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The Kal-e-Kafi intrusive complex is located in the Central Iran magmatic zone and includes a series of granitoid
rocks ranging in composition from gabbro to granite. These granitoids show some affinities with adakites,
e.g., high Sr/Y and La/Yb ratios coupled with low Yb and Y, enrichment in LREE and LILE with no Eu anomalies,
similar to products from all of which are compatible with derivation from slab melting. However, relatively
their low εNd(t) values (0.21 to 2.35) and higher 87Sr/86Sri (0.7041–0.7044) are inconsistent with an origin by
slab melting with these rocks also showing shoshonitic affinities, with high K2O/Na2O ratios. Geochemical char-
acteristics indicate that the Kal-e-Kafi intrusive complex was probably derived by the partial melting of
delaminated lower crust, at pressures equivalent to crustal thicknesses of N40 km, generated near the boundary
between garnet-bearing amphibolite or amphibole-bearing eclogite melting. Moreover, the Kal-e-Kafi adakitic
magmas must have interacted with the surrounding metasomatized mantle peridotite during their ascent,
which elevated not only their MgO, Cr, and Ni contents, but also the oxygen fugacity (ƒO2) of the magma. The
high ƒO2 could have induced oxidation of metallic sulfides in the mantle resulting in the mobilization of
chalcophile elements, which are required to produce porphyry Cu (Au and Mo) mineralization.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Adakitic rocks, initially identified on Adak Island in the Central
Aleutians, have high MgO values, are rich in large ion lithophile
elements (LILE), and have high Sr/Y ratios (Kay, 1978). Defant and
Drummond (1990) used the term adakite for intermediate-acid and
Na-rich igneous rocks, which are thought to be derived by partial melt-
ing of subducted young oceanic crust (≤25Ma). They are geochemically
characterized by SiO2 ≥ 56 wt.%, Al2O3 ≥ 15 wt.% (rarely lower), usually
MgO b 3 wt.% (rarely above 6 wt.% MgO), extremely high light rare ele-
ment (LREE) concentrations and very low Y and heavy rare element
(HREE) concentrations (e.g., Y b 18 ppm, Yb b 1.8 ppm), very high Sr/Y
ratios (N40) and La/Yb ratios (N9), no obvious negative Eu anomaly,
and 87Sr/87Sr usually b0.7040, but high Nd isotopic compositions (see
Castillo, 2006). As a matter of fact, the rocks described by Kay (1978) at
Adak are not considered to be adakites using the definition of by
Defant and Drummond (1990).
joughian).
Martin and Moyen (2003) showed that there are two main compo-
sitional groups defined, based on their silica content as high-SiO2

adakites (HSA; SiO2 N 60 wt.%) and low-SiO2 adakites (LSA; SiO2 b 60
wt.%). HSA, corresponding to the rocks originally described by Defant
and Drummond (1990), are formed by partial melting of metabasalts,
in the field of garnet stability and having relatively elevated Nb/Ta
(14 ± 4), probably corresponding to a rutile-bearing residuum. It was
also initially believed that adakite only occurs in young convergent
margins (b25 Ma) and thus still hot oceanic slabs are being subducted,
consistent with results of combined partial melting models for
subducted basaltic crust (Castillo, 2006). LSA, more closely related to
high-Mg# andesites, which encompasses rocks with SiO2 values as low
as 50% (adakites from Adak island), but usually have 50% b SiO2 b 60%,
and correlatively high contents of compatible elements. LSA has increas-
ingly focused on the interaction of the slab-derived melts with perido-
tite and/or basalt in the mantle wedges (Gao et al., 2007; Kamber
et al., 2002; Kelemen et al., 2003; Martin, 1999; Yogodzinski et al.,
1995).

Archaean adakites are characterized by high Sr and low Y with high
Sr/Y ratios of appropriately 50–100. They have strongly fractionated REE
patterns (e.g., high La/Yb ratios, low Y, and Yb contents), and are almost
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identical with typical adakites in composition. In addition, they are gen-
erally felsic (e.g., dacites and rhyolites) and have high Na2O and low
K2O, so consequently quite low K2O/Na2O ratios (0.3–0.4) (Moyen,
2009).

Richards and Kerrich (2007) pointed out that a large portion of the
calc-alkaline series does evolve into the adakitic field, and the evolution
can be ascribed to processes like assimilationwith fractional crystalliza-
tion (AFC). Distinctive characteristics of arc rocks from this group are;
(1) their association with non-adakitic rocks; (2) typically with low
Sr/Y relative to the La/Yb values; (3) a generally potassic composition
(0.5 b K2O/Na2O b 1); (4) somewhat lower MgO andMg#, more similar
to typical arc magmas than to adakites. This is because of decreasing the
Y and HREE contents and increasing Sr/Y and La/Yb of arc magmas
driving them into the adakitic field by fractionation of amphibole
(Davidson et al., 2007) or garnet (Macpherson et al., 2006; Ulmer,
2007) from low or moderate Sr/Y and La/Yb andesite (Moyen, 2009).

A large group of rocks, also have been described as potassic adakites
or continental adakites, with SiO2 contents ranging from 60 to 75 wt.%
and low Y and Yb values (Ding et al., 2007; Gao et al., 2007; Guo et al.,
2006, 2007; Rapp et al., 2002; Wang et al., 2004a, Wang et al., 2007a,
b; Xiao et al., 2007; Xu et al., 2004; Zhou et al., 2006). Continental
adakites have high K2O contents and high K/Na ratios (0.7–2.0) and
Sr/Y ratios between 150 and 15 (Moyen, 2009). Models for the genera-
tion of continental adakites generally involve deep (N10–15 kbar)melt-
ing of the lower continental crust, either at the base of an orogenic
wedge or as delaminated eclogites sinking in the mantle. In the latter
case, it is proposed that interactions with the mantle can result in
melts with higher MgO (Moyen, 2009). It is noteworthy that all the
adakites attributed to lower crustal melting occur in arc settings
(e.g., Atherton and Petford, 1993; Muir et al., 1995).

Several petrogenetic models have been proposed to account for
the origin of adakitic rocks. These include: (1) partial melting of a
young and hot subducted oceanic crust (e.g., Defant and Drummond,
1990; Kay et al., 1993; Martin et al., 2005; Stern and Kilian, 1996);
(2) adakite–peridotite hybrid melt, melt derived from peridotite
metasomatized by slab melt (e.g., Castillo, 2006); (3) partial melting
of thickened lower crust (e.g., Chung et al., 2003; Hou et al., 2004;
Wang et al., 2005; Zhang et al., 2001b); and (4) delaminated lower
crust-derived adakitic rocks that have interactedwithmantle peridotite
(e.g., Chung et al., 2003; Gao et al., 2004; Huang et al., 2008; Kay and
Kay, 1993; Wang et al., 2004a,b, Wang et al., 2006a,b; Xu et al., 2002).

Adakitic provinces have been identified in the NW of Iran (Jahangiri,
2007; Jamali and Mehrabi, 2015), in the central part of the Zagros
orogen, around Anar (Omrani et al., 2008), in the eastern Iran, Bibi-
Maryam (Delavari et al., 2014), and in the southeastern part of the
Urumieh-Dokhtar Magmatic Arc (UDMA) that is considered to be one
of the main Cu-bearing regions in the world and studied by many au-
thors (e.g., Asadi et al., 2014; Ayati et al., 2013; Richards et al., 2012;
Shafiei et al., 2009; Zarasvandi et al., 2007, 2013, 2015, and others). It
is thought that ore-hosting porphyry systems of UDMA are generally re-
stricted to Miocene intrusions (e.g., Shafiei et al., 2009) and shown that
they have an adakitic affinity (Asadi et al., 2014; Richards et al., 2012;
Shafiei et al., 2009; Zarasvandi et al., 2015). The ore-hosting porphyry
systems of UDMA are Kuh Panj adakitic complex (e.g., Sarcheshmeh,
Meiduk, Sungun, Darreh-Zerreshk, Dalli, Iju, Parkam, and Ali-Abad)
and that the Kuh Panj adakitic porphyries are believed to have formed
by partial melting of a thickened, juvenile lower crust source in a tran-
sitional, post-collisional to intracontinental setting which previously
underwent underplating or storing of mantle-derived melts at the
base of the crust (cf. Asadi et al., 2014).

It has also been recognized that adakites are often associated with
Cu–Au mineralization, such as porphyry copper deposits and
epithermal gold systems (e.g., Defant et al., 2002; Oyarzun et al., 2001;
Qu et al., 2004; Thieblemont et al., 1997); Zhang et al. (2001a, 2002)
proposed that giant porphyry copper deposits are related to adakitic,
highly oxidized, and water-rich melts, although as noted earlier there
are aspects of thesemagmatic systems that do notmake this a universal
feature.

In previous studies in the Kal-e-Kafi area, it has been postulated that
a highly metasomatized mantle source with an increasing role of am-
phibole and garnet (0%–10%) in the genesis of the relatively younger
granites (Ahmadian et al., 2009); in this paper, geochemical characteris-
tics indicate that themultiphase Kal-e-Kafi intrusive complex has many
adakitic petrogeochemical characteristics, but is poorly constrained
geodynamically. A detailed account of the petrology and geochemistry
of this prominent intrusive complex is presented that addresses its pet-
rogenesis, of which the results help to better understand the complex
magmatic evolution in an active continental margin setting during sub-
duction and possibly collision. Furthermore, the relationship between
these adakitic rocks and associated Cu, Mo, Au, and associated base-
metal mineralization is discussed, providing valuable information on
the geodynamic history and metallogenic potential of the area.

2. Geological setting

Iranian volcano-plutonic magmatic arc has been studied by Stöcklin
(1968), Berberian and King (1981), Alavi (1994), Agard et al. (2005,
2011), Shahabpour (2007), and Omrani et al. (2008) and others. It is
generally believed that the detachment of Central Iran from Arabia dur-
ing Late Permian and its northwestwardmovement led to the formation
of a new ocean (Neotethys) along the present main Zagros folded-
thrust belt (Berberian and Berberian, 1981; Berberian and King, 1981).
The Middle Triassic orogeny in Iran is interpreted as the result of sub-
duction of the Neotethys oceanic crust underneath the Central Iran
crustal block. The subduction of the Neo-Tethyan oceanic crust beneath
the Iranian microcontinent sutured Iran to Arabia (e.g., Alavi, 1994;
Berberian andKing, 1981), and the subsequent continental convergence
formed the Zagros Orogenic Belt. This orogenic belt is a part of the
Alpine-Himalayan orogenic belt and consists of three NW-trending par-
allel zones: (1) UDMA; (2) Sanandaj-Sirjan Zone (SSZ); and (3) Zagros
Fold-Thrust Belt (ZFTB) (Fig. 1). The UDMA extends as a 5–25 km
wide and ~2000 km long NW-trending magmatic belt, aligned parallel
to the suture of the collisional Zagros fold-thrust belt, which has been
interpreted to be a subduction-related, Andean-type magmatic arc.
Most of the studiedmagmatic rocks of UDMA are calc-alkaline magmas
formed by the subduction of the Afro-Arabian plate under an active
Iranian continental margin during Mesozoic up to the Eocene–
Miocene time (e.g., Agard et al., 2011).

