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Abstract

The Cheshmeh Khuri prospecting area, part of the Tertiary volcanic-plutonic rocks in the Lut
Block (central eastern Iran), comprises Middle Eocene granitoid and volcanic (with basaltic
andesite to rhyolite composition) sequences that intruded pyroclastic rocks. Copper
mineralization is related to the granitoid rocks. The mafic rocks occur mainly as dykes and are
related to a younger magmatic activity (post-mineralization) in the area. The main hydrothermal
alteration zones include quartz-sericite-pyritetcarbonate (QSPxC), argillic, and propylitic.
Mineralization (pyrite, chalcocite, chalcopyrite, sphalerite, galena and magnetite) occurs as
disseminated, stockwork and vein-type. The granitoids have features typical of high-K calk-
alkaline, metaluminous, and belong to magnetite granitoid series. Primitive mantle normalized
trace element spider diagrams display enrichment in LILE, such as Rb, Ba, and Cs, compared to
those of HFSE. Chondrite-normalized REE plots show moderately to slightly strong LREE
enriched patterns, and a negligible negative Eu anomaly. Rb-Sr whole rock—feldspar—biotite-
hornblende and zircon U-Pb ages between ~44.6 and ~43.4 Ma (Middle Eocene) were obtained
in granitoid samples. Initial 2’Sr/%®Sr ratios of granitoids range from 0.7047 to 0.7054, and their
eNd; values vary from -1.1 to +0.8. Initial ®’Sr/%®Sr ratios of mafic rocks range from 0.7043 to
0.7047, and the eNd; values vary from +0.7 to +3.5. The whole set of geochemical data of rocks
in the study area indicate an origin of the parental melts in a subduction-modified upper mantle in

post-collisional extension-related zone. The primitive magmas of granitoids underwent



contamination and assimilation through being exposed to the continental crust, while primitive
magmas of the mafic rocks do not have relevant crustal contribution. The geochemical and
radiogenic isotope data for the granitoids associated with mineralization in the Cheshmeh Khuri
area in comparison with those of other prospects in the Lut Block indicate that mantle has played
a crucial role in their petrogeneses and metallogeneses. Due to the crustal contamination and
assimilation, the proportion of mantle component that was involved in the granitic magma shows
a decrease in the Cheshmeh Khuri area. It seems that the Cheshmeh Khuri area has the lowest
potential for a significant amount of Cu—Au agglomeration.

Keywords: Geochemistry; Sr-Nd isotopes; Rb-Sr ‘and U-Pb geochronology; Copper
mineralization; Cheshmeh Khuri; Lut Block.

1. Introduction

The Lut Block, in eastern Central Iranian Microcontinent, extends over 900Km in a N-S direction
from the Doruneh Fault in the north to the Jaz-Mourian basin in the south and is about 200Km
wide in the E-W direction from the Nehbandan Fault in the east to the Naybandan Fault in the
west (Berberian and King, 1981; Karimpour and Stern, 2009) (Fig. 1). Extensive magmatic
activity in the Lut Block, is spatially and temporally associated with several types of
mineralization events and the episode of Middle Eocene to lower Oligocene (43.3-33.3 Ma) is
very important in terms of magmatism and mineralization (Karimpour et al., 2012).

Three main zones of porphyry copper deposits in Iran consist of Kerman (central SE Iran),
Azerbaijan (NW Iran) and the Lut Block (E Iran). Studies of exploration, fluid evolution, magma
source and the genetic type in porphyry copper deposits have mainly focused on Kerman (e.g.,
Hezarkhani et al., 1999; Mclnnes et al., 2005; Mirnejad et al., 2013; Mohajjel et al., 2003; Shafiei

et al., 2008; Shahabpour, 2007) and Azerbaijan (e.g., Aghazadeh et al., 2015; Jamali et al., 2010;



Maghsoudi et al., 2014) deposits. In comparison, less attention has been paid to copper deposits
in the Lut Block which have mainly occurred during Late Eocene to Early Oligocene
(Arjmandzadeh and Santos, 2014; Malekzadeh Shafaroudi, 2009; Richards et al., 2012).

The prospecting area is located in a significant part of the Lut Block that includes many cases of
Cu-Ag+Pb£Zn vein- type mineralization, such as Shikasteh Sabz, Mire-e-Khash, Rashidi, Shurk,
Ghar-e-Kaftar and Howz-e-Dagh (Javidi Moghaddam et al., 2018; Lotfi, 1982; Rowshanravan,
2006) in the neighboring areas, as well as in the kaolin deposit (the Cheshmeh Khuri area). The
Geochemistry of volcanic rocks in the Cheshmeh Khuri district was generally described by Lotfi
(1982). Tarkian et al. (1983) have implemented Rb-Sr dating in the Cheshmeh Khuri district on
the andesite unit. Recently, Salim (2012) has studied petrography and geochemistry of volcanic
rocks in the central part of the Cheshmeh Khuri district.

Until now, no detailed studies of the Cheshmeh-Khuri copper mineralization and associated
granitoid rocks have been conducted. In this paper, we present and discuss geochemical (both
elemental and isotopic) and geochronological (Rb—Sr and U-Pb) data in order to provide a
comprehensive understanding of age, origin and petrogenesis of granitoid rocks, and to determine
their relationship with Cu mineralization in the study area. Moreover, geochemical and Sr—Nd
isotopic analyses of mafic were performed to assist in the discussion of the petrogenesis of the

igneous rocks in the Cheshmeh Khuri area.
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Fig. 1 Geological sketch map of the Lut-Sistan region, eastern Iran and the location of the study area

(bounded by red frame) (modified from Pang et al., 2012). Location and the results of the dating and
Sr-Nd isotopes on different porphyry copper prospects (Arjmandzadeh and Santos, 2014;

Malekzadeh Shafaroudi, 2009; Malekzadeh Shafaroudi et al., 2015) are shown .Inset shows

location of the Lut Block in map of Iran.

2. Geological setting



The Cheshmeh Khuri prospecting area belongs to the Tertiary metallogenic volcano—plutonic
rocks of the Lut Block, between 33°08’ and 33°15' north latitude and 58°20" and 58°27' east
longitude and is located at 111 km NW of Birjand city, Khorasan Jonoubi Province, Eastern Iran
(Fig. 1). The oldest unit in the Cheshmeh Khuri area includes Upper Jurassic conglomerate which
crops out in the southwest of the study area (Fig. 2).

Most of the Cheshmeh Khuri area is occupied by Middle Eocene volcanic rocks (Lotfi, 1995).
These rocks can be divided into the following two groups: 1- pyroclastic rocks (rhyolitic tuff
breccia and andesitic tuff breccia), which are intruded by granitoid rocks in some places, and 2-
basaltic andesite to dacite rocks (Fig. 2). Rhyolitic tuff breccia has been exposed in the southern
and eastern parts of the Cheshmeh Khuri area. These units contain 25 to 75% lithic fragments of
64 to 120 mm in diameter with rhyolitic composition. Andesitic tuff breccia crops out in the
southern and eastern parts of the Cheshmeh Khuri deposit. These units consist of lithic fragments
(25 to 75%) of 64 to 85 mm in diameter and mainly have andesitic composition. Sequence of
intermediate to felsic volcanic rocks includes basaltic andesite, trachyandesite, andesite and
dacite. Dacite has small outcrops in the northern and southern parts of the area with massive and
flow structures. Andesite unit has the most expansion than that of other volcanic units and crops
out in the west and southwest of the area (Fig. 2). In the Cheshmeh Kuri area, Rb—Sr age of 39.3
Ma (Tarkian et al., 1983) was obtained for the andesite unit.

