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- Post-mineralization biotite porphyry dykes-biotite books in fine grained-generally flow banded feldspathic ground-
mass.
| ‘ Intra-mineralization feldspar porphyry dykes-large plagioclase widely dispersed in a feldspathic groundmass.

2

H

8

3

E l:] Intra-mineralization hornblende porphyry dykes-large euhedral plagioclase, biotite and hornblende phenocry-
g sts set in a dense, fine grained groundmass.

= Late-mineralization porphyry and breccia-irregular shaped masses, dykes and breccias with fragments of older rock
S 1

types. Sparse plagi laths, thin biotite and quartz eyes in a fine grained feld hic grour
""""" Sarcheshmeh porphyry-variable in composition, but generally euhedral to subhedral plagioclase phenocrysts and a
- few quartz eye, thin biotite books and minor hornblende in a medium grained aplitic groundmass of mainly quartz
and K feldspar.

Quartz-eye porphyry-near contemporaneous with Sarcheshmeh porphyry. intrudes granodiorite. Phenocrysts of
euhedral 1 K ite and erratic quartz-eyes in an apltic groundmass.

Oligocene to Miocene

- Granodiorite-pre-mineralization, near batholith sized mass, variable in composition, from extremes of gabbro to
aplite.

g Ar itic volcanic inly fine grained andesitic porphyries.
»=== Outer 0.4% Cu cut-off contour.
,o (Waterman and Hamilton, 1975) ;s ilas g cye,ily 5 i L) daiiz o (6 yud 550 oo HLadlS 00 gamme bl yae aiiss 2 S
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Fig. 2. Geological map of Sarcheshmeh porphyry copper deposit (modified after Waterman and Hamilton, 1975). In

this map common rock types in the Sarcheshmeh (PCD) can be observed including andesitic volcanic rocks,
Sarcheshmeh porphyry stock, late fine-grained porphyry, and different dykes as well as position of the rocks under

study in this paper include granodiorite and quartz eye porphyry.



275 v dedr s 8y e LS (Bl ol 5 (el S (o)

(1399 Jw) 3 o)leis 12 ul>

P 9 (Kg09lF $398 Sodyl (G K
S99 T

93950

(B 5A-3 o) el N1 S S slaes 8 opl il
(e 43335 L5 30) 35,155 0T ool sLa SLS
WS 5 5 (e 105320 515 5987 5,0 Sl s JSIT
Ao 355 5505) JsmteT 5 Cise 5 (o> o 5345 1540)
SIS 5 5 vy o by (D 5 C-3 JSK) ol (o
=5 S g 5 SVt (Ko glaos S ol 53 ok otalin
AL (el S 5 (BU oz Aalgd ulal ) 5T
5 S b S 6l 5 lsan saas IS 5 55 sLa sk
el p o ekiasOlis al ol &S tis land (guliaibate
b 02 Ol Sl b 5 0dds e e (b s Jle
43S e 5l eyl ool (Vernon, 2004) coul ad e Lo
30 3 pobsn (2l 48 Npd on S A bl e
V3 8l B 3 La 3OS 0 5 s g
45 4l 4y S (Sl 5 28 oS 5148 587 5m 55 La sk
—a 5 15 0d Sadsl Shes i (Gl &K i
Lol o St (I IS 5 Dl (S polie )
odaliie L K (slnoy, S ol 55 45 dits glay 5 6
OIS 5 5N 4 o Jgeemes gyl 4 U Gla SIS I s
5C B A3 JS8) s Coigm 4 o J s S IS
ol ot 4y Sl 5 oS 55 0L bt OlaS sla 5 .(D
lodalie bl &K ae y3 48 gl SIS

SS9 o FolgS
LSS o S5 Bl 51 (s 355 (oot IS
elhoaand 53 3,b 5l A by 55 51,5 4l sl
L Sl S )0l 515 Az 0513 laenS =85 (6,15
4 JS8) wiph b B olzsl (g by g At pu (5 035
(o= A y3 45 5 40) 35,155 0T ol Lo LS LA
SIS 5 55 (o o35 20 515 3387550 Slwatls JIT

1. Inductively Coupled Plasma Atomic Emission Spectroscopy
2. Inductively Coupled Plasma Mass Spectrometry

ot LaESs (tomen 5 Gradng 5 (65 585 Lo
340 J:J:Qj.x_;\a:f_(thébt.&j\ Coles )3 1) 48 5ama
Ll ) Sl asgammn (o) 2 35 5o aialn 55 Jod
S5 s 53 alie el L awlie 5 wlieRn
=YL 1 1 46 gome iy ) b ol 0 03 e
2ol 5o Oy o) Slaarig s Ll S ki
o JS8) s lakam S bl 5 S e 28 adate
iz o 558531 ot SdlS 53 0ol (5o g ol
‘_;ﬁéjj_;df}:_wl&ud:)\::j_?}&@;m
sy s (Cig U im0 51 8 oS 5 L) i o
FNS G 035 (Rno S 6358 035 5,5 jouls
5 ST 0L g S Ly Lac S0 5 (6 by 5y (st
Ny U3 S NI 1§ SR PP I SC N N

{2 J59) ol > (i S S 5 L 5

Wl (35
SlasS s 5 s (LK ) ST
i 5158 5 s S (Kew slaes 8 olassis
o 5 olaw Sladigad Jold) laide 4550340 1 g 855
tu,,zs Sl Gluls Calies g I fol (5l
osOlgie Kow glawi S 51 650512 5 s <S35 5 S50
Lt 1y Wles 5 B 51 28 LOD) Gle 5 fila> (glls «5°
o IS K plai 55 s Sy s Dlllas 6
ol oland e 4 i dle,l LUK SGS oS, s
5 Oy gl wotd 033 L HCP-AES g0y Lol
5PICP-MS igsa (S 5ok 5 i o b polie (s paie
SGS oS ;2 55 ST b 33 s se ICP-AES
Lo god (A 3T (llast Ol e iplol 15LIST 555 5 ans
LS ol Gl st 32 5l S ol ST gl



oobadl pwlidipae

oS 5 52 silas 276

S el ol s B4 JSCe) Wles 1 518 Ly
(el 5555 K G515 a5 Sl Jl slalas
3,8 55 Sy ot oo K 3 el ol
S sl ol csail S ols (Sepahi, 2012) el
GLaysk s ot o ke 51 LS VL Lo S8 S5
S s o 3 gl Sy palie Liledd S5 5158
K laoy S opl s ckimas gl 556 sla S RS

s IS g 5 4 el J gemms 45 35 0 0

A

Lo y3 D s gd>) Jgmial g 9 (o Ao, 35 1 30)

(D 5C B4 JS8) ol (Lpomr
FS a5 8 0 e (b 5 ot F15S
3Bl b1 55158 Loyl 5 lm 5 L5l (6
FsS Sl pmad 5 s Jdoa I 5 Wlods ails Lo 520
St glad 55 LT 55 Si02 (gue slae cadly ol
5 Jlw & pgma S0l o5bs3 5 k5 pl 5 AT o0 sy
o313 515 5o 1) K o)Liss 45 035 ke | gLl
ISt et U (STes I glalias Kiwos £ opl 3l

F155 sl ysh (25%us S 903 B (SPCD 117 wigas) doir jos (558551 (oo HLadlS 5500831, (63585 0055 51 (Tws diged A3 S
el 50) asloacs Sgaml acils 51 a8 M9l slacun Seid b ot ys sbaygl o8us,Sun poas C (XPL > 8) Vgl 5 il b
sl La SIS s lazs ] oM (SPCD 125 4 SPCD 117 sladigas) (XPL > 19) co S 4 Coism slo sl Slu,Ss D 5 «(XPL

(QZ S Pl gowl EP cessm Bty cl oty uladl (Whitney and Evans, 2010) ;ilgl 5 s
Fig. 3. A: A hand specimen of granodiorite intrusive of the Sarcheshmeh PCD (Sample SPCD 117), B:
Photomicrograph of quartz crystals with granular texture (XPL), C: Photomicrograph of plagioclase phenocrysts that

converted to epidote (XPL), and D: The alteration of biotite crystals to chlorite (XPL) (samples SPCD 117 and SPCD
125). Abbreviations after Whitney and Evans (2010) (Bt: Biotite, Ep: Epidote, PI: Plagioclase, Qz: Quartz).
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Fig. 4. A: A hand specimen of quartz eye porphyry intrusive of the Sarcheshmeh PCD (sample SPCD 118), B:
Photomicrograph of eye shaped accumulation of quartz crystals, which has been broken due to tectonic pressures and
turned into several smaller grains, or recrystallized from saturated silica fluids in the spindle shapedcavities (XPL), C:
Photomicrograph of primary biotite and plagioclase crystals (XPL), and D: Photomicrograph of plagioclase crystals that

have been weakly altered on the surface to sericite (XPL) (samples SPCD 118 and SPCD 129). Abbreviations after
Whitney and Evans (2010) (Bt: Biotite, PI: Plagioclase, Qz: Quartz).
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Fig. 5. Plotting of samples from granodiorite and quartz eye porphyry of the Sarcheshmeh PCD, A: on Cox et al. (1979)
diagram, B: on Middlemost (1985) diagram, and C: on De La Roche et al. (1980) diagram
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Table 1. Chemical analyses of samples from granodiorite (GR) and quartz eye porphyry (QE) intrusives of the

Sarcheshmeh PCD by ICP-AES and ICP-MS.

o W33 W33 W3- W5 W33 W33 Nz SEI48 WAz SEL48 N2 SEI4B
4R 4R 2R 3R 2R -3R 6R 3R IR -4R TR R
intrusive  GR GR GR GR GR GR QE QE QE QE QE QE
Si0; 628 631 636 628 634 628 668 669 682 684 686 673
TiO: 064 07 061 07 08 062 068 022 029 024 031 029
ALO:; 142 147 149 141 143 142 141 143 148 144 146 151
Fe0s 745 549 619 542 54 644 418 477 406 42 43 38
MnO 001 003 01 003 002 003 009 002 001 003 001 002
MgO 185 266 165 272 26 21 124 117 074 119 098 12
CaO 247 287 314 319 287 336 381 314 256 242 34 285
NaO 26 22 26 22 28 26 11 16 11 14 21 16
K:O 39 335 375 387 356 355 412 39 41 412 38 41
P.0s 029 031 027 03 029 027 033 012 021 031 012 024
Cr.0s 001 001 001 001 001 00l 001 00l 001 001 001 001
LOl 482 518 36 49 37 39 411 447 453 38 256 37
Total 1007 100.6 102'4 102'2 99.75 99.88 10?'5 100.62 10?'6 10052 108'7 100.21
Ti <05 <05 <0.5 <0.5 <05 <05 0.8 0.7 0.6 0.8 0.7 0.7
v 108 126 107 120 118 131 121 35 61 78 102 69
Co 202 118 312 118 189 117 253 5 85 95 107 86
Ni 19 12 12 9 11 12 < <5 6 5 6 6
Cu 3280 1300 1720 1360 1955 2595 5630 1700 4430 4500 3800 6200
Zn 73 237 73 244 83 74 95 15 7 18 21 37
Ga 5 19 16 20 16 15 14 14 18 15 18 16
Rb 139 979 153 972 974 991 188 144 140 148 152 147
sr 400 310 530 310 435 355 420 510 300 615 320 405
Y 148 169 9 159 128 164 7.1 7 112 121 98 87
zr 155 145 130 132 129 138 8 903 101 96 07 102
Nb 6 5 4 10 11 9 10 11
Mo 15 <2 108 71 105 68 95 08
sn 2 3 2 1 5 2 4 5
Cs 42 44 43 44 42 43 57 103 2 56 54 92
Ba 1120 830 660 840 660 840 1010 510 290 615 810 560
La 289 316 277 319 286 279 292 261 26 291 254 267
Ce 55 583 521 59 60 57 513 413 475 465 418 492
Pr 651 663 595 686 624 597 58 414 52 51 48 52
Nd 244 254 215 252 244 254 216 131 183 175 184 146
sm 45 44 39 43 39 42 22 2 23 21 2 22
Eu 13 147 099 14 13 12 062 059 066 065 064 058
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Table 1 (Coutinued). Chemical analyses of samples from granodiorite (GR) and quartz eye porphyry (QE) intrusives

of the Sarcheshmeh PCD by ICP-AES and ICP-MS.

S N W33- W33- W35- W35- W33- W33- N2- SE148- W42- SE148- N2- SE148-
1R 4R 2R 3R 2R 3R 6R 3R 1R 4R 7R 6R
intrusive  GR GR GR GR GR GR QE QE QE QE QE QE
Gd 428 445 363 429 395 428 251 2.54 2.73 2.64 2.74 2.66
Th 062 065 049 065 063 058 0.46 0.41 0.39 0.38 0.41 0.45
Dy 3.76 398 3.01 404 395 364 229 2.09 2.19 2.09 2.15 2.05
Ho 083 08 065 087 084 083 051 0.46 0.45 0.5 0.48 0.45
Er 277 289 217 293 245 231 137 1.27 1.27 1.34 1.29 14
m 0.38 042 0.29 0.4 042 039 0.17 0.19 0.17 0.19 0.17 0.16
Yb 25 2.8 2 2.8 2.3 25 11 1.2 0.9 1 1.2 1
Lu 0.4 0.5 029 048 046 048 0.16 0.17 0.18 0.22 0.19 0.19
Hf 4 4 3 3 3 4 2 3 3 2 3 3
Ta 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.8 0.7 0.6 0.6
W 22 15 26 15 15 22 17 23 35 28 24 27
Th 124 205 158 282 129 264 11 27.1 28.3 26.5 27.3 24.6
U 575 427 411 488 429 512 3.9 5.62 8.5 5.4 3.8 6.1
Y+Nb 198 219 150 209 178 214 111 17.0 22.2 21.1 19.8 19.7
ASI 158 174 157 152 154 149 156 1.65 1.90 1.81 1.56 1.76

* Fe,Os is total Fe.
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Fig.11. A, B, C, and D: Petrogenesis of the Sarcheshmeh PCD granitoids using Pearce et al. (1984) diagrams utilizing
REEs and trace elements.
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Fig. 5. Photomicrographs (transmitted light, XPL) of granitoid intrusions and volcano-sedimentary rocks in the Golestan Abad
area. A: Prophiritic texture along with sieve texture within plagioclase in pyroxene quartz monzodiorite, B: Prophiritic texture
and chloritized clinopyroxene from center in pyroxene quartz monzodiorite, C: Accumulation of clinopyroxene and opaque
minerals in phorphyritic pyroxene quartz monzodiorite, D: Prophiritic texture in pyroxene quartz monzodiorites containing
plagioclase and hornblende phenocrysts, E: Plagioclase phenocrysts within the fine-grained groundmass in phorphyritic quartz
monzodiorites, F: Plagioclase and hornblende phenocrysts within the fine-grained groundmass in phorphyritic quartz
monzodiorites, G: Mafic mineral replaced by epidote in crystal tuffs, H: Rock fragments along with completely epidotized
mafic minerals in crystal lithic tuffs, and I: Rock fragments along with plagioclase and epidotized mafic minerals in crystal

lithic tuffs. Mineral abbreviations after Whitney and Evans (2010) (Act: actinolite, Chl: chlorite, Cpx: clinopyroxene, Ep:
epidote, Hbl: hornblende, Lithic: rock fragment, Opq: opaque mineral, PI: plagioclase, Qz: quartz)
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Table 1. Geochemical data of major, trace and rare earth elements for granitoid samples of the Golestan Abad area.

