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ARTICLE INFO EXTENDED ABSTRACT

Article History Introduction

Received: 12 March 2020 There are several carponate-hosted Pb—Zn (F—B_a) deposits_in the central
Revised: 19 April 2021 Alborz zone hosted in the upper part of the Elika Formation. From an
Accepted: 25 April 2021 economic point of view, the most important deposits discovered to date

are Sheshroudbar, Pachi Miana, Kamarposht and Era. It makes the
central Alborz zone as one of the most important Pb—Zn (F—Ba) districts
in Iran. In this district, Elika Formation is restricted by NE-SW-trending

Keywords reverse faults and thrusted over the Shemshak Formation. The main
Pb-Zn (F-Ba) mineralization orebodies have occurred in open spaces which have been formed due to
Elika Formation the angles between normal and reverse faults in the carbonate rocks of
Sarcheleshk the Elika Formation (Tabasi, 1997). Some of these deposits have been
Savadkouh studied, and various models such as syn-diagenesis to epigenetic are
Mazandaran presented for ore genesis (Alirezaei, 1989; Gorjizad, 1996; Rastad and

Shariatmadar, 2002; Rajabi et al., 2013; Vahabzadeh et al., 2014;
Nabiloo et al., 2018).

Sarcheleshk is an abandoned mine of Pb—Zn (F-Ba) mineralization in
the central Alborz zone. Except for small-scale geological maps of the
area, i.e., 1:100,000 geological map of Pol-e-Sefid (Vahdati
Daneshmand and Karimi, 2004) and Semnan (Nabavi, 1988), previous
studies of Pb—Zn (F-Ba) mineralization at Sarcheleshk were limited and
include Mohammadi Lisehroudi (2019). In this contribution, we provide
the first detailed geological, mineralogical and geochemical studies in
) _ the Sarcheleshk deposit to reveal more details of the type and genetic
™ kouhestani@znu.ac.ir model of the ore formation.

*Corresponding author
Hossein Kouhestani

How to cite this article

Mohammadi Lisehroudi, M., Mokhtari, M.A.A., Kouhestni, H. and Zohdi, A., 2022. Genetic model and type of the Sarcheleshk Pb—
Zn (F-Ba) deposit, Savadkouh area, Mazandaran province. Journal of Economic Geology, 14(2): 1-28. (in Persian with English
abstract) https://dx.doi.org/10.22067/ECONG.2021.51871.85988

©2022 The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution
@ ® (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, as long as the original
A authors and source are cited. No permission is required from the authors or the publishers.


https://dx.doi.org/10.22067/ECONG.2021.51871.85988
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir
https://www.um.ac.ir
https://dx.doi.org/10.22067/ECONG.2021.51871.85988
https://dx.doi.org/10.22067/ECONG.2021.51871.85988
mailto:kouhestani@znu.ac.ir
https://dx.doi.org/10.22067/ECONG.2021.51871.85988
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.22067/ECONG.2021.51871.85988
https://orcid.org/0000-0002-5359-416X
https://orcid.org/0000-0002-3031-9042
https://creativecommons.org/licenses/by/4.0/

Mohammadi Lisehroudi et al.

Genetic model and type of the Sarcheleshk Pb—Zn (F-Ba) deposit, Savadkouh area, ...

Materials and methods

Detailed field work has been carried out at different
scales in the Sarcheleshk area. A total of 60 samples
were collected from various parts of the orebodies,
host carbonate and mafic igneous rocks. The samples
were prepared for thin (n=32) and polished-thin
(n=12) sections in the laboratory of the University of
Zanjan, Zanjan, Iran. Eight representative samples
were from the ore zone, 1 sample from barren
dolomitic limestone and 3 samples from mafic
igneous rocks. They were analyzed for major, trace
and rare earth elements using XRF and ICP-MS in
the Zarazma Analytical Laboratories, Tehran, Iran.

Discussion and conclusion

The Sarcheleshk Pb—Zn (F—Ba) deposit is located 20
km southwest of Pol-e-Sefid, Mazandaran province.
The most important rock units exposed in this area
include early to middle Triassic dolomitic limestone
(Elika Fm.), late Triassic gypsum, dolomitic
limestone and marl (Paland Fm.), late Triassic mafic
igneous rocks, late Triassic to early Jurassic shale,
siltstone and sandstone (Shemshak Fm.), middle
Jurassic ammonite-bearing marl, calcareous marl
and marly limestone (Dalichay Fm.), late Jurassic
cherty limestone and dolomitic limestone (Lar Fm.),
and early Eocene Alveolina—Nummulitic limestone
(Ziarat Fm.).

Mineralization at Sarcheleshk occurs as strata-bound
orebodies hosted by dolomitic limestone of Elika
Formation, and controlled structurally by faults,
fractures and dissolution collapse breccias. The ore
veins have a varying width from 0.5 to 1.5 m.

Detailed field geology and petrographic studies
indicate that wall-rock alterations developed at the
Sarcheleshk  deposit  include  dolomitization,
silicification, and calcitization. The ores at
Sarcheleshk are dominated by galena, sphalerite,
pyrite, fluorite, and barite, with lesser, chalcopyrite,
and tetrahedrite, all of which are hosted by a
dolomite, calcite, and quartz gangue assemblage.
The ore minerals show vein-veinlets, open space
filling, Dbrecciated, rhythmic, disseminated,
replacement, and relict textures. The mineralization
process at Sarcheleshk can be divided into three
stages. Stage 1 is diagenesis stage represented by
rhythmic texture of fluorite, galena, sphalerite, and
calcite bands. Stage 2 (epigenetic stage),
volumetrically most important, is marked by fluorite-
sphalerite-galena-pyrite-chalcopyrite, barite-pyrite
and barite-calcite, and late-stage calcite veins and
veinlets. Stage 3 is the supergene mineral
assemblages consisting of smithsonite, cerussite,
chalcocite, covellite, azurite, and goethite. The ore
samples and mafic igneous rocks show different
Chondrite-normalized trace and REE patterns,
indicating that they are genetically unconnected. It is
declined syn-sedimentary and/or hydrothermal
igneous origins for the Sarcheleshk deposit and
specify that basinal brines may have played a role in
Pb—Zn (F-Ba) mineralization at the Sarcheleshk
deposit.

Our data suggests that the Sarcheleshk deposit is a F—-
Ba-rich MVT deposit and is comparable with other
Pb—Zn (F-Ba) deposits of central Alborz zone.
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Fig. 1. A: Tectonic map of Iran (modified from Alavi, 1991) together with the location of the Sarcheleshk area in the
Alborz zone, and B: Simplified regional geological map of the central Alborz zone (modified from Vahdati Daneshmand
and Saeidi, 1991; Vahdati Daneshmand, 1992; Aghanabati and Hamedi, 1994; Amini and Khalatbari Jafari, 1998)
showing location of the Pb—Zn (F-Ba) deposits in the Elika Formation
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Fig. 2. Geological map of the Sarcheleshk area, scale 1:20000
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Fig. 3. A: View of rock units of Elika and Paland Formations in the Sarcheleshk area thrusted over Shemshak Formation
and in turn covered conformably by mafic igneous rocks, looking southwest, B: View of Shemshak and Paland Formations
and mafic igneous rocks in the Sarcheleshk area, looking northeast, C: View of mafic igneous rocks as well as Shemshak,
Dalichay and Lar Formations in the Sarcheleshk area, looking northeast, D: Close view of basaltic lava with pillow
structure, E: View of sheeted gabbro over the carbonate rocks of Paland Formation, looking northeast, and F: View of
diabasic dikes crosscutting volcanic-subvolcanic strata, looking northeast
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Fig. 4. Lithostratigraphy column of the Sarcheleshk deposit
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Fig. 5. A: View of the Sarcheleshk mine within dolomitic limestone of Elika Fm., looking northeast, B: View of barite-
calcite vein within dolomitic limestone of Elika Fm., and its excavated extraction tunnel, looking to the north, C: Close
view of calamine mineralization in the wall of extraction tunnel, D and E: Sulfide mineralization (galena and sphalerite)
along with calcite and fluorite in mineralized veins, F: Cu mineralization (azurite) evidences within cracks of host
dolomitic limestone near the fluorite vein, G: Late-stage calcite with vug infill texture in fluorite-galena vein, and H:
Breccia clast of dolomitic host rock set in sulfide mineral matrix. Abbreviations after Whitney and Evans (2010) (Az:
azurite, Brt: barite, Cal: calcite, Clm: calamine, Dol: dolomite, FI: fluorite, Gn: galena, Sp: sphalerite).
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Fig. 6. Photomicrographs (transmitted plane-polarized light, PPL) of hydrothermal alteration in the Sarcheleshk deposit.
A and B: Dolomite crystals in the dolomite alteration, C and D: Coarse-grained calcite crystals in the calcite alteration,

E: Late-stage calcite veinlet crosscut mineralized veins, and F: Fine-grained quartz aggregates in the silicified zone.
Abbreviations after Whitney and Evans (2010) (Brt: barite, Cal: calcite, Dol: dolomite, FI: fluorite, Opq: opaque minerals,

Qz: quartz, Sp: sphalerite).
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Fig. 7. Photomicrographs (reflected light) of mineralogy of the Sarcheleshk deposit. A: Disseminated fine-grained pyrite
(Py3) in silicified carbonate rocks, B: Inclusions of fine-grained pyrite (Py1) in sphalerite (Spl), C: Intergrowth of
sphalerite (Sp2) and galena (Gn2), D: Inclusions of fine-grained galena (Gn2) in sphalerite (Sp2), E and F: Anhedral
galena (Gn2) replaced by cerussite. Abbreviations after Whitney and Evans (2010) (Cer: cerussite, Gn: galena, Py: pyrite,
Sp: sphalerite).
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Fig. 8. Photomicrographs (A to D in reflected light and E in transmitted polarized light, XPL) and hand specimen photo
of mineralogy of the Sarcheleshk deposit. A, B and C: Anhedral to subhedral chalcopyrite replaced by chalcocite, covellite
and goethite, D: Fine inclusion of tetrahedrite in galena (Gn2), E: Barite veinlets (Brt2) crosscut fluorite (FI2)-sphalerite
(Sp2) vein, and F: Galena (Gn1)-sphalerite (Sp1)-fluorite (FI1)-calcite (Call) bands with rhythmic texture. Abbreviations
after Whitney and Evans (2010) (Brt: barite, Ccp: chalcopyrite, Cct: chalcocite, Cv: covellite, Fl: fluorite, Gn: galena,
Gth: goethite, Sp: sphalerite, Ttr: tetrahedrite).
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Fig. 9. Sequence of mineral paragenesis in the Sarcheleshk deposit
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Table 1. Geochemical data of major and ore-forming elements of the representative samples from the Sarcheleshk deposit.

All data in wt.%.

D.L. S-2 $3 S73 S74 S75 S77 S-79 S8 S8 S-90 S91 S92
Si02  0.05 3.79 3.58 8.61 383 18.54 4498 1142 5152 431 4633 43.72 4537
CaO 0.05 18.04 52.88 46.17 48.49 41.36 1795 52.79 24.5 51.5 1447 1494 15.52
Fe:Os 0.05 0.08 0.25 0.32 048 0.15 14.13 0.26 0.58 0.02 9.09 13.64 10.95
KO0 0.05 0.07 0.17 0.1 0.15 0.09 0.27 0.07 0.17 0.05 11.82 10.76 14.13
MgO 0.05 0.11 0.05 0.09 048 0.07 645 0.15 0.12 0.04 059 123 0.27
MnO 0.05 n.d. n.d. n.d. n.d. nd 014  0.01 n.d. nd 1292 932 745
P:0s 0.05 n.d. 0.01 0.01 0.02 001 0.24 n.d. 0.02 n.d. 025 020 0.14
TiO2  0.05 n.d. 0.02 0.01 0.02 0.02 1.71 0.02 0.06 n.d. 227 343 348
SOs 0.05 19.91 1.53 0.08 0.07 1.04 0.13 3.04 2.85 0.04 - - -
Zn 0.01 29.6 1.04 325 398 1.08 0.02 0.19 0.05 2.9 - - -
Pb 0.01 0.04 0.01 0.01 029 3.74 0.0l 9.11 8.43 0.05 - - -
F 0.01 <0.01 36.6 33.1 30 247 <0.01 <0.01 <0.01 36.1 - - -
LOlI 0.05 27.01 4.63 7.11 11.69 9.17 13.55 2345 12,16 455 223 240 241
Total - 98.65 100.77 98.86 99.50 99.97 99.58 100.51 100.46 9991 99.97 99.64 99.72

S-2: calamine ore; S-3, S-73, S-74 and S-81: fluorite + sphalerite ore; S-75: fluorite + sphalerite + galena ore;
S-77: barren dolomitic limestone; S-79 and S-80: galena-bearing dolomitic limestone; S-90: gabbro, S-91: diabase, S-92:

basalt
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Table 2. Geochemical data of trace and rare earth elements of the representative samples from the Sarcheleshk deposit.

All data in ppm.
DL S-=2 -3 S73  S74  s75  S77  S79  S-80 M-81  S90 S-91 S92
Ag 0.1 1 0.7 0.2 1.6 8.5 0.2 14.5 12.5 0.2 - - -
As 0.1 4.6 48.7 23.2 >100 >100 8 50.4 >100 13.7 208 09 7.67
Ba 1 13 16 14 15 15 301 14 22 14 673 925 252
Be 0.2 0.7 0.7 0.7 0.7 0.7 <0.2 0.7 0.7 0.7 1.04 1.5 0.6
Cd 0.1 548 24.9 65.2 51 24 0.1 23.8 11.2 90.9 0.13 0.1 0.2
Ce 05 4 6 5 6 6 32 5 5 5 56 77 33.5
Co 1 4.7 <1 1 1 1.1 41.5 <1 <1 <1 40.94 36.7 445
Cr 1 4 3 3 4 4 147 3 7 2 254 205 1925
Cs 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 42 <0.5 <0.5 <0.5 1.44 1.8 3
Cu 0.1 441 95 199 229 1331 147 113 2864 87 83.88 63 1245
Dy 0.02 0.37 0.44 0.52 0.49 0.42 4.41 0.51 0.4 0.43 467 459 5.1
Er 0.05 <0.05 0.07 0.11 0.09 <005 239 0.07 <0.05 0.06 2.5 236 2.8l
Eu 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 1.43 <01 <0.1 <0.1 1.73  2.06 1.36
Gd 0.05 <005 <0.05 <0.05 <0.05 <005 375 <005 <005 <0.05 513 561 451
Hf 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.94 <05 <0.5 <05 312 371 217
La 1 1 2 2 2 2 14 2 2 2 31.63 47 17.5
Lu 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 028 <01 <0.1 <0.1 032 032 0.32
Mo 0.1 1.1 10.1 1 4.8 5.7 0.3 1.2 17.8 0.6 0.1 0.1 0.1
Nb 1 <1 1.1 <1 <1 <1 17.7 <1 1.2 <1 2858 29.8 164
Nd 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 13.8 <05 <0.5 <0.5 2633 327 154
Ni 1 18 10 12 14 10 96 5 6 10 145 129 109
Pb 0.1 406 122 38 2879 37400 97 91100 84300 447 104 9 381
Pr 005 <0.05 <0.05 <005 <0.05 <005 234 <005 <005 <005 696 896 3.74
Rb 1 <1 <1 <1 2 <1 4 <1 3 <1 26 33 13
Sbh 05 13 22.7 10.9 27.6 44.8 5.3 47 >100 8.5 0.58 0.5 0.8
Sc 05 <0.5 <0.5 <0.5 0.7 <0.5 28 <0.5 <0.5 <05 268 212 2695
Sm 0.02 <002 <002 <0.02 <002 <002 333 <0.02 <002 <0.02 52 585 382
Sn 0.1 0.5 0.5 0.4 0.5 0.5 1 0.4 0.6 0.4 1.33 1.5 0095
Sr 1 69.3 123.6 87 188.7 2419 4372 2255 3462 672 489 499 542
Ta 0.1 0.26 0.23 0.22 0.24 0.22 1.28 0.3 0.25 0.26 228 139 3.71
Th 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.68 <01 <0.1 <0.1 076 0.81 0.75
Th 0.1 0.39 0.7 0.66 0.74 0.55 2.03 0.43 0.5 0.56 495 6.17 2.14
Tm 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 039 <01 <0.1 <0.1 036 034 035
U 0.1 6 1 1.8 5.5 5.9 0.4 2.6 8.03 1.1 0.96 1 0.9
V 1 20 22 12 27 52 202 26 149 4 186 160 192
W 1 <1 <1 <1 <1 <1 <1 <1 <1 <1 1 1 1
Y 0.5 2.4 4 4.9 4.2 3.7 20.7 34 2.8 4.3 20.23 21.7 20.05
Yb 0.05 0.1 0.1 0.1 0.1 0.1 1.9 0.1 0.1 0.1 495 3.10 2.65
Zn 1 326300 10400 32500 39800 10800 149 2052 513 29000 106 86 209
Zr 5 <5 <5 <5 <5 <5 66 <5 6 <5 80.5 142 108.5

S-2: calamineore; S-3, S-73, S-74 and S-81.: fluorite + sphalerite ore; S-75: fluorite + sphalerite + galena ore; S-77: barren
dolomitic limestone; S-79 and S-80: galena-bearing dolomitic limestone; S-90: gabbro, S-91: diabase, S-92: basalt
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Fig. 10. A: Chondrite-normalized trace element patterns of mafic igneous rocks, barren dolomitic limestone and
mineralized samples in the Sarcheleshk deposit. Normalization factors are from McDonough and Sun (1995), and B:
Chondrite-normalized REE patterns of mafic igneous rocks, barren dolomitic limestone and mineralized samples in the
Sarcheleshk deposit. Normalization factors are from McDonough and Sun (1995)
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Fig. 11. A: Loss and gain diagrams for trace elements for the mineralized samples in the Sarcheleshk deposit normalized

relative to barren dolomitic limestone (sample M-77, Table 1 and Table 2). B: Loss and gain diagrams for REE for the
mineralized samples in the Sarcheleshk deposit normalized relative to barren dolomitic limestone (sample M-77, Table 1

and Table 2).
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Table 3. Comparison of main characteristics of Sarcheleshk deposit with Mississippi Valley-type deposits

Sarcheleshk

MVT

Tectonic setting

Host rock

Mineralization style

Magmatism association

Ore controls

Hydrothermal alteration

Ore texture

Mineral assemblages

Gangue minerals

References

Folded thrust belt, central Alborz zone

Dolomitic limestone

Epigenetic, strata-bound

Not associated with igneous activity

Faults and fractures, dissolution collapse

breccias

Dolomitization, silicification,

calcitization

Open space filling, brecciated, vein-

veinlets, replacement, rhythmic

Gn, Sp, Py, Ccp

Dol, FI, Brt, Cal, Qz

Mohammadi Lisehroudi (2019); This
study

Foreland thrust belts

Dolomite, limestone

Epigenetic, strata-bound, locally stratiform

Not associated with igneous activity

Faults and fractures, dissolution collapse

breccias, and lithological transitions

Dolomitization, silicification

Replacement, open space filling,

brecciated, zebra

Gn, Sp, Py, Mrc, Ccp, Bn, Cct

Dol, FI, Brt, Cal, Qz

Leach et al. (2005); Paradis et al. (2007);
Leach and Taylor (2009)