Intrusive rocks are emplaced into the pyroclastic units as stocks and dykes. Based on the
relationship with mineralization, they can be divided into two groups: granitoid (diorite porphyry
and granodiorite porphyry) and mafic rocks (gabbro, gabbrodiorite porphyry and monzodiorite
porphyry) rocks. Granitoid rocks that are related to the mineralization, mainly occur as stocks and

crop out at the central and southeast of the study area. Diorite porphyry stocks are the largest



granitoid rocks that outcrop in the central part of the area. Mafic rocks crop out mostly at the

eastern part of the study area. These rocks are younger than mineralization, and show less

alteration than the previous group (Fig. 2).
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Fig. 2 Geological map of Cheshmeh Khuri area, showing locations of Sr—Nd whole-rock, Rb-Sr

dating, U-Pb dating and ore samples.

3. Sampling and analytical methods

After field work, a total of 270 thin sections and polished slabs from volcanic and intrusive rocks

and ore samples were studied by an optical microscope. After their petrographic study, samples

were selected for further XRD, geochemical and isotopic studies. In addition, the magnetic

susceptibility of intrusive rocks was measured.



3.1. XRD analysis

The X-ray diffraction technique is one of the most essential identification tools for identification
of clay minerals. For this purpose, eight samples taken from the argillic alteration zone and the
kaolin deposit were analyzed using the X-Ray Diffractometry (XRD) techniques at the Analytical
Geology Lab. of the Spectrum Kansaran Binaloud in Iran. A sufficient amount of sample should
be utilized to yield approximately 5 to 10 g of clay (<2um fraction).

3.2. Geochemical analysis

Metal concentrations of 21 samples selected from the vein and disseminated mineralization were
analyzed at the IMPRC laboratory of Iran using Inductively Coupled plasma-Mass/Optical
Emission Spectroscopy (ICP-OES) techniques. The Au content of the samples was analyzed by
fire assay (Table 1).

3.3. Major and trace element analysis

Fourteen samples (14 intrusive rocks) were collected from representative, least-altered or fresh
rocks for major and trace element analyses. The samples were analyzed for major elements by
wavelength-dispersive X-Ray Fluorescence (XRF) spectrometry using fused disks and the Philips
PW 1410 XRF spectrometer at the Analytical Geology Lab. of Spectrum Kansaran Binaloud in
Iran. Trace elements and REE analyses were determined by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) at the ACME Analytical Laboratories (Vancouver) Ltd., Canada.
Powdered samples (0.2 g) were fused by lithium metaborate/tetraborate flux and digested by
nitric acid before determination by ICP-MS. Whole rock analytical results for major element
oxides and trace elements are listed in Table 2.

3.4. Rb-Sr and Sm-Nd isotopic analysis



Sr and Nd isotopic compositions were determined for six whole-rock samples and five separate
minerals (two of plagioclase, two of hornblende and one of biotite) of the Cheshmeh Khuri
intrusive and volcanic rocks at the Laboratério de Geologia Isotdpica da Universidade de Aveiro,
Portugal. Plagioclase, hornblende and biotite from sample CH20 and plagioclase and hornblende
from sample CH14 were separated using magnetic separation procedures and purified by
handpicking under a binocular microscope. They were rinsed using pure water and crushed
several times to remove mineral inclusions and then powdered in agate mortar.

The selected powdered samples were dissolved by HF/HNO; solution in Teflon Parr acid
digestion bombs at 200° C temperatures for 3 days. After evaporation of the final solution, the
samples were dissolved by HCI (6N) and dried again. The elements to analyze were purified
using the conventional ion chromatography technique in two stages: 1) separation of Sr from
REE elements in ion exchange column by means of AG8 50W Bio-Rad cation exchange resin; 2)
purification of Nd from other lanthanides elements in columns by means of Ln Resin (EIChrom
Technologies) cation exchange resin. All reagents used in the preparation of the samples were
sub-boiling distilled, and the water was produced by a Milli-Q Element (Millipore) apparatus. Sr
was loaded on a single Ta filament by H3PO,4, whereas Nd was loaded on a Ta outer side filament
with HCI in a triple filament arrangement. #’Sr/®®Sr and **3Nd/***Nd isotopic ratios were
determined using a Multi-Collector Thermal lonization Mass Spectrometer (TIMS) VG Sector
54. The data were acquired in dynamic mode with peak measurements at 1-2 V for ®Sr and 0.5—
1.0 V for **Nd. Sr and Nd isotopic ratios were corrected for mass fractionation relative to
883r/%°Sr = 0.1194 and **°Nd/***Nd = 0.7219. During this study, the SRM-987 standard gave an
average value of ®’Sr/®®Sr = 0.710261 (+17) (N = 13; conf. lim = 95%) and JNdi-1 standard gave

an average value of **Nd/***Nd = 0.5120970 (+76) (N = 13; conf. lim = 95%). The element



concentrations (Rb and Sr) of separate minerals were determined by the Isotope Dilution Mass
Spectrometry method (IDMS), using an ®’Rb/**Sr and *°Nd/***Sm double spike. Rb-Sr
isochrones were calculated using Isoplot 4 (Ludwig, 2012), with the value for ®Rb decay
constant recently recommended by IUPAC-IUGS (Villa et al., 2015). The Rb-Sr and Sm-Nd
isotope compositions are listed in Table 3.

3.5. U-Pb zircon geochronology

One sample of diorite porphyry unit (CH20) was selected for U-Pb dating of zircon. Zircon
crystals were isolated from the rock sample by using standard techniques involving crashing,
washing, heavy liquid and handpicking using the binocular microscope techniques at the
Ferdowsi University of Mashhad. The analyses were performed using a New Wave 193 nmArF
laser ablation systemcoupled to a Nu PlasmaHR inductively coupled plasma-mass spectrometer
(ICP-MS) at the Arizona Laserchron Center using the methods described by Gehrels et al. (2008).
3.6. Magnetic susceptibility measurements

Magnetic susceptibility of the intrusive rocks (150 in total) from the study area was measured by
a GMS?2 Sintrex device at the Ferdowsi University of Mashhad, Iran. The accuracy of this device
is 1x107 SI.

4. Petrographical characteristics of intrusive rocks

According to cross-cutting relationships observed in the field and U-Pb and Rb-Sr dating, the
lithology of the Cheshmeh Khuri area can be divided into the following five groups: 1- Upper
Jurassic conglomerate, 2- Middle Eocene pyroclastic rocks, which are intruded by granitoid
rocks, 3- Middle Eocene basaltic andesite to dacite rocks, 4- granitoid (diorite porphyry and
granodiorite porphyry) rocks that are related to the mineralization and 5- mafic rocks (gabbro,

gabbrodiorite porphyry and monzodiorite porphyry).
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The intrusive rocks of the Cheshmeh Khuri area generally have porphyritic to granular textures
with a range of fine to medium-grained groundmass. Five intrusive units based on the type and
abundance of phenocrysts, groundmass and mafic minerals were identified in the Cheshmeh
Khuri area. The volcanic and granitoid rocks have been mostly altered (quartz-sericite-
pyritexcarbonate, argillic and propylitic), and contain different amounts of mineralization as
disseminate and stockwork. Mafic rocks are younger than mineralization, and have no
mineralization and less alteration.

4.1. Gabbro

This rock has a coarse grained granular texture with a grain size of 0.8—-4 mm. The main minerals
are 35-40 vol. % of plagioclase (labradorite: An59-An64), 25-30 vol. % of pyroxene (augite),
20-25 vol. % of olivine and nearly 3-5 vol. % of hornblende. Apatite is the most common
accessory mineral, occurring in various forms from hexagonal to needle crystals as inclusions in
plagioclase.

4.2. Gabbrodiorite porphyry

The gabbrodiorite porphyry displays porphyritic texture with coarse-grained groundmass and 40
vol. % of phenocrysts (0.4-2 mm in dimeter). The phenocrysts are mainly 20-25 vol. % of
plagioclase, 7-10 vol. % of pyroxene (augite) and 3-5 vol. % of olivine. In this unit, plagioclase
crystals change in composition from andesine (An45-An50) to labradorite (An50-An57). The
matrix comprises plagioclase and pyroxene. The matrix is microcrystalline, which mostly
comprises plagioclase and pyroxene and accessory minerals of magnetite, apatite and pyrite.

