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ARTICLE INFO ABSTRACT

Keywords: The Hendou-abad copper mineral district is located along the eastern margin of the central part of
Mafic dike swarm Urumieh-Dokhtar Magmatic Arc (UDMA). The mineralization is hosted in the Late Eocene basaltic andesite and
Breccia

trachybasalt, where it is associated with epidote, calcite, and quartz as alteration minerals, and red, white, and
green breccias. Two main events of mineralization with alteration have been distinguished: hypogene and su-
pergene. Abundant parallel dike swarms intrude Late Eocene volcanic rocks of the Henduo-abad. The Hendou-
abad dikes are seen as a few cm to 4 m wide and < 1200 m long. The purpose of this work was to survey their
petrogenesis and the tectonic implication of the dikes. Further, to investigate the relationship between dikes and
known copper mineralization in Hendou-abad, and then examine exploration potential in adjacent areas. The
Hendou-abad dikes, based on trend, relative age, and geochemical composition, are divided into two groups:
early and late dikes. The geochemical character of these dikes displays an arc setting and the late dikes show
higher contents of Nb, Zr, P, K, Rb, Ba, and slightly elevated Ti. The geochemical composition of the dikes
suggests two magmatic stages over time: a subduction-modified mantle source is thought of for the host basaltic
andesites and the early dikes in a primitive arc stage, while an enriched asthenospheric mantle source is pictured
for the late dikes in a later, more mature arc stage. Structural evidences from field-work of dikes, strike-slip and
thrust faults, and microscopic studies of the associated hypogene mineralization imply that they may have
formed through north-south directed extension during an uplift event. The pattern of dike orientations, their
intense propylitic alteration, and the spatially association with mineralized breccias, sheeted calcite, and mi-
neralized quartz veins, could suggest emplacement of a porphyry stock at depth. Our data show that the east-
trending green dikes are associated with red and green breccias in southern Ardestan and that they could be used
as an exploration target for copper mineralization.

Hydrothermal alteration
Hendou-abad Cu mineral district

1. Introduction Oligocene volcanic rocks. It is well established that copper deposits can
be associated with plutonic rocks in arc setting (Kerrich and Wyman,
1997; Tosdal and Richards, 2001; Richards, 2005; Sillitoe, 2010). Nu-

merous studies of southeast Ardestan rocks have focused on the inter-

The Urumieh-Dokhtar Magmatic Arc (UDMA) is endowed with
significant porphyry and epithermal ore deposits, such as Sungun,

Kahang, and Sarcheshmeh in northwest, central, and southeast UDMA,
respectively (Aghazadeh and Badrzadeh, 2015; Alavi et al., 2014; Afzal
et al., 2012; Shahabpour, 2005). Sungun, Sarcheshmeh and a number of
subeconomic porphyry copper deposits are dominated by Middle Mio-
cene stocks (Shahabpour, 1982; Bertrand et al., 2014; Richards and
Sholeh, 2016). The Ardestan mining region (Fig. 1B) along the eastern
side of central UDMA is also well known for a number of economically
significant Cu deposits of varying sizes and ore grades (e.g., Dorojin and
Zafarghand, Fig. 1C) that are dominantly hosted in the Eocene-
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mediate to felsic intrusive rocks (Sadeghian and Ghaffary, 2011;
Sarjoughian and Kananian, 2017). Kananian et al. (2014a) focused on
the Nasrand pluton and its dikes and proposed fusion of continental
crust in their petrogenesis. Jabbari et al. (2010) suggest a temperature
of 700° to 1114 °C and a pressure of 2.4 to 7.7 kbar for the igneous
crystallization of the dikes, using clinopyroxene thermobarometry on
the similar dikes of southwest Ardestan. Sarjoughian (2017) recently
studied the Nasrand dikes and reported a temperature of 940 °C, em-
placement depth of 11.4 km, and magmatic water contents of 4.6 wt%
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Fig. 1. (A) Location of Neotethyan suture in Iran. (B) Position of Ardestan copper-bearing range in Isfahan province and central part of UDMA. (C) Simplified geologic map of the
Ardestan copper-bearing range. Modified after Radfar and Amini Chehragh (1999) and Bahroudi and Fonoudi (2000). Mehr-abad, Zafarghand and Nasrand granodiorite ages are from
Sarjoughian and Kananian (2017). Hendou-abad mineral district is situated approximately 12 km southeast of Ardestan between KMF and ZGF.

in the dikes. The volcanic rocks in east Ardestan- west Nain were
classified into five groups by Yeganehfar et al. (2013): including older
Late Oligocene (26.5Ma) high-Nb mafic rocks and younger Early
Miocene (18.7 Ma) adakitic volcanic rocks as endmembers of age and
composition. Their age estimates are consistent with zircon U-Pb age
dating of Chiu et al. (2013), who reported 30.1 and 26.3 Ma for two
samples of ignimbrite and andesite in northwest Nain.

In general, few studies describe the mechanism of formation of the
mafic dike swarms in this area of Iran. This study presents new field
observations and characteristics of major- and trace-element composi-
tion of dikes from the Hendou-abad copper mineral district. The dy-
namic structural environment of dikes is discussed. The development of
these mafic dikes is thought to be related to the mineralization spa-
tially, temporally, and structurally. The goal of this research is to in-
terpret the evolution of tectonic events and examine dikes in the area in
order to determine their relationship relative to the events of copper
mineralization.

2. Geologic setting
2.1. Tectonic evolution

Tectonically, the regional geology of Isfahan includes four different
provinces (Fig. 1B), the central Iranian Plate (CIP) in the east, UDMA,
and Sanandaj-Sirjan Zone (SSZ) in the center, and the Zagros Thrust
Belt (ZTB) in the west. The west boundary of the SSZ is defined by the
Main Zagros Thrust Fault (MZTF), a northwest-trending suture zone. All
terranes above, excluding the first one, belong to the youngest pre-
served orogenic event in the world, namely, the Zagros uplift (Fig. 1B).
The Zagros orogeny was formed as a consequence of the protracted
convergence of Eurasia and Arabia (inset map in Fig. 1) and the closure