Abbreviations: Bn: bornite, Brt: barite, Cal: calcite, Ccp: chalcopyrite, Cct: chalcocite, Dol: dolomite, FI: fluorite, Gn:
galena, Mrc: marcasite, Py: pyrite, Sp: sphalerite, Qz: quartz. Abbreviations after Whitney and Evans (2010).
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Table 4. Comparison of main characteristics of Sarcheleshk deposit with some Pb—zn (F-Ba) Mississippi Valley-type
deposits in the Savadkouh area

Sarcheleshk Pachi Miana Emaft Sheshroudbar Kamarposht
Dolomitic Dolomitic . Dolomitic Dolomitic
. . . . Limestone, . . . .
Host rock limestone, Elika limestone, Elika . limestone, Elika  limestone, Elika
Tizkouh Fm.
Fm. Fm. Fm. Fm.
Faults and
Faults and Faults and Faults and Faults and
fractures,
fractures, fractures, . . fractures, fractures,
Ore controls . . . . dissolution . . . .
dissolution dissolution collapse dissolution dissolution
collapse breccias  collapse breccias brech;as collapse breccias  collapse breccias

Hydrothermal
alteration

Ore texture

Mineral
assemblages

Gangue
minerals

References

Dolomitization,
silicification,
calcitization

Open space filling,

brecciated, vein-
veinlets,
replacement,
rhythmic

Gn, Sp, Py, Ccp

Dol, FI, Brt, Cal,
Qz

Mohammadi

Lisehroudi (2019);

This study

Dolomitization,
silicification

Rhythmic, open
space filling,
brecciated, vein-
veinlets,
replacement

Gn, Sp

Dol, FI, Brt, Cal

Gorjizad (1996);
Davoudi (1998)

Dolomitization,
silicification

Open space
filling, vein-
veinlets

Gn, Sp

Dol, FI, Cal, Qz

Vahabzadeh et
al. (2008);
Vahabzadeh et
al. (2009)

Dolomitization,
silicification

Rhythmic, open
space filling,
brecciated, vein-
veinlets,
replacement

Gn, Sp, Py, Ccp

Dol, FI, Brt, Cal

Shariatmadar
(1999); Rastad
and
Shariatmadar
(2002)

Dolomitization,
silicification

Rhythmic, open
space filling,
brecciated, vein-
veinlets,
replacement

Gn

Dol, FI, Brt, Cal,
Qz

Nabiloo et al.
(2018)

Abbreviations: Brt: barite, Cal: calcite, Ccp: chalcopyrite, Dol: dolomite, Fl: fluorite, Gn: galena, Py: pyrite, Sp:
sphalerite, Qz: quartz. Abbreviations after Whitney and Evans (2010).
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Fig. 12. A, B, C and D: Schematic model showing the geological evolution history and formation of the Sarcheleshk
deposit. See text for details.
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Introduction

The Himalayan-Tibetan and Zagros Mountain ranges which are the
youngest and most extensive continental-collision orogens in Tethyan
domain host many important sediment-hosted Pb-Zn deposits, including the
world-class Jinding, Huoshaoyun, Mehdiabad, and Angouran deposits
(Reynolds and Large, 2010; Rajabi et al., 2012; Rajabi et al., 2015; Hou
and Zhang, 2015; Song et al., 2017). More than 300 sediment-hosted Pb-
Zn deposits and occurrences have been identified in Iran (Rajabi et al.,
2013). Cretaceous and Triassic carbonate successions are the most
common host rocks for these deposits, which are largely distributed in
both the Malayer-Esfahan metallogenic belt (MEMB) and the Yazd-
Anarak metallogenic belt (YAMB) (Rajabi et al., 2012). The YAMB is
located at the Yazd Block, northern margin of the Central Iranian Plate.
Several Pb-Zn deposits and occurrences such as Mehdiabad, Nakhlak,
Hovz-e-Sefid, Darreh-Zanjir, Mansurabad, Chah-Kharboze and Chah-
Mileh have been identified distinguished at YAMB. The Chah-Mileh
deposit is in 30 km northeast Anarak, 220 km northeast of Isfahan,
YAMB. The Chah-Mileh Pb-Zn district is located in the Anarak
Metamorphic Complex (AMC). There are three Pb-Zn deposits that
have been recognized at the Chah-Mileh district, including Kuh-e Mileh,
Mazra-e Deraz, and Seilacho. In this paper, we investigate geology,
texture, mineralogy, alterations, fluid inclusions and genesis of the Chah-
Mileh Pb-Zn deposit. The present research study provides more insight
into understanding of geology and mineralization conditions in the study
area with an implication for future exploration.
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Materials and methods

A total of 120 samples were collected from the host
rocks and ore deposit. They were studied by a
transmitted/reflected polarizing microscope, X-ray
Diffraction (XRD) and Scanning Electron
Microscope-Energy Dispersive X-ray analyzer
(SEM-EDS). Thin sections were stained to
differentiate calcite and dolomite according to the
method of Dickson (1966). Fluid inclusion
microthermometry was performed using a Linkam
THMS600 heating-freezing stage (-190 °C to +600 °C)
mounted on a ZEISS Axioplan2 microscope at the
Kharazmi University (Tehran). Fluid salinity (wt.%
NaCl eq.) and density (g/cm?®) were calculated using the
FLINCOR v.1.4 (Brown, 1989) and FLUIDS (Bakker,
2012).

Results and discussion

The Chah-Mileh Pb-Zn is a stratabound and
epigenetic deposit hosted in dolomitic marble of the
Chah-Gorbeh Complex with Middle Triassic age.
Mineralization is composed of sulfide minerals (e.g.,
galena, sphalerite, chalcopyrite and minor pyrite)
and non-sulfide minerals (e.g., cerussite, mimetite,
wulfenite, litharge, hemimorphite, smithsonite,
malachite, hematite, goethite). The gangue minerals
are mainly composed of quartz, dolomite, calcite, and

barite. Silicification and dolomitization are the two
main types of hydrothermal alterations. Three
mineralization stages were recognized in the Chah-
Mile deposit: 1) pre mineralization stage characterized
by fine-grained disseminated pyrite, 2) main
hydrothermal stage characterized by galena, sphalerite
and chalcopyrite and 3) post-ore mineralization
consisting of secondary sulfides and non-sulfide. Four
types of fluid inclusions including two-phase liquid-
rich (LV), two-phase vapor-rich (VL), monophase
liquid (L), and monophase vapor (V) were observed in
the dolomite, quartz and calcite. Microthermometric
measurements show that ore minerals were precipitated
from low-temperature (81 to 167 °C) and moderate
salinity fluids (7.02-22.2 wt.% NaCl eq.). Basinal
hydrothermal fluids were responsible for ore
mineralization at the Chah-Mileh deposit. Ore
mineralization at the Chah-Mileh deposit has been
formed as a result of fluid mixing. The formation of
large siliceous zones in an area is a sign of
hydrothermal fluid rising to the surface and mixing and
diluting with low-temperature meteoric waters.
Considering all the geological evidence, mineralization
style, orebody texture and structure, alterations and
fluid inclusion microthermometry, it may be inferred
that the Chah-Mileh deposit is similar to the Mississippi
Valley-type deposits.
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Fig. 4. Simplified geologic map of the Chah-Mileh Pb-Zn deposit showing Kuh-e Mileh, Mazra-e Deraz and Seilacho
index hosted in dolomitic marble of the Chah-Gorbeh Complex (modified after Kan-Azin Co., 2014).
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Fig. 5. Field photographs of rock unites and faults in the Chah-Mileh deposit. A: Serpentinite outcrop in the south of Mazra-
e Draze (looking to north), B: Muscovite schist unite (Te™") and its contact with the dolomitic marble unit (T™) at Chah-
Gorbeh Complex (looking to east), C: Dolomitic marble outcrop (Te™) of the Chah-Gorbeh Complex (looking to east), and
D: Parallel faults with northwest-southeast and northeast-southwest trend in dolomitic marble unit (Te™) (looking to north)
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Fig. 7. Photograph showing mineralization, ore texture and alterations at Chah-Mileh deposit. A: View of exploitation tunnel
entrance and normal fault surface with northwest-southeast trend at Kuh-e Mileh, B: Vein-type galena mineralization with minor
malachite at Kuh-e Mileh exploitation tunnel entrance, C: Silicification at Mazra-e Deraz, D: View of the exploration trench at
Mazra-e Deraze, E: Mosaic breccia texture with dolomite and galena cement and calcite replacement by dolomite, F: Rubble
breccia with galena+quartz cement and vuggy texture, G: Rubble breccia with dolomite cement, H: replacement texture in
chalcopyite by chalcocite, covellite and malachite, and I: Open space filling texture with galena veinlet in dolomitic host rock.
Abbreviations after Whitney and Evans (2010) (Cal: Calcite, Ccp: Chalcopyrite, Cct: Chalcocite, Cv: Covellite, Dol: Dolomite,
Gn: Galena, Mic: Malachite, Qz: Quartz).
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Fig. 8. Photomicrographs of sulfide and non-sulfide minerals at Chah-Mileh deposit. A: Galena (Gn-3)-quartz veinlet within
dolomitic marble (Dol-2) (XPL), B: Galena (Gn-1) atoll texture in cerussite (Crt-1) (PPL), C: Simultaneous occurrence
chalcopyrite and galena (Gn-1) and chalcocite replacing chalcopyrite (PPL), D: chalcocite, covellite and malachite replacing on
rims chalcopyrite (PPL), E: Disseminated pyrite accompanied by subhedral galena (Gn-1) and its replacement by cerussite (Crt-1)
(PPL), F: Covellite bladed crystals and cerussite (Crt-1) replacing galena (Gn-2) (PPL), G: Wulfenite automorph crystals (XPL),
H: Pyramidal malachite with open space filling texture (XPL), and I: Needle shape radial malachite and calcite (Cal-3) (XPL).
Abbreviations after Whitney and Evans (2010) (Cal: Calcite, Ccp: Chalcopyrite, Cct: Chalcocite, Crt: Cerussite, Cv: Covellite, Dol:
Dolomite, Gn: Galena, Gth: Goethite, Mlc: Malachite, Py: Pyrite, Qz: Quartz, Wul: Wulfenite).
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Fig. 9. Photomicrographs of oxide-hydroxide and gangue minerals at Chah-Mileh deposit. A: Banded hematite+goethite and
association calcite (Cal-1) and malachite (XPL), B: Scaffold hematite (PPL), C: Reticulate texture hematite and its replacement by
goethite (PPL), D: Dogtooth quartz and comb texture (XPL), E: Bladed quartz (XPL), F: Acicular quartz associated with calcite
(Cal-2) (XPL), G: Chalcedony microcrystalline quartz (XPL), H: Quartz veinlet as open space filling associated with Dolomite
(Dol-2) (XPL), and I: Acicular barite with quartz as open space filling in the stained calcite (Cal-2) (XPL). Abbreviations after
Whitney and Evans (2010) (Brt: Barite, Cal: Calcite, Dol: Dolomite, Gth: Goethite, Hem: Hematite, Mlc: Malachite, Qz: Quartz).
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Fig. 10. BSE images of sulfide and non-sulfide minerals at Chah-Mileh deposit. A: Galena (Gn-1) boundary remplacement by
cerussite (Crt-1), B: Sphalerite inclusions within galena (Gn-2) and replacement of cerussite (Crt-1) on galena rims, C: Mimetite
with open space filling texture within dolomitic marble (Dol-3), D: Energy-dispersive spectroscopy of mimetite, E: Chalcopyrite
with platy hemimorphite and disseminated cerussite (Crt-2), F: Energy-dispersive spectroscopy of hemimorphite, G:
Hemimorphite inclusions within galena veinlet (Gn-3), H: Needle shape radial hematite, and I: Atacamite inclusions within
linarite. Abbreviations after Whitney and Evans (2010) (Acm: Atacamite, Ccp: Chalcopyrite, Crt: Cerussite, Dol: Dolomite, Gn:
Galena, Hem: Hematite, Hm: Hemimorphite, Lnr: Linarite, Mmt: Mimetite, Qz: Quartz, Sph: Sphalerite, As: Arsenic, Cl:
Chlorine, O: Oxygen, Pb: Lead, Si: Silicium, Zn: Zinc).
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Fig. 12. Photomicrographs of various alterations at Chah-Mileh deposit. A: Type | (Dol-1) and IV dolomite (Dol-4) (XPL), B:
Type | (Dol-1) and Il dolomite (Dol-2) (PPL), C: Type IlI dolomite (Dol-3) (PPL), D: Type Il dolomite (Dol-3) and
stained calcite (Cal-2) (PPL), E: Association of type Il dolomite (Dol-2) with galena (Gn-3) and quartz (XPL), F:
Remnants of type | dolomite (Dol-1) alteration within silicic alteration (XPL), G: Silicification alteration with quartz (XPL),
H: Silicification with polycrystalline quartz (XPL), and I: Sparry calcite veinlet (Cal-3) (PPL). Abbreviation after Whitney and

Evans (2010) (Cal: Calcite, Dol: Dolomite, Gn: Galena, Qz: Quartz).
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Fig. 13. Paragenetic sequence of minerals in Chah-Mileh deposit, thickness of line representing the minerals frequency.
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Fig. 14. Fluid inclusions photomicrographs in the Chah-Mileh deposit. A: Primary cluster of fluid inclusions relative to the quartz
grain boundary, B: A row of secondary fluid inclusions hosted by calcite, C: Liquid-rich two-phase fluid inclusions (LV) with
rectangule and elliptical shapes, D: Circular fluid inclusion, E: Rod and elongated fluid inclusion, F: Triangular fluid inclusion, G:
Irregular fluid inclusion, and H: Association of liquid-rich two-phase fluid inclusions (LV) with liquid monophase (L) hosted by
quartz
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Fig. 15. Histogram of A: Final ice melting temperature, B: Salinity, C: Homogenization temperature, and D: Density of fluid

inclusions at Chah-Mileh deposit

DOI: 10.22067/ECONG.2021.69561.1012

Y oooled VP o5 VF ) (osladl wlid )


https://dx.doi.org/10.22067/ECONG.2021.69561.1012

e Sl b (S Olijon S b dosolr (535 5 e LIS e 5 Lo (slasbO ke ¢ olit SIS OLISer 5 (ol o
ool HLlS 55 s Slsb0ke iles s ) Jodr
Table 1. Microthermometric measurements of fluid inclusions from the Chah-Mileh deposit
Salinity .
. TMice Thev Density
Sample no. Minerals Type o o (Wt.% g
C C 9 : /cm
(°C) (°C)  (wt.% NaCleq.) Nacl+CaCleq.) (9/cm’)
S Dolomite LV -11.00to -13.50 102-114 14.97-17.34 1.05-1.08
m_
Calcite LV -5.00t0 -7.00  98-102 6.00-10.49 0.97-1.03
Dolomite LV -10.20to -15.20 115-156 14.15-18.80 1.03-1.08
B3-emaz-5 .
Calcite LV -4.40t0-8.00 115-146 7.02-11.70 0.97-1.03
Quartz LV -14.00 to -15.70 137-146 17.79-19.21 1.05-1.06
T-wmaz-5
Quartz LV -14.00 to -15.60 125-128 17.80-18.63
Dolomite LV -10.50to -17.50 98-150 14.46-20.60 1.04-1.09
T-wmaz-6 .
Calcite LV -3.50t0-8.00  80-93 5.71-11.70 1.00-1.02
B3-emaz-2  Quartz LV -10.00to -17.00 81-138 13.94-20.20 1.03-1.09
B3-emaz-4 Dolomite LV -11.00 to -15.00 113-156 14.00-18.20 1.04-1.08

Tmice: final ice melting temperature, Thyy: homogenization temperature, LV: liquid-rich two-phase fluid inclusions.
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Fig. 16. Binary diagram of homogenization temperature versus salinity (Ahmad and Rose, 1980) for determining the vapor
pressure of trapping fluids at Chah-Mileh deposit
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Fig. 17. Binary diagram of homogenization temperature versus salinity (Kesler, 2005), showing that fluid inclusion in the Chah-

Mileh deposit plotted in the basinal brines field.
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Fig. 18. Binary diagram of final ice melting temperature versus total homogenization temperature and fluid composition of the

Chah-Mileh deposit (Boiron et al., 2010)
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from Wilkinson (2001).
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Introduction

Hydrothermal iron ore deposits are formed at various depth, from
shallow to deep environments mainly as veins, veinlets and stockworks
(Guilbert and Park, 1997). Ahmadabad deposit is located in 30 km
northeast of the Semnan province, between the Alborz and Central Iran
sedimentary-tectonic structural zones. According to the previous studies
in the Ahmadabad ore deposit (Haji Babaei and Ganji, 2018;
Ketabforoush, 2016), there are major uncertainties on origin of
mineralization and involved hydrothermal process. In previous studies,
based on fluid inclusions data, Ahmadabad hematite-barite ore deposit
is considered as a low-temperature hydrothermal barite ore deposit, and
also considered as Ahmadabad barite-iron oxide ore deposit as a veins-
type hydrothermal-magmatic ore deposit (Haji Babaei and Ganiji, 2018).
Ketabforoush (2016) based on lithological, mineralogical and alteration
assemblage characteristics of the Ahmadabad iron ore mineralization,
regarded it as an Iron Oxide-Copper-Gold (I0CG) type hydrothermal
mineralization. This study attempts to use mineralogy, geochemistry and
microthermometry of fluid inclusions data in quartz and barite for
investigating the genesis of Fe-Cu-Au mineralization and possible style
of mineralization at the Ahmadabad deposit.

Material and methods
During field work, 54 samples were collected from the host rocks,
alteration and mineralized zones.
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For petrography, mineralogy and paragenetic
sequence studies, 48 thin-polished sections were
prepared and studied by ZEISS Axioplan2 polarized
microscope at Kharazmi University, Tehran branch.
After careful ore petrography, 10 suitable ore
samples were selected for bulk chemical analysis.
Preparation, crushing and pulverizing of the samples
were carried out in Kharazmi University and
prepared samples were analyzed in the Zarazma and
Iranian Mineral Processing Research Center
(IMPRC) labs, for major, minor and rare earth
elements using WD-XRF and ICP-MS methods.
Geochemical analyses results are presented in Table
1 and Table 3. Microthermometric analyses were
carried out on 3 doubly polished thin section of
quartz and barite minerals using a Linkam THMS
600 freezing-heating stage, mounted on a ZEISS
Axioplan2 research microscope at the IMPRC.

Discussion

Formation and associated processes of iron ore
deposition has been much debated and discussed,
with the main focus on hydrothermal and magmatic
origin (Naslund et al., 2000). In Ahmadabad deposit,
it seems that monzonite and monzodiorite
subvolcanic intrusions has been emplaced in a
volcanic sequence. During magma emplacement and
crystallization, magmatic hydrothermal fluid, due to
its lower density, was rising to the upper part of the
intrusions and permeated into the volcanic host
rocks, causing vein-type iron mineralization. Based
on mineralogical and microthermometric studies of
the fluid inclusions, mineralizing fluid of possibly
magmatic origin; migrated, cooled down and diluted
by mixing with meteoritic fluids. Temperature and
pressure drop following the migration of the
magmatic hydrothermal fluid to the shallow depths
may changes the nature of mineralizing fluids from
reduced to oxidant state and deposition of iron as
hematite after sulfide (pyrite and chalcopyrite) and
sulfate  (barite) precipitation.  Salinity and
homogenization temperature of the fluid inclusions
show that high temperature-salinity fluid mixed with
low temperature-salinity fluid causing temperature
and salinity drop, followed by cooling and dilution,
provided the favorable condition for iron oxide
deposition. Based on current studies, Ahmadabad
deposit formed in the following stages:

- Intrusion’s emplacement in the shallow depth,

caused migration and circulation of mineralized fluid
in fractures and faults which act as fluid channeling
conduits.