4.3. Monzodiorite porphyry

The monzodiorite porphyry has porphyritic texture with medium-grained groundmass and

normally contains up to 38 vol.% of phenocrysts (0.2-1.2 mm in diameter), including 14-18
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vol.% of plagioclase (andesine: (An38-An42)), 5- 7 vol.% of K-feldspar, 4-5 vol.% of
hornblende, 2-4 vol.% of pyroxene and 2-4 vol.% of quartz. Clinopyroxene forms mostly as
subhedral to euhedral grains that have a composition of augite. The same minerals, especially
plagioclase and hornblende are also present in the groundmass. Accessory minerals include
magnetite and apatite.

4.4. Diorie porphyry

These rocks display porphyritic texture with 30-37% of phenocrysts (0.4-1.2 mm in diameter)
with medium-grained groundmass. Phenocrysts mainly consist of plagioclase (18-20 vol.%), K-
feldspar (2— 4 vol.%), hornblende (2-4 vol.%), pyroxene (3-5 vol.%), biotite (2-4 vol.%) and
quartz (2-3 vol.%). Composition of plagioclase is mainly of andesine (An35-An41). The matrix
is cryptocrystalline and has the same mineral content as phenocrysts.

4.5. Granodiorite porphyry

The granodiorite porphyry has porphyritic texture with medium-grained groundmass and
normally contains up to 50 vol.% of phenocrysts (0.3-1 mm in diameter). The phenocrysts are
plagioclase (15-20 vol.%), which generally appears as zoned crystals, quartz (5-7 vol.%), K-
feldspar (5-10 vol.%), biotite (5-7 vol.%) and hornblende (3-5 vol.%). The plagioclase in the
granodiorite porphyry occurs oligoclase (An18-An23). The matrix is mostly quartz, plagioclase
and K-feldspar. Biotite minerals generally show kinking and breaking as a result of tectonic
deformation and stress. A few traces of magnetite and apatite are also present.

5. Alteration

Hydrothermal alteration is well-developed in the prospect area. Based on the field and
petrography results, the alteration intensity of the host rocks (all exposed volcanic and intrusive

rocks) may be represented by three groups of strongly (>60%), moderately (~10-60%), and
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weakly (<10%) altered rocks. The main alteration types are quartz-sericite-pyritexcarbonate,
argillic and propylitic. However, they are divided into sub-types based on their intensity as shown
in the alteration map (Fig. 3).

Quartz-sericite-pyritexcarbonate (QSPxC) alteration is only exposed in the north part of the
prospect area (trench) and affects granodiorite porphyry. The QSPxC alteration mainly consists
of quartz, sericite, pyrite, and calcite as veinlets and replacement zones (Fig. 4a), sericite
replacement of K-feldspar (55-60%) as veinlets (1-3%). In the surface rocks, the QSP+C
alteration minerals are extensively replaced by supergene argillic alteration minerals, i.e.
kaolinite, illite (X-ray powder diffraction (XRD) was used to identify the minerals), quartz, and
Fe-oxyhydroxides.

Argillic alteration is widespread in the central section of the prospect area and affects the
volcanic rocks (andesite and rhyolite) and parts of the diorite porphyry rocks (Fig. 3). The argillic
alteration (Fig. 4b) consists of kaolinite, sericite, pyrite, minor quartz, chlorite, and epidote. The
alteration intensity is very variable (<10% to 70-80%), reaching to the highest intensity in the
southern part of the prospect area and forms the kaolin deposit (Fig. 4c). In the most intensely-
altered rocks, the primary textures of the host rock have been destroyed and mostly replaced by
clay minerals. Kaolinite and illite are the only clay minerals present within the kaolin deposit,
associated with quartz, with small amounts of cristobalite, albite and hematite.

Propylitic alteration is quite widespread and surrounds the other alterations (Fig. 3). The
alteration affects the volcanic rocks (andesite and rhyolite) and parts of the diorite porphyry and
granodiorite porphyry and consists of chlorite, quartz, epidote, calcite and magnetite. A few
traces of sericite are also present. The intensity of propylitic alteration varies from <10% to <50%

in the host rocks. Primary plagioclase has been generally altered to calcite (3-5%) and epidote (5-
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7%). In mafic mineral-bearing rocks (for example, biotite, amphibole, pyroxene), chlorite is
abundant (15-20) together with epidote (2-3%), calcite (5-7%), sulfides (1-2%), and magnetite (1-
3%) (Fig. 4d). Alteration is commonly weaker in the mafic rocks which lay farther from other
rocks.

Wall rock alteration occurs as narrowly-developed zones around the mineralized vein and is
composed of clay minerals, quartz and calcite, exhibiting argillic, silicification (Fig. 4e) and
carbonitization (Fig. 4f). The argillic alteration is characterized by kaolinite and illite within wall
rocks near the vein mineralization. Silicification occurs in wall rock as matrix with lesser
amounts of kaolinite and calcite and the accompanied vein mineralization occurs as quartz—ore
vein. In a distance from the vein, carbonitization alteration occurs as veins and veinlets. The
mineral paragenesis at vein displays a progression from kaolinite—illite, through main-stage
quartz, to late-stage calcite. The change from illite stability domain to that of calcite requires a
corresponding evolution of the fluid to higher pH (e.g., Simmons and Christenson, 1994).
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Fig. 3 Alteration map of Cheshmeh Khuri area.

Fig. 4 Field photographs and photomicrographs of hydrothermal alteration assemblages in the Cheshmeh
Khuri prospecting area: (a) Py+Qz veinlets in QSPxC zone, (b) replacement of plagioclase phenocryst by
clay minerals and carbonate in moderate argillic zone, (c) kaolin deposit, (d) replacement of hornblende
phenocrysts by chlorite and magnetite in propylitic zone, (e) argillic and silicification zones, (f) calcite
in carbonitization zone of vein mineralization. Abbreviations: Py: Pyrite; Qz: Quartz; Ch: Carbonate;
Chl: Chlorite; Cal: Calcite; Mag: Magnetite; Ser: sericite (Mineral abbreviations from Whitney

and Evans, 2010).

6. Mineralization

The three main mineralization styles include stockwork, disseminated and vein. Based on
polished and thin section studies, disseminated and stockwork mineralization types in QSP+C
alteration consist of quartz, pyrite, carbonate, chalcopyrite and secondary minerals of chalcocite,
covellite, jarosite, malachite and goethite (Fig. 6). Four types of veinlets (0.2mm-2cm thick)

including quartz-calcite-pyritetsericite, quartz-pyrite, quartz-chalcopyrite-pyrite (Fig. 5a) and
15



pyrite (Fig. 5b) are recognized in this alteration zone, whereas quartz-pyrite veinlets are the most
abundant. The density of veinlets in the QSP alteration zone is < 8 veinlets/m? at the surface.
Pyrite is also as disseminated in this zone (Fig. 5c).

In the areas with propylitic alteration, disseminations and veinlets mineralization types contain
pyrite, chalcopyrite, magnetite and secondary minerals (chalcocite, covellite, hematite and
malachite). Based on their mineralogy, five types of veinlets (0.1-0.9mm thick) are recognized in
this alteration type (pyrite-quartz-carbonate-chlorite, carbonate, quartz-carbonate-pyrite, quartz-
magnetite-pyrite-carbonate (Fig. 5d) and carbonate-pyrite (Fig. 5e)), at which pyrite-quartz-
carbonate-chlorite veinlets are the most abundant ones. Pyrite (5-7%) is the only sulfide ore
mineral disseminated in the argillic zone, whereas strong argillic alteration with sulfides is not
prevalent (Fig. 6).

