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Abstract

Fudge dikes of diorite and microdiorite are penetrated in the Mio-Pliocene sedimentary-volcanic series
in the northeast of Bam. In terms of lithology, these dikes are placed in two categories: gabbro-diorite.
The primary minerals of the dikes are plagioclase, amphibole (hornblende), and augite, and secondary
minerals such as chlorite, biotite, and sericite. Also, their textures are granular, ophitic, and
microgranular. From the geochemical point of view, gabbro-diorites have sub-alkaline and met
aluminum with enrichment of LILE and HREE and depletion of Nb and Ta elements. The parental
magma of the gabbro-diorites is obtained from the melting of a part of the subcontinental lithospheric
mantle affected by the subduction producers and in equilibrium with lherzolite spinel. The
characteristics of incompatible element patterns include LILE enrichment and HFSE depletion
compared to REE similar to subduction zone igneous rocks. These rocks show the intermediate
geochemical characteristics of the volcanic arc magmatism of arc islands and margins, consistent with
the formation of these rocks in active continents. Geochemical evidence, as well as the association of
igneous rocks with green tuffites and other shallow sea sediments, indicate the occurrence of an
extensional basin behind the continental arc.
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Introduction

Fudge dikes (Dike Swarm) are a group of parallel, linear, or radial dikes that can be observed
in a range of several tens of kilometers to several thousand kilometers in various geological
environments. Dike masses are commonly associated with divergent continental margins,
particularly large igneous provinces, and continental breakup (Ernst et al., 1996; Goldberg,
2010; Ernst, 2014). and are related to mantle columns (Fahrig, 1987). Fudge dikes primarily
form as a result of magma rising through fractures generated by regional tensile stresses or
volcanic rifts (Kjoll et al., 2019; Ernest et al., 1995). These dikes are regarded as valuable tools
for discerning the positions of mantle plumes, the orientation and movement of tectonic
boundaries, the evolution of various patterns over time, and other related phenomena.

An important issue that should be taken into account is that the formation of ophiolites in the
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Late Cretaceous should not be considered as an indication of the collision of the Arabian plate
with Iran.

In the Late Cretaceous, such a mixture was also formed in the south of Makran, while no
intercontinental collision occurred in this region, and subduction continued. Some researchers
believe that the continental collision between Arabia and Eurasia occurred during the Cenozoic
era, for example, during the Eocene (Braud, 1987; Sengor et al., 1988, 1993; Ghasemi & Talbot,
2006), Eocene Oligocene (Berberian et al., 1982; Hooper et al., 1994), Oligocene time (Yilmaz,
1993; Agard et al., 2005), Oligo-Miocene time (Robertson et al., 1991; Golonka, 2004),
Miocene time (Sengor & Kidd, 1979; Stoneley, 1981; Woodruff & Savin, 1989; Sengor & Natal
in, 1996; Robertson, 2000; Axen et al., 2001; McQuarrie et al., 2003; Mohajjel et al., 2003;
Guest, 2004; Homke et al., 2004; Allen et al., 2004) Pliocene time, (Philip et al., 1989) and
Pliocene-Pleistocene time (Stocklin, 1977).

Also, according to Hassanzadeh et al., (2008), the magmatic belts of Alborz and Urmia-
Dokhtar are both separated parts of the magmatic arc of the Neotethys unit. Carefully studying
the tectonic developments of the Sanandaj-Sirjan zone, has attributed the different forms of the
region to the operation of the northeast-southwest convergence regime of the Neotethys until the
Cenozoic era (Tillman et al., 1981). Most of these different forms, which are folding and thrusting
of the overlying sediments, are related to the operation of reverse and transfer faults during the
convergence regime in the Late Cretaceous to Paleocene, which is the cause of the thrusting of
Iran in the center of Sirjan and the folds within it is also plate and thrusting in Sanandaj-Sirjan
zone (Tillman et al., 1981). The continuation of the convergence in the Cenozoic era has caused
the subsidence of the pit along the northwest in the southwest of the reverse faults and the parallel
uplift of the adjacent blocks in the northeast of the faults. The study of continental collision in the
Sanandaj-Sirjan zone has considered the abduction of ophiolites in the northwest margin of the
Arabian Plate as the result of the collision of the arc islands with the inactive Arabian margin in
the Late Cretaceous, but they attributed the final continental collision between the Arabian Plate
and Central Iran to the Miocene (Mohajjel et al., 2003). The geometrical pattern, propagation
paths and their orientation, the thickness and spatial distribution of fudge dikes have a direct
relationship with pre-existing faults of the type of stress regime during magma intrusion and the
mechanical resistance of the host rocks because usually, the trend of dikes is parallel to the
maximum horizontal compressive stress at the time of emplacement and perpendicular to the
direction of tension (Pollard, 1987). Based on the geometrical pattern, Fudge dikes are classified
into three general categories: parallel, small radial, and large radial (Hou, 2012). Each of these
patterns shows the dominance of a type of tectonic pattern in the area. According to her, dikes are
formed in parallel in regional stresses, but types with a small radial pattern of the Hole model
(around volcanic and intrusive structures and huge radial types of Pre-Existing Hole) are observed
in the fracture zones of large continents associated with the mantle plume. Swarms of mafic dikes
are markers of thermal events in the upper mantle. In many cases, their formation is interpreted
as a result of cracking and stretching of the craton's lithosphere, and they may characterize the
initial stages of the formation of large igneous provinces above the mantle plumes (Ernst &
Buchan, 1997; Ernst & Bleeker, 2010; Gladkochub et al., 2010). The dikes of the studied area are
of small radial type.

The Iran plateau is a part of the Alpine—Himalayan orogenic belt generated by the opening
and closure of the Tethys Ocean (Bagheri & Stampfli, 2008). Fudge dikes in Iran have been
introduced and investigated in the Urmia Dokhtar zone, southeast of Shahrood and Biarjmand
(Ghasemi et al., 2017), northwest of Zahedan (Sarhadi et al., 2016) and northern Mashhad
Ardahal dikes (Hosseini et al., 2016). In the Bafq area, the floods of Rizo series (Nik Tabar &
Rashidnjademran, 2015), Narigan granite dikes (Mousavi Makui 1996), Chah Chole (Yazdi et
al., 2013), and granitoid mafic dikes of Zarigan (TajBakhsh, 2019) have been mentioned and
investigated, but so far no comprehensive study has been done about the intruded dikes around
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southeast Bam. In this article, an attempt is made to investigate the lithology, geochemistry,
genesis, and tectonomagmic environment of these dikes.