The Kal-e-Kafi igneous complex is located at 54°10′–54°20′N,
33°20′–33°30′E, and crops out over an area of 40 km2. The Eocene intru-
sive rocks of Kal-e-Kafi, which are exposed in the Anarak area, are in-
truded into Upper Protrozoic and Paleozoic metamorphic rocks, lower
Eocene volcanic rocks (including latite, dacite, and andesite tuffs) and
partially covered by Quaternary sediment in the south and southwest
part of the pluton. The Kal-e-Kafi intrusive complex is comprises;
(1) gabbro, (2) monzonite–quartz monzonite, and (3) granite that
was then intruded by diabase dikes (Fig. 1). The gabbro has a dark
gray appearance, which is abundant in the eastern part of the intrusive
complex, and light gray and pinkishmonzonite–quartzmonzonite with
K-feldspar megacrysts is the most abundant lithology and includes
abundant rounded and ellipsoid mafic microgranular enclaves. Granitic
rocks in the western part of the pluton are light cream to white with
smooth weathering surfaces (Fig. 2).

Another important aspect of the Kal-e-Kafi intrusive complex is that
it is hosts various types of Cu, Au, and Mo mineralization. Thus far,
16 bore-holes have defined an ore body, with a reserve estimation of
245 Mt, with an average grade of 0.26% Cu and 0.026% Mo
(Yakovenko et al., 1981). The area is cut by three major fault systems
with N–S, E–W, and NE–SW trends, which were the main conduits for
the mineralizing hydrothermal fluid. Stockwork-style mineralization
(Cu and Mo) is located at the intersection of N–S and E–W faults,
whereas polymetallic (Pb, Zn, W, Mo and Au) quartz-carbonate veins



Fig. 1. Geological map of the Kal-e-Kafi intrusive complex in Central Iran, modified from Ahmadian et al. (2009). The circles are other reported adakite rocks in Iran.
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are present in N–S faults. Themainminerals defining the stockwork sys-
tem are molybdenite, chalcopyrite, and pyrite as well as a second stage
assemblage of magnetite, hematite, and bornite, galena, sphalerite, and
electrum. Cu (Mo–Au) mineralization corresponds mainly to porphyry
granite and quartz monzonite. The alteration zones in these rocks can
be divided into four types which are represented by potassic, phyllic,
argillic, and silicic (Fig. 3).

2.1. Analytical methods

Zirconswere extracted using standard density andmagnetic separa-
tion techniques from the two samples dated (see Table 1). Then zircon
Fig. 2. Overview of the Kal-e-Kafi intrusive complex showing fi
grains were handpicked under a binocular stereomicroscope and
mounted on double sided adhesive tape, and set in Epirez™ resin. The
mounted zircons were ground and polished to effectively cut them in
half and then gold coated. Cathodoluminescence (CL) images were ob-
tained to identify the internal structure of the zircons. U–Th–Pb analyses
were performed using a SHRIMP II ion microprobe at Curtin University
in Australia following techniques described byWilliams (1998) utilizing
five-cycle runs through themass stations. The age calculations and plot-
ting of concordia diagramsweremade using Isoplot (ver. 3.23) (Ludwig,
2003). U–Pb dating was performed on 25 zircon grains separated from
samples 154M and 101H obtain the formation age of the Kale-Kafi
complex (Table 1).
eld relations of monzonite-gabbro and monzonite-granite.



Fig. 3. Vein-veinlet potassic alteration in quartz monzonite.
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In the Kal-e-Kafi intrusive complex, 48 samples were collected
(Fig. 1) for elemental and isotopic analysis (Table 2). The major ele-
ments were analyzed by X-ray fluorescence spectrometry (XRF) using
fused glass disk at the Naruto University. XRF is Rigaku RIX 2000 with
Rh end window tube. The samples were analyzed for major with a
XRF wave length dispersive spectrometer (Rigaku RIX 2000). Glass
beads, from finely grounded samples, were prepared with a sample to
flux (Li2B4O7) ratio of 1:10 and analyzed for major elements using the
fundamental parameter method and analytical errors are usually less
than 1% (see Murata, 1993).

Trace elements of selected samples, including the REE, were ana-
lyzed using a Perkin-Elmer ELAN 6100 ICP-MS at the Actlabs Ltd.,
Canada. Analytical precision for most elements is generally better than
3%. Some samples were analyzed by fusion inductively coupled
plasma-mass spectroscopy (ICP-MS) and Emission Spectroscopy (ICP-
ES) at Cardiff University, England. Instrumental precision for major ele-
ments by ICP-MS and ICP-ESmethods are 1 to 3% and for trace elements
3 to 10%. Instrumental precision on low-abundance high field strength
elements (HFSE, Ta, Hf, etc.) and REE is 2 to 12%, depending on the ele-
ment and the sample. Trace elements of the other samples (marked by
asterisk) were analyzed at the RWTH Aachen University by ICP-ES. The
analytical precision for REE and Y is better than 4% and 5–10% for other
trace elements. Strontium and Nd isotopes were analyzed by Marcel
Regelous at Royal Holloway University London with unleached powder
and calibrated against standards NBS987 (Sr mean, 0.710247; SD,
0.000009) and Aldrich (Nd mean, 0.511403; SD, 0.000008).
3. Petrography

The Kal-e-Kafi intrusive complex ranges in composition from olivine
gabbro to monzonite–quartz monzonite to granite (Lemaitre et al.,
1989; Fig. 4). The gabbro is coarse grained and displays an intercumulus
texture composed of olivine, clinopyroxene, and plagioclase, with small
amounts of amphibole, phlogopite, apatite, and magnetite. Olivine is
subhedral to euhedral and some olivines are mantled by pyroxene or
amphibole. Clinopyroxene is euhedral to subhedral and shows oscillato-
ry normal zoning. Plagioclase occurs as subhedral to euhedral crystals
and commonly displays polysynthetic twinning.

Monzonite andquartzmonzonite rocks consist of the sameminerals,
but in different proportions across the intrusion. They show a granular
medium-grained texture and comprise mainly of clinopyroxene, am-
phibole, plagioclase, phlogopite, and hornblende and rarely crystals of
K-feldspar and accessory minerals, including titanite, apatite, zircon,
and opaque minerals. Monzonite is transitional into quartz monzonite
with a decrease of mafic minerals and increase of quartz. Clinopyroxene
forms mainly subhedral to anhedral crystals and is locally present.
Plagioclase occurs as euhedral to subhedral crystals and commonly
shows concentric normal zoning and/or polysynthetic twinning.
Amphiboles typically showa euhedral prismatic habit and are common-
ly twinned. Micas are dominantly phlogopite and display euhedral to
subhedral habit. Quartz and K-feldspars are typically anhedral and
occur as interstitial phases and (or) as large megacrysts.

Granitic rocks comprise amphibole, biotite, plagioclase, quartz, and
K-feldspar with medium grained, granular, micrographic, granophyric,
perthitic, and poikilitic textures. They contain less mafic minerals and
more K-feldspar and quartz compared with other rock types. The pla-
gioclase crystals occur as euhedral to subhedral crystals with normal
and oscillatory zoning and commonly show polysynthetic twinning.
Some plagioclases are mantled by orthoclase forming an antirapakivi
texture (Fig. 5a). The K-feldspars are subhedral to anhedral, and in
some samples show Carlsbad twinning and perthitic texture. Quartz oc-
curs as anhedral to subhedral crystals or as a late interstitial phase, but
locally forms micrographic to granophyric intergrowth (Fig. 5b);
Shannon et al. (1982) and others believe that the micrographic and
granophyric textures and porphyritic nature of granitic rocks associated
with porphyry deposits are the result of pressure-quench crystallization
related to the rapid escape of exsolving ore fluids.Mafic constituents in-
cluding biotite and hornblende, occur as anhedral grains of which bio-
tite is more abundant than amphibole. Zircon, apatite, and Fe–Ti-
oxides are commonly present as fine inclusions in other minerals.

Monzonite and quartz monzonite dikes have porphyritic and
trachytic textures characterized by abundant euhedral to subhedral
phenocrysts of clinopyroxene and plagioclase, with less common biotite
and hornblende. The same minerals, accompanied by anhedral quartz
and K-feldspar, are present in the groundmass. Clinopyroxenes shows
spongy texture and are characterized by oscillatory zoning. Plagioclase
occurs as tabular grains, typically characterized by lamellar twinning
and/or oscillatory zoning. Green hornblende and biotite are common
mafic minerals with variable sizes. Alkaline feldspar mainly occurs as
interstitial crystals amongst lath-shaped microlites. The accessory
minerals mainly include magnetite, titanite, and apatite.

Early hydrothermal alteration was dominantly potassic and phyllic,
that was followed by later argillic alteration, which was accompanied
by veins with quartz. Potassic alteration is characterized by K-feldspar,
irregularly shaped crystals of biotite, quartz, and locally sericite. In this
zone, plagioclase is usually transformed into K-feldspar, while biotite
was converted to secondary and/or recrystallized biotite (Fig. 6a). The
phyllic alteration is widely observed at the surface, as well as selvages
associated with veins and veinlets. Quartz, sericite, chlorite, and minor
calcite constitute the phyllic alteration assemblage associated with py-
rite and chalcopyrite veinlets (Fig. 6b) in deep parts of this zone. Cu-
carbonates and Fe-oxides were formed in surficial supergene zones.
The phyllic alteration grades gradually into the argillic type with in-
creasing the amounts of clay minerals. The argillic alteration is com-
posed of clay minerals that replace primary aluminosilicate phases,
such as K-feldspar and plagioclase. X-ray diffraction (XRD) analysis in-
dicates that kaolinite is the dominant phyllosilicate phase and is gener-
ally accompanied by dickite, sericite, quartz, hematite, limonite, and
goethite. Silicification was synchronous with phyllic alteration and var-
iably affected much of the stock and most dikes.

4. Zircon U–Pb geochronology

The zircon grains are mostly euhedral to subhedral and prismatic in
shape and mostly stubby to elongated. Cathodoluminesence (CL)
images mostly show oscillatory or growth zoning, consistent with an
igneous origin with growth by magmatic processes (Hoskin and
Schaltegger, 2003). CL images of some grains attest to the presence of
pre-magmatic inherited zircon domains that may represent part of the
source material of the magma, which haven't been examined. All
samples show variable Th and U concentrations. Zircons from granite
sample 152 M have 48–921 ppm Th, 72–786 ppm U, and Th/U
ratios of 0.32–1.33, while the 101H zircons have 79–685 ppm
Th, 127–650 ppm U, and Th/U ratios of 0.50–1.05; the results of zircon
U–Pb analyses are listed in Table 1. For the Kal-e-Kafi intrusive complex,
twelve analyzed zircons from quartzmonzonite sample 152Myielded a



Table 1
U–Th–Pb data for the Kal-e-Kafi complex.

