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Fig. 1. A: Location of the Golestan Abad area on the Iranian geo-structural zones (after Nezafati, 2006), and B:
Simplified geological map of the Zanjan iron oxide- apatite deposits, showing Sorkheh-Dizaj, Aliabad, Morvarid 1,

Morvarid 2, Zaker 1, Zaker 2, Golestan Abad, Zarnan and Chorehnab deposits (after Nabatian and Ghaderi, 2013). The
squar bax on the map shows the location of the Golestan Abad deposite.
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Fig. 2. Geological map of the Golestan Abad area in 1: 5000 scale
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Fig. 3. View from the quartz monzodioritic-pyroxene quartz monzodioritic (qm) and porphyritic quzrtz diorite (di) intrusions in

the Golestan Abad area which are intruded within the Eocene volcano-sedimentary sequence (E¥, E and EY units) (view to the
northwest). Argillic alteration and iron oxide-apatite mineralization occur within the E* unit and gm intrusion.
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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. 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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(S PY s
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
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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.

sla,lils &\y\ wesy 4 TisV NI Fe sl 5 eslizal

Olss e NI Ll 55V Ol s 5l eslamal b Lilasls ;2T

Ll g9

L (Loberg and Horndal, 1983) Jlu, s 58 .,



oladl pwlidpae

OhlSes g Hlo S

320

315 s SLT T (la,Luils 63 guimes s sLTol S
SrJolis ;5 Y Slssai 13.C 5B A-14 I 2)s, 8 s
Loy sk Calises sla | -5 (Belousova et al., 2002)
SLacSn 5 s s sLTO S HLlS 55 5 4o g ilT
-14 S8) Wgs AT AT ellls 5 oSl

(D

O_AT sla LS ity J\:V.:J\_:.:J 9 géb.T O_AT sla,Luils
sboles &AT sla,lils 5, C,.‘JliT—&aT sl lils Ol
ol JUT (Glad gas 55 5 S slulid ()18 ol e lils
}AUT:‘)}A&&&Kj‘dﬁj:‘wjjéjyibj‘
CosTi VNI pslas julul .2 Jpue) ol 4 1 5

aaboie C,_::L_:T—O_AT S c.:\j«.;lf g gas pl 533 4o 40

10000 10
A Apatite iron ores B
and
Titaniferous iron ores pp—
Apatite iron ores
1000 1.0
: £
g = »
=3
T e e T e D1f~smonenesnonnnaeen.- BIF
Titaniferous
BIF irone ores
10 0.01
1 10 100 1000 10000 9-001 0:01 %1 1.0 10
Ni (ppm) Ni/Ti
100 C 100000 D
w Lherzolites
P s s v Carbonatites
=] / -
Apatite iron ores . 2 0000 / N
P 2 R | / Jacupirangite
ES & Py g, / / Mafic rocks &
E- E E.. ( ) Kiruna type
T W PR i i SR = {S9L 1000 = " iron ores
= ‘Granitoids \\\ ‘ = o
i ~— —_ .. ¥
. BIF 100 . =) /" Granite ™
TN Pegmatites
g Nl
10 100 1000 10000
0.1
1 10 100 1000 1000 Y (ppm)
Ti/Fe (ppm/%)

V o :A (Loberg and Horndahl, 1983) Jlus,se 5 5 gl slayloges (59, » blobadd [Lusls cuife ladiges coxdse 14 JSi
S92 LT bads |Luils sl sladiges cuxdse 1D g VIFe blis ,o TilFe logei IC M/Ti blie ;o NI/TI jloges B (Ni lis ;o

(Belousova et al., 2002) Sr Jilis ;0 Y ,loges

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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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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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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