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Fig. 1. Geological map of the Qarachilar area showing NW-trending mineralized Cu-Mo-Au-bearing quartz veins in the
granodiorite-quartz monzodiorite phase of Qaradagh batholith. Major structural zones of Iran is modified from Alavi (1991) and

Aghanabati (2004).
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Fig. 2. A: View of granodiorite-quartz monzodiorite (gd) pluton which is intruded by porphyritic granite (gr) apophysis in the
west of Qarachilar village (looking northwest), B: A close view of microgranolar mafic enclaves within granodiorite-quartz
monzodiorite pluton, C: A close view of mafic enclave within porphyritic granite apophysis, and D: A close view of
granodiorite-quartz monzodiorite enclaves within quartz monzonite (qmz) stock. Rock abbreviations follow Debon and Le

Fort (1983).
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Fig. 3. Photomicrographs (transmitted cross polarized-light, XPL) of minerals and textures in the rock units at the
Qarachilar area. A: Heterogranolar, monzonite and poikilitic textures along with automorph hornblende crystal in
granodiorite-quartz monzodiorite pluton, B: Myrmekitic texture (arrow) along with automorph sphene crystal in granodiorite-
quartz monzodiorite pluton, C: Biotite crystals along with quartz and secondary K-feldspar in dark color veinlets crosscutting
the granodiorite-quartz monzodiorite pluton, D: Porphyritic and felsophyritic textures in porphyritic granite apophysis, E:
Microgranolar to porphyritic texture in porphyritic granite apophysis, and F: Monzonite and microgranolar textures in quartz
monzonite stock. Automorph crystals of plagioclase and hornblende are also observed. All mineral abbreviations follow
Whitney and Evans (2010). (Bt: biotite, Hbl: hornblende, Kfs: alkali feldspar, Pl: plagioclase, Qz: quartz, Spn: sphene)
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Fig. 4. A: View of porphyritic granite dike (gr) crosscutting the granodiorite-quartz monzodiorite (gd) pluton at the
Qarachilar area (looking northwest), B: A close view of porphyritic granite dike crosscutting the granodiorite-quartz
monzodiorite pluton, C: View of andesitic dikes (and. dikes) crosscutting the granodiorite-quartz monzodiorite pluton
(looking northeast), and D: A close view of aplitic (apl) dike crosscutting the granodiorite-quartz monzodiorite pluton.

Rock abbreviations follow Debon and Le Fort (1983).
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Fig. 5. A: Felsophyritic texture with zoned plagioclase and biotite phenocrysts in porphyritic granitic dikes at the Qarachilar
area, B: Secondary biotitic veinlets in porphyritic granitic dikes, C: Porphyritic texture in andesitic dikes containing
plagioclase and hornblende phenocrysts, and D: Microlitic porphyry texture with plagioclase and biotite phenocrysts in
trachyandesitic dikes. All photomicrographs are taken in transmitted cross polarized-light (XPL). All mineral abbreviations
follow Whitney and Evans (2010). (Bt: biotite, Hbl: hornblende, PI: plagioclase)
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Fig. 6. A: Field photograph showing the location of mineralized quartz veins at the Qarachilar occurrence (looking northwest),
B: View of QV1 mineralized quartz vein (looking northwest), C: View of QV2 mineralized quartz vein along with thin
alteration halo around it (looking northwest), and D: View of QV3 mineralized quartz vein (looking northwest)
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Fig. 7. Hand specimen photographs illustrating mineralization stages at Qarachilar occurrence. A: Stage-1 quartz-
chalcopyrite vein crosscut by Stage-2 quartz-molybdenite vein, and B: Stage-2 quartz-molybdenite veinlets which are
crosscutting the Stage-1 quartz-chalcopyrite vein and are crosscut by Stage-3 Au-bearing Fe-hydroxide veinlets.
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Fig. 8. Photomicrographs of sericite, carbonate and propylitic alterations at the Qarachilar occurrence. A: Sericite alteration as
fine-grained sericite and quartz crystals around mineralized quartz veins, B: Carbonate alteration as late calcite veinlets, and
C: Propylitic alteration as chloritization of biotites within host granodiorite-quartz monzodiorite pluton. Photomicrographs are
taken in transmitted XPL (A and B) and PPL (C). All mineral abbreviations follow Whitney and Evans (2010). (Cal: calcite,
Chl: chlorite, Opq: opaque mineral, Pl: plagioclase, Qz: quartz, Ser: sericite)
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Fig. 9. Types of ore minerals at the Qarachilar occurrence. A and B: Anhedral crystals of chalcopyrite replaced by chalcocite
(A) and goethite (b) supergene minerals, C: Subhedral crystal of pyrite altered to goethite, D: Bladed crystals of molybdenite,
E: Subhedral crystal of galena, F: Malachite and azurite with vug infill texture of quartz crystals, and G: Fine-grained
ferimolibdite along fractures of Mo-bearing quartz veins. Photomicrographs A—E are taken in reflected light and F is taken in
transmitted polarized-light, XPL. All mineral abbreviations follow Whitney and Evans (2010). (Az: azurite, Ccp:

