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1-Introduction

Kosaj Fe occurrence, 100 km southwest of Zanjan, is located in the Sanandaj—Sirjan zone and is part of the
Takab-Takht-e-Soleyman-Angouran metallogenic zone (TTAMZ). TTAMZ is one of the most important
metallogenic zones in Iran (Daliran, 2008). The Zarshouran Au deposit (Daliran et al., 1999, 2002; Mehrabi et
al., 1999; Asadi et al., 1999, 2000), Aghdarreh Sh—Au deposit (Daliran, 2008), and Angouran Zn-Pb deposit
(Daliran et al., 1999, 2013; Gilg et al., 2006; Boni et al., 2007; Zhuang et al., 2019) along with some Fe, Pb—Zn,
Au, Cu and Mn mineralization were found within this zone. Aside from small scale geological maps of the area,
i.e., 1:250,000 geological maps of Takab (Alavi and Omidi, 1976) and 1:100,000 geological maps of Takht-e-
Soleyman (Babakhani and Ghalamghash, 1996) and several unpublished exploration reports (Rostami, 2014),
before this research no work had been done on Fe mineralization at Kosaj. The present paper provides an
overview of the geological framework, the mineralization characteristics, and the geochemical features of the
Kosaj Fe occurrence with an application for the ore genesis. Identification of these characteristics can be used as
a model for exploring this type of Fe mineralization in this area and other parts of the TTAMZ.

2-Methodology

Detailed fieldwork has been carried out at different scales of the Kosaj area. 34 polished-thin sections from host
rocks and mineralized samples, were studied by conventional petrographic and mineralogical methods at the
University of Zanjan. Also, a total of seven samples of barren host rock and ore samples at the Kosaj Fe
occurrence were analyzed by XRF and ICP-MS for major and trace elements and REE compositions, at
Zarazma laboratory, Tehran, Iran.

3- Results and discussion

The host rocks at the Kosaj area consist of Precambrian deformed metamorphic sequence (equal to Kahar
Formation, Babakhani and Ghalamghash, 1996) unconformably overlain by dolomitic marbles of Jangoutaran.
The metamorphic sequence composed of mafic (garnet-amphibole schist and actinolite-hornblende schist),
pelitic (garnet-muscovite-biotite schist, garnet-biotite-muscovite schist, garnet-biotite schist, biotite-muscovite
schist, and muscovite schist), and felsic (quartz schist) schist units intercalated with marble and quartzite. These
rocks are metamorphosed in amphibolite and greenschist facies.

Mineralization at Kosaj occurs as NW-SE-trending lens-shaped bodies and layers parallel to the foliation of
muscovite schist and actinolite-hornblende schist units. It reaches up to 100 m in length and 20 m in width and
is generally dipping to the NE at 40 to 80°. Fe mineralization occurs as alternations of magnetite-quartz and
magnetite-actinolite bands in the outcrops, which are parallel to the foliation of host rocks. The average Fe (t)
grade of mineralized samples is 38.75 (Rostami, 2014). Three stages of mineralization can be distinguished at
Kosaj. The first stage is related to pre-metamorphism and pre-deformation processes and is formed concurrently
with the volcano-sedimentary host rocks. This stage is recognized as stratiform and strata-bound lenses,
laminated and disseminated crystals of magnetite-quartz and magnetite-actinolite bands parallel to host rocks
foliation. The second stage is syn-metamorphism and syn-deformation. It is recognized by folding magnetite-
quartz and magnetite-actinolite bands, ¢ microfabric, boudinage, elongation of magnetite crystals, quartz
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pressure shadows surrounding of foliation around magnetite crystals, and recrystallization of quartz and
magnetite crystals. Brecciated magnetite-quartz vein-veinlets recognize Stage-3.