Geology

The studied area is located 120 km southeast of Bam city and between latitudes 28°03' to 28°
24" north and longitudes 58°49' to 59°00 east. The mentioned area is located in the east of the
Negisan sheet and south of the Jahanabad sheet.

Structurally, the studied area belongs to the tectonic range of central Iran (Dahij-Sardoye
belt). One of these volcanic-intrusive chains is the Kerman Cenozoic Magmatic Assemblage or
the Dehij-Sardoye belt (Dimitrijevic, 1973), which is currently located in the southern margin
of the central Iranian subcontinent. The volcanic-sedimentary and volcanic-plutonic magmatic
activity of this belt started from the Eocene and continued until the Quaternary. Significant
magmatic events, accompanied by sedimentary processes, occurred during the Miocene. Most
of Iran's porphyry copper mineralization has occurred on the Dahej-Sardoiyeh volcanic belt,
which forms the southeastern part of the Urmia-Dokhtar zone. In this area, more than 50 traces
of copper mineralization have been identified in the form of porphyry and veins along with
elements of molybdenum, gold, silver, lead, zinc, etc.

The phenomenon of magmatism in this belt belongs to the Cenozoic era, which mainly acted
as volcanism in the Eocene and as plutonism in the Oligo-Miocene (Abadian, 2010). In general,
this batholith Jabal Barez is a multi-stage intrusive mass, where the three main phases of this
mass are diorite, tonalite, and granite, respectively.
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Figure 1. Simplified geological map of Iran. Regions are modified after Alavi (1991). The groups of
dikes studied in Iran are marked with an asterisk
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The Ngac unit (Mio-Pliocene) has a large expansion in the region and includes volcanic
breccias and volcanic-sedimentary rocks, which are cut by numerous porphyry micro diorite
dikes. In some areas, the thickness of this unit reaches 500 meters. This unit has a volcanoclastic
origin and lithological studies in this unit indicate that the matrix of most of the rocks is of glass
type. Lavas often have an andesitic composition. In the Negisan region, numerous dikes have
been injected into different units. These dikes have different ages and most of them have been
replaced by Eocene units. Most of these dikes have cut the batholith mass of Jabal Barez and
even some dikes are connected with Quaternary volcanoes (Yazdi et al., 2019).

The oldest dikes in the area of Jabal Barez are dikes intruded in Eocene rocks, which may be
the feeding network of volcanic rocks and Eocene igneous layers. In the context of the Jabal
Barez intrusive body, especially granodiorites, there are very large dikes of dark-colored
microdiorites with a northwest-southeast trend. Fine crystal dikes are cut by coarse crystal
dikes, so they are older than them. Both types of dikes have rapidly cooled sides and their border
with granodiorites is quite abrupt, which indicates that these dikes were injected after cooling
and crystallization of the main intrusive body. In some areas, especially in the center of the
intrusive bodies, both types of dikes contain xenoliths with the composition of hornblende-
biotite diorites. In addition to the mentioned micro diorite dikes, some light-colored quartz
feldspar dikes are also seen in the intrusive bodies of the area. The last intrusive member
recorded in the Negisan area are alkaline dikes that have a limited extension. In terms of origin,
these alkaline dikes are related to the Quaternary volcanic lavas of the area. In the southeastern
region of Bam and Jabal Barez, three groups of dikes can be identified, which are micro-diorite
dikes, micro-monzo-granite dikes, and andesite-basalt dikes(Al Taha, 2003).

Microdiorite dikes: Microdiorite dikes can be seen in intrusive rocks and Eocene volcanic.
But in the west of the range and inside the granite unit, they have a significant expansion and
density. It is difficult to distinguish these dikes from basaltic dikes (b) on aerial photographs,
and the only difference between these two groups of dikes is the lighter color of micro diorite
dikes (dark gray to brown) than basalt dikes (black). Meanwhile, the intensity of alteration in
microdiorite dikes is usually higher.

Micro-granite dikes: only a few outcrops of dike-like micro-monzonite and micro-granite
rocks are observed in the southeast and east of the study mass. These dikes, are very similar
to the monzonite quartz intrusive body in terms of chemical and mineralogical composition
and are most likely parts of the same main mass that merges with the monzonite quartz body
at depth. These rocks are light gray in the hand sample. The texture of these rocks is partially
porphyritic-granular, porphyries include corroded plagioclase (albite-oligoclase) and alkali
feldspar.

C- Basaltic andesite dikes, these dikes along with andesite dikes are the most widespread in
the studied area. These dikes with a length of about several meters and a thickness of several
meters, along the NW-SE direction (in line with the main faults of the region) have usually been
observed in different places. These dikes are easily distinguishable from their host rocks due to
their color difference. These rocks are black in hand samples and fine grain background
consisting of pyroxene and plagioclase and white feldspar phenocrysts.

Analysis methods

During field operations, 80 samples were taken in systematic sampling, of which 55 thin
sections were prepared. The samples were among the fresh outcrops and the weathered rims of
the samples were removed before packing in plastic sample bags. and were studied by using a
Zeiss polarizing microscope at the Islamic Azad University, Science and Research Branch,
Tehran.
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Figure 2. Geological map of the area (Eftekharnejad, 1989)

We used two main analytical procedures including: 1) X-Ray Fluorescence (XRF) and
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) for whole-rock, major- and trace-
element analyses; the samples analyzed s in Zarazma Company of Iran.