Vein mineralization occurs in andesitic tuff breccia and along a fault zone trending northwest—
southeast. Levorotation of the fault has caused a fracture system trending southwest (Fig. 2).
Vein thickness considerably varies from 2 to 3 meters, whereas the strike can stretch up to 1 km.
It cross-cuts the disseminated-style of mineralization. Microscopic studies reveal that the veins
contain quartz, pyrite, chalcocite, tetrahedrite group (as inclusions) together with minor
chalcopyrite, sphalerite and galena as hypogene minerals and chalcocite, digenite, covellite,
malachite, atacamite, hematite, and goethite as supergene minerals. Quartz, calcite and barite are
the dominant gangue minerals.

Chalcocite grains are large (Fig. 5f and g) and contain inclusions of chalcopyrite and tetrahedrite
group (tetrahedrite—tennantite). Pyrite occurs as euhedral and/or subhedral grains in the vein (Fig.
5¢) and less as disseminated in the host rock. Sphalerite mostly occurs as fine grains in the veins.

Secondary chalcocite, covellite, digenite and malachite are mostly observed as overgrowth due to
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formation of concentric textures along the borders and cracks of hypogene chalcocite and
chalcopyrite (Fig. 5 h and i). Gossan has occurred as oxidized surface expressions of underlying

ore zones. Minerals contain hematite, goethite, limonite and manganese oxides (The XRD was

utilized in determining the minerals).

Fig. 5 Field photographs and photomicrographs of mineralization in the Cheshmeh Khuri
prospecting area: (a) Py+Qz+Ccp veinlet, (b) Py veinlet, (c) disseminated pyrite in QSP+C zone,
(d) Py+Mag+Qz+Cb veinlet in propylitic zone, Py+Cb veinlet in propylitic-carbonate zone, (f)
chalcocite, (g) Py and Cc in hypogene vein mineralization, (h) chalcocite and covellite, (i)
malachite in supergene zone. Abbreviations: Ccp: Chalcopyrite; Cct: Chalcocite; Cv: Covellite;
Qz: Quartz; Cb: Carbonate; Py: Pyrite; Mag: Magnetite; Mlc: Malachite (Mineral abbreviations

from Whitney and Evans, 2010).
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Fig. 6 Paragenetic mineral assemblages in the Cheshmeh Khuri area. Abbreviations: P:

Propylitic, P.C: Propylitic-Carbonate, A: Argillic, Q.S.P+C: Quartz-Sericite-PyritexCarbonate.

7. Ore geochemistry
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As can be seen in Table 1, Cu content reaches up to 654 ppm, 353 ppm and 5.07 % in QSP+C
zone, propylitic and vein mineralization, respectively. The highest copper contents are closely

associated with the QSP£C alteration zone (Cu=430-654 ppm, Mo=4-15 ppm, Zn=36-52 ppm



and Pb=13-162 ppm). Copper and molybdenum contents in propylitic alteration with

disseminated mineralization (Cu=223-353 ppm, M0=2-8 ppm, Zn=42-103 ppm, and Pb=21-1622

ppm) are lower than those in the QSP+C alteration zone.

Cu contents (1.14- 5.07 %) in vein-type mineralization originates from chalcopyrite and

tetrahedrite group. Metal concentrations in some of the samples from the vein-type mineralization

were Ag=4.4-16.3 ppm, As=18-105 ppm, Sb=15-27 ppm, Mo=3-5 ppm, Zn=36-165 ppm, and

Pb=11-57 ppm. High As, Ag and Sb contents may have been originated from the tetrahedrite

group: (tetrahedrite-tennantite). This is proven by high the correlation values among Sh-Ag

(0.80), Sb—Cu (0.79) and Cu-Ag (0.95) pairs. Bi and gold contents are negligible in the three

mineralization types.

Table 1. Results of ICP-OES analysis of ore samples from the Cheshmeh Khuri area.

Element X Y Alteration Mo Cu Sh Pb As Ag Au Zn
(ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppb)  (ppm)
CH-M1  58°25'27"E  33°10'41"N P-C - 223 - 21 - - - 56
CH-M2  58°23'60"E  33°13'8"N QSP+C 7 573 13 1.3 17 52
CH-M3  58°23'42"E  33°13'18"N QSP+C 6 430 47 6 36
CH-M4  58°23'37"E  33°13'22"N QSP+C 5 652 162 4.7 15 48
CH-M5  58°2249"E  33°13'9"N P 4 348 201 76
CH-M6  58°22'52"E  33°12'20"N P 2 321 230 84
CH-M7  58°22'19"E  33°14'8"N P 8 312 672 14 4 53
CH-M8  58°22'21"E  33°14'30"N P 5 353 79 13 64
CH-M9  58°24'46"E  33°12'42"N P 5 332 19 95
CH-M10 58°23'34"E  33°13'27"N QSP+C 15 566 17 2.4 7 38
CH-M11 58°23'34"E  33°12'29"N PC 2 346 1622 42
CH-M12 58°24'28"E  33°13'3"N PC 4 330 63
CH-M13 58°22'20"E  33°13'58"N P 5 322 18 103
CH-M14 58°23'19"E  33°13'8"N QSPzC 13 654 44 5.3 12 48
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CH-M15 58°22'17"E  33°13'24"N P 4 333 - 1314 - - - 98

V16 58°27'35"E  33°1022"N Vein 4 16600 15 57 34 9.3 - 154
V17 58°27'58"E  33°11'15"N Vein 4 11400 27 44 86 44 - 127
V18 58°28'9"E  33°11'05"N Vein 4 44200 24 24 105 16.3 - 165
V19 58°27'52"E  33°10'32"N Vein 3 14000 16 15 25 5.9 - 57
V20 5827'37"E  33°11'08"N Vein 3 28700 18 15 44 8.0 - 36
V2l 58°27'55"E  33°11'12"N Vein 5 50700 16 11 18 111 - 78

(—) = below detection limit. Abbreviations: P: Propylitic, C: Carbonate, QSP: Quartz-Sericite-
Pyrite.

8. Geochemistry of the igneous rocks

The results of major and trace element analyses for the Cheshmeh Khuri intrusive rocks are
presented in Table 2. The Cheshmeh Khuri granitoid rocks have a range of SiO, contents from
57.95 to 67.08 wt% (Table 2) and mainly plot in the field of granodiorite and diorite of the
Middlemost (1985) diagram (Fig. 7). In the K50 vs. SiO, diagram (Peccerillo and Taylor, 1976),
the granitoid samples define a trend in the field of the high-K calc-alkaline series (Fig. 8). In the
diagram of A/NK vs. A/ICNK (Maniar and Piccoli, 1989), the samples of granitoid rocks fall in
the metaluminous field with A/ICNK < 1.1 (molar Al,O3/ (CaO + K,0 + Nay0)) (Fig. 9).

The mafic rocks plot in the field of gabbro, gabbrodiorite and monzodiorite and belong to the
high-K calc-alkaline series in the K,O vs. SiO, diagram, except for two samples which fall in the

field of the shoshonite series (Figs. 7 and 8).
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Table 2. Whole-rock major and trace element compositions of the studied intrusive rocks of

Cheshmeh Khuri area.

