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1-Introduction

The Almabolagh batholith, with an area of more than 260 km2, is located in a region with longitudes of
48°06'58"E to 48°36'12"E and latitudes of 34°51'59"N to 34°56'38"N, in the northwest of the Sanandaj-
Sirjan tectonic zone, 15 km northwest of Hamedan (Amiri et al., 2017). This part of the Sanandaj-Sirjan
zone comprises a set of sedimentary-magmatic units with ages ranging from Late Precambrian to
Cretaceous that have undergone significant transformation during metamorphic and deformation events
(Hosseini & Ahmadi, 2016). It is known as one of the most important Fe-bearing areas in Iran. This zone
features several large, lenticular to plate-shaped Fe-bearing deposits associated with the region's magmatic
and volcanic systems. The most important Fe deposits in this area include the Shams-Abad deposit
(Nabatian et al., 2015), Haji-Abad deposit (Aliani et al., 2015), and Shahrak deposit (Maanijou & Salemi,
2015).

The Baba-Ali and Galali Fe deposits, located approximately 30 and 60 km northwest of Hamedan, are
associated with magmatic-hydrothermal systems related to the Almabolagh intrusive massif and have been
altered and deformed by tectonic activities and igneous mass intrusion (Rostami Paydar et al., 2010). Given
the significant expansion of volcanic-sedimentary complexes with Fe mineralization around the
Almabolagh batholith and other areas in the Sanandaj-Sirjan zone, these deposits are expected to be
abundant in Iran. It is appropriate that the geological characteristics of these deposits be carefully
investigated so that the results can serve as a key to exploration and extraction activities, as well as the
estimation and evaluation of these deposits. Therefore, this study has investigated the magmatic-
sedimentary rocks with Fe mineralization of Permo-Triassic age in the Baba-Ali and Galali iron deposits,
the mineral paragenesis, alteration, and tectonomagmatic setting of these deposits, and has attempted to
introduce the general characteristics of these deposits as a prominent example of these volcanic-
sedimentary deposits in Iran, based on field observations, petrology, mineralogy, and geochemistry.

2-Materials and methods

Initially, to obtain a preliminary understanding of the study area, the 1:100,000 geological map of
Tuyserkan was examined. Following field investigations, 50 thin sections were prepared for petrological
studies, and 57 thin-polished sections from the ore-bearing facies were collected. Drilling cores were also
collected for mineralogical, textural, and paragenetic studies of the minerals. Additionally, 34 samples of
igneous and metamorphic rocks (18 samples from the Baba-Ali deposit and 16 samples from the Gulali
deposit) were submitted to the Geological and Mineral Exploration Organization of Iran for analysis using
XRF and ICP-OES methods to determine the main oxides, major, and minor elements of the host rock.
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Subsequently, 19 samples were sent to the ACME laboratory in Canada for ICP-MS analysis for a more
detailed study of minor and rare earth elements.