Sample 152 152A-1 152A-2 152A-3 152A-4 152A-5 152A-6 152A-7 152A-8 152A-9 152A-10 152A-11 152A-12.1

Pb ppm 8 4 1 3 2 1 66 67 1 33 1 1
U ppm 786 377 91 327 230 153 72 518 102 449 124 117
Th ppm 921 391 86 323 204 128 48 691 67 143 141 80
Th/U 1.17 1.04 0.94 0.99 0.89 0.84 0.67 1.33 0.66 0.32 1.14 0.69
204Pb/206Pb 0.00022 0.00097 0.00303 0.00063 0.00058 −0.00008 0.00001 0.00065 0.00061 0.00006 −0.00076 0.00040
207Pb/206Pb 0.05120 0.04263 0.06688 0.05200 0.05168 0.05775 0.26749 0.73949 0.04395 0.05452 0.05443 0.05808
+/− 0.00115 0.00686 0.02424 0.00660 0.00747 0.00286 0.00518 0.01076 0.02039 0.00084 0.00314 0.01686
208Pb/206Pb 0.3686 0.3265 0.3240 0.3207 0.2892 0.2929 26.1943 21.0544 0.2203 0.0977 0.3853 0.2588
+/− 0.0049 0.0169 0.0570 0.0163 0.0183 0.0106 0.2871 0.2281 0.0476 0.0018 0.0134 0.0396
206Pb/238U 0.0083 0.0082 0.0084 0.0082 0.0082 0.0082 0.0383 0.0065 0.0081 0.0732 0.0082 0.0083
+/− 0.0001 0.0001 0.0003 0.0001 0.0001 0.0002 0.0006 0.0001 0.0002 0.0007 0.0002 0.0002
207Pb/235U 0.06 0.05 0.08 0.06 0.06 0.07 1.41 0.67 0.05 0.55 0.06 0.07
+/− 0.00 0.01 0.03 0.01 0.01 0.00 0.04 0.01 0.02 0.01 0.00 0.02
208Pb/232Th 0.0026 0.0026 0.0029 0.0026 0.0027 0.0029 1.5003 0.1029 0.0027 0.0225 0.0028 0.0031
+/− 0.0000 0.0001 0.0005 0.0001 0.0002 0.0001 0.0290 0.0018 0.0006 0.0005 0.0001 0.0005
207Pb/235U Age 58 48 75 58 58 64 895 518 48 445 60 65
207Pb/206Pb Age 250 0 834 285 271 520 3291 4809 0 393 389 533
208Pb/232Th Age 52 52 58 53 54 58 18,522 1980 54 450 56 63
206Pb/238U Age 53 53 54 52 53 53 243 42 52 455 52 53

Sample 101 KA101-1.1 KA101-2.1 KA101-3.1 KA101-4.1 KA101-5.1 KA101-6.1 KA101-7.1 KA101-8.1 KA101-9.1 KA101-10.1 KA101-11.1 KA101-12.1

Pb ppm 2 2 3 3 1 4 2 2 3 2 6 2
U ppm 192 225 355 353 127 470 222 185 374 201 650 186
Th ppm 110 130 209 244 79 374 164 133 187 122 685 115
Th/U 0.57 0.58 0.59 0.69 0.62 0.80 0.74 0.72 0.50 0.61 1.05 0.62
204Pb/206Pb 0.00124 0.00073 −0.00013 −0.00044 −0.00057 −0.00024 0.00165 0.00132 0.00018 0.00052 0.00022 0.00108
207Pb/206Pb 0.02901 0.04094 0.04859 0.04420 0.05006 0.04717 0.02861 0.03277 0.05006 0.03963 0.04553 0.03217
+/− 0.01308 0.01462 0.00167 0.00158 0.00329 0.00147 0.01441 0.01468 0.01029 0.01797 0.00563 0.01713
208Pb/206Pb 0.1537 0.1787 0.1897 0.2430 0.2216 0.2483 0.1745 0.1908 0.1722 0.1791 0.3149 0.1449
+/− 0.0307 0.0341 0.0058 0.0071 0.0111 0.0059 0.0338 0.0346 0.0240 0.0418 0.0140 0.0398
206Pb/238U 0.0079 0.0077 0.0079 0.0080 0.0076 0.0078 0.0077 0.0079 0.0085 0.0078 0.0077 0.0081
+/− 0.0002 0.0002 0.0002 0.0002 0.0002 0.0001 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
207Pb/235U 0.03 0.04 0.05 0.05 0.05 0.05 0.03 0.04 0.06 0.04 0.05 0.04
+/− 0.01 0.02 0.00 0.00 0.00 0.00 0.02 0.02 0.01 0.02 0.01 0.02
208Pb/232Th 0.0021 0.0024 0.0026 0.0028 0.0027 0.0024 0.0018 0.0021 0.0029 0.0023 0.0023 0.0019
+/− 0.0004 0.0005 0.0001 0.0001 0.0001 0.0001 0.0004 0.0004 0.0004 0.0005 0.0001 0.0005
207Pb/235U Age 31 43 52 49 52 50 30 36 58 42 48 36
207Pb/206Pb Age 0 0 128 0 198 62 0 0 198 0 0 0
208Pb/232Th Age 43 48 52 57 55 49 37 42 59 46 47 38
206Pb/238U Age 51 49 51 52 49 50 49 51 55 50 50 52
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Table 2
The result of major oxides (wt.%), trace element (ppm), and isotopic data in the Kal-e-Kafi intrusive complex.

Sample 10G 109G 112G 48G 78G 80G 81G 104 M 39 M 50 M 152 M 162 M

SiO2 66.40 69.68 70.51 74.47 67.50 71.12 70.61 66.97 66.33 67.26 66.26 66.98
TiO2 0.29 0.17 0.12 0.11 0.20 0.19 0.19 0.26 0.32 0.33 0.36 0.30
Al2O3 17.56 16.90 17.94 15.07 19.85 16.08 15.96 17.39 16.31 16.00 16.35 15.90
Fe2O3 2.49 1.18 0.53 0.65 1.51 1.46 1.16 2.14 2.61 2.64 1.94 2.43
MnO 0.04 0.01 0.00 0.01 0.01 0.02 0.02 0.03 0.05 0.06 0.06 0.05
MgO 0.65 0.43 0.33 0.02 0.36 0.36 0.30 0.76 0.89 1.02 1.37 0.86
CaO 2.40 1.87 1.50 0.51 1.96 2.11 2.08 2.39 2.20 2.61 3.29 2.43
Na2O 4.70 4.56 3.60 4.13 4.98 5.20 5.16 5.30 5.44 5.31 5.59 5.21
K2O 4.08 5.02 5.33 5.06 3.07 3.40 3.37 4.10 4.96 4.58 4.31 4.87
P2O5 0.17 0.04 0.05 0.03 0.04 0.04 0.04 0.09 0.13 0.13 0.17 0.13
LOI 1.19 0.04 0.87 0.62 0.85 0.03 1.11 0.89 0.76 0.05 0.29 0.84
Total 99.97 99.90 100.78 100.68 100.33 100.01 100.00 100.32 100.00 99.99 99.99 100.00
Ba 752 418 541 223 808 789 1110 678 772 715 883 822
Rb 119 129 102 139 89 84 84 109 137 144 134 128
Sr 1433 897 926 400 1053 964 986 1250 1300 1360 1320 1200
Cs a a a a a 1.70 1.80 a 3.60 8.30 1.80 2.00
Ga 22.50 20.80 22.20 22.80 21.90 20.00 20.00 22.00 24.00 24.00 21.00 20.00
Ta 6.50 5.00 6.50 9.10 6.60 0.52 0.48 10.20 0.88 0.82 0.87 0.86
Nb 11.80 12.80 10.80 16.00 10.80 9.00 8.40 13.60 12.50 12.50 12.80 12.10
Hf 5.60 4.50 4.40 7.50 6.30 3.40 3.30 5.80 5.40 5.40 5.50 5.20
Zr 204.10 120.30 81.50 102.40 142.00 123.00 123.00 166.30 211.00 205.00 204.00 199.00
Y a a a a a 9.00 8.80 a 14.60 13.70 14.80 14.00
Th a a 23.30 33.70 a 6.02 5.29 a 16.20 20.00 13.30 10.30
U 2.20 2.10 a 2.00 a 1.80 1.87 2.10 3.27 3.24 3.77 3.10
Cr 44.60 a a a a a 10.00 25.20 28.00 24.00 29.00 26.00
Ni 26.90 12.50 11.80 15.00 10.20 a a 18.10 53.00 20.00 a 23.00
Co 89.30 79.70 79.90 137.30 101.60 2.00 3.00 111.20 5.00 5.00 4.00 5.00
V 46.70 17.10 13.00 a a 14.00 14.00 28.70 64.00 57.00 35.00 41.00
La 30.20 22.00 14.30 32.60 15.00 19.90 17.90 27.80 37.60 36.10 35.70 35.30
Ce 55.00 a a a a 35.50 33.40 50.00 67.50 62.50 62.70 61.80
Pr 10.30 4.50 7.20 3.50 12.50 3.63 3.33 7.40 6.88 6.32 6.61 6.32
Nd 27.10 10.90 10.40 3.60 10.60 12.20 11.10 20.60 24.90 23.10 24.50 23.10
Sm a a a a a 2.17 2.13 a 4.38 3.97 4.42 4.08
Eu a a a a a 0.64 0.62 a 1.14 1.05 1.14 1.05
Gd a a a a a 1.66 1.54 a 3.29 2.95 3.34 2.99
Tb a a a a a 0.27 0.26 a 0.50 0.45 0.50 0.47
Dy a a a a a 1.43 1.39 a 2.45 2.25 2.52 2.29
Ho a a a a a 0.28 0.28 a 0.46 0.42 0.47 0.44
Er a a a a a 0.85 0.86 a 1.39 1.30 1.39 1.36
Tm a a a a a 0.14 0.14 a 0.22 0.21 0.22 0.22
Yb a a a a a 0.95 0.95 a 1.48 1.36 1.41 1.34
Lu a a a a a 0.15 0.15 a 0.22 0.21 0.22 0.21
mg# 0.22 0.29 0.41 0.03 0.21 0.22 0.22 0.28 0.27 0.30 0.44 0.28
Sr/Y a a a a a 107.11 112.05 a 89.04 99.27 89.19 85.71
La/Yb a a a a a 20.95 18.84 a 25.41 26.54 25.32 26.34
(87Sr/86Sr)i a a a a a a a a a a 0.7047 a

(143Nd/Nd144)i a a a a a a a a a a 0.5126 a

εNd a a a a a a a a a a 0.21 a

Sample 77 M 161 M 18 M 45 M 111 M 75 M 190D 166D 2D 24D 52D

SiO2 58.16 62.14 57.78 59.49 58.61 62.44 52.72 61.11 57.00 61.33 60.13
TiO2 0.59 0.26 0.83 0.52 0.66 0.32 0.93 0.56 0.61 0.54 0.50
Al2O3 16.28 20.34 16.13 17.17 16.56 16.34 14.67 15.45 12.86 15.58 18.76
Fe2O3 5.33 1.07 6.85 4.63 5.54 4.04 8.32 5.05 5.09 4.87 4.20
MnO 0.09 0.04 0.13 0.08 0.09 0.06 0.14 0.10 0.07 0.10 0.07
MgO 3.26 0.81 3.23 2.05 2.35 2.04 5.87 3.12 6.74 2.96 2.11
CaO 4.76 5.33 6.34 4.23 4.21 3.24 7.95 4.44 6.77 4.19 4.04
Na2O 5.64 7.58 4.23 5.70 5.58 5.46 3.87 4.29 5.50 4.40 5.18
K2O 4.57 0.83 3.29 4.95 5.01 4.95 3.79 4.37 1.56 4.56 4.64
P2O5 0.53 0.07 0.40 0.34 0.38 0.28 0.67 0.37 0.66 0.37 0.35
LOI 0.79 1.53 0.78 0.77 1.29 0.83 1.05 1.15 3.13 1.09 0.84
Total 100.00 100.00 99.99 99.93 100.28 100.00 99.98 100.01 99.99 99.99 100.82
Ba 733 160 489 659 632 594 649 609 146 610 652
Rb 87 23 73 103 112 111 55 95 45 117 125
Sr 1880 1090 1130 1892 1832 1530 1640 1140 772 1230 1659
Cs 2.70 0.50 1.50 a a 2.90 2.10 5.30 2.00 4.60 2.10
Ga 21.00 31.00 25.00 23.50 22.00 25.00 20.00 19.00 16.00 20.00 18.20
Ta 0.35 0.78 0.69 5.80 5.10 0.39 0.30 0.74 0.56 0.66 9.30
Nb 6.80 14.40 11.70 10.30 13.10 7.30 6.30 9.70 9.10 9.70 10.10
Hf 3.30 6.00 4.70 6.30 5.40 6.30 3.10 4.70 4.00 4.70 3.20
Zr 133.00 181.00 184.00 221.00 226.10 288.00 114.00 181.00 142.00 178.00 182.30
Y 14.70 9.80 23.30 a a 10.80 20.40 15.80 16.10 16.00 a