Sample CH46 CH56 CH4 CH14 CH39 CH30 P26
X 58°22'5"E 58°22'12"E 58°25'26"E 58°25'6"E 58°23'59"E 58°23'51"E 58°26'57"E
Y 33°12'13"N 33°14"20"N 33°9'19"N 33°11'3"N 33°13"21"N 33°10'57"N 33°10'47"N

Type Di ph Di ph Gr ph Gr ph Gr ph Mzd ph Di ph
Wt. %
SiO, 62.34 56.95 66.07 62.45 67.08 53.90 61.44
TiO, 0.68 0.73 0.48 0.62 0.34 0.86 0.72
Al,O4 14.94 14.85 16.27 14.50 15.72 15.08 16.04
FeOt 5.09 5.69 3.73 4.46 3.10 7.52 5.87
MnO 0.09 0.10 0.04 0.08 0.05 0.11 0.14
MgO 3.28 5.14 111 3.80 1.36 5.45 141
Ca0 4.42 5.80 3.17 4.47 2.19 8.08 571
Na,O 2.83 2.76 3.50 2.99 2.99 2.88 4.23
K,0 3.40 2.85 3.37 3.56 3.50 3.12 2.84
P05 0.21 0.21 0.21 0.33 0.16 0.37 0.25
LOI 191 3.83 1.37 1.85 0.94 2.10 1.15
Total 99.76 99.54 99.74 99.61 99.78 99.47 99.8
ppm
Ba 647 1097 475 917 880 1802 380
Be 1 <1 <1 1 1 4 <1
Co 16.30 21.60 5.10 16.90 1.80 26.70 13.50
Cs 3.10 2.10 3.30 1.90 2.60 1.10 17.30
Ga 16 17.20 17.30 14 16.30 16 15.50
Hf 5 3.40 4.50 3.90 4.80 3.60 4.20
Nb 9.80 7.80 7.30 7.30 11.50 7.80 7.70
Rb 117 75.80 90.40 104 114 65.90 47.30
Sn 1 1 2 <1 <1 1 <1
Sr 645 1911 442 907 663 2614 576
Ta 0.70 0.50 0.50 0.50 0.70 0.50 0.70
Th 14.30 13.30 8.70 12.50 12.10 28.70 7.10
u 4.30 3.70 2.80 4.30 3.70 5.20 2
\Y 143 154 44 128 31 260 114
w 2.10 1.10 1.30 0.80 1.60 1.20 0.90
Zr 183 134 161 142 198 135 165
Y 19.40 14.80 11 14.20 13.20 18.30 19.70
La 31.80 45.10 26.20 27.50 34.80 79 21.60
Ce 64 82.20 52.20 50.50 64.10 152.40 41.20
Pr 7.07 9.27 5.78 5.60 6.53 17.19 4.71
Nd 27.30 32.70 21.40 21.30 22.20 65.90 18.20
Sm 5.27 5.42 4.09 3.90 3.85 10.25 3.58
Eu 1.17 1.38 0.95 0.97 0.86 2.34 1.07
Gd 4.49 4.09 3.43 3.29 3.13 6.69 3.64
Th 0.66 0.53 0.46 0.46 0.41 0.77 0.59
Dy 3.63 2.93 2.28 2.54 2.39 4.19 3.28
Er 221 1.57 1.07 1.50 1.37 1.96 211
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Tm 0.34 0.24 0.16 0.22 0.21 0.30 0.32

Yb 2.16 1.58 1.02 1.35 1.53 1.94 2.24

Lu 0.31 0.24 0.15 0.22 0.25 0.28 0.35
Ratios

*Eu/Eu 0.73 0.89 0.77 0.83 0.76 0.86 0.91

(La/Yb)n 9.93 19.24 17.32 13.73 15.33 27.45 6.50

Table 2 (continued)

Sample CH20 CH22 P15 P17 CH35 P25 P37
Longitude 58°24"29"E 58°24'16"E 58°27'31"E 58°27"20"E 58°24'9"E 58°26'53"E 58°27"28"E
Latitude 33°13'12"N 33°13'4"N 33°10"32"N 33°10"39"N 33°12'5"N 33°1048"N 33°11'8"N
Petrography Di ph Di ph G G Gd ph Gd ph G
Wt. %
SiO, 61.17 59.21 48.13 48.81 55.14 52.09 48.99
TiO, 0.62 0.59 1.18 1.15 1.00 1.21 1.15
Al,O; 15.02 15.07 16.36 18.24 16.57 18.50 17.87
FeOt 4.81 5.41 9.18 9.12 8.01 8.74 8.94
MnO 0.07 0.08 0.18 0.18 0.15 0.12 0.16
MgO 4.11 4.80 6.83 5.46 5.03 1.73 5.60
Ca0 4.75 5.02 10.71 10.11 7.31 9.12 9.75
Na,O 3.17 2.71 2.59 2.80 2.86 3.63 2.73
K,0 2.89 2.73 1.85 1.72 211 1.82 1.49
P05 0.15 0.16 0.46 0.38 0.21 0.36 0.36
LOI 2,51 3.99 1.35 0.84 0.52 0.89 1.80
Total 99.80 99.77 99.84 99.82 99.80 99.18 99.84
ppm
Ba 684 651 240 254 329 367 232
Be 1 3 <1 <1 <1 2 <1
Co 15 14.40 37.60 34.20 29.10 14.40 32.30
Cs 1.6 3 2 1.50 3 3.30 1.40
Ga 16.40 14.80 14.10 16.40 16.10 16.70 17
Hf 3.70 3.50 2.30 2.40 3 2.80 2.50
Nb 9 7.80 3.10 3.40 6.10 3.90 3
Rb 83.60 86.30 36.30 37.10 59.90 59.10 32.60
Sn 1 <1 <1 1 <1 <1 <1
Sr 634 660 435 528 528 537 520
Ta 0.70 0.60 0.10 0.20 0.50 0.20 0.20
Th 8.30 7.90 3.40 3.50 5.70 4.50 3.50
2.40 2.80 0.90 0.70 1.60 2.50 0.90
\% 116 93 300 285 247 406 288
w 0.70 1.90 <0.5 0.50 0.70 8.90 <05
Zr 136 134 82.0 85.8 111 105 97.8
Y 12 13.30 22.50 22.50 21.10 26.50 24.10
La 21.40 22.90 13.30 14.20 18.70 24.10 14.20
Ce 40.20 44.20 27.80 29.50 41.20 40.60 30.70
Pr 4.30 4.78 3.56 3.80 5.01 457 3.88
Nd 14.90 19 15.90 16.80 22 19.80 16.90
Sm 2.83 3.21 3.78 4.09 4.62 453 4.18
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Eu 0.84 0.84 1.15 131 1.30 1.38 1.40

Gd 2.70 2.60 421 3.96 4.40 4.82 4.70
Tb 0.43 0.42 0.70 0.67 0.71 0.81 0.78
Dy 2.38 2.49 4.02 4.07 411 4.83 4.66

Er 1.69 1.52 2.54 2.50 2.40 3.16 2.93
m 0.21 0.19 0.37 0.37 0.37 0.44 0.41
Yb 1.50 1.38 241 2.46 241 2.84 2.85
Lu 0.21 0.21 0.35 0.35 0.37 0.45 0.44

Ratios

*EU/Eu 0.93 0.89 0.88 0.99 0.88 0.90 0.97
(La/Yb)y 9.61 11.19 3.72 3.89 5.23 5.72 3.36

Abbreviations: G: Gabbro, Gd ph: Gabbrodiorite porphyry, Mzd ph: Monzodiorite porphyry, Di

ph: Diorite porphyry, Gr ph: Granodiorite porphyry, LOI: Loss On Ignition.
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Fig. 7 Classification of intrusive rocks in Na,O+ K,0 vs. SiO, TAS diagram (Middlemost, 1985).
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Fig. 8 Intrusive rocks in K0 vs. SiO, diagram (Peccerillo and Taylor, 1976).
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Fig. 9 Subvolcanic rocks in Al,03/Na,O + K,0 (molar) vs. Al,03/(CaO + K,0 + Na,O) diagram
(molar) (Maniar and Piccoli, 1989) and the field boundaries between S-type and I-type granite are

from Chappell and White (1992).
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Fig. 11 Discrimination diagram for | and S-type granitoids by %Na,O vs. %K,0 (Chappell and

White, 2001). Boundary between | and S-types is Na,O = 3%.

