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Fig. 1. A: location map of the Iju deposit in Iran and in Urumieh—Dokhtar belt (The combination of; Alavi, 1991;
Berberian, 1981), and B: geological map of the lju deposit and the location of boreholes that were sampled.
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Fig. 2. The subvolcanic masses in the lju deposit. A: the microscopic image of the hornblende tonalite porphyry, B: the
microscopic image of the biotite tonalite porphyry, C: the microscopic image of the biotite quartzdiorite porphyry, and
D: the microscopic image of hornblende quartzdiorite porphyry, (all images are taken in the XPL light) (Qtz= quartz,
Hbl= hornblende, Bt= biotite, Pl= Plagioclase (Siivola and Schmid, 2007)).
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Fig. 3. Alteration in the Iju deposit. A: a view of the mineralization range of the Iju deposit with alteration of quartz-
sericite-pyrite, B: the alteration of quartz-sericite-pyrite under a microscope, C: a grab sample of drill hole cores with
quartz-sericite-pyrite alteration and mineralization as stockwork and disseminated, and D: propylitic alteration under a
microscope. (the microscopic images are taken in XPL light) (Qtz= quartz, Ser= sericite, Ep= epidote, Chl= chlorite,
Py= pyrite (Siivola and Schmid, 2007)).
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Fig. 4. Some types of vein - veinlets with paragenetic sequence related to the veinlet groups available at quartz-sericite-
pyrite alteration in the lju deposit. A, B and C: veinlets with the composition of quartz + pyrite + chalcopyrite + calcite
+ anhydrite £ chrysocolla (1), quartz + calcite + chalcopyrite (2), pyrite + chalcopyrite + calcite = anhydrite *
chrysocolla (3), D: veinlets with the composition of quartz + pyrite £ chalcopyrite £ calcite + anhydrite £ chrysocolla
(1), E and F veinlets with the composition of quartz + pyrite + chalcopyrite + calcite £ anhydrite = chrysocolla (1),
quartz * calcite £ chalcopyrite (2), pyrite £ chalcopyrite + calcite + anhydrite + chrysocolla (3), G: veinlets with the
composition of quartz + pyrite + chalcopyrite + calcite £ anhydrite = chrysocolla (1), pyrite £ chalcopyrite + calcite =
anhydrite £ chrysocolla (3), and H: veinlets with the composition of quartz + pyrite + chalcopyrite + calcite £ anhydrite
+ chrysocolla (1), quartz + calcite £ chalcopyrite (2), pyrite £ chalcopyrite £ calcite = anhydrite + chrysocolla (3).
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Fig. 5. Mineralization in the lju deposit. A: stockwork and disseminated mineralization in the drill hole core, B: pyrite
and chalcopyrite mineralization in the fractures, C: secondary malachite mineralization in surface sample, D: pyrite
veinlet, E: the mass crushed pyrite, F: chalcopyrite mineralization as disseminated and within the fractures, G:
chalcopyrite mineral as disseminated is going to convert to chalcocite. H: hydrothermal breccia, I: goethite, J:
chalcopyrite is converted from the periphery to chalcocite, K: covellite and pyrite, L: bornite, chalcocite and pyrite, M:
magnetite and malachite, N: pyrite is converted to hematite, and O: limonite and hematite. (Gth= goethite, Cct=
chalcocite, Ccp= chalcopyrite, Cv= covellite, Py= pyrite, Bn= bornite, Mag= magnetite, Mlc= malachite, Hem=
hematite, Lm= limonite (Whitney and Evans, 2010)).
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Fig. 6. The paragenetic sequence of the hypogene metallic and altered minerals in the lju deposit
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Table 1. The division of the fluid inclusions under study in the lju deposit based on the phases at room temperature

Phases (30°C) Number (HI%%;) (“:':IZIS Léoq/:)'d V?&? )ur H(g/t;e l\él&')[ ;’II An(;c/)zglte
P S

L+V 71 49 22 5-20 60-95 5-40 - - -
L+V+H 27 23 4 5-15 40-85  10-50 5-30 - -
L+V+H+ S1 27 26 1 5-14 5-80 10-40 5-40 5-35 -
L+V+H+ S1+An 3 3 0 8-9 5-40 15-25  30-65 5-10 5
L+V+H+ S1+ S2 3 3 0 8-11 40-50 20 20-30 10 -
L+V+ S1 12 10 2 5-11 55-85  15-40 - 5 -
L+V+ S1+ S2 1 0 1 6 60 35 - 5 -