chalcopyrite, Cct: chalcocite, F-Mol: ferimolibdite, Gth: goethite, Gn galena, Mlc: malachite, Mol: molybdenite, Py: pyrite,
Qz: quartz)
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Qarachilar occurrence
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Table 1. Geochemical data of trace and rare earth elements for 6 samples of fresh and altered granodiorite- quartz
monzodiorite pluton (samples QA-20 and QA-12, respectively), Stage-1 quartz-chalcopyrite vein (samples QA-05) and
Stage-2 quartz-molybdenite vein (sample QA-06) from the Qarachilar occurrence. All data in ppm.

Ba Cs Co Cu Cr \Y Th Zn Rb Zr Pb U

D.L. 1 0.1 0.2 0.1 0.1 7 0.2 1 0.1 0.1 0.1 0.1
QA-05 8 0.5 2.6 30183 314 7 091 690 1 5 209 0.7
QA-06 16 0.5 1.8 48 318 8 0.87 53 1 5 14 0.79

QA-12 135 2.1 8.4 917 132 94 6.41 454 181 5 437 1.8
QA-20 477.25 033 2215 101.78 85.28 168.08 5.32 6243 47.73 11293 9.43 1.83

Sc Sr Nb Y Ti Ni Hf Ta P La Ce Pr
D.L. 0.2 0.5 0.1 0.1 0.01 0.1 0.1 0.1 0.01 0.1 0.1 0.02
QA-05 0.5 4 1 2.5 10 4 0.5 0.1 327 1 2 0.64
QA-06 0.5 16.2 1 4.9 10 3 0.5 0.1 76 1 3 0.67
QA-12 8.2 21 3 8.1 2139 3 0.5 022 506 16 30 3.61
QA-20 10.89 436.85 5.65 21.75 - 11.1 1.14 0.27 - 19.32 3898 5.19

Nd Sm Eu Gd Tb Dy Er Tm Yb Lu

D.L. 0.3 0.05 0.1 0.05 0.01 0.05 0.03 0.01 005 0.01
QA-05 33 0.4 0.1 0.4 0.1 024 0.05 0.1 0.05 0.1
QA-06 3.4 0.45 0.1 0.59 0.14 0.7 0.08 0.1 0.5 0.12
QA-12 148 2.46 0.4 2.11 0.25 143 06 0.1 0.8 0.15
QA-20 18.87 392 099 354  0.61 382 222 033 241 0.41

~C 9009505 0045 ¢,loallS 5,155 sleaS, sl (Nakamura, 1974) co a4 Cas oad) gy (S OlaS jobie slagSIl N sl
Hezod (Sone dlas; 50 ljee 0adyle S8 5 plle Cuyg39 59035165

Fig. 11. Chondrite-normalized REE patterns (Nakamura, 1974) for the mineralized quartz veins and fresh and altered
host granodiorite-quartz monzodiorite pluton at Qarachilar occurrence
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Fig. 12. A: Histogram of trace elements in mineralized quartz veins and altered host granodiorite-quartz monzodiorite
pluton at Qarachilar occurrence, normalized against fresh and barren granodiorite-quartz monzodiorite pluton (sample
QA-20, Table 1), and B: Histogram of rare earth elements in mineralized quartz veins and altered host granodiorite-

quartz monzodiorite pluton at Qarachilar occurrence, normalized against fresh and barren granodiorite-quartz
monzodiorite pluton (sample QA-20, Table 1).