3-Results and discussions

The host rocks of the Baba-Ali and Galali Fe deposits are the metavolcano-sedimentary Songhor series
successions of the Permo-Triassic age. The host rocks in the area are felsic to intermediate metavolcanic
rocks, consisting of more than lava and rhyolitic tuffs with intercalations of carbonate and metatuff-
sandstones. Field observations, petrography, and geochemistry indicate that the emplacement of pluton
rock units, comprising gabbro, gabbrodiorite, monzodiorite, quartzmonzonite, granodiorite, and granite, in
these successions caused deformation and metamorphism of the ore and country rocks. Geochemical data
indicate that the acidic rocks are rich in Na20 (3.5 wt%), Ce (84 ppm), Ga (20 ppm), Y (51 ppm), and Zr
(415 ppm), with low amounts of Co (6 ppm), characteristics of A-type granitoids. According to the
Zr+Nb+Ce+Y vs. (Na20 +K20)/CaO plot, all granite, quartz monzonite, and granodiorite samples are
located in the A-type granitoid range, and gabbro, gabbrodiorite, and monzodiorite samples are located in
the I and S-type granitoid range (Whalen et al., 1987). The basic to intermediate samples (gabbro,
gabbrodiorite, and monzodiorite) are located in the magnesian range on the Fe,03/(Fe,Os+MgO) versus
Si0; wt% plot (Frost & Frost, 2008) and are similar to the type I Cordilleran arc granitoids. The granite
and granodiorite samples are located in the Ferron Range, and the quartz monzonite samples are located at
the Ferron-magnesian boundary. These features indicate that they belong to post-orogenic or late orogenic
A-type granitoids (Frost et al., 2001). Depletion of high field strength elements (HFSE) such as Ti, Y, and
Nb, enrichment of rare earth elements (REE), and large-ion lithophile elements (LILE) are observed. These
are characteristics of a subduction. Depletion from high-field-strength elements, such as Zr, Y, Nb, Ba, Sr,
and K, indicates enrichment with crustal materials later in the magmatic process. Baba-Ali and Galali
volcanic rocks have been altered by hydrothermal solutions. The most important alteration zone is skarn.
Iron-copper mineralization forms due to the influence of hydrothermal fluid action that moves through
faults. In this area, magnetite and chalcopyrite are the main ore minerals. The textures and structures of
mineralization include open-space filling, disseminated, vein-veinlet, and replacement. The stratigraphic
position of ore horizons, the geometry of orebodies, the ore structures and textures at different scales, and
the paragenetic sequence of minerals all indicate a close genetic relationship between iron ore and intrusive
rocks.

4-Conclusion

The intrusive masses of the Baba-Ali and Galali deposits located in the northwest of the Sanandaj-Sirjan
tectonic zone consist of a series of acidic rocks (granite, granodiorite, and quartz monzonite) and basic to
intermediate rocks (gabbro, gabbrodiorite, and monzodiorite) that have caused deformation and
metamorphism of the regional rocks and iron ore during tectonic activities. The basic to intermediate
samples and rhyolitic rocks are in the tholeiitic and calc-alkaline series, and the acidic samples are in the
high-k calc-alkaline to shoshonite series. The results of the different diagrams show that the basic to