- Circulation of these fluids through fractured
systems may also cause some metal leaching from
the volcanic wall rocks.

- Moderate to high temperature and salinity
magmatic hydrothermal fluid, while approaching the
shallow depth were mixed with meteoric fluid and by
cooling and dilution process, and possibly transition
from the reduction-oxidation boundary, ore bearing
fluid nature changed and resulted in hematite
deposition after sulfide and sulfate phases.

Results

Based on field geology, mineralogy, geochemistry
and microthermometry data, Ahmadabad iron ore
mineralization is similar to the epigenetic deposits
formed by magmatic-meteoric fluids due to fluid
mixing. Mineralization in the Ahmadabad deposit
may divided into two mineralization stages: 1)
primary  hydrothermal  mineralization  stage
(hypogene), and 2) secondary stage (supergene). The
main iron ore mineralization in Ahmadabad is
hematite (specularite) which is mainly formed later
than sulphides including pyrite and chalcopyrite, as
open space-filling, vein-veinlet, massive and
disseminated style. Barite, calcite and quartz are the
main gangue minerals, though in some place’s barite
has economic potential. Based on field data and
mineralogical studies, the subvolcanic intrusions of
the Early Eocene age, after emplacement within the
volcanic units controlled by fault and fracture zones,
have caused extensive low-grade alterations and
limited mineralization in intrusion and volcanic host
rocks. Microthermometric studies of fluid inclusions
show that the best possible model for development of
the Ahmadabad ore deposit, is mixing of hot and
high-salinity magmatic hydrothermal fluid with cold
and low-salinity meteoric water.

Although iron ore grade changes significantly with
variation in the silica contents, high grade Fe
mineralization mainly occurred in the fault and
fractured zones away from widespread intensive
silicification which is mainly associated with CuxAu
mineralization. These features are the Kkey
exploration criteria for future exploration program in
the region.
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Fig. 3. A: Mineralized veinlets in monzodiorite host rock, B: hematite mineralization with breccia texture, C: hematite
mineralization associated with pyrite and quartz veinlets in monzonite host rock, and D: pyrite veinlets occurred in the

fault zone in Ahmadabad area

el aabete 53 oYL eal el Ul g glyls CaslaS es s
oS plie 35 5) SKieS s B i K5 4 a0l
SlS 55 G 5 eSS slos 5 Sacs L b (T

a5 SLS 5 gal ol & OVl ol i 5

5 S8 5 b S o PH 5 Les Ls i bl b

.D ,C-¥ Jg.i) ol 0kl e L&M

soul sla S8 5 O 53 gy Vw5 Shes 51
nlie Loyl 8 (K s ol o i ST ow s
ol 3 s g uS | 5 gud) 4w cbalST 5L ST (gl
Slod 5 Dy o 4 s sad 5 58 Jols 8T (gladnS s s
Gl S8 .B s A-F JS) ol o LS5 glanS -5
FoS 5SS el JalalTuben| 5Ll )3 (556 8

DOI: 10.22067/ECONG.2021.70627.1025

Yooyled NFoy95 VP ((goliadl wuw)


https://dx.doi.org/10.22067/ECONG.2021.70627.1025

Lol yan Mo — s — T L1540 Laie 5 Il (6la b0k ¢ oo ) ¢ gl SIS

Q‘)&A}&Ua

* Hematite

Goethite

X
Hematite

Lol ot O o 5 Clan o i (5w S5 laanS ) :C cCuisad 5 o 8 los g cilw B il § usly 55 o S claanS A E U

SUTast ailate s IS 55 g ol 6l sk w las 53 Cuilen (G5l SIS D 5 s 535550 Oljes dmly 55 ol slaanS

Fig. 4. A: Goethite veinlet in granite host rock, B: goethite and limonite with massive structure, C: mineralized veinlets
of hematite and pyrite in association with barite veinlet in monzodiorite host rock, and D: hematite mineralization between

needle-shaped barite in Ahmadabad area
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Fig. 5. A and B: Argillic and silicic alteration, C: kaolinite in association with hematite, pyrite, barite and quartz veinlets,
and D: silicic alteration in monzodiorite rock in Ahmadabad area
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Fig. 6. A: Hematite (specularite) needle and radial shape crystals associated with the first pyrite generation (Pyl), B:
scattered hematite needle (specularite) in barite, C: first generation euhedral pyrite (Py1), and D: breccia type and second
pyrite generation (Py2) in fault zone associated with hematite in Ahmadabad area. Abbreviations after Whitney and Evans
(2010) (All photomicrographs are in PPL except C which is in XPL light) (Hem: Hematite, Py: Pyrite, Gth: Goethite and

Brt: Barite).
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Fig. 7. A: Needle-shaped hematite crystals associated with the first generation euhedral pyrite and chalcopyrite, B: first
generation euhedral pyrite (Py1) associated with chalcopyrite, C: pyrite replacement by goethite, and D: needle-shaped
barite crystals associated with Fe hydroxides in Ahmadabad area (taken in transmitted light). Abbreviation after Whitney
and Evans (2010) (All photomicrographs are in XPL except C which is in PPL light) (Hem: Hematite, Py: Pyrite, Cpy:
Chalcopyrite, Gth: Goethite and Brt: Barite).
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Table 1. Results of major and trace elements analyzed by XRF and ICP-MS in Ahmadabad ore deposit

96AH48 96AH47 96AH44 96AH30
Sample

AA-3 AH19  AH14  AHI12 AH3 AA-26

no. Andesite Basal'glc Basal'glc Monzo-
andesite  andesite  diorite

Monzo- Monzo- Trachy- Monzo Andesite Iron
nite nite andesite  -diorite Ore

V?,'S;) 47.82 41.80 42.90 48.60 49.15 49.90 46.80 48.70 47.20 30.26
TiO2 0.65 0.20 0.46 0.58 0.49 0.22 0.37 0.10 0.14 0.12
Al203 12.03 7.13 3.25 9.85 13.01 12.58 8.30 3.37 5.24 5.22
FeOt 15.04 29.35 14.53 26.12 14.08 13.80 17.69 24.21 14.59 47.06
MnO 0.18 0.14 0.23 0.13 0.07 0.15 0.19 0.56 0.16 0.20
MgO 18.25 3.45 0.92 3.26 0.07 14.20 2.55 9.16 26.37 3.32
CaO 0.85 4.01 3.90 3.03 2.90 1.56 2.95 3.80 3.05 5.30
Na.O 1.67 2.38 1.85 3.50 6.97 3.25 5.30 0.26 0.17 0.93
K20 0.50 0.09 0.55 0.97 0.11 0.06 0.13 0.12 0.12 0.10
P20s 0.19 0.11 1.21 0.21 0.27 0.17 0.17 0.04 0.03 0.25
CuO 0.0050 0.0020 0.1000  0.0010 0.0010 0.0010 0.0010 0.0800 0.0100  0.0009
SOs 0.94 4.71 26.12 0.29 11.08 1.57 11.88 4.04 0.02 0.79
LOI 3.40 5.20 3.27 4.40 3.80 3.80 3.20 541 3.90 4.90
Total 101.52 98.57 101.29 100.94 102 101.26  99.53 99.85 101 99.26
(p(;)lri\) 43 19 851 12 13 13 11 667 107 7.77
S 0.38% 1.89% 1046% 0.12%  453% 0.63% 4.76% 1.22% 0.01% 0.32%
Ag 0.1 1.8 0.1 0.1 1.0 0.1 0.1 0.1 0.1 1.0
Mo 3.40 67.00 16.50 3.50 5.12 6.90 11.70 0.80 0.10 4.76
V 136 67 189 148 23 89 58 117 88 80
Sn 0.1 0.1 0.1 0.2 0 0.1 0.1 0.1 0.3 0
Zn 468 34 22 46 4 4 10 50 93 8
Pb 314 29 8 7 12 1 2 1 1 4
Ba 5502 1409 112 2963 0 33 210 3317 20 308
Sr 267 127 139 259 62 82 196 174 111 460
Ni 11 28 147 45 44 33 10 15 1197 5
Co 21 33 280 68 0 112 88 28 63 35
As 19 78 78 14 20 8 7 3 4 4
Bi 0.10 0.10 0.20 0.10 0.62 0.10 0.10 0.10 0.10 0.32
Zr 38 62 59 81 93 48 43 22 16 14
Th 2.40 5.60 7.10 3.60 11.89 4.20 1.80 2.00 0.70 0.64
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Table 2. Spearman correlation matrix based on geochemical analysis results in Ahmadabad ore deposit

SiO2 Al2Os FeOt MgO CaO P20s TiO2 Cu As Co

SiO; 1

Al,Os3 0.46 1

FeOt -1 -0.46 1

MgO 0.43 0.20 0.43 1

CaO -0.29 0.07 0.29 0.51 1

P20s -0.01 0.08 -0.09 -0.32 0.05 1

TiO, 0.55 0.85 -0.55 -0.56 -0.17 0.45 1
Cu 0.06 0.17 0.07 0.17 0.41 -0.27 0.03 1
As 0.024 0.39 -0.024 -0.707  -0.183 0.468 0.652 0.11 1
Co 0.261 0.261 0.261 0.261 0.261 0.261 0.261 0.261  -0.261 1
Bi -0.261 0.097 0.261 0.097 0.395 0.396 0.052 0.157  0.053  0.112
Mo -0.274 0.109 0.274 -0.371 0.176 0.32 0.17 0.77 0.642  0.407
Ag -0.683 -0.493 0.683 -0.121  -0.182 0.035 -0.415 0.398  0.187 -0.355
Sn 0.515 0.321 -0.515 0.157 -0.127  -0.396 0.231 0.231  0.023  0.216
S -0.43 -0.139 0.43 -0.091 0.321 0.267 -0.067 0.103  0.372  0.236
Zn 0.2 0.503 -0.2 0.152 -0.079  -0.419 0.297 0.515 -0.03  -0.564
Ba -0.03 0.188 0.03 -0.261  -0.103 0.043 0.237 0.042  0.177 -0.745
Pb -0.129 0.546 0.129 -0.522  -0.129 0.351 0.644 0.092 0.784  -0.337
Cd 0.27 0.607 -0.27 -0.09 0.434 -0.008 0.479 0.742  0.422 0.36
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Table 2 (Continued). Spearman correlation matrix based on geochemical analysis results in Ahmadabad ore deposit

Bi Mo Ag Sn S Zn Ba Pb Cd
Bi 1
Mo 0.26 1
Ag 0.16 0.39 1
Sn 0.50 -0.39 -0.49 1
S -0.15 0.65 0.12 -0.39 1
Zn -0.12 -0.57 -0.32 0.50 -0.4 1
Ba -0.14 -0.18 0.10 -0.15 0.43 0.40 1
Pb 0.27 0.40 0.29 -0.20 0.09 0.70 0.50 1
Cd 0.32 0.33 -0.49 0.24 0.15 0.20 -0.10 0.30 1

Dells JIIT 5 2 s 02 0 L3 3 sy sl S
S & 3L peobe (Mason and Moore, 1982) b e sazs
Sladn| 3 Jsb 55 503y IMonil Cbli o 284 —olie 55
oS pta e o S G S s cmbar s 55 83 Sl
5058 el 5 PH los Jolse ol T slawlole )3 .dizes
S 55 Oplee 53 REE oiias 5,05 slaustl&I 5 8
S5 el 4 Jalse ol 55 Ol i iyls 25 LREE
ol sl sl S5 ol el S ¢ b S (sladlw 3 0T
S ;b ole (Rolland et al., 2007) 555 0 50 ol
5 S omly ars G5 B b sl s bl L
& «(Rollinson, 1993) wews ¢S b b b 8 L 5
Al YL b K I o S il 5
ks 3l S5l 5 ol jolie olos Ly 5 (Michard, 1989)
o i 51 56 e B sl b b REE (oo 5 S
Alderton et ) w55 o &S mete (Odb i shn b uoman

al., 1980; Palacios et al.,, 1986; Dickin, 1988;
o d s msS 2 edae 4 (Selverstone et al., 1991

5 LREE i $._s & (Ferkous and Lebanc, 1995)
b5 Sl T etasilis gl p dudd g (5115 (o g
Corsn 5 ails 30 8 b0g) SbeKiw 55,y 5 S o
5 S bl 0 B LREE &S e 5 513 ol meos
a0 5> HREE e g LREE p5lis 5 o3

3 S St Sean 050 5 IS (e b 02T
C}ﬁ&&\fﬂwl);:j\ﬁ.M:gowdtﬁ@
S ol 3 58 Ol 2l 5 S Olasla 515 55
s bdnSTa Sy py dher I gkl g S0 ST L5 L Lo e
She g sai 3 ol (el bl 53 aT GladnSTs5un
S smim Ol 4l zals AO3 s MgO luzs Y
53 MO 5151 Jule dil 5 oo adi g 53 Cgm 5 Zu IS
il ALOs a5 Jele Syl 5 S S (s o g
sk S S 5 sl S 5B ol ite  Sien
ol 23l b 3 6 5l alT sl HLils ol adlate )
Conl piza Ao y3 /PO B /) W gas 55 0T Hldie 5 Sl TIO2
2 Sl el A3 Y kg 3 0T Sl
AT EKlS gl gas 53 OS5 Lol olie cand e
A oslial U s Saran o b (sUa,15 503 1 3L Tes]
S i 3 odd 6,8 o3Il CU S0k s (Ve JS2)
2 CU e slas ;o ol 5515 o5 5 0 S ADY BVIVY
22 (5 e & Cy g SIS G i 4y L gy o S
FEOt filis 55 ClaS ol clajls sad 4 ax 5 . Cnlad sol
5Ce ST olic &8 5,15 0T 1 ol T KilS slads yoi s
=V ) Wyls g5 gme g, FEOL Lslis 21551 L ol on Ba
A=Y JSK) wls Js5 L5, Th e flis 3 .(H 5G 5F
)sc)lfu\JU&:):GL:_&H?V.:_M\:.;\{A{&_ML;H\;&)\RD

DOI: 10.22067/ECONG.2021.70627.1025

va

Y oylad (VF o555 VP (3Ll owlis e


https://dx.doi.org/10.22067/ECONG.2021.70627.1025

Lol yan Mo — s — T L1540 Laie 5 Il (6la b0k ¢ oo ) ¢ gl SIS

Q‘)&@j&Uﬁ

AT b, s e S5s SIEU e JLsT & <80l
4 4> 5 L .(Frietsch and Perdahl, 1995) c_ul .Sl
s el EU Lol oS Jas (Lo 59875 500 S
3 3 (b il oo ladisad 33 BU ite 5 e (sl Sl 5T
Kikawada, ) a—sb W358 5 5% 5 by lwdls 4 25 a3 53
Syl p a8 555 e odalin Sl EU i JL T .(2001
SIA A Bl e S0t a5 U b 4 Sl 5
ol i Sas g 5 LS o s 4 Yt LLREE
G il ol ale S sladglos 3 wlic

(¥ Jods) Sl #/4V s 505 43 HREE/LREE

Sty Jla VU e b 5 Gl $5 4 015 0 5 5T
& by e SYIYAPPM L s LREE [lude o 2ty sl S
ppmw;pguHREE)tm%,(Ce)Mﬂﬁu
(B s AN JS ) cal (V) iy ol —aie 4 Glaia VFY
25 oS S el sLa REE w5 (65831
s o DL |y gulite 55 L5 ol Tl (8T S8l
(o HREE ¢ 4, LREE oo 1 05 o L a8 e s
Eu Lie JLsT (VY JS2) cl jadeis 6 Sus ¢
Cmal HLlS Sy oS ST Loyl oias LS

Lz .(Rollinson, 1993; Jiang and Zhao, 2007)

5 ]
0 ElN 7 e
_ 7] Ri= 0.6939 7 - 7
3_ - $ [—- # -
E o £ 7 o £ " & R=0.1176
£ = % < - 0 5 = °
- R:=05378 .- O : o
] ] 0 0 o
g d% o] oo 0
4]
S o 4] o 00 o =—
w40 60 30 0 1 2 3 4 1 8 s 10 15 2 15
5§00, (wt.4) Ca0 (wt.0g) Mz0 (wt. %)
Elba =I5 T° ] i
Lo B S
. Re=10.1713 = F=10.6298
£ = o g 7 T
sw - o g - E" Bl Q o
B S - o . j~-
| _ (8] L 0
1 2 Io i" 1 1 1 B 9 ol 0000
] I 1
1] 0.z . 04 06 03 1 1]!1 1}!-1. l]!ﬁ 1}!3 l_lll l.II 5I|] llﬁl] 250 350 '
Ti0, (wt.%) K, Ofwt. %) Sr (ppm)
ﬁ- U'l (- -
S S — 7
oy 3 F w ]
s 5 i =] R*=10.0001 £
‘E‘ =5 = B g E (a]
e (o] & ° 5 Z
& 0 S o o
o Q-“Re— 01669 o] _le Ri=01335
8 .| o 0 100
ol |Q] T 2@ H-_P "B a 2 2
m d e s 100 12 §o1000 | 300 | s000 5 4 4 5 10 D
Ce (ppm) Ba (ppm) Th (ppm)

LT Lls Slad s U9 ‘_S:m.u slaylsgai Ve IS
Fig. 10. Binary correlation diagrams of Ahmadabad ore samples
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Fig. 12. Chondrite-normalized spider diagram of Ahmadabad iron ore samples (normalization based on Boynton, 1984)
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Table 3. Results of REEs in the Ahmadabad ore analyzed by ICP-MS in Ahmadabad ore deposit

Sar?;p'e AA26 AH3 AHI2 AZ'l Agl AA-3 96’3"'3 06AH44  96AHAT  96AH4S
sc 752 1210 1410 400 290 438 750 5.60 5.00 9.20
La 61 4 15 11 5 77 15 45 36 15
Ce 122 22 58 43 28 125 24 112 86 42
Pr 1264 280 270 070 040 1111  1.80 7.90 2.70 2.60
Nd a4 1 12 8 3 7] 11 27 12 12
sm 506 650 1070 810 640 438 620 1150 13.20 6.30
Eu 091 050 260 120 070 053 120 1.80 1.00 130
Gd 196 010 020 010 010 181  1.00 6.40 5.60 2.40
To 015 0 0 0 0 01l 0 0 0 0
Dy 154 140 530 110 020 161 130 1.70 0.20 0.10
Ho 0 0 0 0 0 0 0 0 0 0
Er 069 300 810 420 260 093 250 5.30 7.90 2.70
Tm 0 0 0 0 0 0 0 0 0 0
Yb 041 230 570 270 230 086 280 450 4.10 2.60
Lu 0 0 0 0 0 004 0 0 0 0
Y 1 8 % 13 8 1 14 28 13 9

YREE 25984 6370 18040 9710 59.30 26973 10830 25670 18670  105.0

YLREE 24566 3630 9840 7080 4250 25822 78 20340 14990  77.90

THREE 14 27 8 26 17 1 30 53 37 27

LREE/

RE 173 132 120 260 252 2243 257 381 4.07 2.86

La/Ce 049 018 025 025 017 061 034 0.40 0.41 0.35

EwSm 017 007 024 014 0023 012 019 0.15 0.07 0.20
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Fig. 13. A and B: Photomicrograph of Ahmadabad deposit fluid inclusion, liquid rich two-phase fluid inclusions in quartz,
C: liquid rich two-phase fluid inclusions in barite, D: linear secondary fluid inclusions in barite, E: primary-isolated fluid
inclusion in quartz, and F: primary cluster of fluid inclusions in barite
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Table 4. Microthermometric results of fluid inclusions studies in quartz and barite minerals of Ahmadabad deposit (n:
number of analyzed fluid inclusion, Tmic.: final ice melting temperature, Th: final homogenization temperature)