Major elements are in wt.% and trace and rare earth elements in ppm.

S.N. oL G2 G3 G4 G6 G9 G10
R. type PxQzMzd PxQzMzd PxQzMzd PxQzMzd PxQzMzd QzMzd
Si0o: 0.1 55.12 55.09 56.29 55.83 58.6 62.77
TiO: 0.1 0.9 0.89 0.86 0.85 0.85 0.6
Al,O3 0.1 18.48 18.68 18.62 18.48 19.07 16.93
Fe:0Os 0.1 8.1 7.45 6.97 7.12 3.9 5.68
MnO 0.1 0.19 0.17 0.14 0.17 0.11 0.05
MgO 0.1 3.03 2.88 2.63 2.7 2.8 1.71
CaO 01 6.44 7.25 6.74 7.13 6.76 3.58
Na2O 0.1 2.5 2.99 3.16 3.05 3.03 3.31
K20 0.1 3.18 3.15 3.16 3.2 2.99 3.76
P.Os 0.1 0.34 0.34 0.33 0.29 0.27 0.22
LOI 0.1 1.62 0.98 0.93 1.02 1.41 1.2
Total --- 100 100.01 99.99 99.98 99.94 99.93
As 0.1 11.9 10.5 9.2 8.3 6.5 7.3
Cs 1 1.9 1.9 2.6 1.7 2.1 1.3
Ba 1 903 799 791 821 963 1344
Rb 0.05 64 66 74 63 56 71
Sr 0.02 559.8 557.8 566 568.9 601.8 768.1
Y 0.5 24.4 25.7 24.8 25.2 24.6 16.7
zr 5 111 144 140 145 123 92
Hf 0.05 3.13 3.55 3.44 3.38 2.99 2.77
Nb 0.1 12.8 15.4 13.7 10.3 12.7 13.2
Ta 1 0.78 1.02 0.97 0.73 0.8 0.85
Pb 1 14 13 9 12 7 6
Th 0.1 8.48 8.7 8.24 8.54 8.85 11.26
U 0.1 1.92 1.8 1.8 1.9 1.8 2.1
Sc 1 20.9 215 20.8 20.7 19.2 9.5
A 1 152 157 146 146 117 92
Cr 1 31 30 30 28 24 25
Co 0.5 16.8 19.5 18.1 18.1 6.2 13.9
Ni 0.5 26 16 13 11 10 13
Cu 0.5 107 84 72 73 431 79
Zn 1 76 111 79 103 40 48
La 0.5 24 26 25 25 25 28
Ce 0.1 52 56 55 56 55 56
Pr 1 6.49 6.59 6.18 6.25 6.12 6.21
Nd 1 26.6 26.7 25.6 254 25.1 235
Sm 0.5 5.57 5.54 5.29 5.34 5.22 4.34
Eu 0.05 1.55 1.47 1.42 1.45 1.34 1.14
Gd 0.1 4.83 4.82 4.56 4.65 4.47 3.24
Th 0.1 0.75 0.75 0.72 0.72 0.7 0.52
Dy 1 5.13 5.2 4.86 4.84 4.88 3.18
Er 0.02 2.83 2.92 2.73 2.68 2.65 1.72
Tm 0.1 0.41 0.43 0.41 0.4 0.39 0.27
Yb 0.05 3 34 3.2 3.2 2.8 1.9
Lu 1 0.38 0.39 0.36 0.38 0.33 0.24

Px Qz Mzd: pyroxene quartz monzodiorite; Qz Mz: quartz monzodiorite
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Fig. 8. Location of the Golestan Abad granitoids on the: A: Ta vs. Th diagram (Schandle and Gorton, 2002), B: Th/Yb
vs. Ta/Yb diagram (Schandle and Gorton, 2002), C: La-10*Hf-TiO,/100 triangular diagram (Muller and Groves, 1997),
and D: 10*Nb-3*Zr-Ce/P,Os triangular diagram (Muller and Groves, 1997)
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Fig. 9. A: A View from one of the exploitation site and Fe mineralization at southeastern outcrop of the Golestan Abad
deposit (view to north), B: A View from the Fe mineralization as stockwork vein-veinlets at the hanging wall of main
Fe oxide-apatite vain in the Golestan Abad deposit, and C: A View from the iron oxide-apatite vein in the Golestan

Abad deposit which is crosscut by fault (view to northwest). (qm: pyroxene quartz monzodiorite)
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Fig. 10. Photos from the iron oxide- apatite mineralization in the Golestan Abad deposit in hand sample and outcrop
scale. A: Coarse-grained euhedral apatite crystals within magnetite matrix, B: Coarse-grained euhedral apatite crystals
along with needle shape actinolite crystals within magnetite matrix, C: View from the Actinolite-apatite vein cutting
magnetite mineralization, and D: Fracturing and movement of apatite crystals as a result of post mineralization tectonic
tension. Mineral abbreviations after Whitney and Evans (2010) (Act: actinolite, Ap: apatite, Mag: magnetite)
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Fig. 11. Photos from textures and minerals of the Golestan Abad deposit in hand sample and microscopic scale. A:
Banded texture composed of magnetite and actinolite-apatite bands, B: Brecciated texture containing magnetite clasts
within the apatite matrix, C: Magnetite as matrix of the euhedral apatite crystals, D: Magnetite as matrix of coarse-
grained actinolite, E: Coarse-grained euhedral apatite crystals in actinolite-apatite vein along with minor second
generation magnetite, F: Disseminated pyrite between magnetites (reflected PPL light), G: Pyrite veinlet crosscutting
magnetite-apatite ore, H: Chalcopyrite in disseminated and veinlet form betweem magnetite which are altered to
covellite (reflected PPL light), and I: Clinopyroxene remnants within the needle shape actinolites crystals (crossed

plorized light, XPL). Mineral abbreviations after Whitney and Evans (2010) (Act: actinolite, Ap: apatite, Ccp:
chalcopyrite, Cpx: clinopyroxene, Cv: covellite, Mag: magnetite, Py: pyrite).
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Fig. 12. Paragenetic sequence of ore and gangue minerals in the Golestan Abad iron oxide-apatite deposit
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Fig. 13. Chondrite-normalized (McDonough and Sun, 1995) rare earth element patterns for mineralized samples of the
Golestan Abad deposit



319

v Ll e 5 ot el 5 Sl o ol SIS« olitipee )

(1399 JLw) 3 o )leis 12 al>

(PPM) (55 55 o5 o ool LT lindS LS sails sladigas sl S laS 5 ShaS jolie oloand sloay o gbi 2 Joas

o

Table 2. Geochemical data of trace and rare earth elements for ore samples of the Golestan Abad deposit. Data in ppm.

G70 G71 G72a G72 G73 G74 G69
Act Mag Mag Py Ap Il Ap Ap Il
Ba 11 5 5 1 <1 <1 <1
Be 7.1 0.7 0.6 0.7 0.9 0.7 0.7
Bi 0.2 0.2 0.2 3.7 0.3 0.3 0.3
Cd 0.4 0.4 0.4 0.9 1.2 1.2 1.1
Co 26.8 25.6 24.5 1270.4 4.6 3.8 3.4
Cr 47 15 14 13 15 17 14
Cs 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Cu <1 <1 <1 439 8 43 15
Fe 99226 68.5% 69.5%  38.4% 6515 5476 38864
Hf 1.52 0.79 0.65 0.8 1.84 1.99 1.78
Mo 0.3 10.8 9.5 1.7 24 1.9 1.5
Nb <1 14 1.3 1.3 <1 3.4 2.4
Ni 21 39 41 1869 8 7 8
P 448 747 685 6936 >3% >3% >3%
Pb 2 3 3 13 12 18 14
Rb 8 8 8 8 8 8 7
S 194 237 227 >3% 1854 889 654
Sc 252.9 1.3 1.4 2 1.6 17.4 1.5
Se 3.89 1.47 1.54 27.55 43.71 46.51 45.42
Sr 154 54 55 4.6 203.9 140.3 164.2
Ta <0.1 0.15 0.14 0.22 0.27 0.53 0.44
Te 0.24 <0.1 <0.1 181 0.34 0.43 0.38
Th 5.73 1.53 1.42 3.38 45.56 36.67 23.15
Ti 989 8405 8864 <10 <10 12 26
U 1.3 1.57 1.45 0.8 14.4 121 13.4
\Y/ 307 2814 2754 198 51 93 45
Zn 100 191 175 65 10 14 12
Zr 19 19 17 14 <5 5 6
Y 141.7 64.9 62.3 44 1382.8 1457 1423.2
La 23 63 64 24 1699 1442 1543
Ce 72 127 132 55 3989 3592 3778
Pr 1251 17.46 16.42 9.47 509.07 476.52  487.61
Nd 61.6 70.7 68.4 42.5 2116.5 2117.8  2120.5
Sm 18.76 13.7 12.8 9.61 438.73 423.66 432.64
Eu 1.03 1.21 1.20 0.57 24.44 27.64 26.51
Gd 20.04 12.87 12.54 8.94 396.67 400.08  398.42
Tb 3.26 1.73 1.72 1.28 43.49 45.16 44.18
Dy 28.64 13.43 13.25 9.42 319.6 331.94 324.2
Er 21.5 7.91 7.6 5.49 173.69 184 178.2
m 3.46 1.02 1.04 0.74 19.57 21.24 20.51
Yb 33.8 14.2 13.8 9.4 132.4 143.2 138.6
Lu 5.51 0.68 0.64 0.71 17.81 18.66 18.16
REE: 305.11 34491 34537 177.13 9879.97 92239 9510.44

Ap |: Apatite within magnetite matrix, Ap Il: Apatite in matrix of breccia magnetite, Ap Ill: Apatite within apatite-
actinolite vein, Mag: Magnetite ore, Py: Pyrite ore, Act: Actinolte.
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Fig. 14. Location of magnetite samples of the Golestan Abad deposit on Loberg and Hrondahl (1983) diagrams, A: V vs
Ni diagram, B: Ni/Ti vs V/Ti diagram, C: Ti/Fe vs V/Fe diagram, and D: Location of apatite samples of the Golestan
Abad deposit on Y vs Sr diagram (Belousova et al., 2002)
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Fig. 15. A: Chondrite-normalized REE pattern in samples of the Golestan Abad iron oxide-apatite deposit, B: Chondrite-
normalized REE pattern in apatites of the iron oxide-apatite deposits from the Zanjan district (Nabatian et al., 2012), C:
Chondrite-normalized REE pattern in samples of the Sorkheh Dizaj iron oxide-apatite deposit (Mokhtari et al., 2017),
D: Chondrite-normalized REE pattern in samples of the Ali Abad iron oxide-apatite deposit (Mokhtari et al., 2017), E:
Chondrite-normalized REE pattern in samples of the Esphordi iron oxide-apatite deposit, Central Iran (Mokhtari et al.,

2013), and F: Chondrite- normalized REE pattern in samples of the Kiruna-type iron deposits (Frietsch and Perdahle,
1995)
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Fig. 3. The pictures of Seh Qaleh agates with different colors. A: Red agate, B: Yellow agate with white agate in the
Center, C: Black agate, D: White agate, E and F: Changes in chemical composition in spheroid agate layers of the Seh
Qaleh areainin PPL and XPL, respectively, G and H: A sequence of fibrous chalcedony and quartzine in a white agate
from Seh Qaleh area in polarized light and polarized light with additional ny/A compensator, respectively. Chalcedony
and quartzine have often similar optical properties (for example both are colorless and have weak relief in PPL and gray
birefringence in XPL) and just are different in elongations, in which chalcedony shows negative elongation, while
quartzine presents positive elongation. Thus, A compensator was used during taking Fig. H. Here, chalcedony that has

negative elongation represents yellow birefringence (layers 1 to 6 and 9 on Fig. H), while quartzine with positive
elongation shows blue birefringence (layers 7 and 8).
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Fig. 4. A: XRD analysis presents quartz o and calcite in the Seh Qaleh agates, B and C: The results of the Raman
spectroscopy that indicate moganite (with 501 cm™ cm) and quartzine (464 cm™) in the agates of the study samples. The
moganite abundance in fibrous agates (B) are more than white agate nodule (C).
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Table 1. The geochemical analysis of five samples of Seh Qaleh agates and four samples of their host rocks. The major
elements are reported in terms of weight percent (wt.%) and the trace elements in ppm.

sample — paqg7  FA2 EAg13 FA117  FA211  FALI3  FA214  FA215  FA-2-17
number 12
Rock Trach_y Alkali Andesite  Andesite Black White Green Yellow Red agate
types  Andesitt  Basalt agate agate agate agate
sio, 5031 5701 5895  57.78 9868 989 9578  98.33 98.73
TiO, 082 105 0.98 0.95 0.01 0.01 0.01 0.32 0.01
ALO; 173 1688  16.66 16.7 0.01 0.07 0.34 0.07 0.01
Fe,0; 547 591 6.04 6.18 0.01 0.01 107 0.01 0.11
MnO 011 012 0.12 0.12 0.08 0.01 0.01 0.01 0.01
MgO 258 45 36 417 0.01 0.01 0.24 0.01 0.01
cao 5.18 6.8 6.02 6.33 0.08 0.06 0.4 0.06 0.01
NaO 458 434 418 3.85 0.1 0.11 0.14 0.11 0.15
K>0 194 119 143 2.03 0.01 0.01 0.49 0.01 0.01
P,0s 032 028 0.28 0.26 0.01 0.01 0.01 0.01 0.01
Total 9762 9809 9827 9838 9901 9921 98.5 98.95 99.07
Ba 367 196 236 285 163 52 50 7 4
Pb 21 19 15 17 0.75 0.75 2 0.75 0.75
Rb 61 92 108 130 169 0.75 22 0.75 0.75
Sr 4437 2961 2614 3103 001 0.01 0.01 0.01 0.01
zr 183 155 161 158 3.75 3.75 3.75 3.75 3.75
cr 34 120 78 77 2 8 3 8 5
Y 199 184 205 18.4 3.4 3.4 3.8 3.4 3.4
Cs 49.9 5 5.7 5.8 111 0.37 0.7 0.37 0.37
Ta 128 098 0.88 0.77 1.04 0.51 055 059 0.69
Nb 131 101 10.1 9.3 16.6 14 14 15 14
HE 563 442 4.45 479 2.61 0.37 0.37 0.37 0.37
sn 3.1 19 2 2.4 32 0.6 05 0.4 05
Th 1832 655 7.82 9.11 18.8 0.44 051 0.45 0.42
u 49 16 2 25 63 0.1 124 2.8 38.3
v 92 99 101 101 17 17 30 16 18
LREE
La 32 19 22 22 0.75 0.75 0.75 0.75 0.75
Ce 70 43 52 50 0.75 0.75 0.75 0.75 0.75
Pr 775 482 5.7 5.63 7.47 0.03 0.03 0.03 0.03
Nd 301 212 245 23.2 29 15 17 15 14
MREE
Sm 5.81 42 483 459 5.45 0.28 0.34 0.27 0.25
Eu 116 113 121 114 1.26 0.07 0.07 0.07 0.07
Gd 522 406 462 4.36 4.83 0.03 0.03 0.03 0.03
Tb 069 061 0.67 0.62 0.71 0.1 0.11 0.1 0.07
Dy 479 422 457 439 4.69 0.65 0.72 0.65 0.64
HREE
Er 261 228 2561 237 2.61 0.22 0.27 0.23 0.23
Tm 038  0.33 0.38 0.34 0.39 0.07 0.07 0.07 0.07
Yb 2 18 21 18 0.03 0.03 0.03 0.03 0.03
Lu 038 032 0.38 0.33 0.38 0.07 0.07 0.07 0.07
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Fig. 5. A: Chondrite normalized (Boynton, 1984) rare earth element distribution patterns of Seh Qaleh agates and their
volcanic host rocks, which present parallel trends, and B: Studied agates have very much U in compare with their
volcanic host rocks on primitive mantle normalized diagram (Sun and McDonough, 1989).
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Fig. 1. A: Simplified structural map of Iran showing the location of Chah-Mesi ore deposit (after Mohajjel et al., 2003),
and B: General geological map of the study area (after Dimitrijevic et al., 1971).
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Fig. 3. Field phenomena observed in the Chah-Mesi ore deposit, A: One of the main fault zones in the southern steps of
the pit, showing intense alteration together with mineralization, B: A view of the steps in the northwestern part with
minor alteration and mineralization in comparison to the southern steps, C: Prominent cross-cutting quartz veins. The

mineralization is mainly associated with these veins, and D: The entrance of the exploratory tunnel in the study area
with azurite, malachite, chalcocite and various iron oxides
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Fig. 4. Transmitted-light microphotographs of the Chah-Mesi ore deposit host rocks, A: Porphyritic basalts composed
of olivine and clinopyroxene phenocrysts in a groundmass containing plagioclase microliths (defining a flow texture),
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Clinopyroxene, PI: Plagioclase, Cal: Calcite, Chl: Chlorite, Lith: Lithic fragment, PPL: Plane polarized light, XPL:
Cross polarized light).
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Fig. 5. Reflected-light microphotographs of surface samples from the Chah-Mesi ore deposit, A: Chalcopyrite and
pyrite, converted to chalcocite on the margins. Malachite and iron oxide are also occurred, B: Development of
malachite due to weathering processes, C: Growth of Chalcocite and covellite on the margins of pyrite and chalcopyrite
in the supergene zone, D: Colloform pyrite in the samples. Abbreviations after Whitney and Evans (2010) (Ccp:
Chalcopyrite, Py: Pyrite, Cct: Chalcocite, Mlc: Malachite, Cv: Covellite, PPL: Plane polarized light).
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Table 1. Correlation matrix of different trace and ore elements in the Chah-Mesi ore deposit