4-Conclusions

Actinolitization, silicification, and martitization are the main hydrothermal alteration types at Kosaj. Based on
mineralography, magnetite is the primary ore mineral at Kosaj, accompanied by minor pyrite. Hematite and
goethite are supergene minerals. Quartz and actinolite present as gangue mineral at Kosaj. The ore minerals
show disseminated, laminated, banded, lenticular, massive, vein-veinlet, and replacement textures. The
Chondrite-nonmineralized REE pattern of host rocks and the mineralized samples indicate that mineralized
samples are depleted in REE.

The geological, mineralogical, geochemical, textural, and structural characteristics of the Kosaj Fe occurrence
reveal that it is comparable with metamorphosed and deformed volcano-sedimentary type of iron deposits. The
lenticular shaped and banded-laminated forms of Fe mineralization parallel to host rocks foliation along with
similar folding of host units and magnetite-quartz and magnetite-actinolite bands indicated that Fe
mineralization at Kosaj was contemporaneous with the formation of volcano-sedimentary units. Recognition of
these characteristics can be used as exploration tools to explore this type of Fe mineralization at TTAMZ.
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Fig 4. Photomicrographs (c, d and h in transmitted PPL, and the rest in XPL) of rock units in the Kosaj area.
(a) Euhedral garnet phenocryst with direct inclusion and porphyroblastic fabricks in garnet-muscovite-biotite schist, (b) Curved inclusion
fabric within garnet phenocryst in garnet-muscovite-biotite schist, (c) Stage 1 biotite (Btl) with mica fish fabric in garnet-muscovite-
biotite schist, (d) Stage 2 biotite (Bt2) crosscutting the foliation of garnet-muscovite-biotite schist, () Porphyroblastic, poikiloblastic and
lepidoblastic fabrics in garnet-biotite-muscovite schist. Garnet porphyroblast has quartz and alkali feldspar inclusions, and internal
foliation of garnet makes angle with external foliation of the rock, (f) Pressure shadow fabric of quartz around the garnet in garnet-
biotite-muscovite schist, (g) Stage 1 and 2 garnet porphyroblasts (Grtl and Grt2) in garnet-biotite-muscovite schist, (h) Stage 1 and 2
biotite with porphyroblastic and lepidoblastic fabrics in garnet-biotite-muscovite schist, (i) Porphyroblastic, lepidoblastic and
granoblastic fabrics in garnet-biotite schist, (j) Quartz-feldspar lens with granoblastic fabric in garnet-biotite schist, (k) Lepidoblastic and
granoblastic fabrics in biotite-muscovite schist, (I) Surronding of foliation around the feldspar crystals in muscovite schist, (m) Rock-
forming minerals along with porphyroblastic, nematoblastic and granoblastic fabrics in garnet-amphibole schist, (n) Pyroxene and
needle-shaped actinolite phenocrysts in actinolite-hornblende schist, (n) Granoblastic and lepidoblastic fabrics in quartz schist. Mineral
abbreviations follow Whitney and Evans (2010). (Act: actinolite, Amp: amphibolite, Chl: chlorite, Grt: garnet, Hb: hornblende, Kfs: alkali
feldspar, Ms: muscovite, Px: pyroxene, Qz: quartz).
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Fig. 5. Photomicrographs (e is in PPL, and the other photos are in transmitted light, XPL) of microfabrics related to deformation events at the
Kosaj area. (a) Stage 1 (Su) foliation in the edge of stage 2 folds (F2) and development of stage 2 foliation (S2), (b) Curved inclusion fabric in
quartz inclusions within garnet poikiloblast, (c) Stage 2 (Sz) foliation in the edge of stage 3 folds (F3) and development of stage 3 foliation (Ss),
(d) Two-step growth of garnet accompanied with different stages of deformation events at the Kosaj area. Stage 1 garnet (central part) is formed
contemporaneous with stage 1 deformation, while stage 2 garnet (marginal part) is formed during stage 2 deformation, (¢) Growth of stage 1
biotite phenocryst contemporaneous with stage 1 deformation that is sorrunded by stage 2 biotite during development of stage 2 foliation (S2).
Mineral abbreviations follow Whitney and Evans (2010). (Bt1: stage 1 biotite, Bt2: stage 2 biotite, Grt1: stage 1 garnet, Grt2: stage 2 garnet).
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Fig. 6. () A view of Fe mineralization in the northern part of the Kosaj occurrence. Fe mineralization occurred as lenticular shap parallel to
foliation of host muscovite schist units (view to the northeast), (b) Close view of Fe mineralization in the northern part of the Kosaj occurrence
as alternation magnetite and quartz bands, (c) Folding of magnetite and quartz bands, (d and €) A view of Fe mineralization in the southern part

