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Fig. 1. Structural zones and geographic location of the Zafar abad area (Stockiln, 1977; Shahabpour, 1994).
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Fig. 3. Photomicrographs of country rocks and alteration halos in the Zafar abad area A: calc-schist showing coarse
phenocrysts of plagioclase change to sericite flakes. B and C: Amphibole skarn, D: equi-dimension calcites in
limestone units. (XPL), (Q: quartz. Pl: plagioclase, Ca: calcite, Sr: sericite, Ter-Act: tremolite-actinolite, Mt:

magnetite).
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Fig. 4. Photomicrographs of polished sections (PPL) A: massive and fine grain texture in magnetite, B: magnetite with
cataclastic texture, C: martitization of magnetite, D: first type pyrites (Pyl) with cataclastic texture, E: second type
pyrites (Py2) beside Pyl, F: veins of third type pyrites (Py3) shape crossed the magnetite, G: open space filling texture
in chalcopyrite, H: chalcopyrite is replaced by covellite, I: Sphalerite associated with chalcopyrite, pyrite and magnetite,

J: coloform texture in malachite. (Mt: magnetite, Py: pyrite, Mar: martitization, Pyl: first type of pyrite, Py2: second
type of pyrite, Py3: third type of pyrite, Mal: malachite, sph: sphalerite).
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Table 1. Mineral paragenetic sequence for the Zafar abad deposit.
Mineralization A
Minerals Skarnization Primary Final Alteration
Stage Stage
Termolite-Actinolite
Epidote
Pyrite
Magnetite (I
Hematite
Sphalerite —_—
Chalcopyrite
Covellite —_—
Malachite
Quartz
Calcite
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Fig. 5. A: Plot of (Ni/(Cr+Mn) ratio versus Ti+V (Dupuis and Beaudoin, 2011) for Zafar abad magnetite samples, B:
Plot of (Ca+Al+Mn) versus Ti+V (Dupuis and Beaudoin, 2011) for Zafar abad magnetite samples.
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Table 2. Trace element composition of Zafar abad magnetite ore (wt%).
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=2 2 2 2z 2 & & 4 & & & 2
wn

5= 3,0 T o %o o L0 A 3o L= fa 50
2 5% % T k% Bk by Tk vy T vy Tk by

28 28 28 28 28 28 28 2§ 28 zE zZg Z8
Ni  0.004 0.002 0.003 0.002 0.006 0.001 0.001 0.005 0.004 0.005 0.004 0.002
Cr 0.002 0.003 0.003 0.003 0.002 0.002 0.002 0.004 0.001 0.001 0.002 0.003
Mn 0.174 0307 0.143 0.262 0.203 0.243 0.218 0.154 0.168 0.170 0.156 0.395
Ca 0.10 0.30 0.60 0.10 1.50 0.20 0.20 0.10 0.30 0.10 0.20 0.10
Al 0.15 0.40 0.31 0.17 0.17 0.15 0.15 0.15 0.18 0.08 0.14 0.15
Ti 0.006 0.005 0.008 0.005 0.007 0.006 0.004 0.008 0.005 0.004 0.006 0.004
Vv 0.007 0.007 0.007 0.008 0.006 0.006 0.008 0.007 0.005 0.003 0.009 0.006
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Table 3. REE quantities and relative ratios in the the Zafar abad magnetite ore (ppm).

&3 _ [ Q _ _ a a a a a a a
= o 0 S 2 S 5 =TI e SN S SsSP s =SSP sSsP o
E %% % 5% =% 5% By 3% g% By Be By g%
22 22 25| 23 zZ2 =28 =Z3 =28 =Z28 =232 =28 =3
La 1.1 13 1.6 1 47 08 196 0.7 42 1 21 153
Ce 1.2 23 2 1.1 68 18 197 06 48 224 131 48
Pr 0.21 0.35 0.43 0.18 061 018 039 014 044 015 03 044
Nd 0.7 1.4 12 0.6 14 06 171 04 12 2 052 12
Sm 0.19 03 0.2 <0.1 02 031 031 <01 02 037 0.1 0.2
Eu 0.05 0.07 0.06 0.05 0.06 0.05 007 006 <005 <005 <005 <0.05
Gd 0.34 0.29 0.4 0.24 027 027 035 006 015 032 015 027
Tb <0.05 <005 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Dy 0.27 0.28 0.27 0.22 029 034 039 007 013 022 027 03
Ho 0.09 0.07 0.06 0.05 0.08 0.1 <005 <005 <005 <005 <005 <0.05
Er 0.24 0.21 0.16 0.17 035 012 028 006 01 029 016 0.17
Tm <005 <005 <005 <005 <005 <005 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Yb 0.23 0.2 0.19 0.21 032 023 031 <01 01 018 <01 <0.1
Lu <0.05 <005 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
YREE  4.62 6.82 6.46 427 1502 483 781 209 1132 677 491 891
(La/Yb), 3.21 4.41 5.73 3.22 990 234 427 263 288 374 - -
(Gd/Yb), 1.19 1 1.71 0.92 068 094 091 077 123 143 - -
(La/Sm), 3.32 2.49 4.6 - 13.54 148  3.64 - 12.05  1.61 12 441
EwEu*  0.61 0.73 0.65 - 0.80 0.3  0.65 - - - - -
Ce/Ce*  0.60 0.82 0.57 0.62 096 1.16 054 075 085 139 039 141
(Pr/Yb),  1.56 30.1 3.87 1.47 326 147 263 2 765  1.41 - -
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Table 4. Results of fluid inclusion studies in Zafar abad iron deposit.