Ag(ppm) Fe% Zn (ppm)  Pb (ppm) Au(ppm) Mo (ppm)  Cu%
Cu% .676™ .625™ .081" .093™ .609™ .350™ 1
Mo (ppm)  .331™ .289™ .240™ 247 .364™ 1
Au (ppm)  .736™ .570™ .087" 157 1
Pb (ppm)  .430™ .086™ 775" 1
zZn (ppm)  .321™ 147 1
Fe% 627 1
Ag(ppm) 1

**Correlation is significant at the 0.01 level (2-tailed).
*Correlation is significant at the 0.05 level (2-tailed).
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Table 2. Maximum average concentration of elements from different levels in the Chah-Mesi ore deposit

Element Maximum concentration Maximum concentration level (meter)
Cu 1.91 wt.% 2300
Mo 23.14 ppm 2500
Fe 8.67 wt.% 2450
Pb 2.37 wt.% 2450
Zn 5.39 wt.% 2400
Au 1.30 ppm 2500
Ag 43.8 ppm 2450
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Fig. 1. Simplified geological map of the study area (Saheb, Kurdistan). (from Kholghi Khosrghi, 1999 with some

modification)
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Fig. 2. Field images from the Saheb granitoid body, A: Field outcrop of the intrusive body in the study area (view
direction to the north), B: Hand-specimen from the Saheb granitoid body including orthoclase, quartz, biotite and

amphibole minerals, C: A close view of the intrusive body containing coarse grains of orthoclase, and D: The mafic
dyke cutting the Saheb granitoid body (view direction to the north).
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Fig. 3. Microscopic images of the Saheb batholith, A: Inequigranular texture and the main minerals of quartz
monzodiorite including plagioclase, orthoclase, quartz and amphibole, B: Myrmekite texture in quartz monzodiorite, C:
Inequigranular texture and quartz, amphibole, plagioclase and biotite in quartzmonzonite, D: Chadacrysts of
plagioclase, quartz, biotite and amphibole in the large orthoclase crystal with perthitic texture in quartzmonzonite, E:
The large crystal of orthoclase with perthite texture in the monzogranite sample containing chadacrysts of biotite,
plagioclase and amphibole, and F: Zircon, biotite, plagioclase and quartz minerals in monzogranite samples.
Abbreviations after Whitney and Evans (2010) (PI: Plagioclase, Afs: alkali feldspar, Qtz: Quartz, Amp: Amphibole, Bt:
Biotite, Zrn: Zircon, Myr: Myrmekite texture).
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Fig. 4. Cathodoluminescence images of dated zircons from the Saheb granitoid. The white circles show the location of
dating using U-Pb metjod..
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Table 1. Zircon U-Pb dating data from the Saheb batholith

232 Th 238 U 207Pb[206pb 207Pb[206pb 207Pb[235U 207Pb[235U 206Pb[238u
Spots ppm ppm ppm Ratio 1sigma Ratio 1sigma Ratio
Ch-4-01 29.67 853.3 876.13 0.048965  0.002855  0.065005 0.003608  0.00969
Ch-4-02 20.15 535.08 700.05 0.049672  0.003033  0.066331  0.00384  0.009786
Ch-4-03 29.75 826.76 972.19 0.04936 0.002907  0.064739 0.003649  0.009639
Ch-4-04 17.18 430.37 685.72 0.04624 0.003027  0.062903 0.003951  0.00975
Ch-4-05 17.01 443.7 647.13 0.049198  0.003245  0.066266 0.0042 0.009762
Ch-4-06 15.55 407.3 613.2 0.047463  0.003299  0.061817 0.004078 0.009393
Ch-4-07 16.2 420.72 577.44 0.050207  0.003463  0.065422  0.00407  0.009608
Ch-4-08 18.33 489.27 628.12 0.047158  0.002841  0.063089 0.003507 0.009804
Ch-4-09 12.47 322.62 521.88 0.047839  0.003248  0.062276 0.003896  0.00947
Ch-4-10 21.77 582 738.39 0.049323  0.002768  0.06497  0.003521 0.009584
Ch-4-11 15.27 401.62 632.24 0.046468 0.00289 0.060522 0.003475  0.00943
Ch-4-12 10.94 285.87 478.86 0.047282  0.003241  0.060622 0.003691 0.009392
Ch-4-14 16.79 458.52 594.55 0.04937 0.003695  0.063679 0.004291  0.00939
Ch-4-15 20.53 574.79 711.95 0.051632  0.004763  0.070387 0.006548 0.009776
Ch-4-16 16.76 440.64 627.15 0.047649  0.002618  0.063941 0.003663 0.009665
Ch-4-17 19.74 521.97 747.41 0.049969 0.00345 0.066825 0.004248 0.009741
Ch-4-18 21.77 610.52 718.6 0.050229  0.003591  0.065073 0.004132 0.009663
Ch-4-19 12.49 329.77 450.62 0.048579  0.003674  0.06623  0.004554  0.009785
206Pb[238u ZOSP b[ZSZTh ZOSP b/ZSZTh 238U/232Th 207P b/ZSSU 207Pb[235U 206Pb[238u 206Pb[238u
Spots 1sigma Ratio 1sigma Ratio Age (Ma) lsigma  Age (Ma) 1sigma
Ch-4-01 0.000135  0.002961 7.74E-05 0.991548 146.38 -62.03 63.94857  3.440574
Ch-4-02 0.000155  0.003109 9.03E-05 1.278406 188.97 142.5725 65.21162  3.656341
Ch-4-03 0.000127  0.002996 9.14E-05 1.136152 164.9 138.87 63.69434  3.480517
Ch-4-04  0.00013 0.003165 0.000115 1.543502 9.36 151.835  61.94205 3.774818
Ch-4-05 0.000186  0.003254  0.000134 1.49198 166.75 138.865  65.15006 4.000276
Ch-4-06 0.000137  0.003058 0.000109 1.47712 72.315 159.235  60.90443  3.900031
Ch-4-07 0.000151  0.003121 0.000111 1.345628 211.185 165.72 64.34582  3.878941
Ch-4-08 0.000156  0.003087 0.00011 1.257934 57.5 137.025  62.12001 3.349644
Ch-4-09 0.000173  0.002985 0.00012 1.609248 100.09 155.53 61.34267 3.724399
Ch-4-10  0.00013 0.003052 0.000112 1.25515 164.9 133.315 63.91513 3.357214
Ch-4-11  0.000142  0.002926 0.000119 1.578378 20.47 144.43 59.66548  3.32717
Ch-4-12  0.000141  0.002904  0.000126 1.698169 64.91 155.53 59.76053  3.533973
Ch-4-14  0.000166  0.002967 0.000111 1.340093 164.9 166.64 62.68361 4.096011
Ch-4-15  0.00025 0.002874 0.00015 1.29456 333.39 217.565 69.0663  6.212034
Ch-4-16  0.000158  0.003032 9.85E-05 1.51468 83.425 122.205  62.93372  3.496463
Ch-4-17  0.00016 0.003029 0.000113 1.526155 194.525 156.46 65.68241  4.043142
Ch-4-18 0.000181  0.002974 9.41E-05 1.276595 205.63 166.645  64.01335 3.939593
Ch-4-19  0.00019 0.003249 0.000151 1.487162 127.865 170.345  65.11514 4.336613
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Table 1 (Continued). Zircon U-Pb dating data from the Saheb batholith

Pb 232 Th 238 207pp20pyy  207pp208p  07pp235y  07pp23B|y  206pp238|y
Spots
ppm ppm ppm Ratio 1sigma Ratio 1sigma Ratio
Ch-2-01 18.45 452.5 671.31 0.049 0.003 0.0646 0.0036 0.0098
Ch-2-02 30.71 834.06 905.74 0.0501 0.0023 0.0673 0.0029 0.0098
Ch-2-03 11.91 318.28 486.63 0.053 0.004 0.0645 0.0038 0.0094
Ch-2-04 28.22 805.77 898.85 0.0484 0.0029 0.0632 0.0036 0.0096
Ch-2-05 17.17 455.98 613.71 0.0498 0.0033 0.0654 0.0039 0.0097
Ch-2-06 16.58 465.86 532.52 0.0486 0.0045 0.0619 0.0051 0.0095
Ch-2-07 18.51 456.94 607.07 0.0535 0.0101 0.0651 0.0101 0.0094
Ch-2-08 31.9 851.43 1146.4 0.0497 0.0022 0.0662 0.0029 0.0097
Ch-2-09 15.91 413.8 480.9 0.05 0.0042 0.0677 0.0051 0.0099
Ch-2-10 14.52 402.31 500.95 0.0488 0.004 0.0611 0.0046 0.0095
Ch-2-11 14.13 348.08 566.75 0.0488 0.0039 0.0657 0.005 0.0097
Ch-2-12 14.25 372.04 510.02 0.0489 0.0053 0.0632 0.0064 0.0095
Ch-2-14 14.23 377.7 519.55 0.05 0.004 0.0642 0.0043 0.0097
Ch-2-15 9.6 246.96 450.57 0.0498 0.0036 0.0651 0.004 0.0096
Ch-2-16 14.69 382.87 469.19 0.0496 0.0037 0.0668 0.0047 0.0098
Ch-2-17 10.72 255.58 487.82 0.05 0.0038 0.065 0.0043 0.0096
Ch-2-19 11.88 307.12 514.75 0.0487 0.0066 0.0657 0.0083 0.0099
Ch-2-20 19.92 542.4 673.01 0.0502 0.0027 0.0668 0.0035 0.0098
ZOGPb[ZSSU ZOSP b[ZSZTh ZOSP b/ZSZTh 238U/232Th 207P b/ZSSU 207Pb[235U 206Pb[238u 206Pb[238u
Spots

P 1sigma Ratio 1sigma Ratio Age (Ma) lsigma  Age (Ma) 1sigma
Ch-2-01  0.0002 0.0033 0.0001 1.5332 63.56 3.46268 62.69 1.03757
Ch-2-02  0.0001 0.0032 0.0001 1.1112 66.17 2.72234 62.95 0.80435
Ch-2-03  0.0002 0.0029 0.0001 1.5662 63.46 3.62699 60.42 1.54722
Ch-2-04  0.0001 0.0029 0.0001 1.1481 62.24 3.40544 61.44 0.83388
Ch-2-05  0.0002 0.003 0.0001 1.3875 64.35 3.76256 62.38 1.02816
Ch-2-06  0.0002 0.0029 0.0001 1.1827 61.01 4.83479 61.04 1.12465
Ch-2-07  0.0003 0.0033 0.0002 1.3754 64.03 9.58578 60.59 2.12119
Ch-2-08  0.0001 0.003 0.0001 1.3891 65.05 2.79435 61.93 0.86528
Ch-2-09  0.0002 0.0032 0.0001 1.1854 66.52 4.85789 63.5 1.08765
Ch-2-10  0.0002 0.0029 0.0001 1.2578 60.24 4.42798 60.72 1.06841
Ch-2-11  0.0002 0.0031 0.0001 1.6392 64.64 4.79656 62.51 0.97514
Ch-2-12  0.0002 0.0033 0.0002 1.4916 62.21 6.12889 61.12 1.56544
Ch-2-14  0.0002 0.003 0.0001 1.3525 63.22 4.06984 62.44 1.18986
Ch-2-15  0.0002 0.0028 0.0001 1.8005 64.01 3.84946 61.66 1.09687
Ch-2-16  0.0002 0.0031 0.0001 1.2081 65.62 4.43238 62.78 1.53677
Ch-2-17  0.0002 0.003 0.0001 1.8566 63.96 4.11739 61.8 1.06787
Ch-2-19  0.0003 0.0028 0.0002 1.6174 64.62 7.90735 63.19 2.00249

Ch-2-20  0.0001 0.003 0.0001 1.1933 65.67 3.30297 62.61 0.91077
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Table 1 (Continued). Zircon U-Pb dating data from the Saheb batholith

Pb 232 Th 238 U 207P b/ZOGPb 207Pb[206pb 207P b/ZSSU 207Pb[235U 206Pb[238u
ot ppm ppm ppm Ratio 1sigma Ratio 1sigma Ratio
Ch-7-01 2.95 79.4 82.31 0.058383 0.016331  0.068205 0.019892 0.010483
Ch-7-02 4.3 111.69 112.72 0.061415 0.011624  0.072596 0.00765  0.010575
Ch-7-03 7.08 190.03 131.29 0.047696 0.010066  0.066386  0.011451 0.010229
Ch-7-04 4.28 114.35 113.18 0.05175 0.012117  0.067812  0.011399 0.010226
Ch-7-06 2.63 74.34 75.4 0.059246 0.01054 0.071552  0.008323 0.010638
Ch-7-08 2.67 71.19 82.66 0.053215 0.00954 0.071492  0.009229  0.010847
Ch-7-09 4.26 106.2 101.33 0.053564  0.012582  0.069518  0.015058 0.010148
Ch-7-10 4.73 116.84 116.89 0.055994  0.009935  0.067704  0.010746 0.010343
Ch-7-11 4.81 125.79 133.52 0.051339 0.008417  0.073292  0.009481 0.010678
Ch-7-12 7 180.81 192.91 0.05196 0.006084  0.070658  0.006231 0.010311
Ch-7-13 4.59 119.76 108.92 0.053018 0.007829 0.06725 0.006194  0.010486
Ch-7-14 3.06 62.86 89.15 0.055796 0.009684  0.072915 0.007647 0.010644
Ch-7-16 4.81 124.48 149.45 0.05354 0.00609 0.07492 0.00671 0.01097