of the Kosaj occurrence. Fe mineralization occurred as lenticular shap (d) and layer (e) parallel to foliation of host actinolite-hornblende schist
units (in d, view to the northeast), and (f) Close view of Fe mineralization in the southern part of the Kosaj occurrence as alternation magnetite

and actinolite bands. Mineral abbreviations follow Whitney and Evans (2010). (Act: actinolite, Mag: magnetite, Qz: quartz).
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Fig. 7. Mineralization stages in the Kosaj Fe occurrence. (a) Stage 1 mineralization as disseminated magnetite parallel to foliation of muscovite
schist units, (b and c) Stage 1 mineralization as alternation of magnetite-quartz (b) and magnetite-actinolite (c) bands, (d and €) Folding of
magnetite-quartz (d) and magnetite-actinolite (e) bands during stage 2 mineralization, (f and g) Pressure shadow growth of quartz around
magnetite that formed & microfabric during stage 2 mineralization. Sorrunding of foliation around magnetite crystals are also observed in both
figures, (h and i) Boudinage and elongation of magnetite crystals during stage 2 mineralization, (j and k) Stage 3 mineralization as brecciated
magnetite-quartz vein-veinlets crosscutting magnetite-quartz bands of previous mineralization stages. Photomicrographs are taken in transmitted
light, XPL. Mineral abbreviations follow Whitney and Evans (2010). (Act: actinolite, Bt: biotite, Mag: magnetite, Ms: muscovite, Qz:
quartz).
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Fig. 8. Photomicrographs (c in transmitted light, XPL, and the rest in reflectel light) of ore mineralogy at the Kosaj occurrence. (a) Elongated
stage 1 magnetite crystals parallel to foliation of host rock, (b) Coarse-grained stage 1 magnetite crystal with 6 microfabric, (c) Anhedral coarse-
graind stage 2 magnetite crystals in magnetite-quartz bands, (d and e) Coarse-graind euhedral to subhedral magnetite crystals altered to hematite

along boundries and cracks, and (f) Coarse-grained subhedral pyrite crystal altered to hematite along boundries. Mineral abbreviations follow
Whitney and Evans (2010). (Gth: goethite, Hem: hematite, Mag: magnetite, Py: pyrite, Qz: quartz).
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Fig. 9. Paragenetic scheme showing the structure and texture and fabric of gangue and ore minerals at the Kosaj Fe occurrence.
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Table 1. Geochemical data of major elements for samples of the Kosaj occurrence. All data in ppm.

SiO; | AlLbO; | BaO | CaO | Fe(t) | KO MgO | MnO | Na,O | P,Os | TiO, | LOI SO;

K-10 | 71.49 | 14.04 | <0.05 | 0.38 2.7 0.92 2.05 <0.05 | 4.9 0.07 0.55 1.74 <0.05
K-13a | 48.63 | 4.45 <0.05 | 17.01 | 7.39 <0.05 | 8.2 0.11 2.09 2.95 4.24 145 0.24

K-13b | 19.19 | 3.1 <0.05 | 2.98 49.26 | <0.05 | 3.46 0.35 1.26 0.15 0.38 <0.05 | <0.05
K-23a | 98.69 | <0.05 | <0.05 | 0.05 0.77 <0.05 | <0.05 | <0.05 | <0.05 | 0.06 <0.05 | 0.1 <0.05
K-23b | 1.6 0.4 <0.05 | <0.05 | 69.41 | <0.05 | 0.16 0.29 <0.05 | <0.05 | 0.24 <0.05 | 0.13

