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Fig. 1. Simplified geological map of Kal-e Kafi area (Ahmadian et al., 2007)

Q (S 03,5 g awle (J3l5 15 55155 Sligw
g (P4) (SBb (gl el S Sm vl S
Qmz (P3) ( $B95 gl i 555 Cigrige 5155 s
Mz(P2) (SB35 crwgfl iz 5 Segsige

b ®1) ( SBd gl 90l 93590 «Zay209 359

EV (o~ omsfl s 5191 5 laatsT glSiw

ALty o Slo =y 5 sl 0 Gl 5o SlaassT slgSons s Km

1:100,000
01 2 3 4

K 555 awli,S o )ls Camss, Sal :ojlogs cin sl



Y eF lenali g Hlee TV o lols 18 099 (69 )l (ol oy (195 loadly

ICP-OES&MS o9y 4 Sounils' slodigos

(PPM) (o£55 9 (WE%0) ol polic 506 gl ) Jguz

Table 1. Major and minor element analyses of ore samples by ICP-OES &MS

Sample No. KK-07 | KKI11 KK13 KK16 | KK19
Sio2 % 69.08 70.78 69.81 68.3 70.31
AL:O3 % 14.51 14.65 14.33 15.77 14.3
CaO % 1.17 1.51 125 1.84 0.77
Fe203 % 1.4 1.74 157 2.09 1.58
K20 % 6.47 5.46 5.82 461 5.92
MgO % 0.63 0.78 0.92 0.89 1.15
Na:0 % 2.62 3.83 3.66 439 3.48
P20s % 0.07 0.06 0.06 0.07 0.05
SOs3 % 1.13 0.04 0.73 0.41 0.71
TiO2 % 0.24 0.23 0.23 0.23 0.22
LOI % 2.05 0.76 1.1 1.03 0.75
Ba ppm 610 677 537 700 603
Cu ppm | 4264 370 2030 1467 5578
Nb ppm 9.2 9.8 9.1 9.7 10.6
Ph ppm 161 78 93 58 110
Rb ppm 187 145 165 156 201
Sr ppm | 594.2 768.6 742.1 956.9 | 693.3
Ta ppm 1 0.8 0.8 0.7 1
Th ppm 19.9 148 18.6 13.1 232
U ppm 74 54 7.8 5.5 7.7
Y ppm 9.2 8.9 8.3 10.6 74
Zr ppm 29 24 24 22 23
La ppm 19 19 20 25 15
Ce ppm 37 38 41 49 33
Pr ppm 4.4 4.71 457 5.8 3.58
Nd ppm 149 16 14.3 194 12.1
Sm ppm 2.8 2.9 2.7 34 22
Eu ppm 0.58 0.67 0.55 0.8 0.48
Gd ppm 247 2.57 237 2.92 2.03
Tb ppm 0.1 0.2 0.1 0.3 0.1
Dy ppm 2.1 2 2 2.3 1.7
Er ppm 1.1 1 0.9 [ 0.8
Tm ppm 0.2 0.2 0.2 0.2 0.2
Yb ppm 0.94 0.81 0.87 0.93 0.78
Lu ppm 0.2 0.2 0.2 0.2 0.1

(YY (bses) SIS el )5 sldiges (PPM) 245 9 (WE%) Lol jolic JRiH] Y Joos
Table 2. Major (%) and minor (ppm) element analyses of the Kal-e Kafi granite (Ahmadian, 2012)

Sample No. 50 162 152 39
SiO2 % 67.26 66.98 | 66.26 | 66.63
Al203 % 16 15.9 16.35 | 16.31

Ca0 % 2.61 2.42 3.29 2.2
FeO % 1.35 1.38 0.72 1.38
Fe203 % 1.92 1.88 1.48 1.95
K20 % 4.58 4.87 4.31 4.96
MgO % 1.02 0.86 1.37 0.89
Na:0 % 5.31 5.21 5.59 5.44
P20s % 0.13 0.13 0.17 0.13
TiO2 % 0.33 0.3 0.36 0.32