of the Neo-Tethys Ocean (e.g., Berberian and King, 1981; Sengor, 1990;
Verdel et al., 2011) and their subsequent collision. The northeasterly
direction of subduction of Neo-Tethys below the central Iranian plate
resulted in the 10°km? (Verdel et al., 2011) of basaltic to rhyolitic
volcanic rocks and gabbroic to granitic plutonic rocks in the UDMA
during the Eocene-Oligocene (e.g., Ghasemi and Talbot, 2006; Dargahi
et al., 2010; Chiu et al., 2013) and even younger between the Middle
Miocene to Pliocene (e.g., Axen et al., 2001; Azizi and Moinevaziri,
2009). Although unlike an island arc (e.g., Alavi, 1996; Ghorbani, 2006;
Shahabpour, 2007; Yeganehfar et al., 2013), some researchers have
proposed an active continental margin geodynamic framework for the
UDMA (e.g., Berberian and Berberian, 1981; Moinvaziri, 1985; Verdel
et al., 2011; Ayati et al., 2012). More recently, Yeganehfar et al. (2013)
in a detailed geochemical study of the volcanic rocks (extending from
west Nain to Ardestan) concluded that they represented a transient,
rather enriched asthenospheric mantle for Late Oligocene rocks. Ac-
cording to some of the previous studies, several immature back-arc
basins formed during initiation of subduction in the CIP during Upper
Triassic-Lower Jurassic, such as Nain-Baft (Ghazi and Hassanipak,
1999; Agard et al., 2005), Sabzevar (Alaminia et al., 2013), and Sistan
in Middle Jurassic-Upper Cretaceous (Fotoohirad et al., 2009). Closure
of these oceans occurred during the Cretaceous-Paleocene (Rosseti
et al.,, 2010). However, the recent findings show an extensional en-
vironment for inner arc and back arc of the Urumieh-Dokhtar (Ghasemi
and Rezaei, 2015). The former studies propose that the Eocene-Paleo-
cene (60-40 Ma) extrusive event in UDMA occurred in a shallow
marine setting (Berberian and King, 1981) probably related to crustal
attenuation (thinning) (Berberian and Berberian, 1981; Morley et al.,
2009; Agard et al., 2011) and appears to represent both arc and back-
arc volcanism (e.g., Vincent et al., 2005) with a calc-alkaline affinity
(e.g., Shahabpour, 2007). The Qom Formation marks an isolated branch
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of the Tethyan Seaway that was located north of the main ocean
(Harzhauser and Piller, 2007). Verdel et al. (2011) suggested Late Pa-
leocene-Eocene magmatic flare up was extension related. The numerous
intrusions of calc-alkaline and alkaline composition (Moinvaziri, 1985),
are composed of various rocks including gabbro, diorite, granodiorite,
and granite bodies of Late Eocene to Post Miocene or Pliocene (Mohajjel
et al., 2003; Chiu et al., 2013; Sarjoughian and Kananian, 2017) in the
UDMA. These were interpreted as pre- to syn-collisional (Arvin et al.,
2003; Shahabpour, 2005) or syn- to post-collisional intrusions (Dargahi
et al., 2010).

2.2. General geology of the Ardestan area

The Ardestan copper-bearing range in Ardestan (northeastern
Isfahan) is located at the eastern margin of the UDMA (Fig. 1B). The
geology of Ardestan consists mostly of Eocene igneous rocks, although
there are also small scattered outcrops of sedimentary rocks (Fig. 1C).
The oldest rocks are sandstone and conglomerate, with intercalated
limestone on the eastern side of Nasrand (Fig. 1C), which are Lower to
Middle Eocene in age, based on their fossil record. The igneous rocks of
Ardestan have previously been described (Radfar and Amini Chehragh,
1999; Bahroudi and Fonoudi, 2000).

According to relative age, two main sequences of volcanic rocks
occur in Ardestan (Fig. 1C). The former is comprised of Middle-Late
Eocene thick-bedded lava flows with more than one km thickness of
compact, massive basaltic andesite and andesite (Radfar and Amini
Chehragh, 1999; Bahroudi and Fonoudi, 2000). They locally grade
upwards into dacite, rhyolite tuff, and volcaniclastic sediments with a
Late Eocene age. The bimodal volcanic succession is cut by a diabase
dike swarm of different widths (Radfar and Amini Chehragh, 1999).
Most of the known copper mining districts in the region of Isfahan are
associated with Late Eocene basaltic andesite to Oligocene andesite
(Fig. 1C, Bahroudi and Fonoudi, 2000). Although, recent U-Pb and K-Ar
radiometric dating of volcanic rocks of Ardestan indicates ages ranging
from 20 to 30 Ma (Yeganehfar et al., 2013; Chiu et al., 2013). The upper
part of this sequence is comprised of a thin-bedded red, acidic pyr-
oclastic rock and of green tuff. Moreover, small outcrops of ignimbrite
and pyroclastic rocks with mostly rhyolitic tuff are exposed in the
southern parts of Ardestan, up to 50 m in thickness near faults (Radfar
and Amini Chehragh, 1999). Due to activity of the equivalent Pyrenean
orogenic events, these volcanic rocks are overlain unconformably by
Late Oligocene to Early Miocene fossiliferous shallow limestone and
marl (Radfar and Amini Chehragh, 1999). Exposure of this unit has an
irregular morphology to the north of Kacho-Mesqal Fault (KMF)
(Fig. 1C). The latter period of volcanic activity in Ardestan is Oligocene
in age with lava flows of andesite (Radfar and Amini Chehragh, 1999).
This altered andesite is dark greenish in colour due to the pervasive
occurrence of epidote and chlorite. The andesite is interbedded with
Oligo-Miocene sedimentary rocks equivalent with those of the Qom
Formation.

Magmatic activity in Ardestan as a whole started in the Late Eocene
with the emplacement of the main intrusions: Nasrand and Mehr-abad
granodiorite batholiths with an east-west direction parallel to the KMF
and was followed by Late Oligocene to Early Miocene Zafarghand and
Feshark intrusions in the southern portion of the study area (Fig. 1C,
Sarjoughian and Kananian, 2017). The former includes predominantly
granodiorite and granite with an east-trending elongation that intruded
into the volcanic rocks; low grade contact metamorphism is evident in
their country rocks (Sadeghian and Ghaffary, 2011; Kananian et al.,
2014b). Numerous northwest-southeast trending mafic dikes are asso-
ciated with the Nasrand intrusion (Bahroudi and Fonoudi, 2000) and
are used in our study (Kananian et al., 2014a).

3. Analytical methods

During field mapping of the Hendou-abad mineral district during
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the winter 2016, > 170 hand-sized samples of dikes and volcanic rocks
as well as 17 samples from drill cores were taken from different lo-
calities, on the surface and subsurface (see Fig. 4 for sample locations).
Based on petrographic observations from a set of 42 thin sections, the
least-altered rocks were selected for geochemical analysis. Twelve
samples of fresh dikes (early dike samples including Cu;S20, Cu;S44,
Cu;S101, CuyS159, and late dike samples including CuyS161, Cu;S132,
BHs-5.2, BH14-6.5, BHs-25), least-altered trachybasalt (CuyS75) and
epidote altered andesite (al;;S41) were analyzed by X-Ray Fluorescence
(XRF) at the Salzburg University, Austria. The thorium content of dikes
was reanalyzed using gamma spectrometry, because this method pro-
vides lower detection limits and better precision than XRF.

A total of 29 ore samples were investigated using transmitted and
reflected microscopy, X-ray diffraction (XRD) of three samples (Cu;S31,
Cu;S101, CuyS159), and lithogeochemistry (ICP-MS) of seven samples
(Cu;S26, Cu;S52, CuyS14, CupS23, CupS19, Cup36 and alpS41).
Electron microprobe analysis (EMPA) of seven polished sections of ore
(Cu;S52, Cuy23, CuyS19, CuyS36, BHe-8) and the epidote altered an-
desite (al;S41) were obtained using a Cameca SX-100 electron probe
micro-analyzer at the Iranian mines and mining industries development
and renovation organization (IMIDRO), Tehran, Iran. Operating con-
ditions were an acceleration voltage of 25 kV, the beam current 20 nA,
and counting time 20 s.