Inclusion Host Origion Tmice  Thv-1 Salinity Density
type mineral 9 (°C) (°C) (Wt.%NaCl eq.) (g/lcm3)
Quartz . -1.0to 194 +to
L+V (n=8) Primary 9.2 370 1.74 to 13.07 0.716 to 0.960
Barite-A . -10.0to 115to
L+V (n=14) Primary 16.0 253 4.3310 19.45 0.943 t0 1.070
Barite-B
_ . -2.7to 142to
L+V (n=3) Primary 155 256 3.62t0 15.18 0.880 to 1.00
A
[ Quartz (L+Y) [ Quartz (L+V)
B Barite (Current Study) B Barite (Current Study)
[ Barite (Previous Study) [ Barite (Previous Study)
A S
7 g
= (2] 4 |
g B
f. 3
o
° o5 s10 105 1sn w5 1530 1035 354 115-145 145-175175-205203-235235-265065-205295-325325-3 5535538 5385.415

Salinity (wt.% eq. NaCl)

Temperature of final homogenization (°C)
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(Haji Babaei and Ganji, 2018) 5 5 oLl ol 5l LS gla tash 55 old o)

Fig. 14. A: Histogram of fluid inclusions salinity, and B: histogram of fluid inclusions homogenization temperature in
Ahmadabad deposit, barite data is from previous study (Haji Babaei and Ganji, 2018)
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Fig. 15. A: Homogenization temperature and salinity range of fluid inclusion in Ahmadabad deposit and possible effective
processes in mineral deposition (Wilkinson, 2001), B: homogenization temperature and salinity diagram of Ahmadabad
deposits, and range of different mineralizing fluids types (Bean, 1983), C: homogenization temperature and salinity of
fluid inclusion and possible carrier metal complexes in Ahmadabad deposit (Large, 1975), and D: possible deposit genesis
based on salinity and homogenization temperature diagram (Wilkinson, 2001) (orange, green and blue symbols used in

the figure are as figure 14).
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Article History Introduction

Received: 08 September 2020 Geological events from Precambrian to Quaternary have played a very
Revised: 25 October 2021 importantrole in producing magmatic rocks in Iran. However, magmatic
Accepted: 06 November 2021 rocks with the ages of Precambrian, early Cambrian and specially

Tertiary are much more frequent (Aghanabati, 2004). In contrast,
magmatism and plutonism in Iran with Paleozoic age considered to be
very rare. Volcanic rocks with the age of Ordovician-Silurian have been

Keywords reported from some restricted areas of Iran such as Soltan Meydan near

Mineralogy Shahroud (Derakhshi and Ghasemi, 2015) and Abyaneh near Kashan

Geochemistry (Ayati et al., 2011). Volcanic and volcanoclastic rocks from the North

Basalt of Neyshabour extend with a linear trend from Garineh to Bojan. In the

g:)l;::}me Iac_k of geochronological _de_lta ar_ld on the basis of stratigraphical

Binaloud evidence, the age of Ordovician-Silurian has been suggested for these
rocks. A detailed study on petrology and geochemistry of north
Neyshabour volcanic and volcanoclastic rocks can help us reconstruct
the evolution of Iran bed rock during the early Paleozoic Era. The aim
of this study includes petrology and major and trace element
geochemistry to present critical keys to obtain some knowledge about
tectono-magmatic situation of Iran during the early Paleozoic Era,
especially in the Binaloud structural zone.

*Corresponding author Material and methods

Seyed Masoud Homam This study was carried out in two parts including field and laboratory

& homam@um.ac.ir works. Sampling and structural studies were carried out during field
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The petrographic studies were performed on 45thin
and polished thin sections. Geological map for the
study area was also prepared. Whole-rock chemical
analysis of 7 samples for major, minor, trace and rare
earth elements were performed at the ACME
Laboratory in Canada, by using the 4AB1 method
using ICP-MS and the major oxides of six basalt
samples were analyzed by X-ray fluorescence (XRF)
at the Zarazma Laboratory.

Results and discussion

The study area is located in the Northeast of Iran 15
Km NE of Neyshabour city and 7 Km NE of Bojan
village. The Bojan area consists of Paleozoic
sedimentary rocks (Limestone, sandstone, Dolomite)
and volcanic-volcanoclastic rocks (basalts, andesit-
basalts, andesite, trachyte, agglomerate and tuff).
Petroghraphic studies showed that major minerals in
Bojan basalts are plagioclase, pyroxene and olivine
and secondary and accessory minerals are apatite,
ilmenite, magnetite, chlorite, calcite and epidote. The
texture of the Basalts is  porphyritic,
glomeroporphyric and trachytic.

Based on geochemical data, the TAS diagram shows
that the Basalts fall within the fields of tephrite to
trachyte and belong to alkaline series with sodic
nature. MgO# is varied from 20.13 to 38.62 which
can be interpreted on the basis of crystal
differentiation in magma chamber. The low value of
compatible elements such as nickel and descending
trend of MgO versus SiO- can clearly be explained
in terms of olivine fractionation. In addition, the
nearly constant ratios of incompatible elements such
as Nb/zr, Ce/Zr, La/Zr, and Rb/Zr in rocks with

different SiO, content can reveal the importance of
primitive magma differentiation. In contrast, these
ratios suggest that crustal assimilation plays no
important role in changing primitive magma
composition. Enrichment of LREE compared with
HREE in the studied basalts can be explained by low
degrees of partial melting. Chondrite-normalized
REE patterns for basalts from the Bojan area show a
very similar pattern with those from transitional -
mildly alkalic basalts from the Eastern branch of the
East African Rift. Spider diagram patterns for Bojan
basalts normalized according to Thompson (1982)
and Sun and Mc Donough (1989) show a clear
enrichment of all trace elements compared with those
from chondorite and primitive mantel. On the basis
of tectonic setting discrimination diagrams the study
area basalts fall in within plate alkaline domain.
According to petrographical and geochemical data of
Bojan volcanic rocks it can be concluded that
magmatism in the Bojan area has been formed as a
result of a cycle of within plate rifting when the
Palaeo-Tethys Ocean started to open during the
Ordovician-Silurian time.
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Fig. 1. Geographical location and road map of the Bojan area in the northeastern Iran and northeast of Neyshabur
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Fig. 2. Geological map of the Bojan area
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Table 1. Whole-rock major and trace element compositions of the volcanic rocks in the Bojan area

Sample Hal5a Ha5 BZl11 Bz6 Bz9 Ha4 M101 M103 M104 M108A M109A M109c M110A
X 59°03'11" 59°01'01" 59°02'17" 59°03'18" 59°02'28" 59°07'13" 59°06'05" 59°08'26" 59°09'56" 59°10'53" 59°06'75" 59°01'65" 59°10'32"
Y  36°16'07" 36°16' 56" 36°17°23" 36°16' 37" 36°16' 22" 36°17' 43" 36°17' 57" 36°16' 06" 36°16'08" 36°17' 03" 36°16'25" 36°17'37" 36°17" 41"

Wt. %
SiO2 4843 4248 4285 4326 5298 5493 49.00 4887 49.29 4781 51.69 52.62 4849
TiO, 251 291 318 308 155 289 152 154 156 260 265 286 3.21
AlOs 13.76 10.78 1149 1213 1344 132 1769 1654 1715 17.15 1503 13.89 1452
FeOt 1587 20.71 2041 2331 16.23 1284 1162 1232 1156 1021 1187 1243 1358
MnO 022 033 031 014 017 015 011 014 015 013 013 0.14 0.18
MgO 652 756 7.08 645 424 306 495 460 517 320 635 301 6.62
CaO 248 547 589 235 11 268 236 311 266 7.02 314 645 4.30
Na.O 585 403 332 532 592 748 513 576 6.06 658 504 6.72 5.23
K20 095 0 121 0211 094 063 29 135 036 039 008 0.0 0.26
P.Os  0.39 0.4 037 033 023 03 100 101 103 026 039 042 0.45
LOI 2.8 515 366 335 289 164 3.3 4.4 4.7 4.4 3.3 11 2.8
Total 99.78 99.82 99.77 99.83 99.69 99.85 99.64 99.74 99.69 99.75 99.69 99.74 99.64
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Table 1 (Continued). Whole-rock major and trace element compositions of the volcanic rocks in the Bojan area

Sample M101 M103 M104 M108A M109A M109c M110A
X 59°06'05" 59°08'26" 59°09'56" 59°10'53" 59°06'75" 59°01'65" 59°10'32"
Y 36°17' 57" 36°16' 06" 36°16' 08" 36°17' 03" 36°16'25" 36°17'37" 36°17' 41"

ppm
Ba 1071 459 301 96 61 69 118
Ni 47 57 42 155 105 233 95
Co 18.2 19.3 18.5 28.3 46.9 24.5 40.4
Cr 0.014 0.016 0.011 0.038 0.022 0.043 0.020
Hf 8.4 7.4 8.1 4.1 5.2 5.7 5.8
Nb 75.2 73.9 77.4 18.9 28.4 30.5 34.4
Rb 138.2 37.7 10.6 8.7 1.3 1.0 9.3
Zn 59 28 97 26 72 17 145
Sr 499.6 368.5 283.5 376.9 352.8 392.6 376.1
Ta 4.9 4,5 4.6 1.1 1.7 1.8 2.0
Th 9.7 8.4 9.2 1.8 3.2 3.4 3.5
Cs 9.3 3.4 1.7 <0.1 0.1 <0.1 2.2
Ce 127.3 144.1 130.4 35.7 51.4 73.8 61.6
Zr 398.3 351.8 377.8 1475 205.9 224.7 233.6
Y 24.1 26.1 27.4 19.8 23.2 26.9 27.0
La 66.6 79.7 66.3 17.1 22.8 35.2 30.3
Pr 13.89 15.76 14.26 4.85 6.53 8.83 7.57
Nd 50.4 56.1 54.7 21.7 26.3 34.8 31.3
Sm 8.65 9.59 9.67 5.11 5.64 7.20 6.70
Eu 2.42 2.94 2.67 2.19 157 2.43 2.24
Gd 7.43 8.19 8.52 5.56 5.89 7.05 7.14
Th 1.02 1.09 1.12 0.78 0.89 1.00 1.03
Dy 5.54 5.44 5.81 4,72 5.01 5.68 5.94
Ho 0.96 1.01 0.98 0.79 0.93 1.10 0.96
Er 2.47 2.75 2.69 2.05 2.45 2.69 2.61
Tm 0.34 0.31 0.33 0.27 0.31 0.34 0.34
Yb 1.96 2.00 2.05 1.78 2.03 2.07 2.33
Lu 0.28 0.27 0.28 0.25 0.27 0.32 0.32
Ratios
Nb/Zr 0.31 0.4 0.34 0.24 0.24 0.32 0.26
CelZr 0.18 0.21 0.2 0.12 0.13 0.13 0.14
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Fig. 3. Photomicrographs of volcanic rocks and hydrothermal alteration assemblages in the Bojan area. A: Basalt (XPL),
B: Propylitic alteration in basaltic andesite (XPL), C: andesite (XPL), D: Chlorite mineral in matrix of andesite unit, E:
feldspar altered to sericite in andesite unit, and F: Trachyte (XPL). Abbreviations after Whitney and Evans (2010) (PI:
Plagioclase, Chl: Chlorite, Cal: Calcite, Px: Pyroxene, Ser: sericite).
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DOI: 10.22067/ECONG.2021.52120.88571 Yooked AF o)95 VP (ool pwlid e

AEA


https://dx.doi.org/10.22067/ECONG.2021.52120.88571

Splis 5,8l 05 eIl st le e ol s cash e s ¢ o lid S

plor 5 e bl

10.00

0.10

0.01

Tholciite series

! Bozhan samples

High-K calc-alkaline
and shoshonite series

—

Calc-alkaline series

BA/A

70

60

30
Co (ppm)

40

20

Ol g aakie o o5 gl » (Hastie et al., 2007) Co 1, ;3 Th s ses .0
Fig. 5. Th vs. Co diagram (Hastie et al., 2007) for the Bojan area

Alkalic basalts

Sub - Alkalic basalts

o0
O
o
E < e
ON
]
z
N‘
()
42

44

46

1

48 50

Si,0(wt. %)

52

1

54

Ol5 g adkeie sbad sai gl 5 (Middlemost, 1975) SiOz il 5 55 Na2O ,ls gas 1 Yo
Fig. 6. Na,O vs. Si»O diagram (Middlemost, 1975) for the Bojan area

DOI: 10.22067/ECONG.2021.52120.88571

\oy

Y oylad (VF o555 VP (3Ll owlis e


https://dx.doi.org/10.22067/ECONG.2021.52120.88571

5l 3 Al Ol Il ol e ol 5 sac e ¢ sl

plor 5 e bl

K,O(wt. %)

o0
HIGH - K SERIES
©
K - SERIES
-
°

Na - SERIES

N —
®
» ®
®
)
o , ° [ ad . °
0 2 4 6 8

Na,O(wt. %)

Fig. 7. Na;0 vs. K,0 diagram (Middlemost, 1975) for the Bojan area

o0
=}
2
=
-
E -
=)
&
N_
(2 T T

42 44

46 48 50

Si,O(wt. %)

52

54

Ol5 g adkeie sladi sai gl » (Zhu et al., 2007) SiOz il 5 55 MO s gas A i
Fig. 8. MgO vs. Si»0 diagram (Zhu et al., 2007) for the Bojan area

DOI: 10.22067/ECONG.2021.52120.88571

3

Y oylad (VF o555 VP (3Ll owlis e


https://dx.doi.org/10.22067/ECONG.2021.52120.88571

Splis 5,8l 05 eIl st le e ol s cash e s ¢ o lid S

plor 5 e bl

Ol i 3 g 53 e (5 (Sl gy (Se2T il b cdny on
33 Sl 03 S5 sl e 2 35 g0 diate (aSKiw ad sl LS L
Cab PPM -, (4 JS2) Nb Jolie 55 ZF 1 o
,,Jaq,\;,@aba..\»;&&ubw)ﬁ;,yéu&w
S 55 oo das ZIIND 519/ 550 ol Ca il ot i
Jrolo (s 3550 Sl & sl el ol S Wl e

.ng\,gudufu&juuziﬁ),u(w

33,850 ole Chle 5l 4 Llg e L8 ks Anl b
o 31 350 e LT adsl LS Lo 4y S AL LS L
ND/Zr ks )8 5L Ol obe ot b5 s S0
Si0; &slize sl b slaeKw s RbIZr 5 La/Zr CelZr
LSl s 53 (Gl 5 sl il b Cmnl (sl Wl 5 o
AU Oy se 538 Jl 5 .(Vogel et al., 2008) il 4l
23 Ol 4 b ol iy Szl aul b abd LB

Baiod ol L e i Ll Jasl Gy 8 Gk ped

2
® Bozhan Samples ° ®
o |
)
g
& ¥
-]
Z
o
Q
() T T T
0 100 200 300 400
Zr (ppm)

;}‘5‘5{ 4.5.14.:.& 6‘.&4}},«5 (5“){ (ZhU et al, 2007) Nb J'f‘J'f BL ZI‘ )‘J}AJ .* Jg
Fig. 9. Plot of Zr vs. Nb for the Bojan area (Zhu et al., 2007)

33 51,5 &1y wHREES & s LREES iy Sas oo
o (A )3 Y/B) i g3 rs Sloar 5 (V (sl le
Srivastava ) glacs s 3l gs dhoss & Ll 2T (Y (glaxs &
Gl gy Sz el o ,Lal s &S0l @nd Singh, 2004
adlate e w at gl SLEL O 5 I 3 e (i

rfdud-’.'de‘jskg‘ui‘jL—’C—‘—“"°>J§'L@,‘W”JJI5J}‘

REE § JgCe Sy y10g0 (w)p
Sl 3 Jsb ys 9 Lyls oS g pdudMesl S job ole
i Jlejiayer Gl 53 LS STRSI

QW&JBJJLH‘}&)\)}«JJ)M&{P&AK

ol d> s

S s & (Boynton, 1984) led s jlovg oy S
Sk Jg‘:“) 555 05> HREE 4 o LREE | s

DOI: 10.22067/ECONG.2021.52120.88571

)

0

Y oylad (VF o555 VP (3Ll owlis e


https://dx.doi.org/10.22067/ECONG.2021.52120.88571

Splis 5,8l 05 eIl st le e ol s cash e s ¢ o lid S

plor 5 e bl

Dai et al., 2018a; Dai ) ool glo )5 (glasinn 33,53 NSIT
Slases y3 dals ol (et al, 2018b; Wang et al., 2011
Nl el 6 sl 2 E b o skl (5 i
Pearce, ) Lo g Coud sl sl (6 s ki 15 50 5o
SaeKin (lods 3 e 8 5L ials g 5 4 45 (1983
by g0 4 S S 5Ll slio Jai 51 (s 2 35 50 aiate
v YD 5 Y sle bl s e olis Sas o
S SIT S5 Koy bl 5 o 48 s 0l b o 30
& o 6 7S idusd laar o b Yot ous b L
23 2kaS ol (6 R el (ol rimen Bl L) 50
WSt 55 e L3l i 5 Slamio 0353 sl il
635 slas Calid 0358 s odalin 4SOl Ll sl 0350
3 g 3o ailate (Sl 55 eds sk ol ¢ S
PsTaNb j5 S o)l 55 slo )l 05, slacdisl
bl i S5sKsRb ole g o Sas g5

(Dai et al., 2018a; Dai et al., 2018b) .l L5

LREES iy S e bolo | slacs 8 e idusd

Zasls HREES 4 s
SlaS s Dk 03 g Kb 53 i (5 as
Ll 3 cy JUist b JISIT e sl sl S
gy 0o g oo odalin SOk (Ve ) Sl ol 0305 o LS
GBI L ) 350 ailate (oK ;5 S 3k obe
5343 s Gl Lol (35 Sy JUs & JISIT e
G e iz Glalsgas Y S i 5 1) S 55l
«s & 5 (Thompson, 1982) ¢y ;iS4 o olld oty
ewl ol 03l50Lis (Sun and Mc Donough, 1989) 4J
ety S b s il el oSl 3 ggtie 4SOl
o> adsl 4 s 8 5 Loyl 4 L LS ol S
G iz lased 53 (il W) g )l b e
Sl e S b sl s £ S 5 )y 550 lnigy
siw JLsT K Rb ,_sle i JLgT 3P 5 Ta Nb
V.M..gufu ST sla S35 eiasoles Ti 5P Nb (sls aie

1000

e
=
£ s
s 8
S
-
&)
=
—
=4
=
=
S o
<
w2

@ Transitional - mildly alkalic

@ Bozhan Samples

I I I I I I

La Ce Pr  Nd Pm Sm Eu

Gd

I | I I I I |

Tb Dy Ho Er Tm Yb Lu

Sl .(Boynton, 1984) & g g 54 3 5 015 SlaiisT glaeSin gl oS 4y S 0l iy S5 5o pslic s ged ) e S

(Wilson, 1989) & sk 5 51 4 5 Ll b 3,5 Sy

Fig. 10. Chondrite-normalized REE diagram for the Bojan volcanic rocks (Boynton, 1984). Data for Eastern rift of

Nayvasha from Wilson (1989)