Ch-7-17 3.81 96.3 108.92 0.0508 0.0083 0.0769 0.0082 0.0113

Ch-7-18 2.84 60.52 68.47 0.0622 0.0188 0.0753 0.0124 0.0115
Ch-7-19 5.72 132.21 155.75 0.049942 0.006308 0.06577 0.006366 0.010373
Ch-7-20 4.34 119.94 109.67 0.052265 0.012292  0.067282  0.013042 0.010611
206Pb[238u ZOSPb[ZSZTh ZOSP b/ZSZTh 238U/232Th 207Pb[206pb 207Pb[206pb 207Pb[235U 207Pb[235U

ot 1sigma Ratio 1sigma Ratio Age (Ma) lsigma  Age (Ma)  lsigma

Ch-7-01  0.000485  0.003155 0.000316 1.08475 542.63 518.485 66.99456  18.90874
Ch-7-02  0.000369  0.003418 0.000253 1.048405 653.72 416.625 71.15993  7.242016
Ch-7-03  0.000425  0.003565 0.000221 0.719006 83.425 436.985 65.26426  10.9036

Ch-7-04  0.000422  0.003496 0.000231 1.019977 275.99 462.905 66.62056  10.83959
Ch-7-06  0.000469  0.003241 0.000242 1.035919 575.96 360.9175  70.17104  7.887296
Ch-7-08  0.000451  0.003354 0.000251 1.196025 338.945 360.755 70.11444  8.746169

Ch-7-09  0.000495  0.003564 0.00028 0.990703 353.76 457.04 68.24214  14.29591
Ch-7-10  0.00032 0.003738 0.000193 1.052496 453.75 202.7525  66.51859  10.21922
Ch-7-11  0.000389  0.003339 0.000212 1.123274 257.47 337 71.81861 8.969133

Ch-7-12  0.000276 0.00331 0.000168 1.133802 283.395 248.125 69.32337  5.909832
Ch-7-13  0.00031 0.003252 0.000181 0.965732 327.835 307.365 66.08609  5.893106
Ch-7-14  0.000453  0.004067 0.000306 1.498356 442.64 195.345 71.46166  7.237226
Ch-7-16 0.0003 0.00325 0.0002 1.23305 350.055 259.228 73.3574 6.33832
Ch-7-17 0.0005 0.0031 0.0002 1.1693 231.55 340.71 75.23 7.7773

Ch-7-18 0.0005 0.0037 0.0003 1.1613 681.18 540.73 73.698 11.72

Ch-7-19  0.000291  0.003539 0.000179 1.201723 190.82 270.335 64.67693  6.065493
Ch-7-20  0.000538  0.003101 0.000267 0.925606 298.21 462.905 66.11726  12.40812
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Table 1 (Continued). Zircon U-Pb dating data from the Saheb batholith
SpOtS Pb 232 Th 238 U 207Pb[206pb 207Pb[206pb 207Pb/235U 207Pb/235U 206Pb/238U
ppm ppm ppm Ratio 1sigma Ratio 1sigma Ratio

Ch-15-02 13.38 368.58 522.17 0.048889 0.0033 0.0644 0.003974 0.009699
Ch-15-03 19.92 593.51 652.77 0.048067 0.003024 0.061962 0.003482 0.009515
Ch-15-04 20.82 552.57 741.15 0.049197 0.003301 0.064625 0.004249 0.009596
Ch-15-05 20.39 550.45 678.48 0.049307 0.002814 0.065616 0.003599 0.009729
Ch-15-06 15.92 441.46 538.6 0.047686 0.003454 0.062591 0.004273 0.009471
Ch-15-07 16.84 457.87 574.77 0.048442 0.003317 0.063233 0.004032 0.009497
Ch-15-08 25.77 777.3 804.69 0.049221 0.00297 0.063948 0.003719 0.009482
Ch-15-09 13.11 358.28 465.28 0.047372 0.003621 0.062434 0.004219 0.009626
Ch-15-10 12.84 353.77 589.79 0.048058 0.00347 0.062146 0.004355 0.009503
Ch-15-11 15.67 462.6 574.82 0.045768 0.002897 0.060048 0.003669 0.009502
Ch-15-12 15.22 406.76 600.12 0.047568 0.004323 0.062093 0.005422 0.009411
Ch-15-13 14.43 384.66 579.71 0.04817 0.003108 0.0639 0.003883 0.00974
Ch-15-14 15.6 417.46 592.69 0.046338 0.002899 0.061879 0.003572 0.009792
Ch-15-15 14.99 408.73 615.29 0.049688 0.003195 0.065909 0.003984 0.009658
Ch-15-16 25.24 793.09 806.23 0.049711 0.002937 0.063874 0.003629 0.009324
Ch-15-17 16.48 431.53 642.42 0.048612 0.003691 0.06438 0.004644 0.009613
Ch-15-18 39.82 1219.74 923.12 0.047346 0.002792 0.061373 0.00355 0.009369
Ch-15-19 46.09 1355.21 088.16 0.047774 0.002937 0.06476 0.003995 0.009789
Ch-15-20 14.55 394.12 618.38 0.049986 0.00341 0.064895 0.004093 0.009581

SpOtS 206Pb[238u 208Pb/232Th 208Pb/232Th 238U/232Th 207Pb[206pb 207Pb[206pb 207Pb/235U 207Pb/235U

1sigma Ratio 1sigma Ratio Age (Ma) 1sigma Age (Ma) 1sigma

Ch-15-02  0.000178 0.002808  0.000105 1.424578 142.68 151.825 63.37174 3.791682
Ch-15-03 0.000131  0.002753 9.48E-05 1.105581 101.94 153.68 61.04311 3.329481
Ch-15-04  0.000139 0.003025 0.000112 1.346326 166.75 138.865 63.58595 4.052416
Ch-15-05 0.000153 0.003071  0.000118 1.265862 161.195 133.315 64.53065 3.42924
Ch-15-06 0.000146 0.002962  0.000119 1.335592 83.425 172.195 61.6445 4.083791
Ch-15-07 0.000143 0.003119  0.000117 1.324869 120.46 155.53 62.25709 3.85077
Ch-15-08  0.000124  0.002932 8.95E-05 1.039727 166.75 142.5725 62.9405 3.549754
Ch-15-09 0.000165 0.003146  0.000111 1.306162 77.87 161.085 61.49418 4.032234
Ch-15-10 0.000177 0.002965  0.000109 1.754637 101.94 162.94 61.21885 4.163086
Ch-15-11 0.000153 0.002929  0.000103 1.250382 error 59.21084 3.514247
Ch-15-12 0.00016  0.003124  0.000108 1.4921 76.02 203.67 61.16865 5.183793
Ch-15-13  0.000167 0.003081  0.000119 1.544064 109.35 144.42 62.89429 3.705861
Ch-15-14 0.000165 0.003139 9.86E-05 1.467516 16.765 149.985 60.96392 3.415795
Ch-15-15 0.000143  0.002957 9.42E-05 1.566979 188.97 145.35 64.80954 3.795512
Ch-15-16  0.000136 0.002835 8.97E-05 1.074804 188.97 141.6475 62.86943 3.463666
Ch-15-17  0.000137  0.00316 0.000112 1.575277 127.865 170.345 63.35211 4.430708
Ch-15-18  0.000118 0.003045 8.07E-05 0.869884 64.91 146.275 60.47954 3.396227
Ch-15-19 0.000156  0.00323 9.05E-05 0.775926 87.13 140.715 63.71505 3.810137
Ch-15-20  0.000137 0.002959  0.000102 1.676728 194.525 159.2375 63.84343 3.903042
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Fig. 5. The zircon concordia and weighted mean age diagrams of the Saheb batholith. A, B, C, D: diagrams for quartz

monzonite samples, E, F: diagrams for quartz monzodiorite sample, and G, H: diagrams for the monzogranite sample
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(2010) (PI: Plagioclase, Qtz: Quartz).
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Fig. 4. Geological map of the northwest of Gonabad (The rectangle shows the position of the fluorite mineralization)
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Fig. 13. Histograms showing frequency distribution of homogenization temperature (Th) in the northwest of Gonabad
A: flourite mineralization area, B: Kalatehno copper deposit, and C: Quartz-sericite-pyrite alteration area (B and C:

Microthermometric has done on quartz mineral).
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Fig. 15. A: Schematic diagram showing the trend of fluids homogenization temperature versus salinity during various
processes of fluids evolution (Wilkinson, 2001), and B: Homogenization temperature -salinity plot for fluid inclusions
in studied samples from the northwest of Gonabad. (K sample: Argillic and quartz-sercite-pyrite alteration, Q sample:
Kalateno copper mineralization, F sample: Fluorite mineralization)

0 4
200
400 Decrease of tempreture
and pressure
600} \
s
\g | > Salinity curves
< 1000} )
o
]
1200 F
1400
0\ 596M 10% \ 1504\ 20%0,25%
1600¢, . ' : L f
150 200 250 300 350 400

Tempreture(C)

(Haas, 1971) LS o 2 Jles ;o Jhw slobiylos LKis Gae JBlas et g &)l o a0 &l s 0g, 16 Sl
Fig. 16. The variations trend in temperature and the estimated minimum depth of the fluid inclusions formation in the
northwest of Gonabad (Haas, 1971)



395

o Sl sl Gl S (e 3L ST o Sl b bokee (s 2

(1399 JLo) 3 o )less 12 al>

800
i Porphyry
= ..[/. ; R
-‘3, Skarn
@
§ 600
©
&
Q
E
8 E
£ 4004.-"7 -
-% Lode AuFEPICIEREENNNNN B 2020
g R t
g [ - h =
e | — ~type
g 200 F ﬁ?
o
I " i
Kuroko )
0 T - 1 L] L]
0 20 40 60 80

Salinity (wt% NaCl equivalent)

loes Jlogai ;o (o)l 5lad) SbLS e Jleds 13 oy 9590 Sl GLo)LOLe (oS0l &)l az )0 5 (558 Curdpe pugai 17 JSB

(Wilkinson, 2001) calisee (sla LuslS (5, 9m s Ka

Fig. 17. Th-salinity plot for fluid inclusions (star symbol) in the northwest of Gonabad in the chart of homogenization
temperature —salinity for the variety of deposits (Wilkinson, 2001)

J:L;HL;LA&;T.JSL;ACMSfY\_:C,HQ)a.\j (RS
5l 03 ST oly Gos 4 b S 5 b Sanls 5 555 sl
m s Ay Ly e byl LSl e L
O holse A1 pladl o 5355 o sl Jlow S b slons
e sl 3 S5l S ek 5 PH ks 5 Lo el
33 Je 5 ol Golils i ol a IS s 8 sl
S35 Slpos 55 5 oy Jto dal 5 L HLST s 4l
5 S g S 5LT 03 28 Sl Gl B (e e
23l g 253) Gor 53 555 )z pESLAg 0 b

Al bl

References

Alavi, M., 1991. Sedimentary and structural
characteristics of the Paleo-Tethys remnants in
northeastern Iran. Geological Society of
American Bulltin, 103(8): 983-992.

Arjmandzadeh, R., Karimpour, M.H., Mazaheri,

S 5 doxei
St gladgloe Slacod )55 03505
adbaie 53 SO L OT Loyl 31 0les 8 Conl eda Ol S
OVlw Gy 5d 9 Las vy ol syls ) 5 5e
sy adbie 5L S5 5la S slaoss 53 5 s
504205 30 Sl L Jle S ded b ¢ 55 55 JS (o

s, Luls s Lol abls i 4l ol 53 &slize Sos=

IS 5 18 00 OV oS (6550 e e S IS8 Jbe 7
JLe ) Slapmnen alis (5l G slas5 55 oL
2Bl cladglous baw 5 ol LBl 51 36 ol (ol

S.A., Santos, J.F., Medina, J.M. and Homam,
S.M., 2011. Sr-Nd isotope geochemistry and
petrogenesis of the Chah-Shaljami granitoids
(Lut block, eastern Iran). Journal of Asian
Earth Sciences, 41(3): 283-296.

Berberian, M., 1981. Towards a paleogeography



olatdl b ae

Ohen g ooy Sl 3 396

and tectonic evaluation of Iran. Canadian
Journal of Earth Sciences, 18(2): 210-265.

Bodnar, R.J., 1993. Revised equation and table for
determining the freezing point depression of
H.O-NaCl  solutions.  Geochimica et
Cosmochimica Acta, 57(3): 683-684.

Brown, P.E. and Lamb W.M., 1989. P-V-T
properties of fluids in the system
H,O+CO,+NaCl: New graphical presentations
and implications for fluid inclusion studies.
Geochimica et Cosmochimica Acta, 53(6):
1209-1221.

Frantz, J.D., Popp, R.K. and Hoering, T.C., 1992.
The compositional limits of fluid immiscibility
in the system H,0-NaCl-CO, as determined
with the use of synthetic fluid inclusions in
conjunction with mass spectrometry. Chemical
Geology, 98(2-3): 237-255.

Goldstein, R.H. and Reynolds, T.J., 1994,
Systematics of fluid inclusions in diagenetic
materials. Society for Sedimentary Geology,
Society of Economic Paleontologists and
Mineralogists Short Course 31, Tulsa,
Oklahoma, 199 pp.

Haas, J.L., 1971. The effect of salinity on the
maximum thermal gradient of a hydrothermal
system at hydrostatic pressure. Economic
Geology, 66(6): 940-946.

Hall, W.E., Friedman, I. and Nash, J.T., 1974.
Fluid inclusion and light stable isotope study
of the Climax molybdenum deposits,
Colorado. Economic Geology, 69(6): 884-901.

Hall, G.E.M., Vaive J.E., Beer R. and Hoashi M.,
1996. Phase selective leaches for use in
exploration geochemistry. In: G.F. Bonham-
Carter, A.G. Galley and G.E.M. Hall (Editors),
EXTECH I: a multidisciplinary approach to
massive sulphide research in the Rusty Lake-
Snow Lake greenstone belts, Manitoba,
Geological Survey of Canada, Bulletin, 426,
pp. 169-200.

John, D.A., Ayuso, R.A., Barton, M.D., Blakely,
J.M., Bodnar, J.R., Dilles, H.J., Gray, F.,
Graybeal, T.F., Mars, CJ., McPhee, K.D.,
Seal, R.S., Taylor, D.R. and Vikre G.P., 2010.
Porphyry copper deposit model. In: D.A. John
(Editor), Rolla, MO: U.S. Geological Survey,
Scientific Investigation Report 2010-5070-B,
186 pp.

Karimpour, M.H., Malekzadeh Shafaroodi, A.,
Mazaheri, S.A. and Heydariyan, M.R., 2007.

Magmatism and different mineralization of
Cu-Sn-W in Lut Block. 15th Congress of
Crystallography and Mineralogy of Iran,
Ferdowsi University of Mashhad, Mashhad,
Iran.

Karimpour, M.H., Malekzadeh Shafaroudi, A.,
Stern, C.R. and Farmer, L., 2012. Petrogenesis
of Granitoids, U-Pb zircon geochronology, Sr—
Nd isotopic characteristic, and important
occurrence of Tertiary mineralization within
the Lut Block, eastern Iran. Journal of
Economic Geology, 4(1): 1-27. (in Persian
with English abstract)

Karimpour, M.H., Stern C.R., Farmer, L., Saadat,
S. and Malekezadeh Shafaroodi, A., 2011.
Review of age, Rb-Sr geochemistry and
petrogenesis of Jurassic to Quaternary igneous
rocks in Lut Block, Eastern Iran, Geopersia,
1(1): 19-36.

