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Fig. 1. A: Smplified structurd map of Iran and adjacent regions and location of study area (modified after Ramezani and Tucker,
2003). Location of the study areais shown by ablack star, and B: Simplified geologica map of main part of the Zanjan province
showing the location of different types of Fe deposits (modified after Mokhtari et d., 2019). 1- Kouhjin; 2- Arjin; 3-Bashkand;
4- Qoza Dareh; 5 Khakriz; 6- Inche Rahbari; 7- Qozlou; 8- Alamkandi; 9- Qovag; 10- Shahrak; 11- Qazikandi;
12- Torpakhlou; 13- Mirjan; 14- Goljic; 15- Kavand; 16- Hossein Abad; 17- Chavarzag; 18- Reyhan; 19- Azhdehatou;
20- Sorkheh Dizgj; 21- Morvarid; 22- Zaker; 23- Golestan Abad; 24- Zarnan
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Fig. 3. A view from the Mt?™ unit composed of amphibolite and amphibole schist with marble intercalation which isintruded by
granodiorite (gd) (view to east). Location of the Alamkandi Fe deposit marked in contect of granodiorite with host rocks.
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Fig. 4. A: A view from intercaations of marbles (mb) within the metamorphosed Mt unit in Alamkandi area (view to the

south), and B: A view from the granodiorite intrusion (gd) in contact with host rocks and formation of Fe minerdizarion in
Alamkandi area (view to the southwest)
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Fig. 6. Photomicrographs (transmitted light, XPL) of skarn sub-zones in the Alamkandi area. A: Epidote and cacite within
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Abbreviations after Whitney and Evans (2010) (Act: actinolite, Cal: calcite, Cpx: clinopyroxene, Ep: epidote, Grt: garnet,
Opg: opague mineral, Ol: olivine, PI: plagioclase, Qz: quartz, Srp: serpentine).
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Table 1. Geochemical data of major, trace and rare earth elements for the Alamkandi granitoid samples. Major
elements are in wt.% and trace and rare earth elementsin ppm.

AK-1 AK-3  AK-24 AK-25 AK-26 AK-27 AK-28

DL qd qd di Ap qd qd gd

SiO2 0.1 57.87 57.88 55.52 73.65 57.73 59.98 63.20
TiO: 0.1 0.84 0.86 0.75 0.20 1.01 1.00 0.67
Al2Os 0.1 16.50 16.62 16.03 13.47 17.97 17.33 15.10
FeO: 0.1 5.24 4,96 8.27 0.53 1.40 1.10 176
MnO 0.1 0.05 0.05 0.11 0.05 0.05 0.05 0.05
MgO 0.1 3.83 381 4.49 1.76 4.55 4,78 4,04
CaO 0.1 7.44 6.22 8.32 191 11.49 9.71 7.95
Na.O 0.1 4.75 5.23 311 5.64 3.53 414 4.18
K20 0.1 041 0.42 1.66 0.31 0.22 0.19 0.19
P20s 0.1 0.16 0.15 0.19 0.05 0.20 0.22 0.13
LOI 0.1 2.87 3.74 1.46 2.46 141 1.52 2.74
Total - 99.96 99.94 99.92 100.03 100.01 100.02 100.01

Ap: aplite; gd: granodiorite; qd: quartz dioritie; di: diorite
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Table 1 (Continued). Geochemical data of magjor, trace and rare earth elements for the Alamkandi granitoid samples.
Major elements are in wt.% and trace and rare earth elementsin ppm.