In the plots of 10,000 Ga/Al vs. (K.O +Na,O) (Whalen et al., 1987), the granitoid samples fall in
the fields of I- and S-type granites (Fig. 10). Moreover, the samples in a Na,O vs. K,O diagram

(Fig. 11, Chappell and White, 2001) are consistent with the I-type character of granitoid rocks.
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In the chondrite normalized REE diagram (Boynton, 1984), the granitoid samples show patterns
with medium to slightly strong LREE enrichment (6.5<Lan/Ybn>19.2) (Fig. 12a). Negligible
negative Eu anomalies are noted for granitoid samples (0.73 to 0.93) (Table 2).

The chondrite-normalized REE patterns for mafic rocks are non-parallel. The mafic rocks (except
monzodiorite porphyry) show weak heavy rare earth element (HREE) depletion and low
fractionation between LREE and HREE (Lan/Yby =3.3-5.7) (Fig. 12c). These ratios are lower
than those in the magmas (>20 e.g., Martin, 1987) whose source contains garnet. The REE
pattern for the monzodiorite porphyry is completely different (Lan/Ybn=27.4) (Fig. 12c) and
suggests the presence of garnet in the residual (Wilson, 1989; Rollinson, 1993).

In the primitive mantle-normalized trace element spider diagrams (Sun and McDonough, 1989),
the granitoid samples display strong enrichments in large-ion lithophile elements (LILE), such as
Rb, Ba, Cs and K and other incompatible elements that behave similar to those of LILE (Th and
U). When compared to LILE, the most characteristic high-field strength elements (HFSE: Nb, Zr,
Y, and Ti) clearly indicate lower normalized values; Nb, Ti systematically display strong
negative anomalies (Fig. 12b). The mafic rocks show weaker negative anomalies for P and Ti,
although they are only slight in the most mafic compositions, or even absent for P in the gabbro

compositions (Fig. 12d).
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Fig. 12 Chondrite-normalized rare earth elements and Primitive mantle-normalized trace element

for the Cheshmeh Khuri granitoid and mafic rocks.

9. Magnetic susceptibility

Granitoids with magnetic susceptibility of value over >50x107 (SI units), are classified as belong
to the magnetite series (Ishihara, 1981). Measurements of magnetic susceptibility for the rock
types are shown in Fig. 13. Different amounts of the magnetic susceptibility of granitoids are
related to the effect of the hydrothermal alteration on these units (e.g., Lang et al., 2013; Shah et
al., 2013).

The low susceptibility ranges of altered granitoids have been consistent with the hydrothermal

destruction of igneous magnetite during argillic and QSP£C alterations. In contrast, the high
27



susceptibility ranges of altered granitoids have been consistent with the generation of magnetite
during of the propylitic alteration. Magnetic susceptibility for fresh granitoids is mostly high

values (750x10° SI to 3200x107° SI) which is indicative of magnetite series.
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Magnetic susceptibility x 10° ST

Fig. 13 Magnetic susceptibility vs. rock types.

10. Rb-Sr and Sm-Nd isotope geology

There is a close relationship between granitoids and mineralization in the Cheshmeh Khuri area.
Therefore, two of the least altered samples (granodiorite porphyry (CH14) and diorite porphyry
(CH20)) were selected for Rb—Sr mineral-whole-rock dating with the objective of obtaining
geochronological information on the magmatic events associated with mineralization.

Biotite, hornblende and plagioclase concentrates were obtained from the CH20 sample and,
together with the whole-rock analysis, the 'Sr/®*Sr and 8" Rb/®°Sr ratios define a line whose slope
corresponds to an age of 43.4 + 3.2 Ma (MSWD = 25) (Fig. 14) and to an initial 3'Sr/*°sr =
0.70522. Since the plagioclase, hornblende and whole-rock data plot close to each other, the

result is strongly dependent on the Sr isotopic composition of biotite. Therefore, it should be
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mainly viewed as a biotite Rb—Sr age. The MSWD age was calculated according to model 3 of
Ludwig (2012). In order to date the CH14 sample, hornblende, plagioclase and whole rock
compositions were used. The result was a 44.6 + 5.4 Ma isochron (Fig. 15), with MSWD = 3.0
and initial 3’Sr/%°Sr = 0.70476, obtained by following the model 1 of Ludwig (2012).

Taking into consideration that the Cheshmeh Khuri granitoids were emplaced in a shallow crustal
level (sub-volcanic), their post-emplacement cooling should have been fast. Therefore, the 43-45
Ma age (Middle Eocene) may be viewed as dating of the magmatic event.

The initial #Sr/%°Sr and “**Nd/***Nd for intrusive rocks of the Cheshmeh Khuri are calculated at
44 Ma based on their average age (Table 3). The granitoid rocks display a narrow variability in
initial (4’Sr/®°Sr); ratios, ranging from 0.7047 to 0.7054, and €Nd; values of -1.1 to +0.8.
According to Chappell and White (1974), the values of (3'Sr/%°Sr); below 0.708 are characteristic
of I-type granitoids. The mafic rocks display variability in initial (3"Sr/*°Sr); ratios, 0.7043 for
gabbro and 0.7047 for monzodiorite porphyry, and have eNd; values +3.5 for the gabbro and +0.7
for the monzodiorite. In the £Nd; versus (¢Sr/2®Sr); diagram, all samples plot slightly to the right

of the so-called mantle array (Fig. 16).
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Table 3. Rb—Sr and Sm-Nd isotopic data from six whole-rock samples, two plagioclase separate,

two hornblende and one biotite separate from the Cheshmeh Khuri area.

Sample Sr Rb S"Rb/%Sr Error 875 /P Error (2s) ®'sr/*sr); Nd Sm WsmA%N Error (**Nd/**Nd),,  Error (2s) eNd;
(ppm)  (ppm (2s) (ppm)  (ppm d (2s)
CH14 907 104 0.333 0.009 0.704973  0.000017 0.70476 21.30 3.90 0.111 0.006 0.512655 0.00001 +0.8
CH14-P 2073 6.37 0.0089 0.0003 0.704776  0.000018 °
CH14-H 297 947 0.0922 0.0026 0.704799  0.000028
CH20 634  83.6 0.381 0.011 0.705387  0.000021 0.70515 1490 2.83 0.115 0.006 0.512558 0.00002 -1.1
CH20-P 1308 22.5 0.0497 0.0014 0.705305  0.000025 !
CH20-B 65.9 285 12.95 0.37 0.713083  0.000034
CH20-H 195 151  0.249 0.007  0.705373  0.000018
CH39 663 124 0.498 0.014  0.705798  0.000017 0.70549 2220 3.90 0.105 0.006 0.512558 0.00001 -1.0
CH46 645 117 0.524 0.015  0.705423  0.000023 0.70510  27.30 5.27 0.117 0.006 0.512564 0.03001 -1.0
CH30 2614 659  0.073 0.002  0.704747  0.000018 0.70470  65.90 10.0 0.092 0.003 0.512645 0.05002 +0.7
P17 529 371  0.203 0.006  0.704503  0.000038 0.70438  16.80 4.509 0.147 0.008 0.512803 0.0&001 +3.5

0 6
Note: The initial ratio of *'Sr/**Sr for each sample, calculated using *’Rb/*°Sr and (°'Sr/*°Sr)m

and an age of 44 Ma (the age based on Rb-Sr isochron). The initial ratio of ***Nd/***Nd for each

sample, calculated using **'Sm/**Nd and (***Nd/***Nd)m and an 44 Ma (the age based on Rb-Sr

isochron). CH20B, CH20H and CH20P represent biotite, hornblende and plagioclase separates of

sample CH20, respectively. CH14P and CH14H represent plagioclase and hornblende separates

of sample CH14, respectively.
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11. U-Pb zircon age determination results

In order to confirm Rb-Sr dating, we also performed U-Pb dating on diorite porphyry (CH20).
U-Pb data are listed in Table 4. Zircons from the diorite porphyry show euhedral-subhedral
shapes and typical oscillatory growth zoning. The U/Th ratios are lower than 5 (1.1 to 1.9 with an
average of 1.5), and are in agreement with magmatic zircons (Table 4).