Th 5.05 41.60 8.02 a a 7.87 5.41 11.60 8.71 11.60 a

U 1.29 11.70 2.31 2.20 2.30 2.48 1.47 3.76 3.47 3.66 2.40
Cr 68.00 14.00 38.00 74.90 a 39.00 98.00 82.00 335.00 82.00 161.20
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Table 2 (continued)

Sample 77 M 161 M 18 M 45 M 111 M 75 M 190D 166D 2D 24D 52D

Ni 54.00 39.00 20.00 44.20 44.30 32.00 65.00 35.00 122.00 36.00 77.80
Co 14.00 10.00 17.00 73.10 50.10 8.00 28.00 13.00 13.00 9.00 66.90
V 98.00 29.00 165.00 88.70 18.90 93.00 201.00 82.00 107.00 93.00 148.50
La 32.70 25.40 34.80 31.40 33.00 29.20 35.20 27.80 20.40 29.60 32.60
Ce 64.50 45.80 69.50 61.10 66.50 50.90 70.50 55.40 44.40 57.20 71.40
Pr 7.38 4.25 7.89 5.90 9.10 5.22 8.40 6.23 5.08 6.44 4.60
Nd 29.60 14.70 31.20 19.10 28.70 18.80 34.10 24.80 19.60 24.30 15.40
Sm 5.63 2.38 6.04 a a 3.12 7.27 4.73 4.25 4.84 a

Eu 1.64 0.62 1.71 a a 0.98 2.11 1.27 1.25 1.30 a

Gd 4.42 1.68 5.14 a a 2.50 5.73 3.93 3.51 3.80 a

Tb 0.57 0.27 0.77 a a 0.33 0.80 0.56 0.57 0.56 a

Dy 2.72 1.42 4.08 a a 1.68 3.80 2.94 2.93 2.81 a

Ho 0.48 0.28 0.78 a a 0.32 0.69 0.54 0.56 0.54 a

Er 1.36 0.92 2.33 a a 0.97 1.91 1.59 1.62 1.55 a

Tm 0.19 0.16 0.35 a a 0.15 0.27 0.25 0.24 0.24 a

Yb 1.21 1.13 2.26 a a 1.05 1.71 1.61 1.51 1.59 a

Lu 0.18 0.20 0.33 a a 0.17 0.24 0.24 0.21 0.23 a

mg# 0.40 0.46 0.34 0.33 0.32 0.36 0.44 0.41 0.60 0.40 0.36
Sr/Y 127.89 111.22 48.50 a a 141.67 80.39 72.15 47.95 76.88 a

La/Yb 27.02 22.48 15.40 a a 27.81 20.58 17.27 13.51 18.62 a

(87Sr/86Sr)i 0.7042 a a a a 0.7043 0.7042 a a 0.7045 a

(143Nd/Nd144)i 0.5127 a a a a 0.5127 0.5127 a a 0.5126 a

εNd 2.15 a a a a 1.72 1.75 a a 0.51 a

Sample 6D 60D 62D 66D 76D 96D 124D 112D 113D 101H 135H 140H

SiO2 60.62 56.08 57.43 54.77 68.04 54.82 58.47 61.14 64.48 69.60 69.52 74.39
TiO2 0.41 0.69 0.63 0.92 0.19 0.64 0.73 0.18 0.32 0.24 0.22 0.09
Al2O3 14.79 15.57 15.61 15.18 19.23 18.90 16.94 19.62 16.88 15.70 16.13 13.56
Fe2O3 3.56 6.33 5.81 7.41 1.12 6.03 5.45 1.72 1.99 2.06 1.89 0.44
MnO 0.07 0.10 0.10 0.13 0.02 0.10 0.12 0.02 0.03 0.04 0.04 0.01
MgO 4.02 4.31 3.90 4.49 0.24 3.86 1.94 0.55 0.82 0.16 0.02 0.02
CaO 4.31 5.61 5.12 6.78 1.72 5.40 5.61 2.24 1.95 2.38 2.13 0.80
Na2O 5.09 4.90 5.02 4.22 6.08 4.74 5.19 7.47 4.95 5.20 5.31 3.72
K2O 4.56 4.60 4.61 4.49 5.96 4.38 3.63 4.79 7.08 4.49 4.30 5.83
P2O5 0.26 0.55 0.48 0.55 0.07 0.58 0.28 0.11 0.16 0.13 0.05 0.11
LOI 2.32 1.26 1.29 1.05 0.00 1.07 1.64 0.67 1.32 0.69 0.38 0.75
Total 100.01 100.00 100.00 99.99 102.67 100.52 100.00 98.51 99.98 100.69 99.99 99.72
Ba 625 610 634 640 662 668 642 770 583 709 697 215
Rb 158 101 96 110 124 102 90 83 113 110 110 160
Sr 742 1630 1530 1290 1820 1634 1450 3063 1334 1077 1097 393
Cs 6.30 5.70 3.00 6.20 2.90 a 2.50 4.02 2.02 a a a

Ga 20.00 21.00 20.00 22.00 24.00 22.40 24.00 a a 23.40 19.50 24.40
Ta 0.73 0.49 0.47 0.70 0.41 10.20 0.61 0.36 1.10 8.10 5.30 9.70
Nb 10.90 8.80 8.40 11.20 6.40 9.90 11.30 4.49 10.99 11.60 10.60 9.20
Hf 5.40 4.50 4.20 5.00 4.90 6.00 4.60 1.68 5.91 6.60 5.60 7.40
Zr 196.00 172.00 160.00 186.00 186.00 179.60 180.00 67.40 237.80 157.60 140.00 111.00
Y 16.00 17.30 15.90 19.30 5.40 a 23.80 5.90 9.40 a a a

Th 15.30 9.21 8.50 12.50 8.16 a 9.02 9.65 14.65 a a 34.20
U 5.88 3.20 2.86 3.53 2.98 2.20 2.25 2.20 4.28 2.00 2.00 a

Cr 233.00 99.00 102.00 62.00 10.00 90.00 15.00 40.80 37.40 a 19.20 a

Ni 88.00 61.00 56.00 42.00 a 51.50 a 26.10 21.10 17.90 a 13.60
Co 10.00 19.00 18.00 19.00 4.00 125.50 8.00 2.80 5.70 161.90 56.60 a

V 71.00 131.00 123.00 168.00 21.00 127.40 109.00 38.80 47.40 a 21.00 a

La 37.00 33.90 29.70 34.70 15.90 31.40 35.30 17.21 17.86 24.80 26.10 15.60
Ce 73.20 65.90 60.20 68.70 26.90 64.30 70.00 29.09 34.54 48.20 45.80 a

Pr 8.25 7.70 6.88 7.97 2.71 8.60 7.79 3.12 3.63 3.80 3.80 a

Nd 31.00 29.80 26.60 30.90 9.59 26.50 29.90 11.03 12.71 14.40 16.00 a

Sm 5.95 6.16 5.54 6.47 1.75 a 6.16 2.03 2.25 a a a

Eu 1.50 1.75 1.56 1.81 0.69 a 1.74 1.24 0.98 a a a

Gd 4.41 4.66 4.23 5.18 1.26 a 4.93 1.52 1.82 a a a

Tb 0.61 0.65 0.61 0.75 0.18 a 0.77 0.19 0.25 a a a

Dy 2.81 3.17 2.92 3.69 0.87 a 4.04 1.01 1.38 a a a

Ho 0.50 0.57 0.54 0.68 0.16 a 0.80 0.17 0.26 a a a

Er 1.51 1.64 1.49 1.91 0.49 a 2.26 0.53 0.86 a a a

Tm 0.22 0.24 0.21 0.28 0.08 a 0.35 0.08 0.15 a a a

Yb 1.47 1.49 1.39 1.78 0.56 a 2.22 0.53 1.04 a a a

Lu 0.22 0.22 0.21 0.26 0.09 a 0.33 0.08 0.17 a a a

mg# 0.56 0.43 0.43 0.40 0.19 0.42 0.28 0.26 0.31 0.08 0.01 0.05
Sr/Y 46.38 94.22 96.23 66.84 337.04 a 60.92 519.08 141.86 a a a

La/Yb 25.17 22.75 21.37 19.49 28.39 a 15.90 32.47 17.17 a a a

(87Sr/86Sr)i a 0.7042 a a a a a a a a a a

(143Nd/Nd144)i a 0.5127 a a a a a a a a a a

εNd a 2.35 a a a a a a a a a a

(continued on next page)
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Table 2 (continued)

Sample 100H 105H 170H 174H 176H 178H 180H 118 M 113B 109 109B 190B

SiO2 70.81 68.77 70.94 71.07 69.25 64.59 69.77 52.69 41.47 38.52 41.77 51.55
TiO2 0.23 0.32 0.24 0.19 0.24 0.22 0.21 0.92 2.69 1.86 1.49 0.98
Al2O3 16.27 15.95 17.24 14.49 15.48 14.28 14.91 16.9 12.92 14.94 17.83 15.42
Fe2O3 1.55 2.19 0.62 0.94 1.27 2.71 1.34 8.06 13.86 15.58 12.13 8.93
MnO 0.02 0.03 0.02 0.02 0.02 0.16 0.03 0.14 0.22 0.22 0.18 0.15
MgO 0.37 0.20 0.23 0.24 0.38 1.42 0.42 4.68 11.53 9.78 8.49 6.1
CaO 1.95 1.05 0.56 1.85 1.36 3.04 1.61 7.16 12.45 15.46 14.67 8.82
Na2O 4.97 4.75 4.42 3.53 4.44 0.76 3.66 4.47 2.31 1.59 1.82 3.19
K2O 4.70 5.26 2.43 5.95 5.59 6.75 5.97 4.04 1.14 0.22 0.32 3.79
P2O5 0.08 0.14 0.08 0.08 0.08 0.08 0.06 0.47 0.13 1.21 0.79 0.62
LOI 0.00 1.34 3.23 1.64 1.88 6.00 2.02 0.81 1.28 0.79 0.9 0.35
Total 100.95 100.00 100.01 100.00 99.99 100.01 100.00 100.34 100 100.17 100.39 99.9
Ba 728 830 265 757 899 715 689 601.9 305 191 208.8 709.1
Rb 126 186 76 167 179 202 185 84.5 10 9 9 57.8
Sr 1050 880 623 728 785 305 544 1565 777 1829 2483 1801
Cs a a a a a a a a 0.5 a a a

Ga a a a a a a a 21.6 21 22.4 24.2 20.4
Ta 0.79 0.78 0.76 0.70 0.79 0.64 0.65 8.5 0.7 7.2 7 6.9
Nb 11.40 11.30 11.30 11.00 11.10 10.20 8.70 10 18.2 a a a

