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Fig. 3. A view from the Qozlou granite and Fe ore, which formed around it (view to NE). There are some big enclaves of
Upper Cretaceous rocks within the granite body, which were changed to skarn and Fe ore was formed within these

enclaves.
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garnet skarn sub-zone, B: Isotropic garnets with alteration to calcite in margins along with clinopyroxene within magnetite
matrix in garnet pyroxene sub-zone, C: Idiomorphic clinopyroxene crystals in pyroxene skarn sub-zone, D: Idiomorphic
clinopyroxene crystals within magnetite matrix in pyroxene skarn sub-zone, E: Fine-grained epidote along with pyrite and K-
feldspar in epidote skarn sub-zone, and F: Actinolitized clinopyroxene crystals along with pyrite within calcite matrix in

pyroxene-bearing marble sub-zone. A late calcite veinlet cut this rock. Abbreviations after Whitney and Evans (2010) (Afs: K-
feldspar, Cal: calcite, Cpx: clinopyroxene, Ep: epidote, Grt: garnet, Mt: magnetite, Py: pyrite).
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Table 1. Geochemical data of major, trace and rare earth elements for granitoid samples of the Qozlou. Major elements
are in wt.% and trace and rare earth elements in ppm.

Q3 Q-6 Q31 Q34 Q35 Q-42

DL P. Gr QMz P. Gr P. Gr Di P. Gr

SiO: 0.1 66.12 64.18 66.31 66.64 55.88 67.92
ALOs; 0.1 15.93 15.09 15.18 15.42 15.36 15.84
CaO 0.1 4.24 4.11 3.5 2.98 7.67 3.57
Fe:Osr 0.1 1.32 3.48 1.91 241 4.6 1.48
K:0 0.1 3.52 3.14 4.42 3.49 0.94 3.45
MgO 0.1 1.39 2.66 1.82 1.6 5.26 1.54
MnO 0.1 0.03 0.05 0.03 0.04 0.07 0.03
Na;O 0.1 5.2 5.18 4.84 5.55 6.15 4.7
P:Os 0.1 0.24 0.38 0.22 0.23 0.68 0.22
TiO2 0.1 0.43 0.55 0.42 0.43 1.11 0.43
LOI 0.1 1.32 0.87 1.08 0.86 1.96 0.53
Total ---- 99.93 99.89 99.92 99.89 99.68 99.9
As 0.1 19.6 15.9 10.3 13.9 25.2 15.6
Ba 1 1189 1272 1136 953 668 1168
Ce 05 77 94 65 60 109 65
Co 1 2 9.8 4.8 6.5 9.9 3
Cr 1 24 67 25 27 110 22
Cs 05 1.1 1.7 1.5 1.8 1.2 1.0
Cu 1 94 110 9 24 5 42
Dy 0.02 1.47 1.73 1.35 1.49 2.38 1.49
Er 0.05 0.62 0.72 0.57 0.65 0.97 0.70
Eu 0.1 1.14 1.54 1.05 1.04 1.72 1.25
Gd 0.05 2.96 3.45 2.76 2.87 4.24 2.98
Hf 0.5 1.64 2.09 1.68 1.97 3.72 1.71
La 1 38 49 38 31 50 33
Lu 0.1 <0.1 0.11 <0.1 0.11 0.12 0.11
Nb 1 13.8 17.7 13.3 13.0 35.8 14.4
Nd 05 21.2 28.9 19.0 19.1 32.8 20.5
Ni 1 17 40 20 14 89 18
Pb 1 38 29 33 18 5 15
Pr 0.05 6.16 8.4 5.62 5.57 9.17 5.8
Rb 1 50 54 77 48 7 51
Se 05 4.0 5.5 4.1 3.7 10.3 4.1
Sm 0.02 3.34 43 3.06 3.09 5.16 3.38
Sr 1 1025.5 1138.5 985.1 865.6 1115.5 1025.4
Ta 0.1 0.89 1.02 0.93 0.71 1.95 0.89
Tb 0.1 0.30 0.36 0.27 0.30 0.50 0.30
Th 0.1 9.85 10.94 10.25 9.41 9.89 10.66
Tm 0.1 <0.1 <0.1 <0.1 <0.1 0.11 <0.1
U 0.1 2.0 2.7 2.6 24 3.1 2.5