v e 518 6aS, 15 Sl sl lilos Slidllas 5 cardiimes o smslidi s YAV Jl) ) o)less )+ ol

u_:)yéﬁfﬁ.n);)bs —u_:)y.)ybf 039_'; A Coond as J.L_’>o).9 gﬁ_|..\.1LA .)‘.A?) B )‘\)4)[5 ).:)ljs ‘_gL&bAf) ‘_glj.: UL.‘).S )@L.c )‘\)9&.: ALY JS.«»
aS Lo 3 Soxe olas, o jleails 1 )leS sleds, ol S Ol solis jloges B g wileads jloxigy (V ooz QA-12 aigad) oaisyl 5o
iloads Hloeigs (V Jgaz QA-12 aiged) oaiyles 50 Cuy9399 355055185 —Ca 9303l )5 0095 4y S

Fig. 13. A: Histogram of trace elements in mineralized quartz veins at Qarachilar occurrence, normalized against altered
granodiorite-quartz monzodiorite pluton (sample QA-12, Table 1), and B: Histogram of rare earth elements in
mineralized quartz veins at Qarachilar occurrence, normalized against altered granodiorite-quartz monzodiorite pluton

(sample QA-12, Table 1).
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Fig. 14. Photomicrographs (at room temperature in plane-polarized light) of fluid inclusion types in mineralized quartz veins
at Qarachilar occurrence. A: Three-phase halite-bearing inclusion, B: Polyphase halite, silvite and opaque mineral-beiring
inclusion, C: Two-phase liquid-rich inclusion, D: Two-phase vapor-rich inclusion, E: Coexiting one-phase liquid and two-
phae liquid-rich inclusions, F: One-phase vapor inclusion. G: Coexiting three-phase halite-bearing inclusions along with two-

phase liquid-rich and vapor-rich as well as one-phase liquid and vapor inclusions, H: Coexiting two-phase liquid-rich and
two-phase vapor-rich inclusions, and I: Necking-down of three-phase halite-bearing inclusion. (H: halite, L: liquid, V: vapor,

S: silvite, Opq: opaque mineral), Abbreviations follow Diamond (2003)
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Table 2. Microthermometric data summary for primary LV and LVS fluid inclusions from the mineralized stage-1 and

stage-2 quartz veins from the Qarachilar Cu-Mo-Au occurrence

Incl. type Size (um) Te (°C) Tmice (°C) Twn(°C)  Tw (°C) Salinity Density
(Wt.% NaCl equiv.) (g/cm®)
LV
4-49 —40to—58 -5.7to-22 182-532 9.2-23.5
(n=38) 0.5-0.9
(357)! (15.4)
LVS 632 145-465 197-530 29.5-55.1
(type-1) 521063 -20t0-31  (267) (378) (36.3)
(n=58)
0.8-1.1
LVS 10.36 ) ) 220-390  203-375 32.4-45.6
(type-2) (335)  (296) (38.9)
(n=6)

lvalues are the measured range, with the average given in parenthesis. Te = first ice melting, Tu.ice = final ice melting,

Tm-n = halite melting, T, = homogenization temperature
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Fig. 15. Frequency histograms of A: homogenization temperature, B: halite melting, and C: salinity ranges for the
primary fluid inclusions in mineralized stage-1 and stage-2 quartz veins at Qarachilar occurrence
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Fig. 16. Salinity vs. homogenization temperature plot for fluid inclusion data at Qarachilar occurrence showing boiling,
isothermal mixing and necking-dwon trends during evolution of hydrothermal fluids (Wilkinson, 2001). NaCl saturation
and critical curves are from Ahmad and Rose (1980) and NaCl pressure lines are from Roedder (1984).
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Table 3. Comparison of main characteristics of Qarachilar occurrence with porphyry and vein type Cu and Mo deposits
as well as intrusion related Au deposits. Abbreviations follow Whitney and Evans (2010) and Diamond (2003). (Apy:
arsenopyrite, Bis: bismothinite, Ccp: chalcopyrite, Cct: chalcocite, Eng: enargite, Gn: galena, Mol: molybdenite, Py:
pyrite, Po: pyrrhotite, S: salinity, Sch: scheelite, Sp: sphalerite, Stb: stibnite, Th: homogenization temperature)