Hf 4.40 4.80 4.10 3.90 4.20 3.70 3.90 6.1 4.5 3.7 3.4 3.3
Zr 185.00 189.00 159.00 152.00 156.00 141.00 140.00 166.5 121 43.4 39.2 80.5
Y 13.20 13.00 12.30 8.00 10.50 7.90 10.50 19.2 58.3 29.1 23.2 18.7
Th 11.90 19.00 7.71 12.00 12.70 9.68 11.80 a 0.5 a a a

U 2.76 8.52 1.58 3.37 3.99 4.36 6.36 2.1 0.14 a a a

Cr a a a a a a a 73.7 31 221.2 245.9 153.6
Ni a a a a a a a 41.6 85 94 103.6 70.2
Co a a a a a a a 89.8 51 105 97.2 115.6
V a a a a a a a 178.7 353 505 379.8 216
La 30.70 33.40 19.40 17.40 18.70 23.00 22.40 28.7 18.1 35.9 29 33.9
Ce 57.40 57.50 36.50 29.80 39.70 40.00 41.00 67.8 57.1 83.3 67 73
Pr 5.84 5.99 5.83 2.96 4.32 3.93 4.10 5 8.94 6.7 4.8 8.3
Nd 20.80 21.70 22.90 10.80 15.60 13.70 14.60 13.5 45.8 22.6 20.7 28.6
Sm 3.55 3.86 4.17 1.94 2.83 2.21 2.54 a 12 a a a

Eu 0.94 1.00 0.92 0.55 0.72 0.54 0.63 a 3.5 a a a

Gd 2.69 2.95 3.26 1.49 2.18 1.53 1.95 a 12.1 a a a

Tb 0.39 0.43 0.45 0.24 0.34 0.25 0.30 a 1.95 a a a

Dy 2.06 2.20 2.17 1.22 1.70 1.21 1.61 a 10.6 a a a

Ho 0.39 0.41 0.40 0.25 0.33 0.24 0.32 a 1.96 a a a

Er 1.23 1.28 1.13 0.78 1.00 0.77 1.01 a 5.73 a a a

Tm 0.20 0.20 0.17 0.13 0.17 0.12 0.17 a 0.802 a a a

Yb 1.27 1.28 1.11 0.84 1.09 0.84 1.15 a 4.84 a a a

Lu 0.19 0.19 0.17 0.14 0.18 0.14 0.19 a 0.658 a a a

mg# 0.21 0.09 0.29 0.22 0.25 0.37 0.26 0.39 0.4804 0.41 0.44 0.43
Sr/Y 79.55 67.69 50.65 91.00 74.76 38.61 51.81 81.51 13.328 62.85 107.03 96.31
La/Yb 24.17 26.09 17.48 20.71 17.16 27.38 19.48 a 3.7397 a a a

(87Sr/86Sr)i a a a a a a a a a a a a

(143Nd/Nd144)i a a a a a a a a a a a a

εNd a a a a a a a a a a a a

a : Not determined.

Fig. 4. Classification Kal-e-Kafi intrusive complex, using the Alkali vs. SiO2 diagram
(Lemaitre et al., 1989). Symbols: diamond: gabbroic rock, Circle: monzonite–quartz mon-
zonite, monzodiorite–quartz monzodiorite, granite rocks.
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concordia age of 52 ± 1 Ma with an MSWD of 0.25 (Fig. 7a), whereas
twelve analyzed zircons from granite sample 101H resulted in a
concordia age of 50.3 ± 1.1 Ma (n= 6) (Fig. 7b), which are considered
to represent the age of emplacement of these intrusions.
5. Geochemical composition

The Kal-e-Kafi intrusive complex is mainly classified and subdivided
into gabbro,monzonite-quartzmonzonite, and granite. They (except for
the gabbroic phase) have SiO2 ranging from 52.72 to 74.47 wt.% and
Al2O3 from 12.86 to 20.34 wt.%. Their Na2O contents range from 3.53
to 7.58 wt.% and K2O from 2.43 to 7.08 wt.% with low Mg#, Ni, and Cr
contents (ave.: 44, 39, and 69 ppm, respectively). In addition, all sam-
ples exhibit high Sr (ave.: 1227 ppm), and low Y (ave.: 13 ppm), and
Yb (ave.: 1.28 ppm) contents resulting in high Sr/Y (ave.: 108.4) and
La/Yb (ave.: 22.2), jointly indicating that the studied intrusions can be
classified having an adakitic affinity. Also, high Zr/Sm (ave.: 48.3) ratios
are also comparable with modern adakites (Foley et al., 2002). More-
over, the adakitic affinity of the studied rocks becomes apparent in the
Sr/Y vs. Y discrimination diagram (Defant and Drummond, 1990;



Fig. 5. Photomicrographs showing the mineralogy and textures of granitic rocks in the study area; (a) anti-rapakivi texture (XPL), (b) micrographic and granophyric intergrowth (XPL).
Abbrevations: or: orthoclase, plg: plagioclase, Qz: quartz, and Am: amphibole (Whitney and Evans, 2010).
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Fig. 8). Discriminating features of adakite magmas have been used to
trace magma sources with the presence of garnet and rutile and the ab-
sence of plagioclase (Chung et al., 2003; Rapp and Watson, 1995; Rapp
et al., 1991; Fu et al., 2012).

However, other typical features of adakites are high Na2O contents
(3.5–7.5 wt.%) and low K2O/Na2O ratio (b0.42), which clearly contrast
with the K-rich compositions of the Kal-e-Kafi intrusive complex
(ave.: K2O/Na2O: 1.11). These mentioned geochemical features are
compatible with the shoshonitic series, based on the classification of
Peccerillo and Taylor (1976), Pearce (1982), and Liegeois et al. (1998;
not shown). Therefore, a suitable petrogenetic model for these granit-
oids must reconcile both adakitic and shoshonitic affinities of the
studied intrusion. As Xiao and Clemens (2007) had suggested that a
category of adakites that displays K-rich adakitic features should be de-
fined; the features of the studied granitoids suggest that these rocks are
similar to K-rich adakites.

In the NMORB-normalized multi-element spider diagram (Sun and
McDonough, 1989; Fig. 9a), all samples are enriched in LILEs and deplet-
ed in HFSEs, with pronounced negative anomalies of Nb, P, and Ti and
positive anomalies of Sr. These features are typical of the subduction-
relatedmagmas, namely in the calc-alkaline volcanic arcs of continental
active margins (e.g., Pearce, 1983; Wilson, 1989). The chondrite-
normalized REE patterns (Sun andMcDonough, 1989) of the studied in-
trusion (Fig. 9b) are enriched in the LREEs relative to the HREEs with
(La/Yb)N ranging from 16.6 to 26.7 and lack an Eu anomaly.

The gabbros have different major and trace elements compared to
the other rock types and have relatively low SiO2 (ave.: 42.2 wt.%),
highMg# (ave.: 52), Cr (ave.: 145 ppm), andNi (ave.: 79 ppm) contents.
The high concentrations of these elements in the gabbroic rocks indicate
that they could be cumulates (see Chappell, 1996). Feeley and Cosca
(2003) also suggested that the enrichments inMgO, Ni, and Cr probably
reflect concentration of these elements by olivine plus clinopyroxene
Fig. 6. Photomicrographs of (a) weakly potassic alteration evident as biotitization in micr
accumulation. In addition, the NMORB-normalized and chondrite-
normalized REE patterns show that gabbros and the other rock types
are not similar to each other, as the former may show a signature of
cumulus origin involving dominantly olivine, clinopyroxene, and
hornblende accumulation (Himmelberg and Loney, 1995).

Strontium and Nd isotopic compositions were determined for six
whole-rock samples. Considering ages of 50 Ma for the studied
intrusion, the calculated initial 87Sr/86Sr ratios range between 0.704193
and 0.704688; the initial 143Nd/144Nd ratios vary from 0.512609 to
0.512706 and are relatively homogeneous. In the Nd–Sr isotope diagram
(Fig. 10), all the studied granitoid samples plot in the center of the dia-
gram, in the field of underplated thick lower crust-derived adakitic
rocks, e.g., Separation Point Batholith of New Zealand (Muir et al.,
1995), delaminated lower crust-derived adakitic rocks (Wang et al.,
2006b). They also have much lower εNd(t) than those of 400–179 Ma
MORB (Mahoney et al., 1998; Tribuzio et al., 2004; Xu et al., 2003; Xu
and Castillo, 2004) and Cenozoic adakites formed by slab melting
(Aguillon-Robles et al., 2001; Kay et al., 1993; Wang et al., 2006b).

6. Discussion

6.1. Tectonic setting

The Kal-e-Kafi intrusive complex shows enrichment in LILE and
LREE, relative to HREE and HFSE with negative anomalies in Ti, P, and
Nb that display close similarities to those of the magmatic arc granites
(Pearce et al., 1984). The high Ba/Zr (Ajaji et al., 1998) and Ba/Nb
(Fitton et al., 1988) ratios are also indicative of subduction-related oro-
genic magmatism, because the high field strength elements (e.g., Zr, Nb,
and Ti) are conservative and retained in the subducting slab, while the
low field strength elements (e.g., Rb, Sr, K, Ba) are highly nonconserva-
tive and easily transported to the overlying zone of mantle melting
osyenite (PPL); (b) pervasive phyllic alteration in granitic rocks with opaque (CPL).



Fig. 7. Concordia diagrams displaying U–Pb data from the Kal-e-Kafi complex of quartz monzonite (a) and granite (b) (see Table1).
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(Briqueu et al., 1986; Kerrich andWyman, 1997; Pearce, 1983). The av-
erages of the Ba/Zr and Ba/Nb ratios in the studied intrusion are 4.1 and
66.9, respectively. Therefore, they are compatible with arc magmatism.

The Kal-e-Kafi intrusive complex samples are plotted on the various
tectonic discrimination diagrams and most of the samples plot in the
volcanic arc field (I-type) in the Y vs. Nb, Ta vs. Yb, and Rb vs. Y + Nb
diagrams (Pearce et al., 1984; Fig. 11a, b). Moreover, Gorton and
Schandl (2000) suggested that Th/Ta ratio is reliable for distinguishing
between different tectonic settings, especially active continental mar-
gins from oceanic arc. Therefore, the Th/Ta ratios are consistent with
an active continental margin setting (Fig. 11c). In addition, samples
from the studied intrusion presented in a Th/Yb vs. La/Yb (Condie,
1989) diagram plot within the field of continental arc margin settings
(Fig. 11d). Finally, the K-e-Kafi complex are plotted within the fields
of continental arcs and outside of post-collisional field in the Zr/TiO2

vs. Ce/P2O5 (Müller andGroves, 1993, 1997) andHf-Rb/30-Nb/4 ternary
(Harris et al., 1986) tectono-magmatic discrimination diagrams
(Fig. 12).