. . Ice Homogenization Homogenization Halite
Fluid Eutectic . .
Sample Mineral  inclusion  temperature Melting temperautre temperautre Melting Salini
No. R I() ) temperature (V=>»L) (L»V) temperature ty
P Q) Q) (C) Q)
zi2 QA v 312 2.1 226 - 312.1 39.1
surface

Quartz

21-4 surface

V+L -31.7 -3.2 - 370.8 - 53

Quartz

21-6 surface

L+v -30.4 -2.9 221.2 - - 4.8

zip QA -30.4 3.1 225.4 - - 5.1
surface

722 Ay 34 37 217 . . 6
surface

704 Calite L+V -33.6 3.6 228.8 . . 59
surface

Calcite

726 0o L+V 335 5.6 2247 . . 8.7
731 QG -30.6 6 389.1 - - 485
depth

Quartz
epth

Z3-3 V+L+HI -30.6 -6.5 379.1 - - 47.6

Quartz

235 epth

L+Vv -31.8 -7.6 3423 - - 11.2

Quartz
epth

73-7 V+L -31.8 -1.7 - 377.4 - 11.3
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Fig. 10. Schematic model showing the variation of fluid inclusion compositions in Zafar abad iron deposit, (Wilkinson,
2001), Symbol A, representatives of a fluid with high temperature and salinity, mineralized magmatic fluids. Symbol B
shows the composition of A after mixing with meteoric waters.
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Table 5. 5'°0 values (300<T< 800°C) versus the standard mean ocean water (SMOW) in Zafar abad magnetite deposit

(Cole et al., 2004).
Sample Position Mineral 8" 0 %o 8" Oppuia%o Elevation Tempoerature
No. (m) O

D2-120 %346 60515;}14 1",, Magnetite -1.18 7.2 2080 370%*

D2-119 13}\(1)3466051;15 9”,, Magnetite -0.28 8.1 2086 370%*

D2-116 %346 60515;,116 ;,, Magnetite -0.58 7.8 2092 370**

D2-124 1511]534166051;289”“ Magnetite -0.98 7.4 2097 370%**
D-103 %346 60515;(')15 2",, Magnetite -4.65 5.1 2115 240*
D105 %34‘660515;?16 3",, Magnetite -5.93 4.8 2119 220%*

iloads a8 I a3 0 ed O jgody 0als asllas 8 50 1.5 0 DYl 5 Ldiged 05 Gespd 4 axgil i bles o

Addllas 0590 slddiges ;o 25,0 SYLw HabKed gles *

*Homogenization temperatures of fluid inclusions in studied samples.
**Estimated temperatures according to depth of samples and homogenization temperatures of fluid inclusions studied.
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Fig. 13. "0 amounts of fluid in equilibrium with magnetite in Zafar abad deposit.
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Table 6. & s t
ab’e Sample No. Position Mineral 3% (%o) 57 S s %o amounts
in Zafar SETBEE 2 abad pyrites.

D2-110 EO-46°58122" Pyrite 1.7 0.74
N:36°01'11" .
D2-105 EO-46°58'12" Pyrite 1.9 0.98
N:36°01'16" .
D2-108 EO-46°58'15" Pyrite 1.5 0.59
N:36°01'15" .
D2-114 EO-46°58'19" Pyrite 1.8 0.86
N:36°01'07" .
D2-115 EO-46°58'13" Pyrite 1.6 0.67
N:36°01'10" .
D2-119 EO-46°58'17" Pyrite 1.2 0.27
A 0 - B
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Fig. 14. 8'"0-depth diagrams, A: fluid in equilibrium with magnetite, B: magnetite samples.
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(Marschik et al., 2008; Sun et al., wglite Lace b jLusls solass b anslie ,o obTjals ool JLils 3,555 Lgignl cuS 5 0 JSis
1998; Gehlen et al., 1983).

Fig. 15. Sulfur isotopic composition of Zafar abad iron deposit in comparison with some deposits of different origin
(Marschik et al., 2008; Sun et al., 1998; Gehlen et al., 1983).
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Introduction

The Zafar-abad iron ore deposit, situated in the
NW part of Divandarreh (lat. 36°01'14" and long.
46°58'22"). The ore body is located on the
northern margin of the Sanandaj-Sirjan igneous
metamorphic zone. The Zafar-abad Fe-skarn
deposit is one of the important, medium- size
mineral deposits in western Iran.