Malekzadeh Shafaroudi, A., 2009. Geology,
mineralization, alteration, geochemistry,
Microthermometry, radioisotope and
Petrogenesis of intrusive rocks copper-gold
porphyry Maherabad and Khopik. Ph.D.
Thesis, Ferdowsi University of Mashhad,
Mashhad, Iran, 535 pp. (in Persian with
English abstract)

Malekzadeh Shafaroudi, A., Karimpour, M.H. and
Golmohammadi, A., 2013. Zircon U- Pb
geochronology and petrology of intrusive
rocks in the C-North and Baghak districts,
Sangan iron mine, NE Iran. Journal of Asian
Earth Sciences, 64(5): 256-271.

Malekzadeh Shafaroudi, A., Karimpour, M.H. and
Stern, C.R., 2015. The Khopik porphyry
copper prospect, Lut Block, Eastern Iran:
Geology, alteration and mineralization, fluid
inclusion, and oxygen isotope studies. Ore
Geology Reviews, 65(2): 522-544.

Moradi M., Karimpour M.H. and Salati A., 2011.
Geology and geochemistry of intrusive rocks
of eastern Najm Abad (Gonabad). Journal of
Advanced Applied Geology, 1(1): 1-10. (in
Persian with English abstract)

Najafi, A., Karimpour, M.H., Ghaderi, M., Stern,
Ch. and Farmer, L., 2014. U-Pb zircon
geochronology, Rb-Sr and Sm-Nd isotope
geochemistry, and petrogenesis of granitiod
rocks at Kaje prospecting area, northwest
Ferdows: Evidence for upper Cretaceous
magmatism in Lut block. Journal of Economic



397 e Sy (53l S e L ST e 5o Jlew slo ko lie (o) 2

(1399 JL) 3 o )leis 12 ul>

Geology, 6(4): 107-135. (in Persian with
English abstract)

Richards, J.P., Spell, T., Rameh, E., Razique, A.
and Fletcher, T., 2012. High Sr/Y magmas
reflect arc maturity, high magmatic water
content, and porphyry Cu £ Mo = Au potential:
examples from the tethyan arcs of central and
eastern Iran and western Pakistan. Economic
Geology, 107(22): 295-332.

Roedder, E., 1984. Fluid inclusions. In: P.A.
Ribbe (Editor), Reviews in Mineralogy.
Mineralogical Society of America, Virginia,
646 pp.

Roedder, E., 1992. Fluid inclusion evidence for
immiscibility in  magmatic differentiation.
Geochimica et Cosmochimica Acta, 56(1):5-
20.

Samiee S., Ghaderi M. and Zirjanizadeh S., 2020.
Geochemistry, Fluid Inclusion and Sulfur
Isotopes Studies of Hydrothermal Breccia
Gold Mineralization in the Khunik Area,
Khorasan Jonoubi Province (Iran). Journal of
Economic Geology, 11(3): 473-495. (in
Persian with English abstract)

Samiee S. and Zirjanizadeh S., 2019. Geology,
mineralogy and geochemistry of Koodakan 2
prospecting area, South of Birjand, East of
Lut Block. Journal of Economic Geology,
11(2): 339-355. (in Persian with English
abstract)

Shepherd, T.J., Rankin A.H. and Alderton,
D.H.M., 1985. A practical guide to fluid
inclusion, Blackie & Sons, Glasgow, 239 pp.

Zirjanizadeh, S., 2015. Mineralogy, Geochemistry
and Petrogenesis of igneous rocks northeast
Gonabad, Ph.D. Thesis, Ferdowsi University
of Mashhad, Mashhad, Iran, 259 pp. (in
Persian with English abstract)

Wilkinson, J. J., 2001., Fluid inclusions in
hydrothermal ore deposits, Lithos, 55(1-4):
229-272.

Whitney, D.L. and Evans, B.W., 2010.
Abbreviations for names of rock-forming
minerals. American Mineralogist, 95(1): 185-
187.

Van den Kerkhof, A.M. and Hein, U.F., 2001.
Fluid inclusion petrography. Lithos, 55(1-4):
27-47.






Journal of Economic Geology &oLlaidl wllocymo

Vol. 12, No. 3 (2020) (1399 JLo) 3 ol 12 ul>
ISSN 2008-7306 A 431 15399 Slxiw
9 dle

9 P393 ¢35 30 OVl (qw) o om0 ) (S 3w S Sl 578 ¢ ol o 3
(Ol 99.;.?) =l w0 08900 (3990 SIS i g

291 w3 pPlig 979 599 o5 oo 21689 5lad 081 3o 0315T 68 5T (S9ug0 (Sge

Q/J,f/pl{»fw (g Lf“'j)Jé a/f.ii/.: ‘fjl; 0> “fdu‘—j:u'lj ajf((l
Ol dgln iibgin o 338 082015 gl 0lSCiils (Ol 58 Gotan b3 AT g3 05 57 (2

1398/10/18 : : ., 1398/08/01 s ib, s

Shadibate wliaeSin Wl 048 8Bl Okl oy (50 5hS 90 A 53 e ol 5 ST )5 ol e (LS 03 s
03,5 34k adly ol 35 35 oS 5L eSS & o LS CoilT S5 5 CojlT oS 5 b o 1 SlaidisT glad-
Sy gty 5w Sl 0 Sl S 5 ST 55T ¢ i o 1Kk 1 ol ailate ] 55 B0 gois 5 Sl S5 la0rs el
el oslagy L S 5 La S8 sl )3 561 e 5 gk s = B ,adles L5, L a3 80 60 o b L 1S
Csnd (8 (a5 95T SVl (558 (SIS Jals 56 Sl SIS 5 S 5 Sy 0 SIS Jols ad ol sl SIS
Wl o cailaie 13 5o, 8 (65t w ,olis ldie pummen 5 Sl e o y3 D6 G 0/0L o e Sldie .ol Clen
S U ole s Sus g 5B S b jube 50, 68,5 bl jobe )3 Sab b aibie o) e GbbeSls
Lias e 0L VL Ole S e 52 S

OIT05664 Ly 1 s s jas 6 by s Ty 93 ik sam s o €N sl (sla 55551 5 a5l “*Nd/MNd &'SSr 1.
iduosd Ladslacs & 51 oly e 2Ll edgdoes 2555 LaeSTls 0ds LSKi5 L dalsd ol den .ol =1/7 5 0/518426
50/0£49/49 U 1 5 LacsSTls w0 oS =5 SIS 55 2 U-PD (glsosls ulul 5ol gaen (21555 035 YU 53 laws o 8
L bas e oS S8 55 555 g0 gl ;8 55 SV (655 o omiorles .ol (0 o5 ) ) oo sl & Lo gy e Il 0 gk
o3 16U T) b st 58 U Jlw 51515 e 455300 6165 5 50> (cles s 65@@\5@&@@@@@@\5
ailale 53 et Sl 3 Jolo p Fage 6555 SRR a3 5 Sgline (6558 b b Db b slins .ol (plab S Jolee 55
Ol gland e slagsslonl 5 8 5 SVl (gl le J 8 (g3l S5 Sl 5 Ko ¢ oo S5 wliaesSin dalps .ol
Wl Qo ol 5 5 2y (ST 03 5dmn (G175 e (S5l SIS ST s s

U/J:’/‘u:"):“‘:' al{-‘)jf" ‘u“;LfJ U-Pb u‘"““‘d“" Nd-Sr ‘_;Légzzfi;ﬁfcx.()) Qyé._w “_;JL‘d‘;IK.gs%K 6'&05'5

shafaroudi@um.ac.ir : &LslKe Jgius™ DOI: https://doi.org/10.22067/econg.v12i3.83898

1. Large-lon-Lithophile Elements (LILE)
2. Light Rare Earth Elements (LREE)

3. Heavy Rare Earth Elements (HREE)
4. High-Field-Strength-Elements (HFSE)
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Fig. 6. Field and microscopic image of alteration assemblages of volcanic rocke and dioritic dykes from the Robaie
copper area (XPL). A: Border between argillic and propylitic alterations (view to the north), B: sericitic alteration in
around of mineralization vein (view to the north), C: propylitic alteration with convert of biotite and hornblende to
chlorite in andesite, D: Sericitic alteration with covert of plagioclase to sericite and calcite, E: Sericitic alteration with
convert of plagioclase to sericite, F: Carbonate alteration in veins, and G: Carbonate alteration with convert of

plagioclase, biotite, and hornblende to carbonate and chlorite. Abbreviations after Whitney and Evans (2010) (Qtz:
quartz, Chl: chlorite, Ser: sericite, Cal: Calcite).
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cloformic texture formed by weathering of pyrite. Abbreviations after Whitney and Evans (2010) (Cpy: chalcopyrite,
Mal: Malachite, Cct: chalcocite, Cv: covellite, Bn: Bornite, Py: pyrite, Hem: hematite, Gth: goethite).
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Table 1. Geochemical analyses data of the Robaie copper area (ppm)

No. CV.CH2 CV.CH4 CV.CH6 CV.CH7 CV.CH9 C.\.CH10 C.V.CH12 C.V.CH13

Long. 54°28'48" 54°28'55" 54°28'53" 54°28'58" 54°29'02" 54°29'04"  54°29'03"  54°29'05"

Lat.  35°22'52" 35°22'54" 35°22'55" 35°22'57" 35°22'57"  35°22'56"  35°22'59"  35°23'02"

Cu 6783 8035 3388 11238 3316 4857 13085 7262
Pb 11 12 14 39 14 11 8 149
Zn 121 58 63 69 142 84 58 55
Ag 3.8 1.5 0.64 7.2 0.49 0.58 0.63 1.9
As 1.9 2.4 2 2.1 2 2.9 2.8 2.4
Sb 1.01 0.81 0.96 1.02 0.94 1.07 0.9 0.84
Au <DL <DL <DL <DL

<DL= Smaller than the detection limit

=y e 00990 1550 VL Sl 5 (y55s Se st B g AL UK
Fig. 9. A and B Microscopic images and phases of fluid inclusions in the Robaie copper area
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Table 2. Microthermometric data of primary fluid inclusions within calcite of the Robaie copper area

Salinity (NaCl wt.%

Sample No. Number  Th(°C) Tmice (°C) Tm (°C) equiv.)
8 11 190-300 - -
18 15 200-230 - -
17 17 165-237 -5t0-10 -52.9t0-53.2 7-14
21 17 204-239 -10to -12 -53t0 -53.6 14-16
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Fig. 10. Histogram showing the thermodynamic data of primary fluid inclusions in the Robaie copper area. A:
Homogenization temperature histogram, B: First melting temperature histogram, C: Last ice melting temperature, and

D: Salinity (wt.% NaCl equivalent) histogram
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Table 3. Trace and rare earth element (ppm) analysis of dioritic dykes in the Robaie copper area

No. 22 24 C17
Long. 54°29'01" 54°29'04" 54°28'52"
Lat. 35°22'56" 35°22'56" 35°22'58"

Ba 712 469 578
Be 1 1 2
Co 17.8 21.4 17.1
Cs 46 1.8 2.9
Ga 15.2 15 16.2
Hf 45 45 33
Nb 13.1 117 55
Rb 115.9 77.8 66.2
Sn 1 1 1
Sr 323.1 3475 1007
Ta 0.9 058 0.4
Th 7.9 8 5.9
U 3 17 1.9
89 82 180
w 0.9 05 0.6
zr 1835 1716 125.8
Y 14.2 15.3 17.5
La 36.9 315 27.8
Ce 67.1 58.4 52.3
Pr 76 6.71 6.27
Nd 28.6 25.2 25.9
Sm 5.14 4.9 4.7
Eu 1.31 1.25 1.4
Gd 4.35 4.1 4.06
Tb 0.56 0.56 0.59
Dy 2.79 3.26 33
Ho 0.58 0.59 0.64
Er 1.56 17 1.88
m 0.2 0.22 0.27
Yb 15 1.55 1.77
Lu 0.25 0.23 0.28
(La/Ybn 1659 13.7 10.59
(Ce/lYbn 1157 9.75 7.64

Eu/Eu* 0.85 0.84 0.98
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Fig. 11. A: Chondrite-normalized rare earth elements diagram (Boynton, 1985), and B: Primitive Mantle-normalized
trace elements diagram (Sun and McDonough, 1989) dioritic dykes in Robaie copper area
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Fig. 12. Cathodoluminescence image of zircon characteristics from biotite-hornblende diorite porphyry (C.V.C.H) in

the Robaie copper area
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Table 4. U- Pb dating results of zircons from biotite-hornblende diorite porphyry of Robaie copper area

206Pb[207pb + 207P b/ZSSU

Analysis U (ppm)  2Pb/%Pb  U/Th Ratio (%) Ratio * (%)
C-1 564 78284 25 21.2108 1.0 0.0497 1.7
C-2 825 45289 0.9 21.4315 1.2 0.0493 1.8
C-3 379 145791 25 21.4727 1.8 0.0497 2.1
C-4 427 29076 2.7 21.0626 15 0.0511 2.1
C-5 532 18219 4.7 21.1888 1.3 0.0509 1.8
C-6 735 73392 2.3 21.8252 14 0.0496 2.0
C-7 229 13404 4.3 21.1000 2.0 0.0514 2.2
C-8 400 17813 2.0 21.6664 1.8 0.0501 2.2
C-9 623 15399 1.7 21.4384 15 0.0508 1.8
C-10 382 14243 4.8 21.7441 16 0.0501 2.0
C-11 334 12925 1.8 21.7962 2.0 0.0502 2.4
C-12 328 17305 2.1 21.2730 2.0 0.0515 2.4
C-13 567 8968 2.2 22.6936 14 0.0488 1.8
C-14 360 695796 2.1 21.0966 14 0.0610 1.7
C-15 460 64944 2.2 20.3359 11 0.0751 15
C-16 399 85926 7.8 19.9022 0.8 0.1783 16
C-17 368 15940 21.6 20.1807 0.9 0.1767 14
C-18 692 72792 22.5 18.4230 1.0 0.2485 1.7
C-19 316 127790 121 19.1584 1.0 0.2438 19
C-20 257 67576 34 17.6332 2.3 0.2888 4.6
C-21 371 77833 12.3 18.8190 0.9 0.2798 15
C-22 481 236624 1.7 16.8945 0.8 0.6302 19
C-23 52 15357 15 15.4602 1.3 1.1260 15

C-24 239 121032 1.6 14.0238 0.6 1.5770 1.0
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Table 4 (Continued). U- Pb dating results of zircons from biotite-hornblende diorite porphyry of Robaie copper area

206pp 238y 206ppy,238Y Best age

Analysis Ratio + (%) Ratio + (Ma) (Ma) + (Ma)
C-1 0.0076 14 49.1 0.7 49.1 0.7
C-2 0.0077 14 49.2 0.7 49.2 0.7
C-3 0.0077 11 49.7 0.5 49.7 0.5
C-4 0.0078 15 50.2 0.7 50.2 0.7
C-5 0.0078 1.2 50.3 0.6 50.3 0.6
C-6 0.0078 14 50.4 0.7 50.4 0.7
C-7 0.0079 0.9 50.5 0.5 50.5 0.5
C-8 0.0079 13 50.5 0.6 50.5 0.6
C-9 0.0079 1.0 50.7 0.5 50.7 0.5
C-10 0.0079 13 50.8 0.6 50.8 0.6
C-11 0.0079 13 51.0 0.7 51.0 0.7
C-12 0.0080 13 51.1 0.7 51.1 0.7
C-13 0.0080 1.2 51.6 0.6 51.6 0.6
C-14 0.0093 11 59.9 0.6 59.9 0.6
C-15 0.0111 1.0 71.0 0.7 71.0 0.7
C-16 0.0258 14 163.9 2.2 163.9 2.2
C-17 0.0259 1.0 164.7 1.7 164.7 1.7
C-18 0.0332 14 210.7 2.8 210.7 2.8
C-19 0.0339 1.6 214.8 3.4 214.8 3.4
C-20 0.0369 4.0 233.9 9.1 233.9 9.1
C-21 0.0382 1.2 241.7 2.8 241.7 2.8
C-22 0.0773 1.7 479.7 7.6 479.7 7.6
C-23 0.1263 0.8 766.8 5.9 766.8 5.9

C-24 0.1605 0.9 959.3 7.6 965.4 11.9
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data-point error ellipses are 68.3% conf.

