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Introduction

The Hendou-Abad Cu(-Ag) deposit is located in the central part of
the Urumieh-Dokhtar magmatic arc, approximately 110 km northeast
of Isfahan, Iran. The deposit is hosted by upper Eocene volcanic rocks
composed mainly of andesitic basalt, andesite, and subordinate
trachyandesite and trachybasalt. Although copper mineralization in the
area had previously been recognized, its geological controls, fluid
evolution, and genetic characteristics had not been comprehensively
investigated. This study integrates geological, mineralogical,
geochemical, and fluid inclusion data to characterize the ore-forming
processes and evaluate the relationship between the deposit and
manto-type copper systems.

Methodology

Field investigations, sampling, petrographic studies, XRD analyses,
whole-rock geochemistry, electron probe microanalysis (EPMA), and
fluid inclusion microthermometry were conducted. Fifty-seven
representative samples were collected from mineralized and altered
zones. Petrographic observations were used to determine mineral
assemblages and paragenetic relationships, whereas XRD analyses
identified alteration minerals. Whole-rock geochemistry and EPMA
were employed to investigate elemental distributions and ore mineral
chemistry. Fluid inclusion studies on quartz, epidote, and calcite veins
provided information on the evolution of temperature and salinity of
the ore-forming fluids.
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Geology and Mineralization

The oldest exposed rocks in the area are upper
Eocene volcanic units consisting predominantly of
andesitic basalt and andesite, with minor trachyandesite
and trachybasalt. These rocks host the Cu(-Ag)
mineralization and are intruded by mafic to intermediate
dikes. Regional strike-slip fault systems, particularly the
Kachomesgal and Zafarghand fault zones, acted as the
principal pathways for hydrothermal fluid circulation.

Mineralization occurs as veins, veinlets, stockworks,
disseminations, cavity fillings, and replacement bodies.
Three distinct breccia types are recognized: red, green,
and white breccias. The red breccia contains rounded
volcanic fragments cemented by a quartz-calcite-iron
oxide matrix, whereas the white breccia consists of
volcanic and red breccia fragments enclosed within a
siliceous matrix. The green breccia is characterized by
angular to sub-rounded fragments within an epidote-
calcite-quartz matrix.

Primary ore minerals include chalcocite,
chalcopyrite, bornite, pyrite, and minor galena. Electron
microprobe analyses also identified tetrahedrite,
electrum, native gold, digenite, and accessory
Ag-bearing phases. Chalcocite, chalcopyrite, and bornite
constitute the dominant copper sulfides. The average
grades of copper and silver in mineralized samples are
approximately 2.7 wt% Cu and 62 ppm Ag,
respectively.

Hydrothermal alteration is closely associated with
mineralization. A pervasive propylitic assemblage
consisting of epidote, chlorite, calcite, tremolite-
actinolite, and prehnite is particularly developed within
the red breccias. In contrast, epidote-chlorite alteration is
spatially associated with copper-bearing veins in the
green and white breccias. Away from the mineralized
zones, this alteration gradually changes into zeolite-
bearing assemblages.

Discussion

Petrographic observations, mineral chemistry, and
fluid inclusion data indicate that mineralization
developed through three successive stages. The first
stage is represented by disseminated pyrite and minor
chalcopyrite associated with pervasive propylitic
alteration and Type | quartz within the red breccias.
Fluid inclusions hosted by Type | quartz exhibit
homogenization temperatures of 218-275°C and
salinities ranging from 125 to 16.8 wt% NaCl
equivalent, indicating formation from relatively hot and
moderately saline hydrothermal fluids.

The second stage represents the principal Cu-Ag
mineralization event and is responsible for most of the
economic metal accumulation. Mineralization occurs as
veins, veinlets, stockworks, and replacement bodies
controlled primarily by E-W-trending structures. Ore
minerals include chalcocite, bornite, chalcopyrite,
tetrahedrite, electrum, native gold, and galena. This stage

is associated with Type Il epidote, Type Il quartz, and
Type |l calcite. Fluid inclusion studies indicate
homogenization temperatures between 95 and 237°C
and salinities ranging from 2.90 to 12.96 wt.% NaCl
equivalent. These lower temperatures and salinities
indicate  progressive  cooling and dilution of
hydrothermal fluids by meteoric water. Most copper and
silver precipitation occurred during this stage.

The third mineralization stage is characterized by
low-temperature hydrothermal activity and chalcedonic
quartz-calcite veinlets. This stage contributed little to the
overall metal budget and is therefore economically
insignificant.

