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Fig. 1. The tectonic map of Central Iran and situation of Kashmar-Kerman structural arc (after Ramezani and Tucker, 2003).
Lake Siah mine area is shown in this figure.
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Fig. 2. Simplified geological map of the Zarigan—Chahmir Basin (ZCB) in the Kashmar-Kerman structural arc (Posht-e-
Badam Block). The location of Fe and SEDEX type-deposits are shown in this basin (after Rajabi et al., 2015).

Abbreviations, CF: Chapedony Fault, KbF: Kuhbanan Fault, KF: Kalmard Fault, NF: Naeini Fault, PF: Posht-e-Badam
Fault.
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Fig. 3. Simplified geological map of the Lake Siah area with cross section along A-B (modified after 1:25000 scale map
of Aliabad, Sabzehee et al., 2015).
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Fig. 5. Photomicrographs (XPL) of igneous rock in the Lake Siah area. A: quartz and plagioclase phenocrysts in the rhyolithic
rocks, B: quartz and altered plagioclase with porphyritic texture in rhyolite sample, C: granular texture with ntergrowth of
plagioclase and biotite crystals with minor epidote in andesite, and D: rhyolitic tuff with quartz and sericite microcrysts that cut by
calcite and dolomite veinlets. Abbreviation of minerals from Whitney and Evans (2010), P1: plagiocalse, Bt: biotite, Qz: quartz,

Ep: epidote, Dol: dolomite, Cal: calcite, Or: orthoclase
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versus Nb/Y diagram (Winchester and Floyd, 1977), B: Th/Yb versus Ta/Yb diagram (Pearce, 1983), C: Th versus Co
diagram (Hastie et al., 2007), and D: metaluminous to peraluminous nature of the rocks in A/NK versus A/CNK molar
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Table 1. Representative major, trace and rare earth element composition of Lake Siah volcanic rocks by whole rock analysis
data (ICP-MS and XRF)

Sample LS- LS- LS- LS- LS- LS- LS- LS- LS- LS-

no. XF-1 XF-2 XF-3 XF4 XF-5 XF-6 XF-7 XF-8 XF-9 XF-10
Rocks Rh An Rh Rht Rh An Tran Rht Tran Tran
Wt %
SiO: 65.31 559 62.66 6342 7223 5734 5706 6887 61.12 60.12
TiO: 0.56 0.10 0.38 0.10 0.28 0.44 0.40 0.30 0.20 0.85

ALO3 12.63 16.8 9.08 1492 14.15 1831 1859 15.05 14.12 15.03
Fe:03" 6.55 5.41 3.08 3.00 2.79 6.13 5.08 3.12 6.12 5.23
MnO 0.13 0.11 0.14 0.10 020 0.09 0.17 0.07 0.13 0.22