AK-1 AK-3  AK-24  AK-25 AK-26  AK-27  AK-28
DL qd qd di Ap qd qd gd
As 0.1 14.1 15.3 12.5 6.3 17.2 115 11.8
Ba 1 339 342 596 31 392 174 242
Ce 0.5 49 36 54 10 45 44 108
Co 8 71 18.3 1 22 1.6 36
Cr 17 16 24 10 7 10
Cs 0.5 26.3 23.6 32 05 27 0.5 1.3
Cu 1 15 5 19 6 6 7 5
Dy 0.02 4.45 3.86 45 1.6 4.19 4.39 7.87
Er 0.05 2.52 221 2.85 1.02 2.65 2.62 4.83
Eu 0.1 1.09 0.94 1.35 0.12 1.08 1.13 1.76
Gd 0.05 4.28 353 431 1.2 356 4.1 7.97
Hf 05 2.23 1.99 0.54 0.5 1.29 0.76 0.81
La 1 21 12 21 3 9 14 42
Lu 0.1 0.27 0.23 0.42 0.11 0.37 0.34 0.65
Nb 1 9.8 9.5 8.8 31.2 8.4 8 11.1
Nd 0.5 20.5 15.1 21.4 31 15.1 20.7 54.2
Ni 1 12 17 7 6 4 3 7
Pb 1 27 3 8 2 3 24 3
Pr 0.05 5.08 3.49 5.49 0.74 355 4.99 14.36
Rb 1 8 12 72 11 5 1 1
Sc 0.5 20.4 21.9 21.9 1.9 28.3 23.2 16.5
Sm 0.02 4.65 372 457 0.66 361 4.39 9.61
Sr 1 407.4 3737 3015 237 426.5 467.8 295.5
Ta 0.1 0.97 0.96 0.98 2.81 1.14 0.83 1.18
Tb 0.1 0.7 0.61 0.7 0.21 0.63 0.69 1.28
Th 0.1 6.16 4.85 7.55 34.32 85 8.83 14.6
Tm 0.1 0.32 0.29 0.4 0.15 0.36 0.36 0.64
U 0.1 4.1 1.1 1.8 2.84 14 15 2
\Y; 1 167 151 140 16 167 148 116
Y 05 21 18 22.1 8.5 19.4 20.4 34.8
Yb 0.05 1.9 1.7 2.6 0.8 2.3 2.2 4
Zn 1 33 23 50 8 11 14 10
Zr 5 62 48 14 6 35 20 16

Ap: aplite; gd: granodiorite; qd: quartz dioritie; di: diorite
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Table 2. Geochemical data of major, trace and rare earth elements for the Alamkandi skarn sub-zones. Mgjor elements
are in wt.% and trace and rare earth elementsin ppm.

AK{lo- an; AK-2 AK-8 AK-4  AK-21 AK-30 AK-6

Mag Py Grt Sk Ep-Px Sk  Px Sk Srp Sk Px Sk Mb

Sio; - 28.72 42.49 5000 4244 5297 029
Tio, - 0.05 0.44 0.12 0.11 062 005
AlO; - 1.23 12.62 2.77 1.51 174 007
FeOt - 20.82 9.24 1177 474 197 009
MnRO - 0.25 0.06 0.39 0.12 005 005
MgO - 0.20 8.12 733 3303 2663 060
Ca0 - 33.66 22.70 1764 449 635 5536
NaO - 0.05 0.08 0.20 0.14 005 005
K:O - 0.05 0.05 0.05 0.05 005 005
P05 - 0.05 0.23 0.09 0.05 005 005
SOs - 0.70 0.07 0.08 0.86 005 006
LOI - 14.36 3.43 060 1251 954 4349
Total - - 100.19 9958 10009 1001  100.12 102-2
Ag 0.6 03 0.1 0.1 0.1 0.1 0.1 0.1
As 48 115 100 16.8 12.6 80.8 39 43
cd 0.1 0.4 0.6 0.1 0.1 0.3 01 o1
Ce 3 2 15 56 25 17 31 8
Co 256 3388 169 4.1 12.4 12.8 14.8 1
Cr 30 15 8 9 17 12 242 3
Cs 05 05 05 0.05 05 0.05 05 05
Cu 132 266 301 5 9 34 4 4
Dy 054 06 2.44 5.92 4.25 10.4 111 065
Er 018 021 1.65 3.29 2.02 8.35 754 027
Eu 0.1 0.1 2.72 0.9 1.12 0.19 08 01
Gd 056 062 2.70 6.09 513 591 954 064
Hf 05 05 05 1.87 05 057 257 05

Grt Sk: garnet skarn; Ep-Px Sk: epidote pyroxene skarn, Px Sk: pyroxene skarn, Mb: marble, Mag: magnetite, Py:
pyrite
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Table 2 (Continued). Geochemical data of major, trace and rare earth elements for the Alamkandi skarn sub-zones.
Major elements are in wt.% and trace and rare earth elementsin ppm.