\Y% 1 50 66 49 48 88 50

Y 05 5.5 6.3 5.1 54 8.9 5.8
Yb 0.05 0.3 0.4 0.3 0.3 0.5 0.3
Zn 1 21 30 32 46 43 26
Zr 5 51 66 54 61 120 48
EwEu*  ---- 1.08 1.18 1.08 1.05 1.09 1.18

P. Gr: porphyritic granite; QMz: quartz monzodiorite; Di: dioritic dyke
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Table 2. Geochemical data of major, trace and rare earth elements for skarn sub-zones of the Qozlou. Major elements are
in wt.% and trace and rare earth elements in ppm.

Q-2 Q-17 Q-29 Q-37 Q39 Q- Q32 Q-42

DL Grt Sk+tMag EpSk PxMb+Py PxSk+Mag PxSk+Mag+Py Mag Py Gr Av.

Si0: 0.1 3443 50.51 26.65 44.33 41.08 - 28.15 66.23
ALOs 0.1 721 1175 7.58 13.81 124 - 681 15.49
CaO 0.1 33.74  16.97 34.27 18.88 17.03 - 468 3.68
Fe:03r 0.1 21.11 6.81 4.15 14.15 2413 - 3725 2.12
K:0 0.1 0.03 0.79 1.61 0.25 0.05 - 1.89 3.60
MgO 0.1 0.67 3.75 2.78 4.92 718 - 259 1.80
MnO 0.1 0.48 0.16 0.25 0.12 0.18 - 0.07 0.04
Na;O 0.1 0.06 4.75 1.18 1.62 033 - 196 5.09
P.0s 0.1 0.04 0.14 0.14 0.31 0.19 -—-- 0.12 0.26
TiO: 0.1 0.39 0.74 0.38 0.91 0.06 --—--  0.40 0.45
S0; 0.0 <0.05  <0.05 1.05 0.11 756 - 15.96 0.06
LOI 0.1 1.81 3.50 19.86 0.50 147 - 024 0.93
Total --- 99.97  99.87 99.90 99.91 100.5  ---- 100.1 99.75
As 0.1 24.3 16.1 6.1 23 >100 5.5 >100 15.06
Ba 1 11 229 163 223 39 29 57 1143.6
Cd 0.1 0.3 0.1 <0.1 <0.1 03 0.1 1.4 0.1
Ce 0.5 1 128 34 160 1 1 39 72.2
Co 1 5.1 8.4 9.7 9.1 135 27 783.1 522
Cr 1 53 61 31 42 32 17 31 33
Cs 0.5 0.5 16.5 3 2.3 05 05 07 1.42
Cu |1 28 9 29 7 2273 24 681 55.8
Dy 0.0 6 3.41 2.69 2.68 0.52 0.17 0.94 1.51
Er 0.0 4.47 2.26 1.61 1.37 031 0.05 0.34 0.65
Eu 0.1 2.13 1.54 0.56 2.77 0.1 0.1 062 1.20
Gd 0.0 4.14 4.63 3.07 52 1 09 196 3.00
Hf 0.5 1.65 2.23 1.1 2.11 05 05 151 1.82
La 1 2 96 17 129 1 1 37 37.8
Lu 0.1 0.6 0.3 0.22 0.15 0.11 0.1 0.1 0.11
Nb 1 7.5 12.6 7.8 17.8 21 26 83 14.44
Nd 0.5 2.1 32.8 13.3 42.7 05 05 105 21.74
Ni |1 2 12 36 2 113 41 93 21.8
Pb 1 13 11 6 3 9 4 8 26.6
Pr 0.0 0.13  10.36 3.31 13.36 0.05 0.07 3.47 6.31
Rb 1 1 10 41 1 1 1 41 56