4. Results of field work and petrography
4.1. Field visits

4.1.1. Structural pattern

In the study area, the most prominent faults are the KF, KMF, and
ZGF (Fig. 2A). The northwest-southeast trending KF structure is along
the western border of the mineral district. This fault shows a dextral
strike-slip component of movement, while KMF and ZGF faults (Fig. 2A)
with east-west trends have reverse and dextral strike-slip components of
movement along their fault planes (Beygi et al., 2016; Mohammadi,
2016). Here, structural investigation was completed using satellite
images and the Ardestan geological map in 1:100000-scale (Radfar and
Amini Chehragh, 1999) in combination with field visits, with an aim to
characterize faults and dikes of the region. Measurements from 77
faults and 46 dikes throughout the study area were made and geome-
trically analyzed. Geometric analysis was carried out using Rose dia-
grams for faults and dikes (Fig. 2B and C). In general, the local struc-
tural pattern at the district scale identified three groups of faults and
dikes consisting of the following:

1) Northwest-trending longitudinal faults (N 116 to N 167°E) with
reverse and dextral strike-slip components of movements parallel to
MZTF, including SAF and KF (Fig. 1C). The early dikes also extend
from northwest to southeast in the study area (Fig. 2C).

2) Vertical faults at N 22 to N 45°E with sinistral movements parallel to
the Zagros convergence direction.

3) East-trending faults between N 52° and N 89°E (Fig. 2A). The most
important are two principal thrust faults, KMF in the north and ZGF
in the south of study area. The later dikes occur mainly in this third
pattern located along high-angle faults. Most of the known copper
occurrences in the study area are spatially associated with east-
striking faults dipping 70° to 87° to the south, and the deposits
largely follow the contact with late dikes. Timing relations between
these faults and mineralization are not known conclusively, but
exposure of a copper vein in the east-west and northwest-southeast
directions suggests that both orientations could be hosts to miner-
alization in the Hendou-abad mineral district.

4.1.2. Structural indicators and features
Along the margin of central Iran, there are strike-slip fault systems
and thrusts (Hessami et al., 2003). The study region lies at the junction
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of two major east-west and northwest-southeast trending tectonic faults
close to the extensional faulting of the eastern margin of the UDMA
(Fig. 1C). Some faults are active today, with earthquakes revealing
dextral motion on northwest-southeast orientated faults and sinistral
motion on northeast-southwest trending faults (Walker and Jackson,
2004). Structural field investigations estimate some tilting of the recent
alluvial fans near the KF and ZGF faults, and dextral motion of streams,
between 10 and 180 m, near the KF fault (Fig. 3A). The oldest stage of
movement observed includes vertical movements that are still creating
deep valleys (Fig. 3B), vein-filled fractures (calcite sheeted veins,
Fig. 3C), many high-angle normal faults south of the KMF fault
(Fig. 3D), building mountains in the footwall and subsidence to the
north of the KMF and south of the ZGF faults (Figs. 3B and 5). These
examples from the field noted above are considered to have developed
within an extensional stress regime in a north-south direction. More-
over, milky quartz veins associated with epidote alteration show si-
nistral displacement from 5 to 10 cm (Fig. 3F). In addition to exten-
sional structures, the KMF and ZGF show evidence for reverse
displacement (Mohammadi, 2016). It is characterized by folding in
Oligo-Miocene limestone near the KMF. Some samples of epidote al-
teration and mineralization exhibit microstructures with undulose ex-
tension or bending seen in chalcopyrite, chalcocite, and calcite. Large
quartz grains are rarely seen since they are often replaced by numerous
small recrystallized grains with irregular boundaries. Epidote occurs
either in lenses, bands or as space filling in tension fractures.

4.2. Geologic relationships and petrography in the Hendou-abad mineral
district

Detailed field geology work associated with logging of three bore
holes (total 79.6 m in length) shows the stratigraphy of the study area
in Fig. 5. Rock units recognized within the Hendou-abad mineral dis-
trict consist of a thick andesite to basaltic andesite sequence of Late
Eocene age (Radfar and Amini Chehragh, 1999) that were intruded by
mafic dikes (Fig. 4). However, K-Ar age of 26.5 + 0.59 Ma and zircon
U-Pb age of 26.3 + 0.4 Ma have been dated by Yeganehfar et al.
(2013) and Chiu et al. (2013), respectively for similar volcanic rocks in
the neighboring Hendou-abad mineral district. This volcanic sequence

52°31'0"E
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Fig. 2. (A) Digital elevation model (DEM)
map illustrating the higher topography for
the Hendou-abad mineral district to the north
and south. The transect A-B cross-section is
shown in Fig. 5. Abbreviations: KF-Kashan
fault, SAF-South Ardestan fault, and KMF-
Kacho-Mesqal fault. Rose diagrams showing
orientation of structural data from: (B) faults
compared to (C) dikes, Eeast-trend dikes are
late dikes.

A

52°38'0"E

underlies extensive areas of the mineral district and is the principal host
for mineralization (Fig. 4). Additionally, local intercalations of shallow
marine limestone and marl sequence and Oligocene andesite, have
formed several small exposures outside of the study area to the north of
the KMF fault in the vicinity of Hendou-abad village (Figs. 1C and 4).
Thin bedded limestone has a thickness between 10 and 300 m. These
rocks disconformably overlie the Late Eocene units (Fig. 5). An episode
of deformation, during the north-south-trending shortening movements
on Late Oligocene-Early Miocene limestone (Schuster and Wielandt,
1999) above, has been recognized north of the KMF that indicates
several northwest-trending folds with an asymmetrical axial surface
with N 100°E strike and plunge 60-70° towards northwest. Neogene
conglomerate in the south study area contains rounded to subangular
gravel clasts of altered volcanic, plutonic, mylonite, breccia, and silica
veins. All rocks above are overlain by Quaternary alluvial deposits.

4.2.1. Late Eocene volcanic sequence

The black to dark grey volcanic rocks (Fig. 6A), classified on the
basis of petrographic study of 17 thin sections, show they are mostly
basaltic andesite and trachybasalt in composition, with some being
andesite and relatively few are trachyandesite. Basaltic andesite is
abundant and has marked red hematite colour that appears to be al-
teration during eruption in a sub-aerial (coastline) environment asso-
ciated with syn-volcanic weathering. Based on field data and textural
studies, eruption style of the basaltic andesite rocks is viewed as lava
flows with rounded vesicles. Copper mineralization is hosted in the
basaltic andesite and trachybasalt (Fig. 5).