According to zircon U-Pb data, diorite porphyry show the Eocene age of 43.7£0.5 Ma (n=8,

MSWD=4.5) (Fig. 17a and b); while some inherited cores yielded older ages of 543.0+13 Ma
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(n=6, MSWD=10.7) (Fig. 17c). U-Pb analyses of zircons with inherited cores from the

Cheshmeh Khuri area suggest that the crust of the Lut Block might not be entirely juvenile

(Neoproterozoic) and have the potential presence of continental fragments with Gondwanan

affiliation.
Table 4. Summary of zircon U-Pb ages of diorite porphyry (CH20).

Analysis U 208pp U/Th b/ + 27pp/ + 2ppy/ + Best +

(ppm)  /*%Pb 207ppy (%) *U (%) U (%) age (Ma)
1 220 1522 1.8 245957 123 0.0381 128 0.0066 3.4 425 15
2 215 1512 1.8 212881 29 00451 41 00067 31 436 1.3
3 159 46625 1.2 19.6838 25 0.0464 39 00065 3.0 426 1.3
4 1130 18579 1.1 212615 14 00441 63 00068 61 437 2.7
5 181 2668 1.9 212727 56 00436 6.2 00067 27 432 1.2
6 388 9276 1.2 212866 25  0.0451 42  0.0068 33 447 1.4
7 273 11152 15 21.0204 26 00451 3.9 00070 28 442 1.3
8 139 2258 1.6 214451 19 00437 33 0.0068 26 437 1.2
9 328 50451 2.0 169808 12 06683 1.2 00823 39 5101 192
10 695 191152 3.9 17.4131 13 06738 1.3 0081 27 5267 138
11 256 33818 6.1 17.2354 09 06843 09 0086 3.0 5294 153
12 429 74547 1.7 17.0064 11 0.7168 1.1 00885 29 5464 150
13 344 126885 3.7 16.7294 12  0.7404 1.2 0.0899 26 5548 13.6
14 149 35674 6.9 16.4931 12 07776 12 00931 25 5736 139
15 83 23512 3.4 14.6140 12 13403 12 01421 22 8566 176
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Fig. 17 a) the Concordia diagram, b) the average age plot for magmatic zircons and c) the

Concordia diagram for inherited cores of diorite porphyry (CH20).

12. Discussion
12.1. The AFC processes or partial melting

The recorded small variation in isotopic ratios can be related either to variable crustal
assimilation (but always in small degrees) or to heterogeneity in the magma source (Nabatian et

al., 2014). Variation trends of ¢Nd; and (¥’Sr/?®Sr); of granitoid rocks are in agreement with
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crustal assimilation (Fig. 18). In contrast, variation in isotopic ratios of mafic rocks may be
related to heterogeneity in the magma source.

Negative eNd; values display the features of the crustal melt, and the positive eNd; isotopic ratios
are consistent with mantle array (Kemp et al., 2007; Li et al., 2009; Yang et al., 2007). On the
diagram of the eNd; vs. (®'Sr/%°Sr);, the granitoid samples display a trend toward the upper
continental crust, implying that the crust contamination has played a role in magma evolution. In
contrast, mafic rocks do not show evidence for contamination with continental crust (Fig. 16). In
granitoid rocks, the mantle component was subsequently modified by crustal contamination and
assimilation as evidenced by the presence of inherited zircons.

In the diagram of the compatible elements vs. incompatible elements, the granitoid and mafic
compositions are consistent with a partial melting trend and lack any compositional variation
indicative of fractional crystallization (Fig. 19). Hence, we may conclude that partial melting has

played an important role during the magmatic evolution of the granitoid and mafic rocks.
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Fig. 18 (®"Sr/®°Sr); ratios and eNdi values vs. SiO, diagrams (Xu et al., 2014) for the Cheshmeh

Khuri samples.
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Fig. 19 Diagrams of the compatible elements versus incompatible elements for the Cheshmeh

Khuri samples.

12.2. Residual phases and magma sources

The studied rocks have no obvious negative Eu (granitoid samples: 0.73 to 0.93 and mafic
samples: 0.86 to 0.99) (Table 2). The normal content of the Eu may possibly be due to a lack of
or low content of plagioclase or high oxygen fugacity in the source (Martin, 1999) and/or
minimal fractionation of this mineral in the early crystallization stages (Best, 2003). The presence
of H,O in the melts may possibly decrease the pressure and temperature conditions of formation
of plagioclase and increase the crystallization field of amphibole (Gill, 1981; Green, 1982).
Middle to slightly strong LREE enrichment for granitoids (6.5<Lan/Ybn>19.2) and weaker heavy
rare earth element (HREE) depletion (for mafic rocks (Lan/Yby =3.3-5.7: gabbros and
gabbrodiorites) are lower than those in the magmas (>20 e.g., Martin, 1987) whose source
contain garnet. Amphibole can substantially fractionate middle LREE/HREE ratio (Rollinson,

1993). Therefore, amphibolite is the most likely source for the parental magmas of the granitoids
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and mafic rocks. High depletion in HREE (Lan/Ybn=27.4) ratio for the monzodiorite porphyry
suggests presence of garnet in the residual (Rollinson, 1993; Wilson, 1989). A source with the
presence of garnet and absence of plagioclase is generally thought to occur at depths > 40 km (or
>1.2 GPa) (Petford and Atherton, 1996; Rapp and Watson, 1995; Xu et al., 2014).

12.3. Petrogenesis

The most obvious trace element characteristics of rocks in the study area are negative Nb, Zr, and
Ti anomalies and positive Sr, K, Rb and Ba anomalies, in addition to highly enriched LREE
patterns, all showing the signature of a mantle source metasomatized by the slab-derived
fluid/melt. The lower LILE and LREE of magmas from mafic rocks propose greater interaction
within the mantle of slab-derived melts (e.g., Stern and Kilian, 1996).

High Sr and low Nb, Ta and Ti contents are thought to be developed due to the absence of
plagioclase and presence of Fe—Ti oxides in the residue in the source area of the parental magmas
(Martin, 1999). Negative Nb anomalies are also characteristic of the continental crust and, in
many cases, they are probably related with processes of assimilation, contamination or mixing
with crustal materials (Asran and Ezzat, 2012; Ma et al., 2014; Rollinson, 1993; Wilson, 1989;
Zhang et al., 2006). The phosphorus negative anomalies in the studied samples can be explained
by fractionation of apatite.

However, the diagram of Nb/Yb vs. Th/Yb shows that all of the samples from the plot above the
MORB-OIB array (Pearce and Peate, 1995), obviously indicate a subduction component in their
sources (Fig. 20). The position of the studied samples to the right of the mantle array (Fig. 16)
might have been related to an origin of the most primitive magmas by melting in a supra-

subduction mantle wedge (Stolz et al. 1996).

37



| @ Granitoids @ Mafic rocks |

100
Subduction
enrichment Mantle
enrlchmenl‘
| V &
O ‘.
E I+ A \% ‘b\/@ﬂ
o \%’0
\1\0
0.1} <
<>
0.01 , | |
0.1 | 10 100 S
Nb/Yb

Fig. 20 Th/Yb vs. Nb/Yb plot showing the relation of the granitoid and mafic rocks from the

Cheshmeh Khuri area and the MOB-OIB array of Pearce and Peate (1995).

12.4. Tectonic setting

In the Th vs. Ta diagram from Schandl and Gorton (2002), all the samples of the Cheshmeh
Khuri prospect area plot in the field of active continental margins (Fig. 21). In order to determine
the tectonic setting of granitoids from the study area, the tectonic discrimination diagrams of
Pearce et al. (1984) were used. All granitoid samples are plotted in the volcanic arc granites (I-
type) field (Fig. 22).