S 50 114 111 3522 274 >3% 180 >3% 215.4

Sm 0.0 2.51 4.4 2.74 5.98 0.02 0.02 1.37 3.43
Sn 0.1 5.6 2.8 0.9 2.1 14 22 28 0.98
Sr 1 21.3 562 521.1 670.3 21 93.8 403.6  1008.02
Ta 0.1 0.51 0.81 0.86 1.1 029 026 0.62 0.89
Tb 0.1 0.95 0.58 0.45 0.55 0.1 01 017 0.31
Th 0.1 1.5 8.56 3.95 4.31 1.19 141 7.23 10.22
Tm 0.1 0.62 0.31 0.22 0.18 0.1 0.1 0.1 0.1
U 0.1 1.8 2.9 0.84 4.2 1.32 1 6 2.44

vV 1 83 100 61 51 65 63 35 52.6

Y 05 38.1 18.4 14.1 11.5 27 05 3.1 5.62
Yb 0.0 4.3 2 1.3 1 02 0.05 0.1 0.32
Zn 1 23 66 35 28 61 27 34 31
Zr S 56 64 37 49 13 25 54 56

Grt: garnet skarn; Ep Sk: epidote skarn, Px Sk: pyroxene skarn, Px Mb: pyroxene- bearing marble, Mag: magnetite, Py:
pyrite, Gr Av: average granite
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Fig. 6. Location of Qozlou granitoid samples on the: A: SiO; vs. Na,O+K,0 diagram (Cox et al., 1979), B: AFM triangular
diagram (Irvine and Baragar, 1971), C: SiO; vs. K,O diagram (Peccerillo and Taylor, 1976), D: Co vs. Th diagram (Hastie
et al., 2007), E: A/NK vs. A/CNK diagram (Shand, 1943), and F: K,O vs. Na,O diagram (Chappell and White, 2001)
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Fig. 7. A: Chondrite-normalized (Thompson, 1982) trace element pattern for Qozlou granitoid, B: Primitive mantle-
normalized (Sun and McDonough, 1989) trace element pattern for Qozlou granitoid, and C: Chondrite-normalized
(Nakamura, 1974) REE pattern for Qozlou granitoid
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Fig.9. A: A view from the skarn aureole and Fe mineralization in contact of Qozlou granite (view to the west), B: A view
from the skarn and Fe mineralization as enclaves within granite (view to the north), C: Close view from idiomorphic
crystals of garnet with magnetite ore, D: Close view from pyrite mineralization as banded and disseminated form within
the magnetite ore, and E: Close view from the vein-veinlet of Cu mineralization within granite. Abbreviations after Whitney
and Evans (2010) (Cct: chalcocite, En. Sk.: endoskarn, gr: granite, Grt: garnet, Mag: magnetite, Mlc: malachite, Py: pyrite).
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Fig. 10. Microscopic photos from ore- skarn sub-zone in the Qozlou area. A: Disseminated magnetite in ore skarn sub-
zone, B: Pyrite veinlet crosscutting magnetite crystals, C: Idiomorphic magnetite inclusion within pyrite, D: Fine-grained
chalcopyrite around pyrite, E: Pyrite inclusions within pyrrhotite, and F: Goethite veinlet crosscutting magnetite crystals.
Abbreviations after Whitney and Evans (2010) (Ccp: chalcopyrite, Gth: goethite, Mag: magnetite, Po: pyrrhotite, Py: pyrite).
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Introduction

Fe skarn deposits are one of the important Fe
deposits in the Zanjan province which have been
exploited in recent years. The Qozlou Fe deposit
is one of these Fe skarn deposits which is located
at 65 km west of Zanjan. In this area, alternation
of micro-sparitic limestone, marly limestone,
shale and sandstones of Upper Cretaceous were
intruded by Late Eocene granitoids. This event
caused to metamorphism contact and it caused the
formation of Fe mineralization. Some of the Fe
skarn deposits in the Zanjan province were
studied during the past few years (e.g. Nabatian et
al., 2017) and valuable information is present
about their geological and mineralization
characteristics. However, Qozlou granitoid and Fe
deposit have not been studied yet. In this research,
petrology and geochemistry of the Qozlou
granitoid along with petrographic characteristics,
mineralogy, structure and texture of Fe deposit
and thermodynamic conditions for formation of
contact metamorphic rocks have been studied.