Petrography
Andesite

They appear in macroscopic scale or hand samples in gray to grayish pink colors. Under the
microscope, this rock consists of plagioclase and pyroxene phenocrysts embedded in a
microcrystalline matrix. They have porphyritic and glomeroporphyritic textures. Plagioclase
minerals are seen in anhedral, subhedral, and euhedral forms and indicate polysynthetic
twinning and even zoning structures. The extinction angle measurements (Ana4s-s0) show that
they are of andesine type. Plagioclases make up 35 to 40% of the rock in thin sections. Pyroxene
(diopside) crystals appear orange to pink under the polarized light. They are often subhedral
and fine to medium crystals. These minerals make up about 10% of the rock in the thin section.
Opaques are accessory minerals of this rock, making up 10% of the rock in thin sections. The
secondary minerals of epidote, calcite, sericite, chlorite, and iron oxides are generated due to
the alteration of plagioclase and pyroxene (Fig 3. A). The Opacitic rim or reaction rim is
observed in the margin of some amphibole minerals. Opacitic rim or reaction rim is a common
structure of hydrated mineral in volcanic rocks such as biotite or amphiboles. The amphiboles,
during magma ascent, will decompose in response to the decrease in water pressures in the melt
during ascent. Usually, the reaction rims on amphiboles consist of a complex assemblage of
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minerals like clinopyroxene, plagioclase, magnetite, and ilmenite. The process of opacitic rim
formations can be described as a devolatilization process. The amphiboles or biotite crystals
release their structurally bound water to the magma in response to the decrease in water pressure
in the magma as it ascends to the surface(Shelley, 1993; Vernon & Clarke, 2008).

Olivine basalts, Basalts

These rocks show porphyritic textures with microlithic to the vitreous matrix, however,
glumero-porphyritic and amygdaloidal textures are sometimes observed (Fig. 3. F). The rock-
forming minerals are plagioclase, clinopyroxene, and olivine, which are hosted by a matrix of
plagioclase, clinopyroxene (augite), olivine, and opaque minerals or glass. Opaque minerals are
accessory minerals while iddingsite (or bulangite), epidote, serpentine, and chlorite form the
main secondary minerals. Matrix is formed from glass, plagioclase microlites, opaque minerals,
and secondary minerals.

Dacite

This rock appears as light gray in the hand sample. The microscope view of the mineral
indicates plagioclase crystals in a glassy and microcrystalline matrix. The texture of the rock is
porphyritic. Plagioclase is euhedral, subhedral, and anhedral and makes up 30 to 35% of the
rock matrix. These feldspars are oligoclase(in the Michel-Levy method). The alteration process
converts them to calcite, chlorite, quartz, and iron oxides, making the minerals’ surface cloudy.
Quartz is found in small amounts and often as microcrystals in the rock matrix. The secondary
minerals of these rocks are iron oxides, including hematite, magnetite, and limonite. Calcite,
chlorite, sericite, iron oxides, and remnants of amphibole and biotite are visible in the rock.
Iron oxides appear as inclusions inside the plagioclase crystals (Fig 3. ¢).

Gabbro—Diorite

Gabbro-dioritic rocks are coarse-grained and dark grey in color. They exhibit ophitic, granular,
and microgranular texture (Fig. 3d, e¢) and minerals including 45-50% plagioclase with
euhedral-subhedral shapes, 15-20% brown hornblende with euhedral-subhedral shapes, and
25-37% pyroxene(augite). Plagioclases are labradorite type and have low alteration. Accessory
minerals are zircon and opaque minerals. The suite of secondary minerals includes biotite,
sericite, calcite, iron oxides, and chlorite. Average grain size is about 0.5-4mm. the quartz
content is less than 10% and the space between plagioclase fills the coarse crystal minerals.
Reddish brown biotite, pleochroic crystals up to 1-2 mm can be seen from subhedral to non-
hedral in size and form. The prevalence of high partial pressure of H20 during crystal
fractionation indicates hornblende (secondary) replacing pyroxene (Azer et al., 2012).

Granodiorites

These rocks are gray or greenish in color. They show granular and poikilitic textures. The main
minerals in these rocks are plagioclase (~47%), quartz (~20%), K-feldspar (15-20%), and
biotite (5-10%). Accessory minerals are chlorite, biotite, sericite, sphene, and clay minerals.

Plagioclase is the most prominent mineral of granodiorites and the type is andesine to
labradorite. Some plagioclases have been decomposed into sericite. Quartz is subhedral with
medium grain size filling the spaces between grains. Potassium feldspar of orthoclase type and
some of its crystals decompose into clay minerals and sericite. Amphibole is the most abundant
mafic mineral found in granodiorite with euhedral-subhedral shapes.
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Figure 3. a-photomicrographs of (in cross-polarized light) showing porphyric texture and opacified
amphibole phenocryst and plagioclase in andesite. b- A view of the presence of plagioclase with
fluctuating zoning, amphibole, and pyroxene in the diorite. c- A view of the granular texture with the
presence of apatite, plagioclase, and pyroxene minerals. d-view of ophitic and granular texture in gabbro.
e- A view of the granular texture with the presence of opacified plagioclase and amphibole minerals in
the hornblende diorite. f- View of porphyritic texture in basalt

Geochemistry

magmatic processes, including fractional crystallization, magma mixing, contamination, or a
mixture of these processes, can be identified by geochemical studies on the distribution of
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different elements in the rock units of each region. The association between these elements is
one of the most important aspects considered in geochemical studies. Using these relationships
allows understanding of the environments and processes effective in rock evolution (Tables 1
and 2).

In the diagram of Cox et al., (1979) based on the weight percentage changes of SiO2-K2O+
Na20, the dikes are mainly in the range of gabbro-diorite to gabbro and granodiorite (Figure 7a).
Dikes under study plot in the sub-alkaline and metaluminum fields (Figure 7 b and p). This
classification is completely consistent with the type of minerals found in these rocks. The major
elements and characteristics of the dikes are investigated in the Harker diagrams (Figure 5).

In gabbros, with the increase in the amount of SiO2, the amount of K2O and MnO shows an
increasing trend and CaO shows a decreasing trend. In these samples, NaxO and K>O have
positive compatibility and MnO, MgO, CaO, Fe203, and TiO2 have negative compatibility with
SiO2. The trends observed for these oxides are in accordance with the removal of clinopyroxene,
amphibole, and plagioclase in diorites, as documented by Gao and Zhou (2013). In gabbros and
diorites, Al2O3 shows an increasing trend with a gentle slope.