MgO .00 092 050 171 043 162 039 1.02 LI12  1.05
CaO 255 3.8 750 324 185 258 337 223 343 454
Na;O 400 571 199 320 412 7.02 735 632 505 523
K:O 533 608 490 10.16 231 3.02 460 320  3.65  5.62
P20s 021 023 030 039 005 029 035 028 075 081
Lor 312 558 955 120 1.89 300 295 134 325 213
Total  101.39 100.70 100.08 101.44 100.30 99.84 100.31 101.80 98.94 100.83
ppm
Ba 322 121 342 296 581 551 812 432 342 654
Co 4.4 71 219 80 158 83 33 243 156  22.08
Cu 225 38 781 512 615 272 580 735 730 612
w 3.5 1.4 1.2 1.1 2.1 18 19 2.2 1.6 2.9
Rb 1432 1843 1005 1342 1653 1231 73.1 1613 173.1 125.1
Sr 970 6782 3452 631.0 4640 248.0 4160 3455 4462  403.2
Y 166 162 233 175 256 129 126 1823 151 196
Zr 3242 2232 2342 2461 2043 1984 336 375 303 239
Nb 927 1337 1570 1466 2140 1253 23.00 30.03 2510 35.02
Th 182 234 332 341 302 158 132 172 1580 53
Pb 991 865 1058 1134 1594 1371 9.00 1212 10.80 8.0l
Ni 3.8 59 206 48 238 47 71 136 658 121
\% 550 710 2120 800 191.0 700 27 1127 10270 862
Cr 240 330 640 470 640 310 593 6521 5630 45.0
Hf 209 420 130 240 140 310 593 413 6801 12.03
Cs 1.6 3.2 4.6 53 2.1 3.0 34 57 256 34
Ta 0.7 1.0 2.9 1.2 1.6 10 103 78 1530 23
La 663 567 757 295 364 1233 453 277 7802 565
Ce 2868 4519 69.50 5631 7046 4387 7920 4603 5627 6522
Pr 3.0 4.7 6.4 5.6 77 45 75 7132 812 951
Nd 1.9 175 543 213 290 150 238 1843 138 261
Sm 2.7 3.5 9.5 45 58 27 41 35 211 3.4
Eu 0.5 0.9 0.8 0.9 L1 08 13 0.8 0.5 2.2
Gd 2.8 3.4 8.3 3.8 53 29 42 3.5 3.6 3.5
Tb 0.5 0.5 1.0 0.5 09 04 05 0.8 0.7 0.6
Dy 3.1 3.2 3.6 3.5 42 25 30 43 3.5 43
Ho 0.6 0.6 0.9 0.7 09 05 05 0.7 0.6 0.2
Er 1.9 1.8 2.5 1.9 27 18 14 2.2 1.6 1.1
Tm 0.3 0.3 0.3 0.3 04 03 02 0.4 0.3 0.4
Yb 2.1 1.8 2.0 2.0 2.5 1.9 59 5.7 8.5 2.0
Lu 0.3 0.2 0.3 0.3 04 02 0.1 0.1 0.4 0.3

K>0/NaxO 1.33 1.06 2.46 3.18 0.38 0.42 0.63 0.51 0.72 1.07
Th/Yb 8.7 13.0 16.6 17.1 12.1 8.3 14.7 10.1 10.5 2.7
Ta/Yb 0.33 0.56 1.45 0.60 0.64 0.53 1.75 1.37 1.80 1.15
Abreviations: Rh= rhyolite, An: andesite, Rht: rhyolitic tuff, Tran: trachyandesite
'LOI= loss on ignition *Total Fe as Fe203
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Fig. 7. A: Primitive mantle normalized spider diagram for trace and rare earth elements (Sun and McDonough, 1989), and B:
Chondrite normalized spider diagram for rare earth elements (Boynton, 1984).
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Fe-oxide ore
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Fig. 8. Common features of mineralization at Lake Siah deposit. A: outcrop of Fe-oxide massive ore (view looking to W), B:
photomicrographs (PPL, reflected light) of magnetite, hematite and goethite, C: hand specimen of magnetite+hematite ore with
quartz+apatite gangue minerals, D: scanning electron microscope (SEM) image showing chalcocite replacing chalcopyrite, E:
photomicrographs (XPL, transmitted light) of various gangue minerals, and F: hand specimen of magnetite ore with prismatic

apatite crystals. Abbreviation of minerals from Whitney and Evans (2010). Mag: magnetite, Hem: hematite, Ap: apatite, Qz:
quartz, Gth: goethite, Ccp: chalcopyrite, Cct: chalcocite, Tr: tremolite
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1. Iron oxide-alkali alteration hydrothermal system
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Fig. 9. Photographs and photomicrographs of hydrothermal alterations at Lake Siah Fe deposit. A: intermediate argillic,
hydrolytic and sodic alterations adjacent to Fe-oxide ore which cut by quartz veins, B: sodic alteration with albite phenocryts
in quartz and calcite, C, D: occurences of albite, calcite, amphibole and epidote at sodic-calcic alteration, E: Potassic-calcic
alteration with K-feldspar and biotite phenocryts, F: magnetite occurs in ferroan biotite, G: intermediate argillic alteration
adjacent to hematite+magnetite ore (view looking to S), H: sericite, quartz and hematite occurrence in hydrolytic alteration,
and I: outcrop of hydrolytic alteration. Photomicrographs obtain in transmitted cross light (XPL). Abbreviation of minerals
from (Whitney and Evans, 2010). Mag: magnetite, Cal: calcite, Ab: albite, Bt: biotite, Amp: amphibole, Ep: epidote, Qz:
quartz, Hem: hematite, Kfs: K-feldspar, Ser: sericite
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Table 2. Representative electron microprobe analysis (EMPA) of 12 points of magnetite minerals from Lake Siah (nd= not