DOI: 10.22067/ECONG.2021.52120.88571

Vof

Y oylad (VF o555 VP (3Ll owlis e


https://dx.doi.org/10.22067/ECONG.2021.52120.88571

Splis 5,8l 05 eIl st le e ol s cash e s ¢ o lid S plos 5 ke bl

1000

Sample/chonderite
100

10

I I I I I I I | I I I [ I | I I I

Ba Rb Th K Nb Ta La C¢ Sr Nd P Sm Zr Hf Ti Tb Y Tm Yb

iy Sledb! (Thompson, 1982) & yusl 314 5 5 0155 SliitsT lacSim (61 oA S 5 4 ol jlnigy 5550 ls50d 11 K
(Wilson, 1989) { s 5 5l 4 5 ) Ll b 3,5

Fig. 11. Chondrite normalized spider diagram for the Bojan volcanic rocks (Thompson, 1982). Data for Eastern rift of
Nayvasha from Wilson (1989)

10000

® Bozhan Samples

1000

Sample/Primitive mantle
100

- L T
Cs Rb BaTh U Nb K La Ce Pb Pr St P Nd Zr Sm Eu Ti Dy Y Yb Lu

O35 adaze 3 (SuN and Mc Donough, 1989) aJyl azi & 4 s ol iy SleS olic s gas Y S
Fig. 12. Primitive mantle-normalized trace element for the Boozhan mafic rocks (Sun and Mc Donough, 1989)

DOI: 10.22067/ECONG.2021.52120.88571 Yooked AF o)95 VP (ool pwlid e

ARNY%


https://dx.doi.org/10.22067/ECONG.2021.52120.88571

Splis 5,8l 05 eIl st le e ol s cash e s ¢ o lid S

plor 5 e bl

o

S

@ Bozhan Samples
Intra-continental

" plate basalt
=4
o
=
3
& NN/ .% / VTve....
E
« |\ /J 0B 7 T g e...--
v ]

; T T T T T T T T T T T T T

St K Rb Ba Th Ta Nb Ce P Zr Hf Sm Ti Y Yb

Slo,y amino o1 CII5L 5 OIB lacdisl 5 0155 SlaassT el &l MORB S 5 4y el jlmip 558 515 g ailin NV S

(Pearce, 1983)

Fig. 13. A comparison between MORB-normalized spider diagrams of Bojan volcanic rocks and OIB and Intra-

continental plate basalt (Pearce, 1983)

055> LTIl 05 gdms )3 () 3550 aklaie (Glads gl

OF JS8) 85,8 o 13 Glaominn
I3 05 g aw o iasplis (Pearce, 1982) Zr-Ti s yo
(WPG) (lasiw 0555 glacdlizl s MORB ¢ SleiaisT s
03 9dmwe 53 5 g3 90 (Slad gad i (s gad Cpl bl 5 aST
0555 LI 550 53 4 505 Hlgz 5 Slamis 0555 Sadljl
s bl (00 JK8) 15,8 s 515 MORB 5 (slasiws
5+ (Pearce et al., 1977) FeOr-Al,03-MgO U «—n
2 033,80 518 Sleyls SLac ISl o3 gumen 53 Lo s
(Meschede, 1986) Zr-2*Nb/4-Y b a—w 515 505 55 ¢!
I3 Slamio 0553 I G A3l o3 gdous 3 Ladi gl 53

QY e 518 JS8) &5,8 s

o) olr 9 L

SS LS e e gl dases 53 JISIT SlaassT slacSin
(0B ailo b (glasmins 0535 5 o 531 6 (gloy5 o aes 3)
Zhao et al., ) Wi oo il (w531 Olo claar 2y Ko
(1995

09,3 'C\: by s cu_.i._.ifél.mq.éjzgfw e ol
Sl i 53 5 6lo,yB 0955 SIS sy Jol e 3 Glasie
Lo L o) Sl (Nl 5 slaatg (le, s g0
e u sl Lass on g1 (WilsOn, 1989)
5L e b s e Caliien (a1 gad 3l oy 1 3550
QWY IS 519 S 00 S O F SKE) s eslizal

«(Pearce and Norry, 1979) Zr-ZrlY sk a—w 55 505 )5

DOI: 10.22067/ECONG.2021.52120.88571

ARVA

Y oylad (VF o555 VP (3Ll owlis e


https://dx.doi.org/10.22067/ECONG.2021.52120.88571

5l 3 Al Ol Il ol e ol 5 sac e ¢ sl

plor 5 e bl

(=]
S
@ Bozhan Samples =
o®
== | e S
/".o
*’ ;
E 2 " Within-Plate
c /! Basalts
o wv
N’
= A
N grmmme e nnnnny 5
1. 3 b /" Mid-Ocean
- I?{g?;llért/ ; . Ridge Basalts
10 20 50 100 200 500
Zr (ppm)

1000

(Pearce and Norry, 1979) 015 SlaassT gaeSaw &I p ZITY 55 ZE ls 05 N E S5

Fig. 14. Zr vs. Zr/'Y diagram of the Boozhan volcanic rocks (Pearce

and Norry, 1979)

100000

Ti (ppm)

1000

10
Zr (ppm)

(Pearce, 1982) 0155 SlaatsT GlacSiw )y Ti 1, 45 Z0 sl e

1000

s sa5 .10 B

Fig. 15. Tectonomagmatic discrimination diagrams for the Bojan volcanic rocks based on Zr vs. Ti (Pearce, 1982)

DOI: 10.22067/ECONG.2021.52120.88571

V44

Y oylad (VF o555 VP (3Ll owlis e


https://dx.doi.org/10.22067/ECONG.2021.52120.88571

Splis 5,8l 05 eIl st le e ol s cash e s ¢ o lid S plos 5 ke bl

FeOT

1) Spreading Center Island
2) Orogenic

3) Ocean Ridge and floor
4) Ocean Island

5) Continental

MgO ALO,

(Pearce et al., 1977) 015 5 adkeie i3l sl » FEOT-ALO3-MgO b 4w Hls 00 AT S
Fig. 16. Ternary diagram of FeOr-Al,O3-MgO (Pearce et al., 1977) for the Bojan volcanic rocks

2xNb AI) Within - plate alkali basalts.

AlII) Within - plate alkali basalts and wihin - plate tholeiite.
B) E- type MORB.

C) Within - plate tholeiite and volcanic arc basalts.

D) N - type MORB and volcanic - arc basalts.

Zrl4 Y
O3 SlaassT glaeKn I, (Meschede, 1986) Zr/4-Y- 2*ND b 4w ,ls 505 N Y S5
Fig. 17. Ternary diagram of Zr/4-Y- 2*Nb (Meschede, 1986) for the Bojan volcanic rocks

DOI: 10.22067/ECONG.2021.52120.88571 Y ol VF 0555 V) (bl ulid e

AR


https://dx.doi.org/10.22067/ECONG.2021.52120.88571

Splis 5,8l 05 eIl st le e ol s cash e s ¢ o lid S

plor 5 e bl

SLSle L3 o 0ins LS (glodn U8 S 55
s glazs 8 o o alst ol 53 A (slad 5 095
oS 55 Glatw g VT BT gods idwesd Vf slaa s
Jsb 5o Ol s abeis 5 r._m:SL.QfLa el on g uga.a Ol o0
2 Sl (Sa sl o 3 )6 053 LISl slast >

el 3 8 S sl B e 93

S 5 dom
CohT L I oS 5L Ol addate Slti 5T glacKw
Sl b ot S dimas ¢SS JSIT Cs w5l
S s L SLlo a5 5 L pdS oS el g
s S,y slaclle Ladsl e 8 S 5 ol gy

Cpoman AS o Ciilas Glamiwo 05,5 oIl e\i}'_.w\}ﬁ-

DOI: 10.22067/ECONG.2021.52120.88571

ARR

Y oylad (VF o555 VP (3Ll owlis e


https://dx.doi.org/10.22067/ECONG.2021.52120.88571

Hafezi Moghadas and Homam

Petrology, Geochemistry and tectonic setting of basalts from Bojan area, Northeast of Neyshabur

References

Aghanabati, S.A., 2004. Geology of Iran. Geological
Survey and Mining Exploration of Iran, Tehran.
586p. (in Persian)

Alavi, M., 1991. Sedimentary and structural
characteristics of the Paleo-Tethys remnants in
northeastern Iran. Geological Society of America
Bulletin, 103(8): 983-992.
https://doi.org/10.1130/0016-
7606(1991)103<0983:SASCOT>2.3.C0O;2

Ayati, F., Khalili M., Noghreiyan M. and
Mackizadeh, M.A., 2011. Silurian magmatism in
the Abyaneh area (Kashan-Central Iran). Journal
of Science 35 (4): 21-31. (in Persian) Retrieved
July 01, 2021 from
https://www.magiran.com/p794211

Baharifar, A.A., Mazaheri, S.A. and Moein-Vaziri,
N., 2005. Deformation and its relationship with
the crystallization of metamorphic minerals in
Dehno  area  (Mashhad-Khorasan).  9th
symposium of Geological society of Iran, Tarbiat
Moalem University of Tehran, Tehran, Iran. (in
Persian) Retrieved July 01, 2021 from
https://www.en.symposia.ir/SGSI09

Boynton, W.V., 1984. Cosmochemistry of the rare
earth elements; meteorite studies. In: P.
Henderson (Editor) the rare earth element
geochemistry. Elsevier, Amsterdam, pp. 115-
1522.
https://doi.org/10.1016/B978-0-444-42148-
7.50008-3

Dai, HK., Zheng, J.P., Xiong, Q., Su, Y.P., Pan, SK.,
Ping, X.Q. and Zhou, X., 2018a. Fertile
lithospheric  mantle  underlying  ancient
continental crust beneath the northwestern north
China craton: significant effect from the
southward subduction of the Paleo—Asian
Ocean. Journal of Geological Society of America
Bulletin, 131: 3-20.
https://doi.org/10.1130/B31871.1

Dai, L.Q., Zheng, F., Zhao, Z.F. and Zheng, Y.F.,
2018b. Geochemical insights into the lithology of
mantle sources for Cenozoic alkali basalts in
West Qinling, China. Lithos, 302, pp. 86-98.
https://doi.org/10.1016/j.lithos.2017.12.013

Derakhshi, M. and Ghasemi, H., 2015. Soltan
Maidan Complex (SMC) in the eastern Alborz
structural zone, northern Iran: magmatic evidence
for Paleotethys development. Arabian Journal of
Geosciences, 8(2): 849-866.
https://doi.org/10.1007/s12517-013-1180-2

Esmaeili, D., kananian, A. and Valizadeh, M.V.,
2003. Polymorphism in the margins of Mashhad
granitoids. 2th symposium of Geological society
of Iran, Ferdowsi University of Mashhad,
Mashhad, Iran. (in Persian) Retrieved July 01,
2021 from https://www.en.symposia.ir/SGSI02

Floyd, P.A. and W.inchester, JA. 1978.
Identification and discrimination of altered and
metamorphosed volcanic rocks using immobile
elements, Chemical Geology, 21: 291-306.
https://doi.org/10.1016/0009-2541(78)90050-5

Ghazi, A.M., Pessagno, E.A., Hassanipak, A.A.,
Kariminia, S.M., Duncan, R.A. and Babaie, H.A.,
2003. Biostratigraphic zonation and 40Ar—39Ar
ages for the Neotethyan Khoy ophiolite of NW
Iran.  Palaeogeography, Palaeoclimatology,
Palaeoecology, 193(2): 311-323.
https://doi.org/10.1016/S0031-0182(03)00234-7

Hastie, A.R., Kerr, A.C., Pearce, J.A. and Mitchell,
S.F., 2007. Classification of altered volcanic
island arc rocks using immobile trace elements:
development of the Th-Co discrimination
diagram. Petrology, 48 (12): 2341-2357.
https://doi.org/10.1093/petrology/egm062

Hatefi, R., 2003. Study on metamorphic rocks and
intrusive units in Dehno area (Northwest of
Mashhad). M.Sc. Thesis, Tarbiat Moalem
University, Tehran, Iran, 112 pp. (in Persian)

Homam, M. and Ghaemi, F., 2008. The mechanism
of fibrolite formation in the contact aureole of
Mashhad  granite.  Iranian  Journal  of
Crystallography and Mineralogy, 16(1): 159-168
(in Persian). Retrieved July 01, 2021 from
https://wwwe.sid.ir/en/journal/ViewPaper.aspx?id
=112654

Karimpour, M.H., Stern, C.R. and Farmer, G.L.,
2010. Zircon U-Pb geochronology, Sr—Nd
isotope analyses, and petrogenetic study of the
Dehnow diorite and Kuhsangi granodiorite
(Paleo-Tethys), NE Iran. Journal of Asian Earth
Sciences, 37(4): 384-393.
https://doi.org/10.1016/j.jseaes.2009.11.001

Meschede, M., 1986. A method of discriminating
between different types of mid-ocean ridge
basalts and continental tholeiites with the Nb-Zr-
Y diagram. Chemical Geology, 56(3-4): 207—
218.
https://doi.org/10.1016/0009-2541(86)90004-5

Middlemost, E.A., 1975. The basalt clan. Earth-
Science Reviews, 11(4): 337-364.
https://doi.org/10.1016/0012-8252(75)90039-2

Journal of Economic Geology, 2022, Vol. 14, No. 2

112

DOI: 10.22067/ECONG.2021.52120.88571


https://dx.doi.org/10.22067/ECONG.2021.52120.88571
https://doi.org/10.1130/0016-7606(1991)103%3c0983:SASCOT%3e2.3.CO;2
https://doi.org/10.1130/0016-7606(1991)103%3c0983:SASCOT%3e2.3.CO;2
https://www.magiran.com/p794211
https://www.en.symposia.ir/SGSI09
https://doi.org/10.1016/B978-0-444-42148-7.50008-3
https://doi.org/10.1016/B978-0-444-42148-7.50008-3
https://doi.org/10.1130/B31871.1
https://doi.org/10.1016/j.lithos.2017.12.013
https://doi.org/10.1016/j.lithos.2017.12.013
https://doi.org/10.1007/s12517-013-1180-2
https://www.en.symposia.ir/SGSI02
https://doi.org/10.1016/0009-2541(78)90050-5
https://doi.org/10.1016/S0031-0182(03)00234-7
https://doi.org/10.1093/petrology/egm062
https://www.sid.ir/en/journal/ViewPaper.aspx?id=112654
https://www.sid.ir/en/journal/ViewPaper.aspx?id=112654
https://doi.org/10.1016/j.jseaes.2009.11.001
https://doi.org/10.1016/0009-2541(86)90004-5
https://doi.org/10.1016/0012-8252(75)90039-2

Hafezi Moghadas and Homam

Petrology, Geochemistry and tectonic setting of basalts from Bojan area, Northeast of Neyshabur

Nabavi, M.H., 1976. An introduction to the geology
of Iran. Geological survey of Iran, Tehran.109 pp.
(in Persian) Retrieved July 01, 2021 from
https://www sid.ir/fa/journal/ViewPaper.aspx?ID
=38741

Pearce, J.A., 1982. Trace element characteristics of
lavas from destructive plate
boundaries, Andesites. Wiley, United Kingdom,
548 pp. Retrieved July 01, 2021 from
http://orca.cf.ac.uk/id/eprint/8625

Pearce, J.A., 1983. The role of sub-continental
lithosphere in magma genesis at destructive plate
margins. Continental  basalts and  mantle
xenoliths. Shiva, United Kingdom, 249 pp.
Retrieved July 01, 2021 from
http://orca.cf.ac.uk/id/eprint/8626

Pearce, J.A. and Norry, M.J., 1979. Petrogenetic
implications of Ti, Zr, Y, and Nb variations in
volcanic rocks. Contributions to Mineralogy and
Petrology, 69(1): 33-47.
https://doi.org/10.1007/BF00375192

Pearce, T.H., Gorman, B.E. and Birkett, T.C., 1977.
The relationship between major element
chemistry and tectonic environment of basic and
intermediate volcanic rocks. Earth and Planetary
Science Letters, 36(1): 121-132.
https://doi.org/10.1016/0012-821X(77)90193-5

Pour Latifi, A., 2001. Geological map of Torghabeh,
Scale 1:100000. Geological Survey of Iran.

Samadi. R., 2001. Investigation on the origin of
garnet megacrysts in Dehno tonality, Northwest
of Mashhad. M.Sc. Thesis, Tehran University,
Tehran, Iran, 179 pp. (in Persian)

Srivastava, R.K. and Singh, R.K., 2004. Trace
element geochemistry and genesis of
Precambrian sub-alkaline mafic dikes from the
central Indian craton: evidence for mantle
metasomatism. Journal ~ of  Asian Earth
Sciences, 23(3): 373-389.
https://doi.org/10.1016/S1367-9120(03)00150-0

Sun, S.S. and McDonough, W.F., 1989. Chemical
and isotopic systematics of oceanic basalts:
implications for mantle composition and
processes. In: A.D. Saunders, M.J. Norry,
(Editors), Magmatism in the Ocean Basins.
Geological Society, London, Special Publications
42, pp. 313-345.
https://doi.org/10.1144/GSL.SP.1989.042.01.19

Thompson, B.M., 1982. Growth and development of
Pseudocalanus elongatus and Calanus sp. in the

laboratory. Journal of the Marine Biological
Association of the United Kingdom, 62(2): 359-
372.
https://doi.org/10.1017/S0025315400057337

Vogel, T.A., Hidalgo, P.J., Patino, L., Tefend, K.S.
and Ehrlich, R., 2008. Evaluation of magma
mixing and fractional crystallization using whole-
rock chemical analyses: Polytopic vector
analyses. Geochemistry, Geophysics,
Geosystems, 9(4).
https://doi.org/10.1029/2007GC001790

Wang, H., Wu, Y.B., Gao, S, Liu, X.C., Gong, H.J.,
Li, Q.L., Li, X.H. and Yuan, H.L., 2011. Eclogite
origin and timings in the North Qinling terrane,
and their bearing on the amalgamation of the
South and North China Blocks. Journal of
Metamorphic Geology, 29: 1019-1031.
https://doi.org/10.1111/j.1525-

1314.2011.00955.x

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

187. https://doi.org/10.2138/am.2010.3371
Wilson, M., 1989. Review of Igneous Petrogenesis:
Aglobal Tectonic Approach. Terra Nova, 1(2):
18-222.
https://doi.org/10.1111/j.1365-
3121.1989.tb00357.x
Winchester, J.A. and Floyd, P.A., 1977.
Geochemical discrimination of different magma
series and their differentiation protextures and
setting of VMS mineralization in the Pilbara ducts
using immobile elements. Chemistry Geology,
20: 325-344.
http://dx.doi.org/10.1016/0009-2541(77)90057-2
Zhao, J.X., Shiraishi, K., Ellis, D.J. and Sheraton,
J.W., 1995. Geochemical and isotopic studies of
syenites from the Yamato Mountains, East
Antarctica: implications for the origin of syenitic
magmas. Geochimica et Cosmochimica
Acta, 59(7): 1363-1382.
https://doi.org/10.1016/0016-7037(95)00050-A
Zhu, D., Pan, G., Mo, X, Liao, Z., Jiang, X., Wang,
L. and Zhao, Z., 2007. Petrogenesis of volcanic
rocks in the Sangxiu Formation, central segment
of Tethyan Himalaya: A probable example of
plume—lithosphere interaction. Journal of Asian
Earth Sciences, 29 (2-3): 320-335.
https://doi.org/10.1016/j.jseaes.2005.12.004

Journal of Economic Geology, 2022, Vol. 14, No. 2

113

DOI: 10.22067/ECONG.2021.52120.88571


https://dx.doi.org/10.22067/ECONG.2021.52120.88571
https://www.sid.ir/fa/journal/ViewPaper.aspx?ID=38741
https://www.sid.ir/fa/journal/ViewPaper.aspx?ID=38741
http://orca.cf.ac.uk/id/eprint/8625
http://orca.cf.ac.uk/id/eprint/8626
https://doi.org/10.1007/BF00375192
https://doi.org/10.1016/0012-821X(77)90193-5
https://doi.org/10.1016/S1367-9120(03)00150-0
https://doi.org/10.1144/GSL.SP.1989.042.01.19
https://doi.org/10.1017/S0025315400057337
https://doi.org/10.1029/2007GC001790
https://doi.org/10.1111/j.1525-1314.2011.00955.x
https://doi.org/10.1111/j.1525-1314.2011.00955.x
https://doi.org/10.2138/am.2010.3371
https://doi.org/10.1111/j.1365-3121.1989.tb00357.x
https://doi.org/10.1111/j.1365-3121.1989.tb00357.x
http://dx.doi.org/10.1016/0009-2541(77)90057-2
https://doi.org/10.1016/0016-7037(95)00050-A
https://doi.org/10.1016/j.jseaes.2005.12.004




Vol. 14, No. 2, 2022, pp. 115-141

ISSN (Print): 2008-7306  ISSN (Online): 2423-5865

Journal of Economic Geology

KA i

https://econg.um.ac.ir

RESEARCH ARTICLE

@ 10.22067/ECONG.2021.68737.1008

Mineralogy of anorthosite veins and host gabbros in the Kal-e-Kafi intrusive body
(northeast of Anarak, Isfahan Province, Central Iran)

Hanan Salim !, Ghodrat Torabi?”