AK{lo- an; AK-2 AK-8 AK-4  AK-21 AK-30 AK-6

Mag Py Grt Sk Ep-Px Sk  Px Sk Srp Sk Px Sk Mb

La 1 1 6 21 2 4 7 2
lu 01 01 031 0.33 021 118 123 01
Nb 17 1 15 55 26 21 1 1
Nd 08 12 165 31 31 105 362 14
Ni 15 144 15 30 27 4 27 1
Pb 20 204 3 2 5 12 4 1
Pr 011 018 296 7.24 731 203 617 031
Rb 1 1 1 1 1 1 1 1
sb 16 07 14 127 5.1 06 2 05
s 08 05 12 104 47 29 318 13
sm 012 017 332 6.85 5.82 4 1096 0.9
sn 61 2 15 7 19 56 41 1
sr 51 97 202 6287 841 9.8 196 95
Ta 026 027 029 07 0.4 039 032 027
T 01 01 038 0.99 077 138 174 01
Th 01 01 0.1 262 252 095 17 o1
Tm 01 01 026 0.41 0.25 12 111 01
u 02 o1 2 3.9 22 35 03 02
Vv 48 13 52 71 33 16 283 12
% 17 18 151 309 213 561 492 3
Yo 01 o1 18 23 13 74 71 02
zZn 101 4% 21 16 56 160 7 3
zr 18 13 7 65 7 13 50 5

Grt Sk: garnet skarn; Ep-Px Sk: epidote pyroxene skarn, Px Sk: pyroxene skarn, Mb: marble, Mag: magnetite, Py:
pyrite
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Fig. 10. Photos from the Fe mineralization outcrops in contact of granodiorite (gd) and regionally metamorphosed units
(Mt2™ in the Alamkandi area. A: Northern outcrop (view to the northwest), and B: Southern outcrop (view to the

southeast).
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Fig. 11. Close views of mineralization in Alamkabdi area. A: magnetite within serpentine matrix, B: Pyrite bands in
alternation with magnetite, C: Pyrite veinlets crosscutting massive magnetite, and D: Disseminated pyrite within
magnetite along with pyrite veinlet crosscutting magnetite. Abbreviations after Whitney and Evans (2010) (Mag:

magnetite, Py: pyrite, Srp: serpentine).
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Fig. 12. Microscopic photos from ore minerals and textures in the Alamkandi Fe deposit. A: Disseminated magnetite, B:
Brecciated and fractured magnetite crystals and late calcite veinlets, C. Pyrite veinlet crosscutting magnetite
mineralization, D: Anhedral pyrite crystals between magnetites, E: Fine-grained chalcopyrite between magnetites, F:
Magnetite inclusions within pyrite, G: Alteration of pyrites to goethite with replacement and relict textures, H: Garnet
inclusion within pyrite replaced by goethite, and I: Chalcoyrite replacement by covellite between magnetites. Figure B
in crossed polarized light (XPL) and other figures in reflected light. Abbreviations after Whitney and Evans (2010) (Cal:
calcite, Ccp: chalcopyrite, Cv: covellite, Grt: Garnet, Gth: goethite, Mag: magnetite, Py: pyrite).
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Introduction

Fe skarn deposits are the largest skarn deposits
which are exploited for Fe as well as by-products
of Cu, Co, Ni and Au (Meinert et al., 2005). They
are one of the most important Fe deposits in the
Zanjan province which have been exploited in
recent years. The Alamkandi Fe deposit is one of
these Fe skarn deposits which is located at 35 km
west of the Mahneshan within the Takab-Takht-e-
Soleyman subzone, northern Sanandaj- Sirjan
zone. In this area, alternation of amphibolite,
amphibole schist and biotite schist with
intercalations of marble belonging to Paleozoic and
intruded by late Oligocene alamkandi granitoid
exist. This intrusion has caused contact
metamorphism and formation of Fe mineralization.
Some of the Fe skarn deposits in the Zanjan
province were studied during the past years (i.e.,
Nabatian et al., 2017; Mokhtari et al., 2019) and
valuable information is present about their
geological and mineralization characteristics.
However, the Alamkandi granitoid and Fe deposit
have not been studied until the present. In this
research study, geochemistry and petrogenesis of
the Alamhandi granitoid along with mineralogy,
textures and geochemistry of Fe deposit and
thermodynamic conditions for formation of contact
metamorphic rocks have been studied.