Co ppm 5 5 4 5

Nb ppm 12.5 12.1 12.8 12.5
Ta ppm 0.82 0.86 0.87 0.88
Th ppm 20 10.3 13.3 16.2
Yb ppm 1.36 1.34 141 1.48
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Fig. 2. a) Hand specimen’s photograph of pink fine-grained Kal-e Kafi granite, b) Hypidiomorphic-granular texture, XPL, c) Poikilitic
texture as plagioclase and quartz inclusions within coarse-grained orthose, XPL, d) altered K-feldspar showing Carlsbad twinning
and fine to coarse quartz, XPL, e) Plagioclase with polysynthetic twinning which altered to sericite, XPL, f) Phillic and chloritic
alteration of biotite, XPL, g) Coarse- grained hornblende affected by silicification, PPL, h) Zircon inclusions within hornblende, XPL,
i) Secondary hydrothermal biotite at open spaces of granite, PPL, j) euhedral titanite in k-feldspar, PPL, k) intergrowth of magnetite
and rutile, XPL, 1) euhedral coarse- grained pyrite in phyllic alteration (Ap: apatite, Bt: biotite, Cal: calcite, Chl: chlorite, Hbl:
hornblende, Kfs: k-feldspar, Mag: magnetite, Or: orthose, Pl: plagioclase, Py: pyrite, Qz: quartz, Rt: rutile, Ttn: titanite, Zrn: zircon).
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Fig. 3. Paragenetic sequence for the hypogene Cu-Mo and U-Th-REE mineralization in the Kal-e Kafi deposit
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Fig. 4. Photomicrographs of Kal-e Kafi thin-polished sections showing, a) Euhedral coarse- grained pyrite in phyllic
alteration, XPL, b) Chalcopyrite veinlet in granite, ¢) Quartz- calcite veinlet containing chalcopyrite and molybdenite,
d) molybdenite veinlet cutting granite, e) Replacement of chalcopyrite by bornite, f) alteration of chalcopyrite to
covellite (Bn: bornite, Ccp: chalcopyrite, Cv: covellite, Mol: molybdenite, Py: pyrite).
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Fig. 5. BSE images of, a) paragenesis of anhedral pyrite with chalcopyrite in phyllic- argillic alteration, b) Pyrite- chalcopyrite
veinlet within muscovite, ¢c) Replacement of pyrite by chalcopyrite, d) alteration of albite to K-feldspar (potassic alteration)
and formation of molybdenite, e) alteration of chalcopyrite to bornite from margin and center, f) Replacement of chalcopyrite
by chalcocite from margin, g) magnetite inclusion within chalcopyrite and replacement of chalcopyrite by chalcocite from
margin, h) Molybdenite- illite veinlet in phyllic alteration, i) Chalcopyrite around molybdenite (Bn: bornite, Bt: biotite, Cal:
calcite, Ccp: Chalcopyrite, Cct: Chalcocite, Cv: covellite, Ill: illite, Ilm: ilmenite, Kfs: k-feldspar, Mag: magnetite, Mol:

molybdenite, Ms: muscovite, Py: pyrite, Qz: quartz).
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Fig. 6. BSE images, a) Formation of uraninite and molybdenite paragenesis with silicic and calcitic alterations, b) Urano-thorite
and zircon inclusions within silicified K-feldspar, ¢) Urano-thorite inclusion in K-feldspar, d) Uranium- bearing thorite
inclusion in biotite and silicified plagioclase, e) Monazite inclusion in euhedral coarse-grained apatite, f) Zircon and parasite
inclusions in K-feldspar and quartz, g) Intergrowth of bastnasite, zircon and rutile in silicic and calcitic alterations, h)
Intergrowth of bastnasite, rutile and zircon in open spaces during silicification of plagioclase (Ap: apatite, Bst: Bastnasite, Bt:
biotite, Cal: calcite, Kfs: k-feldspar, Mag: magnetite, Mnz: monazite, Mol: molybdenite, Par: parasite, Pl: plagioclase, Qz:
quartz, Rt: rutile, Thr: thorite, Urn: uraninite, Uthr: urano-thorite, Zrn: zircon).
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Fig. 7. a) Discrimination and classification diagrams for the igneous rocks, the samples plot on granite field, b) Magma
series classification diagrams, the Kal-e Kafi granite put in alkaline series, c,d) Tectonic discrimination diagram, the