K-24 | 0.94 0.52 <0.05 | <0.05 | 68.94 | 0.16 0.29 0.22 <0.05 | <0.05 | 0.26 <0.05 | <0.05
K-26 | 66.63 | 17.1 0.13 361 7.25 0.81 <0.05 | <0.05 | 0.21 0.07 0.34 2.07 <0.05
K-10: Barren host muscovite schist, K-13a: Barren host actinolite-hornblende schist, K-13b: Laminated magnetite from magnetite-
actinolite bands, K-23a: Laminated quartz from magnetite-quartz bands, K-23b: Laminated magnetite from magnetite-quartz bands, K-
24: Massive magnetite, and K-26: Muscovite schist with disseminated magnetite.

AR



Y O)LA.A:J AR 0)50 A4 )"-’l)

o

Wb yioy 635 (ol (pee S gt ao

Aibce 53 )0 p)F e 1 1200ls S ol Same slas ) sladises gl (S GleS § GleS polie olaad 4358 @b -Y Jgo
Table 2. Geochemical data of rare and rare earth elements for samples of the Kosaj occurrence. All data in ppm.

Ag As Ba Cd Ce Co Cr Cs Cu Dy Er Eu Gd Hf
K-10 <0.1 | 162 | 188 | 0.1 42 7.6 44 0.7 4 34 1.7 079 | 371 | <05
K-13a | <0.1 | 113 | 65 | 0.04 | 131 9.3 14 | <0.5 7 49.87 | 32.74 | 17.09 | 55.32 | <0.5
K-13b | 1.6 43 | 274 | <0.1 2 15.1 33 | <05 23 3.79 2.1 1.05 | 312 | <05
K-23a | 0.3 5.2 10 0.2 2 <1 9 <0.5 22 0.61 | <0.05 | <0.1 | <0.05 | <0.5
K-23b | 0.2 2.4 31 0.2 2 4.1 9 <0.5 | 228 0.58 | <0.05 | <0.1 | <0.05 | <0.05
K-24 0.5 9.7 | 166 | <0.1 1 7.2 17 0.5 225 182 0.73 0.2 - <0.5
K-26 <0.1 1 2167 | <0.4 | 39 2.3 8 2 6 296 | 1.12 174 | 273 | <05

La Li Lu Mo | Nb Nd Ni Pb Pr Rb S Sh Sc Se
K-10 22 21 | 023 | <0.1 | 58 | 205 28 <1 5.69 37 53 1 7.3 0.65
K-13a 31 8 352 | <01 | 13 143 5 7 27.58 <1 <50 <05 | 193 8.1
K-13b 1 1 0.26 | <0.1 | 9.8 7.2 6 156 | 1.71 <1 417 2 35 <0.5
K-23a 1 <l [ <01 |<01| 13 | <05 3 <10 | 0.46 <1 <50 0.7 <05 | <0.5
K-23b <1 <l | <01 |<01]| 38 | <05 5 6 0.18 <1 291 11 0.5 <0.5
K-24 2 <l | <01 |<01]| 19 2 9 12 0.91 <1 297 2.1 1 0.58
K-26 21 23 | 012 | <0.1 | 12.7 | 17.7 3 3 5.15 208 52 05 4.9 <0.5

Sm Sn Sr Ta Tb Th ™m U \Y w Y Yb Zn Zr
K-10 444 | 14 63 | 043 | 056 | 6.94 | 0.25 | 0.9 58 1 14.3 14 25 5
K-13a | 4593 | 1.1 | 195 | 0.17 | 828 | 8.74 | 442 | 57.1 | 127 <1 2226 | 33.6 39 <5
K-13b | 295 | 7.8 88 | 055|063 | 029 | 033 | 3.8 370 19 16.5 19 31 17
K-23a | 0.33 | 0.8 5 013 | <01 | <01 | <0.1| 0.1 8 <1 24 | <0.05 38 <5
K-23b | 092 | 5.2 8 02 | <01 | <0.1 | <0.1| 0.2 237 <1 2.6 0.2 175 17
K-24 0.92 | 5.2 8 0.17 | 023 | <0.1 | 014 | 13 145 <1 7.1 0.7 95 17
K-26 394 | 84 89 | 122|049 |2623|018 | 11 20 2.1 11.2 05 16 16