The geochemical investigation of the main and minor elements in the composition of the bodies
of the region does not indicate the fundamental differences between the gabbroic and diorite
masses found in this area. In such a way that in the graphs of binary changes, these masses do
not show two different trends from each other. It seems that these two bodies have the same
origin. Probably, the reason for the compositional break in the chemical evolutionary processes
is the result of different origins in the magmas producing the samples, or it depends on the type
of magmatic transformation processes.

(Dufek & Bachmann, 2010) showed that the absence of intermediate compounds, which is
called the Daly gap, is common, and they explain this phenomenon by the separation of crystals
and liquids during the event of the intermediate stages of crystal separation, after which, in the
complex Bimodal volcanisms that depend on crystal segregation do not produce magmas of
intermediate composition.

Table 1. Representative whole rock analysis of the Miocene dikes (major elements in wt.%)

Si02  ALO; BaO CaO Fex03 KO MgO MnO NaO P05  SOs TiO2 LOI
A-2 69.56 15.3 0.11 3.48 2.55 1.82  0.83 0.1 4.69 0.09 0 0.24 1.27
A-5 67.3 15.05 0.11 5.04 3.38 1.83 0.79  0.06 4.36 0.05 0 0.3 1.84
A-7 60.72 16.87 0.11  5.81 5.27 1.59 261 0.08 4.23 0.09 0 0.58  2.07
A-8 75.66  12.04 0.11  2.65 2.72 2.09 0.16 0.05 3.56 0 0.15 0.3 0.62
A-11  59.62 1748 0.11 6.95 59 1.19 344 0.11 3.95 0.07 0.06 059 054
A-15 5831 1643  0.11 6.71 5.83 1.3 3.18  0.07 4.01 0 0 0.65 3.43
A-17  56.65 1622  0.11 6.2 5.99 144 344  0.11 4.08 0.08 0 0.66  2.06
A-20 61.14 16.59 0.11 5.1 6.54 1.7 1.07  0.15 3.86 0.06 0 0.57  3.02
A-22 5458 17.49 0.07  8.49 7.16 1 436  0.12 343 0 0.5 0.71 1.80
A-26 5658 1652 0.07 4.78 5.7 146 261 0.13 4.7 0.08 0.07 053 2.6l
A-29 5469 18.09 0.07  7.27 6.54 1.09 4.06 0.11 4.34 0.06 0.08 0.67 2.83
A-35 5234 16.46 0.07  8.61 7.48 0.91 5.6 0.13 2.96 0.06 0.05 0.78 252
A-36 5747 17.15 0.07  7.06 6.92 1.03 3.73 0.11 3.94 0.18 0.13  0.62 1.58
A-38  69.27 15.3 0.07 3.54 2.61 1.84 0.82 0.13 4.83 0.05 005 024 126
A-39 6033 18.03 0.07 6.5 5 1.34 2.07 0.08 4.34 0.06 0.18  0.58 1.40
A-40 6034 16.65 0.07 6.44 5.78 122 322 0.1 3.85 0.12 0.05  0.55 1.59
A-41 5923 1753 0.07 641 5.98 1.29  3.13  0.11 4.33 0.06 005 057 1.28
A-45  66.22 14.3 0.07 442 4.17 2.33 1.57  0.09 4.1 0.06 0.12 045 2.09
A-46 5631 16.58 0.07 542 6.26 1.27  3.76 0.1 4.59 0.2 035 057 252
A-47  58.67 17 0.07  6.73 6.08 1.2 34 0.11 4.26 0.16 023 0.57 1.48
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Table 2. Representative whole rock analysis of the Miocene dikes (trace and rare earth elements in ppm)

A-2 A-5 A7 A8 All Al5 A17 A20 A22 A-26 A-29 A-35 A36 A-38 A39 A40 A4l A45  A46 A4T7

As 09 1.1 0.6 1 0.5 05 0.5 32 35 29 57 0.5 1.9 05 0.5 08 0.5 22 74 0.6
Ba 412 333 328 364 285 288 390 1259 753 322 256 243 272 386 335 274 281 385 268 298
Be 1.4 1.1 1.1 1 1 0.9 0.9 1.1 0.8 1 0.8 0.8 0.9 1.3 1 0.9 0.9 1.1 0.8 0.9
Bi 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 1.3 24 1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Cd 1.1 1.6 0.8 1.1 0.5 0.1 0.1 0.2 13.9 19.8 13 0.5 0.5 0.5 0.1 0.1 0.1 0.1 0.1 0.1
Ce 22 20 21 32 26 22 21 24 19 22 18 20 21 24 24 22 24 23 17 24
Co 28 6.9 13 22 171 155 159 9.6 204 12.7 18.6 24.1 183 29 1.3 153 14.6 8.9 14.5 15.5
Cr 4 11 34 6 55 47 51 25 62 19 64 81 32 2 28 47 37 15 19 45
Cs 1.7 1.3 08 05 0.7 0.6 0.5 0.7 1 0.5 0.5 0.5 0.5 22 0.6 1.1 0.5 0.6 1.9 0.7
Cu 4 19 38 28 63 55 54 51 58 44 58 45 52 2 48 49 42 23 40 40
Dy 09 1 1.5 1.7 2 1.9 1.6 1.9 2.1 1.6 1.8 2.4 1.9 0.9 1.7 1.8 1.8 1.4 1.5 1.8
Er 06 0.8 1 1 13 1.2 1.1 1.3 1.3 1.1 1.2 1.6 1.2 0.7 1.2 1.2 1.2 1 1.1 1.2

Eu 056 042 07 066 082 078 071 09 087 0.6l 0.75 092  0.73 0.5 072 073 0.7 054 062 079
Gd 184 1.75 23 2,63 272 258 227 249 268 224 244 3 2.52 1.82 245 2.53 243 205 215 2.44