samples plot in volcanic arc setting.
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Table 4. The characteristics of various sub-types of intrusive uranium deposits (Dahlkamp, 1993, 2009; IAEA, 2018)

and comparison of the Kal-e Kafi deposit with granite- monzonite subtype (Cu porphyry)
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Abstract

Kal-e -Kafi copper-molybdenum deposit is one of the ore fields of Anarak metallogenic district, which
is located 76 km northeast of Anarak city, in the middle part of Central Iran. Kal-e -Kafi granitoid with
upper Eocene age is an oval mass with dimensions of 5.5 x 8 km that penetrated into Precambrian
metamorphic rocks, Cretaceous limestone and lower-middle Eocene volcanic rocks. Kal-e -Kafi granite
has high-K calc-alkaline affinity and is formed in the tectonic setting of volcanic arc. The main minerals
of uranium and thorium include thorium-bearing uraninite, urano-thorite and uranium-bearing thorite.
Uraninite and urano-thorite crystals contain up to 10% of thorium and 30% of uranium, respectively.
The main minerals of rare elements include monazite, bastnasite, and parisite, in which the amount of
cerium, lanthanum and neodymium varies from 18 to 34, 9 to 20, and 9 to 13 percent, respectively. The
average amount of uranium, thorium and total rare earth elements in the hypogene zone of Kal-e -Kafi
deposit is 7, 18 and 89 ppm, respectively. On the basis of the results of this investigation, hypogene
copper, molybdenum and uranium mineralization support intrusive-type uranium deposit (granite-
monzonite sub-type) for Kal-e Kafi ore deposit.

Keywords: Uranium, High-K calc-alkaline, Kal-e -Kafi copper-molybdenum deposit

Introduction hosts one of the largest Cu-Mo-Au deposit in

Anarak district with more than 150 occurrences
and mineral deposits have wide various types
of mineral assemblages. The Kal-e Kafi area is
approximately 76 km northeast of Anarak in
the south margin of Central Desert, Isfahan
province. The Anarak metallogenic district is
located in middle part of the Central Iranian
zone and the metamorphic Anarak-Khur
subzone, and bounded from the north to the
Great Kavir—Doruneh fault, from the
southwest to Nain-Zevar ophiolitic zone and
from the south to the Nain- Anarak graben. The
mineral potential of the Anarak district has
already been studied by Adib (1972),
Yakovenko et al. (1981), Khoei (1983),
Babakhani et al. (1999), Amini and Soheil
(2000) and Nezampour (2005).

The important aspect of the Kal-e-Kafi
intrusive complex is that it hosts various
mineralization types, such as Cu, Mo, Pb, Zn,
and Au. The Kal-e-Kafi mining area is located
at 54°10'-54°20'N and 33°20'-33°30'E. The
western part of Kal-e Kafi intrusion resulted
from the Alpine tectono-magmatic activities,

Iran. In Kal- e Kafi region, there are three
major systems of faults with N-S, E-W, and
NE-SW trends. The Cu-Mo porphyry
mineralization is controlled by the E-W fault
system controls, and polymetallic (Pb, Zn, W,
Mo and Au) veins are present in N-S faults.
The alteration zones are represented by
potassic, phyllic, argillic, and silicic. Cu-Mo
porphyry mineralization corresponds mainly to
the western margin of the Kal-e Kafi intrusion
represented by granite and quartz monzonite.
The Kal-e Kafi mine contains 245 Mt ores at
0.26% Cu and 0.026% Mo, and reported
content of Au is about 249 tones at 4 ppm Au.
The aim of this paper is to discuss the
petrography, mineralography and SEM studies
and geochemistry analysis of U, Th and REEs
in the Kal-e Kafi Hypogene Copper-
Molybdenum Ore Deposit.

