most potent known
methods. The concentration-area fractal method is
based on the amount of area occupied by a particular
concentration in the study area.

Results

The study area exhibits complex geochemical
features. In such a complex setting, it is essential to
implement multiple methods in combination to
separate anomalies from the background accurately.
The combined method introduced in this study is a
powerful tool for identifying geochemical anomalies
in areas with complex geological history and diverse
geochemical backgrounds. According to the results,
all three methods used in this study represent a high
favorability of ore mineralization in the northeast of
the study area; Therefore, further investigations and
investigation are recommended in the introduced
area during later stages.

The results obtained from applying the fractal
method to the output of the deep autoencoder method
indicated a potentially favorable area for the
mineralization with approximately 9,047,500 m?

In the predictive map obtained in the northeast of the
studied area, an area with high mineralization
potential is introduced, which is geologically
represented by the Upper Jurassic (Lar Formation)
and Cretaceous formation controlled by, fault
boundaries and in the northeastern part of the
Hashtjin.
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Fig. 4. The location map of the stream sediments samples in the Hashtjin area
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Table 1. Concentration and area values of each element in the Hashtjin area

Pb Zn Cu

VALUE area cumarea  VALUE area cumarea VALUE area cumarea
2041 95000 95000 2041 45000 45000 2041 5250000 5250000
1023 380000 475000 1023 195000 240000 1023 85145000 90395000
524 2027500 2502500 524 1920000 2160000 524 114112500 204507500
269 17955000 20457500 269 15115000 17275000 296 61142500 265650000
134 148342500 168800000 134 36802500 54077500 134 13020000 278670000
69 123930000 292730000 69 110035000 164112500 69 8862500 287532500
34 5157500 297887500 34 118435000 282547500 34 7455000 294987500
18 617500 298505000 18 15455000 298002500 18 3245000 298232500
9 185000 298,690,000 9 687500 298690000 9 457500 298690000
VALUE area cumarea - area cumarea | VALUE area cumarea

2041 55000 55000 35000 35000 2041 127500 127500

1023 145000 200000 192500 227500 1023 475000 602500
524 957500 1157500 1137500 1365000 524 4847500 5450000
296 5332500 6490000 2895000 4260000 296 38540000 43990000
134 34902500 41392500 9127500 13387500 134 131525000 175515000
69 74112500 115505000 51865000 65252500 69 79467500 254982500
34 126802500 242307500 59895000 125147500 34 37065000 292047500
18 53430000 295737500 57075000 182222500 18 6217500 298265000
9 2952500 298690000 116467500 298690000 9 425000 298690000
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Table 2. Specifications of the encoder and decoder layers defined for the implementation of the deep autoencoder

algorithm Hashtjin Area

Layers name Unites Activation Input
Encodedl 50000 Relu Input image
Encoded?2 5000 Relu Endoded1
Encoded3 1000 Relu Encoded?
Encoded4 500 Relu Encoded3
Decoded1 1000 Relu Encoded4
Decoded2 5000 Relu Decoded1
Decoded3 50000 Relu Decoded2
Decoded4 500000 Sigmoid Docoded3
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Fig. 9. Error graph according to the number of training courses in training the deep autoencoder method in the Hashtjin
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Table 3. Breakpoints values in the probability-area diagram in the Hashtjin area
Breaking Breaking

Breakpoints point 1 point 2
probability 0/22 0/61
Number of cells 9672 3619

Area (square meter) = 24180000 9047500

number of cells 50*50
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Fig. 11. The logarithmic diagram of the C-N multifractal model and breakdown values for Pb, Cu, An, Fe, Au and As
elements in the Hashtjin area
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In recent years, two-dimensional geoelectrical surveys have become one
of the common and conventional methods in mineral exploration,
groundwater resources investigations, engineering geophysics,
archeology, etc. However, in some cases, these studies could not reach
the targeted and expected results, and sometimes the geophysical results
obtained have had a significant distance from the results obtained from
direct studies such as drilling, etc. In this article, authors try to
comprehensively analyze some factors that cause errors in two-
dimensional geoelectrical studies, and on the other hand, state solution
for minimizing the amount and severity of the discussed errors. Also, it
has been tried to provide practical solution and approach for minimizing
the error factors by a deep understanding of the source and mechanism
of error factors. Finally, a case study in which geoelectrical data has been
acquired by applying that new approach has been presented.
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EXTENDED ABSTRACT

Introduction

2d geoelectrical investigations are one of the most
important and effective methods for the study and
exploration of different minerals, groundwater, etc
(Moghaddasi, et al., 2020). They are also used for
geotechnical and engineering geophysics analyses.
But in some projects, the final validation test results
such as drilling don’t correspond so much with
geoelectrical results so the output of the project
didn’t satisfy the clients. In this article, we will
discuss error-causing factors and will provide a
solution to minimize them.

Discussion

Pole-dipole and dipole-dipole arrays are two of the
most used arrays for 2d geoelectrical studies. Figure
1 shows these arrays. The spacing between the
current electrodes pair, C2-C1, is given as “a” which
is the same as the distance between the potential
electrodes pair P1-P2. These arrays have another
factor marked as “n”. This is the ratio of the distance
between the C1 and P1 electrodes to the C2-C1 (or
P1-P2) dipole length “a” (Loke, 2023).