K-10: Barren host muscovite schist, K-13a: Barren host actinolite-hornblende schist, K-13b: Laminated magnetite from magnetite-
actinolite bands, K-23a: Laminated quartz from magnetite-quartz bands, K-23b: Laminated magnetite from magnetite-quartz bands, K-
24: Massive magnetite, and K-26: Muscovite schist with disseminated magnetite.
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Fig. 10. (a) Primitive mantle—normalized multi-elements patterns (McDonough and Sun, 1995) for the actinolite-hornblende schist and
muscovite schist samples at Kosaj area, (b) Chondrite—normalized multi-elements patterns (Thompson, 1982) for the actinolite-
hornblende schist and muscovite schist samples at Kosaj area, and (c) Chondrite—normalized REE patterns (Boynton, 1984) for the
actinolite-hornblende schist and muscovite schist samples at Kosaj area. For comparsion, data from amphibole schist and quartz schist
samples of the Halab 2 Fe deposit (Tofighi, 2017), amphibole schist and actinolite schist samples of the Halab Pb-Zn deposit (Karami,
2018), and actinolite schist samples of the Halab Au deposit (Nafisi, 2018) are also plotted.

b bl s wisioe onsSTaals cotiSe ol Cond CugsSns digel ool il yon Sl IS 5SS ol o bl (15 (e
sladiges 2B (Coiife sla Sl Hpa2) (Qlals JoSas st Lo Flsil Gl Eel ool (e S5 5 S5 98) (eS g msilS
s olie 6551 l)lo (glane 158 5 slanaeY Cuiife 4y bgiye Wang et al., 2006; Dokuz et al., ) wss lde 0 EU cose
SM  Pr it sla gl slls sl coife diges a5 Sglis ol b (2005
Loalie oo Gl 50 loog couiXe diges .@VY JS3) il oo Sloails srays 5o b;l:;«'.al,,»s pols ‘595J|
S 85 Dol (nl b Sl glareaY 35065 5 (slane¥ coiiSe slaaiged ool Game slas, 5o el slaay ¢lp SBoleS jole o5l
Sl g o0y (S SlaS jolis o it Sabsé sl bl @ S8 5 wiloads Jlxge (BOYNON, 1984) oy juisS 4 s oS gesS
5 sy CiSe aiged @)) JS5) wils 5 CR e Jlogil s CaggsSns gdigns JSE 0l lsly sl o0 eols ol 1)
b o ailie (5ofI o 1o 55 0T Qe a2l ys0 S5 i @SN lalS W8 Ced CugsSans 5 oaiSTalls Couiife gyl
robie 5l i (Sabge gl laney coiife aiged a5 Syl )l -0 olas |, LREE/HREE (Y4 s s LREE j5 Sus i b oo
2 S ol solie ity (Sasge DN JS8) ol (SB oS ouiSTails S ()5 G CupsSne Aiga 45 slis oyl b aias
S G aSh o polie cnl 5 5e5 4 Gl ) sl S Sl s ol5als w3l cass CugsSas 5 EU oo Jlogil ol
OIS S Ctie (Sl Cemrd CgggSans digad @V JSD) 2l BU ine