Thus in summary, the geochemical data and diagrams of the studied
intrusion support an interpretation of a continental arc margin setting
consistent with previous studies on the igneous rocks in the UDMA
(e.g., Agard et al., 2005, 2011; Ahmadian et al., 2009; Alavi, 1994;
Berberian and King, 1981; Haschke et al., 2010; Kananian et al., 2014;
Sarjoughian et al., 2012). Also, voluminous magmatic rocks linearly
distributed along the western margin of the Central Iranian within a
number of obducted ophiolites from the collisional suture zone are geo-
logical evidence of an arc in Iran. It seems that the Eocene magmatic
Fig. 8. Sr/Y versus Sr discrimination diagram (Defant and Drummond, 1990) of studied
samples. Symbols as in Fig. 4.
event may have been a consequence of complex processes involving
the subduction of the Neotethys oceanic crust underneath central Iran.
6.2. Magma genesis

Here we discuss the different possibilities for generating the Kal-e-
Kafi intrusive complex, from these various perspectives. Although
Kal-e-Kafi intrusive complex shows typical adakitic compositional
features (e.g., high Sr/Y and La/Yb), they are high in K2O (ave: 4.24
wt.%), which is much higher than adakites from slab melting
(Defant and Drummond, 1990), and is dissimilar to those of adakites
derived from slab melting. They also have higher Th (ave.: 13.3 ppm)
and Th/Ce (ave.: 0.23) than subducted slab-derived adakites (Wang
et al., 2006a). Fig. 13 shows that high Ba/Nb ratios tend to be nega-
tively correlated with Nb concentrations. If slab melts were directly
involved in the petrogenesis of the studied rocks, a positive correla-
tion between Ba/Nb and Nb should be observed, as adakitic magmas
are thought to transport Ba and Nb into the mantle wedge (Bourdon
et al., 2002; Kesson and Ringwood, 1989); therefore, it is unlikely
that the studied intrusions have been derived by partial melting of
a subducted oceanic slab. Also, they are characterized by bulk
Earth-like Nd–Sr isotope compositions εNd(t) = +0.21 to +2.35
and (87Sr/86Sr)i = 0.7041–0.7044, which are inconsistent with
slab-derived adakites. In addition, the age of the subducting slab be-
comes critical. The Arabian plate at 50 Ma is clearly too old and cold
to form slab-derived adakites. Hence we conclude that the studied
intrusions were unlikely to have been produced by partial melting
of subducted oceanic crust.

Adakitic characteristics can also be derived by AFC processes. The
following evidence indicates that these basalts did not result from AFC
processes: (1) coexisting mafic rocks within the Kal-e-Kafi intrusive
complex occur in very small volumes, and it is unlikely that fraction-
ation of such small volumes of thesemaficmagmas could be responsible
for the largevolumesof granitoid rocks (seeXuet al., 2002); (2)Approx-
imately constant Nd/Sr and high Sr concentrations of the studied intru-
sion suggest that the mafic magma could not evolve to form magma
with adakitic compositional features by fractional crystallization of pla-
gioclase (see Wang et al., 2004a); (3) Their Sr/Y and La/Yb ratios have
no obvious correlations with MgO and SiO2, suggesting that high Sr/Y
and La/Yb ratios were inherited from a source region rather than pro-
duced by magma differentiation (see Zhao and Zhou, 2008); (4) The
low Rb/Sr ratios (ave.: 0.12) rule out an origin from a mafic magma by
extensive fractional crystallization (see Mirnejad et al., 2013); and
(5) The Dy/Yb vs. Dy diagrams (see Gao et al., 2007; Fig. 14) indicate
that the studied intrusions has not undergone fractional crystallization
and reflects an end-member partial melting model. Therefore, crustal



Fig. 9. NMORB-normalized trace element compositions (a) and chondrite-normalized REE patterns (b) of the Kal-e-Kafi intrusive complex (normalization factors from Sun and
McDonough, 1989). Symbols as in Fig. 4.
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AFC processes involving basaltic magma cannot produce the Kal-e-Kafi
intrusive complex.

The relatively high SiO2 (60–70wt.%) contents of the studied phases
of intrusion indicate that they could not be directly generated by partial
melting of mantle peridotite, because low degree partial melting of
mantle peridotite cannot yield acidic magmas (Green, 1980; Jahn and
Zhang, 1984; Wang et al., 2006b). Anhydrous lherzolite melting exper-
iments (Baker et al., 1995) also shows that the composition of low per-
centage partial melts will not be more silicic than andesites, ~55 wt.%
SiO2 at 2% melt fractions. Therefore, the studied intrusion could not
have been directly derived from the partial melting of mantle perido-
tites (Wang et al., 2004b). In addition, partial melting of mantle perido-
tite cannot produce volumetrically significant felsic rocks.

Partial melting of intermediate-mafic rocks in the lower crust, heat-
ed by underplating mantle mafic magmas, is another mechanism that
may yield adakitic magma (Atherton and Petford, 1993; Gromet and
Silver, 1987; Petford and Atherton, 1996). Adakitic magmas formed di-
rectly from the lower crust generally have relatively low MgO contents
orMg# (Rapp et al., 1991, 1999; Rapp andWatson, 1995; Sen and Dunn,
1994; Skjerlie and Patiño Doudce, 2002; Springer and Seck, 1997;
Winther, 1996). They also have low Ni and V contents, high initial
87Sr/86Sr ratios (0.7071–0.7072), and low εNd values (–17.01––18.13)
similar to those of crustal rocks (Wang et al., 2004a); these characteris-
tics indicate that the Kal-Kafi intrusive complex is not derived by lower
crust melting alone. Also, their Mg# values are higher than that of
Fig. 10. Initial Sr versus εNd plot of isotopic ratios indicating the source for the magma
from the Kal-e-Kafi intrusive complex. Data source are as follows: Dexing (Wang et al.,
2006b); 400–179 Ma MORB are from Mahoney et al. (1998), Xu et al. (2003), Tribuzio
et al. (2004) and Xu and Castillo (2004); Middle Jurassic (168–178 Ma) within-plate ba-
salts and gabbros in the Cathaysia Block are from Li et al. (2003, 2004) and Wang et al.
(2003b, 2004c); Cenozoic subducted oceanic crust-derived adakites are after Defant
et al. (1992), Kay et al. (1993), and Aguillon-Robles et al. (2001); LCC (Lower continent
crust); DM (Depleted mantle). Symbols as in Fig. 4.
experimental melts of metabasalts and eclogites at pressures of
1.0–4.0 GPa (cf. Atherton and Petford, 1993; Green, 1994) implicating
that they did not simply originate from partial melting of a thickened
lower crust. In the Rb/Sr versus La/Ce and Rb/Sr versus Nb/U (Fig. 15a,
b) diagrams (Hofmann et al., 1986; Hou et al., 2004), the compositions
of the rocks from the Kal-e-Kafi intrusive complex plot between conti-
nental crust-derivedmelt andMORB/ slab-derivedmelts, with closer af-
finity to a crustal source.

Correspondingly, the discrimination ratios during the fractionation
of magma, including Nb/Ta and Zr/Nb are moderate values in this intru-
sive complex (ave. 11.7 and 17.0, respectively), compared tomagmade-
rived from the enriched mantle (Nb/Ta: 17.5 and Zr/Nb: 6; Sun and
McDonough, 1989), and magma derived from the lower crustal source
(Nb/Ta: 11 and Zr/Nb: 25; Weaver and Tarney, 1984). Therefore, it
seems that they have a hybrid genesis. Also, higher 87Sr/86Sr and
lower 143Nd/144Nd relative to adakites from mantle, and lower
87Sr/86Sr and higher 143Nd/144Nd relative to adakites from lower crust
melting suggest that the Kal-e-Kafi intrusions originated from partial
melting of the delaminated lower continental crust (LCC), followed by
interaction with the mantle peridotites.

In terms of geochemical and isotopic compositions, the Dexing
adakitic porphyries (South China) exhibit relatively high Al2O3

(14.50–17.50 wt.%), Sr (442–2301 ppm), MgO (1.80–5.00 wt.%), Cr
(30–120 ppm), and Ni (12–36 ppm) contents, with high Sr/Y (34–
254), and 87Sr/86Sr(i) ratios (0.7044–0.7047) and low Yb
(0.28–1.40 ppm) contents, and εNd(t) (−1.14–1.8) (Wang et al.,
2006b), are similar to the Kal-e-Kafi intrusive complex (demonstrated
above). This suggests that it was derived by melting of delaminated
thickened lower continental crust, followed by subsequent interactions
with peridotite during upward emplacement. Also, the occurrence of
inherited zircon in the studied samples is consistent with a model in-
volving partial melting of delaminating lower crust (Mirnejad et al.,
2013).

A comparison of geochemical compositions of the Kal-e-Kafi intru-
sive complex with the Kuh Panj complex from Kerman region (Asadi
et al., 2014) indicates that most of the samples of the Kuh Panj complex
has lowerMgO, Ni, Cr, and K2O, but higher SiO2 and La/Yb relative to the
Kal-e-Kafi intrusive complex. The SiO2 vs. Mg#, MgO, Ni, and Cr dia-
grams (Fig. 16; Lu et al., 2013) are proposed to distinguish thick lower
crust derived adakite-like rocks from delaminated lower crust-derived
rocks. In these diagrams, most of the Kal-e-Kafi intrusive samples plot
in and near the field of delaminated lower crust-derived rocks and out-
side the thick lower crust-derived adakite field, butmost of the Kuh Panj
complex samples plot in and near to the thick lower crust-derived
adakite-like field. It seems that the Kal-e-Kafi intrusions are inferred
to have been derived from a delaminated lower crust. Other important
differences in the Kal-e-Kafi intrusive complex and the Kuh Panj com-
plex are in their Cumineralization concentrations. The Kal-e-Kafi intru-
sive complex is presently quite small with only sub-economic porphyry



Fig. 11. Geotectonic trace-element discrimination diagrams of Pearce et al. (1984) (a, b), Gorton and Schandl (2000)(c), and Condie (1989) (d). Symbols as in Fig. 4.
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systems found to date, whereaswith exploration potential, especially in
the coeval Eocene volcanic sequence. However, Kuh Panj complex is a
giant systemwith economic deposits. Also the Kal-e-Kafi intrusive com-
plex resulted from intense magmatic activity that occurred during the
Eocene in response to far field subduction of the Neotethys oceanic
crust underneath central Iran, but the Kuh Panj complex is coeval with
the volcanoplutonic emplacement of Miocene age, suggesting post-
collisional Cu mineralization. Therefore, the Kal-e-Kafi sub-economic
porphyry copper complex is generally older than those of the Kuh
Panj economic porphyry copper deposits.
Fig. 12. Distribution of the samples in the geotectonic trace-element discrimination dia
Rapp et al. (2002) suggested that the origins of high K2O contents is
likely related to high-pressure (N1.0 GPa) melting. Therefore, the ori-
gins of relatively high K2O contents in the studied complex are probably
related to high pressure partial melting of delaminated lower crust. The
melt will pass through the metasomatized mantle, as it rises towards
the surface, elevating their MgO, Mg#, Ni, and Cr values, and decreasing
Al2O3, Na2O, and SiO2 contents by the interaction between lithospheric
mantle melt. Therefore the initial magmas experienced different de-
grees of interaction with the mantle during ascent (e.g., Atherton and
Petford, 1993; Gao et al., 2004; Kepezhinskas et al., 1995; Liu et al.,
grams of Harris et al. (1986)(a) Müller and Groves (1997) (b). Symbols as in Fig. 4.



Fig. 13. Nb versus Ba/Nb diagram (Bourdon et al., 2002) with sample distribution
displaying a trend consistent with a the partial melting process. Symbols as in Fig. 4.
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2010; Rapp et al., 1999; Xu et al., 2002; Yogodzinski et al., 1995; Zhao
and Zhou, 2008). In these scenarios, lower Mg cores than rims in the
clinopyroxene (Ahmadian, 2012) indicate that they may have originat-
ed asmelts of foundered lower crust with subsequent interaction of the
melts withmantle peridotite (Gao et al., 2004). It must be noted that re-
action between silicic melt and peridotite can modify trace element
concentrations in the hybridizedmelts, but has a negligible effect on ra-
tios of incompatible trace elements (cf. Rapp et al., 1999). Therefore,
even if such a reaction had modified SiO2 and MgO in some samples, it
would not have a significant effect on key ratios, such as Sr/Y and La/Y
(see Macpherson et al., 2006).

