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Introduction

The Zagros orogeny occurred through four main geodynamic events of the
Wilson cycle, leading to the formation of the Neotethys oceanic basin: (i)
intracontinental rifting in the Carboniferous, (ii) oceanic basin development in
the Permian—Triassic, (iii) subduction of oceanic lithosphere beneath the
Central Iranian microcontinent from the Late Triassic to the Late Cretaceous,
and (iv) collision of the Afro-Arabian plate with the Iranian (Eurasian) plate in
the Oligocene—-Miocene (Jafari et al., 2023). This orogeny formed three parallel
structural zones from southwest to northeast: (1) the Zagros fold-thrust zone,
(2) the Mesozoic Sanandaj-Sirjan metamorphic—-magmatic zone, and (3) the
Cenozoic Urumieh—Dokhtar magmatic belt (UDMB). The UDMB is a large
linear subduction-related magmatic arc, approximately 2000 km long and 50—
100 km wide, composed of tholeiitic, calc-alkaline, and high-K alkaline
igneous rocks along the active margin of the Central Iranian plate (Jafari et al.,
2023; Babazadeh et al., 2023).

The southeastern UDMB, known as the Kerman Copper Belt or Dehaj-
Sarduiyeh belt, contains Eocene-Oligocene to Miocene calc-alkaline rocks
formed by northeastward subduction of the Neotethys beneath Central Iran
(Shafiei et al., 2009; Chiu et al., 2013; Babazadeh et al., 2023). The Jebal-e-
Barez granitoid complex is the latest major Oligocene—Miocene intrusive event
of the UDMB. Studies indicate that these rocks have calc-alkaline,
metaluminous, I-type characteristics, typical of a subduction zone setting
(Shafiei et al., 2009; Rasouli et al., 2016; Hosseini et al., 2017; Behpour et al.,
2019; Moghadam et al., 2022; Babazadeh et al., 2023). Here, the Mardehak
granitoids in the southeastern Jebal-e-Barez complex are investigated for the
first time using field, petrographic, geochemical, and U-Pb dating methods.

Geology

Barez complex, include diorite, quartz diorite, monzonite,

The Mardehak intrusive bodies, part of the Jebal-e- quartz monzonite, granodiorite, granite, and alkali granite,
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and they intrude Eocene volcanic and volcaniclastic-
sedimentary rocks (Shafiei et al., 2009; Rasouli et al.,
2016). Field evidence shows three main emplacement
phases: (i) dioritic/quartz dioritic bodies emplaced into
Eocene volcanic and pyroclastic-sedimentary rocks, (ii)
quartz monzonitic and granodioritic bodies intruding the
previous phase and host rocks, and (iii) granitic/alkali
granitic bodies emplaced into the previous phases,
indicating normal  compositional ~ zoning.  Mafic
microgranular  enclaves (MMEs), characteristic of
subduction-related calc-alkaline I-type granitoids (Didier
and Barbarin, 1991), are common. These centimeter- to
decimeter-scale enclaves have dioritic composition and
rounded to angular shapes, with sharp contacts with the
host rocks.

Research Methods

Approximately 100 hand specimens were collected
from the study area. From these, thin sections, polished
sections, and polished thin sections were prepared for
petrographic and geochemical studies. Petrographic
observations as well as major and trace element
geochemistry (using XRF and ICP-MS) were carried out
on 16 samples at the Zarazma Geochemistry Laboratory
in Kerman, Iran. U-Pb geochronology was performed on
six representative samples, including two quartz diorites,
two granodiorites, one granite, and one alkali granite.
Crushing, washing, and mineral separation were
conducted at Shahrood University of Technology. Final
zircon separation was carried out manually, and the
separated zircons were mounted at the University of Pisa,
Italy. Zircon U-Pb analysis was performed using a
PerkinElmer NexION 2000 ICP-MS coupled with an ESI
NWR-193 excimer laser at the University of Pisa.
Petrography

The studied samples include diorite, quartz diorite,
quartz monzonite, granodiorite, granite, and alkali granite.
The diorites exhibit granular, anhedral to subhedral, fine-
to medium-grained textures, and occasionally show
porphyritic, intergranular, granophyric, and trachytic
textures.  Plagioclase, hornblende,  biotite, and
clinopyroxene are the main constituent minerals in the
diorites. The more differentiated parts (quartz diorite,
monzodiorite, and quartz monzonite) contain higher
amounts of quartz and orthoclase.