2 EU cats Jlogil amo oo plis 551, YD o ite Jlogil coaiSTpails



Y O)LAJ:J AR 0)50 A4 J.ul)

o

Wb yioy 635 (ol (pee S gt ao

Samplef REE chondrite
100 _ i i _ _ 1000 Samplef REE chondrite
E A Muscovite schist with dissemintaed Mag| Eb A Actinolite-hornblende schist
r ® Massive magnetite ® Laminated quartz [ ® Laminated magnetite
o i Barren muscovite schist L =
r #Laminated magnetite B
. m
10 2o 100
g R g
g V’/’:)\//‘\‘\\/ \7 | -\/ T
5 Lla lTr P‘m E‘u 1;b 1-|Io Tlm L‘u i La P‘r le E|“ '1;b go Tm Lu
i I |
T 19 T T T J T T T T T T T T
Ce Nd Sm Gd Dy Er Yb Ce Nd Sm Gd Dy Er Yb

5 S ol Sdme olas ) 0 LAl W3l lie Cand CogeSans 5 lodilS laaiges o (BOyNton, 1984) . juis a4y s )iy (S oleS jolic o550 @) -V S
gsS ool Game oz 4o S5l a3l (biee o ailijen cudeiiST g (o)l cutiKe diges o (BOyNLON, 1984) =y jusS @ ondjlrige (S OlaS jolic 5531 (D)
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actinolite-hornblende schist at Kosaj Fe occurrence.
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Fig. 12. Loss and gain histogram of major elements oxides (a and b), rare elements (c and d) and REE (e and f) for ore samples at Kosaj
Fe occurrence, normalized against data of barren muscovite schist (a, ¢ and e) and barren actinolite-hornblende schist (b, d and f).
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Table 3. Comparison of main characteristics of the Kosaj Fe occurrence with some volcano-sedimentary Fe deposits.

Otlukilise- La Hueca- Mexico | Goorgoor Mianaj Halab 2 Kosaj

Turkey

Shale, . - . Muscovite schist,
Host rock limestone, Shale, greywacke, Schist Schist, rhyolitic QL.’art? SCh's.t’ actinolite-hornblende

limestone meta-tuff actinolite schist .

marl, sandstone schist
Q:IJLnerallzatlon Cretaceous Cretaceous Precambrian (?) Precambrian (?) Precambrian (?) Precambrian (?)
Geometry Laminated :‘eirg::?ﬁ;?d’ Lenticular Lenticular Lenticular Laminated, lenticular
Structure and Laminated, Banded Disseminated, Disseminated, Disseminated, banded, | Disseminated,
texture disseminated massive, banded | massive, banded, vein-veinlet massive, banded,
Ore I—_Iemgitite| Magnetite, siderite, Magnetite, Magnetite, Magnetite, pyrite, Magnetite, pyrite,
mineralogy Slde“t‘?:_ hematite pyrite, hematite hematite chalcopyrite hematite

Martitization, Martitization, e

. chloritization, Martitization, Quartz-_ . carbonatitization, Martitization,

Alteration e s tourmaline, Martitization PR actinolitization,

silicification, chloritization sericitization silicification, silicification

argillic actinolitization

Primary as . Metamorphosed Metamorphosed

. Primary as volcano- Metamorphosed Metamorphosed

Deposit type volc_:ano sedimentary volc_:ano vok_:ano volcano-sedimentary | volcano-sedimentary

sedimentary sedimentary sedimentary

Ciftci et al. Corona-Esquivel et Mohammadi et Pourmohamad et N .
References (1996) al. (2000) al. (2014) al. (2019) Tofighi et al. (2019) | This study
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Fig. 13. Schematic representation of mineralization evolution stages at the Kosaj Fe Occurrence. (a) Formation of volcano-sedimentary
units of the area. Fe mineralization formed as disseminated, laminated, lens-shaped and banded forms contemproneous with host strata,
(b) Folding of host units and magnetite-quartz and magnetite-actinolite bands during deformation and regional metamorphism, (c)
Granitoid plutons intruded into the deformed and metamorphosed rock units. Intrusion of these plutons caused circulation of
hydrothermal fluids that formed magnetite- quartz veins-veinlets crosscutting previous ore lens and layers, and (d) Regional exhumation
and development of weathering and erosion processes.
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