0.0084
A
0.0082¢
0.0080}
o
%5 0.0078]
D
0.0076}
i C dia Age = h
oncordia Age =50.39 + 0.48 Ma
00074 i (95% confidence, decay-const. errs included)
MSWD (of concordance) = 9.1,
Probability (of concordance) = 0.003 )
0.00 7.2
0.045 0.047 0.049 0.051 0.083 0.055

207P b,235U

data-point error symbols are 1o

SBE

52
(h]
S 51
D
D

49 l (Final Age =50.43 + 0.49 Ma
l I Mean = 50.43 £ 0.33 [0.66%] 26

Wid by data-pt errs only. 0 of 13 rej.
MSWD = 1.2. probabilitv = (.24

48
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Fig. 13. Zircon U-Pb dating from the biotite-hornblende diorite porphyry (dyke) unit (sample C.V.C.H) in the Robaie
copper area. A: Concordia diagram, and B: Best age plot diagram obtained from zircon dating
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Table 5. Rb-Sr and Sm-Nd isotopic data from dioritic dyke in the Robaie copper area. Errors are in 2

Sr Rb SRbASSr g7, g6 873r/%6Sr 875r/%6Sr Erro
Sample ppm  ppm initial Rb/"Sr Erro (2s) initial Measured (2s)
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Diorite 5, 986 0.109 0.006 051252 0512486  0.000016  -1.7
porphyry

M:&QL’&;bé‘eJGMﬁ&YTLJA‘J}JﬁL’&méﬁ.ejﬁ
s eNdi 2als™ 50/705 51 351 ¥'Sr/®Sr jluie il 5!
Oy s My Cd s o35 Gl e RS
S S5 w5l pladn b a5 Sl S ST (b 553
(Menzies et al., 1993; Arjmandzadeh et al., 2013)
s & jledirie a8 L U latw y sladlw 2S5 5

>0 54 8,1 5 slicss (Nabatian et al., 2014)
i 8 03 gdmn (Gl 2 )5) Cnly S 3 adigod 35,13
s eimmen 501708 5 4351 ¥'SI/POST jloiae s 4a
Gla S5y 5l oS 5 dliypr (g sLa LS
Chappell and ) ceul (cxKa) [ 05,5 slaas gl §
23 CLESIS ek e 5 s SIS (White, 2001
05,5 sladss il § Coale siasplis 55 RO/SISL lnis
NI GV 4 Y PEPHS PPN RAH) FPERCN
5 Gl gy Ol b S5 5 otiasgolis i eN 555
ol glars & Sliie gl S5 5 ediasolis e N
Kemp et al., 2007; Yang et al., 2007; Li et al., )
o523 CLaeSls (L) Cund s o 61 (2011
STatYDh oy ;s RD s 51 by e (BLESTT 05 guloes

53ken 50 e 6l a5 450 NN 5 B7ST/%0ST
codal Cmmnay |8 23w 55 oS 55 U-PD laesls 148 Jla
&l I NN 5 B7SIPOST e s 4l
(o Cmoms iy pam Cis) (055 ST ses
Ol . o10/518426 50/705664 L 1, 5 54
Sl =HT U ol ouiinl 45505 53 eNdi adyl slas 553!
JSs) I ¥SIST ot 55 eNdi s ya 43 .6 Jsax)
oy S 53 (6 by 31 Tty 23 iy 9= S5 g 4503 o(14
ol 4 8515 gloyL5 aim gy dibate 45 5 4t d S 03 gdos
o 53545 8 gl i S 05 S IS L Sl

ol ol a.\:’b}}

oy

Sxdrg o9 SBEDIS 3335 3 Wl s
lresls 5 (ot e e SB0 2 l
eS¢l = o LSl glac s SI-Nd slas 555
ol aS s 0L olay s (SLasST o5 gudme 2y 903
TSIO8I Jlaie s STt oas o a s & 51 LSl
Ol 5 51 (0/518426) “SNd/*Nd (0/705664)

S s g Es e CLT) eNA adyl glacs y5 551



421 o S OVl sy oy ¢85l S e Gl 5 ¢ il e (1399 JL) 3 o )leis 12 ul>

oSl (cxBa) L og, & 5 psindTlos sla S5 o .s eslirwl(Pearce et al, 1984) Yb i, ,»Ta
Syl ales ddlate 2y g gﬂ,éy,@\_&a:ToLJ‘_;u.\__s}:gbfu,w); os ¢
LasS .BsA-15 S o) am Syl 5,5 55l s

15
[l Diorite porphyry
Slab-derived
L~ adakites
IAB
Bulk Earth
‘\\ % m EM II
_ \\\ =2 '\\
=ra \ g}% \ T~ Upper
(‘z‘J \| %N crust
= N \\ Adakites derived from
N © \ thickened lower crust
Continental crust
EMI
-15 —
= Lower
S crust
¥
=
m \
-25 1 1 | |
0.701 0.705 0.710 0.715
(*'Sr/*Sr)i

amio wgd )l oabgiin slacaSTol imlio . el o (BLEST 00gamme (900 Solo ENA(T) 2l 50 4l SIEEST Jloges 14 i
odb i slacaSlsl «(Defant et al., 1992; Kay and Kay, 1993; Sajona et al., 2000; Aguillén-Robles et al., 2001) w9 ,5
slacdlsl: : :MORB .(Atherton and Petford, 1993; Muir et al., 1995; Petford and Atherton, 1996) «,, ;5 eess diwsy |
{Zindler and Hart, 1986) LS ,li> sl IAB ( cwsildl pl> slacdll (OB was 45 4iis5 DM ( cwsildl oyl sloaii,
o Sapwle Jlus oygudie 50 (6l 4l slacs (Hou et al., 2011) aiss SLL slacl 5l g4 g0 sainsylis cus o [EEMIL 4 EMI

]

Fig. 14. eNd(i) vs. initial 87Sr/®Sr values diagram dioritic dyke in the Robaie area. The field of adakites related to slab
melting is defined after (Defant et al., 1992; Kay and Kay, 1993; Sajona et al., 2000; Aguillon-Robles et al., 2001); The
data for underplated thick lower crust adakites are after (Atherton and Petford, 1993; Muir et al., 1995; Petford and
Atherton, 1996). MORB: mid-ocean ridge basalts; DM: depleted mantle; OIB: ocean—island basalts; IAB: island-arc
basalts after (Zindler and Hart, 1986); EMI and EMII represent two types of mantle end-members, respectively (Hou et
al., 2011). Initial ratios calculated for 50 Ma.
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Fig. 15. A and B: Plot of dioritic dykes of Robaie copper area on the tectono-magmatic diagram (Pearce et al., 1984).
WPG: within plate granitoid; Syn-COLG: syn-collisional granitoid; ORG: ocean ridge granitoid; VAG: volcanic arc

granitoid; Post-COLG: post-collisional granitoid.
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Fig. 19. Temperature versus salinity diagram for determine the possible transport complexe of metals in the Robaie
copper area (Large et al, 1988)
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Fig. 20. Pressure-temperature diagram showing phase relationships in the NaCl-H,O system at lithostatic and
hydrostatic pressures in the Robaie copper area (Fournier, 1999). L= liquid, V= vapor, H= halite
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Saprolite
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Fig. 3. Variations of pH and OM in different horizons of laterites in Cheshmeh Rostami, Bavanat
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Zone Oxide Transitional Saprolite Protolith
Sample R2-9 R2-8 R2-7 R2-6 R2-5 R2-4  R2-3 R2-2 R2-1
Wt.%
SiO2 37.17 30.20 31.98 45.25 40.67 4525 46.60 47.30 41.17
Al2O3 2.50 2.58 2.04 2.58 2.28 0.67 0.54 0.29 0.32
Fe20s 25.75 24.25 23.62 13.55 1565 10.38 9.09 9.92 8.31
MnO 0.27 0.18 0.34 0.18 0.20 0.15 0.14 0.10 0.11
MgO 10.97 12.80 12.16 13.33 1359 16.87 17.65 18.23 18.45
ppm
Ni 6793 5775 4608 3208 3044 2549 2091 2275 1898
Zn 156 151 135 94 84 77 69 69 82
Cr 3985 2807 2391 1734 1802 721 454 131 589
Co 152 140 95 64 61 53 50 49 40
\Y 77 70 68 47 51 25 20 dl 17
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Table 3. Calculated data of weathering intensity in Cheshmeh Rostami area, Bavanat

Zone CIA olw RW Al/Na
75.32 77.42 1.31 25.33
Oxide
76.33 78.41 1.12 26.13
73.72 73.72 1.24 20.66
Transitional
35.19 35.34 2.80 21.86
50.55 52.9 2.26 23.06
Saprolite
54.47 58.77 4.09 6.80
49.09 53.46 4.83 5.46
Protolith 43.93 50.87 4.63 2.93
43.91 50.07 4.77 2.26
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Fig. 9. Location of the laterite samples from Cheshmeh Rostami area, Bavanat on the weathering diagram (after

Selvaraj and Chen, 2006).
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appears as a soil of yellow to orange in color.
XRD data from this horizon indicated that calcite
and hematite are present as major phases along
with minor lizardite and quartz. Oxide horizon is a
very soft and porous dark to light red soil that has
12m thickness. This horizon mainly consists of
hematite, goethite and clinochlore with variable
amounts of amorphous silica and iron oxides.
Geochemically, Fe,O; (8.31-25.75 wt.%), MnO
(0.11-0.27 wt.%), Ni (1898-6793 ppm), Co (40-
152 ppm) and Cr (131-3985 ppm) concentrations
increase continuously from base to top of the
laterites. There is good correlation between Ni
and Fe;Os. On the contrary, silica (41.17 to 37.17
wt.%) and MgO (18.45 to 10.97 wt.%) contents
decrease from base towards the top of laterites.
Chemical Index of Alteration (CIA), Chemical
Index of Weathering (CIW) and Rate Weathering
(RW) were used in determination of the
weathering  intensity  during lateralization
processes. The calculated data indicated that
weathering intensity is medium to weak in the
Bavanat region.

Discussion

Ni-bearing laterites in the Bavanat region were
formed during weathering of the ophiolite
ultramafic rocks at semi-tropical conditions. Four
major horizons were formed through vertical
profiles of the laterites. However, low
concentration of Ni in the source rock by one side
and medium to weak intensity of weathering by
other side result in production of low-grade Ni-
laterites. This is confirmed by pH values and
remnants of chromite grains in the protolith
horizon. However, weathering causes
decomposition of the source rocks resulting in
weak liberation of elements. Some elements such
as Si and Mg have leached away, but high values
of OM and pH at the top of the soils helped Fe
fixation (Kabata- Pendias and Pendias, 1999;
Thorne et al., 2009). Good correlation between Fe
and Ni indicates that iron oxides and hydroxides
play the role of scavenger for Ni. Mobility of Ni
decreases in the presence of OM and high pH. It

thus adsorbs on the Fe compounds. The Ni-
laterites in the Bavanat are classified in oxide type
clan.
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Introduction

The Ni-laterites were mostly derived from
ultramafic rocks in ophiolite complexes during
weathering in tropical climate. Lateritization
processes result in leaching of some major
elements (Si and Mg) from the source rocks and
concentration of some others (Ni, Fe, Cr and Co)
in the residual soils. The Ni-bearing laterites are
divided into three major subgroups including
oxides, silicates and clay types (Berger et al.,
2011). Hematite and goethite are the main
constituents of the oxides type, whereas garnierite
is the main carrier for Ni in silicates type. In the
clay laterite, saponite and smectite are the main
Ni-carriers.

The Bavanat region contains Ni-bearing laterites
as discontinuous outcrops which have formed on
ophiolite ultramafic rocks in the northeast Fars
province. These ultramafics are remnants of Neo-
Tethys oceanic lithosphere which have been
emplaced on continental margin along the Zagros
Suture Zone in the Late Cretaceous era
(Rajabzadeh, 1998). These laterites have recently
attracted some geologists to work on them (e.g.
Khademi and Hasheminassab, 2010; Rasti and
Rajabzadeh, 2017). The aim of this study is to
determine the effects of pH, organic matter (OM)
and weathering intensity on the geochemical and
mineralogical characteristics of Ni-laterites in the
Chesmeh Rostami area, Bavanat region.

Materials and methods
Sampling was carried out along three geological

cross sections on undisturbed laterite profiles. The
samples were studied using refracted and reflected
light microscopic methods. Nine of the
representative samples were analyzed using XRD
and ICP-MS methods at the Iran Minerals
Processing Research Center. PH and OM values
of the samples from different soil horizons were
determined using routine analytical methods.

Results

An undisturbed laterite profile consists of four
major horizons from base to top including
protolith, saprolite, transitional and oxide zones.
pH values vary in a narrow range through the soil
profiles. The minimum (6.82) and maximum
(7.99) values were determined just in the
weathering front at the top of the protolith and at
the top of oxide horizon, respectively. In the same
way, OM of the soils increases from protolith
(0.140 wt.%) to the oxide zone (1.475 wt.%).
Protolith is generally a decomposed harzburgite
that appears in dark green color. It mainly consists
of lizardite with relicts of olivine and
orthopyroxene and minor amounts of quartz,
clinochlore and hematite. Protolith traditionally
transforms to saprolite. The latter is easily
discriminated by its softness in field and its light
green to gray color. Lizardite and quartz are the
major minerals which are accompanied with
amorphous iron oxy-hydroxides and silica.
Transitional zone is located as a narrow zone
between saprolite below and oxide horizon above.
No relicts of the source rock are preserved here. It
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Cu is between 0.01 to 5.6 % and amount of Ag,
Sb, Pb, Zn, As elements is low. The
homogenization temperature (Tn) values ranged
from 165 to 300 °C. Salinities of ore-forming
fluids ranged from 7 to 16 wt. % NaCl
equivalents. Diorite dykes in the Robaie area have
characteristics of enrichment in LREE versus
HREE, enrichment of LILE and depletion in
HFSE. The initial 8’Sr/%°Sr and ***Nd/***Nd ratios
of biotite-hornblende diorite are 0.705664 and
0.512486, respectively. The eNdl value is -1.7. In
the eNdl versus initial ®Sr/®Sr diagram diorite
dykes of the Robaie area plot to the right part of
the mantle array. The mean age of diorite dyke is
50.49+0.49 Ma. Therefore, the U-Th-Pb zircon
dating indicates that diorite dyke formed in the
early Eocene (Ypresian) era.