Porphyry . Vein-type Intrusion .
g Mo Y Mo relatedAw  (RURCE
P deposits P deposits deposits
aqtlve contl.nental back-arc rift orogenic continental aqtlve
. . continental rift, . belts, . continental
Tctonic setting . . basin, . margins, back- .
margins, island  continental . . collision . margins, post
. continental rift arc basin s
arcs margins zones collision
. .. granitoids,
diorite, hyrit .
granza:Zrl ¢ porf;n}i’:; 1 volcano- granodiorite,
Host rock d . & ’ sedimentary and  granitoids granite quartz
monzodiorite, quartz ..
. .. . metamorphosed monzodiorite
tonalite, diorite  monzonite .
formations
. . . . mid-late
Timing of Proterozoic to Mezozoic Proterozoic to . . .
. lizati Tertiar to Tertiar Tertiar Mezozoic Mezozoic Oligocene
mineralization
eralizatio y y y (25-31 Ma)
potassic, potass.ic.:, silisic, chloritic, silisic,. po.ta.s.sic, sil.is.i?,
. . o propylitic, .. carbonatic, silisic, sericitic,
Alteration philic, argillic, T propylitic, .. . ..
- argillic, . sericitic, sericitic, propylitic,
propylitic . argillic . . .
sericitic propylitic carbonatic carbonatic
disseminated, . . . . .
. veinlet, . . . . vein-veinlet, vein-veinlet,
Ore texture veinlet, vein-veinlet vein-veinlet . . . .
stockwork disseminated disseminated
stockwork
. Mol, Py, Mol, Py, Apy, Py, Po,  Ccp, Py, Mol,
M 1 Ccp, Mol, P Ccp, Eng, Py, Cct ) .
Ore Minerals P, VIOLEY Sch °p, Bng, 1y, ¢ Gn Stb, Bis, Mol Gn, Sp, Bis
Th:133-397 Th:180-530
L ! T:300-480°C, "
Fluid inclusion Th<725°C, °C, S: 2-8 Wi °C,
characterestics S <20 wt% NaCl S: 1.5-31.6 ' NaCl ’ S: 2-60 wt%
wt% NaCl NaCl
Hart et al.,
2000; Mokhtari,
Taylor et Lang et al., 2008;
o al., 2012; . Gao et al. 2000; Lang Simmonds
11 201 ’ ’ kins, 1972 ’ ’
References Sillitoe, 2010 Lietal., Sawkins, 197 2013 and Baker, and Moazzen,
2013 2001; 2015;
Goldfarb et this study

al., 2000
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Table 4. Comparison of main characteristics of Qarachilar occurrence with some mineralized systems at Arasbaran
zone. Abbreviations follow Whitney and Evans (2010) and Diamond (2003). (Au: gold, Bis: bismothinite, Bn: bornite,
Ccp: chalcopyrite, Gn: galena, Mol: molybdenite, Py: pyrite, S: salinity, Sp: sphalerite, Th: homogenization
temperature, Ttr = tetrahedrite)