Mineralogically, the volcanic rocks consist of medium- to fine-
grained plagioclase, pyroxene, and olivine phenocrysts with a ground-
mass of fine-grained plagioclase and opaque minerals. Their textures
are porphyritic, amygdaloidal, microlitic, intersertal, and less com-
monly vitrophyric. Trachyandesite and trachybasalt may show flow
alignment of phenocrysts. Amygdales are filled by calcite, chlorite,
zeolites, quartz, and copper oxides. In accordance with the petrographic
and X-ray diffraction analyses, the volcanic rocks exhibit very low
grade metamorphism of the groundmass, the open spaces, and vacuoles
or even phenocrysts, indicated by the presence of secondary minerals
such as epidote, chlorite, zeolite, prehnite, pumpellyite, albite,
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Fig. 3. Field photographs of general view
representative examples of structural styles in
study area, (A) dextral sense assumed from
shape of stream, (B) deep valley, (C) sheeted
veins of calcite, (D) parallel normal faults.
Humans and car for scale. Faults in yellow,
with yellow arrows pointing to inferred dip
direction, (E) Right lateral movement of
quartz-malachite vein by Quaternary fault (F)
with left lateral displacement of west-
trending epidote alteration that is associated
with quartz veins. Yellow arrows show
movement direction. Abbreviations used in
Figs. 3, 8 and 9 (according to Whitney and
Evans, 2010): Bn-bornite, Cct-chalcocite,
Ccp- chalcopyrite, Cv- covellite, Dg- digenite,
Dj- djurleite, Gth- goethite, Gp-gypsum, Hem-
hematite, Mlc- malachite, Py- pyrite, Qz-
quartz and Si-silica. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

2
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actinolite, tremolite, and calcite. 1- Grey to greenish black dikes (Figs. 6B and 5) including gabbro and
diorite compositions, with northwest-southeast trend (N 138° to N
4.2.2. Dikes 160°E), dipping ~80 to 90°. They are 0.5-4 m wide and > 500 m
The texture and mineralogy of the sampled dikes were examined. long. These dikes are fine-grained with microlitic plagioclase
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Fig. 5. Schematic geologic northeast-southwest
cross section of the Hendou-abad showing field
relationships along the mineral district in the area
of the northeast Isfahan. BH5, BH6 and BH14
show the location of bore holes in A-B cross-sec-
tion shown in Fig. 2A.

C] Limestone
[ ] Andesite

E—1 Ignimbrite
Dacite

Green breccia
White breccia

Red breccia

E Basaltic andesite

olivine (< 5%), and Fe-Ti oxides (< 5%). Accessory minerals in-
clude titanite and apatite. Secondary green to brownish-green am-
phibole occurs as actinolite and tremolite (10-15%). Early dikes
display minerals of regional, very low grade metamorphism like the
Late Eocene volcanic rocks described above.

2- Greenish dikes (Figs. 6C and 5) consist of pyroxene-bearing diorite
and gabbro compositions, with east-west trend (N 90° to N 105°E),
steep dip ~ 65 to 90. They are 0.08-1.6 m wide, and > 100 m long.
These dikes contain plagioclase (45-55%) and -clinopyroxene
(12-15%), with apatite, titanite, and zircon (1%), as well as opaque
minerals (5-10%) of magnetite and pyrite with a porphyritic texture
(Fig. 6E). Microprobe data indicate that the plagioclase and pyr-
oxene are mostly of labradorite and augite composition, respec-
tively. They are set in a locally altered intergranular to subophitic
groundmass of plagioclase, clinopyroxene, chlorite, and calcite. This
group of dikes spatially shares similar structural trend as most of the
Cu-bearing veins and are parallel to the contact of the ore veins

/trachybasalt/andesite 26

7/ Early/ Late dike
E Mineralization

Fault

BH Depth (m) of borehole

and number

(Fig. 8B).

4.3. Breccias

Three types of breccia have been recognized in the Hendou-abad
mineral district, based on time of formation, structural geometry, and
cement mineralogy (altered rock flour), labeled red, white, and green
breccias (Table 1).

4.3.1. Stage 1

Red breccia (Figs. 7A and 8A) is volumetrically the most abundant
breccia with pipe-like morphology at the surface and a width of 3 to
10 m. It contains fragments of variable size of altered volcanic rock
with rounded morphology with low proportion of matrix. The matrix
consists of secondary iron oxides, carbonate, clay, and minor quartz, as
well as minor primary chalcopyrite and pyrite. They are dominantly
occurring with late dikes situated beside faults and crush zones. Weak

3 Basaltic andesite
~~__ /trachybasalt/andesite

Fig. 6. Photographs and photomicrographs of:
(A) Vertical section of Ardestan area showing
field relationship and steep boundary between
early dikes and Late Eocene volcanic rocks.
Human in centre of image. (B) Early dike
cutting across weathered basaltic andesite. (C)
Hydrothermally altered, late dike in weath-
ered altered Dbasaltic andesite. (D)
Photomicrograph of microlites of plagioclase
in an early dike. (E) Porphyritic texture in late
dike with needle-like plagioclase with chlorite

N

A\,
N\,

in the groundmass. Plagioclase phenocryst al-
tered to epidote.

Late dike
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Table 1
Summary of breccia characteristic of Hendou-abad mineral district.

Event Geometry Fragment form  Matrix Infill

Red breccia Pipe Rounded. Up Low (20 to Calcite, clay, fine
to 19 cm 30%) quartz, sulfide

White breccia  Vein style Angular. Up to  High (50 to Quartz
2cm 60%)

Green breccia  Tabular Angular to Moderate (30 Epidote, calcite
sub-rounded to 40%) and fine quartz,
Up to 7 cm sulfide

propylitic alteration characterizes the fragments. Carbonate and
gypsum in open voids (cavities) is also observed. This milled breccia
developed by a volume expansion process (Jebrak, 1997; Laznicka,
1988; Taylor, 2009) before formation of the late dikes.

4.3.2. Stage 2

White vein-like breccia zones (Figs. 7B and 8B) are 10 to 30 cm wide
and are characterized by triangular, elongated wall rock fragments
(locally 10-35% vol.), including red breccia and volcanic rocks, set in
abundant quartz-bearing infill. The angular-shaped fragment size is
highly variable (Fig. 7B). Contacts between white breccia and volcanic
rocks are sharp. The white breccia commonly is oriented parallel to late
dikes (Fig. 8B). Brecciation occurs at the beginning of vein formation
with sharp contacts. It is likely structurally controlled.

4.3.3. Stage 3

Green hydraulic breccia (Fig. 7C and D) have a tubular geometry.
Breccia infill is characterized by abundant epidote with minor calcite
and fine-grained quartz. Green breccia contains 25-60% clasts that
consist of rounded coarse and angular medium sized fragments of al-
tered volcanic rocks in the margin and core of the breccia, respectively.
These hydrothermal breccias are interpreted to have been emplaced
during pulses of mineralization close to ore veins.

4.4. Alteration and mineralization

The following description of alteration and mineralization is based
on fieldwork, core logging, and detailed studies of textural relation-
ships. In general, alteration at the Hendou-abad mineral district was
marked by the development of propylitic alteration in wall rock as
pods, veins (Fig. 8C) or filled tension cracks at the regional to local
scale. The alteration assemblage accompanying mineralization gen-
erally includes epidote, calcite, and quartz. Based on petrographic and
X-ray diffraction analysis, other minor gangue assemblages recognized
in this area consist of chlorite, clinozoisite, and actinolite with traces of
titanite, pumpellyite, and prehnite. Epidote is the most abundant al-
teration mineral in the district. There are four kinds of epidote in the
Hendou-abad mineral district, from the earliest to the latest: type I as

R

i aats

94

Journal of Geochemical Exploration 183 (2017) 88-101

replacement, massive to anhedral fine-grained and dark green with a
saccharoidal texture; type II shows well-formed crystals with a green to
white colored form from the epidote-clinozoisite series; type III displays
disseminated fine-grained pink piemontite and type IV exhibit thin,
fine-grained veinlets of epidote. Type II and III are predominant with
mineralization. Quartz is most ubiquitous around veins and breccias. It
shows four styles, from oldest to youngest, consisting of type I as fine-
grained; type II as medium-grained to coarse-grained; type III is fine
grained with many small spots and type IV displays thin chalcedony
veinlets. The first type forms as patches within red breccia matrix. Type
II and III show opaque minerals dominated by chalcocite, chalcopyrite,
rare bornite, electrum, and native gold. Type III is associated with
specular hematite in ore-bearing samples. Chlorite is a common mineral
where alteration has occurred. At least two types of chlorite (I and II)
were identified. Type II chlorite are Fe-rich laths with blue interference
colour and darker than those of type I. In contrast, chlorite of type I is
more widespread at shallower levels in the volcanic strata.