Hf 0.6 0.8 23 2 2.1 24 21 29 2 2 2 2.1 0.5 0.5 25 1.2 1.5 2.7 1.6 1.7
La 13 11 12 16 14 13 12 13 12 12 12 13 13 12 13 13 13 12 10 14
Li 31 22 21 28 21 19 19 18 8 18 15 7 12 25 20 19 18 21 26 16
Lu 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2
Mo 09 1.1 0.6 13 0.7 0.6 0.5 0.5 0.5 0.8 0.8 1.1 0.8 0.6 1 0.9 0.5 0.6 1 0.6
Nb 6.2 4 57 39 6.2 4.3 38 3.5 4.1 3.6 3.2 4.2 33 3.6 3.9 4 33 3.4 3 3.7
Nd 93 6.6 95 123 109 112 98 10.3 9.9 9.4 10 12.5 10.1 7.7 10.8 10 10.1 8.7 8.1 10.6
Ni 2 6 15 4 26 19 19 10 26 8 29 54 15 <1 13 23 18 7 15 22
Pb 16 13 9 14 8 8 33 233 1059 1459 891 39 46 45 21 11 12 12 6 9

Pr 324 259 32 406 36 3.6 325 347 326 322 3.24 3.6 33 2.99 3.45 334 338 3.1 2.74 3.39
Rb 36 25 18 51 15 22 17 21 13 19 16 3 17 36 22 10 17 29 24 15

S 50 50 50 349 336 243 94 270 1868 156 171 50 50 50 654 91 50 50 441 303
Sb 05 0.5 05 05 0.5 0.5 0.5 0.5 0.5 2.8 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Se 2 35 93 26 141 132 111 10 17.2 7.7 15 21 154 1.7 8.3 11.7 10.3 6.4 9.5 12.8
Sm 2 1.6 22 26 2.6 2.7 2.4 2.8 2.7 22 24 3.1 2.5 1.8 2.6 2.5 2.4 2.1 22 2.7
Sn 3.6 0.1 25 0.1 0.4 3.1 0.1 0.1 8.1 15.4 6.4 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1

Sr 481 2928 581 306 640 651 591 627 1059 486.5 6172 8975 6084 397.6 5733 6409 527.9 4558 464.1 7937
Ta 04 0.4 07 04 0.6 0.5 0.5 0.4 0.6 0.4 0.3 0.5 0.5 0.6 0.4 0.5 0.8 0.4 0.5 0.5

Th 2.6 22 23 32 2.1 2.1 1.8 27 1.8 1.7 1.6 1.8 2.1 22 22 1.6 1.7 24 1.4 1.8
Tl 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Tm 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1
U 0.4 0.3 0.6 09 0.5 0.6 0.5 0.8 0.5 0.4 0.5 0.5 0.3 0.3 0.5 0.3 0.4 0.7 0.5 0.5
v 16 42 97 9 111 120 126 103 160 106 149 170 143 16 89 100 101 67 107 109
Y 5.1 0.4 75 92 109 94 7.9 9.4 11.1 8.5 9.6 12.2 10.4 4.7 9.3 9.1 9.6 7.6 8.4 10.3
Yb 043  0.68 1 082 135 119 112 135 149 118 1.32 1.63 1.31 0.39 1.09 1.16 1.21 0.96 1.09 1.29
Zn 72 49 73 30 74 71 70 71 326 487 306 88 92 45 62 72 87 65 83 81
Zr 12 20 85 66 75 88 74 111 73 74 72 77 8 5 92 36 56 111 62 60

According to some other researchers (e.g., Christiansen and McCurry, 2008; McCurry et al.,
2008), some A-type rhyolites are formed during intense crystal segregation events and from
basaltic magmas separated from the mantle in the continental crust. In this case, crustal density
like a filter suppresses magmas with intermediate composition. Therefore, sets with inherent
bimodal characteristics appear along with A-type rhyolites; It should be mentioned that this
density filtration is activated when the intermediate magmas are rich in iron and denser than the
mafic and felsic magmas in the system (Christiansen & McCurry, 2008; McCurry et al., 2008).
According to the field and geochemical studies, it seems that crustal assimilation and melting
played a role in the formation of granitic magma. However, these possibilities do not exclude
the role of immiscibility in creating the Daly gap (Daly, 1914).

The chondrite-normalized spider diagram of dikes supports fractional crystallization (FC)
(Fig. 7). The pattern of the diagram results from a high amount of olivine, which is an
insensitive mafic mineral associated with REE fractionation. REE and trace element
distribution patterns of alkaline samples (dike bodes) show positive anomaly trends in large-
ion lithophile elements (LILEs), light and medium REEs (LREEs and MREEs), Nb, and Ta—
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elements related to alkaline within plate magmatism and similar to enriched mantle rock
(McDonough and Frey 1989). The most characteristic high-field strength elements (HFSE) of
Gabbro—Diorite bodies, e.g. Nb, Ta, Zr, Y, Ti, and heavy REEs (HREEs), had lower normalized
values compared to LILEs. Nb, Ta, and Ti show negative anomalies (Fig. 7). Additionally,
samples were enriched in LILEs that behave as incompatible elements (Rb and K). These
characteristics are related to subduction-related magma, including calc-alkaline volcanic arcs
of continental active margins (Gill, 1981; Pearce 1983; Wilson, 1989; Walker et al., 2001) (Fig.
7). Based on the geochemical and petrographic evidence presented above, negative Ti
anomalies are thought to be associated with oxide fractionation; negative P anomalies in the
studied samples are attributed to apatite fractionation and enriched in Rb, Th, U, Ta, Nb, REE
(except Eu), Hf and Zr which can partition into titanite, zircon, ferrorichterite and aegirine
(Linnen & Keppler, 2002; Marks et al., 2004; Prowatke & Klemme, 2005). The absence of
plagioclase crystal fractionation results in a high Sr content, along with a lack of Eu anomalies.