Haft-
jil -Sheikh
m_sul:l grun Cu (:a;n:_]l Cu Cheshmeh Jz::;ar;l Sr elcu Mivehrood Qarachilar
porphy y POrphy y porphyry Cu POrphy y Au deposit occurrence
deposit deposit . deposit
deposit
active active active active active active
] . . . . . 1
Tctonic setting continental contmejntal contmejntal contmejntal contmejntal cont.menta
. margins margins margins margins margins, post
margins ..
collision
quartz ct0id ct0id granodiorite,
Host rock monzodiorite granitoids granitoids granite granitoid quartz
to granite monzodiorite
. . . id-lat
Timing of early Miocene Oligocene late Oligocene Oligocene Oligo- Or?il ocir?e
mineralization  (22-20 Ma) & (29-27 Ma) & Miocene . _g3 | Ma)
potassic, potassic, . . . philic, silisic, silisic,
. . potassic, philic, potassic, . o
. philic, philic, e o o potassic, sericitic,
Alteration oy e argillic, philic, argillic, o .\
argillic, argillic, coovlitic Fovlitic argillic, propylitic,
propylitic propylitic propy propy propylitic carbonatic
disseminated,  disseminated, disseminated, disseminated,  disseminated, . .
. . . . . vein-veinlet,
Ore texture veinlet, veinlet, veinlet, veinlet, veinlet, disseminated
stockwork stockwork stockwork stockwork stockwork ssemimate
Cep, Py,
Ccep, Py, Gn, Py, Ccp, Mol,  Ccp, Bn, Mol, Py, Ccp, Gn,
Ore Minerals Ccep, Py, Mol Mol, Gn, Sp,
Sp, Mol Bn Gn, Sp, Ttr Au, Stb )
Bis
Tn:180-650 Tn:180-580 Tn:200-420 Tn:140-560 Th:180-530
Fluid inclusion °C, °C, °C, °C, °C,
characterestics S <55 wt% S <50 wt% S: 10-45 wt% S: 5-70 wt%  S: 2-60 wt%
NacCl NacCl NacCl NacCl NacCl
Mehrpartou,
1993; Jamali, 1999;
Calagari, Gholami Mokhtari,
1997, Hassanpour et Checheki, 2008;
Hezarkhani . P 2001; Jamali Simmonds
e Hosseinzadeh, al., 2011; .
References and Williams- Imani, 2013 et al., 2010; and
2008 Aghazadeh et .
Jones, 1998, al. 2015 Jamali et al., Moazzen,
Calagari, v 2012; Jamali 2015;
2004; and Mehrabi, this study
Aghazadeh et 2015

al., 2015
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Fig. 17. Schematic representation of mineralization evolution stages at Qarachilar area. A: Formation of late Cretaceous
volcano-sedimentary units, B: Granodiorite-quartz monzodiorite pluton intruded into the late Eocene- early Oligocene
units. This event resulted in contact metamorphism halo, alteration, marble formation and skarn mineralization (Fe-Cu)
in host rocks, C: Porphyritic granite pluton intruded into the granodiorite-quartz monzodiorite pluton. Intrusion of this
pluton caused circulation of magmatic and meteoric waters and formation of Cu-Mo-Au mineralization as mineralized

quartz veins within granodiorite-quartz monzodiorite pluton, and D: Regional exhumation and development of
weathering and erosion processes
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Introduction

The Qarachilar Cu-Mo-Au occurrence is located in
the Arasbaran ore zone (AZ), NW Iran, some 70 km
north of Tabrizz. The AZ is characterized by
occurrence of different types of mineralization and
hosts many Cu-Mo porphyry (PCD), Cu skarn, and
epithermal Au deposits (Jamali et al., 2010; Jamali
and Mehrabi, 2015). The main rock unit exposed in
the area is Qaradagh batholith (QDB). A variety of
porphyry and vein-type Cu—Mo—Au mineralization
are associated with QDB. The most pronounced
occurrences are in Qarachilar, Qara-Dareh, Zarli-
Dareh, Aniq and Pirbolagh. This type of
mineralization can be followed in other parts of
northwest Iran, such as Masjed-Daghi porphyry Cu—
Au  deposit and Mivehrood vein-type Au
mineralization in the southwest of the QDB, the
Sungun PCD and the related skarn in its southeast,
and Astamal Fe skarn deposit in the south of the
QDB. To date, no detailed study has been undertaken
to understand the characteristics of the Qarachilar
occurrence and its mineralization type is
controversial. The recent work by Simmonds and
Moazzen (2015) also did not present relevant
information for an understanding of the Qarachilar
occurrence. The Re-Os age data obtained in their
work were compared with similar events along the
Urumieh-Dokhtar magmatic arc (UDMA) and
southern Lesser Caucasus in order to elucidate the
temporal pattern of mineralization across the whole
QDB and the UDMA. The present paper provides an
overview of the geological framework, the
mineralization characteristics, and the results of
geochemistry and fluid inclusion studies of the

Qarachilar Cu-Mo-Au occurrence with an application
to the ore genesis.