, Nargess Nosouhian 3

1 Ph.D. Student, Department of Geology, University of Isfahan, Isfahan, Iran
2 Professor, Department of Geology, University of Isfahan, Isfahan, Iran
$Ph.D., Department of Geology, University of Isfahan, Isfahan, Iran

ARTICLE INFO

EXTENDED ABSTRACT

Article History

Received: 06 February 2021
Revised: 10 November 2021
Accepted: 16 November 2021
Keywords
Plagioclase

Clinopyroxene
Anorthosite
Gabbro
Eocene
Kal-e-Kafi
Central Iran

*Corresponding author

Ghodrat Torabi
8 Torabighodrat@sci.ui.ac.ir

Introduction

In the northeastern part of the Isfahan province and 65 km northeast of
the Anarak city (Kal-e-Kafi area), an I-type granitoid pluton cross cut
the Paleozoic metamorphic rocks and Eocene volcanic rocks. In the
contact of this granitoid body with sourrounding rock units, skarn and
hornfels have been formed (Ahmadian, 2012; Ranjbar, 2010). The Kal-
e-Kafi Eocene intrusive body presents a wide range of mineralogical and
petrological compositions, from gabbro to alkali-feldspar granite.
Presence of mafic to acidic rocks in this mostly-granitoid body indicates
that fractional crystallisation has played an important role during magma
evolution. The field and petrographical studies indicate the presence of
anorthosite veins within the gabbro section. The mafic and basic parts
of this pluton have not been studied yet. The mineralogy and chemistry
of rock-forming minerals in the anorthosites and gabbros are the subject
of this research study.

Analytical Methods

The mineralogical and petrographical studies have been done by using
Olympus BH-2 polarizing microscope in the mineralogy laboratory of
the University of Isfahan. EPMA and LA-ICP-MS analyses were used
to obtain chemical characteristics of rock-forming minerals. Major-
elements composition of minerals were performed by JEOL JXA-8800,
WDS microprobe electron analyzer with accelerator voltage of 15 kV,
current of 15 nmA, diameter of 3 um, and a counting time of 40 seconds
at the Kanazawa University of Japan.
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Natural and synthetic minerals and compounds were
used as standards. The ZAF program was used for
data correction.

Trace element values of plagioclases and
clinopyroxenes were analyzed by LA-ICP-MS (laser
ablation-inductively coupled plasma-mass
spectrometry) using an ArF 193 nm Excimer Laser
coupled to an Agilent 7500S at the Earth Science
Department of the Kanazawa University, Japan. The
diameter of the analyzed points was 110 pm at 10 Hz
with energy density of 8 J/cm2 per pulse.

Mineral abbreviations in tables and
photomicrographs are adopted from Whitney and
Evans (2010).

Results and Discussion

The Eocene Kal-e-Kafi pluton includes a wide range
of rocks from gabbro to alkali-feldspar granite,
which points to an extensive magmatic differntiation.
Field relationships indicate presence of at least 4
magmatic phases, and gabbro is the first and oldest
phase. The most predominant rock unit in the Kal-e-
Kafi intrusive body is granitoid. However, in the
northern parts, the gabbro and anorthosite present
substantial exposures. The anorthosites and gabbros
are associated with each other in the field.
Anorthositic veins with up to 15 cm thickness cut the
gabbro.

Gabbro is composed of bytownite and anorthite
plagioclase (An= 84 — 94 %; some of them have been
altered to bytownite, andesine and oligoclase),
clinopyroxene (diopside, Mg#= 0.75), orthoclase
(Orogs), apatite, magnetite, and prehnite. Anorthosite
rock-forming minerals are anorthite plagioclase
(An= 89 — 95 %; some anorthite plagioclase have
been altered to bytownite and labradorite), sphene
and zircon. The main texture of these rocks are
granular, intergranular and poikilitic. Field studies
suggest that anorthosites are associated with gabbros
which have filled the fractures of gabbros.

Very simmilar petrography and  chemical
composition of plagioclases in the anorthosites and

gabbros possibly reveal their cogenetic nature. It
seems that the primary magma in the magma
chamber, first crystallized the clinopyroxene and
plagioclase, which caused formation of gabbros. In
the next stage, by occurrence of a tectonic activity,
the gabbros have broken and the remaining magma
which was rich in plagioclase components,
crystallized the anorthosites in the fractures. This
reveals that the anorthosites of the study area are the
plagioclase rich part of the primary basic magma
which have formed the gabbros.

According to the field relationships, it is generally
believed that anorthosites are differentiates of
gabbroic magmas. The studied anorthosite veins and
gabbros of the Kal-e-Kafi area are consanguineous.
These anorthosites are perhaps generated by the
process of collection of plagioclase crystals from a
gabbroic magma under the action of gravity and
tectonic activity (filter pressing).

Pyroxene is one of the common minerals. The
chemical composition of this mineral provides
valuable information about the nature of magma,
H20 content, Oxygen fugacity, type of magmatic
series, tectonic setting, as well as temperature and
pressure of crystallisation (Schweitzer et al., 1979;
Leterrier et al., 1982; D’Antonio and Kristensen,
2005).

Chemistry of clinopyroxens within the gabbros of the
Kal-e-Kafi area shows that the parental magma
belongs to the sub-alkaline and calc-alkaline
magmatic series and these rocks are similar to those
of volcanic arcs. The time and place of formation of
these plutonic rocks possibly indicate that they are
formed by subduction of the Central-East Iranian
Microcontinent (CEIM) — confining oceanic crust
beneath the CEIM.

Acknowledgments
The authors thank the University of Isfahan for
financial supports.

Journal of Economic Geology, 2022, Vol. 14, No. 2

116

DOI: 10.22067/ECONG.2021.68737.1008


https://dx.doi.org/10.22067/ECONG.2021.68737.1008

YEYFOARD 1 SUs SULLE YAV g e Ll VEY 1Y dmio NP0 Y (Y oyled VF oy

J,L;:lg’t:c{;

KA Ao https://econg.um.ac.ir

Q 10.22067/ECONG.2021.68737.1008

G Jlo) SO (3985 0845 1O oLy 9938 6'“9)?‘?36:'1553293T6|“4?) (el S
(63 30 Ol ! Olgdol Ol s 5

T ol g w5 O *7 15 D508 ! b Ol

Ol gl ¢lginal ol8iis ¢ cwlid a0 S ¢(5 575 (5 smmils |

O Olgiol ¢3lginn! ol8tils ¢ wlid o 09 S sl |
Ol cOlgino! cOlginal olKiils  owlis a0 8 s S5 "

o Yo Sl
Olwl 3 adles 23) ¢SHUl e b G adld (5 20 kS #0 55 55 SIS dilats
a8 55 (Vb gl s b S (63585 035 adlate 53 sl 0 815 (Olginal
Ly e 5 cn ) sl SliaaisT claeSin 5 4l S glaeSaT Kow S,b 45594
S Sl JSITE 5 58 51 oS 1 glos o8 e (63585 035 (Lol 03 5 obas

Q)}J‘\J[AC_«;")}J)};TQ‘obf'ﬂf)\:w&l.«fb&ﬁb\b)_}ilfJJJJ@JAL&\)

VAN g SS5L b

VR LAY et

VO 5guda 1 g o3 g pite aS ) ol Culi 5 aS diy 5 0 0lis by p 8 095 3 oS, S5 slaolg
S oS (ANZLAF-AF) Sy 5T ¢ 55 a3 5 59 51 ag S s o o o Sl 35500
A 523 £33 oS 5 S ANl b IS S 5 3T (s o LT S
a5 55 9T ol 0 LS5 a5 K LT «(OTogs) 39S 55 ((Mgtt=+/V8) Cﬁj’:”;
La 3OS 5 5% oy Ga\fseAn: A-0T) S, 9T g5 IS 55N sla S 51 Sz j:}s‘
Sl Sl (il kit s oS 5 s il (il ks o 55 Y 5 s gt S
4S5 A 0 Ot gl e Sla oy ol LS s 5 DY SIS GV S5 0l
S 5 g o3 S 1l sl S S 035 0l pan lag 8 L a5, 5T

Sl L5, 5T 53 35m 50 LA 550 5 Ly 218 05,5 SLajIS 550 sloo s

S L1 Sl 035 a8 5 ol ol (s gma a5 51 SIS g1 L5 s Zaald Jo ok 5
aolsl i 53 SIS aibate slacy 555 5T o8 das o 0L S35 opl Cmnla e o o

=z =z . L Torabighodrat@sci.ui.ac.ir &
ol @)‘@)ﬂ\fdwb)%ﬁ))&;)\&&u’)}u

Wl o3 9 Siius!
Ol «S01 G i) SIS (65485 0355 53 0, S 105 slas o€ 5 55T Gy wlis S8 NP ¢ 8 5 Ol i 5 o yd o ol 5 S0k ks
https://dx.doi.org/10.22067/ECONG.2021.68737.1008 N FA-110 :(DVF cgalasdl ulid e . (655 0 Ol cOlgieo!


https://dx.doi.org/10.22067/ECONG.2021.68737.1008
https://dx.doi.org/10.22067/ECONG.2021.68737.1008
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://econg.um.ac.ir/
https://www.um.ac.ir
https://econg.um.ac.ir
https://econg.um.ac.ir
https://dx.doi.org/10.22067/ECONG.2021.68737.1008
https://dx.doi.org/10.22067/ECONG.2021.68737.1008
mailto:Torabighodrat@sci.ui.ac.ir
https://dx.doi.org/10.22067/ECONG.2021.68737.1008
https://dx.doi.org/10.22067/ECONG.2021.68737.1008
https://orcid.org/0000-0002-4952-2614

...sélgjlfgiyﬁuj)éadjﬂfﬁ)A5\#3,3\?}6:1)}5)}5T‘_;LM§)$~L3@\5

Q‘)&M}r;lw

38 eslinal SLAST U oS Ol e 4 Ol 5 oo el bR
o= .(Woodruff et al., 2013; Charlier et al., 2015)
5 eze SIS wibain slaas 55T 5 518 (535 1 03
Slac 55T 5 g8 g8t (KiSe 5 carle e
St e ol o s ¢ SIS et (3085 0357 53 3 g0
ol ol 50T sl 268w SV o 0L 5 LS L
Sl w2 gl 51 T 4 (s 5 shaie 4 45T Al o 2253,

ol ol onlaiul \AGK@?‘:’ E) @‘ijjb_' c@‘fup

SUIE ddlain  wlids gao

G kS PO 5 Olgi ol Ol 3 dJled gla_tdu 5o
Gosh 035 ¢Su SIS adlate j5 S LU g b 5 sdls
Ahmadian, 2012; Ahmadian et) | ¢ 3l sl 5
el 5 S 8L 58 5 el (@l 2016
Sl 8 035 ol 5 pm 53 5 Sl 03, dlaB | e il SGIST,
Gl ol St ki a9 0l ol bl slaeK b
035 e 1 cpue glols BISUE” (63545 03 5 (Ranjbar, 2010)
s SIS 5 ) s 0354w 5 (Alstovetal., 1984)
oS ol 35 gn Jols 15 SIS 56 Juls s S
S Mo 5 Ot go (e olie i 51 SIS s gzl 8
S35 St PLEST Gl o) 5 5 035 (Slol 3 (olail Coanl
plosil Jl 53 L (Yakovenko et al., 1981) ol el o
23 255051 SBE 5 5 5m5 51 0L o) e Sla o 2
035 ol &S3L e s )ls aibate ol slag o8 0g5s
Llodss ey 0556 (g5 g5l §

Sl 55 IS suS gl l Oy s 4 SIS dilate
(1 JSs) cl ol 0T 550 3 SIS il 8
SS90 55 55 cleKin slacs s » (Salim, 2019)
35 s BIUIT (6355 03 5 Ol oo K 457 ST, 42 yazes
(A-Y S 2) dijls O gaisty ddbate g 5 S b glo isn
¢S s394 slawi £ 55 .(Zakipour and Torabi, 2021)

EVYEY-7Y

S 5 s & (635 (slaes 5 ESle 5 K5 idu () 2
Caale 3590 53 goge s DMl cliien (63 5531 8 n goe
Sl s v—w:ﬂ“fu OTL Lo o OV ot e 5 W1y LSl
G ) 2 3 (Sl 3 wiliwlie das o )5 DLl d e
Sl iy s (S 5l £ glaes 5 8 oddiplon]
CLLE L . wlan & 15 do g 3550 208 Laos g opl &SGL
a3 5 L s adsl G 0l 4y Vgame 058 5 5L
Sy L das e Bl Wl 5 o0 LT ) 5 A b 0
L LSl s o Y o 5 G LSl JSC5 ¢ i3u s
(Green et al., 2001) &S asin

K gladol 5 5 Calien Sla LS 5 g 5 o 40 ST, 4 b
035 OIS Qs 5 Ol sy 4 &5 3550 303 3l e s2a b
Yakovenko et al., 1981; Aistov et al., 1984; ) .
@ 55 sles bl 5 SIS ik (Romanko et al., 1984
3 sadee O K ay gy Lo g S 4l i Ol e
LY B W - Y. UV PO W OIS NP B PN LU
Ahmadian ) el as 315 ) 3550 Gidae sla oUls

et al., 2009; Namdar Mohammadi, 2009; Ahmadian
bl aak ol (et al., 2016; Sargazi and Torabi, 2019

ey sl Lo S5 AT b ot s ¢ por 5L S 395
Sl Ols1 3 Cranl (glols iy s 5 a0 LSl 55 5

.(Ranjbar, 2010)
4 (6558 035 3555 5 ) Ol 53 SIS s g5k sl
Sl lw S8 Jule cibate ol 5 o ld slacKiw 043
o (Salim, 2019) cl odb 3 e aibets 5 Calites
3,50 05SU (aisosT 5 528 358 035 ol &SG5L
TSl ) 8 K13 it G5 (it S ()
b adsl sLS Tl ol s 4 oS5k laeSw 5 LS L ) oS
035 oo Sl 559 U s 0> sl 4 o5 LS L
Ceenl pode 55 Laco ;95 6T 51 (Green et al., 2001)

DOI: 10.22067/ECONG.2021.68737.1008

ARTA

Y oyl (VF o3 VP Y (glaml wlid e


https://dx.doi.org/10.22067/ECONG.2021.68737.1008

...G’a\glf‘_g';}&a:}sjaa.\i_nfﬂja6\.&3,3\?}6‘.1)'}3)}5’\"5\.&5)@\;23\5

Q‘)&»ﬁ}mlw

D S sy Sty S5 g (Sawsall 5,5 sy
(Nazari et al., 2019) (A-Y JS&) wlan $ )

cuq;%ﬂj‘dﬁcojfgjudbw4{(}#}#4{6)‘;‘

53 Glad mT (e n ailin S eKin o 7 a8

Naein
ophiolite
A.,/x

5T 00

Neogeno sedmentary rocks o Farm
3

Eocene sedmentary rocks
RSN O Cey
“.‘.‘?.2; Eocene nirusve
V/////A Eocene volcanic rocks / Faut
m Patcocrow lenesiana -

¥ Road

ﬁ: Crotaceous sedenontary rocks
I o Mesozoo ophiokte
m Jarassc y rocks 20 kem
&&gg Nakhlek Tnassc formatons

Paleozow sedmentary rocks

Paleozoc metamonhic rocks

- Paleczox ophicite

Cangeen las
‘% N
W2~ X
\ S RAN Ui 7
NWERE X
NANEL S
‘\‘:‘: [2
- Zage
’ Parnan Gun'

¢S —
A, D
& 000 —-—
* .‘Q‘. 0..‘
L) L)
GO IR
aterereale o0
0505 > > > ... 0.‘
A Complex \ S RSO RIR
' QOO0 % 22242
4 OS2S50S % SRR AL
o e OO0 SRARRR 4
Aivium 5 aratets
2 Granite, grante BRI
3 pomphyry, granodiorite : :o
Eo’:o’:ogumzonne.quaﬂz monzonite 20N :
P00 quanz syentte 25295052529 . o o '}
m Diorite, monzodiorite Eocene _:0’ o :
monzogabbmo pluton
SR
Yo'’ Gabbro, anorthosite
Ef)fnf
Eocene vokanic rocks
@ Cretacecus sedimentary rocks
@ Paleozoic metamorphic rocks
—— Fault — = Road
L
54 E
H . LT . . . n o ae o & . .. 5 . a oo &
L:(AIS'[OVEtal., 1984) O‘J&mﬂ}um‘ ‘Q‘:‘};\.\""' u’_wl..wu.:ﬂjw.r)‘ u;ﬂ@@\fuha.\_ﬂ e:l.~ L;.»L.uwﬁjw.‘ J:d

(O s

Fig. 1. Simplified geological map of the Kal-e-Kafi area (Adapted from Kaboudan 1:100000 geological map, by Aistov

et al., 1984; slightly modified)
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Fig. 3. A and B: The anorthosite veins within the gabbros of the Kal-e-Kafi pluton, C and D: clearly show that some
anorthosite veins cross cutted the each other.
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Fig. 4. Photomicrographs of gabbros including anorthosite veins of the Kal-e-Kafi area (XPL). A, B and C: Growth grains
Clinopyroxene and Plagioclase with Apatite inclusions, and D: Clinopyroxene and Plagioclase with medium size.
Abbreviations after Whitney and Evans (2010) (Cpx: Clinopyroxene, Pl: Plagioclase, Ap: Apatite).
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Fig. 5. Photomicrographs of rock-forming minerals of the Kal-e- Kafi anorthosites (XPL). A and B: Anorthosite with
granular texture, C and D: Anorthosite with high values of Plagioclase. Sphene and Clinopyroxene are minor minerals.
Abbreviations after Whitney and Evans (2010) (PI: Plagioclase, Cpx: Clinopyroxene, Spn: Sphene).
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Table 1. Electron microprobe analyses (wt.%) and calculated structural formula of the feldspars (based on the 8 Oxygens)
in the Kal-e-Kafi mesogabbros and anorthosites.