Materials and methods

This research study can be divided into two parts
including field and laboratory studies. Field
studies include

The recognition of different parts of granitoid
intrusion and skarn aureole along with sampling
for laboratory studies. Thus, 50 samples were
selected for petrographic and analytical studies.
16 thin sections and 16 thin-polish sections were
used for petrographical and mineralogical studies.

13 samples from granitoid and ore skarn sub-zone
were analyzed by XRF and ICP-MS methods at
the Zarazma laboratory, Tehran for geochemical
studies.

Results

Based on petrographic studies, the Qozlou
granitoid is composed of porphyritic granite-
granodiorite and quartz monzodiorite. Porphyritic
granite-granodiorite =~ have  porphyritic to
porphyroidic, micro-graphic and felsophyric
textures and are composed of plagioclase, quartz,
K-feldspar, hornblende and biotite phenocrysts
within  quartz-feldspatic  groundmass. Quartz
monzodiorites indicate porphyroidic texture and
they are composed of plagioclase, hornblende,
quartz and K-feldspar. The Qozlou granitoid
demonstartes high-K calc-alkaline affinity and it
is classified as metaluminous I-type granitoids.
Trace elements normalized by primitive mantle
(Sun and McDonough, 1989) for Qozlou granitoid
indicate LILE and LREE enrichment along with
negative HFSE anomalies and distinctive positive
Pb anomaly. Chondrite-normalized (Nakamura,
1974) REE patterns for the Qozlou granitoid
demonstrate LREE enrichment (high
LREE/HREE ratio). Based on tectonic setting
discrimination diagrams, the Qozlou granitoid
were formed in active continental margin.
Microscopic studies reveal that the skarn zone in
Qozlou is composed of garnet skarn, garnet-
pyroxene skarn, pyroxene skarn, epidote skarn,
and pyroxene-bearing marble sub-zones. The Ore
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zone is present as massive and lens-shaped with
300m length and up to 30m width. Magnetite is
the main ore mineral along with some pyrite,
chalcopyrite and pyrrhotite. Garnet,
clinopyroxene, epidote, actinolite, calcite and
quartz present in skarn zone. Based on field and
microscopic studies, the Qozlou Fe deposit
indicates  massive,  banded, disseminated,
brecciated, vein-veinlets, replacement and relict
textures. Based on mineralogical and textural
studies, skarnization processes in the Qozlou
deposit can be divided into 3 stages including: (1)
isocheimal metamorphic stage, (2) prograde
metasomatic stage and (3) retrograde metasomatic
stage. Chondrite-normalized (Sun and
McDonough, 1989) REE and trace element
patterns for different skarn samples and
porphyritic granite demonstrate similar patterns.

Discussion

Since all of minerals present in the Qozlou skarn
aureole are located in Ca-Fe-Si-C-O-H system, we
used the temperature vs. logfO, diagram (Einaudi,
1982) to determine possible physico-chemical
conditions for skarn formation in the Qozlou.
Based on this diagram and considering
mineralogical and textural evidence, garnet and
clinopyroxene were formed simultaneously in
430-550°C and fO, equal 107 to 10?°. In the
temperature less than 430°C and increasing fOa,
garnet and clinopyroxene replaced by epidote,
actinolite, quartz and calcite, respectively.
Furthermore, in temperature of less than 430°C,
fluids in equilibrium with granitic intrusion and
with relatively high sulfidation (fS»>10°), were
not in equilibrium with andradite. Therefore,
andradite was replaced by quartz, calcite and
pyrite. With reducing fS, (<10°), andradite was
replaced by quartz, calcite and 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. Based on this, it seems

that metasomatic fluids probably had fS,~10°°
and had less than 430°C temperature in the
beginning of the retrograde stage. Presence of
hematite  lamellae ~ within  the  magnetite
demonstrates that fO, probably was 107 in the
beginning of retrograde stage.
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