In the Kal-e-Kafi intrusive complex is mostly potassic with distinctly
higher K2O contents (ave.: 4.9 wt.%) and K2O/Na2O (ave.: 1.11). The dif-
ferences in K2O contents and K2O/Na2O can be explained by the pres-
ence of amphibole in the various sources. This is because amphibole is
the main K-bearing mineral, having much higher K2O than garnet and
clinopyroxene in residual phases during high-pressure melting of
metabasaltic rocks (e.g., Liu et al., 2010; Rapp and Watson, 1995; Sen
and Dunn, 1994). The rocks are characterized by enrichment of LILE
and depletion of HFSE, strongly fractionated REE pattern (ave.: La n /
Ybn:14.31), concave-upward REE patterns, negative anomalies in Nb
and Ti, coupled with positive anomalies in Sr and do not contain
significant Eu anomalies. The low HREE and Y contents and the high
Sr/Y and La/Yb ratios can be attributed to the presence of garnet and
hornblende in the residue resulting from partial melting of their source
(Atherton and Petford, 1993; Defant and Drummond, 1990). Because
garnet has high partition coefficients of HREE and Y relative to LREE
and Sr (Rollinson, 1993), these rocks have low Ybn and highly variable
Fig. 14. La/Yb vs. La (a) andDy/Yb vs. Yb (b) diagrams illustrating trends of fractional crys-
tallization and versus partial melting processes. Symbols as in Fig. 4.
Lan/Ybn ratios, suggesting that the source was a hydrous amphibole
eclogite or eclogite (Zhou et al., 2006). Lack of a negative Eu anomaly in-
dicates a lack of plagioclase fractionation from primitive magmas, sup-
pression of plagioclase fractionation due to high magmatic water
contents, and (or) high magmatic oxidation state, such that most of
the Eu is present in the trivalent state and is not partitioned into frac-
tionating plagioclase (Frey et al., 1978; Hanson, 1980; Richards et al.,
2012). Furthermore, amongst the HREE, Yb, and Lu have the highest
garnet-melt partition coefficients, whereas Dy and Ho have the highest
hornblende-melt partition coefficients (Sisson, 1994). When garnet is
the main residual phase, HREE will show strongly fractionated patterns
with Y/Yb N 10. In contrast, when hornblende is themain residual phase,
HREE will show flat patterns with Y/Yb≈ 10 (Ge et al., 2002). The Y/Yb
ratio of the studied intrusions is 8.67 to 12.24 with the concavity of the
middle REE and moderate low K/Rb (ave.: 338) indicating that residual
hornblende likely existed in the source regions (Arth andHanson, 1975;
Gromet and Silver, 1987; Wang et al., 2004a).

High Sr contents and the absence of significant Eu anomalies and
high Sr/Ba (ave: 2.1) preclude significant residual plagioclase in the
source (Arth and Hanson, 1975; Barnes et al., 1996; Hou et al., 2004;
Mo et al., 2007). The Nb and Ti negative anomalies are typical of all
types of calc-alkaline magmas and they may be explained by residual
hornblende and (or) Fe–Ti oxides (rutile and ilmenite) in the source
of the parental magmas (Hou et al., 2004; Tatsumi, 1986), because Nb
tends to be hosted in amphibole, being at equilibrium with
60–70 wt.% SiO2 melt during partial melting (Pearce and Norry, 1979).
Titanium would be hosted in rutile under hydrous mantle conditions
(Tatsumi, 1986; Zhou et al., 2006). Some researchers (e.g., Gust et al.,
1997; Martin, 1999; Woodhead et al., 1993) suggested that their high
Sr and low Nb, Ta, and Ti contents are due to the absence of plagioclase
and presence of Fe–Ti oxides in the residue in the source area of the pa-
rental magmas. Niobium and Ta contents may also be viewed as
resulting from previous depletion events in the mantle source rocks
and (or) the fractionation of Ti-bearing phases, such as titanite
(Arjmandzadeh et al., 2011). Martin (1999) believed that the strong
Nb and Ta and weak Ti negative anomalies, and absent Zr and Hf deple-
tions, indicate residual rutile in the source, with small to moderate de-
grees of partial melting of eclogitic basalts at higher pressure (Gao
et al., 2007; Rapp et al., 1991). These characteristics suggest that the
source has residual garnet, amphibole, and possibly rutile, and thus is
most likely garnet-bearing amphibole and (or) amphibole-bearing
eclogite. It supports a geochemical batch melting modeling that indi-
cates low- to medium-degree partial melting (5%–10%) of a garnet-
bearing (up to 5%) basaltic amphibolite source, and lack of plagioclase
as a residual component in the source for the Kal-e-Kafi intrusive com-
plex (Ahmadian et al., 2009).

Experimental petrology and phase equilibria research (Huang and
Wyllie, 1986) indicate that when the pressure is 1 GPa, the liquidus
mineral of the andesitic magma system is plagioclase ± pyroxene;
when N1 GPa, it is pyroxene ± garnet ± amphibole. In cases where
the buried depth is more than 45 km, continental crust will be trans-
formed into eclogite (Lai et al., 2003; Yardley and Valley, 1997). Other
experimental studies (e.g., Rapp and Watson, 1995; Rapp et al., 1999,
2002, 2003) have also shown that the adakitic liquids can be produced
by melting of mafic materials at pressures equivalent to crustal thick-
nesses of N40–50 km (i.e., N1.2 GPa), when the residual phases include
garnet, garnet-amphibolite, but little or no plagioclase, most probably
under eclogite facies conditions (Wang et al., 2006b). In summary, we
conclude that source materials in the lower portions of thickened
crust in the Kal-e-Kafi intrusive complex consisted of amphibole-
bearing eclogitic and garnet-bearing amphibolitic materials with rela-
tively high K2O.

Wedepohl (1995) believed that in some areas with their larger
thicknesses mafic granulite have transformed into eclogites with a den-
sity higher than that of lherzolite that sinks into themantle having been
detached from the lower crust. Eclogite is formed through high- to



Fig. 15. Rb/Sr versus La/Ce (a) and Nb/U (b) diagrams (Hofmann et al., 1986; Hou et al., 2004) illustrating the distribution of data for the Kal-e-Kafi intrusive complex. Symbols as in Fig. 4.
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ultrahigh-pressure metamorphism of basaltic rocks and has a density
that is higher than peridotite by 0.2–0.4 g cm−3 (Rudnick and
Fountain, 1995). Because of this density contrast, mafic lower continen-
tal crust (together with the underlying lithospheric mantle) can be
recycled into the mantle and leads to delamination (Ducea and
Saleeby, 1998; Kay and Kay, 1993; Wang et al., 2004b; Xu et al., 2002),
when granulite is transformed into eclogite during crustal thickening
(Gao et al., 2004; Jull and Kelemen, 2001; Kay and Kay, 1991; Wang
et al., 2006b). Foundering of a dense, unstable lithospheric root into
the mantle through delamination caused the replacement of eclogite
by buoyant, warm asthenosphere that underwent decompressional
melting to produce basaltic liquids (Dilek and Altunkaynak, 2007).
When the eclogitic material was delaminated, the temperatures along
the contacts between hot mantle and the eclogitic materials would
have been high enough to trigger dehydration melting of amphibole-
bearing eclogites at pressures N1.2 GPa (Rapp et al., 1991; Rapp and
Watson, 1995; Wolf and Wyllie, 1994), which is consistent with
Fig. 16. SelectedHarker diagrams illustrating distribution of geochemical data for the rocks of th
derived adakite-like rocks and delaminated lower crust-derived adakite-like rocks are after W
N40 km thick Eocene central Iranian crust, forming adakitic magmas
(e.g., Rapp et al., 1999, 2002). However, the present-day crustal thick-
ness in the Kal-e-Kafi area in Central Iran is about 40 km, according to
a geophysical survey by Dehghani and Makris (1983). Their data
imply that the Eocene continental crust in the Kal-e-Kafi area was
thicker (N40 km) than the present crust, and the continental crust,
therefore, hasmost likely undergone a thinning process. Also, Quaterna-
ry sedimentary rocks are still preserved in the Kal-e-Kafi area, suggest-
ing that the upper crust in this area has not undergone extensive
erosion since the Eocene.

We suggest that the slower convergence rate caused crustal thicken-
ing (e.g., Shellnutt et al., 2014) and that increasing crustal thickness re-
sulted in delamination of the lower crust and emplacement of the hot
asthenosphere that generated the adakitic magmatism (Jamali and
Mehrabi, 2015). This delaminated lower crust hypothesis generally in-
volves continent–continent collision and (or) intracontinental subduc-
tion, crustal thickening, and then delamination (see Wang et al.,
e Kal-e-Kafi complex (circle) andKuh Panj complex (diamond). Fields of thick lower crust-
ang et al. (2006b).
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2007d); following delamination or foundering, the lower crust block
would have been heated by the surrounding mantle. Delamination of
sub-continental mantle lithosphere with ingress of asthenospheric
melts into the lower crust can cause partial melting of the
metasomatized lithosphere (Brown, 2010; Richards, 2009). Potential
energy that is released drives the process, as hot, low-density astheno-
spheric mantle replaces cold, dense lithosphere, accompanied by litho-
spheric thinning and increasedmagma production (Bird, 1979; Kay and
Kay, 1991, 1993). Therefore we conclude that delamination could also
explain the thinning of the Eocene crust in this part of central Iran, as
a consequence of sinking of eclogitic material from the base of the lith-
osphere into the underlying mantle. It follows that underplating of
mafic magmas related to the Neo-Tethyan subduction and subsequent
Arabian–Iranian plate collisionwas a result of lithospheric delamination
(Fig. 17). This is supported by Hatzfeld andMolnar (2010) and Shomali
et al. (2011), who proposed lithospheric delamination underneath the
Zagros collision zone in southwest Iran. Therefore, lithospheric thinning
and possible delamination of thickened continental crust was likely re-
sponsible for the advective heat transfer that caused fusion of those
metasomatized crustal segments. Subsequent reaction with the invad-
ing mantle during buoyant ascent was responsible for the petrogenesis
of the Kal-e-Kafi adakitic rocks.

6.3. Implications for Cu–Au mineralization

There has been growing interest in adakitic magmatism and its rela-
tion to copper and goldmineralization in the last decade. Sillitoe (1972)
studied the relationship between porphyry Cu deposits and subduction
of oceanic plates and proposed that porphyry magma and the main
minerogenic element metals came from the subducting oceanic plate.
More recentwork has emphasized the contribution of slabmelts to por-
phyry and metallogenic metallic metals (Wang et al., 2003a). Many re-
searchers (e.g., Defant et al., 2002; Zhang et al., 2001a, 2002) believed
that slab-derived adakites are particularly prospective for Cu–Auminer-
alization. Mungall (2002) concluded that only slab-derivedmelts or su-
percritical fluids with high oxygen fugacity (ƒO2) had the potential to
generate associated epithermal and porphyry Cu–Au deposits (see
also Wang et al., 2006b). They believed that slab-derived adakites
have an apparently unique ability to carry this oxidizing potential up
into the overlying mantle and destabilize mantle sulfides to release
chalcophile Cu and Au that are mainly hosted in sulfides. Castillo
(2012) also believed that adakites are more efficient in concentrating
metals because they would be more oxidized and have higher sulfur
andwater contents, plus adakite develops better hydrothermal systems
as it ismore viscous andmore likely to cut across older volcanic terranes
(Sajona andMaury, 1998). In contrast, magmas generated bymelting of
underplated basaltic or gabbroic rocks in the lower crust retain the gen-
erally low ƒO2 of their source and therefore are less favorable for the
generation of Cu–Au deposits (Mungall, 2002; Wang et al., 2007c).