Rock Type Gabbro
Sample no. B811-3 B811-3 B811-3 B811-3 B811-3 B811-3 B811-3 B811-3 B811-3 B81l-1
Point no. 45 46 48 49 47 51 52 59 63 21
SiO, 65.93 6549 6555 6578 6357 6441 6189 56.69 56.13 49.83
TiO; 0.00 0.00 0.02 0.00 0.02 0.01 0.02 0.00 0.00 0.00
Al;03 18.30 1831 1820 18.14 2212 2219 2354 2652  26.55 32.08
FeO* 0.07 0.10 0.05 0.20 0.21 0.24 0.27 0.35 0.25 0.11
MnO 0.01 0.03 0.02 0.01 0.00 0.00 0.01 0.02 0.00 0.00
MgO 0.01 0.02 0.00 0.00 0.00 0.04 0.13 0.30 0.16 0.01
CaO 0.01 0.04 0.01 0.01 3.68 3.74 5.39 7.57 8.99 14.72
Na.0 1.15 2.52 0.68 0.94 9.43 9.38 8.19 7.27 6.27 2.74
K20 15.02 13.44 15.73 15.45 0.44 0.30 0.57 0.76 0.27 0.62
Sum 100.50 99.94 100.25 10053 99.47 100.31 100.01 99.49  98.63 100.12
Oxygen# 8 8 8 8 8 8 8 8 8 8
Si 3.014 3.001 3013 3.014 2828 2837 2752 2567 2558 2.274
Ti 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000
Al 0.985 0.988 0.985 0.979 1.159 1.151 1.232 1.414 1.425 1.724
Fe3* 0.003 0.004 0.002 0.008 0.008 0.009 0010 0.013 0.010 0.004
Fe?* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Mg 0.001 0.002 0.000 0.000 0.000 0.003 0009 0.020 0.011 0.000
Ca 0.000 0.002 0.000 0.000 0176 0.177 0257 0367 0.439 0.720
Na 0.102 0224 0.060 0.083 0813 0.801 0706 0.639 0.554 0.242
K 0876 0786 0.923 0903 0.025 0.017 0.033 0.044 0.016 0.036
Sum 4981 5008 498 4987 5010 4995 5000 5065 5.013 5.000

End Members:
Albite 10.400 22.100 6.100 8.400 80.200 80.500 70.900 60.900 54.900 24.200
Anorthite 0.000 0.200 0.000 0.000 17.400 17.800 25.800 35.000 43.500 72.100
Orthoclase ~ 89.600 77.700 93.900 91.600 2.400 1.700 3.300 4.100  1.600 3.700

Classification Orthoclase Oligoclase Andesine Bytownite
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Table 1 (Continued). Electron microprobe analyses (wt.%) and calculated structural formula of the feldspars (based on
the 8 Oxygens) in the Kal-e-Kafi mesogabbros and anorthosites.

Rock Type  Gabbro Anorthosite
Sampleno. B811-1 B811-1 B811-1 B811-1 B811-2 B811-2 B8l11-1 B811-3 B811-3
Point no. 15 16 18 19 36 43 24 56 58

SiO; 46.64 44.90 44.38 43.92 44.27 44.19 52.07 52.98 54.40

TiO; 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00

Al;03 33.84 34.79 35.18 34.02 35.41 35.42 30.09 29.83 28.52

FeO* 0.29 0.27 0.17 1.23 0.18 0.20 0.11 0.23 0.17

MnO 0.01 0.00 0.00 0.07 0.01 0.00 0.02 0.00 0.01

MgO 0.03 0.03 0.02 0.00 0.02 0.00 0.00 0.03 0.03

Cao 16.64 18.54 19.07 19.75 19.13 19.37 13.10 12.51 10.37

Na.0 0.68 0.92 0.75 0.70 0.54 0.74 3.89 4.36 4.99

K20 1.66 0.11 0.01 0.02 0.18 0.06 0.74 0.07 1.11

Sum 99.78 99.55 99.59 99.70 99.72 99.97  100.01  100.02 99.61

Oxygen# 8 8 8 8 8 8 8 8 8
Si 2.157 2.083 2.060 2.055 2.054 2.047 2.371 2.400 2.472
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Al 1.843 1.901 1.923 1.875 1.934 1.933 1.613 1.591 1.526

Fes* 0.011 0.011 0.006 0.048 0.007 0.008 0.004 0.009 0.006
Fe?* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.003 0.000 0.000 0.001 0.000 0.001
Mg 0.002 0.002 0.002 0.000 0.001 0.000 0.000 0.002 0.002
Ca 0.825 0.922 0.949 0.990 0.951 0.961 0.639 0.607 0.505
Na 0.061 0.083 0.068 0.063 0.048 0.066 0.343 0.383 0.440
K 0.098 0.006 0.001 0.001 0.011 0.004 0.043 0.004 0.064
Sum 4.997 5.008 5.009 5.035 5.006 5.019 5.014 4.997 5.016
End members:

Albite 6.200 8.200 6.700 6.000 4.800 6.400 33.500 38.500 43.600
Anorthite 83.800 91.200 93.200 93.900 94.200 93.200 62.300 61.100 50.000
Orthoclase 10.000  0.600 0.100 0.100 1.000 0.400 4.200 0.400 6.400

Classification Anorthite Labradorite
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Table 1 (Continued). Electron microprobe analyses (wt.%) and calculated structural formula of the feldspars (based on
the 8 Oxygens) in the Kal-e-Kafi mesogabbros and anorthosites.

Rock Type Anorthosite
Sample no. B811-1 B811-3 B811-3 B811-1 B811-1 B811-1 B811-1 B811-2
Point no. 28 53 54 25 26 27 29 42

SiO, 45.24 47.32 4741 45.26 44.04 43.94 44.55 4451

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al,03 34.50 33.38 33.26 35.19 34.79 35.28 35.08 34.93

FeO* 0.15 0.24 0.21 0.20 0.20 0.21 0.21 0.15

MnO 0.01 0.01 0.01 0.01 0.00 0.00 0.02 0.00

MgO 0.00 0.01 0.01 0.02 0.00 0.00 0.00 0.00

CaOo 17.99 16.83 16.96 18.33 19.87 19.62 19.09 18.62

NazO 1.63 1.99 1.85 0.73 0.56 0.47 0.56 1.17

K20 0.03 0.02 0.02 0.27 0.31 0.08 0.01 0.01
Sum 99.55 99.80 99.74 100.00 99.77 99.60 99.51 99.38
Oxygen# 8 8 8 8 8 8 8 8
Si 2.098 2177 2.182 2.087 2.051 2.044 2.068 2.070
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 1.884 1.809 1.803 1.911 1.908 1.933 1.918 1.913
Fe%* 0.006 0.009 0.008 0.008 0.008 0.008 0.008 0.006
Fe?" 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Mg 0.000 0.001 0.001 0.001 0.000 0.000 0.00 0.000
Ca 0.894 0.830 0.836 0.906 0.991 0.978 0.950 0.928
Na 0.146 0.178 0.165 0.065 0.050 0.042 0.050 0.106
K 0.002 0.001 0.001 0.016 0.018 0.005 0.000 0.000
Sum 5.030 5.005 4.996 4.994 5.026 5.010 4.995 5.023
End Members:

Albite 14.000  17.600 16.500 6.600 4.700 4.100 5.000 10.300
Anorthite 85.800  82.300 83.400 91.800 93.600 95.400 95.000 89.700
Orthoclase 0.200 0.100 0.100 1.600 1.700 0.500 0.000 0.000

Classification Bytownite Anorthite
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Table 2. Electron microprobe analyses (wt.%) and calculated structural formula of the clinopyroxenes (based on the 6
Oxygens) in the Kal-e-Kafi mesogabbros.

Rock Type Gabbro
Sample no. B811-1 B811-1 B811-1 B811-1 B811-1 B811-1 B811-1 B811-1 B811-1
Point no. 10 11 17 20 22 23 7 8 9
SiO, 52.42 52.08 52.60 52.43 52.37 52.82 52.13 52.83 52.65
TiO; 0.04 0.09 0.07 0.08 0.07 0.06 0.08 0.06 0.08
Al,O3 1.16 1.00 1.06 1.08 0.81 0.83 1.20 0.79 1.27
Cr.03 0.05 0.04 0.03 0.00 0.06 0.00 0.06 0.04 0.07
FeO* 8.29 8.71 8.21 7.94 9.53 8.47 8.26 8.70 8.26
MnO 0.85 0.74 0.85 0.80 0.82 0.73 0.81 0.65 0.85
MgO 12.64 12.55 12.60 13.01 11.88 12.93 12.81 12.80 12.38
CaO 24.53 24.04 24.50 24.45 24.32 23.87 24.27 23.93 2431
Na,O 0.17 0.30 0.25 0.24 0.19 0.31 0.22 0.29 0.25
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
NiO 0.00 0.00 0.03 0.00 0.07 0.01 0.03 0.00 0.04
Sum 100.15 99.54 100.19  100.03  100.11 100.03 99.89  100.08 100.15
Oxygen# 6 6 6 6 6 6 6 6 6
Si 1.960 1.960 1.966 1.957 1.971 1.974 1.952 1.976 1.970
Ti 0.001 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002
AIV) 0.040 0.040 0.034 0.043 0.029 0.026 0.048 0.024 0.030
AIVD 0.011 0.004 0.012 0.005 0.007 0.011 0.005 0.011 0.026
Cr 0.002 0.001 0.001 0.000 0.002 0.000 0.002 0.001 0.002
Fed* 0.036 0.052 0.036 0.051 0.029 0.034 0.053 0.030 0.016
Fe?* 0.223 0.222 0.221 0.197 0.270 0.231 0.206 0.243 0.242
Mn 0.027 0.024 0.027 0.025 0.026 0.023 0.026 0.021 0.027
Mg 0.705 0.704 0.702 0.724 0.667 0.721 0.715 0.714 0.691
Ca 0.983 0.969 0.981 0.978 0.981 0.956 0.974 0.959 0.975
Na 0.012 0.022 0.018 0.017 0.014 0.023 0.016 0.021 0.018
K 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Ni 0.000 0.000 0.001 0.000 0.002 0.000 0.001 0.000 0.001
Sum 4.000 4.000 4.000 4.000 4.000 4.000 3.999 4.000 4.000
Fe# 24.03 23.97 23.94 21.39 28.82 24.26 22.37 25.39 25.94
Mg# 75.97 76.03 76.06 78.61 71.18 75.74 77.63 74.61 74.06

End Members:
Wollastonite ~ 49.796 49.183 49.882 49511  49.703 48.669  49.344 48.799  49.961
Enstatite 35.702 35.719 35.706 36.662  33.779 36.687  36.246 36.307 35.405
Ferrosillite 14.502 15.098 14.412  13.827 16.518 14.644 14410 14.894 14.634
Classification Diopside

DOI: 10.22067/ECONG.2021.68737.1008 Y ol VF 053 NP+ golual ol e

.


https://dx.doi.org/10.22067/ECONG.2021.68737.1008

...Gélgjlfgifﬁuj)éadjﬂfﬁ)A5\#3,3\?}6::)}5)};T‘_;LM§)@L3@\5 01)&“&35,;1“

328 550 53 (35S (17 bl ) ba S g 1 52lST (5l L J g amlomn 5 WEID bl ) o3 5 Sn LT s Y Jguiar oo
L;lglfiab;n)bbﬁy

Table 2 (Continued). Electron microprobe analyses (wt.%) and calculated structural formula of the clinopyroxenes
(based on the 6 Oxygens) in the Kal-e-Kafi mesogabbros.

Rock Type Gabbro

Sampleno. B811-2 B811-2 B811-2 B811-2 B811-2 B811-3 B811-3 B811-3

Point no. 33 34 38 41 44 50 60 62
SiO, 5202 5235 5115 5235 5222 5225 5258 53.49
TiO, 0.07 0.10 0.08 0.11 0.05 0.07 0.03 0.07
Al203 1.32 1.52 1.23 1.50 0.83 0.56 0.41 0.67
Cr,03 0.00 0.01 0.01 0.05 0.00 0.00 0.04 0.07
FeO* 8.61 8.15 10.42 7.95 1059 10.76  10.86 9.52
MnO 0.88 0.91 0.92 0.80 1.06 0.67 0.54 0.59
MgO 12.35 12.67 11.30 12.74 11.18 12.63 11.70 13.24
CaO 2460 2466 2479 2481 2428 2263 2335 22.65
Na20O 0.16 0.13 0.15 0.16 0.19 0.29 0.39 0.44
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05
NiO 0.00 0.02 0.01 0.05 0.05 0.02 0.04 0.00
Sum 100.02 100.50 100.07 100.53 100.43 99.87  99.93 100.78

Oxygen# 6 6 6 6 6 6 6 6

Si 1.951 1950 1933 1948 1969 1969  1.986 1.986
Ti 0.002 0.003 0.002 0.003 0.001 0.002 0.001 0.002
Al 0.049 0.050 0.055 0.052 0.031 0.025 0.014 0.014
AIVD 0.009 0.017 0.000 0.014 0.006 0.000 0.004 0.015
Cr 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.002
Fe3* 0.047 0.036 0.08 0.042 0.036 0.055 0.035 0.027
Fe?* 0.223 0.217 0.243 0206 0.298 0.284 0.308 0.268
Mn 0.028 0.029 0.030 0.025 0.034 0.022 0.017 0.018
Mg 0691 0704 0.637 0707 0.628 0.709  0.659 0.733
Ca 0989 0984 1003 0989 0981 0913 0.945 0.901
Na 0.011 0.009 0.011 0.011 0.014 0.021 0.028 0.031
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
Ni 0.000 0.000 0.000 0.001 0.0010 0.000 0.001 0.000
Sum 4000 4.000 4.000 4.000 4.000 4.000 4.000 3.998
Fett 2440 2356 2761 2256 3218 2860 31.85 26.77
Mg# 75.60 76.44 72.39 77.44 67.82 71.40 68.15 73.23
End Members:
Wollastonite  49.999 49.948 50.197 50.248 49.612 46.060 48.113 46.259
Enstatite 34930 35.717 31.854 35901 31.785 35.768 33.541 37.617
Ferrosillite ~ 15.071 14.335 17.949 13.851 18.603 18.172 18.346 16.124
Classification Diopside
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Fig. 6. Chemical composition graphs of the minerals in the mesogabbros and anorthosites of the Kal-e-Kafi area, A:
Feldspars classification ternary diagram (Deer et al., 1992), B and C: Classification graphs of clinopyroxenes in the
gabbros (Deer et al., 1992), and D: Al'Y versus AlIV! plot (Aoki and Shiba, 1973)
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Table 3. Electron microprobe (major elements) and LA-ICP-MS (trace elements) analyses of clinopyroxenes and

plagioclases from the Kal-e-Kafi mesogabbros and anorthosites. Major and trace elements presented in (wt.%) and (ppm),
respectively.

Rock type Gabbro
Mineral Diopside
Sample/Point no. B811-1/7 B811-1/8 B811-1/34 B811-1/38
SiO, 52.13 52.83 52.35 51.15
TiO; 0.08 0.06 0.10 0.08
Al;03 1.20 0.76 1.52 1.23
Cr,03 0.06 0.03 0.00 0.01
FeO* 8.26 8.70 8.15 10.42
MnO 0.81 0.65 0.91 0.92
MgO 12.81 12.80 12.67 11.30
Cao 24.27 23.93 24.66 24.79
Na.0 0.22 0.29 0.13 0.15
K20 0.01 0.01 0.00 0.00
NiO 0.03 0.00 0.02 0.04
Total 99.89 100.05 100.51 100.09
Li 14.987 12.414 9.395 13.458
Ti 519.897 551.093 541.846 664.310
Rb 0.810 0.440 0.009 0.008
Sr 125.841 150.183 126.237 112.735
Y 10.571 8.821 7.389 9.481
Zr 21.550 22.914 29.342 30.462
Nb 0.027 0.021 0.027 0.052
Ba 1.035 0.602 0.058 0.099
La 4.292 4.625 3.607 5.178
Ce 14.043 14.189 11.816 17.594
Pr 2.042 1.912 1.667 2.434
Nd 9.617 8.379 7.197 10.474
Sm 2.593 2.138 1.751 2.572
Eu 0.280 0.231 0.174 0.315
Gd 2.348 1.849 1.518 2.158
Tb 0.335 0.263 0.224 0.313
Dy 2.077 1.633 1.340 1.862
Ho 0.398 0.309 0.266 0.336
Er 1.169 0.987 0.849 1.025
Tm 0.212 0.198 0.170 0.177
Yb 2.082 2.025 1.803 1.804
Lu 0.425 0.445 0.423 0.410
Hf 1.455 1.520 2.320 2.206
Ta 0.001 0.000 0.005 0.002
Pb 11.631 2.416 1.053 0.964
Th 0.105 0.068 0.108 0.139
U 0.157 0.032 0.040 0.053
CelYb 6.745 7.007 6.553 9.753
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Table 3 (Continued). Electron microprobe (major elements) and LA-ICP-MS (trace elements) analyses of

clinopyroxenes and plagioclases from the Kal-e-Kafi mesogabbros and anorthosites. Major and trace elements presented
in (wt.%) and (ppm), respectively.

Rock type Anorthosite Gabbro
Mineral Plagioclase
Sample/Point no. B811-1/4 B811-1/5 B811-1/6 B811-1/12 B811-2/32 B811-2/37
SiO; 43.93 43.72 44.58 44.09 43.67 43.75
TiO: 0.00 0.00 0.00 0.00 0.01 0.00
Al;03 35.38 34.66 35.33 35.77 35.57 35.45
FeO* 0.20 0.18 0.20 0.22 0.28 0.20
MnO 0.00 0.01 0.01 0.00 0.02 0.01
MgO 0.00 0.00 0.00 0.02 0.00 0.00
CaO 19.49 20.50 19.43 19.59 19.78 20.16
Na.O 0.65 0.61 0.47 0.26 0.25 0.26
K20 0.01 0.03 0.01 0.01 0.00 0.01
NiO 0.02 0.03 0.02 0.00 0.00 0.02
Total 99.68 99.74 100.05 99.95 99.58 99.85
Li 4.014 3.414 0.964 2.701 10.365 25.243
Ti 3.405 3.266 4.787 3.165 3.831 3.012
Rb 3.216 1.244 2.418 2.557 20.956 13.523
Sr 2727.142  2732.426  3960.466  2911.711 2830.399 2497.493
Y 0.031 0.035 0.035 0.034 0.038 0.028
Zr 0.006 0.002 0.005 0.023 0.020 0.005
Nb 0.001 0.004 0.002 ND 0.001 ND
Ba 15.036 11.104 15.927 28.282 84.523 34.068
La 1.724 1.433 1.780 1.516 1.720 1.217
Ce 2.055 1.965 2.174 1.913 1.934 1.600
Pr 0.140 0.135 0.145 0.136 0.123 0.113
Nd 0.352 0.398 0.370 0.333 0.300 0.269
Sm 0.029 0.022 0.025 0.032 0.020 0.018
Eu 0.177 0.174 0.177 0.200 0.140 0.145
Gd 0.014 0.024 0.026 0.025 0.007 0.010
Tb ND 0.004 ND ND 0.003 ND
Dy 0.003 ND 0.005 0.011 0.011 0.008
Ho ND 0.004 ND ND ND ND
Er 0.006 0.005 ND 0.002 0.003 0.004
Tm 0.001 ND ND 0.001 ND 0.001
Yb 0.005 0.003 0.001 0.003 0.008 0.003
Lu 0.003 ND 0.001 ND 0.001 0.001
Hf ND ND 0.002 0.004 0.002 ND
Ta ND ND ND 0.001 0.003 ND
Pb 15.723 5.616 3.660 4.283 2.331 10.190
Th 0.001 ND ND 0.004 ND ND
U 0.014 0.009 0.006 0.002 0.010 0.045
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Based on petrographic observations, 20 samples with
minimal effects of hydrothermal alteration were
selected for whole-rock geochemical analysis (Table
1). These selected samples were analyzed for major
and trace elements at the ACME Laboratory (in the
ACME Analytical Laboratories of Vancouver,
Canada). Analytical errors for major elements are
assessed as <1% of the determined concentrations.
Results are reported in Supplementary Table 1.
Major element oxide analysis was performed by
Lithium Borate Fusion and Inductively Paired
Plasma Emission Spectrometer (ICP-ES). In this
method, the number of oxides of the main elements
is measured based on weight percentage. The
measurement accuracy for the main elements in this
method was 0.01 Wt.%. Also, in this method, the
number of volatiles in the form of L.O.l. was
measured with an accuracy of 0.01%. The induced
coupled plasma mass spectrometer (ICP-MS)
method was used to measure the amount of trace and
rare elements. The detection threshold of these
elements, depending on the element, varied from
close to 0.01 ppm to 10 ppm.