The dikes formed from different mafic-basic magma sources by differentiation and
crystallization processes. Highly incompatible element ratios minimize the effects of
differentiation and provide the characteristics of a mantle source. The origin of the difference
is reflected by different correlations in this ratio (Rollinson, 1993). In the diagram proposed by
Saunders et al., (1988), different trends may confirm distinct magma sources for Gabbro—
Diorite dikes in the region (Fig. 8). There are two trends on the MgO versus Zr diagram of
Wilson, (1989) (Fig. 9).
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Figure 4. a) total alkalis (Na,O + K,0) vs. SiO; (TAS) diagram (Cox et al., 1979). b) total alkalis (Na,O
+ K,0) vs. SiO2 (TAS) diagram (Irvine & Baragar, 1971). c) total alkalis (Na;O + K»O) vs. silica
diagram (Middlemost, 1994). d) Plots of the samples in a [(Al,03)/ (Na;O + K,0)] vs [(Al2O3)/(NaxO +
K,0+Ca0)] discrimination diagram of (Maniar & Piccoli, 1989)
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Figure 5. Harker diagrams for major oxides

The horizontal trend explains the different degrees of partial melting in the case of more than
one magma source in the genesis of basic-mafic igneous rocks, consisting of different types of
rocks, and the diagonal trend represents fractionation to form different rock types from a single
basic-mafic magma source. In the light of field, mineralogical, and geochemical data, the MgO—
Zr variogram of the rock types of the Gabbro—Diorite dikes can be considered to indicate a
single mafic-basic magma source, and Gabbro—Diorite bodies can be considered to have formed
from another single mafic-basic magma source (Fig. 9). It is crucial to note that Gabbro—Diorite
dikes are alkaline and exhibit the geochemical characteristics of within-plate intrusion. These
are different from other intrusions in the region with different tectono-magmatic characteristics
and magma sources.



100 Qusta et al.

Rock/Chondrites Thompson RN 1982 Rock/Primitive Mantle Sun+McDon. 1989
1000 — r 111 1.1t r1 1 rrr7rr7r1r 1717171 ‘TOOOOO I Ed ECLTES FLTFLEA I F 14 FEES

%)
Ll
lon

10000

100
1000

TT T T T

>

IIIIIIIII IIIIIIII| T TTTTI
Cod ool v e oo 1

PR N R T N A TN TN NN S NN TR A T N TN N B A1IIIIIIIIIIIIIIIIIIIIIII
BaRbTh K NbTaLaCe SrNd P SmZr Hf Ti Tb Y TmYb CsRbBaTh UNbTa K LaCePbPrSr PNdZrSmEu TiDy Y YbLu
Rock/Primitive Mantle Sun+McDon. 1989 Spider plot - Average crust (Weaver and Tarney 1984)
1000 C r T 1rrrrri rT IrrrrrT1TnT1rTrT 9

d

L

100

4

ri‘f \ 4\,%“;/*} *7}";)/‘:;%(?

R

i
/!

7
\Y

¥

0.1

\f
+

T I||II|I| T ||IIIII| T |II|III| TT
vl ool vl

N N T T T N NN TN N T N N Y N N NN N NN N T |

CsRbBaTh UNbTa K LaCePbPrSr P NdZrSnEu TiDy Y YbLu = S ——

=[Rb _Th K Ta cCe Nd _Hf Sm_Tp_ Tm

S B U Nb La S P 2Zr Ti Y VYb
Figure 6. a-Rock/chondrite spider diagrams of the gabbro—diorite dikes (Thompson, 1982). b-
rock/Primitive Mantle spider diagram of the gabbro—diorite dikes (Sun+McDon, 1989).c-
Rock/chondrite spider diagrams of the Granodiorite dikes(Thompson, 1982). b- Average crust spider
diagram of the Granodiorite dikes (Weaver & Tarney, 1984)

Partial melting of upper mantle material in such a geologic context is mainly generated by
lithospheric attenuation under the tensional regime that created the immature rift that later closed
(Harris et al., 1986; Wilson, 1989; Prichard et al., 1993). According to Bailey (1983), alkaline
magmatic activity is generally controlled by the withdrawal of accumulated magma from volatiles
originating from the mantle areas, and fractures in the continental lithosphere acting as magmatic
channels. Volatile and incompatible elements in large mantle tanks escape through narrow
fractures and rift zones. This results in metasomatism or melting a part and an expansion in mantle
rock and the crust surrounding the tracts. In turn, the sills develop a within-plate character with
an enriched mantle source. The emplacement of the Gabbro—Diorite dikes was contemporaneous
with the development of the rift. The characteristics of gabbroic sills, including high K2O/Na2O,
Fe/Mg, Zr, Nb, Y, and REEs, are consistent with an anorogenic origin (Loiselle, 1979).

A low Nb/Th ratio is one of the characteristics of continental crust (Rudnick & Fountain, 1995).
This ratio is low in the studied samples of the region and varies from 1.25 to 2.95. In the diagram
of Nb/Th vs. Th, all the samples are plotted in the field of lower continental crust (Figure 8). In
this diagram, the diorite samples are placed in the average composition of the lower crust.
However, the gabbro samples are located a little lower than the underlying continental crust. The
Ce/Pb ratio is one of the other valuable characteristics to detect crustal pollution events because
the continental crust has lower values of this ratio compared to the mantle. Also, processes such
as partial melting and fractional crystallization have very little effect on this ratio (Hofmann et
al., 1986). In the Ce/Pb versus Ce diagram, the samples are mostly located in the vicinity of the
composition of the continental crust and confirm the presence of crust contamination in the
studied samples (Figure 7-C). Also, in the diagram of K2O/NaxO against Rb/Zr, all the samples
are along the AFC of fractional crystallization assimilation and contamination (Figure 7-D).
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Figure 7. a- Incompatible element ratio diagram (Saunder et al., 1988). b- Trace and major element
variograms of rock samples from Gabbro—Diorite bodies (Wilson, 1989). In diagrams c¢ and d, the
average composition of oceanic ridge basalts from Sun & McDonough, (1989), crust from Wedepohl,
(1995), lower crust from Weaver & Tarney (1984), upper crust from McLennan, (1981) and others from
Sun & McDonough, (1989)

Petrogenetic and geodynamic implications

To evaluate the tectonic setting of these intrusive bodies, the field, petrographic, and
geochemical characteristics of these masses have been used. For this purpose, various tectonic
environment discriminating diagrams have been used (figure 8). In some diagrams, magmatism
features of arc islands and related to subduction, and in other diagrams, they are placed plotted
within-plate. The granites exhibit similarities with volcanic-arc and within-plate granites in
plots of Ta vs Yb (Figure 8. f). On the tectonic discrimination diagrams of Schandle & Groton
(2002), the active continental margin field (Figure 8 e), respectively.