intermediate samples are in the magnesian range and are similar to the type I Cordilleran arc granitoids.
The granite and granodiorite samples are in the ferron range, and the quartz monzonite samples are in the
ferron-magnesian border. These features indicate that they belong to post-orogenic or late orogenic A-type
granitoids. The acidic rocks are of the metaluminous type, and also rich in Na20O+ K20, Zr, Ce, Ga, Y, Nb,
Ta, and REE, and poor in Eu and Sr. These features share characteristics with both A1 and A2 type
granitoids, but with more affinity to A2 type. Normalized rare earth element spider diagrams, relative to
chondrites and primary mantle, indicate enrichment in incompatible and light rare earth elements (LREE),
a characteristic of calc-alkaline volcanic arcs associated with continental margin subduction zones.
Depletion of high-field-strength elements (HFSE) and enrichment of large-ion lithophile elements (LILE)
indicate crustal contamination by magmatic processes. The volcanic rocks comprising the Galali and Baba-
Ali deposits consist of moderately metamorphosed volcanic rocks, primarily in the form of lava and rhyolite
tuff, with carbonate interlayers and sometimes tuffaceous sandstone that have been altered and deformed
by tectonic activity and the intrusion of igneous masses. The alterations in these deposits correspond to
local small fractures and faults. They are mostly silicification, epidote, skarn, argillic, sericite, and chlorite
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types related to mineralization and are the most widespread in the region. The paragenetic and
mineralization sequence involves the simultaneous mineralization of magnetite and the primary generation
of pyrrhotite and pyrite within the host rock. After that, in the secondary phases, magnetite, along with
sulfide minerals such as pyrite and chalcopyrite, as well as oxide and carbonate minerals, has mineralized
in the host rock and between the waste rock and magnetite. Field observations, structure, texture, host rock,
assemblage, geochemistry, and alteration in the Baba-Ali and Galali deposits indicate that these deposits
are of altered and deformed volcanic-sedimentary origin, likely due to iron.
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Fig. 4. (a) View of the magnetite lens in the crystallized limestone unit of the Baba-Ali deposit, (b) View of the green
schist unit in the Baba-Ali deposit, as it is clear that multiple deformations have caused several foliations in this unit,
(c) Banded texture and boudinage of magnetite parallel to the foliation of the metamorphosed rhyolite units in the
Galali deposit, (d) Plagioclase crystals with polysynthetic twins in the monzodiorite rock, (¢) Tourmaline crystals that
show a specific orientation along with magnetite, quartz and secondary minerals including epidote and (f) Shadow
and tension phenomenon in the form of growth of muscovite crystals around alkaline feldspar in the granite rock of
the Galali deposit. Mag: magnetite, Py: pyrite, Qz: quartz, Ep: epidote, Pl: plagioclase, Bt: biotite, Ms: muscovite,
Kfs: K-feldspar, Tur: tourmaline. Mineral abbreviations are taken from (Whitney and Evans, 2010).
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Table 1. Results of chemical analysis of the main oxides of igneous rocks of Baba-Ali and Galali deposits by XRF