The granodiorites display granular, anhedral to
subhedral, medium- to coarse-grained, poikilitic, and
sometimes granophyric textures. Their mineralogy consists
of quartz, plagioclase, and alkali feldspar. The granites and
alkali granites represent the late-stage felsic phase and are
composed of quartz, plagioclase, orthoclase, and biotite.
They exhibit anhedral granular, graphic, granophyric,
aplitic, perthitic, antiperthitic, and poikilitic textures.
Discussion

The Mardehak granitoids range from intermediate to
acidic (diorite to alkali granite) and are metaluminous to
subalkaline. Harker diagrams show negative trends for
FeO, MgO, Ca0O, MnO, TiO:, Al:Os, Cr, Ni, V, Sr, Y, and

YD, and positive trends for Na:O, K:O, La, Ce, Rb, and
Ba, suggesting fractional crystallization. REE patterns
show LREE enrichment relative to MREE and HREE,
with a weak negative Eu anomaly, steep LREE and flat
MREE-HREE segments. The rocks display high LILE
enrichment (Sr, K, Rb, Ba) and HFSE depletion (Ta, Nb,
Ti, Zr, Hf, Y).

Discrimination diagrams indicate I-type granites (ClI
group) formed by partial melting of the subducted
Neotethys slab in the amphibolite facies. These rocks lack
adakitic features and are normal arc granites. Fluids from
slab dehydration metasomatized the mantle wedge, the
source for these granitoids. Abundant MMEs, large
plagioclase with resorption rims, and inherited Late
Eocene—Early Oligocene zircons within the Late Oligocene
phase provide evidence of magma mixing. Tectonic
discrimination diagrams indicate syn- to post-collisional
granites emplaced in an active continental margin.

Similar to other UDMB parts, these granitoids
exemplify I-type magma genesis in an active continental
margin, reflecting a transition from subduction to syn- to
post-collisional regimes. U-Pb zircon geochronology
reveals two phases. The first phase (Late Eocene—Early
Oligocene, 3529 Ma) is pre- to syn-collisional and
reflects continued magmatic flare-up from partial melting
of the subducting oceanic slab (amphibolitic source) and
metasomatized mantle wedge. The second phase (Late
Oligocene, 2524 Ma) is post-collisional and
accompanied crustal thickening. Both phases produced
intermediate to felsic rocks with normal zoning, consistent
with previous reports. According to Babazadeh et al.
(2023) and Moghadam et al. (2022), magmatic activity in
the southeastern UDMB results from a flare-up caused by
slab retreat or break-off, asthenospheric upwelling, and
decompression melting.

Conclusion

The geochemical characteristics of the Mardehak
granitoids (calc-alkaline, metaluminous, LILE
enrichment, and HFSE depletion) indicate that they are I-
type (CI) granitoids formed within an active continental
margin subduction zone under a syn- to post-collisional
tectonic regime. Their parental magma originated from
partial melting of an amphibolitic source and the
overlying metasomatized mantle wedge. This melting was
triggered by metamorphism and dehydration of the
subducting oceanic slab during the Eocene-Oligocene
subduction of the Neotethys beneath the Central Iranian
microcontinent.
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Figure 1. Geological map of the Mardehak area, compiled using Landsat 8 satellite images, field observations of
this study, and information extrapolated from the 1:100,000 geological maps of Jebal-e-Barz (\aleh, 1972), Hana

(\Valeh, 1972), and Sabzevaran (Grabeljsek et al., 1976).
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Figure 2. Field photographs of granitoid rocks from the Mardehak area, SE Jiroft, Jebal-e-Barez: A) Exposure of
granitoid intrusions into the Eocene volcanic and volcano-sedimentary sequences; B) Far view of the normal
zoning within the granitoid body, encompassing diorite, granodiorite, and granite from margin to core; C)
Emplacement of a late-stage granitic phase within the dioritic host; D) Intrusion of aplite dike within the granitic
part; E) Injection of diabasic dikes representing the final magmatic phase into the granites; F) Closed view of

dioritic enclaves enclosed in granitic matrix, characterized by curve to angular contacts, diagnostic of magma
mixing/mingling (Abbreviations: Ev: Eocene Volcanics; Gr: Granite; Gd: Granodiorite; Di: Diorite).
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2 Mafic microgranular/microgranitoid enclaves
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Table 1. Major-elements’ oxide compositions (in wt.%) determined by XRF analysis from the Mardehak
granitoid, Jebal-e-Barez.