The mineralized parts are either massive and continuous as veins
(Fig. 8D), or irregular and discontinuous as thin veinlets, or dis-
seminated (Fig. 8E). The mineralization is relatively simple, with the
most abundant primary ore minerals chalcopyrite, chalcocite, and
lesser amount of bornite with a smaller abundance of specular hematite,
pyrite, and galena. Other uncommon opaque minerals recognized by
the EPMA were comprised of gold-bearing minerals as electrum (51.7%
to 54.42% Au, 34.6% to 40.32% Ag) or as pyrite and native gold, spread
across the quartz crystals (74.21% to 95.41% Au). X-ray diffraction
analysis determined secondary minerals such as chalcocite, djurleite,
digenite, covellite, and rare native copper. Petrographic examinations
of polished blocks and polished thin sections show that copper miner-
alization normally occurs as open-space filling, breccia filling, dis-
seminations, amygdule-fillings, and in replacement textures.

The age of mineralization is poorly constrained and could range
from at least Late Oligocene to Miocene or even younger. Based on
mineralization features (textural and mineralogical) and the relative
timing of veins, these may be subdivided into pre-ore, ore stage (Fig. 9),
and supergene stage. At least, three episodes of mineralization are re-
cognized based on crosscutting relationships in the surface outcrops
and drill core logging that are divided into three subzones.

The pre-ore stage alteration is comprised of a fine-grained epidote-
quartz-calcite assemblage with minor chlorite, prehnite, pumpellyite,
and actinolite, initially affecting a large volume of the host basaltic
andesite as replacement and dissemination. Despite the wide distribu-
tion of pale-green alteration, this first stage is barren.

4.4.1. Ore stage I

The first event of mineralization starts with the red breccia
(Fig. 9A). This breccia is cemented by precipitation of medium-grained
quartz and coarse-grained calcite associated with chalcopyrite and
pyrite situated along fragment margins. However, most of the sulfides

Fig. 7. Photographs of drill cores exhibiting three
types of breccia from the Hendou-abad mineral
district. (A) Hand sample of red breccia cemented
by calcite and fine quartz with large rounded
fragments. Oxidized residual chalcopyrite and
pyrite are found along fragment margins. Voids
are filled with calcite and gypsum. (B) Silica
breccia with two types of fragments including red
breccia and volcanic rock fragments. Note the
long clasts in contact margin of silica breccia. (C)
Angular-shaped fragments in hydraulic epidote
breccia. (D) Rounded large clasts in contact
margin of epidote breccia.
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Fig. 8. Geometry of breccia, late dike, and mineralization. (A) Undulating contact of red breccia with the host basaltic andesite. Note fine voids in breccia at top portion of picture. (B)
Chalcocite-bearing quartz vein with sharp boundary parallel to the late dike. Altered late dike intruded weathered basaltic andesite. (C) Type IV epidote as veinlets that penetrated the
late dike. Malachite masses cutting through epidote veinlets seem to occur in the supergene condition. Note the alteration margin in the host rock around the late dike. (D) Malachite and
quartz along with massive chalcocite vein. (E) Chalcopyrite in gold-bearing quartz vein. (F) Large voids in breccia are filled by gypsum.

in the red breccia are replaced by secondary Fe-oxide. In addition to
this episode, late dikes intrude the red breccia. Sulfide minerals in red
breccia weathered extensively during initial exhumation, uplift, and
oxidation.

4.4.2. Ore stage Il

This event is dominated by deposition of medium-grained to coarse-
grained epidote + quartz + calcite * titanite along with chalcopyrite
and major primary chalcocite with clear cleavage, as well as trace
amounts of bornite, pyrite, electrum, galena, and specular hematite
(Fig. 9B). Quartz and epidote minerals, with the intensity of alteration
increase towards copper ore. Textural relationships indicate that the ore
stage II occurs as two distinct styles: a) chalcopyrite, chalcocite, galena,
and pyrite as disseminated euhedral crystals (Fig. 9C); and b) as in-
tergrown chalcopyrite-chalcocite-bornite in veinlets (Fig. 9D). Galena is
fine-grained to medium-grained (< 50 to 150 um). White breccia

(Fig. 7B) is formed in the beginning of this stage during a short time
span.

4.4.3. Ore stage Il

The final stage is represented by secondary chalcocite + bornite
+ chalcopyrite (Fig. 9E) as major high-grade copper phases occurring
as veinlet and vacuole filling (Fig. 9F), which is enveloped by a pro-
pylitic alteration halo. The associated gangue minerals adjacent to veins
are medium-grained to coarse-grained epidote, quartz, and calcite.
Green breccia is associated with this stage (Fig. 7C). Chalcocite veinlets
form in the cement.

The supergene mineral assemblage is the final stage consisting of
high-grade silver-bearing minerals such as digenite, covellite, and
djurleite, but also gold-bearing minerals with Fe-oxides. Oxidized ore
consists of malachite, azurite, and goethite. The gangue minerals ac-
companying this stage are fine-grained quartz, late calcite, gypsum

Fig. 9. Photomicrographs in reflected light showing (A) Disseminations of euhedral pyrite in stage I breccia cement that are generally replaced by minor chalcocite from stage III. (B)
Specular hematite cut by thin sulfide-quartz vein. Stage II chalcocite replaced by digenite and covelite. (C) Chalcopyrite of stage II in quartz vein, fine rim of tarnish surrounding
chalcopyrite. (D) Intergrowth of chalcocite with bornite in stage II. (E) Thin stage II chalcopyrite veinlet replaced by stage III bornite and chalcocite. (F) Fine-grained chalcocite of stage III

in wall rock.
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(Fig. 8F), and chalcedony occurring as veinlets and open space filling.

5. Geochemical characteristics of Hendou-abad mineral district
5.1. Mineralized rocks

In our set of combined surface bulk-powder samples and drill core
samples, copper grades range between 460 and 114,100 ppm, with an
average grade of 26,700 ppm. Gold values also indicate a widespread
range, from 0.1 to 4.42 ppm. The highest concentration of gold occurs
in a chalcopyrite-bearing quartz vein (Fig. 8E). The Ag concentrations
of investigated ore samples vary between 1 and 198 ppm, with an
average of 61.5 ppm. Additional analyses by EPMA in the copper sul-
fide minerals show that higher silver grades are found in the secondary
copper minerals, especially covellite (Fig. 9B and D). Sulfur contents are
generally below 2.11 wt%.