Discussion

Diorite dykes originated from mantle-derived
magmas. The parental melt would have originated
in a non-depleted mantle source. Isotopic data
from diorite dykes show that subduction source
with contamination to continental crust. In
tectonic setting diagrams (Pearce et al., 1984)
diorite dykes plot on the fields of the volcanic arc
granites (VAG). In the Dy/Yb vs. Dy system
(Shaw, 1970) diorite dykes of Robaie area were
formed by 15-20% partial melting of spinel-
phlogopite Iherzolite. According to Yh/Yb vs.
Ta/Yb (Pearce et al., 1984) and Ba/La vs. Th/Nd
diagrams (Shaw, 1970) diorite dykes were formed
from slab-drive fluid in the active continental
margins.

Fluid inclusions data of the Robaie area manifest
that the ore-forming fluids were medium to low
temperature and medium to low salinity. The
pressure determined for the Robaie area was
approximately < 10 MPa, which is equivalent to a
depth of approximately < 1 km assuming
lithostatic pressure. Fluid inclusion studies
indicate that there is a positive correlation
between homogenization temperature and fluid
salinity, similar to the process of fluid mixing.
The decrease in salinity has been the most
important factor in the precipitation of copper in

the area. All of evidence shows that
mineralization in the Robaie area is of epithermal
type deposit.
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Introduction

The Robaie copper area is located 95 kilometers
South of Damghan in the Semnan province. The
study area has coordinates between 54°30°37"to
54°30'42.71" latitude and 35°22°29.41" to
35°23747.54" longitude. Geotectonically, the study
area is located in the central Iran and in the
northern part of the Torud-Chahshirin volcanic-
plutonic belt (Houshmandzadeh et al., 1978). The
Torud-Chahshirin  volcanic-plutonic belt is a
Tertiary magmatism in central Iran which is
composed of volcanic rocks with dominant
andesite composition and granodiorite intrusive
with dominant diorite composition (Fard et al.,
2001). Torud-Chahshirin volcanic-plutonic belt
has created a favorable geological situation for
base metals such as copper, lead, zinc, gold, silver
and other precious and base metals, such as the
Robaie copper area, Chah Messi (CuzPb-Zn;
Imamjome et al, 2009), Kuh-Zar (Cu-Au;
Rohbakhsh et al., 2018) and other instances. The
main objective of this study is geology,
petrography, U-Pb zircon dating and Sr-Nd
isotope and also alteration, mineralization,
geochemistry and fluid inclusion in the study area.

Materials and methods
60 samples were collected from the study area.
Petrographic studies were done on 40 thin

sections. Mineralization and paragnesis of the
system were studied based on 10 polished-thin
sections and 6 polished sections. The
measurements were conducted on a Linkam
THMSG 600 at the Ferdowsi University of
Mashhad. REE (ICP-MS  method-ACME
Laboratory in Vancouver, Canada) elements were
analyzed for 3 samples of diorite dykes. Eight
sampels for geochemistry and four samples for
fire assay were analyzed at the Zar Azma
Company. U-Pb dating in zircon of diorite dyke
was conducted by the ICP-MS method in the
Arizona LaserChron Center. Sr and Nd isotopic
compositions were determined at the Laboratério
de Geologia Isotépica da Universidade de Aveiro,
Portugal.

Results

The geology of the area is dominated by volcanic
rocks (andesite and trachyandesite), which were
intruded by diorite dykes. Alteration zones are
propylitic, argillic, sericitic and carbonate. The
Copper deposit in the study area occurs as ore
veins situated along fault zone with NS-SW
trending. Vein thickness varies from 1-5m. Vein
thickness varies from 1-5m. The primary minerals
are chalcopyrite, pyrite and chalcocite, covellite,
bornite, malachite, azurite, hematite, goethite and
limonite are secondary minerals. The amount of
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The accuracy is estimated to be 0.2 °C on
freezing, £2 °C below 350 °C and about +4 above
350 °C on heating. The salinity of the fluids
trapped in fluid inclusions is calculated based on
the temperature of final ice melting (Tm) and the
equation of Bodnar (1993). Densities are
calculated using the Flincor software according to
microthermometric data (Brown and Lamb,
1989).

Discussion

Microthermometeric investigations were
conducted on 126 fluid inclusions in two types of
liquid-rich (L+V) fluids in silicified cap of
Rokhsefid and  Baghsia  kaolin  mines.
Homogenization  experiments  revealed a
temperature range of 186-326 °C for the studied
inclusion. Salinity variations could not be
determined because of the small amount of fluids.
The homogenization temperature and depth of
formation from the first type of inclusions are
186- 256°C and 250 meters, respectively. The
second type of inclusions have Th between 275 to
326°C and are 500 meter in depth.
Microthermometric study of fluid inclusions on
quartz-sericite-pyrite  and  sulfide- silicified
mineralization in Kalatehno indicates that two
types of hydrothermal fluids were important in the
formation of mineralization. These two types are
involved. First, Th between 289- 354 °C, salinity
range from 10.86 to 10.98 wt.% NaCl equivalent,
and the average depth of about 600 meters.
Second, Th between 266- 377°C, salinity ranges
from 11.7 to 13.07 wt.% NaCl equivalent, and
average depth of about 600 meters.
Microthermometric study of the fluid inclusions
in fluorite veins were conducted on fluorite, barite
and quartz minerals. The results obtained from the
fluorites indicate Th between 184- 360°C, and
Salinity ranges from 0 to 3.2 wt% NaCl
equivalent. Fluid inclusion studies consisting of
quartz veins and quartz- sulfide- copper carbonate
in Kalatehno copper mineralization involve two
types of fluids with homogenization temperatures
and salinity range from 260- 300 °C and 1.5- 3.23

wt.% NaCl equivalent and 193- 240 °C and 4.1-
5.86 wt.% NaCl equivalent.

Conclusion

Fluid inclusion studies on fluorite samples have
shown a temperature homogenizations (Th)
between 186-326 °C. These studies indicate the
average formation temperature of 280°C for
argillic alteration. Fluid inclusion studies on
Kalateno Cu mineralization show two types of
mineralization fluids with the temperatures of 193
to 240 and 260 to 300°C with salinity between
1.5-3.23 wt. % 4.1- 5.86 wt.% NaCl equivalent,
respectively. The temperature ranges obtained are
similar to those of epithermal systems.
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Introduction

The study area is located in the Khorasan Razavi
Province, NW of Gonabad between 58° 33"- 58 °
38" to the east and 25° 34" - 25° 38" to the north.
Geotectonically, the area is located in the northern
part of the Lut Block. The Lut Block is the main
metallogenic province in the east of Iran
(Karimpour et al., 2012). There is a significant
outcrop of Tertiary intermediate volcanic and
pyroclastic rocks in the northwest of Gonabad.
This region is rich in clay (kaolin) mineralization.
The source of these kaolin deposits (argillic
alteration) is related to a granitic dyke that
intruded into the Shemshak Formation.

Geology

According to studies most of the rocks in this
region are volcanic rocks which mainly consist of
trachyte,  andesite, trachyandesite, dacite,
rhyodacite, pyroclastics rocks of agglomerate and
tuff and some subvolcanic masses and dykes of
acidic to intermediate compositions. Sedimentary
rocks in the study area are slightly
metamorphosed. The oldest metamorphic rock is
exposed in the south- east of the study area which
consists of Jurassic slates and quartzite. At this
area green schist facies have led to the formation
of slate and quartzite. The intrusive bodies,
composition are monzogranite porphyry to diorite

porphyry. The main fault zones which make
specific types of structure are strike-slip.

Alteration and mineralization

The volcanic and subvolcanic rocks have been
affected by hydrothermal fluids via the
phenomenon which has caused alteration in the
rocks. The alteration zones are propylitic,
silicification, argillic, and quartz-sericite-pyrite.
The silicification has occurred with higher
intensity in the northern and central parts of the
investigated area. Propylitic alteration has spread
all over the area with higher intensity in the
northwest and southern parts of the study area.
The clay mineral deposits (argillic zones) have
been mined. The mineralogical compositions of
this clay deposits are quartz, kaolinite, dickite,
montmorillonite and hematite.

Materials and Methods

Ten doubly polished wafers (0.3mm thick) of
fluorite, barite and quartz crystals were prepared
for fluid inclusion studies, and examined
petrographically. They were studied using
standard techniques (Roedder, 1984, 1992) and
Linkam THM 600 heating—freezing stage (from -
190 to 600 °C) mounted on an Olympus TH4-200
microscope stage at the Ferdowsi University of
Mashhad, Iran.
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located in the south of the study area. These
sediments contain sandstone, limestone, silty-
limestone, shale and dolomitic limestone. During
Late Cretaceous-Early Paleocene era the Saheb
granitoid intruded within the oldest units and
caused Fe skarn type deposits in the Saheb area.
The Saheb granitoid have been cut by a series of
diabasic dikes.

Results

The Saheb granitoid consists of several intrusive
bodies containing quartz monzonite, quartz
monzodiorite and monzogranite. The major
minerals in the quartz monzodiorite consist of
plagioclase (35- 40%), quartz (15- 20%),
orthoclase (20- 25%), and mafic minerals such as
biotite and amphibole (10-15%) with granular
texture. The quartz monzonitic rocks show
granular and poikilitic textures. Plagioclase (25-
35%), quartz, orthoclase (30- 40%), biotite and
amphibole (10-15%) are the main important
minerals in the quartz monzonite. Plagioclase (20-
25%), quartz (20-30%), orthoclase (30-40%),
biotite and amphibole (15%) are the major
minerals in the monzogranite.

Zoning in zircon crystals from all four samples is
well developed representing their magmatic origin
(Hancar and Miller, 1993). Measurements of U-
Pb in the Saheb granitoid zircon grains of quartz
monzonite samples show their ages to be
62.03+0.56 Ma and 58.9+0.9 Ma. The age of
monzogranite is 67.9£1.3 Ma and the age of
quartz monzodiorite is 61.1£0.56 Ma. Generally,
the age of this granitoid body indicates that the
Saheb granitoid has occurred during the
Cretaceous- Paleocene time.

Discussion

Based on field and microscopic studies, the Saheb
granitoid bodies have been divided into three
types of quartz-monzonite, quartz-monzodiorite
and monzogranite. The field and mineralogical
studies suggest that the Saheb granitoid is an I-
type granitoid. The mineralogical variations in
this granitoid suggest that the fractional
crystallization has played an important role in
differentiation of different compositional phases
in the Saheb granitoid.

According to the geochronological results, during
Late Cretaceous to Early Paleocene, the Saheb
granitoid intruded within the Permian and
Cretaceous units in the magmatic-metamorphic
Sanandaj-Sirjan zone. These granitoids were
formed by subduction of Neo-Tethys Ocean
beneath the Iranian plateau. It should be
mentioned that the intrusion of these granitoids
into the Permian carbonates and Cretaceous
carbonate and shale caused formation of skarn
type iron oxide mineralization.
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Introduction

The Iranian plateau is part of the Alpine-
Himalayan orogenic belt, which consists of
several continental fragments separated from each
other by major boundary faults and/or ophiolitic
suture zones (Gansser, 1981). Generally, the
tectonic evolution of Iran has been controlled by
the opening and closure of the Proto-Tethys,
Paleo-Tethys and the Neo-Tethys during the
Precambrian-Cambrian, Paleozoic and Cenozoic,
respectively.

The study area is located in the northwest of Iran
(the Kurdistan province) and 20 km northeast of
the city of Saqez. This area is a part of the
northern Sanandaj-Sirjan Zone (Aghanabati,
2005). This belt is response to opening and
subduction of Neo-Tethyan oceanic crust beneath
the Central Iran (Alavi, 1994). During
Cretaceous-Tertiary eras, numerous granitoid
bodies were formed in this belt. The Saheb
granitoid is one of these granitoid bodies which
mainly consists of monzogranite, quartz
monzonite and quartz monzodiorite. The aim of
this research study is to discuss the evolution of
the Late Cretaceous-Early Paleocene Saheb
granitoids in the Sanandaj-Sirjan zone based on
geology, petrography and geochronology results.

Material and methods

In this study, 70 rock samples were collected from
different types of intrusive rocks from which 30
thin sections were prepared for petrographic
studies. Furthermore, four samples from the
granitoid bodies (quartz monzonite, quartz
monzodiorite and monzogranite) were selected for
U-Pb dating. Approximately 100 to 150 zircon
grains were hand-picked by a binocular
microscope from each sample. Cathodo-
luminescence imaging and dating of zircon grains
were examined at the China University
Geosciences (Wuhan branch). Geochronological
analysis were performed by using the (LA)-ICP-
MS method at the China University Geosciences
(Wuhan branch). The detailed analytical method
is presented in Liu et al. (2010a, 2010b).

Geology of the study area

The Saheb granitoid body is located in the
Sanandaj-Sirjan zone. According to the geological
map of Chapan (scale: 1/100000, Kholghi
khosraghi, 1999), the Precambrian to Quaternary
units are exposed in the study area. The oldest
units are the Kahar, Bayandor and Soltanich
Formations with Precambrian to Cambrian age.
The Permian sediments, the Ruteh and Doroud
Formations, include sandstone, shale and
carbonate. The Jurassic units are found in the
northwest of the region, and include sandstones
and shale. The Cretaceous sedimentary units are
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Discussion

Geochemical investigation in the Chah-Mesi ore
deposit, using Pearson correlation coefficient of
trace elements (Table 1), indicated the highest
correlation coefficient (more than 0.7) between
Pb-Zn and Ag-Au elements, due to their similar
geochemical  affinities  during  epigenetic
mineralization. Other significant correlations were
observed between Cu-Ag, Cu-Fe, Cu-Au and Fe-
Ag with a correlation coefficient of more than 0.6;
while the Mo shows weak correlation with other
elements.

Based on cluster analysis, the trace elements that
are associated with mineralization can be
classified into four main clusters of Pb-Zn, Mo,
Cu-Fe-Ag and Au (Figure 6). Noteworthy, despite
the fact that Mo and Au each separately form their
individual clusters, Au still shows some
proximities with the Cu-Fe-Ag cluster that
indicate their genetic relationship. However, Mo
displays the most dissimilarity with other clusters,
which indicates the role of different processes in
its distribution. The results of this analysis are
well in line with correlation coefficients.

The geochemical vertical zonality of trace
elements in the Chah-Mesi ore deposit were
studied using four borehole data from different
parts of the ore deposit (Figures 7 and 8). This
demonstrated that variation of elements at
different depths does not follow a uniform pattern
due to differences in the type and amount of ore
minerals in the veins.

The wveins containing lead, zinc and gold
mineralization are highly abundant at the
shallower levels based on geochemical maps of
the Chah-Mesi ore deposit (Figure 9). In contrast,
the wveins containing copper and silver
mineralization have been considerably developed
in both shallow and deeper levels. The high
degree of Mo at shallow levels seems to occur due
to either superimposition of primary geochemical
haloes of various veins (Li et al., 1995, 2016)
and/or the effect of amount of pyrite, pH, and

alkalinity contents of hydrothermal fluids
(Leanderson et al., 1987).

The average value of different elements in
intervals of 50 meters from the shallow (2500
meters) to the deep (2300 meters) levels are
determined by existence of maximum abundance
of lead, zinc and gold elements at surface levels.
However, the highest average abundance of
copper occurs in the deepest level. The highest
average value of silver is also located in the 2450,
2350, and 2500 meters levels, which is
economically valuable (Table 2). Therefore, the
continuation of drilling in the southern part of the
Chah-Mesi ore deposit into deeper levels is
strongly recommended as there may still exist
more concentrations of copper and silver there.
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Introduction

The Chah-Mesi polymetallic vein-type ore
deposit, located 40 km north of Shahre-Babak city
and 1.5 km southwest of Miduk porphyry copper
deposit, is situated in the Dehaj-Sarduieh belt as a
part of the Urumieh—Dokhtar magmatic Arc
(UDMA) (Figure 1).