Abbreviations: L= Liquid, V= Vapour, H= Halite, S1 and S2= Opaque minerals, An= Anhydrite.
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Fig. 7. The fluid inclusions in the lju deposit. A: the primary fluid inclusions (individually) and the secondary fluid
inclusions (as chain and linear form), B: four—phase fluid inclusions liquid-gas-halite-metallic daughter (hematite), C:
four—phase fluid inclusions liquid-gas-halite-metallic daughter (hematite) and two-phase fluid inclusions liquid-gas, D:
three-phase fluid inclusions containing liquid-gas-halite, E: four—phase fluid inclusions liquid-gas-halite-metallic
daughter (hematite), F: five—phase fluid inclusions containing liquid-gas-halite-metallic daughter (chalcopyrite)-opaque
mineral, G: five—phase fluid inclusions containing liquid-gas-halite-metallic daughter-anhydrite and three-phase fluid
inclusions containing liquid-gas-halite, H: a variety of two-phase fluid inclusions gas-liquid, three-phase gas-liquid-
metallic daughter and three-phase liquid-gas- halite, which can be a sign of boiling, and I: two-phase fluid inclusions
gas-liquid and three-phase liquid-gas- halite, which represents formation under boiling conditions. (L= Liquid, V=
Vapour, H= Halite, S1 and S2= Opaque minerals, An= Anhydrite)
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Table 2. Microthermometry data of fluid inclusions in the Iju deposit

Sample  Depth ThyoL TMhaiite TMice Salinity wt%
o, (nF1)) Type Number )" °C) °C) NaCl eq
LV 3 143 t0 202 § 0.810-01 0.2t01.4
99-103 L+V+H 1 242 218 28 32.8
L+V+H+S1 4 23110439 416 to 450 37 49.6 10 >51.5
L+V 1 243 i 5 8
L+V+H 2 253t0>450 24310273 -31.710-392 34210364
112-116  L+V+H+S1 3 20810422 31910401 -32110-363  39.6t0 47
L+V+H+51452 1 265 442 -30.9 51.6
L+V+S1 1 328 : 116.6 19.9
7 174179 L+V+H 6 20910480 15310368  -27t0 35 20.81043.9
L+V+H+S1 3 23210302 32210395 -30t0-37.5  40.81047.5
L+V 3 194 t0 283 i 190 -21 21.6 10 22.7
179-185  L+V+H+S1 2 21310226 33710416 -35210-375 42210482
A L+V+H+S1+An 2 309 to 320 >450 - >52.9
L+V+S1 1 330 ; 220.7 22.9
L+V 4 154 t0 273 : 1810 -21 21110 22.8
179-185 L+V+H 1 451 236 -39.8 33.8
B L+V+H+S1 2 25210284 406 to 414 § 48110491
L+V+H+51452 1 250 424 § 497
LV 5 191 to 330 i 8t0-15 11.910 18.6
1J-10  183-187 L+V+H 1 238 321 30,7 40.7
L+V+H+S1 3 20310300 16510424 -32.7t0-37.8 30310 48.6
1J-15  264-267 L+V 2 183 t0 197 i 92t0-154 13110190
ny 7 200 to 387 : 6810-173 10210205
1J-17  250-255  L+V+H+SI 2 23110242 205 t0 303 30,5 32.11039.3
L+V+S1 1 310 i 115 155
LV 1 370 : 22.7 24.2
L+V+H 1 248 227 36 333
355-360  L+V+H+SI 4 23310285 18510317 -29.710-36.9  3L.1t0402
1J-19 L+V+H+S1+An 1 222 310 271 39.8
L+V+S1 1 150 - 21 23
LV 7 27410 359 : 310-20 5.4 10 22
382-386 L+V+H 1 334 352 -30.9 43
LV 1 231 i 17 204
L+V+H 2 24310253 227 to 341 36.8 33310425
403-409  L+V+H+SI 1 248 281 :30.6 37.2
1320 L+V+H+51452 1 243 21 37.6 493
L+V+S1 2 311 to 326 i 20310-206  22.61022.8
LV 4 20310 373 : 10t0-21 1410 22.8
435-438 L+V+H 2 20110332 23910303 -26410-387 3410383
L+V+S1 2 272 t0 307 i 17610209  20.71t023
L0153 LV 4 200 to 385 : 21410 -20 17.910 22.2
L+V+H 1 185 251 338 356
LV 3 216 to 303 i 1810 -21 2060 22.8
340-344 L+V+H 4 17710254 23310335 -28.610-393  33.7t0414
13-23 L+V+S1 1 319 i 195 22
LV 4 186 to 318 : 1 t0-18 161021
sad348 L+V+H 1 395 436 -36.9 51.8
L+V+H+S1 2 28010424 20210348 -331t0-372 3210421
L+V+S1 1 i i 16.8 201