Materials and methods

This research can be divided into two parts
including field and laboratory studies. Field studies
include recognition of different parts of granitoid
intrusion and skarn aureole along with sampling for

laboratory studies. During field work, 65 samples
were selected for petrographic and analytical
studies. 19 thin sections and 13 polished thin
sections were used for petrographical and
mineralogical studies. For geochemical studies, 15
samples from granitoid and ore skarn sub-zone
were analyzed by XRF and ICP-MS methods at the
Zarazma laboratory, Tehran, Iran.

Results

Based on petrographic studies, the Alamkandi
granitoid is composed of granodiorite, quartz
diorite and porphyritic diorite. Granodiorites with
hetrogranular texture are composed of plagioclase,
quartz, K-feldspar, hornblende and biotite. Quartz
diorites indicate porphyroid to seriate and
hetrogranular textures and are composed of
plagioclase, clinopyroxene, hornblende and quartz.
Porphyritic diorites have porphyritic texture with
plagioclase and amphiboles phenocrysts. The
Alamkandi granitoids demonstrate calc-alkaline to
high-K calc-alkaline affinity and can be classified
as metaluminous I-type granitoids. Primitive
mantle-normalized (McDonough and Sun, 1995)
trace elements patterns for the Alamkandi
granitoids indicate LILE and LREE enrichment
along with negative HFSE anomalies and positive
Pb anomaly. Chondrite-normalized (McDonough
and Sun, 1995) REE patterns for these rocks
demonstrate LREE enrichment (high LREE/HREE
ratio). Based on tectonic setting discrimination
diagrams, the Alamkandi granitoids were formed
in the active continental margin.

Fe mineralization in the Alamkandi area crops out

*Corresponding author Email: amokhtari@znu.ac.ir

DOI: https://dx.doi.org/10.22067/econg.v13i3.86285



Journal of Economic Geology

Nouri et al. 38

in discrete places as massive and lens-shaped
bodies. The Northern outcrop body has 150m
length and up to 50m width, while the southern
outcrop body has 100m length and up to 20m
width. Microscopic studies reveal that the skarn
zone at the Alamkandi granitoid is composed of
garnet skarn, pyroxene skarn, epidote pyroxene
skarn, serpentine skarn, and ore skarn sub-zones.
Magnetite is the main ore mineral along with some
pyrite and chalcopyrite. Garnet, clinopyroxene,
olivine, serpentine, epidote, actinolite, calcite and
quartz are present as gangue minerals. Based on the
field and microscopic studies, the Alamkandi Fe
deposit has massive, banded, disseminated,
brecciated, vein-veinlets, replacement and relict
textures. Based on mineralogical and textural
studies, the skarnization processes in the
Alamkandi deposit can be divided into 3 stages
including: (1) isochemical metamorphic stage, (2)
prograde metasomatic stage and (3) retrograde
metasomatic stage.

Discussion

Based on skarn mineralogy, the XCO; vs. T and T
vs. logfO, diagrams were used to determine the
possible physio-chemical conditions. According to
these diagrams and considering mineralogical and
textural evidence, maximum temperature for
formation of olivine in XCO,=0.1 and P=1kb was
about 450-600°C. Furthermore, garnet and
clinopyroxene were formed simultaneously at 430-
550°C and fO, equal 107'"® to 10?. In temperatures
less than 450°C, olivine was replaced by serpentine
while in temperatures less than 430°C and
increasing fO,, garnet and clinopyroxene were
replaced by epidote + quartz + calcite and actinolite
+ quartz + calcite, respectively. In temperatures
less than 430°C, fluids in equilibrium with granitic
intrusion and with relatively high sulfidation
(fS2>10®), were not in equilibrium with andradite.
Therefore, andradite was replaced with quartz +
calcite + pyrite. With reducing fS, (<10®),
andradite was replaced by quartz + calcite +
magnetite. During the early retrograde stage,
magnetite and pyrite were formed along with
quartz and calcite. Mineralogical studies indicate

that pyrite was formed after magnetite. In this
regard, it seems that metasomatic fluids probably
had fS,=10°° and less than 430°C temperature in
the beginning of the retrograde stage. Presence of
hematite  lamella  within the  magnetite
demonstrates that fO, was probably about 10 in
the beginning of retrograde stage.
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