The main objectives of this research study are to
investigate: (1) characterization of multi-element
distribution associated with Cu mineralization, in
order to demonstrate prediction of elemental
concentration applied to identify high-grade ore
bodies, (2) evaluating the interrelationships
between copper, molybdenum, iron, led, zinc,
gold and silver.

Materials and methods

Petrography and mineralography of the Chah-
Mesi ore deposit were carried out using thin and
polished sections. More than 980 chemical
analyses of samples collected from 35 boreholes
of the National Iranian Copper Industry Company
(NICICO) were implemented to evaluate the
statistical as well as spatial distribution and
dispersion of multi-element halos. Geochemical
data processing was performed by applying Excel
(2010), SPSS (19), Datamine (Studio3.22.84.0)
and Surfer10 (2011) software packages.

Results

The Chah-Mesi ore deposit consists of four main
and some minor polymetalic (Cu-Pb-Zn-Ag)
quartz-sulfide veins, with NE-SW and N-S

trending and 65-80 degree dipping, which
intersected the Eocene volcanic and pyroclastic
sequences (Figure 2). It seems that mineralization
has mainly occurred along these quartz-sulfide
veins overlaid by Quaternary alluvium. Based on
rock outcrops, the prominent mineralization has
been controlled by structural features including
faults and fractures that provided proper
conditions for reaction of hydrothermal fluids
with the host rocks.

In the Chah-Mesi ore deposit, silicified veins
containing poly-metallic mineralization have
predominantly occurred along the main faults and
shear zones. The intensity of argillic alteration
dramatically  decreases outward from the
mineralized quartz veins (Figure 3). Propylitic
alteration which is composed of calcite and
chlorite minerals has extended in the peripheral
zones and does not represent a clear relationship
with Cu mineralization.

The main host rocks in the Chah-Mesi ore deposit
consist of basalt to basaltic andesite, with
porphyry to glomeroporphyry textures, and to a
lesser extent of pyroclastic rocks (Figure 4). The
ore bodies are mainly composed of pyrite,
chalcopyrite, sphalerite and galena. The ore
minerals are accompanied with chalcocite,
malachite, covellite, azurite and iron hydroxides
that have been formed during supergene and
weathering processes (Figure 5). According to
field surveys, structural controls have played an
important role in the mineralization of the Chah-
Mesi ore deposit.
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environment.

Geochemistry of the agates

Major and trace elements can be incorporated into
the agates by substitution of Si by Al, Fe, Na, and
Ca and as inclusions or fluid inclusions. The
substitution of these elements are limited due to
the small number of ions that have similar ionic
radii and valence and can substitute for Si** in the
crystal structure. The Seh Qaleh agates have 95.78
to 98.9 wt.% SiO, with minor amounts of Al,Os;
(0.01-0.34 wt.%), FeOs (0.01-1.07 wt.%), Na.O
(0.11-0.15 wt.%), and CaO (0.01-0.4 wt.%),
supplied from alteration of the volcanic host
rocks.

The high concentrations of U in some of the
agates of the study area (especially ~ 38 ppm in
the red one) are surprising and propose the
operation of specific processes for maobilization,
transport and deposition. These processes caused
concentrations of U in quartz and chalcedony that
can exceed the concentration of U in the Seh -
Qaleh volcanic rocks (Table 1).

Zielinski (1979) observed a parallel accumulation
of Si and U and investigated the mobility of U
during the alteration of volcanic rocks. Based on
the theory that the transport of chemical
compounds is mainly realized by diffusion
processes in aqueous fluids (e.g. Si as monomeric
silicic acid Si(OH).), Porter and Weber (1971)
inferred for the uranyl ion a complex with
monomeric silica UO.SiO(OH)*. In addition, the
presence of calcite, as associated mineral with
silica polymorphs and the concentration of Na, K
and Ca elements in agates, indicate that volatile

chloride compounds might play a role in the
alteration of volcanic rocks as well as the
mobilization and transport of SiO, and other
chemical compounds (Gotze et al. 2012).
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Introduction

The Seh Qaleh agates, located at 120 km NW
Birjand, are parts of Central Iranian (Lut block)
(Aghanabati, 2004) with geographic coordinates
of 58° 00’ to 58° 30’ longitudes and 33° 00’ to 34°
00" latitudes. The host rocks of the agates are
Eocene-Oligocene tuff, andesite and basalt. Silica
mineralization in the area has occurred inside the
volcanic units in the form of filling cavity and
fractures. Here, the agates have very attractive
textures such as concentric, flow and dogtooth
textures that are accompanied with jasper,
amethyst, opal, calcite and gypsum.

Although Seh Qaleh agates are attractive and
delightful, with high economical values, there is
no scientific research about them. Therefore, their
petrography, geochemistry and Raman
spectroscopic characteristics are reported in the
present paper for the first time.

Materials and methods

More than 400 samples of agates have been
collected for this research study and five of these
samples were in yellow, white, green, red and
black colors. Moreover, four of these rocks were
selected for major and trace elements analysis by
XRF and ICP-MS. The samples were powdered in
Tehran University by a tungsten carbide mill and
analyzed in the Zarazma Company (Mashhad).
XRD analyses and Raman spectroscopic studies
on the agate of the Seh Qaleh area were done in
Damghan and  Shahrood  University of
Technology, respectively.

Petrography and Raman spectroscopy

The combination of different analytical techniques
such as polarizing microscope, XRD and Raman
spectroscopy provided information about the
distribution of silica phases in the Seh Qaleh
agates. Polarizing microscopy was used here to
distinguish between the chalcedony and quartzine
fibrous varieties. Moganite has similar optical
properties with chalcedony, whose presence in
agate is difficult to reveal. Thus, Raman studies
were used to investigate these structural
disparities. Raman spectroscopic studies showed
that moganite and chalcedony can be
distinguished based on their different spectral
characteristics (Fig. 4, B, C). The use of a focused
laser beam (diameter 1 um) enabled us to analyze
the variations in phase composition in the um-
range.

The measurement of Seh Qaleh agates by Raman
spectroscopy provided an overview of the
guantitative distribution of moganite in the
studied samples, in which the fibrous
chalcedonies contain  more moganite in
comparison with nodule chalcedonies (Fig. 4, B,
C). The presence and spatial distribution of
different silica phases in the Seh Qaleh agates is a
result of the primary crystallization processes
such as temperature and chemistry conditions
(Gotze, 2011). Moreover, the presence of
moganite and calcite in the Seh Qaleh, confirmed
by petrography and XRD studies suggest that the
agates had formed in an arid, alkaline
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anomalies. Chondrite-normalized (McDonough
and Sun, 1995) REE patterns for these granitoids
demonstrate LREE enrichment (high
LREE/HREE ratio) and weak negative anomalies
in Eu. These granitoids were formed in an active
continental margin to post collisional tectonic
setting.

Mineralization at the Golestan Abad occurs as
lenses and vein-veinlets of iron oxide-apatite
mainly within the quartz monzodiorite- pyroxene
quartz monzodiorite intrusions. Stockwork ores
occur in the footwall of the main veins.
Mineralized lenses and veins have up to 300m
length and 20m width. Hydrothermal alterations
around the  mineralized veins include
silicification, calcic (actinolitization), argillic and
propylitic. From a mineralogical point of view,
this deposit is composed of magnetite, apatite,
actinolite, pyrite and chalcopyrite as primary
minerals, while hematite, covellite, goethite and
gypsum were formed during supergene alteration.
Mineralization textures in the Golestan Abad
deposit include vein-veinlet, banded, massive,
brecciated, disseminated, stockwork, replacement,
relict and open space filling. Based on
mineralogical and textural studies, 3 stages of
apatite formation were distinguished which
include: 1- coarse-grained idiomorphic apatite
crystals within the magnetite matrix, 2- fine-
grained apatite crystals as matrix of brecciated
magnetites, and 3- coarse-grained idiomorphic
apatite crystals within the actinolite-apatite veins
which have been cut in the previous stages.
Apatite crystals of the 3 mentioned stages have
high concentrations of REE that include 0.98,
0.92 and 0.95%, respectively. Condrite-
normalized (McDonough and Sun, 1995) REE
patterns for 3 apatite generations demonstrate
LREE enrichment with high LREE/HREE ratio
and distinctive negative Eu anomalies.

Discussion

Similar REE patterns of apatite crystals and
mineralized  samples  with  host quartz
monzodiorite-pyroxene  quartz  monzodiorite
samples demonstrate a genetic link between iron
oxide-apatite mineralization and granitoids.
Furthermore, REE patterns of the Golestan Abad
deposit are similar to other iron oxide-apatite
deposits of the Tarom-Hashtjin metallogenic belt

(Nabatian and Ghaderi, 2014; Mokhtari et al.,
2017), and those of Central Iranian iron ores
(Mokhtari et al., 2013). Finally, the REE patterns
of the Golestan Abad deposit are similar with the
REE patterns of the Kiruna-type iron ores
(Frietsch and Perdahle, 1995). Totally, based on
mineralogical assemblages, hydrothermal
alteration, mineralization textures and
geochemical characteristics, the Golestan Abad
iron oxide- apatite deposit can be classified as the
Kiruna-type iron ores.
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Introduction

Iron oxide-apatite deposits (IOA) are considered
to be Kirune-type iron ores which have been
formed during Proterozoic to Tertiary eras in
different parts of the world. They usually have a
connection with calc-alkaline volcanic rocks
(Hitzman, 2000). Apatite occurs as a major
constituent of these deposits which is
accompanied with magnetite and some actinolite.
One of the most important features of these
deposits (Frietsch and Perdahl, 1995) is higher
concentration of REEs.

There are some iron oxide-apatite deposits in the
Tarom-Hashtjin  magmatic-metallogenic  belt,
northwestern Iran. The Golestan Abad iron oxide-
apatite deposit is one of the 10A deposits at the
Tarom-Hashtjin belt which is located about 30 km
east of Zanjan. The Golestan Abad deposit was
studied during the exploration studies, but its
geological characteristics, mineralogy, texture,
geochemistry and genesis have not been studied
yet.

Materials and methods

This research study can be divided into two parts
that include field and laboratory studies. Field
studies include recognition of  different
lithological units and mineralization zones along
with sampling for laboratory studies. During field
studies, 60 samples were selected for

petrographical, mineralogical and analytical
studies. Moreover, 12 thin sections and 15 thin-
polished sections were used for petrographical
and mineralogical studies. For geochemical
studies, 6 samples from intrusive host rocks and 7
samples from mineralized zones were analyzed by
XRF and ICP-MS methods at the Zarazma
laboratory, Tehran.

Results

The Golestan Abad area is composed of Eocene
volcano-sedimentary rocks of the Karaj Formation
which have been intruded by quartz monzodiorite,
pyroxene quartz monzodiorite and porphyritic
quartz diorite intrusions. Based on petrographic
studies, the pyroxene quartz monzodiorites have
porphyritic and felsophyric textures and are
composed of plagioclase, quartz, clinopyroxene,
K-feldspar and hornblende phenocrysts set in a
quartz-feldspatic groundmass. Quartz
monzodiorites show porphyritic and felsophyric
textures and composed of plagioclase, hornblende,
quartz, K-feldspar and biotite. The quartz
monzodiorite and pyroxene quartz monzodiorites
have high-K calc-alkaline affinity and may be
classified as metaluminous I-type granitoids.
Primitive mantle-normalized (McDonough and
Sun, 1995) trace elements diagrams for these
granitoids indicate LILE enrichment along with
negative HFSE and distinctive positive Pb
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The spider-diagrams show negative anomalies in
HFSE (especially Ti and Nb) and positive
anomalies in LILE (especially in Ba and RD).
Negative anomalies of HFSE such as Ti, Nb, P
and Ta can be related to the subduction of the
Arabian plate under Central Iran and reflect the
chemistry of the origin and crystallization-melting
processes during evolution of the rocks.
Moreover, it can be concluded that these elements
remained in the source during partial melting,
which is characteristics of I-type arc-related
magmas. The behavior of LILE can be attributed
to the behavior of fluid phases that were involved
during the subduction. The REE diagrams show
enrichment of LREE relative to HREE which can
also be attributed to the subduction of the Arabian
plate under Central Iran. Shafiei et al. (2009) and
Asadi, 2018 proposed post-collision environment
for the PCDs of the UDMB, especially in the
Kerman part.

By studying on the Dehaj-Sarduieh belt, Dargahi
et al. (2010) concluded that the time of collision
of the Arabian plate and the Central Iran
continental plate was Late Eocene, and the
Sarcheshmeh porphyry stock emplaced in post-
orogenic environment like other stock porphyries
of the UDMB. The samples of the Sarcheshmeh
PCD plot in the mature arc area based on Rb vs

Y+Nb diagram and it can be envisaged that they
are related to the post-collision magmatic arc.
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Introduction

The Sarcheshmeh porphyry copper deposit (PCD)
and other porphyry deposits occur in the the most
important metallogenic belt in Iran, i.e. the
Urumieh-Dokhtar magmatic belt (UDMB). The
main phase of intrusion generation in various
episodes of mineralization in the Sarcheshmeh
area is a stock of granodiorite to tonalite
(Shahabpour and Kramers, 1987) that is called the
Sarcheshmeh porphyry. This stock intruded
volcano-sedimentary rocks and alteration has
centered on it. The oldest rock units of the area
are Eocene volcanic rocks (Waterman and
Hamilton, 1975), which are mainly andesites
accompanying marine sedimentary rocks that is
consistent with a submarine volcano-sedimentary
basin environment. Granodiorite and quartz eye
porphyry crop out in the northern part of the
Sarcheshmeh PCD. The main objective of this
study is to investigate their petrology and
geotectonic environment.

Materials and Methods

Forty samples from drill cores and surface
samples from granodiorite and quartz eye
porphyry were collected. Twelve samples were
chosen with the lowest degree of alteration (less
than 5% of representative samples and low LOI)
from amongst them for lithogeochemical analyses
by ICP-OES and ICP-MS. Lithogeochemical
analysis of the main elements was carried out
using ICP-OES (Inductively Coupled Plasma-

Atomic Emission Spectroscopy) by lithiumborate
fusion, and elemental analysis of trace and rare
earth elements was performed by ICP-MS
(Inductively Coupled Plasma-Mass Spectrometry)
using sodium peroxide fusion in the SGS
Company, Toronto, Canada.

Results and Discussion

Based on the Na;O+K;O versus SiO; values on
Cox et al. (1979) and Middlemost (1985) diagram,
also R;-R; diagram of De la Roche et al. (1980),
the samples were plotted in the field of
granodiorite and quartz diorite. On Harker
diagrams, the contents of FeOt, CaO, P,0s, Al,Os,
MgO, and TiO; versus SiO, show a decreasing
pattern. Decreasing amounts of MgO and TiO;
can be related to early crystallization of
ferromagnesian minerals and of CaO, ALOs, and
P,Os to plagioclase and apatite crystallization,
respectively. The chemical relationship and
continuous pattern of the samples indicate that
they probably resulted from fractionation of a
unique magma. On the basis of the AFM diagram,
they have calc-alkaline affinities.  These
observations and the presence of magnetite and
other opaque minerals indicate high fO;
crystallization throughout fractionation stages.
The samples of the study area were plotted in the
calc-alkalic and alkali-calcic fields on a Frost et
al. (2001) diagram and indicate that they are
mainly magnesia consistent with oxidized I-type
magmas.
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