41

e SldlS 530,555 Ggigil g S losbole sl s

(1396 JL) 1 o)l 9 al>

A

%

2

Frequency

MMM
Y

A
A

Ap 72 Z)

[ L+v+S1
L+V

IREE R S PN S PR SN ST S A AP SN
Homogenization temperature (Th,, )
= O L+v+s1 15 [ L+V+S1
L+V L+V

Frequency

Frequency

(=}
L

W
|

7
6 8 1012 14 16 18 20 22 24
Salinity

g0 B 15 50 SVl (Thvon) oainKed slos jloges 1A ol HLsls jo cudla 56 (g0 18,0 SVl (lp Sgiw slaloges.8 S
(gl slo 5 =ST e =V cule =L) wwudla 51 g0 25 30 EVlew glgil (5,95 10905 :C g 18,0 @Vl (TM) & 93 slos
Fig. 8. The histograms for fluid inclusions without halite phase in the lju deposit. A: homogenization temperature

diagram (Th_)) of the fluid inclusions, B: ice melting temperature diagram (Tm) of the fluid inclusions, and C: the
Salinity diagram of different types of fluid inclusions without halite phase, (L= Liquid, V= Vapour, S1= Opaque

minerals)

ool o Laas 8yl Lais g ol ady w51 0T dal gl
b ge glesog 8 55y ot 5,18 slaar S, LIl ol
e a0 &S (mb U law ste (5595 L) dijls 515wl gles b
s elSl oVl U cs) s clacas S
095 (s SV 36 o L) (sl 5 (5 oYL
las g LeSle SVl Ey o = = 5055
ol e S Lol b ls VL (658 5 (Sas Ken
slos b lasloks S5 5 s 5 2lS e SVl Lk
b Sl VL Sl Sl 558

(10 JSC2) 0us - Kan slos il 5> 55 o gmd ool
Fabo e, S U2 G0 51 a8 Jw S s
.@M‘F;})dvkﬂwaj‘é‘j?&

plab ¢S (555 405302 530 VL pl (65 5 03 50me
1334 0T gl o i S (D=9 S 52 Jguts) ol
30 sl 5855 SVl 5 6558 Sk plab S G5

ol plab &K Jolas G55 Ao 554018 s
S (St 50155) 33 05,5 slaanr &, S 10T
o3 rtiges 3 8 58 Catapl s amiales ) Sla
05,5 w3l ) | (0ds ) sen sles wll (s
-300) Lw 2o slos (o1, 5 sl 45,5 480-400) YU (sles
a>,3300-140) -l slas 5(s,5 slw a>,5400
YU 555 45 VL slos glaar S, a8 15 (5,5 sle
093 0L 5 aledd sbwl LSl SVl baw 5 (il 35
LS 4 ) odas 5 035 3 30mn sl 45 At (Sly

plnd s g = S o = 555155 095 o 5 055 o) JlS



42

34 [ L+V+H+S1 O L+V+H+S1+82
L+V+H L+V+H+S1+An
[E] L+V+H+S1
o ' R
g2 o g B L+v+H
) A 2
= Z =
i“- | i‘:
== =
1 I
O
/
%,
’/ 7
Homogenization temperature (Th,, _.,))
54 [J L+V+H+S1+S2 81 [ L+V+H+S1+An
L+V+H+S1+An L+V+H+S1+S2
4]
[E] L+V+H+S1 & [E] L+v+H+S1
) )
B W L+Vv+H g B L+v+H
= =
g g
— 24 Bt
= =
1]
)

ocooso
LEEISA

2282222225232
BRAARISRAFTTIIIZ

m halite (°C)