Sample | Granite | Gabbro | Gabbro diorite
Sample  86-Ha-  86-Ha-  86-Ga-  86-Ga-  86-kh-  86-Ha-  86-Ga-  86-Ga- 86-Ga- 86-Ha- 86-Ha- 86-Ha-
no. 166 4 12 27 5 15 13 17 376 28 381 115
SiO, 68.35 70.8 68.06 74.77 54.59 56.13 62.49 62.45 61.38 60.81 56.39 56.47
TiO, 0.61 0.38 0.71 0.17 1.41 1.72 0.52 0.55 0.62 1.6 1.75 1.68
ALOs 12.88 15.07 13.99 13.64 16.2 12.63 16.06 16.24 16.65 13.46 14.42 14.36
Fe,05 2.49 1.92 242 0.66 3.04 3.71 1.9 2.04 2.14 3.24 3.36 33
FeO 3.42 0.39 1.88 0 1.2 441 0 0 0.16 1.31 1.03 1.12
FeOr 5.66 2.12 4.06 0.59 3.94 7.75 1.71 1.84 2.09 423 4.05 4.09
MnO 0.16 0.1 0.1 0.1 0.1 0.11 0.1 0.1 0.1 0.1 0.14 0.13
MgO 0.34 0.38 0.8 1.12 35 3.61 1.77 1.65 2.12 22 4.34 435
CaO 1.46 0.63 2.42 1.23 12.61 8.39 9.48 8.92 8.96 8.82 8.98 9.16
Na,O 4.79 4.17 5.16 4.87 4.94 4.95 5.11 4.85 4.89 5.75 5.21 435
K,O 4.52 5.74 3.46 2.53 0.57 0.97 1.28 1.93 1.39 0.34 1.89 2.58
P,0s 0.22 0.1 0.19 0.03 0.35 0.58 0.29 0.32 0.38 0.67 0.68 0.74
LOI 0.5 0.7 0.59 0.33 1.03 2.16 0.68 0.67 0.73 1.2 1.02 1.22
Sum. 99.49 100.19 99.54 99.38 99.24 99 99.49 99.52 99.31 99.18 98.87 99.13
Sample | Gerano diorote | Quartz monzonite
Sample 86-Ha-  86-Ga-  86-Ha-  86-Ha-  86-Ha-  86-Ha-  86-Ha-  86-Ha-  86-Ga-  86-Ga-  86-Ga-  86-Ha-
no. 11 375 383 384 385 128 133 143 22 33 374 25
SiO, 70.36 67.09 63.75 64.17 68.92 64.32 63.21 69.55 65.33 66.43 64.3 68.39
TiO2 0.34 0.83 1.21 0.98 1.21 0.99 1.05 0.97 1 0.61 1.2 0.78
ALOs 14.88 14.01 13.87 13.11 12.98 13.28 12.9 13.31 14.18 14.9 15.21 14.38
Fe,0O5 0.74 2.61 3.76 2.93 2.73 2.92 3.05 2.54 1.87 1.1 2.7 2.09
FeO 0 2.49 3.13 4.05 0.16 3.88 451 0.62 3.28 0 2.5 0
FeOr 0.67 4.84 6.51 6.69 2.62 6.51 7.25 291 4.96 0.99 4.93 1.88
MnO 0.1 0.1 0.1 0.13 0.1 0.1 0.12 0.1 0.1 0.1 0.1 0.1
MgO 0.33 0.8 1.42 1.72 1.23 1.43 1.68 1.11 1.01 0.82 1.07 0.49
CaO 4 3.42 2.98 2.98 3.12 3.32 3.69 2.63 322 3.34 3.18 3.66
Na,O 7.07 5.1 5.23 5.23 7.66 4.65 4.47 7.89 3.98 4.18 3.93 7.27
K,0 0.39 2.3 2.98 2.58 0.32 3.72 3.63 0.25 4.82 5.37 43 1.31
P,0s 0.1 0.23 0.29 0.38 0.11 0.33 0.4 0.23 0.3 0.22 0.2 0.25
LOI 1.28 0.63 0.82 0.81 1.18 0.79 0.8 0.51 0.69 0.69 0.67 0.7
Sum. 100.26 10196  102.92  101.71 102.18 10236 102.25 102 101.46 98.75 101.79 101.3
Sample | Quartz monzonite Monzo diorote Meta rhyolite
Sample  86-Ga-  86-kh-  86-Ha-  86-kh-  86-Ha-  86-Ha-  86-Ha- 86-Ha- 86-Ha-  86-Ga-
no. 379 1 386 2 380 112 19 36 77 378
Si0, 68.12 67.05 63.89 59 73.96 74.73 75.13 73.71 71.33 73.67
TiO, 0.59 0.76 0.98 0.65 0.21 0.1 0.22 1.17 0.34 0.16
ALOs 14.86 12.91 13.23 15.57 15.21 14.88 13.87 15.24 4.89 14.65
Fe,05 1.26 2.37 2.52 2.56 0.71 0.6 0.62 0.11 2.49 0.89
FeO 0 1.02 0.35 3.72 0 0 0 0 5.9 0
FeOr 1.13 3.15 2.62 6.02 0.64 0.54 0.56 0.1 8.14 0.8
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.18 0.1
MgO 0.78 1.03 3.43 3.98 0.51 0.48 0.69 0.34 11.38 1.22
CaO 3.38 4.45 5.68 5.94 0.1 0.1 1.44 1.39 0.34 1.31
Na,O 3.95 4.69 6.85 4.47 5.73 522 5.59 6.78 0.22 5.06
K,O 5.16 3.91 0.1 2.13 2.87 3.1 1.64 0.16 0.04 2.41
P,0s 0.19 0.27 0.38 0.21 0.15 0.1 0.1 0.22 1.98 0.12
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LOI 0.73 1.07 1.73 1.03 0.39 0.47 0.14 0.28 0.78 0.31
Sum. 98.99 99.39 98.99 99.1 99.87 99.82 99.48 99.49 99.62 99.81