Whole-rock geochemical analyses reveal enrichment
of Cu, Ag, Pb, Sr, and sulfur and depletion of Ba and Zn
relative to host rocks. Strong positive correlations
between Cu and Ag indicate a close genetic relationship
between silver and copper sulfides. EPMA data show
that silver is present in most copper sulfides but is
preferentially concentrated in secondary sulfides. The
highest silver concentrations were recorded in covellite,
reaching approximately 0.7-1.08 wt.%.

Supergene weathering subsequently modified the
deposit and produced an enriched Cu-Ag zone.
Oxidation and leaching of primary sulfides generated
secondary chalcocite, covellite, Ag-bearing digenite,
native copper, cuprite, tenorite, malachite, and azurite,
significantly enhancing copper and silver grades.

Conclusions

The Hendou-Abad Cu(-Ag) deposit formed within
upper Eocene volcanic rocks under strong structural
control exerted by regional fault systems. Three
successive mineralization stages are recognized, with the
second stage representing the principal Cu-Ag event.
Hydrothermal alteration evolved from widespread
propylitic assemblages in the red breccias to epidote-
chlorite alteration in the green and white breccias,
grading outward into zeolite alteration. Fluid inclusion
data demonstrate a progressive decrease in temperature
and salinity from the first to the third stage, indicating
increasing dilution by meteoric water. Chalcocite,
chalcopyrite, and bornite constitute the primary copper
ore minerals, whereas supergene processes generated
secondary sulfides enriched in silver, particularly
covellite. ~ The  geological  setting,  alteration
characteristics, ore mineralogy, geochemical signatures,
structural  controls, and microthermometric data
collectively indicate that the Hendou-Abad deposit
shares strong similarities with manto-type copper
deposits and represents an important example of
volcanic-hosted Cu(-Ag) mineralization in the Urumieh-
Dokhtar magmatic arc.
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Figure 1. A) Geographic location of the Hendou-Abad prospect on the Urumieh-Dokhtar magmatic arc (black
square: The study area); B) Geological map of the Hendou-Abad region, modified after Radfar and Amini
Chehragh (1999) and the approximate locations of the veins (KMF- Kachomesqal fault; KF- Kashan fault; ZGF-
Zafarghand fault; UDMA- Urumieh-Dokhtar Magmatic Arc).
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Figure 2. Field and hand specimen photographs of veins and breccias from the Hendou-Abad area. A)
Mineralized zone characterized by subparallel veinlets of quartz, calcite, epidote associated with tenorite and
malachite. The inset image provides a close-up view of tenorite within the host volcanic rock; B) A view of
andesitic basalt rock with extensive propylitic alteration adjacent to rhyodacite units. The andesitic basalt (right
side) appears to have first undergone submarine weathering, acquiring its red color, and was subsequently overlain
by the rhyodacite unit (left side); C) Zeolite alteration; D) A quartz, tenorite, and malachite vein in epidotized
andesitic basalt; E) Chalcocite associated with a quartz-chalcopyrite vein; F) Red breccia; G) White siliceous
breccia; H) Green epidote-rich breccia with epidote veinlets. Abbreviations after Warr (2021).
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Figure 3. Mineralization photomicrographs in the Hendou-Abad area, in PPL Reflected-light, illustrating a range
of textures and replacement relationships among sulfide and oxide minerals. A) Replacement of chalcopyrite by
secondary chalcocite and goethite; B) Euhedral primary chalcocite exhibiting well-developed cleavages; C)
Intergrowth of bornite and chalcocite; D) Replacement of chalcocite and bornite by covellite; E) Decomposition

of primary chalcocite to djurleite; F) A veinlet of quartz, chalcocite, covellite, and digenite cutting across
specularite. Mineral abbreviations after Warr (2021).
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Figure 4. Photomicrographs of altered minerals in the volcanic rocks of the Hendou-Abad area. All images were
taken under transmitted light with crossed polars (XPL), except for images A and F, which were taken undef plan-
polarized light (PPL). A) Zoning in coarse-grained quartz crystals; B) Replacement of Fe-Mg (ferromagnesian)
minerals by Fe-rich chlorite and calcite; C) Epidote generations | and Il associated with quartz I1; D) Epidote Il
accompanied by quartz Il and opaque minerals; E) Quartz 111 with abundant inclusions, zeolite, and epidote 1V
veinlets; feldspar altered to zeolite; F) Pink epidote Ill (piemontite) disseminated in the rock matrix; G) Sparry
calcite Il cutting calcite I; H) Chlorite I replacing biotite; I) Epidote Il cutting chlorite Il with blue interference
color. Mineral abbreviations after Warr (2021).
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Figure 5. Paragenetic sequence of alteration and veins minerals in the Hendou-Abad prospect.
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Table 1. Statistical parameters of geochemical data for 19 selected rock samples from the Hendou-Abad area.