But one of the main questions is what is the
maximum and reasonable “n” for each array and why
data acquisition by the large amount of “n” is wrong
and leads to bad data?

First of all, we consider the sensitivity function
meaning. The sensitivity function tells us the degree
to which a change in the resistivity of a section of the
subsurface will influence the potential measured by
the array. The higher the value of the sensitivity
function, the greater the influence of the subsurface
region on the measurement (Loke, 2023). Now we
discuss about those arrays:

Pole-dipole array

The pole-dipole array also has relatively good
horizontal coverage, but it has a significantly higher
signal strength than the dipole-dipole array and is not
as sensitive to telluric noise as the pole-pole array
(Loke, 2023).

By following figures, we analyze the effect of the
large “n” on the acquired data in this array:

Figure 2 sensitivity sections show that the area with
the greatest sensitivity lies beneath the P1-P2 dipole
pair, particularly for large “n” factors. For “n” values
of 4 and higher, the high positive sensitive lobe

beneath the P1-P2 dipole becomes increasingly
vertical (Loke, 2023).

It can be understood based on Figure 3 what will
happen when the ‘n’ factor jumps from 6 to 12 to 18.
Here, the dipole length is kept constant at 1 meter.
When ‘n’ is equal to 6 there are reasonably high
sensitivity values to a depth of about 3 to 4 meters
between the C1 current and the P1 potential
electrode. When ‘n’ is increased to 12, the zone of
high sensitivity values becomes increasingly more
concentrated below the P1-P2 dipole in an even
shallower region. This means that the array with ‘n’
equal to 12 is less sensitive to deeper structures than
the array with ‘n’ equal to 6. This effect is even more
pronounced when ‘n’ is increased to 18. (Loke,
2023).

Figure 4 shows the apparent resistivity anomaly due
to a small near-surface high resistivity block for the
pole-dipole array for ‘n’ values of up to 28. Note that
the amplitude of the high resistivity anomaly due to
the near-surface block increases with the ‘n’ value,
i.e., the array becomes increasingly more sensitive to
the near-surface block as the separation between the
electrodes increases. In field surveys with the pole-
dipole array where the ‘n’ factor is monotonically
increased in the belief that this increases the survey
depth, the pseudosection is frequently dominated by
a series of parallel slanting high-amplitude
anomalies due to near-surface inhomogeneities. The
anomalies due to the near-surface structures
frequently mask the anomalies due to deeper
structures that are of interest. (Loke, 2023).

Dipole-dipole array

This array has been, and is still, widely used in I.P.
surveys because of the low EM coupling between the
current and potential circuits.

Figure 5 shows dipole-dipole sensitivity sections for
n: 1,2, 4, and 6 (Loke, 2023). Again, as can be seen
for this array by increasing the “n” factor sensitivity
tends to be beneath of dipole position on the surface
and the sensitivity of the deeper part (which is our
target zone for investigation), decreases dramatically
Now we can understand how much lateral resistivity
inhomogeneities, rough topography, presence of
high contact resistance, etc., (which are all
unavoidable factors in IP/Rs data acquisition), will
have an adverse effect on final data when data is
acquired by larger.

Also, during the inversion process, even those
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correct data which was acquired by smaller ‘n” will
be badly affected in the final sections.

Loke, as the creator of Res2dinv software, states that
acquired data with “n” higher than 6-8 are so
susceptible to noises, etc., and can cause wrong data
(Loke, 2023). However, according to the authors of
this article, even these values should be considered
with caution and we suggest data acquisition with an
even lower “n”.

In fact, in the real world, and especially in IP/Rs
investigation, many factors are the source of noise
and we should use lower “n” factors to get the correct
and real data.

Unfortunately, in some projects using larger “n” is
routine and this is the main reason for failing the 2d
geoelectrical project.

Suggested and optimal method

According to the mentioned sensitivity sections, it
can be seen that the best scenario for geoelectrical
surveys is when the surveys are done by n=1, and for
increasing the exploration depth, the electrode
distance (a) is gradually increased instead of
increasing the “n” factor. The most favorable state of
the sensitivity cross-section, the highest amount of
signal to noise, and the least impact of noises and
surface inhomogeneities occur in n=1. Nowadays
with the introduction of newer technologies such as

automatic electrode switching geoelectric equipment
and also switch boxes, the suggested optimal method
can be implemented more easily.

Geoelectrical surveys with this method (n=1 and
intermittent increase of the electrode distance) may
reduce the speed of the operation and be less
economical for contractors, but the results of the
geoelectrical studies conducted with this method are
much more reliable

Figure 6Fig.. shows one of the case studies in which
authors used above suggested method and the results
were excellent and RMS was very low.

Conclusion

In this article, it was tried to present a kind of
pathology regarding the reasons of the failure of
some two-dimensional geoelectrical studies with an
analytical view and by the results obtained from the
modeling and also the field analysis of the authors. It
was clarified how much measurements with high “n”
values can cause errors.

Finally, it was stated that the maximum reasonable
and reliable number for n is 6-8 and it was stated that
due to the presence of noise sources, also these
numbers should be considered with caution.

Finally, the optimal method from which the best
results are obtained was proposed.
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