Results

Harris granite rocks are in the northwestern Iran and
about 20 km west of Shabestar city. This mass is
composed of alkaline feldspar granite. The most
abundant texture seen in these rocks is micro-pertite
and myrmicite and based on lithographic and
geochemical properties, they belong to Aa-type

granites. The samples are meta-aluminous to per-

aluminous is based on the saturation index of
alumina. In general, the studied granites have higher
amounts of Na;O + K;O, Fe / Mg, Ga / Al, HFSEs

and lower amounts of CaO, Sr and Eu. Also, the
content of REEs of the samples in the normalized
graph concerning chondrite shows a negative Eu
anomaly. In other words, it is likely that A-type
alkaline granites after collision have been created in
this area following collision events and during their
placement the tensile structure is predominant.
Normalized multi-element diagrams as well as high
Rb indicate that the continental crust has played a
significant role in the formation of the Harris granite
producing magma, possibly due to the melting of the
lower crust by a tonalitic-granodioritic combination.

Discussion

All lithographic and geochemical data show that
Harris granite rocks are of A-type nature. Negative
anomalies of Ba, Nb, Ti, Sr and Eu and enrichment
in LILEs, especially Rb and Th, indicate the crustal
origin of these rocks separation of feldspar during
crystallization or the presence of feldspar as a
residual phase in the origin and the anomaly of P and
Ti to iron-titanium and apatite oxides. Enrichment in
LILE and HFSE elements with negative anomalies
of Nb and Ti is a characteristic of subduction-
dependent. The negative anomaly of Eu in the trace
element pattern can be attributed to granites, usually
attributed to the mantle origin, previously due to the
metamorphic activity of fluids from sediments
deposited by LILE and HFSE elements (Pearce et al.,
1984), or may be the nature of magmas rooted from
a subcontinent meteorite mantle formed during early
subduction. In addition, enrichment at Th, Rb, and
depletion at Sr, Eu, Ba, Nb, and Ti indicate that the
granites are rooted in crustal lavas (Zhao and Zhou.,
2007).
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Table 1. Data of major elements (based on Wt.%) by ICP-ES method and rare earth and trace elements (based on ppm)
obtained from geochemical analysis of Harris granites rocks by ICP-MS method

No- No- No- No- No- No- No- No- No- No-

Sample No. G1 G2 Gs3 Gy Gs Gs G7 Gs Go Gio
SiO2 774 775 772 763 759 756 768 76.2 773 775
TiO2 005 0.07 017 0415 0.06 008 012 016 013 0.11

Al203 121 122 117 119 118 1215 12 122 115 121
Fe20st 1.2 1.03 141 132 115 098 104 138 135 0.96
MnO 0.01 0.01 <0.01 0.01 001 <0.01 0.01 <001 001 0.01
MgO 005 006 004 025 017 004 004 0217 012 0.06
CaO 045 031 0.35 0.7 054 038 032 042 035 0.38
Na20 3.6 331 325 365 39 341 362 338 322 338
K20 428 471 421 435 452 544 512 515 516 4.87
P20s <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01
Cr203 001 002 003 002 002 002 003 002 002 0.03

L.O.l 0.78  0.67 11 1.17 1.2 0.98 0.62 0.5 0.8 0.5
Total 99.94 999 99.48 99.83 99.33 9945 99.73 99.6 99.97 99.91
Ba 225 274 1405 452 356 266 243 855 763 356
Ga 247 223 215 25 262 245 223 227 211 212
Hf 14 16 17 16 15 18 16 19 18 16
Nb 448 262 343 431 452 321 181 291 321 242
Pb 25 12 15 14 13 15 16 20 9 17
Rb 292 205 233 268 256 231 210 229 231 212
Sn 11 7 10 12 9 7 6 7 6 6
Sr 10 13 245 191 122 102 108 18 142 16.2
Ta 4.8 3.5 2.8 45 5.3 54 2.2 2.7 2.8 3.2
Th 423 352 321 45 131 451 323 311 332 281
Y 62.1 442 501 622 672 52 402 521 478 331
Zr 256 223 201 236 265 290 263 293 235 220
La 415 458 821 624 549 612 767 531 54 42
Ce 83 89 154 120 109 107 136 109 107 70
Pr 9.67 108 1825 13.26 1223 1375 16.04 1225 12 9.1
Nd 325 371 601 432 385 47 521 431 411 302
Sm 802 774 105 921 907 102 942 912 885 7.09
Eu 0.17 018 0.6 023 019 020 0.22 0.3 024 019
Gd 9.5 94 1101 958 975 955 932 957 842 6.36
Th 174 132 162 172 18 162 132 165 142 106
Dy 115 745 862 1055 12 855 735 985 856 621
Ho 2.2 159 184 222 252 158 135 212 171 121
Er 711 436 54 7.2 785 423 355 584 512 321
Tm 112 065 078 09 123 074 052 08 079 051
Yb 769 426 512 659 785 527 4.1 574 521 423
Lu 11 052 074 09 121 0.75 0.6 075 0.72 055
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Table 1 (Continued). Data of major elements (based on Wt.%) by ICP-ES method and rare earth and trace elements
(based on ppm) obtained from geochemical analysis of Harris granites rocks by ICP-MS method

Sample No- No- No- No- No- No- No- No- No- No-
No. Gu G2 Gis G Gis Gis Gy Gis Gig Gao
SiO2 77.19 77.6 76.22 7744 7637 7784 77.86 77.04 76.16 76.84
TiO2 0.17 0.14 0.25 0.19 0.25 0.07 0.1 0.13 0.18 0.10

Al203 12.1 12.3 1225 1198 1205 1189 1178 121 12.4 11.84

Fe2Ost 1.35 0.95 1.69 1.47 2.13 1.05 0.98 1.32 15 1.22
MnO <0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.01 <001 <001 <0.01
MgO 0.01 0.01 0.12 0.02 0.69 0.01 0.27 0.09 0.16 0.05
CaO 0.35 0.08 0.83 0.39 0.14 0.34 0.41 0.46 0.33 0.32
Na.O 2.68 3.04 2.65 2.68 2.98 3.01 2.43 2.45 2.69 2.79
K20 5.66 5.31 5.27 5.13 4.88 5.19 5.82 5.53 5.92 5.06
P20s <0.01 <0.01 <0.01 0.01 0.01 <0.01 <0.01 <0.01 o0.01 <0.01

Cr203 0.02 0.01 0.03 0.02 0.01 0.03 0.02 0.01 0.03 0.01
L.O.1 0.63 0.60 1.15 1.01 0.74 0.68 0.74 0.81 0.54 1.22

Total 99.68 99.64 99.68 99.72 99.64 99.74 9943 9949 9951 98.84

Ba 22,5 27.4 140.5 45.2 35.6 26.6 24.3 85.5 76.3 35.6
Ga 24.7 22.3 215 25 26.2 245 22.3 22.7 21.1 21.2

Hf 14 16 17 16 15 18 16 19 18 16
Nb 448 26.2 34.3 431 452 321 18.1 29.1 321 24.2
Pb 25 12 15 14 13 15 16 20 9 17
Rb 292 205 233 268 256 231 210 229 231 212
Sn 11 7 10 12 9 7 6 7 6 6

Sr 10 13 245 19.1 12.2 10.2 10.8 18 14.2 16.2
Ta 4.8 3.5 2.8 4.5 5.3 54 2.2 2.7 2.8 3.2
Th 42.3 35.2 321 45 13.1 45.1 32.3 311 33.2 28.1
Y 62.1 44.2 50.1 62.2 67.2 52 40.2 52.1 47.8 33.1
Zr 256 223 201 236 265 290 263 293 235 220
La 415 458 82.1 62.4 54.9 61.2 76.7 53.1 54 42
Ce 83 89 154 120 109 107 136 109 107 70

Pr 9.67 10.8 18.25 1326 1223 1375 16.04 1225 12 9.1
Nd 32.5 37.1 60.1 43.2 38.5 47 52.1 43.1 41.1 30.2
Sm 8.02 7.74 10.5 9.21 9.07 10.2 9.42 9.12 8.85 7.09
Eu 0.17 0.18 0.6 0.23 0.19 0.20 0.22 0.3 0.24 0.19
Gd 9.5 9.4 11.01 9.58 9.75 9.55 9.32 9.57 8.42 6.36
Th 1.74 1.32 1.62 1.72 1.85 1.62 1.32 1.65 1.42 1.06
Dy 115 7.45 8.62 10.55 12 8.55 7.35 9.85 8.56 6.21
Ho 2.2 1.59 1.84 2.22 2.52 1.58 1.35 212 1.71 1.21
Er 7.11 4.36 54 7.2 7.85 4.23 3.55 5.84 5.12 3.21
Tm 1.12 0.65 0.78 0.95 1.23 0.74 0.52 0.85 0.79 0.51
Yb 7.69 4.26 5.12 6.59 7.85 5.27 4.1 5.74 5.21 4.23
Lu 1.1 0.52 0.74 0.95 1.21 0.75 0.6 0.75 0.72 0.55
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Fig. 4. Chemical classification of Harris granite rocks based on: A: (Middlemost , 1994) and B: (Maniar and Piccolli,

1989).
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of the Harris granite samples,Witness data adapted from (Landenberger and Collins., 1996)

B C
—r 40 T T
}
Z }
A- type granites Cale- ! A- type granites "
301 Alkaline 1 2
Ga | granites : o 3
2 [ ©
't 3
|
]
|
1 1 1 :
g 10 L i
0 5 10 1 5 10

1000* Ga/Al ppm

1000* Ga/Al ppm

0.4

0.3

0.2

0.1

0.0

A- type granites | Calc-
Alkaline
granite

oy
8 10 12 14 16 18
Ca0+ALO;

Frost).u,f@,\}A@;,,‘.ﬁ)aw,aq!ﬁduaﬂ‘lo,oooxGa/AI wCaiCe+ND+Zr+Y il jlssei ;o A S

Sl A 5 S 5 edd 55 e p Sl S (slasipes oS 5 oS das e 0L2510,000 X GA/AT 4 o3 Ga Ll 55 B c(et al., 2001

LS o NS A 5 el 53 e p Sl S slaasss CAO + ALOs o s CaO0/ALOs Ll 40 55 :C 5 (King et al., 2001)
.(Shand, 1943 «Konopelko et al., 2007)

Fig. 6. A: In the discrimination diagram of Ce + Nb + Zr + Y vs. 10,000 x Ga / Al, the Harris granite samples are in the
A-type domain (Frost et al., 2001), B: Ga vs. 10,000 x Ga / Al diagram, indicates the composition of the Harris granite
samples in the domain of A-type granites (King et al., 2001), and C: In the CaO / Al;O3 vs. CaO + Al,O3 diagram, the
Harris granite samples are in the A-type domain (Konopelko et al., 2007; Shand, 1943).
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Fig. 8. Tectonic discrimination diagrams for Harris granite. A: Y + Nb vs. Rb, B: Y vs. Nb, C: Yb vs. Ta, and D: Y+Nb
vs Rb, (Pearce et al., 1984). Abbreviations of fields: VAG: volcanic arc granites; WPG: within plate granites; Syn-COLG:
Syn-collisional granites; ORG: ocean ridge granites; Post-COLG: post-collision granites
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Table 2. Comparison of Harris granite samples with some of the most important mean values of I-type and A-type granites
(Whalen et al., 1987), average crust from Wedepohle (1995) and primitive mantle from (McDonough and Sun, 1995)

A-type I -type A_verage of Average granite in  Primitive
continental crust the study area Mantle

Na20+Kz20 (wt.%) 7-11 5-8 5.6 8.2 0.4
FeOt >2 <3 6.28 1.3 8.0
MgO <0.5 >0.5 3.7 0.3 37.8
FeO/MgO >>4 >4 1.7 4.3 0.2
Zr (ppm) >400 <250 203 245 10.5
Y >>25 <40 24 47 4.3
ZrlY >7 <4 8.4 5.2 2.4
Nb (ppm) >>10 <<30 19 27.5 0.6
Nb/Y >0.7 <<0.7 0.7 0.6 0.1
La (ppm) >>30 10-30 30 57 0.7
Yb >>2 <<3 2 5.5 0.4
Th (ppm) >10 >4 8.5 31 0.07
Th/Yb 1-15 >0.3 4.2 5.6 0.2
Th/Y 0.2-1.2 >0.1 0.35 0.7 0.01
Ga (ppm) >18 <18 15 20 0.4

a)B—a)BJ)}&ﬁ&ﬁ&&;bj\&é‘oﬁou\sbﬁjwﬁ
Lt o J.&b— (Llods 6;6".' GLJ 2l v_...:JLafLa L
51 (Clemens et al., 1986; Abdel Rahman, 2006)

S e Sl i Ar g 5 ol Ko bl
SLEIGL G (loy iy 5 Kke (6 aie (Sla T I (5 piie

bloary 5l LEL wy 8§ cpl 3 s 5 05 OLS

DOI: 10.22067/ECONG.2022.72028.1035

\ov

Y oylad (VF o555 VP (3Ll owlis e


https://dx.doi.org/10.22067/ECONG.2022.72028.1035

e B Ol )3T Ol oy o (2318 035 Ll on 5 pm a4 B8 5 52

C}b&aﬁjeué&‘j-\w}i

Wb 1) el syl 4 b a8 55 0l ) Sl s 555 Cond go
o eth 5 i) leedls a8l ey 4 A8
el o3 ekl S as sleesls L (Ahankoub et al., 2012)
2,05 63L) Sl per Hass S

DL gl 5 AR LST Gla oy 2 ¢ S5 b )
sladslen 5l i gles 3 A gy glac il 84S das
King et al., 1997; King et ) & o o S5 W - SaT
ol ¢S 3l s ol [ 5k5 das e 0L 5 (al., 2001
sl F Lite gy Jatms o&ils L1 5 a5 6STile LS e
As 4Bl ol Db 4 ol 53 sl 8l AsL A g
3 o (i 4l 3,8 glacS 5 5 YU SIO2 lyls)
—ole 53 Sas e s dmwa (Na2O + K0) b JSIT
Petro et al., 1979; ) sas o 0l Lapjdla s HFSE
(Eby, 1992) I sliel 4 (Schandl and Groton, 2002
I3 Ag el § S s Wil e aline gla )8y jle
35 ol S8 g5l a Lo 5 Al 5 o ST Bl Bl il
e Y3 (g LS5 15068 51 g (miiS Gblie
S i g2l 80 izl (o (Mufti,, 2001) (4 sl
Glamio Sl 5 (z 5 (Black and Liegeois, 1993)
JEVITSTI PERDPIRUT PEPE S ETR gy B 0
! (Davies and Von Blank enburg, 1995)s, s
Ll 5 on &S 0l (i gl 5 5 (SATYL o ladi| 3
Tl 5 sl S (i) SUSogd 4 s s gl
Dl g 50

G ALO3 13 505 53 & K 5 syl (gla s g pulasl
o35 43 5 a5 (Maniar and Piccoli, 1989) SiO; «
ol b izman (A= JS2) Wlod i 15 (o508 Ly
A g8 sbacl S nlas ol Y-ND-3*Ga ol
2 g 350 Sk e b 6 g ol oSl e s
Eby, 1992; Eby, ) (B-4 JS—s) £,8 )l Az s oS
(1990

» LT 5 S A g glacil § e sla S5
b i i8S gla o g5 o ) i S sl laes
3,57 5 3 o S A 4L 5 215088 T sl
Nabavi, 1979; Mahood and Hildreth, ) & ls Kol
Plst o35 b glos 2 5 5b cdamms 53 2 (1983
w3 4S5 glelss L 5 (Chappell and White, 1992)
g o i (S (on i (o 3S1 5 s )L 5
» 503 o A g slacd 8 (Sylvester, 1989)
odis Sy 8 5 S Lol pan slos 28 (Gl
3o el $ sls S35 51 (Sylvester, 1989) & 55
Taylor et) o—uIRb/Ta s RO/Hf s 055 YU 3,55
s o 0338 VU ¢ oy 3530 S 505 53 & (al., 1981
S o pd LLRD 0o Vb a5 b oo o odalin o5 4
A e A Sl S Mg LSl sl s (sleyB 4z
SomA gy @ bl F Sole ool eils gl
P e slml ) slasll g, JLis 4 0, 5
LSl plcal e 28 Calacm dgT 6,8 gl
S e SLolo 50 S 8 L Gt 8L alie
Zhao and ) s s g oKl 3 (glaw s (slaods ;L
a4 sazes sl 5 ol s dalsh 4 4 5 L .(Zhou., 2007
4>, s> 5 (Asadpour et al., 2013) ¢Skl J 51 5 <Ssle
3 G S a1 Ll 8l Ol e s 3050

O S P
3 lood ey Sesls (i b S8 S 5l pedle
awy oS das o 0L (Ahankoub et al., 2012) 55 ;!
RCH PSP SO S OV RGPV INES S CIM I
il 53 ol 5 g2 Sl g 3l 03 78 oo s ioman
Asadian et al., 1994; Amini etal., );,5s 5 5 5,5 ¢ siue

2007; Mehri et al., 2008; Advay et al., 2010; Advay
35 iS slajl 5T easolss (and Qalamgash, 2011

S8 5 5 L3 g e oa ey Aal g5 sl Lol Ol

DOI: 10.22067/ECONG.2022.72028.1035

VOA

Y oylad (VF o555 VP (3Ll owlis e


https://dx.doi.org/10.22067/ECONG.2022.72028.1035

e B Ol )3T Ol oy o (2318 035 Ll on 5 pm a4 B8 5 52

bb&aﬁjeuﬁ_.l&‘_;-\wj:;

| ' | ' | ! | :
IAG + CAG + CCG

" r RRG+CEUG

ALO; (Wt.%)
oo

Y 3*Ga

60 62 64 66 68 70 72 74 76 78

Si0; (Wt.%)

80

Maniar and Piccolli, ) 15,8 o )13 ol3esS 51 e 039dome 33 s n sl S (6lad sa5 4an SI02 4 s AlO3 ls 5ei 55 A A IS
.(Eby, 1992; Eby, 1990) -U;Ga I AA2 03 5dmms 55 s » g:,.:;ljf slad e (Y-ND-3*Ga wbaw s ;3B (1989
Fig. 9. A: In the Al,Os vs. SiO; diagram, All samples of Harris granite are plotted in the post-orogenic range (Maniar and

Piccolli, 1989), and B: In the Y-Nb-3*Ga Triangular diagram,

(Eby, 1992; Eby, 1990).
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