30 32 34 36 38 40 42 44 46 48 50 52
Salinity

<> <>
A 2
< ISt

270

=2
R
384

T

Las djf?f)b SV 6‘)—.’ u..\_wu_io.ro sleo )|.>9_4_3 A .9;;3] Sl jo cudle 51 (gl ),S)o SYhew 6‘]‘.’ RV Lgl.m)by.\.; 9 JS<
Slosss - Sed ol Lgd L aS (6,5 10 SVl gl aiKed slos J1og05 1B (TMhaite<Th) Wgd oo ien w51 Hadswl
H w7V ola =h) wrdle B g5l 15,0 @Vlow glgil (5,95 o905 D g 15 30 EVlw cls ©gd slos Jloges C (TMhaie™>Th)
(€o,91 2AN (ol slo S5 =82 4 ST e dla

Fig. 9. The histograms for the fluid inclusions containing halite phase in the lju deposit. A: homogenization temperature
diagram for fluid inclusions, which are homogenized with the disappearance of the vapor phase (TMpie< Th), B:
homogenization temperature diagram for fluid inclusions, which are homogenized with halite melting (Tmygie> Th), C:

the diagram of halite melting temperature of fluid inclusions, and D: salinity diagram of fluid inclusions containing
halite phase, (L= Liquid, V= Vapour, H= Halite, S1 and S2= Opaque minerals, An= Anhydrite).
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Fig. 10. Density values diagram of the fluid inclusions using salinity values versus homogenization temperature (Zhang
and Frantz, 1987), great dotted lines are drawn by the authors using the FLINCOR software (Brown and Lamb, 1989).
(L= Liquid, V= Vapour, H= Halite, S1 and S2= Opaque minerals, An= Anhydrite).
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Fig. 11. The salinity diagram versus homogenization temperature for different types of fluid inclusions in the lju deposit

and porphyry deposit’s range (Wilkinson, 2001), given that the
sericite-pyrite alteration zone and mixing with meteoric fluids

fluid inclusions in lju deposit are related to the quartz-
occurred in the zone, out of some samples of porphyry

deposits’ range is justified. The process of mixing with meteoric fluids can range from B to A. (L= Liquid, V= Vapour,

H= Halite, S1 and S2= Opaque minerals, An= Anhydrite)
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Fig. 12. The fluid inclusions’ homogenization temperature diagram versus salinity of different types of fluid inclusions
in the lju deposit (critical curve and dissolution Curve of halite from Chou, 1987). (L= Liquid, V= Vapour, H= Halite,

S1 and S2= Opaque minerals, An= Anhydrite)
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Table 4. Comparing the properties of fluid inclusions in the lju deposits with salient porphyry deposits in Iran.

Deposit name

Homogenization temperature (°C)

Salinity (wt% NacCl eq.)

Refrence

Sar-Cheshmeh 240 to 600
Sungun 150 to 600
Meiduk 214 t0 530

lju 142 to 480

1to61

1to 70

2.2t043
0.18 to >52.99

Hezarkhani, 2006
Calagari, 2004
Asadi et al., 2013
This paper
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Fig. 13. The diagram of the relationship between halite’s dissolution temperature versus homogenization temperature
and pressure setting (Becker et al., 2008), based on the average temperature of halite’s melting (345°C) and the
homogenization temperature average (300°C), the average pressure is placed between 50 to 100 MPa curve (about 750
bar). (L= Liquid, V= Vapour, H= Halite, S1 and S2= Opaque minerals, An= Anhydrite)
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Fig. 14. Comparing the sulfur isotope values in the sulfide and sulfate minerals in Iran and the world’s porphyry
deposits in comparison with the lju deposit (1: This research; 2: Parsapour et al., 2014; 3: Taghipour and Dorany, 2013;
4: Nourali and Mirnejad, 2012; 5: Maanijou et al., 2012; 6: Calagari, 2003; 7: Ohmoto and Rye, 1979).
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Introduction