Element Minimum Maximum Mean Median Mod Std. Skewness
(in %)
Fe 5.89 13.85 10.04 10.75 5.89 2.61 0.151
Cu 0.001 11.41 0.45 0.03 1.17 0.57 0.152
(in ppm)
Ag 1.8 238 35.14 26 86 33.32 0.498
As 5 34.5 14.23 13 5 8.31 0.413
Co 6 35.2 26 22 7.48 6.53 0.52
Cr 21 326 105.3 94 174 49.41 0.582
Mn 595 4104 1561 1396 2431 580.08 0.31
Ni 10.6 152 50 46 93 27.1 0.472
Pb 3 120 24 16 16 16.1 0.475
S 50 20600 407 125 959 434 0.577
Ba 170 4296 507.8 466.2 843 215.5 0.457
Sr 202.1 9437 550 433 910 261.9 0.394
Ti 4456 8494 6244.4 6294.7 6294.75 974 0.329
\Y 179.9 439 251.18 247 196 57 0.442
zZn 15.5 681 162 140 317 89.1 0.492
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Figure 6. Variation diagram of trace-element concentrations normalized to enrichment factors for mineralized and
altered host rocks relative to the unaltered host rock from the Hendou-Abad area, constructed based on method by

Malpas et al. (2001).
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Table 2. Chemical composition and calculated formula (based on 12.5 oxygen atoms) of epidote from the

Hendou-Abad prospect.

Sample No. Clinozoisite/Epidote | Piemontite
SiO; 38.65 38.39 38.18 39.05 38.59 38.82 38.35 38.6 38.17 39.03 38.95 38.63
TiO, 0.0 0.09 0.04 0.06 0.20 0.06 0.11 0.07 0.13 0.13 0.06 0.11
Al,O4 26.66 22.92 23.98 27.07 27.98 23.95 23.68 23.87 23.91 23.62 23.27 23.01
FeO 8.62 5.09 10.98 7.51 7.08 10.89 5.18 5.83 5.67 6.25 5.07 5.61
MnO 0.0 7.78 0.97 1.97 0.79 1.11 6.55 6.55 5.86 5.83 7.10 6.61
MgO 0.02 0.13 0.04 0.03 0.02 0.07 0.0 0.05 0.04 0.03 0.11 0.01
CaO 23.37 22.08 24.0 22.87 23.66 23.81 23.22 22.96 23.58 23.16 22.58 23.05
Na,O 0.0 0.03 0.00 0.04 0.00 0.00 0.18 0.04 0.0 0.01 0.04 0.0
K20 0.0 0.01 0.00 0.01 0.00 0.01 0.0 0.0 0.01 0.01 0.01 0.0
Total 97.49 96.52 98.21 98.72 98.36 98.81 97.27 97.97 97.39 98.12 97.24 97.12
Structral formula based on 12.5 Oxygen
Si 3.01 3.11 3.00 3.02 2.98 3.03 3.08 3.07 3.05 3.09 3.12 3.11
Ti 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01
Al 2.45 2.19 2.22 2.47 2.55 2.20 2.24 2.24 2.25 221 2.20 2.18
Fe*® 0.56 0.34 0.72 0.49 0.46 0.71 0.35 0.39 0.38 0.41 0.34 0.38
Mn 0.00 0.53 0.06 0.13 0.05 0.07 0.45 0.44 0.40 0.39 0.48 0.45
Mg 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00
Ca 1.95 1.92 2.02 1.89 1.96 1.99 2.00 1.96 2.02 1.97 1.94 1.99
Na 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.01 0.00 0.00 0.01 0.00
sdaw ‘;bb‘;er‘;a.w - Pmt
Glahai olowd a5 5l sanlcewsay slassls
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sas asgill ol slaa STl i sladasses S p Figure 7. Chemical composition of epidote from the
Hendou-Abad prospect on the epidote ternary diagram
(G-A JSLo) 09 o0 (Ep: epidote, Czo: clinozoisite, Pmt: piemontite).
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Table 3. Electron microprobe analysis (EPMA) of sulfide minerals from the Hendou-Abad prospect (n: number of