Sample JBZ-04 JBZ-09 JBZ-10 JBZ-15 JBZ-17 JBZ-21 JBZ-28 JBZ-29
Rock Type Gd QMz A-gr Gr Qd QMz Gd A-gr
SiO, 63.41 55.26 76.31 76.26 56.89 54.45 63.50 69.72
TiO, 0.29 0.42 0.06 0.05 0.28 0.46 0.34 0.23
Al, O3 15.34 17.66 12.60 12.50 17.56 16.70 16.38 14.53
FeOT 473 8.89 1.29 1.29 9.46 9.40 5.71 3.33
Fe,03 0.71 1.33 0.19 0.19 142 141 0.86 0.50
FeO 3.62 6.80 0.99 0.99 7.24 7.19 4.37 2.55
MnO 0.10 0.18 0.01 0.01 0.29 0.22 0.15 0.09
MgO 1.88 3.51 0.16 0.05 1.68 4.34 1.85 0.94
CaO 3.92 7.40 0.85 1.23 5.00 8.69 4.70 2.84
Na,O 3.21 3.04 3.67 2.35 3.50 2.69 341 3.19
K20 2.68 1.92 4.32 511 4.15 1.68 271 3.97
P,Os 0.28 0.28 0.05 0.20 0.25 0.21 0.33 0.24
LOI 4.13 141 0.65 0.90 0.90 1.13 0.86 0.87
Zn 69 71 23 89 85 103 101 63
Cu 103 14 5 85 40 10 10 21

Sc 7.7 20.7 16 0.6 8.9 31.9 124 7.2
Ga 0 0 0 0 0 0 0 0

Ni 14 9 2 3 3 12 7 7
Co 5.2 24.6 2 23 7.9 25.7 12.9 6.2
Cr 22 11 2 2 7 29 11 5

\% 91 187 5 9 80 278 84 43
Ba 322 302 460 367 455 345 467 506
Pb 5 7 18 14 5 4 23 18
Rb 132 59 161 88 77 45 88 158
Sr 338.9 467 84 156.3 3514 349.8 346.9 219.6
Y 11 155 9.5 44 17.8 18.8 20.5 23.8
Zr 6 18 9 7 9 39 8 10
Nb 5.8 51 6.8 25 59 49 9.7 74
La 7 12 21 23 16 12 23 22
Ce 12 18 33 34 27 21 39 44

Pr 1.79 2.61 3.32 3.44 35 2.82 44 4.69
Nd 8.6 10.8 11.7 10.2 14 12 16.7 17.6
Sm 1.7 2.2 1.9 14 29 3 3.6 38
Eu 0.59 0.69 0.2 0.31 1.06 0.75 0.89 0.67
Gd 244 2.95 253 2.09 29 3.23 3.61 3.65
Tb 0.3 0.4 0.2 0.1 04 0.5 0.5 0.5
Dy 25 33 22 17 3.2 3.7 39 4.1
Ho 0 0 0 0 0 0 0 0
Er 15 2.2 1.6 0.7 24 29 25 3
Tm 0.2 0.2 0.2 0.1 0.3 0.3 0.3 0.3
Yb 111 212 0.74 0.35 2.27 2.76 2.08 2.03
Lu 0.1 0.2 0.1 0.2 0.3 0.3 0.3 0.3
Hf 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Ta 0.6 0.5 0.6 0.6 0.7 0.5 0.7 0.4
Th 6.6 2.6 9 12.2 7.2 2.6 74 105
u 0.9 0.3 12 25 0.8 0.3 0.8 15
Ti 1738.55 2517.9 0.2 299.75 1678.6 2757.7 2038.3 0.4
K 22249.36 15939.84 35864.64 42423.22 34453.3 13947.36 22498.42 32958.94

P 594 742 41 78 630 573 735 442
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Table 1. Continued.