ICP-MS s, 4 D 5 el sla,Luils o 3T sk (S 0l yobic 5 bs, yobe oland 43550 mls -Y Jou>

Table 2. Results of chemical analysis of trace elements and rare earth elements of igneous rocks of Baba-Ali and
Galali deposits by ICP-MS.

Sample | Granite | Gerano diorote | Quartz monzonite
86- 86-HA- 86- 86- 80 g6-HA-
Sampleno. HA-  Ga-12 86-HA-20 86-GA-22  GA-  86-HA-63 HA- 86-HA-133
o 158 KH-1 A 9 142
Ba 32 429 12 8 509 803 533 323 5 30 328
Be 4 4 3 3 3 4 3 3 2 4 4
Co 36 6.4 26 62 5.6 44 5 274 0.5 2 11.4
Cs 0.2 17 <0.1 <0.1 1.1 0.7 0.9 1.4 <0.1 0.1 23
Ga 21 223 13 16.8 219 238 19 209 206 214 233
HF 138 107 73 11.4 8.6 14 10.3 7.8 8.6 12.9 1.7
Nb 40.9 29 20.8 328 333 417 27.1 37.1 257 34 314
Rb 49 1208 0.6 0.6 135.7 104.9 1333 633 0.9 6.6 117.6
Sn 4 5 3 2 5 3 4 2 7 3 5
Sr 589  147.1 91 495 168.2 1652 2264 2767 443 65 2025
Ta 25 2 13 2.1 2.7 26 2.1 1.9 1.9 2.1 2.1
Th 13 231 5.9 27 2438 20.4 22 44 122 19.1 15.8
U 4 35 1.4 52 5.4 49 32 12 3.6 47 3.7
v 71 74 148 46 70 53 44 305 84 37 116
W 1 1.5 038 1.9 11 1.9 1.5 11 1 1.4 17
Zr 5599 4076 2792 3973 319 5518 3929 3383 3395' 5133 4757
Y 622 50 411 36 436 63 46.1 58.5 68 50.4 517
La 527 8 26.8 318 36 56.2 26.5 452 239 377 434
Ce 1014 934 63.5 70.4 73 115.1 573 96.8 889 819 89.9
Pr 1181 102 8.03 8.27 8.25 13.14 6.9 11.79 1‘;6 9.51 10.29
Nd 028 376 315 313 30.5 478 274 452 608 338 37.4
Sm 938  7.69 6.92 6.21 6.52 10.22 623 1001 1§'3 7.04 8.2
Eu 204 141 161 0.57 1.42 1.61 124 2.85 217 123 173
Gd 942 748 6.76 5.79 6.54 9.99 665 1021 125'5 6.98 7.85
) 174 139 123 1.06 121 1.79 124 178 211 133 1.45
Dy 1035 808 6.92 611 6.66 10.2 7.17 9.87 “6'9 7.74 8.55
Ho 208 18I 1.48 135 1.54 231 16 217 2.3 1.78 1.87
Er 649 517 419 401 433 6.55 471 5.84 6.9 5.32 5.55
Tm L1 084 0.66 0.66 0.69 1.03 0.78 086 099 086 0.87
Yb 704 541 431 456 443 6.49 492 5.63 633 586 5.7
Lu 115 083 0.71 0.74 0.71 1.09 0.73 0.85 095 093 0.91
Sample | Gabbro diorite | Gerano diorite I Monzo diorote
Sampleno. . 86-GA-13 _ 86-HA-28 __ 86-HA-15 __ 86-HAG-150 86-HA-I1 _ 86-GA-100 _ 86-HA-80 86-KH-2

Ba 194 11 371 22533 60 36 462 296

Be 2 3 3 2.67 2 1 2 3

Co 3.5 54 8.4 5.77 2 46.1 13.7 17.6

Cs 0.8 0.2 <0.1 0.5 0.2 12 0.8 13

Ga 18.6 2 20.8 20.47 17.2 7 19.3 19.6

Hf 3.9 10.1 12.2 8.73 1.2 13 438 6.3

Nb 12.5 30.8 40 27.77 12.1 24 18.5 16.6
Rb 453 6.7 18.4 23.47 16.1 31 78.6 64.7

Sn 2 1 8 3.67 <1 25 4 3

Sr 386.4 419.1 201.2 335.57 238.4 50.8 662.4 270.4

Ta 1 1.9 23 1.73 1.7 0.2 1 13

Th 6.5 8.7 16.2 10.47 293 22 2 12

U 1.7 0.8 42 223 3 0.9 1.4 24

v 114 203 197 17133 19 79 270 182
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w 1.2 1.2 1.4 1.27 1.3 <0.5 1.4 1.5

Zr 148.4 452.9 482.2 361.17 376 49.5 202.2 235.2
Y 17.1 45.1 62.1 41.43 12.6 4.9 38.2 36.1
La 14.1 22.5 51.8 29.47 8.4 6.5 27.1 279
Ce 30.2 49.6 114.9 64.9 14.9 9.6 58.1 55.9
Pr 423 6.76 13.53 8.17 1.52 0.97 6.77 6.63
Nd 16.4 28.1 48.8 31.1 5.1 3.1 283 23.8
Sm 3.74 7.1 10.33 7.06 1.22 0.62 6.63 5.46
Eu 1.01 2.28 2.38 1.89 0.44 0.12 2.05 1.18
Gd 3.55 7.64 10.01 7.07 1.29 0.68 6.81 5.41
Tb 0.57 1.31 1.83 1.24 0.27 0.12 1.18 1.01
Dy 2.84 7.44 10.24 6.84 1.73 0.67 6.59 5.93
Ho 0.57 1.57 2.24 1.46 0.39 0.16 1.41 1.29
Er 1.61 4.31 6.34 4.09 1.3 0.46 3.81 3.69
Tm 0.27 0.67 1 0.65 0.23 0.07 0.59 0.59
Yb 1.76 4.08 6.35 4.06 1.66 0.44 3.45 3.75
Lu 0.28 0.65 1.02 0.65 0.28 0.07 0.55 0.61