5.2. Dikes

5.2.1. Whole-rock geochemistry of dikes

New major- and trace-element data of two types of dikes are pre-
sented in Table 2. Dikes are mainly gabbro and diorite. The rocks used
for geochemical data must first be evaluated for their degree of al-
teration prior to describing primary geochemical properties. The al-
teration intensity of samples can be recognized using two geochemical
indexes: the Ishikawa alteration index (Ishikawa et al., 1976) and the

Table 2

Major- and trace-element lithogeochemistry from the Hendou-abad mineral district, Iran.
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chlorite-carbonate-pyrite index (Large et al., 2001) in the AI
[AI = 100 x (MgO + K»0)/(MgO + K;O + CaO + NayO)] versus
CCPI [CCPI = 100 x (FeO + MgO)/(FeO + MgO + Na,O + K,0)]
plot. The AI versus CCPI plot clearly distinguishes between the least-
altered and propylitically altered rock samples. CCPI index values
(~75-80) indicate the least altered dike samples. As is shown in
Fig. 10A, the intense propylitically altered sample plots outside of the
least-altered field towards epidote alteration.

We utilize published data (Table 2) from the Nasrand dikes
(Kananian et al., 2014a) analyzed by XRF to explore behavior of trace
elements compared to Hendou-abad early dikes. The Nasrand dikes
have northwest-southeast orientation similar to the early dikes (for
location of Nasrand area, see Fig. 1C).

Least-altered dikes show notable variation in geochemistry with
regard to SiO, (45.8-52.8 wt%), MgO (5.01-10.14 wt%), alkali content
(Na,O + K,0 5.4-6.8 wt%), Al,O3 (15.7-17.9 wt%), CaO (4.7-8.4 wt
%), FeO (7.3-9.5wt%), P,0s (0.2-0.5wt%), and TiO, content
(0.8-1.3 wt%). The dikes are Al-undepleted (Al,03/TiO;) ratios
average 16.8, ranging from 14.8 to 22.3). Most samples are transitional
to moderate alkaline in terms of Na,O + K5O contents (Table 2). On the
other hand, the studied least-altered samples show calc-alkaline affinity
in the Y-Zr diagram (Ross and Bedard, 2009; Fig. 10B). Overall, the low
SiO,, and high MgO, Cr, and Ni contents suggest a mantle source rather
than a crustal source for the entire set of dike magmas. The recognition
of fractionation trends on the Harker diagram is restricted due to the
small variation in the content of SiO, and MgO within the dikes. Late

Nasrand dike Early dike Late dike Host rock  Altered rock
Sample N33 A7 N45 N38 N34 Cu;S44  CuyS101 CuyS159  CuS20 CuS132  BHs-5.2  BH34-6.5 BHs-25  CupS161  CupS75 alyS41
no. a a b b a a a a b c d
Si0, wwt% 48.18 49.95 53.96 54.93 55.77 4581 46.72 49.2 52.79  46.73 46.92 48.99 49.87 51 50 59.79
TiO, 094 138 087 095 0.69 1.09 0.90 1.05 0.80 1.06 1.15 1.05 1.01 1.05 1.30 0.70
Al,O3 17.49 1791 1839 17.99 17.97 16.76 16.97 17.52 17.89 15.71 17.34 16.71 16.91 16.41 16.78 12.42
FeO 115 9.7 8.2 9.0 6.99 8.95 9.33 9.38 7.28 7.68 8.9 7.98 7.89 7.36 9.54 8.17
MnO 025 016 016 017 0.14 0.38 0.53 0.20 0.14 0.23 0.34 0.20 0.16 0.17 0.17 0.24
MgO 931 536 502 372 540 6.87 7.68 5.02 5.01 7.81 10.14 6.24 7.06 6.01 5.81 0.30
CaO 874 943 775 693 838 558 5.7 7.1 7.71 8.39 3.92 4.73 4.66 6.51 5.01 15.03
Na,O 217 374 378 411 325 461 3.97 4.35 3.49 35 3.43 3.07 331 4.54 5.08 0.21
K,0 1.08 124 078 1.07 048 1.40 0.92 1.46 0.76 2.09 1.95 2.41 3.51 1.95 1.35 0.06
P,05 018 045 017 022 014 027 0.19 0.28 0.18 0.46 0.41 0.41 0.38 0.39 0.47 0.18
LOI 6.89 5.64 3.43 2.82 5.01 3.95 6.84 3.61 3.05 3.05 1.62
F 0.17 0.15 0.15 0.14 0.15 0.13 0.19 0.12 0.15 0.13 0.13
Cl ppm 114.7 150.2 131.9 85.4 127.9 214.8 149.1 313.3 131.9 130.8 55.2
S 50 75 100 100 150 125 50 50 50 75 50
As 5 28.7 8.1 8.2 5.2 5 24.7 7.8 17.5 5 345
Ba 446 357 344 381 234 604.5 466.2 505.2 315.9 603.7 2036.8 1334 4296 784.4 665 9.5
Rb 344 246 199 308 246 423 24.2 58.7 24.6 59.9 74.1 65.1 1085 495 39.3 5
Th 1.5 2.4 1.2 1.5 2.4 3.9 3.1 4.3 31 4.9 4.4 33 3.2 3.3 - -
Sr 378 559 387 437 559 202 362 601 380 432 433 319 507 239 366 1414
Zr 60 140 90 100 60 104.5 71.1 91.3 106.2 113.4 119.3 133.4 136.4 132.9 132.0 67.7
Nb 3.4 111 37 4.5 35 7.0 5.1 7.8 5.5 11.1 9.4 14.9 17.0 15.4 6.3 10.0
Ni 103 422 375 25 57.6  42.6 38.1 24.3 33.6 126.4 47.5 61.1 59.2 51.3 14.8 10.6
Pb 5.8 6.0 6.1 7.1 9.0 5.6 40.9 16.0 16.0 9.9 6.2 13.2 3.0 9.4 110.9 120
Co 34.7 34.2 27.4 23.1 32.0 35.2 27.6 28.0 25.1 29.3 4.1
Zn 334.6  681.1 116.8 95.1 286.3 286.4 125.8 140.2 107.2 99.3 15.5
Cr - - 70 100 - 60.6 85.9 75.8 43.9 230.3 105.9 128.0 1106  91.7 38.1 82.7
A% 294 264 220 228 192 243.3 249.3 261.1 185.8 197.0 247.0 186.6 200.6 179.9 286.9 322.3
Y 188 260 194 220 162 224 17.8 24.2 25.0 20.2 26.3 22.9 21.6 21.3 28.0 14.8
Ga 183 190 183 198 17.8 17.7 20.0 17.1 16.7 16.7 17.5 16.8 12.7 15.6 18.5 27.6
Sc 28.1 26.2 27.1 22.8 18.8 30.3 21.6 19.5 21.4 28.5 21.1
La 104 205 9.7 13.0 89 28.9 21.4 24.4 18.8 35.8 321 31.9 41.2 27.0 28.0 25.4
Ce 227 440 212 276 19.0 577 32.4 48.5 24.8 72.0 44.8 51.3 30.3 54.2 70.9 441
Nd 12.9 22.2 11.6 14.8 9.8 16.8 7.3 18.0 12.0 32.7 24.3 30.2 31.6 24.9 26.3 5.2
w 8.2 12.9 8.7 5.2 <5 7.2 5.9 6.4 11.7 21.7 12.5
Cu <10 27 143 43 10 704 <10 20 310 1450 <10

Notes: Abbreviations: a gabbro, b pyroxene-bearing diorite, c least-altered trachybasalt, d epidote altered andesite.