Materials & Methods

After field investigation, sampling of drilling
cores was done at a depth of more than 100
meters in the hypogene ore deposit. After the
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macroscopic examination of the samples, more
than 40 thin and thin-polished sections were
prepared from the Kal-e Kafi granite and
hypogene Cu-Mo porphyry ore for petrology
and mineralogy studies by Olympus CX21
transmission-reflection  light  microscope.
Then, the detailed study of mineral
assemblages was performed on 8 selected
samples by field mission scanning electron
microscopy (FESEM) at the Center for Applied
Research of the Geological Survey and Mineral
Exploration of Iran, Karaj. The concentrations
of major, trace and rare earth elements for 5 ore
samples were determined by inductively
coupled plasma (ICP) optical emission
spectroscopy (OES) and mass spectrometry
(MS) at Zarazma laboratory in Tehran, Iran
(Table 1). In addition, the results obtained from
chemical analyses (4 granite samples) of
previous study by Ahmadian (2012) were also
used for the geochemical studies.

Results and Discussion

Porphyry Cu-Mo mineralization has occurred
in the western margin of the Kal-e Kafi
intrusion. This Leucocratic granite is fine-
grained containing mainly quartz and K-
feldspar accompanied with minor mafic
minerals (biotite and hornblende). The
accessory minerals include apatite, titanite and
zircon magnetite, as well as opaque minerals
(magnetite, chalcopyrite, molybdenite and
pyrite). The Kal-e Kafi Granitoid rocks are cut
by chalcopyrite- and hematite-bearing quartz
veins and veinlets. The presence of titanite,
magnetite and quartz accompanied by
hornblende indicate high oxygen-fugacity of
the parental magma. All samples experience
multistage hydrothermal alteration including
potassic, phyllic, argillic, silicic, carbonate and
chlorite as the most common alteration
minerals. In a total alkali versus silica diagram
(Fig. 6a), the granitoid samples from
Ahmadian (2012) show granite composition
with sub-alkaline to alkaline affinity. In the Co
versus Th plot (Fig. 6b), granite samples lie
within the calc-alkaline high-K/ Shoshonitic
field. The mafic mineral assemblages of the
shoshonitic series include clinopyroxene+
olivinet+ amphibole+ biotite, whereas those of
the high-K calc-alkaline series consist of
hydrous assemblages of amphibole+ biotite.
Considering the presence of amphibole and
biotite and the absence of clinopyroxene in the
Kal-e Kafi granite, it can be concluded that the

Kal-e Kafi granite has a high-K calc-alkaline
affinity. On the basis of Yb versus Ta and
Th/Yb versus Nb/YDb diagrams (Fig. 6¢-d), the
studied granite has formed in the volcanic arc
of a subduction zone related to Urumieh-
Dokhtar magmatic arc.

In the Kal-e Kafi, hypogene Cu- Mo
mineralization mainly occurs as disseminated
and lesser as quartz- carbonate vein-veinlets
within the host granite. The hypogene Kal-e
Kafi ore has exhibits enriched concentrations
of uranium, thorium and rare earth elements.
The mineralization is commonly associated
with potassic, phyllic and argillic alterations.
The ore is mainly composed of sulfide and
minor oxides. Main sulfide ore minerals are
primary pyrite, chalcopyrite, molybdenite and
chalcocite and minor secondary bornite,
cuprite and covellite (Fig. 3 and 4). Magnetite,
hematite and rutile are rarely accompanied the
sulfides. Chalcopyrite and pyrite are
characterized by coarse to fine-grained
disseminated crystals and are closely
associated with quartz- carbonate veinlets. In
some cases, chalcopyrite directly replaces
pyrite. Chalcopyrite is replaced by bornite,
chalcocite and covellite. Molybdenite mainly
occurs as individual disseminated in ores or
veinlets and sometimes as intergrowth with
chalcopyrite. Uranium occurs as thorium-
bearing uraninite, urano-thorite and uranium-
bearing thorite minerals. Uraninite with up to
10% thorium is associated with molybdenite
and magnetite, and also occurs as inclusion
within main minerals of the Kal-e Kafi granite.
Urano-thorite and uranium-bearing thorite
occur as subhedral to euhedral inclusion within
K-feldspar, biotite and plagioclase. Urano-
thorite contains up to 30% thorium. Zircon
mainly occurs as euhedral to subhedral
inclusion in biotite, K-feldspar and plagioclase
and contains 9-12% Nd. The main minerals of
REE in the hypogene Kal-e Kafi ores are
monazite, bastnasite and parisite. Monazite and
parisite mainly occur as fine-grained inclusion
within apatite, k-feldspar and quartz.
Bastnasite and parisite contain 17.7-33.5% Ce,
9.3-19.5% La and 8.9-12.5% Nd.