The extended exposure of Eocene-Oligocene volcanic and intrusive rocks is the special
characteristic of the Lut Block. These rocks cover half of the Lut Block with a thickness of 2000
m (Berberian et al., 1999; Camp and Griffis, 1982; Tirrul et al., 1983). The time of existence and
closure mechanisms of the Sistan Ocean are not well constrained yet. The age for ocean closure
and thus the Lut-Afghan collision was considered by some researcher to be in the Late

Cretaceous (Angiboust et al., 2013; Zarrinkoub et al., 2012). In contrast, several authors (e.g.,
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Arjmandzadeh et al, 2011; Camp and Griffis, 1982; Arjmandzadeh and Santos, 2014; Tirrul et
al., 1983) suggest that the closure of the Sistan Ocean and Lut-Afghan continental blocks
collision did not take place before Eocene.

The Sistan Ocean existed at least from the Early Cretaceous (Babazadeh and de Wever, 2004)
between the Lut and Afghan continental blocks. Zircon U-Pb ages of 113 + 1 and 107 = 1 Ma in
two leucogabbros of the Birjand ophiolite indicate that this part of the Sistan Ocean has been
opened by Mid-Cretaceous (Zarrinkoub et al., 2012). Brocker et al. (2013) dated samples of
different metamorphic grades and geographic locations in the ophiolitic belt and concluded that
subduction was active in the Late Cretaceous (from ca. 83 to 87 Ma ago). According to the
emplacement ages of ~86—71 Ma on adakitic plutons and ~55 Ma on A-type granites in the suture
zone, the Lut and Afghan blocks collided in the Late Cretaceous (Zarrinkoub et al., 2010).

Pang et al. (2013) proposed that the magmatism was caused by convective removal of the
lithosphere and the resultant asthenospheric upwelling during extensional collapse of the east
Iranian ranges in the Eocene—Oligocene time. In such a setting, lithospheric mantle is expected to
be slightly influenced by slab-derived material. So, metasomatism of the lithospheric mantle
beneath must be related to an ancient subduction event (during the Late Cretaceous Sistan
subduction).

We determined an I-type affinity for the granitoid rocks in the Cheshmeh Khuri according to the
conventional granitoid classification schemes (Fig. 10, Fig 11 and Fig 22). According to new data
about subduction in the Late Cretaceous, the Middle Eocene granitoids could not be categorized
through a purely subduction-related magmatism. So, the parental melts of these rocks have
originated from a subduction-modified upper mantle in the post-collisional extension-related

Zone.
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Fig. 21 Tectonomagmatic discrimination diagram for the Cheshmeh Khuri rocks (Schandl and
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Fig. 22 Tectonomagmatic discrimination diagrams for the Cheshmeh Khuri rocks (Pearce et al.,

1984), (a) Nb+Y vs. Rb and (b) Y vs. Nb. WPG, within plate granites; VAG, volcanic arc

granites; ORG, ocean ridge granites; syn-COLG, syncollisional granites.

12.5 Mineralization in the Cheshmeh Khuri prospect
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Copper mineralization at the Cheshmeh Khuri prospect area is spatially and temporally
associated with magnetite-series of oxidized, granitoids (granodiorite porphyry and diorite
porphyry). Wall rock alterations associated with Cu mineralization are similar to a porphyry
system, including quartz-sericite-pyritexcarbonate, argillic and propylitic. Porphyry-style of
mineralization is characterized by disseminations and stockworks. The Cheshmeh Khuri prospect
is suggested to represent a porphyry system formed in the post-orogenic extension-related
magmatism. The copper vein-type mineralization clearly post-dates porphyry-style mineralization
by noting the cross-cutting relationship between them.

A number of base metal vein deposits have superimposed on the porphyry copper deposits (e.g.,
Baumgartner and Fontboté, 2008; Bendezu et al., 2003), whereas others have no known link to
the mineralized porphyry deposits (Einaudi et al., 2003). Numerous CuxAg+Zn+Pb veins are
present in the neighboring areas (Shikasteh Sabz, Mire-e-Khash, Rashidi, Shurk, Ghar-e-Kaftar
and Howz-e-Dagh, Chah Khareh, and Chang-e-Namakzar veins; Lotfi, 1982; Javidi Moghaddam
et al., 2018). The similarities in ore mineralogy and geochemistry may point out that all these
veins are part of a regional ore system (Javidi Moghaddam et al., 2018) and may, therefore these
veins be related to a porphyry copper system. This scenario (the relationship between these veins
and porphyry copper mineralization in the Cheshmeh Khuri area) needs more studies on fluid
evolution, magma source and the genetic type in both types of mineralization.

12.6. Geochemical differences among the Cu Porphyry districts in the Lut Block

The location of major Tertiary Cu porphyry mineralization occurrences within the Lut Block is
shown in Fig. 1. Intrusive rocks related to copper porphyry deposits of the Lut Block are high-K
to shoshonitic and calc-alkaline (Khopik, Maherabad and Cheshmeh Khuri; Malekzadeh

Shafaroudi, 2009) to adakitic affinity (Dehsalm; Arjmandzadeh and Santos, 2014). These rocks
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originated from partial melting in a subduction-modified upper mantle. Cu and Au are
chalcophile elements that are highly compatible in mantle rocks within sulfide phases (Ballard et
al., 2002; Fleet et al., 1996). The granitoid samples of Cheshmeh Khuri show slightly lower eNd;
values than the Khopik, Maherabad and Dehsalm samples, indicating that those of the granitoid
samples should have experienced less mantle interaction than that of the Khopik, Maherabad and
Dehsalm samples. It is proposed that the Cheshmeh Khuri district has the lowest potential for a
significant amount of Cu—-Au accumulation because the mantle is an important supply for these
metals.

13. Conclusion

Zones of argillic and marginal propylitic alteration have surrounded a QSPxC alteration
assemblage. Copper mineralization was localized in stockwork veinlets (with high Cu anomalies)
and disseminated grains in the adjacent altered rock matrix. Patterns of hydrothermal alteration
assemblages and mineralization styles have similarities with porphyry copper deposits systems.
Cu vein mineralization has occurred in the peripheral to porphyry copper mineralization,
crosscutting porphyry-style mineralization, and may have formed later in the evolution of the
porphyry system.

The variety of geochemical and isotopic patterns of granitoid and mafic rocks illustrates the
different roles of magma sources, partial melting, fractional crystallization, crustal assimilation
and crustal contamination in post-collisional extension zone. The Middle Eocene granitoids of
the Cheshmeh Khuri district are primarily high-K calc-alkaline, metaluminous and are classified
as belong to the magnetite-series of oxidized granitoids.

A comparison of the geochemical and isotopic data of Cu mineralization districts in the Lut

Block suggests that granitoids of the Cheshmeh Khuri district have originated from partial
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melting in a subduction-modified upper mantle, followed by a relatively small crustal interaction.
In contrast, other granitoids (Khopik, Maherabad and Dehsalm) also have the same petrogenesis.
However, they have slightly higher amounts of mantle materials with no evidence of interaction
with the crust. Therefore, it may be conclude that the Cheshmeh Khuri granitoids have a lower

potential for Cu—Au mineralization than that of the Khopik, Maherabad and Dehsalm districts.
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Highlights

e Cheshmeh Khuri prospect area is a porphyry copper mineralization in the Lut Block,
Eastern Iran.

e We studied the age, genesis and geodynamic control of the magmatism in Cheshmeh
Khuri prospecting area.

e The subvolcanic rocks related to mineralization have features typical of high-K calk-
alkaline and belong to magnetite granitoid series (I-type).

e Magmas of Cheshmeh Khuri area formed in a subduction-modified upper mantle in post-

collisional extension-related zone.
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