(oazicas polie Nd) olowaS) LlS slacoiSe Sl abais VY slaws 5 EMPA (glalaii 4325 mlis ¥ Jgosr

detected).
al:l‘:l‘;zs 2 3 4 5 6 7 8 9 10 11 12
Wt.%
SiO2 0.12 nd 0.09 0.04 nd 0.16 0.03 nd 0.01 0.01 0.05 0.08
TiO: 0.21 0.10 024 0.07 0.15 023 0.16 022 0.10 008 0.12 0.11
ALOs  0.08  0.06 nd 0.03 0.06 0.04 003 0.05 nd 0.01 0.03 0.04
Cr.0; 004 0.07 0.05 nd 0.03 0.08 0.04 007 003 009 0.08 0.02
V205 023 0.12  0.09 nd 0.09 0.14 nd 0.15 0.13 010 0.09 0.13
Fe:0: 67.34 67.11 66.87 66.43 68.02 69.56 66.34 64.06 63.08 67.02 66.01 65.12
FeO 30.64 33.04 32.01 33.01 29.78 2798 32.01 3506 33.08 33.01 32.10 31.40
MnO 005 003 007 005 008 011 023 012 0.07 014 0.08 0.01
MgO 023 0.12 o011 o0.17 0.12 016 013 015 010 0.08 0.10 0.05
CaO 0.07 0.05 002 0.03 nd nd 0.0l 0.04 0.07 0.08 0.18 nd
NiO 0.04 0.02 005 002 002 0.03 nd 0.06 0.10 0.11 0.10 0.03
Na;O  0.07  0.03 nd nd 0.0l nd  0.02 nd 0.02 nd nd  0.02
K20 nd 0.01 nd  0.03 nd nd 0.03 007 0.02 nd 0.04 0.01
Total 99.12 100.76 99.60 99.88 98.36 98.49 99.03 100.05 96.81 100.73 98.98 97.02
apfu Number of cations on the basis of 32 oxygen
Si 0.04 0.03 0.01 0.05  0.00 0.01 0.00 0.01 0.03
Ti 005 0.02 006 002 004 006 004 005 002 0.02 003 0.03
Al 0.03  0.02 0.01 0.02 0.02 0.01 0.02 0.00 0.01 0.02
Cr 0.01 0.02  0.01 0.00 0.02 0.01 0.02 0.0l 0.02 0.02 0.00
\% 0.12  0.07 0.03 0.02 0.08 0.11  0.10 006 0.02 0.08
Fe® 15.75 15,53 15.61 1550 16.01 16.25 1560 15.04 1528 15.51 15.55 15.63
Fe" 800 850 830 856 7.80 726 835 9.5 890 850 840 8.37
Mn 0.01 0.00 0.02 0.02 0.02 0.03 0.06 003 002 004 0.02 0.00
Mg 0.10 0.05 005 008 006 007 006 007 005 004 005 0.02
Ca 0.02 0.02 000 0.01 0.00 0.01 002 0.02 0.06
Ni 0.01 0.00 0.02 0.00 0.00 0.00 0.02 0.08 009 0.08 0.01
Na 0.04  0.02 0.00 0.01 0.00 0.01
K 0.00 0.00 0.01 0.03  0.00 0.07  0.00
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Fig. 10. XRD photographs of various alteration assemblage at Lake Siah Fe deposit. A: intermediate argillic alteration, B:
quartz and albite in sodic alteration, C: sericite, quartz and hematite mineral assemblage in hydrolytic alteration, and D: sodic-
calcic alteration. Abbreviation of minerals from Whitney and Evans (2010). Mag: magnetite, Cal: calcite, Ab: albite, Act:
actinolite, Qz: quartz, Hem: hematite, Mnt: montmorillonite, Chl: chlorite, Ser: sericite, Dck: dickite, Kln: kaolinite
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Fig. 11. Geochemical diagram of magnetite samples of Lake Siah deposit for determination of mineralization type. A:
Cat+Al+Mn versus Ti+V and situation of most samples in Kirunaand porphyry deposits, B: Ni/(Ca+Mn) versus Ti+V and
situation of deposit in Kiruna type, C: (Ni+Ca)/(Cr+Mn) versus Ti/V and situation of most samples in Kiruna type, and D:
average composition of Lake Siah magnetite similarity to Kiruna type deposits
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Introduction