Sample JBZ-33 JBZ-34 JBZ-41 JBZ-47 JBZ-51 JBZ-54 JBZ-61 JBZ-63
Rock Type Di A-gr Gd Gd Gr A-gr Di Di

SiO; 54.53 75.11 65.19 65.40 76.40 70.64 57.26 52.92
TiO, 0.49 0.07 0.42 0.29 0.07 0.17 0.40 0.44
Al,O4 17.96 13.31 14.99 15.99 12.48 14.73 15.95 17.25
FeOT 9.13 1.69 5.86 5.20 1.81 3.60 8.41 9.54
Fe,0s 1.37 0.25 0.80 0.78 0.27 0.54 1.26 1.43
FeO 6.98 1.29 4.48 3.98 1.38 2.75 6.43 7.30
MnO 0.22 0.02 0.12 0.13 0.04 0.10 0.27 0.32
MgO 454 0.18 1.15 1.69 0.25 0.83 4,50 5.70
CaO 8.67 1.34 3.26 4.87 1.39 2.60 8.34 9.71
Na,O 221 3.61 3.88 3.55 3.39 3.78 2.28 1.76
KO 1.25 4.15 3.83 2.05 3.62 2.43 0.94 0.17
P,Os 0.27 0.07 0.37 0.33 0.21 0.26 0.25 0.28
LOI 0.71 0.42 0.88 0.47 0.28 0.82 1.38 1.89
zZn 121 21 86 95 22 51 165 188
Cu 37 22 52 25 7 3 91

Sc 23.6 2 14.8 11.7 25 6.6 28.8 28.5
Ga 0 0 0 0 0 0 0 0

Ni 23 4 4 5 2 3 13 24
Co 27.9 2 9.2 104 2 4.8 24 30.6
Cr 38 4 5 7 2 2 38 36

\% 205 7 56 90 9 32 262 242
Ba 217 397 501 312 800 866 239 108
Pb 8 23 17 10 14 7 9 4
Rb 50 130 130 62 85 84 23 5

Sr 4113 120.6 200.7 322.8 138.7 186.3 339.7 355.4
Y 18.1 15.9 45.5 19.1 12.3 14.5 17.2 17.1
Zr 35 6 10 7 6 5 53 50
Nb 5.3 9.6 11.7 54 7.9 12.9 6.1 5.4
La 11 16 29 15 31 16 16 13
Ce 23 27 60 25 55 27 32 22

Pr 3.04 3.03 7.41 33 5.26 3.13 3.6 3.36
Nd 131 104 30.6 14 184 13.2 145 14
Sm 3 25 6.7 2.9 34 3 3.3 3.1
Eu 0.82 0.32 13 0.72 0.52 0.54 0.66 0.73
Gd 3.35 2.76 5.87 3.15 3.04 2.74 3.31 3.26
Tb 0.5 0.4 1.1 0.5 0.3 0.4 0.5 0.5
Dy 3.9 3.3 7.3 35 2.8 3.3 3.6 3.6
Ho 0 0 0 0 0 0 0 0
Er 2.6 2 5.6 2.3 15 18 2.3 2.2
m 0.3 0.3 0.6 0.3 0.2 0.3 0.2 0.2
Yb 2.42 1.32 4.16 2.1 0.88 131 241 2.34
Lu 0.2 0.3 0.6 0.3 0.2 0.3 0.2 0.3
Hf 0.6 0.6 0.6 0.6 0.6 0.6 1 0.6
Ta 0.5 1.4 0.8 0.5 0.7 1 0.6 0.6
Th 2.3 7.8 9.7 5.3 9.9 6.3 4.2 3.3
U 0.2 1.2 1.7 0.8 1 0.8 0.5 0.5
Ti 2937.55 0.4 2517.9 1738.55 419.65 1019.15 2398 2637.8
K 10377.5 34453.3 31796.66 17019.1 30053.24 20173.86 7803.88 1411.34

P 653 94 1171 580 129 449 398 562
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Table 2. Representative U-Pb dating results of zircon grains separated from the Mardehak granitoid, Jabal-e
Barez.