The lju porphyry copper deposit is located in the
southern part of the Urumieh-Dokhtar magmatic
arc (Dehaj-Sarduieh belt) within the Kerman
copper belt (Dimitrijevic, 1973). The Porphyry
Copper mineralization in the Iranian plate occurs
dominantly along the Urumieh-Dokhtar arc,
which has resulted from the subduction of the
Arabian plate beneath the central Iran and the
closure of the Neo-Tethys Ocean during the
Alpine orogeny (Hassanzadeh, 1993). The lju
porphyry copper deposit with 25 million tons of
ore reserves is one of the main copper deposits
within the Kerman copper belt. The mining area is
composed of upper Miocene volcanic and
subvolcanic rocks (mineralized and barren
subvolcanic rocks) and quaternary deposits. Two
hydrothermal alteration zones of quartz-sericite-
pyrite and propylitic zones can be identified in the
lju area. The copper mineralization in the Iju
deposit occurs as disseminated, stockwork and
hydrothermal breccia. In the hypogene zone, the
mineral paragenesis include chalcopyrite, pyrite,
with minor occurrences of bornite and magnetite.
This paper reports geological, mineralogical, fluid
inclusion and S isotope data from the lju deposit
in order to investigate ore-bearing fluids’
characteristics and the mechanisms of ore
deposition.

Materials and methods

Fifteen samples of syngenetic quartz+pyrite
bearing veinlets within the quartz-sericite-pyrite
zone were selected from different depths across
the seven boreholes. Quartz was used for double-
polished thin sections and pyrite was used for

sulfur isotope analysis. Fluid inclusion studies
were performed using the Linkam cooling and
heating stage, the THMSG 600 model. The
syngenetic pyrite with thermometry quartz sample
was used for the sulfur isotope experiments.
Stable isotope analysis was performed at the
Hatch Stable Isotope Laboratory in the University
of Ottawa, Canada.

Results

The fluid inclusions of the lju deposit represent a
wide range in the homogenization temperatures
between 140 to 480°C and salinity between 0.18
to >52.99 wt.% NaCl equiv., which are most
similar to the results of the other Iranian porphyry
copper deposits. Being located in the quartz-
sericite-pyrite alteration zone, the results of
thermometry indicates that ore deposition in the
lju deposit has occurred via mixing of magmatic
and surface fluids. Variations in salinity and
paragenesis of the saline multiphase fluid
inclusions and two-phase gas-rich fluid inclusions
indicate the occurrence of boiling phenomenon in
some samples of the lju deposit. The amount of
8*S for pyrite has a limited range close to zero
(average, 0.229%o) that shows a magmatic origin
for sulfur. Considering the presence of
subvolcanic rocks, the type and extension of
alteration zones, the structure and texture of ore
bodies, thermometry results of fluid inclusions
and sulfur isotope values, the lju deposit is similar
to porphyry copper deposits.

Discussion
In the quartz-sericite-pyrite zone, three main
groups of veinlets have been identified. The
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quartz+pyrite veinlets are more abundant than the
other types and they were selected for fluid
inclusions and stable isotope studies. Petrographic
studies of fluid inclusions identifies two groups of
fluids including: 1- fluid inclusions without the
halite phase, including the types L+V, L+V+S1
and (L+V+S1+S2, that is secondary), 2- fluid
inclusions with halite phase, including the types
L+V+H, L+V+H+S1l, L+V+H+S1+S2 and
L+V+H+S1+An. Homogenization temperature
and salinity for the fluid inclusions without halite
phase are as follows: 140 to 380°C and 0.18 to 24
wt.% NaCl (Fig. 8A and C) and for the fluid
inclusions with halite phase they range from 230
to 480°C and 30 to 52 wt.% NaCl (Fig. 9A, B and
D), In addition, the pressure and depth for the
fluid inclusions containing halite phase are 750
bar and 3500 m on the average. Fluid inclusions
available at the quartz veinlets of porphyry copper
deposits can be formed in a wide range of
chemical composition and under different
temperature and pressure conditions (Rusk and
Reed, 2008). The wide range in fluid inclusions
data of the Iju deposit can be justified by
physicochemical changes in the fluid as it is
boiling and mixing with the surface fluids.
Cooling, fluids mixing, boiling and fluid-rock
reaction play important roles in the settling of
chalcopyrite from the hydrothermal fluid and the
dilution of saline ore-bearing fluids can cause the
formation of copper ores from the ore-bearing
fluid (Ulrich et al., 2002). Pyrite 8**S value ranges
from -0.86 to +1.27%o. (average, +0.22%o) and the
8%S5 value of the syngenetic fluid with pyrite
ranges from -0.23 to -2.36%o (average, -1.17%o).
The limited and near zero range that is observed
about 3*S value of the sulfur minerals indicates

the controlling role of magmatic processes in the
mineralization events (Chen et al., 2009).
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