Materials and methods

More than 37 polished thin sections from Qarachilar
host rocks and mineralized and altered zones were
studied by conventional petrographic and mineralogic
methods at the University of Zanjan. In addition, 9
samples from non-altered and altered host rocks and
mineralized veins were analyzed by ICP-MS for trace
elements and REE at the Zarazma Co., Tehran, Iran.
Microthermometric data were performed on primary
fluid inclusions using the Linkam THMS600
heating—freezing stage at the Iranian Mineral
Processing Research Center (IMPRC), Tehran, Iran.

Results

The rock units exposed in the Qarachilar area are
different sets of magmatic phases of QDB including
granodiorite-quartz monzodiorite, porphyritic
granite, quartz monzonite and acidic-intermediate
dikes. Granodiorite-quartz monzodiorite is the
dominant phase which hosts the Qarachilar quartz-
sulfide veins. Mineralization at Qarachilar occurs as
three quartz-sulfide veins. The veins reach up to
700-m in length and average 1-m in width, reaching
a maximum of 2-m. They are generally steeply-
dipping to the NE at 80°. The reported grades of Mo,
Cu and Au range from 20 ppm to 3.6 wt%, 0.7 wt%
to 5 wt%, and 0.23 to 37.2 g/t, respectively.

Four stages of mineralization can be distinguished at
Qarachilar. Stage-1 is represented by quartz veins
(ranging from centimeters up to <I-m width) that
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contain variable amounts of chalcopyrite and pyrite.
Stage-2 is marked by <l-mm to 3-cm wide veins of
quartz with molybdenite +pyrite that usually cut
Stage-1 mineralization, and, in turn, are cut by
Stage-3 veins. The Stage-2 veins usually show a
banded appearance. Disseminated texture is also
observed in this stage. Molybdenite (0—5%) occurs
as large flakes or aggregates of anhedral, tiny
shredded crystals, rosettes, or plates, with variable
sizes of 200-um to 3-mm within the quartz veins-
veinlets. Stage-3 is represented by 1 to 10-cm wide
Au-bearing Fe-hydroxide quartz veinlets. Stage-4 is
represented by individual or sets of late quartz-
carbonate veinlets that usually cut previous stages.
No sulfide minerals are recognized with Stage-4.
The hydrothermal alteration assemblages at
Qarachilar range from proximal quartz, sericite and
carbonate to distal sericite, epidote and calcite
(propylitic alteration). Potassic alteration occurs
locally in 5-cm-wide, quartz-albite-secondary biotite
veins  within  granodiorite-quartz  monzodiorite
pluton. The ore minerals composed of chalcopyrite,
pyrite, molybdenite, galena and quartz, calcite and
ankerite are present as gangue minerals. Chalcocite,
covellite, malachite, azurite, ferimolybdite and
goethite are formed during the supergene stage. The
ore minerals show vein-veinlet, brecciated,
disseminated, vug infill, replacement and relict
textures.

The comparison of Chondrite  normalized
(Nakamura, 1974) REE patterns of non-altered and
altered host granodiorite-quartz monzodiorite pluton
and the mineralized samples at Qarachilar indicate
that altered pluton and especially mineralized
samples show lower concentrations of REE relative
to non-altered plutonic host rocks. This signature
indicates the mobility of REE by Cl and F-rich
magmatic-hydrothermal fluids during alteration and
mineralization processes. Homogenization
temperatures (Tn) of two-phase inclusions within

quartz varies from 182-532°C, and salinity varies
from 9.2 to 23.5 wt% NaCl equiv. Three-phase
halite-bearing type-1 (T>Tmn) and type-2 (Tms>Th)
inclusions are homogenized in the range of 197-
530°C and 203-375°C, respectively. They have a
calculated bulk salinity of 29.5 to 55.1 and 32.4 to
45.6 wt% NaCl equiv., respectively. The variations
in salinity and T, could be explained by a
combination of mixing and boiling hydrothermal
fluids. These processes led to the deposition of Cu,
Mo and Au in the veins. Geology, ore mineralogy,
textures, geochemistry and microthermometric data
of Qarachilar occurrence are comparable with vein-
type Cu-Mo-Au mineralization related to Cu-Mo
porphyry and intrusion related gold deposits.
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