REE patterns of skarn magnetite were among
others studied in Skarn deposit by (Taylor, 1979)
Hydrothermal alteration and fluid-rock interaction
significantly affect total contents of REE and their
patterns in fluids. Moreover, fractionation of REE
by chemical complication, adsorption effects and
redox reactions are characteristic processes
determining REE behavior during crystallization.
Stable isotope data for oxygen and sulfur have
been widely used with great success to trace the
origin and evolution history of paleo-
hydrothermal fluids of meteoric, magmatic, and
metamorphic.

Materials and methods

The present study investigates REE and stable
Isotope geochemistry of magnetite and pyrite in
Zafar-abad deposit and temperature of trapped
fluid inclusions based on geothermometry
analysis. In order to study the major, trace and
REE compositions of Zafar-abad magnetite,
twelve samples were collected from surface of ore
exposures. The emphasis during sampling was on
ores with primary textures.

Discussion

The Zafar-abad district is situated in Mesozoic
and Cenozoic sedimentary, meta-sedimentary and
meta-igneous rocks in Sanandaj-Sirjan igneous
metamorphic  zone. Sedimentary sequences
dominantly composed of calcareous and

*Corresponding author’s email: barati@basu.ac.ir

conglomerate rocks. Various meta-sedimentary
rocks are intercalated with the sedimentary rocks,
and comprise biotite and muscovite-rich schist,
calc-schist, calc-silicate rock. Several distinct
ductile tectonic fabrics have been identified
around the Zafar-abad deposit. The main ore body
at Zafar-abad is in the form of a roughly
horizontal, discordant, lens to tabular-shaped body
plunging 10° NW, where it appears to interfinger
with meta-sedimentary and fragmental wall-rock.
The thickness of the ore body is 25 to 35 m with
40 m wide and around 130 m in elongate.

The chondrite normalized REE distribution
pattern of Zafar-abad magnetite shows V shape.
The analyzed samples display similar patterns.
The average (La/Yb)., ratio of 6.8 indicates a
high degree of fractionation. The fractionation is
more pronounced in HREE part of diagram,
where the average (Gd/Yb)., ratio is 1.07,
whereas the average (La/Sm),, ratio in the LREE
part of the diagram is only 5.9. This indicates that
the REE content in Zafar-abad magnetite is not
affected by hydrothermal alteration. The TREE
content varies between 2.09 and 15.02 ppm with
an average of 8.4 ppm. These REE values are
equal to those reported for the type of Skarn- type
iron deposits (Bowman et al., 1985).

Other features include pronounced negative Eu
and Ce and positive Pr and Gd anomalies.

Six purified magnetite samples used for Isotope
Studies and 3'°0 values are measured in them.
The units of results are permil (%o) relative to
SMOW for oxygen. The 80 values content
varies between -5.93 and -0.28 %o with an average
of -2.26 %o.. Considering that the magnetites
formed at two stages (Meinert, 1995), the first one
about 370 °C, and the second one about 240°C
which is a reasonable guess bearing in mind that
they are associated with intrusive and extrusive
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granitoids, then the fluid from which they formed,
would yield 5"0 values that range from 4.1 to 8.1
%o which will fall in the boundary of magmatic
water box and hence provide further support for a
mixed magmatic and meteoric origins of Zafar-
abad magnetite deposit.

In the Zafar-abad deposit, sulfur isotope
composition was studied on six pyrite samples.
The 8*S values for this mineral in Zafar-abad
vary from +1.2 to +1.9 %o, with an average value
of +1.61%o. Zafar-abad isotopic temperatures have
been determined from the 5*S values in pyrite.
This temperature range is from 204 to 350°C.
Fluid inclusion studies illustrate the presence of
two different types of hydrothermal fluids at
Zafar-abad iron deposit. The earliest hydrothermal
fluid with high salinity (11 to 49 wt % NaCl
equiv) and high temperature (> 320°C) had a
magmatic origin. This magmatic fluid moved
upward to shallower levels, and its temperature
subsequently decreased.

The meteoric water circulated in the peripheral
parts of magnetic lens and layers this water
moved inside the earth and after interaction with
magmatic water, the magmatic fluid gradient
decreased and then produced a mixture of
magmatic and meteoric fluid with salinity of 15 to
25 wt % NaCl equiv.

Results

Geochemistry and REE studies indicate that the
iron has magmatic origin and the REE content in
Zafar-abad magnetite is not affected by

hydrothermal alteration. The XREE content
indicate Skarn-type for this deposit.

The 8*S values of pyrite at Zafar-abad ranging
from +1.2 to +1.9%. that suggest a predominant
magmatic origin for sulfur. The §'°0 values of
magnetite at Zafar-abad ranging from between -
5.93 and -0.28 %o with an average of -2.26%. that
suggest the magnetites formed at two stages.

Fluid inclusion studies show the presence of two
hydrothermal fluids at Zafar-abad deposit. The
fluid 1, originated from high temperature and
pressure magma. The fluid 2, is a mixture of
magmatic fluid with meteoric water which has
low temperature and salinity, these fluids were
responsible for genesis of ore body.
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