Spot U(ppm) Th(ppm) Th/U  2Pb*/>®U  +(%)  PPb*/*°Pb  +(%) 2°Pb*/*®U  +(%) 2°Pb/*®U (Ma; +1)
Jbz65-1_1 304.18 451.74 1.49 0.0210 0.0084 0.0370 0.02 0.0039 0.0003 24.81
Jbz65-1_2 313.69 315.85 1.01 0.0156 0.0093 0.0318 0.02 0.0038 0.0003 24.49
Jbz65-2_1 332.90 465.80 1.40 0.0153 0.0105 0.0336 0.02 0.0036 0.0003 23.12
Jbz65 2 2 375.87 446.92 1.19 0.0141 0.0068 0.0332 0.01 0.0036 0.0002 22.90
Jbz65-3 220.71 264.34 1.20 0.0181 0.0092 0.0273 0.02 0.0034 0.0003 21.73
Jbz65-4 149.13 103.31 0.69 0.0312 0.0162 0.0504 0.03 0.0039 0.0004 25.19
Jbz38-1 199.06 145.86 0.73 0.0285 0.0140 0.0441 0.02 0.0050 0.0004 32.29
Jbz38-3 1137.70  982.76 0.86 0.0350 0.0062 0.0538 0.01 0.0050 0.0003 32.22
Jbz38-4 1719.64 1629.90 0.95 0.0324 0.0042 0.0472 0.01 0.0049 0.0002 31.67
Jbz38-5 1 1302.07 1167.28 0.90 0.0430 0.0060 0.0699 0.01 0.0049 0.0001 31.27
Jbz38-5_2 1725.78 141544 0.82 0.0279 0.0042 0.0444 0.01 0.0048 0.0001 31.14
Jbz38-7 1409.03 159158 1.13 0.0317 0.0044 0.0436 0.01 0.0050 0.0001 32.13
Jbz69-1 144.58 90.49 0.63 0.0566 0.0267 0.0703 0.05 0.0049 0.0005 31.63
Jbz69-2 120.11 84.25 0.70 -0.0359 0.0234 -0.0548 0.06 0.0035 0.0005 22.59
Jbz69-3 421.65 452.59 1.07 0.0134 0.0119 0.0211 0.02 0.0054 0.0003 34.93
Jbz69-6 200.61 185.89 0.93 0.0204 0.0154 0.0309 0.03 0.0045 0.0004 29.16
Jbz69-9 377.62 530.00 1.40 0.0144 0.0151 0.0329 0.02 0.0045 0.0004 29.11
Jbz69-8 179.69 195.65 1.09 0.0264 0.0212 0.0350 0.04 0.0041 0.0003 26.40
Jbz46-8 647.01 97.24 0.60 0.0517 0.0233 0.1093 0.06 0.0036 0.0005 23.40
Jbz46-7 327.89 492.07 0.76 0.0582 0.0118 0.0832 0.02 0.0051 0.0003 32.79
Jbz46-6 216.63 213.65 0.65 0.0328 0.0127 0.0872 0.04 0.0029 0.0004 18.52
Jbz46-4 362.68 124.18 0.57 0.0481 0.0203 0.1063 0.07 0.0041 0.0004 26.22
Jbz46-5 199.00 384.52 1.06 0.0240 0.0111 0.0592 0.03 0.0035 0.0003 22.74
Jbz46-2 162.52 140.21 0.70 0.0364 0.0222 0.1011 0.06 0.0032 0.0004 20.70
Jbz42-1 308.03 316.74 1.03 0.0386 0.0195 0.0547 0.03 0.0054 0.0004 35.02
Jbz42-2 322.72 371.13 1.15 0.0202 0.0093 0.0309 0.01 0.0056 0.0003 35.94
Jbz42-3 1 262.02 299.46 1.14 0.0267 0.0146 0.0300 0.02 0.0053 0.0003 33.80
Jbz42-3 2 127.45 97.54 0.77 0.0392 0.0270 0.0462 0.04 0.0062 0.0007 39.84
Jbz42-4 251.38 312.38 1.24 0.0204 0.0126 0.0217 0.02 0.0052 0.0003 33.38
Jbz42-5 191.70 194.21 1.01 0.0278 0.0149 0.0346 0.02 0.0055 0.0004 35.66
Jbz60-4_1 572.39 594.41 1.04 0.0198 0.0065 0.0405 0.01 0.0037 0.0002 23.69
Jbz60-4_2 560.09 329.83 0.59 0.0094 0.0060 0.0198 0.01 0.0039 0.0002 25.15
Jbz60-5 1 380.85 218.51 0.57 0.0127 0.0101 0.0260 0.02 0.0038 0.0006 24.90
Jbz60-5_2 369.37 236.39 0.64 0.0387 0.0127 0.0695 0.02 0.0040 0.0003 25.45
Jbz60-6 251.31 248.22 0.99 0.0796 0.0205 0.1428 0.04 0.0043 0.0004 27.71
Jbz60-7_1 288.44 222.14 0.77 0.0313 0.0109 0.0621 0.03 0.0034 0.0003 21.91
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Figure 3. Photomicrographs elucidating textural and mineralogical relationships in granitoid rocks from the Jebal-
e-Barez (Mardehak area, southeastern Jiroft). A) Dioritic rock exhibiting granular texture composed of amphibole,
coarse-grained biotite, plagioclase, and quartz (XPL image); B) Granular texture in quartz monzonite, composed
of amphibole, slightly altered plagioclase, biotite, and quartz (XPL image); C) Granodioritic rock with a dioritic
enclave (XPL image); D) Granitic rock displaying porphyritic and granular textures, composed of plagioclase
phenocrysts that are foreign with the matrix, indicative of magma mixing/mingling process (XPL image); E)
Chloritic and epidotic alterations within the dioritic enclave hosted by alkali granite (PPL image); F) Alkali