The strongly incompatible behavior of uranium
in silicate magmas results in its concentration
in the most Felsic magmatism and uranium
deposits The incompatible behavior of uranium
in silicate magmas leads to its enrichment in
the felsic melts. Uranium enrichment is rather
an uncommon characteristic of porphyry
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systems associated with calc-alkaline igneous
rocks and in contrast, U enrichment occurs in
porphyry deposits related to alkaline
intrusions. Four types of granites/rhyolites
including peralkaline, high-K metaluminous
calc-alkaline, L-type peraluminous and
anatectic pegmatoids, can be significantly
enriched in U to represent a significant source
for the genesis of U deposits. The Kal-e Kafi
granite due to its high-K calc-alkaline affinity
shows uranium concentration (Fig. 7b).
Uranium and Th concentrations vary from 5.4
to 7.8 and 13.1 to 23.2 ppm. Positive
correlations U and Th with Cu and Mo indicate
that the U and Th mineralization is associated
with  hypogene Cu-Mo  mineralization.
According to Dahlkamp (1993, 2009) and
IAEA (2018) Uranium mineralization in the
Kal-e Kafi deposit is a uranium intrusive- type
deposits (granite-monzonite sub-type). In this
type, primary U minerals such as uraninite,
uranothorianite and uranothorite occur within
intrusive or anatectic rocks.

Conclusions

On the basis of microscopic and geochemical
studies of the host rock of the hypogene Cu-Mo
mineralization, the Kal-e Kafi granites have
high-K calc-alkaline affinity. Based on
geochemical diagrams, they are formed in the
tectonic setting of volcanic arc. The high
abundance of primary sulfides such as

chalcopyrite, pyrite, molybdenite  and
chalcocite in studied rocks, as well as trace
amount of secondary bornite, cuprite and
covellite formed by the replacement of
chalcopyrite, indicate  the  hypogene
environment and the role of the Kal-e Kafi
granite for Cu-Mo mineralization. In this
deposit, uranium, thorium and REE
mineralization is also occurred. The main
minerals of uranium and thorium include
thorium-bearing uraninite, urano-thorite and
uranium-bearing thorite which are
disseminated in the hypogene mineralization
zone. Uraninite and urano-thorite crystals
contain up to 10% of thorium and 30% of
uranium, respectively. The main minerals of
rare elements include monazite, bastnasite, and
parisite, in which the amounts of cerium,
lanthanum and neodymium vary from 17.7 to
33.5, 9.3 to 19.5, and 8.9 to 12.5 percent,
respectively. The average amount of Cu, Mo,
U, Th and REE:s in the hypogene zone of the
Kal-e -Kafi deposit is 2740, 296, 6.8, 17.9 and
89.4 ppm, respectively. The Cu, Mo and U
mineralization in the Kal-e Kafi deposit is
simultaneously formed with the emplacement
of the Kal-e Kafi granitoid in the volcanic arc,
in the form of disseminated uraninite, urano-
thorite and uranium-bearing thorite minerals
with the grade of 5-7 ppm. This deposit has the
characteristics of uranium intrusive- type
deposits (granite-monzonite sub-type).