Examining the abundance of rare elements in these rocks, especially HFSE elements, shows
that these elements have different concentrations in these two rock groups. The presence of
different amounts of HFSE in mafic magmas coexisting with each other can be justified based on
the degrees of partial melting in the source rock (Kamenetsky et al., 2001, Xu et al., 2000),
melting at different depths or mantle origin (Deckart et al., 2005; Jourdan et al., 2007, or
subtraction Aden & Frizz 1996), the proportions of incompatible elements in gabbros and diorites
of the region do not have a very obvious difference from each other, for example, the Zr/Sm ratio
in gabbros varies from 24 to 30 and in diorites from 2.76 to 40, and the Zr/Nb ratio in gabbros
from 27.20 to 45.25 and in diorites from 13.8 to 29.18. In addition, the gabbro and diorite rocks
of the region are characterized by LREE enrichment, high values of Sr, Al2O3, and Ba, low values
of HREE(Y), and negative Nb anomaly with different intensities in gabbros and diorite.
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tectonic discriminant diagram (Schandle & Groton, 2002), all samples plot in an active continental
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The negative anomaly of Nb and low values of Nb/La ratio in these rocks indicate the
contamination of the continental crust with primary magma during magma ascent or the
involvement of crustal materials in the source area. In multi-element diagrams normalized to
chondrite composition, the trends are more or less the same for gabbro and diorite rocks.
Therefore, there is a possibility that these two rock groups are related to each other and formed
from the same origin.

According to the geochemical relationships between various elements, differential
crystallization is considered to be the main factor in changing the transformation of magmas
that create the bodies of the region. Also, the presence of very small amounts of hydrous
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minerals in gabbros and the significant increase in the amount of these minerals in diorite rocks
(amphibole and biotite) as well as the increase in the amount of incompatible elements in the
composition of these rocks indicate the presence of high amounts of fluids in the final stages of
magma evolution (Fagan & Day, 1997; Stalder et al., 1998).