granite revealing graphic intergrowths of alkali feldspar and quartz (XPL image) (Abbreviations after Warr
(2021)).
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Figure 3. Continued.
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Figure 4. Composition of the Mardehak granitoid samples on: A) Silica versus total alkali (TAS) classification
diagram (Cox et al., 1979) (alkaline-subalkaline discrimination curved line after Meschede, 1986); B) SiO versus

(CaO+Na,0+K;0) (Frost et al., 2001); C) SiO: versus KO diagram (Peccerillo and Taylor, 1976); D) A/ICNK
versus A/NK diagram for distinguishing peraluminous, metaluminous, and peralkaline magmas (Shand, 1947).
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Figure 9. Genetic classification of the Mardehak granitoid on A) Zr+Y+Ce+Nb versus (Na:O+K.0)/CaO
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(Chappell and White, 1992) (Symbols are the same as Figure 4A).
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Figure 10. Composition of the Mardehak granitoid samples on diagrams. A) (Na.O+K.0)/(MgO+FeO+TiOz)
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1999); C) Y versus Sr/Y diagram (Defant and Drummond, 1991); D) Adakite discrimination diagram based on

(Yb)n versus (La/Yb)n (Martin et al., 2005); E) K20 versus Ce/Yb diagram (Guo et al., 2001); F) SiO: versus Ni
diagram (Aldanmaz et al., 2000) (Symbols are the same as Figure 4A).
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Figure 10. Continued.
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are the same as Figure 4A).
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Figure 13. Composition of the Mardehak granitoid samples on: A) Nb/Y versus Rb/Y diagram (Edwards et al.,
1991) for identifying the magmatic enrichment; B) Sr/Nd versus Th/Yb diagram (Woodhead et al., 2001); C) Th
versus Ba/Th diagram (Zhu et al., 2005); D) Th/Yb versus Ba/La diagram (Woodhead et al., 2001) to

difscrimination the role of sedimentary protolith melts above the subducting slab and the slab-derived fluid phase
from dehydration (Symbols are the same as Figure 4A).
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Figure 14. Composition of the Mardehak granitoid samples on geochemical discrimination diagrams based on
magma mixing pattern: A) Al.Os/CaO versus Na.O/CaO diagram (Langmuir et al., 1978); B) SiO2/CaO versus
MgO/AlL:0s diagram (Yang et al., 2015); C) Rb/V versus Rb diagram (Schiano et al., 2010); D) Th/Sc versus Th
diagram (McLennan et al., 1993) (Symbols are the same as Figure 4A).
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Gorton, 2002) (Symbols are the same as Figure 4A).
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