* Kananian et al. (2014a).
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Fig. 10. (A) AI-CCPI alteration diagram. All samples of dikes plot in the least-altered box. (B) Geochemical classification of the Hendou-abad dikes in Zr (ppm) vs. Y (ppm) diagram.

dikes have higher K, P, Zr, Nb, Ti, Cr, Ni, Ba, and Rb compared to early
dikes (Table 2). Other major- and trace-element data are similar be-
tween late and early dikes.

The Hendou-abad mineral district dike samples display a subduction
setting pattern on a MORB-normalized multi-element diagram
(Fig. 11A). They are slightly enriched in Rb, K, Sr, and Th, strongly
enriched in Ba, and show negative anomalies for Nb and Ti, which are
characteristic of arc magmatic systems (Pearce et al., 1984; Tatsumi
et al., 1986; Pearce, 2008). Late dikes exhibit slightly higher Ba, Rb, Sr,
and K contents than the early dikes (Fig. 11A). The elevated Ba contents
may have been introduced by aqueous fluids during subduction pro-
cesses (Kogiso et al., 1997; Ghatak et al., 2012). Arc maturation is in-
dicated by an increase of Rb/Zr ratios versus Nb content from the early
dikes to the late dikes (Fig. 11B). Element ratios such as low Nb/La
(0.24-0.57, average of 0.35), low Zr/Y (3.8-6.3, average of 5.02), Ce/
Pb (0.79-10.3, average of 5.52), and higher variability seen in Ba/La
(16.8-104.3, average of 37.3) may indicate some degree of crustal
contamination (e.g., Davidson, 1987; Kerrich et al., 1999; Bohlar et al.,
2003). Mafic magmas that undergo crustal contamination commonly
show La/Nb ratio > 1.5, and a decrease of Ce/Pb ratios with in-
creasing silica content (Sun et al., 2008). Despite La/Nb (1.8-4.2,
average of 3.1), the latter feature is not clearly seen in the dikes from
the Hendou-abad mineral district.

On the Th-Zr-Nb ternary diagram (Wood, 1980), the dike samples
fall in the calc-alkaline basalt (CAB) field (Fig. 12A), although the late
dikes show more enrichment in Nb. The La-Y-Nb ternary diagram
(Cabanis and Lecolle, 1989) confirm a continental arc setting for the
early dikes, while the late dikes approach the composition of con-
tinental basalt (Fig. 12B). On the plot of Ti against Zr designed for
distinguishing arc basalt from within-plate and oceanic-floor basalt
(Pearce and Gale, 1977), almost all of the dike samples plot in the arc
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basalt field (Fig. 13A). Although the late dikes show geochemical sig-
natures akin to back-arc intraplate rocks in the Nb versus Zr (Tatsumi
et al., 1995; Fig. 13B).

6. Discussion

Geochemical data for dikes, observations of their structural re-
lationship, and investigations of breccia and mineralization are merged
to fully consider the spatial relationships between faults, dikes, brec-
cias, and mineralization in the Hendou-abad.

6.1. Dikes emplacement in mineral district

Both the early and late dikes span from gabbro to diorite in com-
position. They have intruded the Late Eocene-Oligocene volcanic rocks
(Fig. 14A) along faults. However, the dikes crosscutting relationships
with Oligo-Miocene limestone was observed in the Kasouj area
(Fig. 1C), northwest of the study area (Rahimzadeh, 1994). Late dikes
also intruded the red breccia (Fig. 14C). Field observations show that
the northwest-southeast trending early dikes are steeper dipping and
are wider than the east-west trending late dikes. The two groups of
dikes show sharp contacts with their country rocks. Chilled margins are
consistent with emplacement of both cases in cool host rocks. The lack
of any signs of glass in the groundmass in the early dikes demonstrates
reheating or a comparably slower cooling rate (Lofgren, 1971). The
petrographic examination shows that plagioclase crystallized before
pyroxene in the early dikes. Compared with early dikes, the late dikes
show greater degrees of alteration intensity. Also, the host rock in
contact with altered late dikes has undergone epidote-calcite alteration
(Fig. 70).

The compositional difference between the late dikes and the early

B

100

Fig. 11. (A) MORB-normalized plot of Sun and McDonough (1989) illustrates trace elements for early and late dikes of Hendou-abad. (B) Plot of Rb/Zr vs. Nb (ppm) (after Brown et al.,
1984). Trend represents maturation of arc from early dikes to late dikes. For symbols see Fig. 10.
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Fig. 12. Tectonic discrimination diagrams for
the Hendou-abad dikes, WPA: within plate
alkali basalt, CAB: calc-alkaline basalt.
Dataset plot in CAB field. For symbols see
Fig. 10. (A) Th-Zr/117-Nb/16 subdivision
diagram (Wood, 1980). (B) La-Y-Nb dis-
crimination diagram (Cabanis and Lecolle,
1989) for dikes that are the same as in A.
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Fig. 13. (A) a plot of the Hendou-abad dikes on the discrimination diagram of Ti (ppm) vs. Zr (ppm) from Pearce and Gale (1977). Dotted line display field of island arc basalts and
andesites, the continuous line indicates within-plate of ocean-floor basalts and dashed line present the field of within-plate basalts. (B) a plot of Nb (ppm) vs. Zr (ppm) concentration
(Tatsumi et al., 1995). Late dikes display Zr and Nb enrichment compared with the early and Nasrand dikes. For symbols see Fig. 10.

dikes is not particularly great. Early dikes contain slightly lower abso-
lute abundances of incompatible elements. They show a less pro-
nounced negative Sr anomaly, lower Zr, Ti, Nb, and P abundances, a
stronger positive Ba anomaly, and higher Rb and K values. Negative Nb,
Ti, and P anomalies indicate an arc setting for both generations of dikes.
However, considering the magmatic evolution model of Yeganehfar
et al. (2013) for the UDMA, it is possible that the higher Nb contents in
the late dikes reflect a contribution from an enriched asthenospheric
mantle source that gained importance after gradual slab deepening and
rollback. The linear distribution of parallel dikes implies an extensional
regime. Despite the mostly compressional stress in arcs, extension may
occur due to slab detachment or slab roll-back (e.g., Wortel and
Spakman, 2000), for example, an extensional regime or at least re-
laxation of compressional stress after fast Africa-Eurasia convergence
rate in response to a collisional event, has been proposed for the Cen-
ozoic porphyry copper deposits along the western Tethyan (Fig. 1A,
Bertrand et al., 2014).