analyses).
Chalcocite
Sample No.
(n=10)
Si 0.07 0.05 0.03 0.03 0.03 1.27 0.07 0.05 0.03 0.74
Cu 76.83 76.90 77.44 77.20 76.10 72.78 76.70 77.55 77.62 75.00
Mg 0.01 0.0 0.01 0.0 0.0 0.05 0.04 0.04 0.0 0.07
Al 0.06 0.04 0.08 0.08 0.05 1.86 0.06 0.02 0.02 0.21
Ca 0.01 0.01 0.0 0.0 0.01 0.24 0.21 0.04 0.01 0.31
Ti 0.02 0.0 0.0 0.02 0.03 0.03 0.0 0.03 0.0 0.0
Ni 0.0 0.03 0.0 0.0 0.03 0.0 0.01 0.01 0.0 0.01
Fe 0.37 0.25 0.10 0.10 0.24 2.55 0.20 0.09 0.02 0.33
S 21.56 21.12 21.07 20.80 21.04 20.48 21.20 21.45 21.49 21.37
Co 0.01 0.01 0.0 0.0 0.01 0.0 0.0 0.01 0.0 0.0
As 0.32 1.20 1.09 1.30 1.30 0.0 0.90 0.80 0.85 1.22
Ag 0.08 0.20 0.29 0.06 0.35 0.03 0.21 0.09 0.33 0.06
Sb 0.03 0.02 0.04 0.02 0.03 0.02 0.01 0.02 0.01 0.0
Te 0.0 0.01 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.0
Hg 0.0 0.02 0.0 0.02 0.0 0.05 0.01 0.0 0.0 0.0
Pb 0.0 0.0 0.0 0.02 0.0 0.0 0.0 0.01 0.0 0.08
Bi 0.02 0.0 0.0 0.0 0.0 0.03 0.0 0.0 0.0 0.0
Total 99.39 99.86 100.15 99.65 99.22 99.39 99.62 100.21 100.39 99.39
Aalol Y Jgus
Table 3. Continued.
Chalcopyrite Bornite
Sample No.
(n=6) (n=3)
Si 16.85 0.20 0.01 0.02 0.0 0.11 0.01 0.0 0.01
Cu 34.83 33.72 33.86 33.84 33.28 33.39 70.38 67.30 65.98
Mg 0.01 0.0 0.0 0.0 0.0 0.02 0.0 0.0 0.0
Al 0.34 0.08 0.0 0.01 0.0 0.01 0.02 0.0 0.01
Ca 0.50 0.05 0.0 0.01 0.0 0.07 0.0 0.0 0.0
Ti 0.0 0.01 0.0 0.0 0.02 0.01 0.0 0.0 0.0
Ni 0.0 0.0 0.0 0.01 0.02 0.0 0.0 0.0 0.01
Fe 34.46 30.34 29.62 29.89 30.56 30.65 4.26 6.50 7.38
S 0.13 34.60 34.85 34.53 34.40 34.43 24.07 25.23 25.69
Co 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
As 0.66 0.27 0.34 0.70 0.95 0.24 1.55 0.70 0.22
Ag 0.03 0.01 0.09 0.06 0.06 0.20 0.14 0.20 0.23
Sb 0.0 0.0 0.0 0.01 0.0 0.0 0.02 0.0 0.02
Te 0.0 0.0 0.0 0.01 0.01 0.0 0.03 0.0 0.01
Hg 0.0 0.0 0.09 0.05 0.0 0.0 0.0 0.0 0.0
Pb 1.18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bi 0.0 0.03 0.0 0.0 0.02 0.0 0.0 0.0 0.0
Total 100.10 99.32 98.88 99.14 99.32 99.13 100.48 99.93 99.56
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Table 3. Continued.

Galena Covellite
Sample No.
(n=5) (n=6)
Si 0.05 0.0 0.05 0.20 0.0 0.0 0.02 0.08
Cu 0.42 0.70 0.08 0.18 0.29 65.27 58.90 65.25
Zn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mg 0.0 0.0 0.0 0.14 0.0 0.0 0.01 0.0
Al 0.0 0.10 0.03 0.70 0.20 0.0 0.02 0.02
Ca 0.0 0.0 0.01 0.0 0.0 0.0 0.0 0.0
Ti 0.01 0.0 0.0 0.0 0.01 0.0 0.01 0.04
Ni 0.0 0.01 0.01 0.01 0.0 0.0 0.0 0.01
Fe 0.01 0.33 0.07 0.15 0.12 0.06 5.20 3.10
S 12.32 12.37 11.65 11.84 12.28 33.16 33.40 30.10
Co 0.0 0.0 0.01 0.0 0.0 0.0 0.0 0.0
As 0.11 0.04 0.52 0.92 0.45 0.29 0.95 0.23
Ag 0.0 0.0 0.0 0.0 0.0 1.08 0.90 0.95
Sb 0.0 0.0 0.0 0.0 0.0 0.0 0.02 0.0
Te 0.0 0.0 0.04 0.0 0.0 0.0 0.0 0.0
Au 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hg 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pb 86.60 87.06 86.90 86.58 86.62 0.0 0.0 0.0
Bi 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 99.52 100.61 99.37 100.72 100.05 99.82 99.43 99.78
Aals] Y Jeus
Table 3. Continued.