Ry-R , plot(De la Roche et al., 1980) o R-R ; plot(De la Roche et al., 1980)
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Si0+K O plot (Peccerillo and Taylor, 1976) ACNK-AINK plot (Shand, 1943)
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&l Si02 Jlis s K20 5405 (€) « (De La Roche et al., 1980) wlazs 5 )13 conlogs, g Cudgs ) 03game 18 ladiges o] jo a5 IS
slaises 25T A/CNK — A/NK Slssai (d) 5 (Peccerillo and Taylor, 1976) aslllas 5,50 sl LudlS S5, g (G950 2,8 slow

(Shand, 1943) wlazé 5 )| 3 jusiesdly eogame jo JlaaisT sladises g (wgimeglllio sogame 1o Sg,0 op,3]
Fig. 5. (a) R1 vs. R2 diagram, intrusive igneous samples are located in two distinct geochemical groups including
acidic rocks and basic to intermediate rocks (De La Roche et al., 1980), (b) Volcanic samples from Baba-Ali and
Galali deposits, samples are placed in the rhyolite and rhyodacite range (De La Roche et al., 1980), (¢) K20 vs. SiO2
diagram for igneous and volcanic rocks (Peccerillo and Taylor, 1976) and (d) A/CNK — A/NK diagram, most intrusive
igneous samples are located in the metaluminous range and volcanic samples are located in the peraluminous range
(Shand, 1943).
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Fig. 6-a) Plot of Na,O+K,0 vs. SiO,; from (Irvin and Baragar, 1971) and (b) AFM diagram, for distinguishing
tholeiitic and calc-alkaline rocks; from (Irvin and Baragar, 1971).
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Fig. 7. (a) (Na20 +K20)/CaO vs. Zr+Ce+Nb+Y diagram discriminating between A-type, S-type, and fractionated

granites (Whalen et al., 1987) for samples of the study deposits and (b) Fe203/(Fe203+MgO) vs. wt% SiO2 diagram
(Frost and Frost, 2008) for plutonic rocks of the study deposits.
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Fig.11. (a) View of epidote (Ep)-calcite (Cal) gangue in the partially silicified Galali skarn zone, (b) View of calcite-
quartz gangue with magnetite (Mag) in Galali Fe deposit, (c) Propylitic alteration and the formation of calcite and
epidotite veinlets in the microdiorite intrusive mass and (d) Alteration and weathering of iron ore and formation of
secondary iron minerals (hematite, limonite and goethite) along with primary hypogene phase of magnetite in Baba-
Ali deposit. Ep: Epidote, Mag: Magnetite, Cal: Calcite. Mineral abbreviations are taken from (Whitney and Evans,

2010).
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Fig. 12. (a) Banded iron ore of Baba-Ali in which bands of magnetite and pyrite are visible at the hand sample scale,
(b) Laminar and foliated texture of magnetite ore in cores obtained from drilling in the Galali mineralization zone, (c)
Automorphic pyrite along with magnetite and pyrrhotite, first the magnetite phase then pyrite and finally pyrrhotite
have filled the intermineral spaces , (d) Magnetite mineralization along with chalcopyrite and pyrrhotite, e) Primary
hypogene magnetite with chalcopyrite inclusions in the included pyrite that has filled the space between magnetite
automorphic crystals and (f) Automorphic magnetite crystals with pyrite in the hypogene phase. Py: pyrite, Mag:

magnetite, Ccp: chalcopyrite, Po: pyrrhotite. Mineral abbreviations are taken from (Whitney and Evans, 2010).
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