Ore deposits of the Bafg-Saghand metallogenic
province (IRAN) with Proterozoic age represent that
they belong to classic genetic model for
hydrothermal iron oxide (Cu, Au, U, REE) deposits,
which is widely referred to as iron oxide copper-
gold (IOCG) and iron oxide-apatite (IOA) deposits
(Samani, 1988; Daliran et al., 2007; 2010; Jami et
al., 2007; Nabatian et al., 2015; Rajabi et al., 2015).
According to the structural zone of Iran, the Bafq
mining district is part of Central Iran and therein
Kashmar-Kerman tectonic zone (Zarigan-Chahmir
basin), and Lake Siah deposit occurs in Early
Cambrian Volcano-Sedimentary Sequence
(ECVSS). According to Forster et al. (1988) and
Torab (2008), the Bafq mining district is composed
of a huge volcanic suite in which sedimentary
structures, fossils, and even glassy volcanics a
surprisingly are well preserved. Calderas are
important features in all volcanic environments and
are commonly the sites of geothermal activity and
mineralization (Cole et al., 2005). The Lake Siah
irontapatite deposit is located between Kusk and
Esfordi deposits and 40 km northeastern Bafq
(31°46°47" N and 55°42'56" E).

Materials and methods

A total of 50 samples were collected from the Lake
Siah mine district. Ten samples of least-altered
igneous rocks were analyzed for major, trace and
rare earth elements by inductively coupled plasma
spectrometry (ICP-MS), and X-ray fluorescence
(XRF) at the Acme laboratory (Canada). The

detection limit for major oxide analysis is 0.01%.
Electron microprobe analyses (EMPA) and
backscattered electron (BSE) images of minerals
were obtained using a Cameca SX100 electron
microprobe at the Iran Mineral Process and
Research Center (IMPRC). An accelerating voltage
of 15 to 25 kV and beam current of 20 mA was used
for all analyses.

Results and discussion

The Lake Siah deposit with a covering area of about 5
km? is located in the Central Iran Block and therein
Kashmar-Kerman tectonic zone (Zarigan-Chahmir
basin). The Nb/Y versus Zr/TiO, diagram shows a
typical trend from rhyolite and evolving to
andesite/trachyandesite compositions, with few data
plotting in the dacite/rhyodacitic rocks. Most of the
igneous rocks plot within the high-potassic calc-
alkaline to shoshonitic fields in the Th/Yb versus
Ta/Yb diagram (Pearce, 1983). All studied rocks
show similar incompatible trace element patterns with
an enrichment of large ion lithophile elements (LILE:
K, Rb, Ba, Th) and depletion of high field strength
elements (HFSE: Nb and Ti), which are typical
features of magmas from convergent margin tectonic
settings. The Lake Siah deposit is composed of the
hematite and magnetite as major minerals and apatite,
goethite, pyrite and chalcopyrite as minor minerals.
The deposit is controlled by NE-SW normal faults
and occurs within early Cambrian trachyte,
trachyandesite and rhyolite of the Lake Siah caldera.
Intermediate argillic, sodic (albitic), silisic, potassic-
calcic, hydrolytic (acidic), and sodic-calcic (Fe)
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alterations occur near the ore deposit. Lipman (1992)
identifies a number of stages in the development of a
caldera which includes: 1) pre-collapse volcanism, 2)
caldera subsidence, 3) post-collapse magmatism and
resurgence, and 4) hydrothermal activity and
mineralization. Flow of dacite and andesite into the
shallow magmatic system is facilitated by regional
fault systems which provide pathways for magma
ascent. Dacite and remobilized rhyolite rise buoyantly
to form domes by collapse of the chamber roof and
producing surface resurgent uplift. The resurgent
deformation caused by magma ascent fractures the
chamber roof, increasing its structural permeability
and allowing rhyolite magmas to intrude and/or cause
eruption. Explosive eruption of high viscosity magma
is the cause of creating fractures and breccia in the
host rocks and facilitated percolation Fe-P bearing
magmatic fluids.
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