Covellite Gold Electrum

Sample No.
(n=6) (n=2) (n=2)

Si 0.01 0.0 0.47 0.19 0.43 0.30 0.49
Cu 64.70 62.10 59.93 0.13 0.03 1.52 4.76
Zn 0.0 0.0 0.0 0.06 0.0 0.0 0.0
Mg 0.0 0.0 0.0 0.0 0.08 0.0 0.01
Al 0.05 0.0 0.05 0.07 0.14 0.0 0.30
Ca 0.01 0.0 0.13 0.26 0.63 0.0 0.34
Ti 0.01 0.0 0.03 0.02 0.0 0.01 0.01
Ni 0.0 0.0 0.0 0.0 0.0 0.02 0.0
Fe 5.08 1.20 7.59 0.06 0.11 7.88 20.66
S 28.00 35.00 29.29 0.07 0.32 0.13 0.10
Co 0.0 0.0 0.0 0.0 0.0 0.0 0.0
As 0.40 0.10 0.48 0.01 4.08 0.12 0.46
Ag 1.02 0.70 1.04 11.21 11.93 30.89 15.33
Sb 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Te 0.0 0.0 0.0 0.0 0.0 0.04 0.0
Au 0.0 0.0 0.0 86.41 81.21 58.12 56.85
Hg 0.0 0.0 0.0 0.08 0.16 0.16 0.12
Pb 0.0 0.0 0.0 0.30 0.07 0.02 0.51
Bi 0.0 0.0 0.0 0.30 0.16 0.0 0.0
Total 99.28 99.10 99.09 99.17 99.35 99.26 99.94
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Figure 8. Backscattered electron (BSE) images of ore mineralogy, alteration assemblages, and their textural
relationships. A) Chalcocite and hydrothermal titanite associated with an epidote veinlet; B) Galena grain
coexisting with chalcocite and malachite filling void spaces in breccia fragments; C) Specularite and primary
chalcocite occupying vugs prior to malachite veinlets; D) Relict galena grain surrounded by malachite; E)
Chalcopyrite and quartz within red breccia; F) Pyrite and chalcopyrite as cement along with andesitic-basalt
fragments in red breccia; G) Native gold grain hosted by secondary iron oxide minerals; H) Bornite and chalcocite

enclosed by acicular hematite crystals; 1) Copper sulfides in microfractures, with chalcocite occurring before
covellite. Mineral abbreviations after Warr (2021).
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Figure 11. Microphotographs of primary and pseudosecondary fluid inclusions in the Hendou-Abad area. A)
Liquid-rich fluid inclusion in quartz; B) Two-phase liquid-rich fluid inclusion in calcite; C) Two-phase primary
fluid inclusion with negative crystal shape and irregularly shaped, two-phase fluid inclusion with amorphous
morphology in calcite; D) Two-phase fluid inclusion in epidote (L: liquid; V: vapor).
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Table 4. Summary of microthermometric measurements of fluid inclusions from copper-bearing veins in the
Hendou-Abad prospect (T.: eutectic temperature, Tm ice: final ice melting temperature, Tw: homogenization
temperature, Salinity: calculated salinity)

Type of mineral Te (%) T °C) (%) Salinity (wt. +NaCl eq. %)
n Rang n Rang n Rang

Quartz | 5 -34 to -68 7 -7.8t0-12.9 10 218 to 275 12.51t0 16.8
Quartz 11 18 -49 to -57 25 -6.5t0 -9 27 119to 189 9.86 to 12.85
Quartz 111 - - 4 -2 to -3.02 7 100 to 120 3.39t05.28
Calcite 11 7 -47 to -61 8 -6.5t0-12.5 8 124 to 152 10.36 to 16.48
Calcite 11 4 -61 to -62 7 -6.5t0-9.1 7 95 to 117 9.49 to 12.96
Epidote 11 - - 6 -35t0-74 6 223 to 237 8.71t0 10.9
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Figure 12. Frequency distribution diagrams of A) homogenization temperature (Th); B) salinity of fluid
inclusions from different mineralization stages in the Hendou-Abad prospect.
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Figure 13. Homogenization temperature versus
salinity diagram for fluid inclusions from different
mineralization stages in the Hendou-Abad prospect.
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