In summary, basic magmatism in southeast Ardestan underwent a
slight but distinctive change with time. A subduction-modified mantle
source produced volumes of basaltic andesite in a primitive arc stage,
and this type of arc magmatism is represented by the early dikes. With
time, contributions from an enriched asthenospheric mantle source
became more and more important, implying that the tectonothermal
situation beneath the continental arc had significantly changed. In
addition, a change from compression to extension is observed.
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6.2. Mineralizing episodes

The Hendou-abad mineralization district is characterized by an in-
tense extent of propylitic alteration (epidote, calcite, and quartz)
dominated by copper-rich sulfide minerals. The location of high-grade
mineralization is controlled by fractures near the surface, associated
with the intersection between east-west and northwest-southeast or-
iented faults named ZGF and KF, respectively. Although the overall
efforts of direct dating of copper mineralization is not present, it in-
dicates that hydrothermal mineralization was introduced within the
volcanic sequence at a time coincident with a local extensional regime,
which was characterized by the emplacement of mineralized breccias,
sheeted quartz and calcite veins, and subordinate late dikes. For this
reason, it can be said that breccias and veins occur around and parallel
to the late dikes with an east-west trend and that the host rock were
altered (< 10 cm thickness) by the late dikes (Fig. 7C). Thus, the mi-
neralized zones show close spatial relationship with the late dikes,
breccias, and propylitic zone. The initial widespread alteration and
mineralized red breccia may have been generated by the hydrothermal
fluids derived from deeper intrusion (s). The parallel orientation and
simple pattern observed of the late dikes and veins is consistent with the
proposed model of an intrusive body emplacement at deeper levels for
copper porphyry systems by Tosdal and Richards (2001). The stage II
epidote-calcite alteration resulted from intruded late dikes in Late Eo-
cene volcanic rocks and red breccias (Fig. 14C). The hydrothermal
fluids of the syn-mineralization green breccia that are associated with
the late dikes may have ascended along faults (Fig. 14D). Secondary
oxidation of the primary ore deposit occurs after post-emplacement
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Fig. 14. Schematic model for emplacement of dikes, breccias, and mineralization in Hendou-abad mineral district. (A) the proposed scenario starts at or prior to Miocene, where early
dikes intruded Late Eocene volcanic and Oligo-Miocene limestone in north Hendou-abad. (B) rapid uplift in the Hendou-abad is characterized by two principle strike-slip and thrust faults,
KMF in the north and ZGF in the south. Initial stages of extensional stress may have occurred because of magma ascending through the upper crust in response to compressional stress
resulting from collisional evolution between Africa and Eurasia. Continued uplift is subject to considerable erosion and weathering of red breccia. (C) volatiles seen as mineralized
breccias can be released accompanied with the late dikes and probably from the apical intrusive stock at depth. (D) formation of white and green breccias follows during emplacement of

the porphyry stock.

processes, as uplift takes place in response to thrust faults and weath-
ering processes start. Overall, the location of the mineralized rocks
along faults suggests a genetic connection between these mineraliza-
tions and the mineralized breccias and dikes.

6.3. Structural architecture

As described, the copper mineralization events in Hendou-abad are
related to two compressive-extensional tectonic cycles. The region was
in a collisional evolution between the Arabian and Eurasian plates.
Structurally, this compression has generated thrusting, shortening, and
vertical thickening of the crust. Faults and dikes in the study area ex-
hibit an unusual trend related to regional strain. The study area is lo-
cated between KMF and ZGF faults, which are the major branches of the
Zefreh Fault, an Eocene-Pliocene fault (Fig. 1C, Berberian, 1976) in the
central UDMA. East-west thrust strike-slip faults (KMF and ZGF) and
northeast-southwest strike-slip faults formed mainly during the north-
south compressional regime (Fig. 1A). Although, the extensional faults
may have been generated by the stress of pluton emplacement, and may
further have focused the flow of fluids to form vein deposits or breccia
pipes. Pre-existing structures in the crust, especially extensional offset
zones along trans-lithospheric strike-slip fault systems, possibly will
serve to focus magma ascent (Richards, 2005). During the KMF reverse
movement (to north side) and ZGF reverse movement (to south side)
uplift took place (Fig. 14B). This event has caused increase in volume of
mountains and extensional features appearing between both faults,
sheeted veins, and folding of Oligo-Miocene limestone in the north part
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of the KMF (Fig. 14B). However, the orientation of a dike swarm can
reflect the vector of extensional stress at the time of their emplacement
(Ernst et al., 1995; Gudmundsson and Marinoni, 2002). Dikes are
magma-filled channels in which ascent is driven by buoyancy forces
induced by hydraulic pressure (Clemens and Mawer, 1992; Richards,
2005). Although, fluid pressures may fluctuate from lithostatic to hy-
drostatic during porphyry Cu formation (Sillitoe, 2010). We studied the
trends of copper veins associated with late dikes to estimate direction of
extension stresses at the same time in post Oligocene. Thus, significant
features such as linear white breccia and copper and gold vein swarms,
combined with parallel dikes would imply a north-south extension in
between the faults. Therefore, we suggest that this event might have
been accompanied by intrusions of plutons and dikes during maturation
of the continental arc. The late dikes are probably situated in the post-
collisional uplift stress field (Fig. 14), while the early dikes are intruded
during plate collision and active subduction. The weathering, erosion,
and corresponding supergene copper enrichment is a response to uplift
in our model.

7. Conclusions

The southeast Ardestan copper deposits from the central UDMA
occur in altered Late Eocene basaltic andesite rocks. Field observations
of this study aimed at understanding the two types of dikes (called early
and late), spatially recognized the late dikes associated with miner-
alized zones. The early dikes were emplaced into Late Eocene-
Oligocene rocks (Fig. 14A), including limestone and basaltic andesite
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rocks of the Ardestan area. Here, a variety of methods have been used to
constrain the genetic link between the dikes, breccias, and miner-
alization. The geologic evolution of the Hendou-abad copper mineral
district is documented and the results applied to interpret two main
events of copper deposition, one during the compressional-extensional
tectonic force and one during the weathering process.

We propose that the early dikes derived from a subduction-modified
mantle in a primitive arc stage during Oligocene or even slightly
younger, due to Neotethys ocean closure and its subduction. Generally,
crustal extensional stress is developed after compressive stress forces
stopped at convergence of plates. This event is supported by the
structural pattern and geochemical characteristics of the late dikes.
Scilicet, this scenario is the result of the thrust displacements of the
KMF fault to the north and the ZGF fault to the south. The southern
margin of the Oligo-Miocene limestone formation was affected and
folded by the northward movement of the KMF reverse strike-slip fault.
During post Oligocene, extensive propylitic halos occur as laterally
dominated pipe-like mineralized red breccias, suggesting that an in-
trusive body may have been emplaced at depth (Fig. 14D). The poor
mineralization in red breccia is weathered by rapid uplift and erosion in
the southeast Ardestan region. An extensional environment followed
and provided fractures for the ascending magmatism and transporting
hydrothermal fluid. Late dikes are coeval with an east-west orientation
of the stress field and display higher Nb content suggesting genesis in a
more mature arc stage than the early dikes. Parallel, thin late dike sets,
sheeted hydrothermal veins, and breccias could have resulted from syn-
and post-mineralization magmatism at depth. It is therefore concluded
that the southeast Ardestan copper deposits could represent a porphyry
style of features that has been overprinted by later released fluids from
folded limestone (north of the study area) as secondary copper miner-
alization along faults. Although there is no record of porphyry empla-
cement at the surface, our results for the Hendou-abad mineral district
suggest the existence of copper porphyry at depth.
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