Also, magmatic contamination (AFC) has differentiated the geochemical composition of
these two rock groups in the region (Fig 9. a-c). To investigate three important processes
including fractional crystallization (FC), Mixing and absorption, and fractional crystallization
(AFC) in the rocks of the region, we used different diagrams. In all three diagrams, the
fractional crystallization process is dominant. In such a way that during the fractional
crystallization of the gabbro body with the mineralogical composition of olivine,
orthopyroxene, clinopyroxene, and plagioclase (rich in An) were formed in the first stages of
magma cooling, while the later stages of cooling are accompanied by an increase in the
concentration of volatile fluids and incompatible elements in the composition of the remaining
magma, and at the end, the diorite body with the mineralogical composition of hornblende,
biotite, and plagioclase (alkali) It is formed along with smaller amounts of clinopyroxene. This
feature, along with the different distribution coefficient (Kd) of rare elements between the main
minerals in the composition of gabbro and diorite, has caused obvious compositional
differences between these two rock groups. In this regard, the separation of olivine,
clinopyroxene, and magnetite in gabbros reduces the amount of MgO, Mn, TiO2, and Fe203
elements in the remaining diorite magma. Abundant crystallization of biotite in diorite along
with potassic alteration has caused the high level of potassium in diorite. The high Rb in diorite
rocks compared to gabbroic rocks is due to the lack of a suitable place for this element in the
structure of gabbro-forming minerals. The distribution coefficient of this element is high for
phlogopite and sphene. The gabbros of the region do not have these minerals, and for this
reason, this element is concentrated in the remaining magma and enters the biotite network in
the diorite rocks in the next stages. Considering the fractional crystallization process and the
concentration of plagioclase in gabbroic rocks, Sr in gabbroic rocks should have a high
concentration compared to diorites, but geochemical investigations indicate relatively high
amounts of Sr in diorites. The high abundance of Sr in diorite magma indicates the increase of
this element due to crustal involvement (Rollinson, 1993). Nb element in diorite rocks has
higher values than gabbroic rocks. The distribution coefficient of this element is relatively high
for phlogopite and sphene minerals. The gabbros do not have these minerals. Therefore, due to
the lack of a suitable place in the mineral network of gabbroic rocks, the Nb element is
concentrated in the remaining magma and enters the biotite network in diorite rocks in the next
stages. The concentration of Ce in diorite rocks is higher than that of gabbroic rocks. The
distribution coefficient of this element in basaltic magma is less than one for most minerals.
Therefore, during the subduction Taylor process, it is preferentially concentrated in the residual
magma. The high Zr in diorite rocks compared to gabbroic rocks be explained by the
distribution coefficient of this element in various minerals. The element Zr in the network of
none of the main gabbro minerals, Kd for Zr in olivine, plagioclase, clinopyroxene,
orthopyroxene, and magnetite is negligible. Therefore, it will be concentrated in the melt or
diorite rock. Also, amphibole as one of the main minerals in diorite is considered a suitable host
for this element. Kd for Zr in amphibole mineral is very high. The negative anomaly of Eu in
diorite and the positive anomaly of Eu in gabbros is due to the high amounts of calcic
plagioclase in gabbros (Rollinson, 1993). Similar conditions to those in the gabbroic and diorite
intrusive masses of the region can be observed in Central Anatolia, Turkey (Buztug, 1998) and
Khankandi intrusive masses located in Alborz (Agazadeh et al., 2010) and Nabi Jan region
(Yazdani et al., 2016). According to various evidence, these researchers considered these
intrusive masses to be the same origin. Examining the multi-element diagrams normalized to
the primary mantle indicates the presence of negative HFSE anomaly, positive LILE anomaly
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along with LREE enrichment, positive Pb anomaly, and negative Nb anomaly. These features
are among the obvious features of calc-alkaline magmatism in the active continental margin
(Sun & McDonough 1989), although in this case, other geochemical features of these rocks are
distinct from active continental sites. Among these features, we can include relatively high
amounts of Na;O and relatively low amounts of K2O in the composition of these rocks (the
amount of Na2O is always higher than K20). Relatively high values of Nb (up to) 4.7 ppm in
gabbros and 3.5-3.7 ppm in diorites) (Martin et al., 2005), absence of positive anomalies for Sr
and negative for Ti, high Zr values of 77-62 ppm in gabbros and 112-75 ppm in diorites.
Therefore, according to the results of the discriminating diagrams for the masses as well as the
multi-element diagrams normalized to the primary mantle, it seems that these rocks are formed
from an origin with hybrid and hybrid characteristics between the in-plane positions and the
active continental margin. In this regard, the low Th/Ce ratio of 0.082-0.090 for gabbros and
0.10-0.070 for diorites in these samples indicates the metasomatism of the origin with fluids
released from the sub ducting crust along with small amounts of melt-derived from the
subducting crust or pelagic sediments. (Hawkesworth et al., 1997). Dilek et al., 2010 examined
the rocks of the Caucasus of Azerbaijan with the Cenozoic PlioQquaternary age and compared
the results with the Cenozoic rocks of North and North-West Iran and East Turkey. According
to their research, all these rocks display a strong enrichment of Th, Ba, Rb, and La and a
depletion of Y, Ti, and Yb compared to the composition of the primary mantle. They are mainly
under the influence of FC and AFC processes. We used the diagram (Zhang et al., 2006; Imaoka
et al., 2014) to calculate the amount of partial melting of different mantle sources.
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Figure 9. a-diagram for rocks of (Tchameni et al., 2006). b- La vs. Nb diagram, fractional crystallization
(FC), assimilation-fractional crystallization (AFC), and mixing for rocks (Paulick et al., 2006). c-
diagram for rocks of (Esperanca et al., 1992). d-Diagrams of (a) La vs. La/YD, and (b) Nb vs. Yb, which
model the partial melting of the different mantle sources (Imaoka et al., 2014; Zhang et al., 2006)
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These rocks fall close to the garnet peridotite melting curves (Fig. 9.D) and are derived from
a higher degree of partial melting of garnet peridotite (2-5%).The rocks have been attributed to
the partial melting of the mantle lithosphere under the continental crust that has been placed
under the influence of subduction (they have inherited the characteristics of previous
subduction). These characteristics can lead to the formation of magma with hybrid and hybrid
characteristics. Such characteristics are mainly seen in magmas related to the end of subduction
and after impact (Chen et al., 2014, Yang et al.,, 2014). Any model presented for the
tectonomagmatic setting of the region should be able to justify things such as the association of
igneous rocks with Layers of tuffites and shallow marine sediments, the occurrence of
magmatic activity after the end of subduction and continental collision or in the final stages of
subduction, as well as the intermediate geochemical nature of these igneous rocks. The absolute
age of the dikes under study is uncertain. Outside the studied area, the dikes in the north of
Mashhad Ardahal have a lithological composition of basaltic andesite, andesite, and
trachyandesite, which have penetrated into Eocene sedimentary and igneous rocks and
represent part of the Tertiary magmatic activity in the middle part of the Urmia-Dakhter
magmatic belt. These igneous rocks (Mashhad Ardahal dikes) with the characteristics of
magmas in subduction zones show the geochemical characteristics of igneous rocks formed in
arc islands and active continental margins, which were formed in a tensile basin behind the
Ensialic back arc (Hosseini et al., 2015). According to Emami & Amini, (1375), these dikes
have been introduced as feeding dikes of Tertiary volcanic units in the region. The andesite and
basaltic andesite dikes located in the Miocene sedimentary units in the esker area in the Urmia-
Dakhtar magmatic belt are also the result of subduction-related calc-alkaline magmatism, which
indicates the dominance of the subduction-related regime of the Neotethys oceanic crust of the
Arabian plate to the Central Iran plate in the active continental margin in the region (Chekni
Moghadam et al., 2015). Of course, the primary magma of the volcanic rocks of the region
probably originated from the melting of a part of the mantle, which itself is subsiding due to
contact with flows derived from the oceanic crust and is enriched with rare elements. Geological
studies have demonstrated that the geochemical characteristics of gabbro—diorite bodies are
similar to those of subduction-related magmas attributed to the movements of CEIM (Central-
East Iranian Micro-continent) relative to the Turan plate and/or the subduction of the Arabian
Plate beneath CEIM. In the new model, subduction of the Arabian plate beneath CEIM—
resulting in a primarily extensional regime and crustal thinning— caused the upwelling of the
asthenosphere (Ramezani & Tucker 2003; Kargaran et al., 2006; Verdel et al., 2007;
Kargaranbafghi et al., 2010, 2011).

Figure 10 shows a hypothetical tectonic model of dikes in the region. The geochemistry of
the dikes indicates a source of subcontinental lithospheric mantle altered by subduction.

Mantle source /
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subduction
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|
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Figure 10. This picture shows a hypothetical tectonic model of dikes in the region (which has been
adopted from the plan of Yadav & Sarma, 2020)
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This magma reservoir, which must exist under moderate pressure, at a depth of 60 to 40 km,
is thought to have been derived from the mantle plume. Magmatic intrusions through a series
of fractures (feeder dikes), which spread across the region in the form of giant radiating dikes.

Conclusion

According to field, mineralogy, petrographic, geochemical, and petrological studies, the rock
types include basalt, andesite, trachyandesite, dacite, and gabbro. The result of whole rock
analysis f indicates that reducing MgO content is accompanied by an increase in Al203, K20,
Naz0, and SiO2 and a decrease in Fe2O3 and CaO concentrations. Therefore, these data confirm
a metasomatic lithosphere mantle origin and the important role of fractional crystallization in
the evolution of these rocks. The current tectonomagmatic regime is related to the continental
collision environment where the main component is compression with a secondary tensile
component due to right-strike slip faults. It seems that the tensile component in this part of the
Urumieh-Dokhtar magmatic zone causes pressure reduction on the asthenospheric mantle and
re-initiation of partial melting and magma rising to the surface. As a result, fractional
crystallization and contaminations have occurred to some extent.
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