Furthermore, it has been recently recognized that some adakitic
rocks derived by lower crustal melting are associated with porphyry
Cu–Au deposits (e.g., Bissig et al., 2003; Hou et al., 2004; Richards,
2002; Wang et al., 2006b). As the adakitic magmas directly derived
from partial melting of thickened lower crust source do not
Fig. 17. Sketch showing subduction-related lithospheric delamination of the Kal-e-Kafi Intrusiv
respectively.
subsequently pass through the chalcophile-rich mantle peridotites
source. They would fail to have the potential to generate fertile adakitic
magmas to generate Cu–Au mineralization (Wang et al., 2006a,b). In
contrast, adakites that ascended through the fertile mantle via delami-
nation could have transferred notable Cu, Au, and S from the mantle
to these ascending lower crustal partial melts. It is proposed that these
deposits were formed from hydrous magmas derived by partial re-
melting of the metasomatized lithospheric roots during delamination
(Richards, 2009). Thesemelts havemany of the characteristic geochem-
ical features of arc magmas, including their relatively high water con-
tents and oxidation states, and metal contents (Richards, 2011).
Therefore, during partial melting of delaminated lower crust, adakitic
magmas with high Fe2O3 contents interacted with the surrounding
mantle peridotite, increasing the oxidation state of the mantle to be-
yond the NNO buffer, causing metallic sulfides in the mantle to be
reincorporated into the partially molten peridotite (Mungall, 2002;
Wang et al., 2006b). It seems likely that mafic magmas had to have
mixed (exchanged)with themore felsic magmas, transferring amounts
of sulfur, copper, and other metals to these hybrid felsic magmas and
their fluids in the process (cf. Keith et al., 1997).

In subduction zones, porphyry copper deposits are generated from
hydrothermal fluids exsolved from the cooling of H2O-rich,
subduction-related magmas derived from a metasomatised mantle
wedge or from slab melts (e.g., Cooke et al., 2011; Richards, 2003).
They yield a hot oxidized and hydrous mafic melt enriched in Cl, S,
and metals (Jiang et al., 2012; Mungall, 2002; Prouteau and Scaillet,
2013; Richards, 2009). Nevertheless, the fact that not all magmas will
yield fertile melts forming fertile metallogenic environments indicates
that additional petrogenetic processes may be required to destabilize
mantle sulfides and release chalcophile and siderophile elements
(e.g., Cu–Au) into those melts (Jenner et al., 2010; Mungall, 2002;
Richards, 2003, 2011).

Porphyry copper deposits are generally derived from sulfur-rich, high-
ly oxidized magmatic systems, with oxygen fugacity (ƒO2) between the
nickel–nickel oxide (NNO) andmagnetite–hematite oxygen (MH) buffers
(Imai et al., 1993; Mungall, 2002; Oyarzun et al., 2001; Sillitoe, 1997;
Wang et al., 2006b). Sulfur solubility inmagmas play a key role in the for-
mation of ore deposits. The solubility of sulfur is mainly controlled by
temperature, pressure, redox conditions, melt composition, sulfur diffu-
sion and sulfur source (Yang, 2012). This high magmatic ƒO2 ultimately
favors hydrothermal precipitation of large quantities of Cu and Au (&
Mo in evolved felsicmagmas) in direct associationwithmagma emplace-
ment (e.g., Müller and Groves, 1993, 1997; Wang et al., 2006a). In addi-
tion to ƒO2, another important factor that controls Cu–Au mineralization
must be the availability of chalcophile elements (Wang et al., 2006a),
which are mainly hosted in sulfides of the mantle (Mungall, 2002;
Oyarzun et al., 2001; Sillitoe, 1997). The transport of chalcophile elements
from the mantle into magmas can only occur if sulfides are completely
consumed during partial melting, requiring oxidation state of the mantle
to have values of log ƒO2 N FMQ + 2 (higher than NNO buffer; Mungall,
2002; Wang et al., 2004b). Chalcophile elements (e.g., Cu and Au) are
highly compatible inmagmatic sulfide phases, in contrast to their general
incompatible behavior in silicate andoxideminerals (Fleet et al., 1996; Liu
et al., 2010), removal of them from the mantle can only occur when the
e Complex. SSZ and UDMA are Sanandaj–Sirjan zone and Urumieh–Dokhtarmagmatic arc,
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sulfide dominant in melt compositions is transformed to the sulfate-
dominant under oxidized conditions (Mungall, 2002). This is supported
by an empirical association between porphyry Cu–Au ore deposits and
adakitic intrusions in subduction zones around the world
(Gonzalez-Partida et al., 2003; Liu et al., 2010; Oyarzun et al., 2001;
Thieblemont et al., 1997). Consequently, the high ƒO2would facilitate de-
stabilization of mantle sulfides to release their Cu–Au that are mainly
hosted in sulfides, and contribute to subsequent enrichment of Cu–Au
in the magmas. This provides an important exploration guide for Cu–Au
deposits (Liu et al., 2010). Zhang et al. (2004) also suggested that the
key factor causing Cu–Au mineralization associated with adakites was
the dehydration during the transformation from an amphibolite to an
eclogite, which favored generation of adakitic magmas and extraction of
chalcophilemetals enriched in themantle into buoyant adakitic magmas.

Sillitoe (1972) also noted that the minimally fractionated magmas
are preferential for porphyry Cu–Au–Momineralization. Themost poor-
ly fractionated adakite magmas facilitated ore-forming materials mi-
grate easily upwards. Since these adakite magmas are postulated to be
derived from themelting of basaltic rocks, the positive toweak negative
Eu anomalies actually indicate that these hybrid magmas remained
quite primitive with negligible fractional crystallization of minerals
(Springer and Seck, 1997) that are similar to those of these studied
intrusions.

The Kal-e-Kafi porphyry Cu deposit was formed under high ƒO2 sim-
ilar to highly oxidized, magnetite series I-type granitoids that contain
abundant primary magnetite and hematite in equilibrium with hypo-
gene copper–iron sulfide minerals; have Fe3+/Fe2+ ratios in biotites
(green) from the studied samples plot in the field between NNO and
MH oxygen buffers in the Fe3+–Fe2+–Mg diagram (see Ahmadian,
2012). The high H2O and oxidation state inferred for the Kal-e-Kafi
adakitic magmas, which increased SO2/H2S ratios (Burnham, 1979),
give them considerable ore-forming potential, because they keep ore-
forming components, such as Cu, Au, and S, in the melt, enabling them
to partition efficiently into an exsolving fluid phase from the evolved
magmas as incompatible elements (Carroll and Rutherford, 1985), and
prevent the metals from partitioning into magmatic sulfide residues
(Kilian and Stern, 2002). During partial melting of juvenile mafic
lower crust, adakitic magmas interacted with the surrounding mantle,
increasing the oxidation state of the mantle to beyond the SSO buffer,
causingmetallic sulfides in themantle to be consumed (Mungall, 2002).

This means that copper enrichment in a porphyry system is likely to
be caused bymagmatic processes that operate entirely within the crust,
resulting in copper accumulations as sulfides at the base of thicker crust
(Chiaradia, 2014; Lee et al., 2012). However, copper enrichments caused
by magmatic processes require a thicker arc crust (N30 km), under
which the accumulation of amphibole and the fractionation of magne-
tite from calc-alkaline arc magmas induce sulfide saturation in magmas
and consequent Cu sequestration into a sulfide melt (Chiaradia et al.,
2012; Nadeau et al., 2010; Hou and Zhang, 2014). As elaborated
above, the Kal-e-Kafi adakitic magmas were probably formed in the
thickened continental crust setting, were related partial melting of
thickened (N40 km) LCC that was then hybridized with the ascending
metasomatized suprasubduction zone mantle was caused by lower
crustal delamination; this scenario is favorable for the generation of
porphyry Cu–Au–Mo deposits. Accordingly, we suggest that the mantle
played a crucial role in generating Cumineralization associatedwith the
Kal-e-Kafi adakitic magmas. In conclusion, since the Kal-e-Kafimagmas
were derived from themelting of basaltic rocks under high pressure and
temperature, which is favorable for the enrichment of the Cu–Au ore-
forming materials with the help of the abundant fluids, the adakitic
magmas are capable of dissolving and carrying Cu–Au ore-forming
materials, S, and fluid. When thesemagmas reach shallow crustal levels
after they ascend through the crust quickly, failure of the surrounding
rocks resulted in a rapid pressure decrease, quench cooling and
solidification (porphyry generation) of the magma, and exsolution of
metalliferous SO2-bearing magmatic volatiles directly responsible for
generating associated Cu-Au mineralization and associated hydrother-
mal altereation (e.g., Wang et al., 2003a). Importantly, inhibiting coeval
volcanism impedes magma ascent through the upper crust (e.g., Gow
and Walshe, 2005) and prevented the catastrophic escape of volatile
phases from sulfur-rich and oxidized adakiticmagmas in the hypabyssal
environment, thereby facilitating the formation of porphyry various de-
posits (Oyarzun et al., 2001; Zhang et al., 2006).

7. Conclusions

1) The EoceneKal-e-Kafi intrusive complex is located in the central Iran
magmatic zone, which is exposed in the Anarak area of central Iran.
The intrusive complex comprises as gabbro,monzonite, quartzmon-
zonite, and granite. Excluding the gabbro, the studied intrusions
have the geochemical characteristics of adakitic and shoshonitic
magmas, which were emplaced in a continentally situated arc re-
gime during the subduction of the Neo-Tethys Ocean under the
Iranian Plate.

2) The studied intrusions share similar patterns of trace elements and
rare earth elements, with enrichment in LREE relative to HREE,
with high Sr/Y and La/Yb ratios, enrichment in LILE and Sr, depletion
in HFSE, and no Eu anomalies. The trace element and Sr and Nd iso-
topic data demonstrate that the studied intrusions probably origi-
nated from partial melting of delaminated lower crust, which is
supported by geophysical and seismological studies in this area.
Lithospheric delamination involves the foundering of lower litho-
sphere into asthenospheric mantle, would result in deeply buried
sections of the lower crust to come into contact with a relatively
hot mantle; as a result partial melting begins as temperature in-
creases. Adakitic melt hybridization during interaction with the
suprasubduction zone metasomatized mantle wedge peridotites re-
sult in high siderophile and chalcophile elements and higher K than
more typical lower crustal partial melts.

3) The Kal-e-Kafi magma was probably amphibole-bearing eclogitic
and/or garnet-bearing amphibolite materials probably formed in
the thickened continental crust setting, related to the melting of
thickened (N40 km) crust. As the continental crust thickened, the
lower mafic section reached pressure and temperature conditions
favorable for the formation of eclogite and/or garnet-bearing am-
phibolite. These eclogitic materials were denser than the mantle
rocks and could break away from the crust and sink, resulting in
the present thinner crust in the Kal-e-Kafi area.

4) The mantle beneath the Kal-e-Kafi district played a crucial role in
generating Cu–Au fertile adakitic magmas capable of dissolving
and transferring plenty of Cu–Au ore-forming materials, sulfur, and
fluid. Fertility is also related to highly oxidized and water-rich
adakitic melts associated with interaction with the fertile mantle
wedge. The rapid ascent of the adakitic magmas that were enriched
in Cu and Au (and locally Mo) lead to the formation of the examples
of porphyry Cu–Au deposits in this region.
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